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ABSTRACT 
The feasibility of direct causticization of kraft black liquor using titanates has been 

evaluated. This has been done by studying the kinetics of the reaction between sodium tri-
titanate and sodium carbonate and describing the kinetics by appropriate reaction models. 
Furthermore, three different chemical recovery processes have been compared from an 
energy point of view: the conventional kraft recovery cycle using lime, the borate 
causticization process (as an add-on to conventional kraft recovery process) and the 
titanate causticization process combined with black liquor gasification. Finally the carbon 
and carbon species transition during black liquor pyrolysis and gasification in the presence 
of sodium titanium compounds was studied. 

The experimental studies have been carried out in three different reactors; a small 
scale fixed bed reactor, a fluidized bed reactor and a pressurized entrained flow reactor. In 
the small scale fixed bed reactor the kinetics of the direct causticization reaction between 
sodium tri-titanate and sodium carbonate was studied at various temperatures between 
800°C and 880°C, and in pure nitrogen or in nitrogen with 0.5-5% C0 2 . By fitting 
different kinetic models to the experimental data the overall reaction rate was found to be 
diffusion controlled at the lower temperature and chemical reaction controlled at higher 
temperatures. Furthermore, this change in mechanism was seen to be influenced by the 
carbon dioxide concentration in the reaction atmosphere in the way that the mechanism 
change occurred at higher temperatures. 

In the semi-batch fluidized bed the direct causticization reaction was studies at 
temperatures between 800-825°C. Conversions of the sodium carbonate up to 88% were 
obtained. The fitting of different kinetic models to the experimental data showed that the 
overall reaction rate in this equipment was controlled by the time taken for the reactants to 
achieve physical contact. 

The studies in the pressurized entrained-flow reactor were done using both pure 
sodium carbonate and using black liquor solids. The experiments were carried out at 
900°C, 950°C and 1000°C; at 0.5 MPa and 1 MPa; in pure nitrogen and in 2% carbon 
dioxide. The experimental results showed that sodium penta-titanate formation is faster 
with black liquor than with sodium carbonate and that the rate increases with temperature. 
Furthermore, carbon dioxide in the reaction gases slows down the reaction rate and no 
clear influence of pressure was seen on the reaction rate. Finally, the reaction rates for the 
direct causticization reaction between sodium tri-titanate and sodium carbonate was found 
to be fast enough to be carried out in an entrained flow reactor system, e.g. a Chemrec 
gasification system. Moreover, the char carbon was gasified both in the presence and 
absence of carbon dioxide. For the black liquor used in this work, the char carbon was 
gasified from two to four times faster in carbon dioxide than in nitrogen. Carbon was 
gasified faster at higher temperature in both the presence and absence of carbon dioxide. 
The rate of gasification was slightly faster at 0.5 MPa than at 1 MPa total pressure, both in 
nitrogen and in 2% carbon dioxide. CO was found to be the main carbon gas formed form 
the black liquor in all experiments. 

The comparison between the lime, borate and titanate based chemical recovery 
processes were made by mass and energy balances with the system defined from melted 
sodium carbonate to white liquor ready to be used in the digester. The lowest energy 
demand was found in the direct causticization process with titanates; it is only 27% of the 
energy demand for the other two processes. 

Keywords: direct causticization, kraft black liquor, gasification, titanates, solid state 
reactions, kinetics, kraft recovery 
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ABSTRACT 
The feasibility of the direct causticization of kraft black liquor using titanates has been 

evaluated. This has been performed by studying the kinetics of the reaction between sodium 
tri-titanate and sodium carbonate and describing the kinetics by appropriate reaction 
models. Furthermore, three different chemical recovery processes have been compared 
from an energy angle: the conventional kraft recovery cycle using lime, the borate 
causticization process (as an add-on to the conventional kraft recovery process) and the 
titanate causticization process combined with black liquor gasification. Finally, the carbon 
and carbon species transition during black liquor pyrolysis and gasification in the presence 
of sodium titanium compounds was studied. 

The experimental studies have been carried out in three different reactors: a small-scale 
fixed bed reactor, a fluidized bed reactor and a pressurized entrained-flow reactor. In the 
small-scale fixed bed reactor, the kinetics of the direct causticization reaction between 
sodium tri-titanate and sodium carbonate was studied at various temperatures between 
800°C and 880°C, and in pure nitrogen or in nitrogen with 0.5-5% C0 2 . By fitting different 
kinetic models to the experimental data, the overall reaction rate was found to be diffusion 
controlled at the lower temperature and chemical reaction controlled at higher temperatures. 
Furthermore, a tendency could be seen that the reaction was controlled by diffusion instead 
of chemical kinetics at higher temperatures i f the carbon dioxide concentration in the 
reaction atmosphere was increased. 

In the semi-batch fluidized bed, the direct causticization reaction was studied at 
temperatures between 800-825°C. Conversions of the sodium carbonate of up to 88% were 
obtained. The fitting of different kinetic models to the experimental data showed that the 
overall reaction rate in this equipment was controlled by the time taken for the reactants to 
achieve physical contact. 

The studies in the pressurized entrained-flow reactor were carried out using both pure 
sodium carbonate and black liquor solids. The experiments were carried out at 900°C, 
950°C and 1000°C, at 0.5 MPa and 1 MPa, in pure nitrogen and 2% carbon dioxide. The 
experimental results showed that sodium penta-titanate formation is faster with black liquor 
than with sodium carbonate, and that the rate increases with temperature. Furthermore, 
carbon dioxide in the reaction gases slows down the reaction rate; no clear influence of 
pressure was seen on the reaction rate. Finally, the reaction rates for the direct 
causticization reaction between sodium tri-titanate and sodium carbonate were found to be 
fast enough to be carried out in an entrained-flow reactor system, e.g. a Chemrec 
gasification system. Moreover, the char carbon was gasified both in the presence and 
absence of carbon dioxide. For the black liquor used in this work, the char carbon was 
gasified from two to four times faster in carbon dioxide than in nitrogen. Carbon was 
gasified faster at higher temperatures in both the presence and absence of carbon dioxide. 
The rate of gasification was slightly faster at 0.5 MPa than at 1 MPa total pressure, both in 
nitrogen and 2% carbon dioxide. CO was found to be the main carbon gas formed from the 
black liquor in all experiments. 

The comparisons between the lime, borate and titanate based chemical recovery 
processes were made using mass and energy balances, with the system defined from melted 
sodium carbonate to white liquor ready to be used in the digester. The lowest energy 
demand was found in the direct causticization process using titanates: it was only 27% of 
the energy demand of the other two processes. 
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Introduction 

1 INTRODUCTION 

The manufacture o f pulp and paper is one o f the most important industries i n 

Sweden; 7.3 mi l l ion tons o f kraft pulp were produced in the year 2000. This has 
brought resources to the research and development o f all parts o f the process, e.g. 

research and development work has been carried out for more than 30 years to find 

gasification-based alternatives to the conventional black liquor recovery process. 
The aim has been to f ind a more efficient process where the ratio between the 

electricity and steam produced is higher, and the white liquor produced is o f higher 
quality, than in the conventional process. 

One promising concept is the direct causticization process, where not only the 

recovery boiler is replaced by a gasifier but also the conventional lime cycle is 

replaced by a titanate cycle wi th direct causticization in the gasifier. The titanate 

process has several advantages over the conventional recovery process, such as: 

fewer process steps, a higher white liquor concentration and the production o f 

white liquors o f different sulphidities. Moreover, the titanate process is more 

energy-efficient than the conventional recovery process. In the titanate process, 

sodium carbonate in the black liquor reacts in the gasifier wi th recycled sodium t r i -

titanate (Na 2 0-3T i0 2 ) or added titanium dioxide to fo rm solid sodium penta-

titanate ( 4 N a 2 O 5 T i 0 2 ) and carbon dioxide. The sodium penta-titanate formed in 

the gasifier is leached with water, forming solid sodium tri-titanate and sodium 

hydroxide (white liquor). The sodium tri-titanate is separated f rom the white liquor 

and recycled to the gasifier/reactor. Hydrogen sulphide, which is formed in the 

gasifier f rom the sulphide compounds in the kraft black liquor, can be separated 

f rom the gasification gas to fo rm an aqueous sulphur-rich stream. Consequently, 

white liquors o f varying sulphidity can be obtained. 

In this study, the feasibility o f the direct causticization o f kraft black liquor using 

titanates has been evaluated. This has been performed by studying the kinetics o f 
the reaction between sodium tri-titanate and sodium carbonate and describing the 

kinetics by appropriate reaction models. Furthermore, three different chemical 
recovery processes have been compared f rom an energy angle: the conventional 

kraft recovery cycle using lime, the borate causticization process (as an add-on to 

the conventional kraft recovery process) and the titanate causticization process 

combined with black liquor gasification. Finally, carbon and carbon species 
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Introduction 

transition during black liquor pyrolysis and gasification in the presence o f sodium 
titanium compounds was studied. The experimental studies have been carried out 

in three different reactors: a small-scale f ixed bed reactor, a fluidized bed reactor 

and a pressurized entrained-flow reactor. 

The various studies are also presented in the six papers attached at the end o f this 

thesis. I n Papers I , I I , I I I and I V , the kinetics o f the direct causticization reaction 

between sodium tri-titanate and sodium carbonate are studied. Papers I and I I I 

determine the kinetics for this reaction in a nitrogen atmosphere at temperamres 

between 800-880°C, based on experiments in the small-scale f ixed bed reactor and 

the pilot-scale fluidized bed reactor, and by describing the data using appropriate 

reaction rate models. In Paper I I , the kinetics for the direct causticization reaction 

are determined in a carbon dioxide atmosphere (0.5-5%) based on experiments in 

the small-scale differential reactor and by describing the data using appropriate 

reaction rate models. Paper I V describes the kinetics for the direct causticization 

reaction at higher temperatures (900-1000°C) and at elevated pressures (0.5 MPa 

and 1 MPa) using experimental data obtained in an entrained-flow reactor. 

Furthermore, in Papers I and I I the kinetics are studied by using only pure sodium 

carbonate in the experiments; in Papers I I I and I V , the kinetics are studied using 

both kraft black liquor and pure sodium carbonate. Paper V deals wi th carbon and 

carbon species transition during pyrolysis and gasification o f kraft black liquor in a 

pressurized entrained-flow reactor in the presence o f sodium titanate compounds at 

temperatures between 900°C and 1000°C and pressures of 0.5 MPa and 1 MPa. 

Finally, in Paper V I mass and energy balances are made for three different black 

liquor recovery processes: the conventional recovery process with a lime cycle, the 

conventional recovery process wi th autocausticization using borates as an addition 

and the direct causticization process using titanates. 

2 



Recovery of Kraft Black Liquor 

2 RECOVERY OF KRAFT 
BLACK LIQUOR 

2.1 The Conventional Kraft Pulping and 
Recovery Process 

The major chemical pulping process is the kraft pulping process, shown in Figure 

2.1. The purpose o f all pulping processes is to expose cellulose fibres in wood: in 
the kraft pulping process, this is performed chemically by dissolving l ignin and 
other organic substances. 

Figure 2.1, A schematic drawing of the kraft pulping and recovery process. 
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Recovery of Kraft Black Liquor 

The wood entering the m i l l is debarked and chopped into chips. The wood chips 
are transported to the digester, where they are mixed and impregnated wi th the 

cooking solution, white liquor, which contains the active pulping chemicals. In the 

kraft pulping process, the active pulping chemicals are hydroxide ions (HO") and 

hydrogen sulphide ions (HS"). After impregnation, the temperature is increased to 

160-170°C, which allows the active chemicals to react wi th lignin. Af te r the 
reaction, most o f the cellulose is in the solid phase, i.e. the pulp, and most o f the 

l ignin in the l iquid phase, i . e. black liquor. The pulp and the black liquor, which 

also contains the spent pulping chemicals, are separated by washing wi th an 

aqueous solution. The washed pulp may be treated in a subsequent bleaching plant 
before it is processed further into different paper products. The black liquor leaving 

the washing unit contains the dissolved organic material, mainly lignin, as wel l as 

the sodium and sulphur f rom the white liquor. The organic material has an 
important heating value, and the sodium and sulphur can be used to produce new 

white liquor, which is o f great economical and environmental importance. The 
recovery o f the chemicals and the burning o f the organic material are performed in 

the recovery system, Figure 2.2. 

Weak black 
liquor 

EVAPORATOR 

Heavy black 
liquor 

RECOVERY BOILER 
Steam (energy) 

Salt smelt 

SMELT DISSOLVER 
•een liquor 

Green liquor 
GREEN LIQUOR sludge*. 

CLARIFIER 

Water^_ 
LIME MUD WASHER Lime LIME KILN Lime _ SLAKER LIME MUD WASHER 

mud r Reaction 2.3 Reaction 2.1 (and 2.2) 

Lime mud 

CAUSTICIZING VESSEL 
Reaction 2.2 

SEPARATION 
-• White liquor 

Figure 2.2. The conventional kraft recovery cycle. 

In order to increase the heating value o f the black liquor, most o f the water in the 
weak black liquor is removed by evaporation and the dry content is increased f rom 

about 15% to about 70% or higher. The product, now called heavy black liquor, is 

burned in a recovery boiler, and the heat released is used to produce superheated 

steam. In addition, sodium and sulphur are converted into sodium sulphide and 
sodium carbonate, which form an inorganic salt smelt i n the bottom o f the recovery 
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Recovery of Kraft Black Liquor 

boiler. The salt smelt is dissolved in weak white wash in the smelt dissolver, 

forming green liquor. This green liquor contains some solid material, green liquor 
sludge, which is removed by sedimentation or filtration. The clarified green liquor 

is mixed with reburned lime (CaO (s)) in the slaker and Reaction (2.1), the slaking 

reaction, takes place, forming slaked lime (Ca(OH) 2 (s)). As the first slaked lime is 
formed, the causticizating reaction, Reaction (2.2), starts and the f inal products, 

white liquor and lime mud (CaC0 3 (s)), are obtained. Approximate values o f the 

heat o f reaction at normal process conditions (i.e. 100°C for Reactions 2.1 and 2.2, 

and 850°C for Reaction 2.3) were calculated with data f r o m Perry and Green 

(1984) and Theliander (1992) respectively. 

The slaking reaction: 

CaO (s) + H 2 0 <-> Ca(OH) 2 (s) AH 3 7 3K=-32.5 kJ/mol N a O H (2.1) 

The causticizing reaction: 

C a ( O H ) 2 (s) + N a 2 C 0 3 (aq) <-» 2 NaOH (aq) + C a C 0 3 (s) 

A H 3 7 3 K = - 2 . 1 kJ/mol NaOH (2.2) 

The white liquor formed is separated f rom the lime mud by fi l trat ion or 

sedimentation, and is recycled to the digester. The separated lime mud is washed 

with water in the lime mud washing unit and then dried and calcinated (Reaction 
2.3) i n the lime k i ln to fo rm lime, which is recycled to the slaker. The heat o f 

reaction was calculated f rom Perry and Green (1984). 

C a C 0 3 (s) ^ CaO (s) + C 0 2 (g) A H 1 1 2 3 K = 8 5 kJ/mol NaOH (2.3) 

It should be observed that the calcination reaction is an endothermic reaction, and 

that i t occurs at a temperature o f 850-900°C, whereas the slaking and causticization 

reactions are exothermic, occurring at a temperature o f about 100°C. Consequently, 

some o f the energy, delivered to the system at a temperature o f 850-900°C and 

bound as chemical energy, is released as heat at a lower temperature (100°C), 

resulting in a poor energy economy o f the process. 

In addition to the poor energy economy in the lime cycle, the conventional kraft 
recovery cycle has a number o f other drawbacks: 

5 



Recovery of Kraft Black Liquor  

• The lime k i l n is the main consumer o f external fuel i n a kraft pulp m i l l . 

• Due to the equilibrium o f the causticizating reaction, there is a substantial 

dead load o f sodium carbonate in the process. This dead load increases 

the energy demand in e.g. the digester, evaporator and recovery boiler. 

• There is a smelt explosion risk when the salt smelt f r o m the recovery 

boiler is dissolved. 

• The heat released in the recovery boiler is recovered as steam only. 

2.2 Alternative Recovery Processes 

The drawbacks o f the conventional kraft recovery cycle are the driving forces o f 

research into alternative processes. Gasification o f black liquor is considered to be 

a promising alternative technique to chemical recovery o f kraft black liquor and the 
generation o f steam and electricity (Grace and Timmer, 1995 and Frederick et al., 

1992). Furthermore, different causticization processes, which constitute an 

alternative for the conventional lime cycle, have been developed. The new 
causticization processes may be combined wi th a gasification process. 

2.2.1 Gasification Processes 

In the conventional recovery boiler, black liquor is burned wi th air, forming 

sodium carbonate, sodium sulphide and flue gases. The basic concept o f 

gasification is the process o f partially-burning solid or l iquid fuels (e.g. black 
liquor) so that a combustible product gas is generated. Successful gasification o f 

black liquor by reaction wi th air requires complete conversion o f carbon into 

carbon monoxide, carbon dioxide and methane, hydrogen into hydrogen-gas and 

water and sulphur into sodium sulphide and/or hydrogen sulphide. Furthermore, the 
quantity o f air has to be minimized to obtain the highest possible heating value o f 
the product gas for subsequent combustion. 

The different gasification processes for kraft black liquor recovery can be roughly 

classified into two main groups: 

• Low temperamre processes (<715°C), where the inorganic salts are 

removed as dry solids. 

• High temperature processes (>900°C), where an inorganic salt smelt is 

formed. 

A number o f gasification processes have been proposed, wi th different degrees o f 

success. Table 2.1 shows some o f the gasification concepts that have been 

developed. 
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Recovery of Kraft Black Liquor 

Table 2.1. Some examples of different gasification processes. 

P R E S S U R E P R O C E S S P R E S E N T STATUS 

C O N C E P T O F 

D E V E L O P M E N T 

R E F E R E N C E S 

Low 
temperature 

ABB Atmospheric 
Process and 

pressurized 

Recirculating 
fluidized bed 

Atmospheric pilot 
plant, 

2-5 tds/day, 1991 

Dahlquist et a l , 1991 
Dahlquist et a l , 1992 
Grace and Timmer, 
1995 

MTCI Atmospheric 
Process 

High 
temperature 

Chemrec Atmospheric 
Process and 

pressurized 

Fluidized bed, 
pulse-

enhanced 
indirect steam 
gasification 

Plasma 
gasification in 
an entrained-
flow reactor, 
water quench 

Pilot plant, 
48 tds/day, 1994 
several dev. and 
dem. plants are 
planned, 61-454 

tds/day, 2001 

Atm. dem. plant, 
100 tds/day, 1991 
press, pilot plant 6 

tds/day, 1994 
atm. commercial 

plant, 350 tds/day, 
1996 

press, dev. plant, 
20 tds/day 

scheduled to be 
completed 2002 

Durai-Swamy et al., 
1989 and 1991 
Aghamohammadi et 
al., 1995 
Rockvam, 2001 

Boströmetal . , 1991 
Boström et al., 1992 
Stigsson, 1994 
Stigsson and 
Hesseborn, 1995 
Brown and 
Landälv, 2001 

2.2.2 Causticization Processes 

The new, alternative, causticization processes all involve an amphoteric oxide. 

When these oxides react wi th sodium carbonate, the result is carbon dioxide and a 
mixed oxide. The mixed oxide forms, on contact wi th water, a sodium hydroxide 

solution. According to the solubility o f the amphoteric oxide, the process is 

denoted autocausticization when the oxide is water soluble, and direct 
causticization when the oxide is insoluble in alkaline solutions. 
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2.2.2.1 Causticization with a Soluble Mixed Oxide 
(Autocausticization) 

In the autocausticization process, an amphoteric oxide, Y , (e.g. B 0 3 , P 2 0 5 and 

S i 0 2 ) reacts with sodium carbonate in the combustion process, forming an oxide 

that is at least partly water-soluble and carbon dioxide, Reaction (2.4). The soluble 

oxide is dissolved in water, Reaction (2.5) and, in the liquid phase, protolysis 

occurs, Reaction (2.6). 

Causticization: 

N a 2 C 0 3 (s) + n Y (s) <-» N a 2 Y n O (s) + C 0 2 (g) (2.4) 

Dissolution: 

N a 2 Y n O (s) + H 2 0 <-> N a 2 H 2 Y n 0 2 (aq) (2.5) 

Protolysis: 

N a 2 H 2 Y n 0 2 (aq) <-> 2 NaOH (aq) + n Y (aq) (2.6) 

Since the autocausticizing agent is water soluble, it accompanies the cooking 

chemicals in the liquor cycle, and cannot be removed. The impact on the presence 

o f autocausticizing agents in white liquor on the pulping and recovery operation is 

not yet fu l ly understood, but has been smdied recently by Tran et al., 2001. 

Janson (1977) proposed two amphoteric oxides: sodium borates and disodium 

phosphate. However, most research has been done on borates, e.g. Janson (1977), 

(1978) and (1979), Janson and Pekkala (1977) and (1978). The hydrolysis 

(dissolution reaction) is rapid in these kinds o f systems since it occurs completely 

in a solution. Since the borates are soluble, this process was found economically 

unattractive due to an increased dead load in the system. Current research in this 

area concerns partial autocausticization (Tran et al., 1999). Partial 

autocausticization means that only a minor part o f the causticization occurs through 

using borates: the reminder is wi th conventional lime. The advantage here is the 

fact that the dead load o f borates in the system is minimized but an increase in 

causticizing can still be accomplished without substantial rebuilding o f the plant, 

e.g. the lime k i ln . Tran et al., 1999 found that the reactions for the 

autocausticization process using borates can be described by Reactions (2.7) and 

(2.8). 

NaBO 2 (1) + Na 2 CO 3 (1) <^ Na 3 BO 3 (1) + CO 2 (g) (2.7) 

A H 1 0 7 3 K = 1 2 7 . 6 kJ/mol NaOH 
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Na 3 BO 3 (1) + H 2 O <-» 2NaOH(aq) + NaBO 2 (aq) (2.8) 

AH 3 7 3 K =-125.3 kJ/mol NaOH 

The data used in the calculation o f the heat o f reaction o f Reactions (2.7) and (2.8) 

was taken f rom Bichowsky and Rossini (1936), Barin (1995) and Perry and Chilton 

(1974) at temperatures o f 800°C and 100°C respectively. 

2.2.2.2 Causticization with an Insoluble Metal Oxide 
(Direct Causticization) 

In the direct causticization process, the oxide is insoluble in alkaline solutions, and 
can, therefore, be precipitated f r o m sodium hydroxide solutions during the 

dissolution stage. In this case, a metal oxide ( M x O v ) is used as the causticizing 

agent. The metal oxides proposed in the literature are alumina, iron (Fe 2 0 3 ) , silica, 
ilmenite and titanium oxides (Janson, 1979 and Kiiskilä, 1979a, b, c and d). The 

general reaction is: 

a N a 2 C 0 3 (s) + b M s O y ( s ) e a N a 2 0 • b M x O y (s) + a C 0 2 (g) (2.9) 

The hydrolysis reaction is: 

a N a 2 0 • b M x O y (s) + (a + z) H 2 0 o 2a NaOH (aq) + b M x O y • z H 2 0 (s) 

(2.10) 

The precipitated metal oxide hydrate (Z?M xO y-zH 20) can be separated f r o m the 

white liquor and reused according to Reaction (2.11): 

a N a 2 C 0 3 (s) + b M x O y • z H 2 0 (s)«-» a N a 2 0 • b M x O y (s) + a C 0 2 ( g ) + z H 2 0 

(2.11) 

Direct causticization has several advantages compared wi th conventional 

causticization: 

• The lime cycle is eliminated, which reduces the demand o f external 

energy. 

• A high causticizing efficiency can be achieved, which reduces the dead 

load o f sodium carbonate. 

• The white liquor produced has a high concentration o f sodium hydroxide, 

which provides an opportunity to control the white liquor at a favourable 

concentration (a high sodium hydroxide concentration gives a better 

energy economy). 
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One disadvantage associated wi th this process is the price o f causticizing agents; 

other potential disadvantages that need further investigation are the possible 

accumulation o f non-process elements and the dead load o f metal oxides. 

O f the different metal oxides proposed in the literature, the iron-based oxides 

(Fe 2 0 3 and ilmenite) are generally thought to be applicable only to the soda 

process, since iron reacts wi th sulphur in the kraft process. However, a direct 
causticization process using F e 2 0 3 for the soda process has been commercialized 

and is described below. Furthermore, direct causticization o f N a 2 C 0 3 is more 
dif f icul t wi th A 1 2 0 3 than F e 2 0 3 or T i 0 2 (Janson, 1979), and a much higher 

temperature is needed to complete the C 0 2 liberation f r o m N a 2 C 0 3 wi th A 1 2 0 3 

(Kovalenko and Bukun, 1978). Moreover, A 1 2 0 3 is not stable in white liquor, 
which makes it unsuitable for direct causticization o f kraft black liquor (Zou, 

1991). Therefore, the most promising direct causticizing agent for kraft black 

liquor would be titanium oxides. 

T H E D A R S - P R O C E S S 

The direct alkali recovery system (DARS) was developed and patented in the late 

seventies (Nagano et a l , 1976). This process is based on iron oxide (Fe 2 0 3 ) 

(Reactions 2.12 and 2.13), and can be used in the soda process only; it can not be 
used in the kraft process since the iron oxide reacts wi th the sulphur-containing 

compounds in the kraft black liquor to fo rm iron sulphides. 

N a 2 C 0 3 (s) + F e 2 0 3 (s) <-> N a 2 F e 2 0 4 ( s ) + C 0 2 (g) (2.12) 

N a 2 F e 2 0 4 (s) + H 2 0 ^ 2 N a O H ( a q ) + F e 2 0 3 (s) (2.13) 

In addition to the new causticization process, the recovery boiler is replaced by a 

fluidized bed in this process. The fluidized bed reactor is fed wi th black liquor and 

iron oxide; the reaction temperature is 850-900°C. A n advantage with this method 

is that no smelt is formed due to the high melting point o f the sodium ferrite 

(1050°C). When water is added to the sodium ferrite (Reaction 2.11), a solution o f 

sodium hydroxide and precipitated iron oxide is formed. This process has been in 

operation since 1980 at a small-scale pilot plant wi th a fibre feed o f 5-10 ton/day in 

Maryvil le , Australia. A commercial plant was in operation in Burnie, Tasmania, 

between 1986 and 1998. 

The Australian Paper's Burnie M i l l was an integrated pulp and paper m i l l , wi th a 

pulp m i l l that produced 300 ton/day. The pulping process used was soda-AQ and 
only hardwood was used (mainly eucalyptus). I n 1984/1985, the commercial 
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DARS plant, wi th a capacity o f 200 ton pulp/day, was built on the site. In 1990, the 
capacity was still below 25% o f the original design, and it was not until 1995 that it 

reached 70%. From the operation o f this plant, some important aspects for 
successful operation could be concluded (Scott-Young and Cukier, 1995). These 

are: 

• Controlling the furnace, i.e. controlling the temperamre, excess o f iron, 

black liquor quality and oxygen level. 

• Pelletising the leached product, i.e. pellet strength, formation and density. 

• Effective leaching and washing. 

• Particle size control to establish good conditions in the furnace. 

Maddem (1986) showed, f rom enthalpy balances, that the thermal efficiency o f the 

boiler is lower in this process than in conventional processes. However, the lower 

efficiency is well compensated for i n the rest o f the process. The main advantages 

are: 

• Elimination o f the lime ki ln. 

• Higher strength white liquor gives reduced steam usage in the digester 

and the evaporators. 

• Higher causticity white liquors increase the washing efficiency and 

decrease the dead load in the evaporators. 

• Reduced steam usage in soot blowing. 

D I R E C T CAUSTICIZATION O F K R A F T B L A C K LIQUOR USING T I T A N A T E S 

Since the DARS process cannot be used for kraft black liquor ( K B L ) , efforts have 

been put into finding a compound that can be used for the direct causticization o f 

K B L during the past twenty f ive years. The only known suitable direct 

causticization agent is sodium tri-titanate (Na 2 0-3Ti0 2 ) / t i tanium dioxide ( T i 0 2 ) . 

Smdies of the direct causticization reaction wi th titanium dioxide have been carried 

out by Kiiskilä (1979 a and b) and by Zou (1991). 

There are three main reactions in the recovery process based on sodium titanate, 

i.e. Reactions (2.14) to (2.16). Reactions (2.14) and (2.15) occur at elevated 
temperatures in a black liquor gasification unit. Reaction (2.15) is the main 

reaction: sodium carbonate reacts wi th recycled sodium tri-titanate, forming 

sodium penta-titanate and carbon dioxide. Reaction (2.14) occurs only i f titanium 

oxide is used as make-up chemical. 

N a 2 C 0 3 (s) + 3 T i 0 2 (s) <-» N a 2 0 • 3 T i 0 2 (s) + C 0 2 (g) 

A H i i 2 3 K = 6.2 kJ/mol NaOH (2.14) 
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7 Na 2CO3 (s) + 5 ( N a 2 0 • 3 T i 0 2 ) (s) o 3 ( 4 N a 2 0 • 5 T i 0 2 ) (s) + 7 C 0 2 (g) 

A H „ 2 3 K = 45 kJ/mol NaOH (2.15a) 

7 N a 2 C 0 3 (1) + 5 ( N a 2 0 • 3 T i 0 2 ) ( s ) O 3 ( 4 N a 2 0 • 5 T i 0 2 ) (s) + 7 C 0 2 (g) 

A H , 1 2 3 K = 31 kJ/mol NaOH (2.15b) 

When water is added to sodium penta-titanate it reacts, forming sodium hydroxide 

and sodium tri-titanate, Reaction (2.16): 

3 ( 4 N a 2 0 • 5 T i 0 2 ) (s) + 7 H 2 0 <-» 5 ( N a 2 0 • 3 T i 0 2 ) (s) +14 NaOH (aq) 

A H 3 7 3 K = 7.6 kJ/mol NaOH (2.16) 

Recently, i t has been shown that sodium tri-titanate also fo rm sodium hydroxide 

(Zhuang et a l , 2000 and Paper V ) : 

2(Na 2 O • 3TiO 2 )(s) + H 2 O ^ Na 2 O • 6TiO 2 (s) + NaOH(aq) 

A H 3 7 3 K = 445 kJ/mol NaOH (2.17) 

The tri-titanate produced is recycled to the gasifier/reactor. Other reactions that 
may occur in the gasifier are: 

6 T i 0 2 (s) + N a 2 C 0 3 (s) <-» N a 2 0 • 6 T i 0 2 (s) + C 0 2 (g) 

A H 1 1 2 3 K = 2.7 kJ/mol N a O H (2.18) 

Na 2 O • 6TiO 2 (s) + Na 2 CO 3 (s) ^ 2(Na 2 O • 3TiO 2 )(s) + CO 2 (g) 

A H , l 2 3 K = 15 kJ/mol N a O H (2.19) 

4 N a 2 0 - 5 T i 0 2 (s) + N a 2 C 0 3 ( s ) ^ 5 ( N a 2 0 T i 0 2 ) ( s ) + C O 2 (g) 

A H , i 2 3 K = 54 kJ/mol N a O H (2.20) 

A l l the values o f the heat o f reaction are calculated f rom the heat o f formation and 

heat capacities reported by Eriksson and Pelton (1993), Barin (1995) and Knacke et 

al. (1991) except for Reaction (2.16), which is reported by Richards (1998). They 

are all at normal process conditions, i.e. 850°C for Reactions (2.14-2.15 and 2.18-

2.20) and 100°C for Reaction (2.16 and 2.17). O f interest in this study is the heat o f 

reaction for Reaction (2.15) when the sodium carbonate is in the solid as wel l as 

the l iquid form. Therefore, the heat o f reaction for both these cases was presented 

above. 

Nearly all of the sulphur in the black liquor reacts to give gaseous products (mainly 
hydrogen sulphide, H 2 S). This is one o f the advantages o f this process, since it 
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implies that the two cooking chemicals (NaOH and Na 2 S) are separated and, 

consequently, the white liquor can be tailor-made. Zeng and van Heiningen (1998) 
showed that other sulphur products, such as COS, CH 3 SH, (CH 3 ) 2 S, C 3 H 7 S H and 

(CH 3 ) 2 S 2 , only appear in low concentrations. Other advantages o f this process are: 

• The dead load o f sodium carbonate is virtually eliminated. 

• No external fuel is needed. 

• It is possible to increase the ratio between the electricity and heat 

produced. 

A proposal for the direct causticizing process is shown in Figure 2.3, where the 
heavy black liquor f r o m the evaporation train is fed into a gasifier together wi th 

recycled sodium tri-titanate and, i f necessary, some make-up titanium dioxide. The 

temperature in the gasifier should be above 840°C in order to achieve sufficiently 
high reaction rates o f the direct causticization reactions (Zou, 1991). In the gasifier, 

sodium carbonate and sodium tri-titanates react according to Reaction (2.15). Two 
streams leave the gasifier: one gaseous and one solid. The gaseous stream contains 

most o f the sulphur f rom the black liquor in the form o f hydrogen sulphide (Zeng 

and van Heiningen, 1998). The hydrogen sulphide can be separated f rom the gas 
stream, e.g. in a mono-ethanol amine (MEA)-scrubber, to obtain a sulphide-rich 

stream and flue gases, which can be used to produce electricity in a gas turbine. 

The solid stream, containing mainly sodium penta-titanate, is fed to a leaching 
plant where washing liquor is added; the sodium penta-titanate reacts wi th water, 

forming sodium hydroxide and sodium tri-titanate, Reaction (2.16). The leaching 
equipment consists preferably o f several filters, e.g. a chamber filter press, since 

the solid content is high (Richards, 1998). The solid material formed in the leacher 
can be separated f r o m the liquor by filtration and is recycled further to the gasifier. 

The liquor produced in the leaching plant is a sulphide-lean white liquor, which can 

be used either in the bleaching plant or to make a tailor-made white liquor together 

with the sulphide-rich stream formed in the scrubber. Finally, this process is found 
to attain several o f the goals desirable, e.g. two different streams wi th high 

concentrations of sodium hydroxide and sodium sulphide respectively, and the 

production o f both electricity and steam. 
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Heavy 
black liquor 

Make-up 
B L A C K L I Q U O R 

G A S I F I E R 

Reactions 2.15 
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Figure 2.3. A KBL gasification process with direct causticization using titanates. 

2.3 The Objective of This Work 

The object of this work has been to evaluate the feasibility o f direct causticization 

using titanates in the kraft process. This has been achieved by: 

1. Studying the kinetics o f the reaction between sodium tri-titanate and 

sodium carbonate, Reaction (2.15) and describing the kinetics using 

appropriate reaction models. 

2. Comparing different black liquor recovery processes f r o m an energy point 
o f view: the conventional kraft recovery cycle using lime, the borate 
causticization process (as an add-on to conventional kraft recovery 
process) and the titanate causticization process combined wi th black 

liquor gasification. 
3. Studying the carbon conversion during black liquor pyrolysis and 

gasification in the presence o f sodium titanium compounds. 
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3 PREVIOUS RESEARCH 

3.1 Properties of Reactants and Products in 
Direct Causticization using Titanates 

The reactants o f interest in this work are sodium tri-titanate and sodium carbonate, 

and the main product of interest is sodium penta-titanate (see Reactions 2.14-2.16). 

Although several different sodium titanates (x Na 2 O y T i 0 2 ) are possible products, 

sodium penta-titanate ( 4 N a 2 O 5 T i 0 2 ) has been found to be the main product (Zou, 

1991 and Palm, 1998). Very little has been found in the literature on the 

characteristics o f sodium titanates since they have only had limited practical use so 

far. However, Eriksson and Pelton (1993) studied the N a 2 0 - T i 0 2 system and 

presented a phase diagram for the system: they found several eutectic points, the 

lowest being at 850°C at 11 mole-percent o f T i 0 2 . Furthermore, Zou (1991) 

presented the melting points for some o f the pure components involved in the 

direct causticization reactions, see Table 3.1. 

Table 3.1. Melting points of some of the compounds involved in the direct 
causticization reactions (Zou, 1991). 

C O M P O U N D M E L T I N G POINT T M 

( ° C ) 

N a 2 O T i 0 2 
965 

N a 2 O 3 T i 0 2 
1130 

4 N a 2 O 5 T i 0 2 
1030 

N a 2 C 0 3 858 
T i 0 2 1840 

Bamberger and Begun (1987) summarized the structural data available for some 
sodium titanates, see Table 3.2. 
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Table 3.2. Structural data for sodium titanates (Bamberger and Begun, 1987). 

C O M P O U N D C R Y S T A L F O R M 

a - N a 2 O T i 0 2 
Face-centred cubic 

ß - N a 2 O T i 0 2 
Monoclinic 

Y - N a 2 O T i 0 2 
Monoclinic 

N a 2 0 - 3 T i 0 2 
Monoclinic 

N a 2 0 - 6 T i 0 2 
Monoclinic 

4 N a 2 0 - 5 T i 0 2 
Triclinic 

In addition to the phase diagram for the N a 2 0 - T i 0 2 system mentioned above, 

Eriksson and Pelton (1993) also presented some thermodynamic properties for the 

N a 2 0 - T i 0 2 system, such as enthalpies (H), heat capacities (C p ) and entropy (S) for 

several o f the N a 2 0 - T i 0 2 compounds involved. 

Another study o f the thermodynamic properties o f the N a 2 0 - T i 0 2 system was 
carried out by Mitsuhashi and Fu j ik i (1985), who presented some results o f the heat 

o f reaction for some direct causticization reactions as we l l as the enthalpies of 

formation. 

Sodium carbonate, one o f the reactants, is a commonly-used chemical. It is a main 

component in the smelt f rom the conventional kraft black liquor recovery boiler. It 

has a melting point o f 858°C, which is considerably lower than the titanates, so 

sodium carbonate can therefore be expected to be more mobile in the mixed 

powder reaction than the sodium titanates. I f the reaction temperature is high 

enough, sodium carbonate can even be present as a melt. 

At high temperatures, sodium carbonate might decompose, according to Reaction 

(3.1). 

N a 2 C 0 3 - > N a 2 0 + C O , (3.1) 

Using thermogravimetric analysis (TGA) , Zou (1991) found that sodium carbonate 

starts to decompose at 820°C in a nitrogen atmosphere, whereas it is stable up to 

1000°C in a carbon dioxide atmosphere. 

