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The absorption/utilization of carbon monoxide (CO) is critical due to its wide application in chemical production
processes (e.g., acylation), and its toxicity/environmental impact. However, traditional copper-ammonia solu-
tions in industry have limitations such as the deactivation of copper ions and high viscosity, which hinder
efficient CO absorption under atmospheric conditions. In this work, a series of low-viscosity bimetallic deep
eutectic solvents (DESs) with high CO absorption capacity were developed by mixing metal chlorides with
[Emim]Cl and CuCl in specific molar ratios. Comprehensive studies of their physical properties (density and
viscosity) and CO absorption performance revealed that [Emim]CI-CuCl-1.0FeCls exhibited the lowest viscosity
(57.4 cP) and a nearly equimolar CO absorption capacity (0.9 mol/mol). Moreover, the selectivity for CO/Ny
(730), CO/CO4 (22), and CO/Hy (52) at 298.2 K and 100 kPa was also satisfied. The data of Raman and FT-IR
spectra demonstrated that FeCls effectively activated cuprous sites in CuCl and significantly enhanced the CO
absorption performance of cuprous-based bimetallic DESs. Furthermore, [Emim]Cl-CuCl-1.0FeCl; showed
excellent reusability after six absorption-desorption cycles. Therefore, we believe that this work provides a route
for the effective activation of cuprous sites in cuprous-based bimetallic DESs to achieve efficient and reversible

CO absorption at atmospheric conditions.

1. Introduction

As well known, carbon monoxide (CO) is an asphyxiating gas that
can bind to hemoglobin in the blood and may cause coma and/or toxic
death in humans. [1-3] Meanwhile, the exhaust gases from incomplete
combustion and the steelmaking industry contain a significant amount
of CO, which may enhance the greenhouse effect and pose a serious
safety risk to the environment. On the other hand, CO is a crucial
feedstock gas for the carbonylation, acylation, hydroformylation, and
Fischer-Tropsch synthesis reactions of various high-value fine chem-
icals. [4-7] The separation and reutilization of CO from industrial
exhaust gases align with the principles of green and sustainable devel-
opment. [8] However, the traditional cuprous-ammonia solution ab-
sorption method for CO absorption faces challenges such as the
deactivation of cuprous (Cu(I)) sites due to disproportionation and
subsequent pipeline blockage, which hinders the industrial development
of the absorption and reutilization of CO. [9] Therefore, the design of
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novel absorbents for CO absorption is crucial for the further develop-
ment of this field.

Tonic liquids (ILs) [10-12] and deep eutectic solvents (DESs) [13-15]
are among the most advanced solvents in the separation field. ILs are
typically a bulky organic cation paired with an organic or inorganic
anion, exhibiting low melting points and vapor pressure. [16,17] In
contrast, DESs are mixtures of hydrogen bond donors and acceptors,
which form complex hydrogen-bonded networks that provide enhanced
solubility and sustainability. [18] It is noteworthy that most of the
functions of ILs can also be found in DESs, which not only retain many of
their advantages but also eliminate some of their limitations, such as
toxicity, biocompatibility issues, and high cost. [19-21] At present, re-
searchers have been developed a wide range of ILs and DESs systems for
CO absorption. For example, Laurenczy et al. [22] quantified the CO
absorption capacities of 37 different ILs and established a prediction
method for the CO absorption capacities of similar ILs. Urtiaga and co-
authors [23] designed an imidazolium chlorocuprate(I) IL ([Hmim]
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[CuCl]) that facilitates CO absorption through coordination interactions
between Cu(I) and CO. Furthermore, Tao et al. [24] reported a class of
carbanion-functionalized IL ([P444g][Pen]) for efficient CO absorption,
with [P444g][Pen] having achieved an absorption capacity of 0.046 mol/
mol at 298.2 K and 100 kPa through the interaction between the acti-
vated carbanion sites and CO.

