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Abstract The thermal transformation of Na,C,O, was
studied in N, atmosphere using thermo gravimetric (TG)
analysis and differential thermal analysis (DTA). Na,C,0,4
and its decomposed product were characterized using a
scanning electron microscope (SEM) and the X-ray dif-
fraction technique (XRD). The non-isothermal kinetic of
the decomposition was studied by the mean of Ozawa and
Kissinger—Akahira—Sunose (KAS) methods. The activation
energies (E,) of Na,C,0,4 decomposition were found to be
consistent. Decreasing E, at increased decomposition
temperature indicated the multi-step nature of the process.
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The possible conversion function estimated through the
Liging—Donghua method was ‘cylindrical symmetry (R, or
F,5)’ of the phase boundary mechanism. Thermodynamic
functions (AH*, AG* and AS*), calculated by the Acti-
vated complex theory and kinetic parameters, indicated
that the decomposition step is a high energy pathway and
revealed a very hard mechanism.
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Introduction

Thermal analysis (TA), e.g., thermogravimetry (TG), dif-
ferential thermal analysis (DTA), and differential scanning
calorimetry (DSC) have been used widely for scientific and
practical purposes [l, 2]. These techniques provide
important information about physico-chemical parameters,
kinetic analysis, polymorphic forms, stability of material,
etc., which are reliable and necessary [3]. Thus, the out-
comes obtained through this basis can be applied directly in
material science for studying thermal behavior, thermal
character, and the mechanism and kinetic of solid state
reaction. The interpretation of data obtained from these
methods, use of various mathematical models and calcu-
lation procedures are quite useful. For gaining value of the
apparent activation energy, E,, and pre-exponential factor,
A, which is the most probable mechanism function g(x) of
the reaction, various equations and methods were described
such as the Coats and Redfern equation [4], and iterative
procedure, i.e., the Ozawa equation [5], Kissinger—Akah-
ira—Sunose (KAS) equation [6], Senum and Yang approx-
imation formulae [7], etc. The mathematical apparatus and
calculation procedures used are related to the mathematical
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analysis of thermogravimetric curves. The calculations,
based on multiple rates of thermogravimetric curves, are
so-called iso-conversional calculation procedures [3].

Thermal decomposition of metal oxalates has been the
subject of many researches for more than a century [8].
Decomposition and its non-isothermal kinetics, belonging
to some of the oxalates (Ag,C,04, NiC,04 MnC,0,,
HgC,0y4, PbC,0,, and SrTiO(C,0,4),-4H,0), were reported
later [3, 8—10]. The dehydration kinetics of CaC,04-H,O
were deduced from the multiple rate iso-temperature
method, and the apparent activation energy, E,, was
obtained from the Ozawa and KAS method [6]. The kinetic
triplet, the activation energy, E,, the pre-exponential factor,
A, and the mechanism functions, f(«), of MgC,0,4-2H,0
were obtained by analyzing the TG-DTG curves of their
thermal decomposition using the Popescu and Flynn—Wall-
Ozawa method [11]. Furthermore, the decomposed prod-
ucts, e.g., oxide or metal, which possess pores, lattice
imperfections and both characteristics, were determined,
and the results are necessary data for their function and
further study. Although there has been increasing interest
in the study of experimental factors and processing
parameters, especially in determining the kinetics of ther-
mal decomposition reactions, many features of oxalate
decomposition still remain unclear.

In a previous paper, we presented results on the prepa-
ration of lead-free piezoelectric sodium niobate (NaNbO3)
powders [12]. The use of Na,C,0, as starting material
(instead of Na,COs3) resulted in a low-temperature solid-
state reaction. In general, the sodium oxalate, Na,C,0y,,
serves as a metal cleaning preparation in the textile, leather
and tanning industries; potassium oxalate cleans natural
fibers in photography, and both of them are used in ana-
lytical and solvent extraction chemistry (sodium oxalate as
primary volumetric standard for manganometry and aci-
dimetry) [13]. As starting material for versatile industries,
it is very important to determine its thermal decomposition
mechanism, kinetics and thermodynamic parameter for
advantages in cost and time management for industrial
production. Many works on the isothermal kinetic of
thermal decomposition of oxalate compounds have been
published, but there are no reports on the thermal decom-
position kinetic of Na,C,0, in the literature.

