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The high-efficient development of shale oil is one of the urgent problems in the petroleum industry. The
technology of CO, enhanced oil recovery (EOR) has shown significant effects in developing shale oil. The
effects of several glycol ether additives with low molecular weight on the interactions between CO, and
oil were investigated here. The solubility of glycol ether additive in CO, was firstly characterized. Then,
the effects of glycol ether additives on the interfacial tension (IFT) between CO; and hexadecane and the
volume expansion and extraction performance between CO, and hexadecane under different pressures
was investigated. The experimental results show that diethylene glycol dimethyl ether (DEG), triethylene
glycol dimethyl ether (TEG), and tetraethylene glycol dimethyl ether (TTEG) all have low cloud point
pressure and high affinity with CO,. Under the same mass fraction, DGE has the best effect to reduce the
IFT between hexadecane and CO; by more than 30.0%, while an overall reduction of 20.0%—30.0% for TEG
and 10.0%—20.0% for TTEG. A new method to measure the extraction and expansion rates has been
established and can calculate the swelling factor accurately. After adding 1.0% DEG, the expansion and
extraction amounts of CO, for hexadecane are respectively increased to 1.75 times and 2.25 times. The
results show that glycol ether additives assisted CO, have potential application for EOR. This study can
provide theoretical guidance for the optimization of CO, composite systems for oil displacement.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction crude oil occurrence states, leading to more incredible difficulty in

development and low recovery (Fu et al., 2020; Jiang et al., 2016; Xu

In recent years, the exploration and development of uncon-
ventional oil and gas has gradually increased worldwide (Taheri-
Shakib and Kantzas, 2021). Shale oil reserves are enormous in the
world. According to preliminary calculations, shale oil reserves are
about 11 trillion to 13 trillion tons, far exceeding conventional oil
reserves (Jia et al., 2019; Yang and Jin, 2019). Shale reservoirs have
complex reservoir and fluid characteristics, complex pore struc-
tures, diverse mineral composition, rich organic matter, and diverse
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et al,, 2022).

Horizontal well-mining technology and multistage hydraulic
fracturing technology are the primary means to develop shale oil
reserves (Feng et al., 2020), and supplementing formation energy is
key to achieve sustainable and efficient development of shale oil
after hydraulic fracturing (Feng et al., 2020; Xu et al., 2022; Yu et al.,
2015). Due to the low permeability of shale oil reservoirs, water
flooding cannot be effectively applied in shale oil reservoirs, mainly
because the clay in shale reservoirs expands with water, strong
heterogeneity results in a low sweep coefficient of water flooding,
and low permeability results in poor water flooding injection
ability, while gas injection development can effectively avoid the
above issues (Ozowe et al., 2020).
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In the petroleum industry, CO,-EOR technology is considered
the most economically viable technology for carbon capture, usage,
and storage (Zhang K. et al., 2020). Furthermore, the CO,-EOR
technology shows remarkable effects when applied to low-porosity
and low-permeability oil reservoirs (Song et al., 2022; Tang et al.,
2023).

The injection of CO, can reduce oil viscosity, extract crude oil,
and promote oil swelling (Lang et al., 2021; Liu et al., 2022). Due to
the high affinity between CO, and organic matter, the crude oil in
the adsorption miscible state in shale organic matter can be
effectively used (Dong et al., 2022). Survey results show that the
recovery rate of CO, miscible flooding is higher than that of
immiscible flooding, meaning more crude oil can be extracted
under the same conditions (Kumar et al., 2022; Zhang et al., 2018).
Factors affecting miscible flooding include oil composition, gas in-
jection type, reservoir temperature, and pressure (Dong et al., 2022;
Yang et al, 2021). However, due to the limitations of current
technology and the complexity of the reservoir environment,
achieving CO, miscible flooding presents challenges (Almobarak
et al., 2021; Janna and Le-Hussain, 2020). How to effectively
reduce the IFT between CO, and oil and promote the miscibility of
CO, with oil is of great significance for strengthening the interac-
tion mechanism between CO, and oil and improving CO,-EOR
technology (Sheng, 2015; Zou et al., 2015).

The design and selection of effective additives can effectively
promote the miscibility of CO; and crude oil. Associated gas is often
injected into the reservoir to promote the miscibility of CO; and
crude oil (Choubineh et al., 2019; Ozowe et al., 2020), but the high
cost and the diversity of reservoirs limit the widespread application
of this technology. Low-carbon alcohols can effectively reduce the
miscible pressure of CO,—crude oil, but the application costs are
relatively high (Moradi et al., 2014; Saira et al., 2020, 2021). The
addition of surfactants have significant effects in reducing the IFT
between oil and water, emulsifying crude oil, and altering the
wettability of rocks (Kharazi et al., 2023a, 2023b; Li et al., 2012;
Saien et al., 2023). The addition of ethanol can promote the disso-
lution of surfactants in CO,, and there is a synergistic enhancement
mechanism in reducing the IFT between CO; and crude oil (Zhang
C. et al., 2020). Non-ionic surfactants typically have high solubil-
ity in CO; and oil.

As early as 1990, Consan and Smith (1990) evaluated the solu-
bility of over 130 surfactants in CO, and found that surfactants
containing fluorine and silicon-based groups had higher solubility
in CO,. Fluorinated and silicone surfactants are relatively more
toxic, whereas hydrocarbon surfactants are more favored due to
their environmental friendliness and lower cost (Beckman, 2004). It
has been confirmed by a large number of experiments that hy-
drocarbon containing polyoxypropylene groups, polyoxyethylene
groups, ester groups, and carbonyl groups have high solubility in
CO; due to the interaction of Lewis acid-Lewis base and hydrogen
bond (Consan and Smith, 1990; Kauffman, 2001; Kazarian et al.,
1996; Lv et al., 2020; Tsukahara et al., 2004), and has a significant
improvement effect on enhancing oil recovery (Luo et al., 2018; Lv
et al., 2024). This provides valuable experience for selecting suit-
able CO,+additive composite systems.

