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methylimidazolium bis(trifluoromethylsulfonyl)
imide
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lonic liquids (ILs) have very low volatility and are consequently considered as a green replacement to the
organic solvents that have been widely used to date. The fire and explosion hazards of traditional organic
solvents primarily depend on the combustibility of their vapors; therefore, ILs have been regarded as
nonflammable for a long time because of their low volatility. However, recent studies have shown that
ILs are flammable due to their thermal stability and consequently, the fire and explosion hazards of ILs
limit their practical applications. The compound 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (abbreviated as [EMIM][Tf,N]) has been considered a potential candidate solvent for surfactant
systems, but studies about the fire and explosion hazards of this IL are rare in the literature. In this study,
the fire and explosion hazards of [EMIM][Tf,N] were explored in terms of different aspects. The auto-
ignition temperature of [EMIM][Tf,N] was found to be 478 °C with an ignition delay time of 12.6 s. It was
observed with the TGA/DSC system that the decomposition of [EMIM][Tf,N] was endothermic in
a nitrogen atmosphere but exothermic in an air atmosphere. The dynamic TGA curves showed that the
apparent activation energies were the same in both nitrogen and air atmospheres, but the dynamic DSC
curves showed that the apparent activation energies were different in nitrogen and air atmospheres. The
apparent activation energy inferred from the DSC curve in an air atmosphere was found to be the same
as the apparent activation energy estimated by the Semenov theory of thermal ignition. Analysis of the
gaseous decomposition products of [EMIM][Tf,N] by the TGA-FTIR system indicated that the exothermal
effect in the air atmosphere was caused by the auto-ignition of acetylene (which is one of the gaseous
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Introduction

The fire and explosion hazards of a liquid are usually divided
into two categories: flammability and reactivity. Flash point (FP)
is used to evaluate the flammability hazards of liquid solvents in
most countries. For example, according to Taiwan's local
regulations, liquids with FP below 65 °C are classified as flam-
mable liquids. The FP of a liquid is defined as the temperature
determined by testing at which the liquid emits enough vapor to
form a combustible mixture with air.' In order to evaluate the
reactivity hazard of a chemical substance, one needs to know
the onset temperature of its decomposition reaction and the
associated thermal effects.” For example, guidance on the
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decomposition products) and not by decomposition itself.

application of the classification, labelling and packaging (CLP)
criteria in Europe states that if a substance contains chemical
groups related to explosive properties but its exothermic
decomposition energy is less than 500 ] ¢ * and the onset of
exothermic decomposition is below 500 °C, then, it should not
be considered as an explosive substance.?

Because ionic liquids (ILs) have thermal stability and
extremely low volatility, they are considered potential green
alternatives to replace the currently widely used organic
solvents. It is obviously difficult for a liquid with low volatility to
emit sufficient vapors to form a combustible mixture with air;
therefore, it is considered safer than a liquid with high vola-
tility. Based on this viewpoint, ILs have been considered non-
flammable for a long time.** However, the study by Fox et al.
indicated that the fire and explosion hazards of ILs are better
understood beyond conventional hazard rating methods.® Liaw
et al. pointed out that the flammability hazards of some ILs will
increase when exposed to high temperatures.” Liu et al
demonstrated that the flammability of imidazolium nitrate is
caused by combustible decomposition products.*** Fox et al.
suggested that a single flammability index, such as FP, cannot
thoroughly describe the flammability hazards of ILs and

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra01821j&domain=pdf&date_stamp=2020-06-11
http://orcid.org/0000-0001-8955-0129
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01821j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010038

Open Access Article. Published on 11 June 2020. Downloaded on 3/10/2026 8:00:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

pointed out that the thermal effects have a significant impact on
assessing the flammability hazards of ILs. They concluded that
it would be more appropriate to describe ILs as having a low or
deduced flammability hazard, rather than identifying them as
nonflammable materials.'” Liaw et al. showed that the FP of ILs
is mainly related to the decomposition of ILs, not the vapor-
ization of ILs.*® Diallo et al. suggested that when assessing the
fire hazards of ILs, both the heat of combustion and the heat
release rate should be considered; they also pointed out that
saying ILs are inherently safe is inappropriate.’* Chen et al. re-
ported the auto-ignition temperature of some ionic liquids
according to the ASTM E659 test method.*” Chen et al. reported
that the thermal effect of the decomposition of IL 1-methyl-1-
propylpyrrolidinium bis(trifluoromethanesulfonyl)imide and
1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
were completely different in nitrogen and air atmospheres.'*"”
Recently, flammability has been considered to be one of the
designable characteristics of ionic liquids.*>°

