
Journal of Thermal AnalyMs, Vol. 42 (1994) 1081-1090 

NON-ISOTHF.RMAL DECOMPOSITION OF 
ANHYDROUS SILVER MAI.K)NATE 

M. A. Mohamed 

Department of Chemistry, Faculty of Science, Qena, Egypt 

(Received October 30, 1993; in revised form January 5, 1994) 

A b s t r a c t  

The non-isothermal decomposition of anhydrous disilver malonate was studied up to 300~ 
by means ofTG, DTA and DSC techniques in different atmospheres (e.g. N2, H2 and air). Acetic 
acid, CO2, acetone and CO were identified as the volatile decomposition products using gas 
chromatography. Silver metal, on the other hand, was identified as the final solid product using 
X-ray powder diffraction. The mechanism described involves the breakdown of adsorbed radi- 
cals, probably including -CH2COO- and related species, on the surface of the metallic silver 
product. 
The activation energy (AE) and the frequency factor (In A) were calculated for the decomposition 
process from the variation of peak temperature (of the DTA curves) with the rate of heating (qu). 
The enthalpy change (AH), the heat capacity (Cp) and entropy change (AS) were calculated from 
the DSC measurements. 
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Introduction 

The thermal decomposition of metal malonates has been the subject of sev- 
eral studies [1]. Most of these were concerned with the malonates of transition 
metals, e.g. cobalt [2], nickel [3] and copper [4, 5]. 

Galwey and his coworkers carried out [3-8] extensive studies on copper, 
nickel, silver and calcium malonates. Their work included kinetic, microscopic 
and mechanistic investigations. The thermal decomposition of copper(II) 
malonate was reported [4, 5] to proceed through a melt formation and stepwise 
cation reduction (Cu 2+ ---) Cu + ~ Cuo). Also a reaction intermediate, copper 
acetate, was found to be formed and subsequently decomposed. Nickel [3] and 
calcium [6] malonates were found to form the corresponding acetate as a reac- 
tion intermediate. NMR technique was used in these studies to monitor the ace- 
tate formation and concentration during the decomposition of these salts. 
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Silver malonate, on the other hand, was found [7] to behave differently from 
the other malonates studied in that it gives acetic acid rather than the acetate 
produced by the rest of the malonates. Silver metal was the final solid product 
with a small amount of carbon. The effect of y-ray on the decomposition of sil- 
ver malonate was also studied [8]. It was found that pre-irradiation of the salt 
significantly shortened the induction period prior to the decomposition process. 

The present study was undertaken to compare the isothermal kinetic results 
published earlier [7] with those obtained here by non-isothermal technique. In 
addition to this, the DSC measurements were used here to calculate some ther- 
modynamic parameters. Another important objective is discussed here concern- 
ing the role of hydrogen in the decomposition reaction. 

Experimental 
Materials and techniques 

Anhydrous disilver malonate was prepared by the reaction of silver nitrate 
with sodium malonate as follows: 17 g of silver nitrate (BDH Chemicals) dis- 
solved in 500 ml deionized water (0.2 mol/l) was added dropwise, with stirring, 
to 0.1 mol/l solution of sodium malonate (7.4 g sodium malonate, BDH Chemi- 
cals, in 500 ml deionized water). A white product of silver malonate was imme- 
diately precipitated and was left at 60~ for 6 h with stirring. It was filtered, 
washed several times with deionized water and was finally dried at 100~ The 
reactant salt was kept in a dark bottle to reduce the effect of light. 

Thermal analysis, including thermogravimetry (TG), differential thermal 
analysis (DTA) and differential scanning calorimetry (DSC) was performed us- 
ing Shimadzu Stand Alone Thermal Analyser Instruments (TGA-50H, DTA-50 
and DSC-50), Japan. These instruments were provided with a data processor 
Chromatopac C-R4AD. The program of the data processor gives the values of 
temperatures, mass loss and the amount of heat involved in any thermal event. 

Experiments were performed in different dynamic atmospheres of N2, air 
and H2 (40 ml/min). TG and DTA curves were recorded on heating up to 300~ 
at five different heating rates (qa) standardized at 3, 5, 7, 10 and 15 deg.min -1, 
while DSC curves were recorded at 5, 7 and 10 deg.min -1. Constant weights of 
silver malonate sample (ca. 10-15 mg) were used in order to avoid the effect of 
variation of sample weight on the peak temperature. Highly sintered tx-A1203 
powder (Shimadzu Co.) was used as a reference material for DTA and DSC 
measurements. The heat of transition (28.24 J/g [9]) of pure indium metal 
(Johnson Matthey) at 157~ was used for calibration in DSC studies. 

