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Abstract

The ionic liquid 1-butyl-3-methylimidazolium dicyanamide ([Bmim][Dca]) is a novel solvent suitable for a wide range of
applications in the petrochemical industry. However, the thermal safety of [Bmim][Dca] IL has not been fully considered
when developing new uses, especially in areas involving high-temperature work. Starting from the initial decomposition
temperature of [Bmim][Dca] IL, this article tries to find the highest temperature suitable for its intrinsic safety and provides
a basis for its industrial production. The thermal stability of [Bmim][Dca] IL and its pyrolysis gas detection were obtained by
simultaneous thermogravimetric analyser (STA) and thermogravimetric analysis coupled with Fourier infrared spectroscopy
(TG-FTIR), respectively. Furthermore, the constant temperature experiments by STA show that the mass loss of [Bmim]
[Dca] IL at a specific temperature for 10 h is approximately 2% at 160 °C, about 15% at 190 °C, and more than 30% at 210 °C.
The mass loss in the dynamic heating experiment is divided into two steps at each heating rate. The pyrolysis gas detection
experiments by TG-FTIR show that extremely toxic gas such as HCN will be produced at 154 °C (7 o110 1)- The real-time
photography system by STA observed significant colour changes in samples at this temperature. Therefore, extrapolated
temperature (Tyor,10 1) Was defined to obtain a more accurate maximum operation temperature. Comparative experimental
results show that the Tyjor 101 Obtained by the extrapolation method has high reliability. The results of this study would
provide a relevant basis for safer control based on the thermal hazard assessment of [Bmim][Dca] IL.
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Introduction

Ionic liquids (ILs) are a particular class of materials that are
organic salts with superior properties, containing organic
cations and organic or inorganic anion counterparts [1-4].
The stable and effective use of ILs in synthesis, processing,
and application is required for high efficiency and safety in
modern industries [5].
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This more excellent breaking of protein water hydrogen
bond leads to more significant water loss for protein hydra-
tion in the presence of hydrophilic ILs, thus reducing protein
stability [8]. Besides, the more attractive research is [Bmim]
[Dca] IL can leach gold under light conditions by mixing
with iodoform (CHI;), and has high efficiency [9]. Herein, to
solve the problem of the safe use of the [Bmim][Dca] IL in
those applications, the multi-path method based on dynamic
and isothermal techniques was used to evaluate the thermal
stability and potential hazard.

Determining comparable thermal stability characteris-
tics is a prerequisite for solving this problem. Currently, the
different evaluation methods used to assess the stability of
substances are challenging to evaluate thermal performance
consistently. Based on the decomposition of substances,
the commonly used parameters to describe the stability
of substances are T, ..;» 701710 h» Lrp» a0d Tyop- Usually,
the thermal stability of ILs is characterised by T, [10],
which is the extrapolated onset temperature measured by
the instrument under dynamic heating conditions. Due to the
existence of thermal inertia, the extrapolated starting tem-
perature at different heating rates has a big difference. The
ASTM standard [11, 12] has limited the range of the tem-
perature rise rate of related experiments, but there is still a
non-ignorable diversity in 7. between this range. Ty, o110
is an essential parameter obtained in the long-term thermal
stability experiment of IL [4]. Starting from the actual indus-
trial conditions, the data would be relatively conservative.
Because under the experimental conditions, the 1% mass
loss may be caused by the absorption of moisture in the
air due to the hydrophilicity of IL, or it may be the organic
solvent for purification inevitably carried by the IL during
the production process. Therefore, purification in labora-
tory environments is particularly significant, especially for
water treatment. Tpp, in particular the flash point concept
of ILs, may be different from ordinary organic liquids [13].
The flash point temperature of ILs is often due to the igni-
tion of their decomposition products, while normal organic
liquids are due to the ignition of their vapour. Therefore, it
can be inferred that the flash point of the IL is higher than
its decomposition onset temperature. Ty, a kinetic model
based on the maximum operation temperature, evaluates
temperature and time-dependent stability [14—16]. Gener-
ally speaking, the evaluation procedure of Tyor is based
on dynamic TGA to determine kinetic parameters. The
decomposition of ILs may be accompanied by spontane-
ous combustion processes [17]. Therefore, there may be no
suitable kinetic model for the decomposition kinetics of ILs
to estimate the apparent activation energy of the decomposi-
tion reaction. For the reaction system whose reaction mode
f(a) is unknown, the model-free method can be used. For
instance, Flynn—Wall-Ozawa (F-W-0) method and Kiss-
inger—Akahira—Sunose (K-A-S) method are two multiplex
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scanning methods that can be adopted. At present, Kiss-
inger—Akahira—Sunose (K-A-S) model-free analysis was
used to calculate the apparent activation energy E, adopting
the iso-conversion method.