As far as the causticizing o f kraft black liquor is concerned, it should be kept in 

mind that sodium carbonate is only one component i n the kraft black liquor or 
smelt mixture. In Table 3.3, the elemental composition o f kraft black liquor in a 

typical, open-cycle, kraft process is shown. The smelt from the recovery boiler 

contains mainly sodium carbonate and sodium sulphide, but there are also some 
sodium sulphate and other sodium and potassium salts, such as chlorides, present. 

The melting behaviour o f a mixture is more complex than for pure components, as 
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mixtures melt in intervals. The melting o f a mixture often starts at a temperamre 
much lower than the melting points o f the pure substances in the mixture. The 

melting interval for the mixture in question can therefore dif fer considerably f rom 
the melting point o f sodium carbonate, depending on the composition in the 

mixture. 

Table 3.3. Example of the elemental composition of a sample of kraft black liquor 

taken before the mix tank (Adams et al., 1997). 

% in Dry Solids 
C 38.2% 

H 3.4% 

O 31.1% 
N 0 .1% 
S 5.2% 
Na 19.8% 

K 1.9% 
Cl 0 . 1 % 
Others (Ca, Si, Fe, 0.2% 
M g , A l , Mn)  

S/Na2 = 0.38 mol/mol 

3.2 Direct Causticization Reactions in the 
Titanate Process 

There are only a few studies o f the direct causticization reactions to be found in the 
literature; most o f the work found concerns the reaction between sodium carbonate 

and titanium oxide (Reaction 2.14). From an industrial point o f view, the reaction 

with sodium tri-titanate (Reaction 2.15) is o f greater interest. 

One o f the most complete studies o f the sodium carbonate/titanium dioxide system 

has been carried out by Kiiskilä (1979 a and b). He showed that sodium carbonate 

reacts with titanium dioxide (Reaction 2.14) at as low temperature as 500°C, and 

that the reaction rate increased with increasing temperature. The product, however, 

differed at different temperatures, i.e. the ratio between N a 2 0 and T i 0 2 varied. At 

low temperatures, the ratio was near 0.33, resulting in sodium tri-titanate 

(Na 2 0-3Ti0 2 ) as the main product. A t high temperamres, and wi th a low partial 

pressure of carbon dioxide, the main products were found to be sodium 

metatitanate (Na 2O T i 0 2 ) and sodium penta-titanate (4Na 2 0-5Ti0 2 ) . A t reaction 

temperatures above 1000°C, the release o f carbon dioxide could be even higher 

than explained by the formation o f sodium metatitanate, which is probably due to 

decomposition o f sodium carbonate. The drawback wi th spontaneous 
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decomposition o f sodium carbonate is that the resulting sodium compound (i.e. 

N a 2 0 , see Reaction 3.1) is volatile at these temperamres and, therefore, does not 

stay in the molten or solid phase. 

Another extensive study o f the sodium carbonate/titanium dioxide system has been 

carried out by Zou (1991). He studied the system during both increasing 

temperature and isothermal conditions. Using thermogravimetric and differential 

thermal analysis (TG and D T A ) , he found distinct weight losses at 655°C, 750°C 

and 985°C for a mixture o f sodium carbonate and titanium dioxide wi th a molar 

ratio o f 1.0 in an atmosphere o f air. These weight losses was assumed to be a result 

o f the Reactions 2.14, 2.15 and 2.20, respectively. In addition, the validity o f these 

three reactions was confirmed by X-ray diffraction (XRD) analysis. It is worth 

noting that most o f the sodium carbonate was converted below its melting point 

(858°C), indicating that the reaction can be carried out successfully in the solid 

state. 

On some points, the studies by Kiiskilä (1979) and Zou (1991) do not agree. Zou 

(1991) stated that the reaction is fast and complete for temperatures below the 

melting point o f sodium carbonate, whereas Kiiskilä found that the reaction is slow 

at these temperatures. They used similar conditions, except that Kiiskilä used a 

much larger particle size for both sodium carbonate and titanium dioxide, 63 um, 

than Zou who used <25 urn for sodium carbonate and <10 urn for titanium dioxide. 

In addition, Kiiskilä used a much larger sample amount (200 mg) than Zou, who 

used only 16.8 mg. Consequently, the difference in the results suggests that the 

particle size and amount o f sample play an important role in the reaction, which 

means that heat and/or mass transfer i n the bulk influence the overall reaction rate. 

Furthermore, the equipment used and how the experiments were carried out can 

also be o f importance. 

As mentioned, Zou (1991) also studied the direct causticization reactions at 

isothermal conditions. This was carried out in a horizontal tubular furnace, where 

the sample was piled up in the middle o f the furnace and a gas stream o f nitrogen 

was passed through the furnace, over the sample. Besides sodium carbonate and 

titanium dioxide, he also introduced sodium sulphate (Na 2 S0 4 ) into the sample to 

make it resemble kraft black liquor. The sodium sulphate had no other detectable 

effect on the reaction other than decreasing the melting point o f the sodium 

carbonate mixture to about 830°C. Although Zou (1991) mainly studied the 

reaction wi th titanium dioxide, he also presented some results o f the reaction 

between sodium tri-titanate and sodium carbonate (Reaction 2.15), Table 3.4. He 

found this reaction to be more rapid than that wi th titanium dioxide: wi th the molar 

ratio T i 0 2 / N a 2 C 0 3 = 1.25, complete conversion was reached wi th in 3 minutes at 

825 °C, compared to about 10 minutes for the reaction wi th titanium dioxide. 

Furthermore, Zou performed experiments wi th molar ratios other then the 

stoichiometric between T i 0 2 / N a 2 C 0 3 and N a 2 0 - 3 T i 0 2 / N a 2 C 0 3 , respectively. As 
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expected, for molar ratios lower than the stoichiometric, the conversion never 
reached 1.0. Otherwise, the reaction process was similar as for the stoichiometric 

molar ratios. A t higher molar ratios, the reaction process showed a similar 

behaviour at the beginning but was faster at the end. 

Table 3.4. Results from experiments by Zou (1991), performed in an isothermal 

tubular furnace, for the reaction between sodium tri-titanate and sodium carbonate 

in a mixture with sodium sulphate added to the reactants. Molar ratio 

Na20-3Ti02/Na2COj = 5/7. 

D E G R E E O F C O N V E R S I O N (X) 

T ( ° C ) 1 MINUTE O F 3 MINUTES O F 5 MINUTES O F 

R E A C T I O N R E A C T I O N R E A C T I O N 

750 0.21 0.47 0.56 

775 0.34 0.61 0.72 

800 0.48 0.77 0.86 

825 0.60 0.91 1.0 

850 0.88 1.0 1.0 

3.3 Carbon Reactions during Pyrolysis and 
Gasification of Kraft Black Liquor in the 
Presence of Titanates 

Organic carbon in black liquor solids can be converted into CO, C 0 2 , C H 4 and 

higher hydrocarbons by gasification and pyrolysis reactions. The key gasification 

reactions involved in black liquor gasification are: 

C(s) + 0 2 ( g ) - ^ C 0 2 ( g ) (3.2) 

C(s) + ' / 2 0 2 ( g ) ^ C O ( g ) (3.3) 

C(s) + C 0 2 ( g ) - > 2 C O ( g ) (3.4) 

C(s) + H 2 0 ( g ) ^ C O ( g ) + H 2 ( g ) (3.5) 

C(s) + 2 H 2 ( g ) - + C H 4 ( g ) (3.6) 

2 C ( s ) + N a 2 C 0 3 ( s , i ) « - » 2 N a ( g ) + 3 C O ( g ) (3.7) 

4 C ( s ) + N a 2 S 0 4 (s,l) -> N a 2 S ( s , l ) + 4 C O (g) (3.8) 

C O ( g ) + 1/2 0 2 ( g ) ^ C 0 2 (g) (3.9) 

CO (g) + H 2 0 (g) - > C 0 2 (g) + H 2 (g) (3.10) 

CO (g) + 3 H 2 (g) - > C H 4 (g) + H 2 0 (g) (3.11) 

H 2 ( g ) + '/2 0 2 ( g ) ^ H 2 0 ( g ) (3.12) 
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Previous Research 

Reactions (3.4-3.8) are those responsible for converting char carbon into gases, 

since elemental oxygen is consumed in gas-phase reactions with the combustible 
products o f pyrolysis and gasification. Gasification wi th water vapour (Reaction 

3.5) proceeds most rapidly at temperamres below 900°C. A t higher temperatures, 

however, Reactions (3.7) and (3.8) become increasingly important. Gasification 

proceeds even in the absence o f gasifying gases; about one third of the carbon in 
black liquor char can be gasified during pyrolysis (Sricharoenchaikul, 2001). 

When sodium tri-titanate is present in the gasifier, C 0 2 w i l l also be generated by 
the direct causticization Reactions (2.14-2.15, 2.18-2.20). The C 0 2 produced is 

available to react w i th char carbon via Reaction (3.4). 

Although a large number o f studies have been reported on the topic o f carbon 

conversion during black liquor pyrolysis and gasification (e.g. Bhattacharya et al., 
1986, Frederick et al., 1993, Frederick et al., 1994, L i and van Heiningen, 1990, L i 

and van Heiningen, 1991, Saviharju et al., 1998, Sricharoenchaikul et al., 1998 and 

Whitty et al., 1995), only one has been carried out so far i n the presence o f sodium 
titanium compounds (Zeng, 1997). Zeng (1997) studied the carbon conversion at 

atmospheric pressure and in a fluidized bed reactor. He found that it is possible to 

gasify kraft black liquor in a fluidized bed o f T i 0 2 particles, thus generating 

different carbon gases, such as CO, C 0 2 , C H 4 and minor amounts o f C 2 H 4 . In this 
smdy, less than 0.5% of the total carbon in the black liquor remained in the black 

liquor char during gasification conditions, i.e. the black liquor was wel l gasified. 

Zeng found that the gas composition varied wi th temperature: wi th increasing 
temperature the CO concentration increased, while the C 0 2 concentration 

decreased, and the amounts o f C H 4 and C 2 Ht remained almost constant. 
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4 THEORY 

4.1 Kinetic Models for Solid-Solid Reactions 

In any mixed-powder reaction, the solid particles must be in contact wi th each 
other, and at least one o f them must diffuse through a growing product layer after 

the initial surface reaction. The reaction may proceed in one o f several ways: 

1. Product growth controlled by diffusion o f the reactants through a 

continuous product layer. 

2. Product growth controlled by nucleation and nuclei growth. 

3. Product growth controlled by reaction kinetics: 
a) Phase-boundary equations. 

b) Kinetic equations based on the concept of an n-order o f reaction. 

Most solid state reactions are controlled by mass transfer, i.e. the rate-limiting step 

is diffusion o f one or several reactants through the product layer to the other 
reactant. Studies of systems similar to that o f sodium tri-titanate and sodium 

carbonate have shown diffusion controlled kinetics (Amin et al., 1983, Belyaev, 
1976, Brindley and Hayami, 1965, Cooper and Mason, 1995, Freudenberg and 

Mocell in, 1987, Jander, 1927, McCartney et al., 1960, Palm and Theliander, 1997, 

Tagawa and Igarashi, 1986 and Zou, 1991). 

The most common models based on diffusion-controlled kinetics are the Jander 
model, the Ginstling-Brounshtein model (Tamhankar and Doraiswamy, 1979) and 

the Valensi-Carter model (Carter, 1961). They all assume spherical particles, and 

that surface diffusion rapidly covers reactant particles wi th a continuous product 

layer during the initial stages o f the reaction. These models are often called 

"shrinking-core" models, i.e. i t is assumed that there is a shrinking homogenous 
core o f reactant surrounded by a homogenous shell o f product. The Jander model is 
the simplest model, where the reacting spherical shell is approximated by a plane 

sheet when the diffusion equation is applied. In addition, the total radius o f reacted 
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and unreacted material is assumed to be constant throughout the reaction. 

Consequently, even i f it is possible to f i t the Jander model to experimental data, it 

is hardly possible to extrapolate the model to high conversions because the 
geometrical assumptions are, in this case, far f rom realistic. The Ginstling-

Brounshtein model is based on diffusion through a spherical shell but assumes, as 

the Jander model, that the total radius o f reacted and umeacted material is constant 

throughout the reaction. 

The models used in this smdy are the Valensi-Carter model, the phase boundary 

reaction model based on spherical geometry and a "modified shrinking-core" 

model. These models w i l l be explained further below; for a more detailed 

description, see Nohlgren (1999). 

4.1.1 The Valensi-Carter Model 

The Valensi-Carter model, which is derived below, is a so-called "shrinking-core" 

model wi th spherical geometry; the ratio z is introduced in order to take into 

account the change in total radius. 

Consider the reaction: 

A(s) + B ( s ) ^ C ( s ) 

where the reactants A and B and the product C are solid throughout the reaction, 

and the reactant A consists o f spherical particles wi th the initial radius r0. A 

product layer consisting o f C is formed as a spherical shell around the core o f A , 

w i th the inner radius r/ and outer radius r2 (see Figure 4.1). 

Figure 4.1. Model for the reaction of a sphere of component A with component B. 

r0 = initial radius of A, r} = instantaneous radius of A, rtot = radius of product at 

x=1.0, and r2 = instantaneous radius of unreacted A plus product. 
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The only diffusing species is B , which diffuses uniformly into the product layer all 

over the sphere. The mass transfer equation for a sphere, is defined as: 

3 c _ J_ 

dt ~ r2 

D„ff sin 6 — + D e f f r 2 ^ \ + -
dr\ m dr sind öd de) sin2ßd<p: 

(4.1) 

where Deg is the effective di f fus ivi ty (m 2/s), c the concentration o f the diffusing 

species (mol/m 3 ) and r the radius o f the sphere (m). Assuming only radial 

diffusion, constant dif fusivi ty and that the case can be treated as pseudo steady-

state, Equation (4.1) can be simplified to: 

± ( r 2 * f ) = 0 (4.2) 
dr\ dr J 

Solving this equation wi th the boundary conditions c = c j at r = r\ and 

c = C2 at r =7*2, and using the radial f l o w rate o f the diffusing species (B) 

according to Fick's law, the fo l lowing equation is obtained: 

d^-h^l— (4.3) 
dt rx (r2 - r , ) 

where kj, the rate constant, is expressed as: 

D„ff (c7 - c,) 
kx = (4.4) 

PmA 

I f the reaction between A and B is not equimolar, the stoichiometric coefficients 

w i l l be included in the expression for the rate constant above (Equation 4.4). 

A factor z, the volume o f product formed per unit volume o f reactant consumed, is 

introduced to take the radius changes o f the sphere into account. Consequently, the 

instantaneous total radius (r2) o f the sphere made up of A and C can be written as: 

r 2 = ( z r 0

3 + r 1

3 ( l - z ) ) 1 / 3 (4.5) 

I f Equation (4.5) is inserted into Equation (4.3), the differential fo rm o f the 

Valensi-Carter model is obtained: 
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where r0 is the initial radius o f the reactant and r, is the instantaneous radius o f the 
reactant. I f the differential fo rm o f the Valensi-Carter equation is integrated, and 

the radius is substituted by the degree o f conversion, the fol lowing expression is 

obtained: 

(l + (z - l ) x ) 2 / 3 + (z -1)(1 - x ) 2 / 3 = z + 
2 / 3 2(1 -z)kxt 

(4.7) 

where the degree o f conversion, x, is: 

x = l (4.8) 

4.1.2 The Phase Boundary Reaction Model 

When the mass transport o f the reactant species through the product layer is rapid 
compared to the reaction, the kinetics may be described by a phase-boundary 

reaction model. Models have been developed for different geometries and 

corresponding boundary conditions but, for a sphere reacting f rom the surface 

inward: 

^ = - ^ = -k2 (4.9) 
dt PmA 

where pmA is the molar density o f the reactant in the core and k2 the rate constant 

(m/s). I f the reaction between A and B is not equimolar, the stoichiometric 
coefficients w i l l be included in the expression for the rate constant above (Equation 

4.9). The integrated form o f this model, wi th spherical geometry and the radius 

substituted by the degree o f conversion, is given by the equation: 

k2t = ( ! - ( ! - x ) m ) . r < j (4.10) 
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4.1.3 A Modified Shrinking-Core Model 

In this model, the product growth is influenced by both diffusion and first-order 
reaction, and assumes a sphere reacting f rom the surface inwards. The change of 

the total radius is taken into account by using the ratio z, as in the Valensi-Carter 

model. 

Instead o f the boundary condition wi th a constant concentration at the core 

interface, the modified shrinking-core model is developed by using the boundary 

condition: 

ff~dr= ° 
at r = r, 

where kr is the reaction rate constant and c the concentration o f diffusing species 

(B). This boundary condition is in fact a mass balance, meaning that the diffusing 

species is consumed at the interface by a first order reaction. The other boundary 

condition, i.e. constant concentration on the surface o f the sphere, is unchanged 

( c = c2 at r = r2 ) . The solution o f the diffusion equation, Equation (4.2), wi th the 

boundary conditions above, where c2 is considered to be constant and r2 can be 

expressed as Equation (4.5), is as follows: 

drx 

~dt 

( f 
1 1 
— + — 

V 
"•3 

r, — 

V 

V 1 

(4.11) 

J ) 

where k3 and k4 are: 

k3 - kr 

c7 

P mA 

(4.12) 

k , = D e f f - ^ - (4.13) 
PmA 

The rate constant k3 is related to the first order reaction rate and k4 is the lumped 

diffusivi ty. This model has some interesting properties: i f the term including k3 is 
much smaller than the term including k4 (i.e. the reaction is much faster than the 

diffusion), then the first term on the right hand side (l/k3) can be neglected and the 

model is identical to the Valensi-Carter model. I f the reverse simation applies, the 

model becomes the phase-boundary model. 
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I f the differential Equation (4.11) is integrated between rstart —>r and t s t a r l —>t, 

the fol lowing expression is obtained: 

r = -
r - K, 

f 2 

r — r„ 
2 2(1 - z) 

l—( ( r 3 (1 - z) + z r 0

3 f3 - ( r s ( a r ,
3 (1 - z) + z r 0

3 

• + r . 

(4.14) 

4.2 Heat Transfer Equations for Spherical 
Particles 

The heat transfer in the solid material is important, since the reaction rate and mass 

transfer rate are strongly influenced by the temperamre o f the reactant. Heat is 

transferred f rom the surrounding atmosphere to the solid particle surface by 
convection and radiation, and to the interior o f the particle by conduction. 

4.2.1 Heat Transfer to the Particle Surface 

The heat transfer to the particle surface (q) can be divided into two parts: 

convective heat transfer (qc) and radiation heat transfer (qr). It can be written as: 

q = qc+qr (4.15) 

The convective and radiation heat transfers are expressed as: 

qc=hA-(Tr-T) (4.16) 

q r = F - o A ( T r

4 - T 4 ) (4.17) 

where Tr is the reactor/furnace temperamre (K) and T is the particle surface 

temperature (K) . The convective heat transfer coefficient, h, which is a function o f 

f low conditions, is calculated f r o m a forced convection heat transfer correlation for 

spherical particles using the Nusselt number, Reynold number and Prandtl number. 

F is the so-called view factor and cr is the Stefan-Boltzmann constant. When the 

particle is very small compared to the reactor, the view factor is approximately 

equal to the emissivity (e) o f the particle surface. 
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Finally, the heat transfer to the particle is: 

dT 

q = V . p - c p -
(4.18) 

where p is the particle density (kg/m ) , cp is the heat capacity o f the particle 

(J/kg,K) and t is time. 

I f Equations (4.16) to (4.18) are inserted into the complete heat balance equation 

(Equation 4.15), the fol lowing expression is obtained: 

V - p . c p ( T ) ~ = h-A-{Tr-T) + e-G -A-(Tr

4-T4) (4.19) 

Rewriting Equation (4.19) with r0 as the radius o f the spherical particle gives: 

^ p • cp{T)^- = h CTr-T) + e cr- (Tr

4 - T 4 ) (4.20) 
3 dt 

4.2.2 Heat Conduction in the Particle 

The heat conduction in a sphere can be expressed as: 

dT k p 

fd2T 2 Ö T A 

öt p c p ( T ) y dt r dr 
(4.21) 

where r is the radial coordinate. The initial and boundary conditions are: 

T = Tr ,r = r0 

T = Tn ,r<r. 
0 ' 

t>0 

t = 0 

The solution o f Equation (4.21) is: 

T-T0 2 - ^ ( - i r 
• = lH > sin 

T. -T, K-r — n 

( ( 
n • K r 

• exp 
J V 

"P 2„2 t 
n K —-

P-Cp 
(4.22) 

fo J 

The expression for the temperature in the middle o f the particle (r = 0) then 

becomes: 
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T-T0 

Z -Tn 

= l + 2 £ ( - ! ) " • exp •n"K (4.23) 

'o ; 

4.3 Models for Different Equipment 

In the models for the conversion degree o f sodium tri-titanate to sodium penta-

titanate, it is assumed that the reacting solid material consists o f small spherical 
particles (grains), which are clustered as larger agglomerates. The initial radius o f 

the grains is used as a starting value in the models. Any particle size distribution 

(PSD) o f the grains is not taken into account. 

4.3.1 Model for the Small-Scale Differential Reactor 

The rate constants in the different kinetic models (the Valensi-Carter model, the 

phase-boundary model and the modified shrinking-core model) were determined 

by f i t t ing the model to experimental data. This was done by minimising the square 

sum error, using the routine "leastsq" or "lsqnonlin", in Matlab. The reaction was 
then simulated by a computer code (FORTRAN) that solved the model differential 
equation numerically either by using the Runge-Kutta method or by Matlab solving 

the model differential equation using the routine "ode23". 

4.3.2 Model for the Fluidized Bed Reactor 

The simulation model for the pilot plant is based on the semi-batch mode o f 

operation o f the pilot plant, and is solved using a FORTRAN code. The amount o f 
material that reacts at each instant is calculated f rom the differential equation o f the 
selected kinetic model (the Valensi-Carter model, the phase-boundary model or the 

modified shrinking-core model) using a Runge-Kutta algorithm. From the solution 

o f the differential equation, the radius o f the unreacted core of the particles in the 

bed is obtained. The theoretical amount o f formed CO2 can be calculated f r o m the 
changes o f the core radius, which can, in turn, be compared wi th the experimental 

amount o f formed C 0 2 . 

The rate constant (k) in the differential equation for the kinetic model is expressed 

as: 

k = A e e % T (4.24) 
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where Ae (the pre-exponential factor) and E (the activation energy) are constants 

taken f r o m the results o f f i t t ing the models to the experimental data f rom the 

differential reactor, R is the gas constant and T is the reaction temperature in 

Kelvin. 

Two different models were considered, depending on the distribution o f sodium 

carbonate over the bed material after it was fed in. The first model assumes that all 
the N a 2 C 0 3 fed into the bed is distributed equally over all the titanate particles in 

the reactor. This model implies that each particle does not have enough N a 2 C 0 3 to 
react completely unti l all the N a 2 C 0 3 is fed in. It was realized, however, that this 

assumption gave poor agreement with experimental data. It was therefore assumed, 

in the second model considered, that the N a 2 C 0 3 is brought into contact wi th 
titanate particles equivalent to the stoichiometric requirement. This means that the 

N a 2 C 0 3 particles become attached to the N a 2 0 3 T i 0 2 particles, and that each 

particle reacts individually, i.e. the bed material consists o f a large amount o f small 
batch reactors that are in different phases o f the reaction: some have started to react 

and some are completely reacted. This assumption was found to give better 
agreement wi th experimental data than the former assumption. 

The comparison o f the model prediction and the experimental data suggested that it 

took some time for the reactants to come into permanent contact wi th each other. 
Therefore, a time delay was introduced in the model before the particles were 

assumed to start reacting. 

4.3.3 Model for the Entrained-Flow Reactor 

The model for the conversion degree in the entrained-flow reactor takes into 

account kinetics and both mass and heat transfer in order to estimate the degree o f 
conversion o f sodium carbonate in the black liquor. This is done using Matlab wi th 

the fo l lowing input data: 

• Reaction temperature and pressure. 

• Gas velocity and gas concentration o f carbon monoxide, hydrogen, carbon 

dioxide, water, nitrogen, hydrogen sulphide and oxygen. 

• The grain radius and the agglomerate particle radius o f the solid material. 

• The Arrhenius parameters for the chosen kinetic model. 

The convective heat transfer coefficient is calculated by using heat transfer 

correlations for a sphere in gas f low. The viscosity and thermal conductivity o f the 

f lu id used in the heat transfer correlations are estimated by using conventional 
methods (Reid et al., 1987). Since the compressibility factor Z is approximately 

equal to 1.0 for most o f the gas mixtures considered in this case, the gas is assumed 

29 



Theory 

to behave as an ideal gas when the gas density and volume are calculated. It is very 
diff icul t to f ind literature values for some o f the physical and chemical data used in 

this model, e.g. the thermal conductivity, kp, and the emissivity, £, for either 
sodium tri-titanate or sodium penta-titanate. Consequently, they had to be 

approximated by values for similar compounds; for compounds such as brick, 
pyrex, silica, chalk, calcium sulphate and concrete, the thermal conductivity ranges 

between 0.35 and 1.4 W/m,K. Salt, however, has a value o f 7.1 W/m,K (Perry and 

Green, 1984). Furthermore, titanium dioxide has values between 6.5 and 3.3 

W/m,K depending on the temperature. Therefore, a value o f 3.5 W/m,K for the 
thermal conductivity was used. In order to observe the influence o f the thermal 

conductivity in the model, values between 0.35 and 10 W / m , K were tested: it was 

found that they all gave almost identical results. A similar approximation was made 

for the emissivity; compounds such as brick, concrete, silica, porcelain and glass 
have an emissivity between 0.6 and 0.93 (Perry and Green, 1984). Alumina oxide, 

a highly oxidized metal, has an emissivity o f 0.25, so values between 0.25 and 0.95 
for the emissivity were tested in the model: it was found that they all gave almost 
identical results. Consequently, an emissivity o f 0.8 was chosen for the model. 
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5 EXPERIMENTAL 

Three different types o f equipment have been used in this study: a small-scale 
differential reactor operated in a batch mode, a pilot-scale fluidized bed reactor 

operated in a semi-batch mode and a pressurized entrained-flow reactor operated in 
a continuous mode. 

5.1 Experiments in the Small-Scale Differential 
Reactor 

5.1.1 Sample Preparation 

The sample was prepared by dissolving sodium carbonate (p.a.) in distilled water, 

and then adding sodium tri-titanate (99%). The suspension was heated to its boil ing 

point to evaporate the water whilst being stirred with a magnetic stirrer. When the 

concentration of solids in the suspension increased so much that the magnetic 

stirrer could not operate properly, the sample was put in a furnace (105°C) to dry 

overnight. Finally, the dried sample was ground to a fine powder. The powder was 

sieved and only the size fraction below 210 urn was used. The molar ratio used was 

N a 2 0 - 3 T i 0 2 / N a 2 C 0 3 = 5/7 in all o f the experiments, which corresponds to the 

stoichiometric ratio. 

5.1.2 The Equipment 

The reaction was carried out in a differential reactor made o f quartz glass enclosed 

in a furnace, Figure 5.1. The quartz glass reactor consists o f three concentric pipes. 
The sample, placed in a sample holder wi th an inner diameter o f 25 mm, was put 

on top o f the innermost pipe. The gas f l ow was heated as it f lowed upwards in the 
space between the quartz glass pipes in the furnace. It was then forced down 

through the innermost pipe and penetrated the sample, resting on a porous bed o f 

quartz glass inside the sample holder. The sample holder containing the sample 
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was placed in the reactor by removing the innermost pipe, placing the sample 
holder on top o f the pipe and then replacing it in the reactor. A detailed description 

o f the equipment can be found elsewhere (Hanson, 1993). 

The temperamre inside the reactor was measured by a thermocouple (Chromel-

Alumel) , with an accuracy o f about ±10°C. 

reactor gases 
to COg analyser 

Figure 5.1. The quartz glass reactor with the sample holder. 

The concentration o f carbon dioxide in the reject gases f r o m the reactor was 

measured by a N D I R (non-dispersive infrared) industrial photometer (URAS 3G, 
Mannesmann, Hartman & Braun). The signals f r o m the measurements o f 

temperature, carbon dioxide concentrations in the gases leaving the reactor and the 
mass f low o f nitrogen entering the reactor were recorded continuously every 4 
seconds by a data acquisition unit. 

5.1.3 Procedure and Analyses 

The gas f low and furnace temperature were allowed to stabilise for more than one 

hour at the beginning o f each experimental session. In each run, 0.70 g o f the 

prepared sample was loaded in the sample holder. It was then gently shaken before 
being placed in the reactor in order to obtain a similar porosity and horizontal 

surface for all o f the sample beds. The amount o f the sample was chosen based on 

the limitations o f the equipment and to obtain accurate and reproducible results for 
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the specific surface area measurements. The amount o f sample was not allowed to 

vary more than ± 0.0009 g. 

After the system became stable, the experiment was started by interrupting the gas 
f low and placing the sample holder in the reactor as quickly as possible. The gas 

f low was, thereafter, increased to about 10 L Sxp/min. It took approximately 50 s 
from the moment when the gas was shut o f f until it was turned on again. 

When the reaction was completed, i.e. when the carbon dioxide content in the 

reject gases stabilised at the same level as before the sample was inserted, the gas 
f low was turned o f f and the sample holder with the reacted sample was removed 
from the reactor. The sample was cooled using nitrogen and weighed while still in 

the sample holder. The sample was then transferred immediately to a sample tube 
used for surface area measurements. The specific surface area o f the product was 

measured by a five-point nitrogen adsorption method in a Micromeritics Gemini 
2370. Using the theory o f Brunauer, Emmet and Teller, the surface area was 

calculated f rom the measurement of the adsorbed amount o f nitrogen at f ive 

different pressures (i.e. a f ive point BET surface area was calculated). X-ray 
diffraction (XRD) analyses were performed on some o f the samples using a 

Siemens D5000 powder diffractometer to determine the reaction products. 

The reaction was studied at f ive different temperatures: 800°C, 820°C, 840°C, 

860°C and 880°C, and with f ive different amounts o f carbon dioxide in the inlet 

gas: 0%, 0.5 %, 1 %, 2 % and 5 %. Table 5.1 shows the number of experiments for 

each set o f conditions. 

Table 5.1. The number of experiments for each set of conditions. 

800°C 820°C 840°C 860°C 880°C 

0 % 

0.5 % 
1 % 
2 % 

5 % 

12 11 
3 
4 

4 

1 

9 

5 
6 
4 

4 

9 

3 
3 

6 
4 

7 

3 
3 

3 

3 
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5.2 Experiments in the Pilot-Scale Fluidized 
Bed Reactor 

5.2.1 Sample Preparation 

The sodium tri-titanate was prepared by leaching the Bed Residual Solids (BRS), 

produced in experiments in the fluidized bed reactor, using T i 0 2 and Na2CC>3 as 
reactants. The leached BRS consists mainly o f sodium tri-titanate, as described by 

Reaction (2.16), but may also contain some unreacted T i 0 2 due to incomplete 
causticization. Titanium dioxide wi th a purity o f 99.0% was obtained f r o m Tioxide 

Inc., Canada, and sodium carbonate of 99.5% purity was purchased f r o m Aldrich 

Chemical Company, Inc., Canada. The leached BRS (sodium tri-titanate) and the 

sodium carbonate were dried and sieved; only the size fraction o f 75-180 pm was 

used in the experiments. In some experiments, BRS recycled two or three times 
was used. 

5.2.2 The Equipment 

A schematic diagram o f the fluidized-bed pilot plant used for testing the 

gasification and direct causticization concept is shown in Figure 5.2. I t shows the 

fluidized-bed reactor (Unit 8), the gas supply and gas preheating system (Units 1-

5), the system for feeding sodium carbonate into the fluidized-bed (Unit 6), the bed 

sampling port (Unit 7) and the downstream gas treatment system (Units 9-12). The 

fluidized-bed gasifier has an inner diameter o f 0.1 m in the reaction zone and 0.2 m 

in the freeboard zone. The stainless steel gasifier is heated by ceramic heaters on 

the outside surface o f the reactor, which gives a temperature control o f ± 5 ° C during 

reaction inside the bed, measured by three thermocouples (63, 264 and 352 m m 

respectively) above the distributor plate. It is operated in a semi-batch mode wi th 

an initial charge o f sodium tri-titanate or titanium dioxide into the reactor and a 

continuous feed o f sodium carbonate or kraft black liquor solids after the bed o f 

has been heated to the desired temperature. The fluidizing gas, pressurized air or 

N 2 , is added at a rate o f about 17 l S T p / m i n , controlled by a multi-channel mass f l o w 

control system (Edwards, model 1605) wi th an accuracy o f ± 1 % . A dry test meter 

(Singer American Meter Division, DTM-325) measured continuously the total gas 

volumetric f l ow rate o f the cooled, dust-free and condensate-free gas stream. 

A two-channel infrared gas analyzer (Siemens, Ultramat 22) was used for on-line 
monitoring o f the CO and C 0 2 concentrations in the gasification gas sampled 

immediately after the condenser. The signals f r o m the measurements o f 

temperature, carbon dioxide concentrations in the gases leaving the reactor and the 
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mass f l o w o f nitrogen entering the reactor were recorded continuously every 30 

seconds by a data acquisition unit. A more detailed description o f the equipment 
can be found elsewhere (Nohlgren, 1997 and Zeng, 1997). 

,11 

iter in j 

1 2 > 

1) University air supply 
2) Nitrogen cylinder 
3) Air cylinder 
4) Flow meters 
5) Gas heaters 
6) Feeder 

7) Bed sampling port 
8) Fluidized bed 
9) Cyclones 
10) Filters 
11) Condenser 
12) Condensate collector 
13) Drv test flow meter 

Figure 5.2. Process flow sheet of the fluidized-bed system. 

5.2.3 Procedure and Analyses 

The reactor was loaded with either 1790 to 2500 g N a 2 0 - 3 T i 0 2 or 1400-1500g 

T i 0 2 and then heated to 790°C-850°C wi th a f luidizing gas f low ( N 2 or a mixture 

of N 2 and air) of about 8 l S T p / m i n . The heating procedure took approximately four 

hours. When the temperature was stable, the f luidizing gas f l ow was increased to 

15 l S T p / m i n . After at least 15 minutes, when steady state was obtained, the material 

was fed in with feeding rates o f 120-600g/h. When the feeding had ended, the 

experiment was either stopped, and the heating switched o f f immediately, or 

continued until the C 0 2 concentration in the outlet gases returned to zero before the 

heating was switched off . Samples f rom the fluidized bed were taken intermittently 

during the experiment. 

The Bed Residual Solids (BRS) were leached in boiling water, fol lowed by 
acidimetric titration, to determine the sodium hydroxide (NaOH) concentration. 

Atomic emission spectroscopy (AES) analysis determined the total sodium content 

o f the leachate. The total sodium and titanium contents o f the solid samples were 
measured by X-ray fluorescence (XRF) analysis. From these analyses, the 
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quantitative amount o f different sodium titanate species was calculated. Some o f 
the bed samples were also characterized by X-ray diffract ion (XRD) analysis using 

a Siemens D5000 powder diffractometer, and by measuring the specific surface 

area using a Micrometritics ASAP2000. In addition, a JSM-6400 Scanning 

Microscopy o f JEOL, equipped wi th an energy dispersive X-ray spectrometer, was 
used for Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

(EDX) analyses for some o f the bed samples. 

5.3 Experiments in the Pressurized Entrained-
Flow Reactor 

5.3.1 Sample Preparation 

The reference material (i.e. a sodium carbonate and sodium tri-titanate mixture) 

was prepared by dissolving sodium carbonate (p.a.) in distilled water and then 

adding sodium tri-titanate (99%). The suspension was heated to its boil ing point to 

evaporate the water while being stirred wi th a magnetic stirrer. When the 

concentration o f solids in the suspension had increased sufficiently, the sample was 

put in a furnace (105°C) to dry overnight. Finally, the dried sample was ground to a 

fine powder. The powder was sieved and only the size fraction below 38 p m was 

used. The molar ratio used was Na 2 0-3T i0 2 / ^ a 2 C03 = 5/7 in all o f the 

experiments, which corresponds to the stoichiometric ratio. 

The black liquor and sodium tri-titanate mixture was prepared by mixing 

stoichiometric amounts o f sodium tri-titanate into a 50% dry solids black liquor 

solution. The elemental composition o f the used kraft black liquor is shown in 

Paper V I . The stoichiometric amounts o f sodium tri-titanate were determined based 

on the N a 2 0 and K 2 0 contents in the black liquor, which were assumed to be equal 

to Na 2 CÜ3 and K 2 C 0 3 , and the reaction was assumed to proceed as Reaction 

(2.15). The prepared mixture was dried in a furnace (105°C) and ground to a fine 

powder. The powder was then sieved and only the size fraction below 38 p m was 

used. 

5.3.2 The Equipment 

The pressurized entrained-flow reactor (PEFR) located at the Institute o f Paper 

Science and Technology, Atlanta, U.S.A. is shown in Figure 5.3. It consists o f a 

conventional laminar entrained-flow reactor inside a pressure shell rated to 8 MPa. 

Dried and sieved solids (black liquor mixed wi th sodium tri-titanate or sodium 
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carbonate mixed w i t h sodium tri-titanate) are fed into the reactor using a screw 
feeder housed in a separate vessel above the reactor and gas preheater. The solid 

particles are carried into the reaction zone through a cooled feed tube, entrained in 
a small fraction o f the total amount of gas entering the reactor. The bulk o f the gas 
is preheated and enters as a secondary f low, passing through a f l ow straightener. 

The particles are heated rapidly to the temperature o f the reaction zone, and pass 

through it as they react. A t the bottom o f the reaction zone, the gases and particles 
enter a liquid-cooled nitrogen-quenching collector probe where very rapid cooling 

takes place. High temperature reactions are effectively stopped in progress. 

Residence times f r o m about 0.5 to 10 seconds can be obtained by either adjusting 
the gas velocity or changing the reaction zone length by moving the collector 

probe. 

