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The dehydration process of Na,M00,*2H,0 and its kinetics have been studied by TG-DTG. Using Malek
method, SB(m,n) was defined as the kinetic model of the dehydration process. The corresponding kinetic and ther-

modynamic parameters were obtained.
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Introduction

In the field of thermal analysis kinetics, there have
been many kinetic models and methods of processing
the corresponding data, which can depict the most
probable kinetic mechanism of solid state reactions,
such as the method combining differential and integral
methods,"® the method combining isothermal and
non-isothermal processes”® and method of TA curve
shape,®™® and so on. Recently, based on the predeces-
sor's work, a more complete kinetic method of process-
ing thermal analysis data was put forward by Malek et
al."™™ The advantage of this method is that without
considering the kinetic models, first, the activation en-
ergy E can be calculated by the multiple scanning
method, then, the probable kinetic model function can
be determined through the characteristic values of two
functions [Y(a) = (da/dt)e* and Z(a) = n(X)(da/dt) T/A]
obtained by the calculation with simple experimental
data, and at last, pre-exponential factor A can be ob-
tained. The complete kinetic result is thus obtained. In
this way, the trouble of calculating with every f(a) one
by one and the influence of the kinetic compensation
effect made when the activation energy E,
pre-exponential factor A and kinetic model function f(a)
are obtained simultaneously can be avoided.

In this paper, the method suggested by Malek™™
was used to study the kinetic parameters and mechanism

model for the dehydration process of the title compound.

The sodium molybdate is more and more vaued by
people because of its solid-solid phase transition in the
process of temperature change and its usage in the stor-
age of heat energy,*™ but few studies on the
non-isothermal kinetics of its thermal decomposition

*  E-mail: jjzhang6@sohu.com

mechanism have been reported in literature.

Experimental

Sample

The NaoM00,*2H,0 used in the present investiga-
tion was of an analytical grade.

TG and DTG analysis

The TG and DTG experiments for the title com-
pound were performed using a Perkin-EImer TGA-7
thermogravimetric analyzer. The heating rates used
were 3,5, 7 and 10 “C*min *from the ambient to 325
‘C, and the sample mass was 6.520.2 mg. Air was used
as a static atmosphere.

Theory of kinetic investigation

The kinetic investigation method proposed by Malek
and coworkers™ ™ was described as follows.
Calculation of the activation energy E

Multiple-scan methods can be applied to the calcula-
tion of activation energy E from several sets of
TG-DTG curves at various heating rates. Ozawa™®'" and
Kissinge'® methods were used to obtain the value of E.
Ozawa and Kissinger equations are as follows:

Log B+0.4567E/RT=C (@D}
d{In(BTH)}Hd(UT)=—E/R 2

where 3, E, R, T and Tp have the usual meanings, and C
isthe constant.
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Deter mination of the kinetic model

The specia functions Y(a) and Z(«) are defined as
follows and can be easily obtained by ssimplified trans-
formation of the experimental data:

Y(a) =(daddi)e ©)
Z(a) =n(x)(daldt) /3 @)

where x=E/RT, and n(x) is the approximate function of
temperature integration proposed by Sinum-Yang:***°

ZHANG et al.

(X) = (x* 4 18x° 4-88x+96)/(x* 4- 20> 4- 120x% +
240x+120) (5)

By combination of the shape of function Y(a) with pa-
rameters am, op and ay , a which the function Y(«),
TG-DTG curve and Z(«) have a maximum, respectively,
the most suitable kinetic model function f(«) can be de-
termined from Figure 1. The usually used functions f(«)
are listed in Table 1.
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Figurel Schematic diagram of the kinetic model determination.

Tablel Themathematical expressions of the kinetic models

Model Symbol f(a)
Sestak-Berggren egn. SB(m,n) a"(1—a)"
Johnson-Mehl-Avrami egn. IJMA(n) n(l—a)[—In(1—a)] 1=1n
Reaction order eqn. RO(n) a—a)"

Two-dimensional diffusion D2 U[—In(1—a)]
Jander egn. D3 3(1—a)?2[1—(1—a)?
Ginstling-Brounshtein eqn. D4 32[(1—a) Y1)

Calculation of the kinetic exponentsn (or m)

Once the kinetic model has been determined, the
corresponding kinetic exponents n (or m) can be calcu-
lated.