In recent years, ternary DESs systems for CO absorption have
attracted great attention. For instance, Cui et al. reported Cu(I)-based
ternary DESs ([HDEEA][Cl] + CuCl + EG) for CO absorption by acti-
vating Cu(I) in DESs via hydroxyl groups and ethylene glycol. [25] Tao
et al. further reported a Cu(l)-based DESs absorbent ([EimH][OAc]-
0.6CuOAc) for rapid and selective CO absorption at 293.2 K and 1.0 bar,
and later developed a new class of Cu(I)-based ternary DESs ([BimH]
[C1]-CuCl-1.0ZnCly) capable of CO absorption at high temperature
(353.2 K). [26,27] Specifically, the ZnCl, moiety in [BimH]CI-CuCl-
1.0ZnCl; forms a weak interaction with the Cl™ of the CuCl moiety,
thereby weakening the Cu — Cl bonds and achieving Cu(I) activation.
Overall, the activation level of Cu(I) sites in Cu(I)-based ILs and DESs is
relatively low, which leads to insufficient utilization of Cu(I) sites in
these absorbents. Moreover, high viscosity is another issue that limits
the efficient CO absorption of most Cu(I)-based absorbents. Thus,
improving CO absorption in low-viscosity Cu(I)-based DESs necessitates
identifying more effective methods to activate Cu(I), with known stra-
tegies including the use of various metal ions to achieve Cu(I) activation.

Herein, a novel metal-activated cuprous-based bimetallic DESs with
low viscosity was developed through the mixing of metal chloride with
[Emim]Cl and CuCl at specific molar ratios. The density and viscosity
properties and CO absorption performance of cuprous-based bimetallic
DESs were systematically evaluated. The results show that [Emim]CI-
CuCl-1.0FeCl3 has lower viscosity and higher CO absorption capacity
compared to previously reported cuprous-based absorbents, suggesting
that it improves the CO absorption efficiency and reusability of Cu(I)-
based DESs. Specifically, the CO absorption capacity of [Emim]Cl-
CuCl-1.0FeCl3 was as high as 0.90 mol CO per mole of Cu(I), and the
ideal adsorbed solution theory (IAST) selectivity of CO/CO5, CO/Hj, and
CO/N, was also satisfied. Furthermore, the CO absorption mechanism of
[Emim]Cl-CuCl-1.0FeCl3 was investigated, and the activation effect of
different metal chloride salts on Cu(I) was examined using FT-IR and
Raman. The results demonstrate that iron salt plays a crucial role in Cu
(I) activation in these cuprous-based bimetallic DESs.

2. Experimental
2.1. Materials

Carbon monoxide (CO, 99.999 %), carbon dioxide (CO2, 99.999 %),
hydrogen (Hz, 99.999 %), and nitrogen (N2, 99.999 %) were purchased
from Jiangxi Huahong Special Gas Co., Ltd., Jiangxi Province, China.
Ferric chloride (FeCls, 99.9 %), zinc chloride (ZnCly, 98.0 %), cuprous
chloride (CuCl, 99.0 %), aluminum chloride (AlCl3, 99.0 %), 3-methyl-1-
octylimidazolium chloride ([Omim]Cl, 99.0 %) and 1-ethyl-3-methyli-
midazolium chloride ([Emim]Cl, 99.0 %) were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai Munici-
pality, China. Except for CuCl, all other experimental reagents can be
used directly without the necessity for further purification treatments.

2.2. Preparation of Cu(D)-based bimetallic DESs

In this work, Cu(I)-based bimetallic DESs were prepared by the
heating and mixing method [28]. The typical preparation detail for the
[Emim]Cl-CuCl-xFeCl3 (x = 0.5, 1.0, 1.5) are as follows: [Emim]CIl and
FeCls were mixed in molar ratios of 1:x at room temperature and stirred
for 2 h until homogeneous single-phase solutions ([Emim]Cl-xFeCls3)
were obtained. Subsequently, [Emim]Cl-xFeCl3 mixture was combined
with CuCl in a molar ratio of 1:1 under vacuum and at 333.2 K, resulting
in the formation of the Fe-activated Cu(I)-based bimetallic DES, denoted
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Table 1
Cu(I)-based bimetallic DESs with the different metal salts.

Metal-activated Metal salts

Cu(I)-based bimetallic DESs

Component 1 Cuprous salt

NI

\—/ c®
[Emim]Cl-CuCl-1.0FeCl3 [Emim]Cl FeCl3 CuCl
[Emim]CI-CuCl-1.0AICl3 [Emim]Cl AlCl3 CuCl
[Emim]Cl-CuCl-1.0ZnCl, [Emim]Cl ZnCly CuCl
[Emim]Cl-CuCl [Emim]Cl - CuCl

as [Emim]Cl-CuCl-yFeCls. Several other Cu(I)-based bimetallic DESs
were prepared using a similar method. Table 1 shows the compositions
of three metal-activated Cu(I)-based bimetallic DESs.

