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Abstract: Understanding the solubility of CO; is critical for implementing CO,-enhanced oil recovery
(CO,-EOR). In this work, the solubility of CO, in n-decane in a temperature range between 303.15 K
and 353.15 K and pressures up to 15 MPa was measured using a fused silica capillary cell with in
situ Raman spectroscopy. A semi-empirical CO; solubility prediction model was obtained according
to the experimental results. In order to improve the solubility of CO, in n-decane, the solubility of
CO;, in n-decane and co-solvent n-hexane (3% wt) mixture was also comparatively investigated. The
results indicated that the solubility of CO, in n-decane was 1.6355~64.0084 mol/kg. The data from
the prediction model were in good agreement with the experimental data, and the mean relative
deviation was 3.65%, indicating that the prediction model could be used to predict the solubility of
CO; in n-decane under different conditions. The solubility of CO, in n-decane + n-hexane system
ranged from 1.0127 mol/kg to 65.7286 mol/kg. It was found that, under low-pressure conditions,
the addition of co-solvent n-hexane did not enhance the solubility of CO,, while it had a certain
enhancement effect on the dissolution of CO, under high-pressure conditions. As the temperature
increased from 303.15 K to 353.15 K, the enhancement efficiency of the solubility of CO, also increased
from 1.34~2.05% to 8.17~9.82%, and the average enhancement efficiency increased from 1.74% to
9.00%. This study provides more CO, solubility data for CO,-EOR.

Keywords: CO, solubility; n-decane; n-decane + n-hexane; Raman spectroscopy

1. Introduction

Global warming has become a crucial and pressing environmental issue, and CO; has
been considered as one of the foremost contributors [1-4]. Therefore, reducing the content
of CO; in the atmosphere is of vital importance. Carbon Capture Utilization and Storage
(CCUS) is a potential technology for carbon emissions’ reduction, for which CO,-enhanced
oil recovery (CO,-EOR) is one of the main application methods [5-8]. CO,-EOR, injecting
CO; into oil reservoir, not only can sequestrate a large amount of CO,, but also can
improve crude oil recovery [9,10]. Since Wharton obtained the first patent for CO,-EOR
in 1952, many countries in the world have carried out a large number of laboratory and
oilfield experiments on CO; flooding [11,12]. Since 2000, reservoir engineering research has
been carried out by combining CO,-EOR with CO; geological storage [13]. The physical
characteristics and phase behavior of gas/oil system are required for conducting CO,-EOR
and CO; geological storage, and this information plays an important role in engineering [14].
However, the solubility of CO; in crude oil reveals the difficulty of miscibility in CO,
flooding. Therefore, dissolution parameters of CO; in crude oil are urgently needed in
reservoir engineering and evaluation of oil and gas reserves [15].

In recent years, a large number of scholars have explored the phase equilibrium
and critical properties of CO; in various simulated oils/crude oils. Rafael et al. [16]
employed a semi-flow device to investigate the phase equilibrium of CO, + n-octadecane
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system in a temperature range between 310 K and 353 K and pressure from 10 MPa
to 20 MPa. Liu et al. [17] proposed the critical properties of the binary mixing system
(hexane + methanol, hexane + CO, and methanol + CO,) and the ternary mixing system
(CO7 + hexane + methanol) by using a high-pressure balance kettle with visual observation.
Fabrice et al. [18] used a high-pressure, variable-volume visual balance kettle to statically
measure the phase equilibrium of CO; and n-heptane/2,5-dimethylhexane/octane/3-
methylpentane under the conditions of 1.2~13.4 MPa and 278.15~413.15 K. Camacho-
Camacho et al. [19] presented a static analysis to determine the phase equilibrium of CO,
with n-nonane and n-undecane under four temperature conditions (315K, 344 K, 373 K, and
418 K). Yang et al. [20] reported the solubility and expansion coefficient of CO; in kerosene,
tetradecane, white o0il, and mixed oil at 313.15 K using a fixed-volume high-pressure
balanced kettle. Kavousi et al. [14] conducted experimental research of the solubility of CO,
in oils with different viscosity, and discussed the influences of temperature and pressure
(1.73~4.48 MPa and 295~305 K) on the dissolution. Braeuer [21] et al. investigated the mass
transfer quantitatively in the compressible ternary multi-phase system composed of the oil
component ethyl acetate, water, and carbon dioxide at the elevated pressure of 8.5 MPa
and at temperatures of 298 K and 310.5 K. Pollak [22] et al. investigated the Solubility of
pressurized carbon dioxide in three different polydimethylsiloxanes at 25 °C, 40 °C, and
60 °C and at pressures of up to 30 MPa.

