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Abstract
The thermal decomposition of calcium propionate, in inert and oxidative atmospheres, has been investigated by thermo-
gravimetry combined with infrared evolved gas analysis; the main volatiles formed during thermal decomposition have been 
identified. The intermediate and final products have been characterized by infrared spectroscopy, x-ray diffraction, elemental 
analysis and scanning electron microscopy. The different mechanisms involved in thermal decomposition are discussed as 
a function of atmosphere and sample structure. The kinetics of the decomposition and the ability of powders to undergo a 
thermal runaway are also investigated.
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Introduction

Calcium propionate Ca(CH3CH2CO2)2 (CaProp) is widely 
used as chemical preservative [1, 2] and additive [3] in the 
food, pharmaceutical and paper industries [4] for its antimi-
crobial properties. CaProp has also been used as a precur-
sor for belite cement clinkers [5]. Besides, CaProp is useful 
in reducing harmful emissions of sulfur dioxide (SO2 ) and 
nitrogen oxides (NOx) from coal-fired power plants; SO2 
and NOx are captured through their reaction with CaO and 
the volatiles released during CaProp thermal decomposition, 
respectively [6]. CaProp decomposes when heated, either 
during food preparation, production of belite cement clinkers 
or operation of coal-fired power plants. Therefore, disclosing 
the different decomposition pathways and the volatiles that 
evolve during thermal decomposition of CaProp, as well as 
their dependence on the surrounding atmosphere and sample 
morphology, is of crucial importance.

Thermal decomposition of carboxylate salts of M(II) and 
M(III) in inert atmosphere follows a radical path that yields 
symmetrical ketones [7–12]. Conversely, in the presence 
of water or oxygen, hydrolysis and oxidation of propionate 

salts yields propionic acid and acetaldehyde [12, 13]. The 
latter mechanisms have been reported mainly in samples in 
the form of films. In contrast, in powder samples, the slow 
intra-particle transport of oxygen and water [14] results in an 
almost inert local atmosphere near the particles that hinders 
hydrolysis and oxidation of the propionate salts [13, 15, 16] 
thus favoring the radical path.

Several papers have analyzed the thermal decomposi-
tion of CaProp by thermogravimetry (TG) and differential 
thermal analysis (DTA) in dry air and in inert atmospheres 
[17–22]. It has been observed that, in inert atmosphere, the 
decomposition is preceded by melting of CaProp around 
390◦ C [17, 20, 21] and that decomposition starts at lower 
temperature in air [17, 18]. Concerning the volatiles, 3-pen-
tanone has been reported to be the main volatile formed 
during thermal decomposition in N 2 [21, 22]. However, a 
comprehensive analysis of volatiles and decomposition 
mechanism including oxidative and humid atmospheres has 
not yet been performed.

Although it has been shown that films tend to decompose 
differently than powders [12–15, 23] and that the analysis of 
films is useful to reveal the occurrence of a reactive mecha-
nism, so far, the thermal decomposition of CaProp has been 
studied only in the form of powder. Furthermore, kinetic 
analysis of CaProp decomposition have yielded inconclu-
sive results. The decomposition in N 2 [21] gave abnormally 
high activation energies of 315 kJ mol−1 whereas in O 2 [24] 
very large fluctuations of the activation energy (between 83 
and 346 kJ mol−1 ) were reported during the decomposition 
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course. Also the kinetic analysis can be affected by a local 
overheating. In fact, the distorted evolutions and sample 
overheating observed in [18] are probably related to the 
occurrence of a thermal runaway.

In this study, in situ evolved gas analysis (EGA) using 
Fourier transform infrared spectroscopy (FTIR) is applied 
to analyze the volatiles formed during the thermal decom-
position of CaProp and the effect of the sample morphol-
ogy (film or powder). It will be shown that, depending on 
the atmosphere, two mechanisms involving the formation 
of different volatiles are at work. In addition, we will show 
how heat transport affects the decomposition kinetics and, 
in particular, we will state that, during thermal analysis 
experiments in oxygen, powders can easily undergo a ther-
mal runaway.

Materials and methods

The starting solution was obtained by dissolving calcium 
propionate (Glentham ≥ 99% ) in propionic acid (Merck, 
≥ 99% ). It was sonicated until complete dissolution of the 
salt to a concentration [Ca2+] = 1.5 M. Films were obtained 
depositing the initial solution on 10 × 10 mm2 LaAlO3 
(LAO) substrates and drying them at 70◦ C for 5 min. Film 
thicknesses after decomposition were estimated from the 
mass of the CaCO3 film after decomposition and assuming 
that the film density matches that of calcite, (2.71g cm−3) . 
The final thickness was about 4.5 μm.

