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ABSTRACT 

Alkali metal hexachloroplumbates of general formula Mz(I)PbCl6, with M(1) = K, Rb, 
Cs, undergo thermal decomposition on heating to 700 K. The thermal processes in the 
solid state have been studied by differential thermal analysis (DTA) and thermogravim- 
etry (TG) with a derivatograph. The thermolysis occurs in one step 

Mz(I)PbCle + 2 M(I)(&) + Pb(=12(,) * (32(p) 

The experimental TG and DTG curves were used to estimate the enthalpy of thermal dis- 
sociation. Based on these curves the kinetic parameters of thermolysis have been 
evaluated. In the linearization procedure of the kinetic equation 

do!/dT = Al@ - f(cr) - exp(-EIRT) 

the methods of Freeman and Carroll, Coats and Redfern, Horowitz and Metzger and 
Gorbachev were applied. Sixteen f(a) functions which describe the primary mechanism of 
thermal decomposition of solid substances - nucleation, growth of nuclei, phase bound- 
ary reactions and diffusion processes - were used in the least squares error analysis. The 
dehydration of calcium oxalate monohydrate was performed to confirm the validity of 
the analytical and computational procedures. The differences in values of the kinetic and 
thermodynamic parameters for hexachloroplumbates thermolyses have been discussed. It 
was found that K2PbC16 showed atypical thermal properties. This is probably caused by 
the different crystal structure of KsPbCl6 as compared with those of RbaPbCle and 
Cs2PbC16, as well as the abnormal course of its thermolysis. The thermal properties of 
alkali metal hexachloroplumbates have been compared with those for analogous com- 
pounds of the type Mz(I)M(IV)X6 (M(IV) = Pt, Te, Tc; X = Cl, Br). 

INTRODUCTION 

Alkali metal chloroplumbates are the simplest and most well-known solid 
derivatives of hexachloroplumbic acid [l]. These compounds have properties 
of typical inorganic salts. Their thermal stability is limited, however, just in 
the case of other derivatives of chloroplumbic acid [l-4]. Alkali metal hexa- 
chloroplumbates undergo slow decomposition at room temperature, gradu- 
ally losing chlorine, and thus their oxidative power [ 11. 

A number of properties of these compounds are known [ 11. Many param- 
eters have been established based on crystallographic [5-S], IR and Raman 
[8-153 and NQR [6,16] measurements. To our knowledge, only limited 
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investigations of the thermal behaviour of alkali metal hexachloroplumbates 
have been carried out [1,6,17-J. 

In a continuation of studies on the thermal properties of solid complexes 
of PbCl, and H23bC16 [Z-4] we decided to investigate the thermolysis of 
alkali metal hexachloroplumbates. Because of the uncomplicated structure 
of these compounds a simple course of the thermolyses could be expected, 
which was hopeful for the use of the experimental thermal analysis data to 
evaluate the kinetic and thermodynamic parameters for thermal decomposi- 
tion processes. In the case of previously investigated compounds [Z-4] such 
an approach was impossible because of the complex nature of the thermo- 
lyses. 

EXPERIMENTAL 

Hexachloroplumbic acid and its alkali metal salts were prepared by 
methods described previously [1,2]. 

Calcium oxalate monohydrate, supplied by Monikon (ELmgary), was used 
without further purification as a standard substance to verify the proper 
working of the derivatograph. 

Thermal analyses were performed on a Monikon OD-103 derivatograph. 
The experimental conditions are listed in Table 2. c+A1203 served as refer- 
ence. 

MATHEMATICAL TREATMENT OF THE THERMAL ANALYSIS DATA 

The kinetic and thermodynamic constants of thermolysis were evaluated 
from some parameters determined from the thermal analysis results (Fig. 1). 

All length measurements were done with accuracy better than 0.1 mm. In 
the case of temperature, distances between lines marked every 10 K were 
measured. Because of the non-linear scale, the appropriate intermediate tem- 
peratures were calculated based on linear extrapolation. The peak areas 
above the DTG curves were measured by the cut and weight technique. TG 
and DTG data were taken into account to estimate the degree of conversion, 
CL The appropriate mean a values, obtained from both TG and DTG curves, 
were used in further calculations. For each experimental run 11 values of (Y, 
da/dt and T were chosen for the range of values of the degree of conversion 
between 0.1 and 0.9. 

Enthalppy of the thermal reactions 

The enthalpies of thermal dissociation (A@$ of alkali metal hexachloro- 
plumbates were estimated using an approximate method proposed by Stepin 
et al. [18], who used the van’t Hoff equation for reactions of solid sub- 
stances which take place upon dynamic temperature changes. This approach 
seems to be correct for dissociation processes appearing in a narrow layer 
adjacent to the interface (as in the case of phase boundary reactions). Under 
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quasi-isobaric conditions it is possible to assume, over a short time interval, 
that it is an equilibrium reaction corresponding to T = const. Then, based on 
the thermodynamic equilibrium constant the following equation can be 
derived 

lno! = -AH$T + con&. (1) 

The above method has been successfully used for estimation of the ent- 
halpy of dissociation of many compounds [ 191. Similar approaches have 
been proposed by other authors to evaluate the heat of dissociation based on 
measurements of equilibrium pressures of gaseous products upon thermolysis 
of solid substances 120,211. Like methods have also been applied for estima- 
tion of the enthalpy of evaporation [22] and sublimation [23]. 