Previous studies on the solubility of CO; in a simulated oil system mainly used PVT
sampling analysis, chromatographic analysis, etc. [23,24]. However, previous studies usu-
ally judged whether the system reaches equilibrium according to the pressure or bubble
point (the pressure point when the gas phase disappears), which has a certain subjective er-
ror in the experiment. The sampling analysis method may change the original temperature
and pressure and destroy the equilibrium of the system. In addition, the temperature and
pressure ranges in the previous studies were relatively narrow. Raman spectroscopy is an
effective optical, non-destructive, sensitive, and fast analytical method which can be used
to determine the composition of substances and qualitative analysis [25,26]. The Raman
peak intensity ratio can reflect the variation of the concentration of solute and solvent,
which reveals the change of materials in the system [27,28]. Due to the composition of
crude oil being very complex, understanding the process of CO,-EOR should be necessary
for selecting a representative model compound such as alkane for consideration. Thus, in
this study, the solubility of CO; in n-decane at different temperatures (303.15~353.15 K)
and pressures (~15 MPa) was determined by using a fused silica capillary cell (FSCC),
combined with a heating cooling stage and an in situ Raman spectroscopy. Meanwhile, a
semi-empirical model was established according to the experimental results. In addition,
due to the mutation of the solubility of CO; in n-decane within the range of minimum mis-
cible pressure, the co-solvent method was used to reduce the minimum miscible pressure
in the process of CO, flooding so as to investigate the influence of co-solvent n-hexane
(3 wt%) on the solubility of CO,.

2. Materials and Methods
2.1. Materials

All chemicals were purchased commercially and used as received. Carbon dioxide
(COy, CAS No.124-38-9, with purity of 99.995%) was purchased from Pujiang special gas
Co., Ltd. (Shanghai, China). N-decane (C1pHp, CAS No.124-18-5, with purity of 99%) and
n-hexane (C¢Hj4, CAS No.110-54-3, with purity of 98%) were supplied by Aladdin Chem-
istry Co., Ltd. (Shanghai, China). The silica capillary tubing type TSP300665 (665 um O.D.
and 300 pm L.D. with polyimide coating) was purchased from Polymicro Technologies LLC
(Phoenix, AZ, USA). All valves and high-pressure stainless-steel tube were purchased from
Nantong Huaxing Petroleum Instrument Co., Ltd. (Nantong, China).
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2.2. Experimental Apparatus

The solubility of CO, in n-decane and n-decane + n-hexane system at 303.15 to 353.15 K
and 0 to 15.0 Mpa was carried out on a fused silica capillary cell (FSCC) with an in situ
Raman spectroscopy, which is described in Figure 1. It consisted of a FSCC combined with
a heating—cooling stage (Linkam, CAP500, Redhill, UK), an in situ Raman spectroscopy
(Horiba JobinYvon, HR800, Palaiseau, France), a phase equilibrium kettle with a magnetic
stirrer and an electric heating jacket, a manual pressure pump, a 70 MPa pressure generator,
a circulating pump, and a quantitative pump. The temperature in the phase equilibrium
kettle was controlled by the electric heating jacket (accurate to £0.1 °C), and the temperature
in the FSCC was controlled via the heating—cooling stage in conjunction with a digital
temperature controller (Linkam, T95, Redhill, UK, accurate to 0.1 °C). The connecting
tube between the FSCC and phase equilibrium kettle was wrapped with an insulation layer
to maintain the fluid temperature in the whole setup. The pressure in the FSCC and phase
equilibrium kettle was adjusted with the 70 MPa pressure generator and measured with a
Setra 206 pressure transducer (70 MPa full scale, accurate to +0.25%FS). Pressure in the
quantitative pump was measured using a pressure transducer (30 MPa full scale, accurate
to £0.25% FS).
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Figure 1. Schematic diagram of the measurement apparatus of the solubility of CO, in n-decane and
n-decane + n-hexane system.

