
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Bubble size distribution and stability of CO_2
microbubbles for enhanced oil recovery: effect
of polymer, surfactant and salt concentrations

Nam Nguyen Hai Le
Department of Earth Resources Engineering, Kyushu University

Sugai, Yuichi
Department of Earth Resources Engineering, Faculty of Engineering, Kyushu University

Nguele, Ronald
Department of Earth Resources Engineering, Kyushu University

Sreu, Tola
Department of Earth Resources Engineering, Kyushu University

https://hdl.handle.net/2324/4785197

出版情報：Journal of Dispersion Science and Technology, 2021-09-10. Taylor and Francis
バージョン：
権利関係：



1 

Bubble size distribution and stability of CO2 microbubbles for enhanced 

oil recovery: Effect of polymer, surfactant and salt concentrations 

Nam Nguyen Hai Lea,b,c*, Yuichi Sugaia, Ronald Nguelea, and Tola Sreua 

aDepartment of Earth Resources Engineering, Kyushu University, Fukuoka, Japan 

bFaculty of Geology and Petroleum Engineering, Ho Chi Minh City University of 

Technology (HCMUT), 268 Ly Thuong Kiet Street, District 10, Ho Chi Minh City, 

Vietnam 

cVietnam National University Ho Chi Minh City, Linh Trung Ward, Thu Duc District, 

Ho Chi Minh City, Vietnam 

*corresponding author: Nam Nguyen Hai Le, email: inhnam@mine.kyushu-u.ac.jp 

 

 

 

 

 

 

 

 

 

 

 

  



2 

Abstract 

Fluids incorporating carbon dioxide (CO2) microbubbles have been utilized to promote 

enhanced oil recovery from hydrocarbon reservoirs. The performance of such fluids in 

porous media is greatly affected by both the bubble size and stability. On this basis, the 

present study evaluated the effects of varying the concentrations of a xanthan gum (XG) 

polymer, a surfactant (sodium dodecyl sulfate: SDS) and sodium chloride (NaCl) on both 

the stability and bubble size distribution (BSD) of CO2 microbubbles. CO2 microbubble 

dispersions were prepared using a high-speed homogenizer in conjunction with the 

diffusion of gaseous CO2 through aqueous solutions. The stability of each dispersion was 

ascertained using a drainage test, while the BSD was determined by optical microscopy 

and fitted to either normal, log-normal or Weibull functions. The results showed that a 

Weibull distribution gave the most accurate fit for all experimental data. Increases in either 

the SDS or XG polymer concentration were found to decrease the microbubble size. 

However, these same changes increased the microbubble stability as a consequence of 

structural enhancement. The addition of NaCl up to a concentration of 10 g/L (10g/1000g) 

decreased the average bubble size by approximately 2.7%. Stability was also reduced as 

the NaCl concentration was increased because of the gravitational effect and coalescence.  

Graphical Abstract 

 

KEYWORDS: CO2 microbubbles, colloidal gas aphrons, bubble size distribution, 
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1 INTRODUCTION 

The advantages of employing carbon dioxide (CO2) as a displacement agent during 

enhanced oil recovery (EOR) have received significant attention in the petroleum 

industry. An additional benefit is that this method would provide an economical 

approach to the geological storage of CO2 to reduce atmospheric CO2 concentrations 

[1–5]. However, CO2 flooding can result in low recovery efficiencies because of the 

high mobility of CO2 in flooding areas. Specifically, the injected CO2 tends to flow 

through highly permeable layers or fractures, which leads to poor sweeping efficiency 

in the low permeability zones [6]. The use of CO2 foams has been shown to provide 

suitable mobility control and to improve the sweeping efficiency during CO2-based 

EOR, by increasing the gas viscosity and diverting fluid to low permeability layers. 