The initial, intermediate and final decomposition products 
were characterized by FTIR, x-ray diffraction (XRD) and 
elemental analysis (EA). FTIR analysis was performed with 
a Bruker ALPHA spectrometer connected to an attenuated 
total reflectance module. AE was performed with a Perkin 
Elmer 2400 elemental analyzer with the following detec-
tion limits 0,20% for H and 0,72% for C. XRD spectra were 
obtained with a Bruker AXS D8 ADVANCE diffractometer 
with a Cu-K� source (1.5406 Å) operating at 40 kV and 40 
mA.

The evolution of volatiles and mass loss during thermal 
decomposition of films and powders was studied by coupled 
TG-EGA techniques. Simultaneous thermogravimetric (TG) 
and differential scanning calorimetry (DSC) analyses were 
performed on a Mettler Toledo thermobalance, model TGA/
DSC1, at 10 °C min−1 under a gas flow of 20 mL min−1 of 
high purity N 2 (Air Liquide, ≥ 99.999% ) or synthetic air 
through the protective inlet and 60 mL min−1 of high purity 
N 2 or O 2 through the reactive inlet. Water-saturated gases 
at the reactive inlet were obtained by bubbling the carrier 
gas in water at 25 ◦ C and atmospheric pressure. Uncovered 
Al2O3 pans of 350 μ L were used. In situ EGA/FTIR was 
obtained by connecting the TGA gas outlet to an ALPHA 
Bruker FTIR gas analyzer via a 40 cm long steel tube heated 

to 200◦ C. The maximum temperature of the TGA measure-
ments was 600◦C.

DSC analysis was performed on a Mettler Toledo 
DSC821e. Samples of about 2 mg were placed inside 40 
μ L aluminum pans that were covered with a perforated lid 
to allow gas exchange. DSC measurements were performed 
under a constant heating rate of 10◦C min−1 and under a gas 
flow rate of 40 mL min−1 of high purity N 2 or O 2.

Different TG-EGA measurements were performed vary-
ing the sample morphology (film or powder) and the atmos-
phere. Films were decomposed in dry O 2 (DO), in humid O 2 
(HO), in dry N 2 (DN), in humid N 2 (HN) and in dry air (A). 
Powder samples are labeled with a prime (e.g., powders in 
dry O2 are identified as DO’).

Finally, a ZEISS DSM 960A Scanning Electron Micro-
scope (SEM) was used to observe the morphology of peeled 
films and powders that were deposited on a conductive tape.

Results and discussion

Characterization of the initial product

The cross section of a peeled film is shown in Fig. 1a. The 
films are porous: in Fig. 1c, it can be seen that, after CaProp 
decomposition, the film exhibits a microstructure of charac-
teristic length of 0.15 μ m. The aspect of the initial CaProp 
powder is shown in Fig. 1b. It consists mainly of particles of 
lengths around 300 μ m. Likewise, these particles are highly 
porous, the characteristic length of the microstructure is 
around 0.25 μ m (not shown). After CaProp decomposition, 

Fig. 1  SEM image showing the cross section of a peeled film (a) and 
powder (b) treated at 250◦ C. Idem for a peeled film (c) and powders 
(d) treated at 500◦ C. All treatments were performed with a heating 
ramp of 10◦C min−1 and constant flow of dry O 

2
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the structure is finer with a characteristic length of 0.1 μ m 
(Fig. 1d).

From EA (see Table 1) we can state that there is an excess 
of carbon and hydrogen in the dried films with respect to 
the expected values for anhydrous CaProp (%C = 38.7, 
%H = 5.41). Conversely, the amount of carbon in the initial 
powders is below the expected one of CaProp. As we will 
see in Sect. 3.2, the higher amount of carbon and hydrogen 
in dried films is related to the presence of coordinated propi-
onic acid while the inferior amount of carbon in powders is 
due to the presence of water of crystallization. In particular, 
the amount of carbon and hydrogen in films corresponds to 
0.5 moles of propionic acid per mole of CaProp (%C = 40.3, 
%H = 5.87) while, for the initial powder, the EA values are 
consistent with an amount of 0.3 moles of water per mole of 
CaProp (%C = 37.3, %H = 5.62).

