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Abstract

Two distinct deep eutectic solvents (DESs) were prepared by combining allyltriphenylphosphonium bromide (ATPPB)
as a hydrogen bond acceptor (HBA) and ethylene glycol as a hydrogen bond donor (HBD) at molar ratios of 6:1 and 8:1,
respectively. The study investigated the solubility of these DESs in supercritical carbon dioxide, with ethanol serving as a
cosolvent, under varying conditions of temperatures 308.2, 313.2, and 318.2 K and pressures up to 18.89 MPa. Solubilities
were determined by measuring both bubble point and cloud point pressures in ternary mixtures comprising CO,, ethanol,
and DES, utilizing a phase equilibrium apparatus equipped with a high-pressure variable-volume view cell. Higher molar
ratios between ethylene glycol and ATPPB resulted in significantly higher pressures required for the solubility of DES. The
occurrence of either bubble point or cloud point depended on the molar ratios between the cosolvent (ethanol) and the solvent
(scCO,) for both DESs. Increasing system temperature at a constant DES mole fraction led to an elevation in both bubble
point and cloud point pressures. Furthermore, an increases in the amount of cosolvent (ethanol) resulted in a substantial
decrease in both bubble point and cloud point pressures. The experimental data exhibited robust correlation with three

models: the modified Chrastil equation, the Kumar—Johnston equation, and the Adachi-Lu equation.
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Introduction

Supercritical carbon dioxide (scCO,), deep eutectic solvents
(DESs), and ionic liquids have gained significant attention
in recent years due to their unique properties and versatile
applications in various fields. scCO, refers to CO, at a tem-
perature and pressure above its critical point. In this state,
CO, exhibits both gas and liquid-like properties, making
it an environmentally friendly solvent for a wide range of
substances. Researchers have been exploring the solubility
of different compounds in scCO, to develop environmen-
tally friendly process. Unfortunately, although it can solu-
bilize low molecular weight, volatile compounds, polar and
high-molecular weight materials, CO, is a feeble solvent,
as Beckman reported [1]. Great progress has been made in
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disclosing hydrocarbon-based CO,-philic containing car-
bonyl groups, which are known to interact through a Lewis
acid—Lewis base interaction with CO, molecules [2—4]. In
addition, phosphorus compounds, particularly phospho-
nium-based salts, are known to enhance CO, solubility [5,
6].

DESs are often composed of inexpensive and readily
available components of a hydrogen bond donor (HBD)
and a hydrogen bond acceptor (HBA). This makes them
more cost-effective compared to many ionic liquids, which
often involve more complex and costly synthesis processes
[7]. DESs, in many cases, exhibit higher biodegradability
compared to ionic liquids. The use of natural or bio-derived
components in DES contributes to their more environmen-
tally friendly profile. In particular, the selection of allylphos-
phonium salts for preparing DESs is driven by their versatile
and tunable properties, polar nature, and compatibility with
green chemistry principles [8—10]. Dialcohols, such as, eth-
ylene glycol, are favored for preparing DES due to hydrogen
bond donor capability, tunable properties, biodegradability,
and low toxicity [11-13].
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As far as extension of scCO, usage is concerned higher
solubility of versatile chemicals can also be easily accom-
plished in the presence of polar cosolvent with hydrogen bond
capacity. Brennecke et al.[14]. investigated the phase behavior
of systems combining scCO, with ionic liquids. The findings
revealed unexpectedly high solubility of CO, in five ionic lig-
uids, while the solubility of ionic liquids in scCO, was notably
low, approximately on the order of 10~". Numerous studies
[15-18] have explored the impact of cosolvents on the solu-
bility of ionic liquids in scCO,. These investigations revealed
that the solubility of ionic liquids in scCO, was remarkably
low. However, the addition of cosolvent proved to be a signifi-
cant factor in substantially augmenting the solubility of ionic
liquids in scCO,. Although the solubility of DES in scCO,
surpasses that of ionic liquid in scCO, [18-20], there remains
considerable potential for improvement in the presence of a
cosolvent.

