




































































































































































































































































FIGURE 19a: 

FIGURE 19b: 

Scanning electron micrograph of 

spe-c. pure barium carbonate 

r.1agnification x 3,000 

Scanning electron micrograph of 

carbonated strontium carbonate 

Magnification x 2,200 





FIGURE 20a: Stanton thermobalance curves of 

50mg samples of BaCOs ( e) 

FIGURE 20b: R2a model curves of lOomg BaCOs(e) 

Stanton therrnobalance data. 
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FIGURE 2la: LnLn analysis curves of Stanton 

therrnobalance data for 200 and 

50mg samples of BaC03(e). 

FIGURE 2lb: LnLn analysis curves of Stanton 

thermobalance uata for lOOmg 

samples of BaC03(e). 
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FIGURE 22a: Arrhenius plots for 200, 100 and 

50mg samples of BaCOs(e). 

FIGURE 22b: Arrhenius plot for 50mg samples 

of BaCOs (~). 
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FIGURE 2,a: Stanton therrnobalance curves of 

lOOmg samples of BaC03(s) 

FIGURE 2~: LnLn analysis curves of lOOmg 

BaC03(S) Stanton thermobalance 

data. 



o----=-
2 4 TIMt hr 8 10 I 

t-:~~~ ____ ~~~~~ __ ~2 __ ~14~--
o Pellet 10 -O~ ~~ 

-0,6 

LnLn 
-1·0 

-I· 

-I· 

48 5·6 
Ln TIME 

72 



FIGURE 24a: LnLn analysis curves of sintered 

barium pellets decomposed in vacuo. 

FIGURE 24b: D2<X model curves of lOOmg BaC03 

stanton thermobalance data. 
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FIGURE 25a: Stanton thermobalance curves of 

lOOmg pellets of BaC03(e). 

FIGURE 25b: LnLn analysis curves of Stanton 

thermobalance data for lOOmg 

pellets of BaC03(~). 
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CHAPTER 9 

The Decomposition Kinetics of BaCOs in Vacuo 

It has often been suggested that the only r~asonable 

way of studying a reaction involving the evolution of a 

gaseous product is to conduct the experiments in an 

atmosphere of the same gas. However, the occurrence 

of eutectics in the (BaCOs)-BaO-C02 system prohibits 

detailed investigations of the solid state reactions 

even at l~- carbon dioxide pressures, and the decomposition 

of barium carbonate can only be studied over a "Tide temp­

erature range when vacuum conditions are used to prevent 

liquid formation during the reaction. Whenever liquid 

formation occurs during tlle decomposition of barium 

carbonate in a nitrogen atmosphere, the reaction mechanism 

is always zero order, hence liquid formation must be avoided 

for meaningful analysis of the solid state reaction mech­

anisms. In this investigation the decomposition kinetics 

of two samples of barium carbonate have been examined 

over the temperature range froIn 700° to 800°C in the 

vacuum t~ermobalance discussed in Chapter 4. 
9.::' Barium Carbonate La'ch (BaCOs (e» 

The samples for examination were weighed in platinum 

crucibles and then damped in acetone so that a consistent 

packing of the lath particles (Figure 17 (a> and (b» could 

be obtained. In the preliminary investigations, three 

platinum crucibles of almost the same dimensions were 

used, and the LnLn analysis of the data for 100 mg samples 
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indicated that the initial m value of the analysis at 

constant temperature was related to the crucible geometry. 

The Arrhenius plot for these samples was constructed 

from rates obtained from the function 0.8~- ln (1 - a), 

and the apparent activation energy was found to be 

related to the initial m value and the crucible geometry 

(Table 18 and Figure 32(a». 

TABLE 18: The Effect of Crucible Geometry on the Initial 

m Value and Apparent Activation Energy of lQQmq 

Samples BaCOs(t) 

bed depth of m values Activation Energy 
Crucible sample mm initial final kcal/mole 

1 3 0.74 1.00 36 

2 3-2 
I 

0.78 1.00 39 

3 2 0.80 1.00 53 

j 

The LnLn analysis of the data obtained for crucible 

3 is shown in Figure 26(a), and the process is not iso­

kinetic, as the change in slope from 0.80 to 1.00 occurs 

at lower values of a as the temperature is lowered. 

The rate of decomposition increased progressively 

with decreasing sample weight, but the reaction was only 

isokinetic in the decomposition of 25mq samples. Since 

the total weight loss was only 5mq, the thermobalance was 
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not suitable for accurate kinetic studies of the decomposi­

tion of 25mg samples, but the reaction mechanism can be 

regarded as isokinetic in the temperature range 770° to 

731°C, but changes at 719°C and below Figure 27(b). 

The limited sensitivity of the thermobalance introduces 

small errors in the value of a calculated for 25mg 

samples, but the errors involved cannot possibly account 

for the total induction times recorded for the 6960 and 

718°c sarnplas, Figure 28(a), and the longer induction 

period as the temperature is reduced is a genuine effect. 

A first order model (Figure 28(b» was used to calculate 

the reaction rate, and the activation energy was 62 

kcal/mole. 

The micrographs of the lath barium carbonate, 

Figures l7(a) and (b) show that the surface of the laths 

is covered "lith specks, and this coating can be removed 

by shaking the carbonate in acetone or "'later. Since all 

the oxide-carbonate mixtures investigated in later Chapers 

were prepared in acetone or water, the decomposition kinetics 

of a \iater mixed barium carbonate sample were studied to 

sec if this surface phenomena altered the reaction 

mechanism. lOOmq and 25mg samples were used and the LnLn 

analysis is shown in Figure 30(b}. The surface phenomena 

has no drastic effect on the reaction mechanism, but the 

reaction rates for 25mq samples mixed in water are slightly 

slower than those of the raw carbonate samples, and the 

inhibition period is smalle~ (cf. 5 mins. and 25 mins.). 
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The activation energy was -,68kcal/mole, (Figure 35) 

and the reaction mechanism \'Tas isokinetic over a temp­

erature range in which the raw carbonate samples showed 

a change in mechanism. 

9.2. Barium Carbonate Spherical BaCOs(s) 

The electron micrograph of this matArial is shown 

in Figure 18(a), and the experimental technique ,.,as the 

same as that use~ for the lath system. The bed depth 

of a 100mg sample of the spherical carbonate \lTaS at least 

a factor of ! that of the lath sample and could not be 

measured. Three almost identical crucibles we~e again 

used, but a bed depth effect "Tas not observed, and the 

LnLn analysis is shown in Figure3l{a). The negative 

curvature, shown as a change in m value from 0.84 to 

0.66, indicates that the data should be analysed using 

the Austin-Rickett approach, and this analysis is shown 

in Figure 32(b). An Arrhenius plot was constructed 

using the ta method, Fi~ure 31(b), and the data for 

25mg samples are shown in Figures 33{a) and (b). A 

photographic method was used to determine th3 volume 

shrinkage occurring during the decomposition of lOOmg 

samples, (Figure 34), and this gave a Z factor of 0.72 

to 0.80 comparing favourably with the value of 0.78 

calculated for the deccm~osition of barium carbonate to 

barium oxide at constant density. 
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9.3. Barium Carbonate Sintered Pe~! 

Samples of the lath carbonate were pressea at 

~30,OOO psi., and sintered for thirty minutes at lOOO°C, 

in an atmosphere of carbon dioxide, so that a comparison 

could be made between the behaviour of these samples 

and those decomposed in nitrogen (section 8.4). 100 

and 50mg samples were used, and the LnLn analysis is 

shown in Figure ~4(a). The decomposition data fo~ 

pelletized samples in nitrogen indi~ that the decomp­

osition in vacuo is likely to be diffusion or nucleation 

controlled as the reaction temperature in vacuo is 

200°C lower than in nitrogen, and reaction mechanism are 

likely to change with decreasing temperature in the 

order phase boundary to diffusion to nucleation controlled. 