2.3. Characterization of Cu(I)-based bimetallic DESs

The density of Cu(I)-based bimetallic DESs were measured using an
Anton Paar DMA 4500 automatic densitometer. The viscosity values of
Cu(I)-based bimetallic DESs were obtained using a Brookfield DV II +
Pro viscometer. Thermogravimetric analysis curves were generated by a
PerkinElmer Diamond TG/DTA analyzer under nitrogen atmosphere
protection. The apparatus Fourier-Transform infrared spectrometer (FT-
IR, Nicolet 6700) and Raman spectrometer (LabRAM HR) were
employed to obtain the FT-IR and Raman spectra, respectively.

2.4. Evaluation CO absorption capacity

The CO absorption data of Cu(I)-based bimetallic DESs were deter-
mined by a homemade dual chamber experimental setup, which is the
same as the device reported in our previous works (Figure S1). [29-31]
The gas absorption unit comprises two gas chambers made of 316 L
stainless steel with different volumes, two pressure sensors, a circulating
water bath, and a magnetic stirrer. A larger volume gas chamber (gas
storage chamber, V1) is used to store the gas under test. A smaller vol-
ume chamber (absorption chamber, V5) is used for CO absorption ex-
periments. The experimental temperature is kept constant by the
operation of a circulating water bath apparatus. A certain mass of Cu(I)-
based bimetallic DESs was weighed and placed in the absorption
chamber, and the chamber was maintained under vacuum. CO was
transferred from the gas cylinder to the storage chamber (P;). When the
pressure values in the two chambers remain constant for at least 1h, it
can be considered that the absorbent has reached equilibrium for CO
absorption. At this time, the pressures in the storage chamber and ab-
sorption chamber were denoted Py and P, respectively. The CO ab-
sorption capacity of Cu(I)-based bimetallic DESs was calculated by
measuring the pressure change between the dual chambers before and
after CO absorption. The relevant calculation formula of CO absorption
capacity (n) was shown in equation (1):

n=p, Vi —py Vi —py(V2 — m/ppgg) @

Where p, is the density of CO at T and P;. p] is the density of CO at T
and P]. p, is the density of CO at T and P,. py is the density of DES at T.
To ensure the accuracy of the experimental results, the absorption ca-
pacity of CO was calculated by averaging three measurements. The
selectivity of CO/Ng, CO/CO,, and CO/H; was calculated using the IAST
model constructed by Myers et al. [32,33] As shown in equation (2), n;
and nj are the gas absorption capacities in the phase under the ab-
sorption equilibrium condition. P; and P, are the gas phase partial
pressures in equilibrium.

_ 1'11/1'12

= (2
P1/P2
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Fig. 1. Densities (a) and viscosities (b) curves of Cu(I)-based bimetallic DESs at different temperatures.
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Fig. 2. The CO absorption capacity of Cu(I)-based bimetallic DESs with
different metal chloride salts.

3. Results and Discussion
3.1. Physical properties and thermal stability

The densities and viscosities of liquid adsorbents are important
physical parameters that have an important influence on their absorp-
tion capacity during CO absorption. Fig. 1 shows the trends in densities
and viscosities of Cu(I)-based bimetallic DESs over a temperature range
of 298.2 K to 353.2 K. Obviously, the density values of these Cu(I)-based
bimetallic DESs decrease linearly with increasing temperature from
298.2 K to 353.2 K (Fig. 1a). Meanwhile, the viscosity values exhibit a
nonlinear exponential decay with rising temperature (Fig. 1b). Notably,
the viscosity of [Emim]Cl-CuCl-1.0FeCl; was measured to be 57.4 cP at
298.2 K, which implies that it has low mass transfer resistance during CO
absorption. Furthermore, the viscosity and density data of these Cu(I)-
based bimetallic DESs were fitted and calculated using equations (3)
and (4), respectively (RZ > 0.99). The relevant fitting parameters are
listed in Table S1. Besides, the thermal stability of Cu(I)-based bimetallic
DESs was evaluated, and the results are shown Figure S2. The results
show that the decomposition temperature of [Emim]CIl-CuCl-1.0FeCl3
reached up to 609 K, which means that the Cu(I)-based bimetallic DESs
absorbent  still ~ maintains  excellent stability for CO

