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Abstract

Thermal decomposition taking place in solid state complex,,Ni2H,0, has been investigated in air by means of TG-DTG/DTA,
DSC, XRD. TG-DTG/DTA curves showed that the decomposition proceeds through two well-defined steps with DTA peaks closely cor-
responding to the weight loss obtained. XRD showed that the final decomposition product,@,Nig,0 was NiO. Kinetics analysis
of NiC,0,4-2H,0 decomposition steps was performed under non-isothermal conditions. The activation energies were calculated through
Friedman and Flynn—Wall-Ozawa (FWO) methods, and the most possible kinetic model function has been estimated through the multiple-
linear regression method. The activation energies for the two decomposition steps©f 16,0 were 171. 1+ 4.2 and 174.4- 8.1 kJ/mol,
respectively.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction used inthisresearch. His approach is based onthe assumption
that decomposition process itself reduces to congruent disso-
Studies on the thermal analysis and kinetics of thermal ciative evaporation of reactant, so that the kinetics process is
decomposition for metal oxalates have attracted more inter-determined only by the decomposition of primary decompo-
est for a long time. The first work on PbO4 decomposition sition products and experimental conditions, which govern
was reported in 187(QL]. There have been a lot of reports the evaporation mode and reactant self-cooling.
on the thermal decomposition of metal oxalates. Macklen In present study, the kinetics of thermal decomposition of
studied the influence of atmosphere on thermal decomposi-nickel oxalate dihydrate has been reexamined from a fresh
tion of nickel oxalate$2] in 1968. ElI-Wahab et al. reported point of view in detail. The experiment was carried out in
gamma irradiation effects on the electrical conductivity be- air. Several measurements have been run on nickel oxalate
havior and thermal decomposition induction period in nickel dehydrate at different heating rate from room temperature
oxalate[3] in 1996. Majumdar et al. investigated the sec- to 600°C. Then a model-free value of the activation energy
ondary catalytic reactions during thermal decomposition of can be made using Friedman or Ozawa—Flynn—-Wall (FWOQ)
oxalate of nickel(ll)[4]. There have been few comprehen- analysig[6—8]. Friedman plots with multiple peaks or vari-
sive reports on kinetics of thermal decomposition of nickel able activation energy are serious indicators of the presence
oxalate until 2000. L'vov reported the kinetics and mecha- of a multiple-step process. According to those indications,
nism of thermal decomposition of nickel oxalates in 2000 linear or non-linear regression was run in order to determine
[5]. A model of dissociative evaporation of the reactant with the best-fit kinetic model. As a result, reaction order (n), pre-
simultaneous condensation of the low-volatility product was exponential factor (A) and optimized activation energy) (E
were obtained. In this paper, we studied the thermal decom-
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Fig. 1. TG curves of NigO4-2H,0 in air at different heating rate.

Fig. 2. TG-DTG/DTA curves of Nig04-2H,0 in air at heating rate of

XRD, and the kinetics was studied using above method that 15°Clmin.

proved to be a simple way for kinetic investigation.
curves of NiGOg4-2H,0 in air at heating rate of 182/min
are shown irFig. 2. The DTA peaks closely corresponding to
the weight changes observed on the TG curves. The curves
showed that the thermal decomposition of bl@3-2H,0 be-
Nickel oxalate dihydrate (NigD4-2H,0) was of analyti- low 500°C occurs in two well-defined steps. The first step is
cal grade, obtained from Beijing Reagent Factory. from 196 to 284C, characterized by a endothermic peak at
Thermal analysis measurements (thermogravimetry, TG; 258°C in accordance with calculated weight loss of 19.73%,
differential thermogravimetry, DTG; and differential thermal attributed for the dehydration of N©4-2H,O and forma-
analysis, DTA) were carried out by means of a Netzsch STA tion of anhydrous oxalate. The anhydrous oxalate is stable up
449C thermal analyzer, German. The differential scanning to 316°C, and then decomposed in the second step. This step
calorimetry (DSC) measurement was carried out by Netzsch shows an exothermic process with DTA peak at 365in-
DSC 200 analyzer, German. The thermal analyzer includeddicating a weigh loss of 39.85% due to the decomposition of
a data acquisition and handling system. NiC204 and the formation of NiO. The exothermic character
Thermal analysis experiments TG/DTAwere performedin of the DTA peak accompanying the oxalate decomposition
static state air, at heating rate of 1, 2, 5, 10, 15, arfdzZthin. step is due to the air oxidation of CO to g¢Qvhich is the
The sample mass was kept 5.0-5.5 mg. DSC experiment wagommon fact in thermal decomposition of metal oxalate in
performed at a heating rate of 15mih The sample mass  air.
was 4.82mg. The decomposition product was collected at
the temperature that was showed in TG/DTA curves.
X-ray powder diffraction patterns of the decomposition
product were obtained with a Bruker D8-Advance model X- Fig. 3showed the DSC/DDSC curves of NiG4-2H,0 in
ray diffractometer with a Ni-filter and graphite monochroma- air at heating rate of 18C/min. The DSC peaks were in well
tor, and Cu Kg radiation (A= 1.54056A, 40kV, 50 mA). agreement with DTA peaks. DDSC curves showed that each
peak in DSC curve was single. According to the DSC curve,
the heat change during decomposition can be calculated as
shown inTable 1.

