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1 
ABSTRACT 

The direct causticlzatlon of kraft black liquor is mveslIgatcJ ooth 

thennodynamically and expenmentally. A comprehensive lhennodyn • .mlic .lJl.lly .. l'; 

is perfonned to Identify sUitable caustlclZlng metal oXH.ies anù proce% 

configurations. TlO;! IS found to be the only metal oXlde whlch can he u~d for 

kraft black hquor recovery. Of two possIble process conlïguratlons, the 

two-step combustion and reduction prL:.;ess is selected for further expenmental 

study in the present work. 

The kinetics of the dlrect causticization reaction between Na CO and 1 , 

TiO in a mixture with Na 50 are studied in a tube fumace from 750 10 925°C 
224 

It is found that complete conversion of Na CO can eastly be achleveù when 
2 3 

usmg a TiO/Na
2
C0

3 
moiar ratio of at least 1.25, leading to the fonnallon of 

4Na 0·5TiO . The formation kmeucs of 4Na O·5TiO are weil descnbed by a 
2 2 2 2 

reaction model with product layer control. Insoluble Na
2 
O· 31'10

2
, obtained from 

hydrolysis of 4Na
2 
O· 5TiO 2' can he recycled and reused for CO 2 release l'rom 

fresh Na
2 
CO 3. 

The mfluence of TiO 2 addition on kraft black liquor combu!>uon IS 

investigated usmg thermoanalytical techniques. The combustion of kraft black 

liquor is improved despite the large mass fraction of TiO 2' The meltmg point 

of the combustion producl of a mixture of kraft black liquor and TiO IS much 
2 

higher than that of pure kraft black liquor. Similar to the experiments with 

the model mixtures, it is also found that complete conversion of Naz CO 3 dunng 

kraft black liquor combustion can easily he achieved when the TiO /Na CO 
2 2 3 

molar ratio is at least 1.25. The presence of Ti0
2 

reduces the sulfur loss 

during combustion. A high causticizing efficiency is obtained with recycled 

Na
2
0·3Ti0

2
• 

The kmetics of the reduction of sodium sulfate mixed with sodium 

titanate by both CO and H
2 

are studied in a thermogravimetnc system. The H
2 

reduction kinetics are described by the nucleation and growth model up 10 60% 

conversion and by the shriuKing core model for higher conversIOns. The CO 

reduction kinetics are described by nucleation and growth mode 1 up to 95%. 

Both the H
2 

and CO reduction are accelerated by the initial presence of Na
2
S 

and are catalyzed by iron oxide. The influence of H
2 

and CO concentrations, 

H
2
0 and CO 2 concentrations and mass fraction of sodium lltanate is also 

investigated. The combustion product of a mixture of kraft black tiquor and 

TiO 2 is even faster reduced by H
2 

and CO than thi model mixtures. 



RESUME 

La caustification directe de la liqueur noire Kraft a été l'objet d'une 

étude ulermodynamique et expénmentale. Une analyse thermodynanuque éxaustlve 

fut accomplie pour Idenufier les oxydes métalhques convenables et ChOlSlf 

les procédés adéquats. TI0
2 

s'est avéré le seul oxyde métallique qUI peut être 

utilIsé avec la liqueur nOire Kraft. Parmi deux configurG' Ions de procédés 

poSSibles, celle de la combustIon et réduction à deux étape \ est sélectionnée 

pour être utIlIsée dans la parlle expénmentale de ce travélll. 

La cmétlque de causuficatlon directe entre Na
2 
CO 3 et Ti0

2 
dans un 

mélange avec Na SO est etudlée dans UI. fOUf cylindrique entrt" 750 et 925°C. 
2 4 

Il s'est avéré que la conversion complète de Na
2
C0

3 
en 4Na

2
0 .. 'iTi0

2 
s'achève 

facilement quand le rapport molaire de Ti0
2
/Na

2
C0

3 
est au rnoin~" égale à 1.25. 

La cmétIque de fonnatIon de 4Na
2 
Q. 5Ti0

2 
est bien décrite par une réaction 

modèle avec un contrôle de phases. Na
2
0·3Ti0

2 
insoluble, produit de 

J'hydrolyse de 4Na
2
0·5Ti0

2
, peut être recyclé et réutilisé pour libé',er de CO

2 
à partir de Na

2
C0

3 
fraIS. 

L'influence de l'addition de Ti0
2 

durant !a combustion de th liqueur 

noire est étudiée en utilisant des techniques thennogravimétriques. 

Le pomt de fusion du produit de la combustion du mélange (liqueur noire 

et Ti0
2
) est beaucoup plus élevé que celui de la liqueur noire pure. 

Egalement, pour des mélanges modèles, l'expérience a monté que la conversion 

de Na
2 
CO 3 durant la combustion s'achève facilement quand le rapport molaire 

TiO/Na
2
C0

3 
est au moins égale à 1.25. La presence de Ti0

2 
reduit la pene du 

soufre durant la combustton. Un haut rendement de caustification est obtenu 

après recyclage de Na
2 
O· 3Ti0

2
• 

La cinétique de la réduction du mélange sulfate et titanates de soduim 

par CO et H
2 

est etudiée par un système thennogravimètrique. Deux modéles 

cinétiques sont adoptés; fonnation et croissance des noyaux et contractions 

des noyaux, le premier est appliqué durant la réduction avec H pour des 
2 

conversions allant jusqu'à 60%. le second est utilisé pour des conversions 

plus élevées. Pour la réduction avec CO, seulement le premier modéle est 

applique. La réaction de réductIon par H el CO est accélérée par la presence 
2 

de Na
2
S inItial et catalysée par l'oxyde de fer. L'influence des 

concentrations de Hl' CO, H
2
0, CO

2 
et des fractions massiques de titanates de 

soduim est aussi examinée. Le produit de combustion du mélange liqueur norre 

et Ti0
2 

est reduit plus rapidement que celui du mélange modèle. 
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1 
INTRODUCTION 

ln conventional kraft pulping, the major chemical pulping process. wood 

fibers are liberated at elevated temperature and pressure y. lth an Jqueous 

solution of NaOH and Na
2
S or white liquor (Casey, 1980 and Smook. 1(86). The 

spent cooklng solution. called kraft black IIquor, con taInS 5tY", of the 

dissolved wood and most of the pulping chemlcals. After evaporatlOll to ,lbout 

70% solids concentration, black liquor IS bumed in the recovery fumace. The 

inorganic salts leave the bottom of fumace as a smelt. After dis~.olvmg the 

smelt, a so-called green liquor is obtained containing mostly Na
2
C0

3 
and Na

l
S. 

The green liquor is sent to the causticizing process where Na
2 
CO 3 IS converted 

into NaOH with slaked lime sc that the resulting white liquor can be reused In 

the pulping process. 

Although the objective of chemical recovery is adequately achieved In 

present commercial operations, several major drawbacks are assoclated Wlth 

conventional recovery, such as a very high capital cost, the smelt-water 

explosion hazard, the corrosive nature of the smelt and the complicated and 

energy-consuming character of the causticizing step. For more than two decades 

the industry has been investigating alternative chemical recovery processcs to 

overcome these problems. The alternative processes can be roughly dlvlded into 

two groups according to their principal airns. The rust group conslst~ of 

methods which replace the conventional recovery fumace and eliminate the 

smelt explosion hazard. Examples of these alternatives are wet combuSlIon, 

(Pradit, 1969), fluidized bed combustion (Lea, 1969), hydropyrolysis (Timpe, 

1973) and the SCA-Billerud process (Horntwedt, 1968). The second group deaJs 

with the elimination of the lime cycle. Examples of this group are 

autocausticization and direct causticization using arnphoteric oXldes for 

sodium carbonate conversion (Janson, 1977; Kiiskila, 1979) and gaslficatlon 

using a plasma reactor (Bernhard, 1985). The difference between 

autocausticization and direct causticization is that in autocausticlzation, 

the amphoteric oxide aiso serves as caustic cooking chemical, whlch 

causticizes itself in a combustion process. However, in direct causllcization, 

the amphoteric oxide is nol a cooking chemical but causticizes Na
2 
CO 3 during 

combustion. After immersion in water, the insoluble metal oxide is separ":ed 

and recycled for renewed causticization of Na
2 
CO 3' Among the second group, 

only the direct causticizing process employing the metal oxide, Fe 203' is 

presently in operation for recovery of soda liquor (Maddem, 1987). 

2 



The ultimale objective of the present research is to produce white hquor 

by applying the direct causticizing technology to the recovery of kraft black 

liquor. 

DESCRIPTION OF CAUSTICIZING PROCESSES 

1. Conventiollal Causticizing Process 

ln the conventional causticizing process, sodium carbonate is converted 

into sodium hydroxide, and various impurities introduced Wlth the wood are 

removed. As shown in Figure l, the operation starts wilh dissolvmg the 

fumace smelt in weak liquor to fonn green liquor. The green liquor is th en 

c1arified to remove "dregs". It subsequently reacts with lime (CaO) to fonn 

white liquor. The white liquor is clarified by precipitalion of "lime mud" 

(CaC0
3

), and is then ready to he used for cooking. Auxiliary operations 

include washing of both the dregs and lime mud for soda recovery, and the 

calcining (rebuming) of lime mud to regenerate lime. 

The causticizing reaction occurs in two steps. Lime frrst reacts with 

water to form calcium hydroxide, which in tum reacts with sodium carbonate to 

form sodium hydroxide as: 

i) CaO + H20 = Ca(OH)2 ( 1) 

(2) 

The completeness of the second reaction is known as c3usticizing efficiency. A 

high conversion is desirable to reduce the dead load of inert sodium carbonate 

in the liquor cycle. Typically, the causticizing efficiency can vary from 80 

to 90%. depending on alkali concentration, sulfidity level and excess of lime. 

Although the causticizing pracess is a routine commercial operation, it 

is also complex and suffers from high capital cost and sorne operating 

problems. The lime causticizing process has the following fundamental 

drawbacks: 

i) The causuc1Z1Rg reaction 15 incomplete. The considerable sodium 

carbonate dead load has a negative impact on the energy consumption in the 

digester, evaporator, recovery fumace and lime kilo. 

ii) Sorne calcium carbonate contaminates the sodium hydroxide stream. 

iii) The lime kiln is the principal energy consumer in the causticizing 

3 
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operatIOn and 1S, in fact, the major ~onsumer of external fuel in a pulp mill. 

IV) The generauon of lIme dregs creates a dispoSal problem. 

These problems form the impetus for the research to develop an improved 

method to causllcize sodIUm carbonate. 

II. Alternative Causticizing Processes 

Spontaneous dissocIation of sodium carbonate above its rndting point is 

prevented in the conventtonal recovery furnace by the presence of a high 

partial pressure of carbon dioxide. If certain amphoteric or acidic oxides are 

present fi the system, they can react with sodium carbonate to form a mixed 

oxide and liberate carbon dioxide. The mixed oxide forms a sodium hydroxide 

solution when contact with waler. This series of reactions is called 

autocausticization or direct causticization, and eliminates the need for the 

lime cycle. The amp\)teric oxides are divided into two main groups according 

to their behavior in the dissolving stage, and are discussed separately in the 

sections below. 

Cau.fticizalion with a soluble mixed oxide (Aulocausticization) 

This group of oxides consists of chemicals which form an alkaline 

solution in which the amphoteric oxides are al least partly soluble. The 

inorglUlic salts fonned by this group of oxides are able to liberate carbon 

dioxide under cùnditions such as those in a recovery fumace. They are aIso 

sufficiently alkaline to replace sodium hydroxide during pulping and 

bleaching. ln general, the autocausticizing process with an amphoteric oxide, 

Y, may be formulated as (Janson and Pekkala, 1977 and 1978): 

Liberation of carbon dioxide: 

(3) 

Dissolution: 

(4) 

Protolysis: 

(5) 

5 



1 
Since the autocaustiClzmg agent IS water soluble. lt accompaIlle~ the ~ooklllg 

chemicals m the whole hquor cycle. The agent therefore ean he regardcd .1, 

part of the cookmg alkalI. The oXldes In thlS group include BO,. P ~ 05' .Ind 

Si0
2

• A consIderable amount of fundament .. 1 work has been done In Fml.Ind wlth 

BO 3 as caustleIzing ehemleai (Janson. 1977. Janson and Pekkala. 1977 .Ind 

1978). It was estlmated that there WIll he a net reduetlon In Inve'itment Cll~1 

for a new null usmg thls teehnology. rathe[ thail the convention ... 1 '>Od.1 or 

kraft process configurations 

However, even thougil soluble autocaustlelzIng agents ehmlllate the 

causticizing cycle, they aiso change the charactensllcs of the whlle "quor 

produced. The Impact of the presence of autocauslIclzmg agents m whlle 

liquor on the pulping and œcovery operation IS not yet l'ully understood. 

Several other disad .... antages can he ldentified in thIS process. such as the 

higher viscosity of black hquor at high solids concentration (Janson and 

Pekkala. 1978) and the aimost double morganic load as compared 10 the 

conventlonal recovery system that must he carried through the recovery cycle. 

Caustici:ation with an insoluble meral oxide (Direct caustici:atlOn) 

The second group of chenucals are rnetal oxides which can he precipllated 

to fonn sodium hydroxide solutions during the dissolving stage. The pnnclple 

of direct causticizing using an insoluble oxide. MO. can he illustrated by 
J( y 

the general reactlon (Kiiskila. 1979): 

The oxides proposed in literature are iron oxide. titanium dioxide and 

alumina. 

The oxide circulation system is based on the general hydrolYSIS reactlon: 

aNa O·bM 0 + (a+z) H 0 = 2a NaOH + bM 0 zH 0 1. (7) 
2)(y 2 )(y 2 

The precipitated causticizing agent bM 0 ·zH 0, IS ~parated from the white 
Il y 2 

liquor and can he reused for direct causticization. The concept of duect 

causticization along with conventional causticization is shown in Figure 2 

The direct causticlzing process has the following advantages compared to 

the conventional causticlzing process: 

i) The eliminatlon of the lime cycle reduces the energy, equipment and 
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manpower reqUlrement5. 

11) Since sodIUm hydroxlde 15 dtrectly obtamed by dissolutlon of a 

double salt. a hlgh concentratIon NaOH solution can easily he obtamed. This 

favorably affects the water balance of the pulpmg process and accordingly 

.,upenor l'leal economy can he expected. 

IIi) A causticlzmg efficlency of more than 90% can he easlly obtamed. 

Theret'ore. the dead load of Na
2
CO) will he greatly reduced. 

The potenual disadvantages associated with this process are the price of 

causticizing agents. partlcularly of Ti0
2
; the accumulatIon of non-process 

elements in the tiquor cycle: and the dead load of metal oXldes in the oxide 

clrculation system. 

The apphcabihty of the direct causticizing technology to the kraft 

recovery process depends on the stability of the metal oxides under reducing 

conditions. Fe
2
0) is generally thought to he only applicable to the soda 

recovery process. TiO 2 and AI
2
0 3 are potentially apphcable to both soda and 

kraft recovery processes. 

OBJECTIVES AND STRATEGY 

The objective of the present study is to develop the direct causticizing 

technology for kraft black liquor recovery as an alternative to the 

conventional recovery process. More specifically, the objectives are to 

identify feasible process configurations with TiO 2 as causticizing chemical, 

and to obtain the rate equations and mechanisms of the key gas-solid and 

solid-solid reactiuns which occur in a direct causticizing process of kraft 

black liquor with TiO 2' 

First, previous work on direct causticization and the general literaturc~ 

on gas-salid and solid-salid reaction kinetics are reviewed. Secondly, 

comprehensive thennodynamic calculalions al high lemperatures are perfonned te> 

identify suitable process configurations for direct causticizing of kraft 

black liquor. Then. the mechanism and kinetics of the key reactions ar,e 

determined experimentally Wlth salt mixtures representative of those whicllt 

would he obtained in the various stages of direct causticizing of kraft black 

Iiquor. The kinetic equations are then tested for actual black liquor or salt 

mixtures prepared from black tiquor. The key reactions are: the dire<:t 

causticizing reaction between Na CO and TiO , the hydrolysis of Na O· xTiO , 
2) 2 2 2 

and the reduction of sodium sulfate by CO and H in the presence of 
2 
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Black 
1 Na~oJ1 ' 1 Na.c03 

NaOH 
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(a) Conventional causticization 

Black .-___ -, aNap bMPy NaOH NaOH 

Dissolver ~ Separator ~-- ---.,. 
bMAzH.p i lIquor 

1 

-----~--------_._--_._._, 
M.Oy Make-up 

(b) Direct causticization 

Figure 2 Comparison of conventional causticization 

with direct causticization 
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Na O·xTiO . The kineuc study of the dlfect causticizmg reactlOn is performed 
2 2 

in a tube fumace system and conversion IS deterrnined from the CO 2 

concentration 10 the exhaust gas. The reduction of Na 50 is detennined if: a 
2 4 

thermogravimetnc analysis system. 

OUTLINE OF THE THESIS 

This the~is is a fundamental investigation of the application of the 

direct causticizing technology to kraft black liquor recovery. After 

identification of TiO 2 as the only 5.uitable direct causticizing chemical for 

kraft black liquor recovery, the rate processes and mechanisms of the various 

chemical reactions involved were studied. AlI experiments are performed wlth 

model compounds and actual black liquor solids in either a thennogravlrnetric 

or tube fumace system. 

ln chapter 2, the literature on direct causllcizing and on gas-solid and 

solid-solid reaction kinetics is reviewed 

The results of thermodynamic calculations are presented in Chapter 3. 

Il Îs concluded that only TiO 2 is technically viable for kraft black liquor 

recovery and a two-step process including combustion and reduction IS 

identified for further experimental study. 

The kinetics and mechanism of the reaction between Na
2
C0

3 
and Ti0

2 
are 

presented in Chapter 4. The reaction is very fast if sufficient TiO 2 is 

available for formation of 4Na
2 
O· STiO 2' The conversion data are analyzed 

following solid-solid reaction kinetics. The influence of temperature, CO 2 

concentration and Na 50 molar fraction is detemùned. 
2 4 

ln Cbapter 5, the influence of Ti0:2 addition on kraft black Hquor 

combustion is studied. The results are presented in lerms of characteristic 

combustion properties ?nd the melting point of combusted product. The 

conversion of Na
2 
CO 3 in the direct causticizing reaction with TiO 2 during the 

combustion and the hydrolysis of the combustion product are aIso discussed. 

The H
2 

reduction kinetics of Na 50 in the presence of sodium titanate :2 4 

are presented in Cbapter 6. The influence of the "2 concentration, stearn 

concentration, Na
2
SO .. molar fraction froction, initial presence of Na

2
S, and 

addition of Fe
2
0) as a catalyst is investigated. The results obtained with 

kraft black tiquor are compared with those of a model mixture. The reaction 

data are described by nucleation and growth kinetics. A reaction mechanism is 

proposed to exp Iain the experlmental data. 
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1 
The co reduc.tlon kmetlcs of ~a SO m the pre~nce of ",-xhum tltJJlJh: 

1 .-

are presented m Chapter 7 slmilar to that of the H, redUC!ll)n linette... In 

Chapter 6. 

The general concluslOns. sugge!.tlons for further work .md the 

contnbutlons to knowledge are presented m Chapter 8 

The work descnbed in Chapters 3. ~. 5. 6. and 7 hJ~ been wntten J~ 

self-contamed papers sultable for publicatIOn Wlth ltttie or no further 

modifications. Thus each chapter has ilS own abstracto nomenc\Jture. .md 

references. As far as possible. umform and standard 'iymbols are u-.ed 

throughout the thesls. The major content m several chapter~ has been 

presented or Will soon he presented at technical conferences. Speclfically. 

Chapter 3: presented at 1990 T APPI Alk.alme Pulptng Conference. Toronto. 

Canada, OcL, 1990. 

Chapter 4: will be presented at 1991 AIChE Annual Meetmg. Los Angeles. 

USA, Nov., 1991. 

Chapter 5: will he presented at 1991 TAPPI Alkaline Pulpmg Conference. 

Orlandor, USA, Oct., 1991. 

Chapter 6: presented al 1990 Canadian Chemical Engmeenng Conference, 

Halifax, Canada, July, 1990. 

Chapter 7: will he presented a: 1991 Canadian Chemical Engmeenng 

Conference, Vancouver, Canada, Nov., 1991. 
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l 
INTRODUCTION 

The basic principle of the process to produce sodium hydroxide by 

reacting Na
2 
CO) with Fe

2
0

3 
and subsequently to hydrolyze the formed sodium 

ferrite was patented by Lowig as early as 1883 (Lowig, 1883). Nagano 

introduced this concept under the name Direct Causticization for the recovery 

of alkali from waste pulping liquor in 1976 (Nagano et al., 1976). Since then 

it has been widely studied as a means to eliminate the causticizing plant from 

the present alkaline pulping recovery processes. A literature review was 

conducted to establish the "state of the art" of this new technology. Since 

direct causticization in vol ves a number of gas-solid and solid-solid 

reactions, the literature on the kinetic models of these two reaction system 

was also reviewed. 

PART 1 DIRECT CAUSTICIZCATION 

The patented process of Nagano et al. (1976) of Toyo Pulp Company was the 

fust reference to direct cll.usticization of black. tiquor with an insoluble 

metal oxide. In this process, black tiquor is premixed with the metal oxide 

and the combustion and causticization are carried out in one step in a single 

reaction vessel. Since then the pracess was investigat.ed and patented by 

various researchers in Australia, Finland, lapan and USSR (Covey, 1978; 

Kiiskila, 1979a, 1 979b; Kishigami, 1987; Nepenin, 1986). 

Fundamental Studies 

Causticizing reactions 
With Fe

1
0

3 
as causticizing chemical, the following single reaction with 

Na
2 
CO 3 takes place: 

(1) 

However il is DOwn from the titerature dealing with the synthesis of sodium 

titanates (Belyaev et al, 1968; Safiulin and Belyaev, 1968; Anderson and 

Wadsley, 1962; Kurolin and Vulikh, 1965; Belyaev, 1969 and 1976; Mitsuhashi 

and Fujiki, 1985) that the reaction between Na
2 
CO 3 and Ti0

1 
may lead ta the 

formation of other mixed oxide compounds besides Na O·TiO according to the 
1 1 
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general reaction: 

(2) 

There is, however, disagreement on the existence of sorne of these manates. 

According to Belyaev (1968), al least six sodium tilanates can be syntheslzed 

besides Na O·TiO, namely, 2Na O-TiO, 4Na O·5TiO, Na Q·2TiO , 
2 2 2 Z 2 2 :! -

Naz O· 3TiO 2 and Na! O·6TIO 2 Ol,ier 1 _~rature (Grnelins. 1951) mcluded 

2Na
2
0·3Ti0

2
, Na

2
0·5Ti0

2 
and 6Na

2
0·Ti0

2 
but their existence has been 

questioned in later references. A partial phase diagram of Na
2 
0-TiO 1 system 

using XRD data is shown in Figure l(a) and 1 (b) (Bouaziz and Mayer, 1971; 

Gicquel et al., 1972). Na
2
Q.2Ti0

2
, 2Na

2
0·3TiOz and Na

2
0·5Ti0

2 
are absent ln 

this diagram because they were not observed by Bouaziz and Mayer (1971). 

Anderson and Wadsley (1961) found that the X-ray diffraction (XRD) data given 

for NazÛ'2Ti0
2 

in literature were actually for NazO·3TiOz bec au se of sodium 

loss during the preparation of Na
2 
O· 2TiO 2' Furthermore Hill et al. (1985) 

concluded that the XRD data for 3Na
2
0·2Ti0

2 
(Card No. 28-1154) were those of 

the y-polymorph of Na
2
0·Ti0

2
• The Joint Commitlte on Powder Diffractiûn 

Standard (JCPDS) Powder Diffraction Files (1984) lists still other sodium 

titanates whose existence is questionable. Glasser and Marr (1979) concluded 

that Card No. 11-291 cOlTesponds to 4Na
2
0·STi0

2 
instead of Na

2
Q.Ti0

2
, and that 

card No. 11-289 cOlTesponds to a mixture of Na
2
0·3Ti0

2 
and Na

2
0·6Ti0

2 
rather 

than Na! O· STiO z' Recently the situation regarding the existence of sorne of tho: 

above compounds was clarified by Bamberger and Begun (1987) who used Raman 

spectra in addition to X-ray diffraction. Bamberger and Begun ( 1987) 

successfully synthesized 2Na
2
0.Ti0

2
, Na

2
0·TiOl , 4Na

2
0·STi0

2
, Nal O·3TiOz' and 

Nal O·6TiO l in the temperature range of 800 to 120tC. However thf'ir atlemplS 

to prepare Na
2
Q.2Ti0

2 
and Na

2
Q.STiOl were not successful, conftrming that 

these compounds did not exist, and earlier identifications probably involved 

mixtures rather than single compound. 

A series of kinetic studies have been conducted by Kiiskila (1979a, 

1979b) on direct causticization of NalCO
J 

with FelO
J

, Ti0
2 

and ilrnenite 

concentrate (43.32 wt.% Ti0
2
, 39.60 wt.% FeO, 9.28 wt% Fe

2
0

3 
and 7.80 wt.% 

impurities). Since sulfur is absent these results are relevant to soda liquor 

recovery. Kiiskila found that the causticizing efficiency with Fe
2
0

3 
was very 

tittle influenced by the temperature .bove the melting point of sodium 

carbonate (SS6°C). The causticizing efficiency was aIso not very sensitive to 
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1 
the CO

2 
partial pressure over the temperature range ~tudieJ (900-1100"Cl. 

The causucizing efficiency with Ti0
2

, however. mcreased Wlth maeJ.smg 

temperature up to Il ()(tc. Also ln the absence of CO l' Kilsil..lla (1979h) 

reponed that the direct caustlClzatlOn wlth TIO 2 was very effectlve, wllh 

Na:! CO) stabilized ln the smelt up to aNa:! OffiO 2 molar ratio of 1 A J.t lOOOûC. 

However, the most Na O-nch sodIUm utanates (2Na OTIO and Na 0 TIO ) were 
2 2 2 :! ~ 

converted to 4Na O·5TiO m an atmosphere of CO . Because of the presence of 
2 2 :! 

Ti0
2

, Kiiskila (l979c) also found that the causticizing efficlency of llmemte 

concentrate was dependent on the temperature and CO 2 concentratIOn. 

Direct causticization of Na CO is more d.fficult wlth Al 0 than Fe 0 
2 3 2 3 2 l 

or Ti0
2 

(Janson, 1979), and a much higher temperature IS needed to complete 

the CO
2 

liberalion from Na
2
C0

3 
with A1

2
0

3 
(Kovalenko and Bukun, 1978). The u:;e 

of AI
2 
°

3 
as causticizing agent was patented in J apan by Abe (1984) and in 

South African by Davis and Boehmt'r (1987). 

Il should he noticed that all of the above studies were conducted al 

850-1200°C, i.e., above the melting point of Na
2
CO) (856°C). Also the 

experimental results were not analyzed in terms of a chernical kinetic model. 

Hydrolysis 

The studies by Kiiskila (1979a) of the hydrolysis of causticized ~melt 

showed that sodium ferrite can be effectively decomposed to sodium hydroxide 

at temperatures above 30°C according to the reaction: 

(3) 

Sodium titanates decomposed only partially and it was shown that the amount of 

sodium oxide in the undissolved TiO 2 residue was almust independent of the 

Na
2 
O/fiO 2 ratio of the causticizing smelt. The insoluble fraction of sodium 

onde decreased the efficiency and the capacity of TIO 2 to stabilize sodium 

onde in the smelt. A similar influence was aIso observed for ilmemte. 

Comparison of TiO , ilmemte and Fe ° showed that the chemical load for 
2 2 3 

direct causticization al 900°C in the presence of CO
2 

is the lowest for Fe
2
0). 

Al higher temperatures or in the absence of COz' the causticizing efficiency 

of TiO 2 increases so that the chemical load of TiO 2 becomes lower than that of 

Fe
2 
°

3 
despite the incomplete hydrolysis of the former (Kiiskila, 1979b). 

Al
z 
0 3 is not stable in a caustic solution and therefore not suitable for 

recovery of alkaline pulping iiquor. 
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t Application of Direct Causticizing Technology 

An Australian company, APM Ltd., using the patent of the Toyo Pulp 

Company (Nagano et al., 1976), developed a direct causticizing process based 

on Fe ° . This process known as the Direct Alkali Recovery System (DARS) is 
2 3 

shown in Figure 2 (Covey et aL, 1979 and 1984: Covey, 1982, Maddem, 1985). 

Fe ° is added to concentrated soda black liquor prior to combustion in a 
2 3 

fluidized bed reactor al 850-950°C. Fe
2 
0

3 
reacts with sodium carbonate 

Producing sodium ferrite (Na û·Fe 0 ) and carbon dioxide. No smelt IS formed 
2 2 3 

because sodium ferrite has a high melting point (1050°C). When water is added 

to the cooled sodium ferrite. a solution of sodium hydroxide and a precipitale 

of Fe
2
0) are produced. Fe

2
0) is recycled ta the fluidized bed (Covey et al. 

1988). The Fe
2
0) make-up requirement is 10-30 kg/ton pulp and the causticizing 

efficiency can reach 94%. This is substantially higher than 85% nonnally 

obtained with the lime causticizing cycle. Safety of operation, 30% reduction 

in capital cost and a 20% increase in steam production are other advantages of 

the process. This process has been successfully tested since 1980 with pinet 

eucalyptus and non-wood fiber feeds in a 5-10 ton/d pilot plant by APM Ltd. al 

Maryvale. Australia. A commercial scale DARS process is operating with partial 

success in Bumie, Tasmania and Fredericia, Danmark. Similar processes have 

been proposed and studied in a pilot scale by Japanese investigators 

(Babcock-Hitachi Co., 1983; Kishigami, 1987; Nagai et al., 1989), 

The DARS process is lirnited ta the recovery of soda or soda-AQ black 

liquor, It is not applicable to kraft black tiquor recovery because Fe 203 

reacts with !'lllfur species and is reduced under the conditions required for 

formation of Na
2
S, the other pulping chemical in the kraft pulping process. 