Emerging computational methodologies, such as artificial
intelligences [21] and group theory [22] offer the capability
to predict solubility data with exceptional accuracy. However,
the effective training of these models necessitates extensive
and precise experimental information, which is often scarce
across various temperature and pressure ranges. Consequently,
empirical and semi-empirical models have proven success-
ful in correlating solubility data with high efficacy [23-26].
These models, particularly empirical ones, offer simplicity in
application, where the solubility of a substance is influenced
by density, pressure, and temperature of scCO, in the presence
of a cosolvent.

The mole ratios between HBD and HBA play a crucial
role in determining the formation of DES and influencing the
appropriate viscosity range [19]. In this study, two DESs were
formulated employing ethylene glycol as the HBD and allytri-
phenylphosphonium bromide as the HBA, with mole ratios
specified as 6 to 1 (E6A1) and 8 to 1 (E8A1), respectively.
Typically, extractions are conducted at pressures of 7-14 MPa
and temperatures of 308-343 K [27]. To assess the solubility
of these DESs, evaluations were carried out in scCO, as the
solvent, along with ethanol as a cosolvent. The evaluations
encompassed a temperature range of 308.2 to 318.2 K at inter-
vals of 5 K to explore temperature effects. Furthermore, the
study delved into the impact of system density and mole ratio
between the solvent and cosolvent on DES solubility. Experi-
mental results were then correlated using distinct empirical
models: the modified Chrastil equation [24], the Kumar—John-
ston equation [25], and the Adachi-Lu equation [26].
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Table 1 List of chemical used in this study

Compound CAS-No Supplier Purity (%)
Allytriphenylphos- 1560-54-9  Merck Inc 99
phonium bromide
(ATPPB)
Ethylene glycol (EG) 107-21-1 Merck Inc >99
Ethanol 64-17-5 Merck Inc >99.5
Carbon dioxide (CO,) 124-38-9 Sebotech Inc >99.9

Table 2 The molecular weights of the compounds employed and pre-
pared in this study

Compound M/g-mol ™!
Ethylene glycol (EG) 62.07
Allytriphenylphosphonium bromide (ATPPB) 383.26
E6Al 107.96
E8ALl 97.76
Experimental

Chemicals and preparation of the DESs

Ethylene glycol, ethanol, and allyltriphenylphosphonium
bromide (ATPPB) were purchased from Merck Inc, as
shown in Table 1. The supercritical fluid chromatogra-
phy grade carbon dioxide was sourced from Sebotech Inc.
(Sejong, Korea). All chemicals were utilized as received
without further purification. Two DESs, denoted as E6A1
and E8AI1, were formulated using ethylene glycol and
ATPPB with mole ratios of 6:1 and 8:1, respectively. The
molecular weight of the prepared DES was calculated based
on the individual compounds, as per Eq. (1).

Mpgs = xpMpG + XarppgMarppp: Q)

where Mi and xi refer to the molecular weight and mole
fraction of compound i. Molecular weights (g-mol™"!) of
E6A1 and E8A1 DESs are 107.95 and 97.96, respectively,
as shown in Table 2. The water content in the prepared DESs
was determined using a Karl-Fisher titrator (Model V20).
The analysis indicated that the water content for E6A1 and
E8AT1 is 0.07% and 0.09%, respectively.

Experimental Apparatus and Method

The experimental apparatus and methodology employed to
ascertain the phase behavior have been previously elucidated
[28-30]. In brief, the apparatus comprises a variable volume
view cell, hand pump, syringe pump, and pressure indicator.
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The cell's temperature was regulated using a water bath.
Initially, a fixed quantity of DES and ethanol were loaded
into the view cell, replacing the air with CO,. As CO, was
compressed into the cell, the pressure varied. Solubility, in
this study, was defined as the mole fraction of DES in the
system. Given the negligible amount of DES, the density
of CO, and ethanol was computed using Aspen Plus with
the Peng--Robinson equation of state, as shown in Table 3.