Additive-assisted CO; injection for shale oil development re-
quires considering the solubility in CO, and the geological charac-
teristics of the reservoir. For additives with larger molecular
weights, it is easy to cause pore blockage in low-porosity and low-
permeability shale reservoirs, and the adsorption effect of organic
matter kerogen is more significant. In recent years, dimethyl ether
(DME) has been used to eliminate liquid blockage in unconven-
tional gas/condensate reservoirs (Ganjdanesh et al., 2016; Sayed
and Al-Muntasheri, 2014), and the pilot test of DME-assisted CO;
injection in underground oil recovery in the Alabama oilfield has
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been successful conducted. Kong et al. (2021) compared DME and
traditional additives such as propane and n-butane and found that
DME-assisted CO; injection into the reservoir significantly reduced
crude oil viscosity and the IFT between CO, and oil.

Although DME has a good effect on CO; injection in the oilfield,
DME has specific toxicity and is flammable and explosive. Looking
for a CO, composite system with green, pollution-free, and excel-
lent performance has become importance to the CO; application in
shale oil production. Based on this, DEG, TEG, and TTEG, which
contain glycol group and have low molecular weight, are selected in
this paper. The solubility of the three polyethylene glycol dimethyl
ether additives in CO, was evaluated by the cloud point pressure
measurement in the CO, phase equilibrium device. The ability to
reduce the IFT between CO, and oil and the effect of polyethylene
glycol dimethyl ether additives on CO, extraction and expansion
performance were investigated and quantitatively analyzed. The
goal of this study is to provide theoretical guidance for selecting
CO, composite systems in oilfields.

2. Experimental method
2.1. Experimental chemicals and devices

The CO; used in the experiment was provided by Qingdao Tia-
nyuan Industrial Gas Co., LTD. (purity 99.8%). DEG, TEG, and TTEG
were supplied by Shanghai McLean Biochemical Technology Co.,
LTD. (purity 99.5%). Hexadecane provided by Sinopharm Chemical
Reagent Co., LTD. was used as the simulated shale oil to ensure the
experiment's repeatability. Ethanol with a purity of 99.5% was also
supplied by Sinopharm Chemical Reagent Co., LTD.

The high-pressure visual cell used in the experiment was pro-
duced by Jiangsu Hai'an Scientific Research Instrument Co., LTD.,
with a pressure of up to 30.0 MPa. The IFT/high-pressure drop
shape analyzer DSA100HP40 was provided by Kruss Company,
Germany.

2.2. Experimental principle and procedure

2.2.1. Measurement of the cloud point pressure of additive in CO;

The method of measuring cloud point pressure is used to
determine the solubility of additives in CO,, and the schematic
diagram of the device for measuring the cloud point pressure of
additives in CO;, by photoresistor method is shown in Fig. 1. The
experimental apparatus consists of a high-pressure view cell with a
viewable window, a pressure monitoring system with an accuracy
of +0.01 MPa, a temperature control system with an accuracy of
+0.1 K, and a sampling system. There is sapphire glass on both sides
of the high-pressure view cell, and the turbidity of the system in the
high-pressure view cell can be quantified by the change in the
resistance value of the photoresistor connected with the
multimeter.

The resistance—pressure curve obtained from the measure-
ments is shown in Fig. 2. With the decrease in pressure, the system
gradually changes from a clear state to a turbid state. The turning
point of the curve is the cloud point pressure. The detailed exper-
imental procedures for measuring the cloud point pressure of ad-
ditives in CO, are described in our previously published work and
will not be repeated here (Lv et al., 2020).

2.2.2. Measurement of the IFT between CO, composite system and
hexadecane

The experimental device for measuring the IFT between CO,
composite systems and hexadecane is shown in Fig. 3. Hexadecane
and CO, composite system were placed in two separate interme-
diate containers, driven by the ISCO pump and then entered the
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Fig. 1. Schematic diagram for measuring the cloud point pressure of additives. (a) Flowchart of the experimental setup, number 1-8 represent valves; (b) Schematic diagram of the
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Fig. 2. Diagram of cloud point pressure measurement by photoresistor method (the
curve represents the pressure—resistance change of 3.0% TTEG at 323 K).
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hanging drop chamber. Then the shape of the oil droplets was
recorded and measured by software. The detailed experimental
procedures are described in our previously published work and will
not be repeated here (Gong et al., 2024).

Here, the pendant drop method was used to measure the IFT
between hexadecane and CO, composite systems. The droplet
shape mainly depends on gravity and surface tension balance.
Based on this idea, Andreas et al. (2002) proposed a simple calcu-
lation method, as shown in Egs. (1) and (2). The image of the drop
can be recorded by the data processing software and used to
calculate the D and Ds of the droplet. Then the IFT can be calculated
by inputting the density of hexadecane and CO; under the corre-
sponding pressure.

_ gDZAp
—E£er 1)
S=p (2)

where ¢ is the IFT, mN/m; g is acceleration gravity, m/s%; Ap is the
density difference between oil and CO, phases, g/cm>; De is the
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Fig. 3. Flow chart of the experimental equipment to measure the IFT between CO, and hexadecane.

diameter of the widest part of the droplet, mm; Dy is the diameter
of the section that has a vertical distance D, from the droplet top,
mm; S is the shape factor; 1/H is the function of the droplet shape
factor S.

2.2.3. Characterization of the extraction and expansion rates
between CO, and hexadecane

A custom continuous evaluation device for the expansion and
extraction rates of hexadecane with different pressures of CO, was
used to study the behavior of hexadecane extraction and expansion
in CO,. As shown in Fig. 4, a customized inner tube with scale and
side opening was added to the visual cell, and the transparent tube
was equipped with a cap plug to prevent the hexadecane extracted
by CO, from flowing back to the tube when the system pressure
was reduced. A scaleplate was set on the side of the tube to accu-
rately calculate the amount of remaining oil in the tube.

The experimental procedures are as follows:

(1) Under normal pressure, the hexadecane was dyed with a
small amount of Sudan IIl. The pre-treated hexadecane with

Thermostat

— A

the weight of mg was added to the inner tube with a stirrer,
and its volume V was measured.

(2) The tube was put into the visual cell to insure that it can be
seen completely from the view window of the visual cell.

(3) The pipelines were connected and the whole system was
vacuumed through the vacuum pump until the system
pressure was less than 5.0 Pa.

