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ABSTRACT 

The thermal decomposltlon of y-irradiated lead mtrate was studied by thermogravlmetry 
(non-isothermal condltlons) The reaction order, actlvatlon energy, frequency factor and 
entropy of actlvatlon were computed by means of the Coats-Redfern, Freeman-Carroll, 
Horowitz-Metzger and the modlfled Horourltz-Metzger methods The mechamsm for the 
decomposltlon follows the Mampel model equation, viz -ln(l- a) for g(a) and the 
rate-controlhng process 1s random nucleation with the formation of a nucleus on every 
particle 

INTRODUCTION 

Several studies on the thermal decomposltlon of lead nitrate employmg 
thermogravlmetrlc and gas evolution methods have been reported [l-6] An 
mvestlgatlon has also been made on the effect of y-n-radiation on the 
thermal decomposltlon of the salt by the gas evolution method over the 
temperature range 380-425°C [7] It has been observed that the irradiation 
enhances the decomposltlon rate, the effect increasing with dose The rate 
constants m the acceleratory and decay stages are increased The present 
paper reports studies on the thermal decomposltlon of y-irradiated lead 
nitrate by thermogravlmetry (TG) and the evaluation of the kmetlc parame- 
ters for the decomposltlon reaction and elucldatlon of mechanism of the 
decomposltlon reaction 

There has been considerable discussion m the literature concerning the 
validity of kinetic data obtained by thermal analysis under non-isothermal 
condltlons [8,9] However, the method has certain advantages also [lo] In 
the present mvestlgatlon a non-isothermal method was used 

EXPERIMENTAL 

Matenal 

GR grade lead nitrate (E Merck) was used m the form of a fme powder 
(200-240 Mesh) It was dried and stored m vacua over P,O, 
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Irradlatlon 

Samples of the dned salt, sealed m glass ampoules, were n-radiated at 
room temperature with 6oCo y-rays at different doses between 100 and 400 
Mrad (dose rate of 0 2 Mrad h-‘) The irradiated samples were also kept 
over P205 before thermal decomposltlon studies 

Estrmatlon of damage 

The nitrite produced m the irradiated samples was estimated spectropho- 
tometncally as reported earher [ll] A Beckman model DU, instrument was 
used 

TG studies 

Non-isothermal mass-loss 
matlcally recording thermal 

measurements m an were made usmg an auto- 
analyser, Ulvac Smku-fiko (Japan) TA 1500 1 

The heating rate was 5 O C nun-’ and chart speed was 4 mm mu-’ In all 
expenments 10 mg of the sample was taken The recorded total mass loss m 
all cases was 3 3 f 0 05 mg, conflrmmg the formation of PbO as the final 
product of decomposltlon All the data have been normahzed to a mass of 
100 mg 

RESULTS 

The chemical damage 

The concentration of damage NO,- m the n-radiated samples 1s given 
below The concentration of NO,- mcreases with u-radiation dose 

Dose (Mrad) 100 200 300 400 

NO*- (P P m ) 2000 2336 2822 3167 

TG traces 

The thermograms were redrawn, as mass versus temperature (TG) curves 
and are shown m Fig 1 All the curves are essentially of the same pattern 
The decomposltlon proceeds m three stages After the second stage a 
horizontal level 1s observed In the u-radiated samples the decomposltlon 
proceeds faster m the three stages Duphcate, and m some cases, trlphcate 
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Fig 1 TG curves of lead nitrate (1) unmadlated, (2) irradiated urlth 100 Mrad, (3) 
irradiated with 200 Mrad, (4) Irradiated with 300 Mrad, (5) madlated with 400 Mrad 

runs were made on all samples urlth resultant agreement with each other to 
w&m about 1% 

Evaluation of the kmetlc parameters 

Several methods have been employed for the calculation of kmetlc param- 
eters from non-isothermal TG data. In the present case, the Coats-Redfern 
[12], Freeman-Carroll [13], Horowitz-Metzger [14] and the modified 
Horowitz-Metzger [15] methods are used The detals of the calculation m 
each case have already been reported [16,17] 