2.3. Experimental Procedure

Determining the solubility of CO, in n-decane and n-decane + n-hexane system
at different temperatures and pressures consisted of two parts. The first part was to
draw the standard curve between CO, concentration and the Raman peak intensity
ratio of CO; + n-decane system and verify whether the standard curve is suitable for
CO; + n-decane + n-hexane system. Before each experiment, a certain amount of N, was
injected into the kettle and the pressure was recorded over 2 h to test the gas tightness of
the apparatus. Then, the kettle was emptied with a vacuum pump to 0.01 MPa. (1) At
room temperature (about 293.15 K), a certain amount of n-decane or n-decane + n-hexane
was injected into the phase equilibrium kettle with a modified liquid injector; (2) A certain
amount of CO, was then injected into the phase equilibrium kettle, and the temperature
and pressure were recorded before and after the injection of CO;. The amount of CO,
injected was calculated by the PR equation; (3) The system pressure was increased to about
30.0 MPa using the manual pressure pump, and the magnetic stirrer was turned on to accel-
erate the dissolution of CO, in n-decane or n-decane + n-hexane system; (4) The circulating
pump was turned on for about 15 min to ensure the homogeneity of the mixture in the
whole circulation line, and then the Raman spectra of the mixture were collected; (5) Repeat
the step (4) until the standard deviation of the Raman peak intensity ratios between the CO,
Fermi diad and the C-H stretching band of n-decane or n-decane + n-hexane was less than
0.0003, which could be considered the point at which the system had reached the dissolu-
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tion equilibrium [29]; (6) When the mixture was certified to have reached phase equilibrium,
the Raman peak intensity ratio of CO, + n-decane or CO, + n-decane + n-hexane under
different temperatures and pressures (303.15~353.15 K and 0~15.0 MPa) was measured and
recorded; (7) The CO, concentration was changed, and steps (2)—(6) were repeated; (8) The
standard curve of CO, concentration and the Raman peak intensity ratio of CO, + n-decane
were established, and then it was verified whether the standard curve was suitable for
CO; + n-decane + n-hexane system.

The second part was to measure the Raman peak intensity ratio of CO, + n-decane or
CO; + n-decane + n-hexane in a CO,-saturated system under different temperatures and
pressures. (1) Excessive CO, was injected into the phase equilibrium kettle by the quantita-
tive pump; (2) The same steps used in the first part were used to determine the phase equilib-
rium in the CO;-saturated system; (3) After reaching the phase equilibrium, some bubbles
appeared as the temperature of the system was increased or the pressure was decreased;
(4) The desired temperature and pressure were maintained while there were some CO; bub-
bles, and the condition was considered to reach the supersaturated status and phase equilib-
rium; (5) The Raman peak intensity ratio of CO, + n-decane or CO; + n-decane + n-hexane
under different temperatures and pressures (303.15~353.15 K and 0~15.0 MPa) were mea-
sured and recorded, while there were some CO, bubbles.

2.4. Method of Analysis

In this experiment, a ]Y/Horiba LabRam HR800 system equipped with a frequency-
doubled Nd:YAG 531.95 nm laser with 20 mW output laser power was used to collect the
Raman spectra. In addition, a Charge Coupled Device (CCD) detector (multichannel, air
cooled) was used to analyze in situ the CO; + n-decane or CO; + n-decane + n-hexane
system. Under the various temperature—pressure conditions, the Raman spectra of the
system were collected in the range of 1100-4000 cm™~! to obtain the Raman peak inten-
sity ratio between the CO, Fermi dyad and the C — H stretching band of n-decane or
n-decane + n-hexane. The acquisition time was 20 s with two accumulations. The Raman
peak intensity ratio for each group of T — P — x conditions was measured five times, and
the average value was used as the experimental data. Other details for the experimental
methods were reported in our previous study [30].

The Raman peak intensity ratio (1) was calculated using the following equation:

A=Ico,/Ic—H 1)

where Ico, is the Raman peak intensity of the CO, Fermi dyad, Ic_g is the Raman peak
intensity of the C — H stretching band of n-decane or n-decane + n-hexane, and the baseline
is subtracted during the calculation.

The iterative method of PR equation was used to calculate the amount of CO; injected
in the experiment using the following equation:

_ nRT a(T)
P=v=% V(V+b)+b(V—b) @
RZ 2
a(T) = 045724—(T) 3)
RT,
b= 0.07780= (4)
a(T) = [1+k(1—T}/2)}2 ®)

k = 0.37464 + 1.54226w — 0.26992w? (6)
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Tr == Tc (7)
n—n
Ccoz = ﬁ 8)

where P is pressure, MPa; T is temperature, K; a(T) represents the intermolecular attraction
coefficient, which is related to the temperature; b is the intermolecular repulsion constant;
R is the general gas constant, R = 8.314 J/(mol-K); P, represents the critical pressure;
T, represents the critical temperature; T, represents the relative temperature; V represents
the corresponding volume when refilling, mL; k represents the specific properties of w for
each substance; w represents the eccentricity factor; 11, n, represent the amount of CO,
substance corresponding to the gas filling, mol; Mc1g represents the mass of the n-decane
solvent in the high-pressure phase equilibrium circulation system, g; and Cco, represents
each addition of high pressure CO; concentration of the phase equilibrium kettle, mol/kg.

