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Abstract

3-Nitro-1,2,4-triazol-5-one (NTO) rubidium and cesium complexes were synthesized by mixing the aqueous solution of NTO and their
respective metal carbonates. Their thermal decomposition and the non-isothermal kinetics of the dehydration reaction were studied unde
the non-isothermal condition by DSC and TG-DTG methods. The kinetic parameters were obtained from analysis of the DSC and TG-DTG
curves by Kissinger method, Ozawa method, the differential method and the integral method. The most probable mechanism function:
for the dehydration reaction of the title complexes were suggested by comparing the kinetic parameters. The dehydration decompositio
reaction of RONTGH,O and CsNTCH,O appears to be the same as Avrami—Erofeev equafien:= (5/2)(1 — «)[— In(1 — a)]¥%, G(a) =
[—In(1 — @)]¥®, n=2/5. The critical temperature of thermal explosion is 240@8r RbNTOH,O and 246.27C for CSNTOH,O.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and the integral method. This is quite useful in the evaluation
of their thermal stability under non-isothermal condition and

3-Nitro-1,2,4-triazol-5-one (NTO) is an effective, low sen- in the study of its thermal changes at high temperature for

sitivity material with high energyl,2]. Its metal complexes  NTO salts can be a good candidate of solid propellants for

also have many special features and some potential uses irsuppressing the burning rate and stabilizing combustion.

ammunition[3—-10]. The impact behavior and mechanism of

initiation of NTO on impact has been reported by Agrawal et

al. [10] using drop-weight machine coupled with high-speed 2- Experimental

rotating mirror camera. The crystal structure of NTO salts of

the heaviest alkali metals of Rb and Cs have been reportedz']

[6,11]; however, their non-isothermal kinetics of the ther-

mal decomposition have never been studied. In this work, we The NTO salt of Rb was prepared as follows: a calcu-

reported their thermal behavior by DSC and TG-DTG tech- lated amount of RECO; was added gradually to the aqueous

niques and studied their non-isothermal kinetics by meanssoIUtion of NTO with ?“”i.”g at 60C. A yellow precipi- .
tate was collected by filtration, washed with water and dried

of Kissinger method, Ozawa method, the differential method . .
in a vacuum drier. Rbwas analyzed by the tetraphenylbo-

rate gravimetric methofl2]. Anal. calcd. (%): C, 10.32; N,
* Corresponding author. Tel.: +86 29 88307755; fax: +86 29 88302633. 24.09; H, 1.29; Rb, 36.77; found (%): C, 10.04; N, 23.96; H,

E-mail address: dahu@nwu.edu.cn (J. Song). 1.08; Rb, 36.10. The experimental results are basically con-

. Sample

0304-3894/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2005.07.054



H. Ma et al. / Journal of Hazardous Materials A128 (2006) 116-121 117

sistent with the calculated values, so its chemical formula 3. Results and discussion

can be written as Rb@E13N404). The characteristic peaks

of IR are:v}_y = 3256 cnrl, vion = 3410 cnrl, Ve = 3.1. Thermogravimetric analysis data
1689cnt?, &, o = 1543cnTt, v o, = 18379cnT™.

The NTO salt of Cs was obtained and its compo- DSC and TG-DTG curves of NTO, RbNTB,O and
nent was analyzed using the same procedure as describe@sNTOH>O are shown irigs. 1-3 The exothermic peak of
above with CsCOz and NTO. C$ was analyzed by the NTOat275.5?7C is caused by the rapid decomposition reac-
same method12] as RB. Anal. calcd. (%): C, 8.57; tion. The thermal decomposition of the two title compounds
N, 20.01; H, 1.07; Cs, 47.48; found (%): C, 8.43; N, can be divided into two main stages as were observed by
20.76; H, 1.03; Cs, 47.75. The characteristic peaks of TG curve, and the mass loss with maximum rate was in the

