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Abstract: CO, microbubbles have recently been used in enhanced oil recovery for blocking the high
permeability zone in heterogeneous reservoirs. Microbubbles are colloidal gas aphrons stabilized by
thick shells of polymer and surfactant. The stability of CO, microbubbles plays an important role in
improving the performance of enhanced oil recovery. In this study, a new class of design of experiment
(DOE)—definitive screening design (DSD) was employed to investigate the effect of five quantitative
parameters: xanthan gum polymer concentration, sodium dodecyl sulfate surfactant concentration,
salinity, stirring time, and stirring rate. This is a three-level design that required only 11 experimental
runs. The results suggest that DSD successfully evaluated how various parameters contribute to CO,
microbubble stability. The definitive screening design revealed a polynomial regression model has
ability to estimate the main effect factor, two-factor interactions and pure-quadratic effect of factors
with high determination coefficients for its smaller number of experiments compared to traditional
design of experiment approach. The experimental results showed that the stability depend primarily
on xanthan gum polymer concentration. It was also found that the stability of CO, microbubbles
increases at a higher sodium dodecyl sulfate surfactant concentration and stirring rate, but decreases
with increasing salinity. In addition, several interactions are presented to be significant including the
polymer-salinity interaction, surfactant-salinity interaction and stirring rate-salinity interaction.

Keywords: CO, EOR; CO, microbubbles; colloidal gas aphrons; stability; design of experiment;
definitive screening design

1. Introduction

Carbon dioxide (CO;)-enhanced oil recovery (EOR) is widely considered to be a useful method
in the oil and gas industry because it could increase oil production and slow down greenhouse gas
emissions [1]. Numerous studies have recognized the advantages of CO, injection for EOR and
geological sequestration [2,3]. Typically, the dissolution of CO, into the remaining oil can improve
the oil recovery from the reservoir because of either oil viscosity reduction or interfacial reduction.
The substance of CO, dissolution led to experimental and numerical analyses of this mechanism [4-6].
Nevertheless, the sweep efficiency of CO; injection could be declined due to reservoir heterogeneity,
gravity segregation and high gas mobility [7]. To enhance the function of CO;, injection of water
alternating gas, surfactant alternating gas and CO, foam have been reported as promising methods in
the CO, EOR application [8-11]. Recently, CO, microbubbles utilization is found as a potential method
for EOR. The unique characteristic of microbubble will be able to be useful in temporary plugging the
high-permeability zone, which causes an increase of fluid flow into low-permeability regions during
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EOR injection. The microbubbles are known as colloidal gas aphrons (CGAs) [12]. They are small
bubbles about 10-100 pm in diameter, which are composed of a spherical gaseous core surrounded
by stable multi-layer film. The protective film consists of a viscous water layer that overlays and
separates the inner surfactant layer from outer surfactant layer. Figure 1 depicts the microbubbles
structure and microscopic images. A stable microbubbles structure offers unique properties, such as
lower gas diffusivity of gaseous core transfer to bulk fluid, higher stability than conventional foam.
There is a considerable amount of literature on successful CGAs employment in oil well drilling
operation. Microbubbles have been demonstrated to be able to seal the wall of a bore hole to prevent
loss circulation problems [13-17].
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Figure 1. (a) CO, microbubbles structure and (b) microscopic image in this study.

Many attempts have been made [18-22] to facilitate a better understanding of microbubble CGA
generation and performance. Amiri and Woodburn proposed that increasing viscosity improves
the stability of generated colloidal gas aphron. In the experimental investigation into the stability
of CGAs, Save and Pangakar [23] show that higher viscosity of fluid is able to reduce the rate of
drainage, which leads to enhanced half-life time of CGAs. Jauregi and co-workers [24] reported on
the effect of controlling parameters on the CGAs stability and concluded that stability is proportional
with surfactant concentration while inversely proportional to salinity. In [13] the authors proposed
that xanthan gum (XG) polymer is the most effective stabilizer of CGAs. Tabzaer [25] reported on
analyzing the stability of CGAs under different types of surfactant and polymer, and concluded that
a mixture of XG polymer and SDS surfactant greatly enhanced the stability of CGAs. Seyed and
co-workers [26] investigated the stability, bubble size distribution, rheological and filtration properties
of CGAs fluids. The results show that the type of polymer is the most effective parameter while the
type of surfactant has a minor effect on the stability of CGA drilling fluid and increasing salinity in
fluid causes a reduction in the stability. Several studies, for example [27,28], have been carried out
modeling works on aphrons. Ali Alizadeh and Ehsan Khamehchi [29] developed a mathematical
model for transportation of aphrons in porous medium using the filtration theory. Bjorndalen [30]
reported on blocking ability of microbubbles when they were injected into porous media.

