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Abstract

Although the thermal decomposition of zinc oxalate was considered to follow a one-step mechanism, newer
isoconversional methods indicate that the activation energy is a function of the extent of reaction and of the sample
mass. This suggests that the mechanism may actually have several steps. Evolved gas analysis-Fourier transform IR
spectroscopy (EGA-FTIR) indicates that the gaseous products, CO and CO., are produced at different rates supporting
the conclusion from the isoconversional investigations. EGA indicates that CO is formed initially while CO, forms
later. These results are consistent with the mechanism proposed by Boldyrev.! He proposed that the initial step in the
mechanism is an oxalate anion rearrangement to produce a carbonate-carbonyl intermediate. This intermediate then
loses CO to produce the carbonate. Decomposition of the carbonate then produces the CO,. No evidence for this
intermediate has been found using either X-Ray diffraction or FTIR spectroscopy.
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1. Introduction

Zinc oxide is used for different industrial applications due to its catalytic and light reflectivity properties.® The
thermal decomposition of zinc oxalate has been used to generate very pure fine grain ZnO powder and ZnO
nanoparticles for many of these applications.*>¢ Although Yankwich and Zavitsanos’ determined the decomposition
was a 4 step process with an activation energy of ~ 200 kJ mol for each step, later researchers have favored this
decomposition being a single step process.®*1%1! Since the consensus is that zinc oxalate decomposes in one step
without complete melting to produce zinc oxide, carbon dioxide and carbon monoxide at most pressures in inert
atmospheres,'> Aggarwal and Dollimore® recommend using it as a thermal decomposition reference standard to
calibrate thermal analysis instruments.

However, the value determined for the activation energy of this decomposition has not been established with
certainty. The value determined for the activation energy (300 kJ/ mol) by Aggarwal and Dollimore?® is ~100 kJ/mol
larger than the value reported by Yankwich and Zavitsanos, or by Danforth and Dix.® The most complete investigation
done to date by Malecka, Drozdz-Ciesla, and Malecki'® was analyzed using the Avrami-Erofe’ev equation with n=2
giving an activation energy between 181.4-186.5kJ/ mol for 0.2 < a < 0.8. A recent model-free analysis by
Chengcheng Hu et al*! reported an activation energy of ~120 kJ/ mol for this decomposition.

Boldyrev has established that the thermal decomposition of metal oxalates fall into three classifications:

A. Those decomposing to produce the metal carbonate and CO
B. Those decomposing to produce the metal oxide, CO and CO;
C. Those decomposing to produce the metal and CO..



The decomposition of zinc oxalate is a member of category B with growing evidence that it follows the mechanism
for category A. Based on the investigation of the decomposition of the oxalate ion trapped in salt matrices to produce
the carbonate ion as the principle product, Hartman and Hisatsume®3 concluded that the C-C bond in the oxalate brakes
producing two CO, ions. These ions then rearranged to produce carbonyl carbonate as a likely intermediate in the
process. Support for this mechanism came from the observation of CO;" in the ESR spectrum during the thermal
decomposition of strontium oxalate by Angelov et al.** Recently, Kolezynski and Malecki®® concluded that the
decomposition of the alkali metal oxalates likely goes through this intermediate based on the DFT-FP-LAPW they did
for this system further supporting this mechanism.

Boldyrev suggested that the first step in the decomposition of each classification was the breaking of the C-C bond
to produce two CO; anions, which could recombine to produce carbonyl carbonate [CO3CO?%].t While electron
transfer complicates the mechanism for category C, this could also be a viable mechanism for category B. However,
DFT calculations done for zinc oxalate by Kolezynski and Malecki'® suggest this may not be the case. Their
calculations indicate that one of the zinc oxide bonds breaks first leaving a partially anchored oxalate ion. The C-C
bond then breaks to produce a CO, molecule and the CO2% anion which rapidly decomposes to give zinc oxide and
Co.

Neither the activation energy nor the decomposition pathway have been established unequivocally for zinc oxalate.
Since better knowledge of these could lead to more efficient processes for manufacturing ZnO, the newer more
accurate isoconversional methods were used to investigate this decomposition. Thermal gravimetric analysis (TGA)
and EGA-FTIR were used identify the gases produced during the reaction and to investigate the dynamics of the
process. FTIR and PXRD were used to characterize the solid phases involved in the reaction. Particular attend was
paid to the initial decomposition region (0.2<a) that was largely ignored in the previous investigations to determine
if this region offered addition clues about the decomposition mechanism. These measurements indicated that the
apparent activation energy was a function of both the sample mass and the extent of reaction indicating that the reaction
followed a multiple step mechanism. EGA-FTIR indicated that there is a slight excess of CO during the initial
reaction, supporting the possibility that carbonyl carbonate is an intermediate in the decomposition of classification B
compounds. However, no evidence of this intermediate was observed in neither the IR nor the XRD of the solids
formed during the decomposition. This result does not support that the conclusion that CO; is produced initially as
indicated by the DFT calculations. Evidence for these observations are presented below.