(4) Low-pressure CO; in the cylinder was transferred into the
booster pump by opening valve 1; after pressuring in the
booster pump, CO, went into the tank through valve 2. After
several transfers, CO; in the tank can have a high pressure.
The weight (g1) of the tank and CO, can be recorded by the
electronic scale.

(5) CO; in the CO, gas tank was slowly added into the variable-
volume view cell by opening valve 4. The weight of the tank
and CO; can be recorded as g».

(6) The magnetic stirrer was opened. The oven power was
turned on to control the temperature.

(7) The cell pressure was controlled at Py through the ISCO
pump. When the flow rate of the ISCO pump is O, and the
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Fig. 4. Continuous evaluation device for the expansion and extraction rates of hexadecane in CO,.
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stability remains unchanged after 2 h, the system is consid-
ered stable. The volume Vp, of the hexadecane in the tube
was recorded. Valve 6 was opened, release the pressure
slowly, and record the volume V' of the hexadecane in the
inner tube after gas discharge.

(8) Under the same conditions, hexadecane with the volume of
Vo and the weight of mp were injected according to steps
(1)—(6), the ISCO pump was adjusted to keep the pressure of
the cell stable at Pg, and the volume Vp, of hexadecane was
recorded after equilibrium. The pressure was slowly
increased to Py, the volume Vp, of hexadecane after equilib-
rium was recorded, then the pressure was gradually reduced
to Py, the volume of hexadecane at equilibrium was record as
Vpo'.

(9) The pressure was sequentially increased to P, (P, > P1), and
the volume of hexadecane at equilibrium was recorded as
Vp, then the pressure was slowly reduced back to Py, and the
volume of hexadecane at equilibrium was recorded as Vp;'.

(10) Steps (8) and (9) were repeated until the system reaches
miscibility.

The theoretical derivation is deduced as follows.

(1) When the pressure is Py, the extraction amount is shown as
follows:

Vep, =Vo — Vo' (3)

The expansion amount can be calculated

Vsp, =Vp, — (Vo — Verp,) = Vp, — Vo' (4)

The extraction rate of hexadecane for per unit mass of CO; at Py
can be calculated by the following equation:

po(Vo — Vo) 9
g =———2< x 100% 5
%" mo(g — &2) )

where pg is the density of hexadecane at 323 K.
The expansion rate of hexadecane for per unit mass of CO; at Py
can be calculated by the following equation:

Bo Vs, !

= X x 100% 6
Vo—Vep, 81 —£2 (6)

(2) When the pressure is Py, the extraction amount is calculated
as follows:

Ve«,Pl = Ve,Po + VPO - VPOI (7)
The expansion amount is calculated from the following

equation:

Vsp, =Vp, — (Vo — Vep,) (8)
The extraction rate of hexadecane for per unit mass of CO, at P,

can be calculated by the following equation:

= pOVe,P1
mo(g1 — &2)

The expansion rate of hexadecane for per unit mass of CO, at Py
can be calculated by the following equation:

x 100% 9)
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Vs,P1 « 1

= x 100% 10
b1 Vo—Ver, 81 -8 (10)

(2) When the pressure is P,, the extraction amount is calculated
as follows:

Vep,=Vep, +Vp, — Vp,/ (11)
The expansion amount can be calculated
Vsp, =Vp, — (Vo — Vep,) (12)

The extraction rate of hexadecane for per unit mass of CO; at P,
can be calculated by the following equation:

ay = POVe,Pz
mo(g1 — &2)

The expansion rate of hexadecane for per unit mass of CO; at P,
can be calculated by the following equation:

x 100% (13)

Ve, T
Vo—Vep, 81-%

8, x 100% (14)

(4) According to Egs. (2) and (3), it can be deduced the extraction
and expansion rates of hexadecane.

When the pressure is P;, the extraction amount is shown in the
following equation:

V&,Pi = Ve-,PH + VPi—] - VPH/ (15)

The expansion amount can be calculated as follows:

Vsp,=Vp — (Vo= Vep,) (16)
The extraction rate of hexadecane for per unit mass of CO; at P;
can be calculated by the following equation:
__ poVer,
mo(g1 — £2)

The expansion rate of hexadecane for per unit mass of CO; at P;
can be calculated by the following equation:

x 100% (17)

oG

_ Vep 1
Vo—Vepr, &1 -8

Bi % 100% (18)

3. Results and discussion
3.1. The cloud point pressure of glycol ether additives in CO,

The cloud point pressure can reflect the affinity between the
additives and CO,. When the cloud point pressure of the additive is
low, it means that the additive is more likely to dissolve in CO; (Liu
et al.,, 2002b; Lv et al., 2020; Zhu et al., 2018). The effects of mass
fraction of glycol ether additive, temperature, and number of glycol
groups on the cloud point pressure were investigated as well as the
relationship between the solubility of additives and pressure.
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3.1.1. The effects of mass fraction of glycol ether additive and
temperature on the cloud point pressure

Fig. 5 shows the cloud point pressure of the three additives at
different mass fractions and different temperatures. Under the
same mass fraction, the cloud point pressure of DEG, TEG, and TTEG
increases gradually with the increase in temperature. When the
mass fraction of the additive is 2.0%, the variation range of DEG
cloud point pressure is 8.3—9.8 MPa, the cloud point pressure of
TEG is 8.4—11.4 MPa, and TTEG is 8.5—11.9 MPa. It can be seen that
the cloud point pressure of TTEG increases significantly with the
increase in temperature. Among the three additives, DEG has the
lowest cloud point pressure, which may be related to the relatively
poor CO; affinity of the glycol group (Lv et al., 2020). The molecular
weight of DEG is the smallest, making it easily soluble in CO,.
Temperature affects the solubility of glycol ether additives in CO; in
two opposite ways. On the one hand, with the increase in tem-
perature, the density and the solvent force of CO, decrease and lead
to the decrease in the solubility of additives in CO,. On the other
hand, the volatility of solute increases with the increase in tem-
perature, which is conducive to the dissolution of additives in CO,
(Liu et al,, 2002a, 2002b). The density of CO, has a significant
impact on the cloud point pressure of additives.