The pressure was adjusted until a visible phase change
occurred. Under fixed composition and temperature, the
bubble point pressure was established as the pressure at
which the first bubbles appeared. Cloud points were also
identified when the solution displayed cloudiness, indicat-
ing a phase transition from a single phase to liquid-liquid
phases. To ensure consistency in the experimental results,
each measurement was performed at least three times for
each condition.

Experimental Data Fitting Model

In general, there are three primary approaches to calculate
the solubility of solutes in scCO,: equation of states, solubil-
ity parameter models, and empirical models. The first two
methods necessitate the determination of physical param-
eters for DESs, which can be challenging to precisely ascer-
tain, resulting in a lower degree of precision. Conversely,
empirical models, while not reliant on the physical parame-
ters of DESs, provide relatively reliable correlation accuracy.
In this study, three models—the modified Chrastil model
[24], the Kumar—Johnston model [25], and the Adachi—Lu
model [26]—were employed to correlate the DES solubility
data. The models varied in the number of adjustable param-
eters, ranging from 3 to 5. Specifically, the Kumar—Johnston
model stands out with the fewest adjustable parameters at 3.
However, it overlooks the influence of cosolvent presence in

Table 3 Experimentally DES T/K

determined bubble point plgrem™* X1 X2 X3 PIMPa Phase. b
. behavior

or cloud points for CO,

(1) +ethanol (2) + DES (3) E6A1 308.2 0.573 0.597 0.363 0.040 7.24 B
E6A1 313.2 0.683 0.597 0.363 0.040 8.01 B
E6A1 318.2 0.772 0.597 0.363 0.040 8.84 B
E6A1 308.2 0.560 0.600 0.370 0.030 7.22 B
E6A1 313.2 0.675 0.600 0.370 0.030 7.89 B
E6A1 318.2 0.700 0.600 0.370 0.030 8.54 B
E6A1 308.2 0.588 0.639 0.321 0.040 7.65 C
E6A1 313.2 0.795 0.639 0.321 0.040 8.95 C
E6A1 318.2 0.789 0.639 0.321 0.040 10.06 C
E6A1 308.2 0.840 0.660 0.300 0.040 10.73 C
E6A1 313.2 0.828 0.660 0.300 0.040 12.40 C
E6A1 318.2 0.817 0.660 0.300 0.040 14.16 C
E6A1 308.2 0.849 0.680 0.280 0.040 13.69 C
E6A1 313.2 0.835 0.680 0.280 0.040 14.90 C
E6A1 318.2 0.821 0.680 0.280 0.040 16.21 C
ESA1 308.2 0.465 0.566 0.394 0.040 6.82 B
ESA1 313.2 0.528 0.566 0.394 0.040 7.48 B
ESA1 318.2 0.615 0.566 0.394 0.040 8.26 B
ESA1 308.2 0.555 0.606 0.355 0.039 7.26 B
ESA1 313.2 0.633 0.606 0.355 0.039 7.94 B
ESA1 318.2 0.756 0.606 0.355 0.039 8.80 B
ESA1 308.2 0.518 0.640 0.320 0.040 7.41 B
ESA1 313.2 0.705 0.640 0.320 0.040 8.47 B
ESA1 318.2 0.778 0.640 0.320 0.040 9.54 B
E8Al 308.2 0.852 0.683 0.277 0.040 15.72 C
E8Al 313.2 0.839 0.683 0.277 0.040 17.24 C
E8Al 318.2 0.826 0.683 0.277 0.040 18.89 C