The Coats- Redfern method [12] 
According to this method, a plot of either 

log[l- (I- a)l-“/T2(1-- n)] agamst I/T 

or, where n = 1, 

log[ -log(l - a)/T2] agamst l/T (2) 

where (Y 1s the fraction decomposed, n 1s the order of the reaction, T 1s the 
temperature (K) and R IS the gas constant, should result m a straight line of 
slope -E/2 303R for the correct value of n 

In the present study, eqns (1) and (2) are applied to our data on lead 
nitrate by the least squares linear regression method The best correlation 1s 
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obtamed with eqn (2) for the three stages and therefore the order of the 
reaction IS 1 m both the lrradlated and umrradlated samples The activation 
energy (E) and the frequency factor (Z) were calculated from the slope and 
intercepts, respectively, of the plots The entropy of actlvatlon was calcu- 
lated using the relation 

Z = (kT,/h) exp( AS/R) (3) 

where k IS the Boltzmann constant, h IS the Planck constant, T, IS the peak 
temperature of decomposltlon and R IS the gas constant The values of E, 
Z, AS and the correlation coefflclent (Y) are given m Table 1 

The Freeman- Carroll method [I 31 
For a reaction which mvolves solid state decomposltlon, the 

Freeman-Carroll equation IS used m the form 

A log(dw/dt)/A log w, = (-E/2 3R) A(l/T)/A log w, + n 

where 

dw/dt = (dw/dT) + 

and 

w,=w,-w 

(4) 

(9 

m which + IS the heatmg rate (K nun-‘), w IS the mass loss at time t and w, 
IS the maxlmum mass loss For a first-order process the equation assumes 
the form 

log[dw/dt/w,] = - (E/2 3RT) + log Z (7) 
A plot of the left-hand side of eqn (7) versus l/T was lmear for the three 
stages and E and Z were obtained from the slope and mtercept, respec- 
tively The value of AS was calculated as before Values of E, Z, AS and r 
are gven m Table 1 

The Horowitz-Metzger method [I 4J 
The Horowitz-Metzger equation applicable to a first-order kmetlc pro- 

cess is 

log[log( w,,‘w,)] = Et?/2 3Rc2 - log 2 3 (8) 
where 0 = T - T, m whch T IS the temperature under conslderatlon and T, 
IS the peak temperature A plot of log[log( wJw,)] versus 8 should be linear, 
and E was calculated from the slope The value of Z was calculated from 
the equation 

E/RK2 = Z/e exp( - E/RT,) (9) 

The value of AS was calculated as before The results are given m Table 1 
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The data were also analysed using the Horowitz-Metzger equation as 
modified by Dharwadkar and Karakhanavala [15] For a first-order process, 
the equation 1s used m the form 

log[log(l - a)-‘] = lOOE8/2 3RT,2(Tf - T,) - log 2 3 (10) 

where T, IS the temperature of mceptlon of the reaction and Tf 1s the 
temperature of completion of the reaction R IS the gas constant A plot of 
the left-hand side of eqn (10) versus 0 was linear for the three stages as 
required by the theory, and E was calculated from the slope Values of 2 
and AS were calculated as before The results of the analysis are given m 
Table 1 

The E and 2 values obtained by means of the four methods show that 
the agreement between these methods 1s good (w&m about 12%) However, 
AS values by these methods show some variations For the thu-d stage, 
comparable values for E were not obtained by the Freeman-Carroll method 
These values are not gven m Table 1 

DISCUSSION 

Baekeland [l] has reported that the decomposltlon of lead nitrate begins 
at 205 o C and becomes energetic above 357 o C and proceeds by the follow- 
mg stages 

Pb(N03), --, PbO 2Pb(NO,), + 2PbO Pb(NO,), + PbO (11) 

Nlcol [2] has suggested the followmg decomposltlon procedure 

Pb(NO,), + PbO Pb(NO,), + 2PbO Pb(NO,), + 5Pb0 Pb(NO,), 

+ Pb,O, + PbO (12) 

