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Abstract 

This paper presents a new method to prepare a stable emulsion liquid membrane (ELM) for high 

CO2 absorption in a natural gas feed. The ELM prepared using this new method was 

characterized by determining the effects of the concentration of the ELM constituents, 

emulsification time, and speed on the emulsion droplet size (EDS) and stability. This was 

followed by a parametric study of the process parameters for CO2 separation from natural gas in 

a rotating disk contactor (RDC)-based setup to evaluate the performance of a stable ELM. The 

results suggest that the retention time of the stable ELM in a rotating disc contactor increases 

with increasing amount of absorbed CO2. The results support the fundamental development of 

the ELM process to achieve a high overall separation efficiency of CO2 removal from natural gas 

with a relatively small contact time. This is the first parametric study of CO2 absorption from a 

gas stream in ELM using a RDC as the contracting equipment. 

Keywords: Emulsion liquid membrane; CO2 absorption; rotating disc contactor; natural gas; 

separation processes 

1. Introduction and Background 

Natural gas extracted from wells often contains 10 – 20 mol. (20–40 wt. %) % CO2  [1]. A 

number of methods exist for the capture of CO2 from gases. These methods include chemical 

absorption, physical absorption, membrane separation, adsorption, and cryogenic separation [2, 

3]. Traditionally, amine absorption is used to remove CO2 from natural gas and hydrogen [4]. 

The mass transfer limitations encountered in the conventional absorption process have prompted 

a search for alternative methods. Membrane processes are major competitors with conventional 
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amine absorption technology for CO2 capture from the natural gas separation process [5]. 

Emulsion liquid membrane (ELM) processes allow very high mass transfer rates due to the large 

surface area within the emulsion globules and internal droplets [6]. The other remarkable 

features of membrane technology include low energy consumption, low capital investment, mild 

condition, and the ease of combination with other separation processes [7, 8]. This has led to 

massive research efforts into membrane-based gas separation technology [9].  

Li invented the ELM separation technique in 1968 [10], which is based on selective permeation 

through a liquid surfactant membrane. An ELM is a three-phase dispersion system, where a 

primary emulsion is dispersed in a continuous effluent phase, which is the phase to be treated 

[11]. The dispersed phase of the emulsion drops consists of low viscosity organic diluents, a 

surfactant to stabilize the emulsion and sometimes a carrier. Liquid membranes or a liquid film 

separates two phases from each other. The phenomena of micro size droplets of an immiscible 

liquid dispersed into a continuous liquid phase have been described with a qualitative 

explanation by several researchers [12, 13]. Linek and Benes [14] examined the absorption of 

gas into an oil-in-water (o/w) or water-in-oil (w/o) emulsion and observed that the mass transfer 

coefficient is unaffected by the oil content in the o/w type of emulsion, whereas it increased in 

proportion to the w/o emulsion with the volume fraction of oil.  

Fig.1 presents the structure of the ELM system. The emulsions are produced by shearing two 

immiscible liquids, which provides the energy necessary to reach a metastable state through the 

fragmentation of one phase into another. The persistence of such dispersions is generally assured 

by the presence of surface active species (surfactant), which are known to cover the interfaces 

and are responsible for significantly delaying the coalescence of the droplets [15]. From their 
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preparation to their destruction, the emulsions reveal many kinds of both reversible and 

irreversible transitions. Irreversible phenomena lead to coarsening, which may originate from 

either coalescence or Ostwald ripening [15].  

 

Fig. 1. Structure of ELM system 

 

Separation takes place in the liquid membranes, similar to the solid film, due to the solubility and 

diffusivity difference in the liquid film. The carrier in the membrane forms a complex with a 

specific solute and the carrier becomes mobile when it is dissolved in the liquid. On the other 

hand, the carrier in the solid membranes is bound chemically (covalently) or physically to the 

membrane surface. Understandably, the diffusivity in mobile carrier is much higher than in the 

fixed membrane. The absorption processes using ELM, where water-in-oil emulsions disperse in 

an aqueous phase are highly efficient in removing a variety of organic and inorganic materials in 

a range of applications [5]. Kaminski [16] discussed the pros and cons of EMS. Liquid 

membranes are highly selective and specific molecular detection is possible using the carriers for 

the transport mechanism. The reactive carrier species in the liquid membrane makes it highly 

selective compared to the other membranes.  
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Despite the advantages, ELM has not found widespread applications in industry because of the 

unsolved problems of the (i) stability and coalescence of emulsions and (ii) dissolution of 

membranes and substances they contain in the surrounding phases. The physical instability of 

emulsion globules is caused by fluid shear. The extraction process is also hindered by the 

emulsion breakup and the unwanted release of an internal receiving phase to the external 

contributing phase. This study reports a new method to prepare a stable ELM for high CO2 

absorption in the natural gas feed. A stable ELM requires an extractant capable of reacting with 

CO2 at the gas liquid interface and diffusing easily, a stripping agent as a carrier and a surfactant 

for emulsion stability. The characterization of ELM prepared using the new method was 

followed by the parametric study of CO2 separation from natural gas in RDC to evaluate its 

performance. This study extends the fundamental understanding of the ELM system to separate 

CO2 from natural gas. The development in this area would lead to a decrease in cost and increase 

the separation efficiency of CO2 from natural gas.  

