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ABSTRACT

Considering the great potential of deep eutectic solvent (DES) for CO> capture, this work
studies the CO; solubility in DESs by combining experimental measurement and molecular
dynamics (MD) simulation. First, four phosphonium-based DESs have been prepared in
laboratory, involving two types of hydrogen bond acceptors (HBAs), namely
tetrabutylphosphonium bromide (TBPB) and allyltriphenylphosphonium bromide (ATPPB),
and two types of hydrogen bond donors (HBDs), namely phenol (PhOH) and diethylene
glycol (DEG). The CO; solubility in the obtained DESs has been measured under 313.15 K —
333.15 K and pressure below 2000 kPa, and compared with that of previously reported DESs
and ionic liquids. Second, MD simulations have been performed to study the microscopic
behaviors of the involved DESs and mixtures. Through the analyses of radial distribution
functions (RDFs), spatial distribution functions (SDFs) and intermolecular interaction
energies, the eutectic formation and CO; absorption mechanisms, as well as the effect of

HBA/HBD type and molar ratio are interpreted.
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1. INTRODUCTION

Due to increasing concerns about the global warming issues, carbon dioxide (CO»)
capture and storage (CCS) has attracted significant attention in both the industry and
academia.!? At present, the most commonly used COx capture technology in the industry is
the chemical absorption by aqueous solutions of alkanolamines, such as monoethanolamine
(MEA), diethanolamine (DEA), and methyldiethanolamine (MDEA).>* However, such
process suffers from three serious disadvantages: (1) large solvent loss; (2) high energy
penalty for solvent regeneration; (3) severe corrosion of equipment.’ Therefore, from the
green chemistry and sustainability point of view, searching environmentally benign and

functionally competitive alternatives for alkanolamines is highly desirable.

In the past few years, ionic liquids (ILs) have been extensively studied as alternative
solvents for CO» absorption due to their unique physicochemical properties such as negligible
vapor pressure, broad liquid range, and high chemical and thermal stability.®!*> For example,
Liu et al.'® reported that the single-stage and multi-stage CO, absorption processes using
[Bmim][Tf2N] reduced the total energy consumption by 42.8% and 66.04%, respectively,
comparing with that of the reference MDEA process. Similar results were also observed by
Shiflett et al.!”!® and Valencia-Marquez et al.,'” demonstrating the energy- and cost-efficient
merits of IL-based CO; capture processes. Nevertheless, the industrial application of ILs still
faces the following challenges: (1) the synthesis and purification of ILs, especially functional
ILs, is complex and expensive; (2) the health, safety, and environmental (HSE) influences of

ILs are not yet fully revealed.?*-??

To address the shortcomings of ILs, deep eutectic solvents (DESs) have been recently
thrust into the limelight.?>*> Bearing similar physicochemical properties as ILs, DESs are
usually considered as “IL analogues”.?® In addition, DESs can be prepared easily by mixing a

hydrogen bond donor (HBD) with a hydrogen bond acceptor (HBA), without requiring any



complex synthesis and purification steps. More interestingly, a large number of cheap and
renewable compounds can act as the HBD or HBA for forming DES, which makes this
spectrum of solvent more affordable and sustainable than ILs.?”?® Because of these attractive
characteristics, DESs are widely expected as promising solvents for various chemical
processes,”’? among which CO, absorption is of particular interest. Li et al.’® firstly
measured the CO; solubility in the eutectic mixtures of choline chloride (ChCl, act as HBA)
and urea (act as HBD) with molar ratios of 1:1.5, 1:2 and 1:2.5, as a function of pressure up to
13000 kPa and temperature ranging from 313.15 K to 333.15 K. Afterwards, Leron and Li**3
reported the CO; solubility in DESs formed by mixing ChCl and HBDs of glycerol, urea, and
ethylene glycol at the ratio of 1:2. The CO: solubility in other ChCl-based DESs with HBDs

of dihydric alcohols (i.e., 1,4-butanediol, 2,3-butanediol, 1,2-propanediol), levulinic acid, and

furfuryl alcohol was also investigated.**’