Unfortunately, these foams tend to become unstable in high-temperature, high-pressure 

environments, and this lack of stability is a challenge with regard to EOR applications 

[7]. Recently, microbubbles (defined as having sizes of 10 to 100 μm) have become of 

interest as a means of removing contaminants from aqueous solutions [8, 9], as 

components of oil well-drilling fluids [10–14] and also with regard to EOR [15–17]. 

The use of microbubble-based fluids is growing rapidly in the oil and gas industry. One 

advantage of microbubbles is that they have a unique structure differing from that of 

conventional foams that maintains their stability for longer time periods under severe 

conditions. The first report of microbubbles in colloidal gas aphrons (CGAs) was by 

Sebba [18]. CO2 microbubbles comprise a spherical core made of gaseous CO2 with a 

multilayer covering comprising surfactant molecules and a viscous liquid. This 

multilayer structure, made of an inner layer (between the gaseous core and the liquid 

layer) and an outer double layer of surfactant, acts as a barrier against the bulk liquid. 

The microbubble shell reduces the migration of gas from the core to the bulk phase. As 
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a result, gas diffusivity is lowered and these foams are more stable than conventional 

foams, in which the bubbles comprise a spherical gas core with a surfactant layer [19]. 

To date, several studies have demonstrated the remarkable stability of microbubble-

based foams compared with conventional foams. Ivan et al. [20] examined the effect of 

elevated pressure on CGAs and found that these foams remained stable up to a pressure 

of 10.3 MPa, while Growork [21] demonstrated that CGAs could survive for a 

significant time span under pressurization as high as 27.6 MPa. Bjorndalen [22] visually 

assessed the stability of CGAs and the corresponding bubble sizes at high pressures and 

found that the foams were stable but that the microbubble size decreased with 

increasing pressure up to 3.4 MPa. Pasdar et al. [23] investigated CGAs during 

compression and decompression and reported that these materials were stable up to 13.7 

MPa, while Bjorndalen [22] showed that CGAs became unstable at temperatures 

ranging from 50 to 75 °C.  

Several studies have indicated that microbubbles can seal highly permeable layers in 

heterogeneous porous media during the EOR process, and so improve sweeping 

efficiency and oil recovery. Yang et al. applied a microbubble foam to shallow 

reservoirs and concluded that these microbubbles blocked porous media via the Jamin 

effect [24]. As a microbubble flows through a pore, it will experience a capillary force if 

its diameter is larger than the pore throat [25]. Shi et al. [16] conducted double sandpack 

experiments and determined that microbubbles blocked the high permeability sandpack 

while increasing the swept volume in the sandpack with lower permeability. Shi et al. 

[26] attempted a micromodel test of plugging performance and showed that 

microbubbles were capable of temporarily plugging the highly permeable regions such 

that subsequent flow was forced into the low permeability areas. 

Telmadarreie et al. [19] focused on the effectiveness of employing CO2 microbubbles as 
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an injection agent to improve heavy oil recovery based on flooding tests in 

heterogeneous porous media. The results showed that injecting CO2 microbubbles 

significantly increased the sweeping efficiency relative to the performance of the base 

fluid. Andi et al. [15] performed EOR flooding tests in parallel sandpacks using CO2 

microbubbles. They observed that these microbubbles blocked pores in the high 

permeability sandpack, therefore improving the displacement efficiency in the low 

permeability sandpack and increasing the cumulative oil production.  

The blocking performance of microbubbles is greatly affected by their stability and size 

distribution. Longe [27] and Jauregi et al. [28] evaluated the effects of the amount of 

surfactant on the stability of CGAs, and both concluded that increasing the surfactant 

concentration improved the CGA stability. Pasdar et al. [29] showed that increased 

viscosity also enhanced the stability of CGAs. Arabloo et al. [30] performed static 

drainage tests and observed that the amount of a xanthan gum (XG) polymer in the 

CGA dispersion played an essential role in conferring stability. Overall, the stability of 

microbubbles appears to be greatly affected by the concentrations of both polymers and 

surfactants in the foam.  

