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ABSTRACT: The solubilities of CO, in solvent poly-
(ethylene glycols) (PEGs) with molecular weights of 150,
200, 300, and 400 were measured over the range of pressure
from (100 to 1200) kPa and temperature from (303.15 to
333.15) K. Henry's constant was obtained by linear fitting of
the experimental data, and thermodynamic properties of
solutions were calculated from the correlation of Henry's
constant. It indicates that the solubility of CO, increases with
increasing molecular weights of PEGs. Henry's constant based
on mole fraction and the molality of CO, in PEG400 vary
from (4.78 to 7.09) MPa and (1.56 to 2.48) MPa-kg-mol '
from (303.1S to 333.15) K, respectively.
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1. INTRODUCTION

The increasingly serious climate situation caused by greenhouse
gases (GHGs) has raised public concern worldwide. CO,
represents over 80 % of GHGs and is mainly produced by
the combustion of fossil fuel." To boost the CO, capture
efficiency, three technological pathways to capture CO, by the
coal-derived power generation have been developed: that is,
postcombustion capture, precombustion capture, and oxy-
combustion.” Various technologies for these three pathways are
under investigation, including absorption by solvents of
amines®* and ionic liquids (ILs).>® However, it suffers from
the drawbacks of high energy consumption and degradation of
solvents when using amine-based solvents to capture CO, from
flue gas.” Unlike chemical absorption, physical solvents such as
Rectisol and Selexol can be regenerated by pressure or
temperature swings, leading to lower energy consumption. In
practice, to prevent solvents from volatilizing and deteriorating,
most of physical solvents are handled at low temperature as
well as under high pressure and regenerated by the pressure
swing process rather than the temperature swing process. The
limited operation conditions inhibit the physical solvents
applied to CO, capture from flue gas under the conditions of
high temperature and low pressure [(40 to 100) °C at ambient
pressure].® Hence, physical solvent operating at high temper-
atures without loss and degradation are desirable to absorb CO,
from flue gas.” ILs, the state of the art solvents developed for
CO, capture from flue gas, show good solubility and high
selectivity to CO,. However, the high viscosity and price of ILs
are the main barriers for large-scale industrial applications."
Poly(ethylene glycol) (PEG) has the molecular structural
formula of H(OCH,CH,),OH, where n is the number of
ethylene oxide."' PEGs have similar excellent properties to ILs,
such as negligible vapor pressure, chemical and thermal
stability, and nontoxicity."> Moreover, PEGs are inexpensive
and less viscous than ILs,"* which makes PEGs satisfy the
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qualification of available physical solvents for gas separation
processes even at high temperatures.'* In addition, due to the
great choice of PEGs by varying the molecular weights, their
properties may be tuned.'” Because of so many attractive
advantages of PEGs, PEGs have been widely used in
pharmaceutical, cosmetics, and food industries.'®”

As polar solvents, PEGs also have high solubilities to CO,
and good selectivities to mixtures of (CO, + N,) and (CO, +
H,)."®7?® Meanwhile, as cosolvents, PEGs have a good
prospect to improve the CO, capture efficiency and reduce
the regeneration energy consumption.lz’u_23 However, in the
open literature, the solubilities and thermodynamic properties
of CO, in PEGs with low molecular weights are scarce. This
contribution was aimed to determine the solubilities of CO, in
PEGs with average molecular weights of 150, 200, 300, and 400
under the pressure of 1200 kPa and the temperature variations
from (303.15 to 333.15) K in intervals of 10 K. Furthermore,
the thermodynamic properties of CO, in PEGs were also
studied.

2. EXPERIMENTAL SECTION

2.1. Materials. Triethylene glycol (PEG150), poly(ethylene
glycol) 200 (PEG200), and poly(ethylene glycol) 300
(PEG300) were obtained from Sinopharm Chemical Reagent
Co., Ltd. in Shanghai. Poly(ethylene glycol) 400 (PEG400) was
obtained from Aladdin Chemistry Co., Ltd. in Shanghai.
Carbon dioxide (CO,) with a mole fraction of 0.9999 was
supplied by Shanghai Wetry Standard Reference Gas Co., Ltd.
All substances were used as received. Some properties of these
substances are listed in Table 1.
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Table 1. Basic Physical Properties of PEGs (Data from
Supplier)

component PEGI1S0 PEG200 PEG300 PEG400
MW 150.18  190-210 280-320 380—430
M/g-mol™! 150.18 200 300 400
B/g-em 1.123 1127 1127 1.1262°
fT =293 K)
p/Pa 2005" 9.9 L5
5/mPa-s 47.80 63.967 115.95¢
(T =293 K)

“Taken from ref 24. “Taken from supplier's data at 442 K. “Taken
from ref 13 at 368 K. “Taken from ref 25.