Vratny [4] reported that the decomposltlon proceeds via a basic nitrate or 
metallic mtnte structure Thermogravlmetnc studies by Wendlandt [3] show 
that the decomposltlon begms at 370 o C m air and Pb,O(NO,) 2 1s formed at 
the break m the curve at 435 “C Jacob et al [6] have observed the 
decomposltlon starting at 335 O C at the heating rate of 1” C mm-’ m 
nitrogen atmosphere Marguhs et al [5] have found using DTA and TGA 
studies that the decomposltlon begins at 380 O C and occurs m four stages In 
the first stage a liquid phase 1s formed which IS due to the formatlon of a 
eutectlc rmxture between Pb(NO,), and 2PbO Pb(NO,),, with m p 407” C 
The decomposltlon proceeds by the stages 

Pb(NO,), + 2PbO Pb(NO,), + 3PbO Pb(NO,), 

+ 4PbO Pb(NO,), + PbO (13) 
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As we were interested only m the study of the kmetlcs of the decomposl- 
tlon, no effort was made to isolate and characterize the products of the 

mdlvldual stages 
In the present mvestlgatlon the decomposltlon starts at 380” C for the 

umrradlated salt The reaction 1s found to occur m three stages After the 
first stage, a break 1s observed m the TG curve sumlar to that observed by 
Wendlandt [3] The break 1s very promment m the umrradlated salt After 
the second stage, a honzontal level extending to about 50” C 1s noticed 
whch was not observed by others After ths level, a very short stage of 
decomposltlon 1s observed whch 1s completed wlthm 20 o C 

Irradiation lowers T,, T, and Tf of the three stages (Table 1) For the first 
stage, T, IS lowered by 10°C m the samples u-radiated with 100 and 200 
Mrad and by 20 and 30 O C m samples irradiated with 300 and 400 Mrad 
y-rays, respectively For the second and tlurd stages T, IS lowered only by 
10” C T, IS lowered by 15, 6 and 10°C for the first, second and third stages, 
respectively Tf IS lowered by 15” C Thus, the effect of n-radiation 1s to 
lower the values of T,, Tf and T,, as has been observed previously [16,17] 
The horizontal level 1s shortened by 10 O C 

The reaction obeys first-order kmetlcs m the three stages For the acceler- 
atory stage, the values of E for the decomposltlon of umrradlated Pb(NO,), 
and Pb(NO,), n-radiated with 100 and 400 Mrad 6oCo y-rays obtained 
earlier by the gas evolution method [7] are 251 5, 263 2 and 230 5 kJ, 
respectively For the decay stage, E values reported are 49 0, 59 8 and 68 6 
kJ for umrradlated, irradiated v&h 100 and 400 Mrad, respectively In the 
present study, the E values m come cases are slightly hgher than these 
values Moreover, the E values for the second stage show a slight decrease 
instead of an increase as observed m the gas evolution method Since E 
values for the three stages decrease only to a small extent with increase m 
u-radiation dose, it can be concluded that the same chenucal processes 
govern the decomposltlon of both the umrradlated and the irradiated salt 

y-Irradiation produces excitation and lomzatlon of the compound amon 
NO,- [X3] Th e excitation and lomzatlon of the amon, however, cause 
chermcal damage m the crystal matnx The presence of these damaged 
species m the crystal matrix will result m a steady accumulation of strain At 
a temperature sufficient to produce decomposltlon, ths strain may induce 
rupture m the crystals The nuclei present before or formed during lrradla- 
tlon grow accordmgly and the rate of the thermal decomposltlon 1s enhanced 
Thus, the fall m the lmtlal honzontal level m the case of y-n-radiated 
samples can be attributed to the effect of irradiation 