Despite the progress made, the previous research has only covered a small number of
DESs, mostly the ChCl-based ones. In this sense, there is a large room for extending the
applicability of DES-based CO> capture process by testing different HBAs and HBDs.
Moreover, except experimental measurement of the COz absorption capacity and
physicochemical properties of DESs, very little work has focused on the deep insight into the
microscopic behaviors of DESs and {DES+CO;} mixtures. Such insights, however, are of
great significance for understanding the CO; absorption mechanisms of DESs and guiding the

selection of DES components.>%4°

Taking account of all the aforementioned aspects, this contribution presents an
experimental and molecular dynamics (MD) study on the CO: solubility in DESs. As

phosphonium-based DESs are suggested to have high CO, solubility capacities,*'*** four

phosphonium-based DESs have been covered in this work (see Section 3), which are for the



first time introduced for this application. The CO: solubility in these DESs has been measured
experimentally and relevant thermodynamic properties have been correlated. MD simulations
have then been carried out for the DESs and {DES + CO;} systems, thereby providing

insights into the CO, absorption behaviors from the microscopic level.

2. METHOD DESCRIPTION
2.1. Chemicals

CO; with a mole fraction of 0.99999 is supplied by Shanghai Wetry Standard Reference
Gas Co., Ltd., China. For the preparation of DESs, two salt HBAs, tetrabutylphosphonium
bromide (TBPB) and allyltriphenylphosphonium bromide (ATPPB), and two widely reported
HBDs, namely phenol (PhOH) and diethylene glycol (DEG), were used. The information
about the involved HBAs and HBDs is listed in Table 1. All chemicals are analytical grade

reagents and used as received without further purification.
2.2. DES Preparation

The DESs studied in this work were simply prepared by mixing salts and HBDs at a
certain ratio under atmospheric pressure and 313.15 K. After stirring for 3 h, the “mixture”
was inspected visually to make sure that a homogenous DES was obtained. The concentration
of water in each prepared DES was determined using Karl Fisher titration analysis (AQV-300,
Hiranuma, Japan). The density of DESs was measured by a digital density meter (Anton Par,

DMA-4500 M, Austria) with an accuracy of £5x107° g-cm™.

2.3. CO2 Solubility Measurement
The solubility of CO2 in DESs was determined through the pressure drop method by using
the apparatus illustrated in our previous work.*** The apparatus mainly consists of a gas

absorption vessel and a gas reservoir, whose volumes are 28 + 1 mL (Vav) and 150 = 1 mL



(Var), respectively. After introducing a known mass of DES (w, weighted on an electronic
balance, Sartorius/Germany, £0.0001 g) into the absorption vessel, the whole system was
controlled at 313.15 K by a water bath (x 0.1 K) and then evacuated to an initial pressure of Po
(Po < 5 kPa) with a vacuum pump. Keeping the valve between gas reservoir and CO> cylinder
open, the gas reservoir was charged with CO; up to pressure P1, and then this valve was closed.
Afterwards, the valve between absorption vessel and gas reservoir was opened, and CO»
entered into the absorption vessel to be absorbed into DES. To accelerate the absorption, a
magnetic stirrer was turned on at 15 r'min’!. The equilibrium is considered to be reached after
the pressure of absorption vessel (P2) keeps constant for longer than 1 h. Due to the negligible
vapor pressure of DESs, the gas phase is considered to be pure CO,.*¢ Therefore, the partial

pressure of CO» before absorption (Py) and at equilibrium (Pe) can be calculated as:

Py=Pi—Po
(1)
P.=P>-Po
The absorbed amount of CO; in DES ( Reo, ) is derived as:
nco2 = ,Og (P[,)VGR _pg (Pe)VGR - pg (Pe)(VAv -/ IODES) (2)

where p,(F) denotes the density of COz in mol-cm™ under pressure P, obtained from NIST
Standard Reference Data. p,,, is the density of DES at 313.15 K in g-cm™.
As the molar quantity of DES n,,, is already known from its mass weight and

molecular weight, the molar solubility of CO2 in DESs (x, ) can be determined as:

Reo
-t G

X,
co,
Neo, + Mpgg

In physical absorption cases, the measured CO; solubility in DESs can be used to derive the

Henry’s law constant based on mole fraction (H,) as follows,



T,P
H.(T,P)= lim ="~

XCOZ —>0 xCOZ
P T,P
= lim Pheo, T-P) 4)
xcoz —>00 ’XCOZ
L,
Xco,

where fCLO2 is the fugacity of CO2, ¢, is the fugacity coefficient, and F, is the pressure
of the system at equilibrium. Under the moderate pressure range studied in this work, fCLO2 is

assumed to equal P,. By correlating Henry’s law constants, other important thermodynamic

properties such as solution Gibb free energy (A, ,G ), solution enthalpy (A ,H ), and solution

sol sol

entropy (A, ,S ) can be determined as:
A,,G=RTIn(H(T,P))/ p° (3)
Oln(H(T,P)/ p°
AS{)/H = R( ( ( ) p )p (5)
o(/T)
AsolS = (AS()[H - AsolG) / T (6)

where p° refers to the standard pressure of 0.1 MPa.

2.4. MD Simulation

MD simulations were carried out for fresh DESs and {DESs + COz} systems (according
to the experimentally measured CO: solubility). All the geometric optimizations of the salts,
HBDs and CO2 molecules were performed at the B3LYP/6-31++G** theoretical level using
Gaussian 09 (version D.01), and then partial atomic charges were derived from the optimized
geometry using the RESP method.*’ The structures and atom labels of the HBAs, HBDs, and
CO, are presented in Figure S1 with the fitted partial atomic charges provided in Table S1
(Supporting Information). The force field parameters for involved molecules were all obtained

from the amber force field. Temperature and pressure were scaled with V-rescale thermostat



and Parrinello-Rahman barostat, whose coupling time constant were 0.1 and 4.0 ps,
respectively. The cutoff distance of the neighbor searching was set to be 1.5 nm, beyond which
the long-range electrostatic interactions were computed using the particle mesh Ewald (PME)
method with a grid spacing of 0.16 nm and fourth-order interpolation. Lorentz-Berthelot
mixing rules are used for Lennard-Jones terms and a leap-frog algorithm with a time step of 1 fs
is used to integrate the equations of motion. All the simulations were performed in an
isothermal-isobaric ensemble (NPT) using the GROMACS code.® In the case of fresh DES,
300 HBA ion pairs plus a certain number of HBD molecules according to the stoichiometry are
considered for simulations in the temperature range of 293.15 K to 333.15 K at 100 kPa. The
{DESs + CO2} system was prepared at 313.15 K under different absorption pressures, which
contains the same number of HBA ion pairs and HBD molecules as that in the fresh DES
simulation. These systems were performed starting from these initial boxes being equilibrated
for 3 ns and the last 1 ns is used to collect data for radial distribution function (RDF) and
spatial distribution function (SDF) analysis.

2.5. BCNMR Characterization

BCNMR spectra of the two samples, fresh DES (ATPPB:PhOH (1:4)) before CO-
absorption and {ATPPB:PhOH (1:4) + COz} system after CO; absorption, were recorded by a
Bruker AV400 NMR spectrometer using CDCl3 as a solvent and tetramethylsilane (TMS) as an

internal standard.

3. RESULTS AND DISCUSSION
3.1 CO; solubility in DESs

Before performing CO:> solubility experiments, the different combinations of HBAs and

HBDs were tested to check the formation of DESs. An HBA to HBD ratio of 1:4 was selected



here for two reasons: (1) a small ratio of salt is favorable as it is the more expensive
component of DES; (2) this mole ratio is quite common among ammonium and phosphonium
salt based DESs reported previously.**® It is found that the two HBDs, i.e., DEG and PhOH,
can all form a homogeneous eutectic mixture with TBPB, whereas only PhOH is able to form
DES with ATPPB. Additionally, for the combination of ATPPB and PhOH, a DES at the molar
ratio of 1:6 was also prepared in order to investigate the effect of HBA to HBD ratio. The

information of the prepared DESs is listed in Table 2 together with the measured properties.