To evaluate the performance of the ELM prepared using the new method presented here, a RDC 

was chosen as the contactor equipment to conduct the parametric study of CO2 separation from 

natural gas. RDC was selected because of their easy construction, high throughput, and low 

power consumption [17]. In the column-based operation, the liquid phase flows downward and 

gas phase flows upward, but with a very high contact surface area. The agitation provided by the 

discs breaks the disperse phase droplets, thereby increasing the interfacial area for mass transfer 

[18]. The mass transfer efficiency of commercial RDC is low, but the ELM process allows very 

high mass transfer rates due to the large surface area within the emulsion globules and internal 

droplets.  
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2. Experimental design 

The block diagram in Fig. 2 summarizes the overall experimental work. 

 

Fig. 2. Experimental Design 

The experimental work in this study includes the selection of material and emulsifying 

equipment, suitable formulation of the emulsion constituents, and optimization of their 

formulation, followed by the formulation and characterization of a stable and effective emulsion. 
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Further experiments for CO2 absorption by a stable ELM in RDC were conducted to determine 

the performance of the stable ELM under different operating parameters. 

3. Preparation of a stable ELM 

The ELM was developed using the high-speed homogenization method. Both the organic phase 

and the aqueous phase were prepared separately and the aqueous phase was then dispersed in the 

organic phase to form a w/o ELM. This innovative process is simple in construction and provides 

high throughput with low power consumption.  

3.1. Aqueous phase 

The aqueous phase was prepared by dissolving the extractant in the NaOH solution. The required 

amount of aqueous solution was prepared and the extractant was then added. The resulting 

solution was heated and stirred for 15 minutes. The stirring speed and temperature of the heating 

plate was fixed to 700 rpm and 30°C, respectively. 

3.2. Organic phase  

The organic phase was composed of organic diluents and a surfactant. In this study, kerosene 

was used as the organic phase and triethylamine (TEA) was dissolved in the internal aqueous 

phase as the extractant. To increase the stability of the ELM, Span-80 ((sorbitan monooleate with 

a molecular weight of 428) was used as the surfactant. The organic phase was prepared by 

pouring the required volume of kerosene into the beaker followed by the addition of Span-80. 

The solution was heated and stirred for 15 minutes. The stirring speed and heating temperature 

were fixed to 700 rpm and 30°C, respectively. 
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3.3. Water oil emulsion 

The water oil emulsion (w/o) was prepared using kerosene as the membrane phase and an 

aqueous solution of NaOH as the dispersed phase. Different concentrations of TEA (2, 4 and 6 

volume percent) were added to the aqueous phase act as an extractant. To avoid the high shear 

rate and non-Newtonian behavior of the emulsion, the ratio of the internal aqueous phase to the 

organic membrane phase was fixed to 1:1.  

3.4. Formation of micro size emulsion 

The life and effectiveness of ELM used for CO2 separation from the gas stream depends upon its 

stability and pH. The major factors affecting the stability of the w/o ELM are the types of 

surfactant, method of preparation, pH, phase volumes, and the concentration of constituents [19]. 

To produce a stable ELM, the influence of the Span-80 concentration, speed of emulsification, 

and time on EDS was assessed extensively. The concentration of surfactant, NaOH, and 

extractant plays an essential role on the EDS, whereas the stability of the ELM is relevant to the 

EDS. In this study, the pH of the emulsion was reported to be an important factor affecting the 

stability of the emulsion, which was mostly ignored in previous studies. The effects of NaOH on 

the pH of the emulsion and the effect of pH over the stability of the emulsion were investigated. 

Before applying the ELM to the RDC system, the optimal values of the EDS, such as the 

concentrations of the surfactant, extractant, and NaOH, were assessed.  

A high performance disperser, Ultra Turrax® T25 (made in IKA, Germany), high-speed 

homogenizer with an 18G mixing shaft was used to produce the micro size emulsion droplets. 

Ultra Turrax® T25 dispersed the aqueous phase into the organic phase. The homogenizer shaft 

was made of a hollow cylinder containing a rotor inside connected to the motor and stator with 
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teeth on the outside. The membrane phase was prepared in a 100 ml beaker by mixing the diluent 

phase. Initially, the speed was fixed to 10000 rpm and the internal aqueous stripping phase was 

poured drop wise. After adding the internal phase (w) to the organic phase (o), the speed of the 

disperser was increased to 20,000 rpm. Time intervals of 1, 2 and 3 hours were used for each 

sample preparation.  

4. Characteristics of the ELM 

ELM was prepared with a water oil ratio of 1:1 at different concentrations of surfactant and 

extractant, different emulsification speeds, and emulsification times to determine their effects on 

the particle size diameter, stability, pH, and conductivity. Table 1 lists all the variables. 

