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Abstract

The non-isothermal decomposition study of
individual FeC,04,.2H,0 shows two steps
decomposition with Fe,O3; as final product when
heated to 300 °C with two dimensional diffusion
and Ginling Braunshtein equation. The CuC,0O,4
shows two steps decomposition with CuO as end
product when heated to 320 °C by Avrami
equation. The non-isothermal study of the binary
mechanical mixture of FeC,0,.2H,0O and CuC,0,
in mole ratio (1:2) by TGA when heated up to 260
°C shows mixture of Fe,0O3 and CuO. The a Vs time
plots of isothermal study of mixture shows Ginling
Braunshtein equation and Mampel unimolecular
law. The applicability of Mampel unimolecular law
to the kinetic data is up to 0.28 < a < 1.00. The end
products were characterized using X-ray
diffraction and SEM technique. The Kkinetic
parameters like energy of activation (Ea), pre-
exponential factor (A) and Correlation factor (r)
were obtained from isothermal TGA and EGA.

Keywords: FeC,0, . CuC,0, . TGA . EGA .
Kinetics.

1. Introduction

The thermal stability of solid materials is of
great  importance  and  interest  [1].
Decomposition of metal oxalates provides a
means of comparing the influence of the metal
ion on decomposition [2]. Thermal
decomposition study of metal oxalates is
useful for preparation of mixed metal oxides
possessing pores, lattice imperfections and
therefore they acts as reactive solids [3]. One
of the most convenient measures of the
reactivity of a solid is its thermal behavior and
pre-treatment like studied at selected
isothermal temperatures, which can modify the
properties of the material in an important way
by creating imperfections and affect on
kinetics of decomposition [4]. The mixed
metal oxides may result in the modification of
their thermal behavior, geometry and
electronic properties which lead to changes in
their catalytic functions [5]. It is found that
many workers studied thermal decomposition

of mixed metal oxalates preparing them by
different techniques [6]. The objective of this
work is to investigate the mechanism by which
metal oxalate shows thermal decomposition.
So far, nobody appears to have reported on the
thermal behavior of mechanical mixtures of
FeC,0,4.2H,0 and CuC,0, in (1:2) mole ratio.
Generally, the kinetics of solid state thermal
decomposition can be followed either by
isothermal and non-isothermal methods [7]. In
last few years some workers have studied the
binary mixtures of oxalates by thermal
decomposition to find out the kinetics and
mechanism [8], but we have chosen quite new
method to study the binary mixture by
mechanically mixing two oxalates by definite
proportion as 1:1, 1:2 ,2:1, 1:3 etc. The effect
of mixing on the Kkinetic parameters of
individual oxalates is to be studied. The
decomposition in oxalates may be with the
heterolytic dissociation of C-C bond forming
CO, and CO,” , if it involves the cleavage of
the C-C bond then the products are CO and
CO,. In many cases the C-C bond cleavage is
the rate determining step. If cleavage is
heterolytic then it produces CO, and CO,* and
if hemolytic then it produces two CO* anions
[9-12]. Non-isothermal thermo-gravimetric
analysis (TGA) has been widely used as a tool
to investigate the thermal stability of
complexes [13]. Thermo-gram obtained,
provide the information about the sample
composition, thermal stability as well as the
kinetic data relating the chemical changes
occur on heating [14]. The kinetic parameters
of non-isothermal method of TGA and EGA
are close to those obtained for isothermal
decomposition in the air atmosphere. EGA is
known as one of thermal analysis method for
measuring the amount of generated gases from
a sample as a function of temperature [15].
The kinetic analysis data was performed by
using computer for calculation of energy of
activation and mechanism. The product
remains after thermal decomposition of
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oxalate mixture was characterized by using X-
ray diffraction techniques [16].

