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Effect of Nanocrystal NiysZnysFe,O, on Thermal Behavior and Decomposition
Reaction Kinetics of Ammonium Perchlorate
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Abstract: The thermal behavior and non-isothermal decomposition reaction kinetics of the mixture of the
nanocrystal NigsZngsFe,0, and ammonium perchlorate (AP) were investigated by differential scanning calorimetry
(DSC), thermogravimetry and differential thermogravimetry (TG-DTG), and the hyphenated technique of in situ
thermolysis cell with rapid-scan Fourier transform infrared spectroscopy (in situ thermolysis/RSFTIR). The results
show that NigsZnysFe,0, can decrease the low-temperature and the high-temperature exothermic peak temperatures of
AP by 17.44 K and 27.74 K, respectively, and increase the decomposition heats of the two exothermic peaks by
3.7J-g" and 193.7 J- g™, respectively. NiysZnysFe,0, does not affect the crystal transformation temperature and heat
of AP. NipsZngsFe,0, makes AP shown three mass-loss processes, and it can decrease the initial and terminated
temperatures of the last two mass-loss stages. The condensed phase decomposition product analysis shows that
NigsZngsFe,0, accelerates the decomposition of condensed AP and the release of the gaseous NH;. The kinetic

parameters £,=238.88 kJ -mol™, A=10"¥s"', and the kinetic equation of the high-temperature decomposition reaction
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of NigsZngsFe,O/AP can be described as: da/dt=10 " (I-a)[-In (1-0)] ” e . The corresponding critical

Wi F 9 :2007-10-10. W& R H 9 :2007-11-16.

Fel 2K 1 SRk 5482 (N0.20573008) 1 K KE 245 4K 5 [l By ) 5 T 157 52 36 5 4 482 (N0.9140C3503020605) ¥ B 1 H
IR N . E-mail :npecc@21en.com;yiren@nwu.edu.cn

SR AR T 31 8 TR T TS A BT T 1 A R AR O B R L K B O



2

ASCHE AR A5 AR 25 BRI NigsZingsFe,04 X iR SR Bl AT Sy B 2 fifk I L 30 71 2 B4 52 ) 247

temperatures of thermal explosion (7}, and T},) corresponding to 8—0 are 574.83 K and 595.41 K, respectively. The

entropy of activation (AS™), enthalpy of activation (AH7), and free energy of activation (AG7) of the decomposition
reaction are 109.61 J-mol™- K™, 236.49 kJ -mol™, and 172.58 kJ - mol™, respectively.

Key words: Nanocrystal; NigsZnysFe,0,; ammonium perchlorate (AP); thermal behavior; non-isothermal reaction kinetics

Ammonium perchlorate (AP) is one of the main
oxidants in solid composite propellants in common
use, and its thermal decomposition has a large effect
on the combustion of the solid propellants. Scientists
have developed extensive research works on the
thermal decomposition of AP in recent years"™. They
had various opinions on the catalyzed decomposition

of AP, and

catalysts had different effects on the decomposition

processes considered that different
processes of AP. Many literatures appeared on the
thermal decomposition of AP influenced by metal
powder and metal oxides'®'". Ferrite used as magnetite
appeared frequently™", but the catalytic activity on
the decomposition of AP has not been reported in
public to the best of our knowledge. In this paper, the
effect of the nanocrystal NigsZnysFe,0, on the thermal

behavior and decomposition reaction kinetics of AP

are discussed.
1 Experimental

1.1 Sample

AP (100 pm ~150 pwm) was ground with the
nanocrystal NigsZngsFe,O4 (0.80 wm ~1 pwm) by 1%
(mass fraction) in an agate mortar to prepare the sample
for the thermal decomposition experiment. AP was of
propellant grade and used without further purification
or additives. The nanocrystal NigsZngsFe,0, was
prepared according to the previous method!?.
1.2 Equipment and conditions

The DSC and TG-DTG curves under the condition
of flowing nitrogen gas (purity, 99.999%) were obtained
by using a 204HP differential scanning calorimeter
(Netzsch Co., Germany) and a TA2950 thermal analyzer
(TA Co., USA), respectively. The conditions of DSC
analyses were: N, flowing rate, 50 c¢m® -min™'; heating
rate, 10 K -min~"; sample mass, about 1 mg; pressure,

0.1 MPa; reference sample, a-Al,Os. The conditions of

TG-DTG were as follows: N, flowing rate, 40 ¢cm®+ min™;
heating rate  (8), 10 K+min™; sample mass, about 1 mg.
The non-isothermal DTG analyses were studied at the
heating rates of 5, 10, and 15 K-min™.