2.2. Apparatus and Procedures. Figure 1 illustrates the
schematic diagram of the apparatus in determining the
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Figure 1. Schematic diagram of the apparatus. 1, CO, gas cylinder; 2,
3, water bath and magnetic stirrer; 4, CO, storage tank; 5, CO,
absorption vessel; 6, cylindrical Teflon container; 7, pressure
transducer; 8, computer.

solubility of CO, in PEGs. The apparatus mainly consists of
a gas storage tank and a gas absorption vessel with volumes of
71.8 + 0.1 mL and 302 + 0.1 mL, respectively. They were
placed in the water baths with thermostat heaters and magnetic
stirrers. The temperature was controlled by a water bath with
the accuracy of 0.1 K. A pressure transducer (Series 33X, Keller
Co. in Swiss) with an accuracy of + 0.2 kPa was set up between
the tank and the vessel for recording the pressure variation in
intervals of 1 s and transmitting the data to the computer.

In a preliminary study, a leak test was performed. About 10 g
of sample PEG in a cylindrical Teflon container was weighed
on an electronic balance (Sartorius Co., Germany, + 0.0001 g)
and put into the absorption vessel. The system was controlled
at the specific temperature with water baths and then evacuated
with a vacuum pump to a pressure of <5 kPa for 1 h. The
storage tank was charged with a specified amount of CO, and
held in the water bath until the pressure of the storage tank (P,)
was invariable. When the valve between the tank and the vessel
was opened, the gas entered into the absorption vessel and was
absorbed into the solvents. A magnetic stirrer was turned on at
1S rmin”! to accelerate absorption. After more than 2 h of
absorption and the pressure value being invariable for another 1
h, the equilibrium can be considered to be reached. The
pressure variation was recorded in the computer by the
pressure transducer, and the equilibrium pressure (P,) could be
read from it. This method has also been applied to measuring
solubilities of CO, in other kinds of solvents.?*’

3. RESULTS AND DISCUSSION

3.1. Gas Solubilities in PEGs. Because of the negligible
vapor pressure of PEGs,"” the gas phase was considered to be

611

pure CO,. The absorbed amount of gas in the solvent (ng) can
be calculated from:

ngzﬂl_nz

(1)
where n, is the initial amount of CO, in the storage tank and n,
is the amount of CO, in the gas phase at the equilibrium; both
can be calculated by the Soave—Redlich—Kwong (SRK)
equation of state from PVT data.

The mole quantity of solvent n; was calculated by the mass
weight and average molar mass of PEGs (m;, M); then the
solubility of CO, in PEGs was obtained by the following
equation:

g
Xco, =
ng + 111 (2)
n
mco, = —
Pom (3)

where x5, and mcqo, are the mole fraction and the molality
(mol’kg™") of CO, in solvent, respectively.

The expanded uncertainty of CO, solubility (U,) in solvents
with a level of confidence of approximately 95 % can be
calculated by the following equations:'*>*

2 2
w(x) _ [ Zuln) | Tuln) + u(m)’
- 2
x ng (ng + ny) @)
g 2
u.(m) u(n; u(m
) _ | Bl , )
"g " (s)
2 2 2
u(n) = -+ (u(P")] + (u(v")) + (u(T")]
R\ E Vi I; (6)
_ u(m)
u(ny) = M )
U. = 2u.(x) (8)

where u(x) is the combined standard uncertainty of CO,
solubility in solvents and R is the universal gas constant. The
measurement uncertainties of pressure, volume, temperature,
and mass are u(p) = 0.2 kPa, u(V) = 0.1 mL, u(T) = 0.1 K, and
u(m) = 0.0001 g.