The experimentally determined CO> solubility in the studied DESs at different
temperatures is tabulated in Table 3. As exemplified in Figure 1, the CO; solubility in the
DESs grows almost linearly with increasing pressure and the extrapolation line basically
passes through the origin of the coordinate, indicating a physical absorption of gases in
solvents.>>3” Moreover, it can be found that both the type and the molar ratio of HBA and
HBD have a notable effect on the CO, solubility under identical conditions. To be specific, (1)
by mixing with the same ratio of PhOH (1:4), the ATPPB based DES has a higher CO>
solubility than the TBPB based one; (2) with different HBDs, the CO; solubility in the TBPB
based DESs follows the ranking as PhOH < DEG; (3) the CO> solubility in ATPPB:PhOH

types of DESs decreases slightly as the HBA:HBD mole ratio changes from 1:4 to 1:6.

The thermodynamic properties correlated from the measured CO> solubility are listed in

Table 4. For CO dissolution in the studied DESs, the positive values of A _,G show that the

sol

absorption of CO; into DESs is a non-spontaneous process.**** The negative A_,H shows

sol
that the dissolution of CO2 in such DESs is an exothermic process; the relatively smaller
absolute values compared with common organic solvents (e.g., -85 kJ-mol! for CO, in

MDEA) mean the easier regeneration of DESs.*’ The large negative A_,S indicates the

sol

higher ordering degree of the liquid phase from a molecular level after CO2 absorption.



Figure 2 compares the CO; solubility in the studied DESs with previously reported DESs
and ILs in literature 2>34-3646:48.30-55 A5 shown in Figure 2a, the studied phosphonium salt
based DESs possess a much higher CO» solubility than the ChCl-based DESs under the
specified conditions. For example, at 313.15 K and around 500 kPa, the CO; solubility in the
studied DESs ranges from 0.0483 for DES2 to 0.0608 for DES3, which is 1.7 — 2.2 times
higher than the best ChCl-based DESs (0.0281 for ChCl:levulinic acid of 1:5); in comparison
to the two previously reported DESs based on phosphonium salt, the DESs studied here also
have a notably higher CO- solubility. From Figure 2b, at 313.15 K and around 1500 kPa, the
studied DESs exhibit higher CO; solubility (0.1950 — 0.2134) than [Emim][EtSO4] (0.1000),
[N-bpy][BF4] (0.1440) and [Bmim][DCA] (0.1582) as well as comparable CO; solubility as
that of imidazolium-based ILs paired with anions of [BF4]", [PFs]  ,[NO3] and [TFO] (0.1960
—0.2340). Although the ILs based on anions of [Ac], [Tf2N], and [FAP] have a much higher
CO: solubility than the studied DESs (0.2687 — 0.4960), such ILs either suffer from high
energy consumption for solvent regeneration (due to chemical absorption) or are very
expensive (due to the highly fluorinated anions). These encouraging comparisons indicate that

the DESs reported in this work are promising solvent for CO2 physical absorption.
3.2 Insight into CO; absorption by DESs

In this section, MD simulations are carried out to study the microscopic behaviors of
DESs and {DES + CO2} mixtures, thereby exploring the eutectic formation and absorption
mechanism of DES as well as the effect of HBA/HBD nature and ratio. To begin with, as the
force field parameterization is the prerequisite for MD simulation, its reliability is evaluated
by comparing the experimentally determined and MD computed densities of DESs in the
range of 293.15 K —333.15 K. As shown in Figure 3, for the four studied DESs, the average

absolute deviations between the experimental and computed density in the whole temperature



range are only 0.0004 g/cm?, 0.0039g/cm?, 0.0042g/cm?, and 0.0020 g/cm?>. Such an excellent
agreement indicates the satisfactory performance of the employed parameterization for

describing the macroscopic properties of the studied systems.**>

3.2.1 DES formation mechanism

To understand the formation mechanism of the studied DESs, the main structural features
of them at the molecular level are analyzed from the site-site radial distribution function (RDF)
and spatial distribution function (SDF). Figure 4 illustrates such RDF and SDF analyses with

ATPPB:PhOH (1:4) as an example.