However, anomalous m values are obtained in the LnLn 

analysis of vacuum samples and the temperature dependence 

of the reaction rates indicates that the samples are 

inconsistent, and a carefully controlled sintering 

procedure would be needed to produce suitable pellets. 

9.4. Discussion 

The variation of ap!?arent activation energy ",ith 

the bed depth of lOOmg samples of the lath samples, and 

the related changes in the initial m values and reaction 

rates, are very confusing, until these reults are 

related to those obtained for the decomposition of 

compacted powder samples in a nitrogen atmosphere. The 

maximum reaction rate before self-cooling effects become 
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important in the decomposition of SOmg samples in nitrogen 

is t o.5 = 150 minutes, and this rate is similar to the 

rates used in the vacuum studies. Heat transfer to the 

sample to maintain isotheL~al conditions when self­

cooling occurs should be more rapid in the vacuum condi­

tions where a platinum crucible is used rather than an 

alumina one, therefore this maximum value is probably 

too low for the decomposition of 50mg samples in vacuo. 

The results for lOOmg lath samples Sh~l that the 

process is not isokinetic in the temperature range invest­

igated, and indicate that self-cooling effects are present, 

even when the reaction rate is t o•
S 

= 200 minutes. 

Unfortunately, the vacuum thermobalance is not suitable 

for sl~ler reaction rates and, in addition, its limited 

sensitivity prevents accurate analysis of the decomposition 

kinetics of 25mg samples. However, the results for the 

decomposition of 25mg san'ples sh~~ that the process is 

isokinetic, and self-cooling is not evident at a xeaction 

rate of t o•5 = 55 minutes. 

The Arrhenius plot for lOOmg samples of the 

spherical barium barbonnte shows a negative curvature 

at fast reaction rates, similar to the lath system, and the 

LnLn analysis, Figure 3l(a), indicates that the process 

is not isokinetic. If the anomalous results were due 

solely to self-cooling phenomena, the spherical carbonate 

system should be more similar to the lath system than is 

found experimentally, and th~ smaller bed depth of the 
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spherical s~nples must have some effect on the self­

cooling; the maximum reaction rate before self-cooling 

is evident in 100mg spherical samples is t o.
5 

=130 minutes 

(cf. t o•
5 
~ 200 minutes in 100mg lath samples). The 

Austin-Rickett analysis of the spherical carbonate data 

shows that a linear function can be obtained when 

n -1.10 (at least up to ex = 0.85), but this is mean­

ingless in terms of any reaction model and, in any case, 

the process is not isokinetic. The Arrhenius plot, 

Figure 31(b), was constructed using rates obtained by 

the ta method at ex = 0.25, 0.50 and 0.75, and the 

negative curvature at fast reaction rates can be seen 

for the t a=0.50 and t ex=a.75 method~. The apparent 

linearity of the t a=0.25 values is attributable to either 

the inherent errors at faot reaction rates or the prog­

ressive change in activati~n energy with the different 

t methods. a 
~oth the 25mg samples of the lath and the spherical 

barium carbonate show al1. induction period ,.,hich cannot 

be attributed to experimental errors. The spherical 

carbonate samples have a constant induction period, whilst 

the lath system only shm'ls this behaviour for samples 

pre-mixed in water; the raw lath carbonate samples 

showing a progressive increase in the induction period 

as the temperature is lowered. These effects \'1ould 

not be expected if the sole cause was the time period 



-81-

required for the sample to attain temperature as in this 

situation the lower the 'I:emperature the shorter the time 

period. The lath samples follow a first order model 

after the induction period, and good agreement is obtained 

up to 85~ decomposition (Figure aB(b» and similarly, 

the spherical samples foll~~ an Rsa model (Figure 33(S» 

up to at least 50% reaction before deviation occurs. 

An explanation of the induction periods may be found in 

considering nucleation phenomena. The induction periods 

for the ra,·, lath carbonate samples can be used to yield 

a linear function ,."hen plotted on a log time v 

and the equation of the line is, 

104 
= 2.15 log t + 9.6 

T 

9. 5 Summary 

1 

The investigation of the decomposition of ~arium 

carbonate in vacuo has shO\'/11 that it is difficult to 

obtain meaningful kinetic data when the rate of reaction 

exceeds some maximum tolerable value which depends on the 

sample ,."eight and morphology. The self-cooling effect, 

always associated with endothermic reactions and leading 

to departures from isothermal conditions within a sample, 

depends on the heat of formation, but the extent of the 

effect is r~lated to the reaction rate expressed as 

mq of C02/minute. Hence meaningful kinetic data can be 

obtained for the decomposition of 25mg samples, even 

though this may be impossible for the decomposition of 
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lOOrng s~ples at comparable reaction rates expressed as ~. 

Unfortunately, the limited sensitivity of the thermobalance 

prevents absolute measurements for 25mg samples, but the 

results indicate that the lath system fo11~ls a first 

order model and the spherical an Rsa model with an 

activation energy of about 62 kcal/mo1e. 

The implications of this investigation to carbonate­

metal oxide systems are as follows: 

(a) carbcnate-metal oxide mixtures containing ~25mg 

of barium carbonate must be used for self-cooling effects 

to be minimized, but this sample size is not suitable for 

absolute reaction mechanism studies due to the limited 

sensitivity of the vacuum thermoba1ance, 

(b) meaningful kinetic data may be obtained for 

carbonate-metal oxide mixtures containing 100mg of 

carbonate ,..,hen very SlO\'1 reaction rates are used. 



FIGURE 26a: LnLn analysis curves of lOOmq 

samples of BaCOs(e) " in vacuo. 

FIGURE 26b: Arrhenius plots of lOOmq samples 

of BaC03(e) in vacuo using the 

t~ method. 
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rIGURE 27a: LnLn analysis curves of 25mg 

samples of BaC03(S) in vacuo. 

FIGURE 2T!>: LnLn analysis curves of 25mg 

samples of BaC03(t) in vacuo. 
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FIGURE 28a: Isothermal weight change curves 

for 25mg BaC03({) in vacuo. 

FIGURE 28b: First order model curves for 25mg 

BaC03(€) in vacuo. 
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FIGURE 30a: First order model plots for 25 and 

lOOmg samples of BaCOs(e),(mixed 

in water). 

FIGURE 30b: LnLn analysis curves for 25 and 

lOOmg samples of BaCOs(e), (mixed 

in water). 
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FIGtmE 3la: LnLn analysis curves for lOomg 

samples of BaC03(S) in vacuo. 

FIGURE 2lb: Arrhenius plots for lOOmg samples 

of BaCOs(s) in vacuo using the ta 

method. 
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FIGURE 32a: Arrhenius plots for lOOmg samples 

of BaCOs(e) in crucibles 1, 2 and 3. 

fIGURE 32b: Austin-Rickett analysis of lOOmg samples 

of BaC03(S) in vacuo. 
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FIGUPE 33a: Isothermal weight change curves 

for 25mg samples of BaCOs(s) in 

vacuo. 

!.!.GURE 3je.: RsCX model plots for 25mg samples 

of Bacos(s) in vacuo. 
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FIGU~ 34a: 

FI(;URE 34b: 

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

lOOmg sample of BacOs(s) prior 

to decomposition. 

Decomposition product of lOOmg 

samples of BaCOs(s) in vacuo. 