As the mass fraction of the additive increases, the cloud point
pressure gradually increases. As the pressure of the CO, system
increases gradually, the density of CO, also increases, enabling a
greater amount of additive to be dissolved in CO,. At 333 K, when
the mass fraction of TTEG is 3.0%, the cloud point pressure is as high
as 12.5 MPa. In other cases, the cloud point pressure of the three
glycol ether additives with different temperatures and mass frac-
tions is lower than 12.0 MPa. On the whole, the solubility of the
three additives in CO; is high, which means that the additive can be
dissolved in CO; in large quantities under a high pressure, and the
synergistic mechanism can play a role in enhancing oil recovery.

3.1.2. The effect of the number of glycol groups on the cloud point
pressure

The structure diagram of the three glycol ether additives is
shown in Table 1. The three glycol ether additives are structurally
similar but contain different numbers of glycol groups. In this part,
the effect of the number of glycol groups on the cloud point pres-
sure of the additives is investigated and compared with the alkyl
block polyethers that have been reported (Lv et al., 2020). Fig. 6
shows the cloud point pressures of DEG, TEG, and TTEG with
different mass fractions at 323 K. At the same mass fraction, when
the number of glycol groups contained in the additive increases, the
cloud point pressure of the additive shows an increasing trend. DEG
has a small molecular mass, which has an unknown role in influ-
encing the cloud point pressure. The effect of the molecular mass of
the additive and the glycol group on the cloud point pressure was
further analyzed.

Table 2 shows the cloud point pressures of different activities at
323 K. Among the three glycol ether additives, the CO,+TTEG
system has the highest molar fraction of glycol groups, and it can be
seen that the molar fraction of glycol groups is positively correlated
with the cloud point pressure. However, when the molar fraction of
Csg(EO)q10 is 0.078% and the molar fraction of TTEG is 0.200%, the
molar fraction of glycol groups contained in the two systems is
approximately the same, but the cloud point pressure of Cg(EO)q is
much higher than that of TTEG. This phenomenon indicates that
additives with high molecular mass have relatively low solubility in
CO; and the molecular structure of the additives has great influence
on the dissolution of additive in CO,.

The PO group has a higher affinity for CO, than the EO group (Liu
et al., 2001; Ryoo et al., 2003). When the molar fraction of EO
groups contained in CO,+DEG system is approximately the same as
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Table 1
Chemical structure formulas of DEG, TEG, TTEG, Cy, (EO); and Cp(PO)y.

Name Chemical formula structure
DEG o] _cH, | [cH, o
CH;~ ~CHy” ~of] "SCH,”  ~CH,
TEG el _CH,_ LCH, O _CH _CH;
CHy~ “CH, ™ 07 ~CH, TiCH, o
TTEG o] _cH, _ |[cHy o } o [en,. 0.
CHy CH, ~07 ~CH, ["CH, ~0 || ~CH, “CH;
Cn(EO); _(CHy) o x| _CH, _ _CH, _OH
iy D™ o ~cH,~ ~of’ G2
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Fig. 6. Cloud point pressures of DEG, TEG, and TTEG with different mass fractions at
323 K.

that of PO groups contained in CO,+Cg(PO)1o system, DEG with a
lower molecular weight has a lower cloud point pressure. The
comparison between C4(PO)s and the three glycol ether additives
also shows that the molecular weight of the additives influences on
the cloud point pressure. When screening additives, in addition to
considering the type of CO,-philic groups in the additive, the mo-
lecular weight of the additive is also one of the important factors to
be examined. For glycol ether additives, the number of glycol
groups in the additive should not be excessive.

3.1.3. The relationship between the solubility of additives and cloud
point pressure
When the pressure of the CO,-+additive system reaches the

Table 2
Cloud point pressures of different activities at 323 K.

Petroleum Science 21 (2024) 3401—3416

cloud point pressure of the additive, the additive can be completely
dissolved in CO,. In oilfield development, the range of injection
pressures for the COy+additive system can be inverted from the
solubility of the additive. Under a certain temperature and pres-
sure, when the additive is completely dissolved in CO;, the solu-
bility of additive in CO, is shown in Eq. (19).

Ma/Ma

X = x 100%
My /Ma + (Vgpg /Ms)

(19)

where x is the solubility of the additive in CO,; m, is the amount of
additive, g; M, and Mg represent the molecular mass of additive and
COy; pg represents the density of CO, at this temperature and
pressure, g/cm?>; Vg represents the volume of CO; at this tempera-
ture and pressure, cm?>.

The solubility of three glycol ether additives in CO, at different
pressures are shown in Fig. 7. With the increase in system pressure,
the dissolution ability of glycol ether additives in CO, increases
greatly. At the same pressure, DEG has the highest solubility in CO,,
indicating that DEG has the highest affinity with CO,, followed by
TEG, and TTEG has the worst solubility in CO;. At 8.4 MPa and 313 K,
the solubility of DEG in CO, can reach 1.000 mol%, while the sol-
ubility of TTEG is 0.199 mol%. The solubility of DEG is about 5 times
that of TTEG, so the CO,+DEG system can be applied to lower for-
mation pressures.

When the solubility of the three glycol ether additives in CO; is
0.500 mol%, the pressure of CO, at different temperatures is shown
in Fig. 8. As can be seen, the cloud point pressure of DEG at the same
temperature is the lowest among the three. When the temperature
is 333 K, the cloud point pressure of DEG in CO; is 9.6 MPa, which is
far lower than the reservoir rupture pressure and the miscible
pressure of CO, and crude oil. Compared with DEG and TEG, TTEG
can be dissolved in CO; at a higher pressure. Overall, all three glycol
ether additives can be applied to reservoirs with low formation
pressures, and the additives are less likely to precipitate out of the
CO; during the process of injection into the formation with the CO».

3.2. Effects of glycol ether additives on the IFT between CO, and
hexadecane

During CO; flooding or huff-n-puff process, the oil and CO,
interface will be present when the oil and CO, cannot be miscible.
The IFT between oil and CO, can influence the two-phase flow and
the oil recovery during the flow process. The effect of glycol ether
additive on the IFT between CO, and hexadecane has been inves-
tigated here.