X-ray powder diffraction studies on silver malonate and its calcination solid 
products at some temperatures were carried out by means of a Model JSX-60PA 
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JEOL diffractometer (Japan) equipped with a source of Ni-filtered CuK~ radia- 
tion. Results were matched with ASTM standard cards. 

Gas phase decomposition products of anhydrous silver malonate were ana- 
lysed using a Shimadzu Computerized Gas Chromatograph Model GC-14A, 
connected with a flow system at atmospheric pressure. Dry N2 was used as a dy- 
namic atmosphere (85 ml/min) and as a carrier. The analysis was carried out 
with SUS. Column PEG 6000 10% on Shimalite TPA, 60/80 mesh, 3 mm 
I.D.x2m at 150~ Product gases were sensed by a thermal conductivity detec- 
tor (TCD). Automatic sampling was performed with a Heated Gas sample Cock 
type HGS-2. 

Data analysis 

Kinetic parameters such as the activation energy (AE, kJ/mol) and the fre- 
quency factor (ln A) were calculated for the decomposition process using 
Kissinger's equation [10]: 

lntp - A E + l n  AR 
r m  - R r  E 

where tp is the heating rate (deg.min-~), T= is the DTA peak temperature and R 
is the gas constant (8.314 J.mol-l-K-t). 

A plot of lntp/T 2 vs. 1/T gives a straight line, the values of activation energy 
(AE) and the frequency factor (In A) can be given from the slope and the inter- 
cept, respectively. 

Thermodynamic parameters namely, the enthalpy change (AH), heat capac- 
ity (Cv) and the entropy change (AS) for each process were calculated from the 
DSC curves as described elsewhere [11]. 

Results and discussion 

Elemental analysis 

Combustion analysis was used for determining hydrogen and carbon and 
atomic absorption spectrometry for silver. The results obtained were close to 
the theoretical values of the anhydrous salt CH2(COOAgh (Table 1). 

Thermal analysis 

Figure 1 shows a TG curve, together with the corresponding DTG curve for 
the decomposition of silver malonate on heating up to 300~ The heating rate 
was 5 deg.min -~ in a dynamic atmosphere of Nz (40 ml/min). 
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Table I Results of elemental analysis for CH2(COOAg)2 

Element Exporimental 1% Theoretical / % 

C 11.41 11.34 

H 0.69 0.63 

Ag 31.98 32.11 
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Fig. 1 TG curve recorded in N2 (40 ml/min) at 5 deg.min -] together with the corresponding 
DTG curve which shows 2 mass loss maxima 

The TG curve shows that anhydrous silver malonate is thermally stable up to 
213~ with no mass change. At 213~ however, the salt starts to lose mass rap- 
idly, reaching a total of 32.06% of the original weight of sample. The DTG 
curve displays two maxima located at 236.5 and 246.5~ The appearance of 
two maxima in the IYrG curve was observed for low rates of heating (i.e. 2, 5 
and 7 deg-min-l). At higher rates (i.e. 10 and 15 deg.min -1) only one maximum 
appeared (Table 2). It should be pointed out here that at high rates of heating 
(>15 deg.min -~) the measurements were not reliable, because some of the reac- 

Table 2 Summary of  TG and DTG results 

Heating rate / Total mass loss / Tmax (1) / 

deg-min -1 % 

Tmax (2) / 

o C 

3 31.98 223.1 231.9 

5 32.06 236.5 246.5 

7 32.15 241.3 249.6 

10 32.07 - 253.8 

15 36.78 - 256.2 
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tant sample was sputtered out of the pan as a result of the vigorous evolution of 
volatile gaseous products. This, in turn, has resulted in an apparent increase in 
the total mass loss (Table 2). 

DTA ,~,3 
.... DSC 2/~ 

Exo . I / ]  "~. . . . . . . . . .  

i L._ 
I I I L 

90 140 190 2Z.0 290 340 
Temperclture / *C 

Fig. 2 lYrA and DSC curves recorded at 5 deg.min -t in a dynamic atmosphere of  N2 
(40 ml/min) 

Figure 2 shows a DTA curve together with a DSC curve, both taken at 
5 deg.min -1 under a dynamic atmosphere of N2 (40 ml/min). The DTA curve 
displays four exothermic peaks. The first is located at 219.7~ which is fol- 
lowed by three overlapped exothermic peaks located at 238.3, 245 and 252.5~ 
respectively. The effect of variation of heating rate on the peak temperature is 
shown in Table 3. 