The solubilities of CO, in PEGs are listed in Tables 2 to $
with the expanded uncertainties and plotted in Figures 2 to 5.
Within the temperature and pressure regions investigated here,
the equilibrium pressure linearly increases with the increase of
CO, mole fraction at specific temperatures, which indicates that
the absorption of CO, in PEGs is the typical physical process.
Furthermore, with decreasing temperature and increasing
molecular weights of PEGs, the solubilities of CO, in PEGs
show an upward trend.

3.2. Henry's Constant. Henry's constant is frequently
defined as:' #6252
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Table 2. Experimental Values of Mole Fraction (xco,) and
Molality (mco,) of CO, in PEG150 at Equilibrium Pressure
(p) and Temperature (T)

Table 3. Experimental Values of Mole Fraction (xco,) and
Molality (mco,) of CO, in PEG200 at Equilibrium Pressure
(p) and Temperature (T)

T P Mco,
K kPa Xco, mol-kg™

303.15 137.7 0.0103 + 0.0001 0.0695 + 0.0003
264.2 0.017S + 0.0001 0.1188 + 0.000S

417.5 0.0300 + 0.0001 0.2062 + 0.0007

558.0 0.0401 + 0.0001 0.2780 + 0.0009

828.0 0.0614 + 0.0002 0.4355 + 0.0013

1104.5 0.0850 + 0.0003 0.6188 + 0.0018

313.18 123.8 0.0071 + 0.0001 0.0476 + 0.0003
167.6 0.0099 + 0.0001 0.0664 + 0.0003

281.2 0.0169 + 0.0001 0.114S5 + 0.000S

418.0 0.0267 + 0.0001 0.1828 + 0.0007

566.0 0.0339 + 0.0001 0.2338 + 0.0009

853.4 0.0551 + 0.0002 0.3880 + 0.0013

1134 0.0713 + 0.0002 0.5114 + 0.0017

323.15 1179 0.005S + 0.0001 0.0370 + 0.0003
281.3 0.0152 + 0.0001 0.1031 + 0.000S

346.3 0.0192 + 0.0001 0.1304 + 0.000S

571.6 0.0304 + 0.0001 0.2090 + 0.0008

867.8 0.0468 + 0.0002 0.3272 + 0.0013

1143.5 0.0600 + 0.0002 0.4249 + 0.0017

333.15 164.8 0.0076 + 0.0001 0.0471 + 0.0003
295.2 0.0137 + 0.0001 0.0877 + 0.000S

436.5 0.0202 + 0.0001 0.1298 + 0.0006

§79.0 0.0268 + 0.0001 0.1783 + 0.0008

856.5 0.0397 + 0.0002 0.2726 + 0.0012

1130.0 0.0523 + 0.0002 0.3705 + 0.0016

T P Mco,
K kPa Xco, mol-kg™

303.15 140.8 0.0140 + 0.0001 0.0711 + 0.0003
268.0 0.0303 + 0.0001 0.1563 + 0.0005