Standard uncertainties u are u(xi)=0.005; u(T)=0.1 K, and u(P)=0.135 MPa

T: temperature; xi: mole fraction of each chemical, P: pressure

Calculated using Aspenplus package with the Peng—Robinson equation of state

"B: bubble point; C: cloud point
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Table 4 Regression parameters DES k R a b AARD(%) R2

of the four-parameter Chrastil

equation E6A1 0.2215 0.3585 0.9997 0.8834 3.80 0.997
E8A1 1.0103 —0.0088 3.0482 —2.4667 0.25 0.997

k, 1, a, and b are model parameters; AARD is the average absolute relative deviations; and R? is the correla-

tion coefficient

Table 5 Correlation of solubility using the Kumar—Johnston three-
parameter

DES o ¢ c, AARD(%) R?
E6AI 2.2162 1.0060  2.5891 2.02 0.998
ESAl 2.0981 1.2891 2.6338 1.07 0.995

Co» €1, and ¢, are model parameters; AARD is the average absolute
relative deviations; and R? is the correlation coefficient

the system, focusing solely on exploring the impact of sol-
vent density and system temperature. In contrast, the modi-
fied Chrastil model takes into account the effects of solvent
density, cosolvent content, and temperature on the solubil-
ity of DES with 4 parameters. Meanwhile, the Adachi-Lu
model addresses the first two effects only but employs 5
parameters.

A semi-empirical model, originally proposed by Chrastil
[23] to depict the relationship between solute solubility and
the density of the supercritical fluid, was further refined by
Gonzalez et al. [24]. This modification involves the assump-
tion that solute molecule form complex molecule, as shown
in Eq. (2)

a
Iny=kl 1 —+b
ny np+r nm+T+ 2)

, where y (g-1it™") is the solubility of DESs, p (g-lit™") is
density of scCO,, and m (g-1it™!) is the concentration of
the ethanol. The constant k signifies an average association
number for a specific solute and supercritical solvent, while
r designates an average association number for the cosolvent.
a is a constant linked to the enthalpies of vaporization and
solvation of the solute, and b denotes model parameter. The
obtained results are presented in Table 4.

Kumar and Johnston [25] introduced an empirical model
wherein the density of solvent in supercritical state is

correlated with the mole fraction of the solute. The expres-
sion of the model is shown in Eq. (3)

c
lny:cop+71+cz 3)

y (g-it™!) is the solubility of DESs in solvent, p (g-lit™") is
density of solvent of scCO,. ¢, ¢, and c, are model param-
eters. The results are shown in Table 5.

In general, alternations in density did not exhibit a lin-
ear correspondence to changes in pressure. To account for
this nonlinearity in density concerning pressure variations,
the Adachi—Lu model [26] was also subjected to correla-
tion. Taking into account the presence of a cosolvent, the
Adachi—Lu model is expressed in Eq. (4).

Iny=(ey+ep+ep’)inp+ey +e, )

, where y (g-1it™!) is the solubility of DESs, p (g-lit™") is
density of solvent of supercritical CO,, y* (g-1it™"): mass
concentration of the cosolvent of ethanol. ey, €, e,, €3, and
e, are model parameters. The results are shown in Table 6.
The effectiveness of the models was assessed using the
average absolute relative deviation (AARD (%)), as indi-
cated in Eq. (5).
ylgal _ y;xP

exp

AARD (%) = NlOO > ©)

-7

, where yical represents the calculated value of the DES solu-
bility, y;*P signifies the experimentally measured value, N
denotes the number of data points, and Z represents the cor-
relation parameters following the suggestion of Garlapati
and Madras [31]. This metric represents the average devia-
tion between experimentally determined DES solubility and
that calculated by the correlation model. The parameters of
the models were optimized through non-linear regression.