Direct Causticization of Kraft Black Liquor 

The application of the direct causticizing technology to kraft black 

liquor recovery was patented by Nguyen in 1985 (Nguyen, 1985). In his patent, 

kraft black liquor is frrst combusted with PelO] or TiOl , The product (Na
2
SO. 

and Na
2
û·Fe

2
0

3 
or Na

2
0·Ti0

2
) is then reduced by H

2 
and/or CO, The stabilityof 

the formed mixed oxides and the Metal oxides themselves under reducing 

conditions is not addressed in Nguyen's patent. No further publications have 

appeared on the application of direct causticizing technology ta kraft black 
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1 
hquor recovery. 

PART II GAS-SOLID AND SOLID-SOLID REACTION KINETICS 

The direct causticizing technology applied to kraft black liquor mamly 

involves gas-solid and sohd-solid reactions such as combustion of black 

liquor, the direct caustic1Z:ing reaction between Na
2
CO

J 
and a metal oxide and 

the reduction of sodium sulfate. In order to estabHsh the reaction mechanism, 

the proper kinetic model must be selected for data analysis. Therefore the 

main phenomenological gas-solid and solid-solid reaction kinetic models will 

be reviewed here. 

Gas-Solid Reactions 

Non-catalytic gas-solid reactions constitute an important class of 

heterogeneous reactions. Examples can he abundantly found in chemical and 

metallurgical processes such as decomposition of solids, reduction, 

gasification and combustion. Since these reactions are considerably affected 

by heat and mass transport, any kinetic analysis must take into account these 

transfer processes. 

Most hettrogeneous reactions can be represented by 

A(g) + b 8(8) -> r R(g) + s S(s) (4) 

The following elementary steps may be involved in the conversion process: 

i) Mass transfer of reactant and product gases through the film 

surrounding the sample. 

ii) Diffusion of these gases through the product layer in the sample. 

Hi) Simultaneous diffusion of cations and anions between the bulk of the 

sample and the reaction interface. 

iv) Cbemical reaction between the gas and solids at the reaction 

interface. 

The slowest step or a combination of slow steps will deterrnine the 

o'terall reaction rate. The conversion-lime (X·t) behavior for this type of 

chemical reaetions CM he crudely elassified inta two cases. The frrst 

corresponds to formation and subsequent growth of product nuclei, while in the 

second case a uniform product layer is fonned which grows inward. The two 
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1 
cases are shown schematically in Figure 3(a) and 3(b). ln Figure 3(J), the 

reactIon interface mcreases unul the growing nuclei lJverlap extenslvely .md 

then decreases, resultmg m a sigmoidal X-t curve. This model is known as the 

nuc1eation and growth model. ln the second model, the entne reactant surface 

is covered Wlth a thm product layer soon after contact Wlth the reactant gdS, 

and the reaction boundary then advances inward as the reacUon proceeds. ThIs 

model IS the well-known shrinking core model (Levensplel, 1962: HamS()fi, 

1969). It should be nouced that the later stage of the nucleatlOn and growth 

model may aiso he weB described by the shrinking core mode!. 

Shrinking core model 

In deriving the equations for the lime dependence of conversIon the 

following assumptions are made: a sharp reaction interface, isothermaJ 

conditions, uniform spherical panic les, equimolar counter diffusion of 

gaseous reactants and products. pseudo-steady slate. and a ftrst-order 

irreversible reaction. Depending on the rate controlling step. the following 

X-t relationships are obtained (Levenspiel. 1962): 

i) Gas film diffusion control, X =krt (5) 

ii) Product layer diffusion control, 1-3(I-X)2/3+2(l-X)=k t (6) 
• 

iü) Chemical reaction control, 1-(1_X)1/3=k t (7) 

where 

flOc bCAbM B 
k =--~--
• P R

2 
B 

k: Surface reaction rate constant, • 
k: Gas film transfer coefficient, rn/s. 

1 
CAb: Bulk gas concentration, moVm3

• 
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[): 
e 

Molecular welght of solid B. kg/mol. 

Stoichiometric coefficient of Eq.(4). 

Denslty of solid B, kg/m). 

Diameter of sohd partIcles. m. 

EffectIve diffuSlvity of gas in solid, m~/s. 

Since the resistances are IR senes and linear processes, simple 

gives an overall X-t expreSSlon (Sohn, 1978; Rao et al., 1979): 

2 
R X R 3 1 2/3 2 R 1/3 rK + OID-- [1- (-X) + (l-X)] + T [l-(l-X) ] 

1 1: • 

Eq.(8) can also he expressed as: 

t=t +t +t 
M OP R 

addltlon 

(8) 

(9) 

where tM' top and t
R 

are the times required to achieve a given conversion when 

the process is completely controlled by respectively external mass transfer, 

product layer diffusion and chemical reaction. The usefulness of Eq.(8) is 

twofold. It can predict the conversion as a function of lime for a system IR 

which all the parameters are known. Alternatively, it can he used to interpret 

experimental data of gas-solid reactions with the objective to identify the 

rate controlling step and to obtain the model pararneters. 

The shrinking core model has been applied to a number of systems, such as 

the oxidation of n~ckel (Carter, 1961). reduction of iron oxides (Kawasaki et 

al .• 1962), combustion of coke (Weisz and Good win , 1963), and oxidation of 

zinc sulfide (Gokarn and Doraiswamy, 1971). The validity of the various 

assumptions made in developing the model is discussed by Bischoff ( 1963), Luss 

(1968) and Wen (1968). 

Nucleation and Growth Model 

Although more common in solid-solid reactions, nucleation effects can 

also he significant in sorne gas-solid reactions such as the reduction of 

metallic oxides and inorganic salts. Typical X-t curves show three stages: (a) 

an induction period, (b) an acceleratory period, and (c) a deceleratory 

period, These stages are the result respectively, of (a) formation of nuclei 
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at Jocahzed sites on the sample surface, (b) growth of these nuclei and (c) 

overlap of the growmg nuclel and a decrease in reactlon mterface. The length 

of the induction period 15 detennmed by !he rate of fonnation of nuclel. 

Followmg nucleauon, the surface of the prodU\ .. ~ grows equlaxially lOto the 

unconverted sohd. The Important a5sumpuon is that the reactant gas IS able 

10 penetrate the product layer without a slgmficant diffusion resistance. 

The mathemaucal descnption of the nucleatlon and gwwth model was 

formu!ated many years ago for the decomposition of austenite (Avrami, 1939, 

1940 and 1941; Cahn. 1956). The conversion-time equation depends on !he 

mechanism of nucleation as well as on the texture of the product and 

substrate. Since an excellent discussion of the model may he found in the book 

of Bamford and Tipper (Hanison, 1969; Brown et al., 1980 and Kago and 

Harrison, 1982), only the problem statement and the main derivation steps of 

the general conversion-time equation will he presented here. 

The volume of a nucleus at time t, V(t), is given by the general 

expression: 

(10) 

where dN/dt IS the rate of nucleation and V(t,tj) is the volume occupied by a 

nucleus formed al time tJ. Eq.(10) may he integrated for any combination of 

nucleation rate and type of growth. For a linear grow!h rate, the following 

equation can he obtained from Eq.(10) when taking into consideration the 

overlap of nuclei: 

-k tj 
-ln(l-X)=(K K1 k N N )!l(l_tj)m e D dtj 

• 1 D 0 0 0 
(11) 

where K is a shape factor, k a nucleation rate constant, V the volume of 
• n 0 

the product al complete conversion, N the number of potential nucleus forming 
o 

sites initially present in the solid sample, and m is the number of dimensions 

in which the nue lei are growing. The growth rate constant, K , is equal to 
1 

k V:P where k is the intrinsic rate constant for the interfacial reaction, . .. . . 
V; the molar volume of the product and p. the partial pressure. Integrating 

Eq.(ll) with, for example, m=2 gives: 

K K1N -(k t) 
1 1 0 [1-2 e D _ k t + (k t) ]1 

k 2 V n n 
-ln(l-X) (12) 

n 0 
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For large values of k t, a condition normally vahd 10 the deceleratton 

n 

penod. Eq.( 12) simphfies to: 

( l3) 

Designating (N N )=n , K =27t (for a spherical particle), Eq.O)) can be 
o 0 0 & 

transfonned to. 

222 -ln(l-X)=(2m K ) t = (k t) 
o 1 1 

(14) 

It can he shown (Harrison, 1969) that for m= 1. 2 or 3, the general result of 

this model is: 

(15) 

This is the so called o\vramÎ-Erofe'ev equation, where n depends on the numher 

of growth dimensions of the nuclei, and the nuclei formation rate. The value 

of the Erofe'ev rate constant, k
l
, can he determined from the slope of a 

log-log plot of [-ln(l-X)] versus t over the appropriate range of X. The above 

derivation shows that the rate constant k is not only a funcllon of 
1 

temperature, but also depends on the concentration of potential nuclel formmg 

sites initiaIly present and on the gas composition. 

It should he noted d.at the deceleration stage of the nucleation and 

growth model is sometimes aIso weIl described by the shrinking core model. 

Thus the shrinking core model is appropriate for those cases whereby the 

nucleation and growth time is small compared to the total reaction time. This 

situation would he favored when the SUlface 10 volume ratio of the solids 15 

small, i.e., large particles, or when the reaction temperature is high. 

However, for very small solid particles and relatively low temperatures, the 

nuc1eation and growth model may describe the kinetics up to complete 

conversion. 

Solid-SoUd Reactions 

As is the case for other heterogeneous system, solid-solid reactions are 

aIso controlled by one or several steps involved in the overall reaction 

process. In essence, in any mixed-powder reaction, the different solid 
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.1 

partlcles should contact one another and at least one of them must then 

diffuse through a growmg product shell m the ether solid. This situation 

glves rise to the followmg possibilities for the rate controlling step 

(Tarnhankar and Doralswamy, 1979): 

1. Product growth controlled by diffusion of reactants through a 

contmuous product layer. 

2. Product growth controlled by nucleation and nuclei growth. 

3. Product growth controlled by phase-boundary reactions. 

4. Product growth controlled by homogeneous reactions. 

The main features of the different models based on these controlling 

mechanisms, as well as a few other models, are outlined below. 

i) Product-layer diffusion control 

Models based on product-layer diffusion contr"l involve three basic 

assumptions: 

1. The reactant particles are spheres. 

2. Surface diffusion rapidly covers the reactant particles with a 

continuous product layer during the initial stages of the reaction. 

3. Further reaction is controlled by bulk diffusion of a mobile reactant 

species through the product layer. 

Jander (1927) fIrst derived the following conversion-time expression based on 

this model: 

(16) 

This expression as well as others for product layer diffusion control can 

be found in a rcview paper by Tarnhankar and Doraiswamy (1979). 

ii) Nuc/eation and growth model 

The general form of the X-t equation for the nucleation and growth model 

is the same as that presented pr\"viously in the review of gas-solid reactions, 

Le. Eq. (lS) (Harrison, 1969). 

iii) Phase-boundary reac/ion control 

When the kinetics are controlled by reaction at the interface between the 

solid phases, identical expressions as those derived for gas-solid reactions 

are valid. Thus, for a sphere reacting from the surface inward, the conversion 
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versus time expression is (Jach, 1963): 

1/3 l-(l-X) =kt 

For a cylinder the relation is (Jach. 1963): 

1/2 1-(l-X) = kt 

and for a contracting cube (Sharp et al., 1968): 

(17) 

{ 18) 

(19) 

iv) Kinelic expressions based on the concept of a homogeneous reac/ion 

The general rate equation for a nth-order homogeneous reacHon is 

(Taplin. 1974): 

1 [ 1 -1] = kt 
n:T (l-X) n·1 

(20) 

Apart from the models presented above, empirical models (Blum and LI. 

1961; Patai et al., 1961 and 1962) and a stochastic model developed by Walte 

(1960) have been proposed to describe the kinetics of mixed-powder reactions. 

Interpretation of Kinetic Data 

It has becn pointed out in literature thal the description of a givcn set 

of (X,t) values by a particular kinetic expression does not necessarily prove 

that the goveming mechanism of the kinetic model is valid. Kinetic 

interpretations should always be supported by independent evidence. 

Micro"copic observations in particular can be very valuable as supporting 

evidence for a cenain mechanism. 

The following effects can reduce the validity of the interpretauon of 

kinetic data: (i) the reaction rate is inhomogeneous within the reactant mass, 

(ii) the mec~anism changes during reaction, (iii) the importance of different 

resistances changes with progressive conversion. (iv) particle sire effects, 

reactant pretreatment, etc .. 
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( .. 

CONCLUDING REMARKS 

From the litp.rature review. il can be concluded that further study of the 

direct causticization of kraft black liquor is needed. S pecifically. the 

reaction kinetics and mechanism of the direct causticizing reaction and the 

reduction of sodium sulfate are very important for the development of this new 

recovery process. For the interpretation of the kinetic data one should be 

aware of the large number of kinetic models available in the chemical 

engineering litçrature for gas-solid and solid-solid reactions. 
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NOMENCLATURE 

=Stoichiometric coefficient of reaction (4). 

=Gas concentration. moVm3
• 

=Effective diffusion coefficient, m2/s. 

=Reaction rate constant. S·I. 

=Reaction rate constant in nucleation and growth kinetics, S·l. 

=Rate constant with gas film diffusion, S·l. 

=nate constant with product layer düfusion control, S·l. 

=Gas film mass transfer coefficient, mis. 
=Nucleation rate constant, S·l. 

=Rate constant with chemical reaction control, s". 

=Surface reaction rate constant, s' 1. 

=Shape factor. 

=k VOlP . 
• 1 

=Molecular weight, kg/mol. 

=Number of dimensions. 

=NN. 
o ° 

=Order of reaction. 

=Number of nueleL 

=Number of potential nucleus forming sites. 

=Partial pressure. N/m2
• 

=Diameter of the solid partiele, m. 

=Time. s. 

=Volume of a nucleus at time t, m3
• 

=Volume of nucleus al complete conversion, ml. 

=Molar volume of product. ml/mol. 
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x =Conversion. 

Greek letters 

PB =Density of solid B, kg/m3 
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CHAPTER 3 

DIRECT CAUSTICIZATION OF KRAFT BLACK 

LIQUOR: PROCESS IMPLICATIONS BASED 

ON CHEMICAL EQUILIBRIUM CALCULATIONS 

ABSTRACT 

Chemical equilibriurn calculations have been perfonned with the program 

F*A*C*T to evaluate process configurations and conditions for direct 

causticization of kraft black liquor with metal oxides, Fe 20 3' AI
2 
0 3 and 

Ti0
2

• It is found that Fe 2 ° 3 is unsuitable, since reducing conditions lead 10 

fonnation of Fe, FeO and FeS. Al
2
0) is aIso unsuitable as direct causlicizing 

chemical because sorne of its hydrates are soluble in white liquor. However 

Ti0
2 

can he used, because itself or ils causticizing products are stable under 

high ternperature reducing conditions, and the insoluble hydrolysis producl can 

he reused in the direct causticization process. The equilibrium calculauons 

showed that il is not feasible to recover kraft black liquor with TiO 2 in the 

conventional recovery fumace. However a combustion-reduction or 

gasification-sulfur recovery two-step process involving direct causlicization 

of kraft black liquor with TiO 2 is thermodynamicaIly possible. 
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INTRODUCTION 

The alkaline pulping chemical recovery process presently makes use of 

lime causticization in order to con vert sodium carbonate to sodium hydroxide. 

This method has a number of drawbacks in terms of economy and safety. In order 

to eliminale these drawbacks, a number of processes, colleetively referred to 

as direct causticization, have been investigated. Direet caustieizauon is a 

technology of regenerating pulping chemieals by using amphoterie oxides whieh 

direclly leads to the formation of caustic. During combustion of kraft èlack 

tiquor with amphoteric oxides the following generalized reaction takes place: 

a Na CO + b M ° = aNa20·bM ° + a CO2 2 3 II Y II Y 
(1) 

which after hydrolysis yields caustic and regeneration of the oxide as; 

aNa O·bM ° + (a+z) H ° = 2a NaOH + bM ° 'zH20 (2) 
2 II Y 2 II Y 

Many patents and a number of papers have been published in the past two 

decades (Kiiskila, 1978; Maddem, 1986; Tsukamoto, 1986; Tsukamoto and Nakura, 

1987), all conceming the direct causticization of soda pulping liquor. No 

work has been publisned on direct causticization of kraft black liquor because 

it is more complicated due to potential reactions between the Metal oxide and 

sulfur and/or reducing agents. 

Chemieal equilibrium calculations constitute a fundamental part of 

research and development in high temperature chemical and metallurgical 

processing because they can he used to identify the possible reaction products 

and establish the influence of operating variables on the maximum conversion 

of all possible reactions. For example, Bauer and Dorland (1954) predicted 

that the volatile sodium species in the conventional kraft black tiquor 

recovery fumace are Na, Na
2

, and NaOH. Warnqvist and Norrstrom (1976) showed 

that although the equilibrium assumption is somewhat unrealistic in practiee, 

the equilibrium calculations provide a good indication of the chemical species 

present in the fumace and the trends caused by operating variables. Detailed 

thennodynamic equilibrium calculations for the inorganics in the kraft 

recovery fumace have becn made by Pejryd and Hupa (1984). Results obtained 

for the sulfur spccies by Pejryd and Hupa were found to he in good agreement 
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with industrial data. 

In this chapter the latest thermodynamic data are used to establish the 

equilibrium composition for combustion and gasification of kraft black liquor 

in the presence of direct caustictzing metal üXldes. The objective tS to 

establish the feaslble process configurauons which will then fonn the bast!'. 

for fl'rther experimental studies. 

DtSCRIPTION OF THE F*A*C*T PROGRAM PACKAGE 

The F* A *C*T program developed by Thompson et al. (1985) is a package 

which includes a chemical equilibrium calculation program (EQUIL), a Pourbaix 

(or redox potenual-pH) program (EPH) for aqueous solutions, a database 

program (DAT ABASE) to store thermodynamic data and other useful programs for 

chemical systems. EQUIL is a modified version of SOLGASMIX developed oy 

Eriksson (1975). The program determines the equilibrium compositton by 

minimization of the Gibbs free energy of a chemical system. The Gibbs free 

energy of a chemical system is expressed by the following fonnula: 

(G/RT) = r n [(golRT) + ln a ] 
1 1 1 

(3) 

In this equation: G represents the total free energy; 

R the gas constant; 

T the temperature; 

n the moles of substance i; 
1 

gO the standard chemical potential; 

a the activity of substance i 
1 

The algorithm is described as being non-stoichiometric; This means that no 

chemical equations are used as part of the solution. The additional constraint 

that is introduced is the mass balance relationship: 

q±s+1 mp 
l.: r an, '" b, (4) 

In this equation: 

p=1 ... 1 PIJ pl J 

a ,represents the number of atoms of the jth element in 
pl J 
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J 

a molecule of the substance i in the pth phase. 

b the number of moles of the jth element; 
J 

q the number of pure phases; 

s the number of of condensed phases; 

m the total number of substances 
p 

The algorithm proceeds by the method of undetennined multipliers and a 

Taylor's expansion about an arbitrary starting point (an estimate of the 

equilibrium and an initial guess of the undetermined multipliers). The 

solution is then found iteratively by solving the linear equations generated 

and then using the new estimate of the n 's. Convergence of this linear system 
1 

will represent the equilibrium of the chemical system being modeled. 

The particular advantage of the EQUIL program is ilS ability to handle a 

number of condensed phases. both mixtures and solutions. Each of the condensed 

phases is added to the system in tum. The set of phases that gives the lowest 

free energy. white obey : phase rule. is selected as the equilibrium set. In 

the systems examined the condense<! phase is of primary ;mportance. 

The standard enthalpy, standard enttopy and heat capacity as function of 

temperature for all chemical compounds are stored in DAT ADASE of the F* A *C*T 

package. AlI the data. except Na
2
S are taken from "Thennochemical Properties 

of Inorganic Substances" by Barin and Knacke (1973 and 1977). The melling 

point Tm' standard enthalpy Ml
291 

and melting enthalpy Mlm for Na
2
S listed in 

this reference are 1251 K, -374.468 kJ/mol and 26.359 kJ/mol respectively. It 

has been reported by Warnqvist (1980) that those values were inaccurate 

because they were obtained with impure Na
l 
S. With better experimental 

techniques, Wanlqvist reported that Tm' 48
191 

and MI. are respectively 1443±1O 

OK, -386.6 kJ/mol and 30.1 tl/mol. By replacing the fonner data with 

Warnqvist's data in essentially the same program as EQUIL, Backman (1989) 

calculated the phast. diagram for the system Na
l 
CO 3 -Na

l 
S-Na

2
SO ... and obtained a 

very good agreement with experimental results of Andersson (1982). Therefore, 

Warnqvist's data were used in the present calculations just as was done 

recently by Li (1989) for thennodynamic analysis of the gasiflcation of black 

tiquor char with CO 2 and steam. 

AlI of the thermodynamic calculations were performed at the total 

pressure of one atmosphere. 
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1 
THE CONSEQUENCES OF ASSUMING EQUILIBRIUM 

The validity of assuming that a system is in thermodynamic equilibrium is 

based primarily on the following two considerations: 

i) Complete mixing of reac/ants is assumed - This assumption can lead to 

error, as the majority of the reactions that will be considered are between 

condensed molten salts and a gas phase. and all of the condensed phase May not 

be accessible to the gas. 

ii) The effect of kinetics IS ignored -- Chemical thermodynamics mdicate 

the potential for a reaction to occur, but that potenual may not be realized 

due to kinetic limitations. In a non-equilibrium system one reactlon may 

proceed faster than another and limit the extent of the slowel reaction. In a 

high temperature system. kinetic effects can usually he ignored smce the 

reaction rates are quite high. and equilibrium is usually obtained. 

RESUL TS AND DISCUSSION 

Evaluation of Direct Causticizing Agents 

From a review of the literature (Kiiskila. 1978). it appears thal iron 

oxide. titanium dioxide and alumina are the only water-insoluble oxides 

sui table for direct causticization. Soluble direct causticizing compounds were 

not considered in the present study because of their impact on the pulping 

process. First. calculations were done 10 detennine the temperatures for 

initial and complete reaction between the metal oxides and sodium carbonate in 

an inerl atmosphere. respectively T and T . The results listed in Table 1 
J ç 

show that the lowest lemperature for complete conversion is achieved with 

Al
1
0

3 
at 470°C. followed by TiOl al 7(KtC and Fe

2
0) at 930°C. Il should be 

noted that the latter temperature compares well with experimental results of 

Kiiskila (1979) wb:> only obtained complete conversion of FelO) above 90~tC. 

Table 1 T and T for Different Metal Oxides 
J ç 

Ti0
2 

T 330 350 700 
J 

T 470 700 930 
ç 
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t 
ln order to evaluate the influence of sulfur and reducing conditIons on drrect 

causticization, equilibrium ca1culations were performed for the system 

Na CO -Na S-metal oxide, in an inert or a reducing atmosphere. The 
2 3 2 

calculations show that: 

1) Under inen conditions al 900°C iron oxide reacts with Na2S to form 

FeS. More importantly. Fe20) and causticized product Na20·Fe
2
0) (or Nale204) 

are easily reduced to Fe and FeO by reducing agents such as C, H
2 

and CO at 

temperatures as low as 50(tC. 

2) The presence of sulfur does not influence the direct causticizing 

reaction between Na
2 
CO 3 and Ti0

2 
or AI

2 
0

3
, and no metal sulfides are formed. 

AIso TiO or Al ° and meir causticized products, Na O.Ti0
2 

(or Na TiO) and 
2 2 3 J 2 

Na O·AI ° (or NaAlO ) respectively, are stable under reducing conditions at 
2 2 3 2 

temperatures below lOOO°C. 

From these results it can he concluded mat only Ti0
2 

and AI
2 
° 3 are 

suitable as potential direct causticizing metal oxides for kraft black liquor 

recovery. 

The hydrolysis of the causticized products such as Na
2 
Q. AI2 °3 

and 

Na20Ti0
2 

was also studied thermodynamically. The results showed that 

hydrolysis of sodium titanate Na
2
0·Ti0

2 
proceeds according to following 

overall reaclion: 

i.e., the solid product Na
2
0·3Ti0

2 
instead of Ti0

2 
is obtained. This is 

consistent with experimental results of Kiiskila : 1979) who showed mat the 

maximum yield of NaOH after hydrolysis is about 66.7%. This indicates that 

hydrolysis of sodium titanate is limited by thermodynamics. and that 

Na
2
0·3Ti0

1 
rather than Ti0

2 
must he recycled in a commercial process. This 

does not represent a technical problem in a potential direct causticizing 

process, because Na
2
0·3Ti0

2 
reacts with Na

2
C0

3 
to form Na

2
0.Ti0

2
• However, it 

is an economic disadvantage since the recycle of Ti0
2 

must be increased by 50% 

10 account for the fact that in such a continuous direct causticization 

process the internai sodium recycle is equal to one half of the sodium input 

into the process. 
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.... 

Hydrolysis of Na O· AI ° produces NaOH and Al ° . H 0 according 10 the 
2 2 3 2 3 2 

following reaction: 

Na O· AI 0 + 2 H ° = 2 NaOH + AI ° . H ° 223 2 232 
(6) 

Since AI
2 
0

3
, H

2 
0 is only stable in water over a certain pH range, a Pourbaix 

diagram is calculated. The results in Figure 1 show that Al ° . H ° 18 
2 3 2 

dissolved above pH=9.4 hecause of the overall oxidation reaclion: 

Since the pH of white liquor will he about 14, no solid precipitate will be 

obtained. Thus the solubility behavior of AI
2 
° 3 makes thlS Metal oxide 

unsuitable for direct causticization of kraft black liquor. Based on the above 

analysis it is concluded that Ti0
2 

is the only technically viable direct 

causticizing metal oxide for kraft black liquor recovery. 

Combustion and GL.lication of Kraft Black Liquor with TiO 2 Addition 

The chemical species considered and elementary composition of kraft black 

liquor used in the equilibrium calculations are given in Table 2 and 3 

respectively. 

Upon complete combustion of the present kraft black liquor, assummg no 

sulfur or sodium 10ss, a mixture of Na
2
C0

3 
and Na1SO. in a molar ratio of 

NalCO):Na1SO.= 0.7386:0.2614 is obtained. Variables investigated are the 

temperature, TiO/Nal ° motar ratio and percentage of stoichiometric air. 

The percentage of staichiometric air is defmed as the percentage of air 

required for complete combustion of kraft black liquor ta CO
2

, H
2
0, Na

2
C0

3 
(or 

Nal O·Ti0
2
), and Na

2
SO •. 

The chemical equilibrium calculations for combustion and gasification of 

kraft black liquor at 900°C without Ti0
2 

addition are shown in Figure 2(a) and 

2(b) for the gas and condensed phase respectively. These re~'Ults, which serve 

as a reference for the combustion and gasification results with Ti0
2

, are 

identical to those obtained by Pejred and Hupa (1984). Il can he seen that the 

main components between 30-80% of stoichiometric air are liquid sodium 

carbonate and sodium sulfide, and H
2
S is the main gaseous sulfur species. 
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1 
Table 2 Chemical Species Included in the Equilibrium Calculations 

Gases 

CH , CO, CO , COS, CS
2

, H2' HO, H 5. HCN. N . NH . NO, N 0, NO, 
.. 2 22 2 J 2 2 

Na, Na , NaH, NaOU, NuCN, Na (eN) , 0 , 5 , 5. 50 , 50 . 
2 2 Z Z Z 23 

Liquids 

Na
2
S, Na

2
S

2
, Na

2
S

3
, NaS

2
, Na

2
S0

3
, Na

2
S0

3
, NaOH, Na

Z
C0

3
, NazO, Ti0

2
, 

TiO, Ti, TiS
2

, TiS, TiH
2

, TiN, TiC, Na
2
0·Ti0

2
, Na

2
0·2Ti0

2
, NazO·3TI0

2
• 

Solids 

Na
2
S, Na

2
S

2
, Na

2
S

3
, NaS

2
, Na

2
S0

3
, Na

2
S0

4
, NaOH, NazC0

3
, Na

2
0, Ti0

2
, 

Na
2
0·Ti0

2
, Na

2
Û-2TiOz' Na

2
0·3Ti0

2
, Ti0

2
, TiO. Ti, TiS

2
, TiS, TiH

2
,TiC, 

TiN, C. 

Table 3 The Composition of Kraft Black. Liquor Solids 

Element 

Weight 

percentage 

C 

38.8 

H 

3.9 

° S Na 

35.2 3.4 18,7 

accounting for only a small fraction of the total sulfur in the system. Above 

100% stoichiometric air. aU the sulfur is in the fonn of liquid sodium 

sulfate. Apan from elementary carbon there is no solid phase present at 900° C 

below 20% stoichiometric air. 

