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lonic Liquids (ILs) are considered as alternative solvents for the separation of CO; from flue gas due mainly to their
CO; affinity and thermal stability. The cation architecture in a matrix of ammonium and mostly phosphonium-based ILs
with 2-cyanopyrrolide as the anion to evaluate its impact on gravimetric CO, absorption capacity, viscosity, and ther-
mal stability and the three fundamental properties vital for application realization are systematically investigated.
Among the investigated ILs, [P2,2,2,8][2-CNpyr] demonstrated the lowest viscosity, 95 cP at 40°C, and highest CO,
uptake, 114 mg CO, per g IL at 40°C. Combined effects of asymmetry and the optimized chain lengths also resulted in
improved thermal stability for [P2,2,2,8][2-CNpyr], with a mass loss rate of 1.35 X 10°° ¢ h™! (0.0067 mass % h™')

at 80°C. © 2015 American Institute of Chemical Engineers AIChE J, 61: 2280-2285, 2015
Keywords: CO, absorption, ionic liquids, thermal stability, viscosity

Introduction

There is consensus on the long-term need to suppress
anthropogenic CO, emissions by eliminating fossil-fuel con-
sumption and harvesting renewable energy sources. In the
short term, however, a viable strategy for mitigating poten-
tial problems associated with the greenhouse gas effect is to
capture and sequester CO, from existing fossil-fueled power
plants. The most mature technology for postcombustion CO,
capture from coal-fired power plants is a two-stage process
in which CO, is absorbed selectively by an aqueous monoe-
thanolamine (MEA) solvent and subsequently desorbed at an
elevated temperature and compressed for geologic sequestra-
tion." However, associated with this approach is a large
enthalpy of reaction and a significant energy cost to release
the CO,, as well as heat lost to water vaporization (~85 kJ
mol ™! at 40°C).” These amines are also fairly corrosive to
the plant equipment.3 To overcome these issues, solid
adsorbents such as selective membranes,”* polymeric materi-
als,” and metal organic frameworks®’ are being developed.
The challenges facing these materials are long-term struc-
tural integrity, heat transfer to the sorbent, and related practi-
cal implementations. A recent review by Espinal et al.
discussed various CO, capture materials and their respective
challenges in implementation.8

Among the alternative candidates for solvent-based CO,
capture are chilled ammonia, advanced amine blends, and
ionic liquids (ILs).” Although ILs suffer from high viscos-
ities and high cost, they have been proposed specifically due
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to their low volatility,lo high thermal stability,"' and high
CO, solubility,lz’13 relative to conventional solvents. ILs are
low temperature molten salts (<100°C) with a multicompo-
nent structure that makes them highly tunable; it is estimated
that there are ~10° potential cation/anion combinations.'*
Several research groups have contributed to the optimization
of ILs for the separation of CO, from flue gas.">* To
enhance CO, absorption at low pressures, for example, from
flue gases, Bates et al. functionalized the imidazolium cation
through attachment of an amine moiety,> designed to react
with CO, in a 2:1 (IL:CO,) molar stoichiometry to form the
carbamate-ammonium ion pair. They reversed this reaction
by increasing the temperature, bubbling with nitrogen, or
applying a vacuum. Functionalization of the anion with the
amine, in the case of amino acid-based ILs,16 allowed a 1:1
stoichiometry to be attained.>* Although these early-model
CO,-reactive ILs were effective in enhancing CO, absorption
capacity, they also suffered from dramatic increases in vis-
cosity on binding with the CO,. Such increases potentially
render the CO, absorption and desorption processes infeasi-
ble due to mass-transfer limitations and pumping costs. The
viscosity increase upon complexation with CO, was shown
computationally to be caused by increased hydrogen-bonding
networks.” This theory was later confirmed experimentally>'
by the lack of viscosity increase upon CO, absorption by ILs
with aprotic heterocyclic anions, where no proton was pres-
ent to enable hydrogen-bonding. Moreover, their reaction
enthalpies were found to be much smaller than those of the
corresponding amino acid-based ILs and of MEA.?' The
most attractive of the reported ILs was trihexyl(tetradecyl)-
phosphonium 2-cyanopyrrolide [P6,6,6,14][2-CNpyr] with an
activation energy of about 11 kJ mol ' and fast binding
kinetics with CO, (Figure 1).° As a result of this low acti-
vation energy, the desorption reaction can be accomplished
readily without the need for excessively elevated
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Figure 1. Reaction of [2-CNpyr] anion with CO..

temperatures while a high working capacity on a molar basis
can still be maintained. However, the gravimetric CO,
absorption capacity of this IL is reported to be 57.4 mg CO,
per g IL at 40°C and 1 bar of CO,. This is not quite half the
CO, capacity of 30 wt % aqueous MEA under the same con-
ditions, a difference that is due to the high molecular weight
of the IL ([P6,6,6,14][2-CNpyr]: 574.96 g mol ).