FIGURE 34c: 

FIGURE 34d: 

Scanning electron micrograph of 

barium oxide (BaC03(e) decomposed 

in vacuo) 

I;lagnification x 2,600 

Scanning electron micrograph 

Magnification x 6,800 





FIGURE 35: Arrhenius plots for 25mg samples 

of BaCOs(e) and BaCOs(s) in 

vacuo. 
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CHAPTER la 

The Decanposition Kinetics of Baco~-Zr02 in Vacuo 

The preliminary studies of the barium carbonate­

zirconia system using TG, x-ray analysis and infrared 

spectroscopy indicated that only one compound was formed 

during the decomposition of both the 1:1 and 2:1 mole 

mixtures of barium carbonate:zirconia. X-ray analysis 

of partial reaction products of the 1:1 mixture indicated 

that the rate of formation of barium zirconate was 

directly proportional to the rate of decomposition of 

barium carbonate (see Figure 9(a». Therefore this system 

was thought to be an ideal one for kinetic studies 

relating the formation of barium zirconate with the 

rate of evolution of carbon dioxide. However, SEM of 

barium carbonate-zirconia mixtures showed that not all 

the mixtures were suitable for kinetic model studies, 

and that all mixtures containing the lath barium carbonate 

were totally unsuitable, due to the aggregation of the 

zirconia particles and the small number of zirconia­

carbonate point contacts. Figure 36(b). The mixtures 

containing the spherical barium carbonate can be considered 

as approximating to a system of small carbonate particles 

coating larqer zirconia particles, but the aggregation 

of the zirconia particles prevents complete surface 

contact between carbonate and oxide, regardless of the 

molecular composition of the mixture. Figure 35(a). 

Scanning electron micrographs indicated that the mixing 
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media, water or acetone, had little effect on the 

aggregation of the zirconia particles, but suggested 

that the overall size of the aggregates was slightly 

smaller in \'later than in acetone prepared samples. For 

this reason ''later prepared l"l1ixtures \"ere used for all 

the isothermal experiments. 

lOOrng samples were ,.,eighed in platinum crucibles 

and tnen damped ;n acetone so that a consistent packing 

could be obtained. 

10.1. Bacos(f):zrQg, 

Although this system had been found to be unsuit­

able for kinetic model studies on the basis of the SEl"l 

results, it '''las thought desirable to undertake a limited 

investigation of the system so that an activation energy 

could be calculated, and compared with one obtained for 

the spherical barium carbonate-zirconia mixtures. 

The LnLn analysis sho,'m in Figure 36(a) gives an 

average m value of 0.85, and indicates that the reaction 

mechanism is isokinetic throughout the temperature range 

studied. An activation energy of 63 kcal/mole \"as 

obtained, using both the ta=o 50 method, and from the 

function - In(l - a) = (kt)o.A in the range a = 0.00 to 

0.40. X-ray analysis of final reaction products and 

partial products of reac'cion did not indicate the presence 

of barium zirconate and only barium carbonate, zirconia 

and a cvmplex barium hyd~.:o~dde phase ,.,ere found to be 

present. In the SEM micrographs, Figures 37(a) and (b), 
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the zirconia particles are unreacted, and the barium 

carbonate has retained its lath form. The lath form 

is also shOl.m by a totally decomposed sample, ,.,hich has 

been exposed to the atmosphere for about one hou.:', 

(Figure 37 (b) ), and ti~e \'1hiskers are most li1 .. ely the 

barium hydroxide phase detected in the x-ray analysis. 

10.2. Bacos(s):Zr02 

This syste~ was investigated over a temperature 

range of l500C and showed some interesting effects. 

The use of a reduced time scale technique (Table 19) 
proved ineffective in accounting for the anomalous 

experimental results, and an Arrhenius plot, using the 

t a=0.50 method, contained discontinuities, Figure ;8(b). 

However, a LnLn analysis of the data indicated that the 

results should be considered over three temperature ranges 

corresponding to m values of 1.16, 1.06 and 0.88, Figure 

36(b). Using this approach, the Arrhenius plot can be 

subdivided into three temperature ranges having linear 

functions corresponding to the temperature ranges with 

constant m values. 

At temperatures bel~., 740°C, the LnLn analysis 

yields an m value of _0.88 comparable to that obtained 

for the decomposition of barium carbonate alone. X-ray 

analysis of partial reaction products indicated the 

presence of barium carbonate, zirconia and a complex 

barium hydroxide, (possibly a barium hydroxide hydrate), 
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but did not detect any barium zirconate. Infrared 

analysis ,',as used to detect the hydroxide phase, since 

none of the barium hydroxides listed in the ASTN index 

corresponded with the x-ray pattern of this hydroxide. 

SEM micrographs of partial reaction products also 

indicated that the carbonate had not reacted with the 

zirconia, and a typical micrograph is shown in Figure 39(b). 

In the temrerature range from 740° to 766°c, the 

LnLn analysis yields an m value of ~1.06, indicating a 

phase boundary controlled mechanism, and a linear function 

is obtained, using an Rsa model up to a = 0.75, and an 

R2a model up to a = 0.40. The activation energy cal­

culated from rates obtained fram an Rsa model is 110 

kcal/mole, and 120 kcal/mole using t a=O.50. The accuracy 

cannot be better than 15% because of the small tempera-

ture range considered. All the techniques used for 

phase identification indicated that barium zirconate 

was not formed during the decomposition of barium carb­

onate, and the reaction occurring in this temperature 

range is 

BaCOs --4 BaO + C021' 

The LnLn analysis for the temperature range 801° 
to 854°c yields m values in the range 1.08 to 1.16, and 

unfortunately the experir(\ental data is not suitable for 

an accurate model analysis, as the reaction rates are 

rather fast. A zero order model gave the best agreement, 

and linear functions were obtained up to a =0.60. 
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An activation energy of 36 kcal/mole was calculated, using 

the ze~o order model.' Barium zirconate was not detected 

in any partial reaction products, and a typical SEM 

micrograph is shown in Figure 39(a). 

10.3. Discussion 

Since the formation of barium zirconate was never 

observed in any of the partial reaction products, the 

reaction that is ~eing studied is the decomposition of 

barium carbvnate to barium oxide in the presence of 

zirconia. The mechanism and activation energy of the 

two carbonate systems should therefore be related to 

the decomposition of the tuo carbonates alone, and this 

is clearly illustrated by the data for the lath carbonate­

zirconia mixtures where an m value of ~0.85 and an 

activation energy of 63 kcal/mole are obtained. However, 

the data for the spherical carbonate system is not so 

easily explained, and the relative reaction rates must 

first be considered. Self cooling effects and bed 

pressure phenomena are likely to occur in the temperature 

range from 801 0 to 854°c "\;There the reaction rates are 

relatively fast, and the activation energy of 36 kcal/mole 

is similar to that obtained for the spherical carbonate 

alone (35-45 kcal/mole) at equivalent reaction rates. 

The LnLn data for temperatures below 766°c indicates a 

change in reaction mechanism from phase boundary cont­

rolled, with an activation energy of "...., 115 kcal/mole, 

to a mechanism and activation energy comparable to those 
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obtained for the decomposition of barium carbonate alone. 

However, the Arrhenius plot, using t 5' suggests a=o. 0 
that the data could be conside~ed as one mechanism in 

the temperature range from 766 0 to 854°c, and a second 

mechanism in the range fram 702 0 to 749°C and, at this 

time, sufficient data are not available for a fair 

evolution to be made. 



FIGURE ,5a: 

FIGURE ,5b: 

Scanning electron micrograph of 

1:1 mole BaCOs(s):Zr02 

Magnification x 5,200 

Scanning electron micrograph of 

1:1 mole BaCOs(e):Zr02 

Magnification x 2,100 

----





FIGURE 36a: LnLn analysis curves for BaCOs(s): 

Zr02 samples in vacuo. 