Kinetic parameters 

The widely recommended equation 
in the solid state can be written in the 

dar/dt = 2 - f(cy) - exp(-E/RT) 

for the description of reaction kinetics 
form 124,251 

(2) 

In dynamic experiments with increasing temperature [24,26,27] 

dcu/dT = Z/a - f(a) - exp(--E/RT) (3) 

where (Y is the degree of conversion, dcr/dt is the rate of reaction, 2 is a con- 
stant (usually referred to as the frequency factor, by analogy to gas phase 
reactions), @ (equal to dT/dt) is the linear heating rate, E is the apparent 
activation energy, and f(cr) is a function which represents the hypothetical 
model of the reaction mechanism. 

For evaluation of kinetic parameters E and 2, four independent methods 
were used, allowing linearization of eqn. (3). 

Differential method 
After transformation of both sides of eqn. (3) into logarithmic form, it 

can be written as 

A ln(da/dT) = I __E AU/T) 
A In f(cu) R A In f(cr) (4) 

If f(a) = (1 - (Y)“, it is possible to change eqn. (4) into the well-known and 
widely used form derived by Freeman and Carroll [28]. Equation (4) allows 
estimation of the apparent activation energy under the assumed model of the 
reaction mechanism. The constant 2’ can then be calculated based on eqn. 
(3). The appropriate 2 values have been determined at maximum tempera- 
tures on DTG curves (T,). The values at (Y = 0.9 were used as reference 
points in eqn. (4). We have applied the treatment of Freeman and Carroll to 
15 functions f(a) (Table 1); however, till now this approach has been pro- 
posed in the case of f(a) = (1 - ~l)~. 
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Integral methods 
Equation (3) can be easily transformed into integral form 

g(o!> = z/a - f exp(-E/RT) dt 
0 

where 

(5) 

gb-4 = f Wft4 
0 

There are no difficulties in the calculation of the integral g(a). The func- 
tions I, together with their differential form f(a), are listed in Table 1. 
They describe the most frequently invoked and discussed mechanisms of the 
thermal decomposition of the solid substances [29--341. 

The right-hand side of eqn. (5) can be presented in the form 

Z/Q - f exp(-E/RT) dT = ZE/QR - f 3~~’ e-” d;r (6) 
0 x 

where x = E/R 2’. 
TX-2 e-x dx is an example. of Euler’s integral which cannot be resolved 

e&tly [35]. Among numerous approAximations proposed in the analysis of 
reaction kinetics of solid substances, the most popular are [36] 

s 
O” X-2 e-x & = 5 [I .., + (-::“$ + I)! “,! + z; 1 (7) 

x 
and Schlomilch’s approximation [ 371 

cc 

s x-2 e--r & = e” 1 1 
- ..a (8) 

x (X + 1)(x + 2) + (X + 1)(X + 2)(X + 3) 1 x 
Using the first two terms of approximation (7), the following equation 

can be derived 

The above equation has been proposed by Coats and Redfern [ 381 for func- 
tions f(a) = (1 -cx)~; however, it was also successfully used in the case of 
another f(a) [30,39]. 

The term ln[l - (2RT/E)] in eqn. (9) is usually neglected because for 
most reactions, 2RT << E. This simplification gives the same equation as in 
the case wherein only the first term of approximation (7) is considered. In 
accurate calculations, eqn. (9) can be resolved by trial and error procedure. 

Another approach has been proposed by Horowitz and Metzger [40], who 
introduced the substitution T = T, + 6, where T, is the reference temperature 
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(for ins tance:  T,~=~/~, Tm --  t e m p e r a t u r e  at m a x i m u m  ra te  o f  d e c o m p o s i t i o n ,  
etc.).  T h e n  

1 1 - -  ( 6 / T ~ )  
T Ts (i0) 

because for O << Ts, (O ITs) 2 ~- O. 
Using approximation (I0), together with the first term of eqn. (7), and 

assuming [1 - -  (O/Ts)] 2 ~ 1, t he  fo l lowing  equa t ion  can be der ived  

In g(~) = In ZRT~s E E + 8 (11) 
~PE _R Ts 

Horowi t z  and  Metzger  [40]  have p roposed  the  use of  t he  above  m e t h o d  in 
t he  case f(~) = ~" and  (1 - -  ~)",  because  b y  t h e  co r r ec t  cho i ce  of  r e f e r ence  
t e m p e r a t u r e s  it  was possible to  ob ta in  a fair ly s imple  f o r m  of  t h e  final equa- 
t ions.  

