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ABSTRACT

The flash points of binary mixtures of toluene with two chlorinated hydrocarbons
(trichloroethylene and dichloromethane) at different concentrations were investigated to
evaluate their predictability by existing mixing rules.

Measurements were performed using both open and closed cup flash point testers
highlighting complex ignition phenomena. Beyond a certain level of concentration in
chlorinated compound, no proper flash is observed, in our test conditions when the flame is
presented, but specific behaviors are observed that did not allow the definitive determination
of a flash point. The observed phenomena can be attributed to the formation of halogenated
radicals, presenting flame-retardant behaviors, by decomposition of the chlorinated vapors at
the contact of the flame.

Existing mixing rules are based on the consideration of the vapor-liquid equilibrium defining
the amount of flammable vapors above the liquid surface. So, the application of such mixing
rule failed predicting this specific phenomenon, more likely related to a specific reactivity
problem.

This work also confirms that the sole consideration of the flash point to investigate the
flammability of such mixtures may lead to an underestimation of their actual hazard.
Additional experimental tests should be conducted to investigate deeper the flammability of
such liquid mixtures.
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1. INTRODUCTION

Taking advantage of their non-flammability (in particular according to the criteria of hazardous
materials regulations), some chlorinated compounds were widely used during the 1950s and
1960s for different applications like degreasing solvents, fertilizers or refrigerants.
Unfortunately, such compounds revealed toxic for human and environment. For instance,
trichloroethylene, widely used as degreasing solvent [1], presents toxic and carcinogenic
concerns [2-4]. For this reason, 1,1,1-trichloroethane has been favored [1]. Unfortunately, this
last revealed pointed out as depleting the Ozone layer in the context of the Montreal Protocol
[5]. Reporting on the way to address or improve the appraisal of actual flammability hazard of
halogenated substances and related mixtures is still of great pertinence according to market
development of substitutes (like HFOs...) of banned CFCs and HCFCs which were used in the
past as refrigerants, propellants and so forth. Indeed, past research has shown that
flammability of such substances and their explored substitutes often revealed underscored by
classical measured parameters (mostly flash point) [6].

To reduce their impact to the environment, chlorinated substances can be used into mixtures.
But the co-solvent used to form operational chlorinated mixtures can then present or increase
the subsequent overall flammable potential. So, the flammability of their mixtures may have
to be checked for appropriate fire safety management and relating regulation compliance
applicable in given industrial use. If other properties are required for a complete hazard
investigation (notably flammability limits) in particular in the case of halogenated mixtures [6],
the flash point remains the first experimental data for the classification of flammable liquids
in regulations [7, 8]. The particular flammable behavior of chlorinated mixtures was
highlighted yet in the early 1930s [9], but only few flash point data were published in literature.
In 1930, Snell investigated mixtures of carbon tetrachloride (CCls) with toluene and acetone
[10]. In 1973, Gerstein et al. performed a qualitative investigation of the flammability of
kerosene-CCls mixtures but without quantitative determination of the flash point [11]. The
most complete flash point profiles available in the literature were proposed by Rybicky et al.
in 1981 for trichloroethylene, trichloroethane and dichloromethane mixtures with toluene
[12]. In this study, both closed and open cup testers were used and, surprisingly, some open
cup measurements were found lower than closed cup ones.

To access the flash point of mixtures, predictions can be derived from mixing rules. Among
them, the predictive approach of Liaw [13] already presented high accuracy for a large diversity
of mixtures with diverse levels of volatility including binary and ternary mixtures [14, 15],
taking into account possible partial miscibility [16] and aqueous solutions [17, 18]. Within this
approach, the flash point of the mixture is based on the accurate estimation of the vapor-liquid
equilibrium which depends on the (non-)ideality of the solution. Different models can be used
to access activity coefficients: Wilson [19], NRTL [20], UNIQUAC [21]. Within these models,
interaction parameters are fitted on vapor-liquid equilibria (VLE) measurements. In the case of
the group contribution UNIFAC model [22], activity coefficients are predicted from group



interaction parameters (themselves fitted on large experimental VLE datasets). Due to the low
availability of experimental data of mixtures involving chlorinated compounds, applicability of
such mixing rule remains to be checked for mixtures involving halogenated compounds.