As depicted in Figure 4a, the first two maximum peaks for the RDFs between cation
(ATPP") and anion (Br) are located near 2.9565 A for the C-H1---Br and C-H18---Br pair
(H1, H18 corresponding to hydrogen atoms in the -C-C=C allyl group, detailed in Figure S1),
which are slightly shorter than 3.0375 A for the C-HB---Br pair (HB denotes H atoms in the
benzene rings: H3 — H17, see Figure S1). This fact implies that the main cation — anion
interactions in the HBA occur between Br  and the hydrogen atoms in -C-C=C group in
ATPP*, which may be attributed to the strong steric hindrance of the benzene rings in ATPP*
cation. This surmise can be supported by the SDF analysis in Figure 4d, wherein Br~ anions
have larger density cap around the -C-C=C group of the cation. Figures 4b and 4c show the
site-site RDFs between PhOH molecules with Br™ anions and ATPP" cations, respectively. As
seen, the first maximum peak in the case of PhOH — Br appears around 2.1465 A between the
O1-H6--Br pair (atom labels of PhOH shown in Figure S1), which is much less than the
sums of the van der Waals radius of H and Br atoms (3.15 A) and thus indicates the formation
of hydrogen bond. This interaction distance is notably shorter than that in the case of PhOH —
ATPP, that is, 2.9565 A —3.0375 A for C-H1---O1, C-H18---O1, and C-HB---O1, suggesting

the stronger interactions of PhOH with Br™ anions in the mixtures of ATPPB:PhOH (1:4). The



preferential PhOH — Br interactions over those for PhOH — ATPP are also confirmed from the
corresponding SDF analyses, where Br™ is much more densely distributed around PhOH in

comparison to ATPP" (Figures 4e and 4f).

In the RDF analyses for TBPB:PhOH (1:4), TBPB:DEG (1:4), and ATPPB:PhOH (1:6),
the HBD — Br interactions are also found to be much stronger than the HBD — cation ones
(see Figure S2, Supporting Information), which agrees well with the results for ATPPB:PhOH
(1:4). Therefore, it could be concluded that the formation of the studied phosphonium salt
based DESs can be mainly ascribed to the strong hydrogen bonds between HBD and the anion

of HBA (Br).
3.2.2 CO; absorption mechanism of DESs

In order to understand the CO; absorption mechanism of DESs, the microscopic behaviors
of {DES + COz} systems are further investigated. The influence of absorbed CO2 molecules on
the studied DES systems is first explored by comparing the RDFs of cation — anion, cation —
HBD, and anion — HBD before and after CO» absorption. As seen in Figure 5, for the four DES
systems, the shape and location of the first maximum peaks of g(r)cation-anion, €(I)cation-HBD, and
g()anion-uBp  after CO; absorption remain nearly unchanged compared to those before
absorption (that is fresh DES), which is in good accordance with the minor changes in the
intermolecular interaction energies of cation — anion, anion — HBD, and cation — HBD before
and after absorbing CO». As compared in Table S2 (Supporting Information), the interaction
energies of the cation — anion, cation — HBD and anion — HBD only decline less than 2.0% for
these studied DES systems. These facts imply that these DESs are able to accommodate CO»
molecules without remarkable structure rearrangement. Such MD calculation results can be
evidenced by the '>C-NMR spectra of fresh and CO-loaded DESs. For example, the *C-NMR

spectrum of CO»-loaded ATPPB:PhOH (1:4) keeps the same as that of fresh DES, where no



new chemical shift is found (see Figure S3, Supporting Information). These above results
confirm that CO> molecules are physically absorbed by the studied DESs. In the following,

ATPPB:PhOH (1:4) is taken to amplify the CO, absorption mechanism for these studiedDESs.

