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ABSTRACT: Because of the high bond dissociation energy of CO,
achieving efficient absorption of CO in liquid solvents is still a significant
challenge in gas separation. Herein, it is unprecedently found that cuprous-
based protic ionic liquid (PIL) [EimH][CuCl] exhibits ultrahigh
absorption capacity for CO, with the value of 0.157 mol-mol™" at 293.2
K and 1 bar, being 100 times that of a commonly used IL [Bmim][Tf,N]
(0.0015 mol'mol™"). The IR and Raman spectroscopies coupled with
theoretical calculation demonstrated that the protonated imidazolium
cation ([EimH]*) played an essential role in strengthening the ion—pair
interaction between CO and dinuclear cuprous species, contributing to an
obvious red shift for the system [EimH][CuCl,] + CO and thereby to such 0.00-|
superior CO capacity. Furthermore, the PIL [EimH][CuCl,] displayed

very large absorption selectivities for CO/CO,, CO/N,, and CO/H,, and

the absorption of CO was completely reversible. The present work thus triggers important guidance for the design of new
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solvents with promising application in selective separation of CO.
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B INTRODUCTION

The emission of carbon monoxide (CO) in fuel combustion
causes damage to human health because of its high
hemoglobin affinity. On the other hand, CO in industrial
syngas is also an important resource to develop C; chemistry,
in which a variety of major chemical products including
methanol, aldehydes, carboxylic acid, and amide can be
produced. Therefore, research into the removal and
purification of CO is important in fields involving the
environment and the chemical industry.l_4 Generally, the
technologies for separation and purification of CO include
ammoniacal cuprous chloride, aromatic CuAICl, solution
(COSORB),” pressure swing adsorption (PSA), and cryogenic
fractionation-supported liquid membranes (SLMs).® However,
these methods have several inherent drawbacks such as low
capture capacity, emission of volatile organic compounds
(VOCs), and harsh operating conditions. Therefore, novel
sorbents and functional materials are still constantly and highly
demanded for efficient CO capture.

In recent years, ionic liquids (ILs) have attracted
considerable attention owing to their distinct advantages
including extremely low volatility, excellent solubility, high
thermal stability, and virtually unlimited tunability. Thus, ILs
have been proved to be efficient absorbents for many gases,
such as COZ,7_9 SOZ,IO’11 HZS,12 NOx,13 and NH3.14 However,
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there are a limited number of studies concerning the capture of
CO by ILs.”™'® For example, Laurenczy and co-workers
reported their pioneering work on physical absorption of CO
by an IL ([Bmim][Tf,N]) in 2004, in which a solubility of
1.25 X 107> mol mol™! was achieved at ambient pressure.'
After that, other functionalized ILs were also explored for CO
capture, including [hmim][CuCl,] and [P4s] [Pen].'**°
Indeed, CO can behave as a z-acid and readily coordinate
with d-block transition metals through a CO-to-metal 7-
complexation. It is known that copper(I) could act as an
efficient and optimum carrier for the capture of CO.*'
However, an IL [hmim][CuCl,] just exhibited a very low
solubility of 0.02 mol of CO per mol of IL at ambient
pressure, '’ indicating that Cu® in [hmim][CuCl,] may be
blocked and results in a poor activity to absorb CO. Recently,
the subset of protic ionic liquids (PILs) has a number of
unique properties and receives significant interest compared to
other ILs.”* PILs can be easily synthesized via neutralization of
Bronsted acids and bases.”” The distinct feature of PILs is that
the proton can enhance the hydrogen bond donor ability of the
cations and the hydrogen bond acceptor ability of the anions,
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which can build a strong hydrogen-bonding network and
increase the capture ability of PILs.”* Therefore, it is
envisioned that the Cu” ion in cuprous-based PILs is more
likely to interact with CO efficiently and leads to a high CO
capacity, which has never been explored to the best of our
knowledge.

