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This paper investigates how the efficiency of the chemical carbonated water EOR technique is optimized
using the nonionic surfactant 2-ethoxyethanol in CO,-rich water solutions. Tests were performed at
pressure values of 500-1500 psi, temperature of 25 and 75 °C, and solvent concentration from 2 to
15 vol%. It is shown that 2-ethoxyethanol decreases the interfacial tension (IFT) and increases the oil
swelling factor. For instance, when the pressure was 1500 psi, and the volume fraction of solvent in the
solution was 15%, the IFT was reduced to 1.495 mN/m, and oil swelling became equal to about 33%. This
is evidence of the synergism of interactions between CO, and the solvent. The contact angle was altered
in favor of wettability alteration due to the oil-to-water contact.

The influence of salinity (0-33,000 parts per million) was tested under optimized conditions of 1500
psi, 75 °C, and 15%. The minimum values of interfacial tension (0.84-0.93 mN/m) and contact angle
(49°-55°) were obtained when moderate salinity levels were maintained (10,000-15,000 parts per
million). Increased salinity levels decreased efficiency due to the ion effect. Overall, the addition of 2-
ethoxyethanol enhances CO, solubility, promotes hydrophilic wettability, and improves oil mobility,
highlighting its potential for efficient carbonated water flooding in reservoir conditions.

© 2026 Southwest Petroleum University. 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 electrically neutral and, as a result, have limited interactions with

polyvalent ions and hard cations present in the injection water or

Chemical water injection has played an important role in
enhancing oil recovery (EOR) along with advances in surfactant
formulations. This method allows the release of trapped oil by
reducing interfacial tension (IFT) and altering the wettability of the
rock [1-3]. Among the types of surfactants, nonionic surfactants
have found a special place in EOR applications due to their higher
resistance to salinity, lower toxicity, and good chemical stability
under reservoir conditions. These types of surfactants are
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reservoir rock, which helps maintain their performance in com-
plex environments [4,5]. In sandstones, surface bonds between
silanol groups (Si-OH) and polar parts of the surfactant play an
important role in controlling the contact angle and surface rear-
rangement. In contrast, in carbonate rocks, which usually have a
natural tendency to be hydrophobic and have a positive surface
charge, the adsorption of nonionic surfactants occurs through van
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Nomenclature

CA Contact angle, °

CWI Carbonated water injection

D Drop diameter (pendant drop method), cm
D Maximum drop diameter, cm

EOR Enhanced oil recovery

g Gravitational acceleration. cm/s?

H Shape factor (pendant drop method)

IFT Interfacial tension, mN/m

0S Oil swelling, %

P Pressure, psi

T Temperature, °C

TDS Total sissolved solids (salinity), ppm

Vi Initial oil droplet volume, cm?

Ve 0il droplet volume at time t, cm?

Ap Density difference between phases, g/cm?
vol% Volume percentage of solvent, %

wt% Weight percentage, %

der Waals forces and hydrogen bonding with —-CO%™ groups and can
alter the wettability from oleophilic to hydrophilic [6-8].

In sandstone-carbonate rock systems, the rock surface is het-
erogeneous in terms of electrical charge, mineralogical composi-
tion, and wetting behavior. Sandstones usually have silanol groups
(=Si-OH) and are negatively charged at neutral pH, while car-
bonate surfaces are mainly composed of positively charged car-
bonate groups (CaCOs3) [9,10]. This difference in surface charge
causes ionic surfactants (anionic or cationic) to exhibit different
and even contradictory behavior in such systems. Anions are
strongly adsorbed to the positive carbonate surfaces and are
rapidly deactivated, while cations are repelled by the negative
sandstone surfaces, reducing interfacial stability. In contrast,
nonionic surfactants are electrically uncharged and therefore not
affected by the surface potential difference of the rocks. This
feature leads to more uniform adsorption on both types of mineral
surfaces and reduced electrostatic competition at the interface
[11,12].

Carbonated water injection is another EOR technique that is
mostly used in carbonate reservoirs. Carbon dioxide produces a
carbonic acid solution. Carbonic acid superficially dissolves car-
bonate minerals and, in addition to improving permeability, alters
the wettability to hydrophilicity [13,14]. Water injection contain-
ing dissolved CO, leads to better gas-oil contact without the for-
mation of a free gas phase. This makes the process more stable and
safer than direct CO; injection, which usually causes phase sepa-
ration and channeling [15]. CO; dissolves in crude oil and reduces
its viscosity increasing the mobility of oil in the pores. This phe-
nomenon is known as oil swelling and viscosity reduction [16,17].
In addition, the partial release of CO, from the solution in contact
with the oil increases the local pressure, which contributes to
improved oil displacement [18]. The presence of CO; in the water/
oil system causes a slight reduction in IFT, which helps to facilitate
the movement of oil trapped in the fine pores. However, the degree
of interfacial tension reduction is not comparable to surfactant-
based methods [14,19]. Most importantly, the simultaneous
carbonated water injection process can play a role in CO,
sequestration, as some of the CO, remains in the formation [20].
However, in saline environments (such as formation water), the
solubility of CO, decreases, and the efficiency of carbonated water
decreases [21]. At inappropriate pressure or temperature, CO, can
come out of solution (gas breakout), which leads to channeling,
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instability, and effective pressure drop. In high-temperature
reservoir conditions, the dissolution of CO, decreases, and the
system becomes unstable [22]. Water-CO, solutions are acidic
(due to the formation of H,CO3), which increases the likelihood of
corrosion in pipelines and wells [23,24].

In previous studies, we proposed the use of co-surfactants of
lighter-than-water solvents such as acetone and methanol as a
solution to increase the solubility of carbon dioxide and improve
the performance of carbonated water [25-27]. Among the types of
nonionic solvents, compounds containing glycol ether chains such
as 2-ethoxyethanol (ethylene glycol monoethyl ether) have unique
capabilities due to their dual structure, i.e., having hydrophilic
(-OH, -O-CH»—CH>-) and lipophilic (-CH,CH3) moieties [28]. This
compound is classified in the group of cosolvent/nonionic sur-
factant hybrids and can perform effectively in salty and hot envi-
ronments due to its high thermal and chemical stability. Nonionic
solvents such as 2-ethoxyethanol have ethoxy and hydroxy groups
that can form hydrogen bridges with water and van der Waals
interactions with CO,. This leads to an increase in the solubility of
CO; in the solution and a decrease in gas evolution [29,30]. The
addition of a cosolvent such as 2-ethoxyethanol to the carbonated
water injection system is justified due to its ability to increase the
solubility, stability, and interfacial efficiency of the dissolved CO,.
The amphiphilic nature of this compound, consisting of hydro-
philic hydroxyl and hydrophobic ethoxy groups, leads to stronger
hydrogen bonds with water molecules and van der Waals in-
teractions with CO3; as a result, the dissolution rate of CO, is
increased, and premature gas evolution is prevented. In addition,
2-ethoxyethanol acts as a nonionic cosurfactant and reduces the
interfacial tension between the crude oil and the CO,-rich aqueous
phase, which leads to better mobility of the oil trapped in the rock
pores. This solvent also provides greater stability to the water-
—CO,-oil system, reduces corrosion due to carbonic acid formation,
and increases the hydrophilicity of the rock surface through sur-
face adsorption and polarity modification. In addition, the pres-
ence of 2-ethoxyethanol increases the tolerance of the carbonated
water system to high salinity and temperature conditions, result-
ing in more stable operation and higher oil recovery than con-
ventional carbonated water injection.