Table 1. Values and Parameters for 1:1 w/o ELM Formulation 

NaOH 
(M) 

Extractant 
 (% v/v of water) 

Surfactant 
(% v/v of total) 

Emulsification 
speed 
(rpm) 

Emulsification 
Time 
(Min) 

0.1 

2 2 

10000 
60 
120 
180 

15000 
60 
120 
180 

20000 
60 
120 
180 

4 4 

10000 
60 
120 
180 

15000 
60 
120 
180 

20000 
60 
120 
180 

6 6 10000 60 
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120 
180 

15000 
60 
120 
180 

20000 
60 
120 
180 

 

4.1. Particle size diameter 

An optical electronic microscope (Olympus® BX 50, Olympus Optical Co., Ltd. Tokyo, Japan) 

was used to analyze the size of the emulsion droplets. Images of the sample were taken using the 

Five Digital Imaging System and the particle size was analyzed using Soft Imaging System 

Analysis Auto Five (SISauto) software. The software is capable of developing the image and 

preparing the statistical data to determine the mean particle size, median, minimum, and 

maximum droplet size as well as the sum of the particle size. 

4.2. Phase Stability  

The stability of ELM was determined by its constant behavior of dispersity and the uniform 

distribution of the dispersed phase with respect to time. The molecular attraction forces are 

responsible for maintaining the phase stability. The formation of larger aggregates due to 

coagulation or flocculation caused phase instability resulting in phase separation. 

To determine the emulsion phase stability, the scaled test tubes were filled with a sample of the 

emulsion and the emulsion was allowed to settle at room temperature (25°C). After 24 hours, the 

phase separation ratio of the water and oil was calculated using the following equation: 

t w

t

V VStability % 100
V


         (1) 
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where Vt is the total volume of the emulsion in the test tube, Vw is separated volume of the 

aqueous internal phase in the test tube. The surfactant concentrations, emulsification time, and 

speed were varied, and the parameters for a stable emulsion were identified for further 

investigations. These parameters were used to prepare the ELM for further evaluation of CO2 

removal in the RDC system. 

4.3. pH analysis 

pH analysis is a useful tool for analyzing the concentration difference of the membrane and feed 

phase [20]. The pH of the w/o emulsion were recorded to determine the optimal ELM system. 

The difference in pH between the receiving phase and the feed phase is the driving force of the 

ELM mass transport system. Because of the concentration gradient, the complex was then 

transferred to the interface of the internal phase. The initial release of electrolytes entrapped in 

the internal aqueous phase was determined using a pH meter. HANNA instruments Malaysia 

Sdn. Bhd. A Bench pH 210 was used to measure the H+ concentration of the ELM for each 

sample after emulsification. 

4.4. Emulsion droplet size 

Measuring the size of an emulsion droplet is one of the important characteristics for analyzing 

the overall surface area of the ELM. The internal surface area of the emulsion with a micron 

droplets size can be measured using the photographical image [21]. Electronic microscopy image 

processing and image analysis is one of the most authentic and latest methods of identifying the 

emulsion droplet size [22]. The mean diameter of the emulsion droplet of each ELM sample 

prepared for this study was measured using an electronic microscope attached to the SIS auto 

Image analyzing software. An optical electronic microscope was used to analyze the size of the 
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emulsion droplet. To prepare the w/o emulsion, the energy and surfactant are the basic 

requirements to increase the interfacial area of the bulk aqueous phase by dispersing it into an 

organic phase. The emulsion samples, prepared using the specifications given in Table 2 were 

analyzed to examine the influencing parameters on the droplet size. Fig. 3 presents images of the 

ELM sample. Using 2, 4 and 6% Span-80, an emulsification speed of 10000 rpm and 60 min 

were obtained on the optical microscope photograph with a 100X magnification. The mean 

diameter of the emulsion droplet decreased with increasing Span-80 concentration.  

Table 2. Specifications of the w/o Emulsion 

Phase Composition Specifications 

Membrane phase 30°C at 700 rpm for 15 
minutes 

Kerosene 100 ml 
Span-80 2, 4 and 6 % V/total volume 
Internal stripping 
phase 

30°C at 700 rpm for 15 
minutes 

Water 100 ml 
NaOH  0.1M 
Emulsification time 60, 120 and 180 minutes 
Speed 10000, 15000 and 20000 rpm 

 
 

 

Fig. 3. Optical microscopy image at 100X magnification, emulsification speed of10,000 rpm and 
60 min using (a) 2% Span-80 (b) 4% Span-80 (c) 6% Span-80. 
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5. Parametric Study 

The concentration of the constituents, emulsification time, and speed are the most important 

parameters affecting the EDS and the stability of the emulsion. These parameters were studied to 

develop an effective ELM. 

5.1. EDS analysis 

5.1.1. Effect of emulsification time 

The emulsification time is related to the amount of energy consumed by the emulsifying chamber 

during the emulsification process. Increasing the emulsification time reduces the size of the 

emulsion droplet [23, 24]. A previous study reported that 99.9 % of the emulsification energy is 

dispersed as heat and only 0.1 % is applied to the production of emulsion droplets [25]. 