2. Experimental

Zinc oxalate was synthesized from the reaction between solid zinc chloride ZnCl, (Fischer Scientific-ACS certified)
and sodium oxalate Na,C,0, (Fischer Scientific-ACS certified). Each salt was dissolved in 25 ml of deionized water
and heated to approximately 325 K on a hot plate. The solutions were mixed and stirred in order to ensure homogenous
mixture and complete formation of product. The beaker was taken off heat after 15 minutes and allowed to cool. The
white precipitate was vacuum filtered and allowed to dry overnight in ambient air.

Thermal gravimetric analysis was done using a Mettler-Toledo TGA/SDTA851¢. Data for model free kinetics were
obtained by placing carefully weighed samples in alumina crucibles and heating at rates of 1, 2, 5, 10 15, 20, 25, 30,
and 40 K mint in an atmosphere of 50 ml/ min flowing nitrogen. Sample sizes of 1 mg, 5 mg, and 10 mg were done
to determine the effect of sample size on the apparent activation energies. Isothermal kinetics were obtained by heating
the sample to the desired temperature at 20 K min* and allowing it to remain there for 60 minutes. The atmosphere
was the same as those used for the non-isothermal measurements.

Evolved gas analysis- Fourier Transform IR was done by placing a home built stainless steel vacuum cell placed in
the sample compartment of a Thermo Nicolet 6700 Fourier Transform Infrared Spectrometer. Samples were place in
a 9 mm O.D. glass tube with one in sealed. The open end of the tube was connected to the cell using an O-ring
connector and the cell was evacuated to a residual pressure of ~ 800 Pa. using a standard vacuum pump. The sample
was heated with a furnace constructed by wrapping a quartz tube with nichrome heating wire. The power to the
furnace was supplied by a BK Precision High Current Regulated DC Power Supply. The cell could be heated in either
isothermal or non-isothermal mode by adjusting the power supplied to the furnace. The temperature was measured
with a Fluke 51X” thermometer placed between the sample tube and the furnace. IR Spectra of the evolved gases were
obtained at 4 cm* resolution every 2 seconds for times up to 60 minutes. No carrier gas was used for these experiments
since the vacuum pump was used to draw the evolved gases through the cell.
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3. Results and Discussion

FTIR and TGA were used to establish that zinc oxalate dehydrate had been synthesized. The IR bands observed in
KBr pellets are compared to those reported for zinc oxalate dehydrate by Wladimirsky et al in Table 1.2 The
assignments for each band is also given in Table 1. Agreement within experimental error confirms that zinc oxalate
had been synthesized.

Table 1: IR Bands Observed for ZnC,04 2 H,O in KBr are compared to the values given by Wladimirsky. The
assignments for each band are also given in the table.

Observed Wiladimirsky Assignment
3377 VS 3383 VS v (OH)

3158 SH 3157 SH v (OH)

2948 VW 2947 VW v (OH)

1629 VS 1632 VS vas(CO)

1363 S; 1318 S 1364 S; 1320 S vs(CO) + §(0CO)
821S 823 S vs(CC) + §(OCO)
745m; 617 m 745 m; 618 m p(H20)

494 s; 456 S 495 S; 456 S SRING

The TGA was also consistent with the previously reported patterns. As shown in Figure 1, two main mass loss
regions are observed. Infrared spectra were taken after heating the sample to several temperatures and then cooling it
back to room temperature. The results are presented in Figure 2. The broad OH peak at 3377 cm in the initial
compound is no longer observed after heating the sample to 450 K. Since the oxalate bands are still clearly present,
this confirms that the waters of hydration are lost in this step. The measured mass loss (18.97%) gives a calculated
loss of 1.996 moles of water assuming the compound were 100% pure. The oxalate bands are no longer observed
after heating to 700 K confirming that the oxalate decomposed during the second step. The total observed mass loss
(57.1%) observed after the second step is slightly larger than the theoretical mass loss of 56.6% assuming ZnQO is the
only product. Both results indicate that the synthesized ZnC,0.- 2 H,O was better than 98% pure.

% 1
106 Zinc Oxalate 5 K/ Min
904
801
k 1 mg
701 5 mg
E 10 mg
60 1
501
4U: v v v v v v v v
350 400 450 500 550 600 650 700 K
Lab: chemstud STAR® SW 8.10

Figure 1: Thermal gravimetric analysis done on 1, 5, and 10mg samples of hydrated zinc oxalate in flowing nitrogen
at a heating rate of 5 K min™,
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Figure 2: IR data of ZnC,04as it is decomposed by heating it to 450 K and to 700 K in the TGA.