Furthermore, an increasing number of studies have found that CGA microbubbles improve oil
recovery. Shi [31] highlighted an increase of 26.8% oil recovery by microbubble injection in tertiary
conditions. Experiments on microbubbles under secondary recovery core flooding in 2015 by Akai [32]
proposed an increase of 13% of oil recovery compared with normal CO; injection. In [33], the authors
studied the blocking ability of CO, microbubble CGAs in heterogeneous porous media. The results
show an addition of 74.65% of oil recovery from low-permeability during the CO, microbubble injection.
There were also studies on characterizations and flow behavior of CO, microbubble. In his analysis,
Telmadarreie [34] shows that microbubbles had favorable infectivity in heterogeneous reservoirs to
enhance heavy oil recovery. Ghosh [35] reported on stability and viscosity of CO, microbubble and
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concluded that a mixture of 0.29 wt.% Surfonic N-85 surfactant and 0.55 wt.% of XG polymer had
formed a proper base fluid for microbubble generation.

In the past, researchers employed the one-variable-at-a-time method, where one variable was
varied at a time, and all other variables in the experiment were fixed. This approach not only requires
larger quantities of resources and more time but also neglected the effect of interaction between
variables. Design of experiment (DOE) is a statistical method that evaluates simultaneously the effect
of multiple variables with a reduction in the number of tests. The experimental design approach is
attracting widespread interest in the petroleum field. Many studies in recent years have focused on
applying experimental design to either experimental or numerical study on operational parameters
affecting EOR process. Despite this interest, there is still limited research using DOE to study CGAs’
properties. In previous work, Jauregi and co-workers [24] developed a statistical experimental design
to investigate the effect of different factors on the stability and gas hold-up of CGAs. In [26], the authors
employed Taguchi DOE approach to analyze the influence of salinity, polymer and surfactant types
and concentration on the stability of water-based CGA fluid.

Recently, a new class of three-level DOE, definitive screening design (DSD), was proposed by
Jones and Nachtsheim (2011) [36]. This approach produces the experimental design, which not only
evaluates the main effects, two-factor interactions and pure-quadratic effects but also significantly
reduces the number of trial experiments needed compare to conventional DOE methods [37,38].

In this work, the influences of xanthan gum polymer concentration, sodium dodecylsulfate
surfactant concentration, salinity, stirring time and stirring rate on stability of CO, microbubble CGAs
were investigated statistically using DSD experimental design approach. After statistical analysis of
the observation data, a half-life time of CO, microbubble dispersion was used as a response for the
mathematical model of experimental design. This paper is organized as follows into four sections.
The first section gives a brief overview of CO, microbubble CGAs and DSD approach. The second
section describes the materials and methods. In the third section, the results are presented and
discussed. Our conclusions are drawn in the final section.

2. Materials and Methods

2.1. Materials

In this work, xanthan gum (XG) biopolymer, sodium dodecyl sulfate (SDS) anionic surfactant and
sodium chloride (NaCl) were supplied by Junsei Chemical Co. Ltd., Tokyo, Japan. XG polymer was
utilized as stabilizer and viscosifier for CO, microbubble. The SDS surfactant was used to reduce the
interfacial tension of gas/liquid. The percentage of purity of CO, was 99.9%. Tap water was used for
preparation of base fluid.