In this context, the present study aimed to evaluate the predictive capabilities of the mixing
rule when compared to flash point measurements of trichloroethylene and dichloromethane
in mixture with toluene at different concentrations.

2. MATERIALS AND METHODS
2.1. Experiments

Flash point testers are divided into two categories: closed cup and open cup apparatus,
according to the types of sample vessel. Moreover, they can follow different modes of
temperature controls: by fixed-temperature method or by rising-temperature method [9]. In
this study, two different testers were used: a closed cup Setaflash series 3 tester (Stanhope-
Seta) using a fixed-temperature method and a Cleveland flash point tester (CLA 5, Anton Paar)
with an open cup and a rising-temperature method. No correlation can be ensured between
results issued from the two used testers.

All such devices anyway give apparatus dependent and when manually operated operator-
dependent results, likewise for nearly all fire safety relevant parameters. This is due to the fact
that flash points, as well as flammability limits, autoignition temperatures etc. are non-intrinsic
variables of substances that consequently do not present a true and unique value by contrast
to melting points for instance.

For classification purpose, closed cup methods are recommended [9]. Indeed, closed cup
methods are conducted in a confined environment. Consequently, the results are less likely
influenced by surrounding conditions. Moreover, since the flammable vapors are contained,
ignition is observed at lower temperature than in open cup testers, providing more
conservative results and ensuring safer practices.

Measurements using the Setaflash tester were conducted according to the ISO 3679 standard
test protocol [23] using a fixed-temperature method with 1 min equilibrium time below 100°C
and 2 min above 100°C. The Cleveland tester was used according to the ISO 2592 standard [24]
which requires a temperature rate between 5°C/min and 17°C/min until 56°C of the expected
flash point and, thereafter, between 5°C/min and 6°C/min. When no flash was observed,
testing was conducted until reaching the boiling point of the liquid mixture. No significant
influence of the barometric pressure was found applying the barometric correction proposed
by the CEN/TR 15138 guide to flash point testing. The mentioned testers have been selected
according to criteria motivations (at least one of each family - closed and open cup) and their
relatively wide use at European level.



It may to be noticed that, considering the specificity of halogenated mixtures, additional tests
would have been recommended for classification purpose, like the Lower Explosion Point [25,
26] (also called Lower Temperature Limit of Flammability in ASTM E1232 standard [27]) or the
Lower Flammability Limits (as recommended in ASTM E502 standard [28]), following the
specific test methods proposed for difficult-to-ignite materials in ASTM E681 [29] and EN 1839
[30] standards. Nevertheless, the mixing rule targets the prediction of flash points. For this
reason, the experimental campaign was focused on flash point measurements even if such
experiment doesn’t necessary meet all existing recommendations for best practice for an
appropriate and full assessment of flammability hazards for the studied halogenated mixtures.

A series of binary liquid mixtures of toluene with two chlorinated compounds
(trichloroethylene and dichloromethane) were tested at different concentrations. Toluene
(with a purity of 100%w), trichloroethylene (99.9%w) and dichloromethane (100%w) were
purchased at VWR Chemicals Company (Radnor, Pennsylvania, US). The mixtures were
prepared in different concentrations from the mass measured using a Setra digital balance (EL-
410D: sensitivity, 0.001 g; maximum load, 100 g). Before testing, each sample was stored for
24hin a fridge at 0°C in a closed container.

2.2. Mixing rule

The full flash point profiles of the two binary liquid mixtures were calculated using the mixing
rule of Liaw [13] using Simulis Thermodynamics [31]. As already proposed by Ghmeling and
Rasmussen [32], this approach considers the flash point as the temperature at which the vapor
phase composition in the air reaches the lower flammability limit (LFL).

Based on this principle, the flash point of a miscible mixture can be estimated by combining
the Le Chatelier equation (to estimate the lower flammability limit of the vapor mixture), the
Antoine equation (for the dependency of saturated vapor pressures with temperature) and an
activity coefficient model (to account for the non-ideality of the liquid mixture). Finally, the
flash point is calculated as the temperature satisfying Eq. 1.

z XiYi isat(T)

sat
i Pu FP

-1 (1)

where x; is the mole fraction of flammable substance i in the liquid phase, ¥ is its activity
coefficient in the solution, Pisat(T) and F’,s,i‘; are the saturated vapor pressures of pure

flammable compound i at the temperature T and at its flash point and P is room pressure.

