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Preparation, Thermal Behavior and Nonisothermal Decomposition Reaction
Kinetics of Cerium 3,5-dinitrosalicylate(CeDNS)

ZHANG Heng ZHAO Feng-Qi* YI Jian-Hua ZHANG Xiao-Hong HU Rong-Zu
(Xi'an Modern Chemistry Research Institute, Xi'an 710065)

XU Si-Yu

Abstract: Cerium 3,5-dinitrosalicylate(CeDNS) was synthesized by using 3,5-dinitrosalicylic acid, sodium hydroxide
and cerium nitrate as raw materials, and was characterized by elementary analysis, X-ray fluorescence and FTIR
spectraoscopy. The thermal decomposition mechanism and kinetic parameters of the decomposition reaction of
CeDNS were investigated by means of TG/DSC and in situ condensed phase thermolysis/FTIR(RS-FTIR). The kinetic
equation of decomposition reaction was obtained. The results show that the decomposition process of CeDNS has
three stages and the main exothermic decomposition reaction occurs in the second process. The kinetic parameters of

the main exothermic decomposition reaction are: E,=159.17 kJ -mol ', A =10"* s™'. The kinetic equation can be
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e

expressed as: da/di= 10" x4(1-a)[-In(1-a)]

Key Words: CeDNS; thermal decomposition mechanism; nonisothermal reaction kinetics

In recent years, lead salts as combustion catalysts
have been added into double base propellants or RDX-
CMDB propellants in order to adjust combustion
properties of solid propellant. However, this type of
compounds have higher toxicity. Therefore, much more

attention has been paid to the development of lead-free
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catalysts. The rare-earth compounds have good catalytic
performance according to our previous studies!" 2. In
order to make deeper insight into the action mechanism
of the catalysts, it is essential to investigate their
thermal decomposition behaviors and kinetics. In this

paper, a new energetic compound CeDNS was prepared
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and characterized. The thermal behavior and non-

isothermal decomposition reaction kinetics were studied.
1 Experimental

1.1 Sample

All  chemicals used in the synthesis were
analytical-grade commercial products and were used
without further purification. The title compound used in
this work was prepared according to Refs. ¥, The
typical synthesis was as follows: an appropriate amount
of 3,5-dinitrosalicylic acid (I mmol) was added to the
distilled water(20 mL), stirred and titrated with 20 mL
aqueous solution of sodium hydroxide(2 mmol) at 60 °C
until the pH value about 8 was reached. Then the
solution of cerous nitrate (I mmol) was added into the
prepared mixture dropwise with stirring at 60 °C for
about three hours, and a yellow precipitate was
obtained. The precipitate was washed with distilled
water and dried at 60 °C . The title compound was
obtained and kept in a vacuum desiccator before use.
The elemental analyses were performed on an
Elementar Vario Il EL elemental analyzer and the X-
ray fluorescence analysis was performed on a S4
Pioneer X fluorescence spectrometer. IR spectra were
recorded on a NEXUS 870 FT-IR spectrophoptometer
(Nicolet Instruments Co., USA) as KBr pellet (4 000 ~
400 ¢cm ™). Elemental anal. (%), caled. for CeDNS: C
20.95, H 0.75, N 6.98, O 35.91, Ce 34.91; Found: C
22.11, H 1.43, N 6.79, O 34.80, Ce 34.87; IR(KBr), o/
cm™: 1680 ecm™(v_—o) and 2500~4 000 cm™ (vo.y)vanish,
1575 em™ (¥*c0) and 1 424 em™ (v° o0) appear, 1 603
em™(ve), 1524 cm'l(vi,oz) and 1339 cm"(viNol) do not
shift. According to the results of elementary analysis,
X-ray fluorescence, FTIR spectroscopy, TG analysis
and corresponding Refs."™, the structure of CeDNS is
proposed as in Fig.1.