Therefore, to control the effect of heat generation due to the longer emulsification, a water-

cooling bath was used to maintain an emulsion temperature of 25°C.  

In this study, to determine a suitable emulsification time for the minimum droplet size, a series of 

measurements were carried out on several samples for 60, 120 and 180 minutes emulsification. A 

sample of the ELM prepared at 10,000 rpm containing 2% Span-80 showed that the mean 

emulsion droplet size decreased with increasing emulsification time. Fig. 4 shows that for 60-

minute emulsification, the mean droplet size was 2.98 µm, whereas it was reduced to 2.91 µm 

after 180 minutes. Similar behavior was observed using 4 and 6% Span-80. This suggests that a 

longer emulsification time can reduce the emulsion droplet size. Mabille, Leal-Calderon [26] 

reported that the shearing time reduces the emulsion droplet diameter abruptly and it continues 

the deformation of the initial droplet further into small fragments. A similar pattern of 
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continuous reduction in the emulsion droplet size with time for each sample of the ELM was 

observed. 

 

Fig. 4. Effect of the emulsification time on EDS at 10,000 rpm 

5.1.2. Effect of emulsification speed 

A decrease in the mean droplet size of the emulsion and the change in the size distribution of the 

emulsion droplet is achieved by high-speed emulsification [27-31]. The emulsification speed is a 

force applied by the homogenizer to deform or disperse the liquid. The droplet deformation is 

caused by the velocity and stress applied to the emulsion [32]. As more stress is applied, small 

emulsion droplets are produced. The speed is considered to be the hydrodynamic pressure 

applied by the homogenizer to pass the liquid through the narrow channels of the grind mill or 

homogenizer shaft [33]. The continuous pressure applied by the homogenizer on the liquid 

passed through the narrow channels caused a decrease in the mean droplet size. Increasing the 

emulsification speed caused an increase in the net power density because of the mechanical 
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energy input. The breakup of an emulsion droplet is possible only at high power density values 

[34]. The high speed produced a small sized emulsion droplet while dispersing the aqueous 

phase into the organic phase. The effects of the emulsification speed was studied experimentally. 

The results presented in Fig. 5 indicates that the mean emulsion droplet was 2.91 µm using 2% 

Span-80 at 10000 rpm, whereas it decreased to 2.56 µm at 20,000 rpm. A similar trend was also 

observed by sample containing 4% Span-80. On the other hand, using 6% Span-80, the EDS 

decreased rapidly after 15,000 rpm, in which EDS was reduced to 1.44 µm at 20,000 rpm. This 

finding is in contrast to that reported by Raikar, Bhatia [33]. This indicates that shear force 

generated due to the emulsification speed is only useful when a proper amount of surfactant is 

available in the emulsion constituents. The effect of the emulsification speed suggests that a high 

rotational speed of the homogenizer produces shear stress inside the flowing area of the fluid. 

Therefore, in the presence of an emulsifier, small droplets will be formed at a high emulsification 

speed. 
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Fig. 5. Effects of the Emulsification speed on EDS after 180 min 

5.1.3. Effect of concentration of Span-80 

The interfacial surface tension of the surfactant controls the resistance of the emulsion droplet to 

deform into fragments due to the extent of its pressure difference [35]. A significant change in 

the interfacial tension of the emulsion is based on the surfactant ratio [36]. Increasing the 

surfactant concentration up to 6% decreased the EDS linearly, but above this value, the reverse 

trend in the droplet size was reported [37]. The effect of Span-80 concentration on the emulsion 

droplet was previously examined to validate the effects of other parameters, such as the 

emulsification time and speed, on the surfactant ratio [38]. In this study, the effects of the 

surfactant concentration over the EDS in relation to time and speed were determined. Fig. 6 

shows the effects of the Span-80 concentration on the EDS as a function of the speed and time.  

 

Fig. 6. Effect of (a) concentration of Span-80 and emulsification speed on EDS at 180 min (b) 
concentration of Span-80 and emulsification time on EDS at 20,000 rpm 
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Fig. 6 (a) indicates that at 10,000 rpm, the EDS was reduced sequentially from 2.98 to 2.11 µm 

by increasing the concentration of Span-80 from 2 to 6%. With increasing Span-80 

concentration, a similar trend of a decrease in the mean diameter of the emulsion droplet was 

observed for 15,000 rpm. In contrast, the mean EDS for 20,000 rpm differed from the others. 

Increasing the surfactant concentration affected the rheological behavior of the emulsion. 

Therefore, such a phenomenon is probably due to the change in the rheological behavior of the 

emulsion as the amount of Span-80 increases. For 6% Span-80, more energy is required for 

further deformation, and while applying the 20,000 rpm, the energy intensity of the system could 

deform the droplet into a smaller size. Opawale and Burgess [39] also reported that Span-80 is 

elastic in nature with organic compounds. Therefore, the elasticity of emulsion increased by 

increasing the Span-80 concentration. As mentioned by Derkach [40], the emulsion droplet is 

deformed rapidly when elastic emulsions are exposed to high speed emulsification. A similar 

phenomenon was observed as the emulsion droplet was decreased to 1.48 µm for a sample 

containing 6% Span-80 at 20,000 rpm.  

