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Abstract

Thermal stability of 1-butyl-3-methylimidazolium chloride ((BMIM]CI) and 1-hexyl-3-methylimidazolium chloride ((HMIM]CI) ionic liquids
was investigated using thermogravimetric analysis (TGA). The long-term isothermal TGA studies have revealed that both the ionic liquids exhibit
appreciable decomposition at temperatures significantly lower than indicated by the peak or onset decomposition temperature (Zonset) determined
from fast scan TGA experiments. The long-term thermogravimetric studies of both the ionic liquids showed linear weight loss as a function of
time at each temperature of 10 °C interval in the range 150170 °C over a period of 15 hours. However, the linear weight loss regime decreased
with increasing temperature for the range 180-200 °C. The kinetics of isothermal decomposition of ionic liquids was analyzed using pseudo-zero-
order rate expression. Arrhenius activation energy for the decomposition of di-alkylimidazolium chloride ionic liquids in the range 150-200 °C

was determined.
© 2007 Elsevier Masson SAS. All rights reserved.
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Introduction

Room temperature ionic liquids are salts that are composed
entirely of ions [1]. Room temperature ionic liquids (RTILs) are
commonly defined as salts with melting temperature below the
boiling point of water [2]. RTILs have received immense atten-
tion because of their unique chemical and physical properties
viz., high thermal stability, low melting point, negligible vapor
pressure, high thermal conductivity and wide electrochemical
window [1]. In the last two decades there has been extensive
research in synthesizing new RTILs due to their potential to re-
place many volatile organic chemical solvents (VOCs). RTILs
are extensively investigated for application in various techno-
logical fields such as solar cell applications, electrochemical ca-
pacitors, batteries, catalytic applications, extraction processes,
and metal deposition [3—6]. The physical and chemical proper-
ties of several RTILs are thoroughly investigated due to their
expanding scope of applications. However, systematic studies
quantifying the purity, stability, biodegradability, and toxic-
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ity of ionic liquids have lagged behind the pace of other re-
search [7].

Halide based salts are the most widely studied class of
room temperature ionic liquids. Moreover, halide based salts
are precursors for several air and water stable RTILs, e.g., nu-
merous di-alkylimidazolium based ionic liquids (C, MIMPFg,
C,MIMBF,, C,MIMT{;N, etc.) are synthesized from di-
alkylimidazolium chlorides. The mixture of di-alkylimidazo-
lium chloride ([R1R2IM]CI) and AICl3, which are termed as
chloroaluminate ionic liquids, have been extensively studied
for metal/alloy deposition and transition metal catalysis. Phys-
ical and chemical properties of several di-alkylimidazolium
chlorides were reported in the literature [8,9]. Standard en-
thalpy, entropy, Gibbs energy change and heat capacity of
di-alkylimidazolium chloride ionic liquids were also investi-
gated [10,11].

Ionic liquids were considered non-volatile until Earle et al.
[12] reported that some ionic liquids are volatile, and can be
distilled. The first-generation ionic liquids were believed to be
non-volatile since the earlier reports on vapor pressure stud-
ies of 1-methyl-3-ethylimidazolium chloride — aluminum chlo-
ride [13]. Numerous studies exploiting the high thermal stabil-
ities of ionic liquids were based on the assumption that IL’s
exhibit negligible vapor pressure. However, the recent studies
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revealed the volatile nature of some IL’s at temperatures below
their decomposition and mild pressure, creating an opportunity
for separating ionic liquids by distillation [12]. Ionic liquids
were recycled by distillation and recombination of ‘partial-
decomposition’ products generated upon heating under reduced
pressures [14]. Vapor pressure is another physical-chemical
property that depends on an ionic liquid’s cation-anion com-
bination and will in future have to be checked experimentally
for each ionic liquid [15]. Moreover, the volatile nature of ionic
liquids makes the evaluation of thermal properties critical for
their practical applications.