Gorbachev  [41]  p roposed  the  use of  an equa t ion  w h i c h  can  be der ived 
based on  the  first t w o  te rms  of  SchlSmi lch ' s  a p p r o x i m a t i o n  (8) [37] .  This 
equa t ion  is in t h e  fo rm  

In + 2 = In~ --~- -~ (12) 

I t  is possible to  resolve t he  above  equa t ion  on ly  b y  tr ial  and  er ror  t r e a t m e n t .  
In  t he  first a p p r o x i m a t i o n  t h e  E values o b t a i n e d  in Coats  and  Redfe rn ' s  
m e t h o d  can be  used to  es t ima te  values of  t h e  t e r m  (E/.RT + 2). Then ,  t h e  
le f t -hand side of  eqn.  (12) can be  cons ide red  as a l inear  f u n c t i o n  of  t h e  reci- 
procal  t e m p e r a t u r e .  

R E S U L T S  

Alkali  me ta l  h e x a c h l o r o p l u m b a t e s  unde rgo  t h e r m a l  d e c o m p o s i t i o n  u p o n  
hea t ing  to  700 K. The  d e c o m p o s i t i o n  run  r e c o r d e d  b y  de r iva tograph  for  
Rb2PbCI~ a n d  p resen ted  on  Fig. 1 is typ ica l  for  all h e x a c h l o r o p l u m b a t e s .  The  
DTA,  TG and  D T G  curves for  all invest igated c o m p o u n d s  show t h a t  the i r  
t h e r m a l  d e c o m p o s i t i o n s  are no t  p r eceded  b y  me l t ing  or  b y  a n y  o t h e r  trans- 
fo rmat ions ,  and  t h a t  t h e y  are one-s tep  processes.  In t h e  case o f  hexach lo ro -  
p lumba te s  t h e  weight  losses e s t ima ted  based o n  TG curves c o r r e s p o n d  to  t h e  
r emova l  of  o n e  mo lecu l e  of  ch lo r ine  f rom o n e  m o l e c u l e  o f  subst ra te .  

T h e  kinet ics  of  t he  t h e r m a l  d e c o m p o s i t i o n  o f  solid subs tances  are  con-  
t ro l l ed  b y  t e m p e r a t u r e  and  a n u m b e r  o f  o t h e r  variables w h i c h  d e t e r m i n e  t h e  
cor re la t ion  b e t w e e n  the  degree  of  convers ion  and  t h e  t i m e  of  reac t ion .  In  
this  w o r k  t h e  qual i ta t ive  in f luence  of  some  o f  t h e m  o n  t h e  course  of  t h e r m o -  
lysis has b e e n  s tudied ,  namely ,  we igh t  (vo lume)  o f  sample,  hea t ing  rate ,  
shape and  mater ia l  of  t h e  sample  h o l d e r  and  oven a tmosphe re .  Because  of  
r a n d o m  errors in f luenc ing  t h e r m a l  analysis  results,  all e x p e r i m e n t s  we re  per- 
f o r m e d  at least t h r e e  t imes  -under es tabl ished cond i t ions .  F r o m  n u m e r o u s  
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Fig. 1. Thermal analysis of RbzPbCl6 (cf. Table 2, Run No. 17). T,e.el, T,e.gg = tem- 
peratures at the beginning and the end of decomposition, respectively; T, = temperature 
at the highest rate of decomposition (maximum DTG); T,, = maximum temperature on 
the DTA curve; m = weight loss up to temperature T; M = total weight loss; (dm/dt)h = 
d&/dt = rate of weight loss at temperature T (k = constant); a, A = areas above DTG 
curve: a, up to temperature T; A: total; @ = (T,o_ee -- T,o_ol)fAt = heating rate; t = 
time; CY = m/M, or afA = degree of conversion. 

experimental runs, 29 thermal analysis runs were selected. The experimental 
conditions, as well as characteristic parameters for these runs, are listed in 
Table 2. 

In the case of all investigated compounds the above mentioned variables 
can change the characteristic parameters describing the thermolysis course. 
The peak temperatures on DTA and DTG, as well as the temperatures at the 
beginning and the end of decomposition, were shifted toward higher values 
with increasing weight samples and heating rates. This effect can be clearly 
seen for the decomposition of CslPbClb, but is less distinct in the case of 
thermolyses of both other hesachloroplumbates or dehydration of CaC204 - 

H,O. 
It is worth noting that similar regularities have been found by Bocanegra 

and co-workers 1461 for the dehydration of calcium oxalate monohydrate. 
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TABLE 2 

The thermal analyses of alkali metal hexachloroplumbates and calcium oxalate monohydrate 

Run Substance Sample Sample Heating Owen Galvanometer 
no. (thermal wt. holders * rate ** atmo- sensitivities 

process) (mg) @ 
-1 

sphere *** 
(Kmin ) DTA DTG TG 

(mg) 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

18 
19 
20 
21 
22 
23 
24 
25 

26 
27 
28 
29 

K2PbC16 
(dissociation) 

RbzPbCls 
(dissociation) 

CszPbCIB 
(dissociation) 

CaC204 - Hz0 
(dehydration) 

100 
100 
100 
100 
100 
100 
100 

100 
100 
100 
100 
100 
150 
800 
800 
800 
800 

100 
100 
100 

100 
900 
900 
900 
900 

100 
100 
100 
100 

P 
C 

Z(C) 
PC(C) 
PC(C) 
PC(C) 