Table.6' Cor'relation of . DES e e, e, e e, AARD(%) R2

solubility using the Adachi—Lu

equation E6A1 0.8722 0.0066 - 1.2799 —0.3888 4.6050 498 0.999
E8Al 1.0508 —0.2163 0.2045 —0.0857 4.4983 0.31 0.997

€0 €1, €5, €3, and e, are model parameters; AARD is the average absolute relative deviations; and R? is the

correlation coefficient
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Results and Discussion

The bubble point and cloud point pressures for mixtures
of CO, +ethanol + DES with varying compositions were
experimentally determined over a temperature range span-
ning from 308.2 K to 318.2 K with a 5 K interval. The
experimental data for two distinct ternary systems, namely
CO,+ethanol + E6A1 and CO, +ethanol + E8AL1, are pre-
sented in Table 3. In the CO, + ethanol + E6A1 ternary
system, both bubble point pressures and cloud point pres-
sures were observed. Specifically, when the ratios between
cosolvent (ethanol) and solvent (CO,) exceeded 0.6, bubble
points were observed, and when these ratios were less than
0.5, cloud points were observed. Similar phase change pat-
terns were observed for the CO, +ethanol + E8A1 system.
However, when the ratios of cosolvent to solvent exceeded
0.5, bubble points were observed. Significantly, no phase
transition pressures have been observed at these tempera-
tures in the absences of ethanol, a cosolvent, up to 30 MPa,
the experimental apparatus operating limit.

Effect of temperature on solubility

Both the bubble point and cloud point pressures increased
with increasing the system temperature at a fixed DES mole
fraction. This suggests that the solubility of DES in CO,
and ethanol mixture decreased at higher temperature cor-
responding to exothermic processes [32]. When the mole
fraction of E6A1 increased isothermally, the bubble point
pressure correspondingly increased slightly. For example,
while the bubble point pressure of 8.01 MPa was observed
for 0.040 mol fraction of E6A1, that of 7.89 MPa for 0.030
at 313.2 K. To dissolve the same amount of DESs in CO,
and ethanol mixture lower system temperature seems to be
better condition. Typically, with a rise in temperature, the
saturation vapor pressure of solute increases, promoting an
increase in solubility [33]. However, the density of scCO,
decreases as temperatures rise, leading to a reduction in the
solubility of DES. The impact of temperature is contingent
on the combined effects of these two opposing factors.

As far as cloud point pressures are concerned, similar
results were also observed. For instance, the cloud point
pressure of 13.69 MPa at 308.2 K increased 16.21 MPa at
318.2 K at 0.040 mol fraction of E6A1. Not only the bubble
point but also the cloud point pressures for ESA1 were also
followed similar trends, as shown in Fig. 1.

Effect of Ratio of Cosolvent to Solvent on Solubility

As the mole ratio between ethanol and CO, decreased, the
cloud point pressure correspondingly increased significantly.
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Mole fraction of ethanol

Fig.1 P-x diagram of CO, (1)+ethanol (2)+DES (3) system at
different temperatures. (open triangle: 308.2 K-E6Al; filled tri-
angle: 308.2 K-E8AI; open circle: 313.2 K-E6AL; filled circle:
313.2 K-E8AIl; open diamond: 318.2 K-E6Al; filled diamond:
318.2 K-E8A1)

For instance, at 308.2 K while the mole ratio was 0.502, the
cloud point pressure was 7.65 MPa, and when the mole
ratio was 0.412, it was 13.69 MPa at 308.2 K for E6A1. In
case of E8A1, similar results were observed. Specifically,
when the mole ratio was 0.696, the bubble point pressure
was 8.26 MPa, and when the mole ratio was 0.500, it was
9.54 MPa at 318.2 K.

As the amount of cosolvent ethanol increased, the bubble
point or cloud point pressure decreased significantly. This
means that the solvation power of CO, is considerably low
that the addition of ethanol raises the solvation power sig-
nificantly. CO,'s solvent power is not strong enough to dis-
solve CO,-philic compounds, as Beckman reported [1]. So,
it would be such a meaningful approach to add ethanol as a
cosolvent to enhance the solubility of DESs.