FIGURE 36b: LnLn analysis curves for BaCOs(t): 

Zr02 samples in vacuo. 
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FIGURE 27a: 

FIGURE 37b: 

Scanning electron micrograph of 

BaC~3(e):Zr02 after decompodition 

in vacuo 

Magnification x 1,400 

Scanning electron micrograph 

Magnification x 2,400 





FIGURE 28a: Isothermal ,,,eight change curves 

for ~aCOs(~):Zr021 BacOs(S):Zr021 

BaCOs(s) and BaCOs(e) samples in 

vacuo • 

. FIGURE 28b: Arrhenius plots for BaCOs{s):Zr02 

and BaCOs{e):Zr02 samples in vacuo. 
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FIGURE 32ll 

FICURE 39b: 

Scanning electron micrograph of 

BaC03(s):zr02 after decompo~ition 

in vacuo at 848°c 
Magnification x 2,500 

Scanning electron micrograph 

702°C 

Magnification x 2,300 





TABLE 19: Reduced time scale values for BaCOs(s):ZrOg 

Systems. 

t/tO.5 at various temperatures °c a 
824 766 702 

0.1 0.186 0.174 0.100 

0.2 0.368 0.348 0.255 

0.3 0.580 0.543 0.452 

0.4 0.765 0.761 0.702 

0.5 1.000 1.000 1.000 

0.6 1.315 1.304 -
0.7 1.631 1.630 -
0.8 2.105 2.109 -
0.9 2.842 2.976 -

I 
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CHAPTER 11 

The Decomposition Kinetics of BaCOs-Ti02 

Systems in Vacuo 

The thermodynamics of the barium carbonate-

titania system have been discussed in Chapter 2, and 

two major conclusions were drawn; firstly, BaTiOs is 

always the first product of reaction, regardless of the 

molec~lar campos~tion of the mixture, but may immediately 

react with barium carbonate to form Ba2TiO. as apparently 

the initial reaction product. Secondly, BaTiOs can be 

formed on cooling from the reaction temperature by the 

reaction 

Ba2TiO. + C02 ~ BaTiOs + BaCOs 

The preliminary x-ray investigations of partial reaction 

products of 1:1 molecular mixtures of barium carbonate: 

titania (Chapter 6), showed that both Ba2TiO. and BaTiOs 

were present in quenched samples, and the Ba2TiO. was 

present in larger amounts than the BaTiOs. However, 

the sample weights used in this investigation ,,,ex-e such 

that a bea pressure of carbon dioxide may have been 

generated ,.,ithin the sample so BaTiOs was probably 

formed on quenching from lOOOoC. The kinetic invest-

igations in vacuo were therefore extended to include 

pelletized samples, so that the effects of bed pressures 

could be studied, and the results compared with data 

for the p~:lder samples. 
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SEt·1 was used as a prelimirlary screening test for 

the suitability of mixtures for kinetic model studies, 

and some typical micrographs are shown in Figures 40(a) 

and (b). The mixtures of spherical barium carbonate 

and titania were thought to be unsuitable for model 

studies, due to the similar particle sizes and resultant 

mixing geometry, but the 1:1 mixture was investigated 

so that an activC'I.tion energy could be determined. 

Lath carborlate mixtures "lere thought to be ideal for 

kinetic investigations so they approximated more to 

small oxide particles coating the carbonate laths as the 

composition was changed from 2:1 to 1:1, and finally 

1:2 carbonate:titania. The effects of different mixing 

media were similar to those in the tin oxide system, 

where the use of a water media results in a fluffy oxide 

appearance and acetone gives a granular form. (Chapter 

13). However, the fluffy oxide appearance disappears 

on heating, so all the mixtures were prepared in water 

and then damped in acetone to give consistent packing. 

The sample weights were chosen so that each sample 

contained lOomg of bariunl carbonate so that the reaction 

rates could be directly compared with those of barium 

carbonate alone. All the partially reacted samples were 

blue, due to the reduction of titania in vacuo to a 

non-stoichiometric form, which is an n-type semiconductor. 

The platinum crucibles were found to be stained after use, 

= 
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and consistent results could only be obtained after the 

crucible had been used once. 

but not investigated further. 

11.1. BaCOs(s):TiQg 

This effect was noted, 

Although this system was partially rejected for 

kinetic model studies on the basis of the SEM investig­

ation, it was thought that it would be interesting to 

examine a system reject~d on such gounds. The LnLn 

analysis, Figure 4l(b), indicates that the reaction 

can be considered as first order at the higher tempera­

tures, and deviating from first order at the l~ver 

temperatures. An isothermal at 710°C ShO\'lS the effect 

of the platinum crucible \'1hen first used as indicated 

by the anomalous m value (Figure 41(b». An activation 

energy of 70 kcal/mole was calculated, using a first 

order model up to a = 0.65, and the Arrhenius plot is 

shown in Figure 42{b). X-ray analysis of partial 

reaction products did not detect the presence of BaTiOs. 

BaaTi04 was apparently the sole reaction product during 

the decomposition of the barium carbonate. 

11.2. BaCO~~e):Ti02 

The LnLn analysis of the data for 1:1 mole mixtures 

of barium carbonate-titania yields m values in the range 

0.98 to 1.02, indicating a first order mechanism 

(Figure 43(a». In fact, first order kinetics ''fere 

fcllowcd up to at least 90% reaction, an1 the observed 

activation energy was 69 kCcLl/mole. BaTiOs 'vas never 
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detected in any p~ th~ pa~~~al ~eaq~i.Qn p~oduats, ~ftd 

only appeared after the total decomposition of the 

carbonate. Ba2TiO~ appeared to be the sole product of 

reaction during the decomposition, and this system is 

analogous to the 1:1 spherical carbonate-titania system. 

SIDl micrographs of partially reacted samples are shown 

in Figures 44(a), (b) and (c). 

A LnLn analysis of the 2:1 mole mixture of barium 

carbonate:titania is shown in Figure 45(b). The 

reaction mechanism is no·t clear, but an activation 

energy of 71 kca1/mole, calculated from a first order 

model up to a = 0.50, is in good agreement \'1ith that 

obtained for the 1:1 carbonate:titania system. X-ray 

analysis of the partial reaction products indicated 

that Ba2TiO~ was the sole product of reaction during 

the decomposition of the carbonate. 

The 1:2 barium carbonate:titania system proved 

to be more similar to the 2:1 system than the 1:1 in 

reaction mechanism, and the LnLn analysis is shown in 

Figure 45(a). The observed activation energy was 69 
kca1/mole, using a first order model up to a = 0.50. 

Very small amounts of BaTi03 were detected in partially 

reacted samples, but Ba2TiO~ was again the major reaction 

product during the decomposition of the carbonate. 

Pe11etized samples of 1:1 mole mixtures of the 

lath baritun carbonate-titania ''1ere prepared in a 7mm 
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die at a pressure of - 30,000 psi. The LnLn analysis 

of data for these samples is shown in Figure 43(b), and 

an m value of ,..., 0.89 is observed. An activation energy 

of 69 kcal/mole was calculated, using a first order 

model on data in the temperature range from 685° to 

760°C. Above 760°C, the Arrhenius plot is displaced 

to lower rates, and an activation energy of ~87 kcal/ 

mole ls obtained. Ba2TiO. was the major product phase 

detected by x-ray analysis, but a small amount of BaTiOs 

was also detected. 

11.3. Discussion 

Ba2TiO. is always found as the major reaction 

product during the decomposition of barium carbonate in 

all mixture compositions, and BaTiOs is only observed 

in very small amounts for partial reaction products of 

1:1 pellets and 1:2 powders of barium carbonate:titania. 

The BaTiOs detected in partially reacted samples of 1:2 

barium carbonate:titania increases in amount as the 

decomposition proceeds, and is probably formed by the 

reaction of Ba2TiO. with titania. In contrast, the 

BaTiOs observed in partial reaction products of 1:1 

barium carbonate:titania pellets may be formed on cooling 

from the reaction temperature when, due to the carbon 

dioxidt! pressure within the ,t?e11et, the follo,\'1ing reaction 

occurs: Ba2TiO. + C02 --.. BaTiOs + BaCOs. BaTiOs is 

not observed in partial reaction products of 1:1 p~~er 
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mixtures indicating that the above process does not occur, 

therefore in powder samples of 1:1 barium carbonate titania, 

there is a negligible carbon dioxide pressure within the 

sample during the decomposition. 