398.3 0.0436 + 0.0001 0.2282 + 0.0007

S531.2 0.0586 + 0.0002 0.3114 + 0.0009

832.5 0.0900 + 0.0002 0.4944 + 0.0014

1102.5 0.1162 + 0.0003 0.6571 + 0.0018

313.18 722 0.0062 + 0.0001 0.0312 + 0.0003
91.9 0.0077 + 0.0001 0.0386 + 0.0003

154.8 0.0132 + 0.0001 0.0669 + 0.0003

273.3 0.0242 + 0.0001 0.1240 + 0.000S

497.3 0.0422 + 0.0001 0.220S5 + 0.0008

772.0 0.0676 + 0.0003 0.3625 + 0.0014

1143.0 0.0994 + 0.0003 0.5521 + 0.0018

323.15 163.0 0.0116 + 0.0001 0.0588 + 0.0003
286.1 0.0213 + 0.0001 0.1087 + 0.000S

424.0 0.0323 + 0.0001 0.1668 + 0.0006

551.2 0.0428 + 0.0002 0.2236 + 0.0008

830.0 0.0625 + 0.0002 0.3331 + 0.0012

1116.0 0.0833 + 0.0003 0.4546 + 0.0016

333.15 154.8 0.0092 + 0.0001 0.0466 + 0.0003
292.6 0.0206 + 0.0001 0.1052 + 0.000S

448.5 0.0298 + 0.0001 0.1537 + 0.0006

580.0 0.0392 + 0.0002 0.2042 + 0.0008

849.5 0.0600 + 0.0002 0.3194 £ 0.0012

1103.5 0.0756 + 0.0003 0.4091 + 0.0016

fEo. (T, P)
H(T,P) = lim €% T 7

%co,—0  XCo,
P (T, P)
= lim —
Xco,™ 0 xCO2
F
Xco, 9

where H,(T,P) is Henry's constant based on the mole fraction,
Xco, is the mole fraction of CO, absorbed in liquid, f¢&o, is the
fugacity of CO,, ¢co, is the fugacity coefficient, and P, is the
pressure of system at equilibrium. At the moderate pressure, we
assume that f&o equals P, here.

An analysis of CO, solubility carried on H,(T,P) alone would
be inappropriate, because the reason for the increase in CO,
mole fraction at isotonic conditions may be due to the increase
of molecular weight of the solvent. Therefore, in this work,
Henry's constant based on the molality (H,(T,P)) was also
applied to analysis the solubilities of CO, in PEGs. Similar to
H,(T,P), H,(T,P) is defined as:

L
fCOZ(T’ P) N Pe

mco,

mco, (10)

Henry's constant represents the linear relationship between
gas concentration and pressure at finite dilution. Hence,
Henry's constant can be obtained by calculating the linear
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slope of pressure and molar fraction. Henry's constants at
(303.15 to 333.15) K are presented in Tables 6 and 7 and
shown in Figures 7 and 8. The uncertainty with a confidence of
95 % of Henry's constant is also given in Tables 6 and 7.

Figure 6 illustrates the measured Henry's constants of CO, in
PEG1S50 compared with literature data, which verifies the
reliability of the apparatus used in this study. As can be seen,
this work is in good agreement with the data of Tan et al,*® and
the absolute average deviation is 2.7 %. Compared to Jou et
al,®' the discrepancies may be caused by the different
measurement conditions. Jou et al. mainly focused on the
vapor—liquid—liquid equilibrium measurement at elevated
pressure resulting in the considerable linear fit deviation of
Henry's constant.

As depicted in Figures 7 and 8, H, and H,, are enhanced as
the temperature increases. At isothermal conditions, H,
increases dramatically with decreasing the molecular weight;
that is, PEGs with higher molecular weights have higher CO,
solubilities, and the solvency is ordered as: PEG400 > PEG300
> PEG200 > PEGI150. The solubility difference is believed to
derive from the strong interaction between CO, molecule and
—O— groups in PEGs, that is, acid—base reactions of the acidic
CO, with the electron-rich ether oxygen in the PEG
molecule.*” Although the terminal —OH groups of PEGs
have a higher affinity for CO, than —O— groups,'® the stronger
interaction between solvent molecules cannot be neglected.
The hydrogen bonds formed in solvents by —OH groups have
negative effects on providing enough cavities to accommodate
the CO, molecule in solvents, which means —OH groups
would impede the CO, absorption."* Consequently, PEG400
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Table 4. Experimental Values of Mole Fraction (xco,) and
Molality (mco,) of CO, in PEG300 at Equilibrium Pressure

(p) and Temperature (T)