IR are: v}_, =3380cnt?, 135, =3421cm?, & o= second stage, however in the DSC curve, there appear one
1678t vy o, = 1542cm 12 o, = 1878cnmit.its  endothermic and two exothermic processes which cannot be
chemical formula is Cs(8H3N404). discerned clearly in the TG-DTG curve. The initial and final
temperatures of the thermal decomposition process in the
2.2. Experimental equipments and conditions DSC and TG-DTG curves, the mass losses observed between

these temperatures in the TG-DTG curves are showed in

The elemental analyses were performed on a PE-2400Table 1 It can be seen froffiable landFigs. 2 and 3hat the
Elemental Analytical instrument (Perkin-Elmer, USA). The first stage of the thermal decomposition of RbNH0 and
infrared spectra were recorded in the 4000-400tm CsNTOHO is connected with their dehydration processes
region using KBr pellets on a BRUKER EQ UNINOX-55 in the temperature ranges 133.7-1744for RoNTOH20
(BRUKER, Germany) spectrometer. and 97.0-158.2C for CsSNTOH»0O with mass losses of 8.15

The DSC and TG-DTG experiments for the title com- and 6.37%. These results are in good agreement with their
pounds were performed using a model Q600SDT (TA, respective calculated values of 7.74% for RoNAED and
USA) under a nitrogen atmosphere at a flow rate of 6.35% for CSNTCGH,O corresponding to the loss of 1 mol
150 mL mirr! and the amount of used sample was about coordinated HO.
4mg for RbNTOH2O and 12mg for CsSNT®,0. The The degradation result can also be confirmed by the crystal
heating rates used were 2, 5, 10, 15 and@énin—! from structure data iffable 2 From the structure solution, the two
ambient temperature to 70C. The components of the complexes have the same coordinate number of 8 and the sim-
residues are measured on a Nicolet 60 SXR FT-IR (Nico- ilar coordinate mode as shown fiig. 4b. The center cation
let, USA) spectrometer in the 4000-400cthregion using coordinates with two oxygen atoms on nitro-group of the first

KBr. NTO anion (NTOL1), one oxygen atom on a nitro-group and a
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Fig. 1. DSC and TG-DTG curves of NTO at a heating rate ogf@énin2.
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Fig. 2. DSC and TG-DTG curves of RoNT&,0 at a heating rate of 1 min—1.



118

H. Ma et al. / Journal of Hazardous Materials A128 (2006) 116—121

Heat flow (W/g)

DSC

Exo

Endo

100 200 300 400 500 600 700

T(°C)

Mass loss (%)

100

300

80 §
200 §

60 =
100 5

40 3
DTG 5

- g 0z

20 TG 5
a

-100
100 200 300 400 500 600 700
T(°C)

Fig. 3. DSC and TG-DTG curves of CsNTiE»O at a heating rate of 1 min—1.

Table 1
Mass losses and temperature ranges of RbIREO and CsNTCH,O
Decomposition RbNTOH,O CsNTOH,0
process
Mass loss (%) Trange(°C) Decomposition Mass loss (%) Trange(°C) Decomposition
- product - product
Experiment Theory Experiment Theory
Stage | 8.15 7.74 133.7-1744  RbNTO 6.37 6.35 97.0-158.2  CsNTO
Stage Il 72.19 229.3-472.3 Carbonate + nitrite 70.82 219.8-439.7 Carbonate + nitrite
Table 2 From the table, we can see that the bond lengths between Rb
The selected bond lengths of M—-L and O atoms of the coordinate water molecules are 0.2817
Bonds Lengths (nm) Bonds Lengths ("m)  and 0.2908 nm, shorter than those betweess O (0.2967
Rb—On,0 0.2817 Cs-Ou,0 0.2967 and 0.3108 nm), which indicates that the coordinate bonds
Rb—Oh,0 0.2908 Cs-On,0 0.3108 of Cs-On,o are easier to be broken down than those of
Eg":gaml ggig g:gngNTOl g'ggig Rb-On,0 when the compound is heated.
TO1 . TO1 . . ..
Rb—OlyTos 0.2881 Cs-OlnTos 03101 After dehydration, the therm_al_c_iecc_)mposmon c_Jf the two
Rb—02y102 0.3007 Cs-02n102 0.3109 complexes was followed by denitrification and the ring break-
Rb—O3\T04 0.3230 Cs-O3nT04 0.3289 ing of NTO[13-16] which appears two exothermic peaks in
Rb—N2yto2 0.3151 Cs-N2nTo2 0.3414 the DSC curves. Because neither of the two processes is an