Despite the advances, specific information on the use of 2-
ethoxyethanol as a cosolvent in EOR is limited. Considering the
aforementioned assumptions and characteristics, this study in-
vestigates the effects of this solvent on carbonated water mecha-
nisms such as wettability alteration, interfacial tension reduction,
and crude oil swelling. Such a dual combination of dissolved
CO,+non-ionic solvent has not been systematically investigated in
EOR studies so far and could provide a novel approach to enhance
the carbonated water injection process and fill an important gap.
The following sections describe the different parts of the study,
including the description of the materials used, methods and
equipment, results and mechanisms, and finally, a summary in the
conclusion section.

2. Materials

The rock used was a composite containing 58.4 wt% calcite,
28.7 wt% dolomite, and 14.9 wt% quartz. Fig. 1 shows the XRD
pattern of the rock and the scanning electron microscope (SEM)
image. The dominant peak at around 20 =~ 29.4° is attributed to
calcite, which is the dominant phase of the rock and corresponds
to a weight content of 58.4 wt%. The characteristic peaks of dolo-
mite are observed at around 31°, 41°, and 45°, while the peaks
related to quartz are identified at higher angles (around 21°, 26°,
and 50°). The SEM image shows angular to subangular grains of
various sizes in the range of a few micrometers on the surface of
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Fig. 1. XRD analysis and SEM image of the reservoir rock [31].

the rock. Larger particles with a smoother surface are mainly
related to calcite, while finer, more regular crystals with a rough
surface belong to dolomite, and smaller particles with a glassy
surface or parallel grooves belong to quartz.

An oil sample extracted from a separation unit of one of the
fields in southwestern Iran with an API gravity of 19.6, a viscosity
of 254.53 cp at 25 °C, and the compositions shown in Fig. 2 was
used.

Seawater was used as the injection base brine extracted from
the Persian Gulf with a TDS equal to 33,194 ppm, pH equal to 7.67,
and analysis of Table 1 in the original and diluted samples. Carbon
dioxide with a purity of 99 mole% from Abu Qadare Industrial
Gases Company was used in a capsule with an initial pressure of
100 bar.

2-Ethoxyethanol with the formula C4H190,, molecular weight
90.12 g/mol, density 0.930 g/cm> and purity >99% was purchased
from Merck, Germany. 2-Ethoxyethanol is a nonionic glycol ether
compound that, as its dual molecular structure in Fig. 3 shows,
consists of a hydrophilic (-OH) and a hydrophobic (-O-CH,CH3)
part, which allows miscibility with both water and oil phases,

18.30%

® Saturates ™ Aromatic ™ Resin = Asphaltene

Fig. 2. Crude oil compounds.
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making it a suitable option for industrial and chemical applica-
tions. This compound has high thermal and chemical stability and
maintains its performance in the presence of multivalent ions such
as Ca®* and Mg?*. 2-Ethoxyethanol is used as an effective and
tunable solvent in the paint, printing, coating, and adhesive in-
dustries. From an economic point of view, its production cost is
relatively low and does not require complex formulations. From an
environmental perspective, this compound has low toxicity and
relatively good biodegradability, making it a less hazardous option
for use in oilfields and industrial processes compared to many
hazardous synthetic solvents and surfactants [28].

3. Experimental methods and equipment
3.1. Preparation of carbonate solutions and density experiments

Mixed solutions of water and solvent were prepared and
investigated with the aim of investigating their physical and
interfacial behavior under high temperature and pressure condi-
tions. Distilled water was used as the main phase, and a water-
miscible organic solvent was used as the second phase. Four
different mixtures with concentrations of 2, 5, 10, and 15 vol% of
solvent were prepared. For each sample, the exact volume of sol-
vent was measured with a graduated cylinder and added to a
certain volume of water. The solutions were placed in glass bea-
kers and stirred with a magnetic stirrer at 600 rpm for 30 min at
25 °C to achieve complete mixing. To prevent partial evaporation
of the solvent, Teflon caps were closed on the beakers, and the
samples were kept at rest for 12 h to establish phase equilibrium.

To investigate the effect of CO, on the properties of the solution,
the carbonation process was carried out using a high-pressure
system similar to Fig. 4. The steel cylinder was connected to a
manual hydraulic pump from the bottom and to a two-way line
from the top, one side of which was dedicated to the carbon dioxide
gas cylinder and the other side to the outlet of the carbonated so-
lution. The entire system was placed in a UFE 400 oven manufac-
tured by Memmert, Germany, to precisely control the temperature.
After the solution was injected, CO, gas entered the cylinder, and
the pressure was adjusted to 500,1000, and 1500 psi by moving the
piston. After equilibrium was established, the carbonated solution
was collected and used for subsequent tests. Before each test, all
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Table 1
Seawater analysis [32].
Potassium (ppm) Sodium (ppm) Magnesium (ppm) Calcium (ppm) Sulfate (ppm) Chloride (ppm) Bicarbonate (ppm) PH TDS (ppm)
92.43 7337 936 1920 6892.8 11,340 183 7.67 33,194
Q. 3.2. Interfacial tension and oil swelling
H H
H_ H./
H\C ~No /C\C/O\ p In order to investigate the effects of solvent concentration,
H™ Y ];\H ) ( O O pressure, and temperature on the interfacial interaction between

Fig. 3. 2D and 3D molecular structure of 2-ethoxyethanol.

CO: cylinder
Gauge pressure

Manual hydraulic pump

Fig. 4. The schematic of the carbonated water generator [32].

components were washed with water and acetone and dried with
nitrogen gas to remove contamination and residual traces.