The hyphenated technique of in situ thermolysis
cell (Amoy University Instrument Co., China) with
rapid-scan Fourier transform infrared spectroscopy
(Nicolet 60SXR, Nicolet Co., USA) (in situ thermolysis/
RSFTIR) was

decomposition process. The thermolysis cell heating

employed to explore the thermal

rate, 10 K -min ; atmosphere, air. Solid thermolysis

spectra acquisition rate, 7.48 files *min"; resolution, 4

cm™; a DTGS detector.
2 Results and discussion

2.1 Thermal behaviors

The DSC and TG-DTG curves at a heating rate of
10 K *min™" for NigsZnosFe;O/AP and AP are shown in
Figs.1 and 2, respectively. From Fig.1, one can see that
there are one endothermic peak and two exothermic
peaks in one of the DSC curves. NiypsZngsFe,0, can
decrease the low-temperature and the high-temperature
exothermic peak temperatures of AP by 17.44 K and
27.74 K, respectively. NigsZngsFe, 0, can increase the
decomposition heats of the two exothermic peaks from

139.4 J-¢g"to 143.1 J-g" and 579.2 J-g" t0 772.9 J- &',
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Fig.1 DSC curves for AP and NiysZngsFe,0/AP at a

heating rate of 10 K+min™
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Fig.2 TG-DTG curves for AP and NiysZnysFe,0/AP at a

heating rate of 10 K+min™

respectively. The crystal transformation temperature of
AP is not affected by NigsZngsFe,0,, and the heat
absorption keeps at 76.7 J-g™'.

From Fig.2, one can see that NiysZngsFe,0, makes
AP shown three mass-loss processes, and it can
decrease the initial temperatures of the last two mass-
loss processes from 559.63 K to 516.02 K and 598.17 K
to 586.11 K, respectively. The third mass-loss processes
of NigsZngsFe,O/AP and AP terminate at 618.20 K and
643.17 K, and leave the residue of 3.83% and 5.54%
(mass fraction), respectively.

The IR absorption spectra of the in situ condensed
phase thermolysis products of NigsZngsFe,O/AP  at
various temperatures and the curves of characteristic
band intensity as a function of the temperature are
shown in Figs.3 and 4, respectively, and those of AP are
shown in Figs.5 and 6, respectively. It can be clearly
seen that the spectra intensity of C10,~ [1 100~1 025
cm™(s), 650 ~600 cm™'(s)] and NH,* [3 300~3 030 cm™
(vs), 1 430 ~1 390 cm™ (s)] of NigsZngsFe,0/AP are
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Fig.3 IR spectra of the condensed phase
decomposition products of NiysZngsFe,0/

AP at various temperatures

of NigsZnyske,0/AP at various temperatures
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Fig.5 IR spectra of the condensed phase decomposition

products of AP at various temperatures
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Fig.6 IR characteristic absorption peak intensity of
the condensed phase decomposition products

of AP at various temperatures

different from AP, and NigsZngsFe,0, changes the
thermal decomposition processes of AP. With the rising
of temperature, the spectra intensity of NH in the
condensed phase of NiysZngsFe,0/AP rapid falls down,
while that of AP keeps the same till about 470 K, then
shows a falling trend, and the spectra intensity of ClO in
the condensed phase of AP rises at first, and falls down
from 600 K which corresponds to the high-temperature
exothermic peak temperature. Therefore, it can be
NigsZngsFe 0,

decomposition of condensed AP and the release of the

concluded  that accelerates  the

gaseous NH,.
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2.2 Calculation of non-isothermal reaction kinetics