Figure 5.3. The pressurized entrained-flow reactor. The feed vessel and particle 

collector are not shown. Dimensions are in mm. 
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5.3.3 Conditions and Analyses 

The experiments were carried out at three different temperatures (900, 950 and 

1000°C), two different pressures (0.5 and 1 MPa), two different gas atmospheres 

(pure N 2 and 2% C 0 2 in N 2 ) and for two sample mixtures (sodium tri-titanate 

mixed wi th either black liquor or sodium carbonate), see Table 5.2. 

Table 5.2. Experimental conditions. 

Pressure 900°C 

Temperature 

950°C 1000°C 

0.5 M P a N 2 (ref.) N 2 (ref.) N 2 (ref.) 

N 2 (bis) N 2 (bis) N 2 (bis) 

2 % C 0 2 (bis) 2 % C 0 2 (bis) 2 % C 0 2 (ref.) 
2 % C 0 2 (bis) 

1 M P a N 2 (ref.) N 2 (ref.) N 2 (ref.) 

N 2 (bis) N 2 (bis) N 2 (bis) 

2 % C 0 2 (bis) 

Notes: ref. = reference material (sodium carbonate and sodium tri-titanate) 

bis = black liquor material (black liquor and sodium tri-titanate) 

The average gas velocity was set at 0.30 m/s at 0.5 MPa and 0.20 m/s at 1 MPa. 

The average feed rate for the reference material was 33 mg/s and, for the black 

liquor material, 50 mg/s. 

The gas concentration o f carbon oxide, carbon dioxide, methane, methanol, 

acetylene and ethylene at different positions in the PEFR was analysed on-line by a 

Fourier transform infrared (FT-IR) spectrometer. Gas samples were collected in 

gas bags f rom the runs for gas chromatography (GC) analyses o f H 2 S, COS and 

CS 2 . The solid samples collected f rom the runs were leached and the caustic 
formed was determined by titration wi th HCl . A detailed description of the 

leaching procedure can be found elsewhere (Nohlgren, 1997). The carbonate 
content in the leachate was analysed by gas chromatography (GC). In addition, the 

amounts o f titanium and sodium in the solid sample were analysed by X-ray 
fluorescence (XRF) for the reference material and inductive coupled plasma (ICP) 

for the black liquor material. 
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6 RESULTSAND 
DISCUSSION 

6.1 Tests in the Small-Scale Differential 
Reactor (Papers I and II) 

6.1.1 Material Characterization and Product 
Composition 

X-ray diffraction (XRD) analysis o f the reacted material showed that the 

experiments without carbon dioxide in the inlet gas contained sodium penta-

titanate ( 4 N a 2 O 5 T i 0 2 ) , sodium meta-titanate (Na 2 O T i 0 2 ) and unreacted sodium 

tri-titanate ( N a 2 0 3 T i 0 2 ) . The only compound found in the experiments that had 

carbon dioxide in the inlet gas were the product sodium penta-titanate and 

unreacted sodium tri-titanate. These results are consistent wi th Zou's (1991) 

results, i.e. that Reaction (2.20) is shifted to the left in a carbon dioxide 

atmosphere. 

The BET surface area measurements (Figure 6.1) showed that the material sinters 

less when the reaction occurs i n a carbon dioxide atmosphere i n the concentration 
range investigated (0-5% C 0 2 ) . However, no clear connection between the amount 

of carbon dioxide and the sintering could be seen. Furthermore, in the smdied 
temperature and concentration interval, i t could be seen that the temperature had a 

greater influence on the sintering than the reaction time: even i f the reaction time 

decreases when the reaction temperature increases, the samples sinter more. 
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Figure 6.1. BET specific surface area versus reaction temperature. 

The different product composition for experiments wi th and without carbon 

dioxide might explain why the experiments carried out i n a carbon dioxide 
atmosphere show less sintering than those without carbon dioxide. The different 

sodium titanates have different crystal structures and melting points (Tables 3.1 

and 3.2). Since sodium meta-titanate has the lowest melting point, samples 

containing it might sinter easier than samples without sodium meta-titanate. 
Furthermore, when C 0 2 is present only one structural change occurs but, when no 

C 0 2 is present, two structural changes occur, which might result in a lower BET 

surface area. 

6.1.2 Conversion of Sodium Carbonate 

The conversion o f sodium carbonate was calculated f r o m the measurements o f 

carbon dioxide in the outlet gas by assuming that the reaction between sodium 

carbonate and sodium tri-titanate proceeds as Reaction (2.15). 

Figure 6.2 shows the average conversions of sodium carbonate for different 
temperamres and wi th C 0 2 concentration levels o f 0% and 2% in the inlet gas. I t 

can be seen that when the temperature is increased, the reaction between sodium 
carbonate and sodium tri-titanate reaches complete conversion faster. This was 

seen for all o f the carbon dioxide levels studied. 

Figure 6.3 shows the average conversion degree, at a temperamre of 840°C for 

varying carbon dioxide concentrations. It can be seen, for all o f the temperamres, 
that the experiments without carbon dioxide in the inlet gas reach complete 

conversion first. Differences can be seen between experiments wi th and without 

carbon dioxide, but no clear differences are seen between experiments at the same 
temperature but wi th different concentrations o f carbon dioxide in the inlet gas. 
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Figure 6.2. The average conversion degree ofNa2C03 versus time for experiments 

carried out at different temperatures for (a) 0% C02 in the inlet gas and (b) 2% 

C02 in the inlet gas. 
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Figure 6.3. The average conversion degree ofNa2C03 versus time for different 

concentrations of carbon dioxide at 840°C. 

6.1.3 Fitting the Kinetic Models to Experimental Data 

The kinetic models (Valensi-Carter, phase boundary and modified shrinking core 

model) were fitted to the experimental data in a conversion range f rom 8% to 98%, 

depending on initial temperature fluctuations and difficulties in determining 

exactly when the reaction is completed. The initial particle radius in the 

calculations was set at 0.74 pm, based on measurements o f the BET specific 

surface area and density o f sodium tri-titanate (see Papers I and I I ) . 
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A n example of f i t t ing the models to experimental data can be seen in Figure 6.5. 

The standard deviation between the fi t ted models and the experimental data was 
calculated for each experiment, and the mean standard deviation for each set o f 

conditions (Papers I and I I ) . Visual judgement o f figures, such as Figure 6.5, and a 

comparison o f the mean standard deviations between models and experimental data 

give an indication of the mechanism that controls the reaction rate. The reaction 
mechanism can also be evaluated by comparing the terms in the expression for the 

modified shrinking-core model (Equation 4.11). I f the term that includes the 

reaction rate constant, (k3), is much larger than that including the diffusion 
constant, (k4), the model describes first order, reaction rate controlled mechanisms. 

I f the opposite applies, the model reduces to the diffusion controlled mechanism. 

i : 1 

o.o 4 , , , , , 1 
0 5 10 15 20 25 30 

T ime (min) 

Figure 6.5. Degree of conversion versus time for the models and the experimental 
data at 840 °C and 0.5% C02. 

These methods o f evaluating the reaction mechanism show the same results. For 

the experiments in pure nitrogen, these results indicate that, at higher temperatures 

(860°C and 880°C), the overall reaction rate is controlled by chemical kinetics, and 

that diffusion is the rate-controlling mechanism at 800°C. For 820°C and 840°C, it 

is l ikely that the overall reaction rate is controlled by both reaction rate and 

diffusion, i.e. neither o f the mechanisms dominate (Paper I ) . One reason for the 

change in mechanism f r o m di f fus ion at the lower temperature to chemical kinetics 

at the higher temperatures could be the fact that sodium carbonate melts i n this 

temperature interval: the melting point for sodium carbonate is 858°C. For 

experiments in 0.5-5% carbon dioxide, the results indicate that the reaction rate is 

diffusion controlled at the lower temperatures (i.e. 820 and 840°C) but, when the 

temperature increases, a difference can be seen between the different carbon 

dioxide levels. A tendency could be seen that the reaction is controlled by diffusion 
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instead o f chemical kinetics at higher temperatures i f the carbon dioxide 

concentration in the reaction atmosphere is increased (Paper I I ) . 

Linear regression o f the Arrhenius plots for the rate constants, obtained f r o m the 

different models and carbon dioxide concentrations, yields the activation energy 

and pre-exponential factor (Table 6.1). 

Table 6.1. Arrhenius parameters for the experiments with 0%, 0.5%, 1%>, 2%> and 

5% carbon dioxide in the inlet gas. 

P R E - A C T I V A T I O N C O R R E L A T I O N 

EXPONENTIAL E N E R G Y , E C O E F F . 

F A C T O R , A ( K J / M O L ) (r2) 

0% co2 
Valensi-Carter 3.15-10~5m7s 241 0.966 
Phase boundary 23.1 m/s 220 0.970 
Modified shrinking-core 

Reaction rate constant 9.3210"5 m/s 102 0.799 
Diffusion constant 1.65-109 m2/s 522 0.728 

0.5% C02 

Valensi-Carter 4.9610 _ 3m 2/s 296 0.964 
Phase boundary 3.11-103 m/s 271 0.948 
Modified shrinking-core 

Reaction rate constant - -
Diffusion constant 2.264 0 1 6m7s 689 0.920 

1% C02 

Valensi-Carter (840-880°C) 15.86 m2/s 374 0.942 

Phase boundary (840-880°C) 5.74 4 0 7 m/s 365 0.939 
Modified shrinking-core 

Reaction rate constant - -

Diffusion constant 1.14401 7m7s 712 0.962 

2% C02 

Valensi-Carter (840-880°C) 8.4840_ 5m7s 259 0.893 

Phase boundary (840-880°C) 
Modified shrinking-core 

5.73 4 0 2 m/s 256 0.925 

Reaction rate constant - -

Diffusion constant (840-880°C) 1.26 4 0 5 m2/s 454 0.903 

5% C02 

Valensi-Carter (840-880°C) 0.16 m2/s 328 0.631 

Phase boundary (840-880°C) 8.95405 m/s 324 0.620 
Modified shrinking-core 

Reaction rate constant - -
Diffusion constant (840-880°C) 1.124 0 7 m2/s 495 0.660 

Finally, it should be pointed out that the rate constants (k} and k4) i n the modified 

shrinking-core model are dif f icul t to determine. This is due to the fact that i t is 
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often a small interval o f both k3 and k4 that satisfies the lowest standard deviation 

and consequently gives the best fittings to experimental data. Furthermore, in some 

cases, one of the rate constants dominates over the other: in these cases, one o f the 
rate constants can have any value above a certain level when the other is kept 

constant and still the same f i t t ing o f the model is obtained. 

6.2 Tests in the Pilot-Scale Fluidized Bed 
Reactor (Papers I and III) 

6.2.1 Material Characterization and Product 
Composition 

The BET specific surface area of the samples taken f r o m the fluidized bed during 

one run shows a decrease wi th increasing residence time in the bed, i.e. sintering 
occurs (Figure 6.6). It can also be seen that the material sinters during both the 

heat-up and the reaction period. Af te r cooling, the bed material was leached. 

Leaching increases the BET specific surface area to 3.9 m 2 /g for the experiment 
shown in Figure 6.6, i.e. some o f the porous structure is regained through leaching. 

The fact that the surface area is regained during leaching is very important, since a 

large surface area is critical for fast reaction. When the leached material is heat 

treated, some o f the surface area is lost. However, the large surface area after 
leaching means that it can then mix wel l wi th black liquor before heat treatment 

and reaction. 

Cooling 

1 k , , , 1 
0 200 400 600 800 1400 1600 

Time (min) 

Figure 6.6. Example of the BET specific surface area during an experiment at 

810°C. 

Figure 6.7 shows the development o f titanate species during the causticization o f 

N a 2 C 0 3 by recycled titanate (i.e. N a 2 0 - 3 T i 0 2 ) at 825°C versus N a 2 0 / T i 0 2 molar 

ratio. Clearly, the amount o f caustic-forming titanates, presented as sodium penta-
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titanate, increases wi th continuous N a 2 C 0 3 feed, while the fraction o f the insoluble 

solids (probably mainly N a 2 0 - 3 T i 0 2 ) decreases. The amount o f N a 2 C 0 3 remaining 
increases with increasing N a 2 0 / T i 0 2 molar ratio as long as the feeding continues. 
However, the reaction continues when the feeding is halted, which explains the 
sudden increase in the amount o f caustic-forming titanates and the decrease in 
N a 2 C 0 3 at the highest N a 2 0 / T i 0 2 molar ratio, as seen in Figure 6.7. 

o.o J -ooo-a~ , , ,— 1 
0.2 0.3 0.4 0.5 0.6 0.7 

Na 2 0 /T i0 2 (mol) 

Figure 6.7. Ttitanate formation during the causticization ofNa2COs by 

Na20-3Ti02at825°C. 

X R D analyses showed that the main titanate fo rm in all o f the final bed samples 
was sodium penta-titanate (Paper I I I ) . In addition, most o f the final bed samples 
also contained unreacted sodium tri-titanate and sodium carbonate. Sodium hexa-
titanate and sodium tri-titanate are the species found in the leached recycled 
titanate. This indicates that the leaching procedure was successful, since no sodium 
penta-titanate is found. The X R D peaks are stronger after heat treatment o f the 
leached material, indicating that the material is probably partly amorphous after 
leaching, and that crystallization occurs during heat treatment. The X R D analyses 
also showed that sodium hexa-titanate decreases wi th increasing reaction time; it 
disappears approximately when sodium tri-titanate reaches its maximum 
concentration, in agreement wi th the consecutive Reactions (2.18) and (2.19) 
discussed in Chapter 2. 

It should be noted that, even before N a 2 C 0 3 is added, a certain amount o f caustic-
forming titanates already exists in the heat-treated bed material (Figure 6.7), 
although no sodium penta-titanate is detected by X R D . The caustic-forming 

titanates found in the heat-treated material f rom chemical analyses are generated 
partly during the heat-up procedure. Recently, it has been shown (Zhuang et al., 
2000; Paper I V ) that sodium tri-titanate also forms caustic during hydrolysis. 
Therefore, the caustic-forming titanates, shown in Figure 6.7 as sodium penta-
titanate, probably represent both sodium penta-titanate and sodium tri-titanate. I n 
the beginning o f the reaction in Figure 6.7, the caustic comes mostly f r o m sodium 
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tri-titanate and, as the reaction proceeds, the fraction o f caustic f rom sodium penta-

titanate starts to dominate. 

6.2.2 Sodium Development in T i0 2 Particles 

Considering the fact that T i 0 2 , N a 2 O 3 T i 0 2 and 4 N a 2 0 5 T i 0 2 have much higher 

melting temperatures than N a 2 C 0 3 (Table 3.1), it is most l ikely that the reaction 

proceeds by N a 2 C 0 3 d i f fus ing into the titanate particle. In order to obtain more 

direct evidence o f this, an E D X analysis along the cross-section o f reacted BRS 

particles was made. This analysis provides the elemental composition distribution 

inside the particle. Figure 6.8 gives typical E D X results along the cross-section o f 

three T i 0 2 particles reacted to different degrees. The E D X results show the 

migration o f sodium into the T i 0 2 particle; in the less reacted T i 0 2 particle (Figure 

6.8a), sodium coats the T i 0 2 particle and is therefore only detected near the surface 

o f the particles. When the reaction proceeds further (Figure 6.8b), sodium moves 

50pm f r o m one surface but only about 6pm on the opposing surface. In the 

completely reacted particle (Figure 6.8c), sodium was almost evenly distributed 

across the T i 0 2 particle. It should be noted that there is a sharp transition between 

the high and low sodium concentration regions, wi th in about 5 pm, indicating a 

sharp reaction front. However, the E D X analysis o f sodium does not provide any 

information about the chemical composition o f the sodium compound. The sharp 

boundary, however, indicates that the reaction proceeds as a shrinking-core, wi th 

the diffusion o f N a 2 C 0 3 being the rate-determining step. 

i i i i i 1 
0 20 40 60 80 100 

Normalized diameter (um) 

Figure 6.8. EDX analysis on sodium development inside Ti02 particles at 810°C, 

a) less reacted, b) reacted, c) completely reacted. 
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6.2.3 Modelling the Kinetics 

The CO2 concentration in the outlet gas and the temperature in the fluidized bed 

were measured continuously during the experiments (Papers I and I I I ) . The model 
for the fluidized bed reactor described in Chapter 4.3.2 was used to calculate the 

theoretical amount o f C 0 2 , which was compared to the experimental amounts o f 
C 0 2 formed (Figure 6.9). The rate constants included in the model was determined 

using the Arrhenius expression (Equation 4.24), in which the constants Ae and E 

determined in the small-scale fixed-bed reactor and the continuously measured 

temperature were used. Furthermore, the initial particle radius in the calculations 

was set at 0.29 pm, based on measurements of the BET specific surface area and 
density o f sodium tri-titanate (see Paper I ) . 

In Figure 6.9, i t can be seen that the reaction rate calculated using one o f the three 
models is much faster than that actually obtained. This was seen for all experiments 

and all kinetic models investigated, i.e. the Valensi-Carter, phase-boundary and 
modified shrinking-core models. The explanation for this difference could be the 

poor contact between the two solid reactants. A dead time was therefore introduced 

in the model to simulate the time taken for part o f the solid reactants to reach 
physical contact wi th each other in the fluidized bed (Figure 6.9). However, the 

improved model wi th the dead time is only valid until the release o f carbon dioxide 

starts to decrease, i.e. defluidization of the bed occurrs, which is discussed in more 
detail in Papers I and I I I . Since the dead time was found to be a significant factor 

for the overall reaction time, it was concluded that the rate-determining step in this 
case is probably the process o f bringing the reactants into permanent contact wi th 

each other. Consequently, the relatively low actual overall reaction rate is 

suggested to be due not only to the slow diffusion o f N a 2 C 0 3 into the titanate 
product, but also to poor contact between the two solid reactants. As a 

consequence, good mixing o f the reactants before the reaction as well as the mixing 

conditions in the fluidized bed are very important in obtaining a high overall 
reaction rate. 
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Time (min) 

Figure 6.9. Modelling of an experiment performed at 825 °C. 

47 



Results and Discussion 

6.3 Tests in the Pressurized Entrained-Flow 
Reactor (Papers IV and V) 

6.3.1 Kinetics of the Causticization Reaction 

The conversion o f sodium tri-titanate and sodium carbonate, according to Reaction 

(2.15), is determined by leaching the solids formed and measuring the sodium 

hydroxide concentration in the solution obtained. However, sodium hydroxide can 
be formed f rom the product o f Reaction (2.15), i.e. sodium penta-titanate, as well 

as f r o m sodium tri-titanate and black liquor (Paper I V ) . In this work, the 
conversion o f sodium tri-titanate and sodium carbonate according to Reaction 

(2.15) is the focus, i.e. the caustic formed f rom sodium penta-titanate, not the total 

amount o f caustic formed. Therefore, the conversion was calculated as: 

caustic formed in the sample Ig T i - caustic formed from N T 3 and BLS/g Ti 

theoretical maximum caustic formed Ig T i - caustic formed from N T 3 and BLS /g Ti 

where N T 3 = sodium tri-titanate and BLS = black liquor solids. 

Figures 6.10 and 6.11 show some examples o f the experimental results for the 
conversion. The conversion for the reference material (i.e. sodium carbonate and 

sodium tri-titanate) is calculated based on the release o f carbon dioxide and, for the 

black liquor material (i.e. black liquor and sodium tri-titanate), it is calculated 

based on the formed caustic discussed above. For the experiments at 1000°C and 1 

MPa, the conversion is above 1, i.e. impossible. The explanation for this probably 
lies i n the assumption that the black liquor forms equal amounts o f sodium 

hydroxide both after and before pyrolysis or gasification (Paper I V ) . Furthermore, 
the formation o f sodium penta-titanate is much faster for the black liquor material 

compared to the reference material, which was seen for all o f the conditions 
smdied. It is probably due to the sodium carbonate being more distributed in black 

liquor; this leads to a larger effective contact area between the sodium carbonate 

and sodium tri-titanate in the black liquor material compared to the reference 
material, where the contacts are probably more point-to-point between the 

particles. 
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Figure 6.10. Comparison between 

runs with reference material and black 

liquor material. 
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Figure 6.11. Comparison between 
runs in an N2 atmosphere at 0.5 MPa 
with reference material at different 

temperatures. 

The reaction rate increases considerably as the temperature increases in the 

temperature interval smdied (Figure 6.11). The presence o f carbon dioxide was 
found to slow down the reaction (Paper I V ) . These results are in agreement wi th 

the findings presented in Chapter 6.1 and Papers I and I I for the studies in the 

small-scale differential reactor. Furthermore, no clear influence o f pressure was 
seen (Paper I V ) . 

The model for the pressurized entrained-flow reactor described in Chapter 4.3.3 

was used to calculate the theoretical conversion degree o f Reaction (2.15), which 

was compared to the experimental conversion degree (Figure 6.12). The rate 

constants included in the model were determined using the Arrhenius expression 

(Equation 4.24), in which the constants Ae and E determined in the small-scale 

fixed-bed reactor were used. In the model, which takes into account both kinetics 

and mass- and heat transfer, the particles are assumed to be spherical, consisting o f 

small grains clogged together as larger agglomerates. The radius o f the grain (0.74 

pm) is the radius used for the mass transfer in the kinetic models, while the radius 

of the agglomerate (38 pm) is used in the heat transfer equations (Paper I V ) . 

Figure 6.12 shows an example o f the comparison between experimental results and 

the models for experiments in an N 2 atmosphere. The experimental results are 

much faster than predicted by the three different kinetic models: the Valensi-

Carter, phase boundary and modified shrinking-core model. The difference 

between the experimental results and the models is probably due to the reaction 

constants in the models, which are extrapolated f rom experiments at temperatures 

of 800-880°C. The temperatures in this work are 900-1000°C, which are above the 

melting point o f sodium carbonate (858°C) and also much closer to the melting 

point o f both sodium penta-titanate (1030°C) and sodium tri-titanate (1130°C). 

This might give rise to other mechanisms that could determine the overall reaction 
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rate, since the mobil i ty o f the material increases when the solids approach the 

liquid phase. 
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Figure 6.12. Comparison between experimental results and models at 1000 °C and 

in an N2 atmosphere. 

6.3.2 Carbon and Carbon Species Transitions 

Char carbon was shown to gasify both in the presence and absence o f carbon 
dioxide (Figure 6.13). Reduction o f sulphate and carbonate in the black liquor char 

can account for the gasification o f char carbon in a nitrogen atmosphere, shown by 

mass balance calculations based on the elemental composition of the black liquor 

(Paper V ) . 

Figures 6.13a and 6.13b show the effect o f temperature on the carbon remaining in 

the char under pyrolysis and gasification, respectively. As expected, it can be seen 
that less carbon remains in the char when the temperature increases both under 

pyrolysis and gasification conditions. However, the rate o f carbon gasification, 
which can be represented by the linear regression o f the data points shown in 

Figure 6.13, is lower at 1000°C. This could be due to increasing vaporization o f 

sodium and potassium at higher temperatures. A lka l i metals act as catalysts in the 
gasification o f carbon with water vapour or C 0 2 . As a result o f the loss o f this 

catalyst, less carbon is gasified and more remains in the char. In Figure 6.13 it can 

also be seen that the rate of carbon gasification decreases as the average remaining 
carbon in the char decreases, when comparing the average fraction o f carbon 

remaining in the char for each set o f data. Furthermore, the rate o f carbon 
gasification is greater under gasification conditions, i.e. when C 0 2 is present, 

which is expected since C 0 2 gasifies the carbon according to Reaction (3.4). 
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Figure 6.13. The effects of temperature on the total amount of carbon remaining in 

the char, a) under pyrolysis at 1 MPa and b) under gasification at 0.5 MPa. 

Experimental data showed that less carbon remained in the char at the lower 
pressure after a reaction time o f 1.5-2 seconds both under pyrolysis and 

gasification conditions. However, the rate o f gasification was slightly faster at 0.5 
MPa than at 1 MPa total pressure, both in nitrogen and 2% carbon dioxide (Paper 

V ) . This conflicts wi th earlier data obtained at much lower temperatures (600-

800°C) reported by, for example, Frederick et al. (1993) and Saviharju et al. 

(1998). The reasons for this difference require further investigations. A t residence 

times greater than two seconds, less carbon remained in the char when C 0 2 was 
present but, at short residence times, carbon had been converted into gases faster 

under pyrolysis conditions than when 2% C 0 2 was present. However, for the black 
liquor used in this work and in the range o f reaction times for which data is 

available, the char carbon was gasified faster in carbon dioxide than in nitrogen 
(Paper V ) . 

Altogether, these results indicate that the conversion o f carbon to volatile species 
during the first second o f the reaction must have been faster at lower pressure, 

higher temperature and in a nitrogen atmosphere, whereas the rate o f carbon 

gasification after a reaction time of 1.5-2 seconds is slower under these conditions. 
The reasons for this change in the rate o f carbon gasification are not yet f u l l y 

understood and require further investigations. 

CO was the main carbon gas formed f r o m black liquor in all o f the experiments 

(Figure 6.14). In the pyrolysis experiments, C 0 2 was the second main component 
and C H 4 the third. The other carbon gases measured were C 2 H 2 , COS, C 2 Ht, 

C H 3 O H and CS 2. The concentration o f these gases was much lower than CO, C 0 2 

and C H 4 . The data in Figure 6.14 shows a maximum in the concentrations o f total 

carbon in the gas phase and CO, C 0 2 , C H 4 and C 2 H 2 at a residence time o f 1.4 
seconds. The reason for this maximum is discussed later in this chapter. 
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It is d i f f icul t to determine quantitatively the amounts o f C 0 2 and CO formed f rom 

the carbon in black liquor during gasification experiments when there is 2% carbon 
dioxide in the incoming gas mixture. The increase in C 0 2 concentration is small, 

typically around 200 to 2000 ppm, when compared wi th its concentration in the 

incoming gas. Also, some C 0 2 is converted to CO by gasification and via the water 
gas shift reaction, reacting wi th water vapour formed during devolatilization o f the 

black liquor solids. This could be seen in the carbon balance closure (Paper V ) , 

where closure was often poorer for experiments carried out i n a 2% C 0 2 

atmosphere than in an N 2 atmosphere. 

The total amount o f carbon in the gas phase was calculated from the measurements 

o f the different gaseous carbon species. It could be seen that a higher pressure gave 
a higher maximum concentration o f total carbon gases. A higher temperature gave 

a higher concentration o f carbon in the gas phase. The influence o f the reaction gas 

atmosphere is more di f f icul t to determine, mainly because o f the large uncertainties 

in the C 0 2 and CO f rom the carbon in the black liquor in the gasification 

experiments discussed above. (Paper V ) 

Chemical equilibrium calculations were made by using FactSage (FactSage, 2001) 

in order to interpret the maximums o f C 0 2 and total carbon in the gas phase seen in 

Figure 6.14. These calculations were made for a system containing carbon, oxygen, 
hydrogen and sodium. As sodium is vaporized during gasification, it can react with 
CO and C 0 2 , e.g. according to Reaction (3.7), potentially reducing their 

concentrations. Therefore, different sodium to carbon and oxygen ratios were used 
to explore the impact o f sodium volatilization during gasification on the CO and 

C 0 2 concentrations in the product gas. 

A n increasing amount o f sodium was found to decrease the amount o f C 0 2 . I f 

some H 2 0 is included in the system, the equilibrium concentration o f C 0 2 

52 



Results and Discussion 

increases and, for CO and Na, the equilibrium concentration decreases. 
Furthermore, the total amount o f carbon in the gas phase f r o m CO and C 0 2 

decreases compared to a system without any water. I f more hydrogen is included in 

the system, more sodium and CO are found in the gas phase and less C 0 2 and H 2 0 . 

Altogether, the equilibrium calculations showed that the maximum concentrations 

obtained for total carbon and C 0 2 have a tendency to decrease i f sodium is 
vaporized and reacts wi th CO and C 0 2 . Consequently, the gasification and 
vaporization rate in the beginning are very fast and equilibrium is not approached 

until later. This is one possible explanation for the maximums seen experimentally 
for C 0 2 and the total carbon in the gas phase in Figure 6.14. 

6.4 Mass and Energy Balances for Different 
Recovery Processes (Paper VI) 

In the mass and energy balances the conditions in the K A M - M I S T R A Reference 

M i l l ( K A M Final Report, 2000) were used. This Reference M i l l produces 2000 

ADton/day bleached market pulp, which has been recalculated to 1000 ADton/day. 
Furthermore, the white liquor has a sulphidity o f 35 molar-% and an active alkali 

concentration o f 140 g/1 (i.e. 119 g/kg). Three different kinds o f recovery processes 
were compared: conventional calcium-based causticization, conventional wi th the 

addition o f borates for partial autocausticization and, f inally, titanate-based direct 
causticization. 

The specifications used in the calculations for the calcium-based recovery cycle are 

shown in Figure 6.15, along wi th the temperature o f the liquor and the dry content 

of lime mud at different positions. Af te r causticization, the liquor has a temperature 

of 100°C, which is constant throughout the fil tration o f lime mud f r o m the white 

liquor. The amount o f sodium carbonate in the white liquor was specified as 15 

g/kg solution. 
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Figure 6.15. Process conditions for the conventional recovery cycle. 

The overall mass and energy balances for this recovery process can be seen in 

Table 6.2 (the numbers after the streams in the table refer to Figure 6.15). 

Table 6.2. Mass and energy balances for the conventional calcium-based recovery 

cycle. 

Stream Mass 
(kg/s) 

Energy 
(MW) 

I N Salt smelt (1-2) 7.9 -62.2 

Water (1-7) 47.9 -754.6 

O U T Steam f r o m dissolver (2-9) 1.65 -21.9 

Steam f r o m slaker (4-9) 0.8 -11.1 

White liquor (6-9) 49.5 -730.6 

Gases f r o m lime k i ln (8-9) 3.8 -41.2 

S U M 0 -12.0 

Since it is highly likely (Grace, 1991 and Tran et al. 1999) that the borate 

causticizing process is used to boost the conventional recovery cycle, it was 

selected that 10% o f the sodium hydroxide formed was produced f r o m the borates 
(Figure 6.16); all o f the borates are assumed to react completely. In the recovery 

boiler, only the reaction that forms the sodium-rich borate is accounted for. 
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Figure 6.16. Process conditions for the conventional recovery cycle with the 

addition of borates. 

The overall mass and energy balances for this recovery process can be seen in 
Table 6.3 (the numbers after the streams in the table refer to Figure 6.16). 

Table 6.3. Mass and energy balances for the conventional recovery cycle with 

partial autocausticization, using borates as a booster. 

Stream Mass 
(kg/s) 

Energy 
(MW) 

I N Salt smelt (0-1) 7.9 -62.2 
Water (0-7) 47.6 -750.2 
NaBO, (0-1) 0.3 -4.7 

O U T CO, (1-9) 0.2 -1.9 
Steam f rom dissolver (2-9) 2.0 -26.7 
Steam f rom slaker (4-9) 0.7 -9.1 
White liquor (6-9) 49.5 -730.3 
Gases f rom lime k i ln (8-9) 3.4 -37.1 

S U M 0 -12.0 

In the titanate-based recovery cycle, an active alkali concentration o f 190 g/kg 

solution was used. It should be noted that some o f the sodium hydroxide formed in 
the leaching unit is used in the absorber to fo rm sodium sulphide and sodium 

carbonate. The sulphur split in the gasifier is also set: 80% o f the incoming sodium 

sulphide reacts to fo rm gaseous hydrogen sulphide (Zeng and van Heiningen, 

1998). Unfortunately, since both carbon dioxide and hydrogen sulphide are 
absorbed by mono ethanol amine ( M E A ) , some o f the carbon dioxide produced in 
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the gasifier is also absorbed when hydrogen sulphide is absorbed. Finally, the water 
content fed to the gasifier is set at the amount needed to form hydrogen sulphide. 

In order to calculate the heat and mass balances, the temperature levels and solids 

content o f the different streams had to be assumed, and are shown in Figure 6.17. 

The reaction temperature in the gasifier is set at 850°C and the reaction 

temperature for leaching at 100°C. The temperature o f the incoming "smelt" is set 

at 800°C in order to resemble the system boundary in the conventional case as far 

as possible, where the system boundary is the smelt at 800°C. 

White liquor, 335 ton NaOH/day 
(190g active alkali /kg) 
(100-C) 7 i 

Steam (1OTC) 

Weak white 
liquor 

C O , 

(150*C) 

Absorption 
White liquor, (Na,CO s , Na,S) 

C C y H j S (15CVC) 

Leaching 
4Na.05TiO, + Na,S 

(500°C) 

Na s 03TlO z + 
white liquor 
80% Dry solids 
(100"C) 

Washing 
Na,03TiO. + water 

80% Dry solids 
(50°C) 

Water 
(50"C) 
1 

Black liquor 
gasifier 

Na,0 3TiO, 

(100-C) 

Drier 

Na :CO,+Na,S +H,0 
176 ton Na,S/day  

(800X) 

Flue gases 
low temperature 
1 

Steam (100"C) 
and flue gases 

Figure 6.17. Process conditions for the direct causticization process using 

titanates. 

The overall mass and energy balances for this recovery process can be seen in 

Table 6.4 (the numbers after the streams in the table refer to Figure 6.17). 

Table 6.4. Mass and energy balances for the direct causticization process using 

titanates. 

Stream Mass 
(kg/s) 

Energy 
(MW) 

I N Salts ( N a 2 C 0 3 , Na 2S, H 2 0 ) (1-2) 8.0 -63.1 

Water (1-4) 34.6 -544.6 

Flue gases (1-5) 10.4 

O U T Steam f rom leacher (3-7) 2.5 -33.6 
Steam f rom drier (5-7) 4.0 -52.5 
White liquor (6-7) 12.2 -167.9 
White liquor (3-7) 21.8 -321.3 

Gaseous products C 0 2 (6-7) 2.1 -18.8 

S U M 0 -3.2 
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Altogether, the lowest energy demand can be found in the direct causticization 
process: it is only 27% o f the energy demand o f the two other processes. It should 

be kept in mind that this is only the energy needed for the reaction; energy needed 

for drying o f lime, for example, is not included. 

A l l o f the processes studied include endothermic reactions at high temperatures. In 
the conventional and autocausticization (i.e. borate) processes, some o f this heat is 

released at low temperatures, Table 6.5, which is not the case for the direct 

causticization (i.e. titanate) process. 

Table 6.5. The heat of reaction and temperatures of the key reactions. 

Process/Reaction Temperature 

( ° Q 

Heat of reaction 
(kJ/mol NaOH) 

Lime 
Calcination 850 85 

-32.5 
-2.1 

Slaking 100 
Causticizing 100 

Borate 
Causticizing 800 127.6 

-125.3 Dissolving 100 

Titanate 
Causticizing 850 30.5 

7.6 Leaching 100 
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7 CONCLUSIONS 

It was found, f r o m the studies in the small-scale differential reactor, that complete 
conversion o f the direct causticization reaction between sodium carbonate and 

sodium tri-titanate can be accomplished below the melting point o f sodium 

carbonate (858°C). However, the reaction is significantly faster at temperatures 
above and around the melting point o f sodium carbonate. Furthermore, carbon 
dioxide in the gas was found to increase the time necessary for complete 

conversion. By f i t t ing different kinetic models to the experimental data, the overall 
reaction rate was found to be diffusion controlled at the lower temperamre and 

chemical reaction controlled at higher temperatures. One reason for this change in 
mechanism, i.e. f r o m diffusion at the lower temperature to chemical kinetics at the 

higher temperatures, could be the fact that sodium carbonate melts in the 

temperature interval studied. Furthermore, a tendency could be seen that the 
reaction was controlled by diffusion instead o f chemical kinetics at higher 

temperatures i f the carbon dioxide concentration in the reaction atmosphere was 

increased. 

Conversions o f sodium carbonate o f up to 88% were obtained at the highest 

temperature o f 825°C with sodium tri-titanate (recycled titanate) in the semi-batch 
fluidized bed reactor. Measurements o f the surface area during the reaction showed 

that the surface area o f the reacted solids decreases wi th increasing conversion. 

However, upon leaching o f the f inal product, the surface area o f the formed 

recycled titanate is regained. This is an important finding, since a large surface area 
is critical for fast reaction and good mixing of the recycled titanate with black 
liquor. The E D X analysis along the cross-section o f T i 0 2 particles showed that 

sodium diffuses into the T i 0 2 particle, forming a very sharp front. This indicates 

that the diffusion o f N a 2 C 0 3 is the rate-determining step for the reaction between 

T i 0 2 and sodium carbonate. However, the f i t t ing o f different kinetic models to 
experimental data f rom the reaction between sodium carbonate and sodium t r i -

titanate showed that the reaction rate is strongly influenced by the time taken for 

the reactants to achieve physical contact. As a consequence, good mixing o f the 
reactants before the reaction, as wel l as the mixing conditions in the fluidized bed, 

are very important in obtaining a high overall reaction rate. 
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The experimental results in the pressurized entrained-flow reactor showed that the 

formation o f sodium penta-titanate is faster wi th black liquor than with sodium 

carbonate, and that the rate increases wi th temperature. Furthermore, carbon 
dioxide in the reaction gases slows down the reaction rate; no clear influence o f 

pressure was seen on the reaction rate. The reaction rates for the direct 

causticization reaction between sodium tri-titanate and sodium carbonate were 

found to be fast enough to be carried out i n an entrained-flow reactor system, e.g. a 
Chemrec gasification system. Moreover, the char carbon was gasified both in the 

presence and absence o f carbon dioxide. For the black liquor used in this work, the 

char carbon was gasified f rom two to four times faster in carbon dioxide than in 
nitrogen. Carbon was gasified faster at higher temperatures in both the presence 

and absence o f carbon dioxide. The rate o f gasification was slightly faster at 0.5 

MPa than at 1 MPa total pressure, both in nitrogen and 2% carbon dioxide. CO was 
found to be the main carbon gas formed f r o m the black liquor in all experiments. 

The direct causticization process using titanates was shown to have the lowest 

energy demand o f the three kraft black liquor recovery processes smdied; the other 

two were conventional recovery using lime and conventional recovery wi th the 

addition o f borates, the latter of which produces 10% o f the formed sodium 

hydroxide (i.e. partial autocausticization). The energy demand is below 30% o f that 
in conventional recovery when the recovery cycle is studied, i.e. f rom formed 

sodium carbonate to formed white liquor. The difference between the conventional 

process and the partial autocausticization process was small, due to the fact that 
only 10% o f the causticization was performed by autocausticization and the 

remainder by the conventional lime-based process. However, the energy demand in 

the causticization reaction (the high-temperature reaction) is highest for the 
autocausticization process. 