The results of the chemical equilibrium calculations with Ti0
2 

added al a 

TiO /Na1 ° molar ratio of 0.85 are shown in Figure 3. The TiO 2!Na
2 
° molar rallo 

of 0.85 corresponds to a TiO 1/Na1 CO 3 molar ratio of 1.15. Between 20 and 80% 

stoichiometric air, the main species in the condensed phase are Na
2
S(l), 

NI10·TiOz' NazO·2TiOz' Na
2
0·3Ti0

2 
(collectively called Na

2
0'xTi0

2
) and 

Na CO (1). Na O·2TiO and Na O·3TiO represent only a small fraction of z 3 2 2 2 l 
NazO.xTi0

2
, and Na

2
0.xTi0

2 
is mostly in solid fonn. The smal1 amount of 

Na
Z
C0

3
(l) remaining shows that Na

2
C0

3 
is almost completely converted to 
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1 
Na2 ° xTi02. Above 100% stOlchiometric air all the sulfur is in the form of 

Na 50 (1). The molar fraction of Na S(l) for air ratios between 30 and 80% is 
2 4 2 

only about haif of that of Na SO above 100% stoichiometric air because of 
2 4 

volalilization of sulfur, rnainly as H
2
S. 

When the percenlage of stoichiometnc air is kept below 100%, the main 

sulfur gases are H S, COS, S02 and S" The COS concentration is about ten 
2 * 

urnes smaller than that of H
2
S, and the S02 and S2 concentrations become 

significant oilly al air ratios between 80 and 100%. No sulfur is lost to the 

gas phase above 100% stoichiometric air, with all sulfur remaining as 

Na SO (1). Under reducing conditions, sorne sodium appears as Na and NaCN in 
2 4 

the gas phase. 

Compared with Figure 2, it is found that the addition of Ti0
2 

reduces the 

concentration of sodium vapor. Sinee sodium vapor is formed by reaetion 

between Na
2 
CO J and reducing species, the reduction in sodium emission with 

Ti0
2 

can he explained by the large reduction in the molar fraction of Na
2 
CO 3 

due to the direct causticization reaction: 

(8) 

However, under reducing conditions the addition of TiO 2 leads to higher 

concem.r!\tions of H
2
S and COS which are at least tell limes larger than those 

obtained JJl Figure 2, and a considerable reduction in the molar fraction of 

Na
2
S. 

The increased sulfur emis,ion and reduced Na
2
S yield can he explained by 

direct causticization reaction (8) and the following sulfur emission 

reacllons: 

(9) 

(10) 

With the addition of Ti0
2

, Na
2
CO) is converted into sodium titanate, and as a 

result the equilibrium of the sulfur emission reactions is shifted ta the 

right. With excess air, all the sulfur is in the fonn of Na1SO 4' and the 

equilibrium composition is the same as that without TiO 1 addition, except that 

sodium titanate instead of sodium carbonate is present as shown in Figure 

41 



1 ,..... 
E a. a. 

'-J 

C 
0 

-tJ 

(f) 
o 

104 

I~ 

~ 1Q2 
o 
U 

~ 10' 
(!) 

N2 C 

H20 Oz 
~;--

Na 

100 0 20 40 eo eo 100 IZO 

Percentage of stc i ch i ometr i coi r 

(a) 

6 I.0r-----============~~============~ NdJH (1 

~ o.e 
~ 
m > o.~ 

C (s) 

ro2 

No~ (1) 

U 
0.0 0 20 Cl eo 80 100 120 

Percentage of stoichiometric air 

(b) 

Figure 2 Equilibrium com['Osition as function of air ratio 

al 900°C. No TiO 2 added 

42 



1 ,-.. 
E 
8: 
c o 

CI) 

~ o 10 21""----/ 

o 

~ 101 
(!) 

tOOOL-----~~~~~~--~~~~~~~~-t~OO=---~l~ 

Percentage of stoichiometric air 

.+J 
o 
C 0.8 
L.. 
'r-

CD 
0.8 

~ 
CD 
> O •• 

.+J 
C 

~ 0.2 
~ C (e) 

(a) 

u ~s (1) 

o.o------~--~------~--~----~----~ o 20 «) et) 80 100 

Percentage of stoichiometric 
(b) 

120 

air 

Figure 3 Equilibrium composition as function of air ratio 

al 900°C and TiO 1/Na1 0 = 0.8.5 moVmol 

43 



1 
3(b). 

The results in Figure 3 suggest that it is not feaslble to male \\-hlle 

liquor by adding TiO 1 to kraft black tiquor in the recovery fumace. because 

the reducing condiuons in the char bed will lead to a large lncrease ln 

sulfur emission and sohd Na O· '(TiO will accumulate al the bottom of the 
2 2 

furnace. 

The IDfluence of temperature on the equihbrium composltlon of lr.lft 

black tiquor combustlOn with 70% stoichiometric arr and a TiO /Na ° molar 
2 2 

ratio of 0.85 is shown ID Figure 4(a) and 4(b). The H
2
S and COS concentratlons 

remain approximately constant Wlth varying temperatures. while the SO 2 and S 2 

concentrations increase Wlth IDcreasing temperature. As a result the molar 

fraction of Na
2
S in the condensed phase IS also relatively msensiuve to the 

temperature at a level weil below 0.2614. the value which would he oblained 

without volatilization of sulfur. When the tempe rature is mcreased. a mollen 

phase is formed al about 800°C and the last solid phase. Na
2
0·Ti0

2
, dlsappears 

just below l()()(tC. 

Under oxidizing conditions. an increase in temperature only leads 10 an 

increase in the concentration of NO in the gas phase as shown in Figure 5(a). 

In the condensed phase shown in Figure 5(b), initial melting occurs at 7flJoC 

and all salts are molten above 930°C. 

The results of the influence of TiO 2/Na2 0 molar ratio al 900°C and 70% 

stoichiometric air are shown in Figure 6(a) and 6(b). The concentrations of 

H
2
S and COS increase considerably with increasing TiO 2/Na2 0 molar ratio and 

all sulfur appears in the gas phase when TiO /Na2 0 is larger than 1.0, as can 

he seen from the absence of Na
2
S in the condensed phase under these conditions 

in Figure 6(b). In effect, all sodium sulfide is convened 10 Na20'xTi02, H2S 

and COS via the sulfur emission reactions (9) and (10) and by direct 

causticization reaction (8). It is Imponant lo note thal the sodium emissIOn 

is negligible and only solid products remain when the TiO /Naz 0 molar rallO IS 

larger than 1.0. 

Since the TiO /Na2 ° molar ratio does not have any influence on the gas 

composition under oxidizing conditions. only its effect on the composition of 

the condensed phase at 120% stoichiometric air is displayed ID Figure 7. Il 

shows that sodium carbonate is almost completely convened at TiO 2/Na2 0>0.76 

and that all sulfur is in the form of molten Na
2 
SO 4' At hlgher TiO 2/Na2 0 

ratios. solid riO 2 appears as a new phase. Contrary to Figure 6(b), sorne 
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1 

J 

molten Na
2
0- xTiO is found un der oXldizing conditions al high TiO /Na ° molar 

2 2 2 
ratios because of the presence of liquid Na SO . 

2 4 
The results in Figures 6 and 7 suggest two interesting process 

configurations for alternative recovery of kraft black tiquor. In the frrst 

configuration, kraft black liquor is combusted with Ti0
2 

at less than 100% 

stoichiometric air (i.e., gasification) and a molac ratio of Ti0
2
/Na

2
0 larger 

than 1.0. Upon dissolution of the solid residue in water a caustic solution, 

solid Na
2
0·3Ti0

2 
and Na OH are obtained. H

2
S must he selectively removed from 

the gasification gas by standard techniques employed in the petrochemical 

industry, and then absorbed in the caustic solution to form white tiquor. This 

concept is similar to the gasification process (without Ti0
2 

addition) 

presently under development in the USA by MTCI (Durai-swamy et al., 1989) and 

in Finland (McKeough and Saviharju, 1991). A schematic graph to describe this 

process is shown in Figure 8(a). Advantages of the present concept are that 

white liquor is produced, no significant sodium vapor is formed and that 

higher gasification temperatures can he use<! without melt fonnation. The 

latter allows a fluid bed ga:,ifier to operate at significantly higher 

temperatures. This in tum will lead to a much smaller residence time and thus 

reactor volume, and more complete gasification of organic sulfur compounds 

produced during pyrolysis of kraft black tiquor. A disadvantage is however 

that expensive Ti0
2 

must he use<! 50 that only small losses are allowed in the 

Ti0
2 

recycle. 

The second process configuration involves combustion of kraft black 

tiquor with excess Ti0
2 

in an oxidizing atmosphere. and subsequent reduction 

of Na
2
SO .. in the mixture of Na

2
SO ... Na

2
0xTi0

2 
and Ti0

2
• This is similar to 

the DARS process (Maddem, 1986) for soda black tiquor, which operates with 

Fe 2 °
3 

as direct causticizing chemical. and plus an additional reduction step. 

as shown in Figure 8(b). 

ln order to establish the thermodynamic feasibility of the latter process 

configuration. equilibrium calculations were performed for the reduction step. 

Reduction or Direct Causticized Product 

The condense<! combustion product of kraft black tiquor and TiO is a 
2 

mixture of sodium titanates and sodium sulfate. Sodium sulfate needs ta he 

reduced for ilS reuse in the pulping process. Reduction of sodium sulfate was 
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1 

J 

usually realized by sorne reducing agents. H
2 

and CO were believed as the rnost 

effective ones. Therefore equllibrium calculations have been perfonned for the 

following system: 

I.e., the molar ratio of reducing agents H
2 

and/or CO to Na
2
SO. is 19.23. The 

influence of temperature on the reduction with pure hydrogen is shown in 

Figure 9(a) and 9(b). Na
2
0'xTi0

2 
is chemically inert under these conditions. 

The H S and Na concentrations increase with temperature due to reaction 
'J. 

helween Na S and H . However this reaction does not lead to a significant 10ss 
2 2 

of Na
2
S when Na

2
S is still solid. At higher temperatures, sorne of the molten 

Na
2
S is converted into NaOH due to reaction with steam. These results imply 

that the direct causticized mixture of Na
2
SO. and Na

2
0·xTiOz can he reduced 

with hydrogen without melt formation at temperatures below about 870°C. 

With pure CO the reduction results are shown in Figure 10(a) and 10(b). 

Although Na
2 
O· xTi0

2 
is again chemically inert, ilS molar fraction decreases 

eonsiderably al lower temperatures because of formation of large amounts of 

carbon by the CO disproportionation reaction: 

co = CO
2 

+ C (11) 

The produced CO
2 

reaets with Na
2
S via reaction (9) 50 that a large amount of 

COS is formed at low temperatures. This also explains the sodium carbonate 

found in the 50lid phase under these conditions. Since the CO 

disproportionation reaction is unfavorable above about 7(!JJ°C, the COS 

concentration is relatively small above 7(Jj°C. Because a molten phase appears 

above S,sO°C, il follows that pure CO can be used for reduction of the direct 

causticized mixture in the temperature range of 7'sO-S'sO°C. 

The results for reduction with an equimolar gas mixture of CO and H
2 

(CO/H
2
=1:1 moVmol), are shown in Figure 11(a) and ll(b). High concentrations 

of H
2
S and COS are found below 700°C because presence of both H 0 and CO 

2 2 
leads to a large conversion of reaction (10). With increasing temperature the 

concentrations of H1S Olnd COS are reduced significantly and become constant 

above about 700°C At low temperatures a significant amount of CH is formed • because of the following reaction: 
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Figure 11 Reduction of sodium sulfate by a mixture of CO and H2 

(CO+H )!Na SO =19.23 mol/mol, CO!H 2=1 mol/mol 
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1 

l 

co + 3 H = CH + H 0 
2 4 2 

(12) 

At high lemperature the CH 4 concentration is considerably reduced. This 

suggests that according to thermodynamics CH plus steam May also he used for 
4 

reduction of the direct causticized mixture al higher temperature. The results 

for the condensed phase are similar to Û10se obtained for reduction with CO. 

Thus a mixture of CO and H
2 

can also he used for reductlon in the 

temperature range of 700-850IlC, aJthough the sulfur emission as H
2
S is now 

approximately 4·5 times larger than the COS emission obtained with reduclion 

by CO alone. 

CONCLUSION 

A computer program called F*A*C*T was used to perform thermodynamic 

calculations for direct causticization of kraft black liquor. Il is concluded 

that only TiO 2 is suitable as water-insoluble metal oxide for krafl black 

liquor recovery. The combustion/gasification of kraft black liquor with TiO 2 

was analyzed thermodynamically for different operating conditions. 8ased on 

these calculations, two potential process configurations have been proposed. 

Il is also concluded that tht: solid combustion product of a mixture of kraft 

black liquor and TiO 2 can he reduced in the solid Siate by H
2 

and/or CO. 

a 
1 

a 
PIJ 

b, 
g~ 

G 

Mil" 
AH 

m 
m 

P 
n 

1 

q 

R 

NOMENCLATURE 

=Activity of substance i. 

=Number of atoms of the jth element in a molecule of the substance 

i in the pth phase. 

=Number of moles of jth element. 

=Standard chemical potential, Jlmol. 

=Total Cree energy, J. 

=Fonnation enthalpy, Jlmol. 

=Melting enthalpy, Jlmol. 

=Total number oC substances. 

=Moles of substance i, mol. 

=Number of pure phases. 

=Universal gas constant, J/(mol.K). 
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1 
s 

T 

T 

T 

T 

c 

m 

=Number of condensed phases. 

=Temperature, K. 

=Temperature for complete reactlon. Oc. 
=Temperature for mitial reacuon, Oc. 
=Meltmg temperature. oC. 
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CHAPTER4 

KINETICS OF THE DIRECT CAUSTICIZING 

REACTION BETWEEN SODIUM CARBONATE 

AND TITANIUM DIOXIDE 

ABSTRACT 

The kinetics of CO
2 

release from the sohd (or melt)-solid reaclion 

between Na
2
CO) and Ti0

2 
are studied in a tube fumace from 750 to 925°C Il IS 

found that complete conversion of Na
2 
CO) can easily he achieved when U!.tng a 

Ti0
2
/Na

2
C0

3 
molar ratio of at least 1.25. leading to the formalton of 

4Na
2
0,5Ti0

2
, The mfluence of CO

2 
partial pressu 'e and the presence of Na

2
S0

4 

on the direct causticization of Na
2
CO) with Ti0

2 
is also lnve~lIgaled. The 

kinetic data of the formation of 4Na
2
0'5Ti0

2 
are weil descnbed by a reacllOn 

model with product layer diffusion control. The actIvation energy of the 

formation reaction of 4Na 0, 5TiO in solid state is 216 kJ/mol. Insolu hie 
2 2 

Na
2
0·3Ti0

2 
from hydrolysis of Na

2
0·Ti0

2 
and 4Na

2
0·5T10

2 
can he recycled and 

fully used for CO
2 

release from fresh Na
2
CO)' 

S8 



1 INTRODUCTION 

The direct causticizing method of recovering sodium hydroxide from kraft 

black liquor with metal oXldes was discussed in Chapter 1 and 2. Based on 

thermodynamic analysis Il was shown 10 Chapter 3 that TiO 2 is the only metal 

oxide WhlCh can he uSl:d for direct causticizatlon of kraft black hquor. In 

the lwo-slep process proposed m Chapter 3, kraft black hquor is fIrst 

combusted in the presence of TiO 2 and NalO· 3TiO 2' leading to the release of 

CO from Na CO by the reactions: 
2 2 3 

(1) 

and (2) 

The combusled mixture also contains Na SO , which is convened into Na
2
S in a 

2 4 
subsequent reduction step. Decause of the weak bond between Na

2 
° and TiO 2 t 

Na O· TiO decomposes in water to fonn NaOH according to the reaction: 
2 2 

Na
2 
O· 3TiO 2 IS insoluble in an alkaline solution and can easily he separated 

from the solution of NaOH and Na
2
S or white tiquor. The dried Na

2 
O· 3TiO 2 is 

recycled to the kraft black liquor combustion step. 

Previous studies of the reaction between Na
2
CO) and Ti0

2 
were mainly 

concerned with synthesis and identification of the sodium titanates (Delyaev 

et aL, 1968; Safiulin and Belyaev, 1968; Andersson and Wadsley, 1962; Kurolin 

and Vulikh, 1965; Mitsuhashi and Fujiki, 1985). The confusions regarding the 

existence of sorne of the titanates and the X-ray diffraction (XRD) data in the 

literature were recently resolved by Bamberger and Begun ( 1987). They 

synthesized the co=-npounds by heating stoichiometric quantities of Na
2 
CO 3 and 

Ti0
2 

in the temperature range of 800 10 120(tC. Using Raman spectroscopy, 

Bambcrger and Begun (1987) poSÎtively identified 2Na
2
0.Ti0

2
, (l-, fi-, 

y-Na
2
0 Ti0

2
,4Na

2
0· 5Ti0

2
, Na

1
03Ti0

1
, and Na

1
06Ti0

2
• However they were 

not able to synthesize NazO·2Ti0
2 

and Na
2
0·5Ti0

2
, previously identified in the 

literature. More detailed information on the XRD data can be found in Chapter 

2. The generally accepted phase diagrams of the system Na
2 
0-TiO 2 reported by 

Bouaziz and Mayer (1971) and Gicquel et al. (1972) are reproduced in Chapter 
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2. 

The only relevant kinetlc studies are those by Kllskila li 979a. 1979b) 

who invesugated the reaCHon hetween pure Na CO and TIO WlthOUt the 
2 J ~ 

Presence of Na 50 from 850-1200°C. i.e .. above the melung pomt of N.t CO 
:: " 1 , 

(856°C). Klisklla reports that the decompoSltIOr. of ~ldlum carbonate .11 

850-950°C is due 10 the formatIOn of sohd 4Na 05TIO WhlCh reaCh further 
2 2 

with sodium carbonate to yleld solid Na
2 
O· TIO 2 al low CO 2 partial pressure. 

Above lOOO°C the reacHon hetween sodIUm carbonate and Tt0
2 

proceeds 10 the 

molten state and the Na
2 
OrriO 2 ratio in the melt 10creases above 1 O. In .111 

cases the sodium tltanates could not completely he hydrolyzed. and the 

insoluble TiO 2 residue contained about 0.33 moles Na
2
0 per mole TiO 2' Kllsklla 

did not anaIyze the conversion-time data in tenns of a kmetic model. In the 

thennodynamic analysis presented in Otapter 3. Na
2 
O· 3TiO 2 was identified as 

the Insoluble TiO 2 resldue obtained during the hydrolysis of sodium lltanate. 

The objective of the present study is to determme the linettes and 

mechanism of the direct causticizing reaction hetween TiO and Na CO from 
2 2 3 

750-925°C. i.e., below the melting pomt of the sodium titanate products. The 

influence of the presence of Na
2
SO. on the kinetics of the direct causllclzmg 

reaction and the reactivity of Na
2 
O· 3TiO 2 for direct causticlzauon of Na

2 
CO J 

is aIso investigated. 

EXPERIMENT AL 

Experimental apparatus and procedures 
A thermogravimetric analysis/differential thennal analysis (TGNDT A) 

system of Netsch thermal analyser (model ST A 4(9) was used in the constant 

heating rate mode (5-40°C/min) 10 characterize the reaction between Na
2 
CO 3 and 

TiO 2 in a flow of 60 mVmin of air or pure carbon dioxide. In addition a TGA 

system with data acquisition system al McGill University was also used for 

sorne experiments. The weight of the sample in the alumina pan was about 20 mg. 

The sample temperature, sample weight, and the temperature difference between 

the sample and a reference were continuously recorded. 

The TGNDTA system was not suitable for kinetic study because even at ilS 

maximum heating rate of 4OoC/min, a significant conversion was obtained before 

stabilization al the desired rneasurement temperatures varying from 750 lo 

925°C. Therefore isothermal kinetic experiments were performed In a tube 

furnace system (Lindberg type 55035, Oven length: 34 cm) shown schematically 
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t 
ln Figure 1. The reactIOn between Na

2 
CO 3 and TiO 2 was fol\owed by measuring 

the CO concentration contmuously by an IR analyzer (A.O.C. type 58-305). A 
2 

platinum sample pan was fixed to the support of a thermocouple and ils 

Juncuon was in contact Wlth the sample. The thermocouple and the sample pan 

could be moved smoothly From one end of the fumace to Its center by movlng 

the support rod through a ughtly fitted hole in a rubber stopper at thal end 

of a quartz tube (1.0. 2.5 cm) inside the fumace. lmually the sample pan 

was kept near the end of the tube fumace at a temperature of about 500°C. 

After the reactor system was flushed w,th 1000 mVmin Nz (99.99% purity) for 

half an hour and the CO concentration was less than 1 ppm, the sample was 
2 

quickly pu shed to the center of the tube fumace and the CO 2 liberation was 

subsequently recorded. Il took generally about 30 seconds to reach the preset 

reaction temperature. The temperature of the fumace could be controlled with 

±3°C dunng the experiments. The sample size was varied From 3 to 10 mg in 

order to keep the maximum CO 2 concentration below 1000 ppm, the optimum range 

for the IR analyzer. The samples for XRD analysis were prepared in the tube 

fumace using a large sample of about 1000 mg. 

The sodium sulfate and carbonate content of the solid reaction product 

was determined by ion chromatography (IC). The sodium titanates were 

identified by X-ray diffraction (XRD). A scanning electron DÙcroscope (SEM) 

was used to characterize the morphological changes of the reaction product. 

Sample preparation 

The reagents used were anhydrous sodium carbonate of 99.95% purity, 

anhydrous sodium sulfate of 99.0% purity and titanium dioxide of 99.97.5% 

purity (d
p 
<10 J.U1l). Pure Na

2
CO) or 3 moles of Na

2
CO) and one mole of Na

Z
S0

4 

were dissolved in water and subsequenùy dried to obtain a model compound 

DÙxture. The latter closely simulates the combustion product from kraft black 

liquor. The mixtures were ground to a particle size of less than 25 J.lI1l and 

again dried in air al .500°C for 1 hour. 

Solid Naz O.3TiO 2 for the recycling experiments was obtained as follows: 

Naz C0:1 (d p <25 J.UI1) and TiO z (d p < lO J.UI1) at a molar ratio of 1: 1 were ground 

together, and the mixture was placed in a tube fumace at 900°C for 6 hours 

(melting point of Na
2
CO), 858°C). Complete hydrolysis of the product NazO.TiOz 

to Na
2
0·3TiOz and NaDH was achieved alter 4 hours in 90°C distilled water ln a 

glass flask equipped Wlth a magnetic stirrer. The degree of hydrolysis was 

measured by titrating the formed sodium hydroxide. After washing, the solid 
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THERMOMETER 1 

~--~~~~~~~i:=~--~~~~l~~ 

VENT 
TUBE FURNACE 

IR = Infrared Analyzer 

Figure 1 Tube fumace reactor system 
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1 
tiltrate. Na

2
0·3Ti0

2
, was heated al 500°C before further use. 

RESUL TS AND DISCUSSION 

Thermogravimetric and Differentiai Thermal Analysis 

It is well known mat sodlUm carbonate decomposes at elevated temperature 

according 10 the following reaction: 

Na CO ~ Na ° + CO 
2 3 2 2 

(4) 

The thermogravimetric results in Figure 2 show that the decomposition of pure 

Na
2
CO) stans m air at about 820°C. In a CO

2 
atmosphere, Na

2
C0

3 
is stable up 

to lOOO°C. These results are consistent with those found by Kiiskila (1979a). 

Therefore the presence of CO 2 will strongly retard the decomposltion. and a 

causucizing agent will be needed to liberate CO 2 from Na
2 
CO 3 • 

The TGA/DT A results for a mixture of pure sodium carbonate and titanium 

dioxide al a molar ratio of 1.0 are shown in Figure 3. Three DTG and OTA peaks 

are observed at 655°C, 750°C and 985°C, respectively. According to the older 

literature (Belyaev et al., 1968; Safiullin and Belyaev, 1968), Na
2
0·2Ti0

2 
is 

formed initially at 600°C via the reaction: 

(5) 

However, the existence of Na
2
0·2Ti0

2 
could not be demonstrated m recent 

literature (Bouaziz and Mayer, 1971; Bamberger and Begun, 1987). A more likely 

explanation for the fust weight IOS5 shown in Figure 3 may be the formation 

of the known sodium trititanate. Na
2
0·3Ti0

2
, via reaclior.: 

(6) 

The theoretical weight loss associated with the complete conversion of Ti0
2 

according to reaction (6) is indicated by AW in Figure 3. Il can be seen thal 
1 

A W 1 corresponds approximately ta the weight loss at completion of the fust 

DTG peak, thus giving support ta the formation of Na 0·3TiO ramer than 
2 2 

Na
2 
O· 2Ti0

2
• When the second DTG peak is complete. the total weight loss is 

equlvalenl 10 a CO release by ahaut 80% of Na CO. This suggests that 
2 2 3 
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Figure 2 Decomposition of sodium carbonate 
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Figure 3 TGA and DT A results for a mixture of pure Na
2 
CO 3 and TiO 2 

Ti0
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/Na

2
C0
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=l.O moVmol, Heating rate: lOoC/min 

Initial sample weight: 16.8 mg 
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1 

'It· 

Na
2
0·3Ti0

2 
reacts further Wlth Na~C03 to fonn 4Na

2
05Ti0,2 accordmg to the 

overall reaction: 

5 (Na 0·3Ti0
2
) + 7 Na CO = 3 (4Na 0·5TiO ) + 7 CO (7) 

2 ~ 3 2 2 2 

The theoreucal weight 10ss due to complete converSIon of Na
2 
O· 3TIO 2 accord mg 

to reaction (7) is indicated by ~W 2 in Figure 3. The combinauon of reaclions 

(6) and (7) can be written as: 

4 Na
2
C03 + 5 Ti0

2 
= 4Na

2
0·5Ti0

2 
+ 4 CO

2 
(8) 

The formation of 4Na
2
0·5Ti0

2 
for a sample heated at 900°C was confirmed by 

X-ray diffraction analysis, using the most recent XRD data. At a molar ralio 

of TiO/~a2C03=1.0 and 1.25, the formation of 4Na20·5Ti0
2 

after 5 minutes al 

900°C is clearly observed from XRD analysis shown in Figure 4, in agreement 

with the ob5ervation of Kiiskila (1979a). After melting of Naz CO J at about 

850°C, another weight loss is seen in Figure 3. 8ased on the SIle of thlS 

weight loss, literature evidence (Belyaev et al., 1968) and the XRD analysis 

in Figure 5, Na
2
0·Ti0

2 
is fonned according to the following reacllon: 

(9) 

The theoretical weight loss associated with complete conversion of reaction 

(9) is shown as ~ W 3 in Figure 3. The combination of reactions (6), (7) and (9) 

can he written as: 

(10) 

and therefore the sum of ~W ,~W ,and 6W corresponds to 100% conversion of 
l 2 ) 

Na
1
CO) when charged with an equimolar amount of Ti0

2
. It must he nOled, 

however, that the three steps are not completely sequential but occur 

simultaneou51y to sorne degree so thal the theoretical weighl los5 does not 

always exactly corresoond to the experimental weight los5. The expenmental 

results in Figure 3 al~o show that a very high temperature of about lOOO°C IS 

required for completion of reaClion (9). Furthermore, the wide temperature 

range needed for completion of ~ W 3 compared to that of ~ W 2' suggests mat the 

apparent activation energy of reaction (9) is lower than that of reaction (7). 
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2
C0

3
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2
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3
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2
/Na

2
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3
=1.25. t=5 min.;(d) TiO/Na

2
C0

3
=1.25, t =60 min. 
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1 

----------------------------............. .. 
Since the results 10 Figure 3 show that re.lctlOn (7) IS fol .. t and ~.m ~ 

completed below the melt10g point of Na CO (856°C), the reaction between TIO 
2 3 ~ 

and pure Na
2 
CO 3 was investigated at .l TIO /Na

2 
CO] molar ratto of 1.25. The TGA 

and DT A results are shown 10 Figure 5. The theorellfal wCIght los~s 

associated Wlth complete converSIon of TIO! via reactlom (6) .md (7) are 

indicated as 6. W and 6. W , respectively. The total wetght \o~s, .1 W +~ W , 1" 
1 2 1 ~ 

also eqUlvalent to 100% conver~ion of Na CO . Therefort~, ~Imtlar to Km.!..tlJ'" 
2 3 

( 1979a) expenments for TiOlNa2CO) rno\ar rauos larger than 2.0, lt IS ~hown 

in the present study that complete conversIon of Na
2 
CO J can be obt .. uned wlth 

tbe reactants and products in the solid state when the TiO /Na! CO, molM r..1110 

is larger than 1.25. The CO 2 release rate is faster In the present .. tudy 

compared to that of KlÎskila (1979a and 1979b) because smaller TI0:2 partlclc~ 

(10 J..l.m versus 250 J.l.rn. re&-pectively) and a srnaller sample size (respccllvely 

about 20 mg and 2 g) are used. 

The influence of CO
2 

was aIso checked by changing the atmosphere from N2 
to CO

2
• It was found that reaction (8) is somewhat affected by the ehange-over 

to CO and however the temperature to complete the conversion of Na CO is 
2 2 J 

vc::ry close to that in N
2 

as shown in Figure 6. In another experiment Wlth 

Na
2 
Q. TiO 2 as the initial sample, it is seen in Figure 7 that Na

2 
° TI0

2 
reaets 

with CO
2 

to form 4Na
2
0·5Ti02 at 810°C according to the followmg reacUolI: 

(11 ) 

TIte results agree with those of Niggli (1916), who reported that Na20·Ti0
2 

is 

.lot formed al temperature below lOOO°C in a CO
2 

atmosphere, and wllh those of 

Bennington and Brown (1973), and Mitsuhashi and FUJiki (1985), who found that 

Nél
2 
O· TiO 2 de:omposes 10 4Na

2 
O· 5Ti0

2 
al temperatures of 910-11 oouc. Thus, the 

above results indicate that reaction (11) is a reversible reaction. 