The density of the solutions was measured with a DMA HPM
device manufactured by Anton Paar, Austria. This device works
based on U-shaped tube oscillation, and its results are trans-
mitted to the mPDS 2000 V3 system to calculate the density
value in g/cm?>. The working range of the device is at pressures up
to 140 MPa, temperatures from —10 to 200 °C, and densities from
0 to 3 g/cm®. The uncertainty of the measurements was reported
to be about + 0.001-0.0001 g/cm3, and its repeatability was
about 0.0001-0.00001 g/cm>. The measurements were performed
at temperatures of 25 and 75 °C and pressures of 500, 1000, and
1500 psi.

b )
(]

g

o
Y 7~ N\
—»U—

@

oil and aqueous solution, interfacial tension tests were performed
using the pendant drop method (Fig. 5). The water —-CO,-solvent
solutions prepared at temperatures of 25 and 75 °C and pressures
of 500, 1000, and 1500 psi were applied.

/2
_ApgD
r= H (1)

where Ap is the difference in the densities of the droplet and bulk
solution (g/cm?), g is the gravitational acceleration of the earth
(cm/s?), D' is the larger diameter of the drop (cm), and H depends
on the shape factor of S = d/D, where d is the horizontal diameter
calculated in D distance from the top of the drop [33].

A 14 G (2.1 mm) needle was used for drops with a tensile
strength of more than 3 mN/m, and a 26 G (0.4 mm) needle was
used for drops with a tensile strength of less than 3 mN/m. Each
test was repeated three times to obtain a reliable average. During
the IFT test, the change in drop volume with respect to time was
also recorded to determine the amount of oil swelling. Oil swelling
was calculated from Eq. (2):

Oil swelling (%) = M x 100 (2)

1

where Vj is the initial volume of the oil droplet, and V; represents
the volume of the oil droplet at time t [27].

3.3. Wettability and contact angle

To analyze the alteration in the wettability of the rock surface in
the presence of water-soluble CO,-solutions, a contact angle test
was performed. Rock samples were taken from natural cores, cut
according to API R 40 standard, and their surfaces were polished
[34]. Then, to restore the initial state of oil-wet, the samples were
immersed in crude oil at 75 °C for 14 days. The same IFT400 device
was used with a modified cell in which a base was embedded to
stabilize the rock. In each test, a drop of crude oil was injected onto
the rock surface into the cell containing the water-soluble solution.

(b)

Fig. 5. (a) schematic diagram of the IFT measuring device [16]; (b) schematic of pendant drop [33].
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The high-resolution imaging system identified the contact
boundary between the drop and the rock, and the software
calculated the contact angle from both sides of the drop by
drawing tangent lines.

4. Results and discussion

Table 2 shows the results of the experiments on density,
interfacial tension, contact angle, and swelling of crude oil. As the
volume percentage of 2-ethoxyethanol increases, the bulk density
of the solution decreases because the density of this solvent is
lower than that of water, and its addition increases the volume per
unit mass. At the same time, as the pressure increases, the solu-
bility of CO; in the solution increases, and CO, molecules enter the
molecular network of water and solvent; this increases the total
mass per unit volume and makes the density of the solution
slightly higher than in the case without CO,. The effect of tem-
perature is observed as a decrease in the bulk density of the so-
lution at higher temperatures, because an increase in temperature
leads to thermal expansion and a decrease in the molecular den-
sity of water and solvent, but the solubility of CO, at moderate
temperatures is still significant and can partially compensate for
the increase in density caused by the dissolution of CO;. The mo-
lecular mechanism of this process involves the placement of CO,
molecules in the intermolecular space of water and 2-
ethoxyethanol, the formation of weak van der Waals interactions
and hydrogen bonds with the hydroxyl group of the solvent, which
increases the stability of the solution and prevents premature gas
evolution [35,36]. In general, the density of the solution is a
function of the balance between the volumetric effect of the sol-
vent, the pressure of the solution, and the dissolution of CO;, and
shows a slow increase with increasing pressure and the percentage
of dissolved CO,, while increasing the temperature and the per-
centage of solvent decreases it.

Fig. 6 graphically shows the results of interfacial tension tests at
0, 2, 5, 10, and 15 vol% solvent concentrations at 25 °C. The results
of interfacial tension between the water and oil phases in the
presence of different amounts of 2-ethoxyethanol solvent and at
different CO, pressures indicate a gradual and regular decrease in
IFT with simultaneous increase in solvent concentration and
pressure. In the absence of solvent, the IFT values at pressures of
500, 1000, and 1500 psi are 21.127, 20.593, and 18.842 mN/m,
respectively, indicating a slight decrease with increasing pressure.
By adding 2 vol% of solvent, the values decreased to 17.014, 16.376,
and 13.659 mN/m, while at a concentration of 5 vol%, IFT was equal
to 14.911, 12.205, and 10.925 mN/m, respectively. This downward
trend continued with further increase in concentration, so that at

Table 2
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Fig. 6. Results of interfacial tension at different solvent volumetric concentrations
and pressures of 500, 1000, and 1500 psi at 25 °C.

10 vol%, IFT values reached 11.744, 10.382, and 8.467 mN/m and at
the highest concentration of 15 vol%, they reached 7.988, 7.621, and
finally 3.319 mN/m at a pressure of 1500 psi. As a result, the
greatest decrease in interfacial tension was observed at the highest
concentration and pressure, so that the IFT value decreased by
about 84% compared to the initial state.

These changes indicate that both increasing CO, pressure and
increasing the volume fraction of 2-ethoxyethanol solvent play an
effective role in reducing the surface free energy of the water-oil
interface, but the effect of solvent concentration is much stron-
ger than the effect of pressure. In fact, with increasing 2-
ethoxyethanol concentration, its amphiphilic molecules accumu-
late at the interface between the water and oil phases and form a
more regular arrangement, such that the polar groups, including
—OH and -OCHCHj-, are oriented towards the water phase and
the organic groups of the ethyl chain are oriented towards the oil
phase. This dual arrangement causes a decrease in the surface free
energy and, as a result, a significant decrease in IFT [37]. Further-
more, the presence of dissolved CO, in the system reduces the
difference in thermodynamic properties between the water and oil
phases and contributes to a further reduction in interfacial tension
by increasing the solubility of light oil components in the aqueous
phase, decreasing the density and viscosity of the oil phase, and
increasing the relative polarity of the two phases [19,38,39].

The synergistic effect between dissolved CO, and the solvent 2-
ethoxyethanol also plays a prominent role in this process. The
simultaneous presence of these two factors leads to an increase in
the permeability of the solvent in the oil phase, a higher density of
its molecules at the interface, and the formation of a compact and
stable layer at the interface. At high solvent concentrations,
especially 10 and 15 vol%, such a coherent arrangement leads to

Results of experiments of interfacial tension, contact angle, and oil swelling at different solvent volumetric concentrations and pressures of 500, 1000, and 1500 psi at 25 °C.

