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Abstract

In the past, many unexpected runaway accidents occurred in manufacturing processes, involving volatile chemical and explosive storage
and transportation. Incompatible product reactions of high explosives must be carefully considered using loss prevention strategies for
thermal hazards risk analysis. High explosive reactions vary via environmental changes, contact materials, or process situations, such as onse
temperature and shifts in reaction type when high explosives are in contact with contaminants. Therefore, the manufacture and handling of
high explosives require the utmost in safety and loss prevention.

HMX (cyclotetramethyene tetranitramine) is one kind of high explosive widely used around the world which is stable with high detonation
strength properties. In this study, the influences of contaminants on HMX are investigated. The studied contaminants include ferrous chloride
tetrahydrate, ferric chloride hexahydrate, acetone solution, acetic acid, and nitric acid. DSC thermal curves and incompatible reaction kinetic
evaluations were preformed using iron, chlorine and acid. Organic acetone solution has lesser effects on HMX. Hopefully, this study will lead
to improved thermal hazards risk analysis and reduce accidents.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction perative to prevent potential incompatible high explosive
hazards.

Historically, high explosive explosions have occurred In the past, the common high explosives were TNT (trini-
during storage, transportation or manufacturing processestrotoluene), RDX (cyclo-trimethylenetriamine or Hexogen)
as listed inTable 1 [1,2] Many explosive accident cases and HMX (cyclotetramethyene tetranitramine). After World
are negative publicized due to national security concerns.War Il, HMX became widely applied. The HMX molecular
The causes of these accidents might occur because of disstructure has three types of four polymorpfgorm (stable
charged reactants or catalysts, incompatible component re-at ambient temperaturey-form (stable between 337 and
actions and so on. Incompatible reactions shift the basic 429 K) and~y-form (stable above 429K]|3]. In the past,
raw material characteristics and reaction profiles. For in- many isothermal and non-isothermal techniques were ap-
stance, the onset reaction temperature, time, enthalpy, ki-plied in the study of HMX kinetic and chemical proper-
netics and unexpected heat release are characteristics thates. Few studies investigated HMX incompatible reaction
could change due to incompatible reactions. Thus, it is im- phenomena.

Based on the past operating experience and HMX produc-
tion environments, HMX has opportunity to contact with con-
taminants such as ferrous chloride tetrahydrate, ferric chlo-
ride hexahydrate, acetone solutions, acetic acid and nitric
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Nomenclature

frequency factor for pure HMX or HMX mixed
with contaminants reaction(8)

activation energy of pure HMX or HMX mixed
with contaminants reaction (kJ mdl)

(dH/dt); enthalpy difference rate at reaction temper

ture 1 (kJ mot! min—1)

(dH/dt), enthalpy difference rate at reaction temper

ture 2 (kJmott min—1)

(dH/dt); enthalpy difference rate at reaction temper

ture 3 (kJ mot! min—1)

enthalpy reaction differences (kJ md)
enthalpy difference at reaction temperature
(kJmol 1)

enthalpy difference at reaction temperature
(kImol1)

enthalpy difference at reaction temperature
(kJmol-1)

sample mass (mg)

order of pure HMX or HMX mixed with con-
taminants reaction

maximum heat flow of DSC thermal curve
(mW)

heating rate of DSC experimenrtg/min)
universal gas constant (J molK —1)
temperature of reactionin DSC experiméit (
or K)

onset temperature of reactidgi) or K)
reaction temperature 1 of DSC dynamic te
(K)

reaction temperature 2 of DSC dynamic te
(K)

reaction temperature 3 of DSC dynamic te
(K)

temperature of peakin DSC thermal curves (
or K)

Greek letter

y correction coefficient for linear regression
Subscripts

1 condition in reaction 1

2 condition in reaction 2

3 condition in reaction 3

4 condition in reaction 4

endo  endothermic reaction

exo exothermic reaction

1

2

3

2. Experimental
2.1. High explosivg-form HMX

Pure HMX was provided directly from the manufacturer.
The produced HMX was i3-form with high stable chemical
properties but larger heat release. The mass of the pure HMX
sample ranged between H50.1 mg.