2. Experimental

2.1 Material
Pure Ferrous (II) oxalate and Copper (1)
oxalate were used of BDH A. R. quality.
2.2 Apparatus
The EGA technique in which furnace is made
up of indigenous material with quartz tube
closed from one side is used and chromel-
alumel is used as thermocouple. Pyrometer
(Tempo Industrial corp., BPL-INDIA) with
range 0°C to 1200°C (+ 0.1°C) and the
temperature regulator (Argo transformers
Co.Ltd., India) of 15 amp capacity is used. In
the non-isothermal studies the temperature was
raised uptol000 °C at heating rates of 5
°C/min. The TGA K-14 super (K.Roy and
Co., India) of 100g capacity with an accuracy
of £ 0.1mg is used and non-isothermal and
isothermal TGA were carried out with the
same thermobalance. The DTA technique
Detector DTG-60H is used where atmosphere
is air and flow rate is 50ml/min.
X-ray powder diffraction analysis of the solid
decomposition products was carried out using
a bruker axs D8 advance X-ray diffractometer.
For the identification purpose, the relative
intensities (I/lp) and the d-spacing (A) were
compared with standard diffraction patterns of
the ASTM powder diffraction files [17].
The changes in morphology and texture taking
place during the thermal decomposition of the
mixture were investigated using a 6360 (LA)
scanning electron microscope.

2.3 Data analysis:
The activation parameters were then calculated
by using the Coats-Redfern equation written in
the form:
logye{1-(1-a)" "/ T?(1-n}=log,,AR/aE[1-
2RT/E]-E/2.303RT
(1)
Where o = the fraction of the sample
decomposed at time t
n = the order of reaction
T = temperature (°K)
A= pre-exponential factor
R = the gas constant
E = the activation energy
a = conversion factor to transfer from a time
scale to a temperature scale,

i.e.a=dT/dt

In Coats-Redfern equation log;oAR/aE [1-2RT
/ E] remains constant over temperature range
of the decomposition, then plot

logio{1- (1-a) ™"/ T?(1-n} against 1/ T

It results straight line and slope give the value
of —-E /2.303 R [18].

For isothermal conditions, the rate expression
can be written as

G (o) = kt (integral form) 2

a = the fraction of the sample decomposed at
time t

For a given isothermal run at T;, the constant k
(T;) can be calculated from the TGA and EGA
Curve using the integral method. TGA and
EGA experiments for isothermal analysis are
performed at five isothermal temperatures.
There is a certain k (T;) and certain f (o)) or G
(a) for each Ti. If f (o) or G (o) are all the
same for each T, then

In [G (o) / 1.921503T] = In (AE / BR) +
3.7720501 — 1.921503 InE - E/RT 3)
Where

E =slope xR

And

A = exp (intercept — 3.772051 + 1.9215031 In
E)xBR/E (4)

Where E = activation energy, B = heating rate,
A = frequency factor, and o = the fraction of
the sample decomposed at time‘t” [19].

A computer program has been written for the
calculation of kinetic data by using Coats-
Redfern equation, in which data can be cycled
for any value of n (order of reaction) until the
best fit is obtained (by least mean squares) .
The kinetic data is also analyzed by two
dimensional diffusion equation and by three
dimensional phase boundary reaction (Table
1). Plots for typical experiments are shown for
non-isothermal TGA, EGA and DTA of
FeC,0,4.2H,0, CuC,0, and binary mechanical
mixture of FeC,0,.2H,0 and CuC,0, in mole
ratio (1:2) in Figurel, Figure2 and Figure3.

3. Result and discussion:-

3.1. DTA-TG, EGA

The TGA, EGA and DTA of FeC,0,4.2H,0
are shown in Figure 1. The TGA shows two
distinct steps. The first step is observed in
the temperature range 180 °C to 200 °C and
is accompanied with 20.03% mass loss [20].
This is attributed to the water loss,
equivalent to two water molecules
(calculated mass loss 20.01%). The second
step is occur in the temperature range 240 °C
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to 300 °C showing weight loss 45.19%
against the calculated mass loss 45.18%
[21]. This mass loss corresponds to the
complete conversion of FeC,0, to Fe,0s.
The anhydrous mixture is used for EGA
study. EGA shows the theoretical volume for
decomposition at N.T.P condition is to be
47.55 ml against the observed volume at
N.T.P is 48.00 ml which results in
decomposition of FeC,0, to Fe,O3 at 380 °C
[22]. The DTA shows sharp ‘Endo’ pick at
200 °C for loss of water of crystallization
and second sharp ‘Exo’ peak at 250 °C for
decomposition of FeC,0,.
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Figurel. DTA-TGA-EGA curves of FeC,0,.2H,0
in air at heating rate of 4 °C min™.
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Figure2. DTA-TGA-EGA curves of CuC,0y in air
at heating rate of 4 °C min™.