The IL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide (abbreviated as [EMIM][Tf,N]) is considered a potential
candidate solvent for surfactant systems. Therefore, the
thermodynamic properties of [EMIM][Tf,N] have been exten-
sively studied in the literature, and it has been reported that
the vapor pressure of this IL is very low at room tempera-
ture.>** As earlier mentioned, the fact of having a low vapor
pressure does not mean that this IL is free of fire and explo-
sion hazards, yet the fire and explosion hazards of [EMIM]
[Tf,N] have been rarely reported in the literature. Therefore
this study aimed to investigate the fire and explosion hazards
of [EMIM|[Tf,N] via auto-ignition temperature (AIT) tests, the
simultaneous application of thermogravimetry and differen-
tial scanning calorimetry (TGA/DSC), and by thermogravi-
metric analysis coupled with Fourier transformed infrared
spectrometry (TGA-FTIR).

Experimental section

Materials

The detailed chemical information of [EMIM][Tf,N], including
its formula, CAS number, and molecular structure, are listed in
Table 1. The ILs used in all the test runs were commercial
materials manufactured by the io-li-tec company with a guaran-
teed mass purity of at least 99%.

Auto-ignition temperature tests

The AIT of [EMIM][Tf,N] was measured by using a K47000 auto-
ignition apparatus (Koehler Instrument Company, Inc.). The

Table 1 Chemical information for [EMIM][Tf,N]
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design of this auto-ignition temperature tester satisfied the
requirements of the ASTM E659-78 (2005) standard test
method.”® Details of the procedures for conducting the AIT
experiments can be found in our earlier works.?*®

Thermogravimetry and differential scanning calorimetry
(TGA/DSC)

The thermal stability of [EMIM][Tf,N] was determined by using
a TGA/DSC 1 instrument (Mettler Toledo Instruments, Inc.).
Approximately 1.0-3.0 mg samples were placed in 70 pL
aluminium oxides pans, and then heated from 30 to 600 °C with
a heating rate of 10 °C min~". In order to compare the thermal
effects of decomposition in different atmospheres, the tests
were carried out under nitrogen and air atmospheres, respec-
tively, with a purge gas flow rate of 50 mL min~'. The afore-
mentioned test procedures met the requirements of the ASTM
E537-12 standard test method, except that ASTM E537-12
requires the samples to be heated from 25 °C to 600 °C.*® In
this work, all the tests were repeated three times and the onset
temperature and thermal effects were reported based on the
average of these three repeated measurements.

Thermogravimetric analysis coupled with Fourier
transformed infrared spectrometry (TGA-FTIR)

The evolved gases generated by the decomposition of [EMIM]
[Tf,N] were continuously analyzed by the TGA/SDTA851 system
(Mettler Toledo Instruments, Inc.) connected with a Thermo
Nicolet iS™ 10 FTIR instrument (Thermo Fisher Scientific Inc.).
All the TGA/SDTAS851 test settings, such as heating rate and
purge gas flow rate, were the same as those described in the
TGA/DSC experiments. The FTIR spectrometer was set to
transmission mode with a wave number resolution of 0.5 cm ™.

Results and discussion

The combustion plot of [EMIM][Tf,N] is shown in Fig. 1, where
the x-axis is the sample quantities added into the ignition
container and the y-axis is the preheated temperature of the
ignition container. The flammable condition is indicated by
a circle in Fig. 1, which means that a hot flame could be
observed within 10 min after the sample was introduced into
the ignition container. In the flammable case, the temperature
of the ignition container and the ignition delay time were
recorded. If the test sample did not ignite within 10 min or
produced only a cold flame within 10 min, the condition was
considered non-flammable and is indicated by a cross in the

Chemical name Formula CAS No. Abbreviation Structural formula
CHs 5
3 h\)' FaC-S-N=8-CF
- -3- imi i 3C-S-N=S-CF;
1-Ethyl-3-methylimidazolium CoH, FoN,0,5, 174899-82-2 [EMIM][TE,N] N i I

bis(trifluoromethylsulfonyl)imide
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Fig. 1 Combustion plot of [EMIM][Tf,N]. Ignition temperature (tg) is
the temperature of the ignition container and the sample volume (V) is
the amount of sample introduced into the ignition container: circle,
flammable case; cross, nonflammable case; triangle, the case of AIT.

figure. After that, the preheating temperature of the ignition
container was intentionally changed to find the lowest
temperature that could generate a hot flame under the specified
sample amount. It should be noted that this lowest preheating
temperature depended on the amount of sample introduced
into the ignition container. By definition, the lowest of these
lowest preheating temperatures was the AIT of [EMIM][Tf,N]. In
the figure, a triangle mark is used to indicate the situation of
AIT. The AIT measurement of [EMIM][Tf,N] was 478 + 23.9 °C
and the corresponding ignition delay time was 12.6 s.