3.2.1. The IFT between CO» and hexadecane

The IFT between CO, and hexadecane at different pressures was
measured, and the minimum miscible pressure (MMP) of CO, and
hexadecane was determined by the interfacial tension method
(Zhang et al., 2019). Fig. 9 shows the IFT between hexadecane and
CO; at different pressures at 323 K. It can be seen that the IFT be-
tween hexadecane and CO; is divided into two stages, and in the

Name Molecular weight, Molar fraction of additive in the mixed system, Molar fraction of EO or PO groups in the system, Cloud point pressure,
g/mol mol% mol% MPa

Cg(EO)10 570 0.078 0.780 238

Cg(PO)10 710 0.063 0.630 15.7

C4(PO)3 248 0.179 0.537 10.1

DEG 134 0.330 0.660 9.2

TEG 178 0.249 0.747 9.6

TTEG 222 0.200 0.800 10.2
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Fig. 8. Cloud point pressure of three ether additives with the same solubility of
0.500 mol%.

first stage, the IFT decreases rapidly with the increase in pressure,
as shown in line A, which is directly related to the rapid increase in
the density of CO, (Wang et al., 2018). In the second stage, as the
pressure rises, the IFT decreases slowly. CO, is in the supercritical
state, and the change of density is no longer obvious. There is mass
exchange between CO; and hexadecane, and the mutual diffusion
effect leads to the gradual disappearance of the interface between
them. By fitting the line B, the MMP of CO, with hexadecane was
deduced to be 17.24 MPa.

The droplet shapes of hexadecane in CO, under different pres-
sures were measured and shown in Fig. 10. It can be seen that the
droplet shape of hexadecane in CO; is a full pear-shape when the
pressure is low. The droplet gradually changes from a pear-shape to
an oval-shape with the increase of pressure. When the pressure
reaches 10.0 MPa, it can be found that the droplet slowly shrinks. As
the pressure approaches MMP, the hexadecane is no longer able to
converge into droplets, indicating that the IFT between CO, and
hexadecane is already at a low value. It can also be found that the
volume of the oil droplets first increases and then decreases with
the increase in pressure, which is related to the extraction and
expansion of CO,. At lower pressures, CO; gradually dissolves in the
oil, resulting in expansion of the oil droplet volume, while with the
increase in pressure, the extraction effect of CO, on the oil is more
obvious and the oil droplet volume gradually decreases. This phe-
nomenon was also reported by Li et al. (2016). In the porous media
of reservoirs, if additives can enhance the extraction and expansion
effects of CO,, it is beneficial for reducing the IFT between CO, and
crude oil and improving oil recovery.

3.2.2. Effects of different additives on the IFT between CO» and
hexadecane

The effects of different additives on reducing the IFT between
CO; and hexadecane at different pressures were analyzed. Ethanol
as a common additive is effective in reducing the IFT between CO;
and crude oil as well as improving recovery (Saira et al., 2021;
Zhang C. et al., 2020). Glycol ether additives were compared to
ethanol in this part. The droplet shape of hexadecane in CO, after
adding different additives under different pressures was shown in
Fig. 11. With none additives, the oil droplet volume decreases
gradually with the increase in pressure, however, after the addition
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25 of ethanol and glycol ether additives, the oil droplet volume de-
creases significantly. Among the three glycol ether additives, DEG
has the greatest impact on the shape of hexadecane droplets. At the
pressure of 13.0 MPa, droplets fail to coalesce in CO,+DEG system,
suggesting that the IFT between the hexadecane—CO, system is
already at a low value, however, hexadecane can still converge into
tiny droplets in CO,+TEG system. TTEG has less effect on the vol-
ume of oil droplets, suggesting that it is not as effective as DEG and
TEG in reducing the IFT between CO, and hexadecane. The effect of
ethanol on oil droplet volume is weaker than that of DEG. From the
point of view of oil droplet volume change, it can be seen that low
molecular weight glycol ether additives have beneficial effects in
promoting the extraction of CO,.

Fig. 12 shows the IFT between hexadecane and CO, under
different pressures after adding different additives. With the in-
crease in pressure, the IFT between hexadecane and CO, decrease
gradually. Adding additives can all decrease the IFT. Nevertheless, at

20 +

o=-0.215P + 3.707

IFT, mN/m
&

o
!

0 5 2 4 6 8 1'0 1'2 1'4 1'6 A the same pressure, the IFT between hexadecane and CO,+DEG
system is the lowest. The IFT between hexadecane and CO; system
Pressure, MPa in the presence of ethanol and TEG are slightly higher than that of

DEG. Additionally, when the pressure reaches 13.0 MPa, the hex-

Fig. 9. The IFT between hexadecane and CO, at different pressures at 323 K. R .. .
adecane ceases to form droplets, making it impossible to calculate

the IFT.
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Fig. 10. Droplet shapes of hexadecane in CO, under different pressures at 323 K.
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Fig. 11. Droplet morphology of hexadecane in CO, after adding different additives at 323 K.
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Fig. 12. The IFT between hexadecane and CO, under different pressures after adding
different additives.

Table 3 shows the MMP of hexadecane and CO,+additives sys-
tem and Table 4 shows the degree of reduction in the IFT between
hexadecane and CO; under different pressures. The addition of DEG
can decrease the IFT between hexadecane and CO, by 40.0%, and
MMP by 25.5% down to 12.8 MPa. Ethanol can lower the IFT be-
tween hexadecane and CO; by 30.0%, and MMP by 24.6% down to
13.0 MPa. The impact of TEG is slightly weaker than that of ethanol,
while the effect of TTEG is the worst, reducing the IFT between
hexadecane and CO, by less than 20.0%, and decreasing MMP by
only 11.0%.

On the whole, the addition of glycol ether additive can signifi-
cantly decrease the IFT and MMP of hexadecane and CO,. The
reasons are as follows. Firstly, the density of the CO,+glycol ether
additive system is further increased compared with CO5, resulting
in a decrease in the density difference between the CO; system and
hexadecane (Wang et al., 2018). Secondly, the addition of glycol
ether additives can be spread on the surface of CO, and hexadecane,
which is beneficial for mutual diffusion between hexadecane and
CO; (Gong et al., 2024). Additionally, the relative molecular weight

Table 3
The MMP of hexadecane and CO, with different additives.

