Journal of Hazardous Materials, 5 (1982) 189—196 189
Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

AN EXPERIMENTAL STUDY ON THE CONDITIONS OF SAFE OXIDA-
TION OF TOLUENE WITH OXYGEN—CARBON DIOXIDE MIXTURES

SILVESTRO CRESCITELLI, GIUSEPPE DE STEFANO, LUIGI PISTONE, GENNARO
RUSSO and VINCENZO TUFANO

Istituto di Chimica Industriale e Impianti Chimici, Universita, Piazzale Vincenzo Tecchio,
80125 Naples (Italy)

(Received June 1, 1981; accepted July 17, 1981)

Summary

The flammability limits of saturated vapours of toluene in oxygen—carbon dioxide
mixtures have been measured up to 180°C and 10 atm using a direct ¢xperimental tech-
nique that avoids the time-consuming extrapolation procedure necessary when using the
standard technique.

The flammability data have been presented in a pressure versus temperature diagram.
The convenience of this form of diagram to determine the conditions of safe operation
of the liquid-phase oxidation processes of hydrocarbons, at both steady and transient
states, is discussed.

Introduction

The relevance of the upper flammability limits of saturated hydrocarbons
to the evaluation of the conditions of safe operation of the liquid-phase oxi-
dation processes has been discussed in a previous paper [1]}, where a set of
experimental data for toluene—oxygen—carbon dioxide mixtures has been
reported for the ranges 40—120°C and 1—15 atm.

The extension of this work to a wider temperature range appeared to be
useful for a more complete and satisfactory safety evaluation of the toluene
oxidation process. Therefore new experiments have been carried out for mix-
tures of oxygen, carbon dioxide and saturated vapours of toluene up to 180°C
with the previously developed experimental technique [1], except for the in-
ductive—capacitive spark igniter being replaced by an adjustable duration hot-
wire igniter. This modification served also to test the sensitivity of the flamma-
bility limits to different ignition sources.

Experimental apparatus and technique

The experimental apparatus and technique have been described in detail
elsewhere [1,2]. The test vessel, a stainless steel cylinder 45 mm inside diameter
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and 145 mm long, located in a temperature-controlled oven, is fed with
liquid toluene by the pressurized oxygen—carbon dioxide mixture. The
amount of toluene is chosen to give a saturated gaseous phase and a residual
liquid phase in the vessel. With this technique, the actual conditions present
in the industrial equipment are simulated in the experimental apparatus so
that the experimental data may be used directly, without the time-consuming
extrapolation procedure which is necessary when using the more common
technique with an unsaturated gaseous phase [3].

The hot-wire igniter consists of a thin, spiral shaped, nickel—chrome wire
(150 mm long, 0.5 mm diameter), that is rapidly heated by means of a large
current (about 20 A) from a low-voltage (about 20 V) generator. The heating
current is switched off by a timer after about 0.4 s; this duration was chosen
to obtain a rather high temperature (about 1200°C as determined by an opti-
cal pyrometer) and to avoid the melting of the wire.

This igniter avoids the time-consuming replacement of the ‘‘fusing-wire”
igniter after each test and is preferable to the standard “hot-wire” apparatus,
in which generally lower temperatures are attained and maintained for much
longer times. In fact, when enough energy is released in a short time, a very
hot but relatively small flame kernel is formed and its ability to propagate
in the remaining undisturbed mixture may be tested effectively. On the con-
trary, any slow heating procedure induces in the gases a convective flow field
where a significant part of the released energy is wasted, so that the tempera-
ture and pressure of the unreacted mixture are changed before flame develop-
ment; moreover the long residence times at a relatively high temperature in
the proximity of the ignition wire may enhance, in some cases, catalytic effects.

The energy released to the hot wire was computed to be 150+10 J by re-
cording the voltage drop across the hot wire and the relative current as a func-
tion of time using a Nicolet Explorer I1I digital transient recorder.

Experimental results and discussion

The upper flammability limits for toluene—oxygen—carbon dioxide mix-
tures, measured with the technique described in the previous section, are
presented in Fig. 1 as Y, the oxygen percentage on a toluene-free basis,
versus the initial pressure P, for four different temperatures up to 180°C. At
constant temperature and Y,y the flammable region is reached by increasing
the initial pressure, that is the oxygen—toluene ratio. The standard flamma-
bility limits, expressed as fuel percentage Yy, may be easily computed from
these limit pressures as

_ P°(T)- 100
P

where P° is the vapour pressure of toluene. The limit pressure P increases
slightly on decreasing Y,y : this behaviour can be explained in terms of equi-
valence ratio i.e., the ratio (fuel/oxygen)/(fuel/oxygen)sioich [1,2]1. As the

Yr (1)
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Fig. 1. Flammability limits of saturated toluene—oxygen—carbon dioxide mixtures,
presented as oxygen percentage on a toluene-free basis Yy, versus the initial pressure P.
Hollow symbols = non-flammable mixtures, full symbols = flammable mixtures. A, T =
80°C; o, T'= 120°C; 0, T = 150°C; w, T = 180°C,

diluent percentage increases the limit equivalence ratio of flammability de-
creases, moving towards the stoichiometric value, and therefore a higher
pressure is measured.

In Fig. 2 the flammability limits in pure oxygen are reported as the limit
pressure P versus the temperature T'. In this figure these data are also com-
pared to the results obtained when using the spark igniter which releases
about 0.1 J at atmospheric pressure. The hot wire appears to be more effec-
tive at the higher temperatures (which correspond to higher pressures),
while no significant difference is observed at the lower temperatures. The
similar data reported in Fig. 3 for T = 80°C and different Y 5 confirm this
observation. :

The dispersion of energy in the electrical insulation, because of the higher
breakdown voltages, must be taken into account to explain the lower effec-
tiveness observed for the spark igniter at the higher temperatures and pres-
sures.