Altogether, the results show that the direct causticization process using titanates is 

a process wi th great potential, as it has several advantages compared to the 
conventional kraft recovery process. 
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NOMENCLATURE 

A = surface area o f the particle (m 2 ) 

Ae = pre-exponential factor in the Arrhenius expression for k 

c = concentration (mol/m 3 ) 

cp = heat capacity o f the particle (J/kg,K) 
Deff = effective diffusion coefficient (m 2/s) 

E = the Arrhenius activation energy (J/mol) 

F = view factor (-) 
h = convective heat transfer coefficient ( W / m 2 , K ) 

AH = heat o f reaction (kJ/mol) 
k = reaction rate constant 
ki = the Valensi-Carter rate constant (m 2/s) 

k2 = the phase-boundary rate constant ( s 1 ) 

k3 = a constant related to the first order reaction rate (m") 
k4 = a constant related to the lumped dif fus ivi ty (m 2/s) 

kp = thermal conductivity o f the particle (W/m,K) 

kr = first order reaction rate constant (m/s) 
q = total heat transfer to the particle surface (W) 

qc = convective heat transfer to the particle surface (W) 

qr = radiation heat transfer to the particle surface (W) 
r = radius o f the sphere (m) 

r0 = initial radius o f the sphere (m) 

r, = instantaneous radius o f reactant, spherical coordinate (m) 
r2 = instantaneous total radius (reacted and unreacted) o f the sphere (m) 

R = gas constant (J/mol,K) 

/ = time (s) 
T = temperature (K) 

T0 = initial temperature (K) 
Tr = reactor/furnace temperamre (K) 

V = volume o f the particle (m 3 ) 
x = degree of conversion (-) 

z = volume o f product formed per volume reactant consumed (m 3 /m 3 ) 

Z = compressibility factor (-) 
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Greek letters 

e = emissivity 

0 = angle in spherical coordinates (radians) 

9 = angle in spherical coordinates (radians) 

p = density (kg/m 3 ) 

pmA = molar density o f reactant A (moles/m 3) 

<T = Stefan-Boltzmann constant ( W / m 2 , K 4 ) 
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Model Study of the Direct Causticization 
Reaction Between Sodium Trititanate and 
Sodium Carbonate 
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I ntensive research and development work has been carried out for 
more than 15 years to find alternatives to the conventional black 

liquor recovery processes based on gasification (Covey, 1982; Grace 
and Timmer, 1995; Lorson et al., 1997; Maddern, 1986; Salmenoja 

et al., 1994; Scott-Young and Cukier, 1995). The aim has been to find a 

more efficient process, where the ratio between electricity and steam 
produced is higher and the white liquor produced is of higher quality, 

than in the conventional process. 
One promising concept is the direct causticization process (Figure 1), 

where not only the recovery boiler is replaced by a gasifier, but also the 

conventional lime cycle is replaced by a titanate cycle with direct causti
cization in the gasifier. The titanate cycle has the advantage of having 

fewer process steps than the conventional lime cycle. In this process, 

sodium carbonate reacts in the gasifier with recycled sodium tri-titanate 
(Na 20-3Ti0 2) or added titanium dioxide to form solid sodium penta-

titanate (4Na 20-5Ti0 2) and carbon dioxide. The temperature should be 
above 840°C in order to achieve sufficiently high reaction rates (Zou, 

1991). The sodium titanates produced are still solid at these high 
temperatures, i.e., smelt formation is prevented. The reactions involved 
are considered to be: 

7 Na 2C0 3 (s) + 5 (Na 20-3Ti0 2) (s) <H> 3 (4Na 20-5Ti0 2) (s) + 7 C 0 2 (g) (1) 

4 Na 20-5Ti0 2 (s) + Na 2 C0 3 (s) <-> 5 Na 2O T i 0 2 + C 0 2 (2) 

The sodium penta-titanate formed in the gasifier is leached with 

water, forming solid sodium tri-titanate and sodium hydroxide (white 
liquor); see Reaction 3. 

3 (4Na 20-5Ti0 2) (s) + 7 H 2 0 <-> 14 NaOH (aq) + 5 (Na 20-3Ti0 2) (s) (3) 

The sodium tri-titanate is separated from the white liquor and recycled 

to the gasifier/reactor. The H2S is separated from the gasification gas and 
an aqueous sulphur-rich stream is obtained. Consequently, white liquors 

of varying sulphidity can be obtained. 
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siktchalmers.se 
t Present address: Dept. of Forest Products and Chemical Engineering, Chalmers 
University ofTechnology, SE-412 96 Gothenburg, Sweden 
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§ Present address: J. Larcom Ober Chair of Chemical Engineering, University of 
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The solid state reaction between sodium tri-titanate 
and sodium carbonate, forming mainly sodium penta-
titanate, was investigated. Experiments were carried out 
in a micro-differential reactor made of quartz glass at 
various temperatures between 800°C and 880°C and in 
a pilot fluidized bed reactor operated in a semi-batch 
mode. In the former reactor, basic kinetic data was 
obtained by measuring the release of carbon dioxide. 
Different kinetic models were considered to describe the 
conversion, such as the Valensi-Carter model for diffu
sion controlled reaction rates and the phase-boundary 
model for first-order reaction kinetics. Furthermore, a 
model that included both diffusion in the solid material 
and the chemical kinetics was derived. This model 
described the experimental data obtained in the 
micro-differential reactor very well. However, for the 
fluidized bed experiments, these different kinetic 
models did not accurately describe the experimental 
data. Therefore, an improved model was developed, 
which also took into account the time taken for the 
reactants to achieve physical contact This model gave 
good agreement with the experimental data. 

On a étudié la reaction ä l'état solide entre le triti
tanate de sodium et le carbonate de sodium, qui 
forme essentiellement du pentatitanate de sodium. 
Des experiences ont été menées dans un réacteur 
micro-différentiel compose de verre de quartz å des 
temperatures variant entre 800°C et 880°C et un 
réacteur pilote ä lit fluidisé fonctionnant en mode 
semi-continu. Dans le premier réacteur, les données 
cinétqiues de base ont été obtenues en mesurant 
l'émission de gaz carbonique. On a tenu compte de 
différents modéles cinétiques pour décrire la conver
sion, teis que le modele Valensi-Carter pour les vitesses 
de réaction contrölées par la diffusion ou les modéles 
å limites de phase pour les cinétiques de réaction du 
premier ordre. On a en outre établi un modele tenant 
compte ä la fois de la diffusion dans le solide et de la 
cinétique chimique. Ce modele décrit tres bien les 
données expérimentales obtenues dans la réacteur 
micro-différentiel. Toutefois, pour les experiences en 
lit fluidisé, ces différents modéles cinétiques décrivent 
les donnes expérimentales de maniére imprecise. On a 
done mis au point un modéle améliorée qui tient 
compte également du temps mis par les réactifs pour 
parvenir ä un bon contact. Ce modéle concorde bien 
avec les données expérimentales. 

Keywords: kinetics, solid state reaction, titanates, 
direct causticization, black liquor gasification. 
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Figure 1. A kraft black liquor (KBL) gasification process with direct 
causticization in the fluidized bed. 

The characteristics and, thus, the economy of this process 
depend a. o. on the causticization reactions. Therefore, it is 
essential to understand these reactions and, as a step towards 
better understanding, to develop kinetic models. Earlier studies 
have focused on the reaction between titanium dioxide and 
sodium carbonate (Bamberger and Begun, 1987; Belayev, 
1976; Kiiskilä, 1979; Palm and Theliander, 1997; Zou, 1991). 
From an industrial point of view, the reaction between sodium 
tri-titanate and sodium carbonate is more interesting and has 
been studied so far only by Nohlgren (1997), Zhuang et al. 
(1998) and Zou (1991). In the present paper, the kinetics of this 
reaction were studied in two different experimental setups, and 
the data was described by appropriate kinetic models. 

Kinetic Models for Solid-Solid Reactions 
In any mixed-powder reaction, the solid particles must be in 
contact with each other and at least one of them must diffuse 
through a growing product layer after the initial surface reaction. 
The reaction may proceed in one of several ways: 
1. Product growth controlled by diffusion of the reactants 

through a continuous product layer. 
2. Product growth controlled by nucleation and nuclei growth. 
3. Product growth controlled by reaction kinetics: 

a. Phase-boundary equations; and 
b. Kinetic equations based on the concept of an n-order of 

reaction. 
Most solid state reactions are generally controlled by mass 

transfer, i.e., the rate-limiting step is diffusion of one or several 
reactants through the product layer to the other reactant. 
Studies of systems similar to that of sodium tri-titanate and 
sodium carbonate have shown diffusion controlled kinetics 
(Amin et al., 1983; Belyaev, 1976; Brindley and Hayami, 1965; 
Cooper and Mason, 1995; Freudenberg and Mocellin, 1987; 
lander, 1927; McCartney et al., 1960; Palm and Theliander, 
1997; Tagawa and Igarashi, 1986; Zou, 1991). 

The most common models based on diffusion-controlled 
kinetics are the Jander model, the Ginstling-Brounshtein model 
and the Valensi-Carter model. All of these models assume 
spherical particles and that surface diffusion rapidly covers 
reactant particles with a continuous product layer during the 

initial stages of the reaction. These models are often called 
shrinking-core models, i.e., it is assumed that there is a shrink
ing homogenous core of reactant surrounded by a homoge
nous shell of product. The jander model is the simplest model, 
where the reacting spherical shell is approximated by a plane 
sheet when the diffusion equation is applied. In addition, the 
total radius of reacted and unreacted material is assumed to be 
constant throughout the reaction. Consequently, even if it is 
possible to fit the jander model to experimental data, it is hardly 
possible to extrapolate the model to high conversions because 
the geometrical assumptions are not correct in this case. The 
Ginstling-Brounshtein model is based on diffusion through a 
spherical shell but assumes, as the Jander model, that the total 
radius of reacted and unreacted material is constant throughout 
the reaction. 

The Valensi-Carter Model 
The Valensi-Carter model is a so-called shrinking-core model 
with spherical geometry; the ratio z is introduced in order to 
take into account the change in total radius, z is the volume of 
product formed per unit volume of reactant consumed. 
Consequently, the instantaneous total radius of the sphere can 
be written as: 

0/3 

resulting in the differential equation: 

(4) 

d r . 
dt' 

r2 

(zr0

3 + r 3 (1 -z ) ) J 
(5) 

neous radius of the reactant. The rate constant, k p is expressed 
as: 

P ( C 2 - C | ) 

P 
(6) 

, are the concentrations of reactant at the 
inner radius, r v and the outer radius, r2, of a spherical shell, D 
is the diffusivity and p is the molar density. If the Valensi-Carter 
equation is integrated, and the radius is substituted by the 
degree of conversion, the following expression is obtained: 

(l + ( z - 1 ) x ) ^ + ( z - D ( 1 - * ) 2 / 3 = 7 + 2 ( 1 ~ ^ 

where the degree of conversion, x, is 

x = 1- (8) 

Phase Boundary Reaction Model 
When the mass transport of the reactant species through the 
product layer is fast compared to the reaction, the kinetics may 
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be described by a phase-boundary reaction model. The theory 
behind the phase-boundary model starts from an equation 
describing a first-order reaction. This, in turn, assumes that the 
interface between the product layer and the core moves with a 
constant radial velocity. Models have been developed for differ
ent geometry and corresponding boundary conditions but, for 
a sphere reacting from the surface inward: 

dt ' P 
(9) 

where kr is the first order reaction rate constant, c, is the 
concentration of reactant on the inner interface and p is the 
molar density of the reactant in the core. The integrated version 
of this model, with spherical geometry and the radius substi
tuted by the degree of conversion, is given by the equation: 

k2t=0 - 0 - x ) 1 / 3 ) r 0 

The rate constant (K2) is expressed as: 

(10) 

(ii) 

where cb(t) is considered to be constant. Furthermore, r . can 
be expressed as: 

'ma =(zr0 + r*(\-z)f (17) 

The differential equation of this model can then finally be 
expressed as: 

dr 
dt' 

— + — 

x 3 kA 

r2 

zr0

3 + r 3 ( 1 - z ) 
1/3 

(18) 

where x 3 is related to the first order reaction rate, k4 is the 
lumped diffusivity and r0 is the initial radius of the sphere. This 
model has some interesting features: if x 3 » x 4 (i.e., the reaction 
is much faster than the diffusion), the first term on the right 
hand side (1//c3) can be neglected and the model is identical to 
the Valensi-Carter model. If the reverse situation applies, the 
model becomes the phase-boundary model. 

If the differential Equation (18) is integrated between rstart -» 
r and t s t a n -» t, the following expression is obtained: 

A Modified Shrinking-Core Model 
In this model, the product growth is influenced by both diffu
sion and first-order reaction, and assumes a sphere reacting 
from the surface inwards. The change of the total radius is taken 
into account by using the ratio z, as in the Valensi-Carter model. 
The modified shrinking-core model is developed from a model 
presented by Lindman and Simonsson (1979), who derived the 
following equations: 

1_ I r 

fee 1 r~,nst 

Cgo * 
b dt 

r2 

'inst 
2 ' I D -

(12) 

(13) 

Inserting Equation (13) into Equation (12) gives, after some 
rearrangement: 

dr 
dt ' 

-1 

1 1 
r'-—} 

c 80 C S 0 

K r « t J 

(14) 

n Equation (14), k 3 and kA can be identified as: 

bcb(t) 
fe, = K 

kA = De 

bcb(t) 

(15) 

(16) 

r- 'start 
*3 

r2- 'start 
2 2 20-z) 

— (r 3 (1 -z ) + zr 0

3 ) -{'stJ(1-z)+zri) 

+ r „ (19) 

The Mathematical Models 
In the mathematical models, it is assumed that the reacting 
solid material consists of small spherical particles (grains), which 
are clustered as larger agglomerates. The initial radius of the 
grains is used as a starting value in the models. Any particle size 
distribution (PSD) of the grains is not taken into account. 

A Mathematical Model for the Reaction in a 
Differential Reactor 
The rate constants in the different kinetic models (the Valensi-
Carter model, the phase-boundary model or the modified 
shrinking-core model) were determined by fitting the model to 
experimental data. This was done by minimizing the sum 
square error, using the routine "leastsq", in Matlab. The 
reaction was then simulated by a computer code that solved 
the model differential equation numerically by using the Runge-
Kutta method (FORTRAN). 

A Mathematical Model for the Reaction in a 
Fluidized Bed 
The simulation model for the pilot plant is based on the semi-
batch mode of operation of the pilot plant and is solved using 
a FORTRAN code. The amount of material that reacts at each 
instant is calculated from the differential equation of the 
selected kinetic model (the Valensi-Carter model, the phase-
boundary model or the modified shrinking-core model) using a 
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Figure 2. The quartz glass reactor with the sample holder. 

Runge-Kutta algorithm. From the solution of the differential 
equation, the radius of the unreacted core of the particles in the 
bed is obtained. The theoretical amount of formed C 0 2 can be 
calculated from the changes of the core radius, which can be 
compared, in turn, with the experimental amount of formed C0 2 . 

The rate constant (k) in the differential equation for the 
kinetic model is expressed as: 

where A and E are constants taken from the results of the 
modelling of the experiments in the differential reactor, R is the 
gas constant and Tis the reaction temperature in Kelvin. 

Two different models were considered, depending on the 
distribution of sodium carbonate over the bed material after 
being fed. The first model assumes that all the Na 2 C0 3 fed in 
the bed is distributed equally over all the titanate particles that 
are there. This model implies that each particle does not have 
enough Na 2 C0 3 to react completely until all the Na 2 C0 3 is fed. 
It was realized, however, that this assumption was not valid as 
work on this project progressed. Therefore, in the second 
model considered, it was assumed that the Na 2 C0 3 is brought 
into contact with titanate particles equivalent to the stoichio
metric requirement. This means that the Na 2 C0 3 particles 
become attached to the Na 2 0-3T i0 2 particles and each particle 
reacts individually, i.e., the bed material consists of a large 
amount of small batch reactors that are in different phases of 
the reaction: some have started to react and some have 
completely reacted. This assumption was found to give the best 
results. 

The comparison of the model prediction and the experimental 
data suggested that it took some time for the reactants to come 
into permanent contact with each other. Therefore, a time 
delay was introduced in the model before the particles were 
assumed to start reacting. 

Experimental 
The kinetics of the reaction between Na 2 0-3Ti0 2 and Na 2 C0 3 

have been studied in two different types of equipment the first 
is a small-scale differential reactor operated in a batch mode, 
and the second is a pilot-scale fluidized bed reactor operated in 
a semi-batch mode. In the pilot fluidized bed reactor, experi
ments with T i0 2 and Na 2CO s were also carried out to produce 
Na 2 0-3Ti0 2 . 

Experiments in the Small-Scale Differential Reactor 
Sample Preparation 
The sample was prepared by dissolving sodium carbonate in 
distilled water, and then adding sodium tri-titanate. The 
suspension was heated to the boiling point to evaporate the 
water whilst being stirred with a magnetic stirrer. When the 
concentration of solids in the suspension became very high 
and, consequently, the magnetic stirrer could not operate 
properly, the sample was put in a furnace (105°C) to dry 
overnight. Finally, the dried sample was ground to a fine 
powder. The molar ratio used was Na 2 0-3Ti0 2 /Na 2 C0 3 = 5/7 
in all of the experiments, which corresponds to the stoichiometic 
ratio. Sodium tri-titanate of 99% purity was obtained from 
Aldrich Chemical Company, Inc., and sodium carbonate, pro 
analysis, from Merck. 

The Equipment 
The reaction was carried out in a differential reactor made of 
quartz glass enclosed in a furnace, Figure 2. The quartz glass 
reactor consists of three concentric pipes, with the sample 
placed in a sample holder of 25 mm inner diameter on top of 
the innermost pipe. The flow of nitrogen was heated as it 
flowed upwards in the space between the quartz glass pipes in 
the furnace. Then it was forced down through the innermost 
pipe and penetrated the sample, resting on a porous bed of 
quartz glass inside the sample holder. The sample holder with 
the sample was placed in the reactor by removing the inner-
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most pipe, placing the sample holder on top of the pipe and 
then replacing it in the reactor. A detailed description of the 
equipment can be found elsewhere (Hanson, 1993). 
The temperature inside the reactor was measured by a thermo
couple (Chromel-Alumel), with an accuracy of about ±10°C. 

The concentration of carbon dioxide in the reject gases from 
the reactor was measured by a NDIR (non-dispersive infrared) 
industrial photometer (URAS 3G, Mannesmann, Hartman & 
Braun). The signals from the measurements of temperature, 
carbon dioxide concentrations in the gases leaving the reactor 
and the mass flow of nitrogen entering the reactor were 
recorded continuously every 4 s by a data acquisition unit. 

Procedure 
The nitrogen flow and furnace temperature were allowed to 
stabilize for more than one hour at the beginning of each 
experimental session. In each run, 0.70 g of the prepared 
sample was loaded in the sample holder. This amount of sample 
was chosen to obtain accurate and reproducible results for the 
specific surface area measurements. The sample holder was 
gently shaken before being placed in the reactor in order to 
obtain a similar porosity and horizontal surface for all sample 
beds. 

After the system became stable, the experiment was started 
by interrupting the flow of nitrogen and placing the sample 
holder in the reactor as quickly as possible. The nitrogen flow 
was, thereafter, increased to about 10 L^ /m in . It took approx
imately 50 s from the moment when the nitrogen was shut off 
until it was turned on again. 

When the reaction was completed, i.e., when the carbon 
dioxide content in the reject gases was at the same level as 
before the sample was inserted, the gas flow was turned off and 
the sample holder with the reacted sample was removed from 
the reactor. The sample was cooled using nitrogen and 
weighed while still in the sample holder. The sample was then 
transferred immediately to a sample tube used for surface area 
measurements. The specific surface area of the product was 
measured by a five-point nitrogen adsorption method in a 
Micromeritics Gemini 2370. Using the theory of Brunauer, 
Emmet and Teller, the surface area was calculated from the 
measurement of the adsorbed amount of nitrogen at five differ
ent pressures (i.e., a five point BET surface area was calculated). 
X-ray diffraction (XRD) analyses were performed on some of the 
samples using a Siemens D5000 powder diffractometer to 
determine the reaction products. 

The reaction was investigated at five different temperatures: 
800°C, 820°C, 840°C, 860°C and 880°C. It was found that the 
reaction lasted 7 min at 880°C and up to 40 min at 800°C. The 
concentration of carbon dioxide in the rejected gases from the 
reactor varied from 0 to 6000 ppm. At least five tests were 
carried out for each temperature. 

Experiments in the Pilot Fluidized-Bed Reactor 
Sample Preparation 
The sodium tri-titanate was prepared by leaching the bed residual 
solids (BRS), produced in experiments in the fluidized bed 
reactor, with T i 0 2 and Na 2 C0 3 as reactants. The leached BRS 
consists mainly of sodium tri-titanate, as described by 
Reaction (3), but may also contain some unreacted T i 0 2 due to 
incomplete causticization. Titanium dioxide with a purity of 
99.0% was obtained from Tioxide Inc., Canada, and sodium 
carbonate of 99.5% purity was purchased from Aldrich Chemical 

r O — 

1) University air supply; 2) Nitrogen 
cylinder, 3) Air cylinder 4) Row meters; 
5) Gas beaters; 6) Feeder, 7) Bed sampling 
port; 8) Fluidized bed; 9) Cyclones; 10) 
Filters; 11) Condenser; 12) Condensate 
collector, 13) Dry test flow meter. 

Figure 3. Process flowsheet of the pilot plant system. 

Company, Inc., Canada. The leached BRS (sodium tri-titanate) 
and the sodium carbonate were dried and sieved; only the size 
fraction of 75 to 180 urn was used in the experiments. In some 
experiments, BRS that was recycled two or three times was 
used. 

The Equipment 
A schematic diagram of the fluidized-bed pilot plant used for 
testing the gasification and direct causticization concept is 
shown in Figure 3. It shows the fluidized-bed reactor (unit 8), 
the gas supply and gas preheating system (units 1 to 5), the 
feeding system for feeding sodium carbonate into the fluidized-
bed (unit 6), the bed sampling port (unit 7) and the 
downstream gas treatment system (units 9-12). The fluidized-
bed gasifier has a diameter of 0.1 m i.d. in the reaction zone 
and a diameter of 0.2 m i.d. in the freeboard zone. The stain
less steel gasifier is heated by ceramic heaters on the outside 
surface of the reactor, giving a temperature control of ±5°C 
during reaction inside the bed, measured by three thermo
couples (63 mm, 264 mm and 352 mm respectively) above the 
distributor plate. It is operated in a semi-batch mode with an 
initial charge of sodium tri-titanate into the reactor and a 
continuous feed of sodium carbonate after the bed of sodium 
tri-titanate has been heated to the desired temperature. The 
fluidizing gas, pressurized air or N 2 , is added at a rate of about 
17 Ljpp/min, controlled by a multi-channel mass flow control 
system (Edwards, model 1605) with an accuracy of ± 1 % . A dry 
test meter (Singer American Meter Division, DTM-325) 
measured continuously the total gas volumetric flow rate of the 
cooled, dust-free and condensate-free gas stream. 

A two-channel infrared gas analyzer (Siemens, Ultramat 22) 
was used for on-line monitoring of the CO and C 0 2 concentra
tions in the gasification gas sampled immediately after the 
condenser. The signals from the measurements of temperature, 
carbon dioxide concentrations in the gases leaving the reactor 
and the mass flow of nitrogen entering the reactor were 
recorded continuously every 30 s by a data acquisition unit. A 
more detailed description of the equipment can be found 
elsewhere (Nohlgren, 1997; Zeng, 1997). 
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Procedure and Analyses 
The reactor was loaded with 1790 to 2500 g Na 2 0-3Ti0 2 , and 
heated to 790°C to 850°C with a fluidizing gas flow of about 
8 Ljjp/min. The heating procedure took approximately four 
hours. When the temperature was stable, the fluidizing gas flow 
was increased to 15 Ljjp/min. After at least 15 min, when 
steady state was obtained, the feeding of the material was 
started with feeding rates of 120 to 600 g/h. After the feeding 
was finished, the experiment was either stopped and the 
heating was switched off immediately or it continued until the 
C 0 2 concentration in the outlet gases returned to zero before 
the heating was switched off. Samples were taken from the 
fluidized bed intermittently during the experiment. 

The analysis method for solid samples is essentially the same 
as described by Zhuang et al. (1999). Thus, sodium hydroxide 
(NaOH) and other soluble sodium ions are determined by 
leaching bed residual solids (BRS) in boiling water, followed by 
acidimetric titration and atomic emission spectroscopy (AES) 
analysis of the total sodium content of the leachate. The total 
sodium and titanium contents of the solid samples are 
measured by X-ray fluorescence (XRF) analysis. From these 
analyses, the quantitative amount of different sodium titanate 
species was calculated. Some of the bed samples were also 
characterized by X-ray diffraction (XRD) analysis using a 
Siemens D5000 powder diffractometer, and by measuring the 
specific surface area using a Micrometritics ASAP2000. In addition, 
for some of the bed samples, Scanning Electron Microscopy 
(SEM) pictures were obtained by using JSM-6400 Scanning 
Microscopy of JEOL. 

Results and Discussion 
Tests in the Small Scale-Differential Reactor 
Material Characterization and Product Composition 
From the BET specific surface area (1.19 m 2 /g) and density of 
the sodium tri-titanate material (3400 kg/m 3), and assuming 
that the particles are spherical, the average radius of the grains 
was estimated to be 0.74 urn. This is used as the initial particle 
radius in the calculations. 

The results of the BET specific surface area of the final 
product in Figure 4 suggests that sintering of the material 
increases with increasing temperature, although the reaction 
time decreases. This shows that temperature has a stronger 
influence than time in these experiments. The figure also 
indicates that sintering increases rapidly above 860°C. The BET 
specific surface area of the reactant, Na 2 0-3T i0 2 , was 
1.19 m 2 /g . 

The product composition was investigated by X-ray diffrac
tion (XRD) analysis. It should be pointed out that the XRD 
analysis cannot be regarded as a quantitative analysis, but the 
dominating compounds can be identified. The products from 
all the experiments contained unreacted Na 2 0-3Ti0 2 , and the 
products 4Na 2 0-5Ti0 2 and meta titanate (Na 2 0-Ti0 2 ) . 

Kinetic Results 
The C 0 2 concentration in the outlet gas was measured contin
uously during the experiments; Figure 5 shows an example of 
the C 0 2 concentration versus time. 

The conversion degree of Na 2 C0 3 (x) was calculated from 
the release of C 0 2 . It can be seen from Reaction 1 that, when 1 
mol of Na 2 C0 3 reacts with Na 2 0-3Ti0 2 , 1 mol of C 0 2 is 
formed. When the C 0 2 concentration was back at the base 
level, it was assumed that all of the inserted Na 2 C0 3 had 

Temperature (°C) 

Figure 4. The BET specific surface area versus temperature. 
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Figure 5. C0 2 concentration versus time for an experiment at 840°C. 

reacted completely, i.e., complete conversion (x = 1) was 
obtained at the end of the reaction. The accumulated amount 
of released C 0 2 at each time t was then calculated and divided 
by the total amount of released C0 2 , giving the degree of 
conversion, x. 

The average conversion versus time behaviour was obtained 
from five experiments with good reproducibility (Nohlgren and 
Theliander, 1997) earned out under the same conditions at 
different temperatures between 800°C and 880°C, as shown in 
Figure 6. Complete conversion of Na 2 C0 3 was obtained after 
40 min at 800°C and after 7 min at 880°C. Na 2 C0 3 melts at 
about 860°C, whereas Na 2 0-3Ti0 2 and other titanates formed 
have melting points higher than 950°C. This shows that the 
reaction can be carried out to complete conversion even 
though the reactants and products are in the solid state. 

Modelling the Kinetics 
Earlier studies of direct causticization with titanium salts have 
shown diffusion-controlled kinetics (Palm and Theliander, 1997; 
Zou, 1991). Therefore, a diffusion-controlled model, the Valensi-
Carter model, was chosen as the first model in this study. 
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Figure 6. The average conversion degree of N a 2 C 0 3 , x, versus time 
in s for experiments carried out at 800, 820, 840, 860 and 880°C 
respectively. The molar ratio is Na 2 O-3Ti0 2 /Na 2 CO 3 = 5/7. 
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Figure 7A. The models versus experimental data at 800°C. The molar 
ratio is Na 2 0 •3Ti0 2 /Na 2 C0 3 = 5/7. 

Furthermore, the possibility of the rate being controlled by 
chemical kinetics instead of diffusion through the product layer 
was studied by comparing the experimental data with the 
phase-boundary model. Finally, the reaction was modelled 
using the shrinking-core model, which is based on both diffu
sion as well as chemical reaction kinetics. 

Some examples of the fitting of the models to experimental 
data can be seen in Figure 7A for experiments at 800°C and in 
Figure 7B for experiments at 860°C. 

The standard deviations between the fitted model and the 
experimental data at different temperatures are shown in 
Table 1. The standard deviation was calculated as the squared 
difference in conversion degree between the experimental 
values and the calculated values for each point in time. The sum 
of the squared difference for conversion degrees between 8% 
and 98% was divided by the numbers of points for which the 
calculation was made. 

In Table 1 and Figures 7A and B it can be seen that the 
modified shrinking-core model describes the experimental data 
best at the lower temperatures (800°C to 840°C). The Valensi-
Carter model works well at the lowest temperature (800°Q; the 
phase-boundary model and the modified shrinking-core model 
give approximately equal results at the higher temperatures 
(860°C and 880°C). 

In order to investigate the activation energy of the reaction, 
Arrhenius plots of the rate constants obtained from the differ
ent models were made. Linear regression for all of the data 
obtained by the Valensi-Carter model yields an activation 
energy equal to 232 kj/mol; for the phase-boundary model, an 
activation energy of 226 kj/mol is obtained (Figure 8A and B). 
The activation energy of 232 kj/mol when using the Valensi-
Carter model is comparable to those published for similar 
systems, e.g., 250 kj/mol for N a 2 C 0 3 A I 2 0 3 system when using 
a modified Ginstling-Brounshtein model (Christie et al., 1978). 
For the Na 2 C0 3 T i 0 2 system, a value of 206 k)/mol has been 
obtained when the Valensi-Carter model was used (Palm and 
Theliander, 1997) and 208 kj/mol when the Jander model was 
used (Zou, 1991). Zou also investigated the reaction between 
Na 2 C0 3 and Na 2 0-3Ti0 2 : an activation energy of 365 kj/mol 
was obtained when the Jander model was used. 

o.o -M 1 1 , 1 1 
0 2 4 6 8 10 

Time (min) 
Figure 7B. The models versus experimental data at 860°C. The molar 
ratio is N a 2 0 - 3 T i 0 2 / N a 2 C 0 3 = 5/7. 

The Arrhenius plots for the rate parameters from the 
modified shrinking-core model are shown in Figures 9A and B. 
For the reaction rate based constant, x 3, a straight line is 

Table 1. Standard deviation between degrees of conversion 
from 8% to 98% for experimental data obtained at five 
different temperatures. 

Phase Modified 
Valensi-Carter boundary shrinking-core 

Temp ['Q model model model 

800 0.010 0.052 0.003 
820 0.050 0.018 0.005 
840 0.052 0.017 0.007 
860 0.116 0.043 0.045 
880 0.100 0.034 0.036 
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Figure 8A. Arrhenius plot based on the rate constant (Jc, [m2/s]) for 
the Valensi-Carter model. 

Figure 9A. Arrhenius plot based on the reaction rate constant (k3 [m/s]) 
for the modified shrinking-core model. 

Figure 8B. Arrhenius plot based on the rate constant (k2 [m/s]) for the 
phase-boundary model. 

Figure 9B. Arrhenius plot based on the diffusion constant (kA [m2/s]) 
for the modified shrinking-core model. 

obtained for temperatures between 820°C and 880°C. When a 
linear regression is made between these temperatures, an 
activation energy of 106 kj/mol is obtained. The values at 
800°C are omitted since some uncertainties from fitting the 
model to the experimental data might be included in them due 
to the fact that the reaction is diffusion controlled, which is 
discussed later in this chapter. The Arrhenius plot for the diffu
sion constant, (Figure 9B), shows a straight line at the lower 
temperatures (800°C to 840°C), but then shows a discontinuity 
going from 840°C to 860°C. A linear regression for the lower 
temperatures (800°C to 840°C) yields an activation energy of 
556 k|/mol. 

Altogether, the modelling results (Table 1 and Figures 7A 
and B) can be summarized as: 
• The modified shrinking-core model gives the best fit for the 

lower temperatures (800°C to 840°C). 
• The modified shrinking-core and the phase-boundary models 

give equivalent fits at the higher temperatures (860°C and 
880°C). 

• The Valensi-Carter model fits the experimental data very well 
at 800°C, but not at higher temperatures. The phase-boundary 
model, on the other hand, fits the experimental data well at 
higher temperatures, but not at 800°C. 
These results indicate that, at higher temperatures (860°C 

and 880°C), the overall reaction rate is controlled by chemical 
kinetics, and that diffusion is the rate-controlling mechanism at 
800°C. For 820°C and 840°C, it is likely that the overall reaction 
rate is controlled by both reaction rate and diffusion, i.e., 
neither of the mechanisms dominate. The changes in mecha
nism were also indicated by the Arrhenius plots (Figures 8A, 8B, 
9A and B): they showed a weak deviation for the rate constants 
for the Valensi-Carter model and the phase-boundary model at 
880°C, and a discontinuity in the diffusion constant (kA) 
between 840°C and 860°C of the modified shrinking-core 
model. A possible explanation for the change in mechanism 
could be that sodium carbonate has a melting point of 858°C 
and, therefore, the reaction mechanism changes around 860°C 
when the sodium carbonate melts. 
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Another way of evaluating the reaction mechanism is to 
compare the terms in the integrated expression for the 
modified shrinking-core model (Equation 19). As mentioned in 
the theoretical section, if the term that includes the reaction 
rate constant, (k 3 ) , is much larger than the term including the 
diffusion constant, (k 4), the model describes first order reaction 
rate controlled mechanisms. If the opposite applies, the model 
reduces to the diffusion controlled mechanism. A comparison of 
these two terms at different temperatures shows that, at 800°C, 
the diffusion term is ten times larger than the reaction term, i.e., 
the reaction is diffusion controlled. These calculations may also 
explain the deviation of the x3-value at 800°C in Figure 9A: 
since the diffusion term dominates, it is likely that some uncer
tainties from fitting the model to experimental data might be 
included in the k3-value due to the optimization routine in 
Matlab. At 820°C and 840°C, the two terms are approximately 
equal and, consequently, the overall reaction rate is controlled 
by both reaction and diffusion mechanisms. At 860°C and 
880°C, i.e., above the melting point of sodium carbonate, the 
reaction term is 10 6 times larger than the diffusion term, which 
means that the overall reaction rate is controlled by chemical 
kinetics. Consequently, the result of this comparison is consis
tent with the results observed from fitting the models. 

Tests in the Pilot-Scale Fluidized Bed Reactor 
Material Characterization and Product Composition 
From the BET specific surface area (3.07 m 2 /g) and density of 
the sodium tri-titanate material (3400 kg/m 3), and assuming 
that the particles are spherical, the average radius of the 
reactant titanate grains was estimated to be 0.29 pm. This is the 
initial radius in the calculations. 

The BET specific surface area of the samples taken from the 
fluidized bed during one run shows a decrease with increasing 
residence time in the bed, i.e. sintering occurs (Figure 10). It 
can also be seen that the material sinters during both the heat-up 
and the reaction period. After cooling, the bed material was 
leached. Leaching increases the BET specific surface area to 
3.9 m 2 /g for the experiment shown in Figure 10, i.e., some of 
the porous structure is regained through leaching. 

XRD analyses showed that all final bed samples contained 
4Na 2 O5Ti0 2 and unreacted Na 2 0-3Ti0 2 . Furthermore, most 
of the final bed samples contained unreacted Na 2 C0 3 . In 
addition, the leached samples contained Na 2 0-3Ti0 2 but no 
4 N a 2 0 5 T i 0 2 was dectected. Consequently, it can be concluded 
that the leaching was complete. Quantitative analysis of the BRS 
samples showed that the amount of 4Na 2 0-5Ti0 2 increased 
during the reaction, and that of N a 2 0 3 T i 0 2 decreased. 

Kinetic Results 
The C 0 2 concentration in the outlet gases and the temperature 
in the fluidized bed were measured continuously during the 
experiments: Figure 11 is a typical example of the results obtained. 

It can be seen that the temperature decreases when the 
feeding and, thereby, the reaction begins. This is probably due 
to two factors: firstly, the reaction is endothermic and, 
secondly, the sodium carbonate is pneumatically introduced 
into the bed with cold nitrogen gas. After a short period, the 
temperature starts to increase again, and eventually reaches a 
relatively steady value of 810°C. After 150 min of feeding, when 
almost a stoichiometric amount of sodium carbonate had been 
added, there were fluidization problems due to particle agglom
eration: this led to bed collapse and a fast decrease in tempera
ture. When the feeding was stopped at 170 min, the temperature 
returned to 810°C during the last 100 min of the experiment. 