2. Experimental

3.2. DSC/BDSC

3. Results and discussion

3.1. TG-DTG/DTA 3.3. X-ray diffraction

The series of TG curves in air at different heating rate for ~ The X-ray diffraction data of the decomposition prod-
thermal decomposition of NigD4-2H,0 are shown irfrig. 1. uct at 400°C is listed inTable 2. The results indicated that
The curves approximately to each other indicated that the the crystal structure is g:ube. The calculated parameters are
weightloss isindependent of the heating rate. TG-DTG/DTA a=4.17125A, V=72.58A3, Z=4. The data listed iffable 2

Table 1

Heat change during the decomposition of M@z-2H,0 in air at heating rate of 18/min

DSC peak Initial temperatureC) Terminate temperaturéQ) Peak temperaturéC) AH (J/9)
1 2115 257.0 240.1 532.2
2 348.4 357.9 353.2 —776.1
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Table 2
The XRD data of solid product from decomposition of N@;-2H,O at 400°C
H K L Doss (A) Deac (A) Doss— Dcat (A) Qoss Qcac 2THoss ~ 2THca DIF.2TH
1 1 1 2.40818 2.40827 —0.00010 0.17243 0.17242 37.309 37.307 .002
2 0 0 2.08550 2.08563 —0.00013 0.22992 0.22989 43.351 43.348 .003
2 2 0 1.47528 1.47476 0.00052 0.45946 0.45979 62.950 62.974  —0.025
3 1 1 1.25741 1.25768 —0.00027 0.63248 0.63221 75.554 75.535 .009
2 2 2 1.20415 1.20414 0.00002 0.68966 0.68968 79.537 79.538  —0.001
DSC/(mW/mg) DDSC/(mW/mg/min) scan method was employed. In our paper, model-free and
oo model-fitting approached was used to investigate the kinetics
Xt 2 . . . .
25 30 under multiple-scan non-isothermal conditions, which was
20 20 described as below.
15 - IE\ M 10 . N
il - % 3.4.1. Calculation of the activation energy
10 fi

As one of the non-isothermal multiple-scan methods for
studying of kinetics, isoconversion method is also called

_ A model-free method because no kinetic model was set before
. VA : -30 the calculation of energy. FWO method and Friedman method
100 200 300 400 500 are two representative ones of model-free methods, which are

iof . . .
Temperature/*C convenient to calculate the activation energy.

The reaction proceeds in accordance with the usual kinetic

Fig. 3. DSC/DDSC curves of NifD,4-2H,0 in air at heating rate 182/min.
formula:

is in accordance with that in PDF card 471049. The product 2¢ _ , exp (_a> f(@) 1)
is NiO. dr RT
whereq, A, Eg, R, T are the conversion rate, pre-exponential
3.4. Kinetic studies factor, activation energy, gas constant and temperature,
respectively. The functiof(«) represents the mathematical
The aim of the kinetic studies of TA data is to find the expression of kinetic model. With dynamic techniques,
most probable kinetic model which gives the best description temperature rate dT/d$ set to be a constat Thus, the
of the studied process and allows the calculation of reliable kinetic equation of non-isothermal heterogeneous reaction
values for the parameteEs, andA. The Arrhenius parame- is obtained as follow.
tersE,, A together with the reaction model, are sometimes
da A Ea
= exp “RT fla) ()

called the kinetic triplet. The correlation of kinetic parame- ar ~ \ B
ters and the apparent kinetic models does not allow the correct
analysis to be performed by using only one experimental TG~ Friedman method[7] and Flynn-Wall-Ozawa[8,9]

curve[6]. This problem can be solved, however, if multiple- method therefore derived from the above, which is described

Table 3

Activation energies calculated using different methods during the decomposition gDINEH,O at multiple-scan rate

Conversion rater Dehydration reaction Decomposition reaction

Friedman methoé, (kJ/mol) FWO methodk, (kJ/mol) Friedman methoH;, (kJ/mol) FWO methodE, (kJ/mol)

0.20 153.96 200.05 148.69 187.42
0.25 148.86 190.78 212.21 184.87
0.30 145.26 183.93 138.96 184.34
0.35 143.43 178.62 183.91 182.24
0.40 141.28 174.07 176.77 182.40
0.45 138.79 170.19 153.44 180.66
0.50 139.20 166.88 154.11 179.00
0.55 138.06 164.00 177.34 177.37
0.60 138.31 161.49 180.88 178.00
0.65 140.70 159.53 149.98 176.67
0.70 144.77 157.80 175.85 175.17
0.75 150.42 156.65 175.41 175.69
0.80 158.37 156.46 153.78 174.30