Both static liquid drainage [31, 32] and bubble size distribution [33] can be used to 

assess the stability of microbubbles. The static liquid drainage methods measure the 

liquid phase volume drained from the microbubble system as a function of time, and 

several researchers have used this technique to study the stability of CGAs. Yan et al. 

[31] proposed an empirical model to characterize the liquid drainage from CGA 

dispersions, while Sadeghialiabadi and Amiri [34] investigated the effects of geometric 

and operating variables on CGA stability using the drainage curve method. Amir et al. 

[35] also studied the stability of nano-enhanced CGAs by monitoring drainage rates. In 

contrast, the bubble size distribution technique evaluates increases in bubble size over 
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time as a measure of stability. Several methods have been developed to ascertain bubble 

size distribution, including visual, electro-resistivity and acoustic techniques [36].  

Visual methods (including microscopy, photography and video microscopy) are most 

frequently used to measure particle and bubble size distributions [37, 38]. Optical 

microscopy in particular has been widely employed to ascertain the size and stability of 

CGAs. As an example, Zhu et al. [10] determined the bubble size distribution and 

examined the effect of attapulgite on CGA drilling fluid stability using optical 

microscopy in conjunction with a Gaussian statistical distribution. Parmar et al. [39] 

generated a microbubble suspension by transferring a mixture of gas and liquid to a 

pressure chamber and found a Weibull distribution of bubble sizes based on image 

analysis. It should be noted that neither of the above two studies employed a goodness 

of fit test to determine which mathematical distribution function best represented the 

experimental data. Raquibul [40] proposed that the bubbles produced in a laboratory-

scale electroflotation cell had a log-normal diameter distribution based on a high 

goodness of fit. Nevertheless, few reports to date have examined the size distributions 

of CO2 microbubbles intended for EOR.  

In addition, there is still disagreement concerning the effects of the surfactant on the 

microbubble diameter distribution. Xu et al. [41] reported that increases in the 

surfactant concentration decreased the bubble diameter, in contrast to the statement that 

the size of CGA microbubbles increased with increasing surfactant concentrations [33, 

42]. Bjorndalen also showed that, at surfactant concentrations lower than the critical 

micelle concentration (CMC), increments in the amount of surfactant decreased the 

CGA bubble size [22]. The contradiction in these results shows the necessity of 

performing additional work to study the effects of surfactant concentration on 

microbubble size. There is also a need for an efficient means of reducing experimental 
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uncertainty when investigating the size distributions of CO2 microbubbles. 

The present research examined the effects of the polymer, surfactant and salt 

concentrations on the stability of CO2 microbubbles using drainage tests. This work also 

employed microscopic imaging together with statistical interpretation to determine the 

effects of the above parameters on the microbubble size distribution. A further objective 

of this study was to obtain a better understanding of the variations in CO2 microbubble 

diameter distributions.  

 

2 EXPERIMENTAL 

2.1 Materials 

In this study, the anionic surfactant sodium dodecyl sulfate (SDS, purity> 99.8%) was 

used for the generation of microbubbles. This surfactant was selected based on literature 

reports that it allows the successful generation of CGAs [10, 15, 42]. A xanthan gum 

(XG) biopolymer was also employed as a microbubble stabilizer and sodium chloride 

(NaCl) was added to examine the effect of salinity on the CGAs. All chemicals were 

supplied by Junsei Chemical (Japan) and deionized (DI) water was used to prepare all 

aqueous solutions. 

 

2.2 Methods 

 

2.2.1 Preparation of base solutions 

A series of saline solutions was prepared by dissolving specific amounts of NaCl in 300 

mL DI water. The base solutions were then obtained by adding varying amounts of the 

SDS and XG polymer to these saline solutions, followed by stirring for 2 h using a 

magnetic stirrer at 1000 rpm to achieve complete dissolution. 
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2.2.2 Preparation of CO2 microbubble dispersions 

Figure 1 presents a diagram showing the apparatus used to generate CO2 microbubbles. 