2.2. Contaminants

The ferrous chloride tetrahydrate (15 wt.%), ferric chlo-
ride hexahydrate (40 wt.%) and acetone (100 wt.%) were pur-
chased from Merck & Co. Inc. The acetic acid (100 wt.%) and
nitric acid (100 wt.%) used to produgeform HMX in the
actual process were provided directly from the manufacturer.
The contaminant sample masses used were betweef 1.5
0.1, respectively.

2.3. Instrument

Incompatible reaction determination was conducted using
Mettler Toledo DSC 822differential scanning calorimetry.
The heating rates used in the dynamic scanning experiments
were 1, 2, 4 and 10C/min to calculate the HMX and con-
taminant reaction heat, thermal curves, activity energy and
frequency factors.

2.4. Analysis

The mixed pure HMX and contaminant test weight mix
ratio was 1:1. During the HMX manufacturing process, fer-
rous chloride tetrahydrate and ferric chloride hexahydrate
could come in contact with the HMX product via pipeline
construction materials, reactor wall, fixed valves, and the
dissolved chlorine used to disinfect the water. In addition,
acetone solvent is used to separate reactive products, RDX
(cyclo-trimethylenetriamine, Hexogen), that have the capac-
ity to affect HMX. Both acetic and nitric acids are reactantsin
the HMX manufacturing process. This study used the ‘qual-
ity not quantity approach’ to determine HMX contaminant
incompatible reaction phenomena.

3. Results and discussion

The DSC thermal curves for pure HMX used heating
rates of 1, 2, 4 and 1U/min in the DSC device. Endother-
mic phase transitions in the 183.97-1958%temperature
range from—2.06 to—25.41 J/g endothermic heats are pre-
sented irFig. 1L The thermal curves show a very strong and
sharp exothermic peak that released 2 883.54—4226.20J/g

acid in the manufacturing process. This study investigated heat along with peak temperatures of 268.77, 275.48,
the influences of incompatible HMX reactions with the afore- 291.92 and 292.58C at heating rates of 1, 2, 4 and

mentioned contaminants using DSC (differential scanning 10°C/min, respectively. The onset temperature range was
calorimetry) dynamic thermal analysis.

from 265.54—-279.04C. The DSC experimental data for pure



Table 1

High explosive explosion cases list since 1916—1”98]
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Date Location Plant/transport Chemical Deaths/injuries
1916 New York, USA Barge, rail cars Explosives 5/many
1917 Ashton/UK Chemical works - 46/120
1917 Nova Scotia, Canada Ship Munitions 1963000
1917 Silvertown, UK Munitions works TNT 69/426

1944 Fauld, UK Munitions store Munitions 68/22

1956 Cali, Columbia Road vehicle Dynamite, munitions =1200 deaths
1971 Georgia, USA Road vehicle Explosives 5/33

1973 Arkansas, USA Rail cars Munitions -

1980 Gach Saran, Iran Warehouse Nitroglycerine 80/45
1988 Arzamas, USSR Railway station Explosives 73/230
1991 Liaoning, China Manufacturing plant Trinitrotoluene 17/107
1992 Hubei, China Chemical factory Nitroamine 22/13
1993 Shenzhen, China Warehouse Ammonium nitrate 15/141
1994 Shandong, China Road vehicle Detonators 5/95
1996 Hunan, China Manufacturing plant Cyclo-trimethylenetriamine 134/117

HMX and contaminants are shownTable 2 Heating rates

rate 1°C). The secondary exothermic heat release tempera-

of 1, 2, 4 and 10C/min were used. Observed from these tureincreasedfrom219.75to 358 4dviaincreased heating
thermal curves, the onset temperature, maximum heat flowrates, as shown ifiable 3 Compared with different heating