Thermal stability is a significant factor that determines the
applicability of ionic liquids for high temperature applications.
Onset decomposition temperature of several ionic liquids de-
termined using scanning TGA method was reported [16—-18].
Zhang et al. [19] have investigated long-term isothermal sta-
bilities of [C4mim][Tf,N], [Comim][PFs] and [Cgmim][PFs]
and it was observed that these IL’s decompose at a faster
rate with increasing temperature. Baranyai et al. [20] have re-
ported that ionic liquids yield volatile products at temperatures
significantly lower than the onset-decomposition temperature.
The onset decomposition temperatures obtained using scan-
ning TGA studies are overrated and true stability temperature
is lower than the later [21-23]. Hence, the stable temperature
limit of ionic liquids is not precisely defined by the onset-
decomposition temperature. Scarcity of reliable long-term ther-
mal stabilities of di-alkylimidazolium chloride ionic liquids
leads to the current research. The present study reports the
long-term thermal stabilities and kinetics of isothermal decom-
position of [BMIM]CI and [HMIM]CI ionic liquids.

Experimental procedure

Di-alkylimidazolium chloride ((BMIM]CI and [HMIM]CI)
ionic liquids were synthesized and purified according to the
procedure reported elsewhere [1]. Raw materials for synthe-
sizing di-alkylimidazolium chloride such as 1-methylimidazole
(>99%), 1-chlorobutane (>99.5%), 1-chlorohexane (>99.5%)
and ethyl acetate (99.8%) were purchased from Sigma
Aldrich®. The final product ionic liquids were purified using
an indigenously built vacuum evaporation system. The vac-
uum evaporation was performed at 70 °C for 12 hrs using a
vacuum pump (Welch Vacuum®, Gem Vacuum Pump). 1-butyl-
3-methylimidazolium chloride ([BMIM]CIl) was colorless lig-
uid, which solidified into a white crystalline solid on cooling
to room temperature. 1-hexyl-3-methylimidazolium chloride
([HMIM]CI) was a light yellow liquid.

Tonic liquids were characterized qualitatively for purity by
NMR spectroscopy and moisture content using Karl Fischer
titration method. The NMR spectrum results for [BMIM]CI are
as follows: 'H NMR (DMSO, ppm) results: & 0.84(t), 1.20 (sex-
tet), 1.74(q), 3.88(s), 4.21(t), 7.88(s), 7.97(s), 9.74(s). '>C NMR
(DMSO, ppm): § 13.16, 18.64, 31.32, 35.58, 48.23, 122.21,
123.44, and 136.75. NMR spectrum results for [HMIM]CI are
as follows: '"H NMR (CDCls, ppm) results: § 0.14(t), 0.59(sex-
tet), 1.20(q), 3.44(s), 3.65(t), 7.04(s), 7.21(s), 9.72(s). '*C NMR
(CDCI3, ppm): 6 12.44, 20.82, 24.32, 28.32, 28.74, 29.55,

35.02, 48.40, 76.73, 76.99, 77.25, 120.88, 122.54, and 135.81.
Moisture content was determined using Karl Fischer titrator
(Aquapal III, CSC Scientific®) with Hydranal C as titrant
and Hydranal A reagent as solvent. The moisture content of
[BMIM]CI and [HMIM]CI is 0.18 and 0.08 wt% (dried), re-
spectively. The purity of ionic liquids synthesized is typical of
the commercially available ionic liquids.

Perkin Elmer® Pyris Diamond TG/DTA was used to perform
thermogravimetric analysis of ionic liquids. TG/DTA instru-
ment uses two horizontal balance beams. Alumina pans were
used for both sample and reference material. «-Al,O3 pow-
der was used as the reference material for all the experiments.
The instrument was calibrated for the temperature range 25 to
1100 °C using indium, tin and gold standard samples provided
by Perkin Elmer®. A constant heating rate of 10 °C/min and ar-
gon gas purging at a flow rate of 150 mL/min was used for all
the experiments. Isothermal thermogravimetry was performed
at a constant temperature for 15 hours (arbitrary choice). Mea-
surements were carried out at each temperature of 10 °C inter-
val in the temperature range 150-200 °C. The sample weights
used for thermogravimetric analysis were in the range 15—
18 mg for [BMIM]CI and 3540 mg for [HMIM]CI. Since
[HMIM]CI is liquid at room temperature, typically a drop of
the liquid was used as a sample.