Figures 6 and 7 illustrate the RDFs and SDFs analyses of the {ATPPB:PhOH (1:4) + CO,}
system, respectively. As shown in Figure 6a, the site-site RDFs between CO; (CD atom) and
ATPP" have notable peaks for the pairs of CD---HB, CD---H1, CD---H18, and CD---H19 at
about 3.7 A. Nonetheless, the much higher intensity of the first maximum peak for the
CD---HB pair suggests that the CO2 molecules interact preferentially with hydrogen atoms in
the benzene rings. Correspondingly, CO2 molecules placed around the benzene rings have a
much larger density than those around the -C-C=C group, as seen from the SDFs in Figure 7a.
One can also note from Figure 7a that CO2 molecules are distributed majorly in the Br-free
void around ATPP" and thus do not perturb the Br~ distribution appreciably. As for the CD-*-Br
pair, the RDF has an intense peak at 3.5235 A, accounting for the interactions between Br™ and
the positively charged CD atom (Figure 6b). In the case of CD — PhOH pair, the first
maximum peaks appear in the order as g(r)c.o1 (3.3615 A) < g(r)c-ns (3.6045 A) < g(r)c-ne
(3.7665 A), showing that the main interactions take place between the CO, molecule and the
oxygen atom in the hydroxyl group as well as hydrogen atoms in the benzene ring. Therefore, it
can be found from Figure 7b that CO, molecules have a large density cap next to the oxygen
atom and around the benzene ring, which are also in the Br-free void around PhOH. Figures
7a and 7b again verify that the DES structure is not rearranged noticeably by the absorbed
CO2 molecules, which agree well with the RDF analyses of DESs before and after CO»
absorption. For the other three {DES + CO.} systems (see Figure S4 — S6, Supporting
Information), very similar RDF and SDF results are also obtained, which manifest alike CO>

absorption mechanisms of the studied DESs.

3.2.3 Eftect of the type and molar ratio of HBA and HBD



Moving beyond the DES formation and CO, absorption mechanism, the effect of the
type and molar ratio of HBA and HBD can also be interpreted from the MD simulation

results.

For analyzing the effect of HBA type, the RDFs of {TBPB:PhOH(1:4) + CO>} and
{ATPPB:PhOH (1:4) + CO2} systems are compared. In these two cases, the RDFs and RDFs
of the PhOH — CO» and Br — CO; pairs almost follow the same pattern (see Figures 6, 7 and
S4, Supporting Information), and thus only those of the TBP" — CO, and ATPP" — CO; are
compared. As shown in Figure 8, a sharp and intense peak of CD---HB is observed for the
ATPP" — CO; pair; whereas the RDFs for TBP" — CO, pair only present much broader and
weaker peaks (CD---H3/H5/H7). Such RDFs differences clearly demonstrate stronger
interactions between ATPP" and CO» than those between TBP* and COz. Therefore, the higher

CO: solubility in the ATPPB based DES than that in the TBPB based one can be understood.

Following a similar manner, the RDFs of {TBPB:PhOH (1:4) + CO2} and {TBPB:DEG
(1:4) + CO,} systems are compared to clarify the effect of HBD type (Figure S4 and SS,
Supporting Information). Figure 9 illustrates the main RDF differences for these two systems,
lying in the HBD — CO> pair. For the DEG — COz pair, the intense peaks of CD---O1 and
CD:---02/03 occur at about 3.1995 A (atoms is labeled in Figure S1), which are notably
shorter than those for the PhOH — CO, pair (3.3615 A for CD---O1 and 3.7665 A for
CD---HB). Such comparison indicates that DEG has stronger interactions with CO> than

PhOH; thus, TBPB:DEG (1:4) possesses a higher CO» solubility than TBPB:PhOH (1:4).