and reaction heat could be shifted by different heating rates.rates, the lowest AC/min caused the most unstable ferrous
Accordingly, the heating rate influence was considered in the chloride tetrahydrate reaction. The HMX endothermic phase
incompatible experiments. The following discussions inves- transition disappeared, while the ferrous chloride tetrahydrate
tigate the HMX contaminant reaction phenomena accompa-endothermic phenomena was still present at a temperature
nied with the effects of a variety of heating rates. range from 76.31 to 82.2&. Thus, ferrous chloride tetrahy-
drate shifts the HMX in the reaction.
3.1. Ferrous chloride tetrahydrate and HMX mixtures
3.2. Ferric chloride hexahydrate and HMX mixtures
The DSC thermal curves Fig. 2present the HMXincom-
patible reaction with ferrous chloride tetrahydrate dry mix- ~ The DSC thermal curves iRig. 3 show the ferric chlo-
tures at heating rates of 1, 2, 4 and°@min~1. Compared ride hexahydrate mixed with pure HMX reaction phenomena.
with the reaction capacities of pure HMX, the ferrous chlo- The initial exothermic heat release temperature occurred at
ride tetrahydrate mixtures advanced the initial exothermic & range from 172.00 to 182.76. The total heat released is
heat release temperature by approximate|y 75890The shown inTable 4USing heating rates of 1,2,4 and@'min.
heat release reaction was separated into two (while heatingCompared with the pure HMX reaction, the heat release tem-
rates are 2, 4 and I@/min~1) or three stages (at heating Perature was advanced, and the released heat decreased. The
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Fig. 1. Heat flow vs. temperature plot for DSC dynamic experiments for pure HMX at a scanning rate of 1, 2, 2@ndit0



Table 2

Summarized results for DSC experiments of pure HMX and contaminants

r (°C/min)  m(mg) Endothermic peaks Exothermic peaks

Toi (°C) AH1(Jgh) To2(°C) AH2(JgY) Toz(°C) AHz(Ig™!) Toa(°C) AHi(dghH Toa(°C) AH1(JgY) To2(°C) AH,(Jg?) Tos(°C) AHs(Igh

1 HMX 1.6 18397 —2541 - - - - - - 2654 288354 - - - -
FeCh-4H,0 1.5 7631 —63.72 2336 -17 29205 5115 30645 —188.61 - - - - - -
FeCk-6H,0 1.5 3316 —94.25 29701 —35481 - - - - - - - - - -
CH3COCH;s1.5 - - - - - - - - 2880 30001 - - - -
CH3COOH 1.6 - - - - - - - - 2183 2996 - - - -
HNOs1.6 29577 —3333 - - - - - - 1701 35525 30078 15366 — -

2 HMX 1.5 18495 —-10.75 - - - - - - 2728 295444 - - - -
FeCh-4H,0 1.4 7674 —9545 23817 —27.40 31753 -2101 35141 —163.79 - - - - - -
FeCk-6H,0 1.5 3350 —55.45 32187 —29160 - - - - - - - - - -
CH3COCH;1.6 - - - - - - - - 1680 265 26140 13490 36556 1516
CH;COOH 1.4 - - - - - - - - 2533 5374 - - - -
HNOs1.5 9993 —26.60 12401 —47.96 17109 —55320 - - 28268 9454 - - - -

4 HMX 1.4 18587 —2520 - - - - - - 2725 422620 - - - -
FeCh-4H,0 1.5 7865 —76.05 23622 —-1311 28359 —4545 35498 —147.46 - - - - - -
FeCk-6H,0 1.5 3429 —39.66 28376 —50324 - - - - - - - - - -
CH3COCH;1.5 - - - - - - - - 9488 202 17412 3152 27251 2953
CH3;COOH 1.4 - - - - - - - - 23729 13674 - - - -
HNOs1.5 18679 —15544 23908 —66.38 - - - - 32193 55011 - - - -

10 HMX 1.5 19559 —2.06 - - - - - - 2794 336805 - - - -
FeCh-4H,0 1.6 8226 —84.51 24000 —-6.11 36665 —17258 - - - - - - - -
FeCk-6H,0 1.6 3717 —6.93 32518 —26857 37903 —4.37 - - - - - - - -
CH3COCH;1.5 - - - - - - - - 1005 45 18451 14250 28216 3753
CH3COOH 1.6 - - - - - - - - 2489 13756 - - - -
HNO31.5 16851 —9.62 20333 —14787 24724 1957 27082 —14.61 32762 43963 - - - -

€1-T (¥002) YTTV S[euareN snoprezeH jo [eulnor / 're 18 buad r-'d
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Fig. 2. Heat flow vs. temperature plot for DSC dynamic experiments for HMX mixed with ferrous chloride tetrahydrate at a scanning rate of (a) 1, 2 and
4°C/min and (b) 10C/min.