Table 2

Viscosities of different metal-activated Cu(I)-based bimetallic DESs at 298.2 K.
Absorbents Temperature (K) Viscosity (cP)
[Emim]Cl-CuCl-1.0FeCl3 298.2 57
[Emim]Cl-CuCl-1.0AICl3 298.2 > 1 x 10*
[Emim]Cl-CuCl-1.0ZnCl, 298.2 > 1 x10*

absorption—desorption at high temperatures.

p=A+BT 3

D

=1NyeXp| —= 4

n="no p(T — TO) C)

3.2. CO absorption performance

To evaluate the effect of various metal chloride salts on the CO ab-
sorption performance in Cu(I)-based bimetallic DESs, their CO absorp-
tion capacities were investigated at 298.2 K and 100 kPa. As shown in
Fig. 2, the CO absorption capacity of [Emim]Cl-CuCl-1.0FeCl; was the
highest (0.90 mol/mol, based on Cu(l) sites). In comparison, the ab-
sorption capacities of [Emim]Cl-CuCl-1.0ZnClp, [Emim]Cl-CuCl-
1.0AICl3, and [Emim]Cl-CuCl were 0.32, 0.19, and 0.04 mol/mol,
respectively. These results support that Fe metal salts are beneficial in
activating Cu(l) sites and increase the CO absorption capacity of the Cu
(D)-based DESs. Meanwhile, the viscosity values of the Cu(I)-based
bimetallic DESs were measured and are listed in Table 2. It is found

Table 3
The CO absorption capacities of Fe-activated Cu(I)-based bimetallic DESs at
298.2 K and 100 kPa.

Absorbents Temperature Pressure CO absorption
X (kPa) capacities
mmol/ mol/
g mol
[Emim]CI-CuCl- 298.2 100 2.20 0.90
1.0FeCly
[Omim]Cl-CuCl- 298.2 100 1.50 0.77
1.0FeCl3
[Emim]Cl-CuCl- 298.2 100 1.77 0.58
0.5FeCl3
[Omim]Cl-CuCl- 298.2 100 1.47 0.57
0.5FeCl3
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Fig. 3. The CO absorption isotherms of Cu(I)-based bimetallic DESs with different molar ratios at 298.2 K.

that the viscosity values of [Emim]CI-CuCl-1.0AICl3 (> 10* ¢P) and
[Emim]Cl-CuCl-1.0ZnCl, (> 10* ¢P) were significantly higher than that
of [Emim]CI-CuCl-1.0FeCl;3 (57.4 cP). The result cooperated with the CO
absorption data, suggest that the lower viscosity of [Emim]Cl-CuCl-
1.0FeCls is conducive to mass transfer and CO absorption. For com-
parison, the higher viscosities of [Emim]Cl-CuCl-1.0AICl3 and [Emim]
Cl-CuCl-1.0ZnCl, increase the mass transfer resistance, leading to
reduced CO absorption capacity.

Subsequently, the effect of Fe-Cu ratios and the alkyl chains of imi-
dazolium salts in Cu(I)-based DESs on CO absorption capacities were
evaluated, the Fe-Cu ratios of Cu(I)-based DESs were tuned, and their
absorption performances were measured under the same condition. As
shown in Table 3, the CO absorption capacity of [Emim]Cl-CuCl-xFeCl3
and [Omim]Cl-CuCl-xFeCls (x = 0.5, 1.0, and 1.5) absorbents is on the
order of [Emim]Cl-CuCl-1.0FeCl3 > [Omim]CI-CuCl-1.0FeCl3 > [Emim]
Cl-CuCl-0.5FeCl3 > [Omim]CI-CuCl-0.5FeCls. In addition, the synthe-
sized [Emim]Cl-CuCl-1.5FeCl3 and [Omim]Cl-CuCl-1.5FeCl were in a
solid phase at room temperature, which prevents it impossible to mea-
sure CO absorption data. It was found that increasing Fe-Cu ratios in Cu
(ID-based DESs have a positive impact on CO absorption, which was
attributed to the coordination between FeCly and Cl™ of cuprous,
thereby promoting the activation of Cu(I) sites. However, the results also
showed that the use of [Omim]Cl as a component in these Cu(I)-based
DESs was less effective for CO absorption. The longer side chain of
[Omim]Cl component leads to a higher viscosity of [Omim]Cl-CuCl-
0.5FeCl3 (157.3 cP) compared to [Emim]Cl-CuCl-0.5FeCl3 (46.8 cP),
which limited mass transfer for CO absorption in the liquid phase.
Overall, the above results supported that the effective activation of CuCl
and the reduced viscosity of Cu(I)-based DESs are crucial for improving
the CO absorption capacity.