P 
P 
P 
P 
P 
P 
C 
C 
C 
C 

P 
P 
P 
P 
C 
C 
C 
C 

P 
P 
P 
P 

5.3 
5.4 
5.4 
3.4 
5.3 
7.6 

11.8 

3.0 
5.3 

11.2 
11.1 
24.0 
11.2 

1.5 
3.0 
5.5 

11.3 

2.6 
4.9 

10.7 
14.5 

1.0 
2.9 
5.2 

11.1 

2.9 
5.0 

10.9 
24.4 

SW21 l/5 l/10 20 
SW21 115 l/10 20 
SW21 l/5 l/10 20 
SW2 1 l/5 l/10 20 
SW21 l/5 l/10 20 
SW21 l/5 l/10 20 
SW21 l/5 l/10 20 

WJz) l/5 l/10 20 
SW21 l/5 l/10 20 
SW21 l/5 l/10 20 
DW2 1 l/5 l/10 20 
SW21 l/5 l/10 20 
SW21 l/5 l/10 20 
DW2 1 l/5 l/20 100 
WN2 1 l/5 l/20 100 
DW2) l/5 l/20 100 
DW2 1 l/5 l/20 100 

fW2) l/5 l/10 20 
SW21 115 l/10 20 
SW2 ) l/5 l/10 20 

SW2 1 l/5 l/10 W.20 

W’J2) l/5 l/20 100 
W’J2 1 l/5 l/20 100 
WN2 1 l/5 l/20 100 
WN2) l/5 l/20 100 

SW21 l/5 l/10 20 

SW2 1 l/5 l/10 20 
SW21 l/5 l/10 20 
SW21 115 l/10 20 

* P = platinum plate (see ref. 42, fig. 3e); C = ceramic crucible (see refs. 43 and 44); PC = 
platinum crucible (see ref. 42, fig. 3d and ref. 45, fig. 5b); PC(C) = platinum crucible cov- 
ered Fsith a lid (see ref. 45, fig. 5~). 

Furthermore, when a relatively small sample (100 mg) was placed in a 
narrow layer on a platinum plate the temperature decomposition range, AT,, 
increased with an increase of the heating rate. On the other hand, when a 
large sample was placed in a ceramic crucible the influence of heating rate on 
AT, was less significant. The oven atmosphere (static or dynamic) did not 
affect the results of the analyses. 

The values of the characteristic parameters of thermolyses (Tmr, !I’,, 
T Q=o.o1, TQ=o.w and AT,) for hexachloroplumbates can be placed in the fol- 
lowing order: Rb2PbC16 > K2PbC16 s Cs,PbCl+ Based on our data it is impos- 
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Peak temperature 
in ** 

DTA DTG 

U',f) (Tm) 
W) W) 

Temperature ** [2--d] 

T,=o.oI T,o.w 
W W) 

AT, = T,=o.gg - 

T,=o.ol 
(K) 

486.5 485.0 422 506 
488.0 487.0 425 513 
488.0 487.0 429 528 99 
479.5 479.5 428 508 80 
490.0 489.0 430 525 95 
496.5 496.5 426 536 110 
503.0 427 537 110 

583.1 485 611 126 
593.5 470 618 148 
610.8 446 631 185 
613.0 453 634 181 

624.5 620.0 436 663 227 
615.3 441 636 195 
565.0 427 596 169 

580.3 584.2 437 608 171 
606.5 603.1 449 619 170 
618.1 608.5 458 626 168 

462.0 469.9 418 481 63 
478.9 480.4 420 493 73 
498.1 495.1 421 508 87 
505.6 502.0 425 526 101 

516.4 421 523 102 
537.6 534.6 425 541 116 
554.4 550.8 453 557 104 
580.0 570.7 470 583 113 

441.0 439.9 365 471 106 
446.6 445.2 370 473' 103 
459.1 456.5 376 486 110 
477.8 469.1 390 511 121 

** Cf. Fig. 1. 
***D= Dynamic;S = static;(Nz)= nitrogen. 

sible to distinguish the parameters for KzPbCls and Cs2PbC16. 
The enthalpies of thermal decomposition estimated by the method of 

Stepin et al. [lS] are listed in Table 3. In the case of the thermolysis of 
hexachloroplumbates, AH7 values depend slightly upon the weight of sample 
and probably the shape and material of the sample holder. It was then neces- 
sary to distinguish two cases. In Table 3 the appropriate mean values are pres- 
ented. The enthalpy of dehydration of calcium oxalate monohydrate 
depends on the heating rate. The interpolation formula presented by eqn. 
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(13) was applied to the experimental data 

md = (L\Ho),=, + (Ay;H=T ;pbAH (13) 

where (md),=, and (AEQ,=c are enthalpy of dehydration at Cp = 00 and @ = 
0, respectively; bAH is constant. 

The calculated values of the parameters are: (AE?‘&,=,= 0.685 X lo5 J 
mole”, (A.E@,,, = 1.64 X 10’ J mole-’ and bAH = 1.92 K min-‘. 