HMX endothermic phase transition disappeared, while the 3.3. Acetone solution and HMX mixtures

ferric chloride hexahydrate endothermic capacity remained

afterthe heat release peak. In addition, the ferric chloride hex-  Based on the DSC thermal curves, the HMX acetone solu-
ahydrate and HMX mixture reaction exhibited most unstable tion mixture reaction is presentedHig. 4. Acetone solution
heating rate capacity,”C/min. The secondary exothermic advanced the initial HMX exothermic heat release tempera-
peak occurred while the heating rate was increased. Thereture from 15 to 43C. The amount of heat released decreased
fore, ferric chloride hexahydrate influences HMX reaction. by approximately 1400-2400 J/g, was shown in
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Fig. 3. Heat flow vs. temperature plot for DSC dynamic experiments for HMX mixed with ferric chloride hexahydrate at a scanning rate of 1, 2@ amial. 10
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Table 3

Summarized results for DSC experiments of ferrous chloride tetrahydrate mixed with HMX

Sample r (°C/min) m(mg) Toendo AHendo Toexal Trexal Qmaxi AHexa1  Toexa2 TrPexa2 Qmax2 AHexo2 Toexa3 Trexa3 Qmax3 AHexo3

(°C) Qg (0 (°C) mw) Qg?h (0 (°C) (mw) gl (0 (°C) (mw) (g

HMX + FeChk-4H,O 1 HMX: 1.6 76.16 —36.48 173.74 188.18 2.44 547.34 219.75 220.23 0.70 41.92 266.63 304.56 0.91 810.55
FeCb-4H,0: 1.5

HMX + FeCl-4H,0 2 HMX: 1.5 75.13 —-51.48 187.12 192,99 8.08 813.33 31425 349.23 211 1063.77 - - - -
FeCh-4H,0: 1.5

HMX + FeCl-4H,0 4 HMX: 1.5 79.33 —47.69 196.53 204.61 14.34 902.59 330.14 346.52 341 613.08 - - - -
FeCb-4H,0: 1.5

HMX + FeCh-4H,O 10 HMX: 1.5 79.23 —-46.53 204.63 210.96 32.25 862.14 358.44 379.32 1.78 85.12 - - - —
FeCb-4H,0: 1.5

Table 4

Summarized results for DSC experiments of ferric chloride hexahydrate mixed with HMX

Sample r (°C/min)  m(mg) Toendo AHendo Toexal Trexal Qmaxi AHexai Toexa2z Trexaz Qmaxz AHexaz Toendor AHendar  Toendoz AHenda2

(°C) Qgh (0 (°C) (mw) @gh (O (°C) (mw) (Qgh (0 Gdgh (o Qgh

HMX + FeClz-6H,0 1 HMX: 1.5 31.78 —-11.37 180.91 187.84 1.95 572.12 - - — —
FeCk-6H20: 1.6

HMX + FeClz-6H,0 2 HMX: 1.5 34.04 —29.09 172.00 179.98 3.10 579.19 - - — — 276.26-118.25 295.28 —-128.93
FeCk-6H,0: 1.4

HMX + FeClz-6H,0 4 HMX: 1.5 32.88 —46.99 173.96 188.16 &7 632.85 363.84 373.14 1.72 92.07 286.76-70.72 29557 -184.97
FeCk-6H,0: 1.6

HMX + FeClz-6H,O 10 HMX: 1.5 35.27 —-77.38 182.76 199.02 15.81 760.52 319.78 340.38 1.14 63.71 - - - -

FeCk-6H,0: 2.5
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Fig. 4. Heat flow vs. temperature plot for DSC dynamic experiments for HMX mixed with acetone at a scanning rate of (&Limit 4nd (b) 10C/min.

Table 5 From the incompatible acetone solution and HMX 3.4. Acetic acid and HMX mixtures

mixture experiments, acetone solution is a safe solvent for
use in HMX storage and operation usage. However, the Observed from the DSC thermal curves at heating rates

initial exothermic heat release temperature is cautiously of 1, 2, 4 and 10C/min Fig. 5 presents the reaction capac-