In addition, the CO absorption isotherms of the four DESs were
measured at 298.2 K to further explore their CO absorption behaviors,
and the results are shown in Fig. 3. Interestingly, the CO absorption
capacities of Cu(I)-based DESs show a clear upward trend with the in-
crease in CO partial pressure. The CO absorption processes are divided
into three stages: the initial stage shows a linear increase, followed by a

Table 4
Comparison of CO absorption capacity at 100 kPa by different absorbents.

Entry  Absorbents Temperature Absorption capacity ~ Ref.
X) (mol/mol)
1 [Emim]CI-CuCl- 298.2 0.90 This
1.0FeCl3 work
2 [P444s] [Pen] 298.2 0.05 [24]
3 [bmim][CH3S04] 303.2 2.6 x 1073 [43]
4 [Bmim] [Tf,N] 303.2 1.5 x 1073 [22]
5 [Bmim][BF4] 295.2 2.9 x 1073 [22]
6 [Bmim] [PF] 295.2 3.0 x 1073 [22]
7 [EimH][CuCl,] 293.2 0.12 [35]
8 [EimH]OAc-0.6 293.2 0.42 [26]
[CuOAc]
9 [TEA][CuCl>] 303.2 0.08 [44]
10 [BimH]Cl-ZnCl,- 353.2 0.08 [27]
Cucl
11 [Hmim][CuCl,] 303.2 0.02 [23]
12 [HDEEA][CI] + CuCl ~ 293.2 0.20 [25]
+ EG(1:1:4)

sudden increase in CO absorption capacity in the medium pressure
range, and finally CO absorption capacity gradually reaches saturation
in the near-atmospheric pressure range. Specifically, the linear increase
in the CO absorption isotherm for the [Emim]Cl-CuCl-1.0FeCls within
the pressure range from O to 70 kPa indicates that physical absorption
predominantly occurs in this range. However, as the pressure further
increases to 80 kPa, the CO absorption capacity exhibits a significant rise
from 0.03 mol/mol to 0.88 mol/mol, which means that chemical ab-
sorption plays a dominant role at relatively high CO partial pressures. In
other words, the transition from single physical to physicochemical
absorption occurs as more CO molecules form coordination interactions
with Cu(I) sites. Meanwhile, similar dual absorption behavior of CO by
absorbents has been reported in the literature. [34] Therefore, the su-
perior CO absorption capacity of [Emim]Cl-CuCl-1.0FeCl3 can be pri-
marily attributed to the coordinated interaction of Cu(I) sites with CO
molecules.
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Fig. 4. (a) The absorption capacities of CO, CO5, Hy, and N in [Emim]CI-CuCl-1.0FeCl3 at 298.2 K and 1.0 bar and (b) Comparison with CO/N, selectivities of other

adsorbents reported in the literature.

3.3. Comparison with other absorbents

The CO absorption capacity of the [Emim]CI-CuCl-1.0FeCl; adsor-
bent in this work was compared with those of several other ILs and DESs
reported in the literature, and the results are summarized in Table 4. It is
obvious that [Emim]CI-CuCl-1.0FeCl3 (0.90 mol/mol) exhibits an
outstanding CO absorption capacity under similar conditions. For
example, the absorption capacity of [Emim]Cl-CuCl-1.0FeCls is higher
than ILs without Cu(I), and its performance is 18 to 600 times that of ILs
such as [P444g][Pen], [Bmim][CH3SO4], [Bmim][TfyN], [Bmim][BF4],
and [Bmim][PFg] (Table 3, entries 2-6). Furthermore, the optimal
adsorbent of [Emim]CIl-CuCl-1.0FeCl3 also showed significantly higher
CO absorption capacity than most Cu(I)-based IL and Cu(I)-based
bimetallic DESs (Table 3, entries 7-12). Such as, the absorption capac-
ity of [Emim]Cl-CuCl-1.0FeCl; was 7.5 to 45 times that of [EimH]
[CuCl,], [TEA][CuCly], [Hmim][CuCl;], [BimH]CI-ZnCl,-CuCl, and
[HDEEA][CI] + CuCl + EG(1:1:4). These results suggest that FeClg
successfully improves the activation efficiency of Cu(I) sites in Cu(I)-
based DESs, making its CO absorption performance significantly better
than previously reported Cu(I)-based absorbents. At the same time, this