Herein, we conceived an efficient CO capture system based
on a series of novel cuprous-based PILs of 1-alkylimidazolium
chlorocuprate ([RimH][CuCl,]), as shown in Figure 1. We
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Figure 1. Structures of the anions and the cations in PILs.

show that these PILs are capable of reversibly capturing CO
with an extremely high capacity (0.157 mol per mol of PIL)
and display large absorption selectivities for CO/CO,, CO/N,,
and CO/H,. The IR and Raman spectroscopies coupled with
theoretical calculation further demonstrated that the proto-
nated imidazolium cation ([RimH]*) played an essential role
in strengthening the ion—pair interaction between CO and
dinuclear cuprous species, contributing to such superior CO
capacity and high selectivity. In addition, the CO solubility of
[EimH][CuCl,] and its thermodynamic behavior were studied
in detail.

B EXPERIMENTAL SECTION

Materials. 1-Ethyl-3-methylimidazolium chloride ([Emim]Cl],
99%), 1-ethylimidazole hydrochloride ([EimH]ClL, 99%), 1-butylimi-
dazole hydrochloride ([BimH]Cl, 99%), and 1-hexylimidazole
hydrochloride ([HimH]Cl, 99%) were obtained from the Centre of
Green Chemistry and Catalysis, LICP, CAS. Cuprous chloride (CuCl,
99.95%) was purchased from Adamas (Shanghai, Adamas-Beta). CO,
CO,, H,, and N, with a purity of 99.99% were commercially available.
All the other chemicals were obtained in the highest purity grade
possible and used as received.

Preparation and Characterization of Cuprous-Based PILs.
The novel cuprous-based PILs were prepared by simple mixing of
imidazolium hydrochloride and cuprous salt. In a typical synthesis of
1-ethylimidazolium chlorocuprate ([EimH][CuClL]), equimolar
[EimH]Cl was mixed with CuCl and then stirred at room
temperature for 2 h. The obtained PIL [EimH][CuCl,] was dried
in high vacuum for 24 h at 333.2 K to remove possible traces of water.
The synthesis procedure for the other two PILs [BimH][CuCl,] and
[HimH][CuCl,] and aprotic IL [Emim][CuCl,] was similar to that
described in the preparation of [EimH][CuCl,].

The cuprous-based PILs [EimH][CuClL], [BimH][CuCl,], and
[HimH][CuCl,] were characterized by electrospray ionization mass
spectrometry (ESI-MS) with positive and negative ion modes using
an Agilent1290/maX impact instrument. The C, N, and H elemental
analysis of cuprous-based PILs was carried out on an Elementar Vario
ELIL IR spectra were recorded on a NEXUS870 FT-IR spectrometer.
The copper contents in the samples were determined by inductively

coupled plasma optical emission spectrometry (ICP-OES) using an
Agilent 720 instrument after the sample was completely dissolved in
the mixture of HNO;/HCI (1:3 ratio). Raman spectra of cuprous-
based PILs before and after the capture of CO were obtained in a
LabRAM HR spectrometer with an excitation wavelength at 632 nm
with 3 cm™ spectral resolution. An Anton Paar DMA4500 automatic
densitometer and cone—plate viscometer (Brookfield DV II+Pro)
were employed to measure the densities and viscosities of cuprous-
based PILs, respectively, at 303.2 K with a temperature control of
+0.1 K. The precision of the density apparatus was +0.001 g-cm™,
which was calibrated with dry air before each series of measurements.
The thermal equilibrium time in the viscometer was about 0.5 h with
a viscosity uncertainty of +1%.

Measurement of CO Absorption. The device for measuring CO
absorption consists of two parts: a gas storage chamber (the bigger
cell) and an absorption chamber (the smaller cell), to our previous
work on CO, and CO absorption.*”*° In a typical run, a known mass
(w) of IL was placed in the absorption chamber, and the air in the two
storages was evacuated. The pressure in the absorption chamber was
recorded to be Py. CO from the gas cylinder was then fed into the gas
reservoir to a pressure of P. CO was introduced to the absorption
chamber by the needle valve between the two chambers. Absorption
equilibrium was reached when the pressures of the two chambers
remained constant for at least 2 h. The equilibrium pressures were
denoted as P, for the absorption chamber and P’| for the gas storage
chamber. The CO partial pressure in the absorption chamber was Pg
= P, — P,. The CO uptake, n(Pg), can thus be calculated using the
following equation