The TGA, EGA and DTA of CuC,0, are
shown in Figure 2. The TGA shows single
step decomposition in the temperature range
260 °C to 320 °C showing weight loss
47.50% against the calculated mass loss
47.51% [23-24]. This mass loss corresponds
to the complete conversion of CuC,0, to
CuO. EGA shows the theoretical volume for

Wt.loss)

GA (%

Wt loss)

decomposition at N.T.P condition is to be
45.02 ml against the observed volume at
N.T.P is 4525 ml which results in
decomposition of CuC,04to CuO at 320 °C.
The DTA shows sharp ‘Exo’ peak at 300 °C
for decomposition of CuC,0,4. The Kinetic
parameters evaluated by TGA using non-
mechanistic equations are given in Table 2.
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Figure3. DTA-TGA-EGA curves of FeC,04.2H,0
and CuC,0,in mole ratio (1:2) in air at heating rate
of 4 °C min™*

In the mixture of FeC,0,4.2H,0 and CuC,0,
in mole ratio (1:2) (Figure 3) shows two
distinct mass loss steps. The dehydration is
observed in the temperature range 120 °C to
200 °C, this is attributed to the two water
molecules loss and is accompanied by 7.41%
mass loss (calculated mass loss 7.45%) [25].
Anhydrous mixture is thermally unstable and
shows decomposition in the temperature
range 220 °C to 260 °C to Fe,0O3; and 2CuO
with observed mass loss is 42.02% and
calculated mass loss is 42.06 % [26]. The
binary mixture shows the initiation
temperature 220 °C, which is very less than
that of pure FeC,042H,0 and CuC,0,
which have initiation temp 240 °C and 260
°C, While ends of temperatures are 300 °C
and 320 °C respectively. Thus there is
appreciable lowering in initiation and end up
of temperature of binary mixture is
observed. This is due to the fact that the
electro-negativity of ferrous oxalate (1.8) is
lower than that of Copper oxalate (1.9);
addition of ferrous ions to CuC,O, will
increase positive charge of the copper ion
due to that Cu-O covalent bond becomes
weaker in mixed oxalate than pure oxalate.
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This makes lower the decomposition
temperature and activation energy [27]. The
X-ray study of product of mixture at
different temperatures (Figure 4) supports
the formation of Fe,Cu,Os. This occurs at
lower temperature than the decomposition of
pure FeC,04 and CuC,0, due to presence of
CuO, which acts as catalyst. EGA study
shows the volume for decomposition at
N.T.P condition is 72.16 ml and observed

Tablel: Kinetic equations examined in this work.
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volume at N.T.P is 72.00 ml [28], which
results in decomposition of FeC,0O, and
CuC,0,4 (1:2) mole ratio mixture to Fe,Os
and CuO at 300 °C The DTA shows sharp
‘Endo’ pick at 200 °C for loss of water of
crystallization and second sharp ‘Exo’ peak
at 260 °C for decomposition of
FeC,04.2H,0 and CuC,0, in mole ratio
(1:2) to Fe,0O3 and CuO [29].

Reaction model G (o) Symbol
One dimensional diffusion o’ D,
Two dimensional diffusion (1-0) In (1- o) + « D,
Jander equation, Three dimensional diffusion [1- (1-a) 7°]° Ds

Ginling Braunshtein equation, Three dimensional | [1- 2a/3]—(1-0) ]1%® | D,

diffusion

Two dimentional phase boundary reaction. [1-(1-a) 73] R,
Three dimensional phase boundary reaction. [1-(1-a) 7% R3
First order kinetics, Mampel unimolecular law, Random | [- In (1-a)] Fi
nucleation.

Random nucleation: Avrami equation. [- In (1-a)] Y2 A,
Random nucleation: Erofeev equation [-In (1-a)] 1 A;
Exponential law Ina E;

3.2 X-ray diffraction
|

|

Intensity (a.u.)

20 30 40 50 60 70 80
2 Theta (Degree)

Figd. X-ray powder diffractograms of solid

FeC,0,4.2H,0 and CuC,0, (1:2) mole ratio mixture

obtained at a) 220 °C, b) 230 °C, c) 240 °C , d)

260 °C.