The carbon dioxide release, also shown in Figure 11, 
increases very fast during the first minutes, and then increases 
slowly for 130 min until it reaches a maximum. The decrease in 
carbon dioxide concentration in the released gases occurred at 
the same time as the fluidization problems. The fluidization 
problems were observed in two other ways: one visually by 
looking into the reactor through the observation glass at the 
top, and the other by the pressure drop over the bed. The latter 
did not increase further (as it should) with continued addition 
of sodium carbonate to the bed; it then decreased rapidly and 
became unstable. During the remaining reaction time, the 
carbon dioxide concentration decreased continuously except 
for the sharp peak, which is due to manual stirring of the 
fluidized bed in order to improve the fluidization. 
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Figure 10. Example of the BET specific surface area during an experiment Figure 11. Example of the C0 2 concentration and temperature versus 
at810°C. 
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Modelling the Kinetics 
The continuously measured temperature of the pilot fluidized 
bed was used as input data in the computer program to calcu
late the rate constants during the experiments from the 
Arrhenius expression. These constants, A and £, in the Arrhenius 
expression (Equation 20) determined in the small-scale fixed-
bed reactor were used to calculate the rate constants at the 
different temperatures. The modelling showed that the original 
kinetic models did not agree with the experimental data. In 
Figure 12, it can be seen that the reaction rate calculated using 
one of the three models is much faster than actually obtained. 
This was seen for all experiments and all models investigated, 
i.e., the Valensi-Carter, phase-boundary and modified shrink
ing-core models. The explanation for this difference is possibly 
the poor contact between the two solid reactants. Therefore, a 
dead time was introduced in the model to simulate the time it 
takes for part of the solid reactants to contact each other in the 
fluidized bed (Figure 12). The dead time was simulated as 
follows: approximately 40% of the added sodium carbonate 
was assumed to react immediately, i.e., having no dead time. 
The remaining 60% was assumed to contact the titanate parti
cles slowly with a linear rate during a period of around 100 min 

0.0010 

Time (min) 

Figure 12. Modelling of the experiment performed at 825°C. 

Figure 13. SEM image of final product at 805°C. 

or until the fluidization problems occurred: at that time, 
between 20% and 30% of the added sodium carbonate was still 
not in contact with the titanate particles. The dead time was 
found to be a significant factor for the overall reaction time. The 
improved model with the dead time is only valid until the 
fluidization problems appeared. It was therefore concluded that 
the rate-determining step in this case is probably the process of 
bringing the reactants into permanent contact with each other. 
Consequently, the relatively low actual overall reaction rate is 
suggested to be due not only to the slow diffusion of Na 2 C0 3 

into the titanate product, but also to poor contact between the 
two solid reactants. As a consequence, the mixing conditions in 
a fluidized bed are very important in obtaining a high overall 
reaction rate. 

The poor contact between the solid reactants can also be 
seen in the SEM pictures shown in Figure 13. Irregular Na 2 C0 3 

crystals, which are larger than the titanate particles, are seen in 
the final products. Some agglomeration of the titanate particles 
by Na 2 C0 3 can also be seen. 

Conclusions 
The earlier finding, that complete conversion of the direct 
causticization reaction between sodium carbonate and sodium 
tri-titanate can be accomplished below the melting point of 
sodium carbonate (858°Q, was verified experimentally in this 
study. However, the reaction is significantly faster at tempera
tures above and around the melting point of sodium carbonate. 

Three different theoretical models were investigated: a diffu
sion controlled model, a chemical reaction rate controlled 
model and a diffusion and chemical reaction rate controlled 
model. When fitting the models to experimental data obtained 
in a differential reactor, it was concluded that the reaction 
mechanism is controlled by both diffusion and a chemical 
reaction rate at 820°C to 840°C. At 800°C, the fitting of the 
models to experimental data indicated that the overall reaction 
rate is diffusion controlled. At 860°C and 880°C, the results 
showed that the overall reaction rate is probably controlled by 
chemical kinetics. The change in mechanism between 840°C 
and 860°C is probably due to the melting of sodium carbonate. 

The three kinetic models could not be used to fit the experi
mental data obtained in the pilot-scale fluidized bed setup. 
Therefore, an improved model was developed, which included 
a time delay to describe the poor contact between the two solid 
reactants. The good agreement obtained with this model 
suggests that the direct causticization rate in the fluidized bed 
is strongly affected by the time taken for the sodium carbonate 
and sodium tri-titanate to achieve physical contact. Consequently, 
the mixing conditions in the bed are very important in obtain
ing high conversion rates. 
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Nomenclature 
A constant in the Arrhenius expression for k 
b stoichiometric coefficient 
c concentration, (mol/m3) 
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c t(t) bulk concentration, (mol/m3) 
Cg, molar density of solid reactant, (mol/m3) 
D diffusivity, (nrc2/s) 
Da effective diffusion coefficient, (m 2/s) 
£ the Arrhenius activation energy, (|/mol) 
k reaction rate constant 

the Valensi-Carter rate constant, (m 2/s) 
k2 the phase-boundary rate constant, (s"1) 
k} a constant related to the first order reaction rate, (nrr1) 
kt a constant related to the lumped diffusivity, (m2/s) 
kr first order reaction rate constant, (m/s) 
ks reaction rate constant, (m/s) 
r instantaneous radius of reactant, spherical coordinate, (m) 
r 0 initial radius of the sphere, (m) 
rjn!t instantaneous total radius (reacted and unreacted) of the sphere, 

(m) 
R gas constant, (J/mol-K) 
t time, (s) 
T temperature, (K) 
x degree of conversion 
z volume of product formed per volume reactant consumed, 

(m 3/m 3) 

Creek Symbols 
o molar density (mol/m3) 

Abbreviations 
AES atomic emission spectroscopy 
BET Brunauer, Emmer and Teller 
BRS bed residual solids 
SEM scanning electron microscopy 
XRD X-ray diffraction 
XRF X-ray fluorescence 
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ABSTRACT 
The influence of carbon dioxide on the reaction 

kinetics for the solid state reaction between sodium 
carbonate and sodium trititanate, i.e. the main reaction 
occurring in the gasifier in the direct causticization 
process using titanates, was studied. Experiments were 
carried out at four different temperatures (820-880°C) 
and with four different amounts of carbon dioxide in the 
inlet gas (0.5-5%) in a differential reactor made of 
quartz glass. Kinetic data was obtained by measuring 
the release of carbon dioxide during the reaction. 
Different kinetic models were considered to describe the 
conversion. A model that included both diffusion in the 
solid material and the chemical kinetics described the 
experimental data very well. For the range of carbon 
dioxide concentrations studied, it was found that higher 
temperatures decrease the time necessary to reach 
complete conversion. However, the time necessary to 
reach complete conversion is considerably increased 
compared to experiments in a nitrogen atmosphere. 
When fitting the models to experimental data, it was 
found that the reaction was controlled by diffusion for 
all amounts of carbon dioxide at low temperatures. At 
S60°C, the reaction rate was found to be controlled by 
both the chemical kinetics and diffusion for all of the 
carbon dioxide levels studied. Furthermore, at 880°C 
the modelling showed that the reaction rate was 
controlled by chemical kinetics with 0.5% and 1% C0 2, 
but with 2% and 5% C0 2 in the inlet gas, the reaction 
rate is controlled by both the chemical kinetics and 
diffusion. 

INTRODUCTION 
Intensive research and development work has been 
carried out for more than 15 years to find alternatives to 
the conventional black liquor recovery processes based 
on gasification (e.g. [l]-[6]). The aim has been to find a 
more efficient process, where the ratio between 
electricity and steam produced is higher and the white 

liquor produced is of higher quality, than in the 
conventional process. 

Absorption 
Fuel gas 

Thick 
black liquor 

TlO, 
Make-up 

L 
H,S-

ABSORPTION 

BLACK LIQUOR 
GASIFIER 

Reaction 1 and 2 

Air/Oxyger. 

4Na,05T:0, 

LEACHING 
OF NaOH 
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|SEPARATION| 
WASHING 

Sulphide-rich 
white liquor 

Sulphide-lean 
white liquor 

Figure 1. A kraft black liquor gasification process 
with direct causticization in the fluidized bed. 

One promising concept is the direct causticization 
process (Figure 1) where not only the recovery boiler is 
replaced by a gasifier but also the conventional lime 
cycle is replaced by a titanate cycle with direct 
causticization in the gasifier. The titanate cycle has the 
advantage of having fewer process steps than the 
conventional lime cycle. In this process, sodium 
carbonate reacts in the gasifier with recycled sodium tri
titanate (Na20'3Ti02) or added titanium dioxide to form 
solid sodium pentatitanate (4Na205Ti02) and carbon 
dioxide. The temperature should be above 840°C in 
order to achieve sufficiently high reaction rates [7]. The 
sodium titanates produced are still solid at these high 
temperatures, i.e. smelt formation is prevented. The 
main reactions involved are considered to be: 

7 Na2C03 (s) + 5 (Na20 3Ti02) (s) <-> 
3 (4Na20 5Ti02) (s) + 7 C0 2 (g) (1) 

4Na,0 5Ti0 2 (s) + Na2C03 (s) <-> 
5 Na 20Ti0 2 (s) + C0 2 (g) (2) 

The sodium pentatitanate formed in the gasifier is 
leached with water, forming solid sodium trititanate and 
sodium hydroxide (white liquor), see Reaction 3. 

3 (4Na20 5Ti02) (s) + 7 H,0 ^ 
14Na0H(aq)+5(Na20 3Ti02)(s) (3) 

The sodium trititanate is separated from the white liquor 
and recycled to the gasifier/reactor. The H2S is 
separated from the gasification gas and an aqueous 
sulphur-rich stream is obtained. Consequently, white 
liquors of varying sulphidity can be obtained. 
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The characteristics and, thus, the economy of this 
process depend i . a. on the causticization reactions. 
Therefore, it is essential to understand these reactions 
and, as a step towards better understanding, to develop 
kinetic models. Earlier, the temperature dependence for 
the reaction between sodium carbonate and sodium 
trititanate has been studied in a nitrogen atmosphere [8]. 
When black liquor is gasified in a commercial gasifier, 
the gas mixture will be more complex and will consist 
of (besides nitrogen and oxygen) for example; carbon 
dioxide, carbon monooxide, water/steam, hydrogen 
sulphide and mercaptanes. Carbon dioxide is one of the 
products from the reactions in the gasifier (Reactions (1) 
and (2)) so therefore, in this work, the influence of 
carbon dioxide concentration on the reaction rate for the 
reaction between sodium carbonate and sodium 
trititanate has been studied. 

KINETIC MODELS FOR SOLID-SOLID 
REACTIONS 

The models used in this study are the Valensi-Carter, 
the phase boundary reaction model based on spherical 
geometry and a "modified shrinking-core model" (see 
Table I). In the modified shrinking-core model, the 
product growth is influenced by both diffusion and first-
order reaction, and assumes a sphere reacting from the 
surface inwards. The change of the total radius is taken 
into account by using the ratio z, as in the Valensi-
Carter model. For a more detailed description of the 
models, see Nohlgren [8], 

In order to study the temperature dependence of the 
reaction rate constants, Arrhenius plots were made and 
the Arrhenius parameters (A and E) were determined. 
The Arrhenius equation is: 

k = A • e'/m 

where E is the activation energy (J/mol), A is the pre-
exponential factor (m2/s or m/s), k is the reaction rate 
constant (m2/s or m/s), T is the temperature (K) and R is 
the gas constant (8.3145 J/mol,K). 

EXPERIMENTAL 
Sample preparation 

The sample was prepared by dissolving sodium 
carbonate (p.a.) in distilled water, and then adding 
sodium trititanate (99%). The suspension was heated to 
the boiling point to evaporate the water while being 
stirred with a magnetic stirrer. When the concentration 
of solids in the suspension became very high, the 
sample was put in a furnace (105°C) to dry overnight. 
Finally, the dried sample was ground to a fine powder. 
The powder was sieved and only the size fraction below 
210 pxn was used. The molar ratio used was 
Na20 3Ti02/Na2C03 = 5/7 in all of the experiments, 
which corresponds to the stoichiometic ratio. 

The equipment 
The reaction was carried out in a differential reactor 

made of quartz glass enclosed in a furnace. This 
equipment has been used in several other investigations 
and a detailed description of the equipment can be 
found elsewhere (e.g. [11]). Temperature, carbon 
dioxide concentrations in the gases leaving the reactor 
and the mass flow of nitrogen entering the reactor were 
recorded continuously every 4 seconds by a data 
acquisition unit. 

Procedure and Analyses 
In each run, 0.70 ± 0.0009 g of the prepared sample 

was loaded in the sample holder. The pressure drop over 
the sample in the equipment did not allow a higher 
sample amount and a lower sample amount did not 
produce accurate and reproducible results for the 
specific surface area measurements 

After the system became stable, the experiment was 
started by interrupting the flow of nitrogen (10 
LsTp/min) and placing the sample holder in the reactor 
as quickly as possible. The insertion of the sample took 
about 50 s. The experiment was terminated when the 
carbon dioxide content in the reject gases stabilised at 
the same level as before the sample was inserted. 

Table I. Models used to describe solid state reactions, where k is the rate constant, t the time, z the volume of 
product formed per volume of reactant consumed, r the radius and r„ the initial radius of the sphere. 

MODEL RATE-CONTROLLING EQUATION (DIFFERENTIAL FORM) 
STEP 

Valensi-Carter, [9] diffusion 

dt 

Phase-boundary spherical phase-boundary 
geometry, [10] reaction 
The "modified Diffusion and first-

shrinking-core model", [8] order reaction 

(zV+r'd-z))"' J 
dr_ 

dt 
-k. 

dr_ 

d! ' 

( 

(zr„' + r ' ( l - z ) r J 

V 

Note: k is the rate constant in all cases but it has different units in the different rate models. 
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A detailed description of the procedure can be found 
elsewhere [8]. 

The reaction was studied at four different 
temperatures and with four different concentrations of 
carbon dioxide in the inlet gas; Table I I shows the 
number of experiments at each set of conditions. The 
reaction has been studied earlier in a nitrogen 
atmosphere in the same equipment by Nohlgren et al. 
[12]. 

Table II. The number of experiments for each set of 
conditions. 

820°C 840°C 860°C 880°C 
0.5 % 3 5 3 3 
1 % 4 6 3 3 
2 % 4 4 6 3 
5 % 1 4 4 3 

The specific surface area (B.E.T. surface area) of the 
product was measured by a five-point nitrogen 
adsorption method in a Micromeritics Gemini 2370. X-
ray diffraction (XRD) analyses were performed on some 
of the samples using a Siemens D5000 powder 
diffractometer to determine the reaction products. 

RESULTS AND DISCUSSION 
Material Characterization and Product Composition 

Using the BET specific surface area (1.19 g/m2) and 
the density for the sodium trititanate material (3400 
kg/m3), and assuming that the particles are spherical, the 
average radius of the grains was estimated to be 0.74 
urn. This is used as the initial particle radius in the 
calculations. 

Several factors might influence the sintering of the 
particles in this case, such as reaction temperature, 
reaction time, carbon dioxide concentration in the 
reaction atmosphere and product composition. The 
results of the BET surface area measurements are shown 
in Figure 2. Mean values and deviations from the mean 
value are calculated for each set of experimental 
conditions, giving an average deviation from the mean 
value of±0.11m2/g. 

The experiments with carbon dioxide in the inlet 
gas show higher BET surface areas than the experiments 
without carbon dioxide [12], i.e. the sample sinters less 
when the reaction occurs in a carbon dioxide 
atmosphere in the concentration range investigated. 
However, no clear connection between the amount of 
carbon dioxide and the sintering can be seen; the 
experiments with 0.5% and 5% C0 2 show lower BET 
surfaces than experiments with 1% and 2% C0 2. 
Furthermore, it can be seen that the temperature seems 
to have a larger influence on the sintering than the 
reaction time: even if the reaction time decreases when 
the reaction temperature increases, the samples sinter 
more. 

The product composition was investigated by X-ray 
diffraction (XRD) analysis for experiments with 0.5% 
and 5% C0 2 in the inlet gas and at the temperatures 840, 
860 and 880°C. The only compounds found were the 
product sodium pentatitanate and unreacted sodium 
trititanate This can be compared with the experiments 
without carbon dioxide in the inlet gas presented in 
earlier studies [12] where the products from the 
experiments at all temperatures contained sodium 
pentatitanate, 4Na20-5Ti02 and sodium metatitanate, 
Na 2 0Ti0 2 besides unreacted sodium trititanate, 
Na20-3Ti02. These results are consistent with Zou's [7] 
results, i.e. that Reaction (2) is shifted to the left in a 
carbon dioxide atmosphere. 

0.5 

800 820 840 860 880 900 

Temperature (°C) 

Figure 2. BET specific surface area versus reaction 
temperature. 

The different product composition for experiments 
with and without carbon dioxide might explain why the 
experiments carried out in a carbon dioxide atmosphere 
show less sintering than experiments without carbon 
dioxide. Table IJJ shows the crystal structures, crystal 
densities and melting points for different sodium 
titanates. Sodium metatitanate occurs in three different 
crystal structures; the one found in the products from 
this study is the ß-structure. 

It can also be seen that sodium metatitanate has the 
lowest melting point, which might indicate that it will 
sinter easier than sodium pentatitanate and sodium 
trititanate. Consequently this gives a lower BET surface 
area for the experiments without carbon dioxide, which 
contain sodium metatitanate. Another possible 
explanation could be that when sodium pentatitanate is 
formed, only one structural change occurs: from 
monoclinic to triclinic. When sodium metatitanate is 
formed instead, there is an extra structural change. First, 
triclinic sodium pentatitanate is formed and, thereafter, 
monoclinic sodium metatitanate, which might result in a 
lower BET surface area. 
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Table I I I . Crystal structures, crystal densities and melting points 
for different sodium titanates. 

TITANATE CRYSTAL PcRYSTAL MELTING 
STRUCTURE (g/cm3) POINT [7] (g/cm3) 

( °C) 

0t-Na2OTiO2 
Face-centred cubic [13] 3.47 [13] 965 

ß-Na 2OTi0 2 
Monoclinic [13] 3.29 [13] 965 

y-Na2OTi02 
Monoclinic [13] 2.93 [13] 965 

Na20-3TiO, Monoclinic [14] 3.43 [14] 1130 
4Na20-5Ti02 

Triclinic [15] 3.32 [15] 1030 

Kinetic Results 
The carbon dioxide concentration in the outlet gas 

and the temperature in the reaction zone were measured 
continuously during the experiments. These 
measurements were used to calculate the conversion of 
sodium carbonate. For every mo! of sodium carbonate 
consumed, one mol of carbon dioxide is produced 
(Reaction I) , the concentration of carbon dioxide 
measured in the outlet gas can therefore be used to 
calculate the degree of conversion. It is assumed that 
complete conversion of sodium carbonate is obtained 
when the carbon dioxide concentration is at the same 
level as before the reaction began. 

When more than one measurement was made for a 
set of experimental conditions, an average conversion 
degree was calculated (Figure 3 and 4). The deviation 
between the conversion for each experiment and the 
average conversion is calculated as follows: 

Deviation = 

where i „ j is the average degree of conversion at time i, 
Xexpj is the experimental degree of conversion at time i 
and n is the number of time points for which the 
calculation is made. The mean deviation for all 
experiments is calculated to be 4.6%. 

Figure 3 shows the conversions for different 
temperatures at 2% C0 2 in the inlet gas. It can be seen 
that when the temperature is increased, the reaction 
reaches complete conversion faster. This was seen for 
all of the studied carbon dioxide levels. 

Figure 4 shows the average conversion degree at 
840°C temperature with varying carbon dioxide 
concentrations. The results for 0% C0 2 are from 
Nohlgren et al.'s study [12]. It can be seen for all 
temperatures that the experiments without carbon 
dioxide in the inlet gas reach complete conversion first. 
Differences can be seen between experiments with and 
without carbon dioxide, but no clear differences are 
seen between experiments with different concentrations 
of carbon dioxide in the inlet gas. At 820°C, the reaction 
time is decreased when the carbon dioxide is increased; 
at 840CC, the reaction time is increased when the 

carbon dioxide is increased except for the 
1% concentration experiment, which has 
the longest reaction time of all at 840°C. 
However, at 860 and 880°C, all the 
different carbon dioxide concentrations 
show very similar conversion degree 
results. 

One source of possible error in the 
results is that the experiment was termi
nated manually when complete 

conversion was expected, i.e. when the carbon dioxide 
concentration in the outlet gas had stabilized. However, 
the carbon dioxide concentration showed small 
fluctuations at the end of the reaction. It was, therefore, 
difficult to determine when the reaction had reached 
complete conversion. This can explain some of the 
variations between different experiments at the same set 
of experimental conditions. 

2% CO, 

40 60 80 100 

Time (min) 

Figure 3. The average conversion degree of Na 2 C0 3 

versus time for experiments carried out at different 
temperatures for 2% C 0 2 in the inlet gas. 

50 60 20 30 40 

Time (min) 

Figure 4. The average conversion degree of Na 2 C0 3 

versus time for different concentrations of carbon 
dioxide at 840°C. 
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Fitting the Kinetic Models to Experimental Data 
Fitting the models (Valensi-Carter, phase boundary 

and modified shrinking core model) to the experimental 
data is done in a conversion range from 8% to 98%, due 
to initial temperature fluctuations and the decreasing 
reaction rate at the end of the process. 

The rate constants in the kinetic models were 
determined by fitting the model to experimental data: 
this was done by minimising the square sum error, using 
the routine "lsqnonlin" in Matlab. The reaction was then 
simulated, also in Matlab, solving the model differential 
equation using the routine "ode23". 

The standard deviation between the fitted models 
and the experimental data is calculated as: 

Std.dev. 

where xespi is the degree of conversion for the experi
mental values at time i, xcak i is the degree of conversion 
for the fitted model at time i and n is the number of time 
points for which the calculation is made. 

0.5% C O , 

• Valensi-Carter model 

• P h a s e boundary model 

Modified shrinking-core model 

840 860 

Temperature (°C) 

Since several experiments are performed at each set of 
conditions, and the models are fitted to each experiment, 
the mean standard deviation is calculated for each set of 
conditions, as presented in Figure 5. 

An example of fitting the models to experimental 
data can be seen in Figure 6. Visual judgement of 
figures such as Figure 6 and a comparison of the 
standard deviations between models and experimental 
data in Figure 5, gives an indication of which 
mechanism that controls the reaction rate and, 
consequently, where the change of mechanism occurs. 
Another way of evaluating the reaction mechanism is to 
compare the terms in the expression for the modified 
shrinking-core model (Table I). If the term that includes 
the reaction rate constant, (ks), is much larger than the 
term including the diffusion constant, (k4), the model 
describes first order reaction rate controlled 
mechanisms. If the opposite applies, the model reduces 
to the diffusion controlled mechanism. 

Both methods show the same results, indicating that 
the reaction rate is diffusion controlled at the lower 
temperatures (i.e. 820 and 840°C) for all the studied 

1%CO_ 

CO 0.04 

Valensi -Carter model 

• P h a s e boundary model 

• Modified shrinking-core model 

840 860 

Temperature (°C) 

5% C O , 

CO 0.04 

Valensi-Carter model 

• P h a s e boundary model 

Modified shrinking-core model 

CO 0.04 

• Valensi-Carter model 

• P h a s e boundary model 

- Modified shrinking-core model 

0.02 

820 840 860 880 
0.02 

820 840 860 880 

Temperature (°C) Temperature (°C) 

Figure 5. The mean standard deviations between degrees of conversion from 8% to 98% for the different set of 
conditions. 
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carbon dioxide levels but, when the temperature 
increases, a difference can be seen between the different 
carbon dioxide levels. The modelling indicates that 
reaction rate is controlled by both the chemical kinetics 
and diffusion at 860°C for of all the studied carbon 
dioxide levels. Furthermore, at 880°C, the modelling 
showed that the reaction rate was controlled by 
chemical kinetics with 0.5% and 1% C0 2 but, with 2% 
and 5% C0 2 in the inlet gas, the reaction rate is 
controlled by both the chemical kinetics and diffusion. 
Consequently, a tendency can be seen that the reaction 
is controlled by diffusion instead of chemical kinetics at 
higher temperatures if the carbon dioxide concentration 
in the reaction atmosphere is increased. 

Linear regression of the Arrhenius plots for the rate 
constants obtained from the different models and carbon 
dioxide concentrations yields the activation energy and 
pre-exponential factor (Table IV). These Arrhenius 
parameters can also be compared with those for the 
experiments without carbon dioxide obtained by Nohlgren et al. [12], which are included in Table IV. 
Table TV. Arrhenius parameters for the experiments with 0%, 0.5%, 1%, 2% and 5% carbon dioxide in the 

£ 0.4 

0.0 

• * • Experimental 
The Valensi-Carter model 

The phase boundary model 
The modified 
shrinking-core model 

25 30 0 5 10 15 20 

Time (min) 

Figure 6. Degree of conversion versus time for the 
models and the experimental data at 840°C and 
0.5% C 0 2 . 

PRE- ACTIVATION CORRELATION 
EXPONENTIAL ENERGY, E C O E F F . 

FACTOR, A (KJ/MOL) (r2) 
0%CO2 [12] 
Valensi-Carter 3.15-10-5m2/s 241 0.0966 
Phase boundary 23.1 m/s 220 0.970 
Modified shrinking-core 

Reaction rate constant 9.3210-5m/s 102 0.799 
Diffusion constant 1.65109 nrVs 522 0.728 

0.5% C02 

Valensi-Carter 4.9610-3 m2/s 296 0.964 
Phase boundary 3.1 M0 3 m/s 271 0.948 
Modified shrinking-core 

Reaction rate constant - -
Diffusion constant 2.2610l6m2/s 689 0.920 

1% co2 

Valensi-Carter (840-880°C) 15.86 m2/s 374 0.942 
Phase boundary (840-880°C) 5.74-107 m/s 365 0.939 
Modified shrinking-core 

Reaction rate constant - -
Diffusion constant 1.1410" nrVs 712 0.962 

2% C02 

Valensi-Carter (840-880°C) 8.48 10"5m2/s 259 0.893 
Phase boundary (840-880°C) 5.73-102 m/s 256 0.925 
Modified shrinking-core 

Reaction rate constant - -
Diffusion constant (840-880°C) 1.26 10" m2/s 454 0.903 

5% C02 

Valensi-Carter (840-880°C) 0.16 m2/s 328 0.631 
Phase boundary (840-880°C) 8.95-10s m/s 324 0.620 
Modified shrinking-core 

Reaction rate constant - -
Diffusion constant (84O-880°C) 1.12107m2/s 495 0.660 
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Finally, it should be pointed out that the rate 
constants (k3 and k4) in the modified shrinking-core 
model are difficult to determine. This is due to the fact 
that it is often a small interval of both k3 and k4 that 
satisfies the lowest standard deviation and consequently 
gives the best fittings to experimental data. 
Furthermore, in some cases, one of the rate constants 
dominates over the other: in these cases, one of the rate 
constants can have any value above a certain level when 
the other is kept constant and still the same fitting of the 
model is obtained. 

CONCLUSIONS 
It was found, for the range of carbon dioxide 

concentrations studied, that higher temperatures 
decrease the necessary time to reach complete 
conversion. The fact that there was some carbon dioxide 
in the inlet gas resulted in longer reaction times, 
although no clear differences were seen for different 
amounts of carbon dioxide at the same temperature. 

At the lower temperatures (i.e. 820 and 840°C), the 
modelling results indicate that the reaction rate is 
diffusion controlled for all of the carbon dioxide levels 
studied but, when the temperature increases, a 
difference can be seen between the different carbon 
dioxide levels. At 860°C, the reaction rate is controlled 
by both the chemical kinetics and diffusion for all of the 
carbon dioxide levels studied. Furthermore, at 880°C, 
the modelling showed that the reaction rate was 
controlled by chemical kinetics with 0.5% and 1% C0 2 

but, with 2% and 5% C0 2 in the inlet gas, the reaction 
rate is controlled by both the chemical kinetics and 
diffusion. Consequently, a tendency can be seen that the 
reaction is controlled by diffusion instead of chemical 
kinetics at higher temperatures if the carbon dioxide 
concentration in the reaction atmosphere is increased. 

X-ray diffraction (XRD) analysis showed that the 
product sodium pentatitanate and unreacted sodium 
trititanate were found in all samples. For the 
experiments without carbon dioxide, sodium 
metatitanate has been found as well [12], but not for the 
experiments with carbon dioxide, which is consistent 
with earlier findings by Zou [7]. This might explain the 
fact that the samples without carbon dioxide sinter more 
than samples with carbon dioxide, since sodium 
metatitanate has a lower melting point than both sodium 
trititanate and sodium pentatitanate. 
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Abstract 
Experiments were carried out in a fluidized bed reactor operated in a semi-batch 

mode using T i 0 2 or sodium tri-titanate to causticize either sodium carbonate or the 

sodium carbonate in kraft black liquor at temperatures between 800-825°C. 

Conversions of sodium carbonate o f up to 88% were obtained, wi th the main 
product being sodium penta-titanate. Sodium hexa-titanate and sodium tri-titanate 

are reaction intermediates formed when T i 0 2 is used. The BET surface area o f the 
reacted solids decreased with increasing formation o f sodium penta-titanate. Upon 

leaching o f the final product, the surface area is regained. The high surface area o f 

the leached material allows for good mixing with black liquor when the solids are 
recycled to the reactor. EDX analysis along the cross-section o f T i 0 2 particles 

showed that sodium diffuses into the T i 0 2 particle, forming a very sharp front. This 
indicates that the direct causticization reaction proceeds according to the shrinking-

core model, i.e. the reaction at the reaction front is fast compared to the diffusion o f 

N a 2 C 0 3 into the reaction interface. 

Introduction 
Gasification of kraft black liquor is generally considered to be promising 

alternative technology for chemical recovery at kraft pulp mills, and has therefore 

been studied by boiler manufacturers and at academic institutions (Covey, 1982; 

Grace and Timmer, 1995; Lorson et al., 1997; Maddern, 1986; Salmenoja et a l , 

1994; Scott-Young and Cukier, 1995; Whit ty et al., 1994). The aim has been to 
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obtain a more energy efficient process, producing a higher ratio of electricity and 

steam as well as higher quality white liquor than in the conventional process. 

One promising concept is the direct causticization process (Figure 1) where not 

only the recovery boiler is replaced by a gasifier but also the conventional lime 

cycle is replaced by a titanate cycle, which allows direct causticization in the 

gasifier. The titanate process has several advantages over the conventional 

recovery process, such as: fewer process steps, a higher white liquor concentration 

and the production o f white liquors o f different sulfidities. Moreover, the titanate 

process is more energy efficient than the conventional recovery process. In the 

titanate process, sodium carbonate reacts in the gasifier wi th recycled sodium t r i 

titanate ( N a 2 0 - 3 T i 0 2 ) or make-up titanium dioxide to fo rm solid sodium penta

titanate (4Na 2 0-5Ti0 2 ) and carbon dioxide. 

Strong 
black liquor 

Ti02 

Make-up BLACK LIQUOR 
GASIFIER 

Reaction 
[1] and [2] 

Air/Oxygen 

Absorption 
liquid i Product gases 

H,S-
ABSORPTION 

4Na,05TiO, 

LEACHING 
OF NaOH 

Reaction [6] 

Na.OmO. •SEPARATION 
WASHING 

Sulfide-rich 
white liquor 

Sulfide-lean 
white liquor 

• Water 

Figure 1. A kraft black liquor (KBL) gasification process with direct causticization 

in the fluidized bed. 

Based on the data o f Zou (1991), the reactions take place to complete 

conversion at temperatures f r o m 750°C and higher. However, the time for 

complete conversion o f recycled sodium tri-titanate into sodium penta-titanate is 

very long at 750°C, but it is reduced to about 2 minutes at 850°C. The sodium 

titanates produced are still solid at these high temperatures, i.e. smelt formation is 

prevented. The main reactions involved are considered to be: 

3 T i 0 2 (s) + N a 2 C 0 3 (s) ^ N a 2 0 • 3 T i 0 2 (s) + C 0 2 (g) (1) 

5 ( N a 2 0 - 3 T i 0 2 ) ( s ) + 7 N a 2 C 0 3 ( s ) ^ 3 ( 4 N a 2 0 - 5 T i 0 2 ) ( s ) + 7 C 0 2 (g) (2) 
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4 N a 2 0 - 5 T i 0 2 (s) + N a 2 C 0 3 (s) <-» 5 ( N a 2 0 • T i 0 2 ) (s) + C 0 2 (g) (3) 

However, earlier findings (Kiiskilä, 1979; Zou, 1991) have shown that Reaction (3) 

is less significant than the other two reactions, and can therefore probably be 

neglected in industrial applications. When C 0 2 is present in the reaction gas, 

Reaction (3) is suppressed to such an extent that no N a 2 O T i 0 2 has been found 

(Zou, 1991; Nohlgren at al. 2001). Furthermore, Pels et al. (1997) also found that 

Reaction (1) might take place in two steps, wi th sodium hexa-titanate as the 

intermediate: 

6 T i 0 2 (s) + N a 2 C 0 3 (s) ^ N a 2 0 • 6 T i 0 2 (s) + C 0 2 (g) (4) 

N a 2 0 • 6 T i 0 2 (s) + N a 2 C 0 3 (s) ^ 2 N a 2 0 • 3 T i 0 2 (s) + C 0 2 (g) (5) 

The solids (i.e. sodium penta-titanate) formed in the gasifier are leached with 
water, forming solid sodium tri-titanate and sodium hydroxide (white liquor): 

3 ( 4 N a 2 0 • 5 T i 0 2 ) (s) + 7 H 2 0 ^ 5 ( N a 2 0 • 3 T i 0 2 ) (s) +14 NaOH (aq) (6) 

The sodium tri-titanate is separated f rom the white liquor and recycled to the 

gasifier/reactor. The H 2 S is separated f rom the gasification gas and an aqueous 

sulfur-rich stream is obtained. Consequently, white liquors o f varying sulfidity can 

be obtained. 

The characteristics and economics o f this process depend on the causticization 

reactions. Therefore, i t is essential to understand the chemistry and the kinetics o f 

titanate formation during causticization reactions. In the present paper, this was 

studied in a semi-batch operated fluidized bed reactor by changing reaction 

conditions such as temperature, titanate feed (i.e. T i 0 2 or N a 2 0 - 3 T i 0 2 ) and particle 

size o f the titanates. Samples o f the solids were taken f r o m the bed during the 

experiments, and the formation o f titanates i n the bed samples was determined as a 

function o f the overall N a 2 0 / T i 0 2 molar ratio o f the bed mixture. The sodium 

distribution inside the titanate particles was measured wi th energy dispersive X-ray 

spectroscopic (EDS or E D X ) analysis. 

Experimental 

Sample preparation 
The sodium tri-titanate was prepared by leaching the bed residual solids (BRS), 

produced in earlier experiments in the fluidized bed reactor, using T i 0 2 and 

N a 2 C 0 3 as reactants. BRS leached in this way consists mainly o f sodium t r i 

titanate, as described by Reaction (6), but may also contain some unreacted T i 0 2 

due to incomplete causticization. Titanium dioxide, wi th a purity o f 99.0%, was 



obtained f r o m Tioxide Inc., Canada, and sodium carbonate o f 99.5% purity was 

purchased f rom Aldr ich Chemical Company, Inc., Canada. The leached BRS 

(sodium tri-titanate) and the sodium carbonate were dried and sieved; only the size 

fraction o f 75-180 Lim was used in the experiments. In some experiments, BRS that 

had been recycled two or three times was used. For the titanium dioxide, f ive 

different size fractions between 75-250 um were used. The kraft black liquor solids 

(KBLS) used had an average particle size o f 44 Lim, and were supplied by 

Resources Recovery Inc., Maine, USA. The K B L S composition is given by Zeng et 

al. (1997). 

The equipment 
Figure 2 is a schematic diagram o f the fluidized-bed pilot plant used for testing the 
gasification and direct causticization concept. It shows the fluidized-bed reactor 

(Unit 8), the gas supply and gas preheating system (Units 1-5), the feeding system 
for feeding sodium carbonate into the fluidized-bed (Unit 6), the bed sampling port 

(Unit 7) and the downstream gas treatment system (Units 9-12). The fluidized-bed 

gasifier has a diameter o f 0.1 m i.d. in the reaction zone and 0.2 m i.d. in the 

freeboard zone. The stainless steel gasifier is heated by ceramic heaters on the 
outside surface o f the reactor. The temperature during the reaction inside the bed is 

measured by three thermocouples located 63, 264 and 352 m m respectively above 

the distributor plate, which allows a temperature control o f ±5°C. It is operated in a 
semi-batch mode wi th an initial charge of sodium tri-titanate or titanium dioxide 

into the reactor and a continuous feed o f sodium carbonate or K B L S after the bed 

o f sodium tri-titanate/titanium dioxide has been heated to the desired temperature. 
The f luidizing gas, pressurized air or N 2 is added at a rate o f about 17 l S T p/min, 

controlled by a multi-channel mass f l ow control system (Edwards, model 1605) 

with an accuracy o f ± 1 % . A dry test meter (Singer American Meter Division, 

DTM-325) measured continuously the total gas volumetric flow rate o f the cooled, 

dust-free and condensate-free gas stream. 
A two-channel infrared gas analyzer (Siemens, Ultramat 22) was used for on

line monitoring o f the CO and C 0 2 concentrations in the gasification gas sampled 
immediately after the condenser. The signals f r o m the measurements o f 

temperature, carbon dioxide concentrations in the gases leaving the reactor and the 
mass flow o f nitrogen entering the reactor were recorded continuously, every 30 

seconds, by a data acquisition unit. A more detailed description o f the equipment 

can be found elsewhere (Nohlgren, 1997; Zeng, 1997). 
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) University air supply 
2) Nitrogen cylinder 
3) Air cylinder 
4) Flowmeters 
5) Gas heaters 
6) Feeder 

7) Bed sampling port 
8) Fluidized bed 
9) Cyclones 
10) Filters 

i) Condenser 
12) Condensate collector 
13) Dry test flow meter 

Figure 2. Process flow sheet of the fluidized-bed system. 

Procedure and analyses 
The reactor was loaded either with 1790 - 2500 g N a 2 0 - 3 T i 0 2 or 1400 - 1500 g 

T i 0 2 , and then heated to 790°C-850°C wi th a f luidizing gas f l o w ( N 2 or a mixture 

of N 2 and air) o f about 8 l S T p/min. The heating procedure took approximately four 

hours. When the temperature was stable, the fluidizing gas f l ow was increased to 

15 lsTp/min. After a minimum of 15 minutes, when steady state was obtained, the 

material could be fed in, at feeding rates o f between 120 and 770g/h. When all the 

material had been fed in, the experiment was either stopped, and the heating 

switched o f f immediately, or, for some o f the experiments wi th N a 2 C 0 3 , continued 

until the C 0 2 concentration in the outlet gases returned to zero before the heating 

was switched off . Samples were taken f rom the fluidized bed intermittently during 

the experiment, kept dry and sealed for further analysis. 