In this work, the thermal decomposition of Na,C,04 was
investigated using non-isothermal thermogravimetry—dif-
ferential thermal analysis (TG-DTG/DTA), X-ray powder
diffraction (XRD), and scanning electron microscopy
(SEM). Thus, the non-isothermal kinetics analysis for
the decomposition of this compound was carried out, based
on the iso-conversional techniques of the Ozawa and
Kissinger—Akahira—Sunose (KAS) methods. Possible conver-
sion functions have been estimated by the Liging—Donghua
method [6], combined with 35 algebraic expressions of the
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conversion functions, g(«). The activation energy, E, and
pre-exponential factor, A, were estimated. The transition
state thermodynamic functions, AH*, AG* and AS*, were
calculated via the activated complex theory.

Experimental procedure
Materials and measurement

Sodium oxalate, Na,C,0,4 (=99.0% (RT) 71801, Fluka),
was used without further purification. Thermal behavior of
Na,C,0,4 was investigated using TG-DTA (Perkin Elmer).
Initial experiments were conducted with a heating rate of
15, 20, 30 and 40 K min~! in a temperature range from
room temperature to 1,573 K in N, atmosphere at a rate of
100 cm® min~"'. Then, decomposition of the sample was
carried out at 873 K in a furnace for 4 h using a heating/
cooling rate of 10 K min~!. Na,C,0, and its thermal
transformation products were investigated further. The
phase formation was studied by room temperature X-ray
diffraction (XRD, Advance D8), using Ni-filtered CuK,
radiation. Sample scanning was done between the angles of
20-80°. Diffraction peaks were analyzed and indexed
according to the diffracting planes of different phases. The
morphology of samples was examined using a scanning
electron microscope (SEM, Hitachi S4700) after gold
coating.

Determination of the most probable mechanism
function

Since the kinetic parameters depend strongly on the
selection of a proper mechanism function for the process,
the following equation was used to estimate the most
correct reaction mechanism, i.e., g(«) function [6]:

—X

AE
Ing(a) = ln? + lnex—2 + In h(x)

Y )
where A (the pre-exponential factor/min~') and E, (the
activation energy/kJ mol~") are the Arrhenius parameters,
and R is the gas constant (8.314 J mol~' K™!). For deter-
mination, the degrees of conversion o (extent of conver-
sion, o = (m—m,)/(m—my), where m;, mp and m, are the
initial, final, and current sample mass, respectively, at
moment f), corresponding to four heating rates (f = 15,
20, 30 and 40 K min_l) taken at the same temperature,
were substituted into the left side of Eq. 1, which was
combined with 35 types of mechanism functions [14-16].
Potting In g(«) versus In f and a linear regression of least
square method were conducted. The most probable mech-
anism function was assumed to be the one for which the
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slope of the straight line was closest to —1.0000, and the
linear correlation coefficient r* should be unity.

Calculation of activation energy by iso-conversional
procedure

In the kinetic study, the first Ozawa equation [5] was used
to calculate the values of the activation energy, E,, of the
decomposition reaction of Na,C,0y4, as follows:

.0048AE E
Ing—1in LOBAE ) si6 L 2)
g(o)R RT
and Kissinger—Akahira—Sunose (KAS) equation [6]:
AE E
1nﬁ = In— — — (3)
T2 g()R RT

The kinetics of such reactions is described by various
equations, taking into account the special features of their
mechanisms. Data from four TG curves in the decompo-
sition range were used to determine o from experiments at
different heating rates (ff = 15, 20, 30 and 40 K min_l)‘
The plots of In f§ versus 1/T (Eq. 2) and In (ﬁ/Tz) versus 1/
T (Eq. 3) have provided evidence of apparent activation
energy values for decomposition at different values of .
The activation energy, E,, can be estimated from the slope
of these plots. This is a model-free method according to the
reaction mechanism, and the shape of g(«) function cannot
affect this calculation, which was performed without use of
the most probable mechanism function.