Since most ILs may contain hydrophilic groups [18],
they tend to absorb moisture when placed in the air. In the
previous studies, the research on the thermal decomposi-
tion of IL did not eliminate this effect, which would lead to
erroneous conclusions. To get more accurate experimental
data, [Bmim][Dca] IL was placed at a constant temperature
of 80 °C for one week to remove its moisture and organic
volatiles before all experiments. Various experiments are
used to determine the above temperature, and TG combined
with FTIR analyses the gaseous products to assess whether
the gaseous products at the above temperature are potentially
harmful. Finally, the maximum operation temperature most
suitable for using the IL. was determined, and the preventive
measures for producing gaseous products at excessively high
temperatures were determined.

Experimental section
Experiment reagent

1-butyl-3-methylimidazolium dicyanamide ([Bmim][Dca])
was procured from Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences. The samples with 99 mass%
purity were stored in a medicine cabinet at 4 °C. Before the
experiment, the samples were placed in a vacuum oven at
80°Cfor one week to remove moisture and volatile organic
solvents.

The simultaneous thermogravimetric analyser (STA)

A simultaneous thermogravimetric analyser (STA 7200RV,
Hitachi, Japan) was used to observe the mass change in
[Bmim][Dca] IL decomposition reaction [19]. It can simul-
taneously measure thermogravimetric (TG) and differential
thermal analysis (DTA) within a wide temperature range.
Before each experiment, STA was calibrated by calcium
oxalate pentahydrate to ensure both temperature and heat
flow accuracy. The investigation is divided into two parts:
the linear heating experiment and the constant temperature
experiment.

A 1-mL experimental disposable syringe was used for
sample transfer. After absorbing the liquid sample, move
the syringe to the top of the alumina crucible. Then, slowly
drop the sample to the bottom of the crucible and dis-
perse it evenly. In the linear heating experiment, roughly
3.0+0.1 mg samples were loaded in the alumina crucible
for each experiment, and the flow rate of purge gas was con-
trolled at 80.0 mL min~! under a nitrogen atmosphere. In
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addition, the temperature range was selected from 30.0 to
600.0 °C with a heating rate of 0.5, 1, 2,4, and 8 °C min~".

In constant temperature experiment, the temperature is,
respectively, controlled as 150, 160, 170, 180, 185, 190, 195,
200, 210 °C. Other conditions are the same as the linear
heating experiment.

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

Thermogravimetric analysis coupled with Fourier-trans-
formed infrared spectrometry (TGA 2, Mettler Toledo,
Switzerland; Nicolet iS20 FTIR, Thermo Fisher Scientific,
USA) was used to continuously analyse the evolved gases
generated by the decomposition of the samples [20]. All
the experimental conditions in TGA parts were the same as
those described in the STA experiments. The FTIR spec-
trometer was set to transmission mode, and the FTIR spectra
were analysed at a 4 cm™! resolution with 8 scans in the
range of 4000 —400 cm™".

Results and discussion

Thermal decomposition and constant temperature
mass loss

Both dynamic heating experiments and constant temperature
experiments are used to evaluate the stability of [Bmim]
[Dca] IL. Among them, the dynamic heating experiment of
[Bmim][Dca] IL at different heating rates is shown in Fig. 1.
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Fig. 1 Ramped temperature thermogravimetric (TG) and the first der-
ivation (DTG) curves of [Bmim][Dca] at a heating rate of 0.5, 1, 2, 4
and 8 K min.™!

