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a b s t r a c t

During the production of nitrobenzene by an adiabatic nitration process, the main byproducts are
mono and dinitrophenols as well as 2,4,6-trinitrophenol (picric acid) and 1,3-dinitrobenzene. The
byproducts can become concentrated if a distillation step to remove high boiling point impurities is
used. In the present work, representative samples of nitrobenzene containing 20–30% dinitrobenzene
and less than 1% dinitrophenol, 1% picric acid, and 1% sodium hydroxide were tested by Differential
Scanning Calorimetry (DSC) and Accelerating Rate Calorimetry (ARC) to investigate their thermal sta-
bility relative to the pure substances. The DSC thermal curves for pure nitrobenzene and the various
nitrobenzene–dinitrobenzene mixtures exhibited exothermic activity from about 300 ◦C to 500 ◦C and

3 −1
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enthalpy changes of about −2.5 × 10 J g , which is very energetic. The impurities (dinitrophenol, picric
acid, and sodium hydroxide) had no significant effect on the DSC results. During the ARC experiments,
the various nitrobenzene–dinitrobenzene mixtures were found to be less thermally stable than pure
nitrobenzene and pure dinitrobenzene, with exotherms beginning in the 263–280 ◦C temperature range.
Analysis of ARC data indicates that short-term exposure of nitrobenzene mixtures containing up to

to tem
20 mass% dinitrobenzene

. Introduction

During the industrial production of nitrobenzene, the main
eactant, benzene, is nitrated using an acid solution composed of
ulfuric acid, nitric acid, and water. The reactant mixture consists
f two phases (organic and aqueous) that must be stirred together
o promote the desired nitration reaction. In a typical adiabatic
itration process, the reaction mixture is heated to temperatures
f less than 150 ◦C. The main byproducts of the reaction are mono
nd dinitrophenols as well as 2,4,6-trinitrophenol (picric acid) and
,3-dinitrobenzene [1–3].

The product mixture is fed to a separator, which separates
he aqueous acid phase from the crude nitrobenzene. The crude
itrobenzene is washed in a number of stages, including with a
ilute base (e.g., sodium hydroxide) [4], and introduced into a dis-
illation column to remove ‘light’ (i.e., low boiling point) impurities.
epending on the desired purity, the product may be distilled once
ore in a second column, under vacuum, to remove ‘heavy’ (i.e.,
igh boiling point) impurities.
The byproducts formed during nitrobenzene production can

ecome more concentrated, especially during the removal of
heavy’ impurities through a distillation step. Through the latter

∗ Corresponding author. Tel.: +1 613 947 6844; fax: +1 613 995 1230.
E-mail address: cbadeen@nrcan.gc.ca (C. Badeen).
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peratures up to 208 ◦C should not pose a serious runaway reaction hazard.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

step, it is not unusual to concentrate dinitrobenzene up to 20 mass%
in the ‘bottoms’ (i.e., the liquid which is found in the column’s sump,
located at the bottom of the distillation column, below the bottom
tray).

Although pure nitrobenzene is stable at temperatures well
above those of normal process conditions, it is known that the
presence of impurities or contaminants can significantly lower the
decomposition temperature of nitro-organic compounds [5–7]. In
particular, there has been a reported case of an industrial explo-
sion at a nitrobenzene production facility when the ‘bottoms’ of a
‘heavies’ batch column became over-heated [8].

In a proactive effort to ensure the safe design of their pro-
cesses, Noram Engineering and Constructors Ltd., a Vancouver,
BC-based company which designs chemical plants for the produc-
tion of nitrobenzene, embarked on a joint project with the Canadian
Explosives Research Laboratory (CERL) to investigate the thermal
stability of mixtures of nitrobenzene containing high concentra-
tions of reaction byproducts. The results of the investigation are
reported here.

2. Experimental
2.1. Materials

Noram Engineering provided four samples, and their composi-
tions are shown in Table 1. The samples were prepared by vacuum

hts reserved.

dx.doi.org/10.1016/j.jhazmat.2011.01.063
http://www.sciencedirect.com/science/journal/03043894
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Table 1
Composition of samples submitted by Noram Engineering.