a)
[Emim|Cl-CuCl-1.0FeCl,

2
=
; [Emim]Cl-CuCl-1.0F eCl,+CO
‘%
=
S
E 2108

3500 3000 2500 2000 1500

Wavenumbers (cm™)

b)

Intensity (a.u.)

also means that [Emim]Cl-CuCl-1.0FeCl3 adsorbent has great applica-
tion potential in CO capture and separation processes and can play an
important role in industrial CO treatment and environmental protection
in the future.

3.4. IAST selectivity

The selective separation of guest gases using adsorbents is one of
important criterion for evaluating their application potential. The CO-
containing exhaust gas from the industry typically composes other gas
components, such as No, CO,, and Hj. The absorption capacities of Nj,
CO,, and Hy on [Emim]CIl-CuCl-1.0FeCl3 were determined at 298.2 K
and 100 kPa, as illustrated in Fig. 4a. It was found that the absorption
capacities of Ny, CO5, and Hy by [Emim]Cl-CuCl-1.0FeCl3 were found to
be 1.23 x 10’3, 4 x 10’2, and2 x 1072 mol/mol, respectively. The IAST
selectivity of CO/Ny, CO/CO,, and CO/H, was calculated using equation
(2). The results found that the IAST selectivity for CO/N3, CO/COs, and
CO/H; could reach 730, 22, and 52, respectively. Compared to other
adsorbents for CO absorption, [Emim]Cl-CuCl-1.0FeCl3 exhibited
significantly higher CO/Nj selectivity (Fig. 4b). [27,35-41] This

CuCl
208 —— |Emim|CI-CuCl
I —— [Emim|CI-CuCl-1.0FeCl,

200 600 800

Raman shift (cm")

400 1000

Fig. 5. (a) FT-IR spectra of [Emim]Cl-CuCl-1.0FeCl; before and after absorption of CO. (b) Raman spectra of [Emim]Cl-CuCl-1.0FeCl3, [Emim]Cl-CuCl, and CuCl.
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Fig. 6. Reusability of [Emim]Cl-CuCl-1.0FeCl; for CO absorption.

suggests that [Emim]Cl-CuCl-1.0FeCl3 has the potential for the selective
recovery of CO from industrial exhaust gases.

3.5. Absorption mechanism

The characteristic peaks of [Emim]Cl-CuCl-1.0FeClg before and after
CO absorption were compared using FT-IR and Raman to validate the
reliability of the adsorption behavior inferred from the experimental
data. As shown in Fig. Sa, the absorption peak at 2108 cm ™! in [Emim]
Cl-CuCl-1.0FeCl;3 after CO absorption ([Emim]Cl-CuCl-1.0FeCl3 + CO),
which was ascribed to the CO stretching vibration in the n-complex
formed between it and CO. [26,34] Specifically, Cu(l) interact effec-
tively with CO to form stable Cu(CO)"* complexes, and this n-complex-
ation has been verified by several previous studies. [26,27,34] In fact,
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the red-shift of the CO stretching frequency from 2143 cm™! (free) to
2108 cm™! (n-complex), which further confirmed the presence of strong
chemical absorption interaction between [Emim]CIl-CuCl-1.0FeCl3 and
CO molecules. Moreover, Raman also provided evidence that FeCls
enhanced the chemical interaction of Cu(I)-based bimetallic DES with
CO molecules. It is well known that the characteristic peak of unac-
tivated CuCl is located at 298 cm ™. [42] However, the Cu-Cl in [Emim]
Cl-CuCl and [Emim]Cl-CuCl-1.0FeCl3 synthesized in this work both
showed a peak red-shift trend, and the wavenumbers decreased to 294
em ! and 283 cm ™, respectively. These wavenumber shifts support that
the [Emim]Cl component and FeCls moiety can activate Cu(l) via co-
ordination with CI™ in CuCl, which is consistent with previous literature
results. [27,34,35] It should be noted that the Cu-Cl peak of [Emim]Cl-
CuCl-1.0FeCl3 was more shifted than that of [Emim]Cl-CuCl, which
means that FeCl3 moiety plays a more efficient role in the activation of
Cu(I), while [Emim]Cl component plays a minor role. Furthermore, the
CO adsorption isotherms (Fig. 3) show that the CO absorption capacity
of [Emim]CIl-CuCl-xFeCls increases significantly as the Fe-Cu ratio rises
from 0.5 to 1.0. These results further support the positive impact of
FeCl3 and [Emim]Cl moieties on improving the activation efficiency of
Cu(l) sites. As a result, the CO absorption capacity of the optimal [Emim]
Cl-CuCl-1.0FeCls adsorbent exhibited a CO absorption capacity of 0.90
mol/mol under atmospheric conditions. This remarkable performance
can be ascribed to the synergistic impact between [Emim]Cl and FeCls,
which improves the activation efficiency of Cu(I) in Cu(I)-based bime-
tallic DESs.