In this article, we report ways in which the gravimetric
uptake of ILs may be improved without the strong adverse
changes in rheological behavior observed with earlier sys-
tems. To this end, we investigated a series of ILs in which
we paired the [2-CNpyr] anion with different cations, namely
tetraalkylammonium (TAA) and tetraalkylphosphonium, with
varying chain length, asymmetry, and functionalization. As
the reaction enthalpy depends mainly on the anion, the reac-
tion energy with CO,, and hence the working capacity of
CO, on a molar basis, was expected to be unaffected (the
working capacity is a relative property, determined by the
difference in CO, uptake capacity at absorption and desorp-
tion temperatures and other experimental factors, such as the
partial pressures in the feed and stripping gases; the magni-
tude of the uptake capacity is an independent thermodynamic
property that is fixed under a given set of experimental con-
ditions). A change in the cation can also have a great effect
on the melting point, thermal decomposition, and viscosity
of the IL, all of which are relevant physical properties for
the CO, capture process. We provide a systematic investiga-
tion of the series of cations shown in Figure 2 and their
effects on these properties using [P6,6,6,14][2-CNpyr] as a
basis for comparison.

Tetraalkylphosphonium salts were considered in this study
primarily because they are low in cost, exhibit much higher
thermal stability than do their TAA analogs, and, unlike imi-
dazolium cations, which have acidic carbons on the o-
position, do not undergo irreversible reactions with CO,.
The CO, absorption capacity and the long-term thermal sta-
bility of the ILs were measured using a thermogravimetric
analyzer (TGA). The long-term stability, in particular, was
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Figure 2. (a) Phosphonium cations studied and (b) cat-
ion with ethoxy groups present [N2,2,2,ES8].
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investigated here since an economically viable process
requires the efficient cycling of the absorbent. Most of the
published studies on ILs report decomposition temperatures
based on fast temperature ramps as it is easier to screen dif-
ferent ILs using this method. However, results using the
ramping method are misleading and overpredict the thermal
decomposition temperatures; it has been shown that isother-
mal methods are more reliable.”’° This article advises cau-
tion in extolling the virtues of ILs for specific applications
based on their supposed negligible vapor pressures and high
thermal stabilities as we show here that not all ILs exhibit
these traits.

Experimental
Materials

Triethylphosphine (99%), tripropylphosphine (97%), tri-n-
butylphosphine 99%), 1-bromooctane (99%), 1-
bromododecane (>99.5%), 1-chlorohexadecane (95%), and
pyrrole-2-carbonitrile (96%) were purchased from Sigma
Aldrich and used without purification. 2-(2-ethoxyethoxy)
ethylbromide (98%, stabilized with potassium carbonate)
was bought from Alfa Aesar and distilled before use.

Details of synthesis procedures

Triethyloctylphosphonium 2-cyanopyrrolide [P2,2,2,8][2-
CNpyr] was synthesized by first generating the bromide pre-
cursor [P2,2,2,8]Br according to literature pr0<:edures,30’31
whereby 1-bromooctane (6.944 mL, 37.8 mmol, 0.95 eq.)
was added to triethylphosphine (5 g, 42.3 mmol, 1 eq.) in a
nitrogen atmosphere in a flask equipped with a reflux con-
denser and magnetic stirrer. The solution was heated to 90°C
in an oil bath and stirred for 18 h. The flask was then
allowed to cool to room temperature and the small volume
of supernatant decanted. The remaining IL. was washed with
ether. A white solid was obtained and recrystallized three
times from ethyl acetate and 1-propanol. The solid was dried
in vacuo at 40°C for more than 48 h.>'P-NMR (300 MHz,
methanol-d,, 23°C): 6 39.74 (s); '"H-NMR (300 MHz, metha-
nol-dy, 23°C): ¢ 0.86-0.95 (t, 3H), 6 1.14-1.66 (m, 21H), ¢
2.13-2.33 (m, 8H).