The sample of FeC,0,4.2H,0 and CuC,Q0, in
mole ratio (1:2) is heated in an open air at
260 °C with a linear heating rate of 4 °C/
min and their XRD pattern is recorded in 20
range of 20-80°. The XRD pattern of the
sample (Figure 4) at 220 °C is matched

with monoclinic CuO (JCPDS NO -050661)
[30] and cubic Fe,Cu,0Os (JCPDS NO-
250283) shows that the formation of CuO
takes place and not Fe,Os, indicates CuO
acts as catalyst formed at 220 °C supported
by the activation energy (Ea) of pure ferrous
(I1) oxalate using non-isothermal TGA is
176.33 KJ/mole and pure copper (I1) oxalate
using non-isothermal TGA is 140.46
KJ/mole, The comparison of average of
activation energy (Ea) of both oxide and that
of binary mixture in mole ratio (1:2) using
non-isothermal TGA is 144.5 KJ/mole
shows decrease in activation energy (Ea).
The CuO is then further decomposes the
mixture at lower temperature. The XRD
pattern of the sample at temperature 230 °C,
240 °C, 260 °C shows the formation of
hexagonal Fe,O; (JCPDS NO-730603) [31]
with cubic Fe,Cu,Os (JCPDS NO-250283)
and this phase is found to be not reported.
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o

Fig5. Scanning electron micrograph showing the
changes in texture and morphology that accompany
the thermal decomposition of FeC,0,.2H,0O and
CuC,04 (1:2) mole ratio mixture in air. Mixture
calcined at: a) 220 °C, b) 240 °C, and d) 260 °C.

The SEM micrographs showing the changes
in texture and morphology that accompany
the thermal decomposition of FeC,0,4.2H,0
and CuC,04 (1:2) mole ratio mixture in air is
shown in (Figure 5). The result shows that
the particle shape and size change
throughout the decomposition process.

Micrograph of the mixture is calcined at 220
°C (Figure 5a) shows two types of crystals.
The first type is due to the decomposition of
copper oxalate and breaking into fine
granules. The second type shows relatively
large crystals of different size and shape,
assigned to ferrous oxalate. Micrograph of
the mixture is calcined at 240 °C and 260 °C
(Figure 5b and 5c) shows grain growth, re-
texturing and aggregates of cubic large
crystals of different sizes. The results of
SEM experiments are thus consistent with
the result of XRD analysis [32].
3.4. Reaction of mixture
Reaction of FeC,0,.2H,0 and CuC,0, in
mole ratio (1:2) is shown below.
Step |
180 °C-200 °C

FeC,0,4.2H,0:2CuC,0y —48 —»
FeC,0,4:2CuC,0,+2H,0

(Observed Wt. loss = 7.41%), (Calculated
Wt. loss = 7.45%)

Step 11

220 °C-260 °C

FeC,0y: >
Fe,05: 2Cu0 +4CO1T +2C0O,71
(Observed Wt. loss = 42.02%), (Calculated
Wt. loss = 42.06%)
Five different temperatures 260, 250, 240,
230, 220 °C are selected for conducting
isothermal kinetic study of mixture by TGA
and 300, 275, 250, 225, and 200 °C for EGA
techniques. TGA and EGA (Figure 5 and
Figure 6) shows the variation of degree of
decomposition () of the mixture
FeC,04.2H,0 and CuC,04 in (1:2) mole
ratio to Fe,O; and 2CuO with time at
different isothermal conditions [33]. The
data obtained from isothermal method using
TGA and EGA techniques are plotted as
degree of decomposition (a) as a function of
time (t/tos) (Figure 7 and Figure 8). These
sigmoid shaped curves are characteristics of
a mechanism by which the decomposition
occurs at the interface between the product
and un-decomposed reactant.

2CuC,0,
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Fig7. Isothermal decomposition curves (EGA) for
FeC,0,.2H,0 and CuC,0, (1:2) mole ratio mixture
at a) 300°C, (b) 275 ° C c) 250 °C, and d) 225 °C.
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Fig9. a Vs. t/ t o5 plots of EGA for isothermal
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mole ratio

The kinetic parameters evaluated by TGA
using non-mechanistic equations are given in
Table 3. The Ea of decomposition process
using non-isothermal TGA and EGA method
is found 144.35 KJ/mole and 124.81
KJ/mole by plotting In k Vs. T110¥K*
respectively (Figure 9 and Figure 10) [34-
37]. The order (n) of decomposition reaction
of binary mixture using TGA and EGA is
0.45 and 1.30 respectively [38].