The onset temperatures (7y), estimated onset temperatures
(T.), and the endset temperatures (Z.,q) are important charac-
teristics in both TGA and DSC curves. However, the numerical
values obtained from TGA and DSC curves are slightly different
because the sensitivity in measuring sample weight loss and
heat released are different. The heat effect (AH) of the sample
can be obtained from the DSC curve, and the TGA curve also
gives the weight percentage of the residue in the heating
process. Table 2 summarizes the above characteristics of
[EMIM|Tf,N] in the nitrogen and air atmospheres. As
mentioned earlier, all the test runs for this study were repeated
3 times, so the values in Table 2 are the average of three repli-
cates, and the associated uncertainty for each value is based on
twice the standard deviation of the three repeated tests. Fig. 2
and 3 show the experimental results in the nitrogen and air
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Fig. 2 TGA/DSC/DTG curves of [EMIM][Tf,N] in the nitrogen atmo-
sphere. Sample weight was 2.468 mg. Plot (a) is the TGA curve, plot (b)
is the DSC curve and plot (c) is the DTG curve. In all plots, the x-axis is
the temperature (°C) of the reference crucible. The y-axes of the TGA,
DSC, and DTG curves are the percentage of sample remaining in the
test crucible (%), the heat flux compensation (J per sec) per gram of
sample, and the time differential of the sample weight (1 per min).

atmospheres, respectively. However, for simplicity, only one of
the three TGA/DSC curves is shown in these figures.

As shown in Fig. 2(a), in the nitrogen atmosphere, [EMIM]
[Tf,N] started to lose weight near 300 °C, and the rate of weight
loss became fast at about 450 °C. Finally, the weight loss
stopped near 490 °C, leaving 6.7% of the residue. The DSC
curve, Fig. 2(b), shows that [EMIM][Tf,N] started to absorb heat
near 360 °C, and stopped absorbing heat around 490 °C. It can
also be clearly seen from this figure that the decomposition
process was endothermic with a heat of 642.2 J per g per sample.
Clearly, the DTG curve in Fig. 2(c) is a unimodal curve, indi-
cating that only one decomposition mechanism occurred
during this heating process.

In the air atmosphere, the main characteristics of both the
TGA and DTG curves, as shown in Fig. 3(a) and (c), were very
similar to those curves in the nitrogen atmosphere, but as
shown in Fig. 3(b), the DSC curve was exothermic in the air
atmosphere, but was endothermic in the nitrogen atmosphere.
From Fig. 3(b), the DSC curve started to appear exothermic at
about 440 °C and stopped at about 490 °C. The heat emitted was

Table 2 Thermal data of [EMIM][Tf,N] in different gas atmospheres from the TGA/DSC curves®

DSC curve TGA curve
Atmosphere T, (°C) T (°C) Tena (°C) AH(J g™ T, (°C) T (°C) Tena (°C) Residue (%)
Nitrogen 366 + 12.5 398+ 7.9 489 £ 1.4 642 + 25 305 + 4.7 449 + 1.4 485 + 1.8 7+26
Air 436 £ 6.2 466 + 1.8 486 + 3.6 —762 + 53 310 + 384 452 + 9.6 482 + 6.4 6+1.5

“ Ty: onset temperature; Te: estimated onset temperature; Tenq: endset temperature; AH: heat effects.
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Fig. 3 TGA/DSC/DTG curves of [EMIM][Tf,N] in air atmosphere.
Sample weight was 2.386 mg. Plot (a) is the TGA curve, plot (b) is the
DSC curve, and plot (c) is the DTG curve. The x-axis in all plots is the
temperature (°C) of the reference crucible, and the y-axes are the
sample percentage (%) remaining in the test crucible, the heat flux
compensated (J per sec) per gram of sample, and the differential of the
sample weight for the TGA, DSC, and DTG curves, respectively.

727.35 J per g per sample. This exothermic behavior can be
explained in two different ways: (1) the decomposition mecha-
nism of [EMIM][Tf,N] is different in nitrogen and air atmo-
spheres; (2) the decomposition mechanism is the same, but in
air atmosphere, the gaseous decomposition products were
ignited by the temperature of the testing crucible.