The activation energy for all the carbonate-titania 

systems investigatid is 70 kcal/mole in the temperature 

range from 660° to 760°C, and this is very similar to 

the he~t of formation of Ba2Ti04 calculated as 66 kcal/ 

mole at 800°C (see Chapter 14). Thermodynamics directs 

that BaTiOs must always be the first product of reaction, 

but the activation energy of the barium carbonate-titania 

systems indicates that this is not the ~ate controlling 

step, and the subsequent reaction between barium carb­

onate and BaTiOs to form Ba2Ti04 is the slowest step in 

the overall reaction. This step is controlled by a first 

order process when 1:1 mole powder mixtures are used, and 

the SEM micrographs', Figures 44 (a), (b) and (c), illustrate 

that the process does appear to be a classical first order 

mechanism, and not merely a process following a first order 

algebraic equation. The reaction mechanisms for 2:1 and 

1:2 barium carbonate:titania mixtures are not clear, and 

cannot be explained directly in terms of a classical model. 

The interpretation of the process mechanism for 1:1 barium 

carbonate:titania pellets would be expected to be difficult, 

due to bed pressure effects in pelletized samples. The 

Arrhenius plot for this system (Figure 42 (b » shm'ls the 

bed pressure effect counteracting the increased reactivity 
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due to increased particle-particle contacts, and displacing 

the Arrhenius plot at high temperatures. The latter 

effect is not unexpected, as a bed pressure can be 

considered as equivalent to an externally applied pressure 

on a sample, and Tinsley29 has sh~m similar displacements 

in the Arrhenius plots for the decomposition of calcium 

carbonate when a range of carbon dioxide atmospheres is 

used. 

The problem of maximising particle-particle contacts, 

and yet minimising bed pressures, is common in reaction 

kinetic studies of two phase mixtures. This investigation 

has indicated an effective bed pressure during the 

decomposition of pelletized samples when the reaction rate 

exceeds ta=O.25~lOO minutes. ~Then the effective bed 

pressure is high, the Ba2TiO. formed at the reaction 

temperature may completely react with carbon dioxide in 

the bed to form BaTiOs on cooling, consequently, without 

knowledge of the thermodynamics of this system, it would 

be concluded that BaTiOs was the sole reaction product 

during the decomposition of the carbonate. 

All the results of this investigation indicate that 

the kinetic mechanism data and phase fo~ation results 

for any carbonate-titania mixtures studied as pelletized 

samples should be examined very carefully for bed pressure 

effects on the reaction process, and phase formation 

during cooling from the reaction temperature. However, 
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this investigation has sho-.:·m that meaningful kinetic 

data can be obtained for pO~'lder samples of barium carb­

onate-titania mixtures when the experimental conditions 

are carefully controlled. 



FIGURE 40a: 

FIGURE 40b: 

Scanning electron micrograph of 

1:1 mole BaC03(s):Ti02 (mixed 

in water) 

Magnification x 10,000 

Scanning electron micrograph of 

1:1 mole BaC03(€):Ti02 

Magnification x 5,200 





FIGUP~ 4la: Isothermal weight change curves 

for BaCOs:Ti02. 2BaCOs:Ti021 

BaC03:2Ti02 and BaCOs in vacuo. 

FIGURE 4lb: LnLn analysis curves for Bacos(s): 

Ti02 samples in vacuo. 
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FIGURE 42a: ~irst order nodel curves for harium 

carbonate-titania mixtures in 

vacuo. 

FIGURE 42b: Arrhenius plots for barium carb­

onate-titania miAtures in vacuo. 
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FIGURE 43a: LnLn analysis curves BaCOs(e): 

Ti02 powder samples in vacuo. 

FIGURE 43h: LnLn analysis curves for BaCOs(e): 

Ti02 pellets in vacuo. 
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[IGURE 44a: 

FIGURE 44b: 

FIGURE 44c: 

Scanning electron micrograph of 1:1 

mole BaCOs(e):Ti02 decomposed in 

vacuo 

0: = 0.35 r.1agnification x 5,800 

Scanning electron micrograph 

0: = 0.70 Magnification x 6,000 

Scanning electron micrograph 

0: = 1.00 Magnification x 5,500 





~RE 45a: LnLn analysis curves for BaC03(e}: 

2Ti02 samples in vacuo. 

FIGURE 45h: LnLn analysis curves for 2BaC03(e}: 

Ti02 samples in vacuo. 
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CHAPTER 12 

The Decomposition Kinetics of BaC03-GeQg 

Systems in Vacuo 

The x-ray analysis of partial reaction products of 

the 1:1 barium carbonate:germania system showed that 

this system was an example of the situation in which 

only the 2:1 compound, Ba2GeO., is formed during the 

evolution of carbon dioxide, and the reaction bet,.,een 

germania and BaGeO" to form BaGeOs begins ,-,hen the z. 

carbonate decomposition is complete (cf. BaCOs-TiQ2 

systems). The SEM investigation of this systan showed 

that the degree of contact between oxide and carbonate 

was never as good as that in the titania system, and 

therefore, instead of investigating changes of mechanism 

with different compositions, the germania system was 

studied in terms of the number of particle-particle contacts 

related to the effects of different mixing media. The 

x-ray analysis of partial reaction products in air 

indicated that the different mixing media did not alter 

the compound formation sequence, but only the speed of 

formation, and the SEM investigation showed that this 

was related to the different aggregation states of 

germania in the two mixing media (Figures 46(a) and (b». 

12.1. E!perimental 

l5lmg samples of Bacos(s):Ge02, mixed in acetone, 

were examined in detail, using the vacuum thermobalance, 
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and this sample weight corresponded to an effective 

weight of barium carbonate of 10Omg, so that the data 

could be compared directly with that for the decomposition 

of barium carbonate alone. The LnLn analysis, Figure 

47(b), indicates that the process is not isokinetic, 

and the mechanism appears to change from zero order to 

first order, and finally a 0.8 law as the temperature 

falls from 7860 to 688°c. In the temperature range 

from 700° to 750°C the observed activation energy ,,,as 

66 kcal/mole, and x-ray analysis indicated that Ba2GeO~ 

was the sole reaction product during the decomposition 

of the carbonate. However, in the temperature range 

from 750 to 790°C, the observed activation energy 'i'laS 

~90 kcal/mole, and again Da2GeO~ was the sole reaction 

product. 

l51mg samples of BaC03(():Ge02 were used to 

investigate the effects of different mixing media on 

the rate of reaction, since the mjxing geometry of this 

system is more susceptible to the mixing meaia than that 

of the spherical carbonate-germania mixtures. The data 

for both lath- and spherical-carbonate mixtures are 

shown in Figure 48(a), and the increase in reactivity, 

due to mixing in water, is much greater for the lath 

carbonate rni~~ures than the spherical carbonate samples. 

Since the increase in reactivity was so large that the 

initial 40% reaction of \-later prepared samples could 

not be followed on the therrnobalance and a ,,,eight loss 
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was observed, even before the sample could possibly have 

reached temperature, the water mixtures were studied, 

using thermogravimetry in a nitrogen atmosphere. The 

Stanton the~obalance used in the investigation of the 

decomposition of barium carbonate (Chapter 8) \"1as 

utilised for this purpose, and a heating rate of 7°C/min. 

was maintained from room temperature to l2000C. 200rng 

samples of the lath carbonate-germania mixtures were 

used, and the data are shown in Figure 48(b). A 

sample that had been mixed in water and dried, \"1as 

damped in acetone before heating, and the decomposition 

curve for this sample was identiaal to that of the water 

prepared sample. 

A 30mg sample of the water mixed carbonate-germania 

was dried overnight at ~1500C. The decomposition of 

this sample in vacuo was investigated using an A.E.l. 

MS10 mass spectrometer, and the first detectable product 

was water vapour at ~~4oooc. At higher temperatures, 

(above 450°C), carbon dioxide, carbon monoxide and oxygen 

were observed. The temperature difference bebll3en the 

detection of water vapour and the reaction occurring 

at 200° to 400°C in the thermogravimetry, was related 

to the operating conditions of the mass spectrometer, 

and there is no doubt that the weight loss at 200°-400°C 

in the the::mobalance is due to the loss of ,,,ate:;:. The 

'germania complex' causing this loss of water ",as calculated 

to have a formula approximately to Ge02:iH20, and infrared 
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analysis of a water prepared mixture did not indicate 

the presence of hydroxide groups. A sample of germania 

that had been mixed in \'later and dr ied, was heated in 

the thermoba1ance, and no ueight loss was observed. 