Solvent concentration (vol%) P (psi) Density (g/cm?) Interfacial tension (mN/m) Contact angle (°) Oil swelling (%)
0 500 0.9985 + 0.0008 21.127 £ 0.012 137.64 £+ 0.06 5.25 + 0.02
1000 1.0001 + 0.0003 20.593 + 0.004 131.73 £ 0.10 6.55 + 0.06
1500 1.0015 + 0.0005 18.842 + 0.008 122.09 + 0.06 8.69 + 0.05
2 500 0.9960 + 0.0007 17.014 £+ 0.010 130.46 + 0.06 6.78 &= 0.03
1000 0.9980 + 0.0005 16.376 £ 0.002 125.88 £ 0.11 7.16 + 0.05
1500 0.9995 + 0.0004 13.659 + 0.006 12133 £ 0.14 8.35 +0.03
5 500 0.9935 + 0.0010 14.911 £ 0.009 125.51 £+ 0.02 8.83 +0.03
1000 0.9950 + 0.0011 12.205 + 0.008 119.02 + 0.09 10.22 + 0.02
1500 0.9965 + 0.0007 9.205 + 0.006 115.76 + 0.05 11.50 + 0.02
10 500 0.9885 + 0.0009 11.744 £+ 0.009 105.23 £ 0.11 12.66 + 0.04
1000 0.9900 + 0.0004 10.382 + 0.009 93.67 + 0.14 15.19 + 0.04
1500 0.9915 + 0.0001 8.467 + 0.009 85.41 4+ 0.01 17.04 + 0.05
15 500 0.9835 + 0.0002 7.988 + 0.004 91.93 + 0.15 13.61 + 0.07
1000 0.9850 + 0.0005 7.621 £ 0.005 82.30 + 0.09 17.87 + 0.07
1500 0.9865 + 0.0003 3.319 £ 0.011 74.10 £ 0.12 19.49 + 0.01
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the formation of a quasi-microemulsion region where there is no
clear boundary between the two phases, and as a result, the IFT
approaches very low values. In general, the gradual and significant
decrease in interfacial tension in this system can be attributed to
three simultaneous phenomena: the effective adsorption of 2-
ethoxyethanol molecules at the interface, the change in the
properties of the phases due to the dissolution of CO,, and the
synergistic effect of these two factors in the formation of a stable
layer with minimal free energy at the water-oil interface. These
processes collectively improve interfacial stability, facilitate phase
separation, and provide more suitable conditions for the release
and movement of oil trapped in the reservoir rock matrix.

At high solvent concentrations (15 vol%), the major part of the
water-oil interface is already saturated with active 2-
ethoxyethanol molecules, and as a result, the role of pressure in
further reducing IFT is naturally weakened. Under these condi-
tions, although increasing pressure from 500 to 1000 psi increases
CO; dissolution, due to the dominance of the solvent interfacial
adsorption mechanism, the reduction in IFT does not occur
noticeably or linearly, and the changes are within the measure-
ment uncertainty range. In contrast, at lower solvent concentra-
tions, the interface is not yet fully saturated, and increasing
pressure plays a more effective role in reducing IFT by gradually
increasing CO, dissolution and changing the thermodynamic
properties of the phases; therefore, the effect of pressure is more
prominent and consistent at these concentrations. Therefore, the
pressure-IFT relationship in this system is inherently nonlinear
and dependent on the solvent concentration, and the expression of
the decrease in IFT with increasing pressure reflects the overall
trend of the system at unsaturated concentrations and in the
presence of the synergistic effect of CO, and solvent, and not
necessarily a uniform behavior independent of the chemical
composition in all conditions.

The results of crude oil swelling in the presence of different
amounts of 2-ethoxyethanol solvent and at different CO, pressures
at 25 °C, which are graphically shown in Fig. 7, indicate a gradual
and significant increase in the percentage of oil swelling with
simultaneous increase in pressure and solvent concentration. In
the base case (without solvent), the oil swelling rate at pressures of
500, 1000, and 1500 psi is 5.25, 6.55, and 8.69%, respectively. With
the addition of 2 vol% of 2-ethoxyethanol, these values increased
to 6.78, 7.16, and 8.35%. At a concentration of 5 vol%, the oil
swelling reached 8.83, 10.22, and 11.83%, respectively. Then, with
increasing the solvent concentration to 10 vol%, the swelling
values increased to 12.66, 15.19, and 17.34%, and finally, at the
highest concentration (15 vol%), the highest swelling was
observed; so that at pressures of 500, 1000, and 1500 psi, the
swelling values were equal to 13.64, 17.87, and 19.49%, respec-
tively. Therefore, compared to the initial state, the oil swelling at

25
—— 500 psi

< 20 = 1000 psi -
B0 1500 psi A —
g

o

g

S

16

4 6 8
Solvent concentration/%

10 12 14

Fig. 7. Results of oil swelling at different solvent volumetric concentrations and
pressures of 500, 1000, and 1500 psi at 25 °C.

462

Petroleum 12 (2026) 457-468

maximum conditions increased by about four times, which in-
dicates a strong synergistic effect between CO, pressure and the
presence of 2-ethoxyethanol solvent in increasing the solubility of
gas in the oil phase and changing its effective volume.

By examining the trends, it is clear that increasing CO, pressure
at all concentrations increased oil swelling. This increase is due to
the increase in gas density, improved CO, solubility in the oil
phase, and more effective diffusion of gas molecules into the hy-
drocarbon structure. On the other hand, increasing the concen-
tration of 2-ethoxyethanol solvent in the aqueous phase also
enhanced the effect of CO, and increased the oil expansion ability
through diffusion at the interface and partial dissolution in the oil
phase [40,41]. This effect is very noticeable at higher concentra-
tions of 10 and 15 vol%, indicating the formation of a quasi-
homogeneous region at the interface and increased mass ex-
change between the phases.

The main mechanism of increased oil swelling can be attrib-
uted to the combination of two key processes: CO, and solvent
mass transfer into the oil phase. At high pressures, CO; is exten-
sively dissolved in the oil phase and interacts with hydrocarbon
molecules. These interactions are mainly in the form of van der
Waals and induced polar forces, leading to a decrease in the
attractive force between oil molecules, an increase in the inter-
molecular distance, and consequently an increase in the specific
volume of the oil phase. In addition, part of the dissolved CO; re-
mains as a “gas-in-liquid” within the oil pores, causing physical
expansion (swelling). On the other hand, 2-ethoxyethanol mole-
cules, due to their dual structure (polar and nonpolar groups), have
partial solubility in both water and oil phases [42]. Under high CO,
pressure conditions, these molecules penetrate from the interface
into the oil phase and, by creating partial solubility, reduce the
intermolecular tension within the oil and provide a suitable
environment for further dissolution of CO, [43,44].