NO,

0
>Ce oH |HO

O,N COO

Fig.1  Structure of CeDNS

1.2 Equipment and conditions
TG-DTG and DSC curves under the condition of
flowing nitrogen gas(purity, 99.999%; flow rate, 60 cm®

min~'; atmospheric pressure) were obtained by using a

TA2950 thermal analyzer(TA Co., USA) and a TA 910S
USA),
respectively. The conditions of TG-DTG were as follows:

differential scanning calorimeter (TA Co.,
about 1 mg sample; heating rate (8), 10 °C -min . The
conditions of DSC analyses were as follows: about 1 mg
sample; heating rates (8), 5, 10, 15, 20 “C -min 7,
respectively.

Thermolysis/RS-FTIR measurements were condu-
cted by using a NEXUS 870 FTIR spetrophoptometer
(Nicolet Instruments Co., USA) and in situ thermolysis
cell(Xiamen University, China) with the temperate rang
of 20~450 °C and the heating rate of 10 “C min~". KBr
pellet samples(about 0.7 mg of CeDNS and 150 mg of
KBr) were used. IR spectra of CeDNS in the range of
4000~400 cm™ were acquired by a DTGS detector at a
rate of 11 files-min™ and 8 scans-file” with a resolution
of 4 em™. The main gaseous products were determined
by the T-jump/FTIR, which was used on a Nicolet 60
SXR FTIR spectrometer equipped with an MCT-A

detector.
2 Results and discussion

2.1 Thermal behaviors

The typical TG-DTG and DSC curves of CeDNS
are shown in Fig.2 and Fig.3, respectively. From Fig.2,
one can find that there are three mass-loss stages in TG
curve. The mass loss in the temperature range of 50 ~
100 °C is attributed to the loss of adsorbent water. The
first stage begins at about 100 °C and stops at 190 C,
accompanied with 3.93% mass loss, which is in
agreement with the theoretical value of the mass loss of
4.28%, corresponding to the mass of H,O. The second
stage begins at 250 C and stops at 400 C ,
accompanied with 25.60% mass loss. The residue
amounts are Ce,(CO;);™ and C. The third and forth stages
in the temperature range of 400~810 °C are attributed
to the decomposition of Cey(COs); and the oxidation of a
few of carbon. At the end of decomposition process, the

residue amounts to 33.20% (Ce,0;+C). The DSC curve
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(Fig.3) indicates that there are one endothermic peak
and one exothermic peak, accompanied with the
stages of TG curve, respectively. Additionly, from the
DSC curves of CeDNS at different heating rates as
shown in Fig.4, we can see that the peak temperature
of DSC curve augments with the increase in the

heating rate.
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Fig.3 DSC curve of CeDNS at a heating rate
of 10 °C-min™
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Fig4 DSC curves of CeDNS at different heating rates

The IR

temperatures  and

of CeDNS at

characteristic

spectra different
absorption  peak
intensity of the condensed phase decomposition
products of CeDNS at different temperatures are
shown in Fig.5 and 6, respectively. From Fig.5 and 6,
one can find that the intensity of the 3421 em™ (voy)
weakens rapidly at 150 “C and 300 °C, accompanied
with the loss of H,O and OH, respectively. The

intensities of the 1575 ecm™ @), 1424 ecm™ @ co0),
1529 cm'l(vioz) and 1339 cm'l(viNoz) weaken rapidly
in the temperature range of 250 ~350 °C . This
indicates that the main decomposition process of the
compound and the break of C-NO, bond occurs in the
second stage. In addition, the intensity of the 2 350

em™ strengthens rapidly in the temperature range of

250~350 °C due to the appearance of CO,.

Absorbance (a.u.)

4000 3000 2 060 1000
Wavenumbers / cm’!

Fig.5 IR spectra of the condensed phase
decomposition products of CeDNS at

various temperatures

Intensity (a.u.)