monitored. ities of acetic acid solution mixed with HMX. Acetic acid
Table 5
Summarized results for DSC experiments of acetone mixed with HMX
Sample r (°C/min)  m(mg) To.endo(°C)  AHendo(J ql) Toexal (°C)  Trexa1 °C)  Qmax1 (MW)  AHexa1 (J er)
HMX + CH3COCHg 1 HMX: 1.5 — - 222.71 227.24 136 150034
Acetone: 1.4
HMX + CH3COCHg 2 HMX: 1.5 197.99 —18.89 248.38 250.31 289 184684
CH3COCHs: 1.6
HMX + CH3COCHg 4 HMX: 1.5 187.85 —10.79 264.30 267.42 82 149712
CH3COCH;: 1.5
HMX + CH3COCH; 10 HMX: 1.6 186.53 —16.60 264.22 271.35 1156 153169
CH3COCH;: 1.5
Table 6
Summarized results for DSC experiments of acetic acid mixed with HMX
Sample r (°C/min) m(mg) Toendo AHendo Toexal Trexal Qmaxi AHexai Toexa2z Trexaz Qmax2 AHexa2
(°C) Qgh (0 (°C) (mw) @gh (O (°C) (mw) Qg
HMX + CH3COOH 1 HMX: 1.5 - - 213.32 22163 .®® 1200.24 361.87 364.61 1.04 163.89
CH3COOH: 1.5
HMX + CH3COOH 2 HMX: 1.5 179.05 —-12.32 229.85 236.29 133 1164.76 - - - -
CH3COOH: 1.6
HMX + CH3COOH 4 HMX: 1.5 182.38 —12.55 232.76 243.24 14 1199.46 - - - -
CH3COOH: 1.5
HMX + CH3COOH 10 HMX: 1.6 183.09 -9.67 24996 261.83 397 1292.14 - - - -

CH3COOH: 1.5
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Fig. 5. Heat flow vs. temperature plot for DSC dynamic experiments for HMX mixed with acetic acid at a scanning rate of 1, 2, 2C4min10

also advanced the initial exothermic heat release tempera-separated into two stages. Therefore, when HMX is mixed
ture and decreased the released heat as shoWabie 6 In with acetic acid, production operators should be cautious of
addition, the HMX endothermic phase transition disappeared any increase in the initial exothermic temperature or oppor-
while the heating rate decreased. The heat release phenomertanity for secondary heat release.

20 - 40-
Pure HMX (R=1) HeatFlow1
Pure HNO5(R=1) 304 Pure HNOg(R=2)
= HMX + HNOZ(R=1) g HMX + HNOy (R=2)
E 0] E Lol
2 z
K] o
w [T
] T 101
[} [}
I f\ i
s 0
T T T 1 -10 T r T T T T T 1
100 200 300 400 50 100 150 200 250 300 350 400
Temperature ("C) Temperature ("C)
HealFlow1
405 Pure HMX (R=4) 200+ Pure HNOg(R=10)
Pure HNOg(R=4) HMX + HNO3(R=10)
§_30 o HMX + HNO3 (R=4) é‘ 1504
E £
20 = 100+
8 8
c = 50
= 104 % 504
L T
= 0
04
............................................................... 50
10 T T T T T T T 1 T T T T T T T |
50 100 150 200 250 300 350 400 50 100 150 200 250 800 350 400

Temperature ("C) Temperature ("C)

Fig. 6. Heat flow vs. temperature plot for DSC dynamic experiments for HMX mixed with nitric acid at a scanning rate of 1, 2, 4@imdii0



Table 7

Summarized results for DSC experiments of nitric acid mixed with HMX

TO,endol AHend()l TO,endQZ AHendoZ

Qmax,2.3 AHequ‘S

TP, exo2,3
(°C)

TO.exq 2,3

TF’,equ Qmaxl AHequ

(°C)

TO,er 1
(°C)

AHendo

TO,endo
(°C)

HMX:1.5 165.32

m(mg)
FeCh: 1.5

r (°C/min)

Sample

() @ghH (O  (gh

Qo

(mW)

Ggh (0

(mw)

Qgh

226.80 230.07 18.48 2101.89-

—13.27

1

HMX + HNO3

—24.44

47.34and 332.05

38.37

270.47 angl77.53 and 0.55 and

285.19

2813.54

226.16 9.61

222.08

HMX: 1.6

2

HMX + HNO3

0.47

290.89

FeCk: 1.6
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—4.73 336.02 —152.05

290.45

21543 1854  2679.85-

HMX:15 - 204.49

4

HMX + HNO3

FeCk: 1.5

—113.23

318.47

227.68 2757  2197.59-

213.98

HMX: 1.5

10

HMX + HNO3

FeCk: 1.6

3.5. Nitric acid and HMX mixtures

According to the DSC thermal curves kfg. 6, the ap-
parent incompatibility effects of a HMX nitric acid solution
were observed. The exothermic heat release peak exhibited
a shoulder shape. The initial exothermic heat release tem-
perature increased by approximately 50260 and the re-
leased heat decreased by a small amount as shotafbla 7
The HMX endothermic phase transition phenomenon disap-
peared, while another endothermic peak occurred after the
heat release. Thus, nitric acid must be used cautiously in the
HMX manufacturing process.