Sample # Nitrobenzene (%) Dinitrobenzene (%) 2,4-Dinitrophenol (%) Picric acid (%) Sodium hydroxide (%)

1 80.00 20.00 0 0 0
2 78.77 19.69 0.76 0.77 0
3 78.36 19.59 0.80 0.77 0.48a
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large exotherm. The peak of the larger exotherm occurs at approx-
imately 450 ◦C. The initially mild exothermic activity between
300 ◦C and 350 ◦C is slightly enhanced in Sample #4, which may
be caused by its elevated level of dinitrobenzene. The exotherms
produce enthalpy changes of about −2.5 × 103 J g−1, which is very
4 70.00 30.00

a The sodium hydroxide did not completely dissolve in the sample.

vaporating nitrobenzene containing 200 ppm dinitrobenzene ini-
ially. Additional components were added to Samples #2 and #3
fter the distillation. The compositions of Samples #2 and #3 were
elected to represent worst-case scenario byproduct and sodium
ydroxide contamination levels in process, while the compositions
amples #1 and #4 were selected to evaluate the effect of dini-
robenzene on the thermal stability of nitrobenzene in the absence
f other process byproducts.

It should be noted that, at the time of testing, the sodium hydrox-
de in Sample #3 had formed a sludge in the bottom of the sample
ial, and the sludge disappeared into a short-lived suspension when
he vial was shaken. The suspension was tested in the DSC. For the
RC experiment on Sample #3, 0.01 g of solid sodium hydroxide
as placed in the ARC vessel before loading the sample.

A fifth sample, dubbed Sample #5 hereafter, was generated at
ERL by mixing 1.4310 g of Sample #1 and 1.5385 g of Sample #4.

Nitrobenzene, ACS reagent grade (≥99.0% purity), was obtained
rom Sigma–Aldrich. 1,3-dinitrobenzene, ≥97.0% purity, was also
btained from Sigma–Aldrich.

.2. Differential scanning calorimetry (DSC)

DSC (differential scanning calorimetry) is one of the most widely
sed calorimetric techniques for evaluating the thermal hazards of
eactive chemicals [9]. DSC experiments were performed on a TA
nstruments Q2000 DSC equipped with a standard cell. The DSC
nstrument was calibrated for temperature and heat flow using
tandard methods [10,11]. All DSC experiments were performed
ith the sample placed in a glass ampoule. Each ampoule was made

rom a Kimax® capillary tube, 1.6–1.8 mm O.D., 0.2 mm wall thick-
ess, and was approximately 8 mm in length when sealed. Each
mpoule was loaded with 0.2–0.4 mg of sample. Sealed ampoules
ere wrapped in silver foil to improve thermal contact with the
SC sensors. The DSC cell was ramped at 5 ◦C min−1 from 40 ◦C to
ither 525 ◦C or 550 ◦C, and the DSC cell was purged at 50 mL min−1

ith dry nitrogen.

.3. Accelerating rate calorimetry (ARC)

The ARC apparatus is a commercial adiabatic calorimeter that
s used to assess the thermal hazard potential of energetic chemi-
als or materials [12,13]. For each ARC experiment, 1–3 g of sample
aterial was placed in a spherical, carbon steel vessel (0.1% car-

on), and the vessel was subsequently attached to the apparatus to
orm part of a closed, leak-tight system. The system was verified to
e leak-tight before each experiment by monitoring the pressure
hile the system was pressurized to 2 MPa with dry air. Carbon

teel vessels were chosen because it is the material of construc-
ion for process equipment in Noram Engineering’s nitrobenzene

anufacturing processes.

The experiments were performed in an atmosphere of dry air

nitially at ambient pressure. For the initial experiments, the ARC
rocedure of heat-wait-search was used. During this procedure, the
emperature of the vessel was raised from an initial temperature of
00 ◦C to a maximum temperature of 350 ◦C in 5 ◦C increments (the
0 0

heat period). For each temperature increment, the vessel was main-
tained adiabatic during both a wait period of 15 min (which allows
the dissipation of thermal transients) and a search period of 10 min.
During the search period, the ARC system searches for exothermic
behaviour in the vessel. The system recorded an exotherm when-
ever the sample’s self-heating rate exceeded a chosen threshold
value of 0.02 ◦C min−1. The temperature at which the self-heating
rate first exceeded 0.02 ◦C min−1 was recorded as the detected
onset temperature.