3. Results and Discussion
3.1. Phase Equilibrium of CO; + n-Decane or CO; + n-Decane + n-Hexane

In order to determine the solubility of CO, in n-decane or n-decane + n-hexane, the
Raman spectra of CO, + n-decane or CO, + n-decane + n-hexane mixture at different time
were collected, and then the Raman peak intensity ratios between the CO, Fermi diad (at
1280 cm ™! and 1385 cm~!) and the C-H stretching band of n-decane or n-decane + n-hexane
(at 2800-3000 cm~!) were calculated. Figure 2 shows the Raman peak intensity ratio
in the mixture as it varies with time and the concentration of CO;. The Raman peak
intensity ratio increases slowly with time, and then becomes stable. When the concentration
of CO; is 0.5621 mol/kg, it takes the longest time for CO; + n-decane system to reach
the phase equilibrium. It can be speculated that the first injection volume of CO, was
large, and most of the CO, needed to be dissolved by stirring, circulation, and other
operations. After 60 h of dissolution, the Raman peak intensity ratio tended to be stable.
In addition, when the injection volume of CO, increased greatly, the dissolution time of
CO; + n-decane + n-hexane to reach the phase equilibrium was longer. When the CO,
concentration was 0.7612 mol/kg, the dissolution time of CO, + n-decane was close to that
of 0.8600 mol/kg, and when the CO; concentration was 0.1882 mol/kg, the dissolution time
of CO; + n-decane + n-hexane was close to that of 0.2974 mol/kg. These results indicated
that the dissolution time to reach the phase equilibrium was different due to the injection
volume of CO,.
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0.7612 mol/kg COz»n-decane
0.07 - —— 0.8600 mol/kg CO-n-decane
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Figure 2. Variation of the Raman peak intensity ratios of mixture with different CO, concentrations
and time.
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Table 1 shows that the standard deviation (SD) of the Raman peak intensity ratios was
less than 0.0003 after 4 h of dissolution. It could be considered, that after the temperature
changed, the system needed to dissolve for 4 h to reach the thermodynamic equilibrium.

Table 1. The Raman peak intensity ratio of mixture at different time.

T, Cco, 1h 2h 3h 4h 5h 6 h 7h
CO, + n-decane

303.15 K

05621 mol/kg 0.04378 0.04538 0.04039 0.04185 0.04128 0.04136 0.04146
313.15K

0.6606 mol/kg 0.05143 0.04796 0.04657 0.04852 0.04834 0.04878 0.04865

CO; + n-decane + n-hexane

303.15K

0.1886 mol/kg 0.01421 0.01552 0.01432 0.01408 0.01407 0.01408 0.01409
313.15K

0.2974 mol /kg 0.02235 0.02201 0.02169 0.02146 0.02148 0.02151 0.02142

In addition, phase equilibrium verification of CO;-saturated solution was similar to
homogeneous solution. According to the bubble point theory, the temperature and pressure
were adjusted so that there were some CO, bubbles in the solution under this condition,
and the system was in a saturated state. Then, the Raman spectra of the system at a different
time and at different positions when CO, bubbles existed were measured, as were the
dissolution of CO, in n-decane and n-decane + n-hexane to ensure the accuracy of the
experimental results. The different positions were determined by the distance from the
edge of the bubble. Table 2 shows that, at the same pressure and temperature, the standard
deviation (SD) of the Raman peak intensity ratios at different positions was less than 0.0007,
which indicated that the system had reached the thermodynamic equilibrium.

Table 2. The Raman peak intensity ratios of mixture at three positions at different temperatures
and pressures.