No direct comparison with literature data is possible because no data on
the toluene—oxygen—carbon dioxide system are available. Yantovski et al.
[3] report, for the upper flammability limits of unsaturated toluene—air
mixtures, a slight dependence on pressure (ranging from P%3 to P%¢) while
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only very scattered data are presented for the temperature dependence which
appears to be negligible compared with the experimental uncertainty.

This result is partially confirmed by the semi-empirical rule available [4]
for the temperature dependence

AVw = 0.75- AT 2)
F “AH (
based on the constancy of the flame temperature at the flammability limits;
this gives a very slight increase in Y when appropriate values for the heat of

combustion AH at the rich limit are inserted.

Of course it is not possible to determine independently the pressure and
temperature dependence of the flammability limits of saturated vapours.
However, if the experimental data are corrected for the temperature using
eqn. (2), the pressure dependence of the upper flammability limit Y1 appears
to be fairly well described by a power law, as shown in Fig. 4 for mixtures
of toluene in oxygen. The exponent of this correlation (n = 0.45), is in good
agreement with the values proposed by Yantovski et al. [3], whose data are
also given in the figure for the purpose of comparison.
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Fig. 4. Toluene percentage Y7 at the upper flammability limit as a function of the initial
pressure P. : this work, toluene—oxygen mixtures; »: Yantovski et al. [3], toluene—air
mixtures.
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The practieal use of the flammability data for liquid-phase oxidation equip-
ment

The flammability limits measured with a spark igniter for temperatures up
to 80°C [1] and those measured with the adjustable-duration hot wire at
higher temperatures may be used together for the complete evaluation of the
flammable region as a function of pressure, temperature, and oxygen/carbon
dioxide ratio.

Usually, the flammability data for three-component systems are reported in
triangular diagrams as curves at constant pressure and temperature. This
method is not valid for saturated vapours, as it is not possible to have isobaric
and isothermal conditions at the same time since egn. (1) consumes one de-
gree of freedom. When an isothermal (isobaric) diagram is plotted, the iso-
baric (isothermal) lines correspond to unequally spaced lines at constant fuel
percentage Yr. Therefore, any change in pressure and/or temperature is not
easily plotted on such diagrams. On the other hand, such changes dramatically
affect the composition of a saturated system and therefore their effect must
be carefully evaluated from a safety point of view.

The data are more conveniently presented in a different way in the tem-
perature vs. pressure diagram [5]} shown in Fig. 5. Curves at constant Y,y
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Fig. 5. Flammability limits of toluene—oxygen—carbon dioxide mixtures as a function
of temperature and pressure. »: Yantovski et al. [3], toluene—air mixtures.
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are drawn that mark the upper side of the flammable region. The relative
lower limit curves have not been plotted because it appeared that the presence
of toluene fogs makes uncertain the measurements of the lean limit with the
proposed technique. For different amounts of liquid fed to the test vessel
remarkable widenings of the limit have been observed [2]. In Fig. 5 the
squares refer to the data obtained by Yantovski et al. [3] for toluene—air
mixtures, with the standard experimental technique and an extrapolation
procedure. Good agreement is observed, when one considers that the ex-
perimental techniques are very different.

The conditions of safe operation for the liquid-phase oxidation process
can be easily evaluated using the flammability limits reported as in Fig. 5.
The operating pressure and temperature and the pressure—temperature paths
to be followed during the start-up and the shut-down procedures may be
easily drawn on the diagram as a function of the oxygen percentage.

For a safe start-up, it appears that the reactor must be first heated to the
operating temperature. During this period a gaseous stream must be fed to
the reactor to keep the liquid phase well-stirred: in this way dangerous local
heating may be avoided. An inert gas must be used because at ambient pres-
sure the toluene—air mixtures are flammable up to about 50°C. After the
reaction temperature is reached, both the pressure and the oxygen content
may be gradually increased. A reverse procedure must be used when the re-
actor is shut down.

The procedures to be followed during the emergency shut-down must be
carefully considered. A temperature increase, possibly due to failure of the
cooling system, must be accurately controlled because it may cause a run-
away reaction in the liquid phase, but it is not dangerous if only the gaseous
phase is considered. In fact, both the increase in temperature and the decrease
in the oxygen content due to the vaporization of the fuel lead the system
further away from the flammable region. In contrast, a temperature decrease,
possibly caused by a decrease in the reaction rate, may lead to dangerous
conditions; in fact the flammable region is reached because the temperature
decreases and the residual oxygen content in the gas increases. In this case a
suitable depressurization must be provided by means of safety valves. The
use of an inert gas may be avoided if the temperature decrease is rather small
and if the reaction conditions may be rapidly recovered, for instance by the
addition of new catalyst.

The danger related to constant-pressure cooling may also be present in the
off-gas line if a condenser is used to recover the unreacted hydrocarbon. In
fact, a condenser designed for a constant pressure cooling may work safely
only if the oxygen content in the off-gases is suitably low. Otherwise, both
the addition of an inert gas and a lower design pressure must be considered.
Finally, the safety problems related to an accidental increase of the oxygen
content in the off-gases must be considered also for the condenser, as previ-
ously discussed for the reactor.
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Conclusions

The flammability limits of saturated toluene—oxygen—carbon dioxide
mixtures have been measured up to 180°C. The technique used allows reli-
able results to be obtained without any extrapolation and may therefore
be used with confidence for different fuels..

The flammability data for mixtures containing saturated vapours are best
represented in a pressure vs. temperature diagram. This representation is
strongly recommended to determine safe operating conditions for the oxi-
dation process of liquid hydrocarbons, both for standard operation and for
start-up and shut-down transients.
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