Figure la is the thermogravimetric curve, which describes
the mass loss of the sample. Figure 1b is the DTG curve,
which describes the mass loss rate of the sample. Obviously,
the decomposition of [Bmim][Dca] IL is divided into two
steps. In the first stage of decomposition, the mass loss rate
of the IL was about 52%, and in the second stage of decom-
position, the mass loss rate of [Bmim][Dca] IL was about
27%. Finally, at around 600 °C, about 21% of the residue
remained. The constant temperature experiment of IL at dif-
ferent ambient temperatures is shown in Fig. 2. According to
the experimental results, the mass loss of [Bmim][Dca] IL is
approximately 2% at 160 °C for 10 h, about 15% at 190 °C,
and more than 30% at 210 °C. In addition, the results of
constant temperature experiments at all temperatures have
linear characteristics.

Determination of extrapolated onset temperature
(Tonset)

According to the results of the dynamic heating experiment
in Sect. Thermal decomposition and constant temperature
mass loss, the T, at different heating rates is sorted in
Table 1. As the temperature rise rate () increases, the value
of T, . increases from 241.9 to 296.0 °C. Although the
T, .set has a larger interval with different temperature raise
rates, it is still within the normal range, which is caused by
the instrument’s limitations.
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Fig.2 Isothermal TGA data for [Bmim][Dca] at different tempera-
tures for 600 min

Table 1 Extrapolated onset temperature at different conversion

p/°C min™! 0.5 1 2 4 8
T, e °C 241.9 254.9 269.6 282.8 296.0
T,/°C 265.6 276.3 290.2 304.1 316.5
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Determination of the temperature decomposed
by 1% within 10 h (T 1 /101)

According to the results of the constant temperature experi-
ment in Sect. Thermal decomposition and constant tempera-
ture mass loss, the mass loss of constant temperature for 10 h
at different temperatures is sorted in Table 2. As the constant
temperature (7) increases from 150 to 210 °C, the mass-loss
rate after 10 h gradually increases from 0.56 to 30.84%. To
derive the temperature decomposed by 1% within 10 h, the
interpolation Eq. (1) is used, combined with the results of
constant temperature experiments.

my —

my
—_— (T, -T
my — myy (2 1) M

Finally, the value 1is calculated:

To0110n=153.8 °C.

specific

Determination of maximum operation temperature
(TMOT)

Based on the Coats—Redfern approximation [21], the K-A-S
equation can be given as Eq. (2):

E
In L =In AR\ _ 2 )
T? E,g(a) RT
Obviously, In (%) and 1/T is linear.

To obtain a reasonably accurate Ty;qr value of [Bmim]
[Dca] IL and ensure that IL. decomposition does not occur
at this temperature, the thermogravimetric experimental
data of dynamic heating are used to execute this prediction
model: Eq. (3):

T _ Ea,l%
ot R{—ln [m(%)] +In (kozmax)} )

where Ty,o7 is the maximum operation temperature in the
required period (7,,,,), E, |4 i8 the apparent activation energy
of decomposition at a=1%, k; is the frequency factor, R
is the universal gas constant, m is the initial mass, and m
denotes the mass of the substance. To obtain a representative
Tyior the prediction of decomposition has to ensure a lower
decomposition than 1% in mass. Therefore, when choosing
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Fig. 3 Kissinger—Akahira—Sunose (KAS) plot of [Bmim][Dca] in the
range of conversion rate of 1-45%

to decompose the 1% Ty oy prediction, the formula can be
simplified as Eq. (4):

— Ea,l%
R{4.6 +In (kolpa ) }

TMOT

“

The apparent activation energy E, ;4 was calculated by
the Kissinger—Akahira—Sunose (K-A-S) method. Based on a
set of experiments performed at various heating rates, E, |4,
can be determined from the slope of straight lines according
to Eq. (5):

1 ﬂi Ea(x
—_— = t —_ i
n > cons - Ta (5)

o,i

The frequency factor k, can be obtained using the cal-
culated apparent activation energy at 1% decomposition
according to the Arrhenius law (experimental dynamic data
at4 °C-min~! heating rate were used) (Eq. (6)):

dm E 14
—— =kyexp| ———=— |m 6
dt 0 p< R‘T0.01> ©
Taking into account the experimental contingency at the
initial stage of the reaction, the method of calculating the
apparent activation energy under the intermediate conver-

sion rate and then extrapolating the conversion rate to 1%
was adopted. Figure 3 shows the Kissinger—Akahira—Sunose

Table 2 Mass loss after 10 h at
constant temperature

T/°C 150 160

170 180 185 190 195 200 210

Mass loss/% 0.56 1.72
0.0028

Average mass 0.0009

loss rate/%

min~!