Fig.6 IR characteristic absorption peak intensity
for the condensed phase decomposition
products of CeDNS at different temperatures
On the basis of the above experimental results, the
thermal decomposition mechanism of CeDNS can be

expressed as:
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2.2 Nonisothermal calculation kinetics
In order to obtain the most probable mechanism

function and the corresponding kinetic parameters for

the main exothermic decomposition process of the

compound, the following five integral methods and one

differential method listed in Table 1 are employed®*!,

Table 1 Kinetic analysis methods and corresponding equations

Methods Equations
General integral In[G()/T?|=In{[A RIBE)|(1-2R TIE)}~E/RT) @
Mac Callum-Tanner 19[G(a)]=1g]A E/(BR)]-0.482 8E*#57~(0.449+0.21 7E)/(0.001 T)(E in keal - mol™) @)
Satava-Sestak le[G(@)|=lg[A £ (BR)]-2.315-0.456 TEJ(RT) 3)
Agrawal In[G(e)T?J=In{[A R/BE)[ 1 -2(RTIE)/[1-5(RT/EV}~E/RT) @
Flynn-Wall-Ozawa 1g8=1g{A E/[RG(c)]}-2.315-0.456 TE(RT) ®)
Kissinger In(B/T,)=In(A RIE)~-EJ(RT,), i=1,2,--4 6)
In those equations, o is the fractional mechanism function, respectively; T,, the peak

decomposition, T, the temperature (K) at time ¢; T, the
initial point at which DSC curve deviates from the
baseline; R, the gas constant; A, the pre-exponential
factor; E, the apparent activation energy; 8, the hating
rate; f(a) and G () are the differential and integral

temperature of DSC curve. The data needed for the
equations of the intergral and differential methods, 1, «,
B, T, T, (=1273--,50), are obtained from the DSC

curves and summarized in Table 2.

Table 2 Basic data for the main decomposition process of CeDNS

T/K T/K
5K:min™ 10 K:min™ 15 K:min™ 20 K-min™ 5K:min™" 10 Kemin™ 15 K:min™ 20 K-min™
0.02 590.90 603.08 608.81 616.21 0.36 603.85 618.27 624.42 631.65
0.04 593.59 606.16 611.98 619.20 0.38 604.14 618.63 624.78 632.02
0.06 595.26 608.16 614.04 621.16 0.40 604.43 618.96 625.13 632.39
0.08 596.50 609.62 615.57 622.67 0.42 604.71 619.28 625.46 632.73
0.10 597.50 610.80 616.79 623.89 0.44 604.99 619.59 625.79 633.07
0.12 598.35 611.81 617.80 62491 0.46 605.26 619.89 626.10 633.39
0.14 599.05 612.66 618.66 625.79 0.48 605.52 620.18 626.40 633.71
0.16 599.68 613.38 619.42 626.57 0.50 605.77 620.47 626.69 634.01
0.18 600.24 614.03 620.11 627.27 0.52 606.03 620.75 626.98 634.30
0.20 600.74 614.67 620.73 627.89 0.54 606.28 621.03 627.26 634.59
0.22 601.20 615.24 621.29 628.47 0.56 606.53 621.30 627.53 634.87
0.24 601.63 615.76 621.82 629.01 0.58 606.77 621.58 627.79 635.15
0.26 602.05 616.22 622.31 629.51 0.60 607.01 621.83 628.05 635.41
0.28 602.46 616.65 622.78 629.98 0.62 607.25 622.09 628.30 635.67
0.30 602.84 617.07 623.22 630.43 0.64 607.49 622.34 628.55 635.93
0.32 603.19 617.49 623.64 630.86 0.66 607.72 622.58 628.78 636.17
0.34 603.53 617.89 624.03 631.26 0.68 607.95 622.82 629.01 636.39
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Continued Table 2

0.70 608.18 623.04 629.23 636.61
0.72 608.41 623.26 629.44 636.81
0.74 608.64 623.46 629.63 637.01
0.76 608.88 623.65 629.82 637.19
0.78 609.11 623.84 630.00 637.37
0.80 609.35 624.02 630.19 637.56
0.82 609.61 624.20 630.38 637.74
0.84 609.87 624.38 630.58 637.95
0.86 610.16 624.57 630.80 638.18