View Article Online
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The rate of sample weight loss is different in different reac-
tion mechanisms, therefore the DTG curve is one of the
methods often used to evaluate the possible reaction mecha-
nism because it shows the relationship between the rate of
sample weight loss and the temperature. As shown in Fig. 2(c)
and 3(c), in nitrogen and air atmospheres, the DTG curves were
very similar, which means that the decomposition mechanism
of [EMIM][Tf,N] in these two atmospheres was the same.
Therefore, it seems reasonable to say that the heat observed in
the air atmosphere was caused by auto-ignition of the gaseous
decomposition products of [EMIM][Tf,N]. We further verify this
argument in subsequent paragraphs.

In order to verify whether the observed heat in the air
atmosphere is related to the auto-ignition of gaseous decom-
position products, Fig. 4 compares the TGA/DSC curves of
[EMIM][Tf,N] in the nitrogen and air atmospheres. As shown in
Fig. 4(a), the TGA curve in the air atmosphere was almost the
same as the TGA curve in the nitrogen atmosphere, which
indicates the decomposition mechanism of [EMIM][Tf,N] in
these two atmospheres should be the same. The measured FP
and AIT of [EMIM|[Tf,N] are also indicated in Fig. 4. The
measured value of FP for [EMIM]|Tf,N]| was obtained from
Chen's study and the reported temperature was 292.3 °C.** As
can be seen from Fig. 4(a), the FP fell approximately near the
onset temperature of the TGA curve, while the AIT was close to
the temperature at which the sample stopped losing weight. As
can be seen from Fig. 4(b), the DSC curve was very different in
the nitrogen and air atmospheres, whereby the former was
endothermic and the latter was exothermic. It can also be seen
from Fig. 4(b) that in the air atmosphere, the emitted heat was
observed at a temperature much higher than the FP and the AIT
was near the temperature at which the intensity of the emitted
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Fig. 4 TGA/DSC curves of [EMIM][Tf,N] in nitrogen and air atmospheres

compared with its flash point and auto-ignition temperature. Plot (a) is

the TGA curve and plot (b) is the DSC curve. Dashed line: in air atmosphere; solid line: in nitrogen atmosphere. Flash point: 292.3 °C; auto-ignition

temperature: 478 °C.
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plot (b) is the DSC curves in nitrogen atmosphere, plot (c) is the TGA curves in air atmosphere, plot (d) is the DSC curves in air atmosphere.

heat was the maximum. It can also be seen from Fig. 4(b) that in
the air atmosphere, the temperature at which the exothermic
phenomenon was observed was much higher than the FP, and
the AIT was close to the temperature at which the heat dissi-
pation rate was the maximum.

In summary, in the air atmosphere the exothermic
phenomenon was observed at the temperature much higher
than the FP, and the exothermic phenomenon occurred at the
temperature near the AIT of [EMIM][Tf,N]. It should be noted
here that the combustion at the FP is ignited by external sparks,
but the combustion at the AIT is ignited by ambient tempera-
ture. Without external sparks, no exothermic phenomenon was
observed at the FP. For the DSC experiments, the ambient
temperature was the temperature of the sample crucible.
Therefore, these observations support the exothermic
phenomenon observed in the air atmosphere being due to the
auto-ignition of the gaseous products generated by the
decomposition of [EMIM][Tf,N].

The apparent activation energy (E,) is one of the most
important characteristics of a reaction mechanism, so it is also
one of the possible indicators that can be used to distinguish
whether the emitted heat observed in the air atmosphere comes
from the decomposition of [EMIM][Tf,N] or from combustion of
the decomposition products. As we pointed out earlier, [EMIM]
[Tf,N] had the same thermal decomposition mechanism in
nitrogen and air atmospheres, and the heat observed in the air
atmosphere should come from the combustion of the decom-
position products. Therefore, the E, obtained from the TGA
curve should be consistent in different atmospheres, but the E,
obtained from the DSC curve should be distinct in different
atmospheres because in the nitrogen atmosphere it means

22472 | RSC Adv, 2020, 10, 22468-22479

decomposition while it means
combustion.