It was possible to compare our experim~ental values with those reported by 
other authors. For the dissociation of hexachloroplumbates no such data 
were available. However, the calculated enthalpies of dissociation for 
RbzPbCls and CszPbCle, based on standard enthalpy of formation of reac- 
tants, are in good agreement with those estimated by us (see Table 3). In the 
case of CaC204 - Hz0 reported by Beech [48] (DSC method) and Sharma 
and co-workers [49] (DTA method), the enthalpies of dehydration are in 
good agreement with our data, while the enthalpy of dehydration calculated 
based on standard enthalpy of formation of reactants is at least three times 
lower in comparison with our experimental values. 

The kinetic parameters, estimated by previously mentioned methods, for 
the thermolysis of rubidium hexachloroplumbate are listed in Table 4. 
Analogous calculations were carried out for other thermoanalytical runs 
described in Table 2. From these results we expected to obtain valuable 
information about the nature of thermal processes. In searching for a 
mechanism of the thermal processes, it is necessary to establish the rules for 
choosing the function f(a) which describes the experimental results most 
satisfactorily. 

(i) The correlation coefficient, which is very often used for such p-urposes, 
did not give us the exact answer. By examination of the data in Table 4 it 
may be seen that the correlation coefficients for some of the functions f(a) 
reach high values. 
The following were used as further criteria: 

(ii) The relative differences of apparent activation energy (AE) and 2 con- 
stant (AZ) obtained by four earlier mentioned methods. If several of the 
functions f(c) had the same correlation coefficients, we assumed that these 
functions best described the kinetics of the thermal process for which AE 
and subsequently AZ values were lower. Such an approach seems to be 
correct, because most of the authors cited herein imply that various calcula- 
tion techniques should lead to equivalent results [24]. 

(iii) Intercept from Freeman and Carroll’s approach, which should be 
close to 1. 

Based on the above criteria, mechanism R2 seems to describe most satis- 
factorily the thermal decomposition of RbzPbCls (Table 4). In the same way 
the choice of the best equation f(oL) has been made in the case of other 
experimental runs. The kinetic parameters for the decomposition of alkali 
metal hexachloroplumbates depend slightly on sample weight and on the 
shape and probabIy the material of the sample holder. It was necessary to 
distinguish two cases, as was done for the enthalpy of dissociation. The 
appropriate mean values are listed in Table 5. Using the above criteria we 
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TABLE5 

Kinetic parameters for the thermolysis ofalkalimetalhexachloroplumbates * 

Substance Runno. Mechanism Methods of treatment 
(cf. (cf. 
Trble 2) Table I) FreemanandCarrolI 

E z Intercept 
(x10-s (s-l) 
J mole-') 

KIPbC1e l- 7 R2 2.42(+0.12) 1.3(-1-0.6) 
Fl 2.42(?0.12) 0.65(fo.28) 

RbzPbCle 8-13 R2 0.543(fo.110) 1.2 x10* 0.48(ti.26) 
Fl 0.543(+-0.110) 4.5 x 102 0.24(?0.13) 
D2 0.958(+0.079) 1.4 x 10s 0.58(?6.10) 

14-17 R2 0.599(?0.066). 1.0 x 10s 0.53(%.28) 
Fl 0.599(?0.066) 4.6 X lo3 0.26(*.14) 
D2 1.01(+0.36) 4.7 x 109 0.71(iO.51) 

Cs:!PbCle 18-21 R2 1.30(&0.04) 5.3 x 10" 1.2(&0.2) 
Fl 1.30(+0.04) 1.6 X lo'* 0.59(3.11) 
D3 2.01(20.17) 1.9 x 1020 0.56(f0.12) 

22-25 R2 0.929(&0.023) 1.3 X 10s 0.62(&0.13) 
Fl 0.929(!zO.O23) 4.8 X lo6 0.31(&0.07) 
D2 1.75(a0.05) 1.8 X 1014 1.1(?0.4) 

* The standard deviation is given in parentheses. 

met with some difficulties; however, if was necessary to find the best func- 
tion f(a) based on a few experimental runs for certain compounds. Such 
cases, which are not easily distinguishable among the others, are subsequ- 
ently iistecl in Table 5. 

Kinetic parameters calculated based on Coats and Redfern’s approach 
[eqn. (9)1 and Gorbachev’s method [eqn. (12)] did not vary significantly 
from those estimated using the equation 

In[g(a)/T*] = f(l/T) 

as may be seen in Table 4. The differences between E ‘and 2 values obtained 
from several experimental runs were usually larger than those resulting from 
application of more accurate interpolation procedures. Thus, Table 5 does 
not contain values of kinetic parameters estimated based on eqns. (9) and 
(12). 

It is interesting to compare the values of apparent activation energy and 
2 constant for the thermolyses of hexachloroplumbates. For certain 
mechanisms of decomposition they decrease in the order: &PbCle > 
CszPbC16 > Rb2PbC16. Analogous relations may be seen for evaluated ent- 
halpies of dissociation. It is worth noting that the values of the enthalpies of 
dissociation are similar to appropriate values of the apparent activation 
energies in the case of the R2 mechanism. 