The XRD spectrum in Fig. 2a of the initial powder evi-
dences the presence of two phases: anhydrous and mono-
hydrated CaProp. Therefore, the powders are partially 
hydrated, which is consistent with the amount of 0.3 moles 
of water per mole of CaProp determined from the EA. In 
contrast, the spectrum of the dry film does not match that of 
anhydrous or monohydrate CaProp because the presence of 

propionic acid results in a different crystal structure.
The IR spectra in Fig. 2b of the dried film and the ini-

tial powder agree with the assignments reported for pro-
pionate salts in [4, 19, 25]. In addition, the broad band 
around 3400 cm−1 reveals the presence of coordinated 
water in the initial powder. The most distinctive bands 
of metal carboxylates are the asymmetric and symmet-
ric absorptions of the COO stretching, �asCOO− and �s
COO− . The carboxylate bond and the crystalline structure 
are highly dependent on the presence of water of crystal-
lization [17, 26]. It has been stated that the separation 

between the asymmetric and symmetric carboxylate bands 
Δ� =

[

�as(COO
−) − �s(COO

−)
]

 can be used to determine 
the type of carboxylate-metal complexation [26, 27]. For 
example, by comparing with sodium propionate [26, 28], 
it has been proposed that chelating coordination exists 
when Δ𝜈 < 134.6 cm−1 , bridging coordination exists when 
Δ� ≥ 134.6 cm−1 and monodentate coordination appears 
when Δ𝜈 > 180 cm−1 . In Fig. 2, we observe that the initial 
powder presents two asymmetric carboxylic bands at 1541 
and 1577 cm−1 , which are consistent with the coexistence 
of two phases: anhydrous and monohydrate CaProp. By 
comparison with the IR spectra obtained after dehydra-
tion at 250 ◦ C, we can assign the absorption at 1577 cm−1 
to anhydrous CaProp. For the anhydrous CaProp, 
Δ� = 162cm−1 (a very similar value, Δ� = 165 cm−1 , was 
determined for anhydrous copper propionate [15]) that 
corresponds to a bridging ligand coordination. Conversely, 
Δ� = 125 cm−1 for monohydrate CaProp (an identical 
value was obtained for hydrated yttrium propionate [13]) 
which can be attributed to a bidentate chelating coordina-
tion mixed with a bridging coordination. Finally, only one 
asymmetric carboxylic band is observed at 1537 cm−1 for 
the films confirming that only one CaProp phase is formed 
in the films. The presence of coordinated propionic acids 
also affects the carboxylate-metal complexation; in this 
case Δ� = 121 cm−1 suggesting a bidentate chelating coor-
dination mixed with some bridging coordination.

Dehydration and removal of propionic acid

The evolution of the sample mass with temperature has been 
measured by TG for films and powders heated at 10 ◦C min−1 
and under different atmospheres. In Fig. 3a, only experi-
ments performed under dry atmosphere are shown because 
no effect was observed due to the presence of water vapor. 
The TG curves have been normalized to the mass of the 
sample at 250 ◦ C because, at this temperature, water and 
propionic acid have already been removed from the films 
and powder.

Water and propionic acid evolve at around 110 ◦ C and 
167 ◦ C, as revealed by the low temperature steps observed 
in the TG curves (Fig. 3a), and their associated endothermic 
DSC peaks (Fig. 3b). In fact, at these temperatures, the only 
signal detected by EGA-FTIR (insets of Fig. 3) corresponds 
to these two volatiles. Given that the boiling point of propi-
onic acid (141.2 ◦ C) is well below its evolution temperature 
(167 ◦C), we conclude that, in the films, there is some coor-
dination with the salt.

The amount of water (5%) and propionic acid (18–23%) 
obtained from the TG curves agree with the molar amount 
deduced from EA, since 0.3 moles of water and 0.5 moles 
of propionic acid per mole of CaProp correspond to 4.2% 
and 20% (in mass), respectively. The presence of water in 

Table 1  Mass percentage of carbon and hydrogen determined from 
elemental analysis of the initial sample and its product after decom-
position at different temperatures. They can be compared with the 
expected values of CaProp or CaCO3 (inside parentheses). "–": val-
ues below detection limits

Compound C Found (expected) 
mass%

H Found 
(expected) 
mass%

Dry film 39.9 (38.7) 6.03 (5.41)
CaProp powder 37.3 (38.7) 5.62 (5.41)
DO at 250◦C 38.5 (38.7) 5.59 (5.41)
DO’ at 250◦C 38.6 (38.7) 5.18 (5.41)
DO’ at 500◦C 12.0 (12.0) – (0)
DN’ at 500◦C 13.7 (12.0) – (0)
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powder can be attributed to exposure to ambient water vapor. 
As for films, they contain propionic acid because it has been 
used as solvent for their preparation (Sect. 2).