To verify this viewpoint, TGA/DSC experiments at different
heating rates (5, 10, 15, and 20 °C min~ ') were conducted. In the
dynamic test runs, the air/nitrogen flow rates were 50
mL min~'. The dynamic TGA/DSC curves conducted in the
nitrogen atmosphere and in the air atmosphere are shown
Fig. 5. For the TGA curves, two model-free methods, the Flynn-
Wall-Ozawa (FWO) method and the Starink method, were
adopted to calculate the E, of thermal decomposition.*** For
the DSC curves in the air atmosphere, the ASTM E698 method
was used to calculate E,,** and the equation can be shown as
follows:

in the air atmosphere

AE, E,
lg(8) = lg {RG(Q)] 231504567 2% (1)
g8 E,
8 AR K,
In— =1 — 3
12T "E R, (3)

where § is the heating rate, G(a) is the integral mechanism
function, A is the pre-exponential factor, R is the molar gas
constant (8.314 Jmol ' K '), Cy is a constant, and T}, is the peak
temperature.

The plotting curves of 1g(6) vs. 1/T for the FWO method and
In(8 T~"®) vs. 1/T for the Starink method are shown in Fig. 6,
and the plotted curves of In(8 T, ) vs. 1/T, for ASTM E698
method are shown in Fig. 7. It can be seen that there was a good
linear relationship between various methods. The E, values
obtained by the TGA curves in the nitrogen atmosphere were
166.7 & 11.7 and 161.9 & 12.2 k] mol * for the FWO and Starink

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Linear curves obtained by the ASTM E698 method based on the DSC curves in (a) nitrogen atmosphere and (b) in air atmosphere. In all,
plots the x-axis is the reciprocal of the peak temperature (K1), and the y-axis is the logarithm of the ratio of the heating rate to the square of the

corresponding peak temperature.

methods, respectively. In the air atmosphere, the E, values were
165.2 + 6.6 and 163.9 & 6.0 k] mol™" for the FWO and Starink
methods, respectively. Clearly, the E, calculated by the Starink
method and the FWO method were consistent in each

This journal is © The Royal Society of Chemistry 2020

atmosphere. In addition, the calculated E, was almost the same
in the nitrogen and air atmospheres. The value of E, obtained by
the ASTM E698 method based on the heat release behavior (DSC
curves) in the nitrogen atmosphere was 142.0 & 12.1 k] mol .
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Fig. 8 Linear curves obtained by the Semenov theory of thermal
ignition based on the data from the auto-ignition temperature tests. T,
is the surrounding temperature provided by the auto-ignition
temperature tester, ps is the pressure corresponding to the self-igni-
tion condition.

While considering the experimental uncertainty, this result is
consistent with the two model-free methods described above.
This result supports the idea that the endothermic peak in the
DSC curve was caused by the thermal decomposition of [EMIM]
[Tf,N]. However, the E, value obtained by the ASTM E698
method in the air atmosphere was significantly different (i.e.,
210.4 + 5.9 k] mol "), which means the exothermic peak in the

Table 3 Temperatures selected to record the FTIR spectra
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DSC curves may be caused by the combustion of gaseous
decomposition products rather than by thermal decomposition.

In order to understand whether the E, obtained by the ASTM
E698 method in the air atmosphere was from combustion, auto-
ignition temperature tests for different amounts of samples
were performed, and the Semenov theory of thermal ignition
was used to resolve the E, of combustion. The simplified
equation of the Semenov theory of thermal ignition is shown as
follows:**

n;j—;z = ZE—; TLW -+ constant (4)
where T, is the surrounding temperature, and p is the pressure
corresponding to the self-ignition condition. As shown in Fig. 8,
the E, of combustion was calculated to be 234.7 + 36.7 k] mol *
with a sound linear relationship. It could be found that the
value of E, obtained by the Semenov theory of thermal ignition
was close to the value calculated according to the ASTM E698
method based on the DSC curves in the air atmosphere (i.e.,
210.4 + 5.9 k] mol ™). Therefore, the exothermic peak in the air
atmosphere was caused by combustion of the gaseous decom-
position products.

However, there was still some controversy: the measured AIT
of [EMIM][Tf,N] was 478 °C, but the exothermal phenomenon
begins at a temperature near 440 °C, which is about 40 °C lower
than the measured AIT of [EMIM][Tf,N]. This observation
indicates that combustion occurred before the temperature
reached the measured AIT. Therefore, the evolved gas was
collected and identified using the TGA-FTIR system to

Beginning of test, Onset temperature, Estimated onset Auto-ignition temperature End of test,
Gas atmosphere Ti/°C To/°C temperature, T./°C Tarr/°C Ttinal/°C
Nitrogen 30 315 459 478 600
Air 30 320 462 478 600

o

-0.1

Absorbance

2000

Wavenumber (cm") 1500

1000

Tﬁnal

AIT

Temperature (°C)

Fig. 9 FTIR spectra of the evolved gas for [EMIM][Tf,N] heated in nitrogen atmosphere. The wave numbers ranged from 400-4000 cm™t. The
FTIR spectra were collected at five different temperatures: (a) ambient temperature (T); (b) onset temperature (Ty); (c) estimated onset
temperature (Te) from TGA curve; (d) auto-ignition temperature (Tai); (€) temperature at the termination of the test (Tinal).