Based on the assumed criteria, functions f(a), which describe most satis- 
factorily the dehydration of calcium oxalate monohydrate, have been 
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Coat-sand Redfern Horowitz and Metzger 

E .!?I E 2 
(x10-S (s-l) (x10-5 (s-l) 
J mole-') Jmole-') 

1.6EqkO.18) 4.5 x 10'8 1.83(fo.15) 1.1x 1021 
1.88(?0.21) 7.4 x 1021 2.07(+0.21) 1.0 x 1024 

0.635(kO.O43) 3.5 x 103 0.808(?0.047) 1.5 X 106 
0.741(~0.050) 9.3 X 105 0.926(&0.054) 5.2 X 10' 
1.3O(kO.O8) 4.7 XlO'O 1.54('0.09) 8.4 X lOI* 
0.557(S.O26) 4.4 x 103 0.757(?-0.026) 3.4 x 105 
0.623(?0.033) 9.7 x 104 0.871(fo.O34) 1.1X 10' 
1.15(fO.O5j 1.4 x 109 1.44(fo.O5) 7.2 X 10" 

1.21(%.05) ;:.7 x 10'2 1.4O(kO.O6) 3.7 x 10'4 
1.35(ko.O4) 4.4x 10'4 1.52(&0.06) 6.2 X 1016 
2.58(kO.O9) 1.5 x 1028 2.82(f0.12) 3.2 X 1031 
0.909(+0.071) 9.1x 10' l.ll(fo.06) 8.2 X log 
1.05(f0.08) 5.9 x 109 1.27(%.07) 8.4 X 10" 
1.81(kO.15) 2.4X 10" 2.12(?0.13) 1.8 X 10zo 

chosen. The kinetic parameters obtained for these functions are listed in 
Table 6. It may be seen that in all cases E and 2 values vary with the heating 
rate, Similar dependences have been found by Nair and Ninan [39,50,51] 
for the dehydration of CaC204 - l&O, who have suggested, however, mechan- 
ism R3 as the rate-determining process. From our data four functions f(cr) 
describe equally well the dehydration process. For describing the depend- 
ences of apparent activation energy and 2 factor on temperature, two equa- 
tions may be proposed, by analogy to eqn. (13) 

lnZO. bZ 
lnZ=lnZ,+ b 

z 
+@ 

(14) 

(15) 

where E, , 2, and Eo, 2, represent apparent activation energies and 2 fac- 
tor values at Q = = and @ = 0, respectively; bE and bZ are constants. 

Equations (14) and (15) describe our experimental results better than 
those proposed by Nair and Ninan [39,50,51]: E = f(l/@) and ln 2 = f(l/*). 
In our opinion these equations also seem to be more realistic, because they 
consider the existence of finite values of the kinetic parameters at @ = 0. 

The data presented in Table 6 are in good agreement with those published 
by other authors [39,50--521 for the dehydration of calcium oxalate mono- 
hydrate. 



T
A

B
L

E
 

6 

K
in

et
ic

 p
nr

am
et

er
s 

fo
r 

th
e 

de
hy

dr
at

io
n 

of
 c

al
ci

um
 o

xn
la

te
 m

on
oh

yd
ra

te
 

M
ec

ha
ni

sm
 

R
un

 n
o.

 
M

et
h

od
s 

of
 t

re
at

m
en

t 
(c

f. 
(c

f. 
T

ab
le

 1
) 

T
ab

le
 2

) 
F

re
em

an
 a

n
d 

C
ar

ro
ll

 
C

oa
ts

 a
n

d 
R

ed
fe

rn
 

H
or

ow
it

z 
an

d 
M

et
zg

er
 

- 

A
ct

iv
at

io
n 

2 
fa

ct
or

 
**

 
A

ct
iv

at
io

n 
en

er
gy

 8
 

Z 
fa

ct
or

 
**

 
A

ct
iv

at
io

n 
2 

fa
ct

or
 

**
 

en
er

gy
 

* 
z 

en
er

gy
 

* 
2 

E
 

E
 

E
cu

 
%

 
7 r

ca
 

E
 

F
 ‘0
 

7 ‘0
 

bl
l 

bz
 

II
3 

26
 

1.
17

 
27

 
0.

88
0 

28
 

0.
75

6 
29

 
0.

70
0 

F
l 

26
 

1.
17

 
27

 
0.

88
0 

28
 

0.
75

6 
29

 
0.

70
0 

A
2 

26
 

0.
78

8 
27

 
0.

60
9 

28
 

0.
51

4 
29

 
0.

36
0 

A
3 

26
 

0.
58

4 
27

 
0.

50
0 

28
 

0.
42

7 
29

 
0.

24
6 

1.
1 

x 
10

” 
1.

51
 

4.
6 

X
 l

o7
 

1.
16

 
1.

4 
X

 l
o6

 
0,

96
2 

3.
3 

X
 l

o5
 

0.
83

6 

5.
5 

x 
lo

’*
 

1.
65

 
2.

4 
X

 1
0D

 
1.

29
 

6.
5 

X
 l

o6
 

1.
07

 
1.

6 
X

 l
o6

 
0.

88
9 

6.
4 

X
 l

o8
 

0.
79

0 
6.

2 
X

 l
o4

 
0.

61
1 

4.
9 

X
 l

o3
 

0.
50

0 
1.