Isothermal ARC experiments were performed at 163 ◦C and
208 ◦C, the maximum normal operating temperature of a nitroben-
zene vacuum distillation column and the temperature of process
steam, respectively. The isothermal ARC experiments were per-
formed with the same instrument settings as the heat-wait-search
experiments, except that the initial temperature was set to either
163 ◦C or 208 ◦C. For all isothermal experiments, the initial search
period was 6000 min. The instrument terminated each experiment
when the vessel temperature exceeded 350 ◦C or the self-heating
rate exceeded 1 ◦C min−1.

In order to help interpret the ARC pressure data, it should be
noted that a sample vessel, the tubing, and the fittings have a total
volume of approximately 10 mL when empty.

3. Results and discussion

3.1. DSC

The DSC thermal curves are summarized in Fig. 1. For pure
nitrobenzene and Samples #1–#4, the DSC traces are all very simi-
lar to one another. Each of the samples exhibited mild exothermic
activity between 300 ◦C and 350 ◦C, after which there is a relatively
Fig. 1. DSC traces for samples heated at 5 ◦C min−1 in glass micro-ampoules.
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Table 2
Summary of heat-wait-search accelerating rate calorimeter (ARC) results.

Sample Mass tested (g) Mass loss (%) ARC onset (◦C) Pmax (MPa) Pres
a (MPa) Maximum rate

(◦C min−1)
Ea (kJ mol−1) ln(Z/min−1) r2

Nitrobenzene 1.0117 21.8 316 2.2 1.9 0.34 N/A N/A –
Nitrobenzene 1.0098 6.0 325 2.2 0.40 0.78 234 ± 42 40.5 ± 8.2 0.93
Dinitrobenzene 1.0110 11.0 310 0.4 0.67 1.0 303 ± 13 59.2 ± 2.6 0.99
Sample #1 1.0415 17.8 274, 280, 288 2.9 0.70 0.62 147.5 ± 0.5 28.0 ± 0.1 0.99
Sample #2 1.0122 22.7 270, 276, 282, 288, 295 3.1 0.76 0.53 164.6 ± 0.7 31.4 ± 0.2 0.98
Sample #3 1.0108b 21.9 280, 287, 294 3.0 0.82 0.93 244 ± 33 48.3 ± 6.8 0.99
Sample #4 0.9988 21.6 268, 285, 296, 303 2.9 0.80 0.56 165 ± 14 31.3 ± 2.8 0.98
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Sample #5: 2.9695 6.9 263, 272, 282 4

a The residual pressure, Pres, is the observed pressure at the end of the run, after t
b Includes 0.0103 g of sodium hydroxide, which was added to the ARC vessel prio

nergetic. The impurities in Samples #2 and #3 did not appear
o have much effect on the onset, shape, and magnitude of the
xotherms. In ref. [7] an enthalpy change of −2.8 × 103 J g−1 was
bserved for pure nitrobenzene, which is very similar to this work,
ut a higher onset temperature of 380 ◦C was observed. The higher
bserved onset temperature is likely due to the much heavier high-
ressure crucibles used as sample holders in [7], which may have
educed sensitivity to the weak initial exothermic activity observed
n this work.

Dinitrobenzene exhibited two peaks: an endothermic melt-
ng peak with an extrapolated onset temperature of 88 ◦C and an
nthalpy change of 102 J g−1, and an exothermic decomposition
eak with an onset temperature of 373 ◦C and an enthalpy change
f −3.7 × 103 J g−1. It is thus more energetic than nitrobenzene but
lso appears to be more thermally stable in the DSC, as indicated
y its higher onset temperature. In reference [7], the observed DSC
nset temperature for pure 1,3-dinitrobenzene was 270 ◦C, which
s over 100 ◦C lower than the onset observed in this work, while an
he enthalpy change of −3.5 × 103 J g−1 was observed, which was
imilar to the enthalpy change observed.