tertiary nitrogen atom on the second NTO anion (NTO2), one

independent process, there is only one process in the TG-
DTG curves.
The IR spectrum of the residue at 58D showed that

oxygen atom of the carbonyl on the third NTO anion (NTO3), the decomposition remains was a mixture. The characteristic
one oxygen atom on a nitro-group on the fourth NTO anion absorption peaks of GE03 and CsNQ formed at 1385 and
(NTO4), two O atoms of two water molecules and these two 883 cnt! and 2164 and 1255 cm, respectively.

water molecules coordinate with another cation. The selected From the above analysis, the thermal decomposition of

coordinated bond lengths of MNTB,0 are listed inrable 2

RbNTOH,0 and CsNTCH20 can be postulated to proceed
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Fig. 4. The structures of NTO (a), NTQ(b) with the atom labels in the complexes and MNH@O (M: Rb and Cs) (c).
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as follows:

Rb(NTO). H,0"**/—14°¢

2293_—M)230CRb2C03 + RbNO,

RbNTO

Cs(NTO)- H0° "0 =3#°C

2198£>>97OCCSZCO3 + CsNO»

CsNTO

3.2. Non-isothermal decomposition kinetics

In order to obtain the kinetic parameters [apparent activa-
tion energy £) and pre-exponential factot] of the thermal
decomposition of RONT@®,0 and CsNTCH»O, Kissinger
equation(1) [17], Ozawa equatio(R) [18], the integral equa-
tions (3)—(6) and differential equationg8)—(9) are cited to
obtain the values df, A and the most probable kinetic model

function [f{«)] from a single non-isothermal TG curve.

Kissinger equation
B
din 72 E

1 R
dTp

Ozawa equation
log f + 0.4567E c
g RT

Mac Callum—Tanner equation

log[G(a)] = log (AE>  0.4828E04357

BR
0.449+ 0.217E 1
0.001 T

Satava—Sestak equation

AsEs E
I =1 —2.315- 0.4567—
0glG(@) = log (“2*) =

Agrawal equation

o[- fiE

The general integral equation
G(a)

o | (28 _£
K& (1_21%) BE) RT

Achar—Brindley—Sharp equation

In

The differential equation

Y —C)
S@IE(T —To)/RT?+1])  \B

In_ do —n A E doe_ do
_f(a)dT}_ @)‘m(drﬂw)

E

RT

1)

)

®3)

(4)

(®)

(6)

()

(8)

Table 3
The maximum peak temperaturg-J of the decomposition reaction for the
titte compounds determined by DSC curves at various heating i@tes (

B (CCmin1) RbNTOHO (1) CsNTOH,0 (1)
Tp1 (°C) Tp2 (°C) Tp1 (°C) Tp2 (°C)
2 131.81 238.04 97.05 244,52
5 139.52 244,94 103.89 253.78
10 148.79 255.04 113.91 263.10
15 157.76 257.17 120.95 265.75
20 159.93 262.37 122.97 269.79

whereq is the fraction of conversion odd: the rate of con-
version at time, T the absolute temperature at timel'p
the peak temperaturd, the pre-exponential factor the
gas constantE the apparent activation energy,the lin-
ear heating rat¢{w) andG(«) the differential and integral
mechanism functions, respectiveR/the gas constant and
Cis a constant.

