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Abstract 
The products obtained during the thermal decomposition of ammonium me-
ta-vanadate depend on the configuration of the container, the mass of the 
sample, the heating rate and the composition of the carrier gas. The decom-
position in an uncapped container produced (NH4)2V4O11, NH4V3O8, and 
V2O5 as the apparent stable products while the products in a capped container 
were NH4V3O8, and V2Ox where x was between 4 and 5. These differences are 
attributed to the different amounts of the evolved gases in the cell. EGA-FTIR 
clearly established that the reduced final product in the capped cell resulted 
from a reaction between NH3 and the V2O5 formed during the decomposition. 
A pre-equilibrium kinetics model where the rate of the reverse reaction de-
pends on the partial pressure of the gaseous products in the cell could explain 
the different reaction intermediates. This model provides a possible explana-
tion for the different apparent activation energies that have been reported for 
the thermal decomposition of other compounds where a reversible step could 
occur in the decomposition mechanism. 
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1. Introduction 

Simple reactions are those where one solid compound decomposes to form a 
second solid compound plus one or more gaseous compound in one step. The 
goal of kinetics investigations 

A(s)  B(s) + C(g)                      (1) 

is to establish the activation energy, the A factor, and a mechanistic expression 
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for the decomposition usually denoted as i(α) and g(α). This set of parameters is 
often called “the kinetic triplet.” [1]-[17]. There has been considerable debate 
about the best method for obtaining the kinetic triplet [1]-[17]. In an effort to 
mitigate these problems, several “new” approaches have been presented for ob-
taining the kinetic triplet during the past 15 years to obtain more reliable data as 
shown by [8]-[17] and the references therein. Often, these new methods have 
established that the “simple decompositions” occur through several mechanistic 
steps. The ICTAC committee has critically evaluated these approaches and has 
made several recommendations for obtaining and analyzing thermal analysis 
data [16] [17]. The model free methods were determined to be valuable methods 
for identifying multiple step processes and they recommended using it in com-
bination with model fitting approaches to determine the kinetic parameters. 
They also recommended using at least two different sample sizes and two dif-
ferent heating hates to determine if the Arrhenius parameters determined are 
independent of the experimental conditions. 

One example where different values for the activation energy, different inter-
mediates, and different final products have been reported is illustrated by the 
thermal decomposition of ammonium meta-vanadate (AMV) reported in Table 
1 [18]-[24]. Since the thermal decomposition of AMV is a convenient source of  
 
Table 1. Observed reaction orders, stable products, activation energies (E), and tempera-
ture ranges for the thermal decomposition of NH4VO3 under various experimental condi-
tions. 