Results and discussion
Long-term thermal stability

The long-term thermal behavior of [BMIM]Cl and
[HMIM]CI ionic liquids was investigated using isothermal
TGA studies for 15 hours with argon purge at 150 mL/min.
Long-term TGA studies of [BMIM]CI ionic liquid at different
temperatures are shown in Fig. 1. A linear weight change with
time is observed at each temperature of 10°C interval in the
range 150-170°C, whereas the linear weight change regime
was not observed for the entire duration for temperatures in the

100 e

80

20

0 200 400 600 800 1000
Time, min

Fig. 1. Isothermal thermogravimetry of [BMIM]CI at different temperatures in
argon purge (150 mL/min). Temperatures shown in the figure are in centigrade.
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Fig. 2. Isothermal thermogravimetry of [HMIM]CI at different temperatures in
argon purge (150 mL/min). Temperatures shown in the figure are in centigrade.
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Fig. 3. Variation of weight loss of di-alkylimidazolium chloride ionic liquids as
a function of temperature after 15 hours of isothermal thermogravimetry.

range 180-200 °C. Moreover, the linear weight change regime
decreased with temperature, e.g., linear weight change was ob-
served for about 200 min at 200 °C. Similarly, the progressive
weight change of [HMIM]Cl ionic liquid at each temperature of
10°C interval in the range 150-200 °C is illustrated in Fig. 2.
As observed previously, linear weight change was observed for
the temperatures in the range 150170 °C for 15 hours. Linear
weight change regime for temperatures in the range 180-200 °C
was observed for about less than 500 min.

The comparison of weight loss of both the ionic liquids as a
function of temperature after 15 hours of isothermal thermo-
gravimetry is demonstrated in Fig. 3. Weight loss increased
gradually in the temperature range 150-170 °C, thereafter it
increased rapidly with temperature (170-200 °C). The weight
loss of about 20 pct is observed for the range 150-170 °C which
is less compared to that observed in the range 180-200 °C. Ap-

proximately similar weight loss is observed for both the ionic
liquids at all temperatures within experimental errors. Based
on the current results it is observed that di-alkylimidazolium
chloride ([BMIM]CI and [HMIM]CI) ionic liquids exhibit sub-
stantial (15 h) long-term thermal stability up to 160 °C with less
than 10 pct weight loss. The onset decomposition temperature
determined for both the ionic liquids using the fast-scan TGA
method is useful to serve as the limiting value for their practical
applications. However, from the current study, it was observed
that di-alkylimidazolium chloride ([BMIM]CI and [HMIM]CI)
ionic liquids lose weight progressively when heated at elevated
temperature (>160°C) for a long time. Several studies have
reported similar results on other di-alkylimidazolium ionic lig-
uids in the literature [20-22].

Decomposition of imidazolium salts is attributed to decom-
position of cation as facilitated by the anion which itself be-
comes transformed [24]. Pyrolysis of imidazolium salts yielded
volatile degradation products such as 1-alkylimidazoles and
alkylated anions and the degradation pathway was identified as
E2 elimination of the N-substituent, which is essentially the re-
verse of SN2 substitution synthesis reaction [25]. Nucleophilic-
ity of anion and the ability of cation to undergo alkylmigration
or elimination reaction have a significant influence on thermal
stability of ionic liquids [17,20]. Moreover, halide based imida-
zolium salts exhibit poor thermal stabilities.

Kinetics of isothermal thermogravimetry

The isothermal TGA studies were used to analyze the ki-
netics of decomposition of di-alkylimidazolium chloride ionic
liquids. As portrayed in Figs. 1 and 2 the weight change with
time (initial linear regime for 180-200 °C) is linear, hence the
rate of decomposition (rate of weight change) at a temperature
is constant. Since the rate of decomposition of ionic liquids de-
pend on mass and heat transfer rather than on chemical reaction,
a pseudo-zero-order rate expression is used to determine the de-
composition kinetics [20,21]. The rate expression at a constant
temperature can be represented as follows:

do k 0
de
where k is the pseudo-zero-order rate constant and « is the de-
gree of conversion. The degree of conversion («) is defined as
shown in Eq. (2), where W; is the weight of sample at a time ¢
and W; is the initial weight.