The values of andA were obtained by Kissinger method
(with a subscript of k) and Ozawa method (with a subscript
of 0) with a multiple heating method. From the original data
in Table 3 the apparent activation ener@y and Eq, pre-
exponential factoAy and linear correction coefficient and
ro were determined and shown Table 4 From the table,
one can see that the rate constants at’tsare 101-%s1
for RONTOH,0 and 1098351 for CSNTOH,O which
indicates the dehydration process for the latter complex is
much faster than that for the former one. However, in the
second stage, the rate constants atZ5are 101-9%s1 for
RbNTOH,0 and 10230s~1 for CSNTOH,0, which shows
the decomposition reaction for the former is faster than that
for the latter.

The values ofx, T and dv/dr obtained by the TG-DTG
curves inFig. 3 are listed inTable 5 By substituting the
values in Tables 5 and 41 different mechanism functjtes
andG(«x) in Ref.[19] into Egs.(3)—(7), the values of, logA
andr were obtained by the linear least-squares and iterative
methodg20].

If all the following conditions are satisfied at the same
time: (1) the values of and logA obtained by differential
and integral methods are approximately equal; (2) the lin-

Table 4
The kinetic parameters obtained by the dat@able 3

RbNTOH,0 CsNTOH,0
First Second First Second
Ex (kJmol1) 104.89 203.35 94.39 202.8
log (Ak/s™1) 11.00 18.32 10.82 17.95
kisocc (S—l) 10—1.95 10—0.83
ko500 (Sﬁl) 10-1.96 10-2-30
K 0.9871 0.9905 0.9887 0.9972
Eo (kJmol1) 106.37 201.64 95.82 201.2
o 0.9887 0.9912 0.9901 0.9975

k1s0°c is the rate constant at 15Q for the title complexes angsooc is the
rate constant at 25CC.
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Table 5
Base data for MNT@H,0 determined by TG and DTG curves
Sampleno.  Data point T (K) o doe/dT x 10° (K1)  Datapoint T (K) o do/dT x 10° (K1)
RbNTOH0: ms=4.4103 mg; stated = 10°C min~1; atmosphere, N 150 mImirrL; m=4.0487mgH, = 856.48 mJ
| 1 408.87 0.1321 3.9656 8 416.55 0.5159 9.3319
2 410.84 0.1961 5.0051 9 417.47 0.5844 9.6954
3 411.80 0.2351 5.7769 10 418.40 0.6558 9.8528
4 412.75 0.2787 6.4624 11 419.37 0.7292 9.5574
5 413.73 0.3311 7.4008 12 420.33 0.7966 8.9853
6 414.66 0.3870 8.0750 13 421.35 0.8604 7.640
7 415.63 0.4504 8.7514 14 422.36 0.9100 5.9795
CsNTOH0: ms=12.1004 mg8 = 10°C min~1; atmosphere, N 150 mImirrL; m_ =11.3280 mgHo = 2296.93mJ
1l 1 372.98 0.1242 3.4418 5 380.23 0.5094 5.6772
2 375.36 0.2313 4.4902 6 382.40 0.6438 5.8363
3 377.98 0.3432 5.1126 7 383.88 0.7325 5.7386
4 378.82 0.4242 5.4413 8 386.23 0.8596 5.0526

ear correlation coefficient is better; (3) the valuesadnd for RONTOH,0 and 1893251 for CSNTOH,0 in Eq.(9)
logA accord with the universal law (the value Bfranges q
(02

from 80 to 250 kJ moi?, logA from 7 to 30)[20]; (4) the i
values ofE obtained by the Ozawa method and the Kissinger %
method are also approximately identical with those obtained We can now establish the kinetic equation of dehydration
by Achar method and Mac Callum—Tanner method men- reaction is

tioned above, the relevant function under such conditions a 1.360x 10

is the probable mechanism function of thermal decompo- 99 _qot248 exp<_'x> (1—a)[-In(1 — a)]¥®,
sition of the complex. The probable kinetic model functions dr T