T 4 Mco,
K kPa Xco, mol~kg_1
303.15 148.3 0.0226 + 0.0001 0.0772 + 0.0003
278.5 0.0483 + 0.0001 0.1690 =+ 0.0005
424.2 0.0693 + 0.0002 0.2482 + 0.0007
663.0 0.104S + 0.0003 0.3889 + 0.0011
804.0 0.1352 + 0.0003 0.5213 + 0.0013
1066.0 0.1735 + 0.0004 0.6995 + 0.0018
313.18 156.5 0.0190 + 0.0001 0.0644 + 0.0003
278.5 0.0363 + 0.0001 0.1254 + 0.000S
419.0 0.0581 + 0.0002 0.2058 + 0.0007
586.0 0.0764 + 0.0003 0.2757 + 0.0009
835.0 0.1117 + 0.0003 0.4193 + 0.0013
1102.0 0.1470 + 0.0004 0.5745 + 0.0017
323.15 141.3 0.0154 + 0.0001 0.0520 + 0.0003
307.9 0.0321 + 0.0001 0.1107 £ 0.000S
421.6 0.0504 + 0.0002 0.1768 + 0.0006
576.0 0.0672 + 0.0002 0.2400 + 0.0009
840.5 0.093S5 + 0.0003 0.3438 + 0.0012
1107.0 0.1286 + 0.0004 0.4918 + 0.0016
333.15 155.2 0.0155 + 0.0001 0.0525 + 0.0003
311.0 0.0312 + 0.0001 0.1074 + 0.000S
437.0 0.0462 + 0.0002 0.1615 + 0.0006
591.2 0.0605 + 0.0002 0.2147 + 0.0008
880.5 0.0940 + 0.0003 0.3457 + 0.0013
1130.5 0.1168 + 0.0004 0.4406 + 0.0016

Table S. Experimental Values of Mole Fraction (xco,) and
Molality (mco,) of CO, in PEG400 at Equilibrium Pressure

(p) and Temperature (T)

T b4 Mco,
K kPa Xco, mol-kg_1
303.15 145.3 0.0319 + 0.0001 0.0822 + 0.0003
2822 0.0622 + 0.0002 0.1660 + 0.0005
431.2 0.0897 + 0.0003 0.2464 + 0.0007
561.5 0.1244 + 0.0003 0.3553 + 0.0009
815.5 0.1684 + 0.0004 0.5063 + 0.0013
1070.0 0.2220 + 0.0006 0.7134 + 0.0018
313.15 166.0 0.0279 + 0.0001 0.0717 £ 0.0003
300.5 0.0567 + 0.0002 0.1504 + 0.000S
4144 0.0759 + 0.0002 0.2054 + 0.0007
578.0 0.1027 + 0.0003 0.2861 + 0.0009
834.5 0.1467 + 0.0004 0.4298 + 0.0013
1087.5 0.1905 + 0.0006 0.5885 + 0.0017
323.15 154.1 0.0237 + 0.0001 0.0607 + 0.0003
2174 0.0333 + 0.0001 0.0861 + 0.0004
443.0 0.0690 + 0.0003 0.1854 + 0.0007
564.0 0.0877 + 0.0003 0.2404 + 0.0008
893.8 0.1362 + 0.0004 0.3942 + 0.0013
1120.5 0.1701 + 0.0006 0.5125 + 0.0017
333.15 147.8 0.0213 + 0.0001 0.0544 + 0.0003
2829 0.0421 + 0.0002 0.1099 + 0.0004
434.5 0.0625 + 0.0002 0.1666 + 0.0006
557.2 0.0775 + 0.0003 0.2099 + 0.0008
831.0 0.1184 + 0.0004 0.3356 + 0.0012
1104.0 0.154S5 + 0.0005 0.4567 + 0.0016
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Figure 2. Solubilities of CO, in PEG150. H, 303.15 K; @, 313.15 K;
A, 323.15 K; ¥, 333.15 K; —, linear fit.
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Figure 3. Solubilities of CO, in PEG200. W, 303.15 K; @, 313.15 K;
A, 32315 K; ¥, 333.15 K; —, linear fit.
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Figure 4. Solubilities of CO, in PEG300. W, 303.15 K; @, 313.15 K;
A, 323.15 K; V¥, 333.15 K; —, linear fit.

with the highest density of free —O— groups and least density
of —OH groups showed better absorbing capacity to CO, than
other solvents. On the other hand, Hy shows the same tendency
with H,, while it varies a little with molecular weights, as shown
in Figure 8, which is believed to originate from a similar
number of —OH groups in PEG150, PEG200, PEG300, and
PEG400. Moreover, the further increasing molecular weights of
PEGs lead to high viscosity and thus make diffusion of CO, to
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Figure S. Solubilities of CO, in PEG400. Hl, 303.15 K; @, 313.15 K;
A, 323.15 K; ¥, 333.15 K; —, linear fit.

functional groups more difficult. This is in agreement with the
findings by Aschenbrenner et al,'® where the solubility of CO,
in PEG600 was found to be lower than those in PEG200 and
PEG300.