The synergistic effect of CO, and 2-ethoxyethanol in the mass
transfer process enhances two important phenomena: first, the
increase in the diffusion coefficient and dissolution of CO, in the
oil phase due to the change in polarity and local viscosity in the
vicinity of the interface; second, the formation of an intermediate
phase rich in solvent and CO, that is created at the water-oil
interface and plays the role of a facilitating path for mass trans-
fer. This intermediate phase, with its dual properties, reduces the
interfacial resistance and makes the passage of CO, molecules into
the oil easier. As a result, the combination of these phenomena
increases the local gas density in the oil phase, reduces the
compression energy, and significantly increases the swelling.

In conclusion, the increase in oil swelling in the presence of CO,
and 2-ethoxyethanol is the result of multiple physical and mass
transfer interactions. Increasing pressure causes extensive diffu-
sion and dissolution of CO; in the oil phase, while the presence of
the solvent enhances the expansion and gas acceptance capacity of
the oil phase by reducing interfacial tension and providing diffu-
sion pathways. For this reason, at high pressure and concentra-
tions, crude oil exhibits elastomeric behavior, and its swelling
percentage increases nonlinearly. This process not only increases
the oil volume and reduces its viscosity but also plays an impor-
tant role in improving oil mobility and facilitating displacement
mechanisms.

The contact angle measurements, the graphs of which are
shown in Fig. 8, show that increasing the concentration of 2-
ethoxyethanol solvent and CO, pressure led to a gradual
decrease in the contact angle and, as a result, the wettability of the
rock surface altered from hydrophobic to hydrophilic. In the
absence of solvent, the contact angle of the oil drop on the surface
of the carbonate-sandstone rock at pressures of 500, 1000, and
1500 psi was 137.64°,131.73°, and 122.09°, respectively. By adding
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Fig. 8. Results of contact angle at different solvent volumetric concentrations and
pressures of 500, 1000, and 1500 psi at 25 °C.

2 vol% of 2-ethoxyethanol, these values decreased to 130.46°,
125.88° and 121.33°. With an increase in concentration to 5 vol%,
the contact angles became 125.51°, 119.02°, and 115.76°, respec-
tively, indicating a significant alteration in the wettability behavior
of the surface. Subsequently, at higher concentrations, i.e., 10 and
15 vol%, a more significant decrease was observed; so that at
10 vol% the contact angles reached 105.23°, 93.67°, and 85.41°, and
at 15 vol% it reached 91.93°, 82.3°, and finally 74.1°. Thus, the value
of the contact angle at the maximum pressure and concentration is
about 63.5° less than the initial state, indicating a clear alteration
in wettability from strong oleophilicity to moderate hydrophilicity.

The general pattern of the data shows that increasing the sol-
vent concentration has a greater effect than increasing the pres-
sure, although the combined effect of these two factors (co-
solvent + CO;) produces the largest change. These changes are due
to a set of physicochemical processes at the rock-fluid interface. In
the presence of 2-ethoxyethanol, the polar parts of the molecule,
including the —-OH and —OCH,CH,- groups, tend to the mineral
surface of the rock and are located in the vicinity of the aqueous
phase, while their organic parts interact with oil molecules. As a
result, a surface layer with lower free energy is formed, which
increases the adhesion force of water to the rock surface and re-
duces the contact angle. On the other hand, increasing the CO,
pressure causes more gas to dissolve in the aqueous phase and the
formation of carbonic acid (H,CO3). This weak acid reacts with the
rock surface, which is mainly composed of calcite (CaCO3) and
dolomite (CaMg(C0s3)2), gradually causing surface dissolution and
the creation of new micro-defects and surface charges [45-47].
This phenomenon increases the surface energy, increases polarity,
and attracts water molecules more strongly to the surface.

The composition of the rock in this study is 58.4 wt% calcite,
28.7 wt% dolomite, and 14.9 wt% quartz. The carbonate phases
(calcite and dolomite) are reactive with carbonic acid and, upon
contact with a saturated CO;, solution, part of their surface un-
dergoes partial dissolution. These reactions release Ca®*, Mg,
and HCO3 ions, resulting in a change in the surface charge and
structure of the electric double layer. The increase in surface
negative charges and the increase in the natural hydrophilicity of
carbonates due to this process reduce the contact angle and cause
a gradual alteration in wettability from oil-wet to hydrophilic
[48,49]. Meanwhile, the siliceous (quartz) part of the rock, which is
less reactive, plays a physical supporting role and helps stabilize
the porous structure and adsorb solvent molecules on the surface.

From a mechanistic perspective, the reduction in contact angle
in this system can be attributed to several simultaneous processes:
(1) selective adsorption of 2-ethoxyethanol molecules at the
rock—fluid interface and the formation of hydrogen bonds between
polar groups of the solvent and rock surface groups (such as -OH
and —CO%™), (2) formation of carbonic acid from the dissolution of
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CO; in water and partial dissolution of calcite and dolomite, which
exposes new surfaces and increases surface polarity, (3) syner-
gistic mass transfer of CO, and solvent to the rock surface, which
changes the composition of the boundary layer and increases the
adsorption of polar species on the surface, and (4) reduction of
surface free energy and molecular rearrangement at the interface,
which stabilizes a more hydrophilic state. At high pressures, the
dissolution of CO; and the continuous formation of H,COs3, along
with the penetration of 2-ethoxyethanol molecules into the sur-
face pores and boundary layers, increase the wetting energy of
water and result in a stable decrease in the contact angle. In
summary, it can be concluded that the reduction in contact angle
in the presence of CO, and 2-ethoxyethanol is the result of a
synergistic effect between physical (mass transfer and surface
adsorption), chemical (reaction of carbonic acid with calcite and
dolomite), and interfacial (reduction of free energy of the rock
surface) processes. These processes increase the water wettability
of the rock by changing the surface charge characteristics, polarity,
and composition of the electric double layer. Such an alteration in
wettability is one of the key factors in improving the efficiency of
enhanced oil recovery processes, because by reducing the contact
angle and increasing the adhesion of water to the rock surface, the
oil trapped in the pores is easily separated and transported.

The results of the tests of density, interfacial tension, oil
swelling, and contact angle at 75 °C are given in Table 3. Fig. 9
shows the results of the interfacial tension tests at 75 °C. At 75 °C,
the interfacial tension values at all pressures and volumetric
concentrations of the solvent 2-ethoxyethanol are noticeably
lower than those recorded at the lower temperature of 25 °C. At
zero concentration (pure water), the IFT decreased from 19.05 at
500 psi to 16.27 mN/m at 1500 psi, indicating a slight increase in
the solubility of the light components of the oil and an increase in
the thermal activity of the molecules. With the addition of solvent,
the trend of IFT decrease becomes much more dramatic, especially
at a concentration of 15%, where its value increases from 3.03 at
500 psi to 1.495 mN/m at 1500 psi.

