Journal of Thermal Analysis, Vol 53 (1998) 397-410

Dedicated to Professor Ferenc Paulik on the occasion of his 75th birthday

THERMAL DECOMPOSITION OF BaC:04-0.5H20
STUDIED BY STEPWISE ISOTHERMAL ANALYSIS AND
NON-ISOTHERMAL THERMOGRAVIMETRY

F. Chen", O. T Sgrensen’, G. Meng' and D. Peng'

'Department of Materials Science and Engineering, University of Science and Technology of
China, Hefei, Anhui, 230026, P. R, China
"Materials Department, Risg National Laboratory, DK—4000 Roskilde, Denmark

Abstract

Thermal decomposition of BaC204-0.5H20 in air was studied by a combination of step-
wise isothermal analysis (STA) and non-isothermal thermogravimetry. The results from both
techniques show that the crystal water is released in one step and that anhydrous barium ox-
alate is decomposed in one step, while BaCO3 decomposes in three steps to BaO, forming two
intermediate compounds with the formulas of BaCO3-(BaO)z and {(BaCO1)0.5 (BaQ)2 5. Reac-
tion mechanism analyses using the data from SIA measurements show that the controlling
mechanism for all the five decomposition steps in isothermal conditions is a two-dimensional
phase-boundary controlied process. Kinctic parameters are obtained for the five decomposi-
tion steps from the non-isothermal thermogravimetric data.

Keywords: barium oxalate, kinetics, non-isothermal thermogravimetry, stepwise isothermal
analysis, thermal decomposition

Introduction

Thermal decomposition studics of oxalates are of importance in synthesizing
double or multicomponent oxides [1-2}. High purity barium titanates, barium
cerates and barium zirconates of perfect stoichiometry can be prepared from
mixed metal oxalate systems {3-6]. Accordingly, it 1 of great interest to investi-
gate the thermal decomposition behaviour of barium oxalate hemihydrate.

The stepwise isothermal analysis (SIA) technique, which was introduced by
Sgrensen in the late seventies [7-8], has been proved to be an effective method in
determining the reaction mechanism. In contrast to conventional thermal analy-
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sis in which the sample is heated at a constant rate, the overall heating in SIA is
controlled by the rate of the reactions taking place in the sample. This technique,
which can also be termed as ‘sample controlled thermal analysis’, has the advan-
tage that close-lying reactions can be resolved and the overlaps generally ob-
served by standard thermal analysis measurements can be avoided [9]. However,
the main draw back of the STA technique is that kinetic parameters such as the ac-
tivation energies and the pre-exponential factors can not be generally obtained if
the reaction takes place in one isothermal step [10].

Non-isothermal thermogravimetry (with lincar temperature increase) is
widely used as a tool for deriving kinetic parameters such as the activation en-
ergy and pre-exponential factor for solid state decompositions. The advantages
of determining kinetic parameters by non-isotherial technique rather than by
isothermal study are the following:

(1) the kinetics can he established over an entire temperature range in a con-
tinuous manner;

(2) non-isothermal thermogravimetry demands less time-consuming experi-
ments than does the isothermal technique;

(3) it is possible to obtain a lot of information with a single sample, i.e.. ther-
mal parameters such as the temperature at maximum decomposition rate, charac-
teristic temperatures, and kinetic parameters and

(4) it is possible to remove the problem of selecting several identical samples
as in isothermal analysis [11, 12].

But the disadvantages of this techniquc arc that overlapping between close lying
reactions can not be avoided.

From the above considerations, it is clear that SIA and non-isothermal ther-

mogravimetry techniques supplement each other in resolving the reaction
mechanisms and in determining the kinetic parameters.
Tn the present work. the thermal decomposition process of barium oxalate hemi-
hydrate was investigated by employing both SIA and non-isothermal thermo-
gravimetry techniques in order to elucidate the reaction mechanism and to obtain
the kinetic parameters.

Kinetic analysis

For the solid thermal decomposition considered in the present work, as ex-
pressed by the stoichiometric equation:

Agm =B+ Cp (b

the kinetic equation for isothermal conditions can he expressed in the integral
form as:
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Kt = o(o) (2)
or the differential form as:
do
—_—= (3}
o = K

where g(o) and f{lor) are the integral and diffcrential forms of ¢, the fraction de-
composed in time 7 and K18 the rate constant as expressed by the Arrhenius equa-
tion:

K =Aexp[;§%:] (4)

where A is the pre-exponential factor (frequency factor) and £ is the activation
energy.