In this process, 200 mL of a base solution was transferred into a 300 mL container, after 

which CO2 gas (99.9% pure) was injected from the bottom of the container through a 

diffuser at a flow rate of 15 mL/min using a flow controller. The dispersion was 

subsequently homogenized by stirring at a rate of 8000 rpm for 4 min using an overhead 

mixer. The gaseous CO2 diffused into the base solution eventually broke down into 

microbubbles with micron-scale diameters. All experiments were performed at ambient 

temperature and pressure. 

 

2.2.3 CO2 microbubble stability assessments 

In preparation for stability tests, a quantity of each CO2 microbubble dispersion was 

transferred into a 300-mL graduated cylinder and allowed to stand. As time passed, the 

aqueous solution drained from the microbubbles and the volume of this solution was 

recorded over time. The maximum volume of drained liquid (200 mL) was obtained at 

the point at which the CO2 microbubbles had entirely collapsed. A kinetic model was 

used to quantify the base solution drainage from each CO2 microbubble dispersion over 

time. This model was previously proposed by Yan et al. [31] and is based on the 

equation: 

𝑉𝑡 = 𝑉𝐹
𝑡𝑛

𝑡𝑛+𝑇1/2
𝑛 ,  (1) 

where Vt (mL) and VF (mL) are the volume of drained solution at time t (min) and the 

final volume of drained solution, respectively, T1/2 (min) is the half-life (the time 

required for the drained liquid to equal 50% of VF), and n is an exponent that defines the 

sigmoid character of the model curve. When assessing the stability of CO2 
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microbubbles, a specific drainage rate constant (K) can be obtained by differentiating 

Equation 1 as [31]:  

𝐾 =
𝑛

𝑉𝐹𝑇1/2
.  (2) 

2.2.4 Determination of CO2 microbubble size 

The CO2 microbubbles were visualized and the bubble size distributions were evaluated 

by taking small aliquots of each dispersion from the test containers immediately after 

preparation of the dispersion and 60 min after preparation. Each sample was transferred 

to a glass microscope slide. A transmitted-light microscope with a charge-couple device 

camera connecting to a desktop computer was used to capture digital images of the CO2 

microbubbles.  

Table S1 presents the compositions of the base solutions used in determining bubble 

size distributions. Several images were acquired from each specimen for statistical 

analysis and the average diameters of the CO2 microbubbles in these images as well as 

the D10, D50 and D90 values were determined. Here, D10, D50 and D90 represent the 

diameters for which 10%, 50% and 90%, respectively, of the microbubbles were smaller 

in size. Figure S1 presents a diagram of the microscopy imaging system used to 

evaluate the CO2 microbubbles. 

The captured images were processed using the ImageJ software package after being 

converted to 8-bit data. During processing, a threshold was applied to distinguish the 

edges of the microbubbles from the background and from other microbubbles. The CO2 

microbubble sizes were then estimated using the software, examining a minimum of 

1000 bubbles from each sample to ensure a representative size distribution. Figure S2 

summarizes the enhancement procedure for a typical image.  
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2.3 Bubble size distribution  

The output data from the ImageJ software were analyzed in the MATLAB program to 

obtain each bubble size distribution (BSD) and were also subjected to additional 

statistical analysis. It was essential to determine the exact distributions and so the 

optimal probability distribution function (PDF) was applied to the experimentally 

measured size data.  

Three pdfs were applied to the distributions: normal, log-normal and Weibull. A normal 

PDF is one that conforms to the equation [43]: 

𝑓(𝑥) =
𝑒
−(𝑥−𝜇)2

2𝜎2

𝜎√2𝜋
,  (3) 

where  is the mean, σ is the standard deviation, and x represents the diameter of a 

bubble. The log-normal PDF is given by [37]: 

𝑓(𝑥) =
1

𝑥𝜎√2𝜋
𝑒
−(ln(𝑥)−𝜇)2

2𝜎2 ,  (4) 

where σ is the theoretical standard deviation, µ is the theoretical mean of ln(x), and x is 

the diameter of a bubble. The Weibull PDF can be written as [37]: 

𝑓(𝑥) = 𝑏𝑎−𝑏𝑥𝑏−1𝑒
−𝑥𝑏

𝑎 ,  (5) 

where x is the diameter of a bubble and a and b are shape and scale parameters, 

respectively.  