This indicates that the formation of the complex, Ge02: 

iH20, depends on the presence of barium carbonate in 

the water mixing stage, therefore, is probably related 

to the pH of the mixing media. X-ray analysis of 

acetone and water prepared samples that had not been 

reacted showed that the germania was in different forms 

in the two samples, and this is illustrated in Table 20. 

TABLE 20: Experimental and Literature 29 Values for Ge02 

29 Values 

Ge02 (BacOs (e) :Ge02 Acetone) 26.0 38.0 

'Ge02 ' (BaCOs (e) :Ge02 Nater) 28.5 37.3 

Literature Ge02 25.96 37.93 

Literature Ge02 (tetragonal) 28.68 37.44 

12.2. Discussion 

As predicted by the SEM investigation, the reaction 

mechanisms of all the barium carbonate-germania mixtures 

could not be determined, but the observed activation 

energy of 66 kcal/mole is very similar to the heat of 

formation of Ba2Ge04 (61 kcal/mole), indicating that 

the formation of this compound is the rate controlling 

step in the decomposition of 1:1 barium carbonate:germania 

mixtures. The activation energy of -- 90 kcal/mole in 



-101-

the temperature range 750° to 790°C is of questionable 

significance as the reaction rates in this temperature 

range are of the same order as those in the barium 

carbonate-zirconia and barium carbonate alone systems, 

where anomalous results are obtained. Since the 

sample weights (15lmg) used in the barium carbonate­

germania studies T,ITere la~~jer than those used in the 

barium carbonate· ozirconia and barium carbonate systems 

(10Orng), bed pressure effects may be expected to be more 

important at fast reaction rates than self-cooling 

effects resulting in an increase in the observed 

activation energy at fast reaction rates. 

The effect of a water mixing media on the aggrega­

tion of germania particles is illustrated in Figure 46(b). 

The micrograph does not indicate the formation of a 

'water complex' of germania as might be expected in 

the titania and tin systems, ~IThere the oxide changes 

from a granular form in an acetone mix to a fluffy 

appearance after mixing in water (see Figures 49(a) and 

(b). However, the mass spectrorneter data, together 

with the thermal analysis results, proves that the 

initial weight loss in barium carhonate-gerrnania samples 

prepared in water, is solely due to the loss of water. 

One interesting aspect of this phenomenon concerns 

the simii.arity of the experimental weight losses of 

acetone and "later prepared samples; the total 't"leight 

loss in both these systems agrees with the theoretical 
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weight loss within the limits of experimental error, 

and it appears that the increase in weight loss due to 

the loss of water from the germania complex just happens 

to compensate almost exactly for the reduced weight 

loss from the smaller amount of barium carbonate in 

the mixture. Therefore, in isothermal experim~nts, 

the initial weight loss due to water may go unnoticed 

if the temperatu~e is high enough for the decomposition 

of the carbonate to proceed sufficiently rap~dly, 

and the increased reactivity of water prepared samples 

would be wrongly thought to be related only to the 

increased particle-particle contacts in such mixtures. 

The exact nature of the germania complex could not be 

determined, as the infrared analysis indicated the 
-1 presence of water in the range 3500 to 3100 cm , thus 

masking any hydroxide peaks. The x-ray analysis data 

also did not clarify the situation but only served to 

illustrate a change in the form of the germania 

(Table 20). 



FIGURE 46a: 

[lGUM 46b: 

Scanning electron micrograph of 

1: 1 ,nole BaC03 (e) :Ge02 (mixed in 

acetone) 

Magnification x 2,200 

Scanning electron micrograph of 

1:1 mole BaC03(e):Ge02 (mixed in 

water) 

Magnification x 2,200 





FIGURE 47a: Arrhenius plot for BaCOs(s):Ge02 

samples in vacuo. 

FIGURE 4zp: LnLn analysis curves for Bacos(s): 

Ge02 samples in vacuo. 
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FIGURE 48a: Isothermal weight change curves 
. . 

for barium carbonate-germania 

samples in vacuo. 

FIGURE 48b: Thermogravimetric curves for 

BaCOsCe):Ge02 samples prepared 

in water and acetone. 
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CHAPTER !2 
The Decomposition Kinetics of BaCOs-SnOg 

and BaCOs-SiOg Systems in Vacuo 

13.1. Barium Carbonate-Stannic Oxide 

The preliminary experiments on this system indicated 

that the 2:1 compound, BagSn04, was forme6 during the 

evolution of carbon dioxide and only reacted with the 

excess tin oxide to form BaSnOs when the decomposition 

of the carbonate was complete (Figure 13). H~~ever, 

there uas always some uncertainty concerning the nature 

of the product formed in this system, since the t'l."lO 

compounds, BaSnOs and BagSnO., are very similar in 

structure and cannot be easily differentiated using 

x-ray and infrared techniques. SEM showed that the 

mixing geometry of the barium carbonate tin oxide. 

system was very similar to that of the barium carbonate­

tiania system, and that reaction mixtures containing 

the lath barium carbonate were mor~ suitable for kinetic 

model studies than those containing the spherical 

carbonate, Figures 49(a) and (b). 

13.1.1. Experimental 

l50mg samples were used for the vacuum studies, 

and an acetone damping "technique was used to give consistent 

packing of the acetone prepared mixtures. Absolute a 

values could not be obtained, since metallic tin \~as 

al\'1ays formed on heating the sample to attain complete 
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decomposition, and consequently the time zero oatheto­

meter reading could only be obtained by extrapolation 

of the readings obtained in the initial stages of 

reaotion (see Chapter 4). 

A mixture oontaining the spherioal barium oarbonate 

followed a first order model up to at least 94~ reaotion, 

and this is shown in Figure 50(a), together with some 

data ior 1:1 lat~ oarbonate:stannio oxide samples. The 

a v t and LnLn analysis of the lath system are shown in 

Figures 51(a) and (b), and a ohange in reaotion mechanism 

is indioated by the ohange in m value from 0.86 to 

-0.36. The change in meohanism was aooompanied by 

differences in the nature of the deposits found on the 

oruoible for partially reacted samples, and this effect 

is illustrated in Table 21. 

TABLE 21: Nature of the Deposits on Platinum Crucibles 

In the BaC03-SnOg System 

Temperature °c Kinetic 1·1odel Nature of crucible deposits 

"" 900 unknown black metallic coating on 
the crucible 

790 first order no deposits 

766 -first order slight black spotting on 
the crucible 

745 m -0.36 severe spotting 

703 unknO\'m golden c oatinq 
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The anomalous reaction rate of the 78,oc .ample (Fi9~e 

5l(a» could not be explained in terms of the errors 

involved in the approximated a values, and the Arrhenius 

plot for the 1:1 barium carbonate:stannic oxide system, 

using a first order model, is shown in Pigure 50(a). 

1,.1.2. Discussion 

The free energy data for silica, titania zirconia 

and stannic oxide indicates that stannic oxide is the 

least stable of these four oxides, Figure 5'. The 

minimum PC0/p to prevent reduction of stannic oxide 
'/ C02 

at 800°C is 1:4, and any PCO/PC02 greater than this 

value will result in Sn02 ~ Sn + [02]. The minimum 

PCO/pcOa at 800°C for silica, titania and zirconia are 

108 :1, 109:1 and 1012 :1 respectively, and therefore 

the reduction of stannic oxide to a lower oxide or the 

metal is much more likely than a reduction of any of 

the other oxides. However, the effective atmosphere 

generated within the vacuum thermobalance under working 

conditions, is unknown, so that a reduction of stannic 

oxide can be shown to be possible, but not predictable. 