2.2. Definitive Screening Design

According to the general principle of CGAs generation along with previous studies, five continuous
factors including polymer concentration, surfactant concentration, salinity, stirring time and stirring
rate were selected as the key factors affecting the stability of CO, microbubble dispersion [24,26,39].
In a definitive screening design, a minimum of 11 experiments are required for 5 investigated factors
and their respective three levels (low, center and high being coded as -1, 0, 1, respectively) to discover
a nonlinear effect [36]. According to present experiments, the range and levels (coded and uncoded)
of independent factors are shown in Table 1. To detect a nonlinear effect of these five independent
variables on CO; microbubble dispersion stability, a second-order polynomial model is proposed:

5 5 5
Y=o+ Y BiXi ) BiXi+ Y BiXiX; )
i=1

i=1 1<i<j
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where Y represents the predicted response, f is the model intercept, p; is the linear effect coefficient, f;;
is the quadratic effect coefficient and ;; is the first-order interaction coefficient. DSD possibly estimates
active main effects, two-factor interaction and quadratic effects [38,40,41]. The design and analysis of
experiments were performed with R statistical software by daewr package [42]. Table 1 shows the
factors and levels (coded and uncoded) of independent factors in this study. The experimental array
for DSD is shown in Table 2.

Table 1. Independent factors and their levels in definitive screening design (DSD).

Level of Factor

Factors Code Factors Name 1 0 1
A XG Polymer Concentration (ppm) 1000 2500 4000
B SDS Surfactant Concentration (ppm) 2000 2500 3000
C Salinity (ppm) 0 5000 10000
D Stirring Time (min) 4 7 9
E Stirring Rate (rpm) 5000 7000 9000
Table 2. DSD array design.
Coded Values Actual Values
XG SDS . ..
Ta s ocop o Tdme suben sy SRt TG
(ppm) (ppm) (min) (rpm)
1 0 1 1 1 1 2500 3000 10,000 10 9000
2 0 -1 -1 -1 -1 2500 2000 0 4 5000
3 1 0 1 1 -1 4000 2500 10,000 10 5000
4 -1 0 -1 -1 1 1000 2500 0 4 9000
5 1 -1 0 1 1 4000 2000 5000 10 9000
6 -1 1 0 -1 -1 1000 3000 5000 4 5000
7 1 -1 -1 0 1 4000 2000 0 7 9000
8 -1 1 1 0 -1 1000 3000 10,000 7 5000
9 1 1 -1 -1 0 4000 3000 0 4 7000
10 -1 -1 1 1 0 1000 2000 10,000 10 7000
11 0 0 0 0 0 2500 2500 5000 4 7000

2.3. Preparation of Fluid

The base fluids were prepared by mixing XG polymer and SDS surfactant at different concentrations
in 250 mL water. To evaluate the effect of salinity, salt solutions were prepared by mixing NaCl with
considered concentrations in 250 mL water then polymer and surfactant were added. The GF-300 digital
scale (A&D company Ltd., Tokyo, Japan) was used to weigh these chemical powders. All solutions
were mixed by using a magnetic stirrer (MS-H280-Pro Model, Dlab Scientific Inc., Riverside, CA, USA)
under magnetic stirring speed of 1000 rpm for 1 h.

After that, the mixture was put into 300 mL beaker and CO, gas was injected into polymer
and surfactant solution via a stainless-steel pipe at beaker bottom with a constant flow rate of 10
mL/min. The experiments were carried out at atmospheric pressure and room temperature (25 + 2 °C).
The solution and CO; gas were mixed by using high-speed homogenizer (HG-200 Hsiangtai Model,
As One Corporation, Osaka, Japan) (see Figure 2).
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Figure 2. Schematic of CO, microbubbles generator setup.

2.4. Stability of CO, Microbubbles

In order to estimate the effect of different parameters on the stability of CO, microbubbles, 100 mL
of CO, microbubbles dispersion was poured in a 100 mL graduated cylinder immediately following
CO, microbubbles generation. A stability index of half-life time (t;2) could be used for evaluating the
performance of microbubbles dispersion. Hence, t;, is defined as the time required until fifty percent
of final drained liquid height was reached [43].

2.5. Visualization of CO, Microbubbles

An EVOS Core Imaging System Digital Microscope (Life Technology Corp., Carlsbad, CA, USA)
was used to record images of CO, microbubbles. After generation, a CO, microbubbles sample was
collected and placed in a microscopic slide in order to capture images immediately. A microscope
setup for visualization of CO, microbubbles is shown in Figure 3.

Figure 3. Schematic view of EVOS Core Imaging System Digital Microscope.