n(R) = (B, TIV; = (P, TIV; — (B, T)(V; — wpy )
(1)

where p,(P, T) represents the density of CO in mol/cm’ at P, (i = 1,
S) and T. py is the density of the ionic liquid in g/cm® at T. V; and V,
represent the volumes in cm® of the two chambers, respectively.
Continual determinations of solubility data at elevated pressures were
performed by introducing more CO into the equilibrium cell to reach
new equilibrium. The solubility of CO was defined in terms of mol of
CO per mol of IL. Duplicate experiments were run for each IL to
obtain averaged values of CO solubilities. The averaged uncertainty of
the absorption data in this work was well within +1%.

Bl RESULTS AND DISCUSSION

Characterization and CO Absorption Capacities of
PILs. These cuprous-based PILs [RimH][CuCl,] were easily
prepared by a mixture of 1-alkylimidazolium hydrochloride
with CuCl. The structures of these PILs were verified by
electrospray ionization mass spectrometry (ESI-MS), induc-
tively coupled plasma optical emission spectrometry (ICP-
OES), and CHN elemental analysis (Supporting Information,
Figures S1—3). The water content of these PILs was
determined with a Karl Fisher titration and found to be less
than 0.1 wt %. The physical properties including glass
transition temperature, density, and viscosity of these PILs
were also measured, and the results are listed in Table S1 and
Figure S4.

The solubilities of CO in these cuprous-based PILs were
determined under ambient conditions (Table 1). To our
delight, the PILs exhibited very high capacities for capturing
CO at room temperature and atmospheric pressure. For
example, for [EimH][CuCl,], 0.118 mol of CO per mol of PIL
was achieved at 3032 K under ambient pressure, while
[BimH][CuCl,] and [HimH][CuCl,] showed a CO capacity
of 0.111 and 0.105 mol'mol™" at 303.2 K, respectively. This
implies that the alkyl length of imidazolium-based PILs has
little effect on their CO absorption capacities. Moreover, we
further investigated the viscosity of the PIL [RimH][CuCl,]
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Table 1. Absorption Capacity of CO in Cuprous-Based PILs
Compared with other ILs

temperature pressure solubility

absorbent (K) (bar) (mol-mol™*) ref
[EimH][CuCL] 2932 1.0 0.157
[EimH][CuCL] 3032 1.0 0.118
[Emim][CuCL] 303.2 1.0 0.037
[BimH][CuCL] 303.2 1.0 0.111
[HimH][CuCl,] 3032 1.0 0.105 -
[Bmim][PF,] 295.2 1.0 3.0 X 1073 15
[Bmim][T£,N] 303.2 1.0 1.5 x 1073 18
[hmim][CuCl,) 303.2 1.0 0.020 19
[Py445][Pen] 3032 1.0 0.046 20

before and after CO capture. It can be seen from Table S1 that
the viscosity of [EimH][CuCl,] increased only slightly from 30
to 179 cP after CO absorption. However, the viscosity of the
other PILs remarkably enhanced to 1655 and 3106 cP,
respectively, after CO absorption. Therefore, [EimH][CuCl,]
can maintain good fluidity during the process of CO capture
and thereby show a good potential in the industrial capture of
CO.

For comparison, an aprotic IL [Emim][CuCl,] was prepared
and tested for capturing CO at various temperatures and
pressures (Supporting Information, Figure SS). However, the
CO solubility of [Emim][CuCl,] was only 0.037 mol-mol™" at
303.2 K and 1 bar, which is much lower than [EimH][CuCl,].
When the pressure increased to 3 bar, the absorption capacity
of CO in [Emim][CuCl,] was still significantly less than the
performance of [EimH][CuCl,]. This result speculates that
compared with the imidazolium cation [Emim]* the
protonated imidazolium cation ([EimH]*) may play a key
role in ultrahigh CO uptake. Moreover, the data from previous
studies'> " showed that most ILs and organic solvents had
solubilities of no more than 0.05 mol mol™ (Table 1). To the
best of our knowledge, it is clear that the PIL [EimH][CuCl,]
is significantly greater than most ILs and organic solvents in
terms of CO uptake.