Standard
Temperature, Pressure 100 pm 200 pm 300 pm Deviation SD
CO, + n-decane
303.15 K, 2.82 MPa 0.1657 0.1664 0.1667 0.00051
313.15 K, 3.93 MPa 0.2045 0.2053 0.2054 0.00049
323.15K, 4.81 MPa 0.2237 0.2231 0.2238 0.00041
333.15 K, 6.53 MPa 0.3754 0.3752 0.3761 0.00049
343.15 K, 6.64 MPa 0.3085 0.3091 0.3084 0.00034
353.15 K, 10.08 MPa 0.6693 0.6690 0.6702 0.00062
CO; + n-decane + n-hexane
303.15 K, 3.00 MPa 0.1694 0.1694 0.1701 0.0004
313.15 K, 2.02 MPa 0.08748 0.08775 0.08744 0.0002
323.15K, 3.10 MPa 0.1315 0.1317 0.1318 0.0001
333.15 K, 6.53 MPa 0.4146 0.4146 0.4147 0.0001
343.15 K, 8.32 MPa 0.5902 0.5904 0.5913 0.0006
353.15 K, 10.45 MPa 0.6732 0.6733 0.6737 0.0003

In order to further confirm that the system had reached the thermodynamic equilib-
rium, after the Raman peak intensity ratios of the three positions were similar, the Raman
spectra of one position were collected every 30 min for 2 h (Figure 3.). When there was no
significant difference between the Raman peak intensity ratios, the system was considered
to be in equilibrium.
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Figure 3. The Raman spectra of the CO,-saturated solution from 0 to 120 min after reaching the phase
equilibrium, (a) CO, + n-decane, (b) CO, + n-decane + n-hexane.

3.2. Relationship between CO, Concentration and the Raman Peak Intensity Ratio

In order to establish an accurate relationship between the CO, concentration and
the Raman peak intensity ratio of the CO, + n-decane system, the effects of temperature
and pressure on the Raman peak intensity ratio were investigated. The results are shown
in Tables 3 and 4. When the system pressure was changed, there was no obvious dif-
ference between the Raman peak intensity ratios, and the standard deviation (SD) was
less than 0.0003. When the system temperature was changed, the Raman peak intensity
ratio decreased with increasing temperature, but the variation range was not significant,
and the standard deviations (SD) were less than 0.002. These results indicate that the
influences of temperature and pressure on the Raman peak intensity ratio were small, but
the temperature had a greater impact on the Raman peak intensity ratio than pressure.
Thus, six standard curves between CO, concentration and the Raman peak intensity ratio
of CO; + n-decane system at different temperatures (303.15~353.15 K) were established to
improve the accuracy of the standard curve.
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Table 3. The Raman peak intensity ratio of CO, + n-decane system at different pressures.

Cco, P Peak Intensity SD Cco, P Peak Intensity SD
mol/kg MPa Ratio mol/kg MPa Ratio
303.15K 323.15K
4.03 0.04120 6.15 0.05486
5.79 0.04114 7.78 0.05430
7.31 0.04130 9.07 0.05469
0.5621 8.65 0.04169 0.00024 0.7612 10.16 0.05476 0.00022
9.81 0.04104 11.81 0.05449
11.21 0.04146 13.25 0.05441
343.15K 333.15K
7.35 0.05990 5.48 0.06731
10.13 0.06014 6.65 0.06785
11.85 0.06032 8.10 0.06757
0.8600 13.11 0.06027 0.00026 0.9596 931 0.06782 0.00027
14.42 0.06064 10.50 0.06799
15.75 0.06052 11.43 0.06802

Table 4. The Raman peak intensity ratio of CO; + n-decane mixture at different temperatures and
CO, concentrations.

T (K) 303.15 313.15 323.15 333.15 343.15 353.15 SD
Cco, (mol/kg)
0.5621 0.04169 0.04062 0.04029 0.03927 0.03874 0.03729 0.0015
0.6606 0.04953 0.04878 0.04819 0.04769 0.04710 0.04638 0.0011
0.7612 0.05563 0.05483 0.05429 0.05410 0.05353 0.05315 0.00089
0.8600 0.06305 0.06240 0.06170 0.06125 0.06051 0.06004 0.0011
0.9596 0.07023 0.06934 0.06853 0.06785 0.06706 0.06673 0.0013

In order to verify the effect of co-solvent n-hexane, the solubility of CO, in
CO; + n-decane + n-hexane system was investigated, where the concentration of n-hexane
is 3 wt%. Depending on the standard curve of CO; concentration and the Raman peak inten-
sity ratio of CO, + n-decane, the injection amount of CO, was determined. To ensure the ac-
curacy of the experiment, the Raman peak intensity ratio of the CO, + n-decane + n-hexane
mixture at different temperatures and CO, concentrations was measured and verified, as
shown in Table 5 and Figure 4.

Table 5. The Raman peak intensity ratio of CO; + n-decane + n-hexane at different temperatures and
CO, concentrations.