Carrier gas Order Product E(kJ/mol) T(K) Reference 

Vacuum 

2/3 NH4V3O8 129 380 - 410 19 - 21 

2/3 NH4V4O10.5 160 410 - 430 19 - 21 

2/3 V2O5 98 440 - 475 19 - 21 

Argon 

2/3 (NH4)2V4O11 138 430 - 450 11 - 14 

2/3 NH4V3O8 106 450 - 480 19 - 21 

2/3 V2O5 120 540 - 575 19 - 21 

Air 

2/3 (NH4)2V4O11 176 420 - 450 19 - 21 

2/3 NH4V3O8 131 450 - 480 19 - 21 

2/3 V2O5 143 530 - 570 19 - 21 

Ammonia 

2/3 NH4V3O8 142 440 - 465 19 - 21 

2/3 NH4V6O15 335 550 - 570 19 - 21 

2/3 VO2 282 610 - 650 19 - 21 

Nitrogen (?) 
1.5 NH4V3O8 160 423 - 513 22 

2.0 V2O5 238 513 - 613 22 

Nitrogen 

0.57 (NH4)2V4O11 150 410 - 450 23 

0.31 NH4V3O8 168 450 - 500 23 

0.55 V2O5 169 525 - 575 23 

Air 

---- (NH4)1.5V3O8 112 420 - 460 24 

---- NH4V3O8 132 420 - 510 24 

--- V2O5 117 530 - 600 24 
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vanadium processing, it has been investigated under many different sets of expe-
rimental conditions [18]-[24]. As shown in Table 1, different experimental con-
ditions produce different results [18]-[24]. In 1992, Maciejewski showed that the 
mass of the solid reactant, the surrounding atmosphere, the carrier gas flow rate, 
the heating rate, and chemical interactions between the gaseous and the solid 
products changed the apparent kinetic parameters observed for this reaction 
[18]. Both Wunjun et al. [23] and Biedunkiewicz et al. [24] reported that in-
creasing the heating rate or the sample size decreased the resolution of the first 
two transitions hindering the model free analyses. No clear explanations for 
these observations have been presented. Wahlbeck has presented a possible ex-
planation for the apparent disparities related to the carrier gas flow when he 
showed TGA data can be analyzed with the transpiration theory used in the Ruff 
experiment. Since the mass of the carrier gas and the flow rate are included in 
these equations, the differences in the apparent activation energies caused by 
these parameters could be explained using this approach [25]. However, the re-
sults that he presented assume an equilibrium process and give ΔH not E for the 
reaction. This contrasts dramatically with the usual assumption that the solid 
state thermal decomposition occurred far from equilibrium and that the reverse 
reactions can be ignored during the analysis [1]-[18] [26]. Biedunkiewicz et al. 
[24] have presented evidence for chemical reactions between the surrounding 
atmosphere and the solid residue that will obviously change the products ob-
served. Differing rates of these gas surface reactions are also a possible explana-
tion for the different activation energies reported in Table 1. Slowing the rate of 
transport of the gaseous products would allow more time for secondary reac-
tions to occur and could provide an easy way to check for possible gas surface 
reactions. The thermal decomposition of AMV has been investigated under re-
stricted flow conditions to try to determine if these secondary reactions are the 
cause of the different results for the decomposition of AMV presented in Table 
1. Isothermal and non-isothermal thermal gravimetric (TG) methods using 
capped and uncapped cells were used to measure the dynamics for the thermal 
decomposition of AMV. Evolved gas analysis-FTIR (EGA-FTIR) under vacuum 
in a closed IR cell was done to look for evidence of secondary reactions. This 
manuscript presents the results of this investigation. 

2. Experimental 

Thermal gravimetric analysis (TGA) data were obtained using a Mettler-Toledo 
SDTA851e in flowing nitrogen (purge rates were set at 150 mL∙min−1 and the 
protection flow rate was 50 mL∙min−1). Both isothermal and non-isothermal 
methods were used to investigate the dynamics of the AMV decomposition. 
Non-isothermal investigations were done using heating rates ranging from 1 to 
40 degrees per minute. Ten (10) mg samples of Fischer Purified AMV powder 
were placed in the 70 μl alumina crucibles available from Mettler-Toledo for all 
experiments reported here. Experiments were done with and without the alumi-
na caps that come with these cells to vary the rate of transport of the gaseous 
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products from the cell. 
Evolved gas analysis-Fourier transform infrared (EGA-FTIR) was done using 

a home built apparatus that has been described in detail previously [26] [27] [28] 
and is shown schematically in Figure 1. The IR cell was constructed by using 
rubber O-rings to attach KBr windows to opposing ends of a MDC four-way 
cross vacuum flange to form the optical path. One of the remaining ends was 
connected to the vacuum line through a stainless steel valve that can be closed to 
isolate the cell from the vacuum. The remaining end of the flange was attached 
to the sample cell constructed from a 25 cm long piece of 9 mm glass tubing that 
had been sealed on one end. The furnace assembly was made by wrapping a 12 
mm OD quartz tube with nichrome heating wire and covering the wire with 
thermal insulation. A BK Precision High Current DC Regulated Power Supply 
provided power to the furnace. Both isothermal and non-isothermal heating are 
possible with this apparatus. 