Fig. 6(b) presents the mean droplet diameter of the emulsion samples using different 

concentrations of Span-80 at different emulsification times at 20,000 rpm. The ELM sample 

containing 2% Span-80 deformed to produce a 2.66 µm mean diameter of the EDS after 60 

minutes emulsification time. This was reduced to 2.31 µm using 4% Span-80, and the emulsion 

droplet size further reduced to 1.77 µm when the concentration of Span-80 was increased to 6%. 

A similar trend was observed using 2, 4 and 6% of Span-80 for 120 minutes emulsification time. 

After extending the time to 180 minutes, the result shows that for 2% and 4% Span-80, the EDS 

was 2.57 µm and 2.15 µm, respectively, whereas it was decreased to 1.44 µm for ELM sample 



 

 

18 

 

containing 6% Span-80. These results suggest that during the formation of a droplet, the 

surfactant is adsorbed on the interface of the newly generated droplet, which decreases the 

interfacial tension of the dispersed phase, resulting in a further decrease in emulsion droplet 

diameter.  

The difference in the decreasing trend of EDS after a 180 min emulsification time using 6% 

Span-80 showed that at higher surfactant concentrations, the droplet deformation time was 

increased due the viscosity of the emulsion. This shows that the surfactant has a major impact on 

the EDS, but it also depends on the emulsification speed and time. Increasing the surfactant 

concentration decreases the mean EDS but increases the interfacial area. The interfacial surface 

tension of the emulsion droplet was decreased by increasing the Span-80 concentration due to the 

larger decrease in emulsion droplet. These results show that the Span-80 concentration, 

emulsification time and speed have a significant effect on the EDS, and all the parameters are 

interrelated. A variation of any of above parameters will affect the EDS. 

5.1.4. Effect of extractant 

A series of experiments were conducted to determine the optimal concentration of TEA to 

formulate a stable ELM with the minimum EDS for CO2 separation in the RDC system. To 

determine relationship among the emulsification time, speed and Span-80 concentration, samples 

of the ELM were prepared by varying the volume % of TEA. The volume of Span-80 was 4% of 

the total volume of the emulsion, whereas the volume of TEA was 2, 4 or 6% of the volume of 

the aqueous phase. The effect of the TEA concentration on the EDS was analyzed together with 

various emulsification speeds and times because the emulsification time and homogenization 

speed was identified as a relative factor while analyzing the effects of Span-80 on the EDS. 
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Different samples of the emulsion were prepared with an emulsification speed of 10,000, 15,000, 

and 20,000 rpm for 60, 120, and 180 minutes using the composition and specifications given in 

Table 3. Table 4 lists the emulsion droplet size for the different surfactant concentrations at 

different emulsification speeds and emulsification times, whereas Table 5 presents the emulsion 

droplet size at different emulsification speeds and emulsification times in the absence of a 

surfactant.  

Table 3. Composition of the water in oil (w/o) emulsion 

Phase Composition Specifications 
Membrane phase 30 °C at 700 rpm for 15 minutes 
Kerosene 100 ml 
Span-80 0 
Internal stripping phase 30 °C at 700 rpm for 15 minutes 
Water 100 ml 
NaOH  0.1M 
TEA 2, 4 and 6% Volume 

 

Table 4. Emulsion droplet size with the surfactant concentration 

Surfactant 
(% v/v of total) 

Emulsification 
speed 
(rpm) 

Emulsification 
time 
(Min) 

EDS 
(µm) 

2 

10,000 
60 2.98 
120 2.97 
180 2.91 

15,000 
60 2.84 
120 2.8 
180 2.72 

20,000 
60 2.66 
120 2.58 
180 2.57 

4 10,000 
60 2.46 
120 2.41 
180 2.4 
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15,000 
60 2.36 
120 2.32 
180 2.32 

20,000 
60 2.31 
120 2.16 
180 2.15 

6 

10,000 
60 2.14 
120 2.13 
180 2.11 

15,000 
60 2.07 
120 1.98 
180 1.97 

20,000 
60 1.77 
120 1.77 
180 1.44 

 

Table 5. Emulsion droplet size without a surfactant 

Extractant 
(% v/v of 
water) 

Emulsification 
speed 
(rpm) 

Emulsification 
time 
(Min) 

EDS 
(µm) 

2 

10,000 
60 3.33 
120 3.32 
180 3.24 

15,000 
60 2.97 
120 2.92 
180 2.66 

20,000 
60 2.57 
120 2.55 
180 2.52 

4 

10,000 
60 2.42 
120 2.41 
180 2.38 

15,000 
60 2.29 
120 2.21 
180 2.2 

20,000 60 2.2 
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120 2.14 
180 2.13 