3.07 5.37 8.43
0.0051  0.0090 0.0139

14.44
0.0241

16.00
0.0267

17.34  30.84
0.0289 0.0514
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Fig.4 Apparent activation energy linear fitting plot of [Bmim][Dca]

(K-A-S) plot of [Bmim][Dca] IL in the conversion rate
range of 10—45%. In the first step of the decomposition, the
apparent activation energy (E,) changes linearly, as shown
in Fig. 4. Perform a linear fit to the apparent activation
energy of 10-35% and extrapolate it to the initial stage of
the reaction. The fitting data by the K-A-S method under
different conversion rates are shown in Table 3. Accord-
ing to the fitted linear equation, it can be concluded that
when the conversion rate is 1%, the value of E, ;4 . is around
105.0 kJ mol™". Then, according to Arrhenius law, the value
of frequency factor k; was calculated around 3,874,647 s
In addition, the direct method used the K-A-S fitting curve
at 1% conversion to directly obtain the apparent activation
energy data. The value of E, 14, 4 is around 98.9 kJ mol ™!, and
the value of & is around 957,841 s~ Part of the calculation
results of Ty oy of the two methods is shown in Table 4. In
particular, Tyor 101 i the maximum operation temperature
calculated by the extrapolation method for a specified work-
ing time of 10 h, and Ty;o 101, iS calculated using the direct
method. The value of Ty 01, is around 144.3 °C, and
Tyot,10 ha 1S around 139.1 °C. Furthermore, to determine
the safe use of [Bmim][Dca] IL during any other period,
detailed results of the maximum operation temperature are
shown in Fig. 5.

Constant temperature experiment-evolved gases
detection

To determine which characteristic temperature has industrial
guidance for the use of [Bmim][Dca] IL, the constant tem-
perature experiment was used to identify the gas products
of [Bmim][Dca] IL at different temperatures. Each group of
experiments is a 10-h experiment at a constant temperature.
(The experimental temperature setting value is the charac-
teristic temperature in the above discussion). The Fourier
transform infrared spectroscopy and sample morphology

Table 3 Fitting data by K-A-S method under different conversion rates

a+b*x

y=

Equation

1% 5% 10% 15% 20% 25% 30% 35% 40% 45%

Conversion Rate (a)

—15.1+04

0.99

—-14.9+0.2

0.99

—15.1+0.2

0.99

-14.6+0.3

0.99

—14.7+0.3

0.99

-14.1+04

0.99

—-14.0+04

0.99

—13.1+0.5

0.99

—12.8+0.4

0.99

—11.9+0.8

0.98

Slope
R2
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Table 4 Kinetic parameters
E, (for a=1%) and k, for the

Apparent activation
energy E,/kJ mol™!

Frequency fac- Maximum operating temperature/°C

tor ks

decomposition processes and TyvioT.10n Tyvior24n T\i07.8000 h
calculated maximum operation
temperature (MOT) of [Bmim)] Extrapolation method 105.0 3,874,647 144.3 132.6 68.8
[Dca] Direct method 98.9 957,841 139.1 127.0 61.6
TMOT/K — Tvor.1one=144 °C
333 353 373 393 413 433 453 473 0.016 7
10000 L L L L L L L 0.014 o
N\ 1 year 0.012
o i
\ 00101 Morphology at
1000 N =m== Extrapolation method 3 , 0-008 144 °C for 10 hours
\\. =®= Direct method 3 2 00061
i R}
e, r ‘g 0.004
100 \.\~- 3 2 0002
= .\.\ lday | 0.000
N ~0.002 4
10 A \\l -
g —0.004 -
r ~0.006 -
| ! hour ~0.008 . . . . . .
H 3 4000 3500 3000 2500 2000 1500 1000
5&\- 3 4
HH Wavenumber/cm
60 80 100 120 140 160 180 200 WL
Tyor!°C 0.016 - 713.84
0.0144  Morphology at
Fig.5 Calculation of the maximum operation temperature (MOT) of ootz | 134 °C for 10 hours
[Bmim][Dca] depending on the operating time '
8 0.0104
g
E 0.008
2 3275.95
at constant temperature for 10 h are shown in Fig. 6. At < 00064 333833 2965.68 146174
lower temperatures, [Bmim][Dca] IL behaves stably. At 0.004 - el ‘\
144 °C, the extrapolated maximum operation temperature 0.002
(Tymort.10 he)» the infrared spectrum of the sample does not 0.000
appear with any characteristic peaks. However, at 154 °C, y y y y y y
4000 3500 3000 2500 2000 1500 1000