The IR cell was placed in the sample chamber of a Nicholet Magna 750 FTIR. 
The spectrometer was set to collect one spectrum (2 scans) from 4000 to 400 
cm−1 with 4 cm−1 resolution every 2 seconds for the 60 minute duration of the 
experiment. Spectral assignments were made by comparing the observed spec-
trum to spectra stored in the Nicholet-Aldrich spectral library. Integrated inten-
sities of the selected bands were used to determine the relative amounts of 
products produced during each step of the reaction. The integrated intensities 
can be used to determine the extent of reaction (α) using Equation (2). In Equa-
tion (2), It is the intensity at time t and Imax is the intensity when all of the com-
pound has reacted. 
 

 
Figure 1. Schematic of the IR cell used to do EGA-FTIA. 
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maxtI Iα =                         (2) 

3. Results and Discussion 
3.1. EGA-FTIR 

The EGA-FTIR using a dynamic vacuum indicated that ammonia and water 
were lost throughout the decomposition (see Figure 2). If the ammonia were al-
lowed to remain in contact with the V2O5 at temperatures above 470 K, the ab-
sorbance of the ammonia bands decreased and IR bands arising from N2O were 
observed (see Figure 2 and Figure 3). XRD of the residue also indicated that  
 

 
Figure 2. The IR spectra observed as NH4VO3 thermally decomposed in the IR cell iso-
lated from vacuum. The identity of the IR bands and the decomposition temperatures are 
given in the figure. 
 

 
Figure 3. EGA-FTIR profiles for the loss of NH3 from NH4VO3 in the cell isolated from 
vacuum. The profile for the formation of N2O from the reaction between NH3 and V2O5 is 
also shown. 
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reduced vanadium oxide had formed as the V2O5 and NH3 reacted. This explains 
why VO2 was produced in an NH3 atmosphere and supports the conclusions 
reached by Biedunkiewicz et al. [24] that the exotherm at 630 K during the de-
composition of AMV in dry air is from the oxidation of a reduced vanadium re-
sidue. This provides clear evidence that a secondary reaction between the de-
composition products can affect the apparent reaction mechanism. Kinetic anal-
ysis based upon only mass loss data under the normal assumption that only one 
decomposition reaction is occurring would give different results as the rate of 
transport of the gaseous products from the reaction region change. In this case, 
the secondary reaction produces a larger mass loss than the ideal mass loss from 
the thermal decomposition of AMV in inert atmospheres. 

As shown in Figure three, the ammonia appeared to be lost in two steps under 
these conditions. Since the oxidation of occurs during the second decomposition 
step, the kinetics for the initial reaction was the only one investigated in detail. 
Analysis using the EGA data for this reaction (assumed to be (3)) was deter-
mined by monitoring the amount of ammonia in the cell and using Equation (2) 
to monitor the extent of reaction. 

3NH4VO3 → NH4V3O8 + 2 NH3 + H2O                (3) 

After 50 minutes, the temperature was rapidly increased to determine the ab-
sorbance of the ammonia when the sample had completely decomposed as shown 
in Figure 4. Analyses were done for α < 0.3 in this investigation. Analysis was 
done following the procedures typically used for TGA data [29] [30]. As shown 
in Figure 5, the first order rate equation fit the data well. The Arrhenius con-
stants determined by repeating the experiment at several temperatures were 125 ± 
10 kJ∙mol−1 and 2 × 1011 s−1 for E and A respectively (see Figure 6). The activation 
energy determined is within experimental error of the values reported in vacuum  
 

 
Figure 4. An EGA profile of the amount of NH3 collected in the closed evacuated IR cell 
from the thermal decomposition of NH4VO3 at 425 K. The rapid intensity increase at 50 
minutes resulted from rapidly heating the NH4VO3 to totally decompose the compound. 
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Figure 5. Model fit of the rate data given in Figure 3. The ln(1-A/AMAX) indicates first 
order kinetics. The rate constant is given by the slope. 
 