As the DESs ATPPB:PhOH (1:4) and ATPPB:PhOH (1:6) have the same components,
the effect of HBA and HBD molar ratio on COx> solubility is analyzed from their individual
contribution to the DES — CO; interactions. To this end, the intermolecular interaction

energies of CO, with ATPP", Br  and PhOH are calculated by MD and exemplified with the



{ATPPB:PhOH (1:4) + CO.} systems under different CO, pressures at 313.15 K. As seen in
Figure 10, the interaction energy of these three pairs follow the ranking of ATPP" > PhOH >
Br, where the differences become stronger as the pressure increases. Combining the
contribution of ATPP" and Br’, the HBA plays a dominant role in the DES — CO; interactions.
Therefore, it can be inferred that decreasing the ratio of HBA in ATPPB:PhOH DESs will lead

to a lower CO; solubility, as observed for ATPPB:PhOH (1:4) and ATPPB:PhOH (1:6).

4. CONCLUSION

In this work, four phosphonium-based DESs, namely TBPB:PhOH (1:4), TBPB:DEG
(1:4), ATPPB:PhOH (1:4), and ATPPB:PhOH (1:6), were prepared and their CO> solubility
under 313.15 K — 333.15 K and pressure below 2000 kPa were measured experimentally.
Compared with the DESs and ILs previously reported in the literature, the DESs studied in
this work are found to have competitive CO> solubility as physical absorbent. MD simulations
were performed to study the microscopic behaviors of the DESs and {DES + CO,} mixtures.
The formation of the studied phosphonium-based DESs is found to be mainly attributed to the
strong hydrogen bond interactions between HBD (PhOH or DEG) and Br. The physical
absorption of CO; is evidenced from the RDFs and SDFs analyses of DESs and {DES + CO}
systems, where it is observed that the accommodation of CO> does not lead to appreciable
structure rearrangement of DES. Additionally, the effect of the type and molar ratio of HBA
and HBD are well interpreted from the RDF and interaction energy point of view. The
encouraging results in this work demonstrate that DESs are very promising absorbents for
CO; capture; to finally realize the industrial application, the CO; absorption-desorption

performances, as well as the absorption selectivity should be studied in future work.
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Table Captions

Table 1. Information of chemicals used in this work.

Table 2. Information of the prepared DESs in this work.

Table 3. Solubility of CO; in the studied DESs at 313.15 — 333.15 K.

Table 4. Henry’s law constants (Hx) and correlated thermodynamic properties of CO> in the

studied DESs.



Table 1

Chemicals Suppliers Mass fraction purity
TBPB Lanzhou Institute of Chemical Physics >99.0%
ATPPB Shanghai Aladdin Chemical Reagent >99.0%
PhOH Shanghai Titan Scientific >99.0%
DEG Shanghai Aladdin Chemical Reagent >99.0%




Table 2

Water content

Solutions ~ HBA HBD Molar ratio T (K) p (g-cm?)
(wt%)