The reason for the discrepancy in onset temperatures is not
nown. The DSC experiment on dinitrobenzene was performed in
uplicate in this work, and the results of the duplicate experiments
ere nearly identical to one another. The DSC onset temperature of

70 ◦C observed in [7] is inconsistent with the onset temperature of
10 ◦C observed in the ARC in this work (Table 2), since ARC onset
emperatures are typically significantly lower than those observed

n the DSC. The results in this work are more consistent with the
esults reported in [7] for 1,4 dinitrobenzene, which had an onset
f 350 ◦C and an enthalpy change of −3.7 × 103 J g−1.

It should be noted that for the curves in Fig. 1, the DSC baseline
as not flat throughout the experiments. Linear regression was

ig. 2. (a) Temperature and pressure history for a heat-wait-search ARC experiment on Sam
n Sample #1.
1.1 1.0 194 ± 1.5 38.3 ± 0.3 0.96

C cooled to room temperature.
ading the sample.

performed on the data from 100 ◦C to 300 ◦C to calculate the slope
of the baseline, and this result was used to correct the DSC data
throughout each experiment.

3.2. ARC

The heat-wait-search ARC results are summarized in Table 2,
and a typical result is illustrated in Fig. 2a and b. Samples #1–4
exhibited similar trends to one another in the ARC calorimeter.
Minor exotherms are exhibited beginning at 263–280 ◦C, but the
self-heating rate during these initial exotherms does not con-
sistently remain above the selected threshold for an exotherm
(0.02 ◦C min−1). As a result, the ARC returns to heat-wait-search
mode several times until the final exotherm is observed (i.e.,
until it reaches a temperature above which the self-heating rate
always exceeds 0.02 ◦C min−1). The final exotherm occurs some-
where between 287 ◦C and 303 ◦C. The self-heating rate gradually
accelerates until the ARC reaches 350 ◦C.

The experiment on Sample #5 (which used a larger 3 g sample
mass) and the experiment on pure dinitrobenzene were terminated
when the self-heating rate exceeded 1 ◦C min−1, which occurred
before the instrument reached 350 ◦C. All of the other ARC exper-
iments terminated at 350 ◦C because the ARC was programmed
to automatically terminate experiments at this temperature. Sam-
ples #1–#4 exhibited lower onset temperatures than both pure
nitrobenzene and pure dinitrobenzene, indicating that either the
impurities or the combination of the two nitrobenzenes reduces

nitrobenzene’s thermal stability. It is somewhat unusual that pure
dinitrobenzene exhibited a significantly higher (by about 50–75 ◦C)
onset temperature than pure nitrobenzene in the DSC, whereas
it exhibited a slightly lower (5–11 ◦C) onset temperature in the
ARC. The relative positions of the onset temperatures observed

ple #1. (b) Self-heating rate vs temperature for a heat-wait-search ARC experiment
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Table 3
Summary of isothermal accelerating rate calorimetry (ARC) results.

Sample Mass tested (g) T (◦C) Mass loss (%) ARC onset (◦C) Pmax (MPa) Pres
a (MPa) Maximum rate

(◦C min−1)

Sample #2 1.8826 163 0.69 N/A 0.20 0.10 0
N/
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Sample #3 1.7495b 208 0.71

a The residual pressure, Pres, is the observed pressure at the end of the run, after
b Includes 0.0198 g of sodium hydroxide, which were added to the ARC vessel pr

n the ARC results appear to be more consistent with the rela-
ive peak temperatures observed in the DSC. It is likely that there
s weak exothermic activity occurring in nitrobenzene below its
RC-detected onset temperature, but that the activity is below the
etectable threshold of the ARC. Since this weak exothermic activ-

ty is enhanced when dinitrobenzene is added, as indicated by the
SC results, it becomes just barely detectable in the 263–300 ◦C

ange when the nitrobenzene/dinitrobenzene mixtures are tested
n the ARC.

As described in ref. [12], approximate kinetics can be derived
rom the self-heating rate data by assuming a zero-order reac-
ion (i.e., that the reaction rate is independent of concentration).
f this assumption holds true, a plot of the natural logarithm of the
elf-heating rate as a function of inverse temperature will yield a
traight line. The parameters Z and Ea for the well-known Arrhe-
ius equation, shown below, can be derived from the intercept and
he slope of the line.

eaction Rate = Z exp
(

− Ea

RT

)
(1)

here Z is the pre-exponential factor, Ea is the activation energy, R
s the universal gas constant, and T is the temperature in Kelvin.