1 
X

 l
o2

 
0.

40
8 

1.
5 

x 
10

4 
0.

50
3 

2.
0 

x 
lo

3 
0.

38
3 

3.
1 

X
 l

o2
 

0.
30

9 
3.

6 
0.

24
7 

0.
74

1 
1.

2 
X

 1
o1

7 
6.

0 
X

 l
O

I 
4.

9 
x 

lo
7 

75
.2

 
0.

03
 

2.
5 

X
 1

0”
 

6.
9 

X
 l

o8
 

yo
3 ’ 

0.
80

0 
2.

1 
x 

10
’” 

5.
7 

x 
lo

8 
14

.8
 

1.
0 

X
 1

o1
5 

0.
18

 
2.

0 
x 

lO
I 

1.
6 

X
 1

07
” 

1.
0 

x 
1o

’O
 

0.
48

 

0.
36

1 
4.

5 
X

 l
o8

 
3.

6 
X

 l
o6

 
5.

9 
x 

lo
3 

5.
68

 

0.
24

 
2.

1 
x 

10
5 

1.
9x

 
10

4 
Y

12
 

’ 

0.
21

6 
1.

0 
x 

lo
5 

4.
4 

X
 l

o3
 

8.
9 

X
 1

0 
3.

80
 

0.
24

 
7.

7 
x.

 lo
2 

ro
6 

1.
9x

 
lo

2 
* 

1.
69

 
1.

31
 

1.
11

 
1.

01
 

1.
84

 
1.

46
 

1.
23

 
1.

07
 

0.
92

1 
0.

72
9 

0.
61

5 
0.

53
4 

0.
61

4 
0.

48
6 

0.
41

0 
0.

35
7 

1.
8 

X
 l

O
I 

4.
4 

x 
lo

t4
 

1.
4 

x 
1o

12
 

7.
8 

X
 1

0”
 

4.
4 

x 
10

2’
 

9.
8 

x 
1o

16
 

1.
4 

x 
1o

14
 

1.
4 

x 
1o

12
 

1.
9 

X
 1

o’
O

 
1.

0 
X

 l
o8

 
5.

3 
x 

lo
6 

7.
0 

x 
lo

5 

2.
6 

X
 l

o6
 

8.
9 

X
 l

o4
 

1.
5 

x 
lo

4 
4.

7 
X

 l
o3

 

* 
II

,, 
I&

, 
by

 f
ro

m
 e

qn
. 

(1
4)

; 
E

, 
&

, 
, 

I&
(X

 
lo

-’ 
J 

m
ol

e-
’ 

); 
bB

(K
 m

in
e1

 ).
 

**
 Z

,, 
Z,

-,,
 b

Z
 f

ro
m

 e
qn

. 
(1

5)
;2

, 
Z,

, 
Z&

-‘)
; 

bz
(K

 
m

in
-‘)

. 

_ 
. .

 . 
.-

 
_ 

- 
_ 

_ 
.-

_ 
._

 
-1

 
. 

. 
. 

. 
. 

. 
. 



163 

DISCUSSION 

The thermal analysis data indicate that the thermolyses of alkali metal 
hexachloroplumbates are one-step processes accompanied by the loss of 
chlorine to the gas phase, probably as Cl*. The composition and structure of 
the solid products of the thermolyses have not been studied. It is well known 
that alkali metal chlorides or PbCl, do not undergo any structural transfor- 
mation [53-551 or melting [47,56] in the temperature range 300-700 K. 
To our knowledge, no information indicating the possibility of formation of 
any molecular complexes between alkali metal halides and lead chloride in 
the temperature range 300-700 K are available. This was supported by 
thermal analysis data obtained for mixtures of appropriate alkali metal 
halides and lead chloride at a molar ratio of 2 : 1. No thermal effect was 
found upon heating such mixtures up to 700 K. Molecular complexes of 
alkali metal halides and PbCl* have been identified, however, in the gas phase 
[57-591 and in condensed phases [60-63] on heating the appropriate 
systems above their melting temperatures. Thus, it seems less probable that 
formation of such compounds occurs simultaneously with the destruction of 
the crystal lattice of hexachloroplumbates upon heating. Based on the above 
consideration we assume that the thermolyses of alkali metal hexachloro- 
plumbates result in the formation of the appropriate alkali metal halides and 
lead chloride.in the solid state. In order to describe the thermal processes the 
following equation may be proposed 

M,(I)PbCle(,> + 2 M(I)Cl(,, + PbCl,(,> + Cl,,,, 

where M(1) = K, Rb, Cs. 

(16) 

The kinetic information obtained for the decomposition of alkali metal 
hexachloroplumbates indicates that thermal processes are controlled mainly 
by phase boundary reaction of cylindrical symmetry. The best linear correla- 
tion, and the best agreement of kinetic parameters evaluated by several 
methods, were found in the case of the R2 mechanism. This conclusion 
seems to be supported also by thermodynamic estimation. Data in Table 3 
indicate a good agreement between experimental and literature values. This 
means that the approach of Stepin et al. [18] was correctly applied. As 
mentioned before, this method may be applied for phase boundary reac- 
tions. 