0.88 610.46 624.78 631.05 638.44
0.90 610.82 625.05 631.36 638.75
0.92 611.25 625.39 631.74 639.13
0.94 611.78 625.84 632.23 639.64
0.96 612.52 626.50 632.95 640.38
0.98 613.80 627.63 634.28 641.73
1.00 620.15 633.15 641.15 649.05
7=606.73  T=621.17 T1.=627.69 T.=634.64

The values of E, were obtained by Ozawas method
with changing from 0.02 to 1.00 and the F,-« relation is
show in Fig.7. It indicates that the activation energy of
the decomposition process changes greatly by diverse
levels with an increase in the conversion degree, except

for the section of 0.10~0.90 (&), in which activation

energy changes faintly, and it means that the
decomposition mechanism of the process does not
involve transference in essence, or the transference
can be ignored. Therefore, it is feasible to study the
reaction mechanism and kinetics in the section of

0.10~0.90(cx).

Forty-one types of kinetic model functions in

200+
Ref. 1 and the original data tabulated in Table 2 are
180 put into Egs.(1)~(6), respectively, for calculations. The
S0 e, . value of E,, lgA, linear correlation coefficient(r), and
E R PP YT L L standard mean square deviation (()) can be calculated
f: 140+ on computer with linear least-squares method at
B 1201 various heating rates of 5, 10, 15, 20 K +min~". The
most probable mechanism function is selected by
100 +—— — better values of r and () taken from Ref.. The results
0.0 0.2 0.4 0.6 0.8 1.0
@ satisfying the conditions mentioned above are listed in
Fig.7 E.,-a curve obtained by Ozawas method Table 3.
Table 3 Kinetic parameters obtained for the main decomposition process of CeDNS
Method B/ (K-min™) E, / (kJ-mol™) lgA 57! r Q
General Integral 5 164.49 11.82 0.9998 0.0017
10 155.79 11.02 0.996 4 0.0258
15 155.01 10.99 0.996 6 0.0246
20 156.54 11.09 0.9967 0.0237
Mac Callum-Tanner 5 167.10 12.03 0.9998 0.0003
10 158.57 11.24 0.996 8 0.0049
15 157.89 11.22 0.9970 0.0047
20 159.55 11.32 0.997 1 0.004 5
Satava-Sestak 5 165.95 11.95 0.9998 0.0003
10 157.90 11.20 0.996 8 0.0049
15 157.25 11.19 0.9970 0.0047
20 158.83 11.29 0.9971 0.004 5
Agrawal 5 164.49 11.82 0.999 8 0.0017
10 155.79 11.02 0.996 4 0.0258
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Continued Table 3

15 155.01 10.99 0.996 6 0.0246
20 156.54 11.09 0.9967 0.0237

Mean 159.17 11.33

Flynn-Wall-Ozawa 153.43 0.998 2 0.0007

Kissinger 151.04 10.61 0.9979 0.0039

The values of E, and IgAd obtained from Modern Chemistry Research Institute(% % i AXAL 5 #F 50 B

nonisothermal DSC  curves are in approximately
agreement with the values calculated by Kissingers
method and Ozawas method. Therefore, a conclusion
can be drawn that the reaction mechanism of the main
decomposition process of CeDNS is controlled by
Avrami-Erofeev equation(n=1/4). Substituting f(a) with
4(1-a)[-In(1-a)]*, E, with 159.17 kJ-mol™ and A with

10" 57" into Eq.(7):
7

-E /(R
da/dt = Afla)e (7)
And the

decomposition reaction of CeDNS may be described as:

kinetic equation of the main

doddr = 10" x4(1-a)-In(1-a) e ®)
3 Conclusions

(1) CeDNS was synthesized and the structure was
determined as shown in Fig.1.

(2) The decomposition process of CeDNS is in
three stages and the main decomposition reaction
occurs in the second-stages. The mechanism of the
thermal decomposition reaction of the compound could
be described by the scheme shown in the text.

(3) The kinetics of the main decomposition
reaction of the CeDNS has been investigated, and the
kinetic model function in differential form, apparent
activation energy, and pre-exponential constant of this
reaction are 4 (1 —a)[-In (1 -a)*, 159.17 kJ -mol ',

10" 57, respectively.
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