3.6. Kinetics evaluations

Because the main HMX with contaminant exothermic
peak corresponds to the contaminant reactions with a syner-
getic heat release, the kinetic parameters videlicet, activation
energy Ea), frequency factorA), and order of reactiony,
for these reactions were evaluated. The Kissinger, Ozawa and
Freeman—Carroll's methods were employed using the DSC
experimental data iffables 2—7at heating rates 1, 2, 4 and
10°C/min.

3.6.1. Kissinger methojd]

The widely used Kissinger method is based on the plot of
In(r/ T§) versus—1/Tp, where I’ is the heating rate andl,
the DSC absolute peak temperature. The activation energy
and frequency factor values are calculated from Kissinger’s
plot with the equation as follows:

In <Tr§> =In (ATR> - If;p ()

3.6.2. Ozawa methdd)]

The Ozawa method used the plot of logver-
sus —1/Tp. The kinetic parameters were obtained
from the following equation which has itend(x,,) =
(ART3/rEs) exp(—Ea/ RTp):

E AE
logr = —0.4567-2 — 2315+ log —* — 109 G(x,)

Tp R
(2)

3.6.3. Freeman—Carroll's approad6]

Based on the Freeman-Carroll's approach, the reaction
order using a DSC dynamic scanning experiment was deter-
mined via the following equation:

(log((dH/dt)3/(dH/dr)1)/(1/ T1 — 1/ T3))
—(log((dH/dt),/(dH/d)1)/(1/ T1 — 1/ T2))
(log(AH1/AH2)/(1/ T — 1/ T2))
—(log(AH1/AH3)/(1)T1 — 1/ T3))

®3)
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Table 8

Calculated kinetic parameters of HMX with contaminants

Sample Kissinger method Ozawa method Freeman-Carroll's approach
Ea (kJ/mole) A(1/s) P2 Ea (kd/mole) A (1/s) y2 n°

Pure HMX 23697 1.63x 101° 0.9999 23376 1.79x 1019 0.9999 1.002931515

HMX + FeCl-4H,0 17502 1.96x 1016 0.9919 1754 2.41x 106 0.9924 0.9988257734

HMX + FeCl-6H,O 14304 1.70x 1013 0.9999 14310 2.57x 103 0.9999 1.000146193

HMX + CH3COCH; 67.97 3.15x 10° 0.9854 7295 1.12x 10* 0.9886 1.004555157

HMX + CH3COOH 11813 8.00x 108 0.9970 128 1.61x 10° 0.9973 1.000965465

HMX + HNO3 14449 2.82x 10%2 0.9999 14473 4.31x 1012 0.9999 1.016923245

a y: correction coefficient for linear regression.
b n: order of main exothermic reaction at heating rat€4nin.

Eventually, the HMX with contaminant kinetic parameters with HMX, the HNO; has an O—H bond broken to offer a
are presented iable 8 The HMX with contaminant activa-  proton to connect with the intermediate prodaand NG
tion energies and frequency factors both increased comparediccompanied with a negative charge to form the final prod-
to pure HMX. This means thatwhen HMX contacted avariety ucts (CH)4N4(NH)4 and NOs, as shown inFig. 10 All
of contaminants, the reaction kinetic types could incur sub- of the aforementioned reaction pathways were verified using
stantial changes, producing unstable conditions increasinganalysis instruments, such as GC (gas chromatography) and
the opportunity for hazards. In addition, the main exother- HPLC (high performance liquid chromatography).
mic reaction order has no significant change in the present
calculated results. Incompatible HMX contaminant reactions

did not change the main exothermic reaction order, but did 172 (N20)—Or- & 12 (N20)—0
change the reaction type (such as the shape of exothermic L 1/2 (N20)—CH,— d 1/2(N20)—CHy
peak, etc.). Electrostatic attraction 11in- Bond —
3.7. Proposed reaction mechanisms Reaction Pathways
O: O
According to the kinetic decomposition mechanisms pro- NP