The procedure for the analyses and the estimation o f the composition o f the solid 

samples is shown schematically in Figure 3. Thus, sodium hydroxide (NaOH) and 

other soluble sodium ions were determined by leaching bed residual solids (BRS) 

in boiling water, followed by acidimetric titration and atomic emission 

spectroscopy (AES) analysis of the total sodium content o f the leachate. The total 

sodium and titanium contents o f the solid samples were measured by X-ray 

fluorescence (XRF) analysis. From these analyses, the quantitative amount o f 

different sodium titanate species was estimated. These estimations assume that the 

only compounds present in the sample are T i 0 2 , N a 2 C 0 3 , N a 2 0 - 3 T i 0 2 and 

4Na 2 0-5Ti0 2 . The sodium penta-titanate ( N 4 T 5 ) content is estimated f r o m the 
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amount o f hydroxide according to the stoichiometry of Reaction (6), assuming that 

all the caustic is produced f r o m sodium penta-titanate. Sodium tri-titanate ( N T 3 ) is 

estimated as the difference between the total weight o f the sample and the sum o f 
the weight o f sodium penta-titanate and the other alkali salts i f i t is assumed that no 

T1O2 exists i n sample. I f T i 0 2 is found to exist, the amount o f sodium tri-titanate is 
calculated as the difference between the total amount o f sodium in the sample f rom 

the XRF analysis and the sum o f the weight o f sodium penta-titanate and the other 
alkali salts. The remaining N a 2 C 0 3 is estimated f rom the difference in sodium 

concentration in the leachate and as caustic. When kraft black liquor solids (KBLS) 

are used as feed, the anions in the hydrolysis solution, (e.g. carbonate and sulfur-
oxygen components) are determined by ion chromatography (IC). 

SOLID SAMPLE! 
Leaching \ . XRF 
in wa te r / ^ ^\analysis 

Caustic (NaOH)forming N a ( t o t a l ) i n i e a chate 
Na in leachate 

* + I 
Na (in caustic) Na (in leachate) - Na (in N T , ) 

= N a ( i n N 4 T 5 ) i = Na (in NaX'O,) I 

I 
I y Na (tot) - Na (in leachate) 

I = N a ( i n N T . ) 

I I 
S • 

• Ti (tot) -Ti (in N,T.) - Ti (in N T j 
- Ti (in TiO,) 

Figure 3. Schematic procedure for the analyses and estimation of the composition 

in the solid samples for the experiments with sodium carbonate and titanium 

dioxide. 

Some o f the bed samples were also characterized by X-ray diffraction (XRD) 

analysis, using a Siemens D5000 powder diffractometer, and by measuring the 
specific surface area, using a Micrometritics ASAP2000. In addition, a JSM-6400 

Scanning Microscopy o f JEOL, equipped with an energy dispersive X-ray 

spectrometer, was used for SEM and E D X analyses o f the solid samples; these 
were prepared by f ix ing the particles into a resin, which was then polished until 

about half o f the particles were removed. In this way, the dispersion o f sodium and 
other elements, such as titanium and sulfur etc., inside the titanate particles was 

determined. 
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Results and discussion 
A l l operating conditions are listed in Table 1; the experiments wi th N a 2 C 0 3 as the 

feed and nitrogen as the f luidizing gas, are labeled M C R (model compound 

reaction), while the K B L S experiments, wi th a mixture of N 2 and air as the 

fluidizing medium, are denoted A G (air gasification). The temperature for each 

experiment shown in Table 1 represents an average: fluctuations in temperature 

were experienced in a number o f experiments because o f the endothermic character 

of the reaction and some operating difficulties. The fluctuations were usually about 

±5°C but, on occasions, variations as large as 20°C occurred for shorter periods. 

The data shows that, generally, the highest conversions are obtained at the highest 

temperatures. 

The results i n Table 1 show that the experiments generally gave a satisfactory 

overall mass balance. The relatively large deviation of 8.4% for the MCR8 run at 

810°C is probably due to chemically-bound moisture in the recycled titanate, 

which was not removed by drying at 105°C. The sodium carbonate conversions 

between 54% and 88% were estimated f r o m the C 0 2 release. 

Table 1. Operating Conditions. 
Run Temp T i 0 2 Recycled titanate Na 2 C0 3 Final 

Na 2 0 /T i0 2

 a 

X b Mass 
Balance 

(°C) (g) (Urn) (g) N a 2 0 / T i 0 2

a 

(g) (mol/mol) (%) (wt %) 

MCR1 810 1500 105-149 1730 0.87 78.0 98.8 

MCR2 825 1400 105-149 1510 0.82 78.4 95.5 

MCR3 815 1400 75-105 1503 0.81 82.5 101.4 

MCR4 815 1400 177-250 1521 0.82 83.5 102.8 

MCR5 800 1400 <75 1501 0.81 67.0 94.9 

MCR6 800 1500 105-149 1736 0.88 61.4 96.9 

MCR8 810 2222 0.28 1093 0.70 58.8 91.6 

MCR9 825 2123 0.28 869 0.68 88.2 94.7 

MCR10 805 1793 0.30 885 0.63 53.8 97.7 

MCR11 820 1855 0.32 895 0.68 65.6 98.7 

AG-5C 820 2492 0.30 1098 0.50 94.6 

AG-6C 820 1946 0.34 821 0.50 97.0 

a. N a 2 0 / T i 0 2 molar ratio estimated by XRF analysis. 

b. Final conversion o f N a 2 C 0 3 : the amount decomposed estimated f r o m 

C 0 2 evolution/total N a 2 C 0 3 fed. 
c. A i r ratio o f 0.35-0.45. 

Titanate formation 
Figure 4 shows the development o f titanate species during the causticization o f 

N a 2 C 0 3 by T i 0 2 at 810°C versus N a 2 0 / T i 0 2 molar ratio o f the BRS and reaction 

time. Clearly, 4 N a 2 0 5 T i 0 2 is the main final component, and increases wi th 
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N a 2 0 / T i 0 2 molar ratio and reaction time. The amount of N a 2 O 3 T i 0 2 reaches a 

maximum at the N a 2 0 / T i 0 2 molar ratio o f about 0.4. Figure 4 also shows the 

development o f the titanate species plotted versus reaction time. The trends are the 

same for both these graphs but, since the relationship between the reaction time and 

N a 2 0 / T i 0 2 molar ratio is not linear because o f occasional feeding problems, there 

are some differences between the graphs. From this point onwards, the results are 

presented as a function o f N a 2 0 / T i 0 2 molar ratio. In Figure 4b it can be seen that 

the sample with the highest sodium penta-titanate content has a lower N a 2 0 / T i 0 2 

molar ratio than the sample wi th the second highest sodium penta-titanate content. 

This may be due to uncertainties in the chemical analyses. 

Figure 5 shows the development o f titanate species during the causticization o f 

N a 2 C 0 3 by N a 2 O 3 T i 0 2 at 825°C. In the experiments wi th the recycled titanate, the 

procedure for estimating the BRS composition shown in Figure 3, was not used. 

The composition o f the solids is calculated instead as caustic-forming titanates, and 

presented as sodium penta-titanate, insoluble solids and sodium carbonate. Clearly, 

the amount o f caustic-forming titanates increases with continuous N a 2 C 0 3 feed, 

while the fraction o f the insoluble solids (probably mainly N a 2 0 - 3 T i 0 2 ) decreases. 

As shown in Figure 4, the amount o f unconverted N a 2 C 0 3 increases wi th 

increasing N a 2 0 / T i 0 2 molar ratio as long as the feeding continues. However, the 

reaction continues when the feeding is halted, and this explains the sudden increase 

in the amount o f caustic-forming titanates and the decrease of N a 2 C 0 3 at the 

highest N a 2 0 / T i 0 2 molar ratio, seen in Figure 5. 

Time (min) Na 2 0/Ti0 2 (mol) 

(a) (b) 
Figure 4. The development of titanate species during the causticization of Na2C03 

by Ti02 at 810 °C versus (a) reaction time and (b) Na20/Ti02 molar ratio. 
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Figure 5. The development of titanate Figure 6. The development of titanate 

species during the causticization of species during the causticization of 

Na2C03byNa20-3Ti02at825°C. KBLS by recycled titanate (i.e. 

Na20-3Ti02) 820 °C. 

Figure 6 shows the development o f titanate species during the causticization o f 

KBLS by recycled titanate (i.e. N a 2 0 3 T i 0 2 ) obtained by leaching the f inal BRS 
produced in earlier experiments using N a 2 C 0 3 as feed. The composition o f the 

solids is calculated as in Figure 5, i.e. caustic-forming titanates are presented as 

sodium penta-titanate, insoluble solids and sodium carbonate. Although the 
composition calculation is based on the sodium analysis, the error introduced by 

the presence of potassium is small since the K/Na molar ratio in K B L S is only 

about 0.1. It can be seen that the fraction o f caustic-forming titanates presented as 
sodium penta-titanate increases with increased K B L S charge or N a 2 0 / T i 0 2 molar 

ratio, while that o f the insoluble solids (probably mainly N a 2 O 3 T i 0 2 ) decreases. 
The amount o f N a 2 C 0 3 remains low throughout the experiment, indicating that 
K B L S coat the BRS immediately when introduced into the reactor (Zeng and van 

Heiningen 1997). 
Unfortunately, the operation was halted at a N a 2 0 / T i 0 2 molar ratio o f about 

0.5 because o f agglomeration o f the BRS in the experiments wi th K B L S . Similarly, 

another experiment, wi th hydrolysed titanate recycled for a second time, 
defluidized at almost the same molar ratio due to agglomeration, too. The reasons 

for agglomeration have been discussed by Zeng (1997), who concluded that it 
probably resulted from low melting point eutectic mixtures o f e.g. Na 2 S-Na 2 C0 3 

combined wi th potassium salts formed on the surface o f the particles. 

Consequently, he found agglomeration to be dependent on the sulfur and sodium 

content i n the bed. Furthermore, Zeng (1997) found that agglomeration occurred 
above certain N a 2 0 / T i 0 2 molar ratios, depending on the reaction temperature. 

Agglomeration was also seen in some o f the experiments with sodium carbonate 
and T i 0 2 or sodium tri-titanate. However, i f agglomeration did occur, it was seen at 

higher molar ratios o f N a 2 0 / T i 0 2 : i.e. between 0.58-0.72. In some o f these cases, it 

could be both controlled and eliminated by halting the feed o f N a 2 C 0 3 , and then 
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injecting sudden large amounts o f nitrogen gas into the bed. The fact that 

agglomeration was less severe for experiments using sodium carbonate might be 

explained by the fact that no sulfur is present in these cases; the conditions for the 

formation o f low melting point eutectic mixtures on the particle surface are thereby 

absent. 

Figure 7 shows the results f r o m the X R D analyses o f the experiment displayed 

in Figure 4. Both Figures 7 and 4 show that the main species in the f inal sample are 

4 N a 2 O 5 T i 0 2 and N a 2 C 0 3 . The X R D analysis (Figure 7c) also shows weak peaks 

of N a 2 O 3 T i 0 2 but no T i 0 2 , both of which were present in small amounts, 

according to the BRS chemical analysis (Figure 4). It can also be seen in Figure 7b 

that after reaction o f the BRS for 60 minutes; when the N a 2 0 / T i 0 2 molar ratio is 

0.18, the X R D analysis only showed the presence o f T i 0 2 . However, chemical 

analysis o f this sample showed the presence o f both N a 2 C 0 3 and 4 N a 2 O 5 T i 0 2 . 

p 
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Figure 7. XRD pattern of samples in 

MCR1 at 810°C; a) heat treated Ti02; 

b) BRS reacted for 60 min (i.e. 0.18 

Na20/Ti02); c) BRS reacted for 360 

min (i.e. 0.98 Na20/Ti02). 
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Figure 8. XRD pattern of samples taken 

at different times during the experiment 

performed at 825 °C: a) recycled 

titanate; b) heat-treated recycled 

titanate; c) 168 min after start of feed; 

d) 313 min; e) after hydrolysis. 

Figure 8 shows the titanate species detected by X R D in the samples taken f rom 
the experiment in Figure 6, performed with recycled titanate. Sodium penta-titanate 

is the main species in the sample reacted for 313 min (Figure 8d). Sodium hexa-

titanate and sodium tri-titanate are the species found in the initial recycled titanate 

(Figure 8a); this indicates that the leaching procedure was successful, since no 
sodium penta-titanate is found. The X R D peaks are stronger for the heat treated 

material (Figure 8b), indicating that the recycled solids are probably partly 

amorphous after leaching, and that crystallization occurs during heat treatment. 
Figure 8 also shows that sodium hexa-titanate decreases wi th increasing reaction 

time; it disappears at 168 min when sodium tri-titanate reaches its maximum 
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concentration, in agreement wi th the consecutive Reactions (4) and (5) discussed in 

the Introduction. The X R D results of the samples taken at different temperatures 

for direct causticization with recycled N a 2 0 - 3 T i 0 2 are summarised in Table 2. 

They show similar results, except that more unreacted N a 2 C 0 3 is present at the 

lower temperatures. Finally, no sodium meta-titanate ( N a 2 O T i 0 2 ) was detected in 

any sample (Figures 7 and 8 and Table 2), in accordance with the earlier findings 

discussed in the Introduction. 

Table 2. Titanates detected by XRD and BET surface area for experiments with 

Na2CO} and sodium tri-titanate.  

Temp. Sampling time Sodium hexa- Sodium t r i - Sodium penta- N a 2 C 0 3 BET 

(°C) (min) titanate titanate titanate (m 2 /g) 

810 0 w w 3.1 
59 vw w vw w 2.5 
179 m w vs 1.6 
360 v w m s 1.8 

After hydrolysis v w vw 3.9 

825 0 w w vw 3 

59 w w vw 2.5 
168 vw m m w 1.9 
313 w s vw 2.1 

After hydrolysis vw v w vw 4.2 

820 0 vw m 2.3 
300 w m vw 1.3 

After hydrolysis vw v w s 6.3 

805 370 w s m 1.7 

Note: Peak intensity is represented by vs: very strong; s: strong; m: medium; w: 

weak and vw: very weak. 

It should be noted that, even before N a 2 C 0 3 is added, a certain amount o f caustic-

forming titanates already exists in the heat-treated bed material (Figure 5), although 

no sodium penta-titanate is detected by X R D (Figure 8). The caustic-forming 
titanates found in the heat-treated material f r o m chemical analyses are generated 

partly during the heat-up procedure. Recently, it has been shown (Zhuang et al., 

2000; Nohlgren et al., 2002) that crystalline sodium tri-titanate also forms some 
caustic during hydrolysis. Therefore, the caustic-forming titanates, shown in 

Figures 4 and 5 as sodium penta-titanate, probably represent both sodium penta

titanate and some sodium tri-titanate. In the beginning o f the experiment in Figure 
5, the caustic comes mostly f r o m sodium tri-titanate and, as the reaction proceeds, 

the fraction of caustic f rom sodium penta-titanate starts to dominate. 

Table 2 also shows the BET surface areas. It can be seen that the surface area 
of the particles decreases during the reaction, while it is regained upon leaching. 
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The latter fact is very important, since a large surface area is critical for fast 

reaction. When the leached material is heat treated, some o f the surface area is lost. 

However, the large surface area after leaching means that it can then mix wel l with 

black liquor before heat treatment and reaction. The decrease in surface area during 

reaction can also be seen in the SEM pictures (Figure 9) taken for the samples f rom 

the experiment at 825°C (see Figure 5). Clearly, a change in crystal structure 

occurs during reaction. The sample taken at 5 min shows that the heat-treated 

recycled titanate has a needle-like structure (Figure 9a) as was reported earlier 

(Pels et al., 1997). As the reaction continues, the material sinters and, wi th the 

completion o f the reaction, the needle-like structure can not be seen anymore. 

Figure 9. SEM observations of titanate development during reaction 

at 825 °C with Na2COj and sodium tri-titanate, 

a) 5 min; b) 81 min; c) 141 min; d) 313 min. 

Release of carbon dioxide 

Figures 10 and 11 show the conversion o f sodium carbonate based on the amount 

o f C O t released during the causticization reaction, together wi th the conversion 
calculated f r o m the BRS analyses. The release o f C 0 2 due to the decomposition o f 

N a 2 C 0 3 is negligible (Kiiskilä 1979). Since the sodium carbonate is fed 
continuously into a batch fluidized bed, the conversion o f sodium carbonate can be 

calculated in two different ways: based either on the cumulative amount o f sodium 
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carbonate fed (x i ) or on the sodium carbonate fed at each molar ratio o f N a 2 0 7 T i 0 2 

(x 2 ) . The former conversion represents the integral conversion while the latter is 

the instantaneous conversion. Both conversions are shown in Figures 10 and 11, 
and show a reasonable agreement wi th the conversion calculated f r o m chemical 

analysis o f the solids. The conversion in these two figures is plotted versus reaction 
time rather then N a 2 0 / T i 0 2 molar ratio, since the C 0 2 release was measured as a 

function o f time. 

c 0.4 
o 

A 

A 
A A A • 

/ 
/ 

• . x, (based on CO. , release) 

x2 (based on C 0 2 release) 

# x. (based on solid analyses) 

A x 2 (based on solid analyses) 

200 

T i m e (min) 

• (based on solid analyses) 

A x 2 (based on solid analyses) 

X. (based on C 0 2 analyses) 

x 2 (based on C 0 2 analyses) 

200 300 

T ime (min) 

Figure 10. Release of carbon dioxide 

during titanate formation in MCR1 at 

810°C. 

Figure 11. Release of carbon dioxide 

during titanate formation in MCR11 

at820°C. 

Sodium development in the Ti02 particles 

Considering the much higher melting temperatures o f T i 0 2 , N a 2 0 - 3 T i 0 2 and 

4 N a 2 0 - 5 T i 0 2 (1840°C, 1130°C and 1030°C, respectively) (Zou, 1991) compared 

to N a 2 C 0 3 (858°C), it is most likely that the reaction proceeds by N a 2 C 0 3 diffusing 

into the titanate particle. Based on the shrinking core model and X R D results, Pels 

et al. (1997) depicted the development o f titanate formation inside T i 0 2 particles as 

a dynamic series o f layers o f titanates surrounding the unreacted phase o f T i 0 2 . 

The interface between reacted (i.e. titanates) and unreacted T i 0 2 moves inwards 

when the causticization reactions proceed. The X R D measurements, used in the 

study by Pels et al. (1997), show only the average composition o f the particles. In 

order to obtain more direct evidence o f this shrinking core behaviour, an E D X 

analysis along the cross-section o f reacted BRS particles was made. This analysis 

provides the elemental composition distribution inside the particle. Figure 12 gives 

typical E D X results along the cross-section o f three T i 0 2 particles reacted to 

different degrees. The T i 0 2 particles have a diameter o f around 120 urn, 

representing an average size in the 105-149 urn size distribution used. For 

convenient comparison between the different particles, the sizes o f T i 0 2 particles 

are normalized to a diameter o f 100%. The E D X results show the migration o f 

sodium into the T i 0 2 particle; in the less reacted T i 0 2 particle (Figure 12a), sodium 
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coats the T i 0 2 particle and is therefore only detected near the surface o f the 

particles. When the reaction proceeds further (Figure 12b), sodium moves 50% into 

the particle f rom one surface but only about 6% at the opposing surface. In the 

completely reacted particle (Figure 12c), sodium was almost evenly distributed 
along the cross-section of the T i 0 2 particle. It should be noted that there is a sharp 

transition between the high and low sodium concentration regions, indicating a 

sharp reaction front. Unfortunately, the E D X analysis o f sodium does not provide 
any information about the chemical composition of the sodium compound. The 

sharp boundary, however, indicates that the reaction proceeds as a shrinking-core, 

wi th the diffusion o f N a 2 C 0 3 being the rate-determining step. 
The non-uniform reaction at both edges o f the T i 0 2 particle (Figure 12b) is 

probably due to the uneven coverage o f N a 2 C 0 3 on the surface o f the T i 0 2 particle 

which, in turn, is caused by the reaction temperature being lower than the melting 
point o f N a 2 C 0 3 . A higher temperature or the use o f black liquor are both expected 

to improve the distribution o f the causticization reaction along the cross-section o f 

the T i 0 2 particles. Finally, i t should be pointed out that sodium has a low 

sensitivity in the E D X analysis; the signal emitted f r o m the surface is affected 
significantly by the smoothness o f the target surface, which explains the noisy 
sodium signal observed in Figure 12. 

c 

20 40 60 80 100 

Normalized diameter (urn) 

Figure 12. EDX analysis of the development of sodium inside Ti02 particles at 

810°C: a) less reacted, b) reacted, c) completely reacted. 

No sharp boundary in the development o f sodium was detected for the recycled 

N a 2 0 3 T i 0 2 particle. This might be explained by the low sensitivity o f the E D X 

analyses for sodium, and the fact that recycled titanate already contains a 

significant amount o f sodium. 
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Conclusions 
Direct causticization o f sodium carbonate by T i 0 2 or sodium tri-titanate (recycled 

titanate) in a semi-batch operated fluidized bed reactor produces increasing 
amounts o f the f inal product, sodium penta-titanate. Sodium hexa-titanate and 
sodium tri-titanate are intermediates formed when T i 0 2 is the feed. Conversions o f 

sodium carbonate o f up to 88% were obtained at the highest temperature o f 825°C 

with recycled titanate. 
Measurements o f the surface area during the reaction showed that the surface 

area o f the reacted solids decreases wi th increasing conversion. However, upon 
leaching o f the final product, the surface area of the recycled titanate formed is 
regained. This is an important finding since a large surface area is critical for both a 

fast reaction and good mixing o f the recycled titanate with black liquor. 

The E D X analysis along the cross-section o f T i 0 2 particles showed that 
sodium diffuses into the T i 0 2 particle, forming a very sharp front. This indicates 
that the direct causticization reaction proceeds according to the shrinking-core 

model, i.e. the reaction at the reaction front is fast compared to the diffusion o f 

N a 2 C 0 3 to the reaction interface. Consequently, the diffusion o f N a 2 C 0 3 is the rate-

determining step for the reaction between T i 0 2 and sodium carbonate. 
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A B S T R A C T 

The kinetics o f the direct causticization reaction between sodium tri-titanate 
and sodium carbonate in a pressurized entrained-flow reactor has been studied 
using both pure sodium carbonate and black liquor solids. The experiments were 

carried out at 900°C, 950°C and 1000°C, at pressures o f 0.5 MPa and 1 MPa, in 
pure nitrogen and in 2% carbon dioxide. The experimental results showed that 

sodium penta-titanate formation is faster wi th black liquor than wi th sodium 
carbonate, and that the rate increases with temperature. Furthermore, carbon 

dioxide in the reaction gases slows down the reaction rate and no clear influence o f 

pressure was seen on the reaction rate. The reaction rates for the direct 
causticization reaction between sodium tri-titanate and sodium carbonate was 

found to be fast enough to be carried out in an entrained-flow reactor system, e.g. a 
Chemrec gasification system. 

I N T R O D U C T I O N 

Intensive research and development work has been carried out for more than 
15 years to find more efficient alternatives to conventional black liquor recovery 
[1-6]. Black liquor gasification offers the potential for increased power production, 

and direct causticization methods could replace the costly lime cycle while 

producing higher quality white liquors. In this work, the potential for combining a 

high-temperature gasification process wi th the titanate direct causticization process 

is evaluated. 
Two different gasification concepts have been developed: the Chemrec concept 

and the MTCI/Thermochem concept. Chemrec A B has been developing a system 
for gasification of black liquor centering on an entrained-flow reactor that converts 

1 



the liquor into a molten smelt and a combustible fuel gas. Two variants o f the 
system are being pursued: an atmospheric "booster" version, aimed at providing 

incremental black liquor processing capacity, and a pressurized version, intended to 

be replacement technology for recovery boilers. Development o f the booster 

system has been successful enough that it is now offered commercially as a means 
for relieving overloaded boilers or providing additional capacity [7] . The more 

complex pressurized system is still undergoing development, and is in the pilot 

phase. The MTCI/Thermochem system utilizes indirect heating o f a steam-
fluidized bed o f sodium carbonate solids to recover energy and cooking chemicals. 

Black liquor is injected directly onto the fluidized particles, where the liquor 
droplets coat the bed solids uniformly and the bed temperatures are well below 

liquid smelt formation. This system is now ready for commercial installation [8]. 

Heavy 
black liquor 

Absorption 
Product gases 

Tt02 

Make-up 
• 

H S 
ABSORPTION 

B L A C K L I Q U O R 
G A S I F I E R 

Reaction 1 and 2 

Air/Oxygen 

4Na2Q5TiQ2 

L E A C H I N G 
OF NaOH 

Reaction 3 

Naß3Ti02 SEPARATION 
WASHING 

Sulphide-rich 
white liquor 

Sulphide-lean 
white liquor 

• 

Water 

Fig. 1. A kraft black liquor gasification process with direct causticization. 

Another promising concept is the direct causticization process (Fig. 1), where 

not only the recovery boiler is replaced by a gasifier but also the conventional lime 

cycle is replaced by a titanate cycle with direct causticization in the gasifier. The 

titanate process has several advantages over the conventional recovery process, 

such as: fewer process steps, which gives lower capital cost [9] , a higher white 

liquor concentration [10] and the production o f white liquors o f different 

sulphidities. Moreover, the titanate process is more energy efficient than the 

conventional recovery process [11]. In the titanate process, sodium carbonate reacts 

in the gasifier wi th recycled sodium tri-titanate ( N a 2 O 3 T i 0 2 ) or added titanium 

dioxide to form solid sodium penta-titanate (4Na 2 0-5Ti0 2 ) and carbon dioxide. 

The temperature should be above 840°C in order to achieve sufficiently high 

reaction rates [12]. The main reactions involved are considered to be: 
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N a 2 C 0 3 (s,l)+ 3 T i 0 2 (s) <-> N a 2 0 - 3 T i 0 2 (s) + C 0 2 (g) (1) 

7 N a 2 C 0 3 (s,l) + 5 ( N a 2 O 3 T i 0 2 ) (s) <-> 3 ( 4 N a 2 O 5 T i 0 2 ) (s) + 7 C 0 2 (g) (2) 

The sodium penta-titanate formed in the gasifier is leached wi th water, forming 

solid sodium tri-titanate and sodium hydroxide (white liquor), see Reaction (3). 

3 (4Na 2 0-5Ti0 2 ) (s) + 7 H 2 0 <-> 14 NaOH (aq)+5 ( N a 2 0 - 3 T i 0 2 ) (s) (3) 

The sodium tri-titanate is separated f r o m the white liquor and recycled to the 
gasifier/reactor. The remaining solution is a sulphur-lean white liquor. The H 2 S is 

separated f rom the gasification gas and can be used to produce an aqueous sulphur-
rich stream. Consequently, white liquors o f varying sulphidity can be obtained. 

The characteristics and, thus, the economy o f this process depend on the 

causticization reactions. So far, these reactions have been studied only at 

atmospheric pressures and at temperatures below 880°C, mainly wi th sodium 

carbonate instead o f black liquor [12-16]. Furthermore, these studies have been 
performed using either bench scale equipment or a fluidized bed pilot plant and 

reaction models have been developed under these conditions [13]. A very 

interesting solution would be to combine the technique f rom the Chemrec process 
with the chemistry in the titanate process, which could result in a more efficient 

and less expensive process compared to other gasification process suggested so far 
[9]. Therefore, in this study, the causticization reaction was studied at higher 

pressures (0.5 and 1 MPa) and at higher temperatures (900-1000°C), using both a 

reference material (sodium carbonate) and black liquor. Moreover, this study was 
performed in an entrained-flow reactor, i.e. the conditions in this study were 

similar to the Chemrec conditions. Finally, the reaction models developed for 
lower temperatures and pressures were extrapolated to the higher temperatures and 

pressures, and compared to the conversion of sodium tri-titanate obtained 

experimentally in this study. 

K I N E T I C M O D E L S F O R S O L I D P H A S E R E A C T I O N 

The model for the conversion degree in the entrained-flow reactor takes both 

kinetics and mass and heat transfer into account in order to estimate the degree o f 
conversion of sodium carbonate in the black liquor. This is done using Matlab wi th 

the fol lowing input data: 

• Reaction temperature and pressure. 

• Gas velocity and gas concentration o f carbon monoxide, hydrogen, carbon 

dioxide, water, nitrogen, hydrogen sulphide and oxygen. 

• The grain radius and the agglomerate particle radius o f the solid material. 

• The Arrhenius parameters for the kinetic model chosen. 
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The convective heat transfer coefficient is calculated by using heat transfer 

correlations for a sphere in gas f low. The viscosity and thermal conductivity o f the 

f lu id used in the heat transfer correlations are estimated by using conventional 

methods [17]. More details concerning the physical and chemical data used in the 

model can be found in the Appendix. 
The kinetic models used in this study are the Valensi-Carter model, the phase 

boundary reaction model, based on spherical geometry, and a "modified shrinking-
core model" (see Table I ) . In the modified shrinking-core model, the product 

growth is influenced by both diffusion and first-order reaction, and assumes a 

sphere reacting f rom the surface inwards. The change o f the total radius is taken 

into account by using the ratio z, as in the Valensi-Carter model. 

T A B L E I 

M O D E L S U S E D T O D E S C R I B E S O L I D S T A T E R E A C T I O N S , W H E R E k I S T H E 

R A T E C O N S T A N T , t T H E T I M E , z T H E V O L U M E O F P R O D U C T F O R M E D P E R 

V O L U M E O F R E A C T A N T C O N S U M E D , r T H E R A D I U S A N D r„ T H E I N I T I A L 

R A D I U S O F T H E S P H E R E 

M O D E L R A T E - C O N T R O L L I N G 

S T E P 

E Q U A T I O N ( D I F F E R E N T I A L F O R M ) 

Valensi-Carter, 
[18] 

Phase-boundary 
spherical geometry, 

[19] 
The "modified 
shrinking-core 
model", [20] 

diffusion 

phase-boundary 
reaction 

Diffusion and first-
order reaction 

d- = -K 
dt 

^ = -k2 

dt 

dr 

dt 
r — 

[zr;+r\\-z)Y ) 

Note: k is the rate constant in al l cases but it has different units in the different 

rate models. 

In order to take into account the temperature dependence of the reaction rate 

constants, the Arrhenius equation is used: 

- E / 
k = A e / r t 

(4) 

where E is the activation energy (J/mol), A is the pre-exponential factor (m 2/s or 

m/s), k is the reaction rate constant (m 2/s or m/s), T i s the temperature (K) and R is 

the gas constant (8.3145 J/mol,K). The Arrhenius parameters determined by 
Nohlgren et al. [13, 21] have been used and extrapolated to the higher temperatures 

used in this study. For a more detailed description o f the models, see Nohlgren 

[20]. 
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E X P E R I M E N T A L 
Sample Preparation 

The reference material (i.e. a sodium carbonate and sodium tri-titanate 

mixture) was prepared by dissolving sodium carbonate (p.a.) in distilled water and 

then adding sodium tri-titanate (99%). The suspension was heated to its boiling 

point to evaporate the water while being stirred wi th a magnetic stirrer. When the 

concentration o f solids in the suspension had increased sufficiently, the sample was 

put in a furnace (105°C) to dry overnight. Finally, the dried sample was ground to a 

fine powder. The powder was sieved and only the size fraction below 38 urn was 

used. The molar ratio used was N a 2 0 - 3 T i 0 2 / N a 2 C 0 3 = 5/7 in all o f the 

experiments, which corresponds to the stoichiometric ratio. 

The black liquor and sodium tri-titanate mixture was prepared by mixing 

stoichiometric amounts o f sodium tri-titanate into a 50% dry solids black liquor 

solution. The stoichiometric amounts o f sodium tri-titanate were determined based 

on the N a 2 0 and K 2 0 contents in the black liquor, which were assumed to be equal 

to N a 2 C 0 3 and K 2 C 0 3 , and the reaction was assumed to proceed as Reaction (2). 

The prepared mixture was dried in a furnace (105°C) and ground to a fine powder. 

The powder was sieved and only the size fraction below 38 urn was used. 

The Equipment 
The pressurized entrained-flow reactor (PEFR) located at the Institute o f Paper 

Science and Technology, Atlanta, USA is shown in Fig. 2. It consists o f a 

conventional, laminar, entrained-flow reactor inside a pressure shell rated to 8 

MPa. Dried and sieved solids (black liquor mixed wi th sodium tri-titanate or 

sodium carbonate mixed wi th sodium tri-titanate) are fed into the reactor using a 
screw feeder housed in a separate vessel above the reactor and gas preheater. The 

solid particles are carried into the reaction zone through a cooled feed tube, 

entrained in a small fraction o f the total amount o f gas entering the reactor. The 
bulk o f the gas is preheated and enters as a secondary f low, passing through a f l ow 

straightener. The particles are heated rapidly to the temperature o f the reaction 

zone, and pass through it as they react. A t the bottom o f the reaction zone, the 
gases and particles enter a liquid-cooled nitrogen-quenching collector probe where 

very rapid cooling takes place. High temperature reactions are effectively stopped 
in progress. Residence times f rom about 0.5 to 10 seconds can be obtained by 

either adjusting the gas velocity or changing the reaction zone length by moving 
the collector probe. 
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Fig. 2. The pressurized, entrained-flow reactor. The feed vessel and particle 
collector are not shown. Dimensions are in mm. 

Conditions and Analyses 
The experiments were carried out at three different temperatures (900, 950 and 

1000°C), two different pressures (0.5 and 1 MPa), two different gas atmospheres 

(pure N 2 and 2% C 0 2 in N 2 ) and for two sample mixtures (sodium tri-titanate 

mixed wi th either black liquor or sodium carbonate), see Table IL The average gas 

velocity was set to 0.30 m/s at 0.5 MPa and 0.20 m/s at 1 MPa. The average feed 

rate for the reference material was 33 mg/s and, for the black liquor material, 50 

mg/s. 
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T A B L E I I 
E X P E R I M E N T A L C O N D I T I O N S 

Pressure 900°C 

Temperature 

950°C 1000°C 
0.5 M P a N 2 (ref.) N 2 (ref.) N 2 (ref.) 

N 2 (bis) N 2 (bis) N 2 (bis) 
2 % C 0 2 (bis) 2 % C 0 2 (bis) 2 % C 0 2 (ref.) 

2 % CO, (bis) 
1 M P a N 2 (ref.) N 2 (ref.) N 2 (ref.) 

N 2 (bis) N 2 (bis) N 2 (bis) 

2 % C 0 2 (bis) 

Notes: ref. = reference material (sodium carbonate and sodium tri-titanate) 
bis = black liquor material (black liquor and sodium tri-titanate) 

The gas concentration o f carbon dioxide at different positions in the PEFR was 

analysed on-line by a FT-IR spectrometer. The solid samples collected from the 

runs were leached and the caustic formed was determined by titration wi th HCl . A 

detailed description o f the leaching procedure can be found elsewhere [22]. The 
carbonate content in the leachate was analysed by gas chromatography (GC). In 
addition, the amount o f T i i n the solid sample was analysed by X-ray fluorescence 

(XRF) for the reference material and inductive coupled plasma (ICP) for the black 
liquor material. A l l the analyses on the solid sample can be seen in Fig. 3. 

SOLID SAMPLE 
Leaching 
in water 

LEACHATE 
Titration 

S~\ T T \ 

X r K O H C P 

Ti (total) 

Caustic (NaOH) m * . w w  , . in ledcndie m leachate 

Fig. 3. Schematic diagram of the analyses of the solid material. 

R E S U L T S AND D I S C U S S I O N 
Calculation of the Conversion 

When sodium tri-titanate reacts wi th sodium carbonate, sodium penta-titanate 

is formed via Reaction (2), which forms sodium hydroxide when leached wi th 

water via Reaction (3). Therefore, one measurement o f the conversion o f Reaction 
(2) is to determine the sodium hydroxide concentration in the solution by titration 

with HCl . However, i n accordance wi th earlier findings [23], i t was found that the 
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sodium tri-titanate also forms substantial amounts o f sodium hydroxide, probably 
by reacting to sodium hexa-titanate via Reaction (5). 

2 ( N a 2 0 - 3 T i 0 2 ) (s) + H 2 0 f-> 2 NaOH (aq)+ ( N a 2 0 - 6 T i 0 2 ) (s) (5) 

Experimental results f rom leaching the pure sodium tri-titanate showed that 57 mg 
o f NaOH is formed per gram sodium tri-titanate, which means that 43% by weight 

o f the sodium tri-titanate reacts to fo rm NaOH and sodium hexa-titanate, according 

to Reaction (5). The sodium hexa-titanate reacts in the gasifier to fo rm sodium t r i 

titanate: 

N a 2 0 - 6 T i 0 2 (s) + N a 2 C 0 3 (s,l) ^ 2 (Na 2 0-3Ti0 2 ) (s) + C 0 2 (g) (6) 

The fact that sodium tri-titanate also forms caustic is an advantage in the titanate 
process since it means that more caustic is produced per gram titanate, i.e. higher 

caustic concentrations can be obtained. However, it has not yet been studied 
whether or not the formation o f caustic f rom sodium tri-titanate is concentration 

dependent. In addition to the formation o f caustic f r o m sodium tri-titanate, the 

black liquor also contains some sodium hydroxide f r o m the beginning. 

Furthermore, W å g et al. [24] showed that the structure o f black liquor char contains 
a phenolic-ring system with free carbon sites and catalytic organo-sodium moieties. 

This structure would, upon leaching in water, fo rm NaOH and N a 2 C 0 3 . 

Consequently, the black liquor char can also form caustic upon leaching. 

In this study, the conversion o f sodium tri-titanate and sodium carbonate 
according to Reaction (2) is the focus, i.e. the caustic formed f r o m sodium penta

titanate, not the total amount o f caustic formation. Therefore, the conversion has 

been calculated as: 

_ caustic formed in the sample /g Ti - caustic formed from NT3 and BLS/g Ti 

theoretical maximum caustic formed Ig Ti - caustic formed from NT3 and BLS /g Ti 

where N T 3 = sodium tri-titanate and BLS = black liquor solids. 
A l l o f the factors in the conversion expression are presented as g per g 

titanium, since titanium is the only species constant throughout the reaction, i.e. 
some o f the organic material in the black liquor is pyrolysed or gasified. It is 

diff icul t to determine the exact amount o f sodium hydroxide formed f rom the black 
liquor in each sample, since it might change during the reaction. The value used in 

the conversion calculations is the sodium hydroxide measured in the black liquor 

from the beginning. Another method o f determining the conversion is to use the 
carbonate concentration in the leachate. However, this was found not to work so 

wel l ; the explanation is probably that carbonate is first produced and then 
destroyed during pyrolysis and gasification of black liquor [25]. This makes the 

carbonate content not only dependent on the progress o f Reaction (2), but also on 
the pyrolysis or gasification o f the black liquor. Although the conversion based on 
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the formed caustic presented above has some uncertainties, it was found to be the 
best method for the black liquor material. When the reference material is used, the 

conversion can also be calculated f rom the release o f carbon dioxide formed during 
Reaction (2). However, this method is not suitable for black liquor since the 
organic carbon also forms carbon dioxide. 