~Jhen 'c.llel."tI ib littlt; "1'.- no at"t44C'Ji,: OU the pla'\;illum 

crucible, both the spherical and lath carbonate mixtures 

are very similar to the 1:1 barium carbonate:titania 

system in that they follow a first order model up to 

very high values of fraction reacted, and this may be 

related to the similar mixing geometry of these systems. 
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However, the reduction of stannic oxide during the 

decomposition of 1:1 barium carbonate:stannic oxide 

samples, makes a meaningful kinetic model examination 

of this system difficult, and so this system was not 

studied as extensively as the titania systems. 

13.2. Barium Carbonate-Silica 

The preliminary experiments on the barium carb­

onate-silica system indicated that this system would be 

the most difficult to evaluate. The reaction products 

of isothermal decomposition in air did not conform to 

any established data (see Table 11), and the SEM 

investigation indicated that none of the barium 

carbonete:silica mixtures were suitable for kinetic 

model studies. The optuuum mixing geometry was found 

in the 1:1 spherical carbonate:silica system where 

quartz fragments are coated by spherical particles of 

barium carbonate Figure 54(a). The coating is not 

continuous, but the degree of contact is much higher 

than in mixtures containing a precipitated form of 

silica Figure 54(b). 

13.2.1. Experimental 

l25mg samples were used in this investigation so 

that the data could be directly compared with the data 

for all the other carbonate-metal oxide mixtures. 

Acetone damping was used to give consistent packing 

of the p~~der mixture in the platinum crucible. The 
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LnLn analysis, Pigure 52(b), illustrates that although 

the mechanism is unknown, the process appears to be 

isokinetic at low temperatures, but changing at the 

highest temperatures. The observed activation 

energy is ,v 50 kcal/mole in the temperature range 

from 700° to 760°C, and 39 kcal/mole in the range 

from 780° to 815°c. 

13.2.2. DiscussiQ2 

The reaction mechanism of barium carbonate: 

silica mixtures cannot be interpreted in terms of 

classical reaction mcdels, and this was predicted by 

the results of the S~1 investigation of the mixing 

geometry of these mixtures. However, the Observed 

activation energy of -'50 kcal/mole is similar to 

the value for the heat of formation of Ba2SiO~, indicat­

ing that the formation of this compound is the rate 

controlling step in the decomposition of 1:1 mole 

mixtures of barium carbonate:silica. In the tempera­

ture range 7800 to 815°C, the Observed activation 

energy is ~39 kcal/mole, which is very similar to 

tIle values obtained for the barium carbonate-zirconia 

system, and the decomposition of barium carbonate at 

temperatures where self-cooling effects are thought 

to be important due to the fast reaction rates. It 

was unfortunate that a silica sample could not be 

obtained so that the mixing geometry of barium carbonate­

titania samples was simulated in the barium carbonate-
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silica system and hence confirm that a first order 

reaction model is obtained in reaction mixtures having 

a 1:1 barium carbonate:titania type mixing geometry, 

as indicated by the data for the tin and titania 

systems. 



FIGURE 4ga: 

FIGURE 49b: 

Scanning electron micrograph of 

1:1 mole BacOs(e):Sn02 (mixed 

in acetone) 

Magnification x 2,300 

Scanning electron m~crograph of 

1:1 mole BaCOs«():Sn02 (mixed in 

water) 

1\1agnification x 2,300 





FIGURE 50a: Arrhenius plot for BaC03 (e) : Sn02 

samples in vacuo. 

FIGURE 50b: First order model curves for BaC03(~): 

Sn02 and BaC03(s):Sn02 samples in 

vacuo. 



~ 
-2·0 

-2-4 

Log k 

-2-8~ 

-1'6 

o 

• 
• 

9-5 

• 

_~9:"/ ... In~o 9-9 .. 7t'K 

• BaC0a8:Sn~ 

80 160 
TIME min 

10-1 

240 

0-33 

0'70 I 
a 

0-91 

320 



FIGURE 5la: Isothermal weight change curves for 

BaC03(~):Sn02 samples in vacuo. 

FIGURE 51b: LnLn analysis curves for BaC03(e): 

Sn02 samples in vacuo. 
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FIGUR."'l: 52a: Isothermal \'leight change curves 

for BaCOs(s):Si02II samples in 

vacuo. 

FIGURE 52b: LnLn analysis curves for BaC03(S): 

5102II samples in vacuo. 
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FIGUP~ 2~: Free energy data for SnOal SiOa, 

Ti02 and Zr02. 
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FIGURE 54a: 

FIGURE 54b: 

Scanning electron micrograph of 

1:1 mole BaC03(s):Si02I1 

gagnification x 5,200 

Scanning electron micrograph of 

1:1 mole mixture containing a 

precipitated silica 

Hagnification x 1,000 
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CHAPTER 14 
Discussion 

The kinetics of many solid state decompositions 

have been studied by dynamic thermal methods such as 

TG and DTA. This approach has been criticised since 

the constantly increasing temperature inevitably 

results in temperature gradients within the sample. 

Heat is evolved or taken in by the sample during reaction, 

so that the temperature gradient within the sample 

changes in a complex and variable manner. The kinetics 

of solid state reactions can only be investigated when 

the temperature gradient is sufficiently small that 

heat transfer effects within the sample can be neglected, 

and this requires the use of very small samples. .t·lore 

recently, it has been realised that heat transfer effects 

may control the kinetics of a reaction studied under 

isothermal conditions. Hillsll has suggested that the 

decomposition of calcium carbonate can be related to a 

heat-mass transfer model, and is not controlled by a 

chemical step at the reaction interface. It seems 

certain that transfer of heat to the interface, and 

mass transfer away from the interface, governed the 

kinetic behaviour observed by Hills for -v2g samples and 

half lives of - 40 minutes. Vallet and Richer30 have 

suggested that the decomposition of calcium carbonate 

is controlled by heat conduction to and within the sample. 
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On the other hand, heat and mass transfer should cease 

to be gross effects with e~tremely small samples, and 

a chemical step may then control the reaction. In 

many previous investigations, sample weights of -lg 

have been used, yet it has been assumed that heat 

transfer effects are negligible, and that a chemical 

step controls the reaction. 

It has been widely recognised that small samples 

and slow reaction rates should be used in isothermal 

kinetic studies to reduce self cooling effects within 

the sample, and so minimise departures from isothermal 

conditions. The extent of self cooling will depend 

on several factors, e.g. the heat of reaction, the 

sample size, the rate of 

in terms of the absolute 

of C02 evolved/minute. 

reaction, but may be considered 

reaction rate measured in mg. 

Thus the temperature of a 

small sample, reacting at a fast rate, may drop more 

than that of a large sample reacti.ng slowly, although 

the total loss of carbon dioxide and the amount of 

heat required are greater for the larger sample. 

Hills observed a maximum temperature drop of ,.., 40°C 

in the decomposition of 2g samples of calcium carbon­

ate at a rate having a half life of ~40 minutes. A 

rough calculation suggests that a maximum temperature 

drop of ~2°C would be likely to occur in a lOOmg 

sample reacting at a comparable rate. By using very 
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small samples and slow reaction rates, the self cooling 

effect should be reduced still fur'ther, and sane data 

for calcium carbonate is shown in Table 23. 

TABLE 23: Self Cooling in the Decomposition 

Carbonate isothermal OTA Tinsle • 

Sample Height Temperature ~T Time for complete 
mq °c °c reaction minute 

100 700 0.2 270 

200 700 0.2 400 

300 700 0.2 520 

900 810 10 70 

300 860 10 20 

However, in this investigation, even when pre-

cautions were taken, self cooling was thought to have 

exceeded the limits of the isothermal enclosure (-,:t 2°C). 