To explore the thermal decomposition mechanism
of the high-temperature decomposition process (the
third mass-loss stage) of AP containing NiysZngsFe,O,
and obtain the corresponding kinetic parameters
[apparent activation energy (E,/(kJ -mol ™)), preexp-
onential constant (4/s™)] and the most probable kinetic
model function, the DTG curves at heating rates of 5,
10, and 15 K +min™ were dealt with mathematic means,
and five integral methods [Egs. (1) ~(5)] and one
differential methods [Eq. (6)] listed in Table 1 are

4-24]

employed "

In these equations, o is the conversion degree of
stage Ill'; T, the temperature (K) at time of ¢; T and T,
are the onset temperature and the peak temperature of
the DTG curve, respectively; R, the gas constant; f(c)
and G () are the differential model function and the
integral model function, respectively, and E,, A, and 8
have been defined above. The data needed for the
equations of the integral and differential methods, a;, 3,
T, T., and T,, are obtained from the DTG curves and

summarized in Table 2.

Table 1 Kinetic analysis methods

Method Equation
Ordinary-integral In € ot G- (1-25 ) |- & M
Mac Callum-Tanner lgC(a):lglg%—OASZ g £ OFIOZIE (i keal-mol) )
Satava-Sestak lgG(e)=lg Ly ) 315-04567 2 3
BR RT
Gla) Afgﬁ (I_Z%) E
Agrawal In 7 =In s ( 73 \)2 “RT 4)
E
Flynn-Wall-Ozawa 1gﬁ:1gRAG—’i“)—2.315—0.456715—T 5)
B, AR E .
Kissinger In : =In E RT. i=1,2,3.4 (6)
W
Table 2 Basic data for the high-temperature decomposition process of Ni,sZn,sFe,O/AP
T/K T /K T/K
5 K-min" 10 K-min" 15 K-min 5 K-min™" 10 K-min" 15 K-min” 5K-min? 10 Kemin" 15 K-min™
0.01 585.58 592.60 595.18 0.35 597.61 607.10 609.56 0.69 602.37 611.96 614.31
0.02 586.28 593.58 596.22 0.36 597.77 607.26 609.71 0.70 602.52 612.11 614.46
0.03 587.11 594.54 597.21 0.37 597.93 607.42 609.86 0.71 602.67 612.26 614.62
0.04 587.91 595.44 598.15 0.38 598.08 607.58 610.00 0.72 602.82 612.41 614.78
0.05 588.68 596.30 599.05 0.39 598.23 607.73 610.15 0.73 602.98 612.56 614.95
0.06 589.38 597.07 599.89 0.40 598.37 607.88 610.29 0.74 603.14 612.71 615.12
0.07 589.98 597.82 600.66 0.41 598.52 608.03 610.43 0.75 603.30 612.87 615.29
0.08 590.53 598.55 601.38 0.42 598.66 608.18 610.56 0.76 603.47 613.02 615.47
0.09 591.05 599.24 602.02 0.43 598.81 608.32 610.70 0.77 603.64 613.17 615.64
0.10 591.52 599.88 602.62 0.44 598.95 608.47 610.84 0.78 603.81 613.33 615.83
0.11 591.95 600.47 603.17 0.45 599.09 608.61 610.97 0.79 603.99 613.49 616.02
0.12 592.35 601.02 603.68 0.46 599.23 608.75 611.10 0.80 604.16 613.65 616.21
0.13 592.72 601.53 604.14 0.47 599.37 608.89 611.24 0.81 604.35 613.81 616.41
0.14 593.06 601.99 604.57 0.48 599.50 609.03 611.37 0.82 604.53 613.97 616.61
0.15 593.36 602.41 604.97 0.49 599.64 609.17 611.51 0.83 604.72 614.14 616.83
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Continued Table 2
0.16 593.67 602.79 605.33 0.50 599.78 609.31 611.65 0.84 604.91 614.31 617.05
0.17 593.96 603.15 605.68 0.51 599.91 609.44 611.78 0.85 605.11 614.48 617.27
0.18 594.24 603.48 606.00 0.52 600.04 609.58 611.92 0.86 605.31 614.65 617.51
0.19 594.50 603.79 606.30 0.53 600.18 609.72 612.05 0.87 605.52 614.84 617.76
0.20 594.76 604.07 606.59 0.54 600.31 609.86 612.19 0.88 605.74 615.02 618.02
0.21 595.00 604.34 606.85 0.55 600.45 610.00 612.32 0.89 605.97 615.21 618.29
0.22 595.23 604.59 607.11 0.56 600.58 610.13 612.45 0.90 606.21 615.40 618.57
0.23 595.45 604.83 607.34 0.57 600.72 610.27 612.59 0.91 606.47 615.60 618.87
0.24 595.67 605.06 607.58 0.58 600.85 610.41 612.72 0.92 606.75 615.81 619.18
0.25 595.88 605.27 607.79 0.59 600.99 610.55 612.86 0.93 607.04 616.02 619.53
0.26 596.07 605.48 608.00 0.60 601.12 610.69 613.00 0.94 607.37 616.24 61991
0.27 596.25 605.67 608.20 0.61 601.26 610.83 613.14 0.95 607.74 616.49 620.33
0.28 596.42 605.87 608.38 0.62 601.39 610.97 613.28 0.96 608.19 616.76 620.83
0.29 596.61 606.06 608.57 0.63 601.53 611.11 613.42 0.97 608.76 617.08 621.45
0.30 596.78 606.24 608.75 0.64 601.66 611.25 613.56 0.98 609.49 617.51 622.25
0.31 596.95 606.43 608.92 0.65 601.80 611.39 613.70 0.99 610.22 618.33 623.55
0.32 597.13 606.60 609.09 0.66 601.94 611.53 613.85 1.00 615.21 623.12 629.14
0.33 597.29 606.77 609.25 0.67 602.08 611.67 614.00 T=58445 K T.=596.26 K T.=598.77 K
0.34 597.45 606.94 609.40 0.68 602.23 611.82 614.15 T,=600.39 K 7,=610.36 K 7,=612.99 K