 
Figure 6. Arrhenius plot determined for the thermal decomposition of NH4VO3 a under 
static atmosphere of the reaction products using the rate constants determined from the 
method illustrated in Figure 5. 
 
(129 kJ∙mol−1) and in air (131 kJ∙mol−1), but is somewhat less than the values in 
nitrogen and argon reported previously for the formation of NH4V3O8 [18]-[24]. 
Most of the previous investigations indicated that the reaction followed the AE-2 
mechanism. While the AE-2 mechanism did fit this data reasonable well, first 
order was better for the limited range of alpha investigated. 

3.2. TGA 

As shown in Figure 7, TGA obtained for the thermal decomposition of NH4VO3 
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using an uncapped and a capped cell under identical nitrogen flows, sample sizes 
and heating rates were clearly different. The results are summarized in Table 2. 
The decomposition in an uncapped cell produced an intermediate, (NH4)2V4O11, 
that was not observed in the capped cellor the EGA experiments. NH4V3O8 was 
formed under both sets of conditions. Both results are consistent with the Ra-
man spectroscopic investigation of AMV reported by Twu et al. [31] and many 
of the previous investigations summarized in Table 1. The final products were 
also different with more total mass loss observed in the capped cell. Both Bi-
edunkiewicz et al. [24] and Wanjun et al. [25] reported a similar finding from 
increasing the heating rate. The first two transitions that are clearly separated at 
a heating rate of 2 K/min are barely resolved at rates of 10 K/min. Wanjun et al. 
[25] also reported that a similar finding as the sample size increased. All of these 
differences could be from differences in the transport rate of the gaseous prod-
ucts from the cell since faster heating rates and larger sample sizes are also ex-
pected to have a higher vapor pressure of the gaseous product in the cell. The 
 

 
Figure 7. The TGA and DTG profiles observed for the thermal decomposition of 
NH4VO3 using capped and uncapped 70 μl alumina cells using non-isothermal condi-
tions. All other experimental variables were the same. 
 
Table 2. The percent mass losses observed for the thermal decomposition of NH4VO3 
under open and closed cell conditions. Data were averaged for heating rates of 5 and 10 
degrees per minute under 50 ml/min of nitrogen carrier gas. 

 Observed Theoretical Product 

T(K) Uncapped Capped   

425 - 500 11.3 ------- 11.1 (NH4)2V4O11 

425 - 550 15.3 14.8 14.8 NH4V3O8 

425 - 700 22.2 ---- 22.2 V2O5 

425 - 700 ----- 24.2 25.6 VO2 
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different final products result from the reaction between V2O5 and NH3 as ob-
served in the EGA-FTIR experiments. Slowing the rate of transport by using a 
capped cell allows the gases to remain in the cell allowing time for the secondary 
reactions to occur. The failure to observe (NH4)2V4O11 in the capped cell, the 
static atmosphere EGA experiments, or when the heating rate or sample size in-
creased suggest that the formation of this compound was inhibited by the pres-
ence of gaseous products in the cell. 

Several methods for determining the reaction kinetics from TGA data using 
both isothermal and non-isothermal methods have been developed [1]-[24]. The 
isoconversion activation energies determined using the Sterik method for the 
“first step” in the decomposition assuming that NH4V3O8 was the only product 
are presented in Figure 8. The measurements in capped and uncapped cells 
produced similar results. The values determined in an uncapped cell decreased 
from 156 kJ/mole to 133 kJ/mol as the extent of reaction (α) goes from 0.05 to 
approximately 0.7. At α = 0.7, the apparent activation energy increased to ap-
proximately 200 kJ/mol. The apparent activation energy in the capped cell was 
approximately constant at 133 kJ/mol for 0.15 < α < 0.7. After α = 0.7 it in-
creased to a value of 147 kJ/mol. The rapid increase is a clear indication that 
there was a change in the mechanism. This is not surprising since (NH4)2V4O11 
was probably produced initially even though it was not observed in all of the 
TG’s. The trend observed for α < 0.7 for the uncapped cell is similar to the trend 
in the isoconversion values for step 1 reported by Wanjun et al. [23] The smaller 
values found here (133 kJ/mol compared to 150 kJ/mol) results from not adjust-
ing the alpha values to give a (NH4)2V4O11 as the product. The decreasing trend 
is an indication that the reaction is reversible and that the amount of gaseous 
product in the cell increases as the reaction proceeds producing a lower effective 
activation energy [16]. 