The Anderson–Darling (AD) test can be used to evaluate the reliability of a fitting and 

so to identify the most suitable theoretical model for a bubble size distribution [44]. 

Using this technique, the lowest AD value suggests the best fit for a given dataset. 

Higher P-values also indicate better agreement between the data and the theoretical 

distribution, while a P-value less than a significance level of 5% demonstrates that the 
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experimental data do not conform to a particular theoretical distribution [40]. 

3 RESULTS AND DISCUSSION 

3.1 Visualization of CO2 microbubbles 

Figure 2 presents a diagram of an aphron microbubble based on the structure 

proposed by Sebba along with an optical microscopy image of the present CO2 

microbubbles. As noted, CO2 microbubbles can provide a CGA in which the 

microbubbles have a gaseous CO2 core surrounding by a thin aqueous film. This thin 

film is made of surfactant molecules and has three layers [18]. The addition of XG 

polymer increases the viscosity of the outer film and so strengthens the aphron structure 

such that the foam can endure harsh conditions such as high pressure and temperature 

[45].  

3.1.1 Stability trials 

Figure S3 shows the experimental CO2 microbubble drainage process and demonstrates 

that the dispersion separated into two phases over time. Figure 3 plots the drainage data 

for solutions having varying SDS concentrations without the XG polymer as functions 

of time. It can be seen that all the microbubbles collapsed entirely within approximately 

20 min in each case. Each plot is quite similar, which confirms that (in the absence of 

the XG polymer) the SDS concentration had only a minimal effect on the stability of the 

CO2 microbubbles. Figure 3 also plots K as a function of the SDS concentration and 

demonstrates that this parameter first decreased rapidly and then was reduced more 

gradually as the SDS level was increased. Specifically, increasing the SDS 

concentration from 1 to 3 g/L decreased K by 19.37%. A low K value is associated with 

more stable dispersions, and the enhanced stability observed at higher SDS 

concentrations can be attributed to the presence of a greater number of surfactant 

molecules at the bubble surfaces, which in turn strengthened the microbubble shells and 

provided good surface elasticity [31]. These effects delay the liquid drainage and 
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reduced bubble coalescence as a result of greater electrostatic repulsion between the 

microbubbles [28]. 

Figure 4 plots the drainage data over time for dispersions prepared using various XG 

polymer concentrations with an SDS concentration of 3 g/L. It is evident from these 

plots that the XG polymer concentration had a significant effect and that higher XG 

polymer concentrations improved stability, which means that the drainage rate constant 

was inversely proportional to the XG polymer concentration. Specifically, the K value 

decreased rapidly from 5.7×10−3 to 7.2×10−5 mL−1min−1 (a decrease by a factor of 78) as 

the XG polymer concentration was increased from 0 to 5 g/L. These data indicate that 

the XG polymer greatly reduced the rate of liquid drainage in the CO2 microbubble 

dispersions. The polymer would be expected to raise the viscosity of the base solution 

while inhibiting gas diffusion from the core to the bulk liquid, which would 

consequently stabilize the microbubbles [46]. These results are consistent with earlier 

studies [33, 35] examining the effects of polymers on CGA stability, which 

demonstrated improvements in stability at higher polymer concentrations.  