of the integral and differential methods selected by the log- ¢, rRpNTO. H,0.,

ical choice method20] and satisfying the above-mentioned

conditions aref («) = (5/2)(1 — a)[—In(1 — &)]*/%, G(a) =

[—In(1 — @)]?/®, n=2/5, indicating that the reaction mech- q 1074x 10°

anism of the dehydration process of RbNHO and a:1010‘72exp<_'x> (1—a)[—In(d —a)]®5,
CsNTOHO0 is classified as nucleation and growth and the r

mechanism function is no. 12, the Avrami—Erofeev equation for CsNTO. H,0.

with n=2/5. The corresponding kinetic parameters are sum-

marized inTable 6

These values of and A obtained from a single non- . . _
isoth | TG . d t with the N9 to g — 0 obtained by Eq(10) taken from Ref[21] is
isofherma eurve are n goo ggree,men o © 229.99°C for RbNTOH20 and 235.2C for CSNTOH0.
calculated values obtained by Kissinger's method and

Ozawa’s method. Therefore substitutifig) with (5/2)(1 — Todi = Tpdo + bBi + 0,31-2 + dﬂ?v i =1-5 (10)
a)[—In(1 — «)]¥/®, E with 113.06 kJ mot* for RbNTOH,0O o
and 89.30 kJ mot* for CSNTOH,0, andA with 10120851 whereb, ¢ andd are coefficients.

= Ae PR f(a) (9)

The value {pqo) of the peak temperatur&y) correspond-

Table 6

The kinetic parameters obtained by the dataable 5

Sample no. a Equation Mechanism function no. E (kJmol1) log (A/s~1) r

| 0.1321-0.9100 3 12 112.68 12.17 0.999994
4 12 114.57 12.45 0.999994
5 12 113.59 12.33 0.999994
6 12 113.57 12.33 0.999994
7 12 110.88 11.11 0.9916

Mean 113.06 12.08

1l 0.1242-0.8596 3 12 87.65 10.08 0.9948
4 12 90.93 10.56 0.9948
5 12 89.31 10.32 0.9940
6 12 89.31 10.32 0.9972

Mean 89.30 10.32

Function no. 12f(a) = (5/2)(1 — &)[— In(1 — &)]*/%, G(a) = [—In(1 — @)]?/>, n=2/5.
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The critical temperature of thermal explosiof})
obtained from Eq(11) taken from Ref[21] is 240.88°C
for RONTOH>0 and 246.27C for CSNTOH»O0.

Eo — \/ E3 — 4EoRTpdo

2R

where E, is the apparent activation energy obtained by
Ozawa’s method anA is the gas constant.

The entropy of activation AS¥), enthalpy of activa-
tion (AH") and free energy of activationAG") cor-
responding toT=Tpgo, Ea=Ex and A=Ay obtained by
Egs. (12)—(14) are 101.45Jmoft K1, 203.35kJ mot?!
and 150.31 kJmol', respectively, for Rb(NTOH,O and
94.28 Jmot1 K1, 202.80 kJ mottand 154.88 kJ mott for
Cs(NTO)H-O0.

Tb (11)

T
4= kBT cas/k (12)
h
—Eq kT AS# AH#
A = ——— - 13
exp(RT) 5 exp( R ) exp( RT (23)
AG” = AH” — T AS7 (14)

wherekg is the Boltzmann constant ards the Plank con-
stant.

4. Conclusion

(1) The dehydration decomposition reaction of RbNTO
H>0 and CsNTCGH,0 appearsto be the same as Avrami—
Erofeev equationf(«) = (5/2)(1 — o)[—In(1 — «)]*/,
G(a) = [-In(1 — a)]%®, n=2/5.

(2) CsNTOH20 is more easy to loss the compound water
than RbNTOH20 when the complexes were heated to
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