Experimental Results and Discussion 
Figures 4 to 7 show some examples o f the experimental results for the 

conversion. The conversion for the reference material is calculated based on the 

release o f carbon dioxide and the conversion for the black liquor material is 
calculated based on the formed caustic discussed above. It can be seen that, for the 

experiments at 1000°C and 1 MPa, the conversion is above 1, i.e. impossible. The 
explanation for this is probably in the assumption that the black liquor forms equal 
amounts of sodium hydroxide both after and before pyrolysis or gasification. 

Figure 4 shows an example o f a comparison between the results for the reference 
material and black liquor material. It can be seen that the reaction is much faster for 

the black liquor material compared to the reference material, which was seen for all 

o f the conditions studied. This is probably due to the sodium carbonate being more 
distributed in black liquor; this leads to a larger effective contact area between the 

sodium carbonate and the sodium tri-titanate in the black liquor material compared 
to the reference material, where the contact probably are more point-to-point 

between the particles. 

Fig. 4. Comparison between runs 
with reference material and black 
liquor material. 

Fig. 5. Comparison between runs in 
N 2 atmosphere at 0.5 M P a with 
reference material at different 
temperatures. 

Figure 5 shows a comparison between the three temperatures studied (900, 950 

and 1000°C) for runs in nitrogen atmosphere at 0.5 MPa wi th the reference 

material. The reaction rate increases considerably as the temperature increases, 

which are consistent wi th earlier findings at lower temperatures, e.g. [13]. 

Consequently, the reaction rate is strongly influenced by the reaction temperature. 
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Figure 6 shows an example o f a comparison between runs in nitrogen atmosphere 

and 2% carbon dioxide atmosphere. The presence o f carbon dioxide was found to 

slow down the reaction, which is consistent wi th earlier findings [21]. Finally, no 
clear influence of the pressure has been seen (Fig. 7). 

O 9 5 0 ° C , 0.5 MPa, 2% C O ;  

• 1 0 0 0 ° C , 1 MPa, N , 

• 1 0 0 0 ° C , 1 MPa , 2% C O , 

1.2 

1.0 

S 0.8 
c 
O 
'i2 0.6 
0) 
> 
C 

0.4 

0.2 

0.0 

o 

9 5 0 ° C , 0,5 MPa , bis 

9 5 0 ° C , 1 MPa , bis 

9 6 0 ° C , 0.5 MPa , ret 

9 5 0 ° C , 1 M P a , ref. 

1 0 0 0 ° C , 0 5 MPa , ref 

1 0 0 0 ° C , 1 M P a . ref 

Time (s) Time (s) 

Fig. 6. Comparison between runs in 
nitrogen atmosphere and runs in 2% 
carbon dioxide atmosphere. 

Fig. 7. Comparison between runs at 
0.5 M P a and 1 MPa. 

Modelling Results and Discussion 
As discussed above, three different kinetic models; the Valensi-Carter, phase 

boundary and the modified shrinking-core model, were used to model the 

conversion degree. The particles are assumed to be spherical, consisting o f small 

grains clogged together as larger agglomerates. In all the models, an init ial grain 

radius o f 0.74 urn and an agglomerate radius o f 38 um have been used. The grain 

radius is the radius used for the mass transfer in the kinetic models, while the 
agglomerate radius is used in the heat transfer equations. The grain radius is 

estimated by assuming spherical particles and using the BET specific surface area 

(1.19 g/m 2) and the density for the sodium tri-titanate material (3400 kg/m 3 ) . 
When the modelling results and experimental results are compared, the 

reaction time (which is based on the particle velocities in the reactor) is important. 

The particle velocity was calculated f rom the gas f l ow entering the reactor based 
on a laminar f low profile, assuming that the particle velocity is equal to the gas 

velocity and that the particles stay in the middle o f the f low profile, i.e. the 

maximum velocity in the laminar f l ow profile. 

Figures 8a and 8b show examples o f comparisons between experimental results 
and the models for experiments in N 2 atmosphere and 2% C 0 2 respectively. It can 

be seen that all o f the experimental results are much faster than predicted by the 

models, both for the reference material and the black liquor. However, since the 
reference material reacts slower than the black liquor material, there is a smaller 

difference between the experimental results for the reference material and the 

models. The difference between the experimental results and the models is 

probably due to the reaction constants in the models, which are extrapolated f r o m 
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experiments at temperatures o f 800-880°C, which are near the melting point o f 

sodium carbonate (858°C). The temperatures in this work are 900-1000°C, so there 

is a l iquid phase, and hence faster kinetics. Furthermore, the temperatures are also 

much closer to the melting point of sodium penta-titanate (1030°C) and sodium t r i 

titanate (1130°C). The change between solid and l iquid phases, and the fact that the 

temperature is much closer to the melting point o f the sodium titanates, might give 

rise to other mechanisms that could determine the overall reaction rate, since the 

mobility o f the material increases when the solids approach the l iquid phase. 

In addition to the difference between the models and the experimental results, 

it could also be seen that the models showed the same results at 0.5 MPa as at 1 

MPa. In the kinetic models, there is no pressure influence; the pressure only 

influences the heat transfer rate. Consequently, in this case, the heat transfer is 

faster than the mass transfer. 

0 1 2 3 4 5 0 1 2 3 4 5 

Time (s) Time (s) 

(a) (b) 
Fig. 8. Comparison between experimental results and the models at 1000°C 

and a) N 2 atmosphere b) 2% C 0 2 atmosphere. 

C O N C L U S I O N S 
The experimental results showed that the formation o f sodium penta-titanate is 

faster wi th black liquor than wi th sodium carbonate, and that the rate increases with 

temperature in both cases. Furthermore, carbon dioxide in the reaction gases slows 

down the reaction rate and no clear influence o f pressure was seen on the reaction 

rate. 

The models predicted slower kinetics than the experimental results: this is 

probably due to the reaction constants in the models, which are extrapolated f rom 

experiments at 800-880°C. In this case, the temperatures are between 900°C and 

1000°C, which are above the melting point o f sodium carbonate (858°C) and closer 

to the melting point o f sodium penta-titanate (1030°C). This might give rise to 

another mechanism, since the mobility in the material increases when the solids 

approach the l iquid phase. 

The reaction rates for the direct causticization reaction between sodium t r i 

titanate and sodium carbonate was found to be fast enough to be carried out in an 

11 



entrained-flow reactor system, e.g. a Chemrec system. Consequently, there is great 
potential for the combination o f the titanate process and the Chemrec process. 

N O M E N C L A T U R E 
A pre-exponential factor in the Arrhenius expression for k (m 2/s or m/s) 

E the Arrhenius activation energy (J/mol) 

k reaction rate constant 

k, the Valensi-Carter rate constant (m 2/s) 

k2 
the phase boundary rate constant (m/s) 

k3 
a constant related to the first order reaction rate (m/s) 

k4 a constant related to the lumped dif fus ivi ty (m 2/s) 
r the radius 

r0 
initial radius o f the sphere (m) 

R gas constant (8.3145 J/mol,K) 

t time (s) 
T temperature (K) 
X degree o f conversion (-) 
z volume o f product formed per volume reactant consumed (m 2 /m 3 ) 

A P P E N D I X 
Since the compressibility factor Z is approximately equal to 1.0 for most of the gas 

mixtures considered in this case, the gas is assumed to behave as an ideal gas when the gas 
density and gas volume are calculated. It is very difficult to find literature values for some 
of the physical and chemical data used in this model, e.g. the thermal conductivity, k p , and 
the emissivity, e, for sodium tri-titanate or sodium penta-titanate. Consequently, they had to 
be approximated by values for similar compounds. For compounds such as brick, pyrex, 
silica, chalk, calcium sulphate and concrete, the thermal conductivity ranges between 0.35 
and 1.4 W/m,K, but salt has a value of 7.1 W/m,K [26]. Furthermore, titanium dioxide has 
values between 6.5 and 3.3 W/m,K depending on the temperature. Therefore, a value of 3.5 
W/m,K for the thermal conductivity was used. In order to study the influence of the thermal 
conductivity in the model, values between 0.35 and 10 W/m,K were tested; it was found 
that they all gave almost identical results. A similar approximation was made for the 
emissivity: compounds such as brick, concrete, silica, poresilin and glass have an 
emissivity between 0.6 and 0.93 [26]. Alumina oxide, a highly oxidized metal, has an 
emissivity of 0.25; values between 0.25 and 0.95 for the emissivity were therefore tested in 
the model, and it was found that they all gave almost identical results. Consequently, an 
emissivity of 0.8 was chosen for the model. 
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A B S T R A C T 
The fate o f carbon in black liquor has been studied in a pressurized entrained-

f low reactor in the presence o f sodium titanates, i.e. under direct causticization 

conditions. The experiments were carried out at temperatures o f 900°C, 950°C and 

1000°C, at pressures o f 0.5 MPa and 1 MPa and in atmospheres o f pure nitrogen or 

nitrogen wi th 2% carbon dioxide. The experimental results showed that char 

carbon was gasified both in the presence and absence o f carbon dioxide. For the 

black liquor used in this work, the char carbon was gasified f r o m two to four times 

faster i n carbon dioxide than in nitrogen. Carbon was gasified faster at higher 

temperatures in both the presence and absence o f carbon dioxide. The rate o f 

gasification was slightly faster at 0.5 MPa than at 1 MPa total pressure, both in 

nitrogen and 2% carbon dioxide. CO was found to be the main carbon gas formed 

f rom the black liquor in all o f the experiments. 

I N T R O D U C T I O N 
Intensive research and development work has been carried out for more than 

15 years to find more efficient alternatives to conventional black liquor recovery 
(e.g. [1-6]). Black liquor gasification offers the potential for increased power 

production, and direct causticization methods could replace the costly lime cycle 

while producing higher quality white liquors. In this work, the potential for 

combining a high-temperature gasification process (e.g. Chemrec process) wi th the 
titanate direct causticization process is evaluated. A more detailed background o f 

the gasification processes and the direct causticization process can be found in the 
first paper o f this series. 
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One o f the key objectives o f black liquor gasification is to convert organic 

carbon into fuel gas. Although a large number o f studies have been reported on the 
topic of carbon conversion during black liquor pyrolysis (e.g. [7-9]) and 

gasification (e.g. [10-14]), only one has been performed so far in the presence o f 

sodium titanium compounds [15]. Zeng [15] studied carbon conversion at 

atmospheric pressure in a fluidized bed reactor. A very interesting alternative 

would be to combine the Chemrec-type gasification technology wi th the direct 
causticizing chemistry o f the titanate process. This combination could result in a 

more efficient and less expensive technology compared to the other gasification 

processes suggested so far [16]. Therefore, in this work, the carbon and carbon 
species transitions were studied at higher pressures (0.5 and 1 MPa) and at higher 

temperatures (900-1000°C), using black liquor mixed wi th sodium tri-titanate. 
Moreover, this study was performed in an entrained-flow reactor, i.e. the 
conditions were similar to those in a Chemrec-type gasifier. 

C A R B O N R E A C T I O N S D U R I N G P Y R O L Y S I S AND G A S I F I C A T I O N 
Organic carbon in black liquor solids can be converted into CO, C 0 2 , C H 4 and 

higher hydrocarbons by gasification and pyrolysis reactions. The key gasification 

reactions involved are: 

Reactions (3)-(7) are those responsible for converting char carbon to gases, 

since elemental oxygen is consumed rapidly in gas-phase reactions wi th the 
combustible products of pyrolysis and gasification. Gasification wi th water vapour 
(Reaction (4)) proceeds more rapidly than Reactions (3) and (5)-(7) at temperatures 

below 900°C. A t higher temperatures, however, Reactions (6) and (7) become 

increasingly important. Even in the absence o f gasifying gases, gasification can 

proceed by Reactions (6) and (7); about one third of the carbon in black liquor char 

can be gasified by these reactions [17]. 

C(s) + 0 2 ( g ) ^ C 0 2 ( g ) 

C(s) + ' / 2 0 2 ( g ) ^ C O ( g ) 

C(s) + C 0 2 ( g ) - > 2 C O (g) 

C(s) + H 2 0 ( g ) ^ C O ( g ) + H 2 ( g ) 

C(s) + 2 H 2 ( g ) ^ C H 4 ( g ) 

2C(s ) + N a 2 C 0 3 (s , l )<->2Na (g) + 3CO(g) 

4 C ( s ) + N a 2 S 0 4 (s,l) - > N a 2 S ( s , l ) + 4 C O ( g ) 

C O ( g ) + ' / 2 0 2 ( g ) ^ C 0 2 ( g ) 

CO(g) + H 2 0 ( g ) - > C 0 2 ( g ) + H 2 ( g ) 

CO (g) + 3 H2 (g) -> CH4 (g) + H 2 0 (g) 

H 2 ( g ) + ' / 2 0 2 ( g ) ^ H 2 0 ( g ) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 
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When sodium tri-titanate is present in the gasifier, C 0 2 w i l l also be generated 
by the direct causticization reaction: 

7 N a 2 C 0 3 (s,l) + 5 ( N a 2 0 • 3 T i 0 2 ) (s) <-» 3 ( 4 N a 2 0 • 5 T i 0 2 ) (s) + 7 C 0 2 (g) (12) 

The C 0 2 produced is available to react wi th char carbon via Reaction (3). 

E X P E R I M E N T A L 
Sample Preparation 

The black liquor and sodium tri-titanate mixture was prepared by mixing 
stoichiometric amounts o f sodium tri-titanate into a 50% dry solids black liquor 
solution. The elemental composition o f the used kraft black liquor is shown in 

Table I . 

T A B L E I 
T H E E L E M E N T A L C O M P O S I T I O N O F T H E 

K R A F T B L A C K L I Q U O R  
Weight % in Dry Solids 

C 34.8% 
H 3 . 1 % 

O 36.4% 

N 0.2% 
S 5.2% 

Na 18.1% 

K 1.5% 
Cl 0 . 1 % 
Others (Ca, Si, Fe, 0.6% 
M g , A l , M n )  

The stoichiometric amount o f sodium tri-titanate were determined based on the 

Na 2 0 and K 2 0 contents in the black liquor, which was assumed to be equal to 

N a 2 C 0 3 and K 2 C 0 3 , and the reaction was assumed to proceed as Reaction (12). 

The prepared mixture was dried in a furnace (105°C) and ground to a fine powder. 

The powder was then sieved and only the size fraction below 38 um was used. 

The Equipment 
The pressurized entrained-flow reactor (PEFR) located at the Institute of Paper 

Science and Technology, Atlanta, USA, was used to conduct the experiments 

reported in this study. It is described in detail in the first paper o f this series. 

Conditions and Analyses 

The experiments were carried out at three temperatures (900, 950 and 1000°C), 

two pressures (0.5 and 1 MPa) and in two gas atmospheres (pure N 2 and 2% C 0 2 in 

N 2 ) . Table I I summarizes the combinations o f these variables. 
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T A B L E I I 
E X P E R I M E N T A L C O N D I T I O N S 

Pressure 900°C 

Temperature 

950°C 1000°C 

0.5 M P a 

1 M P a 

N 2  

2 % C 0 2 

N 2 

N 2  

2 % C 0 2 

N 2 

N 2  

2 % C 0 2 

N 2  

2 % C 0 2 

The average gas velocity in the reactor was set at 0.30 m/s when the reactor 

operated at 0.5 MPa, and 0.20 m/s when it operated at 1 MPa. The average feed 

rate o f the black liquor material was 50 mg/s. 
The concentrations of CO, C 0 2 , C H 4 , C H 3 O H , C 2 H 4 , and C 2 H 2 in gas sampled 

at different positions in the PEFR were analysed on-line by a Fourier transform 
infrared (FT-IR) spectrometer (Nicolet Nexus 470 with 4 meters path length). Gas 

samples were collected during the runs in Tedlar gas sampling bags; COS and CS 2 

were analysed by gas chromatography (GC) using a Hewlett Packard 6850 gas 
Chromatograph. The solid samples collected f r o m the runs were analysed for total 

carbon. In addition, the amounts o f titanium and sodium in the solid samples were 

analysed by inductive coupled plasma (ICP). 

R E S U L T S AND D I S C U S S I O N 
Carbon in the char 

The fraction o f carbon remaining in the char shown in Figs. 1, 2 and 4 is 

calculated f r o m the ratio of carbon to titanium in the char sample divided by the 

total carbon to titanium ratio in the black liquor solids before reaction. This method 
o f calculating the fraction o f carbon remaining in the char was chosen since 

titanium has a low volatility, and the amount o f titanium in the condensed phase is 

expected to be constant during the reaction process. Furthermore, the reaction time 
for the particles was estimated as described in the first paper o f this series. 

The amount o f total carbon in the remaining char decreased wi th increasing 

reaction time (Figs. 1, 2 and 4). In some cases, less than 10% o f the carbon in the 
black liquor remained in the char after four seconds of residence time. 

In Figs, l a and l b , the pressure influence on the gasification o f carbon can be 
seen under pyrolysis and gasification conditions, respectively. It can be seen that 

less carbon remains in the char at the lower pressure after a reaction time o f 1.5-2 

seconds both under pyrolysis and gasification conditions. However, the linear 

slopes indicate that the carbon gasification rate is greater at 1 MPa than at 0.5 MPa. 

This conflicts wi th earlier data obtained at much lower temperatures (600-800°C) 
reported by, for example, Frederick et al. [13] and Saviharju et al. [14], The 

reasons for this difference require further investigations. 
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Fig. 1. The effects of pressure on the total carbon remaining in the char, 

a) under pyrolysis at 950°C and b) under gasification at 1000°C. 

Figures 2a and 2b show the effect o f temperature on the carbon remaining in 
the char under pyrolysis and gasification, respectively. As expected, i t can be seen 

that less carbon remains in the char when the temperature increases under both 
pyrolysis and gasification conditions. However, the rate o f carbon gasification, 

which can be represented by the linear regression o f the data points, is lower at 

1000°C than at 900°C. This could be due to increasing vaporization o f sodium and 
potassium at higher temperatures. Alka l i metals act as catalysts in the gasification 

o f carbon with water vapour or C 0 2 . A substantial loss o f sodium and potassium 

from the char has been found to occur at temperatures o f 900°C and above [18]. As 
a result o f the loss o f this catalyst, less carbon is gasified and more remains in the 

char. The sodium measured in the char i n this study corresponds to a loss o f 

sodium f rom the char o f about 5 to 15%; however, the analytical results were too 
scattered to show any clear temperature dependence. Figure 3 contains the 
approximated carbon gasification rate versus average fraction o f carbon remaining 

in the char. The carbon gasification rates were estimated by taking the linear slopes 

o f the three data points for each set of data in Figs. 2a and 2b. Figure 3 shows that 

the rate o f carbon gasification decreases as the remaining carbon in the char 
decreases when comparing the average fraction o f carbon remaining in the char for 
each set o f data. Furthermore, the rate o f carbon gasification is greater under 

gasification conditions, i.e. when C 0 2 is present, which is expected since C 0 2 

gasifies the carbon according to Reaction (3). 
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Fig. 3. Approximated rate of carbon gasification versus average fraction of 
carbon remaining in solids. 

The data in Figs. 4a and 4b shows the difference in carbon retained in the char 

between pyrolysis and gasification (in 2% C 0 2 ) conditions at 950°C and 0.5 MPa, 

and at 1000°C and 1 MPa respectively. It can be seen that, at residence times 

greater than two seconds, less carbon remained in the char when C 0 2 was present 

but, at short residence times, carbon had been converted to gases faster under 

pyrolysis conditions than when 2% C 0 2 was present. However, i n the range o f 

reaction times for which data is available, the rate o f gasification o f fixed carbon is 

faster when C 0 2 is present, as indicated by the linear slopes o f each set of data. 
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Fig. 4. The effects of the composition of the reaction gas on the total carbon 
remaining in the char, a) at 950°C and 0.5 MPa and b) at 1000°C and 1 MPa . 

In Figs. 1, 2 and 4 it can be seen that the conversion o f carbon to volatile 
species during the first second o f reaction must have been faster at lower pressure, 
higher temperature and in nitrogen atmosphere, although the rate o f carbon 

gasification after a reaction time o f 1.5-2 seconds is slower under these conditions. 

There are at least two possible explanations for this. First, the char yields f rom 

pyrolysis of biomass increase wi th increasing pressure (e.g. [19-20]). 
Devolatilization o f black liquor proceeds rapidly, and would be complete wi thin a 
few tenths o f a second at the experimental conditions employed here [17]. Higher 

yields o f char would therefore be expected at higher pressures. The second factor is 

that sodium volatilization increases rapidly wi th temperatures (e.g. [21-22]), but is 

suppressed by C 0 2 [23]. Alka l i metals are known to catalyze carbon gasification; 
the rate o f gasification o f black liquor char has been shown to increase wi th the 
ratio o f sodium to carbon [24]. Volatilization o f sodium reduces the sodium content 

of the char, this would slow the rate o f gasification o f carbon. The combined 

impact o f gasification pressure and temperature on the various factors that control 

the rate o f carbon gasification are clearly not wel l enough understood. Further 
investigation o f these phenomena is needed. 

It should be observed that the experiment at 1000°C and 1 MPa in 2% C 0 2 

atmosphere (see Fig. l b and 4b) has only two measuring points. This data has 
therefore more uncertainties than that f rom the other experiments, as they all have 

three data points. In addition, the two experiments that resulted in these two data 
points were those with the poorest closure o f the total carbon balance, discussed 

later in this paper and shown in Fig. 6. Consequently, these data points could be 
connected with larger uncertainties than the other data points. 

Finally, it should be noted that mass balance calculations based on the 

elemental composition o f the black liquor (Table I) showed that it contains enough 
oxygen and hydrogen to gasify over 90% o f the carbon in the black liquor under 

pyrolysis conditions. These calculations were made assuming that all o f the sulphur 

in the black liquor is converted into sodium sulphide, all o f the remaining sodium 

and the potassium form sodium carbonate and potassium carbonate, all o f the 
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remaining oxygen forms carbon monoxide, and all o f the hydrogen forms (CIL), , . 
This is consistent with the fact that more than 80% o f the carbon was found to be 

gasified under pyrolysis conditions in some experiments (Figs. 1, 2 and 4). 

Carbon gases 
Figure 5 shows a typical example o f the gas composition as a function o f 

particle residence time. CO was the main carbon gas formed f rom black liquor in 
all o f the experiments. In the pyrolysis experiments, C 0 2 was the second main 

component and C H 4 the third. The other carbon gases measured were C 2 H 2 , COS, 

C 2 H 4 , C H 3 O H and CS 2. The concentration o f these gases was much lower than CO, 

C 0 2 and C H 4 . Less than 2.5% o f the carbon in the black liquor was recovered as 
C 2 H 2 ; less than 0.6% as COS; less than 0.3% as C2FL,; less than 0.15% as C H 3 O H 
and less than 0.02% as CS 2 . 

It should be noted that the gas samples in Figs. 5 and 7 - 1 0 were collected 

differently at different residence times. In general three experiments were carried 

out at each combination o f temperature, pressure and gas composition. These 
experiments were carried out wi th different total reaction times by changing the 

length o f the reaction zone, and thereby the residence time, o f the reacting 

particles. For each o f these experiments, gas samples were collected f r o m two side 
ports along the reaction zone and f rom the bottom of the reactor. Therefore, the 

data points at the two shortest residence times in Figs. 5 and 7 - 1 0 represent an 

average o f the gas samples taken through the two side ports f r o m the three 
experiments at each combination o f temperature, pressure and gas composition. 

The data points at the three longer residence times in Figs. 5 and 7 - 1 0 represent 

the analyses of the gas collected at the bottom o f the reactor in the three different 

experiments, with each residence time representing one experiment. 
The data in Fig. 5 shows a maximum in the concentrations o f total carbon in 

gas phase, CO, C 0 2 , C H 4 and C 2 H 2 at a residence time o f 1.4 seconds; the reason 

for this maximum is discussed later in the paper. CO, C 0 2 and methane reached 
nearly constant values within 2-3 seconds o f residence time. The ethylene 

concentration decreased after the maximum and, for some experiments, ethylene 
disappeared within three seconds. The other carbon-containing gases were at very 

low concentrations during the whole reaction interval. 
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In some o f the gasification experiments (with 2% C 0 2 in the feed gas), more 
C H 4 than C 0 2 was formed f rom the carbon in the black liquor, although the 

opposite would be expected in all o f the cases, based on equilibrium 
considerations. Less C H 4 was formed during gasification than pyrolysis; therefore, 

it was probably the amount o f C 0 2 i n the gas phase that came f r o m the black liquor 
that was surprisingly low, and not the amount o f C H 4 that was surprisingly high. It 

is d i f f icul t to determine quantitatively the amounts o f C 0 2 and CO formed f rom the 
carbon in black liquor during gasification experiments when there is 2% carbon 

dioxide in the incoming gas mixture. The increase in C 0 2 concentration is small, 
typically around 200 to 2000 ppm, when compared wi th its concentration in the 

incoming gas. Moreover, some C 0 2 is converted into CO by both gasification and 
via the water gas shift reaction, reacting wi th water vapour formed during 
devolatilization o f the black liquor solids. Therefore, the reason for f inding more 

CLL than C 0 2 is probably the d i f f icul ty in determining the amount o f C 0 2 . This 

can also be seen in the carbon balance closure (Fig. 6), where closure was often 

poorer for experiments performed in a 2% C 0 2 atmosphere than in an N 2 

atmosphere. The carbon balances presented in Fig. 6 are based on the 

measurements o f total carbon in the char and the total amount o f carbon found in 

the gas phase calculated f rom the measurements o f different gaseous carbon 
species. A carbon balance closure within ±15 percent was obtained in about two-

thirds o f the runs. 
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Fig. 6. The carbon balance based on the measurements of total carbon in the 
char and the total amount of carbon found in the gas phase. 

A n example o f the effect o f pressure on C 0 2 , CO and C H 4 formation is shown 
in Fig. 7. For all o f these gases, the concentration levels reached within 2-3 seconds 

were about the same, independent o f pressure. In the experiments at the higher 

pressure, the maximum in concentration was slightly higher and occurred later. 
Table I I I summarizes the pressure effect o f the other carbon gases. Higher 

maximum concentrations o f C 2 H 2 and C 2 H 4 were obtained and, in some cases, they 

were not completely destroyed at higher residence times at the higher pressure. For 

COS, C H 3 O H and CS 2 , on the other hand, no effect o f pressure was observed. 
Figures 8a and 8b show an example o f the effect o f temperature on C 0 2 , CO 

and C H 4 formation during pyrolysis in nitrogen. More CO and C H 4 , but less C 0 2 , 

was obtained when the temperature was increased, which is consistent wi th what 
Zeng [15] found during atmospheric conditions. The concentration o f C 2 H 2 

decreased wi th increasing reactor temperature. The concentration o f methanol 

increased wi th decreasing temperature but only at very short residence times; no 
temperature influence was observed at longer residence times. No clear indication 

o f a temperature influence on the formation o f COS, CS 2 and C 1 H 4 could be seen 

(Table I I I ) . 
In Fig. 9 the influence o f the reaction gas composition (i.e. pure N 2 or 2% C 0 2 

atmosphere) on C 0 2 , CO and C H 4 formation can be seen. For CO, there was no 
clear difference between reactions in pure N 2 and 2% C 0 2 . More o f both C 0 2 and 

C H 4 were formed during pyrolysis conditions. However, the difficulties in 
determining changes in the C 0 2 and CO concentration discussed earlier should be 

kept in mind. Pyrolysis conditions also gave a higher maximum C 2 H 2 formation 

than the gasification conditions (Table I I ) . For COS, more was obtained in 2% C 0 2 

than during pyrolysis. No clear indication of a gas atmosphere influence on the 

formation o f C H 3 O H and C 2 Ht was seen (Table I I I ) . 
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T A B L E I I I 
E F F E C T O F G A S A T M O S P H E R E , P R E S S U R E AND T E M P E R A T U R E ON 

C A R B O N G A S E S 

Gas 
component 
(max. cone.) Gas atmosphere 

Effect of 

Pressure Temperature Comments 

C 2 H 2 A higher Higher Higher Maximum 

(<2.5%) maximum in pressure temperature cone, at 1-1.5 
C 2 H 2 formation gives a gives less C 2 H 2 s, then 

in N2-atmosphere higher decreasing 

maximum o f towards zero 

C 2 H 2 

C O S More COS No pressure No temperature 

(<0.6%) formation in effect effect 
C0 2-atmosphere 

C 2 H 4 No clear effect Higher No temperature 

(<0.3%) pressure effect 

gives a little 

more C 2 H 4 

C H 3 O H No clear effect No pressure In the beginning A constant 

(<0.15%) effect less C H 3 O H is low level. 

obtained at 
higher 

temperature. 

c s 2 

(<0.02%) No clear effect 

The total amount o f carbon in the gas phase was calculated f rom the 
measurements o f the different gaseous carbon species; the results are shown in Fig. 

10. It can be seen that a higher pressure gives a higher maximum concentration o f 

total carbon gases (Fig. 10a). A higher temperature gives a higher concentration o f 
carbon in the gas phase (Fig. 10b). The influence o f the reaction gas atmosphere 

(Fig. 10c) is more di f f icul t to determine, mainly due to the large uncertainties in the 
C 0 2 and CO f rom the carbon in the black liquor in the gasification experiments 

discussed above. 
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The results f rom the analysis o f carbon in the solids and the total amount o f 
carbon in the gas phase, calculated f rom the measurements o f the different gaseous 

carbon species, can also be compared. A t residence times longer than two seconds, 
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less carbon remained in the char when C 0 2 was present, since C 0 2 gasifies the 
carbon (Reaction (3)). This was seen in both Fig. 3 and Fig. 10c. At higher 

temperatures and longer residence times, more carbon remained in the char (Fig. 
2), probably because of increasing vaporization o f sodium, which acts as a catalyst 

in the gasification o f carbon, as discussed above. As a result of the loss o f this 
catalyst, less carbon is gasified and more remains in the char. However, more 

carbon is found in the gas phase at higher temperatures (Fig. 10b) although the 
difference is small at the end o f the reaction. Sricharoenchaikul's [17] study o f the 

influence o f temperature and reaction time on carbon gasification during pyrolysis 

and gasification found that, at higher temperatures and longer reaction times, less 
carbon is found in the char and more in the gas phase. A t a higher pressure, less 

carbon was gasified by C 0 2 than at a lower pressure (Fig. 1), However, at short 

residence times, a higher maximum o f carbon in the gas phase was found when the 
pressure was increased (Fig. 10a). 

These discrepancies between the results seen in char and gas analyses for the 
influence o f temperature and pressure can probably be explained by analytical 

measurement problems. This was also seen in Fig. 6, when a total carbon balance 

was made, resulting in poor closure o f the carbon balance with values that are 
sometimes much higher than 100%. 

Equilibrium calculations 
I n order to explain some o f the results obtained above, chemical equilibrium 

calculations were made by using a program called "FactSage" [25]. This program 
determines the equilibrium composition by minimizing the Gibbs free energy o f a 

chemical system. It was the interpretation o f the maximum in the C 0 2 and total 
carbon in the gas phase with time for which chemical equilibrium calculations were 

needed in particular. The equilibrium calculations were made for a system 
containing carbon, oxygen and sodium. The equilibrium concentration was 

calculated based on the total amounts of carbon and oxygen corresponding to the 

maximum concentrations o f CO and C 0 2 obtained in an experiment, and varying 
amounts o f sodium present. Sodium f rom the black liquor char vaporizes and can 

react in the gas phase with CO, C 0 2 and/or water vapour, e.g. according to 
Reaction (6). As sodium is vaporized during gasification, it can consume CO and 

C 0 2 , potentially reducing their concentrations. Different sodium to carbon and 

oxygen ratios were used in the equilibrium calculations to explore the impact o f 
sodium volatilization during gasification on the CO and C 0 2 concentrations i n the 

product gas. 
In Table I V , the results f r o m the equilibrium calculations are compared wi th 

the experimental data from pyrolysis at 950°C and 1 MPa. The amount o f sodium 
in the system in Table I V is equal to the total amount o f sodium in the black liquor 

solids. I f less sodium is present i n the system, a higher equilibrium concentration of 

C 0 2 > but about the same amount o f CO, are obtained. The equilibrium results show 

very low concentrations of C 0 2 , much lower than those obtained experimentally. I f 
some H 2 0 is included in the system, this is changed: the equilibrium concentration 
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of CO2 increases and, for CO and Na, the equilibrium concentration decreases 

(Table I V ) . The total amount o f carbon f r o m CO and C 0 2 decreases compared to a 
system without water. It is likely that some water was present in the system 

because o f the hydrogen and oxygen present in black liquor. Unfortunately, the 

quantitatively amount o f water vapour was never measured in the experiments, 
since there are inherent difficulties o f measuring water vapour quantitatively using 

FT-IR spectroscopy. However, a positive water peak was always present in the FT-
IR spectrogram. In the experimental data used in Table I V , 27% o f the hydrogen in 
the black liquor was found in the measured gases containing hydrogen (i.e. C H 4 , 
C H 3 O H , C 2 H 2 and C 2 H 4 ) . The amount o f water included in the equilibrium 

calculations in Table I V corresponds to about 60% o f the hydrogen in the black 

liquor. The water gas shift equilibrium (Reaction (9)) implies that about two thirds 
of the hydrogen would be in the fo rm o f water vapour. I f more hydrogen is 
included in the system, more sodium and CO are found in the gas phase and less 

C 0 2 and H 2 0 . 

T A B L E I V 
E Q U I L I B R I U M C A L C U L A T I O N S 

Start concentrations Equilibrium Experimental 
(experimental concentrations data at 2.1s 
data at 1.4s) (ppm) (ppm) 

(ppm) Without H 2 0 With H 2 0 
C 0 2 (g) 1322 34 169 670 
C O (g) 3766 3900 3400 3237 

Na (g) 1307 242 361 

H 2 0 (g) 133 

Altogether, the equilibrium calculations showed that the maximum 

concentrations obtained for total carbon and C 0 2 have a tendency to decrease i f 

sodium is vaporized and reacts wi th CO and C 0 2 . Consequently, the gasification 
and vaporization rate in the beginning are very fast and equilibrium is not 

approached unti l later. This is one possible explanation for the maximums seen 

experimentally for C 0 2 in Fig. 5 and 7-9 and for the total carbon in gas phase in 
Fig. 10. 

C O N C L U S I O N S 
Char carbon was gasified both in the presence and absence of carbon dioxide. 

Reduction o f sulphate and carbonate in the black liquor char can account for the 

gasification o f char carbon in a nitrogen atmosphere. For the black liquor used in 
this work, the char carbon was gasified two to four times faster i n carbon dioxide 

than in nitrogen. Carbon was gasified faster at higher temperatures in both the 

presence and absence o f carbon dioxide. The rate o f gasification was slightly faster 

at 0.5 MPa than at 1 MPa total pressure, both in nitrogen and 2% carbon dioxide. 
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CO was the main carbon gas formed f rom black liquor in all o f the 
experiments. A maximum in the concentrations o f CO, C 0 2 , C H 4 and C 2 H 2 was 

seen at a residence time o f 1-1.5 seconds. CO, C 0 2 and methane reached nearly 

constant values wi th in 2-3 seconds o f residence time. The ethylene concentration 

rose initially and then decreased; and for some experiments, ethylene disappeared 
within three seconds. The other carbon-containing gases were at very low 

concentrations during the whole reaction interval. 
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Summary 
Several new processes as to how chemicals in the kraft pulp process may be 

recovered have been proposed during the last four decades, but very few 

comparative studies can be found in the literature. In this paper, three chemical 

recovery processes for the kraft pulp process have been studied from an energy 
point o f view: the conventional recovery cycle, the conventional recovery cycle 

with addition of borates, which produces 10% o f the formed sodium hydroxide 
(partial autocausticization), and a titanate based recovery process (direct 

causticization). The base for the calculations is the K A M - M I S T R A model 

Reference M i l l . In this study, the production has been recalculated to 1000 A D t / d 
bleached market pulp. It was found that the energy needed for the recovery is 12 

M W in the conventional process, 12 M W in the autocausticization process and 3 
M W in the direct causticization process (the exothermic burning o f the organic 

material is excluded in all processes). These results clearly show that the titanate 

process is the most energy efficient o f the three processes studied. 
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Introduction 
The kraft process is the dominant pulping process today, and is expected to remain 

so for many years to come ( K A M Final Report, 2000). The major disadvantages o f 

the kraft process are high investment cost, high degree o f complexity and rather 
poor energy efficiency. One way o f improving these factors i n the recovery area is 

to f ind a different recovery process that minimizes these drawbacks. The first step 
in the recovery o f spent liquor is evaporation. This is a very energy efficient 

process, but the capital cost is rather high. The main parameter affecting the capital 
cost o f the evaporation plant is the dry content of the spent liquor; since the dry 

content o f the liquor depends on the digestion and washing plants, it was decided to 

exclude the evaporation plant in this study. The total heating value o f the organic 
compounds is the same irrespective o f the type of recovery process, which makes it 

possible to exclude the burning process. The covered area o f this study is, thus, 
between the melted sodium carbonate and white liquor ready to be used in the 
digester. 

The fundamental reason for the relative complexity, and hence the high 
investment cost o f conventional kraft chemical recovery, is the thermodynamics o f 

the system and properties o f sodium/alkali compounds: 

Sodium hydroxide, one o f the two basic kraft-pulping chemicals, cannot be 

produced directly f r o m the spent liquor by combustion. Hence the separate 
causticizing process and its associated lime cycle are required. 