[P2,2,2,8]Br was then stirred overnight in a Dowex Mono-
sphere 550A UPW suspension in 50:50 (v/v) methanol/water.
After filtration of the ion exchange resin, 1 eq. pyrrole-2-
carbonitrile was added to the solution which was stirred for
30 min. The brown product [P2,2,2,8][2-CNpyr] was then
obtained by removing the solvent at reduced pressure and
drying in vacuo. Karl Fisher coulometric titration (Metrohm)
was used to measure the residual water content of the ILs.
Analyses were conducted as a function of time over 3 days,
under ambient atmospheric conditions, until water levels fell
below 1000 ppm.>'P-NMR (300 MHz, methanol-d,, 23°C): &
39.66 (s); "H-NMR (300 MHz, methanol-d, 23°C): § 0.84—
0.97 (t, 3H), 6 1.14-1.65 (m, 21H), 6 2.09-2.27 (m, 8H), ¢
6.13-6.18 (dd, 1H), 6 6.74-79 (dd, 1H), 6 6.94-6.99 (dd,
1H). Water content = 322 ppm.

This general synthetic procedure was repeated for all com-
pounds by substitution of the phosphine and haloalkane pre-
cursors. The reactions were conducted successfully either
under reflux conditions in acetonitrile or under solvent-free
conditions at temperatures of ~120°C. Most compounds
with alkyl groups bulkier than that in [P2,2,2,8]Br yielded
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Figure 3. Measured CO, absorption capacity as a func-
tion of molecular weight (Mw) at 40°C.
The blue curve indicates that the trends shown by the
experimental data are similar to those calculated for
complete chemisorption of one molar equivalent of CO,,
given by the red curve. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

clear viscous liquids as product. All '"H-NMR and *'P-NMR
results can be found in Supporting Information.

Viscosity measurements

An AR-G2 Rheometer (TA Instruments), fitted with a
cone and plate (2°/40 mm), was used to determine viscosities
between 22 and 60°C. First, viscosity was measured as a
function of shear stress (10-1000 Pa) at 22°C to ensure the
materials gave linear responses with no shear history. Meas-
urements were then repeated at 25, 30, 40, 50, and 60°C.
Once Newtonian behavior was verified, the viscosities were
recorded as a function of temperature under constant shear
stress (4.3 Pa; Supporting Information).

Thermogravimetric analysis

The IL decomposition profiles were determined between
25 and 500 = 0.05°C by thermogravimetry on a TGA-Q50
(TA Instruments, DE) with a ramp rate of 10°C min~ !, and
a nitrogen flow rate of 60 mL min~'; a platinum pan was
used to hold the IL. Long-term thermal stability studies were
performed isothermally at 80 = 0.05°C for 1000 min. In the
CO, absorption studies, the temperature was held at
40 = 0.05°C with a CO, (bone dry—[H,O] <2 ppm, 1 bar,
Airgas) flow rate over the sample of 60 mL min~'. A typical
sample mass was approximately 20 mg. It is important to
note that sample mass affected the kinetics of both CO,
absorption and the rate of decomposition for the long scans.
In addition, sample viscosity and surface tension also played
a key role in controlling the spreading of the IL on the TGA
pan, and thereby determining the available surface area for
interfacial mass transfer. These effects could not be factored
into the analysis.

Results and Discussion

The synthesis of the new ILs was facile and purification
was fairly simple with *'P.NMR and 'H-NMR showing no
significant impurities in the samples (See Supporting Infor-
mation Figures S1 and S2). All of the absorption and
decomposition measurements were performed after excess
water content had been reduced to levels less than 500 ppm
in the IL.
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CO; absorption

The absorption capacities of the synthesized ILs at 1 bar
CO, at 40°C are shown in Figure 3. The molar uptake at
40°C is lower than the 1:1 molar absorbance predicted at
25°C (indicated by the red line), reflecting the finite,
temperature-dependent reversibility of the reaction. The CO,
absorbance decreased with increasing molecular weight of
the IL; the scatter about the line may be accounted for by
typical limitations of TGA analysis (c.f. experimental) as
well as differences in physical CO, solubility in the ILs. For
example, ILs containing longer alkyl chains should exhibit
enhanced CO, solubility.®* With a maximum loading of
~112 mg CO, per g IL, [P2,2,2,8] exhibited the highest
gravimetric CO, absorption of all phosphonium-based ILs,
about 62% higher than observed with the benchmark
[P6,6,6,14] (~70 mg CO, per g IL, Figure 3). It is interest-
ing to note that [P2,2,2,8] had a higher capacity than did its
ammonium analog [N2,2,2,8] (Supporting Information). This
was probably due to increased physical absorption.”® When a
nitrogen atom is exchanged for a heavier element such as
phosphorous, more “free space” is available for physical
absorption.'*3! With this in mind, we synthesized ILs with
heavier elements built into the alkyl chain.** As can be seen
in Figure 3, when ethoxy groups were added to one of the
alkyl chains in [N2,2,2,E8] (triethyl,2-(2-ethoxyethoxy)ethy-
lammonium), dramatic increases in CO, absorption were
obtained (~135 mg CO, per g IL, Supporting Information).
Unfortunately, the corresponding phosphonium salt could not
be generated (Supporting Information). Depending on the
application, especially for low-temperature processes,
[N2,2,2,E8] may be a promising candidate as a CO,
absorbent.