Plots of self-heating rate versus inverse temperature were con-
tructed for all of the heat-wait-search ARC experiments (for an
xample, see Figure 2b). From Table 2, it can be seen that the
inetics of the decomposition of Sample #2 and #4 are identical
ithin the error estimates. The decomposition kinetics of Sample
1 are slightly different than that of Samples #2 and #4, but its pre-
icted reaction rates are within ±20% of Sample #2 and #4 in the
00–350 ◦C range. This is reflected in the fact that the maximum
elf-heating rates achieved for Samples #1, 2, and 4 were similar,
amely 0.5–0.6 ◦C min−1.

Sample #3 achieved a higher self-heating rate of 0.9 ◦C min−1,
hich suggests that the kinetics of the reaction may be different

rom that of the others despite having a similar onset temperature.
his is reflected in the Arrhenius parameters, Ea and ln(Z), which
re very different from of Samples #1, #2, and #4. It should also
e noted that the Arrhenius parameters were calculated using data
etween 294 ◦C and 321 ◦C because the data above 321 ◦C did not
ppear to be linear on the natural logarithm of the self-heating vs.
nverse temperature plot, further suggesting that the decomposi-
ion kinetics of this sample are different from the others.

The isothermal ARC results are summarized in Table 3. A
teady pressure was observed during the isothermal experiment
t 163 ◦C, which indicates that the sample did not decompose
nto gaseous products. Based on the ideal gas law, one would
xpect a 0.05 MPa increase in pressure when heating the air
rapped in the system from a 25 ◦C to 163 ◦C, yielding a total
ystem pressure of 0.15 MPa. Some additional increase in pres-
ure due to the vapor pressure of nitrobenzene would also be
xpected. The observed system pressure was 0.18 MPa (average)
t 163 ◦C, suggesting that the sample was essentially inert over

he two-day-long experiment (although conversion of nitroben-
ene to its nitrotobenzene isomer, could be occurring [14]). In
eneral, the amount of mass lost during an ARC experiment indi-
ates the mass of sample that has decomposed into gaseous
roducts. Based on the observed mass loss of 0.69%, very lit-
A 0.53 0.18 0

C apparatus had cooled to room temperature.
loading the sample.

tle decomposition appears to have occurred after two days at
163 ◦C.

A slight, gradual pressure increase was observed during the
isothermal experiment at 208 ◦C. Based on the ideal gas equa-
tion, one would expect a 0.06 MPa increase in pressure when
heating the air trapped in the system from 21 ◦C to 208 ◦C,
and a pressure increase of 0.1 MPa due to the vapor pres-
sure of nitrobenzene (boiling point approximately 212 ◦C). If
the sample were completely inert, the total pressure in the
system would have been 0.26 MPa. The maximum observed pres-
sure was 0.53 MPa, which is a 0.27 MPa higher than expected
for the inert system, which suggests that a small amount of
decomposition products were created during the five-day long
experiment.

Some isomerization and combination reactions may occur dur-
ing nitrobenzene decomposition, producing non-volatile products,
but the main products of nitrobenzene decomposition are expected
to include N2, CO, CO2, CH4, H2, H2O, and NO, N2O, NO2, and
H2O. Most of these products are volatile at room temperature
(21 ◦C in the lab), except for H2O (water). NO and NO2, which are
soluble in water, may therefore also be present in a condensed
phase. Since the tubing which connects the ARC vessel to the
pressure transducer is not heated, the few milligrams of water
that may have formed would likely have condensed outside of
the ARC vessel. Based on the observed mass loss of 0.71%, very
little decomposition appears to have occurred after five days at
208 ◦C.

It is a peculiar result that the same mass loss was observed for
both Sample #2, which was inert, and Sample #3, which decom-
posed to a small extent (as evidenced by the residual pressures). The
mass loss observed for Sample #2 is especially peculiar since the
residual pressure was equal to the initial pressure, which suggests
that no volatile product formation occurred. However, it should
be noted that the mass lost was very small (13 mg), and may be
attributed a small droplet of nitrobenzene having condensed in
the fittings or the tubing connecting the ARC vessel to the pres-
sure transducer. This explanation is consistent with previous ARC
experiments performed in-house on water in a titanium vessel,
when greater mass losses were observed even though the water
was inert.