Additive Fitted line MMP, MPa Reduction, %
Non-additive g = — 0.215P + 3.707 17.24 /

3.0% DEG g = — 0577P+ 7.414 12.84 25.52

3.0% TEG g = — 0.330P + 4.680 14.18 17.75

3.0% TTEG g = — 0.230P+ 3.530 15.34 11.02

3.0% ethanol g = — 0.585P + 7.602 12.99 24.65

Notes: ¢ is the IFT, mN/m; P is the pressure, MPa.

Table 4
Reduction degree of IFT between hexadecane and CO, under different pressures
with different additives.

Pressure, MPa IFT reduction degree, %

3.0% DEG 3.0% TEG 3.0% TTEG 3.0% ethanol
10.0 33.99 25.69 9.49 29.25
11.0 36.31 31.85 12.10 30.57
12.0 41.57 23.60 10.11 30.34
13.0 / 28.07 15.79 /
14.0 / / 19.05 /
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of glycol ether additive is similar to that of hexadecane, increasing
the polarity of the CO, system, thereby increasing the interaction
force between CO, and hexadecane.

Table 4 also shows that the effectiveness of the glycol ether
additives in reducing the IFT between CO, and oil gradually in-
creases with the increase in pressure. When the pressure increases,
the additive is less likely to separate from CO; and the additive and
CO; system is more stable.

3.2.3. The effect of additive concentration on the IFT between CO,
and hexadecane

Among the three additives, DEG exhibited the most significant
reduction in IFT and displayed the best solubility in CO,. The effect
of the concentration of DEG on the IFT between CO, and hex-
adecane was further investigated. Fig. 13 shows the shape of oil
droplets in CO, after adding different concentrations of DEG. With
the addition of DEG additive, there is a significant change in droplet
volume that can be observed, and as the mass fraction of the ad-
ditive increases, the droplet volume gradually decreases under the
same pressure. Additionally, without the addition of additives,
hexadecane can still form small droplets at the pressure of
15.0 MPa; when the mass fraction of DEG is 1.0%, droplets cannot be
formed at the pressure of 14.0 MPa; and when the mass fraction is
3.0%, small droplets cannot be formed at the pressure of 13 MPa. As
the amount of DEG increases, the size of the droplets gradually
decreases. DEG disperses at the interface of CO, and hexadecane,
which enhances the diffusion and mass transfer between them. In
addition, DEG enhances the extraction of CO, and promotes the CO;
and hexadecane miscibility.

Fig. 14 quantitatively calculates the IFT and the decrease of IFT
after adding different mass fractions of DEG under different pres-
sures. It can be observed that as the DEG mass fraction increases,
the IFT between the hexadecane and CO, gradually decreases.

At the pressure of 12.0 MPa, the mass fraction of 3.0% DEG can
reduce the IFT by 40.0%. Furthermore, adding 1.0% of DEG in CO,
can reduce the IFT by about 20.0%, highlighting the great potential
of DEG for further application.

3.3. Effect of DEG on the extraction and expansion behavior
between CO, and hexadecane

The extraction and expansion performance of CO; on crude oil is
one of the main mechanisms of oil displacement (Han et al., 2015).
The effect of CO, on hexadecane extraction and expansion behavior
was studied. A custom continuous evaluation device for the
expansion and extraction rates of oil and CO; was used to quanti-
tatively analyze the extraction and expansion behavior between
CO; and hexadecane under different pressures. The mass of each
component in different systems are as shown in Table 5.

3.3.1. The extraction and expansion performance of CO, and
hexadecane under different oil—gas ratios

In this part of the experiment, the extraction and expansion of
CO; on hexadecane were studied by setting different oil—gas ratios.
Based on the experimental setup shown in Fig. 4, the volume of
hexadecane at different pressures can be calculated, thereby
determining the extraction and expansion amounts of CO; on
hexadecane. To control a single variable, when the mass fraction of
hexadecane is 5.0% and 3.9%, the mass of CO, in the
COy+hexadecane system is kept constant, and when the mass
fraction of hexadecane is 3.9% and 3.2%, the mass of hexadecane is
kept constant. Fig. 15 shows the volume change of hexadecane with
the mass fraction of 5.0%. Fig. 16 shows the volume change of
hexadecane with different mass fractions at various equilibrium
times.
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Fig. 13. Droplet shape of hexadecane in CO, after adding different concentrations of DEG at 323 K.
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Fig. 14. The IFT between hexadecane and CO, (a) and reductions of IFT (b) after adding different mass fractions of DEG at 323 K.
Table 5
The mass of each component in different systems.
Mass fraction of hexadecane, % Hexadecane mass, g CO, mass, g DEG mass, g
5.0 3.684 70.200 0
3.9 2.841 70.000 0
32 2.844 85.900 0
5.0 3.687 70.100 0.700

By means of a reciprocating process of pressurization and
depressurization, the extraction and expansion volumes of hex-
adecane at different pressures can be continuously calculated. It can
be found that the oil volume increased when the pressure was
increased to 8.0 MPa at 6 h from the original stage, and further
increased when the pressure was increased to 9.5 MPa at 12 h.
When the pressure was decreased to 8.0 MPa, the volume at 18 h
was lower than that at 6 h because of the extraction effect. When
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the pressure was further increased to 11 MPa, the oil volume at 24 h
increased again. Although a portion of hexadecane has been
extracted, the volume of the hexadecane at 24 h is more than that at
12 h, which is due to the stronger expansion effect of CO, at lower
pressures compared to the extraction effect (Li et al., 2016). As the
pressure was decreased to 9.5 MPa, the volume at 30 h is lower than
that at 18 h. However, when the pressure was further increased to
12.5 MPa, the volume was not further increased but decreased
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Fig. 15. The volume change of hexadecane with the mass fraction of 5.0% at different stages (6 h is the equilibrium time under a set of pressures).
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Fig. 16. Volume change of hexadecane with different mass fractions in the inner tube
at different stages.

greatly at 36 h. This is due to the strong extraction effect at 12.5 MPa
to extract more oil into CO, phase. As the pressure was decreased
back to 11.0 MPa, the left oil is much less than that at 24 h, which is
also due to the strong extraction effect. When the pressure was
increased to 14.0 MPa, there is no oil phase left in the inner tube,
CO, and hexadecane have already reached a complete miscibility
state.