(Wi — Wy)
Oa=—"

W;

The rate expression in Eq. (1) can be represented in integral
form as shown in Eq. (3), where ¢ is time and C is a constant.

a=kt+C 3)

2

Accordingly, the degree of conversion («) as a function of
time was determined for both the ionic liquids from their re-
spective weight change versus time plots (Figs. 1 and 2). Simi-
lar to that mentioned in the previous section, the « vs. ¢ plots for
both the ionic liquids were linear for the entire duration (15 h)
for 150-170°C and for the range 180-200 °C linear regime is
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Fig. 4. Arrhenius plot [Ink vs. 1/T] for the decomposition of
di-alkylimidazolium chloride ionic liquids in the temperature range
150-200 °C (argon purge).

observed only initially. Hence, initial linear portion of the plots
(a vs. t) for the range 180-200 °C were considered for further
calculations.

The pseudo-zero-order rate constant is determined at differ-
ent temperatures from the slope of linear portion of & vs. ¢ plots.
The temperature dependence of pseudo-zero-order rate constant
(k) is expressed by Arrhenius relation as follows:

—E,
k:Aexp( 2T ) “4)

where E, is Arrhenius activation energy and A is pre-exponen-
tial coefficient. Fig. 4 illustrates the Arrhenius plot [Ink vs.
1/T1] for [BMIM]CI and [HMIM]CI ionic liquids. Activation
energy is determined from the slope of Arrhenius plot and
intercept of the plot yields pre-exponential coefficient (A).
Activation energy for the decomposition of [BMIM]CI and
[HMIM]CI in the temperature range 150-200°C (with argon
purge) are 121 and 117 kJ, respectively. The pre-exponential co-
efficients for [BMIM]CI and [HMIM]CI are 3.8 x 100 min~!
and 1.0 x 109 min~!, respectively.

Conclusions

The long-term isothermal TGA studies have revealed that
both [BMIM]CI and [HMIM]CI ionic liquids exhibit apprecia-
ble decomposition at temperatures significantly lower than the
peak or onset decomposition temperature (Tonser) determined
using fast-scan TGA. The isothermal TGA studies showed that
[BMIM]CI and [HMIM]CI ionic liquids have substantial (15 h)
long-term thermal stability up to 160 °C. A pseudo-zero-order
rate law was employed to determine the kinetics of isothermal
decomposition of ionic liquids in the temperature range of 150—
200 °C. Activation energies for decomposition of [BMIM]CI
and [HMIM]CI determined using Arrhenius relation are 121
and 117 kJ, respectively.

Acknowledgements

The authors are pleased to acknowledge the financial support
for this research by U.S. Department of Energy (DOE) under
Award number DE-FC07-02ID14397, and The University of
Alabama, Tuscaloosa (UA). We are thankful to Mr. Ravinder
N. Reddy for his assistance in synthesizing and characterizing
the ionic liquids and Dr. Mantha for critical reviewing of the
manuscript.

References

[1] P. Wasserscheid, T. Welton, Ionic Liquids in Synthesis, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, 2002.

[2] J.S. Wilkes, A short history of ionic liquids—from molten salts to neoteric
solvents, Green Chem. 4 (2002) 73-80.

[3] Z. Zhang, M.F. Mario, D.M. Blake, R.G. Reddy, Thermal stability and
corrosivity of ionic liquids as thermal energy storage media, High Temp.
Mater. Processes 22 (2003) 87-94.

[4] S.H. Schofer, N. Kaftzik, P. Wasserscheid, Enzyme catalysis in ionic lig-
uids: lipase catalysed kinetic resolution of 1-phenylethanol with improved
enantiosis selectivity, Chem. Comm. 5 (2001) 425-426.

[5] A.B. McEwen, J.L. Goldman, K. LeCompte, Electrochemical properties
of imidazolium salt electrolytes for electrochemical capacitor applica-
tions, J. Electrochem. Soc. 146 (1999) 1687-1695.

[6] R.G. Reddy, Emerging technologies in extraction and processing of met-
als, Metall. Mater. Trans. 34B (2003) 137-152.

[7] PJ. Scammells, J.L. Scott, R.D. Singer, Ionic liquids: The neglected is-
sues, Aust. J. Chem. 58 (2005) 155-169.

[8] A.A. Fannin, D.A. Floreani, L.A. King, J.S. Landers, B.J. Piersma,
D.J. Stech, R.L. Vaughn, J.S. Wilkes, J.L. Williams, Properties of 1,3-
dialkylimidazolium chloride—aluminum chloride ionic liquids. 2. Phase
transitions, densities, electrical conductivities, and viscosities, J. Phys.
Chem. 88 (1984) 2614-2621.