Figure 5 plots the drainage data as functions of time for different NaCl concentrations 

with SDS and XG polymer levels of 3 and 5 g/L, respectively. These results confirm 

that the microbubble stability was slightly increased by increasing the NaCl 

concentration up to 10 g/L. The addition of NaCl likely formed a condensed layer 

around the bubbles by reducing the electrostatic repulsion between adjacent sulfate ions, 

which results in more stable bubbles [41]. However, a higher concentration of NaCl in 

the base solution of 20 g/L reduced the stability significantly. It is also apparent that K 

was gradually reduced and then increased more than twofold while increasing the 

salinity. The high drainage rate associated with reduced stability at greater NaCl 

concentrations can be ascribed to an increased gravitational effect [35].  
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3.2 CO2 microbubble size distribution 

Figure S4 shows seven optical microscopy images of CO2 microbubble dispersions. 

Figure S5 shows the fitting results obtained using the MATLAB package when 

applying the normal, log-normal and Weibull distribution functions to the experimental 

data obtained from the CO2 microbubble dispersions at t = 0 min. It is clear from these 

data that the normal and Weibull density functions provided good fits to the 

experimental distributions. Quantile-quantile (Q-Q) plots are also presented to 

demonstrate the fitting of the theoretical functions to the experimental data. A Q-Q plot 

is a scatter diagram produced by plotting the experimental data against expected values 

obtained from the fitting to the distribution. Each Q-Q plot includes a straight line at 

45°. If the distribution function is identical to the experimental data, then the plot should 

roughly agree with this reference line. Figure S6 provides such plots for the three 

theoretical distributions as applied to the seven datasets. These Q-Q plots indicate a 

greater departure from the reference line for all the datasets when using the normal and 

log-normal functions. In contrast, the Weibull distribution approximates the reference 

line. Table S2 presents the AD values for the three mathematical distributions as 

applied to the seven CO2 microbubble samples in this study.  

For each individual dataset in Table S2, a Weibull distribution provided a statistically 

significant fitting and gave the lowest AD value. In addition, the P-values obtained from 

the AD calculations were consistently higher than 0.05 with Weibull distributions for all 

seven data sets. It can therefore be concluded that Weibull distributions best described 

the BSDs. In contrast, the AD values corresponding to the normal and log-normal 

distributions were high with very low P-values. Therefore, the BSDs of CO2 

microbubbles were not well predicted by either type of distribution.   
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3.3 Factors affecting the BSD of CO2 microbubbles 

3.3.1 Effect of SDS surfactant concentration  

Experiments were conducted with samples having SDS concentrations of 1, 2 or 3 g/L 

along with a constant XG polymer concentration of 5 g/L. The images in Figure 6 

demonstrate that the bubble sizes in sample S1 were significantly larger than those in 

samples S2 and S3. Increasing the SDS concentration was also found to reduce the D50 

and D90 values. Specifically, the average bubble diameter decreased significantly, from 

63.75 to 47.37 m, as the SDS concentration was increased from 1 to 3 g/L. As seen in 

Figure 6b, the proportion of fine bubbles increased remarkably as the surfactant 

concentration increased and the bubble size distribution was shifted to smaller values 

and became narrower.  

Similar trends have been observed in some previous studies [41, 47, 48] and this 

phenomenon can be attributed to the behavior of the surfactant at the liquid-gas 

interface. Chaphalkar et al. [47] reported that increasing the surfactant concentration 

reduces the interfacial tension between the gas and bulk liquid, which results in a higher 

probability of breakup and a decrease in bubble size.  

 

3.3.2 Effect of XG polymer concentration  

Figure 7 shows the effect of varying the XG polymer concentrations with a fixed SDS 

concentration of 3 g/L on the size of the CO2 microbubbles. As can be seen in Figure 

7a, D10 remained relatively constant while D50 and D90 decreased slightly as the 

polymer concentration was increased. Consequently, the average diameter was reduced 

from 55 to 47.37 m as the XG polymer concentration went from 1 to 5 g/L. Figure 7b 

demonstrates that the bubble size distribution shifted slightly toward the lower diameter 

direction as the XG polymer concentration was raised. It is also apparent that the 
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distribution became narrower with increases in the XG polymer concentration, in 

agreement with literature reports [14, 29, 42]. This effect is attributed to increases in the 

viscosity of the solution along with the polymer concentration such that the migration of 

CO2 was inhibited and smaller bubbles were obtained. 