Chemical Reaction Kinetics of the Formation of 4Na
2
0·STi0

2 
and Na

2
0 Ti0

2 

1 Reaction between Ti0
2 

and Na
2
C0

3 
mixed with Na

2
S0

04 

The sample temperature and CO 2 concentration in the product gas for a 

typical kinetic experiment are shown in Figure 8. A mixture of 75% Na
2
CO) and 

25(Yo Na SO (molar percent) was always used in the kinetlc part of this study. 
2 4 

Th,: conversion of Na
2
CO), X, can he caIculated from the rcledsed amount of CO

2 
by the following equation: 
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Figure 5 TGA and OTA results for a mixture of Na
2
C0

3 
and Ti0

2 
TiO 2/Na2 CC 3 = 1.25 moVmol, Heating rate: lOoC/min 

Initial sample weight: 20.1 mg 
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st QM Pco (t) dt 
X = 0 RT 2 

[WCO ] 
2 1 

where [Wco] IS the theoretical welght of CO whlch can be rele.l~d fmm the 
2 1 2 

Initial sample upon complete decomposltlOn of Na
1
CO,; Q l'; the t10w r.tte, R 1:-' 

the umversal gas constant, T 15 the temperature; M IS the moleculJ.f welght llf 

CO
2 

and Pcoz 15 the partial pressure measured by the IR .lIldlyzer Prelmunary 

expenments ~howed an excellent agreement Wlth dlfferences of about lelc hetween 

the conversion calculated from Eq.( 12) and the converSiOn ca1cul.lted from the 

measured welght loss. This was aIso confmned by measunng the anh" 

Na CO remammg m the sample by Ion chromatography. The amount Il ,dl.lle 
2 3 

before and after CO release was unchanged, confmning that Na 50 1 .. Inerl 
224 

during the direct caustlClzmg reaCHon. 

Influence of temperature 

The dlfferent conversion-ume (X-t) curves obtamed for a molar rallo of 

Ti02/Na2CO) of 1.25 al 750 to 850°C are shown in Figure 9. Complete conversion 

of NaFO) is achieved in a relatively short Ume above 800°e, whlle the 

initiaI conversIOn is extremely fast. These results are in agreement Wlth the 

earlier fmdmg that the formation of Na
2 
O· 3TiO 2 IS very rapid, and that 

further reacuon to 4Na/')·5TI0
2 

can he accomphshed m the sohd state 

The melting pomt of the present Na CO -Na SO mIXture IS about 830°C 
2 3 2 4 

(Gitlesen and Motzfeldt, 1964). The meltmg pomt of Ti0
2 

is 1800°e, I.e., 

much higher than that of the mixture of Na CO and Na SO . Therefore It IS 
2) 2 4 

likely that Na CO diffuses through the reaction product formed on the rIo ~ 
2 J • 

particles rather than TiO 2 diffusing into the Na
2 
CO J -Na

2 
SO 4 particles. Smce 

the product, 4Na O·STiO , is a refractory which forms a barner for diffUSion 
2 2 

of Na
2
CO

J
, internai transport of Na

2
CO

J 
will llkely become the rate-

detennining step for further reaction. This effeet increases in sigm ficance 

with increasing particle size of TiO 2' Thus one might expecl that the 

following X-t relationship: 

(13) 

derived by Jander (1927) for a diffusion controlled solid-solid reaction, and 
discussed in Chapter 2 will he applicable. In Equation (13), k' is a constant, 
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, A IS the cross-secuonal area and r is the mitIal radius of the spherical 

TiOz parudes. The X-t data obtamed in Figure 9 at 800°C were plotted in 

Figure 10 accordmg to Eq (13) as weil as according to the other solid-solid 

reactlon models revlewed m Otapter 2. The companson shows that the 

expenmental results are tndeed best represented by Jander's model because 

only wlth that model a hnear relatIonshlp is obtamed between the left hand 

'ilde of the mode 1 equatlon and reacllon time, t. The fiting by these models 

was also conducted for data al other lemperatures and demonstraled that 

Jander's mooel glves the best fitting. Figure Il shows the left-hand side of 

Eq.(l3), [l_(l_X)1/3]Z. vs tune for all the data of Figure 9 obtamed at 

different temperatures. A reasonable linear fit is obtained for the conversion 

between 40 to 90% at all temperatures except 775°C. The inapplicability of 

Eq.(l3) al conversions below 40% could he explained by that the initial 

reaction between Na
2 
CO 3 and TiO 2 is kinetically controlled. This was also 

observed for the reaction between BaCO) and SiO 1 where the mechanism changed 

from being controlled by reaction at the interface to the product layer 

diffusion control (Yamaguchi et al., 1972). AIso most of the inuial delay 

time for conversion of Na
2 
CO) IS the result of the heat-up time of about 30 

seconds. The rate constants were calculated from the linear fitting ln Figure 

Il with a correlation coefficient higher than 0.98. An Arrhenius plot of the 

rate constants obtained from Figure Il gives an activation energy of 246 

kJ/mol in Figure 12. The somewhat higher rate constant at 850°C nught he due 

to melting of the Na SO -Na CO mixture. Thus a :egression analysls is made 
2 4 2 3 

without the data poml al 850°C. A better stralght line corTelation is 

obtained as shown in Figure 12 with an activation energy of 216 kJ/moi. llte 

activation energy of 216 kJ/mol is comparable to those published for smlilar 

systems with product layer control, for example, 217 and 210 kJ/mol for the 

Na
l
CO)-Fe

2
0) and Li

2
CO)-Fe

2
0

3 
systems respectively (Gallagher and Johnson, 

1976), 226 kJ/mol for the BaCO) -SiO 1 system (Yamaguchi et al., 1972) and 250 

kJ/mol fOl 'ne Na
l
CO

J
-A1

2
0

3 
system (Christie et al., 1978). 

SEM pictules of the samples before and after complete conversion of 

Na1CO) by Ti0
2 

(Ti0
2
/Na

2
CO)=1.25 moVrnol) are shown in Figure 13. The larger 

particles in the original sample are Na
2
CO) and the agglomerates of the 

smaller particles are TiO . After treatment al 770 and 9(Xtc, the Na CO 
2 2 ) 

particles have disappeared and the Ti0
2 

agglomerates appear to be solid but 

distinct partides. The explanation for the latter is that TiO and the 
2 

products Na
2
0· 3TiO , 4Na O· 5TiO and Na O· TiO do not melt (melting poinlS 

2 2 2 2 2 
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Molar ratio TiÛ:l/Na2C03= 1 25 

[C021 =0 

10" ~------------------------------------------~ 0.88 0.90 0.92 0.94 096 098 

Figure 12 Arrhenius plot of rate constants 
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1 

(..1) 

(h) 

(c) 

1 

(a) before treatment; (b) Treated at 770°C for 70 minutes; 

(c) Trealed al 900°C for 12 nunutes. 

FIgure 13 SEM pictures of the reactlon sample 

(T10 /Na CO = 1.25 moVrnol) 
2 2 3 
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1 
respecmel)' of 1840, 1130, 1030 and 965°(', Bouazlz and ~.lyer. 1l)71) under the 

present condltlons, and that the molar volume of the sodIUm tItJJ1alc, t JI 5 

and 41 3 cm
3
/mole TIO, for respectlvely Na,0·3TIO~ and Na,O TtO" ShOI1lJlt\ 

(946) IS much larger th-an that of TI0
2 

(l8~8 cmJ/~ole TIO;) A~; rc,ult, the 

ml~ron ~Ized partlcJes makmg up the agglomerales ~well upon re.l\.:lllln wlIh 

~a~CO). When Na
2
CO) IS completely converted, each agglomer.lte l' tr.m,!'erred 

mto a <,oltd fused partlcJe Wlth r.1any protuberance~ '.\<hlch l' largcr lhan the 

ùngmal agglomerate. Smce only sorne of these comphcalt'd phenomenJ Jre 

included In lander's model, Il nught also explam why Eq (13) l' nnly 

partially successful In representmg the present data for conveNlln~ htgher 

than 90%. 

Finally sorne speculations can he made regarding the nature of the 

dlffusmg species. Data reponed in literature (Kuczynski. 1965) ,howed that 

diffusion-controlled activation energles of -250 kJ/mol were ob~rved lor 

Slmllar systems, e g., the diffusion of nickel ions through NIAI0
2 

and lhrough 

NiCr
2
0

4
, and atonuc oxygen through NiCr

2
0

4
, A much higher activation energy 

was found for the dlffuslOn of metal Ions through rnetal oXlde~. For eXJmple, 

about 500 kJ/mol was reponed for the diffusion of alurnmum Ions lhrough 

A1
2
0

3
• On other hand it was found that the activation energy for the dlffu~\On 

of oxygen Ions through a metal oAlde such as NiO, W0
3
, AI

2
0) or TI0

2 
l' "hout 

250 kJ/mol. Thus il appears llkely that for the Na
2
C0

3
-TiOz system, Na and 0 

IOns, or combmed as Na
2
0, are the diffusing specles. In the Slmllar '>y,>tem of 

Ll zC0
3
-FezÛ

3
, it was observed that the activation energy IS 210 kJ/mol for the 

LI and ° ions dIffusing through Pe
2
0) (Gallagher and Johnson, (976) ll1U<; tt 

IS suggested that smce Na
2 
CO 3 IS mobIle al the temperatures u~d 10 pre~nl 

study, it can rrugrate to cover the TiO particles. Na CO then react~ Wlth 
2 2 3 

Ti0
2 

to release CO 2 Wlth the rate-lirrutmg step bemg the dlffw,lOn of Na and 

° lOns or Na
2
0 through thè product layer of 4Na

2
Q.5Tl0

2
. 

The kinetic data for a Na
2 
CO /fiO 2 molar ratio of 1.0 are shown 10 Figure 

14(a) and 15(a) for the temperature ranges of respectlvely 750 10 825'JC, and 

850 to 925°C. As for a TiO/Na
2
C0

3 
molar rallO of 1 25 (Figure 9), the IOllIal 

reaction is again relatively fast, but then the reactlon rate ,>Iow~ 

considerably. At the highest temperature of 925°C, the Na CO conver~lon 
2 ) 

approaches "0% during the rapid initial phase and then ~lowly approache<; 100% 

at longer limes, indicative of a rapld formation of 4Na
2 
Q. 5TIO 2 and a ~Iow 

consecutive reaction to Na O·TiO . The representatlon of the data by l.mder'~ 
2 2 

model in Figure 14(b) and 15(b) shows a distinct change III the ,Jope of 
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1 

1 

[l-O-X)I /3]2 VS t at 70-80% conversion, 10 agreement Wlth the completion of 

reacUon (8) and ~tart of reaction (9). No reacUon rate constants were 

determined for the data 10 Figure 14(b) and 15(b) hecause of the difficulty to 

identIfy a Imear region. The much faster reaction helow 80% converSlOn at 

850°C compared to 82SoC (Figure 14) can he explamed by melt10g of the mixture 

of Na 50 -Na CO at about 830°C. 
2 4 2 3 

However, If the data fi Figure 14(a) and 15(a) are replotted according to 

a newly defined converSlOn, X', of Ti0
2 

to 4Na2Q.5Ti0
2 

instead of X for Na
2
C0

3 
to Na O·TiO ,(Note X' can be more generally defined as the CL.nversion as the 

2 2 
fractIOn of the maximum amount of 4Na

2
0·5Ti0

2 
which can be formed The 

maximum amount depends on which o/the IWO components Na
2
C0

3
0r Ti0

2 
is the 

leasl avaliable for formation of 4Na
1
0·5Ti0

2 
On/y when the mo/ar ratio lS 

TiO INa CO =1 25 then lt does not make a difference; otherwise it does) , a 
2 1 3 

rather good hnear relationship could he obtained helow 85% conversion as 

shown in Fig 17(a) and 17(b). This again shows that Jander's model is suitable 

to descrihe the kinetics of formation of 4Na
2 
O· 5TiO 2' The deviations above 85% 

conversion may he the results of formation of Na
2
0·Ti0

2 
from 4Na

2
0·5Ti0

2 
which 

proceeds simultaneously with the formation of 4Na
2
0·5Ti0

2
• From tlle linear 

portion of the stratght lines below 85% conversion in Figure 16, rate 

constants at different temperature are obtained (correlation coefficient 

higher than 0.99) and plotted against the inverse of temperature in Figure 17. 

ft is very interesting to see a break in this Arrhenius plot near the melting 

temperature of the mixture of Na 50 -Na CO . From the slope of the two 
:l 4 2 3 

straight line sections, activation energies of 208 kJ/mol and 151 kJ/mol are 

obtained for solid-solid and solid-liquid state reaction, respectively. In 

facto the difference between the two activation energies may he directly 

related to the heat of melting of the Na 50 -Na CO mixture. The rate 
2 4 2 3 

constants at a molar ratio of TiO 2/Na2 CO 3 of 1.25 are also plotted in Figure 

18. It can he seen that the rate constants at a molar ratio of 1.25 agree very 

weIl with those obtamed at a molar ratio of 1.0 below 825°C. Consequently the 

activation energies for the solid-solid reaction al the molar ratios of 1.25 

and 1.0 are also very close (216 vs. 208 kJ/mol respectively). 

The present kinetic model was tested for the experimental data obtained 

by Kiiskila (l979b) for a mixture of pure Na2CO) and Ti02 (Le., no Na
2
50

4 

present) at a TiO/Na
2
C0

3 
molar ratio of 1.325. Kiiskila used much larger 

particIes of 250 ~ for both TiO _ and Na CO . Kiisklla's ongina! data are 
l 2 J 

shown in Figure 18(a) and the fit of the model is shown in Figure 18(b). It 
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il 
can oe seen that the expenmental data are very weil pre~ntcd hy JJJlder', 

mode!. From the slope of the ~traIght lme fits of the data .lt S50, 9()O JJld 

950°C in Figure 18(b), reactlOn rates are calculated .md plotted III f'gure 17 

The rate constants obtamed from Knsklla's data are mu~h sm.lller th.lJl lho~ 

obtam.ed 10 the present ~tudy for TI0
2 

parucles le~~ th.lJ1 10 ~lm .lJld Wllh 

Na] SO" present. It Illu~trates the large 'nfluence of PMtlcle "IIC on the 

rate of the direct caustlcizing reactton. With 1Ocreas1Og TIO, partlcle 'Ize, 

the initial reactlon (6) consumes a decreasmg fraction of TIO 2 hefore the 

outer shell of 4Na
2
0·5Ti0

2 
is established and diffusIOn throU~~;l Ihls layer 

becomes the rate limiting step. This might explain the fact thal the l.lrge 

partlcle size data of Kiiskila (1979b) are beller repreM!nted by Bq. (13) than 

the present data. In effect, 10 the present work the converSion, X, ~hould he 

corrected for the mitial conversion of Ti0
2 

via reactlon (6). An aeu vallon 

energy of 268 kJ/mol IS obtamed when KllskIla' S results of Figure 18(b) are 

plotted in Figure 17, whlch IS higher than 216 kJ/mol ootamed Ifl the pre~nt 

work. 

influence of TiO/Na
2
CO) mo/ar ratio 

1hte influence of the Ti0
2
/Na

2
CO) molar ratio on the Na

2
C0

3 
conversIon is 

shown in Figure 19(a). The resuIts show that with mcreasmg molar ratIO the 

Na CO converSIOn is completed in a shorter time. Il alw shows that the 
2 3 

reaction rate remains high up to high conversions when the TIO 2/Na
2 
CO 3 molar 

ratio is larger than 1.25. There is a very httle difference belween the 

results obtamed wlth molar ratios of 1.25 and 2.00 for X<85%. However, for 

X>85%, the sodium carbonate conversion with a molar ratIo of 2.00 IS fa~ter 

probably because in the latter case there is an excess amount .of TIO 2 for 

conversion of Na CO to 4Na O· 5TiO . ln the fonner case, Wlth a molar rallo 
2 3 2 2 

just suffi,cient for the formallon of 4Na
2 
Q. 5Ti0

2
, the final con versIOn I~ "low 

bec au se the reaction becomes limIted by the avatlablhty of TI0
2
• Plotlmg the 

X-t data according to lander's mode 1 ln Figure 19{b) shows that the conver"lon 

range of the model fit increases for molar ratlos larger than 1.0, 1 e., for 

conditions which favor the formatIon of 4Na
2 
Q. 5TiO 2 as the final product. 

Results in Figure 19(a) are replotted in Figure 19(c) accordmg to the 

conversion, X', to 4Na 05TiO , WhiCh lS based on complete conver"lon of 
2 2 

elther Na CO and TiO , whlchever is fi the smallest amount avallable for 
2 3 2 

formation cf 4Na Q.5TiO . The resuIts in Figure 19(c) show that aIl the curves 
2 2 

for a TiO INa CO molar ratio larger than 1.0 regrouI' closely together. Thl" 
2 2 3 
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indtcates that me TiO t'Na CO molar ratIO has onlv a ,n1.>11 mtluen.:e lm Ihe 
~ ~ 1 • 

fonnation of ~Na20,5TIO: when the molar ratio III larger thJJl \)r cl.{ual Il) 1 n 

Influence of sodIum sulfate content 

Ali the ahove result~ were obtamed wlm a mixture of Na CO Jnd ~a SO 
2' 2" 

al a Na CO /Na SO mola:r rallo of ),0, An addillonai expenment wa .. l:ondU\:ted 
2 3 2 -1 

wlth looc7c Na2CO, and the results are compared lfl Figure 20, Smœ the 

differences are small. Il s.eems likely !hat Na SO Jcts as an mert maten.ll 
2 -1 

which only has a small influence on the rate of diffusIOn of the -.odlUm and 

oxygen contammg specles through TI0
2
, 

II Reaction between sodium carbonate and recycled Na O.3TiO 
2 2 

In an mdustrial process Na
2 
O· 3TiO 2 will be recycled becaUM! Il IS the 

hydrolYSlS product fonned ln reaction (3). Therefore me kinetlcs of the 

direct causticlzing reactions between recycled Na 03TtO and sodIUm 
2 2 

carbonate, Le., reactlon (2) and 

were investigated. Sorne mixtures were prepared by adding Na
2
0 3TI0 ~ (for 

preparation, see EXPERIMENTAL section) to the mixture of Na CO and Na sa 
2 3 2-1 

(Na CO /Na SO molar ratio of 3.0) at a TiO /Na 0 molar ratio of 1.25 (Na am 
2324 22 2 

Na SO not included). The kinetic results in Figure 21(a) are agam rea<;ünably 
2 4 

described by Jander's equation (13) in Figure 21(b) wilh a correlation 

coefficient higher than 0.98. An actIvation energy of 365 kJ/mol wall obtamed 

in Figure 22 from the Arrhenius plot of the slopes of the linear relal1on~hlp, 

shown in Figure 21(b). This means that the direct causticizing reaC110nll wnh 

recycled Na 0·3TiO is more temperature sensitive than with pure TIO . 
2 2 2 

Recycled Na 0·3TiO is more reactlve than pure TiO above 775°C. probably due 
222 

to the amorphous nature of the recycled Na
2
0·3Ti0

2
• The amorphous nature of 

Na
2 
O· 3TiO 2 is indicated by XRD analysis shown m Figure 23. The 'iOhd 

structure is an important parame ter in solid-solid reactions parucularly when 

product layer diffusion IS the controlling step. The parucle Size and ,hape 

are also different from the Ti0
2 

used (Figure 13) as mdlcated by the SEM 

picture in Figure 24. 

The results with recycled TiO al a TiO /Na ° molar ratio of 1.0 also 
2 2 2 

show a fast fonnation of 4Na 0·5TiO and a slow further conversIOn to 
2 2 
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Figure 22 Arrhenius plot of rale constants 
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Figure 23 Results from XRD analysls of the precipitate from hydrolysis 
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Figure 24 SEM pictures of the precipitate from hydrolysis 
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l 
Na ° TIO , .. imllar to those obtamed with pure TiO . The results are plotted 

Z 2 2 
according to X" ver~us t 10 Figure 25(.1), where X" is detined as the 

converSlOn of Na
2
Q.3Ti0

2 
to 4NazO·5Ti02' Figure 25(b) again shows the validity 

of Eq.(13) for the descnpuon of the conversion of Na O·3TiO to 4Na ° 5TiO . 
2 2 2 2 

A correlartlon coefficient hlgher than 0.99 IS obtained t'rom the linear 

regresslon in Figure 25(b). The calculated rOtte contants from Figure 25(b) are 

abo ~hown ln Figure 22. The rate constants al a TiO /Na
2 
° molar ratio of 1.0 

agree very c10sely with those al a Ti0
2
/Na

Z
O molar ratio of 1.25, similar to 

what was found for pure Ti02' 

CONCLUSION 

4Na
2
0·5Ti0

2 
and NazO·TiOz are identified as products of the direct 

causticizing reaction between Na
Z
C0

3 
and Ti0

2 
from 750 to 925°C. The fonnation 

of 4Na
2
0·5TiOz is relatively fast and can be accomplished in the solid state. 

The rate of fonnation of 4Na
2
0·5TiOz is controlled by diffusion, most likely 

of Na and ° as ions, or combined as Na
2 
° through the product layer of 

4Naz O·5TiOz' The conversion-time data are well described by Jander's kinetic 

mode 1 für solid-solid reactions when X>O.4 wüh an activation energy of 216 

kJ/mol. In the presence of CO
2
, Na

2
0·TiO,. tS converted into 4NazO'5Ti0

2
, The 

presence of Na SO has only a minor influence on the direct causticization of 
2 4 

Na
2
C0

3
, Recyc\ed Na

2
0'3Ti0

2 
is al leasl as effective as Ti0

2 
for direct 

causticization of Na
2
C0

3
, The activation energy with Na

2
0'3TiOz is 365 kJ/mol. 

From the experimental results it follows that it is recommended to use a 

TiO/Na
2
0 (excluding NazO in Na

2
S0

4
) molar ratio of ~1.25 and small Ti0

2 
contair, mg particles for relatively fast and complete conversion of sodium 

carbonate to 4Na O,5TiO , 
2 2 

A 

k 

k' 

NOMENCLATURE 

=Cross-sectional area of solid particle, m2
, 

R .( 
= ate constant, s , 

=Rate constant, m2/s, 

=Molecular weight, kg/mol. 

:::a~:e:s::~ of CO" N/m', 
=Universal gas constant, J/(mol K). 
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1 
r 

T 

=Diameter of solid particle, m. 

=Time, s. 

=Temperature. K. 

[WC0
2
] =Weight of COl released from sodium carbonate. kg. 

=Weight loss, mg. t"W 

x 
X' 
X" 

=Conversion of sodium carbonate. 

=Converslon of TiO to 4Na O'5TiO . 
2 2 2 

=Conversion of Na O·3TiO to 4Na O·5TiO . 
2 2 2 2 
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CHAPTER5 

KRAFf BLACK LIQUOR COMBUSTION 

AND DIRECT CAUSTICIZATION 

WITH TIT ANIUM DIOXIDE 

ABSTRACT 

The ignition temperature and buming time of kraft black liquor solids 

with or without Ti0
2 

admixture are measured by thennoanalytical methods. The 

ignition temperature is significantly lowered by the presence of Ti0
2

• The 

melting point of the combustion product of kraft black liquor mixed with TiO 2 

is much higher than that of kraft black liquor alone because of formation of 

high melting sodium titanates by the direct causticization reaction between 

Ti0
2 

and Na
2 
CO 3' Simultaneous combustion and direct causticization of kraft 

black liquor with Ti0
2 

is studied in an isothennal tube fumace. It is found 

that complete conversion of Na CO into sodium titanates such as Na O· TiO and 
2 3 2 2 

4Na
2 
O· 5TiO 2 can he achieved in a relatively short time with high TiO 2/Na

2 
CO 3 

molar ratio of 1.25. The presence of Ti0
2 

reduces the sulfur emission. 

Hydrolysis of Na
2
0·Ti0

2 
and 4Na

2
0·5Ti0

2 
produces Na

2
0·3Ti0

2 
and NaOH. 
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INTRODUCTION 

The alkaline chemlcal recovery process presently makes use of lime 

causticlzatIOn to con ven sodiUm carbonate to sodium hydroxlde. This method 

has a number of drawbacks m tenns of economy, safety .md envmmmentJI 

Impact. In order to elimmate thl!se drawbacks, a number ni" prlXe .... M!~, 

collecuvely referred to direct causllcizatlon, have been tnve~tlgJled. Dm~~1 

caustlcizatlon IS a technology of regenerating pulpmg chemlcab by u:--mg 

amphoteric oxides whlch directly leads to the formation of cau~l1c. Although 

there are a few amphoteric oXldes sllch as iron oXlde, alumma and tIt.mlum 

dioxide avallable for duect causticIZàtlOn, tltamum dlOXld~ was found to he 

the only suitable oXlde for kraft black hquor recovery m Chapter 3 

A IWO step kraft black liquor recovery process WhlCh mcludc'\ direct 

causticization with Ti0
2 

has been proposed by Nguyen (1985) and ln Chapter 3 

of this thesis. ln this process, kraft black liquor is combusted ln the 

presence of Ti0
2

, leading to the release of CO
2 

from Na
2
CO) and the formatlon 

of sodium titanates, xNa
2 
O·yTiO 2' by the so-called direct cau~tlClzmg 

reaction: 

( 1 ) 

The other major remaining inorganic salt is Na 50 , After reduction of Na sa 
2 4 2 4 

in a separated process step, the resulting mixture of Na
2
S and sodium 

titanates is contacted with water to form white liquor and a solid re~ldue. 

Na
2
0·3Ti0

2
, NaOH is generated by the hydrolysis reaction: 

xNa O·yTiO + (x-+) H ° = 2(x-+) NaOH 
2 2 J 2 

+ <+) Na
2
0·3Ti0

2 
(2) 

The Ti0
2 

containing residue, Na
2
0·3Ti0

2
, is recycled to the combustion ~tep. 

Kiiskila (1979a, 1979b) studied the direct causticizauon of pure Na
2 
CO l 

by Ti0
2 

al 850-12(XtC, i.e., both below and above the melting po1l1t 

(950-1000°C) of the sodium tltanates produced. In Olapter 4, we 1I1vestlgaled 

the solid state kinetics of the direct causlicization reaction of Na
2 
CO 3 m a 

mixture with Na 50 by TiO from 750 to 92SoC. It was found that the formation 
2 4 2 

of 4Na O·STiO from Na CO and TiO is a fast reaction and furmer converSIOn 
2 2 2) 2 

to Na
2
û·Ti0

2 
is very slow. If the ratio of Ti0

2 
to Na

2
CO) is larger than 1.25, 

the complete conversion of Na
2 
CO 3 is very fast even ID the lower temperature 
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range of 700 to 850°C. The caustlcizing reactioll between Na CO and TIO to 
:1 3 2 

form 4Na O· 5TIO can be descnbed by solid-sohd reactIon kmetics Wlth 
2 2 

product layer diffusIOn control. A few examples of dlfect caustlclzallon of 

Na
2 
CO) by TlO:\ In commercial kraft black hquor are given ln the Canadlan 

patent of Nguyen (1985). In order to obtaln causticlzmg efficlencles In 

exce~!o, of 95%, Nguyen recommends a TI0
2
/Na

2
CO) molar ratio ofup to 2.0 and a 

reactlon lime of 10-20 hours at 900°C. This Ume IS one or three orders of 

magnitude larger than that reported by respectively Kiiskila (197gb) and ln 

our study of a the mixture of mode 1 compounds in Chapter 4. 

It IS likely that the kraft black liquor buming process IS affected by 

the large amount of TiO which must be added in order to causticize ail of the 
2 

Na CO formed dunng combustIon. The techniques to investigate pyrolysis and 
2 3 

combusuon processes, and to cl.dI'acterize the properties of the ash are weil 

known. The most useful methods are differential thermal analysis (DT A) and 

thermogravimetnc analysis (TGA). TGA records the changes in weight that a 

sample undergoes dunng heating; DT A characterizes chemical or physical 

transfonnations which are accompanied by heat effects. DT A is particularly 

weil suited for fuel analysis, and has been applied extensively in the coal 

mdustry (Scott & Baker, 1953) for c1assifying different kinds of coal and for 

predicting their behavior during buming (Gamel & Smothers, 1952). 

It is the objective of this study to evaluate the combustion process of a 

mixture of kraft black liquor and TiO 2' and to investigate the melting 

behavior of the combustion product by thermal analytical methods. The 

influence of operating conditions such as TiO /Na
1 
CO 3 molar ratio, tem~!'ature 

and reaction time on the direct causticizing efficiency of Na
2 
CO 3 will he 

studied. The sulfur 10ss during isothermal combustion and the effect of 

recycling of Na
2 
O· 3TiO 2 will also he investigated. 

EXPERIMENT AL 

Apparatus 

The pyrolysis and combustion experiments were performed with a Netzsch 

thennal analyzer, Mode ST A 409. A specially made cup-type alumina erucible 

(99.9% purity, about -5mm I.d.) was used for holding the samples. Il was 

parred with a reference eup-type alumina erucible. having a eapacity of about 

0.3 ml. A stem earrying the sample crucible and an the inert reference 
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1 
crucible were located ln the center of a cerarmc. 100 ml. 26 mm 1 d ~~ hnder 

placed in a tube fumace. The cyhnder was closed at the top Ga~ ~ ,", 

introduced in the top of the ceramlC cylinder, at about the ~J.mple levd. A 

second 1 mm I.d. ceramlC tube. (llong the mSlde of the W.lll of the ~cranu~ 

cyhnder, mtroduced mert gas at the top of the cylmder The ga~ nutlet ~.l', 

at lhe bottom of the fumace. To mlmmlze back-dlffu"lOn nf au, the nullet 

valve was connected to a 8 foot long teOon tube wnh J. re~tnl:tor. ln .111 

runs the gas pressure withm the cyhnder cavlly was close to Jtmosphen~ 

Sorne tsothermal combustion and dlfect causUclzaUon expenment~ were 

also conducted ln a tube fumace system. When the furnace temperature wa~ 

stabilized, the sample was qUlckly pu shed to the center of the tube fumaœ 

and the combustion and causticizmg reaction started immedlately. The re'ildue 

after combustion and direct causllcization was analyzed by Ion chromatography. 