15
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Ik -13.5-
-14.0-

-14.5

-15.0+

-155 -—
18 18 20 21 22 23

7oKt
Fig10. Arrhenius plot: of In k Vs. T110¥K™ of
dynamic TGA of FeC,04.2H,0 and CuC,0, (1:2)
mole ratio.
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The Ea of isothermal TGA method using
three  dimensional  diffusion  (Ginling
Braunshtein equation) is 141.51 KJ/mole
and first order kinetics  (Mampel
unimolecular law) or random nucleation is
177.29 KJ/mole by plotting log [1- 2a / 3] —
(1-a) ] 2 Vs T110%K ™ and log [- In (1-0)]
Vs. T110%K™ (Figure 11 and Figure 12)
respectively. The EGA method using three
dimensional diffusion (Ginling Braunshtein
equation) is 95.17 KJ/mole and first order
kinetics (Mampel unimolecular law) i.e
random nucleation is 129.41 KJ/mole by
plotting log [1- 20 / 3] —(1-0) ] ?® Vs T
L10%K* and log [ In (1-a)] Vs. T110%K™
(Figure 13 and Figure 14) respectively [39].
In EGA technique the decomposition
temperature and Ea (activation energy) is
high due to closed system. The correlation
coefficient (r) for TGA and EGA is in the
range 0.9993 - 0.9999, indicating nearly
perfect fits [40].
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The decomposition of binary mixture
(Tablel) using TGA can be found out by
plotting [1- 2a/3] — (1-a)] %3 Vs. time (min)
and [- In (1-a)] Vs. time (min) (Figure 15
and Figure 16) and obey three dimensional
diffusion  (Braunshtein equation) (D)
followed by first order kinetics (Mampel
unimolecular law) or random nucleation.
This means the fact that reaction is
controlled by nucleation followed by
growth, where the rate determining step Is
the nucleation process followed by diffusion
control reaction starting on the exterior of a
spherical particle. While wusing EGA,
decomposition can be found same as TGA
shown in (Figure 17 and Figure 18) [41].

T T T T T T T T T T T
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Figl6. (TGA) plot of [1- 20 / 3] — (1-0) ] %* Vs

time of decomposition of FeC,04.2H,0 and

CuC,04(1:2) mole ratio.
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Table2: Activation parameters of the non-isothermal and isothermal decomposition in air of
FeC,0,.2H,0 and CuC,0,4 by TGA and EGA method.

Method of analysis Ea
(activation
energy) in
KJ/mole.

A, (frequency | r, n, Order of
factor) (correlation | reaction

coefficient)

Non-isothermal TGA of Ferrous | 176.33
(1) oxalate.

1.83x10° 0.9962 25

Isothermal TGA Dby two | 136.07
dimensional diffusion of Ferrous
(1) oxalate.

3.02x10’ 0.9999 25

Isothermal TGA by three | 138.09
dimensional diffusion (Ginling
Braunshtein equation) of
Ferrous (I1) oxalate.

4.78x10’ 0.9999 25

Non-isothermal EGA of Ferrous | 98.80
(1) oxalate.

8.28x10° 0.9908 1.35

Isothermal EGA Dby two | 93.89
dimensional diffusion of Ferrous
(1) oxalate.

2.97x10° 0.9988 1.35

Isothermal EGA by three | 106.04
dimensional diffusion (Ginling
Braunshtein equation) Ferrous
(1) oxalate.

5.85x10° 0.9995 1.35

Non-isothermal TGA of Copper | 140.46
(1) oxalate.

1.95x10° 0.9948 1.35

Isothermal TGA by random | 172.40
nucleation (Avrami equation) of
Copper (1) oxalate.

1.95x10° 0.9999 1.35

Non-isothermal EGA of Copper | 158.82
(1) oxalate.

1.56x10° 0.9994 0.35

Isothermal EGA by random | 144.31
nucleation (Erofeev equation) of
Copper (I1) oxalate.

3.51x10°% 0.9999 0.35

Conclusion

TGA experiment of FeC,04.2H,0 and CuC,0,
(1:2) mole ratio mixture in air shows complete
decomposition to Fe,O; and 2CuO at 260 °C
through two well defined steps, while EGA
technique shows the same decomposition at
300 °C. The initiation temperature of pure
FeC,0,.2H,0 and CuC,0, are 240 °C and 260
°C and ends of temperature are 300 °C and
320 °C respectively. While binary mixture
shows initiation temperature 220 °C and ends
of temperature 260 °C this is due to the
catalytic effect of CuO, which decreases
decomposition temperature and activation
energy (Ea).
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