The values of E, were obtained by Ozawa’s method
[Eq.(5)] with changing from 0.01 to 1.00 as shown in
Table 2, and the E,-a curve is shown in Fig.7. From
Fig.7, one can see that activation energy changes
significantly with the increase of conversion degree
except for the section of 0.05~0.95 («). In this section,
activation energy changes faintly, which means that the
decomposition mechanism of the process does not
transfer in essence or the transference could be ignored.
So, it is feasible to study the reaction mechanism and
kinetics in this section.

Forty-one types of kinetic model functions in

Ref.™ and the original data tabulated in Table 2 are put

into Egs. (1) ~(6) respectively for calculations. The
values of E,, IgA, linear correlation coefficient (r) and

standard mean square deviation (()) can be calculated
300
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Fig.7 E,-a curve obtained by Ozawds method

Table 3 Kinetic parameters obtained for the high-temperature decomposition process of NijsZn,sFe,O/AP

Method B/ (K-min™) E, / (kJ-mol™) lg(A /s7) r Q
Ordinary-integral 5 242.90 18.93 0.9982 0.044 8
10 237.18 18.39 0.9994 0.0160
15 235.76 18.36 0.998 1 0.0493
Mac Callum-Tanner 5 246.00 19.25 0.998 4 0.008 4
10 240.38 18.71 0.9994 0.0030
15 239.00 18.68 0.9982 0.0093
Satava-Sestilk 5 240.45 18.72 0.998 4 0.008 4
10 235.15 18.22 0.9995 0.0030
15 233.84 18.19 0.9982 0.0093




2

ASCHE AR A5 AR 25 BRI NigsZingsFe,04 X iR SR Bl AT Sy B 2 fifk I L 30 71 2 B4 52 ) 251