 

3.3.3 Effect of NaCl concentration 

The effect of NaCl concentration on the size of the CO2 microbubbles at an XG polymer 

concentration of 5 g/L and an SDS concentration of 3 g/L is shown in Figure 8a. These 

data confirm that increasing the NaCl concentration did not significantly affect the 

bubble size up to the addition of 10 g/L NaCl, with a decrease in the average diameter 

of only 47.38 to 46.11 m. However, with a further increase in the NaCl concentration 

from 10 to 20 g/L, D10, D50 and D90 all increased, while the average diameter increased 

to 51.90 m. The variations in bubble size are also demonstrated in Figure 8b. The 

bubble size distribution became much broader at the highest NaCl concentration of 20 

g/L and shifted to higher diameters. Interestingly, the bubble size distributions were 

similar at both 0 and 10 g/L NaCl. It is evident from Figure S4g that there was bubble 

coalescence at 20 g/L NaCl. The observed decrease in the average diameter of the CO2 

microbubbles at low NaCl concentrations can be attributed to the double-layer 

compression resulting from the presence of an electrolyte in the base solution [28, 41]. 

However, because higher NaCl concentrations decreased the viscosity of the solution 

[49], the average diameter was increased. 

  

3.4 Changes in CO2 microbubble size over time 

One of the mechanisms responsible for increases in the bubble size over time is 

disproportionation or Ostwald ripening as a result of a pressure difference between two 
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nearby bubbles. The Laplace equation suggests that the pressure difference, P, between 

bubbles can be expressed as [41]: 

∆𝑃 = 𝑃1 − 𝑃2 = 2𝛾 (
1

𝑟1
−

1

𝑟2
),  (6) 

where P is the pressure difference between two bubbles, P1 and P2 are the internal 

pressures of bubbles with radii r1 and r2, respectively, and  is the interfacial tension. A 

smaller bubble will have a higher internal pressure than a larger one, and so gas will 

diffuse from the smaller to the larger via the bulk solution. As a result, the average 

bubble diameter will increase as a consequence of the growth of larger bubbles and the 

loss of bubbles with smaller diameters [33, 41]. 

Figure 9 presents microscopy images of the CO2 microbubbles in samples S1, S2 and 

S3 as acquired 60 min after homogenizing. The bubble size distributions are also 

depicted using the fitted Weibull functions. Figure 9d demonstrates that sample S3 had 

a narrower size distribution (with 3 g/L SDS) than samples S1 (1 g/L) and S2 (2 g/L). 

This observation indicates that the sample prepared with a higher surfactant 

concentration was more stable. 

Figure 10 presents microscopy images of the CO2 microbubble samples along with the 

bubble size distributions for specimens having different XG polymer concentrations 

obtained 60 min after preparation. From Figure 10d, it is evident that there was a 

greater proportion of large bubbles in sample S5 (with 1 g/L XG polymer) compared 

with samples S4 and S3 (3 and 5 g/L XG polymer, respectively). In addition, the 

diameters of the bubbles in sample S5 varied between 50 and 450 m, while samples S3 

and S4 had narrower distribution with bubble sizes in the ranges of 10 to 200 m and 10 

to 350 m, respectively.  
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Figure 11 presents optical microscopy images of the CO2 microbubbles in specimens 

incorporating three different NaCl concentrations, together with the BSDs obtained 60 

min after preparation. As shown in Figure 11d, sample S7 (with 20 g/L NaCl) was less 

stable, as demonstrated by the more rapid increase in the proportion of large bubbles 

compared with the two other samples (prepared with 0 and 10 g/L NaCl). This figure 

also indicates that the BSD of sample S6 spanned the range of 10 to 200 m, while the 

BSD of sample S7 was from 10 to 350 m. This increase in bubble diameter resulted 

from aggregation and coalescence of the microbubbles with higher salt concentrations. 