The forms of g(ct) and flo} depend on the type of the rate-limiting process,
i.e, the slowest process, that controls the overall reaction. 1t is possible to evalu-
ate the type of the controlling mechanism from the g(od) vs. ¢ and fo) vs. dovde
plots which according to Eqs {2) and (3), should be linear for the correct mecha-
nisms,

1t has been pointed out that the above relationships (BEgs (2) and (3)) in iso-
thermal conditions can also be established for non-isothermal cases [13]. Since
thermogravimetric analysis in non-isothermal conditions is carried out at a con-
stant heating rate, g=d77/dt, the substitution dt=df7g can be made, and the follow-
ing differential equation is obtained

do 1 A [ E (5)
d7 floy 4 exp{ RTJ
ar
do. A [ E 6
Taking logarithm, Eq. (5) becomes

do 1 AY E
ln(ﬁ* - :In(“ - {7
l\de(g)J \(/J BT

This it termed as the differential method since it empioys the differential
form of flo. By plotiing ln{(dovd?) /o) vs. 1/T, one can obtain a linear curve
when the correct mechanism is chosen. The nctivation encrgy F and the pre ex-
ponential factor A can thcen be caleulated from the slope and the intercept of the
linear curve, respectively.
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When integrated between proper limits, Eq. (6) gives

[+3 T
da E
= g(a)——ncxp[ RT}ar 8)

Based on Eq. (8), Coats and Redfern [14] derived the following equation,
which is termed as the integral method

{ (“)} In AR[l—m}—fi (9
T gk E RT

When plotting In[ g(o)/T 2| vs. 1/T, a linear curve will be obtained for the cor-
rect mechanisms. The slope of the curve equals to —E/R. The intercept equals to
In[(AR/GEY(1-2RT/E)] , thus allowing calculation of the activation cnergy [ and
pre-exponential factor A. In this study the average temperature for the reaction
range was used for the calculation of the pre-exponential factor A.

Experimental

Barium oxalate hemihydrate powders were prepared by oxalate precipitation
using the homogeneous solution method [4]. The powder has an average particle
size of 0.3 um as determined by scanning electron microscopy (SEM; JEOL
JSM-840). TG-DTA measurements were carried out on a fully computer-con-
trolled simultaneous TG-DTA system (TG/DTA320U, Seiko Instruments, Ja-
pan). Powders (~23 mg) were loaded into open cylmdncal alamina crucible at
room temperature and then heated in air (200 ml min™") up to 1300°C, using
either the S1A technique or the non-isothermal thermogravimetry technique. In
the latter case, a constant heating rate of 2, 5 and 10°C min~' was applied. Data
of the mass change, temperature, time, DTA signal and mass change rate were re-
corded every second.

For the SIA technique, the sample was heated at a constant hcating rate
(2°C min~' in this work) until the rate of mass change exceeded a preset limit
(15 ugmin' was adopted in this work). When this happened, heating was
stopped and the reaction took place at a constant temperature until the rate of the
mass change became smaller than a second preset limit, after which heating was
resumed. In this work, the second limit was chosen as one-forth of the first limit
in order to ensure completion of the reaction,

A computer program was developed for all the data manipulations. From the
data obtained by the SIA technique, g(o) vs. r and i) vs. do/dr were plotted from
the measured mass changes for the most commonly nsed kinetic equations listed
in Table 1. This allows a very detailed kinetic analysis involving many important
mechanisms such as nucleation, phase boundary reaction or diffusion controlled
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process. In non-isothermal thermogravimetry technique, both differential and
integral methods are applied to derive kinetic parameters of E and InA by using
the g(o) and flor) forms listed in Table 1.

Results and discussion
Decomposition process

Figure | shows the TG-D'I'G signals obtained in the non-isothermal thermo-
gravimetry technique with the heating rate of 2°C min~'. The TG-DTG curves
using other heating rate have similar shapes, indicating that the thermal decom-
position process of barium oxalate hemihydrate to barium oxide in the cxperi-
mental temperature range may be described by the following five steps:

BaC204-0.5H:0 — BaCa0: —= BaCO; —224 BaO

Step 1 is due to the removal of crystal water. Step 2 is the result of the decom-
position process of anhydrous barium oxalate to yield barium carbonate.
Steps 3-5 correspond to the decomposition process of barium carbonate.