6 

10,000 
60 2.12 
120 2.07 
180 1.98 

15,000 
60 1.97 
120 1.72 
180 1.66 

20,000 
60 1.61 
120 1.57 
180 1.5 

 

5.1.5. Effect of the TEA concentration on the EDS 

To examine the effects of the TEA concentration on the EDS, various emulsion samples were 

prepared without adding a surfactant, while using 2, 4 and 6% volume of TEA. In previous 

studies, the surfactant was considered to be the influencing parameter determining the emulsion 

droplet size [32, 33, 41], whereas the effect of the extractant on the emulsion droplet has not 

been reported. On the other hand, it was reported that TEA can exhibit high interfacial activity 

owing to its lipophilic nature [42, 43]. Therefore, in this study, the comparative analysis of TEA, 

with and without Span-80, was conducted to examine its effects on the EDS. Using a 2, 4, and 

6% volume of TEA, the emulsion samples were prepared by changing the emulsification time 

and speed. 

Fig. 7 shows the effects of the TEA concentration on the emulsion droplet at 10,000, 15,000, and 

20,000 rpm, respectively. The concentration of TEA has a linear effect on the EDS. The ELM 

prepared with a 2 % volume of TEA at a speed of 10,000 rpm for 60 minutes of homogenization 

of the EDS was 3.33µm. Increasing the TEA to 6% volume at the same speed and emulsification 
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time resulted in a decrease in the emulsion droplet size to 2.12 µm. The same trend of the 

reduction in mean EDS was observed for emulsification times of 120 and 180 minutes. An 

increase in the TEA concentration alters the viscosity of the emulsion, which modifies the effects 

of the emulsification time and speed on the EDS. Increasing the TEA concentration causes an 

increase in the absolute viscosity of ELM, which requires more energy for further deformation of 

the emulsion to reduce the droplet size [44]. Pandolfe [45] reported that the emulsification 

efficiency of emulsifying equipment decreases with increasing viscosity of the emulsion. For 

higher TEA concentrations, large amounts of energy and force are required to reduce the 

emulsion droplet size. The results obtained after this analysis suggest that TEA has a prominent 

effect on the EDS in relation to the emulsification time and speed. 

Fig. 7. (a) Effects of the TEA Concentration on EDS at 10,000 rpm (b) 15,000 rpm and (c) 

20,000 rpm. 

The interfacial tension of the surfactant impedes the deformation of the emulsion droplet, which 

affects the droplet size [35]. Comparative analysis of the EDS with and without a surfactant was 

conducted to assess the effect of TEA on EDS. Emulsion samples were prepared using 2, 4, and 

6% TEA with an equal percentage of Span-80 and without Span-80. The emulsification speed 

and time were fixed to 20,000 rpm and 180 minutes, respectively. 
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Fig. 8 shows that the emulsion droplet is larger  without a surfactant and it decreased when an 

equal volume percent of Span-80 was added. Using 2% Span-80, the EDS was 2.91 µm while 

after addition of 2% TEA the EDS increased to 3.24 µm. Similarly, each sample of the emulsion 

without TEA has a small EDS, which increased with the addition of TEA. TEA affects the 

interfacial surface tension of the emulsion; therefore, the emulsion droplets cannot deform more 

into a small size. The emulsion droplet size was decreased by increasing the TEA concentration, 

but compared to the sample containing Span-80, the mean diameter of the emulsion droplet was 

higher for each sample containing TEA.  

 

Fig. 8. Comparative effect of concentration on the EDS with and without Span-80 

The results indicate that to maintain the EDS, the concentration of extractant must be determined 

by the correlation of the surfactant. Therefore, that the concentration of Span-80 and the 

emulsification speed have major effects on the EDS; the size of the emulsion droplet was 
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reduced significantly by increasing the volume percentage of Span-80 and speed of 

homogenization. Liu et al [46] observed a similar effect of Span-80 over the EDS. A steady 

decrease in the average size of the emulsion droplet was observed by increasing the Span-80 to 

6% due to the effect of Span-80 on interfacial surface tension of the emulsion droplet. The 

emulsification time, as an independent variable, did not an effective role in the reduction of EDS, 

but it is a relative factor depending on the overall viscosity of the emulsion. The extractant has a 

significant effect on the EDS. The size of emulsion droplet size increased with increasing 

amount of TEA due to the increase in ionic charge on the emulsion droplet surface. Increasing 

the amount of surfactant also helps in reducing the emulsion droplet size. 

5.1.6. Effect of NaOH and TEA on pH 

The emulsion sample was prepared using the parameters shown in Table 6 to examine the effect 

of the concentration of TEA and NaOH on the pH of the ELM. The results are shown in Fig. 9.  