The hydrolysis equlpment consists of a thermostat and a 500 ml glass tla~k 

wnh rnechanlcal stirrer. 

Materials 

Spent kraft black liquor was obtained from the brown stock washers of 

Domtar l1C.·S hardwood kraft mill in Cornwall. Ontario. This black liquor wllh 

15-17% sohds was oxidized in a 4 liter autoclave at 9O-100°C by oxygen of 

1-2.4 Vrnin during 120 minutes (Sen Gupta. 1986). The kraft black hquor wa~ 

dried in air al I}()°C, ground and the fraction passmg a 100 mesh metai M::reen 

(d < 149 j..lm) was collected. The composition of the dried solids IS listed m 
p 

Table 1. Two types of samples were prepared. In the frrst, kraft black hquor 

solids were mechanically mixed with Ti0
2 

particles of sire less than 10 Ilm. 

The TiO 2 was rutile with a purity of 99.97%. Another type of sample was 

prepared by mixing TiO 2 with kraft black liquor, followed by drying under 

constant stirring. Subsequently. the sample was ground and the fractIon 

passing a 100 mesh Metal sereen was retained. Different Ti0
2
/Na

2
CO) molar 

ratios were used. 

Table 1 Composition of Kraft Black Liquor SoUds 

Elements Na s c H o Cl K 

wt. (%) 22.90 2.90 31.67 2.64 33.04 0.16 1.46 
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1 
Recycled Ti0

2 
was prepared by drymg the solid residue obtained after 

hydrolySlS of sodium titanate (Na
2
0·T10

2
) at 500°C in a tube fumace. Sodium 

lltanate was prepared by heating an equimolar ffilxture of Na
2 
CO 3 and Ti0

2 

in a tube fumace at 900°C for 6 hours. 

The combusllon products were maci ~ by exposing kraft black liquor or a 

mJxture of kraft black hquor and T10
2 

to arr al about 900°C for 6 hours in a 

tube fumace. These conduions are such that both the combustion and direct 

causticlzation reactions go to completion. The combustion residue was then 

ground and the fracllon passing a 100 mesh sieve was used. 

Procedures 

About IOw 25 milligrams of kraft bhck liquor solids were arranged as a 

"heap" in the center of the crucible of the Netzseh thermal analyzer and 

healed at a rate of 10°C/min, starting from room temperature. Air was 

introduced al a flowrate of 56 sec/min. The kraft black liquor solids flrst 

pyrolyze al from 200 to 450°C, and, depending on the heating rate and type of 

sample, also soften and swell. This produces a single mass of char on the 

alumina cruclble for combustion al higher temperatures. Before each test, the 

sample crucible was thoroughly washed in deionized water in order to remove 

the fused ash residue from the previous run. 

For the isothennal combustion and direct causticization experiments, the 

tube fumace was preheated 10 the desired temperature under an air flowrate of 

1000 sec/min. The alumina crucible boat with about 500 mg kraft black liquor 

solids was then quickly pushed inlO the center of the fumace and the sample 

started to pyrolyze and bum. After complete combustion and panial direct 

causticization, the residue was dissolved in deionized water. The remaining 

solids were then separaled by filtration on a filter paper and the solution 

analyzed by ion chromatography for ilS content of sodium carbonate and sodium 

sulfate. In sorne cases, the combusted solids were immersed in deionized water 

in a flask used for the hydrolysis tests. Usually 50 ml d..!~onized water was 

used for 500 mg solid sample. After 60 minutes al 90°C, the solids were 

fillered off and weighed after drying. The amount of hydroxide fonned was 

detennined by titration with 0.1 M HCl standard solution. The dissolved sodium 

was measured by atomic adsorption spectroscopy (AAS). 
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RESUL TS AND DISCUSSION 

Combustion Properties 

Two properties whlch describe the combustIOn behavlor of a matenal arc. 

:.he ignition temperature, and the bummg Ume. These two propertles depend on 

expenmental conditIons, such as gas atmosphere, paruc\e size ill'd healmg 

rate. since these, in tum, detennine the heat- and mass-tramfer 

characteristics of the experimental system. The ignlUon of a char paruc\e IS 

a complex phenomenon and Hs quantitative analySlS is rather mvolved 

Generally, it could he said that Ignition takes place if the rate of heat 

production from all reactions IS higher than the rate of heat lo~s to the 

colder environment. On the other hand. the buming lime after igmtton IS 

controlled by the transport rate of oxygen within and outside the char. 

Therefore. a comparison of the ignitton temperature and buming tlme of 

different materials should he made under identical expenmental conditions. A 

complicating factor for the present ITL ture of kraft black liquor sohds and 

TiO is that the direct caustlcizmg reaction hetween Na CO and TiO ~tarts 
2 2 3 2 

at about (,c:)(tc and proceeds simultaneously during combustion. 

i) Ignition tempera/ure: Shown in Figure 1 are the TGA and DT A curves 

obtained for kraft black liquor solids without TiO 2 in air. The first welght 

loss is due to pyrolysis of the organics since a modest exothermlc peak is 

recorded by DT A. With further increase in temperature, a sud den change 10 the 

slope of the thermogravimetric (TG) curvf. and a simultaneous release of heat 

on the differential thermal analysis (OTA) curve were observed. This polOt, 

signais the ignition of the char, and is denoted as T ïn Figure 1. The l' repeatability of the ignition temperature for duplicate expenments was SOc. 

The results obtained for kraft black liquor mixed with different amounts 

of Ti0
2 

are shown in Figure 2 and 3. The Ti0
2
/Na

2
C0

3 
molar ratios in Figure 2 

and 3 are 1.0 and 1.5, respectlvely. The ignition temperatures detemuned from 

Figures l, 2 and 3 are summarized 10 Table 2. The igmtlon temperature of pure 

kraft black liquor solids found in this study is very close to the values of 

650 to 750°C published by Milanova and Kubes (1986). However Il IS relallvely 

high compared to other solid fuels such as 380-50(tC for coals, and 420 to 

about 620°C for cokes depending on the carbonization temperature (Brame and 

King, 1967). The high ignition temperature of kraft black liquor char IS, in 

part, due to that the organics are present in the form of their sodium salts 
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TG 

Pyrolysls of kraft 
black ltquor sot/ds 

o 250 SOO T 11750 1000 
Temperature (OC) 

Figure 1 Results from TGA and DT A analysis 

(Sample: kraft black liquor solids) 
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1 
(~llanova .md Kubes. 1986). 

The results In Table 2 show mat the addmon of TIO le.ld ... 10 J. Jr.lIn.ltl~ , 

dp.crease in the Igmtlon temperature of kraft black hlluor Fe 0 .md Al 0 
, ~ , 1 1 

dlsplayed slITular results when ffilxed Wlm kraft black hquor The expl.m.lllnn 

Table 2 Ignition Temperatures and Burning Times for Different Samples 

Samples 

KBL solids 

KBL solids + TiO 
2 

KBL sohds + TIO 2 

(TiO INa CO = 1.5) 
2 2 3 

710 

575 

510 

t {mm) 
b 

9 

9 

12 

for thlS hehavior may he the catalytic action of TIO 2 on the bummg process. 

as was reported for carbon combustIon and gasification (Baker, 1977: Ranl\h 

and Walker, 1990). It was found m these studies that dunng the oXld.l1lOn of 

carbon, elements such as Tl, Fe, Ag, Mn, etc., exhlblt a plttmg catolly.,t 

hehavlOr (Thomas, 1965; W alker, 1990). Pittmg catai ysts produce a pH III Ihe 

basal plane and accelerate the oxidation rate. The decrease m Igmllon 

temperature may also be explained by a larger surface wlm Ule addmg a large 

amount of TiO , or in combination Wlth the catalYlic action of TiO 
2 2 

By companng Figure 2 wnh Figure 3, Il can he seen that the dIrect 

caustlcizmg reactlon takes place slmultaneously wlth combustIOn Al .~ 

TiO 2/Na2 CO 3 molar ratio of ) .5, the direct caUSUClzatlon I~ completed at 

750°C. This IS lower man 850°C found for the dIrect cau!\lJClzatlor. 

experiments Wlth mode 1 mixtures In ClIapter 4. The explanallon for lhl~ 

behavior may he that the contact between Na CO and TiO IS very good m the 232 
present samples because the kraft black liquor sohds foml a coatmg around 

the TiO 2 particles during pyrolysis. AIso the combustion results tn a 

significantly hlgher partic1e temperature than the recorded fumace 

temperature. Th: contmued weight 10ss in Figure 2 after combustion of the 

mixture with a TiO /Na CO molar ratio of 1.0 tndlcates thal the reacllon 
2 2 3 

between TiO 2 and Na
2 
CO 3 is Rot completed. This is consistent wlth the results 

obtained for a mixture of Na2 CO 3 and Ti0:2 at a molar ratio of 1.0 m Chapter 
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Figure 2 Results from TGA and DT A analysis 

(Sample: kraft black liquor solids mixed 

with Ti0
2

, Ti0
2
/Na

2
CO)=1.0 moVmol) 
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Figure 3 Results from TGA and DT A analysis 

(Sample: kraft black liquor solids mixed 

with Ti0
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2
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= 1.5 moVrnol) 
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4. which showed that the fonnation of Na Q·TiO via reaction 
2 2 

4Na O.5TiO + Na CO = 5 Na O·TiO + CO 
2 2 23 2 2 2 

(3) 

is slow. At a high TiO/Na
2 
CO) molar ratio of 1.5. no tailing was observed in 

Figure 3 because the formation of 4Na
2
0·5Ti0

2 
by reaction: 

4 Na CO + 5 riO = 4Na O·5TiO + 4 CO 
2 3 2 2 2 2 

(4) 

is much faster. This again shows that it is important to use a Ti0
2
/Na

2
C0

3 

molar ratio larger than or equal to 1.25 in order to obtain complete direct 

causticization of kraft black liquor at relatively low combustion 

temperatures. 

The sample obtained by suspending TiO 2 particles in kraft black liquor 

rather than mixing with kraft black tiquor solids had an ignition tempe rature 

of 650°C, i.e somewhat higher than found for the latter. The explanation for 

this hehavior might he that the dispersion of TiO 2 in the latter sample IS not 

as good as in the former. because the Ti0
2 

particles are likely to seule 

during the drying step. 

ii) Burning lime: The buming lime of the chars can, in principle, he 

measured from the TGA curves, but with the present samples this is difficult 

because of the !o1imultaneous weight loss resulting from the direct causticizing 

reaction. Therefore, the width of the exothennal OTA peak has been used as a 

measure of the buming time (t
b
). As can be seen in Table 2, the burning times 

of black liquor are not much influenced by the presence of TiOz' Since a lower 

ignition temperature and a shoner buming time (when compared at the same 

buming temperatures) are generally indicative of a more reactive material, 

these results suggest that Ti0
2 

addition to kraft black liquor will improve 

the combustion process provided that enough heat is supplied or generated by 

the combustion process to heat up the additional inorganics. 

However, it must he stressed that the buming limes measured in the 

present experiments can not he used as values for the calculation of retention 

times in a fumace; they merely indicate the relative behavior of the 

differenl samples. 

Melting Point of the Combustion Products 
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The TGA and OTA curves of the combustion product of a ml"<ture of kraft 

black liquor and Ti0
2 

at a TiO,/Na CO molar ratio of 1.5. are shown ln Figure _ 2 3 

4. The softening pomt and a melting point temperatures are defined here as 

the begmning and mmimum of endothennic DTA peak. respectlvely. The softening 

and melting points obtamed for different samples are summanzed m Table 3. 

The melting point of the combustion product of k.raft black liquor IS 8lOoC. 

which IS lower than the eutectic melting point of 826°C of a Na SO -Na CO 
2 4 2 3 

ItÙxture (Gitlesen and Motzfeldt. 1964). This might be explamed by the 

presence of other species such as K and Cl in kraft black liquor. The data ln 

Table 3 shows that Ti0
2 

addition significantly increases the melting pomt of 

the combustion product. and that the melting point increases Wlth increasmg 

TiO /Na
2 
CO 3 ratio. The increase in melting point can he explained by the high 

melting points of Ti0
2 

and the formed sodium titanates listed in Table 4. 

Table 3 Softening and Melting Points of Combustion Samples 

Samples 

Compound 

KBL 

785 

810 

KBL + TiOz 

(TiO/Na
2
C0

3
=1.0) 

880 

900 

KBL + Ti0
2 

(TiO 2/Na
2 
CO J = 1.5) 

930 

975 

Table 4 Meltin. Points of Pure Compounds 

TiO
l 

Na
2
0-TiOz 4Na

2 
O· STiO 2 

858 884 1850 965 1030 

The implication of the above results is that a fluidized bed reactor 

operating below 930°C could he used for combustion and simultaneous direct 

causticizatioR without agglomeration problems when the molar ratio of TiO 2 to 

Na
l
C0

3 
is larger than 1.5. 
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Figure 4 Thermal analysis of the combustion product of a mixture 

of KBL solids and TiO 2 (TiO 2/Na
2 CO 3 = 1.5 moVmol) 
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1 
Isothermal Combustion of Kraft Black Liquor Solids with TiO 

~ 

lsothermal combustion experiments were conducted to study the direct 

causticization reaction. 'The conversion was determined by measunng the amount 

of carbonate remaining in the combusted residue usmg Ion chromatographie 

analysis. The carbonate content of combusted black tiquor wlthoul TiO ~ IS 

45.8% (wt.), which is equal to 19.2 g carbonate/lOO g KBL solids based on an 

ash yield of 41.9%. The Na
2
C0

3 
conversion, X, was defined as: 

x 
Carbonate content of combusted mixture of 

KBL solids and titanium dioxide 

Carbonate content of combusted KBL solids 

x 100% (5) 

The carbonate content of both combusted mixtures was based on the weight 

of the original KBL solids. Shown in Figure 5 are the results for combustion 

mixtures of two different TiO 2/Na2 CO J molar ratios. After only 5 mtnutes the 

percent conversion of sodium carbonate is more than 80%. Funher conversion of 

the mixture with a TiO 2/Na2 CO J molar ratio of 1.0 is very slow. The conversion 

after 2 hours is about 85%. This agrees with the results obtained for the 

model mixtures in Clapter 4, which showed that formation of 4Na
2 
Q. STiO 2 IS 

fast but further conversion 10 Na2 O.TiO 2 is extremely slow al 825°C. When the 

TiOlNa2COJ molar ratio is increased to 1.5, the Na2CO) conversion is aJmost 

complete in about half an hour as shown in Figure 5. Thus it can he concluded 

that with a high TiO/Na2COJ ratio, one can obtain a high degree of direct 

causticization of kraft black tiquor at temperatures below the melting point 

of the combustion product. 

Although il was four.d by thennodynamic analysis in Dlapter 3, that under 

oxidizing conditions ail the sulfur is captured as Na SO, il is likely that 
2 4 

sulfurous gases are emilted during initial oxiditive pyrolysis of kraft black 

liquor. This was confumed experimentally by buming kraft black liquor sohds 

with or witho&1t the presence of TiO 2' The reSldts in Figure 6 show that about 

8% suIf ur of the total is lost during combustion of kraft black Iiquor solids 

and that ail the sulfur is 10st in the fmt minutes when pyrolysis takes 

place. With the addition of Ti0
2 

the initial sulfut loss is significantly 

reduced to about 3%. No significant sulfur 10ss is detected during direct 

causticization after the initial pyrolysis and combustion of KBL solids. 
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Hydrolysis of the Combustion Product 

The residue obtained after combustion and direct causticization of kraft 

black liquor solids was lrnmersed in wateT to determine the hydrolysis 

efficiency. The hydrolysls efficiency, H, is defmed as tl.e amount of NaOH 

fonned after hydrolysis, divided by the theoretical amount of NaOH assuming 

complete decomposnion of the sodium titanates mto NaDH and TIO z' A 

TiO /Na CO molar ratio of 1.0 was used for combustion except when speclfied 
223 

otherwise. The results in Table S indicate thal the hydrolysis is mcomplete 

even aCter a 2 hours in 80°C water. This is expected since according to 

thennodynanucs the hydrolysis products are NaOH and Na
2
0·3Ti0

2 
formed by the 

reactions: 

3 Na D·TiO + 2 HO:: 4 NaOH + Na
2
0·3TiD

2 
(6) 

222 

A calcuJation based on the {WO cbeDÙcal reaction equations shows that that the 

maximum degrees of hydrolysis of Na20·TiO
l 

and 4Na20·5Ti0
2 

are 66.7% and 

58.3%, respectively. It can be seen from Table 5 that the hydrolysis 

efficiency is always smaller than 66.7% even when the sample is combusted at 

9OSoC for 60 minutes (Test 6) and most of the sodium titanate is in the form 

of Na
2 
O· TiO 2' The results in Table 5 are sirnHar to those published earlier by 

Kiiskila (1979a) and Belyaev et al. (1968) for model mixtures. 

The precipitate (Na
2
0·3Ti0

2
) obtained after hydrolysis was filtered from 

the NaOH solution and reused for combustion and direct causticization of kraft 

black liquoc solids. The results of these recycle experimenls perfonned al a 

TiO 2/Na2 0 Molac ratio of 1.25 are shown in Table 6. The causticizing 

efficiency Y is defmed as: 

moles of NaOH formed with TiO addition 
y = z 

moles of Na2 CO 3 in combusted K.BL solids 

x~ W 

80th NaOH and Naz CO 3 are based on kraft black liquor solids. As can he seen in 

Table 6, the causticizing efficiency of the rusa cycle performed with pure 

Ti0
2 

is only 58%. However, when the recycled Ti0
2 

was used, a high 
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-. 

Run No 

1 

2 

3 

4 

5 

6 

* 7 

* 8 

* 9 

Cycle No. 

1 * 

2** 

3 ** 

** 4 

Table 5 Kraft Black Liquor Combustion and Direct 

Causticization nith TiO (TiO INa CO =1.0) 
~ 2 2 3 

Combustion and caustlclzlng reactlon Hydrolysis 

Na~O:J Hydrolysis 
T (CC) 1 (min) Ws(mg) conversion (0,,) T ('Cl t (min) 

800 30 5025 831 80 60 

825 30 4983 845 80 60 

aeo 30 5105 857 80 80 

880 30 5003 861 80 120 

900 30 498.7 921 80 60 

905 60 4874 965 80 120 

900 15 5083 995 80 40 

800 20 5055 90.5 80 60 

825 20 501.3 934 80 120 

Table 6 Kraft Black Liquor Combustion and Direct 

Causticization with Recycled Na
2 
O.JTiO 2 

aHlclancy 

532 

54 : 

557 

589 

624 

666 

558 

565 

584 

\'Q) 

Combustion and Causticization Hydrolysis Causticlzing 
W. T t Na~03 (%) T t etficiency 

(mg) (CC) (min) conversion (C) (min) (%) 

507.3 890 60 98.83 80 90 58.05 

502.5 890 60 97.89 80 90 9435 

503.8 890 60 98.15 80 90 9488 

498.9 890 60 97.96 80 90 9450 

* Pure Ti0
2 

used; TiO /Na
2 
CO 3 = 1.5 rnoVrnol 

** Precipitated Na
2
0·3Ti0

2 
used; Na

2
0·3TiO/Na

2
C0

3
=O.9 rnoVrnol 
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causticizing efficiency of about 95% was obtained. This can he explained by 

the relevant direct causticization and hydrolysis reactions: 

which together result in the overall reaclion: 

(11) 

At relatively low combustion temperatures and high TiO 2/Na
2 
CO 3 molar ratios 

the equivalent reactions are respectively: 

Il should he noted that the present Na
l
O·3TiO/Na

2
C0

3 
molar ratio of 0.9 is 

much higher than 0.714 required for the stoichiometry of direct causticization 

reaction (10). However the results in Table 6 show that by recycling 

Na
l
O·3Ti0

2 
a causticizing efficiency of about 95% can he achieved in this 

propose<! alternative kraft black liquor recovery process. 

CONCLUSION 

The effect of the addition of TiO 2 on the ignition temperature and 

buming lime of kraft black liquor solids shows that the presence of Ti0
2 

would improve rather than retard the combustion process provided that enough 

heat is supplied for the increased thermal load of the inorganics. The melting 

poinl of the combustion product is also increased by the presence of Ti0
2 

thus 

allowing higher operating temperatures of an alternative fluid bed combustion 

process. The sulfur loss during the combustion is significantly reduced by the 

addition of Ti0
2
, Almost complete direct causticization of Na

2
C0

3 
can he 

obtained by combustion of a mixture of kraft black liquor solids and Ti0
2 

al 

molar ratio of 1.5. With recycled Na
2
0·3Ti0

2 
as direct causticizing chemical, 

a causticization efficiency of 95% is obtained. 
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m 

T 
s 

X 
y 

NOMENCLATURE 

=Hydrolysis efficiency, %. 

=Time, s 

=Buming time, s. 

=Temperature, Oc 
=Ignition temperature, Oc. 
=Melting temperature, oC. 

=Softening temperature, Oc. 
=Na

2
C0

3 
conversion, %. 

=Causticizing efficiency, %. 

REFERENCES 

Baker, R.T .K., "Controlled Atmosphere Electron Microscopy of Gas-Sohd 

Reactions", in Chem;stry and Phys;cs of Solid Surface (Edited by R. 

Vanselow and S.Y. Tong), 1977, VoU, p.293, CRC Press, Cleveland. 

Belyaev, E. K., N. Sh. Safiullin and N. M. Panasenko, "Reaction of Titanium 

Dioxide and Sodium Carbonate", Izv. Akad. Nauk. SSSR Neorg Mater, 1968, 

4, p.97-103. 

Brame, J.S.S. and lG. King, Fuel: SoUd, Liquid and Gaseous, 6th ed., Arnold, 

London, 1967. 

Gamel, C.M. and W.J. Smothers, "Calorimetric Determination on Semibituminous 

Coals Using DifferentiaI Thermal Analysis", Anal. Chim. Acta 1952, 6, 

p.422. 

Gitlesen, G. and K. Motzfeld, "The Phase Diagrarn of Na
2
SO .. -Na

2 
CO 3 Mixture", 

Acta Chem. Scand., 1964, 18, p.488. 

Kiiskila, E •• "Recovery of Sodium Hydroxide from Alkaline Pulping Liquors by 

Smelt Causticizing, Part II, Reactions between Sodium Carbonate and 

Titanium Djoxide", Paperi ja Puu - Paper och. Tra, 1979a, 61(5), 

p.129-132. 

Kiiskila, E., "Recovery of Sodium Hydroxide from Alkaline Pulping Liquors by 

Smelt Causticizing. Part m. Alkali Distribution in Titanium Dioxide 

Causticizing", Paper; ja - Papper och. Tro, 1979b, 61(6), p.453-464. 

Milanova, E. and G.J. Kubes, "The Combustion of Kraft Black. Liquor Chars", 

Journal of Pulp and Paper Science, 1986, 12(6), pJI87-192. 

Nguyen, X.T., "Process to regenerate kraft black liquor", Canadian pat. 

119 



1 

-----~~~~~~--------

No. 1,193,406, 1985. 

Ranish, J.M., and P.L. Walker, "Model for Roughening of Graphite in Its 

Catalyzed Gaslficatlon", Carbon, 1990, 28(6), p.887-896. 

Sen Gupta, K.G., "Oxidation of Sodium Thlosulfate in Weak Kraft Black Liquor", 

Master thesls, McGill University, Montreal, 1986. 

Scott, J.B. and 0.1. Baker, "Oasslfication of Coal by Thennal Analysis", 

Fuel, 1953, 32, p.415. 

Thomas, J.M., "Microscopie Studles of Graphite OXldation " , in The Chemistry 

and Physics of Carbon (edlted by P.L. Walker, Jr.), 1965, VoLl, p.12I. 

Marcel Dek,ker. New York. 

120 



CHAPTER 6 

HYDROGEN REDUCTION OF SODIUM SULFATE 

MIXED WITH SODIUM TITANATE 

ABSTRACT 

The hydrogen reduction kinetics of solid sodium sulfate mixed with sodium 

titanate are studied in a thermogravimetric system. The reduction rate is much 

faster than that of pure sodium sulfate and is weil descnbed by the 

nucleation and growth model up to about 60% conversion. ln the deceleratory 

conversion period, the reduction is controlled by gas diffusion through a 

product layer. Activation energies of 302 and 179 kJ/mol are obtamed 

respectively for the nucleation and growth, and diffusion linuted penod. The 

influence of hydrogen concentration, sodium sulfate fraction, <;team 

concentration, sodium sulfide addition, and iron oxide catalyst IS also 

studied. 

The reduction of sodium sulfate in the combusted resldue of kraft black 

tiquor mixed with TiO is aIso investigated. A faster reducuon rate IS 
2 

obtained with a lower activation energy, and the kinetic data are aiso weil 

described by the nucleation and growth model. 
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INTRODUCTION 

The recovery of chemicals and energy from spent pulping liquor i~ an 

mtegral part of modem pulp and paper processes. In the kraft process, thl! 

pulpmg chemlcals. NaOH and Na,S. are recovered from so-called kraft black 
Jo 

ltyuor by combustion and by ~ubsequent converSlOn of Na
2 
CO 3 to NaOH with hme 

10 a \eparate caustlcizmg step. Although the objective of Cher!11Cal recovery 

I~ adequately achleved. se veral major drawbacks are associated Wlth the 

present process such as the smelt-water explosion hazard, high capital and 

operatmg costs as weil as the complicated nature of the causticlzmg cycle 

(Hough. 1985; Adams & Frederick, 1988). These fonn the impetus for on-gomg 

research lOto alternative technologies such as the proposed flmdized bed 

?rocess ln which black liquor is burned with Ti0
2 

'Nagano, 1976; Nguyen. 

! 985). TiO functions as causticizing chemical during the recovery process, 
2 

because CO is released from Na CO by following reaction: 
2 2 3 

Na CO + TiO -> Na
2
0·TiO (or 4Na~O·5Ti02) 

2 3 2 2 J, 

+ CO
2 
j (1) 

Sodium sulfate in the combustion product is subsequently reduced in the solid 

state with Hz and/or CO, giving a mixture of sodium sulfide and sodium 

titanate. Hydrolysis/leaching of the reduced solids produces a solution of 

sodium hydroxide and sodium suifide, and insoluble sodium trititanate, 

Naz O·3Ti0
2

, according to following reactions: 

The aqueous solution, called white liquor, is reused for kraft pulping, while 

sodium trititanate is recycled to the fluidi.-œd bed combustion operation. 

PREVIOUS WORK 

Using carbon monoxide. hydrogen, and carbon as reducing agents, Budnikoff 

and Shilov (1928) conducted one of the earliest sulfate reduction studies, and 

reponed that the reactivity of H
2 

was much greater than that of CO. For 

several gaseous reducing agents, Nyman and O'Brien (1947) detennined that H 
2 
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W::lS the most effectIve. followed by H S. NH and CH • respectlvely. Kunm ,ml! 

2 3 4 

Kirillov (1968) aiso reported that H
2 

was the most effectlve reducmg age 1\ 

followed by C
2
H

4
, C

3
Hs' C

4
H to ' and CH

4
' 

Sodium sulfate reductlon by H
2 

was prevlOusly studted mamly ln the 

molten state (in the temperature range of 800-950°C) because the reductlOn 

without any catalysts IS very slow at temperatures below 750<lC (White & whlle. 

1936; Nyman & O·Bnen. 1947; Birk et :tl.. 1971). The use of metal compound~ 

(Fe, Ni. Cu). carbon, sodium carbonate. etc as catàlysts slgmlÏcdnlly 

accelerates the H
2 

reduction of sodium sulfate. thus allowmg a lower 

reduction temperature (Budmkoff and Shilov, 1928; Wolf and Mathams. 1957: 

Puttagunta et al., 1970; Birk et al., 1971). Among the catalysts used. Iron 

was found to he most effective. The catalytic effect of tron ln the presence 

of hydrogen was clearly demonstrated in the work of Nyman and O'Bnen (1947) 

and Birk et al. (1971). The iron oxide catalyzed reduction was studied m a 

fluidized hed by Puttagunta et al. (1970). They found that fUSIOn and cakmg 

occurred at temperatures as low as 65c,°C. even though the eutectic point of a 

mixture of Na
2
S0

4 
-Na

2
S is 740°C (Andersson, (982). Highly concentrated Na

2
S 

was produced by Golikova et al. (1976) in a fluidized bed with large parucles 

of Na
2
S0

4 
at temperatures of 675-700°C. Sulfate reduction with gaseous agents 

was reported to be autocatalytic by Birk et al. (1971) and Budnikoff and 

Shilov (1928). 

The reduction of sodium sulfate is one of the critical reactions in the 

direct causticizing process of kraft black liquor described Ln Chapter 1. The 

only information available is that in the patent of Nguyen (1985), WhlCh shows 

that il is possible to reduce Na SO in the solid state. However there IS no 
2 4 

information available conceming the mechanism and parameters controlling the 

reduction Na SO in this process. The objective of this study IS Lo obtain the 
2 4 

ldnetics and reaction mechanism of the hydrogen reduction of sodlUm sulfate 

mixed with sodium titanate in the solid state. 

THEORETICAL 

The rate behavior of gas-solid reactions as a function of time. t, can he 

crudely classified into two cases as is discussed in Chapter 2 (Koga and 

Harrison. 1982). The fust corresponds to the formation and growth of product 

nuclei. As. shown schematically for the nucleation and growth behavior In 

Figure 1(a). the size of the reaction interface increa~s until growing nuclel 

overlap extensively. Subsequent decrease in reaction surface results in a 
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(a) Nucleation and growth model (b) Shrinldng core model 

Figure 1 Gas-solid reaction models 

124 



L 

sigmoidal shape of the conversIOn-lime (X-!) cUlYe. The type of X-t equalton 

depends on the mechamsm of nuc\eatlon as weB as on the texture of the 

product nuclei and substrate grains. An excellent diSCUSSIon of the theory can 

be found in the book of Hamson (1969). 