Calculation of the transition state thermodynamic
function

The pre-exponential factor, A, can be estimated from the
intercept of the plots from Ozawa (Eq. 2) and KAS (Eq. 3)
through the insertion of the most probable function, g(o), and
the calculated activation energy, E,. According to the theory
of the activated complex (transition state) of Eyring [2, 3,
17], the general equation of A may be written as follows:

, AS*
A= —e'{kBTp exp( al ) 4)

h R

where e = 2.7183 is the Neper number; y is the transition
factor, which is unity for monomolecular reactions; kg is
the Boltzmann constant; % is Plank’s constant; and Tp is the
average temperature of the TG curves at different heating
rates. Then, the change of entropy may be calculated
according to the formula:

Ah

AS* =
eyxkpTp

R In

(5)

Therefore, the changes of the enthalpy, AH*, and Gibbs
free energy, AG*, for the activated complex formation

from the reagent can be calculated using the well-known
thermodynamical equation:

AH* = E — RTp (6)
AG* = AH* — TpAS* (7)

Results and discussion

Thermogravimetry—differential thermal analysis curves of
the thermal decomposition of Na,C,0, at a heating rate of
30 Kmin~' are illustrated in Fig. 1. The TG curve
accordingly revealed a weight loss of ~21%, which
occurred during the temperature rise from 800 to 870 K.
This observation corresponded to the endothermic peak of
the DTA and DTG curve, which centred at 848 and 844 K,
respectively. This decomposition step may be related to the
decomposition of Na,C,0,4 to Na,CO;5 and released CO
because the overall weight loss of ~21% is close to the
theoretical value of 20.9%, which corresponds to the
release of 1 mol of CO. The decomposition reaction is
suggested to be as the Eq. 8:

N82C204 — Na2C03 + CO (8)

This decomposition temperature of the decarbonylation
stage was higher than those found in the literature, which
lie on the temperature of 773 K [18].

The XRD patterns of sodium oxalate (Na,C,0,4) powder
and its calcined product (at 873 K) are illustrated in Fig. 2.
The diffraction pattern of Na,C,0,4 powder could corre-
spond to the monoclinic sodium oxalate (JCPDS file no.
49-1816 (V), space group P2/, (14)). After calcination at
873 K for 4 h, the diffraction pattern suggests an appear-
ance of the monoclinic, y-Na,CO3 [JCPDS no. 72-0628,

Exo
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TG% mass loss
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Fig. 1 TGA, DTG, and DTA curves of the thermal decomposition of
Na,C,0, at a heating rate 5 of 30 K min~!
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Fig. 2 X-ray diffraction patterns of a Na,C,0,4 and b its calcined
product heated at 873 K for 4 h with a heating/cooling rate of
10 K min™"
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Fig. 3 SEM micrographs of Na,C,0, powder (a) and its calcined
product heated at 873 K for 4 h with a heating/cooling rate of
10 K min~" (b)

space group C2/m (12)], accompanied by the cubic NaO,

(JCPDS file no. 77-0207, space group Fm3m) as a minority
phase. This result could be correlated to TGA-DTG/DTA
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Fig. 4 TGA curves of thermal Na,C,0O, decomposition at four
heating rates under an N, atmosphere

Table 1 The o7 data at different heating rates for the decomposi-
tion process of Na,C,04

o Temperature at four heating rate (f/K min~") T/K
15 20 30 40

0.1 837.14 838.99 840.93 842.40 839.86
02 83943 841.15 843.65 845.23 842.36
0.3  840.95 842.23 844.85 846.54 843.64
0.4  843.16 844.70 847.15 849.14 846.04
0.5 844.38 846.00 849.35 851.64 847.84
0.6 846.72 848.48 851.15 852.94 849.82
0.7  848.77 850.68 853.65 855.54 852.16
0.8  849.70 851.67 855.65 858.19 853.80
09 851.92 854.35 858.15 860.95 856.34

T, is the average temperature peak in the DTG curve (K)

analysis, which suggested that the decomposition of
Na,C,0,4 to Na,CO5 was in the region of this temperature.

The scanning electron micrographs of Na,C,O4 powder
and its calcined product (at 873 K) are illustrated in
Fig. 3a, b, respectively. Na,C,0, powder was found to
have uniform morphological features, with a polyhedral
shape and obvious edges. The particle was in the range of
micron size. On the contrary, the micrograph of the parti-
cle’s calcined product (at 873 K) consisted of non-uniform
grain. The macropores and agglomeration, which could
result from the thermal decomposition process, were found.