The primary radlolytlc fragments produced m the radlolysls of nitrate are 
NO,- and 0 The radlolytlc oxygen becomes trapped m the crystal lattice 
As the temperature 1s increased, annealing of the damage NO,- takes place 
[18] In the mltlal part of the first stage, the lowering of E may be due to the 
presence of the crystal defects (Table 1) At this stage, although there 1s 
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chance of a considerable decrease m the NO,- at such a high temperature, a 
part of NO,- remams unannealed This 1s evldent from the fraction an- 
nealed ($ = 0 9) at 230 ’ C when n-radiated Pb(N0,) 2 1s heated for 100 h 
[19] The NO,- whzh remains unannealed catalyses the decomposltlon 
Moreover, smce a liquid phase as reported by Marguhs [5] 1s formed at the 
first stage, a large proportion of the damage oxygen escapes leavmg behmd a 
portion of NO,- The NO,- whuzh remains unannealed catalyses the decom- 
posltlon The catalysmg effect of NO,- on the thermal decomposltlon of 
nitrates has also been established earlier [20] 

For the second stage, the E value 1s only slightly decreased (Table 1) 
Ths may be because most of the defects are removed by annealing and the 
eutectlc phase formation However, the decrease 1s due to NO,- that 
escaped annealing m the first stage 

In the thrd stage, the E value 1s less than that m the second stage Ths 
can be attnbuted to the PbO formed whch can act as an addltlonal 
catalysmg agent 

The values of AS also decrease m the three stages 

Mechanism of reaction from non-uothermal TG traces 

The non-isothermal kmetlc methods discussed by Sesthk and Berggren 
[21] and Satava [22], have been used for deducing the mechanism of 

TABLE 2 

Km&c parameters calculated using the mechamsm-based equation, - ln(1 - a) = kt 

Parameter Pb(N%), Pb(N0,) 2 Irradiated with 

100 Mrad 200 Mrad 300 Mrad 400 Mrad 

Stage Z 

Slope 
Intercept 

L (kJ mol-‘) 
z (s-l) 

Stage ZZ 
Slope 
Intercept 
r 
E (kJ mol- ‘) 
z (s-l) 

Stage ZZZ 
Slope 
Intercept 
r 
E (kJ mol-‘) 
z (SC’) 

-37 01314 - 34 95427 
5167556 48 97825 
0 99981 0 99747 

318 6 301 3 
2 8x1o22 1 9x1021 

-1277418 - 12 52076 
17 64973 17 34583 
0 99891 0 99942 

115 6 113 5 
46x10’ 34x107 

-1766843 -1643538 
22 34599 2100040 
0 99876 0 99911 

156 6 146 3 
5 1x109 13x109 

- 32 08927 
45 03182 

0 99866 
277 3 

3 6~10’~ 

-12 00297 -1191188 
16 70479 16 61862 
0 99854 0 99792 

109 1 108 4 
18x10’ 16x10’ 

- 15 63839 
20 09817 
0 99972 

139 6 
5 6x10’ 

- 29 33547 
41 17437 

0 99783 
254 3 

7 6x10” 

- 15 93663 
20 60383 
0 99850 

142 1 
89X108 

- 26 76496 
37 52458 
0 99750 

232 7 
2ox1016 

- 1176948 
16 46707 
0 99708 

107 2 
14x107 

- 15 44545 
19 97852 
0 99972 

138 0 
47x107 
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decomposltlon of Pb(NO,)* The computational approach to obtain the 
correct mechamsm and the correspondmg E and 2 values has already been 
discussed [16] For the correct mechanism, In g( cy) versus l/T should be a 
straight lme The functional values of In g( (.u) required for this purpose were 
taken from the table of Nalr and James [23] and E was calculated by the 
method of Sestik [24] from the slope For almost the same value of t , the 
operating mechanism was chosen by comparing the E values with those 
obtained by the non-mechamstlc equation It 1s found that the Fl mecha- 
nism gives the maxlmum correlation for the three stages m all cases (Table 
2) Therefore the decomposltlon of Pb(NO,),, both umrradlated and lrradl- 
ated, follows the Mampel model equation [25], viz - ln(1 - a) for g(a) m 
each stage, and the rate-controlling process 1s random nucleation with the 
formation of a nucleus on every particle Since the values of E and Z 
computed from the mechanism-based equation agree well with those from 
the mechanism-non-mvokmg approach, ths mechanism 1s confirmed 
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