In addition, the effects of temperature and pressure on the
capture of CO by [RimH][CuCl,] were also tested
(Supporting Information, Table S2). It is found that the CO
absorption capacity of [EimH][CuCl,] increased to 0.157 mol
of CO per mol of IL when the temperature was decreased to
293.2 K, indicating that low temperature is favorable to CO
capture, and it is also shown that the CO uptake of
[EimH][CuCl,] improved obviously, from 0.118 to 0.354
mol per mol of IL, when the partial pressure increased from 1
to 3 bar. High pressure is beneficial for the capture of CO,
which is a common phenomenon for gas absorption in liquid
solvents.” ™"

Thermodynamic Analysis of [EimH][CuCl,] for Cap-
turing CO. The absorption capacities of CO in the PIL
[EimH][CuCl,] was measured at temperatures from 293.2 to
323.2 K and pressures from 0.01 to 3.5 bar. The solubility data
are graphically shown in Figure 2. It can be seen that the
solubilities of CO in [EimH][CuCl,] increased linearly with an
increase of CO partial pressure. This means that these
absorption isotherms at different temperatures show the
typical physical absorption processes for [EimH][CuCl,]
capturing CO. The physical absorption of a gas in a solvent
is frequently described as Henry’s law

2.5
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2.0 e 3032K
A 3132K
v 3232K
1.54 Lines: fitting results
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Figure 2. Absorption of CO in [EimH][CuCl,] at different
temperatures.

g
P
Hm(T, P) = lim f— N —
meo—=0 Meo Meco (2)

where H, (T,P) is the Henry’s law constant in terms of molality
in 100 kPakg-mol™'; mcg is the molality of CO dissolved in
the liquid phase in mol-kg™'; f is the fugacity of CO in kPa;
and P is the equilibrium CO partial pressure.

Therefore, the Henry constants H,, can be estimated
according to experimental data with eq 2, and the values of
H,, at 293.2—323.2 K are given in Table 2. It is shown that
temperature increase causes the increase of H,. As is known, a
larger H,, corresponds to a lower absorption capacity.
Therefore, a low temperature is favorable and a good choice
for the absorption of CO.

The enthalpy of solution AH; can reflect the thermal effect
of physical dissolution of CO in [EimH][CuCl,]. By drawing a
linear fit of In H,, with 1/T, AH,, was then calculated from eq
3 and is graphically shown in Figure 3. In addition, the Gibbs
energy of dissolution (AG,,) and entropy of dissolution
(AS,,) also can be calculated by eq 4 and eq 5, respectively.

oln H _ AH

sol

oT RT? ®3)
RT In(H (T, P))
AGy = ———m 7))
sol P() (4)
AS . = AI_Isol - AGsol
sol — T (5)

where P° refers to the standard pressure (100 kPa). The
calculated values of AH,; for [EimH][CuCl,] are —39.5 KJ-
mol™'. The values of AG,, and AS,, are also found to be
—1.70 KJ'mol™' and —124.8 J-mol "K' at 303.2 K,
respectively. Indeed, the value of AH,, for [EimH][CuCl,]
is obviously larger than the hydrogen bonding energy (—10 to
—20 KJ-mol™"), implying the stronger interaction between CO
and [EimH][CuCl,] and thereby a superior CO absorption
capacity.

Selectivity of CO Absorption in [EimH][CuCl,]. Since
CO,, H,, and N, usually exist along with CO in most industrial
gas streams, a high selectivity is necessary for selective capture
of CO.”® Then the solubilities of pure CO,, H,, and N, in
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Table 2. Henry Constants of CO Absorption in [EimH][CuCl,]

H,,/100 kP::\-kg~mol_1

absorbent 2932 K 303.2 K 3132 K 3232 K
[EimH][CuCl,] 1.472 + 0.0049 1.964 + 0.0019 2.838 + 0.0020 7.041 + 0.0049
2.0 |[EimH][CuCl [+CO
H - 2

1.6 4 ?

1.2+ 2088
o = ,
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Figure 3. Linear fit of In H, and 1/T.