Continued Table 3

Agrawal 5 242.90 18.93 0.998 2 0.044 8
10 237.18 18.39 0.9994 0.0160
15 235.76 18.36 0.998 1 0.0493

Mean 238.88 18.59

Flynn-Wall-Ozawa 239.09 0.9842 0.003 6

Kissinger 241.34 18.81 0.9829 0.0193

by the computer with the linear least-squares method at _ 2
Y p q The orbp = (EO - EO - 4E0 R Te() or p0 ) /(ZR) (9)

various heating rates of 5, 10, and 15 K+min™. The most
probable mechanism function is selected by the better

19214 The results satisfying

values of r, and () taken from!
the above-mentioned conditions at the same time are
the final results as listed in Table 3, and the relevant
function is the reaction mechanism function of the high-
temperature decomposition process of AP containing
NigsZnyske,0,.

The data in Table 3 indicate that the values of E,
and lgA obtained by Eqs.(1)~(4) are approximately in
agreement with the values calculated by Ozawa’ s
method and Kissinger's method. Therefore, the reaction
mechanism of the high-temperature decomposition
process of NipsZngsFe;0/AP can be classified as
nucleation and growth, and the corresponding Avrami-
Erofeev equation (n =2/5) controls the decomposition
process. The mechanism function G (a)=[-In(1-a)]**,
f (@=(5/2)(1-a)[-In (1-a)]". Substituting f (@) with
(5/2)(1 ) [-In(1 )5, E/(kJ -mol™) with 238.88 and
A/s™ with 10" into Eq.(7):

da/dt = A fla)e™ " (7)
the kinetic equation of the high-temperature
decomposition reaction of NigsZngsFe,;O/AP can be

described as:

35 -2.87x10'T

deddi=10"" (1=a)[~In(1-a)] e

The values (T, and T)) of the onset temperature
(T.) and peak temperature (7)) corresponding to S—0
obtained by Eq.(8) taken from™? - are 563.34 K and
583.08 K, respectively.

Toiopi= Teow + 0B+ cB7 i=1~3 8
where b and ¢ are coefficients.

The corresponding critical temperatures of ther-
mal explosion (7.and T},) obtained from Eq.(9) taken
from" 2 are 574.83 K and 595.41 K, respectively.

where R is the gas constant (8.314 J-mol™-K™), and K,
the value of E, calculated by Ozawa’s method.

(AS ™), enthalpy of
activation (AH7), and free energy of activation (AG™) of

The entropy of activation

the decomposition reaction, corresponding to =T}, E,=
E\, and A =A,, obtained from Eqs. (10) ~(12)" " are
109.61 J -mol™-K™, 236.49 kJ -mol™, and 172.58 k]J -
mol™, respectively.

ASTIR

A= (kyTh )e (10)

AH =E -RT (11)
#~ # #~

AG” = AH” — TAS (12)

where kyis the Boltzmann constant (1.380 7x107 J-
K™), and & is the Plank constant (6.626x10™ J-s).

3 Summary

NigsZngsFe,0, can decrease the low-temperature
and the high-temperature exothermic peak temperatures
of AP and increase the decomposition heats of the two
exothermic peaks. NigsZngsFe,0, does not affect the
crystal transformation temperature and heat of AP.
NipsZngsFe,0, makes AP shown three mass-loss stages,
and decreases the initial and terminated temperatures of
NigsZnosl'e;0,

accelerates the decomposition of condensed AP and the

the last two mass-loss processes.
release of the gaseous NHs. The kinetic parameters E,=

238.88 kJ -mol™, A =10"¥ 57!, and the kinetic equation

of the high-temperature decomposition reaction of

NigsZngsFe,O4/AP can be described as: doz/dtzlo18

.99

.
287107 , .
. The corresponding critical

(1-a)[-In(1-a)] e
temp-eratures of thermal explosion (7). and T),)
corresponding to B—0 are 574.83 K and 595.41 K,
respectively. AS, AH, and AG of the decomposition
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reaction are 109.61 J-mol™ K™, 236.49 kJ -mol™', and
172.58 kJ - mol™, respectively.
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