3. Results and Discussion

3.1. Characterization of CO, Microbubbles

The images of CO, microbubbles were analyzed using Image]J ver 1.52a (National Institutes of
Health, Bethesda, MD, USA) to obtain the size distribution of bubbles. About 200-300 bubbles were
chosen randomly for each sample. To analyze the diameter size of CO, microbubbles, the captured
microscopic photographs were stored in digital format. Figure 4a shows a typical image of CO,
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microbubbles generated in this study and Figure 4b the edge of microbubble detected by the image
analysis software Jmage]J ver 1.52a.

@ (b) Q‘ 9‘ 8" Y - ° ,
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Figure 4. (a) A typical micrograph and (b) its detected edge by the image analysis software.

These observations are similar to the results reported by Natawijaya, Sugai, and Anggara
(2020) [33]. In EOR process, the size of CGAs is highly important to block the high permeability
layer [44]; Figure 5 illustrates the diameter distribution of CO, microbubbles in Experiment No.1.
In general, the size of bubbles ranges from about 20 to 260 micron. There is a dominant size of
60-140 micron in this dispersion. Larger aphrons are useful in blocking as well as diverting fluid to
the remained oil zone. It causes increased sweep efficiency of the EOR. The average diameters and
standard deviation of diameters in 11 experiments are shown in Table 3. All observations exhibit
typical bubbles size distributions which are consistent with the findings by [34].
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Figure 5. Size distribution of CO, microbubbles in Experiment No.1.

Table 3. Average bubble size and standard deviation of CO, microbubbles dispersions.

Experiment Mean Diameter (um) Standard Deviation (um)
1 107.4 41.8
2 140.1 64.5
3 138.8 442
4 86.6 36.5
5 150.1 60.0
6 119.6 36.8
7 115.1 59.6
8 129.3 50.7
9 91.6 33.9

10 94.3 30.7
11 162.7 57.3
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3.2. Data obtained from Stability Test

The generated microbubbles dispersion in the graduated cylinder tends to separate into bubbles
cream at the top and the liquid drainage in the bottom of the measuring column after a period of time.
The resistance ability of CGAs fluid against liquid drained from CGAs is proposed as the mechanism
of stability in CGAs dispersion [45,46]. In this study, we carried out a static stability test to observe the
volume of drained liquid until all bubbles drained entirely in the cylinder. Table 4 summarizes the
final liquid volumes and the following half-life time t;, from 11 experiments.

Table 4. Experimental design and observed responses.

Exp. Final Liquid Volume (mL) t1/2 (min)
1 42 147.0
2 66 12.5
3 57 30.0
4 83 3.5
5 40 210.0
6 95 4.0
7 45 380.0
8 45 7.0
9 85 318.0
10 85 3.0
11 33 32.5

3.3. Statistical Analysis

Statistical analysis showed the quadratic model for the empirical relationship between
the independent variables in coded units and the natural logarithm of stability index (tip).
The transformation to natural logarithm of the stability index was used for the fitting model. It is
difficult to fit untransformed data, but the qualitative relationship between variables and response is
the same as for untransformed data [47]. The logarithmic transformation of the experimental data
involves a certain amount of variation. The resulting model equation was as follows:

In(typ) = 3.44414 + 1.78542A + 0.53791B - 0.01799C + 0.70282E — 0.62486AC +

@)
0.36633BC + 0.21995CE — 0.27234C>

where A, B, C, and E are the coded factors of polymer concentration, surfactant concentration, salinity
concentration and speed of stirring, respectively. In this model, D factor was not included because of a
negligible influence on the stability index. This may be due to the stirring time range selected being set
in a favorable region with respect to CO, microbubbles stability. The sign of each coefficient indicated
how the factor influences the response. Thus, the negative sign confirms the synergistic effect while the
positive sign shows antagonistic effect [48]. Table 5 highlights the estimates of model coefficients and
their corresponding statistics such as R? =0.9998, adj—R2 =0.9991, F-value = 1462, p-value = 0.0006837.
These results demonstrated that the model was significant due to high F-value and low p-value [49].
The value of R? determines how many percent of total variance could be explained by the regression
model. The R? and adjusted R? were close to 1; this indicated a great fit between experimental and
predicted values [50]. Figure 6 depicts the scatterplots of experimental versus predicted values to
confirm the validation of the model. The high coefficient of correlation (R = 0.99) demonstrates an
excellent correlation between observed response and predicted response [51].
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Table 5. Estimates of the regression coefficients of the model described by Equation (2).