Powder decomposition

The thermal stability of pure CaProp depends essentially 
on the surrounding gas. In inert atmosphere (DN’) CaProp 
is stable up to 385 ◦ C (onset temperature in Fig. 3). At this 
temperature, a small endothermic peak (Fig. 3b) reveals the 
melting of CaProp [17, 20, 21]. The coincidence between 
the melting point and the onset of decomposition seems 
to indicate that the former triggers the latter. To confirm 
this aspect, we have performed experiments at different 
heating rates. In these experiments, at the melting point, 
it is observed that for a heating rate of 2.5 K min−1 10% of 
CaProp has already decomposed while for 40 K min−1 the 
decomposition has not yet started. Therefore, CaProp melt-
ing does not trigger the decomposition.

In volatile diffusion-controlled processes, melting signifi-
cantly accelerates the reaction rate. However, in inert atmos-
phere, we do not observe a significant change in reaction 
rate at the melting point. In fact, CaProp follows the radical 
decomposition pathway characteristic of carboxylate [7, 8, 
10–12]. This pathway involves the formation of alkyl and 
acyl radicals from the salt:

And, in a second stage, the alkyl and acyl radicals combine 
to form 3-pentanone:

Thus, the radical decomposition of CaProp in an inert atmos-
phere results in the formation of 3-pentanone and calcium 
carbonate:

(1)Ca
(

C2H5CO2

)

2
→ C2H5CO ⋅ +C2H5 ⋅ +CaCO3.

(2)C2H5CO ⋅ +C2H5⋅ → C2H5COC2H5.

Fig. 2  XRD (a) and IR (b) 
spectra of the dried film, initial 
powder and of the solid residue 
of films and powders at different 
temperatures when heated at 
10 ◦C min−1 in inert atmosphere. 
Inset in (b): magnification of 
the initial powder and dried film 
IR spectra in the range from 
1350 to 1650 cm−1 . Symbols: 
reference XRD spectra of anhy-
drous and monohydrate CaProp 
[20] and calcite (JCPDS pattern 
PDF 5-586). Assignment of the 
infrared peaks: � stretching; � 
bending; � torsion; w wagging 
and tw twisting

m
W

 m
g-

1  

Fig. 3  a TG curves showing the influence of atmosphere and sam-
ple morphology on the decomposition of CaProp at 10 ◦C min−1 for 
powders and films. Inset: FTIR spectrum of the volatiles evolved at 
167 ◦ C for a film in dry N 

2
 . b Corresponding DSC curves for pow-

ders. Inset: FTIR spectrum of the volatiles evolved at 112 ◦ C for pow-
ders in dry air. Reference FTIR spectra for propionic acid and water 
have been obtained from [29]
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Simultaneous TG-EGA/FTIR analysis (Fig.  4a) reveals 
that the 3-pentanone formation rate follows the mass loss 
rate, −DTG, (DTG is the time derivative of the TG signal). 
Note that, in the early stages of the decomposition, the DTG 
signal shows some oscillations (Fig. 4a). These oscillations 
are the result of gas bubbling in the molten CaProp. The 
FTIR spectrum of the evolved volatiles at the peak tem-
perature, 459 ◦ C (Fig. 5a), perfectly matches the reference 
spectrum of 3-pentanone [29] except for a weak absorption 
at 2340 cm−1 that is related to residual CO2 . The absence of 
CO2 , as expected from reaction 3, confirms that no other 
reaction competes with the radical decomposition.

Furthermore, the absence of CO2 indicates that CaCO3 
does not decompose to form CaO, in agreement with the 
XRD and IR results (Fig. 2). The XRD and IR curves of the 
solid residue at 500 ◦ C show only the characteristic peaks 
of calcite (IR peaks at 1405, 874 and 712 cm−1 [30, 31]).