T 303.15 313.15 323.15 333.15 343.15 353.15 SD
Cco, (mol/kg)
0.1886 0.01409 0.01370 0.01350 0.01304 0.01272 0.01251 0.0006
0.2974 0.02260 0.02150 0.02118 0.02082 0.02041 0.02009 0.0009

0.7011 0.05162 0.05114 0.05048 0.05005 0.04940 0.04911 0.0010
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Figure 4. Verifying the relationship between CO, concentration and the Raman peak intensity ratio
of CO, + n-decane + n-hexane at different temperatures.

As shown in Figure 4, the Raman peak intensity ratio increased with the increase
in CO, concentration, indicating a positive linear correlation. The Raman peak intensity
ratio of CO; + n-decane + n-hexane at different temperatures and CO, concentrations
was consistent with the standard curve between CO; concentration and the Raman peak
intensity ratio of CO, + n-decane. These results illustrate that the standard curve between
CO; concentration and the Raman peak intensity ratio of CO; + n-decane system was
suitable for CO, + n-decane + n-hexane system.

3.3. The Solubility of CO;, in n-Decane and n-Decane + n-Hexane Systems

After the system reached the phase equilibrium, the Raman peak intensity ratios
of CO; + n-decane and CO, + n-decane + n-hexane systems were measured under tem-
peratures from 303.15 K to 353.15 K and pressures up to 15 MPa. The solubility of CO,
was calculated from the corresponding temperature equation in Table 6, as shown in
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Tables 7 and 8. These results indicate that the solubility of CO, increased with the increase
in pressure and decreased with the increase in temperature, and the addition of co-solvent
n-hexane (3 wt%) improved the solubility of CO, at high pressure (Figure 5).

Table 6. The standard curve relationship between CO, concentration and the Raman peak intensity
ratio of CO; + n-decane system.

T (K) Fitting Equation

303.15 A =0.0710 x Cco, +0.0020 (R? = 0.9983)

313.15 A =0.0715 x Cco, + 0.0008 (R? = 0.9977)

323.15 A =0.0704 x Cco, +0.0011 (R? = 0.9982)

333.15 A =0.0711 x Cco, — 0.00006 (R? = 0.9970)
343.15 A =0.0704 x Cco, — 0.0002 (R? = 0.9969)
353.15 A =0.0729 x Cco, — 0.0028 (R? = 0.9944)

Table 7. The solubility of CO, + n-decane system at 303.15~353.15 K and 0~15 MPa.

Temperature Pressure Solubility Temperature Pressure Solubility
X) (MPa) (mol/kg) (K) (MPa) (mol/kg)
2.92 2.3741 3.14 2.1676
3.59 3.5654 4.06 3.2723
423 5.3615 4.52 4.2598
5.12 9.8819 5.48 6.9693
5.83 15.4430 6.28 10.5335
308.15 6.65 26.8551 313.15 7.3 16.2304
7.03 33.9367 7.95 23.8631
7.58 49.8425 8.49 32.3855
8.03 64.0084 8.98 42.8045
- - 9.45 54.6061
3.14 1.9191 4.12 2.4537
4.09 2.6978 5.11 3.4143
5.01 3.7191 5.98 4.3792
6.01 5.7333 6.68 5.8202
7.43 10.5475 7.88 8.9228
323.15 8.21 14.9078 333.15 8.23 10.1629
9.46 25.5872 8.75 13.1587
9.88 30.2865 9.63 17.8441
10.56 41.4610 10.77 27.5098
—— 11.74 38.4256
—_ —_— 12.85 56.8202
3.35 1.6355 4.33 1.9795
4.35 2.2014 5.45 2.5699
5.18 2.7581 712 4.0630
6.83 4.5781 8.83 6.3712
8.02 6.7266 10.18 9.2589
343.15 8.76 8.5032 353.15 10.98 11.3027
9.66 11.0490 12.03 15.5671
10.48 14.6504 12.71 18.9835
11.28 19.1455 14.25 28.6054
12.58 28.7775 15.28 38.6424
13.38 37.0169 — —

Figure 5 also shows that the solubility of CO; in n-decane increased with the increase
in pressure when the temperature was constant. Taking the solubility of CO, at 333.15 K as
an example (Figure 5a), the dissolution process could be divided into two steps. The first
step was the low-pressure condition. When the system pressure was low, the solubility of
CO, increased with the increase in pressure, but the increased range was small, and the
growth trend was similar to linear growth. This was probably due to the low-pressure
condition under which the dissolution process of CO, in n-decane followed Henry’s law,
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and the solubility of CO; in n-decane was directly proportional to the partial pressure of
CO; in gas phase [31]. The second step was the high-pressure condition. The solubility
of CO; in n-decane increased greatly when the system pressure increased to a certain
value. When the pressure increased from 9.63 MPa to 10.77 MPa, the increase in the
solubility of CO;, was significantly higher than that under low-pressure condition. It can
be assumed that the increase in pressure shortened the distance between CO, molecules
and enhanced the interaction force. When the intermolecular force of CO, was nearly
equivalent the intermolecular force of solvent, CO, and n-decane were miscible and formed
a homogeneous fluid, which greatly increased the solubility of CO, [32,33].