In general, increasing temperature increases the kinetic energy
of molecules and reduces the surface tension of water, thereby
increasing the ability of solvent molecules to penetrate the inter-
facial layer and replace hydrogen bonds between water molecules
[50,51]. In this case, the polar interactions between water mole-
cules and the hydroxyl groups of 2-ethoxyethanol are strength-
ened, and the permeability of solvent molecules to the water-oil
interface increases.

Increasing temperature is also associated with an increase in
the relative solubility of polar and light components of crude oil in
the aqueous phase, which leads to the formation of more active
layers at the interface. This effect, together with increasing pres-
sure, improves the conditions for mass transfer between the
phases and leads to a continuous decrease in IFT. In other words, at
higher temperatures, the rate of solvent diffusion towards the
interface and the rearrangement of its molecules at the contact
surface is higher, which leads to the creation of an interfacial layer
with lower free energy. Therefore, the synergistic effect of tem-
perature, pressure, and solvent concentration at this temperature
leads to a significant reduction in interfacial tension (more than
90% compared to pure water), which indicates a sharp increase in
phase mobility and stability of the emulsion system under reser-
voir conditions.

Specifically, increasing temperature reduces the viscosity of
crude oil, which leads to the permeability of CO, and solvent to the
oil phase, increasing molecular mobility at the interface, and
facilitating the rearrangement of 2-ethoxyethanol molecules at the
interface, which in turn leads to a further reduction in IFT. Also, the
decrease in viscosity reduces the resistance to drop deformation in
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Table 3
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Results of experiments of interfacial tension, contact angle, and oil swelling at different solvent volumetric concentrations and pressures of 500, 1000, and 1500 psi at 75 °C.

Solvent concentration (vol%) P (psi) Density (g/cm?) Interfacial tension (mN/m) Contact angle (°) 0il swelling (%)
0 500 0.9777 + 0.0007 19.053 + 0.011 133.47 + 0.02 7.44 + 0.03
1000 0.9790 + 0.0010 17.857 + 0.002 125.03 £ 0.09 8.32 £ 0.02
1500 0.9803 + 0.0006 16.270 £+ 0.011 118.91 £ 0.09 9.05 + 0.04
2 500 0.9763 + 0.0009 14.436 + 0.008 123.62 + 0.03 8.68 + 0.06
1000 0.9776 + 0.0003 12.692 + 0.003 117.58 + 0.08 10.96 + 0.05
1500 0.9789 + 0.0011 11.124 + 0.009 109.15 £ 0.10 11.12 £ 0.05
5 500 09733 + 0.0004 13.955 £+ 0.011 107.39 £ 0.02 10.37 £ 0.03
1000 0.9746 + 0.0004 10.588 + 0.010 101.72 + 0.08 12.81 + 0.03
1500 0.9759 + 0.0008 8.709 + 0.001 94.84 + 0.07 15.53 £+ 0.05
10 500 0.9683 + 0.0012 9.344 £+ 0.010 92.56 + 0.14 14.26 + 0.04
1000 0.9696 + 0.0007 7.809 + 0.007 83.94 + 0.05 18.49 + 0.07
1500 0.9709 + 0.0011 6.273 £ 0.007 76.28 £ 0.12 21.07 + 0.08
15 500 0.9643 + 0.0012 6.661 + 0.005 73.17 £ 0.06 16.85 + 0.08
1000 0.9656 + 0.0010 3.031 + 0.006 65.63 + 0.08 20.14 + 0.01
1500 0.9669 + 0.0008 1.495 + 0.007 57.79 + 0.10 23.99 + 0.05
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Fig. 9. Results of interfacial tension at different solvent volumetric concentrations
and pressures of 500, 1000, and 1500 psi at 75 °C.

the pendant drop experiment and can help to achieve interfacial
equilibrium more quickly. At the same time, it is emphasized that
the decrease in IFT in this system is not only due to the change in
viscosity, but also the result of the simultaneous interaction of
several factors, including increased CO, dissolution, interfacial
solvent adsorption, and changes in the thermodynamic properties
of the phases. Finally, this limitation is also mentioned as a sug-
gestion for future studies to provide a more complete analysis of
the relationship between viscosity and interfacial behavior by
directly measuring the viscosity of oil in the presence of CO, and
solvent.

The contact angle measurements, plotted in Fig. 10, show that
at 75 °C, the contact angle decreases continuously with increasing
volume percent 2-ethoxyethanol and CO, pressure, and the rock
surface shifts from a strongly oleophilic to a hydrophilic state. For

—o— 500 psi
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1500 psi
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0 4 6 8 10 12
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Fig. 10. Results of contact angle at different solvent volumetric concentrations and
pressures of 500, 1000, and 1500 psi at 75 °C.
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example, in the absence of solvent, the contact angle decreases
from 133.47° at 500 psi to 118.91° at 1500 psi. In the presence of
15% solvent and 1500 psi, the contact angle drops to 57.79°, a
decrease of about 16.3° compared to the corresponding state at the
lower temperature of 74.1°. The general pattern suggests that the
effect of temperature accelerates and magnifies the wettability
alteration—that is, at 75 °C, for the same pressure/solvent com-
bination, a more hydrophilic surface is achieved than at lower
temperatures.

According to the graphs in Fig. 11, the oil swelling also shows a
significant increase at 75 °C compared to the lower temperature.
For example, for the sample without solvent, the swelling in-
creases from 7.44% at 500 psi to 9.05% at 1500 psi; while in the
presence of 15% solvent and 1500 psi, the swelling is 23.99%; this
value was reported to be approximately 19.49% at the lower
temperature. That is, an increase of approximately 4.5% due to the
increase in temperature. In general, the increase in temperature
causes the combined effect of pressure and solvent on swelling to
be larger, especially at high solvent concentrations and high
pressures, a nonlinear and stronger increase in OS is observed.

These temperature-dependent differences can be explained by
several mechanical and thermodynamic aspects. First, increasing
temperature increases the molecular diffusion coefficient and ki-
netic energy of the species [52]; this accelerates the mass transfer
of CO, and 2-ethoxyethanol molecules from the aqueous phase
into the oil phase, and consequently increases the partitioning rate
of solvent and CO, in the oil; the result of this faster diffusion is a
faster increase in swelling and a faster decrease in contact angle.
Second, temperature reduces the viscosity of the oil phase, and
therefore, the diffusion and dispersion of gas/solvent molecules in
the oil matrix becomes easier; this reduction in viscosity has a

140 -
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120 - —m- 1000 psi
110 - 1500 psi
100 |
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Fig. 11. Results of oil swelling at different solvent volumetric concentrations and
pressures of 500, 1000, and 1500 psi at 75 °C.