Calculation of the pre-exponential factor A

Knowing the value of E and the kinetic exponents,

the value of A can be calculated using the equation

A=—Pxoexp(xp) [ Te T (ap)] (6)

Results and discussion

Thermogravimetric decomposition data

TG and DTG curves of NaoM0O4#2H,0 are shown
in Figure 2. The first stage starts from 79.86 to 128.48
‘C with a mass loss of 14.61% which corresponds to
the loss of 2 mol of water (theoretical lossis 14.88%).

Kinetics

Activation energy E is the most important factor for

100 DTG

951

904

Mass loss/%

85

80

30 60 90 120 150 180 210 240 270 300
Temperature/ °C

Figure 2 TG-DTG curves for

Na,Mo0O4¢2H,0

the dehydration of

the determination of the function f(a),"" so without
touching the kinetic function, values of E of the
first-stage thermal decomposition were calculated by
Ozawa equation’®*’ using the multiple-scan method.
The results are listed in Table 2, from which it can be
seen that the average value of E is 78.55 kJmol . In
order to verify the reliability of this result, Kissiger
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Table2 Theactivation energy for the first-stage decomposition of Na,M004¢2H,0 obtained by Ozawa method

No. a TsomidK  TsomdK  TromadK  TioomdK  El(kdemol Y E¥(kdemol Y r
1 0.15 362.38 370.98 369.48 376.96 85.85 78.55 0.9306
2 0.20 364.03 372.79 371.59 379.22 83.89 0.9390
3 0.25 365.59 374.6 373.69 380.84 85.09 0.9455
4 0.30 366.79 375.95 375.45 382.78 82.78 0.9548
5 0.35 368.00 377.31 3765 384.39 80.94 0.9491
6 0.40 369.20 378.67 378.61 386.01 80.47 0.9620
7 0.45 370.81 379.57 380.02 387.62 82.08 0.9699
8 0.50 371.61 380.93 381.78 389.24 78.93 0.9749
9 055 372.81 382.29 383.18 390.85 77.76 0.9753
10 0.60 374.02 383.55 384.59 391.82 79.18 0.9763
1 0.65 374.82 384.55 385.64 393.43 76.42 0.9775
12 0.70 376.03 385.45 387.05 395.05 75.66 0.9821
13 0.75 377.23 386.81 388.45 396.02 76.94 0.9831
14 0.80 378.03 387.72 389.86 397.63 74.35 0.9866
15 0.85 379.24 389.53 391.26 399.25 73.15 0.9827
16 0.90 380.44 390.43 393.02 400.86 72.40 0.9891
17 0.95 381.65 392.24 395.13 403.13 69.41 0.9904

2 Averrage value of E.

method™® was also used to calculate the value of E of
the first-stage thermal decomposition, and the result is
shown in Table 3. The value of E of 69.49 kJ nol * by
Kissinger method is approximate to that of E by Ozawa
method. The average value of 74.24 kJ*mol * was used
to calculate the functions Y(a) and Z(a). The experi-
mental data of T, a and da/dt can be obtained from
TG-DTG curves. Functions Y(a) and Z(a) can be ob-
tained by the transformation experimental data and ac-
tivation energy E from Egs. (3) and (4). Figures 3 and 4
show the dependence of Y(«) and Z(a) on o, respectively.
In order to obtain the accurate values of anand ay
which functions Y(a) and Z(a) have a maximum, re-
spectively, Mathematica 3.0 software was used for fit-
ting the curves of Y(a) and Z(c) values vs. the values of
o. It is found that the equation obtained by six
time-fitting was the most accurate. The fitted equation
at various heating rates are described as follows:

p=3 ‘Cemin*

Y(a) =0.145133+1.438690 — 5.666960° + 11.26550° —
13.51460"+9.084184°— 2.727840°

Z(a)= — 0.00111273+ 1.85932¢ — 7.414544>+
20.7574°— 33.6623¢* 4 28.36670° — 9.829120°

p=5 Cemol *

Y(e) =0.0608572+2.6296 20— 13.81590° +
36.3696¢°— 52.85950" + 36.76870° — 1.42506¢:°

Table 3 Kinetic parameters for the first-stage decomposition of
NaM00O4+2H,0 obtained by Kissinger method

BI(Cemal % TJ/K E(kJmol %) r
3 374.34 69.49 0.9611
5 384.23
7 384.60
10 393.94
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Figure3 Therelation between Y(a) and « (=3 ‘Cemol *, #;
p=5 Cemol ' W; =7 Cemin’, A;p=10 Cemol’, @).