22474 | RSC Adv, 2020, 10, 22468-22479

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01821j

Open Access Article. Published on 11 June 2020. Downloaded on 3/10/2026 8:00:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

0.15 —

o
o
W
/

—~

>
<
G

Absorbance

-0.05 — "

3000
2
200 2000

1. 1500
Wavenumber (cm™)

500

0 T.

View Article Online

RSC Advances

final

T

e

Temperature (°C)

Fig. 10 FTIR spectra of the evolved gas of [EMIM][Tf,N] in air atmosphere. The wave numbers ranged from 400-4000 cm ™. The FTIR spectra
were collected at five different temperatures: (@) ambient temperature (T); (b) onset temperature (Ty); (c) estimated onset temperature (T,) from
TGA curve; (d) auto-ignition temperature (Ta7); (€) temperature at the termination of test (Tina)-

understand the gaseous products of [EMIM][Tf,N] decomposi-
tion. In order to observe the trend of the FTIR spectra during
heating, the FTIR spectra were recorded at different tempera-
tures. In each TGA-FTIR test run, the FTIR spectra were recor-
ded at the following temperatures: (a) the beginning of the test
run, that is, ambient temperature (T;); (b) the onset temperature
of the TGA curve (Ty); (c) the estimated onset temperature of the
TGA curve (T.); (d) the auto-ignition temperature of [EMIM]
[Tf,N] (Tarr), and (e) the temperature right at the termination of
the TGA run (Tgnar)- Table 3 summarizes the exact values of the
above temperatures for both the nitrogen and air atmospheres.
However, it should be noted here that the FTIR instrument
takes approximately 2 min to complete the spectral scan, and
hence the temperature recorded here should be considered as
the representative temperature within the scan interval, not the
actual temperature at which the scanned spectrum occurs.
The FTIR spectra of the evolved gases released by the
decomposition of [EMIM][Tf,N] in the nitrogen atmosphere and
air atmosphere are shown in Fig. 9 and 10, respectively. In the

nitrogen atmosphere, as shown in Fig. 9, some tiny peaks
located around the wave numbers 1150 cm ' and 1300-
1400 cm™ ' appear at temperature T.. At temperature Ty, the
aforementioned peaks become stronger and peaks located
around the wave number 2300 cm ™" also appear. Finally all the
peaks disappear at temperature Tgn,. The details of all the
aforementioned identified peaks are discussed later. In the air
atmosphere, as shown in Fig. 10, the FTIR spectra basically
show the same trend as those in the nitrogen atmosphere, but
the following difference could be observed: (1) at temperature
T., peaks at the wave number 2300 cm ™" could be observed; (2)
at temperature T, weak double peaks located around the wave
number at 2150 cm ™! could be observed, which become clear at
temperature Tuyr; (3) at temperature Ty, new peaks located
around the wave number 1230 cm™ " are also observed. There-
fore, it can be reasonably concluded that the substances
observed in the evolved gas are different in the nitrogen atmo-
sphere compared to in the air atmosphere.

3342. 48
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Q
o
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Fig. 11 FTIR spectrum of the evolved gas of [EMIM][Tf,N] in nitrogen atmosphere collected at the auto-ignition temperature (T).
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Fig. 12 Comparison the FTIR spectrum of the evolved gas of [EMIMI[Tf,N] in nitrogen atmosphere collected at the auto-ignition temperature
(Tarr) with the FTIR spectra of the identified species: (a) the FTIR spectrum of [EMIM][Tf,N] in the evolved gas at temperature Tpr; (b) standard FTIR
spectrum of carbon monoxide; (c) standard FTIR spectrum of sulfur dioxide; (d) standard FTIR spectrum of trifluoromethane; (e) standard FTIR

spectrum of hydrogen cyanide; (f) standard FTIR spectrum of acetylene.