I. Nowrouzi, A.H. Mohammadi and A.K. Manshad

direct effect on swelling, in particular because it facilitates the
volume acceptance and diffusion of gas into the molecular struc-
ture of the oil.

Regarding the role of carbonic acid and the surface dissolution
of carbonates, it should be noted that with increasing temperature
and the presence of dissolved CO,, the rate of surface chemical
reactions increases. Although the thermodynamic solubility of CO;
in water may decrease with temperature, the rates of transport
and reaction clearly increase. The increase in the rate of local
formation and destruction of H,CO3, as well as the increase in the
rate of dissolution of calcite and dolomite, means a faster pro-
duction of Ca?*/Mg?* ions and a faster change in surface charge;
these surface changes occur faster at higher temperatures and
cause the appearance of new surfaces, an increase in surface po-
larity, and ultimately the wetting coefficient of water. Therefore,
the contact angle decreases faster and further. Simply put, tem-
perature accelerates the process of surface dissolution with car-
bonic acid and thus contributes to the alteration in wettability.

A special point is also related to the CO, phase under the
experimental conditions, where in the pressure-temperature
range considered, the properties of CO, (density, permeability,
oil solubility) depend on the phase state and heat; at higher
temperatures and pressures, the behavior of CO; is close to or in a
supercritical state, which increases the efficiency of mass transfer
to the oil phase and the solubility capacity of light oil components.
This factor also plays an important role in simultaneously
decreasing contact angle and the increase in swelling.

The results of the effect of salinity on interfacial tension (IFT),
contact angle (CA), and oil swelling (OS) at 75 °C, 1500 psi, and
15 vol% 2-ethoxyethanol solvent with dissolved CO are presented
in Table 4, and their graphs are given in Figs. 12-14, respectively,
indicating that the behavior of the system is strongly dependent
on the salt concentration. The IFT value decreases from 1.495 mN/
m in salt-free water to 0.841 mN/m at 10,000 ppm salinity and
then increases with further increase in salinity to 2.356 mN/m at
33,000 ppm. This U-shaped behavior indicates the dual effect of
ions on the stability of the interfacial layer. At low to moderate
salinities (<10,000 ppm), the presence of ions causes the electric
double layer to be compressed and the repulsions between polar
molecules at the interface to decrease [53,54]; as a result, the
permeability of 2-ethoxyethanol and CO, molecules to the inter-
face increases and an interfacial film with lower free energy is
formed, leading to a significant reduction in IFT. With increasing
salinity beyond this limit, salting-out effects become dominant
[55,56]; that is, the abundant ions reduce the solubility of CO; and
2-ethoxyethanol in the aqueous phase and limit the formation of
an active layer at the interface. In addition, the presence of divalent
jons such as Ca>* and Mg?" can interact with polar groups of the
solvent or the carbonate surface (calcite and dolomite) and disrupt
the structure of the adsorbed layer. The result of these processes is
a re-increase in IFT at high salinities and a relative return of
wettability towards oil-wet.

The contact angle also follows a similar trend to the IFT, from
57.79° in pure water to a minimum of 48.62° at 10,000 ppm and

Table 4
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Fig. 12. Results of interfacial tension at different salinities, a solvent concentration of
15 vol%, and a pressure of 1500 psi at 75 °C.
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Fig. 13. Results of oil swelling at different salinities, a solvent concentration of
15 vol%, and a pressure of 1500 psi at 75 °C.
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Fig. 14. Results of contact angle at different salinities, a solvent concentration of
15 vol%, and a pressure of 1500 psi at 75 °C.

then increases with increasing salinity to 62.46° at 33,000 ppm.
The initial decrease in the contact angle reflects the increase in the
hydrophilicity of the rock surface, which is achieved by the
adsorption of polar solvent molecules and the penetration of CO;-
hydrated species to the carbonate surface. At high salinities, the
wettability alters back to the petrophilic state as the stability of the
aqueous phase decreases and the permeability of polar molecules

Results of experiments of interfacial tension, contact angle, and oil swelling at different salinities, a solvent concentration of 15 vol%, and a pressure of 1500 psi at 75 °C.

TDS ( ppm) Density (g/cm?) Interfacial tension (mN/m) Contact angle (°) Oil swelling (%)
0 0.9669 + 0.0005 1.495 + 0.008 57.79 + 0.02 23.99 + 0.03
5000 0.9685 + 0.0010 1.033 + 0.001 51.38 + 0.03 25.17 4+ 0.08
10,000 0.9805 + 0.0008 0.841 + 0.008 48.62 + 0.06 27.31 4+ 0.02
15,000 0.9813 + 0.0007 0.937 + 0.002 55.87 + 0.10 28.94 + 0.07
25,000 0.9838 + 0.0008 1.529 + 0.007 58.19 + 0.04 30.22 + 0.05
33,000 0.9854 + 0.0011 2.356 + 0.001 62.46 + 0.06 33.45 +0.10
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decreases. In this case, calcium and magnesium ions may also
change the surface charge through specific adsorption on calcite
and dolomite, preventing further surface dissolution caused by
carbonic acid [45,46].

In contrast, the swelling of crude oil increases significantly with
increasing salinity, from 23.99% in pure water to 33.45% at
33,000 ppm. This increase is due to two main mechanisms: first,
the salting-out effect, which reduces the stability of polar com-
pounds in the aqueous phase and consequently their migration
into the oil phase [57-59]; second, the association of dissolved CO,
with solvent molecules during penetration into the oil phase,
which increases the solubility of gas in the oil and consequently its
volumetric expansion. In other words, although high salinity in-
creases the IFT and contact angle, the oil volume effectively in-
creases due to the enhancement of the drift phenomenon of
solvent and gas molecules into the oil phase. Overall, the results
show that the optimal salinity for minimizing IFT and contact
angle is around 10,000 ppm, while for maximizing oil swelling,
higher salinities are more effective; therefore, the choice of salt
concentration depends on the goal of the injection process
(reducing interfacial tension or increasing oil expansion).

The images in Fig. 15 show the changes in the contact angle of
an oil droplet on a carbonate rock surface over time, under optimal
conditions, including a pressure of 1500 psi, a temperature of
75 °C, a solution containing 15% by volume of 2-ethoxyethanol
solvent, and a salinity of 10,000 ppm, which are given for a bet-
ter understanding of the process.