The isothermal curves obtained for 60 minute decompositions for AMV de-
compositions between 400 K and 475 K in capped and uncapped cells are shown  

 

 
Figure 8. The activation energies for the “first peak” of the thermal decomposition of 
NH4VO3 from an uncapped and a capped cell using the Sterik method. 
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in Figure 9 and Figure 10. As with the non-isothermal data, decompositions in 
the uncapped cell clearly indicated (NH4)2V4O11 at all temperatures. The capped 
cell decompositions also indicated this compound at 450 K, but gave no indica-
tion of it at higher temperatures. Consistent with most of the previous results, 
the best model fit for this data was found to be Avarami-Erofe’ev equation with 
n = 2 as shown in Figure 11. The activation energy determined for the initial 
peak using this approach was ~125 kJ/mol for the uncapped cells and ~115 kJ/mol 
for the capped cells. Both are consistent with the EGA results and in fair agree-
ment with the model free results presented above. 
 

 
Figure 9. Constant temperature mass loss profiles for the thermal decomposition of 
NH4VO3 from an uncapped cell. The decomposition temperatures are given in the figure. 
 

 
Figure 10. Constant temperature mass loss profiles for the thermal decomposition of 
NH4VO3 from a capped cell. The decomposition temperatures are given in the figure. 
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Figure 11. Examples of the best fit of the constant temperature data (T = 435 K) for the thermal decomposition of NH4VO3 from 
an open cell using the Avarami-Erofe’ev equation with n = 2. 

3.3. Alternative Kinetic Analysis 

Although the activation energies determined for all of these approaches were 
similar, there was no obvious way to explain the different intermediates ob-
served, the different kinetic models needed to fit each different type of experi-
ment, and the varying activation energies indicated by the model free analysis. 
While it is reasonable to assume that more than one reaction was occurring and 
that the contribution made by each was changing as the reaction progressed, 
neither the model free model nor the model fitting offer insight into the chemi-
cal processes that are producing these changes. An alternative model, based 
upon the pre-equilibrium model used for gas phase kinetics was developed and 
tested to determine if it could be used to explain this data. In it, the reaction was 
assumed to proceed through an intermediate in equilibrium with the starting 
material following a reaction sequence such as: 

AMV → I + NH3                      (4) 

NH3 + I → AMV                      (5) 

I → P + NH3 + H2O                   (6) 

where I is an unspecified intermediate and P is the product of that step of the 
reaction. Assuming that (4) follows first order kinetics and (5) is proportional to 
I (assumed to be proportional to α) and the pressure of NH3 in the cell, the 
change in mass is related to the extent of reaction by 

1 2 NH3 3( )d d 1m t k k P kα α α= − − + −                (7) 

In a closed cell at equilibrium, PNH3 would depend on α, so it is reasonable to 
assume that PNH3 is also proportional to α under the restricted flow conditions 
used here. If so, 

2
1 2 3(d d 1 )m t k k kα α α′= − − + −                 (8) 

where 2k ′  also contains the relationship between PNH3 and α. 
The fit for the open cell data at 430 K for the formation of (NH4)2V4O11 ob-

tained using this model is shown in Figure 12. The rate constants obtained were 
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k1 = 0.0148 mg/min, 2k ′  = 0.0732 mg/min, and k3 = 0.0780 mg/min. As shown 
in Figure 13, the activation energies obtained by fitting the data to this model at 
several temperatures were E1 ~ 170 kJ∙mol−1, 2E′  ~ 45 kJ∙mol−1 and E3 ~ 85 
kJ∙mol−1. It is interesting to note that the difference in the activation energies for 
the equilibrium step expected when this reaction is in equilibrium [(E1 − E2) ~ 
125 kJ/mol] is consistent with the apparent activation energy using the model  
 

 
Figure 12. Least squares fit of the data for the isothermal decomposition of NH4VO3 
from an open cell at 430 K determined using the pre-equilibrium model. The rate con-
stants determined were k1 = 0.0148 mg/min, k2 = 0.0732 mg/min, and k3 = 0.0780 
mg/min. 
 