Rheology

Most ILs can be classified as Newtonian fluids as their
viscosities remain constant with increasing shear rate.*® This
behavior was observed for all the compounds considered in
this work, within the studied shear rate range (0.2<a
(Pa) < 12.0, Supporting Information). The measured viscos-
ities at 25°C ranged from 160 to 454 mPa s, falling to
between 25 and 73 mPa-s at 60°C (Figure 4 and Table 2).
Here, [P2,2,2,8] exhibited a 38% decrease in viscosity
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Figure 4. Effect of the cation on the viscosity of the IL
with the [2-CNpyr] anion.

The lines show the Arrhenius behavior. Semilogarithmic
Arrhenius-like plots are found in Supporting Informa-
tion Figure S5. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

July 2015 Vol. 61, No. 7 AIChE Journal


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

Table 1. Viscosities and Fitted Arrhenius Parameters of ILs
with the [2-CNpyr] Anion at 25 and 60°C

1 at 25°C 1 at 60°C E,
Cation (mPa s) (mPa s) (kJ mol ™1
[N2,2,2,E8] 160.0 25.1 38.6
[N2,2,2.8] 841.4 86.17 54.9
[P2,2,2,8] 221.9 39.9 414
[P3,3,3.8] 311.3 52.83 424
[P2,2,2,12] 421.6 66.34 44.6
[P4,4,4,8] 409.3 66.77 43.4
[P3,3,3,12] 289.7 51.91 412
[P4,4,4,12] 340.4 58.64 422
[P3,3,3,16] 4535 73.08 43.7
[P4,4,4,16] 393.4 66.33 42.8
[P6,6,6,14]* 360 64 -

“Data from Gurkan et al.21; [P2,2,2,16] was solid at room temperature.

relative to the viscosity of the benchmark [P6,6,6,14] cation
at all temperatures (Ahrennius-like plots may be found in
Supporting Information). Generally, increases in the alkyl
chain length of ILs result in increases in viscosity due to
increased van der Waals interactions. However, this general
rule was not expected to apply directly to the compounds
studied here owing to the simultaneous changes in the asym-
metry of the cation with changing alkyl tail length. In this
case, increases in the degrees of freedom may compensate
for any extra van der Waals interaction effects. However,
owing to the added effect of the relatively large bulky anion,
such predictions become more complex. The phosphonium-
based IL [P2,2,2,8] showed a reduction in dynamic viscosity
of almost 75% when compared with its ammonium analog
[N2,2,2,8] (Figure 4 and Table 1). This observation is in
good agreement with the results reported by Tsunashima and
Sugiya for the same cations with different anions, with the
central atom still having a large impact on physicochemical
properties despite being surrounded by large alkyl chains.*®

The substitution of other large electronegative elements is
also known to lower the dynamic viscosity of ILs.*" There-
fore, to further reduce viscosity, we attempted to introduce
heavier elements into the cation architecture (structures in
Supporting Information). To this end, triethyl,2-(2-ethoxye-
thoxy)ethylammonium bromide [N2,2,2,E8]Br and triethyl,2-
(2-ethoxyethoxy)ethylphosphonium bromide [P2,2,2,E8]Br
were prepared.

However, when the halide salt was converted to the func-
tionalized IL, the phosphonium ion degraded, as evidenced
by 'H-NMR and *'P-NMR. This occurred even at tempera-
tures below 35°C, and was most probably due to a weaken-
ing of cation-anion electrostatics and a freeing up of the [2-
CNpyr] anion to act as a nucleophile.37 Conversely,
[N2,2,2E8][2-CNpyr] exhibited the lowest viscosity of all
the ILs investigated with a dynamic viscosity of around 25
mPa-s at 60°C. While this performance is rather impressive
when considered alongside its high gravimetric CO,
capacity, we shall see later that its thermal stability is still
an issue and may preclude its use in certain applications.