Figure 2 shows TG-DTA signals as a function of temperature obtained using
the SIA technique. Five distinct isothermal mass loss steps appeared in barium
oxalate hemihydrate thermal decomposition process. This is in consistence with
the above resnlts obtained by using the non-isothermal thermogravimetry tech-
nique, but the only difference is that the STA technique can far better resolve the
close-lying BaCO; decomposition steps and avoid the overlaps as observed in
Fig. 1.
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Fig, I TG-DTG diagrams of BaC,(0,-0.5H,0 in air studied by non-isothermal therme-
oravimetry with a heating rate of 2°C min !
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Fig. 2 TG-DTA diagrams of BaC,0,-0.5H,0 in air studiced by stepwisc isothcrmal analysis

Based on the results in Figs 1 and 2, the decomposition process of barium ox-
alate hemihydrate can be proposed to take place in the following five steps:

BaC,040.511:0 — BaC:04+ 0.5H:0 (1
which corresponds to the first mass change step.
BaC,(0y4 — BaCO; +CO (2)

which corresponds to the second mass change step.

3BaCO; — BaCO0s:(Ba0): +2C0O: (3)
BaCO3(Ba0)n — (BaCO0)os(BaO)s+ 1/2C02 (4)
(BaCO12)o5(BaO)s — 3BaO+1/2C0O: (5)

The last three mass change steps correspond to the decomposition of BaCOs
to BaQ, revealing that intermediate compounds equivalent to the formula of
BaC0O+-(Ba0); and {BaCO;)y s (Ba0), s were formed during the decomposition
process. The SIA technique can effectively differentiate the overlapping reac-
tions of BaCO; decomposition compared with that of non-isothermal thermo-
gravimetry technique. The DTA signals in I'ig. 2 show that all of the five decom-
position steps as expressed in reactions (1)-(5) are endothermic reactions. The
endothermic peak at 814°C in the DTA curve is the result of the phase transition
of BaC Qs from the orthorhombic to the rhombohedral and this agrees with that
observed in conventional combined DTA-TG studies [13].

The thermal decomposition of BaCQOj; in the equilibrium BaCO3 ¢<»BaO+CO-
has been investigated by Kelley and Anderson [16, 1'/] with the aim of determin-
ing some of the thermodynamic properties of BaO and BaCOs. Following

I Thermal Anal., 53, 998
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Finkelstein [18], they assumed the existence of a basic carbonate, BaC();-Ba(Q),
in the solid phase since they observed a eutectic in the BaCO+—-BaO system. Later
on, Hackspill and Wolf [19] and Baker [20] assigned the composition
2BaC0;-Ba0 to the eutectic. In this work, from Figs 1 and 2, it can be undoubt-
edly seen that the thermal! decomposition of BaCOj; consists of three steps as ex-
pressed by reactions (3)—(5), indicating that intermediate compounds with the
formula of BaCOs-(BaO); and (BaCO3)s5(Ba0); 5 exist during the thermal de-
composition process. No signs of the intermediate compound with the composi-
tion either BaCO:BaO or 2BaC0O:-Ba0O has been revealed in the present work.
SIA technique demonstrates its advantages in separating these consecutive and
close-lying reactions compared with the non-isothermal thermogravimetry tech-
nique.

Reaction mechanism—SIA technigue

The data from the SIA measurements were fitted to Eqs (2) and (3) by the lin-
car least-squares method using the different forms of g(o) and f{cx) listed in Ta-
ble 1. The controlling mechanism for reactions (1)-(5) was determined by the
best fitting straight line with the highest correlation coefficient () from the g()
vy, tand Ao vs.dodds plots. It is generally possible to visually choose the best
straight line, but the correlation coefficient, r, gives a quantitative value of judge-
ment, Table 2 summarizes the r values obtained for the different reaction mecha-
nisms for reactions (1)-(5) hath from the intcgral and differential forms. It 1s ob-
vious that for the proper functional forms of g(o) and fla), the results obtained
by integral method (Eq. (2)) should closely agree with those obtained by differ-
enttal method (Eq (3)). This condition is satisfied when function no. 8
(Ao = (1- o', g(e) =2[1-(1—0)"* 1) is used for all the five isothermal steps.
So, it may be concluded that the thermal decomposition process of barium ox-
alate hemihydrate, which takes place in five isothermal steps as described above,
more probably 1s a phasc-boundary controlled process which happens in two di-
mensions (cylindrical symmetry).

Kinetic parameters—non-isothermal thermogravimetry

Kinetic parameters, such as £ and InA, are determined from the non-isother-
mal thermogravimetric data by using differential and integral mcthods, respec-
tively. The original data for reactions (1)—(35) from raising-temperature thermo-
gravimetry technique were analyzed by means of Eq. (7) and (9) with the possi-
ble forms of f{w) and g(cr) listed in Table 1. The kinetic analyses were completed
with the linear least-squares method.