The temperature drop of the samples in this investigation 

could not be measured, due to practical difficulties 

in incorporating a thermocouple within the sample, but 

self cooling effects were thought to be indicated by 

the curvature of the Arrhenius plots at the fast reaction 

rates. Bed pressure effects can also lead to non-linear 

Arrhenius plots, but this investigation has indicated 

that bed pressure effects result in a displacement of 

the Arrhenius plots, ~imilar to the rAsults obtained 
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by Tins1ey29 in the decomposition of calcium carbonate 

under different PCOa atmospheres. Self cooling 

effects are also indicated by the apparent phase trans­

formation temperatures of barium carbonate samples in 

nitrogen. A change to zero order kinetics is indicative 

of the phase transformation, and the temperature of 

transformation as recorded on the Stanton thermObalance 

is always higher than the literature values; the temp­

erature is the same for 100 and 2COmg. samples (~981°C), 

but is higher for 50mg samples (~993°C), possibly 

indicating a larger temperature drop, due to self cooling 

of 50mq samples, than occurs for 100 and 200mq samples. 

It has often been suggested that reactions 

involving the evolution of a gaseous product should 

be investigated in an atmosphere of the same gas. 

However, liquid formation and the resultant zero order 

kinetics, which occurs even at low carbon dioxide 

pressures, prohibit meaningful kinetic mechanism studies 

of barium carbonate over a ,.,ide temperature range, and 

vacuum conditions must be used to prevent liquid form­

ation during the reaction. The results obtained for 

the decomposition of powder samples of barium carbonate 

in nitrogen are similar to those obtained for the 

decomposition of calcium carbonate28 , where small 

samples follow a zero order model, larger samples 

follow an Raa model, and even larger samples (..-30Cln¥J) 
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tend to follow an Rs~ model. The decomposition data 

for lOOmg samples of barium carbonate in vacuo are 

difficult to interpret, even when self cooling effects 

are thought to be minimal. A constant induction 

period was observed for the decomposition of 25mg 

samples of BaCOs(s) and BaCOs(f) (washed in water), 

whilst the untreated BaCOs(e) showed a progressive 

increase in the induction period as the temperature 

was lowered. This is the only system in which induction 

periods were observed, and unfortunately the vacuum 

thermobalance is not suitable for absolute measurements 

of the decomposition of 25mg samples, since the total 

weight loss is only ~.5mg. 

The experimental results for the systems at 

reaction rates at which self cooling effects are not 

apparent, show that the observed activation energy is 

comparable with the heat of formation of the reaction 

product. (Table 22). The barium carbonate-titania 

system is of particular interest, since the Observed 

activation energy is independent of the composition 

of the mixture, and similar to the heat of formation 

Similarly, the observed activation energies 

for 1:1 mole mixtures of barium carbonate-germania and 

barium carbonate-silica, are comparable with the heats 

of formation of BaaGeO. and BaaSiO. respectively. 

The free energy data for the barium carbonate-titania 
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system indicates that BaTiOs should be the first 

compound formed in the decomposition of barium carbon­

ate-titania mixtures, and it seems reasonable to 

conclude that a similar argument will apply to the 

other carbonate-oxide systems. However, a 1:1 compound 

was not observed as the initial reaction product in the 

decomposition of any of the barium carbonate-metal 

oxide mixtures, and the 2: 1 compound was always found 

as the reaction product of all the systems during the 

decomposition of the barium carbonate. The close 

correspondence of the experimental activation energy 

with the heat of reaction for a variety of endothermic 

reactions, has been noted by Fishbeck and Snaidt,2 as 

long ago as 1932. Garner' has suggested that the close 

correspondence of the tt'lO energies occurs when the 

rate-of-decomposition studies are conducted under 

reversible conditions. Both the forward and reverse 

reactic"ns would be involved, and tile magnitude of the 

change in rate, with change in temperature, would be 

controlled by the magnitude of the heat of reaction, 

rather than by either, the activation energy of only the 

forward reaction or only the reverse reaction. Hillsll 

has shown that a heat-mass transfer model for the decom­

position of calcium carbonate indicates that the activa­

tion energy will be virtually equal to the heat of 

reaction, since the rate of °lovement of the interface 
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(cao/cacos) is atmost entirely controlled by the 

decomposition partial pressure. 

The x-ray analysis investigation (Chapter 6) 
has shown that the 2:1 compound was the major reaction 

product during the decomposition of barium carbonate, 

regardless of the composition of the carbonate-metal 

oxide mixture. The reactivity of a mixture was found 

to depend, not only on the chemical nature of the metal 

oxide, but also on the particle morphology of both 

components, and in particular, on the state of aggreg­

ation of the oxide. The geometry of a mixture, in 

particular the number of particle-particle contacts, 

has been recognised as a major factor in determining 

the reactivity of a mixture, but direct observation 

of its effect has been lacking. 

Transmission electron microscopy is not a suitable 

technique for direct Observation of the mixing geometry 

of tw~ phase samples because the qample has to be 

dispersed in a liquid before examination. In SEM 

the sample does not have to be dispersed before examina­

tion, but merely coated to provide a conducting surface. 

Therefore the effect of different mixing media, used 

in the preparation of the sample, on the mixing geometry, 

and in particular, the aggregation of the oxide, can 

be observed. This investigation includes one of the 

first applications of S~l ~o the geometry of reaction 

mixtures of two solid phasea prior to kinetic mechani.m 

studies. 
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Kamatsu and other workers have suggested that 

kinetic studies of two phase reactions should only be 

attempted when the system corresponds to the ideal 

case of particles of one component embedded in a 

continuous matrix of the second component, and therefore 

the composition of the mixture is controlled by the 

r.elative particle sizes and molecular weights of the 

two components. Compositions of interest to the 

ceramist are frequently equimolecular with particle 

sizes such that the ideal geometry is not realised; 

for barium carbonate-metal oxide systems, the composition 

of the mixture has to be adjusted to the oxide rich side 

to comply with the ideal model. When equimolecular 

compositions are used, ~1 is an invaluable aid in 

deciding whether meaningful kinetic model data can be 

obtained with the particular mixing geometry of the sample. 

A new approach to the analysis of kinetic data 

combining a nuclei growth analysis with reduced time 

data has been proposed. The use of this LnLn analysia 

has proved to be particularly successtul in interpreting 

kinetic data when the mechanism cannot be directly 

related to a theoretical model. The isokinetic concept, 

widely used by metallurgists in stUdies of phase trans­

formations, has been shown to be very useful for 

observing the temperature dependence of a process and 

changes in reaction mechanism with temperature. It 

is somewhat surprising that this technique, or a 
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stmilar method, is not in common use in chemical 

kinetic studies, since changes in reaction mechanism 

can be shown without the plotting of Arrhenius functions. 

Since heat transfer effects have been shown to 

have widespread significance, it is worth considering 

the purpose of kinetic studies. There are two approach.s; 

firstly, to obtain information for the sake of scientific 

knowledge on the reaction mechanisms of ideal systems, 

and secondly, to obtain practical data on technologically 

tmportant non-ideal systems. This investigation has 

shown that it is very difficult to arrange for ideal 

systems and future investigations might be directed 

towards the use of large samples and the application of 

chemical engineering techniques, rather than conventional 

kinetic thermal analysis to dete~ine reaction mechanisms. 

The system would be designed so that simple heat transfer 

models could be derived and tested experimentally, as in 

the work of Hills on the decomposition of calcium 

carbonate. Conventional kinetic thermal analysis could 

still be used to investigate the factors effecting the 

reactivity of technologically important systems, but 

without attempting to relate the data to theoretical 

models. 



TABLE 22: A Comparison of Observed Activation Energies 

and Heats of Formation 

Activation Temperature 
System Energy Range Compound AH1100 

Kca1/mo1e oK 

BaCOs 60 ! 4 1200-1300 BaO 55 
(Nitrogen) 

BaCO, 63 ! 5 970-1080 BaO 55 
(vac) 

BaCOs:TiOa 69 ! 4 930-1070 BaT 64 

BaCOs :2Ti02 69 ! 4 It BaT 64 

2BacOs :TiOa 71 ! 4 It B2T 64 

BaCOs:GeOa 66 ! 4 960-1070 BaG ---61K 

BaCOs :SiOa 50 ! 4 920-1080 BaS ...... 49K 

. . . . ... 

H Estimated using D. H1100 = ~H298 x ~H11ooBaT 

~H298B2T 
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