The activation energies for viscous flow (E,) of the ILs
were estimated by a fitting of the measured viscosities to the
Arrhenius expression 11 = 1,.exp(—E,/RT), which was con-
sidered more appropriate than the comparative Vogel-
Fulcher—Tammann equation due to the asymmetry and bulk
of the anions (Supporting Information Figure S5; Table 1).
In this equation, 7. is the apparent viscosity at infinite tem-
perature, and E, is the viscosity activation energy. The mag-
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nitude of E, is an indication of the difficulty with which
molecules can transfer through the liquid matrix. The value
of E, for the studied phosphonium ILs ranged between 41
and 44 kJ mol~'. The calculated activation energy for
molecular transfer in the phosphonium ILs was much larger
than that for typical molecular solvents (c.f. H,O
(20°C)=17.0 kJ mol !, benzene =104 kJ mol !, and
acetone = 7.1 kJ mol™')*® and many common imidazolium-
based ILs (c.f. [bmim][PFg] = 34.1 kJ molfl),39 but smaller
than some surfactant (dioctyl sodium sulfosuccinate, AOT)
based ILs (c.f. [bmim][AOT] = 49.46 kJ mol~").*" The value
of E, for triethyloctylammonium 2-cyanopyrrolide,
[N2,2,2,8][2-CNpyr] was almost 25% higher than that for
the triethyloctylphosphonium 2-cyanopyrrolide, [P2,2,2,8][2-
CNpyr] (54.9 and 41.4 kJ mol ', respectively), consistent
with the smaller central atom providing stronger interionic
interactions arising from a smaller ionic volume.

Thermal decomposition

The most common measure of thermal decomposition
temperatures is the onset temperature, Tons(, Obtained from
the intersection of the weight baseline and the tangential line
at the inflection point, as demonstrated in Figure 5. The ther-
mograph was obtained at a heating rate of 10°C min '. For
[P2,2,2,8][2-CNpyr], Tonsee Was determined to be 284°C.
However, this is clearly an overestimation, as the actual deg-
radation begins at much lower temperatures*'; recently, Ste-
vens and coworkers™ reviewed such thermal decomposition
measurements. Here, we report T( o, which is the tempera-
ture at which a 1 wt % loss is observed under the assump-
tion that there is no water uptake during the measurements,
although this assumption is unlikely to be valid for samples
with large surface area to volume ratios. As is highlighted in
Figure 3, there can be a 150°C difference in the decomposi-
tion temperatures determined by the two indicators 7T, and
To.01, both of which are listed in Table 2. Clearly, when any
potential long-term application of ILs is considered for CO,
absorption this fundamental issue needs to be addressed; for
removal of CO, from a flue gas, Tp; is the more relevant
measure as the IL is cycled continuously over a long-time
period through a high-temperature desorber.
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Figure 5. Thermogravimetric analysis of decomposition

of [P2,2,2,8][2-CNpyr] as a function of tem-
perature.
Labels indicate two methods of estimating decomposition
temperature: Tyo; and T,n. [Color figure can be
viewed in the online issue, which is available at wileyon-
linelibrary.com.]
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Figure 6. Long-term (1000 min) thermal stability studies
of ILs at 80°C using thermogravimetric analy-
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

From the data shown in Table 2, it appears that there is
no correlation between degradation temperature and either
total hydrocarbon bulk or asymmetry. The degree of asym-
metry and resulting change in polarization effects depended
on where on the cation the extra carbons were added. In con-
trast to the case with simple inorganic salts, it is not possible
to estimate these effects computationally for such large ion
pairs. For imidazolium salts, a change in cation structure did
not have as significant an effect on the properties as did
modifications to the anion; alkylation of the cation resulted
in only a minimal increase in thermal stability.35’42 It has
been reported that, for a matrix of 22 isomeric TAA salts
each containing 20 carbon atoms, there was no correlation
between the position of the carbon addition and the melting
point.*® As is typical with ILs, the nitrogen analogs exhibited
lower thermal stability than did the corresponding phospho-
nium salts.