According to the XRD and FTIR results, the mass of 
the solid residue at 500 ◦ C is 54.0%, very close to that of 
CaCO3 formation (53.7%). EA, confirms the presence of car-
bon in the sample and the complete elimination of hydrogen 
atoms at 500 ◦ C (Table 1). However, the amount of carbon 
is slightly higher than expected for CaCO3 . Since the final 
product is not white (as expected for CaCO3 ), but gray, some 
carbonaceous residue probably remains at 500 ◦ C. This car-
bon residue may be related to an alternative radical combi-
nation [12]:

Subsequently, the disproportionation of carbon monoxide 
leads to the formation of carbon [32]:

In oxygen, the decomposition of the powders begins well 
before melting, at about 310 ◦ C. From Fig. 3b it is clear that, 
in oxygen, the reaction is highly exothermic compared to 
the inert case. As we will see in Sect. 3.5, this high reaction 
enthalpy makes the decomposition kinetics highly dependent 
on the mass of the sample. In Fig. 3a we have plotted the 
evolution for two different sample masses (4.1 and 6.2 mg). 
The evolution is smooth for the 4.1 mg sample, while an 
abrupt TG evolution accompanied by a sharp DSC peak is 
observed for the higher mass.

In oxygen, the decomposition consists of an exothermic 
oxidative reaction involving the formation of acetaldehyde 
and water as volatiles [12]:

(3)Ca
(

C2H5CO2

)

2
→ C2H5COC2H5 + CaCO3.

(4)
C2H5CO⋅ → C2H5 ⋅ +CO

2C2H5⋅ → C4H10.

(5)2CO → C + CO2.
This reaction involves the formation of calcium oxalate as 
an intermediate product. Between 250 and 370 ◦ C calcium 
oxalate decomposes at a very low rate according to [33]:

and between 370 and 500 ◦ C takes place the main decom-
position stage:

Therefore, since calcium oxalate is not a stable intermediate, 
the decompositions of CaProp and calcium oxalate overlap. 
In addition, acetaldehyde decomposes to form methane and 
carbon monoxide:

Despite the formation of CO and C during the decomposi-
tion of CaProp, the presence of O 2 prevents the formation of 

(6)
Ca

(

C2H5CO2

)

2
+ 3∕2O2 → 2CH3CHO + H2O + CaC2O4.

(7)CaC2O4 → 1∕2CO2 + 1∕2C + CaCO3,

(8)CaC2O4 → CO + CaCO3.

(9)CH3CHO → CH4 + CO.

– DTG

(a)

(b)

(c)

(d)

(e)

HO’ (powder, wet O2)

DO’ (film, dry N2)

250 300 350 400

Temperature/°C
450 500 550

DO’ (film, dry O2)

A’ (Powder, dry air)

DN’ (Powder, dry N2)

3-pentanone

3-pentanone

CO x 2.5

CO x 2.5

CO x 5

CO x 5

CH4

CH4

CH4

CH3 CHO

CH3 CHO x 5

CH3 CHO 

CH3 CHO x 2.5

CO2/10

CO2/10

CO2/10

CO2

Fig. 4  TG-FTIR/EGA curves measured simultaneously during 
CaProp decomposition at 10  ◦C  min−1 for powders and films under 
different atmospheres. The evolution of the volatiles is determined 
from the absorbance at the following characteristic frequencies: 
1730 cm−1 (C = O) for propionic acid, 2356 cm−1 for CO

2
 , 2116 cm−1 

for CO, 2750 cm−1 (CH) for acetaldehyde, 3017 cm−1 for methane and 
3903 cm−1 for water
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carbon. Consequently, at 500 ◦ C a white powder is obtained. 
The EA analysis (Table 1) confirms the complete removal of 
hydrogen and the amount of carbon is in perfect agreement 
with that of CaCO3 . In addition, XRD and IR analyses (not 
shown) confirm that the solid phase at 500 ◦ C is calcite. 
Thus, CO2 is formed from the oxidation of C and CO.

Comparison of the EGA-FTIR spectra (Fig. 5b) with the 
reference spectra of [29] leads to the identification of all 
expected volatiles related to the reaction of CaProp with 
oxygen (reactions 6–9): CO2 , CO, acetaldehyde, methane 
and water. Moreover, the evolution of these volatiles coin-
cides with that of the mass loss rate (Fig. 4b). Note that in 
Fig. 4b the CO2 signal is divided by a factor 10, i.e., CO2 
is clearly the main volatile released during the oxidative 
reaction.

The decomposition of CaProp in dry or wet O 2 is almost 
complete before the onset of radical decomposition, so these 

two mechanisms do not compete. However, in air, the lower 
amount of O 2 slows down the reactive pathway, thus favor-
ing the onset of the radical pathway.