Coefficient Coded Term Estimate Standard Error t-Value p-Value
Bo Intercept 3.44414 0.03146 109.473 8.34 x 107°
B1 A 1.78542 0.02060 86.687 0.000133
B2 B 0.53791 0.02060 26.117 0.001463
B3 C -0.01799 0.02060 —-0.873 0.474559
Bs E 0.70282 0.02060 34.124 0.000858
P13 CA —0.62486 0.02345 —26.647 0.019436
B23 CB 0.36633 0.02345 15.622 0.001405
B35 CE 0.21995 0.02345 9.380 0.004073
B33 c? —-0.27234 0.03853 —7.068 0.011176

R? = 0.9998, Adjusted R? = 0.9991, F-value = 1462, p-value = 0.0006837
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Figure 6. Comparative plot between experimental and predicted values.

3.4. Effect of Factors on CO, Microbubbles Dispersion Stability

Figure 7 shows the effect magnitude of factors on response. As can be seen, XG polymer is
the dominant contributor to the stability of the dispersion. Since the coefficient of XG polymer
concentration has a positive value, an increase in XG polymer concentration from the (-1) level to the
(+1) level causes a significant improvement in the stability index. Thus, the stability improvement of
XG polymer could be explained by viscosity increase with more polymer molecules in the base fluid.
The higher viscosity of base fluid could make the CGA structure more stable. As a result, the ability to
prevent gas diffusion from the gaseous core to the bulk fluid is enhanced by a higher viscous layer [44].
In addition, higher viscosity base fluid could delay liquid drainage in CGAs dispersion due to gravity
effect [46]. It is apparent that CO, microbubbles generated with higher XG polymer concentration
have greater stability. The experimental results in this study indicated that stirring rate has a positive
effect on the stability of CO, microbubbles dispersion. Thus, in the CGAs generation process, the
homogenizer is a vital part forming the aphrons in micron size with a high speed of rotation. It
means the microbubbles’ dispersions generated by the high stirring rate were more stable than others
that were generated by a low stirring rate. This result is supported by Jauregi, Gilmour, and Varley
(1997) [24].
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Figure 7. Magnitude of effects in regression model Equation (2).

In this study, we conducted the experiments with different concentrations of SDS surfactant
varying from 2000 to 3000 ppm. As shown in Figure 6, SDS surfactant was determined to have
a significant influence on improving CO, microbubbles dispersion stability. Thus, increasing the
concentration of SDS surfactant led to stabilizing microbubbles because there were more surfactant
molecules at microbubble surfaces. Previous studies proposed that the higher concentration of
surfactant molecules in solution increases surface viscosity and elasticity [45], consequently improving
the mechanical strength of lamellar walls [43].

On the other hand, the salinity was found to be a significant factor that negatively affected the
stability index. Generally, increasing NaCl concentration decreases dispersion stability. However,
the influence of salinity on CGAs was different depending on other factors. Here, considering both the
interactions in the SDS surfactant concentration—salinity and stirring rate—salinity was significant
and had a positive value. This means that the function of SDS surfactant and stirring rate could be
enhanced in presence of salt in the system. The interaction between XG polymer concentration and
salinity produced a significant reduction of the stability index.

3.5. Interaction between XG Polymer Concentration and Salinity

Figure 8 highlights the relationship between XG polymer concentration and salinity influencing
the stability of microbubble dispersion when the SDS surfactant concentration and the stirring rate are
kept at their constant neutral values. At the low concentration of XG polymer concentration, salinity has
little effect on the stability of CO, microbubbles, but as XG polymer concentration increases, the impact
of salinity also increases. Hence, the highest stability is obtained at XG polymer concentration = 4000
ppm and NaCl concentration = 0 ppm. Regarding the NaCl added in solution, there is a reduction in
the half-life time of CO, microbubbles dispersions. It could be explained by at least two main reasons:
reduction in viscous shell thickness of microbubbles since electrical double layers are compressed in
the presence of NaCl [26]; and also increasing NaCl concentration leads to a decreased ability of the
XG polymer to build up the viscosity [52].
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XG polymer concentration (ppm)

0 2500 5000 7500 10000
NaCl concentration (ppm)

Figure 8. Interaction between xanthan gum (XG) polymer concentration and salinity at sodium dodecyl
sulfate (SDS) surfactant concentration = 2500 (ppm) and stirring rate = 7000 (rpm).