For relauvely rapld nucleauon and a linear growth rate of the nuc\el. a 

general converSIOn versus lime equation can he derived as: 

Iim [-InO-X)] = k t 
1 

(3) 

where m is a constant which depends on the number of dimensional directions of 

nuclei growth and on the nuclei growth kinetics. The proponionahty constant, 

k, in the so-called Avrami-Erofe'ev equation [Eq.(3)] for reduction of 
t 

spherical particles is 

k = (27tn )1(2 k V [~- ~ o/K t 
1 05222 e 

(4) 

where n is the concentrauon of nuclei in the product al complete conversion, 
o 

k is the inlrinsic rate constant for the interfacial reaction, V ts the 
• 2 

molar product volume, pfi2 and ~2 0 are the partial pressure of hydrogen and 

steam, a is the order of surface reaction and K is the equllibrium constant 
e 

for the reduction reaction. 

In the second case, shown in Fig l(b), the entire surface of the reactant 

partic1e is covered with a thin layer of soUd product very soon after 

contacting the reactant gas. The reaction boundary subsequently advances 

inward as the conversion increases. This is the well-known shrinking core 

model (Levenspiel, 1962; Harrison, 1969). The conversion is controlled by three 

resistances in series: (i) external mass transfer, (ii) gas diffusion through 

the reacted zone and (iii) chemical kinetics al the reacting interface. The 

kinetic equations when one of the three resistances is rate controlling ~tep 

are respectively: 

x = t/'t (5) 

2/3 1 - 3 (l-X) + 2 (l-X) = t/t (6) 

(7) 

where t is the lime for complet~ conversion of a particle. It should he noted 
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1 
that the last stage of the previous nucleation and growth mode 1 when the 

nuclei completely overlap, is aIso weIl described by the shrinking core model. 

Thus the shnnktng core mode 1 is appropriate for those cases whereby the 

nucleation and growth time is small compared to the total reactIon time. This 

model would he favored when the surface to volume ratio of the solids is 

small, I.e. large particle, or when the reaction temperature is relatively 

high. However, for very small sohd partic1es and relatively low temperatures, 

the nucleation and growth period may describe the reaction up to aImost 

complete conversion. 

EXPERIMENTAL 

Equipment, Sam pie Preparation and Procedures 

Equipment 

The experimental apparatus consists of a Cahn TGA 113~DC thenno­

gravimetric balance and auxiliary gas preparation system as shown in Figure 2. 

In addition, a steaM generation system was employed and a heating tape was 

used to trace the gas lines transporting steam to the 13A system. The 

temperature and sample weight were continuously rec.orded with a computerized 

data acquisition system. Agas chromatography (Ge) with flame photometrie 

detector was used for analysis of sulfurous gases. The anion content of the 

solids, such as sulfate, sulfide, carbonate, etc. was measured with a Dionex 

ion chromatography (le) equipped with thennal conductivity and 

electro-chemical detectors. 

Sample preparations 

i) Model compound mixture: A solution was made of reagent grade sodium 

sulfate and sodium carbonate (molar ratio =1:3) in deionized water. After 

evaporation of the water, the resulting solids were gound, sieved. (d <25 J.1D1) 
p 

and mixed with litanium dioxide (d <10 J.1Itl) at a molar ratio of Na CO {fiO of 
p 2 J 2 

1.0. The mixture was then expose<! to air al 910°C for 6-8 hours in a tube 

fumace. The sample was subsequently ground and sieved (d <25 ~). XRD 
p 

analysis showed the presence of only Na
2
SO. and Na10·Ti01, conftnning that the 

direct causticizing reaction (1) was complete. The molar ratio of Na SO to 
2 4 

Na
2
0·Ti0

2 
in the mixture is 1:3. 

ii) Combustea kraft black liquor with Ti01: Two types of samples were 

prepared from kraft black liquor. a) Sample 1: Oxidized kraft black liquor 
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solids were mechanically mixcd ",ith Ti0
2 

al a molar ratio of TiO /Na 0 of 
2 2 

1.0:, and subsequently bumed and kept at 900°C in air in a tube fumace for 6 

hours until the causticizmg reactiûn (1) is complete. h) Sample 2: Oxidized 

kraft black liquor solids were frrsl bumed al 900°C in a tube fumace. The 

residue, mainly Na
2 
CO 3 and Na

2 
SO 4' was mechanically mix.ed with TiO 2 al a molar 

ratio of Ti0
2
/Na

2
0=1:1, and kept al 900°C in a tube fumace in air for 6 

hours. Both mixtures were ground and sieved (d <25 J.Ull) before subsequent 
p 

reduction experiments. The composition of the kraft black liquor solids and 

pure combusted kraft black liquor is listed in Table 1. 

Experimental procedures 

With 10-20 mg of the previously described samples, the bed height in the 

pan of the TGA system is about 1 mm. The fumace temperature was raised al a 

heating rate of 2SoC/min under a N
2 

or He flow rate of 300 cm3/min. Hydrogen 

was introduced into the reaction tube when the fumace lemperature was 

stabili1..ed at a preselecled value. Steam was added by controlled injection of 

water with a syringe ioto the heated gas line connected 10 the TGA system. 

After completion of the reduction reaction, the hydrogen flow was discontinued 

and the fumace rapidly cooled to room temperature (about 3 minutes). The 

reduced sample was immediately dissolved in deairated and deionized water and 

the residue removed by mtration. The sample handling before analysis by le 
was kept al less than 5 minutes in order 10 minimize oxidation of sodium 

sulfide. Sorne solid samples were also immediately analyzed by X-ray 

diffraction analysis and scanning electron microscopy. 

Data Analysis 

Preliminary experiments showed that sodium titanate was inert in H
2 

below 

8S0°C, and substantial decomposition of sodium titanate by H
2 

occured only 

above 90CtC. Thus below 850°C, the conversion, X, of the reduction reaction: 

(8) 

can he calculated from the weight-loss due ta the release of oxygen. This was 

conrmned by the small difference, A WL, in Table 2 between the measured weight 

10ss, WL, at complete reduction and the calculated weight 10ss based on the 

initial sulfate weight, W~04 =. ïne absence of sulfate in the rmal sample, 

W S04:: • shows that the reduction is complete. The small percentage weight 
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Table 1 Composition of Krart Black Liquor 

(a) Elemental composition of oxidized kraft black liquor solids 

Elements %(wt) 

Na 22.90 

S 2.90 

C 31.67 

H 2.64 

o 33.04 

a 0.16 

K 1.46 

Al 

Si 

Fe 

Mn 

Cr 

Ti 

(ppm) 

1700 
120 

10 

8 

o 

(b) Composition of pure combusted kraft black liquor solids 

Ion wt.(%) 

Na+ 38.7 
K+ 2.3 
50= 14.4 • CO= 

3 
45.8 

cr 0.3 

(Motar fraction: M
2
SO., 0.17; M

2
C0

3
, 0.83. M: Na or K) 
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1 

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

difference between the initial and fmal sulfur content, respectlvely WS04= 

and Ws=, shown as ~Ws in Table 2, as well as the small sulfur emission « 2 

ppm below 750°C) estabhshes the accuracy of the sulfur anion analysis. 

Table 2 Mass and Sulfur Balances 

T [H
2
] [H

2
O] W~04 Ws= WS04 WL ~WI 6.WL 

(oC) (%) (%) (mg S) (mg S) (mg S) (mg) (%) (%) 

700 50 0 1.38 1.45 0 2.77 +5.0 +0.4 

700 80 0 0.67 0.65 0 1.34 -3.0 0 

700 50 10 0.92 0.89 0 1.82 -3.3 -1.1 

750 50 0 0.89 0.94 0 1.75 +5.6 -1.7 

ROLE OF EXTERNAL MASS TRANSFER 

A shallow alumina pan was used in this study for which the extemal 

mass-transfer correlations are ava;lable (Li, 1989). Although the flow of H
2 

was maintained well in excess of starvation levels, il was felt that mass 

transfer in the film around the sample might offer some resistance to the 

reduction. To fmd out to whal extend the mm mass tcansfer affects the 

reduction rate, the following calculations were performed. The rate of 

transfer of H
2 

across the film surrounding the reduction sample is given by: 

k 
NH = ~ [Pii - PA] (moVm2s) 

2 I\.J 2 2 

where NH
2

: Rate of film mass transfer of H2' moV(m2s). 

k : Film mass transfer coefficient, rn/s. 

Pl
2

: H 2 pressure in the bulk gas stream, atm. 

PA
2

: Equilibrium H
2 

pressure at the reaction interface, atm. 

(9) 

The mass transfer coefficient kwas computed using the mass-transfer 
1 

correlations for the Sherwood number (Sh), which were obtained experimentally 

in the present TGA reactor system by Li (1989) via the following equation: 

k = Sh ID/d , c (10) 
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Details of the calculation procedure for k can he found Ifl Appendl.'< 1. The 
1 

film mass-transfer rate, NH
2

, is compared in Table 3 Wlth the maximum 

experimental rates rmu al each temperature. The measured maximum reactlon 

rale was expressed according to followmg equation: 

, 
(mol m-/s) (ll) 

where W§04 is the initiaI weight of sodium sulfate and S is the surface area 

of sample pan. In order for the film mass transfer resistance to be 

negligible. NH
2 

must he at leasl 20 times as large as the measured reaction 

rate. Le.: 

MH = Nmu 
< 5% H

2 
(12) 

Inspection of the data in Table 3 shows that this condition is met below nooe 
for model mixtures. However. the mass transfer resistance is significant al 

750°C. 

Table 3 Evaluation of the Innuence of the Externat Mus-Transfer Resistance 

Run No T Carrier kg NH
2 rmax MH 

ct) gas (mIs) (mol/nis (mol/rrfs) (%) 

1 630 
N2 0.1094 0.7382 0.0007 0.09 
He 0.1813 1.2230 0.0007 0.06 

2 650 
N2 0.1134 0.7487 0.0013 0.18 
He 0.1883 1.2432 0.0013 0.11 

3 680 
N2 0.1194 0.7635 0.0041 0.53 
He O.1QS5 1.2BQ4 0.0041 0.32 

4 700 N2 0.1239 0.7756 0.0135 1.74 
He 0.0135 1.05 0.2055 1.2868 

1-

5 720 
N2 0.1286 0.7879 0.0325 4.26 
He 0.2107 1.2878 0.0336 2.71 

6 750 
N, 0.1354 0.8064 0.0831 11.0 
He 0.2123 1.2943 0.0897 7.06 

The above calculations indicate that the mass transfer resistance can be 
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identified by using different carrier gases, since the external mas~-transfcr 

resiSlance with He as carrier gas is about one and half limes smaller than 

that with N . The experimentaI results in Figure 3(a) with N and He as 
2 2 

carrier gases confmn that there is no mass-transfer resistance below no""c. 
However, the kinetic data should he corrected for external mass transfer 

resistance above nooe. 
The effect of the size of the reduction sample on the reduction kinetlcs 

was aIso investigated. The conversion-time curves in Figure 3(b) obtained for 

two samples of 12 and 19 mg, respectively, at otherwise same conditions are 

not significantly different. This was taken as an indicatton that the sample 

size has no effect on the X-t curves over the range of the samples 

in vestigated. 

KINETIC RESUL TS AND DISCUSSION 

Part 1 Reduction of Model Mixtures 

The reduction experiments were perfonned in the .• perature range of 

630-750°C. The conversion-lime eurves in Figure 4 are sigmoidal in shape. 

Therefore the nucleation and growth kineties given by equalion (3) were first 

used 10 fit the data. The exponent n of Eq.(3) can he obtained from the slope 

of a plot of -In(1-X) vs. t on a log-log scale, as is done in Figure 5. The 

faet that a straight line relationship is obtained for X<0.6, with 

approximately the same slope for aIl temperatures studied, supports the 

validity of the nuclealion and growth model for the present reaction. The 

values of m obtained by straight line fitting of the data in Figure 5 for 

X<0.6, are listed in Table 4. The average value of m, 1.90, is very close to 

2. which signifies that the nuclei growth is two- or one-dimensional, 

depending respectively on whether all nuclei are present at the start of 

reaction or are formed al a steady rale during reduction (Levensplel, 1986). 

Therefore the reduction data were replolted, as shown in Figure 6(a), for 

three temperatures according 10 the kinelic equation: 

[-In(1_X)]1/2= k t 
1 

(13) 

The reaction rate constant k, was obtained from the slope of the straight 
1 

lines in Figure 6(a). The values of k at m=2 are shown in Table 4. From the 
1 

Arrhenius plot of k in Figure 6(b), an apparent activation energy of 302 
1 
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Table 4 Kinetic Parameters at Different Temperatures 

T (CC) 630 650 680 700 720 750 

m 1.86 1.83 1.88 1.94 1.93 1.98 

k1 (xHr) 

(S·1) 0.31 0.66 2.23 6.76 10.64 16.14 

t (s) 5593 2142 1084 621 363 189 

0. (x1 dO) 

(crifls) 0.05 0.10 0.20 0.35 0.62 1.20 

t b(S) 2326 994 260 2 -20 -35 

a 0.70 0.71 0.68 
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., 
1 

kJ/mol is obtained. It must he noted that the k
1 

al 750°C was not used in the 

correlatIOn of the data because of the mass-transfer resistance. while the 

value al 720°C was corrected for this effect. From Eq.(4) it follows that 112 
E + E = E. where 

S G 

(14) 

and 

E =RT2(dln k /dT) 
Q s 

(15) 

The latter is the activation energy for the growth process and the fonner is 

the temperature dependence of n , the number of potential nucleus fonning 
° sites per unit volume. n is mostly detennined by the extent of local 

° deformation and the concentration (.If lattice defects. Since the original 

sample was treated above 90(tC before reduction and the number of local 

deformations are mainly determined by the highest temperature during 

treatment. the influence of temperature on n is expected to be small. 
° Assuming then that EN=O, we obtain that the activation energy for nuclei 

growth is 302 kJ/mol. 

In previous studies, Delmon and Roman (1973) obtained an activation 

energy for nucleation and growth kinetics of 142 kJ/mol (below 265°C) and 188 

kJ/mol (above 265°C) for hydrogen reduction of NiC. EI-Rahaiby and Rao (1979) 

found an activation energy for nucleation and growth kinetics of 237 kJ/mol 

for hydrogen reduction of iron oxide at 2SO-S0ItC. Thus the present activation 

energy for nucleus growth of 302 kJ/mol is higher but comparable to those in 

literature obtained for hydrogen reduction of metal oxide. 

Il can he seen in Figure S that me experimentai data deviate from the 

nucleation and growth model when X>O.6. Accordingly, the shrinking core model 

[i.e. Eq.(S), (6) and (7)] was tried to describe the deceleratory period of 

reduction when X>O.6. It was found that reduction data were best fitted by the 

shrinking core model subject to product layer diffusion control [Eq.(6)] as 

can he seen in Figure 7. Contrary to Eq.(6), the linear region of the data 

points does not go through the origin because at low conversions the shrinking 

core model does not apply. The good linear relationship at high conversions is 

shown more clearly in Figure 8(a). The same transition from nucleation and 

growth kinetics to product-layer diffusion control was reported for the 

reduction of hematite to magnetite with CO by Et-Tabirou et al. (1988). 
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The ume for complete conversion of the partleles, t, was obtJ.Ined by 

intersection of the straight lines ln Figure 8(.1) Wlth 1-3(l_X)1/J+ 

2(1-X)= 1.0. The values of t at dlfferent temperatures are listed ln Table ~. 

An lnitial time. t
b

, çan he defmed as the time where the slralght Ime 

fit of 1-3(1-X)2/3+2{l-X) mtersects with the honzonlal aXIS dt zero 

conversion. These values are also listed ln Table 4. The faet that t IS 
b 

negative at the higher te mperatures shows that thls Initial tlme has no 

physical sigmficance. Howe~'er l is needed for complete mathemallcal 
b 

description of the reduction at high values of X, since the time, t, in Eq.(6) 

is now equal to (t-l
b
). 

The effective diffusion coefficient IDe for the hydrogen diffUSIOn through 

the product layer formed by reaction (8) is related to t ln Eq.(6) as 

(Levenspiel, 1986): 

d2 p 
ID - ----'p;.,,--,-_=_ 

e - 6 rH ] t 
2 

(16) 

where d is the average particle diameter (as 12.5 J.U1l in this case because 
p 

partie le size distribution was measured), p, the molar denslty of Na SO in 
2 .-

the panicles (3.0 g/cm
3) and [H2]' the hydrogen concentration ln the bulk of 

the gas. An Arrhenius plot in Figure 8(b) of the values of IDe hSled In Table 

4 gives an activatlon energy of 179 kJ/mol. This value is much hlgher than 

about 75-125 kJ/mol obtained for oxygen diffusion in metal oxides (Aronson et 

al., 1957). Hùwever a very high acùvation energy of 280 kJ/mol was also 

reported for CO diffusing through the reduced product layer of FeTi0
3 

(EI-Guindy and Davenport, 1970). 

Surface area measurements were made on a sample before and after 

reduction at 700°C by N
2 

adsorption with a Flowsorb 11 2300 of Mlcromenlic!>. 

The specific surfaces of 0.95 and 0.70 m 2/g respectively (one point B.E.T. -

surface aera) , are close to that of the external surface of particles with 

the size of 2-3 J.UY1. SEM pictures of partic1es showed that panicle Slze is 

realy aoout 2-3 fJ.Itl and there is no significant difference before and after 

reducùon (sec Figure 9). This indicates that reduction did not lead to 

particle disintegraùon or fonnation of a more porous product. This behavlOr 

is consistent wlth the small difference in molar density between Na
l 
SO 4 and 

Na
2
S of respectively 5.40 and 4.20 cm) /mol. Therefore it appears mat after 

formation of an uninterrupted outer layer of sodium sulfide, the transport of 

hydrogen through the NalS lattice becomes rate-detenninmg. 

A comparison between the experimental results and the predictions Wlth 
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the two models is shown ln Figure 10. From this figure it can seen that 

reduction in the d~celeratory period slows down more than expected from the 

nucleation and growth mode!. However when the rate dt:termining step is changed 

from nucleatlon and growth to product layer diffusion, the reduction is well 

descnbed al hlgh conversions. 

Influence of sodium sulfide 

In order to confirm that the reduction starts with the formation of Na
2
S 

nuclei, sorne Na
2
S was added 10 the model mixture. A powderof Na

2
S·9H

2
0 was 

dried al 500°C in N , ground (d <200 JlIll), and then mechanically mixed with the 
2 p 

mixture of sodium sulfate and sodium titanate al a molar ratio Na
2 
SINa

2 
SO .. of 

0.5. The lime for total conversion is reduced by the addition of Na
2
S as shown 

in Figure 11(a). A plot of [_ln(l_X)]1/2 versus time in Figure ll(b) shows 

thal the data are still reasonably represented by the nuc1ealion and growth 

mode!. The increase in the slope k
1 

in Figure ll(b) suggests that the nuclei 

concentration, n, is increased, since it is unlikely that the in trin sic 
o 

constant, k, in Eq.(4) is affected by surface contact with the Na S , 2 

particles. 

The same phenornenon was observed for the reduction of metal oxides such 

as NiO, Fe
2
0) and FeTiO

J 
(Lin, 1987; Zhao and Shadman, 1990). Nucleation and 

growlh kinelÎCs were also observed for these reductions, and addition of the 

metal product significantly shortened the total reduction lime. Thus, ln a 

practical reduction process, sorne recycling or back mixing of the product Na
2
S 

would he advantageous, and a fluidized bed will he one of the preferred 

reaClors for Na
2
SO. reduction. 

Influence of hydrogen concentration 

The influence of the hydrogen concentration on the rate constant k of 
1 

the nucleation and growth model [Eq.(4)] is shown in Figure 12(a). The slope 

a, the reaction order in H
2 

concentration in Eq.(4), is also Iisted in Table 

4. The average value of the reaction order over the temperature range 

650-700°C is about 0.70, indicating that the hydrogen concentration has a 

strong influence on reduction in the acceleratory period. The order of 0.70 

and the relatively poor correlation of the data in Figure 12(a) suggesl a 

complex reaction mechanism. 

The mechanism proposed by Dirk et al. (1971) for Na
2
SO. reduction in the 

molten phase is 
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l 
Na.,SO + Na

2
S = Intennediates 

• 4 
(17) 

and (18) 

This mechanism could explain the autocatalytic effect of Na
2
S for homoge.leous 

reduction. In the prevlous section il was shown that surface contact wlth Na S 
2 

particles led to an increased reduction rate of Na SO . 1 herefore reacllons 
2 4 

(17) and (18) may also applicable to the prf s2nt heterogeneous system where 

the intermediates formed by the solid-solid reaction between Na SO and Na S 
2.. 2 

are subsequently reduced by hydrogen to Na
2
S. AIso if reactions (17) and (l8) 

are both rate controlling step. a reaction order in the "2 concentration of 

less than 1.0 is obtained. The solid-solid reaction ( 17) would also he 

consistent with the high activation energy found for the present system. This 

kind of catalytically active product nuclei has heen referred to as functional 

nuclei (Galwey 1980), and has been found to apply to the decomposltlon of 

copper formate (Galwey et al., 1974) and nickel formate (Brown et al., 1978). 

Compared to published results. the reaction order 10 hydrogen 

concentration in the present case is very close to that found in many other 

hydrogen reduction studies. An order of 0.5 to 1.0 was found for hydrogen 

reduction of Fe
2
0

J
, UO

J
, NiO and CUSO .. (EI-Rahaiby and Rao, 1979; Le Page and 

Fane, 1974; Delmon and Roman. 1973; Dhupe et al., 1987). For hydrogen 

reduction of Na
2
SO .. in the molten phase, Birk et al. (1972) found an order of 

2/3. 

The influence of hydrogen concentration on the inverse of the time for 

complete reduction, 1/1, obtained from the diffusion limited period, is shown 

in Figure 12(b). The r10ding that lit is essentially proponional to the 

hydrogen concentration is in agreement with Eq.(16), thus confirming that 

diffusion of hydrogen through the product layer is the rate limiting step. 

Influence of steam concentration 

With increasing H
2 
° content of the reduction gas, a longer time was 

needed for nucleation as shown in Figure 13(a). The influence of steam content 

on kt and I)e, characteristic parameters for respectively the nucleation and 

growth, and diffusion controlled regimes, are displayed in Figure 13(b). These 

results show that although the nucleation is retarded by the presence of 

steam, subsequent growth of the nuclei as well as diffusion through the 

product layer is not appreciably affected. 

According to Eq.(4), kt should not he affected by the steam concentrauon 
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smce the eqUlhbnum constant of reactlon (8) is very large (K = 1.1 x lOI'). The 
e 

smalt decrease ID kt with increasing ste am concentration mlght then he 

interpreted as a reduction of the numher of actIve reaCUon sites, n ln 

" Eq.( 4) by adsorption of steam on potenttal nucleation sites (Mckewan, 19fW). A 

similar explanal10n was given more recently by Hayes (1979 and 1981) for the 

increase in the rate of the hydrogen reductlon of wu~tlte wllh increasing 

steam pressure. 

Conceming the nuclei formatIon reaction, il might he that Na S IS fonned 
2 

by the following reactions: 

(19) 

(20) 

and 

(21 ) 

The formation of Na
2
SO) as a flfst step IS tikely hecause Na

2
SO) was 

identified by FTIR during the initial reaction stage in a recent study 

(Weston. 1986). The subsequent reduction of sodium sulfite by hydrogen is much 

easier than the sodium sulfate reduction as cao he seen in Figure 14. ThennaI 

decomposition of sodium sulfite via reaction (21) may aIso he imponant for 

the formation of Na
2 
S as was recently shown by Li (1989). However the nuclei 

formation can not only he explained by reaction (19) because the equilibrium 

constant is 0.08 at 710°C. which means that reaction (19) is thermodynamically 

impossible above 4% steam in 50% hydrogen. In this case the initiation must 

proceed according to reaction (8). which is kinetically very difficult. Thus 

nuclei formation in the presence of steam is very slow and full nu('~el gr )wth 

is delayed. 

When sodium sulfide panic les were added. the effect of steam on the 

induction time was eliminated without significantly affecting the reduclion 

rate as can he seen in Figure 15. This lends further support to the model that 

the nuclei consist of Na
2
S and their formation is strongly mfluenced by 

steam. The insen~itivity of kt to the presence of steam with Na
2
S additIon 

also supports reaction (17) as the nuclei growth reaction because it involves 

only solids as reactants . 

Influence of sodium tÎlanale and lilanium dioxide 

The influence of sodium titanate on the sodium sulfate reduction was 
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1 
studled by chang mg the molar fraction of sodium titanate, Y, in the model 

component mixture. The conversion lime curves in Figure 16 show that the time 

for complete reduction ume increases dramatically with decreasing Y, and that 

the reduction IS mcomplete when Y is smaller than 0.05. With pure Na
2
SO .. the 

final reduction is only about 20% after 3()(x) s. 

ft 1S mteresting that the initial reduction of pure sodium sulfate 

proceeds al a reasonable rate but mat subsequent further reaction is very 

slow. The characteristic reaction parameters in Figure 17 show that the 

influence of Y on IDe is much stronger than that on k . This suggests that in 
1 

these cases a product layer is formed with a very low permeability for 

hydrogen which limns the reaction kinetics. As the thickness of Na
2
S layer 

increases, the diffusion flux is progressively reduced, and complete reduction 

is only obtained after a very long reaction time. The same phenomenon has been 

observed for reduction of other compounds such as iron oxide (Szekely et aL. 

1976). The faster reduction with a higher molar fraction of sodium titanate 

can he explained by a more open structure of the product layer. This is also 

suggested by comparison of SEM pictures of the reduced samples in Figure 18, 

which show that the samples with sodium titanate (Y>O.2S) are still powdered 

white the reduced sample of pure sodium sulfate reduction sample is sintered. 

Sintering of the sodium sulfide layer will lead to a dramatic decrease in the 

diffusion rate, while the porous structure will he retained up to complete 

sulfate "eduction with a large fraction of high melting sodium titanate in the 

panicles. 

An interesting rmding is that the reduction of a mixture of panicles of 

pure Na
2
SO 4 and pure sodium titanate (Y=O.7S) is only sIightly improved 

compare<! to that of pure sodium sulfate as shown in Figure 19(a). This 

confrrms that major effect of sodium titanate is to improve the diffusion of 

hydrogen towards the reaction interface. 

Metal oxides such as Fe 203' NiO, CuO. and TiQ 2 were previously reported 

to he reduction catalysts. This was tested for the present system by mixing 3% 

(by weight) TiO 2 with particles of sodium sulfate. The results in Figure 

19(b), show that only a small improvement in reduction rate with Ti0
2 

addition 

especially when compared to the catalytic activity of 1.5% of Fe 2 0 J' as will 

he shO'lllol1 later. The possible explanation for this is that good reduction 

catalysts are nonnally compou'1ds which cao he reduced themselves while TiO is 
2 

inerl in H
2 

at the present low temperatures. 
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1 

(a) Pure sodium !>ulfate before reduction 

1 (b) MJùlum sulfate after reduced at 70<tC for 5 mmutes 

Figure 18 SEM plcture of pure sodIUm sulfate before and after reductlOn 
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Influence of Iron o_nde cala/ysl 

5ince Iron oXlde wa<; reported to he the hest catalyst for reductlon of 

!.O<hum sulfate, 1.5% by welght of Iron o~ide (d <25 J..Ull) was ground with the 
p 

standard mixture of Na 50 and Na O-TiO, (i.e. 1:3 molar ratio). The results 
2 4 2 ~ 

ln Figure 20 show that the reducllon wnh 1.5% Iron oXlde IS about 10 times 

fasler than obtamed Wlth the mode) mixture with 1.5% Iron oXlde, and only 

about two minutes are needed for 90% reduclIon al 680°C. The calalytlc 

mfluence becomes sigmficant al 66(:tc or hlgher as shown in Figure 21(a). Il 

should he noted that the initial reduction of Na 50 with Iron oxide is a slow 
2 .. 

process and that the length of the induction period lS sigmficantly reduced 

wlth mcreasmg temperature. The reduction data are weU fitted by the 

nucleation and growth model [Eq.(3)] with t replaced by (H ) over the 
J 

conversion range of 0.2-0.85 as shown in Figure 21(b). The activation energy 

determined from the Arrhenius plOl m Figure 21(c) of the reaction constant k
l 

at the three temperatures of 660, 680, and 700°C is 239 kJ/mol. It must he 

pointed out however that the external mass-transfer resistance IS slgmficant 

for all three temperatures and thus the activation energy is a combination of 

kinellc and mass transfer effects. This oùght explain why the activation 

energy with Fe
2
0

3 
(239 kJ/mol) is lower than that without Fe

2
0

3 
(302 kJ/mol). 

The large difference in the reduction rates at 640°C and 660°C may he due to 

the difficulty of reducing iron oxide or its catalytic intermediate at 640°C. 

The catalytic activity of iron oxide for reduction by H
2 

was recognized 

by previous investigators. How/!ver its catalytic mechanism js not fully 

understood. 8ased on previous studies, there are al least two major mechanisms 

identified by which iron could catalyze the reduction: (i) reduced iron oxide 

can act as a heterogeneous (surface) catalyst; and ii) reduced iron can 

directly reduce sulfate or its reactive intermediate. The former mechanism was 

generally found for the reduction of metal oxides and other catalytic 

gas-solid reactions. The catalytic mechanism was explained by the easier 

formation of product nuclei because of the ability of these metals to activate 

hydrogen (Verhoeven and Delmon, 1966; Delmon, 1968). However this mechanism 

is unlikely for the present system because sulfide, is usually a very severe 

poison for surface catalysis. 