The enthalpies of. dissociation for hexachloroplumbates have values that 
are very close to the appropriate apparent activation energies for the R2 
mechanism, which may indica.te that the back reaction of (16) takes place 
with a very low activation barrier. This process cannot be realized in the 
heterogeneous system. However, it is well known that alkali metal hexa- 
chloroplumbates may be easily synthesized by saturating with chlorine a sus- 
pension of PbClz in aqueous solutions of alkali metal halides [ 11. 

Based on kinetic considerations, the activation energy of the decomposi- 
tion process should be higher than the enthalpy of dissociation. Among the 
possible pathways for thermolysis, the one requiring less excess of energy 
over ti, seems to be more probable. In the case of the decomposition of 
hexachloroplumbates, this corresponds to the R2 mechanism. 
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Similar considerations lead to the conclusion that in the case of the 
dehydration of CaC204 - HzO, mechanism R3 may be the ratedetermining 
process. ThS is in agreement with the suggestion of Nair and Ninan [39,50, 
iv]. 

Examination of the courses of the thermal decomposition of alkali metal 
hexachloroplumbates, based on characteristic parameters of thermolysis, 
namely, Ta=o.or, T,, T,r, leads to the conclusion that RbzPbCls has the 
highest thermal stability and that K*PbClh and CszPbCl, have fairly equal 
thermal stabilities. It is worth noting that similar regularities have been found 
in the case of the thermolysis of M2(I)IrC16 1641. However, for most com- 
pounds of the type M2(I)M(IV)Xg (for example, M(IV) = Te, X = Cl [65]; 
M(IV) = Pt, X = Cl [66]; M(IV) = Tc, X = Br [6’7]) the values of the charac- 
teristic parameters of thermolyses increase with increases in the thermo- 
chemical radii of the alkali metal cations. 

The kinetic and thermodynamic parameters of the thermolyses indicate 
K,PbC& as the most stable compound among the alkali metal hexachloro- 
plumbates. This anomaly may arise from the different crystal structure of 
K,PbCl, as compared with Rb,PbC16 or Cs,PbCl,. Potassium hexachloroplum- 
bate has a monoclinic structure [5-Y] and undergoes transformation at 
333 K to a cubic structure, the latter being characteristic of both the other 
hexachloroplumbates at room temperature [ 6,?]. Experimental data for 
KzPbCIB did not show a peak on the DTA curve near the temperature corre- 
sponding to crystal structure transformation. This may indicate that 
KIPbCle maintains its crystal lattice structure upon heating to the beginning 
of decomposition. 

Another, more probable explanation of the relatively high values of the 
kinetic and thermodynamic parameters for the thermolysis of K2PbC16 may 
arise horn the abnormal course of its thermal decomposition process. The 
crystals of this compound, even when ground to smaller dimensions, rapidly 
shattered just before the onset of decomposition. In some experimental runs 
this necessitated covering the crucible with a lid which prevented the loss of 
samples (Table 2). This effect could introduce systematic error to the kinetic 
and thermodynamic calculations, because TG and DTG curves were recorded 
for “superheated” samples. 

It is worth noting that in the case of alkali metal hexachlorotellurates, 
which have similar structural features to hexachloroplumbates [ 61, the ent- 
halpy of dissociation [683, as well as the characteristic parameters of 
thermolyses [65], show typical relations with the thermochemical radii of 
the cations. However, during the thermolysis of Rb,TeCls effects similar to 
those for K*PbCle thermolysis have been observed [ 651. 

Investigation of reaction kinetics in the solid state is not easy. Generally, 
the use of one particular method, among widely recommended non-isother- 
mal methods, is not sufficient to find the reaction mechanism. In this work 
we have tried to apply simultaneously four well-known methods, which we 
have proposed to extend to a larger number of f(a) functions. This allowed 
us to restrict the number of possible reaction mechanisms. We decided to 
apply such an approach in spite of the fact that it was recently criticized by 
Arkhangel’skii et al. [69]. In our opinion, results presented by these authors 
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seem to be inadequate on some points. 
Comparison of the kinetic and thermodynamic parameters of t;he thermo- 

lyses may be helpful in searching for a reaction mechanism. 
Results of calculations listed in Table 4, as well as considerations pres- 

ented earlier, made possible a comparison of four applied methods of lineari- 
zation of eqn. (3). Based on purely mathematical points of view, eqn. (12) is 
the most accurate because two terms from SchlGmilch’s approximation have 
been considered during its derivation [37]. However, comparison of results 
in Tables 4 and 5 leads to the conclusion that Coats and Redfern’s method 
using the form g(a)/F = f(l/T) is the simplest and accurate enough approxi- 
mation procedure for use in kinetic calculations. Using Horowitz and 
Metzger’s method, values of kinetic parameters higher than those in the case 
of Coats and Redfern’s method were obtained. Also Horowitz and Metzger’s 
approach seems to be the least accurate integral method among those applied 
by us, because of the numerous simplifications introduced during derivation 
of eqn. (11). Freeman and Carroll’s method cannot be recommended by us 
for sole use in searching for the reaction mechanism; however, this approach 
may be helpful when used together with integral methods. 
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