4. THERMODYNAMIC PROPERTIES

Thermodynamic properties of CO, absorbed in PEGs can be
determined from the correlation of Henry's constant by the
following equations:27’33

A G = RT In(H(T, P))/P° (11)
0
A H =R 0In(H(T, P)/P")
o(1/T) (12)
Asols = (AsolH - AsolG)/T (13)

where A G, A, H, and AS are the solution Gibbs free
energy, solution enthalpy, and solution entropy, respectively. P°
refers to 0.1 MPa.

AG is the chemical potential that is minimized when the
gas—liquid system reaches equilibrium at constant pressure and
temperature. A H indicates the strength of interaction
between the CO, molecules and PEG molecules in the liquid,
and A,,S shows the degree of ordering of the liquid/gas
mixture.”* The predicted values of A,,G, A H, and A S are
listed in Table 8.

5. CONCLUSIONS

In this contribution, the solubilities of CO, in PEGs were
determined. Henry's constants and thermodynamic properties
of CO, in PEGs were evaluated from the experimental data.
The results show that the solubilities of CO, in PEGs decrease
with increasing temperature and decreasing pressure. Moreover,

Table 7. Henry's Constant (Based on Molality, H,) of CO,
in PEGs from (303.15 to 333.15) K

Hb/MPa-kg-moI'1
solution 303.15 K 313.15S K 323.15 K 333.15 K
CO, + 1.86 + 0.12 225 + 0.08 2.69 + 0.05 3.13 + 0.12
PEG150
CO, + 1.69 + 0.03 2.11 + 0.06 248 + 0.05 2.72 + 0.10
PEG200
CO, + 1.57 + 0.09 1.98 + 0.10 2.34 + 0.13 2.60 + 0.10
PEG300
CO, + 1.56 + 0.09 191 + 0.09 225 + 0.09 248 + 0.10
PEG400
35
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[
=
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0 1 1 1 1 1 1 1 1
290 300 310 320 330 340 350 360 370 380
T/K

Figure 6. Comparison of Henry's constant of CO, in PEG150 with the
literature data. M, this work; @, Tan et al;>° A, Jou et al
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295 300 305 310 315 320 325 330 335 340
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Figure 7. Henry's constant (based on the mole fraction, H,) of CO, in
PEGs. W, PEG150; ®, PEG200; A, PEG300; ¥, PEG400; —, linear
fit.

PEGs with higher molecular weights can enhance solubility

with CO,.

Table 6. Henry's Constant (Based on Mole Fraction, H,) of CO, in PEGs from (303.15 to 333.15) K

H,/MPa
solution 303.15 K 313.1S K 323.15 K 333.15 K
CO, + PEG150 13.34 £ 0.51 15.89 + 0.40 18.81 + 0.39 21.59 + 0.02
CO, + PEG200 9.33 £ 0.22 11.50 + 0.11 1329 + 0.22 14.51 = 0.37
CO, + PEG300 6.11 + 0.17 7.50 + 0.14 8.68 + 0.29 9.60 + 0.20
CO, + PEG400 4.78 + 0.12 5.66 + 0.12 6.54 + 0.07 7.09 + 0.12
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Figure 8. Henry's constant (based on the molality scale, H,) of CO, in
PEGs. W, PEG150; @, PEG200; A, PEG300; V¥, PEG400.

Table 8. Thermodynamic Properties of Solutions for CO, in
PEGs”

A, G* A H A, S*

solution kJ-mol™* kJ-mol™ Jmol “ K
CO, + PEG150 12.31 —13.77 —86.03
CO, + PEG200 1143 —12.40 —78.60
CO, + PEG300 10.37 —12.66 —75.94
CO, + PEG400 9.75 —11.18 —69.04

“AG* and Ay S* are the Gibbs free energy and entropy at 303.15 K,
respectively.

Henry's constants and the thermodynamic properties of CO,
in PEGs obtained will be important for developing processes of
CO, capture from flue gas by PEGs. Moreover, these data are
essential for the kinetic modeling of mixtures of PEGs, amines,
and ILs.
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