Table 8. The solubility of CO, + n-decane + n-hexane system at 303.15~353.15 K and 0~15 MPa.

Temperature Pressure Solubility Temperature Pressure Solubility
X) (MPa) (mol/kg) (K) (MPa) (mol/kg)
2.00 1.2874 2.00 1.1989
3.00 2.3823 3.10 2.2014
3.31 3.1934 4.00 3.2599
4.32 5.6807 4.42 4.0249
5.1 9.9944 5.12 5.9455
303.15 5.8 15.7693 313.15 6.23 10.4441
6.18 20.7623 6.91 15.1131
6.60 27.4936 7.39 19.6187
6.98 35.1055 7.86 25.0726
7.51 49.9972 8.25 30.7025
7.92 65.72856 8.75 39.8393
2.01 1.1464 2.00 1.0737
3.14 1.9025 3.00 1.4642
411 2.7663 4.12 2.5187
5.01 3.6824 5.12 3.4375
5.52 4.9262 6.02 4.4820
323.15 6.01 5.8865 333.15 6.62 5.6446
7.31 10.8312 7.58 7.8596
8.15 15.9135 8.05 9.8820
8.82 21.0780 8.65 12.7374
9.38 27.1475 9.18 14.8694
9.86 32.9816 9.85 18.9972
10.48 42.8794
2.00 1.0414 2.00 1.0127
3.31 1.6115 3.00 1.3549
4.33 2.2012 4.38 2.0044
5.16 2.7349 5.42 2.5910
6.02 3.6346 7.02 4.0900
6.83 4.6598 7.83 5.0452
343.15 7.53 5.7991 353.15 8.52 6.1411
8.02 6.8687 9.83 8.8753
9.12 10.1991 10.32 10.4260
9.67 12.1169 11.12 13.7493
10.06 13.7765 11.89 17.0370
10.83 17.3594 12.58 20.4384
11.50 21.6204 12.83 22.2329

When the pressure was constant, the solubility of CO, in n-decane decreased with
the increase in temperature. It was found that the increased of temperature caused a
smaller decrease in solubility under the low-pressure condition, while the increase in
temperature caused a larger decrease in solubility under the high-pressure condition. It can
be speculated that the increase in temperature caused the increase in the distance between
molecules and the volume expansion of alkanes, the decrease in the force between CO,
and alkanes, and the increase in kinetic energy for dissolving CO,, which made it easier for
CO; to escape from the solution, resulting in the decrease in solubility.
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Figure 5. (a) The solubility of CO, + n-decane system at 303.15~353.15 K and 0~15 MPa; (b) The
solubility of CO, + n-decane + n-hexane system at 303.15~353.15 K and 0~15 Mpa.

3.4. The Solubility Prediction Model of CO, + n-Decane System

Because crude oil, alkanes, and other solvents may show obvious changes in their
physical properties with the varying of temperature, it is impossible to obtain a wide range
of the solubility of CO, in hydrocarbons by a simple and convenient way. However, the
establishment of semi-empirical model has alleviated this dilemma. The Chrastil model [34]
is the most concise and convenient model, and is widely applied. Based on Henry’s law,
Jou et al. [35] developed a solubility model, which was similar to the Chrastil model.
Paninho et al. [36] and Fornari et al. [37] have successfully employed the model to calculate
the solubility of CO, in organic liquids such as alkanes, alkenes, alcohols, acids, and ethyl
lactates, which has expanded the application range of the model and verified the accuracy
of the model. The solubility model was as follows:

InP = A + B (InS) )

where P represents the pressure, kPa; S represents the solubility, mol/kg; and A, B represent
the empirical constant of temperature.
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According to the solubility model, the data of pressure and solubility were fitted, and
the formula is shown in Table 9.

Table 9. Fitting equations of solubility and pressure of CO, + n-decane system.