Table 6. Composition of the w/o Emulsion 

Phase Composition Specifications 
Membrane phase 30°C at 700 rpm for 15 minutes 
Kerosene 100 ml 
Span-80 2,4 and 6% V/total volume 
Internal stripping phase 30°C at 700 rpm for 15 minutes 
Water 100 ml 
NaOH  0.1, 0.2, 0.3, 0.4 and 0.5 M 
TEA 2,4 and 6% V/Water Volume 

 

Fig. 9(a) shows the ELM sample prepared with 0.1 M of NaOH; the pH value at 2% TEA was 

10.99 whereas the pH value increased to 11.10 by increasing the TEA concentration to 6%. A 

similar effect of an increase in pH of the ELM was observed for the each sample with various 

molar concentrations of NaOH. The linear trend of Fig. 9 (b) shows that the molar concentration 
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of NaOH has a strong effect on the pH for all the ELM samples containing 2, 4 and 6% TEA. 

Using 0.1 M NaOH, the pH of the ELM was 10.99 for 2% TEA, which was increased to 12.60 

by increasing the NaOH concentration to 0.5 M. 

 

Fig. 9. Effect of the Concentration (a) TEA and (b) NaOH on pH 

This indicates that compared to TEA, free hydroxide ions in NaOH, are more active in increasing 

the pH of the ELM. This supports the use of NaOH as a stripping agent for CO2 absorption in a 

RDC system. The pH of the ELM composition was increased by increasing the NaOH 

concentration in the pre-emulsion aqueous phase of the emulsion [47]. TEA is a strong base; the 

pH of ELM is increased by increasing its concentration in the aqueous phase. NaOH and TEA 

containing hydroxide ions as a strong base [48], the release of hydroxide ions in the emulsion 

increases the pH. This increase in the pH of the ELM helps to manage the substance according to 

the need of the system application 
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5.2. Emulsion stability analysis 

An emulsion is an unstable mixture of two liquids that do not normally mix, such as oil and 

water. An emulsifying agent is needed to form a stable mixture of two repelling liquids, which 

will prevent the oil droplets from coalescing and separating from the opposing liquid. The shelf 

life of the emulsion after preparation is known as the stability of the emulsion, which is one of 

the important parameters. This study examined the effects of pH, EDS and concentration of the 

surfactant on the stability of ELM. Considering all parameters discussed in the previous sections, 

the emulsion was prepared using the composition and specifications listed in Table 7. The 

samples were prepared at 20,000 rpm for a 120 minute emulsification time. The samples were 

analyzed for their stability by changing the concentration of Span-80. 

Table 7. Composition of the w/o Emulsion 

Phase Composition Specifications 
Membrane phase 30°C, 700 rpm, 15 minutes 
Kerosene 100 ml 
Span-80 2,4 and 6% V/total volume 
Internal stripping phase 30°C, 700 rpm, 15 minutes 
Water 100 ml 
NaOH  0.1M 
TEA 6% V/Water Volume 

 

5.2.1. Effect of pH 

The pH of various samples was used to plot a graph against the stability of the emulsion. The 

stability was determined by measuring the volume fraction of the water phase, separated from 

the organic phase of an emulsion. Fig. 10 shows that the emulsion is totally stable at pH 10 - 

11.5. At this value, no separation of the water phase from the oil phase was observed after 24 

hours at room temperature. The emulsion stability decreased suddenly when the pH of the 
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aqueous phase was adjusted to 12 and above. Yang and Niu [49] reported that excess negative 

charges on the interface of the w/o emulsion, caused by OH- ions from the aqueous phase 

decreases the stability of emulsion [50]. The decrease in the stability of the emulsion at high pH 

is probably due to a decrease in the negative charges on the interface of the water droplets 

dispersed in the w/o emulsion caused by the addition of NaOH and TEA. The zeta potential of 

the dispersions has a strong effect on the stability of the emulsion liquids [49]. Increasing the pH 

of the emulsion, the zeta potential of droplet is decreases.  

 

Fig. 10. Effect of pH on the stability 

According to Ren and Zhang [51], the pH of the internal stripping phase and continuous feed 

phase affects the separation efficiency and mass transfer flux. A higher concentration difference 

may improve the separation of acidic gases because the pH will influence the mass transport of 

the solutes. A higher pH leads to a higher concentration difference, which increases the 
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separation of acidic gases in any gas mixture. The pH of the emulsion was increased by 

increasing the NaOH concentration, but the stability decreased significantly. A suitable 

composition of ELM containing NaOH and TEA with the maximum stability is important for 

CO2 separation. 

5.2.2. Effect of droplet size 

Fig. 11 shows the effects of the emulsion droplet size on the stability of the emulsion. The 

emulsification speed and time were constant for all samples, i.e. 20,000 rpm and 120 minutes, 

respectively.  

 

Fig. 11. Effects of the EDS on Stability. 

The results for the mean diameter show that below 1 µm, the emulsion is highly stable but above 

this value, the stability of the emulsion was reduced. As reported by Katsuroku and Fujio [52] 

and Walstra [23], deformation of the emulsion droplet into a smaller size is a function of the 

emulsification time and speed and the concentration of surfactant. The emulsion droplet mean 
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diameter was reduced by increasing the Span-80 concentration. Therefore, the stability of 

emulsion was enhanced due to the increase in interface surface tension of the emulsion droplet. 