From Fig. 3, it can be seen that, as in O 2 , in air the decom-
position starts at 310 ◦ C, the process is exothermic and the 
peak temperature of the DSC signal is also at 374 ◦ C, but the 
evolved mass and the intensity of the DSC signal are much 
lower than in the O 2 atmosphere, which means that only a 
small amount of CaProp has been decomposed. Afterwards, 
CaProp melting is revealed by the weak endothermic DSC 
peak at the melting point (385 ◦C). In the melted CaProp, the 
oxygen diffusion is higher, thus increasing the mass loss rate 
and the DSC signal. However, after melting, both the reac-
tive and radical pathways compete. The sharp decrease in 
the DSC signal around the DTG peak temperature, 466 ◦ C, 
makes it clear that the radical pathway is the main decom-
position mechanism in air. The FTIR spectrum at 466 ◦ C 
(Fig. 5c) shows that the main volatiles are 3-pentanone and 
CO2 . The weak signal intensity related to acetaldehyde con-
firms that the main reaction pathway is the radical.

Film decomposition

As we have seen in Sect. 3.2, after dehydration or loss of 
propionic acid, the same phase is obtained in the films and in 
the powders: anhydrous CaProp. Therefore, the same mecha-
nisms discussed in the previous section can be expected to 
explain the decomposition of the films. However, due to the 
different morphology, the decomposition kinetics may be 
different.

In O 2 , the decomposition kinetics of films is quite similar 
to that of the powder (Fig. 3). The only difference is that 
the decomposition is slightly shifted at lower temperatures, 
about 5 ◦ C. This is because the diffusion of O 2 is faster in the 
films due to the higher surface/volume ratio. However, this 
effect is small due to the high porosity and fine structure of 
the powders, as revealed by SEM (Fig. 1).

As for volatiles, from Fig. 5b and Fig. 5d we can observe 
that the same volatiles are formed in powders and films in O 2 
and that their EGA peak shape is similar. Thus, the thermal 
decomposition of the films in O 2 is governed by the same 
mechanism that acts in the powder, the reactive oxidation of 
CaProp (Reactions 6–9).

The decomposition of the film in N 2 is very different from 
that of the powder. Surprisingly, from Fig. 5d and Fig. 5e 
we realize that the volatiles and film decomposition kinetics 
is the same in O 2 as in N 2 . The only difference is that in O 2 
a single DTG peak is observed, while in N 2 a second weak 
DTG peak appears around 420 ◦ C. Therefore, in N 2 the main 
decomposition pathway of the films is oxidative degradation, 
and the radical mechanism, observed above 400 ◦ C, only 
affects a minor amount of CaProp. This oxidation is due to 

DN’ Poeder, dry N
2
, 459 °C

A’ Poeder, dry air, 466 °C

HO’ Poeder, wet O
2
, 374 °C

DO film, dry O
2
, 370 °C

DN film, dry N
2
, 370 °C

4000 3500

(a)

(b)

(c)

(d)

(e)

3000 2500

Wavenumber/cm–1

2000 1500 1000 500

CO
2

CO
2

C
2
H

4
O

CH
4

3-pentanone

Fig. 5  FTIR spectra of the evolved gases at the peak temperatures of 
the decomposition evolutions shown in Fig.  4. The reference FTIR 
spectra have been obtained from [29]
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the presence of residual oxygen in the nominally oxygen-
free atmosphere. In fact, it has already been shown that the 
films are very sensitive to residual oxygen, and that it is very 
difficult to create a totally inert atmosphere in films [13, 14, 
16]. The effect of residual oxygen has been confirmed by 
varying the nitrogen flux in the TG: when the nitrogen flux is 
increased, the radical decomposition becomes more impor-
tant, the amount of CO2 is lower and more 3-pentanone is 
formed.

Whether the radical or oxidative mechanism dominates 
decomposition does not depend solely on the oxygen partial 
pressure. Indeed, in powders with circulating air, the radical 
pathway is the main decomposition mechanism whereas, in 
films and with a nominally inert atmosphere, the oxidative 
mechanism is the main one. In “inert atmosphere”, oxidative 
decomposition dominates even though the oxygen partial 
pressure is lower than that of air. The higher surface/vol-
ume ratio of the films, plus the porosity of the films, greatly 
favors oxygen diffusion, whereas in powders intra-particle 
diffusion hinders the oxidative pathway in favor of the radi-
cal mechanism.