In the present case, chlorinated compounds (trichloroethylene and dichloromethane) are non-
flammable. So, only toluene contribution to the flash point was considered as done for
aqueous mixtures [17, 18].

Activity coefficients were evaluated using the UNIFAC model. The Universal Functional Group
Activity Coefficient (UNIFAC) model [22] is a group contribution approach that uses group
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interaction parameters to predict the activity coefficient. In this study, the modified Dortmund
93 [33] set of parameters was used, as implemented into Simulis Thermodynamics [31]. This
method revealed already powerful for the calculation of activity coefficients to predict the
flash point of different kinds of mixtures (organic [32, 34, 35], phosphatic [36], aqueous [17]).
Saturated vapor pressures were calculated according to the extended Antoine equations and
associated parameters as provided by Simulis Thermodynamics (see Supporting Information).

3. RESULTS AND DISCUSSION

Two binary liquid mixtures were investigated: trichloroethylene / toluene and
dichloromethane / toluene. In both cases, flash points at different concentrations in
chlorinated compound were measured using both the closed cup and open cup protocols.

The flash point of pure toluene was measured at 4.5°C and 12.0°C with the closed and open
cup respectively, which is in agreement with existing available data (presented in Table 1).
These two values were used in the prediction method to access the flash point profiles of the
two mixtures according to both experimental conditions, even if the predictive approach is
dedicated to closed cup flash points. Indeed, in open cup tester, flash point is measured farther
from equilibrium conditions. So, larger errors may be expected, predictions underestimating
experimental data.

The flash point profile of the trichloroethylene / toluene mixture determined by both
experimental and computational approaches is provided in Figure 1. At first, it has to be
noticed that the flash points obtained with the Cleveland open cup tester are significantly
higher than those obtained with the Setaflash closed cup method. This observation is in
contradiction with Rybicky’s results [12] but more in agreement with common experimental
knowledge [9].

As shown in Table 2, no proper flash point was measured at high concentrations of
trichloroethylene (from 63%). At these concentrations, no flash was observed when the flame
was presented above the liquid surface. According to the CEN/TR-15138 standard [37], the
flammability criteria is the observation of ignition of the vapors and propagation of the flame
over the entire liquid surface. In the open cup apparatus, the flame was enlarged during the
time it was presented above the liquid surface but the flame did not cover the whole liquid
surface. In the closed cup tester, a blue halo appeared near the flame, out of the cup, but no
flash was observed covering the liquid surface inside the cup. In both cases, this phenomenon
was not maintained once the flame moved away. As already highlighted by Babrauskas [9],
such observations don’t allow the determination of a definitive flash point. Nevertheless, it
doesn’t prevent against possible flammability issues in industrial conditions.

Subjacent phenomenon can be attributed to the flame-retardant behavior of halogenated
decomposition products of trichloroethylene [38]. The retarding effect of halogenated
compounds is well known and has been notably demonstrated by Tewarson et al. by studying
Halion 1301 (CBrFs3) as flame extinction solution [39]. In this study, Tewarson observed an
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instability of the flame in presence of Halion 1301 until extinction above a certain
concentration, e.g. 5.5% in PMMA. Lask and Wagner also demonstrated the inhibitor efficiency
of different halogenated substances (including CCls and CHCIs3) to decrease the flame velocity
of stoichiometric hexane-air mixture [40]. Moreover, chlorinated decomposition products (HCI
and chlorinated benzenes) have been already identified as flame-retardant species in the past
in the combustion of chlorinated polymers [41, 42].

Trichloroethylene decomposition reaction was proposed [43] to be the following:
C2HCls = CoHCl® + CI* (2)

Pyrolytic conditions even favor successive hydrodechlorinations to access non-chlorinated
products as demonstrated by Wong et al. by studying the decomposition of trichloroethylene
in excess of hydrogen [38]. Besides, similar mechanism was proposed for the decomposition
of chloroform [44].

During the flash point testing, the flame is moved over the liquid surface. At the test
temperature for which these phenomena are observed (from about 25°C), this temperature is
not high enough to form spontaneously chloride radicals from trichloroethylene in the liquid
phase or in the vapor phase especially within the time of the test. Nevertheless, the flame can
decompose trichloroethylene vapor in the gas phase. This could explain why the flame is
enlarged over the whole liquid surface in the open cup tester and why it forms a blue halo in
the closed cup tester (due to the accumulation of the halogenated gaseous residues inside the

cup).