The second type of mechanlsm could involve iron sulfide which is easily 

formed by the reaction of Fe
2
0

3 
with Na

2
S or H

2
S as found in Olapter 3. FeS 

thus reacts with Na
2
SO .. to form an intermediate, possibly FeSO .. , i.e. 

FeS + Na SO =Na S + FeSO 
2.. 2 .. 

(22) 
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Smce FeSO I~ not ~table at high temperature and can easily he reduced to 
4 

FeS. Reaction (22) would he followed by: 

FeSO + H = FeS + H 0 
4 2 2 

(23) 

Thu.. Q.ludauon-reductlon mechanism IS supported by the evidence that FeS. 

FeSO 4 and other metal sulfur specles are aIso good or even better catalysts 

than Fe 0 for H reduction of Na SO . The imtial slow period with Iron oXlde 
2 3 2 2 4 

could also be explamed by the initiaI fonnation of FeS from iron oXlde. 

Since ln practlce. mdustriaIly produced TiO will aIways contam ~me 
2 

Fe O. the îndustriaI reduction might actually benefit from the use of 
2 3 

'ihghtly impure TiO as direct causticizing chemical. 
2 

Part Il Reduction or Combusted Kraft Black Liquor 

The combustion product of kraft black liquor with TiO 2 is moslly sodium 

tÎtanate and sodium sulfate. However. industrial kraft black liquor contains 

sorne potassium and chlorine, and small amounl of metals such as Al. Si and Fe. 

Moreover, ils combustion product has probably a different morphologicaI 

structure than that obtained by heating a model mixture of sodium carbonate. 

titanium dioxide and sodium sulfate. Thus il is expected that the reduction of 

the combustion product of kraft black liquor with TiO 2 will be different from 

that of the model nuxture. 

The reducllon experirnents of the kraft black liquor combustion product 

(Sample 1. see Experimental section) were performed in the temperature range 

of 630· 720°C. Sorne typical sigmoid X-t data are shown in Figure 22 (a), which 

are very similar to those obtained with model mixtures of sodium titanate and 

sodium sulfate (Figure 4). Therefore the were replotted according to Eq.(3) in 

Figure 22(b). Il shows that the data are weil described up to 60-80% 

conversion by the nucleation and growth model. A very smalt induction period 

is found for the combustion product of kraft black liquor with Ti0
2

, compared 

to no mduction lime for the model mixture. The reacùon constant. k. 
1 

obtained from the slope of the straighl lines, is plotted agamst reciprocal 

temperature in Figure 23. The activation energies of 283 and 276 kJ/mol for 

the nucleation and growili kinetics of respectively Sample 1 and Sample 2 are 

very close to that obtained earlier for the model mixture (302 kJ/mol). 

suggestmg thal the reaction mechanism is the same in aIl these cases. 

However. the absolute value of kt for Sample 1 is about one and half times 
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1 
larger lhan mal of Sample 2 at the same temperature. Compared with the model 

mIXture, lt 1S found that the reaction constant of sample 1 is about 3 tÏmes 

larger. There are three pcss1ble reasons WhlCh could explain the faster 

reductlon of kraft black liquor. Fust, the black liquor combustion product 

contam~ a 5mall arnount of reduction catalysts such as Fe or other metals. The 

-,econd reason might be that the dJstnbution of Na
2
S0

4 
in sodium titana~e IS 

best 10 Sample l, followed by Sample 2 and fmally the model nuxture. ThIS is 

expected based on the preparation procedure for Samples 1 and 2, with Ti0
2 

bumed wlth kraft blar.k liquor in Sample 1 while Sample 2 is generated by 

heating TiO and combusted kraft black liquor. The SEM-EDS mapping in Figure 
2 

24 shows a fmer distnbution of Na. S and Ti for Sample 1 compared to mode 1 

mixture. Finally the surface area of combustion product of kraft black liquor 

(Sample 1) was found to be 4.21 m2/g compared to 0.95 m2/g br the model 

mixture. The hlgher surface area suggests a smaller effective particle size 

for the black liquor sample which might also explain the higher reduction 

rate. 

Influence of hydrogen concentration 

The influence of hydrogen concentration on the reduction of combusted 

kraft black liquor was analyzed in the same way as that of the model mixture. 

The influence of hydrogen concentration on the rate constant. k l' is shown in 

Figure 25. It is found that k
1 

is proportional to [H2]O' 5. Thus the influence 

of the hydrogen concentration on the reduction of the kraft black liquor 

samples is somewhat smaller than that of mode1 mixtures. for which an order in 

hydrogen concentration of 0.7 was obtained. 

Influence of Sleam concentration 

The influence of the steam concentration on the X-t curves for Sample 1 

is shown in Figure 26. As can he seen, a longer initiation time was recorded 

for reduction with increasing steam concentration as shown in Figure 27(a). 

Furthermore it is also found that with increasing steam concentration. the 

nucleation and growth reaction rate constant decreases as shown in Figure 

27(b). These results indicate that steam not only retards the formation of 

nuclei, but also decreases subsequent growth of the nuclei. This is different 

from the reduction of the model mixture, for which the steam concentration 

only affects the initiation time. 
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Figure 24 Elemental distribution from SEM-EOS mapping 
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1 
Influenl e 0/ Iron Onde Cuwlys{ 

Iron oXlde wa~ found ta be a very good catalysl for the reductlon of 

<,üdlUm ~ulfale mIXed wlth sodium Ulanate. Therefore 1.5% (wt.) Iron oXlde 

(d <25Ilm) wa5 nuxed mechamcally Wlth Sample 1. It wae; agam round thal the 
p 

Prec.,ence of Iron oXlde dramaucally accelerated the reductlon of Na 50 . The 
2 4 

reductlOn data could also be descnbed by the nucleauon and growth mode!. 

The IMge mcrea~ m the reactlon const.int shown m Figure 23 confirms the 

catalytIc effect of tron oXlde. The non-Imear relatlOn belween Ink
l 

and 1fr 

Wlth addition of Iron oXlde can be explamed by the strong extemal 

mas~-transfer resistance al the higher temperatures. 

The above reductIon results mdlcate that direct causticlzed kraft black 

liquor ')ample can easlly be reduced in the soUd state, particularly when iron 

oXlde IS addz'd as a calalyst. 

COI\CLUSION 

The hydrogen reduction rate of sodium sulfate in a model mixture with 

sodIUm titanale is weil described by the nucleation and growth mode 1 up to 

about 60% converSion, and by the shrinking core model with hydrogen diffusion 

control in the product layer above 60% conversion. The activation energles for 

the nucleallon and growth penod and diffusion controlled period are 302 and 

179 kJ/mol, respectlvely. The nucleation and growth rate constant is 

proportlonal to [H
2
]0 7. whtle the rate constant ln the diffusIon contro1led 

period is proportional to [H 2]. The presence of steam leads to a long 

induction ume for the formation of nuclel. An increase in the sodium titanate 

mol.:d' fraction accelerates the reduction. The degree of mixing of Na 50 and 
2 4 

sodium tiatante as detemuned by the preparation procedure of the mode 1 

mixture has a large effect on the reduction behavior. The initiai presence of 

sodIum sulfide ehminales the mduction period, even when steam ie; pre5.ent in 

the reactant gas. Iron oXlde (1.5% wt.) addition significantly accelerates the 

reductton. 

The above kineuc models are aIso tested for samples of kraft black 

liquor heated and/or combusted with TiO . A faster reduction Ûtan that of the 
2 

model mixture, and a nucleation and growth activation energy of about 280 

kJ/mol are obtained for kraft black Iiquor samples. 
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=Constant 

=Diameter of sample pm. m 

= Parti cie SIze, !lm 

=AcUvallon energy of n . J/mol 
o 

=AC!lvatlOn energy of growth process, J/mol 

=Hydrogen concentratIon, % 

=Steam concentration, % 

=Nucleation and growth rate constant, S 1 

=Film mass transfer coefficIent, mis 
=IntrinslC rate constant for mterfacial reactlon. s 1 

=Equlhbnum constant 

=Ratto of reactlon rate to mass transfer rate. 

=Constant 

=Rate of hydrogen mass transfert mole/(m2s). 

=Inltlal concentraUon of nuclel. 

=Total presS"ùfe, atm. 

=Partial pressure of hydrogen. atm. 

=Partial pressure of water, atm. 

=Maximum reacUon rate, moV(m2s). 

=Umversal gas constant, J/(mol K). 

=Sherwood Number (=kadc/C). 
=Time, s. 

=Time in shrinking core model. s. 

=Induction time, s. 

=Temperature, oC. 

=Gas velocity, mis. 
=Molar product volume, m3/mol. 

=Weight, g. 

=Con version. 

=Molar fraction of sodium titanate. 

Foreign Symbol 

ID =Diffusion coefficient, m2/s 

IDe =Effective diffusion coefficient, m 2/s. 

p =Density, rg/m3
• 

t =Time for a com;>lete conversion in shrinking core model. ~. 
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CHAPTER 7 

CARBON MONOXIDE REDUCTION 

OF SODIUM SULFATE 

MIXED WITH SODIUM TIT ANA TE 

ABSTRACT 

The solid state reductlon kinetlcs by carbon monoxlde of ~ium ')ulfate 

mixed wlth sodIUm t1tanate are studied 10 a thermogravlmetnc ')ystem l'rom 

670-750°C. The conversIOn-ume curves of the model mIxtures are "'lgmOld- ... hJped 

and weil descnbed by the nucleation and growth mode 1 The aCllval10n encrgy 

IS found to be 420 kJ/mol. The mfluence of the CO and CO 2 com.entratlOn. 

fraction of sodium utanate. Initial presence of sodium ... ulfide and JddltlOn 

of iron oxide as a catalyst IS invesugated. Based on the expcnmentJl 

results. a reductlon mechanism IS proposed. 

The reduction of the combusllon product of kraft black hquor and TIO 2 1') 

also studled. The results are very similar to those obtamed wlth mode 1 

mixtures. The mam differences are that the reduction rate is faMer and the 

activation energy lS smaller at 244 kJ/mol. 
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INTRODUCTION 

In one of the two proposed direct cau!)ticlzing processes descnbed 10 

DIaprer 3, a mlxture of sodIum sulfate and sodIUm utanate is produced by 

combu<,uon of a ffilxture of kraft black hquor and Ti0
2

, The sodium sulfate in 

the combustion product must be reduced to sodium sulfide before It can be 

reu!:.ed In the pulpmg process, Therefore the sulfate reductlOn IS a crlucal 

separate step in thlS proposed direct causticizing process. 

The reductlon of sodium sulfate to sodIUm suifide has been carried out 

routinely in mdustry for almost 175 years, First S10ce the inventIOn of the 

leBlanc process 10 1823 for the production of sodium sulfide, and laler 10 the 

recovery fumace of the kraft pulpmg process. The reduction can be 

accompli~hed with several dtfferent reducing agents such as H2' CO. C, CH" 

etc. (Meyer, 1965). Although considerable discrepancies conceming reducuon 

temperatures and rates eXlst m the literature, temperatures between 750 and 

900°C are frequently cited as Ideal for reduction of pure sodium sulfate. 

Temperatures m the 600-7()(tC range have been utilized at the expense of 

longer reaCllon tlmes. while tempe ratures above 90ttc lead to significant slde 

reactions. The most reactIve conditions are obtained when there is inumate 

contact between the reducing agent and sodium sulfate. With gaseous reagents 

thlS is beSl achieved with Na
2
SO.. in rhe solid state. In this respect It 

should he noted that the eutectic melting point of a mixture of Na
2
SO" -Na

2
S is 

740°C (Andersson, 1982). However the presence of impurities or other compounds 

may significantly change the melting behavior. 

Most of the recent reduction studies have been perfonned wlth Na 50 in 
2 " 

the molten state (Birk el al .• 1971; Sjoberg and Cameron, 1981; Cameron and 

Grace, 1983 and 1985; Li and van Heiningen, 1991). Of these, only Sjoberg and 

Cameron (1981) and Li and van Hemingen (1991) are concerned with reduction by 

CO. Sjoberg and Cameron (1981) reported that the reduction is kmetically 

contro lIed , zero order in sulfate, frrst order in CO and has an activation of 

115 kJ/mol. LI and van Heiningen (1991), on the other hand, showed that the 

rea~tion is strongly linuted by mass transfer of CO in the molten phase. 

The studies of sodium sulfate reduction by CO in the solid stale were 

reported many decades ago by Budnikoff and Shilov (1928) and White and White 

(1936), and most recently by Li and van Heiningen (1988). Budmkoff stated 

that sodium sulfate could not he reduced by CO below 850°C. However Li and van 

Heiningen( 1988) round that CO reduction of sodium sulfate in a mixture with 
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sodium carbonate IS re\amely fast 10 the sohd stJh! below 760"C. White .md 

White (1936) reported that the reductlon by H, proceed~ rJpld\y .ll 704"C J, 

long as a sohd state IS pre~nt and that the CO reductlOn " ,\ower lhJJl wnh 

H,. It was also reported by LI and van Heimngen (1988) that the ...olld 't.lIe 

reductlon 1':> descnbed by ~hd-sohd phase boundJf) reJ~l1on ù>ntrolled 

kmetlc~. and IS strong\y retarded by CO but not mtluenced hv the CO ! . 

concentratIOn. 

ln Chapter 6, il was found that the hydrogen reducuon of ~11Um ,ult"ate 

nuxed wnh sodIUm tltanate IS very fast below 750"C. S10ce CO IS mother 

commonly used reducing gas, it IS the objective of thlS study to develop 

kinetlc equations for the solid state reduction of sodium ~ulfJte mlxed wllh 

sodium titanate by CO. The mf1uen~e of dlfferent parameters on the redUCllon 

will be presented and a mechanisllc description of the reduction by CO will be 

proposed. 

EXPERIMENT AL 

Experimental Apparatus 

The reduction expenments were performed 10 a thermogravimetnc maIY'I' 

(TGA) system. A schematlc diagram of the expenmental system wlth auxlhary 

gas preparation system is shown in Figure 1. The mam comp<ment~ of thl' 

system are :>'l electromc mIcro balance (Cahn Instnlments, Inc., Model 1(00), a 

quartz tube reaetor, and a fixed fumace with PID controller. N
2 

(99.99%) and 

He (99.995%) are zero grade quality, CO
2 

is anaerobe grade (99.99%) and CO 1'\ 

ultra-high purity (99.99%). An oxygen trap IS used for each gal, Ime. 

Additionally, a CO , H 0 and hydrocarbon trap are used for the CO line becau~ 
2 2 

of the relattvely low purity of CO. 

Agas chromatograph Wlth flame photometric detector <FPD) was u..ed for 

analysis of sulfurous gases m the exhaust. whlle CO and CO 2 were detennmed 

continuously with mfrz.-red (IR) CO and CO analyzers. The reproduclbJllly of 
2 

the measurement of the concentration of sulfurous gases is wlthm 5%. The 

inorganic ions in the solids. such as sulfate, sulfide. carbonate etc. were 

measured ~ith an ion chromatograph (Dionex) equlpped Wlth a conductlvlly and 

electrochemical detector. The reproduciblhty for IOn analysis IS better than 

5%. A high resolution scanning electron microscopy (SEM) was employed for 

examination of the particle surface of both partially and completely reduced 
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l 
samples. 

Sample preparatIOn and expenmental procedures 

Three types of samples were prepared for the reductlon expenments: 1) J 

model nuxture of sodIUm sulfate and sodIUm Utanate. Il) the model nllxture 

with I.S% Iron oXlde. and 111) the combustIon produ~t of k.raft hlJ~k. h4ul)r 

and TiO,. The model mIxture was made as follows: reageot graJe ~xhum ,ulfate 
~ 

and sodium carbonate (Na CO /Na sa =3: 1 moVmol. except when otherwl'>e 
2 3 2 ~ 

speclfied) were dissolved m delOnlzed water, dned. ground. and then nuxed 

mechanically with TiO (d < 10 j.UTl). A TIO /Na CO molar rallo of 1.2S "'a,> u,<d. 
2 p 2 :! 3 

because lt was found m Chapter 4 that 4Na
2 
O· STIO 2 is the ,t .. ble '*"xilum 

titanate m COl at the temperatures used \fi the present study. 11us nm.ture 1'> 

put mto a tube fumace at 900°C for 4 to 8 hours to obtam complete 

conversIOn of sodium carbonate. The resultmg mIxture of sodi'Jm tltanate Jnd 

sodIUm sulfate was ground to a partlele size less than 25 /lm. The '>econd 

sample type was made by mechanIcally mixmg I.S% Iron oXIde (d <25 ).lm) wllh 
p 

the previously described model mIXture. The thIrd sample type was made by 

keepmg a nuxture of TiO (d < 10 j.1Jl1) and kraft black hquor (TIO /Na 0= 1'1 
2 p 2 2 

moVmol) at 90(tC in a tube furnace for 6 hours under an air atmosphere. The 

remaining salt mIxture was then ground to a particle SIze less than 25 /lm. Ali 

surfaces in contact with the sample during preparation were wa~hed Wlth 

deionized water to aVOld contammation. 

After adding IS-20 mg sample to the sample pan up to a bed helght Ic~s 

than 1 mm, the TGA system lS evacuated and refilled wIth N or He to reduce 
2 

the concentratIOn of oxygen to a level below 10 ppm. Then under a He or N 2 

fIow of 300 sec/min, th~ furnace temperature was raIsed from 20°C to a final 

temperature al a heating rate of 2SoC/min (except otherwise speClfied) CO and 

CO were mtroduced to obtain the desired reductlon atmosphere when a ,>table 
2 

temperature was estabhshed. The sample welght, temperature. CO and CO 2 

concentration were continuously recorded by a computenzed data acqul,>llion 

program. The total welght loss dunng reduction was nonnally 1 1 to 2.2 mg. At 

the end of an experiment the reactor was rapldly cooled and the ~ample 

immediately dissolved in deairated and deionized water to minimlze 

reoxidation. Within a few minutes the sample is filtered. diluted and analyzed 

for its ion content by IC. 

THERMODYNAMICS AND PRELIMINARY EXPERIMENTS 
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The followmg overall reactlon5 may occur during the reduction of sodlUm 

... ulfate by CO: 

~a 50 + 4 CO = Na 5 + 4 CO 
2 4 2 2 

(1) 

for WhlCh .1Go = -139.225 + 0.0297 T kJ/mol 

Na S + 2 CO = Na CO + COS 
2 ~ ~ 3 

(2) 

for whlch .1Go -:: -97.045 + 0.1338 T kJ/mol, and 

2 CO = C + CO
2 

(3) 

for which .1Go = -170.000 + 0.174 T kJ/mol 

The Gibbs free energy of reaction (l) is -120 kJ/mol at 700°C indicatmg that 

this reacuon IS thermodynarruca1ly very favorable and may proceed al mis 

temperature. However the Gibbs free energy of reaction (2) lS 33 kJ/mol at 

700°C and the formation of COS is strongly dependent on the concentration of 

CO • as was shown in Chapter 3. Reaction (3) is thermodynamically favorable 
2 

below 750°C. However the kineHc linutations mvolved in the precipitation of 

the solid phase al lower temperatures are weil documented (Powell. 1966) Sorne 

metals or thelr oXldes are catalysts for this reaction. 

Preliminary experiments show that reaction (3) is significant over the 

temperature range of 650 to 800 Oc if a catalyst for carbon deposition is 

present. This was found earlier in the same TGA set-up by Li and van Heiningen 

(1988) who showed that a porcelam pan was coated with carbon and that the CO 2 

concentration is one or two orders of magmtude higher than could be produced 

by reduction of sodium sulfate by CO. This indicated that reacHon (3) look 

place inside the reactor tube and on the surface of the sample pan. Carbon 

decomposition on the surface of the sarnple pan was eliminated by usmg a high 

punly alumina (99.8%) pan. Duplicate experiments with a high purity alumina 

pan showed good reproduciblhty. The CO production was still much larger than 
2 

that formed by Na
2
S0

4 
reducllon. because sorne carbon 1S still deposited on the 

surface of the thermocouple WhlCh is placed directly under the sample pan. 

Thus although the converSIon of sulfate can be calculated from the measured 
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welght loss. 11 IS not possIble to use the CO concentration m the e'(h.lU~t 
2 

for this purpose. 

The sulfur mass balance after partial and complete reductlon was gooJ a~ 

indicated by the small percentage dlfference. E. œtween the mltlal IDd 
r S 

fmal sulfur welght. respectlv"!ly WO and W shown tn Table 1. Thl" .,hl1W" Ih.il 
! S 

the extent of progress of reaCHon (2) IS very ~mall. The COS conœntrJl1ol1 

was also measured and found to he negliglble «5 ppm) bell)w 750')C wlthout the 

preseT',e of C0:1.' W Ith CO 2 addItIon. the COS concentratlon W..lS maea '-Cd hut 

still not large enough to represent a slgnificant contnbutlOl1 to the mea ... ured 

weighl loss. The measured weight loss. d W~. was also lJl excellent ..l!!reement 

with the weight loss calculated from the mitlal welght of .,ulfate and the 

sulfide weight after reduction. It was found that the dlfference. E. between 
w 

f1 W T and d wE 
15 less than 1 % for a1l of the experiments except those w i th 

L L 

addition of CO . Wlth CO present. a smalt amount of sodIUm carb0nate was 
2 2 

detected m the reduced sample. 

The reduction conversion. X, can he calculated from the measured welght 

loss as: 

x = d W 142 
W

o 
x~ (4) 

where d W is the weight loss recorded by the balance and WOlS the welght of 

Na 50 in the initIal sample. 
2 .. 

Table 1 Mass Balances 

T (CO) [C~) WO 1 w' € r , wE 

Run No 1 
d W

L U L 

1 
(C) (%) (%) (~(m;1 (%) (mg) (mg) 

----- ----~--- - ---------

1 750 50 0 087 066 -12 , 74 1 75 

---- - - - -- - -

r--
E 

w 

1-07 

2 750 50 4 072 069 -5 8 144 l·lO 23 
----- -- ----- - - -

3 700 30 0 , 15 1 21 +52 230 229 04 
-- -----f------ ------- -- - --

4 670 50 0 095 098 +32 1 90 190 

ROLE OF EXTERNAL MASS TRANSFER 
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1 
As m Chapter 6. the maximum expenment.ll reductlOn r.lte. fma\. WJ' 

compared to the maximum rate of transfer of CO acro~s the gas tïlm !\ulToundmg 

the reduction sample, Neo. 

The detalis of the calculatton procedures can he found 1I1 Chapter 6. The 

values of Neo, fmax. and the mass transfer coefficIent. k . at 50% CO and 
g 

dIfferent temperatures are hsted ln Table 2. Smce at temperatures le.,s than 

or equal \0 750°C, the ratio rmax/Nco IS less than 5%. the external tilm mass 

transfer can be neglected up to 750°C. 

Table 2 Evaluation of External Gas Film Mass-Transfer Resistance 

1 T Camer 1 k; 
1 N ro , '_ + ,_N .. Run NO 

1 1 l (mol/m2s\ ___ ~~o~ ___ ("C) Gas (mis) (mol/m2s) 

1 

N, 
1 

00484 
1 

1948 0004 022 
1 690 

1 

--------
He 00993 1 3996 0004 1 011 

---------
1 

1 1 1 N, 
1 i i 

i 
00489 1929 1 0013 069 

2 710 

1 

1 - - --
1 

He 01011 1 3985 1 0013 
1 

034 

1 

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

1 ~ 
N , 1 

1 1 1 00493 1906 0031 160 
3 730 , 

1 
-t-- ------ ---

He 
1 01030 1 3977 1 0034 1 085 

1 

-----
1 N, 00497 1 1883 

1 0096 1 546 
4 ! 750 -----------

1 
He l 01045 

1 
3953 t- 0105 1 266 

- - --, 

f 
N, 

1 00500 
1 

1 858 0235 1 121 
1 5 
1 

770 ----- -- --- - -- -
1 He 1 

01066 1 3961 
1 

0293 
1 

744 
1 

The absence of a significant gas phase mass transfer resistance was 

verified experimentally by using different initiai sam pie welghts for 

reduction with 50% CO in helium at nooc. The results in Figure 2 :ihow a 

perfect agreement between the X-t curves obtained with initial weights of 1 1 

and 23 mg. Since the actual CO consumption rate IS different by more than a 

factor of 2, while Nco is the same for these two experiments. this confirms 

that the external and also the interparticle gas mass transfer resistance ln 

the sample pan can he neglected. 

Surprisingly, the results in Figure 2 aIso show that the reduction rate 

in N
2 

is somewhat different from that obtained in He. Since N
2 

has a 

significantly lower diffusivity and the gas stream is mainly heated by 

conduction rather than radiation. it might he that the difference betwf'.en the 

X-t curves in He and N
2 

are the result of small differences in gas and sample 

temperature. Because of the better heat and mass transfer rates in helium, 
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Figure 2 Influence of camer gases and sample size on reduction 
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this gas was used as carrier gas in all further experiments. 

RESUL TS AND DISCUSSIONS 

PART 1. Reduction of Model Mixtures 

An experiment with a temperature programed heating rate of 25 C1C/nun under 

100% CO in Figure 3 shows that the reduction starts at 650°C and IS ~omplete 

at 750°C. Above 850°C. the COS formation becomes signifie ant. resultmg ln J 

large weight loss. Therefore isothermal kinetic measurements were made at six 

different temperatures in the range of 670 tO 750°C. The converslon-time 

curves with 50% CO shown in Figure 4 are typ~cal S-shaped. 1 he llme for 

complete reduction diminishes dramaticallv as the temperature 15 mcreased. As 

for the sulfate reduction by hydrogen !Chapter 6). one may ldentify three 

distinct regions in the X-t plots: (a) the induction. (b) the accelerallon. 

and (c) the deceleration period. The induction period is most promInenl al low 

temperatures. At 670°C, the induction period was about 750 seconds compared to 

only 50 seconds at 750°C. It will be shown that the induction penod 

corresponds to the formation of Na
2
S nuclei. During the acceleralion penod. 

these Na S nuclei grow continuously and there is a corresponding increase in 
2 

the rate of reduction. Finally with excessive overlap and interpenetratlon of 

the Na
2
S nuclei, the reduction rate tapers off and the deceleration penod 

starts. 

Evaluation of the rate constant, k , and induction time, t 1 

1 1 

Similar to the hydrogen reduction of sodium sulfate in Otapter 6, the CO 

reduction data were fitted according 10 the kinetic equation for the 

nucleation and growth model (Olapter 2): 

ln l/m [- (l-X)] = k (t-t ) 
1 1 

(5) 

The best fit of the reduction data was obtained with m=2. This corresponds to 

two dimensional or disk-like growth of the nucleL A reasonably linear 

relationship was obtained as shown in Figure 5. The reaction rate constant, 

k
l
, is equal to the slope of the straight Unes. The induction lime was 

detennined by extrapolating the linear portion of the [-ln(l-X)) 1 12 to zero 

time. 
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1 
T emperat1ire-dependence of k and 1 • 

1 1 

The rate constant k for the reduction of sodium sulfate bv 50% CO was 
1 ~ 

determined at SIX temperatures varymg from 670 to 750°C. An Arrhenius plot of 

the data ln Figure 6 show') that the rate constant k IS a strong functlon of 
1 

temperature. RegressIon analysIs gave an activation energy of 420 kJ/mol. TIus 

is unusually hlgh compared to 50-200 kJ/mol, the normal actIvatIon energy 

range of gas-sohd reactlOns. Smce the reductIon of sodlUm sulfate probab1y 

proceeds in a few steps. this activation energy corresponds to the slowest of 

the steps mvolved. Such a hlgh activation ene. rgy suggests that the rate 

controlhng step May involve a solid-solid reactlO,Î. since it normally has a 

very high activation en-rgy. Compared to the activ<,üon energy of 650 kJ/mol 

found by Li and van Heiningen (1988) for CO reduct!\\)fl of a nuxture of sodIum 

sulfate and sodium carbonate. the present activation el'\\ergy is much lower. The 

dlfference may he explained by the faCl that the expt>rirnents of Li and van 

Hemingen were performed with partly molten suLf\\de while the present 

reduction was conducted weB below the melting point of the salt mixture. The 

present CO reduction data are aIso more temperature '\ensitive than the H
2 

reduction (E =302 kJ/mol) as shown in Figure 6 . 
• 

The inductIOn times obtained from Figure 5 are pl'l1rted as 1/t ag ain st 
1 

the inverse of temperature in Figure 7. The linear relatlonship between the 

inverse of induction lime and temperature indicates that l~'uclei formation IS 

an activated process. Regression analysis of the experimental data gives: 

lIt 1 = 1.82 X 107 x exp(- 18~,~OO ) (6) 

The magnitude of the activation energy of 180 kJ/mol, suggests that the 

initiaI nuclei formation probably mainly involves the gas-solid reaction 

between CO and sodium sulfate. 

Compared to the "2 reduction without steam addition, for which the 

induction lime is negligible, the reduction with oruy CO has a long induction 

period. This may be due to the fonnation of COl from the disproportionation 

reaction of CO;Reaction (3)] since la ter it will he shown thal the presence 

of CO 2 strongly retards the nuclei formation. 