Fig. 16 shows that when the mass fraction of hexadecane is
higher, the volume of hexadecane is relatively larger at different
pressures. At the molecular level, when the solubility of CO, in
hexadecane is low, hexadecane molecules tend to bend and inter-
twine with each other. However, as the solubility of CO; in hex-
adecane increases, the hexadecane molecules become more
extended, and CO; molecules fill the gaps between the hexadecane
molecules. This results in an expansion of the volume of hex-
adecane (Liu et al, 2015). Although the initial volume of hex-
adecane is the same when the mass fraction is 3.2% and 3.9%, the
latter has a larger volume than the former at different pressures,
suggesting that when the oil—gas ratio increases, CO, can be more
effectively utilized. Overall, the volume of hexadecane exhibits a
trend of initial increase followed by decrease, and at different
pressure stages, the extraction and expansion effects of CO, are not
the same.

In conventional measurement method, CO, and oil are loaded
into the PVT instrument to study the expansion effect of CO, on the
oil (Han et al., 2015; Li et al., 2013; Wei et al., 2017). The swelling
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factor is calculated by the ratio of the expanded-oil volume to the
original-oil volume. In fact, the oil volume can be decreased due to
the extraction effect, and it is not the real volume of oil before the
expansion effect. The calculated swelling factor decreases greatly
when the pressure increases to a certain value. The decrease in the
swelling factor is not due to the reduction of the expansion effect
and the real reason is the decrease in oil volume caused by the
extraction effect. The phenomenon cannot really reflect the
extraction and expansion effect especially at high pressures
because the extraction and expansion effects are occurring simul-
taneously and cannot be distinguished by the conventional exper-
imental methods.

Ding et al. (2019) has improved the calculation method for the
extraction and expansion effects of CO, and oil by injecting CO;
multiple times into the intermediate container filled with crude oil
and discharging the gas mixture of CO, and oil, thereby calculating
the extraction amount. In this work, the extraction and expansion
effects are distinguished by a novel experiment design. The
extraction and expansion amounts of CO, and oil under different
pressures can be measured and quantitatively calculated. Mean-
while, the phase behavior changes of CO, and oil can be observed
through the window of the visual instrument.

The swelling factor of hexadecane under different pressures
calculated by method of this work and the conventional method is
shown in Fig. 17. It can be seen that with the increase in pressure,
the swelling factor calculated by the conventional method first

25
This method Conventional method
—l— 32% 3.2%
—@— 39% —— 39%
201 —A—s50% —— 50%

Swelling factor

10 12

Pressure, MPa

Fig. 17. Swelling factor of hexadecane with different mass fractions under different
pressures calculated by different methods at 323 K.
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expansion rates.

increases and then decreases to lower than 1. However, the
swelling factor calculated by this method is always greater than 1
and gradually increases, which can clarify the strong expansion
effect at high pressures. Conventional measurement methods do
not account for the impact of CO, extraction on the oil volume.

The extraction and expansion amounts of CO, on hexadecane
under different mass fractions and different pressures were calcu-
lated and shown in Fig. 18(a). With the increase in pressure, both
the extraction and expansion amounts gradually increase. The
difference is that the expansion amount increases in the form of
exponent, while the extraction amount increases in the shape of
“S”.

The extraction and expansion effects can be divided into three
stages. In the first stage, at lower pressures, CO; gradually dissolves
in the oil and exerts a more significant expansion effect on the oil,
yet the extraction effect is relatively weak. With the increase in
pressure, the expansion amount grows rapidly, while the extraction
amount increases slowly. In the second stage, the molecular ther-
mal motion and the diffusion between CO, and hexadecane is
gradually enhanced. The oil gradually diffuses from the oil phase
into the gas phase, and the extraction is stronger than the expan-
sion. During this stage, the extraction amount increases rapidly and
even counteracts the expansion amount, while the expansion
amount gradually stabilizes. At the third stage, there is very little
hexadecane in the oil phase, most of the hexadecane has diffused
into the CO, phase. When the system pressure is 14.0 MPa, hex-
adecane and CO, are completely mixed.

The oil—gas ratio affects the extraction and expansion effects of
CO,, at the same pressure, the expansion and extraction effects are
enhanced with the increase in the mass fraction of hexadecane. The
extraction and expansion rates of per unit mass CO, for hexadecane
was further investigated. Fig. 18(b) shows that the extraction rate
and expansion rate all increase with the increase in pressure and
the expansion rate is always higher than the extraction rate in the
full range of pressures.

When the pressure is lower than 11.0 MPa, both the expansion
rate and extraction rate increase with the increase in pressure
slowly. When the pressure is larger than 11.0 MPa, the expansion
rate increases greatly, while the extraction rate increases gradually
to a stable value. As shown in Egs. (17) and (18), the extraction rate
of per unit mass CO, is mainly affected by the extraction amount,
while the expansion rate of per unit mass CO; is influenced by the
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volume of oil remaining in the pipe and the extraction amount.
Therefore, as the mass fraction of hexadecane increases, the
extraction rate gradually increases, while the expansion rate de-
creases due to the influence of the extraction amount.

3.3.2. Effect of 1.0% DEG on the extraction and expansion effects of
CO, and hexadecane

The extraction and expansion effects between oil and CO, can
enhance the interactions between oil and CO, and enhance the oil
recovery. DEG has high solubility in CO, and can significantly
reduce the IFT between CO, and oil. In this part, the influence of
DEG on the extraction and expansion performance of hexadecane
and CO, was investigated and shown in Fig. 19.

As 1.0% DEG was added into the CO, and oil system, the
extraction and expansion behavior has great changes. When the
pressure is at 8.0 or 9.5 MPa, the extraction amount and extraction
rate of the composite system have greater decreases while the
expansion amount and expansion rate have more obvious increases
than the parameters of the CO, and oil system. This is because that
the pressure has not reached the cloud point pressure of DEG in
CO,, CO;, has dissolved some parts of DEG, and cannot extract more
oil. When the pressure increases to 11.0 MPa, the extraction and
expansion effects both have great enhancement in the presence of
DEG. At 11.0 MPa, the expansion amount of 1.0% DEG was 1.75 times
that of the expansion amount without additives, and the extraction
amount of 1.0% DEG was 2.25 times that of the extraction amount
without additives. The results mean that the dissolution of DEG in
CO, can accelerate the extraction effect of oil into CO, and mean-
while the dissolution of DEG in oil can enhance the expansion of oil
due to the increase in CO, molecules dissolved in oil. DEG mole-
cules can simultaneously dissolved into oil and CO, to enhance the
extraction and expansion effects due to the CO;-philic and lipo-
philic property.