As an example, analysis of the kinetic data is carried out on Reaction (1), 1.e.,
the dehydration process of barium oxalate hemihydrate. The original data for
this step from the non-isothermal thermogravimetric measurement are partially
listed in Table 3. Using the possible forms of f{cr) and g(@) from Table 1, the data

J. Thermal Anal., 53, 1998
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Table 3 Data for the thermal dehydration process of BaC,0,-0.5H,0 from the non-isothermal

thermogravimetry
Data point mzc" ]Kj o (dwfrlj?n' i

1 140 348.18 0.0117 03225
2 280 152.29 0.0305 0.4770
3 420 356.50 0.0602 0.8038
4 560 360.62 0.1032 1.0916
3 700 364.82 0.1581 1.40984
6 840 369.02 0.2273 1.6456
7 980 373.23 0.2119 2.2327
8 1120 377.51 0.412% 27181
9 1260 38192 0.3350 3.1477

{0 1400 386.22 0.6759 3.6980

11 1540 390.46 0.8325 3.5382

iz 1680 304.93 0.6831 2.6608

in Table 3 were analyzed by means of Egs (7) and (9) and the results are shown in
Table 4. It can be seen that the values of E and InA from the two methods are very
close to each other, and that the linear correlation coefficients are better (r=1)
when the most probable mechaniam is two-dimensional phasc-boundary move-
ment as cxpressed by function no. 8 (f((x):('l—a)m, glo)=2[1-{1-a Y.

The other thermal decomposition processes described by Reactions (2)-(5)
can be analyrzed suntlarly. Table 5 senunarizes the kKinetic pararmmelers and the
most probable mechanisms for the different five thermal decomposition steps.
The results in Table 5 show that the thermal decomposition of barium oxalate
hemihydrate in non-isothermal conditions obeys the two-dimensional phase-
boundary movement mechanism as expressed by function no. 8 (f{o)=( lfoc)”z,
glo)=2[1-(1-c )m]) for all the five thermal decomposition steps.

Kinetic analyses of the data from both 1sothermal and non-isathermal condi-
tions thus suggest that all the five thermal decomposition steps of barium oxalate
hemihydrate are controlled by two-dimensional phase-boundary movement. The
rate controlling process might be the transfer of heat and/or mass to the reaction
boundary, and/or by the transfer of gaseous products away from it. The activation
energy for the dehydration process was determined to be 87.0+0.7 k] mol™,
which is close to that for the dehydration of calcium oxalate monohydrate, which
is 88.44 kJ mol™ [21]. The activation energy for the overall barium oxalate break-
down stepis 296.0+£14.6 kJ mol™', which is also close to that of the thermal decom-
position of anhydrous calcium oxalate, 282.44 kJ mol™ [22]. The activation energy
for the decomposition of BaCOj; to BaO obtained from the non-isothermal ther-

J. Thermal Anal, 53, 1998
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mogravimetry by Judd and Pope was 283 kJ mel™ {23]. In this work, for the first
time, we found that BaCO; decomposed in three steps, and the corresponding acti-
vation energies were 298.2+14.3, 318.0+11.3 and 332.149.8 kI mol™". respec-
tively. The activation energy increascs consequently, indicating the relative diffi-
culty in BaCO; decomposition process which takes place in three steps.

Conclusions

The SIA and non-isothermal thermogravimetry results show that bariui ox-
alate hemihydrate decomposes in five steps, in which the decomposition of bar-
ium carbonate proceeds in three consecutive steps, revealing the existence of 1wo
intermediate compounds of BaCO3(BaO); and {(BaCO3)ys-(Ba)ys. The SIA
technique demonstrates its advantages in separating the consecutive and close-
lying BaCO; decomposition reactions compared with the non-isothermal ther-
mogravunelry,

Reaction mechanism analyses using the SIA data show that two-dimensional
phase-boundary controlled process dominates in all the five decomposition
steps. The rate controlling process might be the transfer of heat and/or mass to
the reaction boundary, and/or by the transfer of gaseous products away from it.
Kinetic parameters were obtained by analyses of the data from the non-isother-
mal thermogravimetry. The activation energies for the dehydration and the ox-
alate breakdown steps are 87.0+0.7 and 296.0+14.6 kJ mol ™' respectively. The
activation energies for the three BaCO; decomposition steps are 298.2414.3,
318.0£11.3 and 332.149 8 kJ mol™, respectively. The activation encrgy in-
creases consequently, indicating the relative difficulty in BaCO; decomposition
process which takes place in three steps.
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