[EimH][CuCl,] were measured at 303.2 K and 1 bar,
respectively. It is remarkable that [EimH][CuCl,] showed
very low capacity for capturing pure CO,, H,, and N, (Figure
4). The ideal selectivities of CO/CO,, CO/H,, and CO/N, for
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Absorption capacity (mol gas/mol IL)

0.00 . 7 2

c 2
T M T

CO Co, H N
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Figure 4. CO, CO,, N,, and H, absorption in [EimH][CuCl,] at
303.2 K and 1 bar.

[EimH][CuCl,] were calculated to be as high as 29.5, 107.2,
and 78.7 at 1 bar, respectively. In contrast, the selectivity of
CO/CO, in the aprotic IL [Emim][CuCl,] was only 2.17
(Supporting Information, Figure S6). These findings indicate
that the PIL [EimH][CuCl,] displays ultrahigh selectivities for
CO capture, showing great potential for selective absorption of
CO from CO,, H,, and N,.

Mechanism of CO Absorption in [EimH][CuCl,]. To
clarify great performance of the PIL [EimH][CuClL], the
interaction between [EimH][CuCl,] and CO was charac-
terized by infrared (IR) and Raman spectroscopies. In the IR
spectra (Figure 5), one new characteristic peak was observed at
2088 cm ™! after CO adsorption, which can be assigned to the

—

‘Wavenumber( cm’l)

Figure S. IR spectra of [EimH][CuCl,] before and after CO capture.

stretching vibration of captured CO. Compared with free CO
(2143 cm™),*° the vibrational frequency of captured CO was
slightly red-shifted, related to a relatively strong interaction of
[EimH][CuCl,] with CO. Similarly, the characteristic peak of
captured CO was also observed after the absorption of CO in
[Emim][CuCl,] (Figure S7). Moreover, the key role of the
protonated imidazolium cation ([EimH]") was further verified
by Raman spectroscopy (Figure 6). One should notice a

—— [EimH][CuCl |
1298 [Emim][CuCl]
WL CuCl
1
\'A,.):\Z94
) e A&-.,._,AA W&—A«J‘———-N/\'\
]
| 265
1
1
] T T A T M T *
300 600 900 1200 1500

Raman shift/cm™

Figure 6. Raman spectra of [EimH][CuCl,], [Emim][CuCl,], and
CuCL

characteristic peak at 298 cm™ in CuCl, which can be assigned

to the stretching vibration of the Cu—Cl bond.”” More
importantly, the vibrational frequency of Cu—Cl in the PIL
[EimH][CuCl,] was significantly red-shifted to 265 cm™’,
whereas only a very little change was observed in the aprotic IL
[Emim][CuCl,]. The peak appeared at 294 cm™". This finding

DOI: 10.1021/acssuschemeng.9b02540
ACS Sustainable Chem. Eng. 2019, 7, 11894—11900


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b02540/suppl_file/sc9b02540_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b02540/suppl_file/sc9b02540_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.9b02540

ACS Sustainable Chemistry & Engineering

Research Article

implies that the protonated imidazolium cation in the PIL
[EmiH][CuCl,] plays a key role in the absorption of CO.
To further uncover the critical role of the protonated
imidazolium cation on the enhancement of CO sorption, we
performed density functional theory (DFT) calculation with
Gaussian 16 at the M06-2x/6-311G++(d,p)/SDD level.”® It
has been demonstrated that solutions of CuCl in concentrated
HCI can chemisorb CO to form the chloride-bridged complex
[CuCl(CO)],.* Our calculation confirmed that the inter-
action between the isolated [CuCl,]” anion and CO is quite
weak (AH = —8.37 kJ/mol), while the dimer of the anion,
[Cu,Cl;]7, has more negative sorption enthalpy of —16.73 kJ/
mol. Moreover, the results of ESI-MS with negative ion mode
(Supporting Information, Figures S1—3) demonstrated that
the anions [CuCl]” and [Cu,Cl;]” were detected and
coexisted in the PIL [EimH][CuCl,]. Thus, it is supposed
that the dinuclear copper complex may dominate CO sorption.
Then the structures of dimers of PIL [EimH][CuCl,] and
aprotic IL [Emim][CuCl,] ion pairs and their complexes with
CO are shown in Figure 7. The negative enthalpies of

