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Analysis and Prediction of Thermal Hazard of Chemical Subsgancés
by Shigeru Morisak! and Takayuki ANDO

Abstract ; In this report, the procedures for analysis and prediction of thermal hazard of chemical
substances resulting from thermal decomposition or runaway reaction are discussed using
techniques of differential scanning calorimetry (DSC) and adiabatic calorimetry (ARC).

Recent years have seen rapid development in the application of thermal analysis such as DSC
or DTA (Differential Thermal Analysis) as a tool for the thermal hazard evaluation of chemical
substances. This is because thermal analyses require a small amount of sample and no
complicated operation. Thermal analyses, however, have inherent issues in principle and
operation, so an adequate knowledge is necessary in interpreting the thermal analysis data.

The data available from thermal analyses are more or less influenced by shape of sample cell,
sample weight and environmental pressure as well as heating rate. The measurements such as
decomposition temperature or decomposition heat are particularly greatly influenced by these
factors, and hence discussion on thermal hazard by DSC data should be carried out on the data
which were obtained at the same analyzer and under the same operation conditions. However,
even the DSC data obtained by the same procedure vary a little in each measurement such as
decomposition heat, with an error of 5 to 109%.

If these inherent characteristics of thermal analysis are taken into consideration, the analysis
and prediction of thermal decomposition or reaction hazard by DSC become feasible to some
extent, and DSC is regarded as an effective method as a screening test for the primary hazard
evaluation of chemical substances. In particular, a special attention should be paid from the
standpoint of reaction kinetics to see whether the reaction proceeds with a single reaction
mechanism or not in DSC experiments. While the single reaction mechanism is able to estimate
from a regular deviation of DSC curves with heating rate, identification of decomposition
products during the heating may be essential.

An accelerating rate calorimeter (ARC) was used for adiabatic measurements for the
evaluation of thermal hazard of chemical substances. ARC has an unique function of keeping a
few grams sample in an adiabatic condition and measuring self-heat rate and pressure precisely.
However, even ARC has a difficulty in catching up the sample temperature when temperature rise
rate exceeds about 10°C/min, giving non-adiabatic condition in the ARC system.

Moreover, the ARC system is not capable of agitating in the experiment, hence temperature
gradient in the sample will be estimated, especially in the case of reaction of solid or mixed
liquids. Thermal correction due to heat capacity of sample bomb is also required ds sample
quantity is relatively small as compared with weight of sample bomb. Tﬁerefore, the ARC data
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should be dealt with care when these data are applied to large scale chemical processes.

ARC, howevér, is clearly distinct from thermal analysis such as DSC in the points of
measuring self-heat rate, adiabatic temperature rise and pressure rise, and analysing reaction
kinetics such as time to maximum reaction rate. Hence, the ARC data will be of importance in
predicting such danger of chemical processes as runaway reaction or thermal decomposition.

From the above results, thermal analytical methods are effective for a screening test in
evaluating thermal hazard, and an adiabatic method such as ARC may be recommended as a
secoridary test if extensive. thermal hazard of the chemical substances is presumed from the

screening test.
Keywords ;
Accelerating Rate Calorimeter
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Table 3 Exothermic onset-temperatures and decomposition heats of mono-substituted nitrobenzene
by pressure DSC. 12 | 1~2mg, FiB&E : 10°C/min, EEKH X : 7T v, BERES !
35kg/cm’G, FHEIARE | TN IME K-

MEDSCIZ & 2—BHa= b ORI BIMEORBESINER & MRS

No Substance Isomer Initial decomposition Decomposition
: temperature , Ta (°C) heat (kcal/mol)

o- 323 71
1 Nitroacetanilide m- 324 88
- 303 93
o- 288 82
2 Nitroacetophenone m- 283 73
p- 258 77
o- 298 67
3 Nitroaniline m- 315 84
p- 308 83
o- 328 55
4 Nitroanisole m- 343 58
p- 347 59+
o- 216 76
5 Nitrobenzaldehyde m- 243 90
p- 255 101
o- 330 62
6 Nitrobenzamide m- 346 75
p- 349 77
o- 185 143
7 Nitrobenzhydrazide m- 199 103
p- 224 87
o- 263 65
8 Nitrobenzoic Acid m- 331 69
p- 338 68
o- 344 66
9 Nitrobenzoic Acid Methyl Ester m- 369 61
p- 364 72
o- 246 76
10 Nitrobenzyl Alcohol m- 287 78
P 229 70
o- 256 143
11 Nitrocinnamic Acid m- 268 99
p- 301 121
o~ 275 30
12 Nitrophenol m- 297 68
p- 268 56
o- 218 42
13 Nitrophenylacetic Acid m- 232 86
p- 244 63
o~ 317 44
14 Nitrotoluene m- 332 36
p- 332 54
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Fig. 12 Plots of log Q vs. log {T,—25) for hydrazines.
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Fig. 13 Plots of log Q vs. log (T,—25) for oximes.
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Fig.14 Plots of log Q vs. log (T,—25) for azo-com-
pounds.
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BREEE CIIE T 3 L RBWICRIG LT, EnldE
DEBEENEOND Z L 23b 3, Fig. 1513, 2,4,5-
MU Zwoa 7/ —) (245 TCP) % 2 EOME (7
WVEZT A, E)DEBRIANED DSCHETH B,
ERBEACE LRBBTED SO L, 7
IEB/TIT 245 TCP L ABLORIGIC L 2 BET Fo
REDBELCT W22 Tabled DA P2 HAFE=
VDX TN IFBEHECTY BB EoXK#nsE
DONTRBEDOZWEHEEH LD, DL by

Table 4 Difference of DSC results (Ta and Q) between pressure DSC and
sealed-cell DSC for reactive substances.