The maximum pressure observed for Sample #3 is several times
atmospheric pressure. Thus, although the sample did not go to ther-
mal runaway, the results show that any process where this mixture
would occur at 208 ◦C would either have to resist such elevated
pressures or provide a means of safely venting the overpressure.
Emergency shutdown of the heat source upon the loss of vacuum
to a nitrobenzene vacuum-distillation column is also advisable as
a precautionary measure to avoid generating elevated pressures.

3.3. Extrapolation of ARC results to lower temperatures and
larger quantities
The mass of nitrobenzene handled in a manufacturing plant is
many orders of magnitude larger than the 3 g or less used in the
ARC apparatus. In addition, process temperatures are well below
the lowest onset temperatures observed. As a result, extrapolation



56 C. Badeen et al. / Journal of Hazardous Materials 188 (2011) 52–57

Table 4
Parameters used in the calculation of the � factor.

Substance Source Heat capacity
(J g−1 ◦C−1)

Mass (g)
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several hazard assessment techniques [18]. Thus, temporary loss
of vacuum control during nitrobenzene distillation, which could
result in short-term exposure of nitrobenzene mixtures contain-
ing up to 20 mass% of dinitrobenzene to temperatures up to 208 ◦C,
Steel Fittings and strap 0.50 [16] 14.5
Carbon steel ARC vessel 0.465 [16] 14.6
Nitrobenzene Sample 1.4 [15] 3.0

f the ARC data to larger quantities and lower temperatures is nec-
ssary for the results to be applicable to manufacturing processes.

The isothermal ARC data indicate that the Sample #3 should be
table for at least a five-day storage period at 208 ◦C if the tem-
erature does not rise. It should be noted that the isothermal ARC
esults do not necessarily imply that the system would actually
tay at the isothermal temperature if the mixture were held in a
ulk storage container. The temperature of a system rises when-
ver the rate of heat input and heat generation exceeds the rate
f heat loss. In the case of the nitrobenzene/dinitrobenzene mix-
ures, heat is generated by chemical reaction. The amount of heat
enerated as a function of temperature can be estimated from the
elf-heating rate data obtained in the heat-wait-search ARC exper-
ments. To extrapolate ARC self-heating rate data to large systems,
he observed adiabatic self-heating rate data must be corrected for
i.e., multiplied by) the � factor, which can be estimated by Eq. (2)
elow:

= mscs + mccc

mscs
(2)

here ms and mc are the mass of the sample and the container,
espectively, and cs and the cc are the specific heat capacities of the
ample the container, respectively. The significance of the � fac-
or is discussed in detail in Reference [12]. In a large container, the

factor approaches a value of 1.0, which means that most of the
nergy released during a chemical reaction heats the sample mate-
ial and only a small proportion of the energy heats the container. In
he ARC instrument, the � factor is typically much greater than 1.0,
hich means that a significant proportion of the energy released
uring chemical reaction heats the container.

The � factor was estimated using the parameters shown in
able 4. Note that in the ARC instrument, the mass of the container
ncludes the mass of the carbon steel vessel, the Swagelok® fittings
sed to secure the vessel to the ARC manifold, and the strap used to
ecure the sample thermocouple to the vessel. In a previous study,
t has been shown that the mass of the fittings and strap do not con-
ribute their full mass to the effective � factor, and the proportion
f their effective contribution scales as a complicated function of
he sample’s and vessel’s mass [17]. The calculations presented in
his paper are based on the assumption that the full mass of strap
nd fittings contribute to the � factor, so the calculated � factor
s expected to be higher than in the actual ARC experiments. As a
esult, the corrected self-heating rates should provide rates that are
lightly higher than in an actual large-scale adiabatic system.