Figure 4 shows the TG, DTG, and DTA curves in the
decomposition range of Na,C,0,4, with four heating rates
of 15, 20, 30, and 40 K min~"'. Data of o and T collected
from the TG curves in the decomposition range of
0.1 <o < 0.9 at various heating rates are illustrated in
Table 1, and used to determine the kinetic parameters of
the process in all calculation procedures. According to
Eq. 3 combined with 35 conversion functions, In g(«)
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calculated different « values at the same temperature, and
four heating rates on In /5, must give rise to straight lines, so
the slope and linear correlation coefficient, r*, can be
determined. Table 2 lists the results for all of the 35 types
of mechanism functions. The slope determined from
function no. 18 was found to be the closest to —1.0000 and
the correlation coefficient, r2, was better than others. This
function was considered to be the most probable reaction
mechanism for the description of Na,C,0O4 decarbonyla-
tion. Therefore, it can be stated that the mechanism func-
tion for the decomposition of Na,C,0, (splitting of carbon

Table 2 The most probable mechanism function, g(a), slope and
correlation coefficient of the linear regression, r

No. Symbol Slope I

1 Fis3 —0.9571 0.984568
2 Fau —1.1987 0.980565
3 Fap —1.5708 0.964395
4 F, —1.8641 0.956190
5 F; —2.5481 0.946691
6 Pis —1.2699 0.980378
7 P —0.4233 0.980378
8 Py —0.2822 0.980378
9 P —0.2116 0.980378
10 E, - -

11 Ay, F —1.3266 0.974513
12 Asp —0.8844 0.974513
13 A, —0.6633 0.974513
14 Az —0.4422 0.974513
15 Ay —0.3317 0.974513
16 Ay - -

17 Ry, Fo, Py —0.8466 0.980378
18 Ro, Fip —1.0327 0.985949
19 Ri, Foss —1.1326 0.984293
20 D, —1.6932 0.980378
21 D, —2.1589 0.986125
22 D; —2.26526 0.984293
23 D, —1.9923 0.984810
24 Ds —2.9668 0.967651
25 Ds —1.5714 0.980464
26 D, —1.6103 0.980442
27 Dg —1.4596 0.980466
28 G, —0.6622 0.969938
29 G, —0.5652 0.961585
30 Gs —0.5016 0.955476
31 Gy —2.6533 0.974513
32 Gs —3.9799 0.974513
33 Ge —5.3069 0.974513
34 G, —0.5163 0.985949
35 Gg —0.5663 0.984293

monoxide) is the mechanism of phase boundary reaction
(cylindrical symmetry, R, or F;,, model) with integral form
g(o) = 1—(1-o)"? and differential form fle) = 2(1 — o0)"’%.

Figure 5a, b illustrate the plots of In f§ versus 1/T (Eq. 1)
and In (ﬁ/Tz) versus 1/T (Eq. 2) for the decomposition
process of Na,C,0,4 based on the Ozawa and KAS anal-
ysis, respectively. The activation energy, E,, of the
decomposition reaction of Na,C,0,4, which was calculated
from the slope of these straight lines and their correlation
coefficient, r2, are tabulated in Table 3a (Ozawa method)
and b (KAS method). The calculated activation energies
obtained from different equations, in which the values
obtained by the KAS method were generally higher, were
found to be consistent. It can be seen that the values of E,
tend to decrease with the increase of conversion o. It can be
noted also that the E, values are dependent on «, and the
decomposition reaction should be interpreted in terms of a
multi-step reaction mechanism [19]. As the dependence
can disclose the complexity of a process and identify its
kinetic scheme, the shape of the decreasing dependence of
E, on o has been identified from model data [20]. This
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Fig. 5 Ozawa (a) and KAS (b) plots for the decomposition process of

Na,C,0, at four heating rates in various conversions (¢ = 0.1-0.9,
with 0.1 increment)
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Table 3 Kinetic (E,, A), and thermodynamic (AS*, AH* and AG*) parameters for the decarbonylation of Na,C,0,4 obtained by the Ozawa
(a) and KAS (b) methods