3.6. Interaction between SDS Surfactant Concentration and Salinity

Figure 9 presents the contour plot for half-life time (t;2) at varying SDS surfactant and NaCl
concentrations, while the XG polymer concentration = 2500 ppm and stirring rate = 7000 rpm.
SDS surfactant concentration interacts with salinity, so with a high concentration of NaCl, stability
increases when SDS surfactant concentration increases. In this case, the phenomena can be explained as
follows: the surface tension plays an important role in bubble formation and surface tension reduction
is proportional to the amount of surfactant molecules adsorbed at the surface [53]. The reduction in
surface tension is greater when adding more NaCl to solution due to the sodium counter-ions binding
to sulfate head groups of ionic SDS surfactant; this leads to a reduction in the electrostatic repulsion
between the surfactant’s adjacent sulfate ions [54]. Therefore, more SDS surfactant adsorbed at the
gas/liquid interface in the presence of NaCl could improve the stability of the bubble.
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Figure 9. Interaction between SDS surfactant concentration and salinity at XG polymer
concentration = 2500 (ppm) and stirring rate = 7000 (rpm).

3.7. Interaction between Stirring Rate and Salinity

Figure 10 shows the effect of stirring rate and NaCl concentration on half-life time (t;2) of CO,
microbubbles dispersion; the other parameters are held at their constant middle level. There is a



Colloids Interfaces 2020, 4, 26 11 of 15

significant interactive effect of stirring rate and salinity on stability of CO, microbubbles. It was
observed that the rate of stirring rate was greater for high concentration of NaCl. To generate new
surfaces between gas and liquid (as microbubbles), stirring operation must supply enough energy
to the system [55]. As discussed above, added NaCl could reduce the surface tension. It leads to
microbubbles generated with more efficiency with lower required energy. Meanwhile, the general
behavior of the response states that the stability of microbubble dispersion is more sensitive to the
stirring rate change as compared with NaCl concentration.

Stirring Rate (RPM)

0 2500 5000 7500 10000
NaCl concentration (ppm)

Figure 10. Interaction between stirring rate and salinity at XG polymer concentration = 2500 (ppm)
and SDS surfactant concentration = 2500 (ppm).

3.8. Limitation of This Work

Since the focus of this study was on the stability of CO, microbubbles dispersion at atmospheric
pressure and ambient temperature, there is a possibility that dissimilar evaluations would have arisen if
the impact of high pressure and high temperature had been taken to account. Thus, Longe [56] reported
on the effect of temperature on CGAs and concluded that CGAs became unstable at temperatures
above 65 °C. In their investigation into the stability of CGA-based drilling fluids, Bjorndalen and
Kuru [17] showed that CGAs are more sensitive to temperature change of 25 to 50 °C. Growork [57]
proposed that CGAs could be relatively stable under pressurization of 20.7 MPa. Telmadarreie [34]
observed that CO, microbubbles can survive pressure as high as 13.8 MPa and temperatures of 50 °C.
Telmadarreie [34] also concluded that with temperature above 50 °C, the stability of microbubbles
was decreased.

4. Conclusions

In conclusion, our study has employed a DSD approach to produce an experimental array design
for investigating the influence of process parameters (XG polymer concentration, SDS surfactant
concentration, salinity, stirring time and stirring rate) on stability of CO, microbubbles dispersion.
An empirical statistical model for dependence of stability on these parameters is presented. The
analysis results obtained from DSD suggest that:

e XG Polymer concentration is the most significant factor to improve the stability of CO,
microbubbles dispersion.

e  CO, microbubbles stability increases for higher SDS surfactant concentrations and stirring rates
but decreases with increasing salinity.
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e The interaction of XG polymer concentration and salinity was more considerable than the
interactions of SDS surfactant concentration and salinity or stirring rate and salinity on the stability
of CO, microbubbles.

e Increasing NaCl concentration in solution can enhance the function of SDS surfactant and
stirring rate to form microbubbles, whereas, it can also reduce the efficiency of polymers in
stabilizing microbubbles.

This DSD approach has been potentially used as an effective tool for the CO, microbubble
investigation and other EOR methods. Further work should concentrate on enhancing the quality of
CO; microbubbles under reservoir conditions, especially related to oil and salinity.
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