Isoconversional methods were used to determine the Arrhenius constants for this decomposition. Thermal
gravimetric analysis data were collected for 1, 5, and 10mg samples using several heating rates between1 K min and
40 K mint. The measured mass losses were converted to the extent of reaction (o) following the procedure given by
Vlaev et al.*” and the ICTAC Kinetics Committee.'® The o vs temperature plots obtained for a 10 mg sample are shown
in Figure 3. These plots were then used to find the activation energy using the Starink method*® which uses equation
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Figure 3: 10mg sample of ZnC,04 ran through TGA at heating rates ranging from 1°C/min to 40°C/min. Extent of
reaction (o)) was plotted versus temperature in C in order to check the reaction progress over time with differing

heating rates.
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Plots of Ln( 5 ) vs. 1000/T were made for 0.05< a < 0.95 and linear least squares were used to determine the

7192

slope of the line. The slope is equal to -1.008 Ea/ R where Ea is the activation energy and R is the universal gas
constant. An example of these plots is given in Figure 4. The activation energies determined for each sample mass

are plotted as a function of o in Figure 5.

-8

-8.5%

-9

©
o1

)

+ Ln(B/Tr1.92
[ S = RN
g1 = 01 O

|
[N
N

-12.5

N
w

235
230
225

N
N
o

215
210
205
200
195
190

Activation Energy

54 1.56 1.58 1.6 1.62 1.64 1.66 1.68 1.7

N \ y = -25.065x + 30.339

\‘

1000/T

Figure 4: Plotting the isoconversional method calculation using 5mg sample at 0=0.4
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Figure 5: Graph of the activation energy of the decomposition as o increases from 0.15 to 0.90.

It is obvious that the apparent activation energy is both a function of sample mass and the extent of the
decomposition. Thisis clear evidence that this decomposition follows a multiple step mechanism. The trends observed
for the activation energies (a decrease for 0.1 < a < 0.35, a plateau for 0.4 < a < 0.55, and a decrease for o> 0.6) are
consistent with the trends observed for mechanisms with reversible steps where the rate of the forward reaction
decreases as the sample is depleted while the rate of the reverse reaction increases as the partial pressure of the product
gases increases in the cell. This effect also explains the sample mass dependence since the rate of transport from the
cell usually decreases as the sample size is increased.

Evolved gas analysis provided additional information that this decomposition is following a multi-step mechanism.
Figure 6 shows the normalized integrated intensities observed for CO and CO; collected in the IR cell as a function
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of temperature while the zinc oxalate thermally decomposed. Each data point in this plot was determined by measuring
the integrated intensity of each band at each temperature and then dividing it by the integrated intensity determined
for complete depletion of the sample. This normalizes the relative amounts of each compound and gives the
stoichiometric 1:1 ration expected for CO and CO; at the completion of the reaction. This procedure assumes the
decomposition reaction is the only one occurring. It does not account for possible secondary reactions such as the
disproportionation of CO to form CO; and graphite. This data indicates that there is an excess of CO for a< 0.2. This
suggests that the decomposition may occur through the formation of ZnCQOs as is observed for the alkali and alkaline
earth metals. This suggests the same mechanism may be occurring for Boldyrev’s Type 1 and type 2 reactions.
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Figure 6: Relative amounts of CO and CO; collected in the IR cell as a function of temperature from the thermal
decomposition of ZnC,04 assuming the reaction is stoichiometric.

4. Mechanism

Although the thermal decomposition of metal oxalates is generally considered to be an irreversible process, the
isoconversional kinetics measurements indicate that there is a least one reversible step in a multi-step mechanism.
The EGA-FTIR indicated that CO is formed first. This suggests that the thermal decomposition of zinc oxalate follows
a mechanism similar to the one proposed by Boldyrev for the thermal decomposition of silver oxalate.! In it, a metal
oxygen bond breaks and the “free oxalate” rearranges with the breaking of the C-C bond to form a carbonyl carbonate
via a reversible process. This carbonyl carbonate can then lose CO (also probably a reversible process) to leave the
carbonate which then thermally decomposes to form CO, and the metal oxide. Since some anion mobility is needed,
the decomposition likely occurs near the nominal melting point of the metal oxalate. The reaction scheme, only
considering the anions, is pictured in Figure 7 with each step in this scheme having the possibility of being reversible.

C.0.2 ¢ [COsCOJ*
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Figure 7: Molecular representation of the decomposition of anhydrous zinc oxlate.

5. Conclusion

Both isoconversional kinetic analysis and the EGA-FTIR of the initial decomposition region indicate that the thermal
decomposition of zinc oxalate follows a multi-step mechanism. The EGA-FTIR indicates that CO is formed in excess
initially. This result is not consistent with the conclusion that the CO, would form initially proposed by Kolezyniski
and Malecki based on their analysis of the bond energies determined using DFT calculations, but it is consistent with
the clear initial formation of CO exhibited by the category A metals. This suggests that the mechanism proposed for
these metals may also be applicable for zinc oxalate. A reaction scheme similar to the one presented by Boldyrev for
the thermal decomposition of silver oxalate is proposed that will explain all of these observations. The kinetics for
each possible step in this mechanism has not been measured. This will be the focus of future investigations.
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