(b)

[EimH][CuCl,] dimer
AH,__=-142.71 KJ/mol

[EimH][CuCl,] - CO complex
AH_, = -33.64 KJ/mol

(d)

[Emim][CuCl,] dimer
AH, __=-127.27 KJ/mol

dimer

[Emim][CuCl,] - CO complex
AH_,=-18.18 KJ/mol

Figure 7. Structures of the dimers of [EimH][CuCl,] and
[Emim][CuCl,] pairs and their complexes with CO. (a) Geometry
of [EimH][CuCl,] dimer. H-bond network is marked in a gray
dashed line. (b) Complex formed by [EimH][CuCl,] and CO. The
distance between Cu and neighboring CO is in bold. (c) Geometry of
the [Emim][CuCl,] dimer. The lengths of relatively weak bridge Cu—
Cl bonds are labeled in green. (d) Complex formed by [Emim]-
[CuCl,] and CO.

dimerization of IL pairs indicate the formation of dimer is
energetically favored. For [EimH][CuCl, ], the relatively strong
N—H---Cl hydrogen bond can weaken the terminal Cu—Cl
bond, leading to more ligand connecting to Cu®, namely, the
bridged Cl. As shown in Figure 7a, the bond lengths of
terminal and bridge Cu—CI bonds are 2.310 and 2.439 A,
respectively. Previous experimental and high level ab initio

calculation represented that increasing of coordination number
of Cu" from 2 to 3 may cause a red-shift of Raman
spectroscopy, approximately from 300 to 260 em 10 1t is
consistent with our observation. Besides, copper and the three
connected Cl are not in the same plane, resulting in an
unoccupied site for CO coordination. Overall, the adsorption
enthalpy is —33.64 kJ/mol. In comparison, for [Emim]-
[CuCl,], without a H bond, the normal Cu—Cl bond in
CuCl,” is too intense to allow the other Cl-forming bridge
bond. Although the linear CuCl,” anion bends a little in the
dimer, no strong bridge Cu—Cl bond was formed. As a result,
the interaction between CO and copper is much weaker, with
enthalpy of —18.18 kJ/mol.

Recycle Test of [EimH][CuCl,]. The reusability and
stability of an IL is very important for their applications.
First, thermogravimetric analysis was performed to test the
stability of [EimH][CuCl,] (Supporting Information, Figure
S8). It was found that the PIL [EimH][CuCl,] has good
stability before reaching the temperature of 450 K. Hence, CO-
saturated [EimH][CuCl,] could be heated to 333.2 K under a
vacuum of 0.01 bar for 2 h, and there would have been no
losses of PIL during desorption. After that, the renewed
[EimH][CuCl,] was used for the measurement of CO
absorption. The absorption/desorption cycles were performed
five times. As shown in Figure 8, the high available absorption
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Figure 8. CO absorption/desorption cycles in [EimH][CuCl,].

capacity was well maintained during the five cycles, which
indicates good reusability of [EimH][CuCl,] in reversible
absorption of CO. It was also found that the IR spectra
(Supporting Information, Figure S9) of reused [EimH]-
[CuCl,] after five runs were nearly the same as those of a
fresh sample. This implies that the PIL [EimH][CuCl,] is
stable enough to be recycled in the absorption of CO.

B CONCLUSION

In conclusion, we designed and prepared a class of cuprous-
based PILs which exhibit very large absorption capacity for
reversibly capturing CO (up to 0.157 mol mol™" at 293.2 K
and 1 bar) and display high selectivities of CO/CO,, CO/H,,
and CO/N,. The results of IR and Raman spectroscopies,
together with quantum mechanical calculations, demonstrate
that compared with the imidazolium cation [Emim]* the
protonated imidazolium cation ([EimH]") played an essential
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role in strengthening the ion-pair interaction between CO and
dinuclear cuprous species, contributing to such superior CO
capacity. We believe that the cuprous-based PILs can be a
promising absorbent with great potential application in
selective separation of CO.
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