The term “optimal conditions” is used to mean the best
observed performance over the operating range investigated and
is not intended to determine the absolute thermodynamic
maximum of the system. The choice of the upper limit of solvent
concentration (15 vol%), pressure (1500 psi), and temperature
(75 °C) was based on a combination of physical, operational, and
practical considerations; such that at higher concentrations and
pressures, although further reductions in IFT or increases in
swelling may occur, the incremental efficiency of these parameters
is expected to be limited due to gradual saturation of the interface,
a decrease in the influence slope, and a change in the interfacial
regime. Furthermore, excessive increases in solvent concentration
can lead to undesirable phase behaviors, increased risk of stable
emulsion formation, injection problems, and significant economic
considerations. As for pressure and temperature, the values chosen
are representative of typical conditions for many carbonate res-
ervoirs and fall within a range that provides a good balance be-
tween increased CO, dissolution, system stability, operating costs,
and equipment safety. Therefore, the conditions reported as
“optimal” in this work have been deliberately defined within a
realistic and applicable operating window, representing the
highest system efficiency within a range that is considered reliable
from a reservoir engineering and EOR operation perspective.
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It can be seen that at the beginning of the experiment, the
contact angle has a relatively high value, indicating the oil
wettability of the surface. With time, the contact angle gradually
decreases, and the droplet shape becomes flatter, indicating an
increase in the surface's tendency to be wetted by water. First, in
the presence of dissolved carbon dioxide, carbonic acid is formed
in the environment and causes partial dissolution of the carbonate
surface. This process creates a negative charge on the surface and
increases its hydrophilicity. Second, the penetration and mass
transfer of the carbon dioxide and solvent mixture into the oil
phase causes a decrease in the adhesion between oil and rock and
also a change in the balance between the adhesive and cohesive
forces. Third, the solvent 2-ethoxyethanol, having polar groups, is
adsorbed at the rock-oil interface, causing a change in the inter-
facial energy and, as a result, a decrease in the contact angle.
Overall, the gradual change in the contact angle over time in-
dicates the dynamics of interfacial processes that occur through
surface dissolution, CO, diffusion, and the interaction of solvent
molecules with rock and oil.

Although some of the mechanisms proposed in this study (such
as interfacial tension reduction, wettability change, and oil
swelling) are based on well-known concepts, the main innovation
of this research is in investigating the synergy of the system “car-
bonate water—dissolved CO,—-nonionic solvent 2-ethoxyethanol” in
a mixed carbonate-sandstone rock environment and under reser-
voir temperature, pressure, and salinity conditions. To the best of
our knowledge, such a combination and approach have not been
systematically investigated in previous studies, and this work at-
tempts to fill the gap in understanding the behavior of these
multicomponent systems. Furthermore, this study does not limit
itself to describing the phenomena, but rather provides quantita-
tive data (IFT, contact angle, oil swelling, and salinity effect) and
mechanistic analysis to clearly demonstrate the simultaneous role
of CO;, and solvent in improving process performance.

Regarding the relatively high amount of 2-ethoxyethanol, it
should be noted that this study aimed to provide a comprehensive
evaluation over a wide range of concentrations (2-15% by volume)
to identify trends, the optimum point of performance, and un-
derstand the behavior of the system under different conditions,
rather than simply proposing a final industrial formulation. The
results show that although the greatest improvement in parame-
ters is achieved at high concentrations, acceptable performance is
also observed at intermediate concentrations, which can be the
basis for further optimizations in terms of economics and opera-
tions. Therefore, the practical importance of this study is in
providing fundamental insights and guiding data for the design
and optimization of solvent-modified carbonated water injection
systems under real reservoir conditions, which can lead to the
development of more economical and scalable formulations in
future studies.
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Fig. 15. Dynamic contact angle at a solvent concentration of 15 vol% at 1500 psi and 75 °C.
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5. Conclusions

In this study, the effect of 2-ethoxyethanol as a mutual solvent
on the performance of dissolved carbon dioxide in the chemical
carbonated water injection process was investigated. Experiments
were conducted at pressures of 500, 1000, and 1500 psi, temper-
atures of 25 and 75 °C, and different solvent concentrations
(0-15 vol%). Also, for the optimal conditions (15 vol% solvent, 1500
psi, 75 °C), the effect of salinity in the range of 0-33,000 ppm on
the interfacial properties and wettability was investigated.

The results showed that the addition of 2-ethoxyethanol to the
water-CO, system significantly reduced the interfacial tension
(IFT) between water and oil; so that at ambient temperature
(25 °C) and 1500 psi, the IFT value decreased from about 18.8 mN/
m for the solvent-free system to about 3.3 mN/m at a concentra-
tion of 15%. At higher temperature (75 °C) and similar conditions,
this reduction was even more dramatic, and the IFT value reached
a minimum of 1.495 mN/m. This phenomenon indicates that
higher temperature increases the permeability of CO, and solvent
molecules in the oil phase and forms interfacial films with lower
energy.

Increasing the pressure to 1500 psi at all concentrations
resulted in a continuous decrease in IFT, which is due to the
increase in CO, dissolution in the liquid phase and the increase in
the density of the phases. In parallel, the contact angle also
decreased, indicating that the carbonate rock surface gradually
altered from a petrophilic to a hydrophilic state. For example, the
contact angle decreased from 137.6° in the solvent-free condition
and 500 psi to about 74° at 15% concentration and 1500 psi at
25 °C, while at 75 °C, the same value decreased to about 57.8°.
This alteration is due to a combination of several mechanisms,
including the formation of carbonic acid at the contact surface
and the partial dissolution of calcite and dolomite, which led to
the creation of a negative surface charge, reduced adhesion be-
tween the rock and oil, and increased hydrophilicity of the
surface.

Oil swelling also increased with these changes, from about
5.25% in the baseline system to more than 33% under optimal
conditions. This increase indicates significant CO, and solvent
penetration into the oil phase and an increase in the volume of the
oil phase due to gas dissolution and changes in the molecular
structure of the oil. The solvent 2-ethoxyethanol with polar -OH
and -O- groups has a high ability to form hydrogen bonds with
polar oil molecules, which helps facilitate CO, penetration and
increase phase expansion.

The effect of salinity in the range of 0-33,000 ppm showed that
the IFT and contact angle reached their minimum values at low to
moderate salinities (especially 10,000 to 15,000 ppm), while they
increased again at high salinities. This behavior is related to the
interaction of ions: low concentrations stabilize the interfacial
films, but at high concentrations, the presence of ions and the
increase in ionic density reduce the dissolution of CO, and
destabilize the hydrophilic phases.

To practically evaluate the effect of CO,-2-ethoxyethanol
combination on ultimate oil recovery, it is suggested to conduct
dynamic injection tests in natural carbonate cores under realistic
temperature and pressure conditions to investigate the ultimate
efficiency and stability of wettability alteration. Also, studying
thermodynamic and kinetic models for CO, dissolution in solu-
tions containing 2-ethoxyethanol can help to better understand
mass transfer mechanisms and optimally design chemical
carbonated water injection. It should be noted that oil swelling is a
mechanistic indicator and does not directly represent EOR per-
formance, which requires displacement-based experiments such
as core flooding.
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