Finally, the kinetics and volatiles evolved in the films and 
powder are not affected by the presence of water vapor in 
the carrier gas. As in the decomposition of barium propion-
ate [12], the difficulty in breaking the CaO−C(=O)R bond, 
which would yield the oxide, results in the formation of the 
oxalate or carbonate. Since hydrolysis involves the forma-
tion of the oxide, a humid atmosphere does not affect the 
decomposition of CaProp.

Thermal runaway

In exothermic reactions, thermal runaway (or combustion) 
occurs when the heat evolved from the reaction cannot be 
dissipated fast enough. Above a critical sample size, the 
reaction becomes locally unstable; it reaches a high-temper-
ature state and the reaction accelerates greatly. In this state, 
the reaction can be considered adiabatic, since virtually all 
of the heat released by the reaction contributes to heating 
the sample [34]. Hence, for a sample to undergo thermal 
runaway, two conditions must be met: low heat dissipation 
and high enthalpy of reaction.

Powders are known to have a very low thermal conduc-
tivity, similar to that of the surrounding gas [35, 36], and 
propionate decomposition is usually a highly exothermic 
process with enthalpies around 106 J kg−1 , so they can easily 
undergo thermal runaway even for sample masses as low as 
those used in thermal analysis [13]. In the case of a thermal 
runaway, the TG curve shows a very abrupt mass loss and 
the DSC curve exhibits a very sharp exothermic peak [14, 
37–39]. These two features can be identified in Fig. 3 for the 
6.2 mg powder sample in O 2 : a sudden drop in mass and a 

very sharp DSC peak that is off-scale are observed in Fig. 3b 
(the DSC signal at the peak is 133 mW mg−1).

The critical mass ( mcr ) for which combustion would occur 
in the case of powders inside a cylindrical crucible heated at 
a constant rate is given by [40, 41]:

where � is the bulk density of powders, R is the radius of the 
crucible (3,45 mm for the 350 μ L crucible), a ≡ �∕�c is the 
thermal diffusivity, c is the specific heat capacity, � is the 
thermal conductivity and

and T Kis is the temperature at which the reaction rate is 
at its maximum, and can be calculated from the Kissinger 
equation [42, 43].

The physical parameters used to determine the critical 
mass are listed in Table 2. The thermal conductivity and 
specific heat capacity have been obtained from DSC experi-
ments for the sample in powder form [44, 45]. A tin bead 
(melting point 232 ◦ C) was used to determine the thermal 
conductivity. The enthalpy of reaction has been determined 
from the integration of the DSC signal, Fig.  3b, of the 
6.2 mg powder sample heated at 10 ◦C min−1 in dry O 2 . The 
bulk density was determined using a 350 μ L crucible and 
filling it with powder in the same manner as we filled the 
crucibles in the TG/DSC experiments. The kinetic param-
eters EA and A have been obtained from isoconversional 
analysis of powders in dry O 2 , (see Fig. 6 in the appendix), 
and for � = 0.1 since the thermal runaway begins at approx-
imately this degree of transformation. From these kinetic 
parameters and for a heating rate of 10 ◦C min−1 we obtain 
TKis = 389 ◦ C. Application of Eq. 10 results in a critical mass 
of 5.7 mg; i.e., a sample of mass greater than this value 
should undergo combustion. The TG experiments in Fig. 3 
(curves DO’) agree with this prediction: combustion occurs 
at 6.2 mg but not at 4.1 mg.

Conclusions

The initial powders are a mixture of anhydrous and mono-
hydrate CaProp, while dried films crystallize in a new phase 
due to the presence of coordinated propionic acid. After 
dehydration and removal of the propionic acid, the same 
phase is obtained in films and powders: anhydrous CaProp.

(10)mcr = ��R3

√

0.878

(

�R2

5a
− 2

)−1

,

� = A�T(1 + 2�)

{

1 − (2 + � + 30�2)
2

�T

}

e−1∕�,

�T =
EA

RGT
2

Kis

q

c
, � =

RGTKis

EA

,
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During thermal decomposition of CaProp, two path-
ways compete: radical and reactive. The former involves 
the formation of 3-pentanone as a volatile, while the latter 
involves the formation of CO2 , CO, acetaldehyde, meth-
ane and water. Both pathways end with the formation of 
calcite. The reactive pathway is highly exothermic as it 
involves the reaction of oxygen with CaProp and domi-
nates at low temperatures. In contrast, the enthalpy of 
the radical pathway is much lower, occurring at higher 
temperatures.