  

4 CONCLUSIONS 

The present work demonstrated a new system for generating CO2 microbubbles in 

conjunction with various polymer, surfactant, and salt concentrations. The results of this 

study indicate the following. 

(1) The majority of the CO2 microbubbles had sizes in the range of 10‒100 m and 

the size data were well fit using a Weibull distribution.  

(2) Surfactant concentration had a considerable effect on bubble size, such that CO2 

microbubbles with smaller diameters were obtained at higher surfactant 

concentrations. Increasing the XG polymer concentration decreased the bubble 

diameters but narrowed the bubble size distributions. 

(3) The mean bubble size was decreased up to a NaCl concentration of 10 g/L, 

while further increase in the NaCl concentration caused an increase in bubble 

size because of aggregation. 

(4) A stability analysis of the CO2 microbubble samples revealed that increasing the 

XG polymer and SDS concentrations slowed liquid drainage from the 
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microbubbles. The XG polymer concentration had the strongest effect on 

stability. Although the results indicated that the CO2 microbubbles were most 

stable at an optimal salinity, the highest NaCl salt concentration gave the least 

stable sample because of the gravitational effect and coalescence. 

(5) This work addressed substantial aspects of  CO2 microbubbles application in the 

EOR process, particularly the importance of stability and BSD of the pertinent 

materials. In addition, this study also illustrated the significance of evaluating 

the goodness-of-fit values for BSD models before assessing the related 

parameter. Such considerations have not been addressed in the previous 

studies[15, 19, 33, 50]. Therefore, the results obtained in this study would be 

beneficial to assist the development of microbubbles design in oil and gas 

technology. 
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Figure 1 Schematic diagram of the preparation of CO2 microbubbles: (1) Homogenizer, 

(2) Polymer and surfactant solution, (3) Porous stone (gas diffuser), (4) Gas flow meter, 

(5) Pressure regulator, (6) CO2 gas tank 
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Figure 2 Microscopic image and schematic view of a CO2 microbubble 
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Figure 3 Effect of SDS concentration on the stability of CO2 microbubbles (with 0 g/L 

XG) 
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Figure 4 Effect of XG concentration on the stability of CO2 microbubbles (with 3 g/L 

SDS) 
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Figure 5 Effect of NaCl concentration on the stability of CO2 microbubbles (with 3 g/L 

SDS and 5 g/L XG) 
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Figure 6 Influence of SDS concentration (1, 2, 3 g/L) upon bubble size. (b) BSD at three 

SDS concentrations, experimental and fitted results are represented using icons and 

solid lines, respectively 
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Figure 7 Influence of XG concentration (1,3,5 g/L) upon bubble size. (b) BSD at three 

XG concentrations, experimental and fitted results are represented using icons and solid 

lines, respectively 
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Figure 8 (a) Influence of NaCl concentration (0, 10, 20 g/L) upon bubble size. (b) BSD 

at three NaCl concentrations, experimental and fitted results are represented using icons 

and solid lines, respectively 
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Figure 9 Microscopic views of CO2 microbubbles samples, 60 minutes after preparation 

(a) S1 sample, (b) S2 sample, (c) S3 sample. And (d) Bubble size distribution functions. 
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Figure 10 Microscopic views of CO2 microbubbles samples, 60 minutes after 

preparation (a) S5 sample, (b) S4 sample, (c) S3 sample. And (d) Bubble size 

distribution functions. 

 

 

 

 

 

 

 



36 

 

 

Figure 11 Microscopic views of CO2 microbubbles samples, 60 minutes after 

preparation (a) S3 sample, (b) S6 sample, (c) S7 sample. And (d) Bubble size 

distribution functions. 

 

 