Table 3 Summary of  DTA results 

Heating rate / TmJx / ~  

deg-min -I Exo (1) Exo (2) Exo (3) Exo (4) 

3 210.0 230.7 239.8 244.0 

5 219.7 238.3 245,0 252.5 

7 - 242.5 251.6 - 

10 - 247.5 257.0 261.4 

The activation energy (AE kJ/mol) and the frequency factor (In A) of the de- 
composition process were calculated from the DTA data (shown in Table 3) for 
peaks 2, 3 and 4; peak 1 was excluded since there were two values only. Values 
of AE, In A and the correlation coefficients are listed in Table 4. It is clear that 
the values of AE as well as In A are relatively close for the 3 processes. 

The DSC curve (Fig. 2) is similar to the DTA curve since it displays 4 exo- 
thermic peaks. The first small peak is located at 213~ which is followed by two 
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Table 4 Kinetic parameters of the decomposition of silver malonate 

Parameter Peak (2) Peak (3) Peak (4) 

AE / kJ.mo1-1 148.98 144.11 150.55 

In A 33.99 32.22 33.40 

Correlation coeff. 0.999 0.990 0.997 

overlapped exothermic peaks at 231 and 241~ the last exothermic process ap- 
pears as a small shoulder at 251~ The enthalpy change of the decomposition 
(AH), the heat capacity (Cp) and the entropy change (AS) were calculated using 
peaks 2 and 3. The values of these parameters are listed in Table 5. It should be 
stated here that process 1 (peak 1) in Table 5 refers to the decomposition of sil- 
ver malonate to form silver oxide or silver carbonate intermediates. Process 2 
(peaks 2-4), on the other hand, refers to the main catalytic decomposition of 
the adsorbed radicals on the silver metal surface. 

Table 5 Thermodynamic parameters of the decomposition reaction 

Parameter In nitrogen In hydrogen 

process 1 process 2 process 1 process 2 

AH / kJ.mol -l 2.0 118 - 58.91 

Cp / J.g-l.deg-I 0.46 1.09 - 0.46 

AS / J-g-l.deg-I 0.04 0.99 - 0.26 

Effect of the atmosphere 

Three TG experiments were carried out at the same heating rate 
(ca. 5 deg.min -1) and with equal weights of sample (12 mg). The only differ- 
ence was in the applied dynamic atmosphere where N2 was used in one experi- 
ment, dry air in the second and H2 was used in the third experiment (with the 
same rate of flow, 40 ml/min). The results are displayed in Fig. 3. The use of 
N2 or dry air atmospheres have resulted in two similar TG curves where the 
temperature at which the decomposition started was measured as 2130C (in Nz) 
and 214.5~ (in air). In addition, the DTG curves of both experiments were 
closely similar in that each curve showed two maxima, i.e. at 236.5 and 
246.5~ (for N2) and at 235 and 243.50C (in an atmosphere of air). 

In H2 atmosphere, on the other hand, the decomposition temperature was 
shifted to a much lower value (ca. 176.3~ Also, the DIG curve showed a sin- 
gle maximum located at 230.7~ (instead of two maxima in N2 or in air). 
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Fig. 3 The effect of the atmosphere on the decomposition of silver malonate. All three TG 
curves were recorded at 5 deg.min -t in different atmospheres of N2, air and H2 

The effect of hydrogen is also shown in Fig. 4, where two DSC curves are 
presented which were taken at the same heating rate (ca. 5 deg.min -I) using an 
equal weight of sample (ca. 10 rag). N2 was used as a dynamic atmosphere in 
one experiment and H2 for the other (both were performed at a flow rate 
of 40 ml/min). Again, in H2 atmosphere the first small exothermic peak disap- 
peared while the main exothermic peak was shifted to a lower temperature of 
234~ (compared to 241~ in the presence of N2 atmosphere). 

Nz 

H21 1 I I J - -  I 
30 80 130 180 230 280 300 

Temperature/*C 

Fig. 4 Two DSC curves taken at 5 deg.min -l, one taken in N2 while the other in H2 atmos- 
phere 

The enthalpy change (z~r-/), heat capacity (Cp) and entropy change (AS) of the 
decomposition of silver malonate in H2 were calculated from the DSC curve 
(Fig. 4). In hydrogen atmosphere, however, the values of these thermodynamic 
parameters were reduced to almost half of the values measured in an atmos- 
phere of N2 (Table 5). 