3.3.3. The mechanism of DEG-enhanced extraction and expansion
The mechanism of DEG-enhanced extraction and expansion
actions of CO, was further analyzed and shown in Fig. 20. Fig. 20(a)
shows the schematic diagram of the extraction and expansion ef-
fects of CO; and oil without additives at different pressure stages. In
the first stage, when the pressure is low, some CO, molecules
dissolve in the oil, and the expansion effect is stronger than the
extraction effect. With the increase in pressure, the amount of
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Fig. 19. Effect of 1.0% DEG on the extraction and expansion effects of CO, and hexadecane. (a) Extraction and expansion amounts; (b) Extraction and expansion rates of hexadecane

induced by CO, per unit mass.

@ o ¢ ¢ 9 ®) o o
° o556 %% o ® ° ° °
° ° oo ° ° °
° o e o0 _o ° ° °
° ® o o0 ° °
o® *le® o 0 o° o® ° °lo :
o® o o °_,° o® ° °
o® ° ..Q‘ o® 3 3 P ° o o % 2
o 070 % o o % ° °
0 o® ° ., s olo ®
° o (o2 °
° ° ° ° .
° ° °
° ° ° °
° ° . % ° O
®q ° ) ®q ° (H<Hs)

Initial stage The first stage

The second stage  The third stage

SRR
N IR Y SN XK

@ CO, molecule @ Oil molecule @ DEG molecule

Initial stage

The first stage

The second stage  The third stage

CO; and extracted oil Oil and dissolved CO,
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Without additives; (b) Adding additives; (c) Interface schematic of CO, and oil in the third stage without additives; (d) Interface schematic of CO and oil in the third stage after
adding additives. Hy, Hy, H,, Hs, and H, are the liquid level heights of the oil at different stages.

extracted oil gradually increases due to the strong mass transfer
and diffusion effects between CO, and oil, leading to a reduction in
the volume of the oil. In the third stage, the extraction effect of CO,
becomes more significant, with all the oil being extracted into the
CO; phase. At this time, CO, and oil have completely mixed into a
single phase.

Fig. 20(c) shows the interface schematic of CO; and oil in the
third stage without additives. It can be seen that there is a strong
diffusion effect between CO; molecules and oil molecules. The CO,
molecules diffuse into the oil phase, promoting the expansion of
the oil, and due to the extraction effect of CO,, a large number of oil
molecules enter the CO, phase due to the enhancing of the misci-
bility between CO; and oil with the increase in pressure.

After the addition of additives, as shown in Fig. 20(b), when the
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pressure is lower than the cloud point pressure of the additives, a
small amount of additives dissolves in the CO,. The additives have a
certain polarity and stronger interaction forces with oil molecules,
which can promote the dissolution of CO5 in the oil. Therefore, the
volume of the oil will increase during the first stage. When the
pressure is higher than the cloud point pressure of the additives,
the additives are completely dissolved in the CO,, which enhances
the extraction and expansion effects of CO,. At this time, the
extraction effect of CO, is stronger, causing a significant reduction
in the volume of the oil. As the pressure continues to rise, CO, and
oil completely mixed into a single phase. Fig. 20(d) shows the
interface schematic of CO;, and oil in the third stage after adding
additives. DEG molecules have good affinity with CO,, and due to
the stronger polarity of DEG, there are also strong interaction forces
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between DEG and oil molecules. Therefore, DEG molecules tend to
spread at the interface between oil and CO,, which enhances the
diffusion effect between CO, molecules and oil molecules. As a
result, more CO, molecules dissolve in the oil, and more oil mole-
cules are extracted into the CO, phase along with CO, molecules,
promoting the miscibility between CO, and oil. Improving the
extraction and expansion effects of CO5 is beneficial for enhancing
oil recovery.

4. Conclusions

In this paper the solubility of three glycol ether additives in CO,
and the influence of these additives on the interactions between
CO, and hexadecane were investigated by the measurement of IFT,
extraction and expansion behavior. The following understandings
were obtained.

(1) The three ether additives all contain glycol groups, and the
molecular weight is relatively low, which leads to their low
cloud point pressure and good affinity with CO,. DEG has a
higher solubility in CO, under the same temperature and
pressure conditions than the other ethers and is more suit-
able for low formation pressure reservoir conditions.

(2) The glycol ether additives demonstrate remarkable potential
in reducing the IFT and MMP between hexadecane and CO,.
Compared to ethanol additive, DEG exhibits superior per-
formance, with an IFT reduction of 10% higher than that of
ethanol at the same mass fraction. Glycol ether additives
have high solubility in CO, and strong diffusion capability in
oil. By adsorbing on the surface of oil droplets, CO, and
hexadecane are mutually diffused to promote oil and gas
miscibility, thereby enhancing oil recovery.

(3) The conventional swelling factor cannot reflect the extrac-
tion and expansion behavior of CO, and oil because of the
variation of oil volume during the phase equilibrium. A new
method to measure the extraction and expansion rates has
been established here and can provide precise guidance for
oilfield production. The extraction and expansion effects all
increase with the increasing pressure. Though the extraction
amount of oil is larger than the expansion amount when the
pressure is increased to 11.0 MPa, the expansion rate is larger
than the extraction rate at the investigated pressure range.
The presence of DEG can enhance the extraction rate and
expansion rate when the pressure is larger than the cloud
point pressure of DEG.

(4) The glycol ether additives have related physical properties
similar to dimethyl ether, low molecular weight and strong
diffusion coefficient in crude oil. When injected with CO,
into the reservoir, the additives can accelerate the in-
teractions between oil and CO, by reducing the IFT and
enhancing the extraction and expansion behavior, to have
great potential in efficiently improving the oil recovery.
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