 
Figure 13. Arrhenius plots for rate constants determined for the thermal decomposition 
of NH4VO3 using the pre-equilibrium model. The activation energies determined were 
E1 ~ 170 kJ/mol, E2~ 45 kJ/mol, E3 ~ 85 kJ/mol. 
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fitting methods and is in reasonable agreement with the capped cell model free 
value. The value for the forward step is consistent with the larger values reported 
reflecting the conditions where the maximum mass lost id expected. While this 
analysis was done under conditions where P was (NH4)2V4O11 and the interme-
diate was not specified, it is clear that it could be extended to include multiple 
reversible reactions. Products under one set of conditions could become inter-
mediates when the conditions change as seems to be the case for (NH4)2V4O11. 

4. Conclusions 

The dynamics observed for the thermal decomposition of ammonium metava-
nadate depend upon the rate of transport of the gaseous products away from the 
reaction zone. The different products observed for factors such as cell design, 
sample size and packing, and the type and flow rate of the carrier gas most likely 
result from this effect. It is likely that the difference in reaction dynamics re-
ported for other reversible reactions (see [1]-[18]) could result from a similar ef-
fect. It is relatively easy to determine if the gaseous products are affecting the 
reaction dynamics by changing the sample size, the heating rate, or the cell con-
figuration as recommended by the ICTAC Kinetics Committee [16] [17]. These 
recommendations should be followed if a complete understanding of the reac-
tion dynamics is desired. 

A pre-equilibrium model that incorporated an unspecified intermediate fit the 
mass loss data reasonably well and provides an explanation for the different in-
termediates that have been reported for the decomposition of AMV. When the 
gaseous products are rapidly removed from the cell, the rate of the reverse reac-
tion is slow since its rate likely involves the intermediate and at least one of the 
gaseous products. If the relative rate of formation of the intermediate becomes 
faster than its rate of destruction, its concentration can increase to observable 
levels. When the rate of the reverse reaction is relatively fast, its concentration is 
below the detection limit and it is not observed. This model also provides a 
possible explanation for variable activation energies if the concentration of the 
gaseous products changes as the reaction proceeds. This would change the 
measured rate of mass loss. Since heating rate influences the rate of mass trans-
fer from the cell, the apparent activation energy determined would change. For 
an equilibrium process this effect usually produces a decreasing apparent activa-
tion energy as the extent of reaction increases [16]. 

It is probably overly optimistic to assume that either the correct mechanism or 
the activation energies for the fundamental reactions have been determined ex-
actly. Although the first order pre-equilibrium model used provided a reasona-
ble fit to the data, other models such as one of the diffusion mechanism may be 
more appropriate since vapor transport obviously plays a role in the mechanism. 
However, what is clear from this investigation is that the reaction between the 
vapor species and the condensed phase affects the observed products and dy-
namics for the decomposition of AMV. This reaction proceeds through a mul-
ti-step mechanism that could have several intermediates. By simply placing a cap 
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on the cell the dynamics changed enough to produce different apparent stable 
intermediates. It is likely that gas surface reactions contribute to other simple 
thermal decomposition mechanisms and the possibility of the reverse reaction 
contributing to the mechanism should not be dismissed without evidence that it 
is reasonable to do so. Although it may not be necessary to understand every as-
pect of the dynamics to apply this process to device manufacturing, these results 
show that assuming measurements made under one set of conditions will work 
for all sets of conditions could produce unexpected results. 
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