X-ray diffraction method was used to identify the solid reaction intermedi- 
ates which may, possibly, participate in the decomposition of silver malonate. 
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For this purpose, a number of samples were heated in an atmosphere of N2 for 
60 rain (between 210-220~ These samples were subjected to X-ray analysis. 
The results obtained did not reveal any intermediate formation. This is, possi- 
bly, due to the fact that the decomposition proceeds very rapidly and gets com- 
pleted in less than 2 or 3 minutes. The X-ray diffractogram of the solid product 
gave a pattern that matched well the pattern of silver metal (ASTM card 4-783). 

Gas chromatography 

The volatile decomposition products were identified using gas chromatogra- 
phy. Figure 5 shows the distribution of these products of heating of silver 
malonate at 210~ in N2 atmosphere (at 85 ml/min). Acetic acid represents the 
major product with 81% of the total yield and CO2 is the second major product 
(13.5 % of the product). Acetone and CO gas were also produced. Their propor- 
tions represented 3.7% and 0.4% of the total yield, respectively. 

>, 
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Car r ie r  
Nz Acet ic  ac i d  
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" I t I 

0 2 4 6 8 
Retention time/min 

Fig. 5 GC analysis of the volatile decomposition products obtained by heating silver malon- 
ate at 210~ in a dynamic atmosphere of N2 

Reaction mechanism 

There is a similarity between the results of the present work and the infor- 
mation available [12, 13] about the decomposition of silver acetate which pro- 
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ceeds in comparable temperature intervals. Also, the similarity extends to the 
decomposition products (CO2, CH3COOH, carbon and silver metal). This leads 
to the conclusion that the controlling steps at the reaction interface during silver 
malonate decomposition could be the same as those participating in the reaction 
of acetate ions adsorbed on metallic silver [14]. Hence, surface equilibria are 
expected to set up between the adsorbed radicals which we have previously de- 
tected by ESR measurements, and probably the same controlling parameters in 
product desorption. Silver metal was shown [7] to have a promoting effect on 
the decomposition of silver malonate. This could be due to the fact [15] that hy- 
drogen transfer becomes appreciable at the reaction temperature, thus permit- 
ting reorganization of the chemisorbed -CH2COO-- groups. This agrees well 
with the observed promoting effect of hydrogen in the present study. 

The possible participation of solid intermediates e.g. Ag2CO3 or Ag20 as 
precursor for the silver metal formation could not be proved experimentally be- 
cause the decomposition was very fast. Also, both compounds are known [9] to 
decompose at 218 and 230~ (i.e. within the temperature range at which the re- 
action becomes too fast to permit the detection of intermediates. 

The observed enhancing effect of H2 on the decomposition of silver malon- 
ate can be explained by the fact that it provides a reducing atmosphere for 
Ag2CO3 or Ag20 to form silver metal which acts as the active surface for the 
autocatalytic decomposition. 

Finally, it is worth mentioning here that the values of AE and In A, obtained 
here, agree well with those calculated earlier from an isothermal study [7] 
where AE was reported as 161 kJ/mol (compared to 150.5 kJ/mol here) and lnA 
was reported as 33 (compared to 33.9 and 33.4 in the present study). 
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Zusammenfassung - -  Mittels TG, DTA und DSC wurde in verschiedenen Atmosphfircn (Stick- 
stoff, Wasscrstoff, Luft) his 300~ die nichtisotherme Zcrsetzung yon wasscrfrciem Disilbcr- 
malonat untersucht. Mittels Gaschromatographie konnten als flfichtige Zcrsetzungsproduktc Es- 
sigsiure, CO2, Aceton und CO festgestellt werden. Anhand yon Pulver-R6ntgcnaufnahmen 
kormte auf der and�9 Seite Silber als fcstes Endprodukt identifizicrt worden. Dot beschriebenc 
Mechanismus beinhaltct den ZerfaU yon adsorbiertcn Radikalen, die wahrscheinlich --CH2COO- 
und v�9 Spezies enthalten, an d�9 Oberfl~che des metallischen Silberproduktcs. 
Die Aktivierungs�9 (AE) und der Frequenzfaktor (lnA) f~r den Zcrsetzungsprozel~ wurden 
anhand der ~de rung  der Peatktemperatur (der DTA-Kurven) in Abh~ngigkeit yon dcr Auf- 
heizgeschwindigkeit r bere~hnct. Die Enthalpie (AH), W~rmckapazitfit (Cp) und die Entropie~n- 
derung (AS) wurden anhand der DSC-Messungen errechnet. 
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