A more compelling demonstration of long-term stability
was achieved by running the TGA experiments at 80°C for
1000 min (Figure 6 and Table 2). This temperature was not
selected arbitrarily: 80°C is the typical desorption tempera-
ture to achieve an effective working CO, capacity and a
minimal energy cost associated with the reaction enthalpy. It
was assumed that the initial mass loss was due to dissolved
gases, absorbed water, impurities from the starting material,
and residual amounts of cyanopyrrole. [P2,2,2,8] had the

lowest rate of mass loss at 1.47 X 10°° g h™' (0.0067%
hfl) after 1000 min. The NMR spectra of [P2,2,2,8][2-
CNpyr] before and after 1000 min at 80°C were identical
indicating degradation using nuclear magnetic resonance
(NMR) was not quantifiable. Either a purely evaporative pro-
cess occurred or the degradation products desorbed rapidly
from the sample. To address this issue, we placed approxi-
mately 0.25 g [P2,2,2,8][2-CNpyr] in a sealed 7-mL vial for
5 days at 85°C; the resulting NMR spectrum was also
unchanged from that of the starting material. The rate of
mass loss of [P2,2,2,8] over 10,000 min was reduced even
further by more than three-fold to around 0.0021% h™ " indi-
cating improved thermal stability compared with other ILs
investigated. It is important to note that the mass loss rate is
expected to be reduced even further once the sample vol-
umes are scaled up and the corresponding surface area to
volume ratio is reduced.

Conclusions

The CO, gravimetric capacity, viscosity, and degradation
temperatures of a matrix of tetraalkylphosphonium 2-
cyanopyrrolide ILs show no direct correlation with cation
architecture. The complexity afforded by variations in cation
asymmetry and in the interplay between the anion-cation
pairs does not allow for simple predictions of the physical
properties of these ILs. It is clear, however, that smaller cati-
ons with shorter chain lengths and conserved asymmetry,
such as [P2,2,2,8], result in lower viscosities (up to 60%
lower) than those of previously reported functionalized ILs
for CO, absorption.21 Our thermal analysis highlights the
importance of experimental procedure and analysis in the
selection of an IL for a specific application with degradation
temperatures occurring far below those initially consid-
ered. ! Additionally, we show that while there is a clear
difference in the thermal stability of phosphonium and
ammonium ILs (phosphoniums having higher stability), the
cation molecular weight did not influence the thermal
decomposition  temperatures  significantly.  Importantly,
[P2,2,2,8][2-CNpyr] proved to have one of the higher onset
temperatures (Too; = 162°C) and exhibited the best long-
term stability at 80°C with a mass loss rate of only 1.35 X
107° g h™'. [P2,2,2,8][2-CNpyr] also had the greatest CO,
absorption capacity of all phosphonium ILs at 40 C and 1
bar of CO, at around 114 mg CO, per g IL; again more than
60% greater than that of other reactivelLs.”' The data

Table 2. Toneer and T o; Temperatures for the Selected ILs with [2-CNpyr] Anion®

To.01 Difference

C Tonset (1 wt % Loss) Between Methods Mass Loss (%) Mass Mass Loss (%)/
Cation Atoms (Tangent) (°C) ({©) O 1000 min Loss (%)/h h (Final Hour)
[N2,2,2,E8] 12 168 107 61 6.163 0.370 0.355
[N2,2,2,8] 14 178 101 77 3.625 0.218 0.179
[P2,2,2,8] 14 284 162 122 0.933 0.056 0.006
[P3,3,3,8] 17 287 144 143 1.546 0.093 0.052
[P2,2,2,12] 18 278 182 96 1.366 0.082 0.017
[P4,4,4,8] 20 290 158 132 0.853 0.051 0.024
[P3,3,3,12] 21 292 157 135 2.671 0.160 0.070
[P2,2,2,16] 22 257 139 118 0.992 0.060 0.017
[P4,4,4,12] 24 290 125 165 2.644 0.159 0.057
[P3,3,3,16] 25 291 143 148 2913 0.175 0.050
[P4,4,4,16] 28 294 170 124 1.714 0.103 0.021

“Mass loss percentages are indicative of the long term thermal stabilities of these ILs at the measured temperature of 80°C. Mass loss is reported as both that
averaged over 1000 min and as the rate of mass loss during the final hour of the experiment. For reference, pyrrole-2-carbonitrile loses around 65.2 wt % h™" at

80°C.

2284 DOI 10.1002/aic

Published on behalf of the AIChE

July 2015 Vol. 61, No. 7 AIChE Journal


http://wileyonlinelibrary.com

suggest that the new benchmark for CO, reactive ILs may
be set by [P2,2,2,8][2-CNpyr].
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