T (K) Fitting Equations R2

303.15 P =1.5326InS + 1.6242 0.9998
313.15 P =1.9485InS + 1.6966 0.9996
323.15 P =2.3796InS +1.7591 0.9991
333.15 P =2.7238InS + 1.8194 0.9989
343.15 P =3.1907InS + 1.8954 0.9997
353.15 P =3.6666InS + 1.9661 0.9996

Where P represents the pressure, MPa, and S represents the solubility, mol/kg.

According to the comparison between the fitting equation and the CO, solubility
model, the A and B values in Equation (9) could be calculated. By fitting the values of A
and B with the temperature, the following relationship was obtained:

A=8x10"°T2+0.0014 T + 0.4475 (10)

B =0.0421 T — 11.247 (11)

where T represents the temperature, K.
Substituting Equations (10) and (11) into Equation (9), the solubility model with
parameters of pressure and temperature was obtained as follows:

InP =8 x 107° T2 + 0.0014 T + 0.4475 + (0.0421 T — 11.247)InS (12)

The data calculated by the solubility model was compared with the experimental data
(Table 9). Table 9 shows that the calculated results of the solubility model were in good
agreement with the experimental results. The relative deviation of the solubility model was
within 9%, the maximum relative deviation was 8.32%, the minimum relative deviation
was 0.11%, and the average relative deviation was 3.65%.

To further demonstrate that the addition of co-solvent n-hexane had a positive effect
on the dissolution of CO;, the experimental data of CO; + n-decane + n-hexane system
were compared with the data calculated by the solubility model (Figure 6). There were
no significant differences between the experimental data and the data calculated by the
solubility model under the low-pressure condition, which indicated that the addition of
co-solvent n-hexane did not enhance the solubility of CO, under the low-pressure condition.
However, under the high-pressure, the solubility of CO, in n-decane + n-hexane system was
higher than that predicted by the solubility model, and the higher the temperature, the more
obvious the improvement of solubility was. According to the calculation, with the increase
of temperature from 303.15 K to 353.15 K, the enhancement efficiency of the solubility of
CO, also increased from 1.34~2.05% to 8.17~9.82%, and the average enhancement efficiency
increased from 1.74% to 9.00%. These results indicated that co-solvent n-hexane enhanced
the dissolution of CO, under the high-pressure condition. The reason may be due to the
addition of n-hexane reducing the interfacial tension between the gas and oil phases in the
CO; + n-decane system under the high-pressure condition. The relative molecular weight
of n-hexane and the contact area between solvent molecules caused the decrease in the
minimum miscibility pressure of the CO; + n-decane system at various temperatures [38].
In addition, Liu et al. [32] and Bon et al. [39] also found that the addition of a small amount
of low-carbon hydrocarbon effectively reduced the minimum miscibility pressure between
CO; and high-carbon alkanes or oil.
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Figure 6. Comparison between experimental data and model calculated data of the solubility of CO,
in n-decane + n-hexane system.

4. Conclusions

This study integrated a fused silica capillary cell and in situ Raman spectroscopy in
order to determine the solubility of CO, in n-decane and n-decane + n-hexane system at
different temperatures and pressures. The experimental results showed that, when the
system temperature was 303.15~353.15 K and the system pressure was 0~15 MPa, the
solubility of CO, in n-decane was 1.6355~64.0084 mol/kg and the solubility of CO; in
n-decane + n-hexane was 1.0127~65.7286 mol/kg. When the system temperature was
constant, the solubility of CO, increased with the increase in pressure. Under the condition
of constant pressure, the solubility of CO, decreased with the increase in temperature.
While the system temperature and pressure reached a certain value, CO, was completely
miscible with the solvent, and the solubility of CO, changed greatly. In addition, a semi-
empirical model was set up according to the experimental results. There were no significant
differences between the experimental data and the data calculated by the solubility model
under low-pressure conditions. However, under the high-pressure, the solubility of CO,
in n-decane + n-hexane system was higher than that predicted by the solubility model,
and the higher the temperature, the more obvious the improvement of solubility was. It
was attributed to the cosolvent playing a role in increasing the solubility of carbon dioxide
under high pressure conditions. The solubility of CO, could be extended through model
equations to provide a theoretical basis and experimental data for CO,-EOR technology.
In summary, this study combined a fused silica capillary cell with Raman spectroscopy
and established the cyclic balance system. It has the advantages of not destroying the
equilibrium state of the system, no sampling, safety, intuition, and strong operability, which
greatly improve the accuracy of obtaining experimental data.
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