posed by Hobbs in 2002Z], Fig. 7illustrates the HMX reac-

tion pathways. In his study, the HMX reaction was separated

into two stepsA — & and L— d, along with the increasein NN
({ CHZ\

|
| HyN~CH, O
e Q CHi "GHe \\_gimxz
A 2 N—N N—N
\ / Vi \ é H 8
10 CHZ\N/ Ha
> |

temperature. n—CH2 (O Ve
The reactionA — & was suggested to control the rate | ofN\\o //N\HMX1

of decomposition. The intermediate produstand d then OA\O ©

combined with CHO + N,O to generate the final products e 0§N¢0

H20, Nz and CO. This was also verified by Kimura in 1980 ']“ |

[8]. In this study, the ferrous chloride tertrahydrate and ferric CH N Ho o Q CHZ/N\C\HZ 0

chloride hexahydrate contaminants produced similar reaction({\ / (i 2y \\N—N/ /

| . N

steps connecting the free electrongias a catalyst to form /2 71 2\

the final products, as shownhiig. 8 A HMX decomposition H2C CH2 |_O N HZC\?" é)

rate control reactiol — 8 also occurred, but the intermedi- /]/N§ O¢N§O

ate producd connected the ferrous chloride tertrahydrate and o7 "o

ferric chloride hexahydrate, to vary the reaction pathways. O§N¢0

Acetone solution could not offer protons due to the oxi- 0*N40 l

dizing agent. Accordingly, HMX mixed with acetone solu- ,{, c{\ HzF/N\HzC o)

tion has no opportunity to produce an incompatible reaction. Q  CHz™~ \C\Hz QHMX;  N—N \N——N//
N\ / &

HMX mixed with acetic acid, CHCOO~ and kO were de- /N—N N—I o// C/H2 \\o

composed which offered a proton to connect the intermediate 0/ CHZ\N/C{Hz 6 + dt 'i‘/ 3

productd from theA — & reaction, whereas the+t d reac- | O/,N\)\

tion did not occur. N@ accompanied with a positive charge O%N\O CHo0 + NyO

was generated to result in the final products QN4 (NH)4,
CH3COOH and HNQ@, as presented ifrig. 9. Thus, the 4
HMX reaction pathways varied from the N@vith positive CH20 + NoO —> HpO + Nj +CO

charge effect. Nitric acid has analogous reaction pathways

with acetic acid. After the decomposition reactian— 3 Fig. 7. Proposed kinetic decompose mechanisms for H¥X



D.-J. Peng et al. / Journal of Hazardous Materials A114 (2004) 1-13

O.
H/ \H
o o
XN
X N* \O
| bond was broken
N R H
Q el cl H
\ W
//N* N N *\ + Fet  H(__H O
J \ J o cr cr (o] H
|
H
A o
o \o ‘
H
HMX T
(@]
H Sy
| Iron (I1) chloride hexahydrate
N=C
H\c/ N\ N ZN “
" ” + O/ OH _+_ Ee*++ CI
2 Nitrous acid
N C—H o)}
\ / Ferric chloride
¥
[
H

Fig. 8. Proposed overall kinetic decompose mechanism for HMX mixed with ferric chloride haxahydrate.

O+

HO + H/O\H _____ . © + H/|\H

e} (o] H
acetic acid

O\w o
(o} ’L\C 0
\ / :")}. / ®
N*—N L ON—NF + H o} H

N+
o/ o
HMX
|
N
T\ i
H—N NH + Ho + 4 o—w
\_ 3
T acetic acid nitric acid
H
(CH2)N4(NOy) 4

Fig. 9. Proposed overall kinetic decompose mechanism for HMX mixed with acetic acid.
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O\N+/O'
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T Nitric acid
N+
O/ o
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H
|
N
/ \ O\ /o
H—N NH + N o N
\NJ “ N0
(CH2)N4(NOy)4

Fig. 10. Proposed overall kinetic decompose mechanism for HMX mixed with nitric acid.

Conclusion produced a secondary unexpected explosion. This is a seri-
ous potential hazard. Hopefully, this study has highlighted the
Based on the discussed DSC experimental results, kineticincompatible risks involved with contaminated HMX during

evaluations and proposed overall reaction mechanisms, thisproduction, handling, transportation and storage.
study presents the following suggestions:

The heating rate influence on the thermal decomposition of
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