the calculated value of T} 4,10, the infrared spectrum of the
sample begins to show characteristic peaks. In the real-time
photography system, it was found that at 144 °C after ten
hours of constant temperature experiment, IL is still colour-
less and transparent. At 154 °C, although IL did not react
violently, the colour of IL had begun to change, and the
colourless and transparent liquid became light yellow. This
phenomenon further proves that the IL cannot maintain sta-
bility at this temperature.

The detection results of the gas released by the sample by
the Fourier infrared spectroscopy under 154 °C are as fol-
lows. The peak wave number at 3338.33 and 3275.95 cm™
are because of the N—H stretching vibrations. The peak wave
number at 2965.68 cm™! is attributed to the antisymmetric
stretching vibration of C—H. Wave numbers at 1461.74 cm™!
are due to bending vibrations of C—H. The observed absorb-
ance bands belong to HCN with bands at 713.85 cm™'. Based
on the identified wavenumbers, the thermal decomposition
gaseous products include poisonous gas HCN[22]. On 5 July
2013, the California Office of Environmental Health Hazard
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Wavenumber/cm !

Fig.6 Fourier transform infrared spectroscopy and sample morphol-
ogy at constant temperature for 10 h

Assessment (OEHHA) classified hydrogen cyanide (HCN)
and cyanide salts (CN salts) as known in Proposition 65 List
of Reproductive Toxic Chemicals. Therefore, the production
of this toxic substance can be detected at a temperature of
154 °C, which is an alarm for the safe use of [Bmim][Dca]
IL.

Conclusions

[Bmim][Dca] IL is stable in dynamic measurements
(0.5 °C min™") up to temperatures of 241.9 °C. The value
of T, Will increase significantly with the increase in
heating rate. The process of mass loss of [Bmim][Dca]
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IL in the dynamic experiment was divided into two steps.
Seventy-nine per cent of the mass was lost in the nitrogen
atmosphere and converted to gas products.

In a constant temperature experiment of up to 10 h, it
is found that the mass loss of [Bmim][Dca] IL is approxi-
mately 2% at 160 °C, about 15% at 190 °C, and more than
30% at 210 °C. The interpolation method is used to calcu-
late T o110 = 153.8 °C. Besides, the most valuable data,
such as E, |4 ., are around 105.0 kJ mol ™', and the maxi-
mum operation temperature (°C) Ty ot 10p 18 144.3 °C by
the extrapolation method. The stability of [Bmim][Dca] IL
at this temperature was proved in the constant temperature
experiment for up to 10 h.

Herein, the Tye5 To.01/10 v TnmoT,10 he> 304 Tyvior, 10 1.
could be ordered as Ty.esi> To.01/10 h > TMOT.10 hee >
Tyor.10 hg- From the experimental results of gas prod-
uct analysis, [Bmim][Dca] IL can release highly toxic gas
such as HCN at T}, ;0 » and the colour of the sample
becomes darker; at Tyor, 10 e [Bmim][Dca] IL had no
obvious physicochemical changes within 10 h. Therefore,
the values of T, and Ty o;/10 1, are pretty radical, while
the values of Tyt 1014 ar€ too conservative. The extrapo-
lation method for calculating the maximum operation tem-
perature has the highest reliability. Based on Tyio1 10 1
data and related calculations, [Bmim][Dca] IL can be used
up to 132.6 °C for 24 h, 68.8 °C for 8000 h. Considering
the scenarios in the actual application process, it is rec-
ommended not to use it at a temperature above 132.6 °C
(T\ot.241) Tor a long time to avoid the generation of toxic
gases and the decomposition of [Bmim][Dca] IL.
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