Influence of sodium sulfide 

Il was reported that the sodium sulfate reduction by "l or CO is 

facilitated by the presence of sodium sulfide (Polyvyannyi and Dernchenko. 
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1 
1960; Blrk et al.. 1971; Li and van He1OlOgen. 1988; Chapter 6 of thlS 

theM..,). Therefore <;orne experiments were carned out wnh sodium sulfide 

partic\es added to the model mixture (molar ratio of Na1S/Na,SO =0.5). The _ _ 4 

re~ults of these expenments 10 Figure 8(a) and 8(b) clearly show that the 

Na S addition completely elim1Oate~ the long mduCtlon tlme even with a 
2 

relauvely hlgh concentratlon of CO
2 

10 the feed gas ThIS behavlOr IS slmllar 

to that fou.1d 10 Chapter 6 for the .\Ja 50 reducuon by H . The effect of the 
2 4 2 

Na S addiuon on the 1Oltiation ume and reactlOn constant 1:5 h~ted m Table 
2 

3. The nucleatlon and growth reactlon constant obtamed wlthout CO 2 presence 

is not slgnificantly affected by the addiuon of NazS. However. with the 

presence of CO , the rate constant is somewhat increased by the additIon of 
2 

Na
2
S. 

Table 3 Influence of Na S Addition on k and t 
2 1 1 

1 [CO] i [C~] ; T ~ 
t. (5) k,. (Xl03 5') , 

1 

1 

, 
No 

1 

1 Presence of soolum su!flde 
(O~) 

1 (%) 
1 

(C) ! No 1 Yes 
1 

No Yes 
1 1 1 

1 

1 1 1 50 0 700 186 

1 

0 095 093 
1 

1 
1 

1 . 
1 1 1 

2 
1 

50 
1 9 720 1 

1 

399 42 1 298 393 
1 

1 

, 

The mechanism suggested for the catalytic effect of sodium sulfide by 

Birk et al. (1971) and Li and van Heiningen (1988) is: 

NalS0 + Na S = intennediate 
4 2 

(7) 

whereby the intermediate is subsequently fast reduced to NaIS by CO. Although 

the intermediate was nllt identified, polysulfide was proposed as a possible 

candidate in die earlier study of Birk et al., (1971), In the present case, 

Table 3 shows that the addition of Nal S significantly reduces th~ induction 

lime but has a much smaller or no influence on the rate constant, depending on 

the presence or abserce of COl' Therefore, just as propose<! for the effect of 

NalS addition for the NazSO. reduction by Hl' the present results suggests the 

addition of NalS provides the nuclei necessary for the initiation of the 
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1 
redUCllOn reacllOn. Thus the added ~a, 5 crystab, acl as nuclel for the rapld 

growth of the Na
2
5 phase accordmg 10 reactwn (7), ehmmalmg the fonnallon 

stage of the nuclel Thl~ phenomenon has been observed for many metai oXlde 

reductlon~, ~uch a~ lhose of ~lO, \\'0 , etc (Roman and Delmon, 1973) 
3 

A pracllcal con~quence of the present result I~ that the reductlon of 

~itum .,ulfate by CO IS best achleved In a reactor Wlth sorne backmlxmg, as 

for eX.1mple In a flUldized bed, or Wlth an external recycle of the sodIUm 

sultïde producL 

Influence of CO concentratIOn 

The co concentratIon has a slgmficant influence on the reductlon as 

shawn m Figure 9. The mfluence of CO on the reaction rate constant, k l, and 

the mductlon lime, [ , is shown in Figures 100a) and lû(b), respectively. The 
1 

inverse of mduction lime, l/t, vanes linearly wlth CO concentratIon as 
1 

shown m Figure 1 û(b) and this appears to support the earlier suggestion mat 

the nuclel fonnatIon IS due to the iniual gas-solid reactlon from Na 50 ta 
2 4 

Na 50 . However the rate constant, k , is proponional to [COli with a= 0.57. 
231 

0.54, and 0.43, respecuvely for T =710. 730 and 750°C. A slightly larger 

broken reactlOn order of 0.7 was found for the hydrogen reduction of Na 50 in 
2 4 

Chapter 6. The mfluence of the CO concentration becomes stronger when the 

temperature decreases. posslbly because the suggested solid-solid reacHon 

becomes more donunant at higher lemperatures. 

In Chapter 6 It was argued that the initial reduction of Na 50 by 
2 4 

hydrogen proceeds with via Na
2
50

3 
as intennediate. Similarly the onset of 

reduction by CO most likely proceeds according to the following initiation 

reaction: 

(8) 

Sodium sulfite is subsequently very fast further reduced by CO to sulfide or 

il decomposes to form sulfide and sulfate. This reaction would explain the 

strong influence of CO on the induction time as shown in Figure 100b). It 

should be remembered. however. that other reaction besides reaction (8) 

detenmne the reduction rate after the induction period. since the temperature 

dependence of k i5 larger than that normally found for gas-solid reactions. 
1 

and k 1 is not proponional to the CO concentration. The existence of at least 

two parallel Na2S0
4 

conversion pathways May aiso explain the dependence of 
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1 
k 1 on the temperature and CO concentration. 

Influence of co 2 concentration 

The effect of CO ~ concentration on the reaction constant and tnducllon 

time is shown in respecuvely Figures II(a) and ll(b). The mduction tune 

increases when the CO
2 

concentration is increased. The mitlation reactlon. j" 

more strongly retarded when the CO concentration is larger than about -'%. The 
2 

effect of CO
2 

on the initiation can not he expiained by ils involvement m 

reaction (1). because this reaction has a large negative free energy and thus 

can he considered irreversible. In Otapter 6 it was suggesled thal the product 

gas may block the available nuclei sites. In the present case. the influence 

of CO 2 may also he explained by reaction (8) since this reaction has a small 

equilibrium constant of 0.098 at no°c (Le. at equilibrium when [C0
2
]=5% and 

[CO]=50%). Thus it is thermodynamically impossible to form Na
2
S0

3 
according 

to reaction (8) when the [C0
2

] is targer than 5%. It is interesting to note 

that the decrease in lit with increasing [C0
2
] is stronger when [CO ]~6%. 

1 2 

However. in order to explain that initiation still occurs when [CO]~5%. 

another reaction must aIso he involved in the formation of the nucleL As a 

possible reaction it is suggested that the following reaction: 

(9) 

is involved. At 720°C, the equilibrium constant of this reaction is 0.17 

(atm)1/2, which is equivalent 10 an equilibrium concentration of CO
2 

of 42% al 

1 atmosphere total pressure. The small arnount of carbon needed for reaction 

(9) is formed from the disproportion of CO according 10 reaction (3). lt was 

speculated before that carbon may play a role as a catalyst in the reduction 

of sodium sulfate by CO (Budnikoff and Shilov, 1928). Since reaction (9) may 

he slower than reaction (8). the accelerated increase of the induclion lime 

above about 4% CO
2 

in Figure l1(b) can he explained by that for C0>5% the 

nue lei are only formed by the slower reaction (9). Thus compared to the 

inhibiting effeet of H
2 
° on the induction lime when reducing sodium sulfate 

with H2' the effeet of CO
2 

is more complex because the disproponionation of 

CO [reaction (3)] leads to an alternative reaction path for nuclei formation. 

The effeet of CO 2 on the rate constant of CO redur.tion, k l' is very small 

and similar to that of H
2
0 on H

2 
reduction of sodium sulfate. 
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1 
Influence of sodium tltanale mo/ar fraction 

Shown in Figure 12 are the Na SO reduction results obtamed Wlth 
2 4 

different molar fractions of sodium titanate. AIso shown in Figure 12 IS the 

reduction of pure sodium sulfate. It can he seen that the reduction of pure 

sodium sulfate initially proceeds reasonably fast, but than slows down 

dramatically after only a few percent conversion. SEM pictures of this reduced 

sample in Figure 13 shows that sintering has occurred after about 2 minutes al 

720°C. Le. significantly below the Na S-Na SO eutectic melting pomt of 
22 .. 

740°C. This sintering behavior restricts the access of CO to the reactlon 

front. A'S the product layer increases in thickness, tJle CO flux IS further 

reduced, making complete reduction extremely difficult. When mixed wlth more 

than 50% sodium titanate, the sulfate reduction is much faster and a complete 

reduction is achieved in a reasonable time. In this case the weil dispersed 

mixture of sodium sulfate and high melting point sodium titanate does not 

sinter or melt as shown in Figure 14. Therefore the reduction cO\lld he 

completed in the solid stale in the temperature range of 670-750°C. This is 

confumed by the facl that similar to H
2 

reduction. the CO reduction of a 

mixture of pure sodium sulfate and sodium titanate particles is not 

significantly improved because surface melting of the separate Na
2
SO .. ~till 

takes pla.-;e. 

The data in Figure 12 are fitted according ta Eq.(5) and the kinetic 

equation for the shrinking core model with product layer diffusion control: 

2(J 1-3(1-X) +2(1-X) = kt (10) 

in respectively Figures 15(a) and 15(b). Figure 15(a) shows that only for a 

sodium titanate fraction of 75 and 95% the reduction is weIl described by the 

nucleation and growth model over a wide rang~ of conversions with k( heing 

respectively 1.60xl0·) S·1 and 1.25xlO·) S·I. However for lower molar fraction 

of sodium titanate the reduction is described by the sh.rin.king core model wi th 

product layer diffusion control [Figure 15(b»). This effeet of the molar 

fraction of sodium titanate is consistent with the improved access of CO to 

the reactant front provided by the non-sintering sodium titanate. 

Proposed reduction mechanism 

Based on the present experiments and evidences in literature, the 

following reaction mechanism is proposed for sodium sulfate reduction. 
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i 
1 

(a) Sample before reduclion 

(b) Sample after reduction at nooe for 20 minutes 

Figure 13 SEM pictures of the pure sodium sulfate before and after reduction 

.' 
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(a) Sample before reduction 

(b) Sample after reduction at 720°C for 30 minutes 

Figure 14 SEM pictures of model mixture before and after reduction 

( 
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In the induction period, sodium sulfate is most likely reduced to sodium 

sulfite by CO as 

Na 50 + CO = Na 50 + CO
2 2 4 2 3 

(8) 

Wh~11 reaCUon (7) is thermodynamically unfavorable because of a high CO 2 

co.lcentratlon, Na 50 reduction by carbon is still possible via 
2 4 

Na 50 + 1/2 C = Na 50 + 1/2 CO 
2 4 2 3 2 

(9) 

Evidences for this reaction are the reduclion experiments with carbon by Li 

(1989) of Na
2 
50

4 
mixed with Na

2 
CO 3 and the fmding that carbon enhances the 

reduction of Na SO both by H and CO (Kunin et al., 1965). Sodium sulfite is 
242 

subsequently rapidly further reduced by CO to sodium sulfide: 

(11) 

or bec au se Na
2
S0

3 
is unstable al high temperatures, il decomposes as: 

(12) 

Both reaction (11) and (12) are thennodynamically very favorable with free 

energy of -138 and -195 kJ/mol, respectively. Evidences for the relative ease 

of reaction (lI) and (12) are that the reduclion of sodium sulfite by CO and 

decomposition of sodium sulfite were found to start at temperature as low as 

600°C (Foerster and Kubel, 1924; Li. 1989). A very small amount of Na
2
S0

3 
was 

found during Na
2
SO .. reduction in Nyman and O'Brien's study (1947) and also 

detected by FrIR in the early stage of the reduction of sodium sulfate by 

Weston (1986). Since the induction time is strongly affected by the CO 

concentration, and its temperature dependence is in the range expected for 

gas-solid reaction. il seems likely thal reaction (8) is the rate controlling 

step for the nuclei formation when the COl concentration is low. 

After formation of sufficient Na
2
S nuclei or with the addition of NalS. 

the solid-solid reaction between Na S and Na SO and the reduction of 
22 .. 

intermediates according to the following overall reactions: 

(7) 
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1 
Intermedlates + co = Na S 

2 

detenrune the overall conversion of Na SO in the nucleation and growth 
2 4 

period. The combination of these two reactions as rate controlling ~teps 

accounts for the high acttvation energy and the effect of CO on the reduction. 

Both reactions (7) and (13) are not slgmficantly affected by the presence of 

CO2• 

PART II Iron Oxide Catalyzed Reduction 

Several workers (White and White. 1936; Nyman and O'Brien, 1947; Bagbanly 

iiIlct Yu, 1961; Kunin et al., 1965; Birk et al., 1971) have studied the 

catalytic reduction of sodium s~lfate. The catalysts investtgated were Iron 

compounds, copper compound s, nickel sulfide, platinum mnde, sodium su1tide, 

graphilized coal, sodium oxalate, sodium carbonate, lithium carbonate and 

potassium carbonate. 1.5% weight (or less) of iron added euher as sulfate or 

as an oxide was demonstrated to he Most effective. Therefore in the present 

work, 1.5% by weight of iron oxide was mixed mechanically with the mode 1 

mixture. Although the COS concentration was somewhat higher with the presence 

of iron oxide, the side reaction (2) could still be neglected as was shown by 

analysis of bath the solid and gas phases. In the presence of iron oXlde, 

reduction was accelerated dramatically as can he seen in Figure 16. The 

reduction rate with iron oxide al 690°C was about 10 limes higher than that 

without iron oxide. The mduction time was also dram.ltlcally reduced. The 

kinetic results at different temperatures are shown in Figure 17. The ITon 

oxide catalyzed reduction kinetics were also well fiued by the nucleatton and 

growth model as shown in Figure 17(b). Regression analysis of the 4 lowest 

temperatures in the Arrhenius plot of the rate constants in Figure 18 gi ves an 

activation energy of 280 Id/mol. The rate constant at 710°C was affected by 

mass transfer, since the ratio of the maximum CO consumption rate and the mass 

transfer rate, r INCO was 0.20. The addition of iron oxide reduced the 
malt 

activation energy considerably compared 10 420 kJ/mol for uncatalyzed 

reaction. This indicates a possible change in the reduction mechanism as a 

resuIt of the iron oxide addition. 

There are at least lwo major ways by which iron or iron oxide could 

cataiyze the reduction: (i) il can act as a heterogeneous (surface) catalyst 

or (ii) it or one of its reaction intermediates can directly reduce sulfate. 
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1 The former was widely found for the reduction of metai oXldes ,1Ild nlh~r 

catalytic gas-solid reactIons. and was explained by the t:asler fOlm,Hwn nt 

product nuclel because of the abIlity of these metais to .lçtlvale hydrogen 

(Dehnon. 1969). ln thlS mterpretation, the forelgn metals art: thought 10 play 

the same role as the nuclel in the reductlOn. However Ihl~ meçh.lJll:.m 1.., 

unhkely In the present case, because su!fide, IS mually a ~"ere [Xmon for 

surface catalysis. Therefore It seems more hkely that the lron-wnlammg 

species mteracts wlth the sulfur-containing specles. Smce FeS '" 

thermodynamically favorable at the present temperatures. the follnwmg 

mechanism is proposed silllilar to that for hydrogen reduction ln Chapter 6. 

FeS + Na sa = Na S + FeSO 
2" 2 4 

(14) 

FeSO + CO = FeS + CO 
4 2 

(15) 

Or more generally, similar to the catalytic functivn of NalS via reacuon (7), 

a catalytic mechanism can be fonnulated as: 

FeS + Na
2
SO" = intennediate (16) 

intennediate + CO = FeS + NazS + CO
2 

(17) 

This mechanism is supported by the eVldence that FeS. FeS0
4 

and other metai 

sulfides or sulfates are just as good catalyst as iron oxide for the 

œduction (Birk et al., 1971). 

P ART III Reduction of Combusted Black Liquor Sam pie with TiO 2 

In Olapter 6, il was found that the hydrogen reductlOn of krafl black 

liquor combusted with TiO , was much faster than that of the equivalent model 
2 

mixture. Therefore the sarne experiments were repeated with CO. The preparatIOn 

of the combusted kraft black liquor sample was given earher ln the 

experimental part of this chapter. The composition of kraft black hquor 

solids used for combustion is shown in Table 4. After complete combu~tJOn Wlth 

TiO in the tube fumace, the residue has a composition of approximately 20% 
2 

(mole) sodium ~'Ulfate and 80% (mole) sodium titanate (as 4Na
2 
O.5TiO / 

206 



1 Table 4 Elemental Composition of Kraft Black Liquor Solids 

i) Main elements 

Elements Na s c H o Cl K 

% (wt.) 22.90 2.90 31.67 2.64 33.04 0.16 1.46 

ii) Other elements 

Elements Al Si Mn Cr Fe Ti 

ppm 1700 120 10.3 8 44 o 

The reduction results of kraft black liquor combusted with TiO 2 are shown 

in Figure 19. The experimental data are very similar to those obtained with 

the model mixtures. The reduction results in Figure 19 are aIso weIl described 

by the nucleation and growth model and an activation energy of 244 kJ/mol is 

obtaincd as shown in Figure 20. Comparison with model mixture results shows 

that the reduction of kraft black tiquor combusted with TiO z proceeds 

significantly faster. The faster reduction can he explained by two factors: i) 

the presence of impurities in kraft black tiquor such as the metals. K, Al, 

Si, Fe, Cr, and Mn which could catalyze the reduction. ü) the distribution of 

sodium sulfa~ in combusted kraft black tiquor is hetter than !bat in the 

model mixture. The explanation for the latter might he that the mixture of 

kraft black liquor and Ti0
2 

swells considerably, and sodium carbonate and 

sodium sulfate mixture, and even sodium titanate (4Na
2
0·STi0

2
) might melt as a 

result of the large heat release during the combustion. The better 

distribution of Na
2
SO .. in combusted kraft black tiquor was conf1I1lled by 

SEM-EOS mapping in Olapter 6. 

IMPLICATIONS 

The implication of the above reduction studies is that complete reduction 

of a mixture of kraft black tiquor combusted with TiO 2 can he achieved in the 
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Figure 19 Reduction data of combusted kraft black liquor with TiO 2 
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sohd state over a temperature range of 650-750"C by CO. A l1uldlzed hed 

reactor appears to be the Ideal system to achieve complete reducllon by CO 

and/or H in a relatively short time ID an industrial operation. 
2 

CONCLUSIONS 

Complete reductlon of sodium sulfate mixed with sodium titanate by CO IS 

achieved in the solid state below 750°C. The CO reductlon kinetlcs are weI: 

described by the nucleation and growth model. An activation energy of ~20 

kJ/mol is obtained for the reaction constant of the nucleallon and growth 

kinetics. A reduction mechanism lS proposed which includf!s both gas-'iohd and 

solid-solid reactions as rate controlling steps. The effect of the CO and CO, 

concentrations on the reduction is explained. The addition of sodIUm sulfide 

can eliminate the induction period for the fonnation of the nuclei. The 

reduction is catalyzed by iron oxide and the activation energy of the 

catalyzed reduction is 280 kJ/moi. The reduction of combusted kraft black 

liquor sample is faster than that of the mode 1 mixture and ils activation 

energy is 244 kJ/mol. 

NOMENCLATURE 

a =Power in a relationship between k
l 

and [CO]. 

[CO] =CO concentration, %. 

[C0
2

] =CO 2 concentration, %. 

d =Particle size, J..U1l. 
p 

E =Activation energy, kI/mol. 

~Go =Free energy change, J/mol. 
~WT =Calcculated weight 1055, mg. 

~Wh =Measured weight loss, mg. 
L 

k
l 

R .\ = ate constant, ~ . 

k • =Mass transfer coefficient, rn/s. 

K =Equilibrium constant. 
e 

m =Power in nucleation and growth model. 

Nco =Mass transfer rate of CO, moVm1s. 

rmall. M . . V l = axlmum reactlon rate, mo m s. 

R =Universal gas constant, J/mol K. 

t =Time, s. 

210 



( 

1 

T 

W 

Wo 
W 

s 
W' 

s 
W' 

s 
x 
y 

=lnductlon ume, s. 

=Temperarure, K. 

=Weight, mg. 

=lnitial weight, mg. 

=Sample welght, mg. 

=Sulfur weighl in initial sarnple, mg. 

=Sulfur weight in reduced sample, mg. 

=Conversion. 

=Sodium titanate molar fraction. 

Greek symbols 

e • 
'III 

=Percentage difference of sulfur mass, %. 

=Percentage difference of weight 1055, %. 
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CHAPTER 8 

GENERAL CONCLUSIO!\TS 

GENERAL SUMMARY 

Kraft black liquor is the spent liq",id formed during pulp production by 

digestion of wood in an aqueous solution of sodium hydroxide and sodium 

sulfide at elevated temperature and pressure. Recovery of the inorganic 

chemicals and thermal energy. by burning the concentrated black liquor. has 

been an integral part of alkaline pulping almost t'rom the outset for 

economical and environmental reasons. Although the objective of chemical 

recovery is adequately achieved. there are major drawbacks associated with the 

present commercial recovery process. One of the potential less capital 

intensive, simpler. cleaner, and safer alternatives is the Direct Causticizing 

Process with an amphoteric metal oxide as causticizing agent. However, for 

development of this alternative technology, fundamental knowledge is needed of 

the chemical and physical processes which take place during the different 

process steps. 

This thesis is concemed with the thermodynamic analysis of Dir~" 

Causticizing Process configurations and with the detennination of the rate 

processes occurring during combustion and direct causticizing of kraft black 

liquor, as well as during reduction of sodium sulfate in this combJStion 

product by Hl and CO. A thermogravimetric analysis (TGA) and tube furnace 

system are the main experimental facilities use<! to detennine the kinetics and 

mechanism of these reactions. Other supporting techniques include gas analysis 

by IR analyzer and gas chromatography, analysis of the ions by ion 

chromatography, and analysis of the solid samples by SEM, SEM-EDS and X-ray 

diffraction. Model mixtures and actual kraft black liquor samples are used in 

this study. 
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CONTRIBUTIONS TO KNOWLEDGE 

1. A comprehensive thermodynamic analysls IS performed of the direCI 

causticization of kraft black liquor with ampholenc metal oXldes. It lS 

concluded that Ti0
2 

is the only technically viable melal oxide. and Iwo 

process configurations are proposed for direct causticlzmg of ~raft blac~ 

liquor by Ti0
2

• The influence of temperature, T10
1
/Na

1
0 molar rallO and .ur 

ratio is established. 

2. The kinetics and mechanism of CO
2 

release from Na
2
CO) by TIO

l 
are 

determined. The formation of 4Na
2
0·5Ti0

2 
is a fast reaclion even in the solid 

state. Further reaction with Na
2 
CO 3 to Na

2 
O· TiO 2 is a relalively slow 

reaction. The rate of 4Na
2 
O· 5Ti0

2 
formation is well described by the 

solid-solid reaction model Wlth product layer diffusion control. The intluence 

of CO and the presence of Na
2
SO on the Na CO conversion is measured. 

2 4 2 3 

3. Na
2
0·3Ti0

2 
obtained after hydrolysis of 4Na

2
0·5Ti0

2 
and Na

2
0·Ti0

2 
is 

even more reactive towards the Na
2 
C0

3 
than Ti0

2 
at high temperalure (above 

775°C). The reaction kinetics of the reaction between Na
2
C0

3 
and Na

2
0.3Ti0

2 
are also described by the solid-solid reaction model with product layer 

diffusion control. 

4. The addition of TiO 2 into kraft black tiquor improves the combuSllon 

of kraft black liquor and reduces the sulfur emission. Il also increases the 

melting point of the combusted product. 

5. Simultaneous combustion and direct causticization of kraft black 

liquor can easily be achieved with a TiO 2/Na2 CO 3 molar ratio larger than 1.25, 

provided that sufficient heat is supplied. A high causticizing efficiency 

could be obtained with recycled Na
2
0·3TiOf 

6. The hydrol~'sis of Na
2 
O· TiO 2 and 4Na

2 
O·STiO 2 yields a sodium hydrmdde 

solution and a prf'cipitate of Na
2 
O· 3TiO 2' The degree of hydrolysis i!l 66.6% 

and 58.0%, respectively for NazO·Ti0
2 

and 4Na
2
0·STi0

2
, in a agretmeat with 

thermodynamic analysis . 

7. Sodium sulfate intimately mixed with sodium titanates can be 
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effeclively reduced bv H or CO in the solid state below 750°C. Sodium sulfate • 2 

in the combustion product of kraft black liquor and Ti0
2 

is even faster 

reduced because of the presence of trace quantities of catalytically active 

elements and the fine distribution of S. Na and Ti in the solids. 

8. The reduction of sodium sulfate mixed with sodium titanates by H
2 

or 

CO is accelerated by the initial presence of Na
2
S and the addition of 1.5% 

iron oxide catalyst. 

9. The reduction kinetics of sodium sulfate mixed with TiO 2 is weIl 

described by nucleation and growth model up to 60% conversion when H
2 

is used 

as reducing agent and up to 95% conversion when CO is used. The H
2 

reduction 

kinetics for conversion higher than 60% are weil described by the shrinking 

core mode 1 with product layer diffusion control. 

10. The reduction mechanism of Na
2
SO .. by H

2 
and CO involves both 

gas-solid and solid-solid reactions. The initial nucleation is controlled by 

the conversion of Na SO to Na SO . The subsequent nucleus growth is dominated 
2.. 2 J 

by the solid-solid reaction of Na
2
SO .. and Na

2
S. 

Il. The presence of "20 and CO 2 retards the formation of Na2 S nuclei but 

does not significantly influence the subsequent growth of the Na
2
S nuclei. 

Therefore with the initial addition of Na
2
S. the influence of "20 and CO

2 
on 

the reduction of Na
2
SO .. is very small. 

12. The difficulty to reduce pure sodium sulfate reduction with "2 and CO 

is due to the formation of a liquid NI
2
S l&yer which prevents further contact 

belween Na
2
SO, and the reducing glSes. Since the presence of high melting 

sodium titanate prevents the formation of a continuous Na
2
S layer. the 

reduction rate increases with increasing molar fraction of sodium titanate. 

RECOMMENDATIONS AND SUGGESTIONS FOR FUTURE WORK 

1. To determine the kinetics and the rate controlling step of the 

hydrolysis of Na
2
0·Ti0

2 
:md 4Na

2
0STi0

2 
and the separation of Na

2
0·3Ti0

2
• 

2. To study the influence of the particle size of TiO or Na 0·3TiO on 
2 2 2 
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1 
the direct causucizing of Na CO . on the reduction of Na 50 ln the direct 

2 3 :! J 

causticized product, and on the hydrolysis of the reduced mIxture. 

3. To study the mechanùsm of the rate processes menlioned ln 2) using 

pellet samples. 

4. To study the steam and CO
2 

gasification of kraft black liquor mixed 

with Ti0
2

• 

5. To study the influence of the TiO/Na
2
C0

3 
molar rallo on the reductlon 

of Na
2
S0

4 
in the combustion product of kraft black tiquor. 

6. To study the reductlOn of sodium sulfate by a mixture of CO and H
2 

or 

CH4 • 

7. To compare the direct causticizing process with Ti0
2 

to the 

conventional recovery process using mass and energy balances and subsequent 

techno-economic analysis. 

8. To study the combustion and direct causticizing. and reduction of 

kraft black tiquor in a pilot fluidized bed. 

9. To study the direct causticizing of kraft black tiquor by ilmenite. 

10. To study the effect of pressurization on the direct causticizing of 

kraft black tiquor with Ti0
2 

in the gasification and combustion-reduction 

process configurations. 
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APPENDIX 1 

Sh in Eq.(9) of Chapter 6 can he calculated from the following equation 

(Li, 1989): 

Sh/Slf! + 1.68 = ( 1 + [ 1.28 + 1. 1 ]" I lln (1) 
1.63 Re Reo. 6 Reo. 23 

with n=6 when 0.3<Re<170. In Eq (1): 

Sc: Schmidt numher ( =IJ/(pc) ) 

Re: Reynold Number ( =dc V p/J.' ) 
Sh: Sherwood Numher ( =kadcID ) 

The parameters in the non-dimensional groups are defmed as: 

lDa-m: the diffusion coefficient of "ail in the gas mixture, m2/s. 

de:: the sample pan diameler (= 0.01 m in this study), m. 

Il: the viscosity of the gas mixture, Pa/s. 

p: the density of the gas mixture, kg/ml. 

V: the average gas velocity based on the reactor tube cross section, 

mis. 

The diffusion coefficient D.-m was calculated as (Treybal, 1968): 

l-va 
lDa-m = ~ 

n 
IJ.!. 

Da. 
pl 

(2) 

where y is the mole fraction of each component in the mixture, Dai is the 

binary diffusion coefficient of lia" and "i", which was calculated by Fuller's 

method (Fuller, 1966): 

(3) 

where M is molecular weight, T the absolute temperature in Kelvin, P pressure 

in atm and l Ui the sum of the diffusion volumes. The viscosity of the feeding 
a 

gas mixture was calculated by Eq.(4) proposed by Perry and OUiton (1969): 

l yi JLi (Mi)11l 
).lm = ---~­l yi (Ma)1/2 

(4) 
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where Il. IS the V1SCOSity of each comp<>nent. 

By means of Eq.( 10) in Chapter 6 and Eq.( 1). the values of k were found 
i 

at a11 temperatures investlgated and are shown in Table 3 of Chapter 6. 

NOMENCLATURE 

k =Filom mass transfer coefficient, nVs. 
g 

Ma =Molecular weight of component a, kg/mol. 

M =Molecular weight of component l, kg/mol. 

Re =Reynold Number ( =dcVp/J.l ). 

Sc =Schmidt number ( =1J/(pID) ). 

Sh =Sherwood Number ( =kadc/4l ). 
T =Temperature.°K. 

y. =Molar fraction of component a. 
y. =Molar fraction of component i. 

Foreign Symbol 

ID.. =Binary diffusion coefficient, ml/s. 

ID.-m =Diffusion coefficient of "a" in the gas mixture, m2/s. 

p =Density, kg/ml. 

j..I. =Viscosity, Pa/s. 

j..I.J =Viscosity of component i. Pa/s. 

lJm =Viscosity of gas mixture. Pa/s. 

UI =Diffusion volume. ml. 
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