The volatility and low melting temperatures o f the alkali compound system 

require special recovery boiler/reactor designs, which result in high capital and 
maintenance costs. 

These basic obstacles might possibly be circumvented by adding a chemical 

element, which might affect the thermodynamics of the system and properties o f 
the formed compounds favorably in the above respects. Boron or titanium have 

been considered in extensive previous work as such elements (Janson 1977, 1979; 

Kiiskilä 1979). There are a few process alternatives in varying stages o f 

development: black liquor gasification combined wi th a lime cycle, 
autocaustizicing processes based on borate (a reagent soluble in alkaline process 
solutions such as black and white liquors) and a combined gasification and direct 

causticizing process based on titanate (a solid phase reagent). The process closest 

to a commercial breakthrough is the black liquor gasification process combined 

wi th a lime cycle. The easiest to implement is most likely partial autocaustizicing 
based on boron, a conventional recovery boiler and a small white liquor 

preparation plant. The combined gasification and direct causticizing process based 
on titanate is, at present, at the end o f the research phase. 

The objective o f this study is to compare the energy potential o f the black liquor 

recovery using a lime cycle, the borate causticizing process (as an add-on to a 
conventional kraft recovery process) and the titanate causticizing process combined 
wi th black liquor gasification. 
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Description of the system 

Conventional calcium based recovery cycle 

The conventional chemical recovery cycle is described in Fig. 1. Its overall 
purpose is to recover the energy content and the process chemicals contained in the 
spent cooking liquor, the so-called black liquor. One o f the two main active 

cooking chemicals, Na 2S, is formed in the recovery boiler; the other, NaOH, is 

formed in the causticizing process. 

Weak black 
liquor 

>, 
Evaporator 

Stronq black liquor 

' J " 

Green liquor 

Recovery 
boiler 

Steam 

Salt smelt 

Dissolver 

.Weak white wash 

Lime 
Slaking and 
Causticizing Lime kiln Lime wash 

Separator 

Lime mud 

White liquor 
Fig. 1. The conventional recovery cycle. 

This is done via the reaction between sodium carbonate and calcium hydroxide 

(slaked lime), yielding sodium hydroxide and calcium carbonate (lime mud), Eq. 

[IJ, which occurs in the causticizing equipment. The heat o f reaction (for all the 

reactions) is given in kJ per mol NaOH that theoretically can be formed from the 

reaction path. 

C a ( O H ) 2 (s) + N a 2 C 0 3 (aq) <-> 2 NaOH (aq) + C a C 0 3 (s) [1] 

A H 3 7 3 K = -2.1 kJ/mol N a O H 

In order to produce the slaked lime, a lime cycle is introduced. This cycle involves 

two reactions, Eqs. [2] and [3J. 

C a C 0 3 (s) «-»CaO (s) + C 0 2 (g) [2] 

A H 1 1 2 3 K = 85 kJ/mol NaOH 
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CaO (s) + H 2 0 <-> Ca(OH) 2 (s) [3] 

AH373K = -32.5 kJ/mol NaOH 

The formation o f reburned lime mud, Eq. [2], is taken place in the lime k i l n and 

the slaked lime, Eq. [3], is produced in the slaker. The data necessary to calculate 

the heat o f reaction at normal process conditions is taken f rom Theliander (1992) 

(Eq. [1]) and f rom Perry and Green (1984) (Eqs. [2] and [3]). Observe that slaking 
and causticizing are exothermic and the calcinations is endothermic. Furthermore, 

those reactions occur at different temperatures. 

Conventional recovery cycle with the addition of borates 
(autocausticization) 

The idea behind mixing borates into the conventional recovery system is the fact 
that it is possible to increase the capacity o f sodium carbonate conversion without 

making any changes in the equipment. Grace (1991) suggested that it would be 

d i f f icu l t to switch f u l l y to the borate process, primarily due to the high dead load o f 
borates in the liquor cycle. The borates react in two places in the recovery cycle 

(Tran et al. 1999): the recovery boiler and the smelt dissolver. In the former sodium 

carbonate reacts wi th a sodium-lean borate, forming a sodium-rich borate formed, 

Eq. [4]. 

N a B 0 2 ( l ) + N a 2 C 0 3 ( l ) * - > N a 3 B 0 3 (1) + C 0 2 (g) [4] 

AH 1 0 73K=127 .6 kJ/mol NaOH 

In this reaction, the borates and the sodium carbonates are in a smelt phase (Janson 

1979), which implies that the reaction rate is high. In the dissolver, the sodium rich 

borate ( N a 3 B 0 3 ) reacts with water, forming sodium hydroxide and a borate wi th 

less sodium content (NaB0 2 ) , Eq. [5]. 

N a 3 B 0 3 (1) + H 2 0 <-> 2NaOH(aq) + N a B O 2 (aq) [5] 

AH 3 7 3 K =-125.3 kJ/mol NaOH 

The data used in the calculation o f the heat o f reaction (see Appendix A ) o f Eqs. 

[4] and [5] was taken f rom Bichowsky and Rossini (1936), Barin (1995) and Perry 

(1974), wi th temperatures of 800°C and 100°C respectively. 

The titanate based recovery process (direct causticization) 

Intensive research and development work has been carried out for more than 25 

years to f ind alternatives to the conventional black liquor recovery process (Covey 

1982; Grace, Timmer 1995; Lorson et al. 1997; Maddern 1986; Salmenoja et al. 
1994; Scott-Young, Cukier 1995). The aim has been to find a more efficient 
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process, where the ratio between electric power and steam produced is higher and 
the white liquor produced is o f higher quality, than in the conventional process. 

Ti0 2 

Make-up 

Strong 
black liquor 

Black liquor 
gasifier 

Eq. 6 and 7 

Air/Oxygen 

Sulfide-lean 
white liquor 

Fuel gases 
• 

H.S Absorption 
Eqs. 8 and 9 

I 
4Na,05TiO, 

Leaching 
of NaOH 

Eq. 10 

Na,03TiO, Separation 
washing 

Sulfide-rich 
white liquor 

Sulfide-lean 
"* white liquor 

Water 

Fig. 2. A KBL gasification process with direct causticization. 

One promising concept is the direct causticization process (Fig. 2) where not only 
the recovery boiler is replaced by a gasifier but also the conventional lime cycle is 

replaced by a titanate cycle wi th direct causticization in the gasifier. The strong 

black liquor f rom the evaporation train is fed into a gasifier together wi th recycled 

sodium tri-titanate and, i f necessary, some make-up titanium dioxide. The gasifier 

is equipped wi th a fluidized bed, where the reactions occur at 800-900°C, and 

cooling beds, where the outgoing solid material is cooled by the incoming air. This 

improves the heat economy since the air is simultaneously preheated. In the 
gasifier, sodium carbonate and sodium tri-titanate react according to Eq. [6], which 

is an endothermic reaction and most o f the sodium sulfide reacts wi th water and 
carbon dioxide to form hydrogen sulfide and sodium carbonate, Eq. [7]. 

7 N a 2 C 0 3 (1) + 5 ( N a 2 0 - 3 T i 0 2 ) (s) ^ 3 (4Na 2 0-5Ti0 2 ) (s) + 7 C 0 2 (g)[6] 

A H n 2 3 K = 30.5 kJ/mol NaOH 

Na 2S (1) + H 2 0 (g) + C 0 2 (g) ^ N a 2 C 0 3 (1) + H 2 S (g) [7] 

A H 1 1 2 3 K - -60.3 kJ/mol NaOH 

Two streams leave the gasifier: one gaseous and one solid. The gaseous stream 
contains most o f the sulfur in the form o f hydrogen sulfide (Zeng, van Heiningen 

1998). This can be separated in, for example, a monoethanolamine ( M E A ) 
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absorber, yielding a sulfide-rich stream and fuel gases. I f possible, the fuel gases 
should be used to produce electricity in a gas turbine. In the fo l lowing scrubber, 

hydrogen sulfide and carbon dioxide in the gas react wi th sodium hydroxide, 

forming sodium sulfide and sodium carbonate respectively, Eqs. [8] and [9]. 

The solid stream f r o m the gasifier, mainly containing sodium penta-titanate, is fed 

to a leaching plant where washing liquor is added: sodium penta-titanate reacts 
then with water, forming sodium hydroxide and sodium tri-titanate, Eq. [10]. 

3 ( 4 N a 2 O 5 T i 0 2 ) (s) + 7 H 2 0 o 14 NaOH (aq) + 5 ( N a 2 0 - 3 T i 0 2 ) (s) [10] 

A H 3 7 3 K = 7.6 kJ/mol NaOH 

This reaction is also endothermic. The leaching equipment consists preferably o f 

several filters, e.g. a chamber filter press, since the solid content is high (Richards 

1998). The solid material formed in the leacher can be separated f r o m the liquor by 

filtration and is recycled further to the gasifier. The liquor produced in the leaching 

plant is a sulfide-lean white liquor, which can be used to make a tailor-made white 

liquor together wi th the sulfide-rich stream formed in the scrubber or, after being 

oxidized, in the bleaching plant. Finally, this process is found to attain several o f 

the desirable goals, e.g. two different streams wi th high concentrations o f sodium 

hydroxide and sodium sulfide respectively, and production o f both electricity and 

steam. 

The values o f the heat o f reaction for Eqs. [6] - [9] are calculated from the heat 

o f formation and heat capacities reported by Eriksson and Pelton (1993), Barin 

(1995), Knacke et al. (1991) and Perry (1974) (see Appendix A ) . The values o f the 

heat of reaction are calculated at the temperature the reaction occurs, i.e. for Eq. 

[6] and [7] at 850°C, for Eq. [8] and [9] at 150°C. The sodium carbonate and 

sodium sulfide in Eq. [6] and [7] above are assumed to be in the l iquid state in the 

calculations because the mixture o f sodium carbonate and sodium sulfide is in the 

smelt fo rm at 850°C even though pure sodium carbonate and pure sodium sulfide 

are in the solid state at this temperature (see Appendix A ) . The heat of reaction for 

Eq. [10] is reported by Richards (1998), which is at 100°C. 

Process conditions used in the calculations 
In this study, the conditions in the K A M - M I S T R A model Reference M i l l ( K A M 

Final Report, 2000) were used. This Reference M i l l produces 2000 A D t / d bleached 

•23.5 kJ/mol NaOH 
[8] 

55.0kJ/mol NaOH 
[9] 
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market pulp, which has been recalculated to 1000 A D t / d in this report. White 

liquor production is 4275 t/d with a sulfidity of 35 molar % and an active alkali 

concentration o f 119 g/kg (i.e. 140 g/dm 3) for the conventional and the borate 
processes. In the titanate process, the same total amount o f sodium hydroxide and 

sodium sulfide is produced as i n the conventional case, but the active alkali 
concentration in the white liquor f rom the leaching plant is specified at 190 g/kg, 

which is considerably higher than the conventional case. 
The system boundary was chosen f r o m the salt smelt, wi th formed sodium 

carbonate, to the white liquor. In the recovery plant, there were several restrictions: 

• No heat loss in the smelt dissolver 

• No heat loss in the slaker 

• No heat loss in the lime wash 

For the titanate process, sodium carbonate and sodium sulfide at 800°C were 

chosen as the system boundary in order to be as similar as possible to the 

conventional case. White liquor is the product in this case, too, wi th two different 
white liquors being produced: one sulfide rich and one sulfide lean. Consequently, 
the concentration in the white liquors is different f rom the conventional case but, as 

mentioned above, the amount o f sodium hydroxide and sodium sulfide produced is 
constant. Inside the system, the restrictions used were: 

• No heat loss in the leaching and washing equipment 

• No heat loss in the drier 

• No heat loss in the absorption unit 

The enthalpy used in the energy balances is based on values f r o m Washburn 
(1929), Barin and Knacke (1973) and Perry (1974) for the conventional recovery 

cycle. For the titanate process, the enthalpy used is based on values from Barin 

(1995) and Eriksson and Pelton (1993). As a reference condition, the enthalpies o f 
elements are zero at 18°C and 1 atmosphere. Values o f heat o f capacity were 

obtained from Beretti and McCabe (1936), Swallow and Al ty (1931) and 
Washburn (1929) for the conventional recovery cycle and, for the titanate process, 

f rom Knacke et al (1991), Barin (1995) and Eriksson and Pelton (1993). Data for 

the enthalpies o f the borates is f rom Bichowsky and Rossini (1936) and Barin 
(1995). It was necessary to estimate some physico-chemical data for the sodium-

rich borate since published data was not found in the literature, see Appendix A . 

Conventional calcium-based recovery cycle 

The K A M - M I S T R A model factory conditions were used for the conventional 

recovery cycle. This means that the amount o f white liquor required is established, 

its concentration o f sodium hydroxide and sulfide, as wel l as its temperature. In 
order to calculate the mass and energy balances, it was necessary to specify some 

temperatures and the dry content o f the formed fi l ter cakes (Fig. 3). Af ter 

causticization, the liquor has a temperature o f 100°C, which is constant throughout 
filtration. It was also necessary to specify the amount o f other species in the white 

liquor, e.g. the content o f sodium carbonate. 
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Fig. 3. Process conditions for the conventional recovery cycle. 

Conventional recovery cycle with the addition of borates 
(autocausticization) 

Since it is highly likely that the borate causticizing process is used to boost the 

conventional cycle, it was selected as our model case, i.e. only 10% o f the formed 

sodium hydroxide was produced f r o m the borates (Fig. 4). A l l o f the borates are 

assumed to react completely. The reaction that forms the sodium-rich borate (Eq. 

[4]) is the only reaction accounted for i n the recovery boiler. 
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Fig. 4. Process conditions for the conventional recovery cycle with the addition of 

borates. 
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The titanate based recovery process (direct causticization) 

The concentration o f active alkali in the white liquor produced in the leaching plant 

in the titanate based recovery process is much higher than the concentration in the 

white liquor produced in the conventional calcium based process. In this study, an 

active alkali concentration o f 190 g/kg solution was employed, which is a 

conservative assumption based on earlier findings (Richards 1998). It should be 

noted that some o f the sodium hydroxide formed in the leacher is used in the 

absorber to fo rm sodium sulfide and sodium carbonate when absorbing the 

hydrogen sulfide and carbon dioxide f r o m the gasifier. The sulfur split in the 

gasifier is also set; 80% o f the incoming sodium sulfide reacts to fo rm gaseous 

hydrogen sulfide according to Eq. [7] (Zeng, van Heiningen 1998). Unfortunately, 

since carbon dioxide and hydrogen sulfide are both absorbable by M E A , some o f 

the carbon dioxide produced in the gasifier is also absorbed when hydrogen sulfide 

is absorbed. The selectivity for the hydrogen sulfide and carbon dioxide system 

depends, o f course, on the absorption l iquid but, generally, the selectivity factor 

(S = k H i S / k C 0 , ) varies between 0.12 and 0.36 (Kohl 1987). In this study, the 

selectivity is simplified to the assumption that for every five moles o f absorbed 

hydrogen sulfide, one mole o f carbon dioxide is absorbed. Finally, the water 

content in the salt fed to the gasifier is set at the amount o f water needed to form 

hydrogen sulfide according to Eq. [7]. 

In order to calculate the energy and mass balances, the temperature levels and 

solids contents o f the different streams had to be assumed (Fig. 5). The reaction 

temperature in the gasifier is set at 850°C and the reaction temperature for leaching 

at 100°C. The temperature o f the incoming "smelt" is set at 800°C in order to 

resemble the system boundary in the conventional case as much as possible, where 

the system boundary is the smelt at 800°C. The black liquor fed into the gasifier 

and the recycled sodium tri-titanate are heated from 800°C and 100°C respectively 

to the reaction temperature o f 850°C. After the reaction, the solids are cooled to 

500°C and the gases to 150°C. The gases are absorbed in sodium hydroxide at 

constant temperature, leaving the absorber at 150°C. The hot solids are leached 

with weak white liquor, forming the required white liquor, steam at 100°C and 

sodium tri-titanate, which is washed wi th water at 50°C. The leached and washed 

sodium tri-titanate at 50°C, wi th a solids content o f 80%, is dried with low 

temperature flue gases during the production o f steam at 100°C. Finally, the dried 

sodium tri-titanate at 100°C is recycled back to the gasifier. 
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Fig. 5. Conditions for the titanate process. 

Results 
In all the energy calculations below, the enthalpy value for the elements used 

included the formation enthalpy, which meant the reaction enthalpy was taken into 

account. 

The mass and energy f lows o f the streams in the conventional recovery cycle, as 

described in Fig. 3, are presented in Table 1. 

Table 1. Total mass and energy balances for the conventional calcium based 

Stream Mass 
(kg/s) 

Energy 
(MW) 

I N Salt smelt (1-2) 7.9 -62.2 
Water (1-7) 47.9 -754.6 

O U T Steam from dissolver (2-9) 1.65 -21.9 
Steam from slaker (4-9) 0.8 -11.1 
White liquor (6-9) 49.5 -730.6 
Gases f r o m lime k i ln (8-9) 3.8 -41.2 

S U M 0 -12.0 

A total o f 12.0 M W is required for the chemical recovery in the conventional 

method. In the smelt dissolver, a large amount o f the incoming heat wi th the salt 

smelt is released as low temperature steam. In the slaking/causticizing equipment, 
the heat f r o m the exothermic reactions (mainly the slaking reaction) is released 

from the system as low temperature steam (a small part is used to heat up the 

liquor). The lime wash has no energy requirement. The temperature o f the recycled 
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weak white wash depends instead on the amount o f heat in the incoming washing 

water. 
The mass and energy flows o f streams in the combined autocausticization and 

conventional recovery cycle is presented in Table 2 (the streams are referred to in 

Fig. 4). 

Table 2. Total mass and energy balances for the conventional recovery cycle with 

Stream Mass 

(kg/s) 

Energy 
( M W ) 

I N Salt smelt (0-1) 7.9 -62.2 

Water (0-7) 47.6 -750.2 
N a B 0 2 (0-1) 0.3 -4.7 

O U T C 0 2 ( l - 9 ) 0.2 -1.9 
Steam f r o m dissolver (2-9) 2.0 -26.7 

Steam f rom slaker (4-9) 0.7 -9.1 
White liquor (6-9) 49.5 -730.3 
Gases f rom lime k i ln (8-9) 3.4 -37.1 

S U M 0 -12.0 

Comparing this wi th the conventional recovery cycle, i t is clear that the energy 

demand is decreased in the lime k i ln but is virtually constant for the total recovery 

plant. The decreased energy demand in the lime k i ln ( f rom 13.7 to 12.3 M W ) is 
due to the smaller amount o f lime needed. However, this decrease o f energy 

demand in the lime k i ln is compensated by an increase in energy demand in the 
recovery boiler ( f rom 0 to 1.3 M W ) due to the endothermic borate reactions. 

The mass and energy flows o f the streams in the titanate process, as described in 

Fig. 5, are presented in Table 3. 

Table 3. Total mass and energy balances for the direct causticization process using 

titanates. 

Stream Mass 
(kg/s) 

Energy 
(MW) 

I N Salts (Na 2 C0 3 , Na 2S, H 2 0 ) (1-2) 8.0 -63.1 
Water (1-4) 34.6 -544.6 
Flue gases (1-5) 10.4 

O U T Steam f rom leacher (3-7) 2.5 -33.6 
Steam f rom drier (5-7) 4.0 -52.5 
White liquor (6-7) 12.2 -167.9 
White liquor (3-7) 21.8 -321.3 
Gaseous products C 0 2 (6-7) 2.1 -18.8 

S U M 0 -3.2 
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A total o f 3.2 M W is required for the chemical recovery in the titanate process, 

which is needed in the gasifier. This is approximately 27 % o f the energy demand 

in the conventional recovery cycle. The energy demand in the other units is zero 

since isenthalpic conditions were used. The amount o f released steam and 

temperature o f the weak white wash in the leaching/washing units were determined 
based on no other energy demand or release. In the drier, the amount o f energy 

required f rom the flue gases was determined based on no other energy demand or 

release, and in the absorber, the temperature o f the sulfide-rich white liquor was 
determined based on no other energy demand or release. 

Discussion 
A detailed comparison between the three processes covering every angle is not 

possible with the knowledge available today. In the case o f the borate process in 
particular, much data is unknown. A general comparison, however, can be made. 

Heat of reaction 

The heats o f reaction and the temperatures of the key-reactions are shown in Table 

4. It can be seen that all three processes include strongly endothermic reactions at 
high temperatures, the most endothermic being the causticizing reaction in the 

borate process. In this case the heat supply is f rom the burning o f black liquor. 

More than 90% o f the energy necessary for causticization is released at a low 
temperature when the salt/borate smelt is being dissolved. Less energy is needed in 

the conventional chemical recovery. About 40% of the energy absorbed during the 
calcination reaction is, however, released at a low temperature during slaking and 

causticizing. This energy is used to heat the liquor to boiling point and to vaporize 
some water; the vapor produced is condensed in a scrubber, producing water wi th a 

temperature o f about 80°C. It should be remembered that drying in the lime k i ln 

needs some 40 kJ/mol NaOH and heating o f liquor/water and solids needs some 35 
kJ/mol NaOH. The total heat demand in the lime k i ln is, thus, about 160 kJ/mol 

NaOH (heat losses are excluded), which is covered by external fuel (oi l , gas or bio-
material). Consequently, in this process, about 25 % o f the fuel is used to dry lime 
mud, 22% is used for heating (liquor/water and solids) and only about 53% is used 

for the chemical conversion. In the titanate process, less energy is needed in the 

high temperature causticizing reaction. The heat supply in this case is also f r o m the 

burning o f black liquor. A small amount o f low-grade energy (~100°C) is also 

needed during the leaching o f sodium hydroxide. In the titanate process, solid 
material must be dried, which is, however, carried out by using low temperature 

flue gases. The wet flue gases may be used for the production o f warm water. The 
heat necessary for the chemical conversion in the titanate process corresponds to 3-

4% o f the latent heat o f the organic material in the black liquor. The corresponding 

number for the lime/borate configuration discussed in this paper is 0.8 - 1.0%. 
Consequently, the production o f steam and/or electrical power in the recovery 
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boiler/gasification unit w i l l decrease by 3-4% in the titanate process and 0.3-0.4 % 
in the lime/borate process. However, the saving in terms o f having no, or reduced, 

external energy supply to the lime ki ln is approximately twice the decrease in the 
recovery boiler/gasification unit. Considering the heat o f reaction and temperature 

level, i t is quite clear that the titanate process is the most favorable alternative; the 

second best is the lime process and the least favorable conditions are found in the 

borate process. 

Table 4. The heats of reaction and temperatures of the key-reactions. 

Process/Reaction Temperature Heat of reaction 

°C kJ/mol N a O H 

Lime 
Calcination 850 85 

Slaking 100 -32.5 
Causticizing 100 -2.1 

Borate 
Causticizing 800 127.6 

Dissolving 100 -125.3 

Titanate 
Causticizing 850 30.5 

Leaching 100 7.6 

Low temperature energy generation 

Another energy aspect is the generation of low temperature energy, Table 5. The 

low temperature streams are generally used for the production o f warm water wi th 

a temperature o f 60-100°C. In the lime process, there is a production o f low 

temperature steam in the smelt dissolver and the slaker. In addition to this are low 
temperature gaseous products, C 0 2 and H 2 0 , from the lime k i ln . In the titanate 

process, there is a generation o f low temperature steam in the leaching unit caused 

by the hot sodium penta-titanate and gaseous products, C 0 2 and H 2 0 , f rom the 
dryer. The amount o f CO? is the same in all o f the process alternatives but, in the 

titanate process, the C 0 2 passes through a gas turbine producing some electrical 
power. The titanate process produces more low temperature steam compared with 

the other processes. A process that uses the borate process to 100% has not been 

considered in this work; however, the amount o f C 0 2 generated w i l l be the same 
and more steam w i l l be produced in the smelt dissolver, but no steam w i l l be 

produced in the slaking unit. The differences regarding the low temperature energy 
flows w i l l be relatively small. 
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Table 5. Generation of low temperature energy streams. 

C O N V E N T I O N A L C O N V E N T I O N A L + B O R A T E T I T A N A T E 

Energy Energy Energy 

Stream 
(MW) 

( H - H 2 9 s ) 

mass 
Stream 

(MW) 
( H - H 2 9 8 ) 

mass 
Stream 

(MW) 
( H - H 2 9 s ) 

mass 
C 0 2 ( l - 9 ) 0.04 Steam (3-7) 0.37 

Steam (2-9) 0.23 Steam (2-9) 0.28 Steam and flue 0.58 

Steam (4-9) 0.11 Steam (4-9) 0.10 
gases(5-7) 
Gaseous 0.26 

Flue gases (8-9) 0.95 Flue gases (8-9) 0.85 

products C0 2  

(6-7) 

SUM 1.29 1.27 1.21 

Dead load 

A n interesting aspect is to compare the dead load associated wi th the different 

process alternatives. Dead load is associated wi th a number o f disadvantages: high 

ion strength may be a disadvantage during the digestion o f wood chips and during 
the washing o f pulp. The dead load is certainly heated during digestion, 

evaporation and f inal ly i n the recovery boiler, which decreases the overall energy 

efficiency. In the lime process, the causticizing reaction is not totally driven 

towards complete conversion o f sodium carbonate due to the equilibrium 
conditions o f the causticizing reaction, resulting in a dead load o f approximately 

0.2 kg Na 2 C0 3 / kg NaOH. In the borate process, N a B 0 2 is dissolved in the white 

liquor and must be considered as a dead load, which in this case corresponds to 
approximately 0.8 kg N a B 0 2 / k g NaOH. In the titanate process, the dead load in 

these calculations is approximately 0.1 kg N a 2 C 0 3 / k g NaOH. The dead load can be 
virtually zero i f other absorption processes are used (e.g. Verr i l l , van Heiningen 

1998). In this case the most favorable process is also the titanate process. The 

second best is the lime process and the least favorable process is the borate process. 
A t present, the benefits o f the lower energy demand in the titanate process are 

not very great due to the current low level o f energy costs. Rather, the real potential 

in the titanate process is the increased amount o f electricity along wi th the two 

white liquors wi th different sulfidity, which may be advantageous in the digestion 
o f the wood chips (Teder et al. 1997). 

Economical aspects were not within the scope o f this paper. Earlier work 
(Warnqvist et al. 2001) has came to the conclusion that current gasification 

processes are slightly more expensive than a system based on the recovery boiler, 

but that may change when gasification processes becomes mature technique. 
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Conclusions 
The results f rom this investigation clearly show that the conventional lime process 
is less energy efficient compared to the titanate process. The titanate process is also 
more favorable than the borate process. The borate process, however, may be an 

interesting alternative i f the lime ki ln limits the production. 
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Appendix A 

Calculation of heat of reaction 

The heat o f reaction (AH) is calculated f rom the heat o f formation (AH°) and 

specific heat capacities (c p ) , as follows: 
T 

AH = A H°29S + \cp(T)dt 

298 

)cp(T)dt = ^ ( v r ) c p 4 ( T ) d t ) 

298 298 

where v, is the stoichiometric coefficient for component i. 

Calculation of enthalpies used in the energy balances 

The used enthalpies (AH) in the energy balances are calculated as: 
T 

AH = AH°Tref+ \cp(T)dt 

Tref 

where AH°ref is the heat o f formation at the reference condition and cp the specific 

heat capacity. As reference condition, the enthalpy for elements are at zero at 18°C 

and 1 atmosphere. 

It is necessary to have knowledge about the heat o f solution in order to calculate 

the heat o f formation in water. These values can be taken as the difference between 

the heat o f formation for the solid and the heat o f formation in water at the same 

temperature. Using the approximation that the heat o f solution is independent o f 

the temperature, the heat o f formation in water can be calculated for any 

temperature according to: 

f .solution = f,solid + solmion 

The enthalpy o f the melted material is calculated by adding the heat o f fusion to the 
enthalpies of the solid material. 

Calculation of specific heat capacity for Na3B03 

The specific heat capacity for Na3B0 3 ( 2 N a 2 0 B 2 0 3 ) is not tabled in the literature 
and must therefore be estimated. A common method o f estimating (as a first 

estimation) the specific heat capacity o f pure solids is the use o f the Dulong-Petit 

law, which implies that all solids has the same molar specific heat. This estimation 
method is, however, not applicable in this case since the sodium borate not is a 

pure substance and, furthermore, i t is hard to f ind the unity o f the molecule that 
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should be the base for such a method. A test o f listed sodium borates showed that 
they dif fer significantly when the molar specific heat is compared. 

T ( K ) Specific heat capacity 
(J/mol, K ) 

N a B 0 2 N a B 3 0 5 N a 2 B 4 0 7 

298.15 65.956 121.834 186.712 

The method used here is simply an observation o f the three most common sodium 

borates, which have their heat capacities listed in the literature (NaBO?, N a B 3 0 5 

and N a 2 B 4 0 7 ) . The mass-based heat capacities of the three borates were found to 
be very close to each other. The average value was then used as the estimation o f 

the mass specific heat of N a 3 B 0 3 . 

T (K) Specific heat capacity (J / kg, K ) 
N a B 0 2 N a B 3 O s N a B 4 0 7 Mean value 

298 1.002 0.900 0.928 0.943 

300 1.005 0.902 0.932 0.946 

400 1.146 1.044 1.062 1.084 

500 1.258 1.181 1.137 1.192 

600 1.346 1.308 1.199 1.284 

700 1.418 1.422 1.255 1.365 
800 1.478 1.522 1.304 1.435 
900 1.528 1.609 1.348 1.495 
1000 1.568 1.682 1.389 1.547 

Appendix B 
Due to the uncertainties o f the specific heat capacity o f N a 3 B 0 3 , calculations o f the 

estimated errors were performed. It was found, in the comparison o f the specific 

heat capacity for the known borates, that the deviation from the mean value was 

± 1 0 % . In order to include those uncertainties, as well as others not known, the 

enthalpy of N a 3 B 0 3 was allowed to change by 10% (in both directions). There is a 

small change in the temperature o f the weak white wash, but it is too small to be 

seen in the table below. 

Enthalpy for N a 3 B 0 3 in the calculations 
-10% of C p Used value +10% of C p 

Energy o f salt smelt ( M W ) -63.7 -63.7 -63.6 

Steam from smelt dissolver (kg/s) L99 2M 2.04 
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Appendix C 
Detailed results f rom mass and energy balances for each o f the studies recovery 

system. 

Table CI. Results from mass and energy balances for the conventional recovery 

cycle.  

Stream name Mass 
(kg/s) 

Energy 
(MW) 

Smelt dissolver (2) 
I N Salt smelt (1-2) 7.9 -62.2 

Weak white wash (7-2) 48.4 -760.0 

OUT Green liquor (2-3) 54.65 -800.3 

Steam (2-9) 1.65 -21.9 

S U M 0 0 

Green liquor storage tank (3) 
I N Green liquor (2-3) 54.65 -800.3 

OUT Green liquor (3-4) 54.65 -802.0 

S U M 0 1.7 

Slaking/Causticizing (4,5) 
I N Green liquor (3-4) 54.6 -802.0 

Reburned lime (8-4) 3.0 -33.7 

OUT Steam (4-9) 0.8 -11.1 

White liquor and solids (5-6) 56.8 -824.6 

S U M 0 0 

Lime wash (7) 
I N Water (1-7) 47.9 -754.6 

Filter cake (6-7) 7.3 -94.0 

OUT Weak white wash (7-2) 48.4 -760.0 

Washed fi l ter cake (7-8) 6.9 -88.6 

S U M 0 0 

Lime kiln (8) 
I N Washed fi l ter cake (7-8) 6.9 -88.6 

OUT Reburned lime (8-4) 3.0 -33.7 

Gaseous products (8-9) 3.8 -41.2 

S U M 0 -13.7 

Total recovery plant 
I N Salt smelt (1-2) 7.9 -62.2 

Water (1-7) 47.9 -754.6 

OUT Steam f r o m dissolver (2-9) 1.65 -21.9 

Steam f rom slaker (4-9) 0.8 -11.1 

White liquor (6-9) 49.5 -730.6 

Gases f r o m lime k i ln (8-9) 3.8 -41.2 

S U M 0 -12.0 

19 



Table C2. Results from the mass and energy balance for autocausticization 

combined with a conventional recovery cycle.  
Stream name Mass 

(kg/s) 
Energy 
(MW) 

Recovery boiler (1) 
IN Salt smelt (0-1) 7.9 -62.2 

NaB0 2 (0-1) 0.3 -4.7 
OUT C 0 2 ( l - 9 ) 0.2 -1.9 

Salt smelt (1-2) 8.0 -63.7 
SUM 0 -1.3 

Smelt dissolver (2) 
IN Salt smelt (1-2) 8.0 -63.7 

Weak white wash (7-2) 48.1 -755.1 
OUT Green liquor (2-3) 

Steam (2-9) 
54.1 
2.0 

-792.1 
-26.7 

SUM 0 0 
Green liquor storage tank (3) 

IN Green liquor (2-3) 54.1 -792.1 
OUT Green liquor (3-4) 54.1 -793.7 
SUM 0 1.6 

Slaking/Causticizing (4,5) 
IN Green liquor (3-4) 

Reburned lime (8-4) 
54.1 
2.7 

-793.7 
-30.3 

OUT Steam (4-9) 0.7 -9.1 
White liquor and solids (5-6) 56.1 -814.9 

SUM 0 0 
Lime wash (7) 

IN Water (0-7) 47.6 -750.2 
Filter cake (6-7) 6.6 -84.6 

OUT Weak white wash (7-2) 48.1 -755.1 
Washed filter cake (7-8) 6.1 -79.7 

SUM 0 0 

Lime kiln (8) 
IN Washed filter cake (7-8) 6.1 -79.7 

OUT Reburned lime (8-4) 2.7 -30.3 
Gaseous products (8-9) 3.4 -37.1 

SUM 0 -12.3 
Total recovery plant 

IN Salt smelt (0-1) 7.9 -62.2 
Water (0-7) 47.6 -750.2 
NaB0 2 (0-1) 0.3 -4.7 

OUT C 0 2 ( l - 9 ) 0.2 -1.9 
Steam from dissolver (2-9) 2.0 -26.7 
Steam from slaker (4-9) 0.7 -9.1 
White liquor (6-9) 
Gases from lime kiln (8-9) 

49.5 
3.4 

-730.3 
-37.1 

SUM 0 -12.0 
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Table C3. Results from mass and energy balances for the titanate based recovery 

cycle.  
Stream name Mass 

(kg/s) 
Energy 
(MW) 

Black liquor gasifier (2) 
IN Salt smelt (1-2) 8.0 -63.1 

Sodium tri-titanate (5-2) 15.8 -181.4 
OUT Sodium penta-titanate (2-3) 20.8 -220.6 

Gaseous products C0 2/H 2S (2-6) 3.0 -20.7 
SUM 0 -3.2 

Leaching (3) 
IN Sodium penta-titanate (2-3) 20.8 -220.6 

Weak white wash (4-3) 34.6 -540.0 
OUT Steam (3-7) 2.5 -33.6 

White liquor (3-6+3-7) 33.1 -487.3 
Sodium tri-titanate/ 19.8 -239.7 
white liquor (3-4) 

SUM 0 0 
Leaching/Washing (4) 

IN Water (1-4) 34.6 -544.6 
Sodium tri-titanate/ 19.8 -239.7 
white liquor (3-4) 

OUT Weak white wash (4-3) 34.6 -540.0 
Washed sodium tri-titanate (4-5) 19.8 -244.3 

SUM 0 0 
Drier (5) 

IN Washed sodium tri-titanate (4-5) 19.8 -244.3 
Flue gases (1-5) 10.4 

OUT Steam (5-7) 4.0 -52.5 
Sodium tri-titanate (5-2) 15.8 -181.4 

SUM 0 0 
Absorber (6) 

IN Gaseous products C0 2/H 2S (2-6) 3.0 -20.7 
White liquor (3-6) 11.3 -166.0 

OUT Gaseous products C 0 2 (6-7) 2.1 -18.8 
White liquor (6-7) 12.2 -167.9 

SUM 0 0 
Total recovery plant 

IN Salts (Na 2C0 3 , Na2S, H 2 0) (1-2) 8.0 -63.1 
Water (1-4) 34.6 -544.6 
Flue gases (1-5) 10.4 

OUT Steam from leacher (3-7) 2.5 -33.6 
Steam from drier (5-7) 4.0 -52.5 
White liquor (6-7) 12.2 -167.9 
White liquor (3-7) 21.8 -321.3 
Gaseous products C 0 2 (6-7) 2.1 -18.8 

SUM 0 -3.2 

21 



L U L E Å I 
T E K N I S K A 

U N I V E R S I T E T 

NR: 2002:01 

ISSN: 1402-1544 

I S R N : L T U - D T - 0 2 / 0 1 - S E 

Utbildning 
Doctoral thesis 

Institution 

Kemi och metallurgi 

Avdelning 

Kemisk apparatteknik 

Titel 
Recovery of Kraft Black Liquor with Direct Causticization using Titanates 
Författare 
Ingrid Nohlgren 

Språk 
Engelska 

Datum 
2002-01-15 

Upplaga 
200 

Sammanfattning 
The feasibility of direct causticization of kraft black liquor using titanates has been 
evaluated. This has been done by studying the kinetics of the reaction between sodium 
tri-titanate and sodium carbonate and describing the kinetics by appropriate reaction 
models. Furthermore, three different chemical recovery processes have been studied from 
an energy point of view: the conventional kraft recovery cycle using lime, the borate 
causticization process (as an add-on to conventional kraft recovery process) and the 
titanate causticization process combined with black liquor gasification has been made. 
Finally the carbon and carbon species transition during black liquor pyrolysis and 

gasification in the presence of sodium titanium compounds was studied. The experimental 
studies have been carried out in three different reactors; a small scale fixed bed reactor, a 
fluidized bed reactor and a pressurized entrained flow reactor. In the small scale fixed bed 

reactor the kinetics of the direct causticization reaction between sodium tri-titanate and 
sodium carbonate was studied at various temperatures between 800°C and 880°C, and in 
pure nitrogen or in nitrogen with 0.5-5% C02. By fitting different kinetic models to the 

experimental data the overall reaction rate was found to be diffusion controlled at the 
lower temperature and chemical reaction controlled at higher temperatures. Furthermore, 
this change in mechanism was seen to be influenced by the carbon dioxide concentration 
in the reaction (cont.) 
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