Average 148.8+10 177.73+ 23 165.04+ 12 182.28+5.2
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Table 4

as following, respectively.
Comparison of the results obtained from the model-fit and the different

In {<d(¥> ﬂ} — In[Af(e)] — Ea 3) calculation methods
dar RT First step Second step
AE, Ea Activation energy (kJ/mol)

Ing = [ } —5.3305— 1.0516— (4) Friedman method 148810 165.0+ 12

RG(a) RT FWO method 177.223 182.3£5.2
These two methods are usually used to calculate activation Model-fitting method il 174.4
energy. Friedman method is very sensitive to experimental logA (S™1) 15.1 11.6
noise, and tends to be numerically unstable because of emReaction type CnB CiB
ploying instantaneous rate value. But FWO method producesEZic:;?‘” order 0.17';;‘2 1.15 186
a systematic error iEa when varies withw. This error does )\ ajation coefficient 0.998596 0.997371
notappearin Friedman me_th[ig()]. Inour present_study, they  Function fl@)=(L—a)"  f(e)=(1 —a)(L+Kcag)
were used to calculate activation energy listedable 3. (1 +Kcaw)

Itis shown that the values including activation energy cal-
culated by FWO method are higher than that of Friedman
method (in the range 02« < 0.8). It is due to that Fried- According toTable 4, it was seen that the value calculated
man method is very sensitive to experimental noise, but FWO py FWO method was close to the optimized value. That
method leads to meaningful result assuming Bygtivaries  js pecause the FWO kinetic equation was obtained by
with «. It also can be seen that activation energies changeintegrating the Arrhenius equation after assuming that the
little with «, which is just for FWO method. It also suggested kinetic model and the kinetic parameters were invariant
that each reaction correspond to the two steps probably obey,|| gver the process, which nearly accord with the fact in

@ Logarithm of the balance constant for autocatalysis reaction.

a single kinetic mechanism.

3.4.2. Determination of kinetic model

For one-step reaction, the determination of kinetic param-
eters can be turned into a multiple linear regression problem
through suitable transformations and simultaneous conver-
sion of Eq.(1).

First, the experimental values (such as TG data) are dif-
ferential or integrated and then transformed into the degree
of conversion. Application of Friedman equation yields Eq.
(5) for reaction type Fn, Eq(6) for nucleation process of
thenth dimension (An), described by Avrami—Erofeev equa-
tion [11-13], Eq.(7) for the complex reaction type, Bna
(Prout-Tompkinsth-order,ath autocatalysisj14] as well
as the modified Friedman E() for the remaining reaction

type.

In%:lnA—%+nln(1—a) (5)
In cl"“_/cif = In(nA) — % + ’m ©6)
In%:lnA—R—ET—i—nln(l—a)—l—alna )
Ind;l({x(])ltzlnA—é (8)

the range 0.Z o <0.8. We can conclude that the kinetic
model for the dehydration is CnB, and the corresponding
function isf(a) = (1 —a)"(1 +Kcaex). The correlated kinetic
parameters areE;=171.1kJ/mol, logA=15.1, n=1.75,
respectively. The kinetic model for the second reaction
is CiB. The function is f(a)=(1 —a)(1+Kca). The
optimized activation parameters arg;=174.4kJ/mol,
logA=11.6,n=1.0.

In previous works, L'vov also studied the kinetics of ther-
mal decomposition of nickel oxalate using a model of dis-
sociative evaporation of the reactant with simultaneous con-
densation of the low-volatility product. In his opinion, the
average activation energy for the steady-state decomposi-
tion of nickel oxalate in vacuum is 2205 kJ/mol, which
was mainly used for the selection of appropriate schemes
of thermal decomposition of nickel oxalate. In our study,
the kinetics of the thermal decomposition of nickel ox-
alate was investigated under non-isothermal conditions in
air using multiple linear regression method. The optimized
value of activation energy was 171.1 kJ/mol (dehydration),
174.4kJ/mol (decomposition). Obviously, the value of ac-
tivation energy calculated by L'vov is higher than that cal-
culated by us. We attempted to explain this as due to the
difference between the true scheme decomposition of nickel
oxalate. These differences consisted of in primary gasifica-
tion of all decomposition products and the methods that were

Replaced the data of experiments into the equations cor-used to calculaté&, and logA to obtain the topochemical

responding to different kinetic modeJ&5], then we used
multiple linear regression method to determine the best-fit
kinetic model. Generally speaking, the one with highest cor-
relation coefficient (>0.99) is the best-fit kinetic model. The
optimized value is the data of activation energy and,In
which was calculated with the best equation. Experimental
results are shown ifable 4.

equation.

4. Conclusions

By properly choosing the primary product composition,
we have succeeded in getting the final dat&pand logA,
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