Z(a) =0.0236415+ 1.66187a —5.80339%° +
15.16220°— 24.10150* +20.0253¢° — 12.14830:°
B=7 ‘Cemol *

Y ()= —0.03484116 -+ 4.673370— 23.9640° +
60.3348¢°—82.82870" +58.6420° — 16.81640°
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Figure4 Therelation between Z(a) and o (=3 Cemin , @;
f=5°Cemin"’, W; =7 Comin’’, A;$=10 Cemin}, @).

Z(a)=—0.145455+4.981320— 20.01934*+
50.7454¢°— 74.4664" 4 58.12360° — 19.10940°

p=10 Cemin*

Y(0)) =0.0421481+3.54599¢ — 19.34784°+
50.05810°—69.6193¢.* +49.7235¢° — 14.39810°

Z(a) = — 0.157267 + 7.378670-33.2110° + 89.26124°—
133.6460"+104.4810°—33.9166¢°

The values of a,,and ay a various heating rates can
be obtained by derivation of above equations (data see
Table 4). From Table 4 it can be seen that the values of
omat various heating rates are all more than zero and
less than those of apat various heating rates, and values
of o a various heating rates are not equal to 0.633.
By combination with the Figure 1, the kinetic model of
the first-stage thermal decomposition can be determined
to be SB(m,n).

Table4 The characteristic values of the functions Y(«) and Z(«)

ZHANG et al.

The kinetic exponents m and n were calculated using
the equations:

IN[(deddt)e] =In A+ ninfe(1—a)] @
m=pn (8)
p=am/(1—0m) 9)

The pre-exponential factor A can be calculated using Eq.
(6) and the results are listed in Table 5. The thermody-
namic parameters of activation can be calculated from
the equations:**#

Aexp(—E/RT)=vexp(—AG/RT) (10)
AH”=E—RT (11)
AG™=AH"—TAS" (12)

Table 5 Kinetic parameters and mechanism of the dehydration
reaction of Na,M0Q4¢2H,0

BI(Cemin' ) KM m N InA/(s %) E/(kJemol 1)

3 SB(m,n) 0.0183 0.0501 24.91 74.02
5 SB(m,n) 0.0095 0.0332 24.60
7 SB(m,n) 0.0146 0.0521 24.23
10 SB(m,n) 0.0046 0.0195 24.35
@Kinetic model.

The values of the entropy, enthalpy and free energy
of activation at the peak temperature obtained by Egs.
(10)—(12) arelisted in Table 6.

Conclusions

Using Maek method, SB(m,n) was defined as the
kinetic model of the dehydration process of

AI(CCemin 1) Shapeof Y(@) O a, op NaM0O4+2H,0. The activation energy of the dehydra-
tion reaction is 74.02 kJmol *. The entropy of activa-
Convex 02678 06691  0.6340 tion AS™ is —51.45 Jmol *K . The free energy of
Convex 0.2231 0.6860 0.6290 activation AG™ is 90.61 kJomoIfl, the enthal (9% of acti-
vation AH™ is 70.83 kJ»mol %, and the pre-exponential
Convex 0.2194  0.6669 0.6070 factor ise?%? st
10 Convex 0.1914  0.6920 0.6680
Table6 Thethermodynamic parameters of the title compound
B(Cemal ™  E/(kImol Y InAs? AH/(kJmol 1) AG™/(k Jmol Y AS/(Jemol %KY To/K
3 24.91 70.91 88.88 —48.01 374.34
5 24.60 70.83 90.35 —50.81 384.23
7 24.23 70.82 91.55 —53.89 384.60
10 24.35 70.74 91.66 —53.09 393.94
Mean 74.02 24.52 70.83 90.61 —51.45
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