The anomaly observed on the flash points in open cup, an ignition out of the vessel, was also
in line with the anomaly described by Gerstein as caused by the mixing with air [11]. As
indicated by Gerstein, such ignition occurs in vapor-air conditions that differs from the
expectations of standard procedures and may not alter the validity of the test but it exhibits
the fact that some liquids presenting no flash point can explode or burn in certain conditions.

It has to be noticed that, just before the limit at which no flash point can be measured
(between 50% and 63% in trichloroethylene), an important increase of the flash point is
observed in open cup measurements. No such increase is observed for the closed cup
measurements. This could be due to the air supply in the open cup measurements and
reinforce the relevance of closed cup testers compared to open cup measurements that could
lead to underestimate fire safety issues in risk assessment studies.

The results obtained for the dichloromethane/toluene mixtures (in Figure 2) confirmed the
observations made for the trichloroethylene/toluene mixture. Indeed, the close cup apparatus
revealed again more conservative than the open cup one.

For this mixture, the limit from which no flash point was measured appeared at lower
concentrations (from 33% of dichloromethane) due to the higher volatility of dichloromethane



(with a boiling point Ty of 37.9°C [45]) compared to trichloroethylene (with T, = 87.2°C [46])
that favored a larger amount of chlorinated compound in the gas phase and, as a consequence,
a larger amount of flame-retardant chlorinated radicals formed at the contact of the flame.

The predictive mixing rule is only based on the consideration of a vapor-liquid equilibrium. So,
it didn’t take into account possible specific reactivity effects, like the formation of flame
retardant products in the decomposition of chlorinated compounds. As a consequence, it is
not able to predict the specific ignition phenomena observed for the two investigated toluene-
chlorinated compound mixtures (enhanced flame, in open cup apparatus, and blue halo in
close cup apparatus).

Moreover, an underestimation was observed for open cup flash points. Indeed, in this type of
tester, the vapors evaporated from the liquid are not contained into the sample vessel whereas
the mixing rule relies on a vapor-liquid equilibrium hypothesis. Besides, the mixing rule is
neither able to identify the increase of open cup flash points observed in the concentrations
near the threshold from which no proper flash point can be measured.

So, even if the mixing rule gives a conservative estimation of the flash point (even when a flash
is no more experimentally observed), the observed limitations don’t allow to validate its use
for halogenated mixtures in a regulatory purpose, as indicated in the Globally Harmonised
System of Classification and Labelling of Chemicals (GHS) [7].

More widely, flash point may even be considered with great care when assessing fire hazards
of chlorinated mixtures. Indeed, due to the difference in volatility between trichloroethylene
and toluene, flash point measurements can underestimate the flammable ability of liquid in
some scenarios. Indeed, with a boiling point of 87.2°C [46] and 37.9°C [47], respectively,
trichloroethylene and dichloromethane are more volatile than toluene (110.6°C [46]). So, in
open air storage conditions, chlorinated compounds can evaporate before toluene. The liquid
solution will decrease in chlorinated concentration with time and can become flammable due
to the loss of the halogenated fraction within the liquid even if the original solution was
evidenced to present high or even no flash point.

Moreover, if the observed ignition phenomenon doesn’t fit with the standard
recommendations for the determination of a flash point, it doesn’t prevent against possible
fire ignition in industrial conditions of storage and handling, in particular where scenarios may
involve ignition sources associated with higher energy levels than those involved in
standardized flash points standard procedures that might overcome the fire retardancy effect
bound to the chlorine element in the concerned mixtures. Besides, if the only flash point of
the substance is required for the classification of flammable liquids in the GHS [7], further
characterization of the flammability of the mixture may be recommended for risk assessment
purpose. For instance, the US Department of Transport regulations (49 CFR 173.120 [48])
specifies that, for the case of mixtures of compounds presenting different volatilities and flash
points, if the flash point of the mixture is higher than -7°C, a second test shall be done on a



partially evaporated substance. For such mixtures, with large difference in volatilities between
its components, the predictive mixing rule could also represent a powerful complementary
tool to experimental measures by allowing the extrapolation of the full flash point profile of
the mixture over the whole range of concentrations. Then, it can allow to evidence in which
range of concentrations the mixture can become flammable.