293.15 1.0734

303.15 1.0662

DES1 TBPB PhOH 1:4 0.5891 313.15 1.0592
323.15 1.0522

333.15 1.0457

293.15 1.0891

303.15 1.0825

DES2 TBPB DEG 1:4 1.2730 313.15 1.0758
323.15 1.0691

333.15 1.0625

293.15 1.1730

303.15 1.1657

DES3 ATPPB  PhOH 1:4 0.3490 313.15 1.1585
323.15 1.1514

333.15 1.1443

293.15 1.1582

303.15 1.1571

DES4 ATPPB PhOH 1:6 0.2544 313.15 1.1434
323.15 1.1362

333.15 1.1291




Table 3

T=313.15K 323.15K 333.15K
DES1
XCo2 P/kPa XCo2 P/kPa XCo2 P/kPa
0.0291 234.5 0.0188 163.8 0.0184 203.4
0.0529 463.6 0.0400 399.0 0.0413 481.2
0.0953 737.0 0.0679 608.4 0.0585 601.7
0.1232 932.0 0.0916 786.9 0.0886 856.0
0.1573 1188.8 0.1237 1018.7 0.1157 1024.7
0.2048 1578.5 0.1503 1241.2 0.1430 1272.9
DES2
0.0236 183.5 0.0130 94 .4 0.0169 164.8
0.0483 379.8 0.0283 270.7 0.0413 397.4
0.0887 621.6 0.0638 464.2 0.0773 642.3
0.1325 892.3 0.0974 700.8 0.1187 903.8
0.1567 1024.5 0.1296 895.4 0.1514 1103.6
0.2123 1398.1 0.1677 1148.0 0.1954 1396.5
DES3
0.0300 218.2 0.0341 2314 0.0203 182.7
0.0608 397.4 0.0485 4153 0.0530 472.8
0.0995 631.6 0.0875 683.8 0.0777 664.5
0.1426 886.6 0.1248 904.6 0.1034 821.3
0.1781 1093.3 0.1649 1125.7 0.1414 1066.4
0.2134 1333.2 0.1974 1325.9 0.1795 1345.1
DES4
0.0245 183.3 0.0217 159.9 0.0212 191.2
0.0590 409.8 0.0459 327.3 0.0520 457.2
0.0910 669.0 0.0781 567.9 0.0781 700.8
0.1286 871.7 0.0940 818.9 0.0985 978.4
0.1656 1098.5 0.1282 1088.3 0.1167 1123.6
0.1950 1320.3 0.1630 1328.9 0.1475 1387.3




Table 4

Asol G Asol H Asol S
H, (MPa)
(kJ-mol™") (kJ-mol™") (J-mol - K1)

313.15K 323.15K 333.15K 313.15K - 313.15K
DES1 7.90 8.75 943 12.86 -15.88 -91.78
DES2 6.72 7.51 8.29 11.85 -16.27 -89.80
DES3 6.46 7.33 8.24 11.61 -18.44 -95.96
DES4 6.99 7.85 8.65 12.10 -17.21 -93.60




Figure Captions

Figure 1  Solubility of CO> in DESs at 313.15 K as a function of pressure (symbols,
experimental; lines, linear fit).

Figure 2 Comparison of CO; solubility in the DESs studied in this work with previously
reported (a) DESs under around 500 kPa and (b) ILs under around 1500 kPa at
313.15 K.

Figure 3 Comparison of experimentally measured (symbols) and the MD calculated (lines)
density of the studied DESs.

Figure 4 RDFs of (a) ATPP" — Br’, (b) Br — PhOH, and (¢) ATPP" — PhOH, and SDFs of (d)
Br around ATPP" (3-times bulk density), (¢) Br  around PhOH (3-times bulk density),
and (f) ATPP" around PhOH (0.3-times bulk density) for ATPPB:PhOH (1:4).

Figure 5 RDFs for cation — anion, anion — HBD, and cation — HBD of the four studied
DESs before and after absorption of COx.

Figure 6 RDFs of (a) CO> — ATPP (b) CO> — ATPP' and CO, — PhOH in the
{ATPPB:PhOH (1:4) + CO2} system.

Figure 7 SDFs of CO: (ice blue) and Br anions (green) around (a) ATPP* and (b) PhOH in
the {ATPPB:PhOH (1:4) + CO2} system (3-times bulk density).

Figure 8 RDFs of CO; — cation in the {ATPPB:PhOH (1:4) + CO.} and {TBPB:PhOH (1:4)
+ COz} systems.

Figure 9 RDFs of CO, — HBD in the {TBPB:PhOH (1:4) + CO,} and {TBPB:DEG (1:4) +
CO3} systems.

Figure 10 Intermolecular interaction energy between CO> and ATPP'/Br/PhOH in the

{ATPPB:PhOH (1:4) + CO2} system.
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Figure 5
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