[9] J.G. Huddleston, A .E. Visser, W.M. Reichert, H.D. Willauer, G.A. Broker,
R.D. Rogers, Characterization and comparison of hydrophilic and hy-
drophobic room temperature ionic liquids incorporating the imidazolium
cation, Green Chem. 3 (2001) 156-164.

[10] M. Zhang, V. Kamavaram, R.G. Reddy, Thermodynamic properties of 1-
butyl-3-methylimidazolium chloride (C4mim[Cl]) ionic liquid, J. Phase
Equilibria and Diffusion 26 (2) (2005) 124-130.

[11] J.D. Holbrey, W.M. Reichert, R.G. Reddy, R.D. Rogers, Heat capacities of
ionic liquids and their applications as thermal fluids, in: R.D. Rogers, K.R.
Seddon (Eds.), in: ACS Symposium Series, vol. 856, American Chemical
Society, New York, 2003, pp. 121-133.

[12] M.J. Earle, J.M.S.S. Esperanca, M.A. Gilea, J.N.C. Lopes, L.P.N. Rebelo,
J.W. Magee, K.R. Seddon, J.A. Widegren, The distillation and volatility
of ionic liquids, Nature 439 (2006) 831-834.

[13] C.J. Dymek Jr., C.L. Hussey, J.S. Wilkes, H.A. @ye, in: G. Mamantov,
et al. (Eds.), Joint (Sixth) International Symposium on Molten Salts, The
Electrochemical Society, Pennington, NJ, 1987, pp. 93-104.

[14] A.J. Jeapes, R.C. Thied, K.R. Seddon, W.R. Pitner, D.W. Rooney, Process
for recycling ionic liquids, World Patent WO 01/15175, 2001.

[15] P. Wasserscheid, Volatile times for ionic liquids, Nature 439 (2006) 797.

[16] P. Bonhote, A.P. Dias, N. Papageorgiou, K. Kalyanasundaram, M. Gratzel,
Hydrophobic, highly conductive ambient-temperature molten salts, Inorg.
Chem. 35 (1996) 1168-1178.

[17] H.L. Ngo, K. LeCompte, L. Hargens, A.B. McEwen, Thermal properties
of imidazolium ionic liquids, Thermochim. Acta. 357-358 (2000) 97-102.

[18] M. Koel, Physical and chemical properties of ionic liquids based on the
dialkylimidazolium cation, Proc. Estonian Acad. Sci. Chem. 49 (2000)
145-155.

[19] Z. Zhang, R.G. Reddy, Thermal stability of ionic liquids, in: D. Chandra,
R.G. Bautista (Eds.), EPD Congress 2002, TMS, Warrendale, PA, 2002,
pp- 33-39.



V. Kamavaram, R.G. Reddy / International Journal of Thermal Sciences 47 (2008) 773-777

[20] K.J. Baranyai, G.B. Deacon, D.R. MacFarlane, J.M. Pringle, J.L. Scott,
Thermal degradation of ionic liquids at elevated temperatures, Aust. J.
Chem. 57 (2004) 145-147.

[21] M. Kosmulski, J. Gustafsson, J.B. Rosenholm, Thermal stability of low
temperature ionic liquids revisited, Thermochim. Acta. 412 (2004) 47-53.

[22] M.E. VanValkenburg, R.L. Vaughn, M. Williams, J.S. Wilkes, Thermo-

chemistry of ionic liquid heat-transfer fluids, Thermochim. Acta. 425
(2005) 181-188.

771

[23] D.M. Fox, WH. Awad, J.W. Gilman, PH. Maupin, H.C. DeLong, P.C.
Trulove, Flammability, thermal stability, and phase change characteristics
of several trialkylimidazolium salts, Green Chem. 5 (2003) 724-727.

[24] J.R. Stuff, Thermal decomposition of 1-methyl-3-ethylimidazolium chlo-
ride (MEIC)/aluminum chloride molten salts, Thermochimica Acta. 152
(1989) 421-425.

[25] B.K.M. Chan, N. Chang, M.R. Grimmett, The synthesis and thermolysis
of imidazole quaternary salts, Aust. J. Chem. 30 (1977) 2005-2013.