Unfortunately, in the present study, available mixing rules are not able to take into account the
flame-retardant effect of the chlorinated radicals produced by the decomposition of
chlorinated hydrocarbons at the contact of the flame in the vapor phase. More generally, in
the case of halogenated liquids, additional tests should advantageously be conducted. Lower
Explosion Points [26, 27] would notably allow information at the liquid-vapor equilibrium in
larger volumes, notably to investigate the flammability limits of the vapor mixture following
the specifications of the EN-1839 [30] and ASTM E681-09 standards [29]. It must be noticed
that both standards recommend specific test conditions for halogenated substances. The
flammability limits may be notably determined under 50% relative humidity air conditions.
Indeed, this humidity can influence flammability limits by catching the halogenated radicals X*
(that can hinder ignition) to form the corresponding HX acids.

4. CONCUSION

The flash point profiles of two toluene / chlorinated hydrocarbon mixtures were investigated
with both purposes of screening potential measurement issues of flash point and a first order
evaluation of the capability of existing models (mixing rule) to predict the flammability of such
halogenated mixtures. Measurements, performed using both closed cup and open cup testers,
demonstrated the complex behaviors of such mixtures with particular ignition phenomena
that can lead to underestimate the flammability hazard of such mixtures.

The decomposition of chlorinated hydrocarbons forms chlorinated radicals that present flame-
retardant behaviors. These radicals that can hinder the proper flash ignition above the liquid
surface and favor specific phenomena at the contact of the flame (enlargement of the flame
without covering of the entire liquid surface in open cup tester and appearance of a blue halo
in closed cup one). Such reactivity phenomenon is not taken into consideration in existing
mixing rules to predict the flash point of mixtures from knowledge of the one of pure
compounds.

More generally, the flash point may not be considered as a unique indicator of flammability
hazards for chlorinated liquids since the absence of flash during the test does not prevent
definitively from an ignition in industrial situations (notably in open air conditions if the
halogenated fraction is more volatile than the flammable one). These conclusions could be
also relevant for other kinds of mixtures, notably for those involving other types of
halogenated compounds. This work encourages to enlarge the measure of flash point profiles
of such mixtures since existing data in open literature are up to now limited to a relatively
small diversity of mixtures. Two routes in our mind would deserve to be explored to further



dig the issues investigated in our paper: one would prioritize the use of other flammability
testers considering more specific recommendations covering the flammability assessment of
chlorinated substances emitted [6, 49] at European side [26, 37], and at USA level [27] in terms
of trying to consider variation of apparatus dependency of measured results bias as a function
of concentration of the chlorinated substance in the mixture: possibly by increasing the
ignition energy level some way ; on the other hand, likely more difficult however, refining flash
point prediction models by the incorporation of physical laws reflecting the fire retardancy of
relating radicals quenching the combustion process involved in its early stage.
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Table 1 — Comparison of experimental flash points of toluene with literature data

Type of apparatus FP (°C) Source
Closed cup 4.5 this study
4.4 [50]
4 [51]
4.4 [52]
Open cup 12 this study
16 [52]

12



Table 2 — Experimental flash points of toluene with halogenated compounds

Composition FP (°C)
Chlorinated compound %vol Closed cup Open cup
1,1,1-Trichloroethylene 0 4.5 12.0

6 7.0 16.0
10 8.5 14.0
13 9.0 18.4
20 10.5 20.0
23 11.5 20.1
28 12.0 24.0
33 13.5 22.0
37 14.5 28.0
42 16.0 30.0
47 17.0 28.0
52 19.0 42.0
58 21.0 62.0
63 / /
84 / /
Dichloromethane 0 4.5 12.0
7 8/8 18 /20
14 9.0 22.0
16 9/9.5 22 /22
24 10 33
33 / /

35 / /




Figure 1 — Flash point measurements and predictions of trichloroethylene / toluene mixtures
using modified Dortmund 93 UNIFAC model
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Figure 2 — Flash point measurements and predictions of dichloromethane / toluene mixtures
using modified Dortmund 93 UNIFAC model
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