o E,/kJ mol™! A/min™! AH*/kJ mol™! AS*/J mol ™' K™ AG*/k] mol™" P

(a) Ozawa method
0.1 1051.98 1.3231E+66 1044.9943 1003.9768 201.7900 0.9959
0.2 942.49 1.3766E+59 935.4897 870.2758 202.4000 0.9995
0.3 964.60 4.6238E460 957.5909 899.4801 198.7519 0.9959
0.4 927.96 1.8404E+58 920.9318 853.5098 198.8303 0.9979
0.5 751.04 7.57T73E+46 743.9932 635.5338 205.1614 0.9950
0.6 895.87 1.4111E+56 888.8045 812.9774 197.9180 0.9998
0.7 824.27 3.1738E+51 817.1834 723.9749 200.2424 0.9995
0.8 650.67 2.6314E+40 643.5705 511.8200 206.5770 0.9962
0.9 627.76 8.6070E+38 620.6462 483.3606 206.7244 0.9994
AV. 848.52 + 145.87 1.4701E+65 841.4672 754.9899 202.0440 0.9977

(b) KAS method
0.1 1092.30 1.17385E+57 1085.3129 830.6884 387.6474 0.9958
0.2 977.12 1.21573E+50 970.1163 696.9493 383.0307 0.9994
0.3 1000.35 4.06853E+51 993.3349 726.1232 380.7471 0.9957
0.4 961.78 1.61107E+49 954.7451 680.1103 379.3461 0.9978
0.5 775.70 6.62753E+37 768.6466 462.1270 376.8362 0.9949
0.6 927.96 1.22539E+47 920.9005 639.5107 377.4298 0.9998
0.7 852.63 2.74479E+42 845.5462 550.4743 376.4552 0.9995
0.8 670.04 2.27637E+31 662.9459 338.3219 374.0857 0.9960
0.9 645.92 7.40872E+29 638.7983 309.8210 373.4858 0.9994
AV. 878.20 + 153.48 1.30428E+56 871.1496 581.5696 378.7849 0.9976

study reported that the decomposition reaction was com-
plicated by diffusion. This process is met widely in solids
decomposed in the following way: solid — solid + gas
[21]. In addition, values of the correlation coefficient, rz,
for all cases of calculation were greater than 0.9949. It can
be seen that the values of E, obtained from the Ozawa and
KAS methods (Egs. 2, 3) are reliable.

On the basis of TG curves at four heating rates and using
Eqgs. 1-3, values of the apparent activation energy, E,,
were calculated, and the most probable reaction mecha-
nism function of the studied reaction was determined.
Based on these results, the pre-exponential factor, A, can be
estimated from intercept of the plots from the Ozawa
(Eq. 2) and KAS (Eq. 3) methods. The related transition
state thermodynamic functions (AS*, AH* and AG*) also
can be calculated according to Eqs. 5-7. The correspond-
ing values are shown in Table 3a (Ozawa method) and b
(KAS method). As seen from Table 3a (Ozawa method)
and b (KAS method), the change of the entropy, AS*, for
the decomposition of Na,C,O, is positive and can be
described as corresponding activated complexes that have a
lower degree of arrangement (higher entropy) than the
initial state. Regarding the fundamentals of the activated
complex theory (transition theory) [2, 3, 13, 14], a positive
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value of AS* indicates a malleable activated complex that
leads to very many degrees of rotation and vibration free-
dom, which results in a “fast” stage reaction. On the other
hand, a negative value of AS* suggests that the degree of
structural complexity (arrangement, organization) of the
activated complex is higher than that in the non activated
complex, and may be indicated as “slow” stage [19, 22—
25]. The positive value of the activation enthalpy, AH*,
showed that the decomposition stage is connected to the
introduction of heat, and agrees well with the endothermic
peak in the DTA result. The high AH* value indicated that
this decomposition step needs high energy. The positive
value of Gibbs energy, AG*, suggested that this is a non-
spontaneous process. These results indicated that the
decomposition step of Na,C,0, is a high energy pathway
and revealed a very hard mechanism.

Conclusions

In conclusion, kinetic parameters of Na,C,0, (decarb-
onylation reaction) decomposition can be determined on
the basis of thermogravimetric data. The kinetics of ther-
mal decomposition of Na,C,04 under non-isothermal
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heating was studied using the Ozawa and KAS methods.
The results obtained from these two different calculation
procedures were found to correlate with each other. Values
of the apparent activation energy and pre-exponential
factor, and the change of entropy, enthalpy, and Gibbs free
energy, the most probable mechanisms and characteristics
of the process were reported. These could be the important
data for further studies and synthesis of the materials
involved.
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