RSB OEDSC & BEHDSCI- & 2182
(FHE : 1-1.5mg, FiB&EFE : 10°C/min)
ZESR : INEDSC-Ar 35kg/cm?G

BHDSC- KIS

A [ IEDSC-FAIB(ELR—I)
BEHDSC-SUSHINERS

, REBBEE | & & B
it & # % U (Ta, C) (cal/g)
1. Benzoyl peroxide mE 108 438
(CsH;CO0) ,0, w o 113 369
2. N-Nitrosomethylurea m E 66 316
CH:N (NO)CONH, o 90 285
3. Acetaldoxime moE — —
CH,CH = NOH o — —
4. Methoxycarbonyl chloride moE — -
CH,;0COCI s _ _
5. Isoamyl nitrite mE 159 137
(CH,),CHCH,CH,ONO ¥ H 109 727
6. Azoxybenzene m E 217 405
CsHsN = NOC4H, "o 241 329
7. Hydrazobenzene moE 130 60
C:H:NHNHC;H; & 179 40
8. Azobenzene mE 308 191
CSHSN = NCsHs 7{% ﬁ 379 162
9. Pyridine-N-oxide mE 251 380
C:H:NO w # 236 365
10. 3,5-Dinitro-o-toluic acid moE 266 444
(0:N),CsH, (CH;) CO,H "o 267 458
11. 4-Methoxybenzyloxycarbonylazide m E 106 289
N;CO,CH,C;H,0OCH, w # 113 252
12. 2,3-Epoxy-1-propanol m K 187 241
OCH,CHCH,0OH w5 # 115 441
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Fig. 15 Influence of sample cell material on the decomposi-

tion of 245 TCP.
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Fig. 16 Infiuence of sample cell shape on the decomposi-

tion of DPT.
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Fig. 17 Influence of heating rate on the DSC curves for the H5,Fig.194,5-700-1,2 3-F 77V — 1 (CT)
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Fig. 18 Relationship between maximum reaction rates and Fig. 19 Influence of nitrogen pressure on the decomposi-

1/T, for the decomposition of AAT. tion of CT.
Atmosphere : N, 42 kg/cm?G, Heat rate : 10°C/min, Sample weight : ~1 mg
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Table 5 Mole per cent of evolution gases from DPT
decomposed at various pressures in He.

CIMAVRVIAFLUTFISI DAY

LIETFICETIREF R
He 0kg/cm?G He 50kg/cm?2G He 100kg/cm?G
Yy vol%; Yy vol% Y'E vol%;
N:+NO 95.4 | @®N. 67.3 | ®ON: 57.9
®3)CO; 1.2 | @CH; 10.8 | ®CH: 12.9
@N:0 1.8 ®CO. 0.6 ®@CO. 1.2
®H:0 1.6 ®N:0 3.8 @®N:20 1.9
®C:H, 0.7 ®C:H, 0.6
®C:Hs 0.9 ®C:Hs 1.3
MDH-0 8.4 @DH0 21.0
Zoft. 7.5 Zoftt 3.2
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Fig.20 DSC curves of DPT under various nitrogen pres-
sures.
Heating rate : 5°C/min,
Sample weight : 0.5—0.6 mg
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Fig.21 Gas chromatograms of evolution products from DPT decomposed at various pressures in He.

Sample weight : 500 mg, Heating rate : 5°C/min
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Fig.22 Gas chromatogram of evolution gases from AAT

decomposed in helium (1 atm) at 300°C
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Fig. 23 Mass spectrum of component(h) (Fig.21) in the

evolution gases from AAT.
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Fig.24 TG curve and the corresponding mass-fragment-
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Heating rate : 10°C/min,

Sample weight : 30 mg,

Flow rate : 300 ml/min
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Fig. 26 Relation between heat rate and temperature(1/

Tm) corresponding to the maximum ion current(m/
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Fig. 27 Pressure DSC curves of nitrophenylacetic acid

isomers.
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_Fig.28 GC-MS results of residues of nitrophenylacetic acids collected at the points A—F in Fig. 27.
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Fig. 29 Thermal decomposition products of nitrophenylacetic acid isomers.
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Table 6 Experimental and theoretical time to maximum
reaction rate for the decomposition of NSS
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117 .4 28.8 19.9
118.4 23.9 16.6
119.4 19.9 13.8
120.4 16.4 1.5
121.4 13.2 9.6
122 .4 10.7 8.0
123.4 8.6 6.7
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Fig.33 Estimation of time to maximum reaction rate (9)
from experimental data and the adiabatic decom-
position tests at 80°C and 85°C for NSC.
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ous solvents.
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Fig. 41 Self-heat rate curve for the decomposition of o-
nitrophenylhydrazine by ARC.
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Fig. 42 Self-heat rate curve for the decomposition of 1-
hydroxybenzotriazole.
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Fig. 43 Pressure increase for the decomposition of o-nitro
phenyihydrazine.

o-Z AT TN RSO ORMRIZBITBREED

1000
800

10.0 £

oo
(=]
'~
e,

°C/min

Self-heat rate,

i
0.01 3
0 30

60 70 100 160 200 l300

Temperature, 'C

Fig. 44 Self-heat rate for the co-polymerization of
acrylonitrile and styrene.
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Fig. 50 Pressure decrease of oxygen by oxygen adsorption
with oil coke.
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