Effect of Pressure on Solubility

In general, with an increase in pressure at constant tempera-
ture, the solubility of DESs demonstrated a corresponding
increase. For instance, the solubility of E6A1 was 0.030 at
8.54 MPa, and it increased to 0.040 at 8.84 MPa at 318.2 K.
The pressure effect can be attributed to the rising values of
the variable leading to an increases in fluid density, con-
sequently enhancing the solvent power of scCO,. The sol-
vent densities at 8.54 MPa and 318.2 K, and 8.84 MPa and
318.2 K were 0.7002 and 0.7723 g-cm ™, respectively. How-
ever, the impact of density alone is not sufficient to elucidate
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the increase in DES solubility. A plausible explanation for
this nonlinear dependence on solvent density on DES solu-
bility could be that the density of scCO, and the ethanol sol-
vent converges toward the liquid phase with increasing pres-
sure. However, as the compressibility of scCO, diminishes
when it approaches the liquid phase, the density of scCO,
and the ethanol solvent experiences a slight increase rising
pressure in higher pressure ranges, as shown in Table 3.

Data Correlation

In this study, the experimental data were correlated
with three models: the modified Chrastil equation, the
Kumar—Johnston equation, and the Adachi—Lu equation, as
briefly outlined in Sect. "Experimental data fitting model".
Tables 4, 5, 6 present the correlation parameters and AARDs
between the experimental and calculated solubility of two
DESs. The result from the modified Chrastil model indicated
AARD of 3.80% for CO, + ethanol+E6A1 and 0.25% for
CO, +ethanol + ESA1. Notably, for CO, +ethanol + ESA1,
the modified Chrastil model demonstrated the lowest AARD
values at 0.25%. In the case of CO,+ ethanol +E8AL, the
Kumar—Johnston model exhibited the lowest AARD values
at 2.02%. Despite having five parameters, the Adachi—Lu
model demonstrated higher AARD values for both the
CO, +ethanol + E6A1 and CO, + ethanol + E8AT1 systems.
As anticipated, the modified Chrastil model exhibited lower
deviation in the case of CO, +ethanol+E8AI1 due to its
consideration of solvent density, cosolvent content, and
temperature effects on the solubility of DES. In the case
of CO, +ethanol + E6A1, the Adachi-Lu model yielded the
lowest AARD values, indicating that solvent density and
temperature effects may be predominant in E6A1 DES solu-
bility. Nevertheless, all three models exhibited a high degree
of fitting to the experimental data, with R? values approach-
ing unity and AARD values converging toward zero percent.

Conclusions

The high-pressure phase behavior of {CO, + etha-
nol+E6A1} was investigated using a high-pressure varia-
ble-volume view cell, covering temperatures from 308.2 K
to 318.2 K and pressures up to 18.89 MPa. At a constant
temperature, the solubility of the DES in scCO, + ethanol
increased with pressure. Besides the bubble point pressure,
cloud point pressures were observed when the mole ratios of
ethanol to scCO, were below 0.502. The phase behavior of
{CO,+ethanol+E8A1} was also examined to explore the
impact of the mole ratio between ethylene glycol as a hydro-
gen bond donor and allytriphenylphosphonium bromide
as a hydrogen bond acceptor. Similar to the {CO,+ etha-
nol+E6A1} ternary system, the {CO,+ ethanol + ESA1}

@ Springer

ternary system exhibited both bubble point and cloud point
pressures at high pressure. Generally, as the mole ratio
between HBD and HBA increased from 6:1 to 8:1, both
bubble point and cloud point pressures also increased. This
outcome could be attributed to the heightened interaction
between ethylene glycol (HBD) and ethanol (cosolvent) at
the molecular level. The solubility of DESs in scCO2/etha-
nol mixture increased with rising pressure, possibly due to
the enhanced solvent power of scCO,. The experimental data
were effectively correlated with three models—the modified
Chrastil equation, the Kumar—Johnston equation, and the
Adachi-Lu equation—with average absolute relative devia-
tions falling in the range of 0.25-4.98%.
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