Powder follows the reactive path in O 2 . Decomposi-
tion starts at low temperatures (about 310 ◦C). In inert 
atmosphere, decomposition starts near the melting point 
of CaProp (385 ◦ C) and follows the radical pathway. Melt-
ing does not affect the kinetics of the radical pathway, but 
since gas diffusion in the liquid is higher, it significantly 
accelerates the oxidative pathway. However, this accelera-
tion only occurs for heating rates high enough to shift the 
decomposition onset near the melting point.

In inert atmosphere, the product contains residual car-
bon while no residual carbon is observed in O 2 . In air, 
both mechanisms compete, the oxidative pathway initiates 
decomposition, but at higher temperature the radical path-
way becomes the main decomposition mechanism.

The decomposition of films starts with the oxidative 
pathway, either in O 2 or in a nominally inert atmosphere. 
In “inert atmosphere” the two pathways compete because 
of the great sensitivity of the films to the presence of 
residual oxygen: the more inert the atmosphere, the more 
important the radical pathway. Whether the reaction is 
dominated by the oxidative pathway or not depends on the 
actual oxygen partial pressure, the surface-to-volume ratio 
and the porosity of the sample. The oxidative pathway in 
“inert atmosphere” is favored by a faster diffusion of O 2 
trough the sample and a large free surface area.

Finally, CaProp powders can easily undergo thermal 
runaway in oxygen due to their low thermal conductivity 
and high enthalpy of reaction.

Appendix: Kinetic analysis

The thermal decomposition of organometallic com-
pounds is typically a thermally activated process. As a 
first approximation, when the kinetics is governed by a 
single step, it can be described by [46]:

where T is the temperature, � is the degree of transformation 
( 0 ≤ � ≤ 1 ), EA and A are the activation energy and the pre-
exponential constant, respectively, and RG is the universal 
gas constant.

To deal with more complex transformations, isoconver-
sional methods are based on the more general isoconver-
sional principle which assumes that, at a given degree of 
transformation, the transformation rate depends only on 
the temperature and the degree of transformation [47–49]:

where Eα is the apparent activation energy at a particular �.
To determine the kinetic parameters of the oxidative and 

radical pathways, we performed TG experiments on dry O 2 
and dry N 2 , respectively. For each analysis we performed 
5 experiments at different heating rates (2.5, 5, 10, 20 and  
30 ◦C min−1 ). These two kinetic analyses cover the tempera-
ture range from 300 to 530 ◦ C. The curves were analyzed by 
the exact isoconversional method of Ortega [50, 51]. In the 
case of experiments performed in dry O 2 , samples of mass 
less than 2 mg were used to avoid local overheating (see 

(11)d�

dt
= Ae

−
EA

RGT f (�),

(12)
[

d ln(d�∕dt)

dT−1

]

α

= −
Eα

RG

,

Table 2  Physical parameters of CaProp

Specific heat capacity (c)/J kg−1 K −1 1280 (260 ◦C)
Activation energy ( E

A
)/kJ mol−1 227

Pre-exponential constant (A)/s−1 8.45 × 10
15

Enthalpy of reaction (q)/J kg−1 8.3 × 10
6

Bulk density/kg m −3 488
Thermal conductivity ( �)/W m −1 K −1 0.06 (232 ◦C)

Fig. 6  Apparent activation energy obtained from exact Ortega analy-
sis for TG experiments performed in dry O 

2
 (triangles) and dry N 

2
 

(circumferences). Bars are provided to indicate the uncertainty in the 
apparent activation energy
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Sect. 3.5). The apparent activation energy obtained from the 
kinetic analysis is shown in Fig. 6. The non-constancy of the 
apparent activation energy reveals that the decomposition in 
O 2 and N 2 is a complex process.

As expected, the result of the isoconversional analysis in 
N 2 differs significantly from the one obtained in O 2 , since, as 
we have seen, the decomposition mechanism is different in 
N 2 than in O 2 . However, the most relevant feature is the large 
statistical error related to the determination of the appar-
ent activation energy in O 2 . The reason is that for 𝛼 > 0.1 , 
the CaProp melting overlaps with its thermal decomposi-
tion. Melting is a first-order phase transition; the melting 
temperature is independent of the heating rate. Therefore, 
isoconversional analysis results in abnormally high values of 
the activation energy, i.e., isoconversional analysis does not 
provide a reliable kinetic analysis for 𝛼 > 0.1 . The overlap 
of melting with decomposition may be the reason for the 
large fluctuations of the activation energy reported by [24].
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