3.6. Cycle performance

The long-term reversible of CO absorption ability of [Emim]Cl-CuCl-
1.0FeCl3 at 298.2 K and 100 kPa was tested to evaluate its industrial
application potential in CO absorption and separation, and the results
are shown in Fig. 6. It can be found that CO absorption capacities of
[Emim]Cl-CuCl-1.0FeClg still maintain the optimal performance after
six CO absorption-desorption, which supports that this absorbent is
effective in carrying out CO absorption and separation is reversible.
Besides, the stability tests of CO uptake performance of [Emim] Cl-CuCl-
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1.0FeCls under ambient air conditions (see Fig. 7). The results show that
the performance of [Emim] Cl-CuCl-1.0FeCl3 underwent both a stable
phase (1 and 3 days) and a subsequent continuous decline phase (5 and
7 days), which can be ascribed to the deactivation of Cu(l) sites caused
by their interaction of oxygen and moisture in the air. Therefore, the
stability test further corroborates the crucial role of Cu(l) sites in facil-
itating effective CO absorption. Moreover, the characteristic absorption
bands of fresh and recycled [Emim]Cl-CuCl-1.0FeCl3 were compared
using the FT-IR, as shown in Fig. 8. Obviously, the FT-IR spectrum of the
recovered absorbent [Emim]Cl-CuCl-1.0FeCl3 is comparable to that of
the fresh absorbent, implying that the absorbent remains structurally
intact after six cycles. As a result, the results demonstrate that Cu(l)-
based bimetallic DESs are highly efficient and reversible CO absor-
bents with excellent reusability and stability in CO absorption and
separation.

4. Conclusion

In summary, we have successfully developed Cu(I)-based bimetallic
DESs [Emim]Cl-CuCl-1.0FeCls with low viscosity for efficient CO ab-
sorption at atmospheric conditions. The effects of Fe-Cu ratios and the
alkyl chains of imidazolium salts on CO absorption capacities was
evaluated, with increasing Fe-Cu ratios having a positive effect on CO
absorption. However, the use of [Omim]Cl as a component in Cu(l)-
based bimetallic DESs was less effective for CO absorption, as its
longer side chain led to higher viscosity, which limited mass transfer for
CO absorption in the liquid phase. Furthermore, the superior perfor-
mance of the [Emim]Cl-CuCl-1.0FeCl3 absorbent can be attributed to the
role of FeCls for activating Cu(I) sites in CuCl based on the results of
spectra characterizations and experiments, in which an excellent CO
absorption capacity (0.90 mol/mol) and selectivity (730, CO/N3) at
298.2 K and 100 kPa was obtained. Its performance was 18 to 600 times
higher than ILs without Cu(I) and significantly higher than most Cu(I)-
based ILs and bimetallic DESs, suggesting its potential for selective CO
recovery from industrial exhaust gases. In addition, the [Emim]Cl-CuCl-
1.0FeCls absorbent maintained excellent absorption performance after
six absorption-desorption tests, indicating its potential long-term
operational capability in industrial applications. Therefore, this work
provides potential routes and directions for the future development of
new and efficient CO absorption materials.
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