In order to determine the possible substances in the evolved
gas, the FTIR spectrum collected at the temperature Tarr was
chosen, as higher substance concentrations were observed at
this temperature. Fig. 11 shows the corresponding FTIR spec-
trum in the nitrogen atmosphere, and the wave numbers
identified are also included. Based on these identified wave
numbers, the substances in the evolved gas may include: carbon
dioxide (O=C=O asymmetric stretching: 2390-2280 cm *,
bending: 667.0 cm '), carbon monoxide (C=O stretching:
2173-2020 cm™ '), sulfur dioxide (O=S=O asymmetric
stretching: 1379-1343 cm™ ; O=S=O0 symmetric stretching:
1155.5 cm™ 1Y), trifluoromethane (C-H stretching: 3035.1 cm ™",
C-H bending 1376.3 cm ', CF; deforming: 699.8 cm ', CF;
stretching: 1280-1000 cm '), and acetylene (C-H stretching:

3380-3250 cm™ ', C-H bending: 700-600 cm™'). In Fig. 12, the

1

FTIR spectrum of the evolved gas is compared with the standard
FTIR spectra of the above substances, which were obtained
from the Aldrich Vapor-Phase Library, EPA Vapor-Phase Library,
and TGA Vapor-Phase Library provided by the instrument. The
sulfur dioxide may be produced by the decomposition of the
anion [Tf,N], trifluoromethane may be produced by the attack
of anion and its decomposed nucleophilic group on C,-H or by
the decomposition of the anion [Tf,N], and acetylene may result
from the elimination mechanism.*” It can be observed in Fig. 12
that by considering the combined effect of these identified
substances, the FTIR spectrum obtained at temperature Tarr
can be reasonably explained.

Fig. 13 shows the FTIR spectrum and the identified wave
number obtained in the air atmosphere. Based on the identified
wave numbers, the substances in the evolved gas may include:
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Fig. 13 FTIR spectrum of the evolved gas of [EMIM][Tf,N] in air atmosphere collected at the auto-ignition temperature (Tarr).
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Fig. 14 Comparison the FTIR spectrum of the evolved gas of [EMIM][Tf,N] in air atmosphere collected at the auto-ignition temperature (Ta7)
with the FTIR spectra of the identified species: (a) the FTIR spectrum of [EMIM][Tf,N] in the evolved gas at temperature Tat; standard FTIR
spectrum of (b) carbon dioxide; (c) carbon monoxide; (d) sulfur dioxide; (e) trifluoromethane; (f) acetylene.

Table 4 Summary of the identified substances in different
atmospheres®

Identified Nitrogen Air AIT®>  NFPA
species atmosphere  atmosphere (°C) symbol
Carbon o 0 608 @
monoxide

Carbon dioxide X o
Sulfur dioxide (¢} o @
Trifluoromethane O o

Acetylene (e} X 305

% The circle symbol denotes this species could be identified in the FTIR
spectrum of the evolved gas; the cross symbol means the specified
species was not identified in the FTIR spectrum of the evolved gas.
PThe auto-ignition temperatures were adopted form Project 801,
Evaluated Process Design Data, Public Release Documentation, Design
Institute for Physical Properties (DIPPR), American Institute of
Chemical Engineers(AIChE), 2015.

This journal is © The Royal Society of Chemistry 2020

carbon dioxide (O=C=0O asymmetric stretching: 2390-
2280 cm ', bending: 668.1 cm '), carbon monoxide (C=0
stretching: 2173-2020 cm™ "), sulfur dioxide (O=S=O0 asym-
metric stretching: 1379-1343 cm™'; O=S=O symmetric
stretching: 1155.1 em '), trifluoromethane (C-H stretching:
3035.5 cm ', C-H bending 1376.7 cm ', CF; deforming:
699.6 cm ™!, CF; stretching: 1280-1000 cm™ '), and acetylene(C-
H stretching: 3380-3250 cm ™', C-H bending: 700-600 cm %)
Moreover, it can be observed in Fig. 14 that by considering the
combined effect of these identified substances, the FTIR spec-
trum obtained at temperature T can be reasonably explained.

Table 4 summarizes and compares the substances identified
in the nitrogen and air atmospheres. In this table, when avail-
able, we also include the auto-ignition temperature of each
identified substance and the NFPA 704 symbol for later
discussion. The auto-ignition temperature data were retrieved
form Project 801, Evaluated Process Design Data, Public Release
Documentation, Design Institute for Physical Properties
(DIPPR).* As can be seen from Table 4, acetylene was observed
in the nitrogen atmosphere, but not in the air atmosphere. In
addition, acetylene is flammable and its AIT is 305 °C, which is
much lower than the AIT of [EMIM]|[Tf,N] (478 °C), and this
explains why in the air atmosphere the TGA curve of [EMIM]
[Tf,N] appeared from exothermic effects before its AIT.