The heat capacity of the mixture was approximated to be that of
ure nitrobenzene at 20 ◦C (see Table 4). When this heat capacity is
sed, the � factor for the ARC vessel is 10.6 for the heat-wait-search
xperiment on Sample #1, 11.0 for the heat-wait-search experi-
ent on Sample #4, and 4.4 for the heat-wait-search experiment

n Sample #5.
A plot of the � corrected natural logarithm of the initial

elf-heating rate versus inverse temperature obtained from the adi-
batic portion of the heat-wait-search ARC experiments performed

n Sample #1, Sample #4 and Sample #5 is shown in Fig. 3. As
hown in the Figure, the plots are reasonably linear (r2 > 0.96). The
elf-heating rate data were multiplied by the � factors discussed
bove, and the natural logarithm of the initial self-heating rate
ersus inverse temperature was computed for each data set. Lin-
Fig. 3. Measured self-heating rates corrected for (i.e., multiplied by) � as a function
of inverse temperature.

ear regression was performed on the resultant data sets, and the
best-fit line parameters are shown below.

ln(Rate/◦Cmin−1) = 34.91 − 20593
T

, � = 11 (Sample#4) (3)

ln(Rate/◦Cmin−1) = 30.32 − 17737
T

, � = 10.6 (Sample#1) (4)

ln(Rate/◦Cmin−1) = 39.78 − 23340
T

, � = 4.4 (Sample#5) (5)

where Rate is the adiabatic self-heating rate (◦C min−1) and T is
the temperature (Kelvin).

Eqs. (3), (4) and (5) can be used to predict the self-heating rate of
a sample at any temperature, in the absence of heat losses, assum-
ing that no change in mechanism (i.e., constant kinetics) occurs over
the temperature range of the predictions. Predictions from Eqs. (3),
(4) and (5) are summarized in Fig. 4. If heat losses are neglected,
the regression results suggest that a large, perfectly insulated con-
tainer initially at 208 ◦C would self-heat by 2.1 ◦C or less after one
day. For a 20 m3 vessel, which would correspond to a large storage
tank, the natural cooling capacity of the tank corresponds to a limit-
ing safe self-heating rate of 2.6 ◦C day−1. This safe self-heating rate
should be representative and conservative, based on a review of
Fig. 4. Predicted adiabatic self-heating rate versus temperature of nitroben-
zene/dinitrobenzene mixtures at plant-scale.
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ould not pose a runaway reaction hazard. It should be noted that,
f the mixtures were initially at 238 ◦C, the results indicate that they

ight self-heat to thermal runaway in less than two days. Thus,
he results suggest that the initial temperature of the nitrobenzene

ixtures and the rate of heat loss are critical parameters affecting
he stability of the system in the temperature range above 208 ◦C.

. Conclusions

It was found that the presence of dinitrobenzene in Samples
1–#4 and the additional impurities (dinitrophenol, picric acid, and
odium hydroxide) in Sample #2 and #3 had no significant effect
n the onset temperature, shape, and magnitude of the exother-
ic peaks observed in the DSC, as compared to pure nitrobenzene.

ure dinitrobenzene, on the other hand, exhibited a higher onset
emperature for decomposition and a greater enthalpy change than
ure nitrobenzene.

In contrast to the DSC results, the heat-wait-search ARC exper-
ments on the nitrobenzene–dinitrobenzene mixtures (Samples
1–#4 and #5) indicated that these mixtures were less thermally
table than either of the pure substances. The mixtures exhibited
inor exotherms beginning in the 263–280 ◦C temperature range,
ith the final exotherm occurring at an onset temperature some-
here between 288 ◦C and 303 ◦C. Pure nitrobenzene exhibited

n onset temperature between 316 ◦C and 325 ◦C, and pure dini-
robenzene an onset temperature of 310 ◦C. Either the impurities or
he combination of the two nitrobenzenes in the mixtures reduced
itrobenzene’s thermal stability.

Based on analysis of the isothermal ARC experiment at
08 ◦C on Sample #3 and extrapolated self-heating rate
ata from heat-wait-search experiments, it is expected that
itrobenzene–dinitrobenzene mixtures would not rapidly self-
eat at 208 ◦C for several days or longer under process conditions.
hus, temporary loss of vacuum control during nitrobenzene distil-
ation, which could result in short-term exposure of nitrobenzene

ixtures containing up to 20 mass% dinitrobenzene to temper-
◦
tures up to 208 C, should not pose a serious runaway reaction

azard. For industrial nitrobenzene vacuum-distillation columns,
roviding a means of safely venting overpressure and emergency
hutdown of the heat source upon the loss of vacuum are advisable
recautionary measures.
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