In the TGA tests, when the temperature increased from T, to
T., an obvious carbon dioxide peak (wave number: 2390-
2280 cm'; 668 cm ') appeared in the air atmosphere (see
Fig. 10), but such a carbon dioxide peak was not found in the
nitrogen atmosphere (see Fig. 9). Moreover, in the air atmo-
sphere, carbon monoxide (wave number: 2173-2120 cm ™) was
also observed at temperature Te, and it became more intense at
temperature Tarr. These observations also support that ignition
occurred in the air atmosphere at temperature 7. It could also

RSC Adv, 2020, 10, 22468-22479 | 22477
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be observed in Fig. 10 that an obvious carbon dioxide peak
(wave number: 2390-2280 cm™'; 668 cm ') appeared in the air
atmosphere as the temperature increased from Ty, to T, but no
obvious carbon dioxide peak was found in the nitrogen atmo-
sphere (see Fig. 9). Moreover, in the air atmosphere, carbon
monoxide (wave number: 2173-2120 cm™ ') was observed at
temperature 7., and then became obvious, as shown in Fig. 10,
at temperature Tarr. These observations were also an indication
that ignition has occurred in the air atmosphere at temperature
T.. In short, a reasonable conclusion can be drawn, that, in the
air atmosphere, through auto-ignition, the acetylene produced
by the decomposition of [EMIM][Tf,N] is converted to carbon
dioxide before temperature Te.

Conclusions

In this work, the flammability characteristics of [EMIM][Tf,N]
were examined by auto-ignition temperature tests, as well as in
a TGA/DSC system and TGA-FTIR system. Based on the standard
test method of ASTM E659-78, the AIT of [EMIM]TE,N] is
478 °C, and the corresponding ignition delay time is 12.6
seconds. The TGA curves in both the nitrogen and air atmo-
spheres indicated that [EMIM][Tf,N] started to decompose at
a temperature of about 300 °C, the sample weight dropped
sharply at a temperature of about 430 °C, and the decomposi-
tion reaction terminated at a temperature of about 480 °C.
However, the thermal effects observed in the DSC curves were
quite different in the nitrogen and air atmospheres. An endo-
thermic effect was found in the former case while an exothermic
effect was found in the latter case. In the nitrogen atmosphere,
the DSC curve showed that the [EMIM][Tf2N] decomposed
endothermically at a temperature of about 360 °C. However, the
decomposition of [EMIM][Tf,N] was exothermic at a tempera-
ture of about 440 °C in the air atmosphere. The following
observations were found from the FTIR spectra of the evolved
gas collected at the temperature of Ty (a) the identified
substances were different in the nitrogen and air atmospheres;
(b) acetylene was observed in the nitrogen atmosphere, but it
was not observed in the air atmosphere; (c) large amounts of
carbon dioxide and carbon monoxide were found in the air
atmosphere. Based on these observations, it is reasonable to
conclude that the gaseous decomposition product acetylene
was consumed in the air atmosphere by its auto-ignition.
Generally, the fire and explosion hazards of organic solvents
are classified into two categories: flammability and reactivity.
One of the main indicators for evaluating the flammability of
organic solvents is the flash point, which is related to the
combustion of the vapors of organic solvents. Because [EMIM]
[Tf,N] is a very low volatility liquid, its vapor does not accu-
mulate to the concentration required for combustion. There-
fore, the above definition of the flash point of organic solvents
does not apply to [EMIM][Tf,N]. As shown in this work, the
measured flash point of [EMIM]Tf,N] should be for the
combustion of acetylene, which is one of the gaseous decom-
positions products, not for the vapor of [EMIM][Tf,N] itself. The
danger of fire and explosion caused by the reaction of organic
solvents is called the reactive hazard of organic solvents. One of
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the important indicators for assessing the consequences of
a reactive hazard is the accompanying heat released by the
reaction. The traditional way for assessing the consequences of
a reactive hazard was also challenged by the [EMIM][Tf,N]. As
shown in this work, the decomposition reaction of [EMIM]
[Tf,N] itself is endothermic, and the heat released in the air
atmosphere was observed to be due to the auto-ignition of the
gaseous decomposition product acetylene rather than the
decomposition reaction itself. The experimental results in this
work also show that the AIT of [EMIM][Tf,N] measured by the
standard test method of ASTM E659-78 is much higher than the
temperature at which its gaseous decomposition products can
be ignited. Therefore, for safety application purposes, care
should be taken in using the AIT data of [EMIM][Tf,N].
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