The effects of EDS on the stability proves that the maximum number of emulsion droplets, with 

small mean size and wide size distribution, show very less coalescence. Fig. 11 shows that the 

emulsion stability increased with decreasing mean droplet size and below 0.89 µm, it was 

constantly stable for 24 hours at room temperature. In a highly homogenized w/o dispersion 

system, a small droplet size results a large specific interfacial area, which maintains the stability 

of the emulsion [53]. This is because the stability of the emulsion is increased with a small 

droplet size, as small droplets require more time to coalesce and separate into the phases of the 

emulsion [54]. With a small droplet size, the emulsions are more stable than the large droplets 

[55]. A small droplet size and high zeta potential resists aggregation; therefore, the stability of 

the emulsion is increased [50, 56]. The quantity of droplets is increased when small size fractions 

of EDS are produced, which increases the coalescence time. 

5.2.3. Effect of Span-80 

The surfactant is a non-ionic substance that decreases the interfacial tension between the phases 

of the emulsion. On the other hand, the extractant and internal stripping aqueous phase increase 

the ionic charge of the emulsion. The concentration of surfactant and stripping agent, i.e., Span-

80 and NaOH, also has a significant effect on the stability of ELM. Fig. 12 shows that the 

stability of the emulsion increases with increasing concentration of Span-80 and the stability of 

the emulsion decreases with increasing NaOH concentration in the aqueous phase. 
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Using 2% Span-80, the emulsion was 100% stable with 0.1, 0.2 and 0.3 M of NaOH, but the 

stability was decreased considerably with further increases in the NaOH concentration. A similar 

effect was observed for 4 and 6 % Span-80 using 0.1 and 0.2 M of NaOH because the stability of 

the emulsion increases as it prevents the droplets from coalescing. Increasing the concentration 

of NaOH in the pre-emulsion aqueous phase increases the interfacial surface tension between the 

organic phase and the dispersed aqueous phase; thus, the stability of emulsion was decreased due 

to an increase in the interfacial surface tension between the two immiscible phases of the 

emulsion. 

.  

Fig. 12. Effect of the concentration of Span-80 on the stability 

The results of this study on the effect of the surfactant on the stability of ELM are similar to 

those reported by Matsumoto [57] and Kamarudin et al. [58] Molecules of the surfactant are 

adsorbed at the interface of the w/o emulsion to form a protective film around the water droplets 

dispersed in the organic phase. The interfacial film strength of the emulsion droplet increased 
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with increasing Span-80 concentration, which prevented the coalescence; thus, the stability was 

increased [59]. With increasing Span-80 concentration, the droplet size distribution reduced and 

the mean droplet size of the emulsion decreased below 1 µm, resulting in an increase in the 

stability of the emulsion. Up to 0.3 M of NaOH, the emulsion was stable for 24 h for each 

sample containing 2-6% of Span-80, whereas the stability of the emulsion was decreased to 70 % 

by increasing the NaOH concentration from 0.4 to 0.5.  

A similar phenomenon was also reported previously by Barad, Chakraborty [55]. A higher zeta 

potential is required for a smaller sized emulsion droplet to resist aggregation. Increasing the 

concentration of NaOH reduces the zeta potential of the emulsion droplets. Therefore, the 

attraction among emulsion droplets exceeds the coalescence of the dispersed aqueous phase to 

separate it from the organic phase of the emulsion. 

6. Performance of a stable ELM to separate CO2 from natural gas in RDC 

The RDC columns used for the gas-liquid system consist of a series of stages separated by 

equally spaced horizontal stators and shaft mounted rotor discs. The liquid injected into the 

reactor from the top and gas phase is injected through a small gas inlet in the bottom near the rim 

of the rotor. The discs mounted on the shaft provide a larger surface area to the dispersed phase 

to increase the interfacial contact area for the maximum mass transfer [18].  

6.1. Selection of RDC for gas-liquid system 

Based on the gas liquid parameters, the gas-liquid flow behavior, retention time, and mass 

transfer, some modifications were performed in rotating discs, mounted on the shaft and the 

static rings to redesign the RDC for gas-liquid absorption system. The rotating discs were 
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mounted with a RW 20 overhead stirrer manufactured by IKA Germany. The performance of 

various samples of ELM for CO2 separation were tested in the RDC column using a batch 

process. In this process, the RDC was filled with the emulsion using a peristaltic pump. The disc 

rotator was used to stabilize the emulsion in the contactor column. The gas outlet was connected 

to Agilent 3000A micro-Gas Chromatograph (GC) unit. The micro-GC was connected to the 

computer to analyze the data. Refinery gas application (RGA) software was used to measure the 

CO2 concentration. The experiments were conducted repeatedly using the different ELM 

samples. Different mixtures of CO2 and methane were used to examine the separation behavior 

of CO2 in the CO2/CH4 mixture. Finally, the optimal formulation of ELM and the effective 

operational method for the RDC rig was identified. Fig. 13 presents a schematic flow diagram of 

the process. 
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Fig. 13. Schematic flow diagram of the RDC rig 

The Agilent 3000A micro-GC system provides rapid gas analysis at the sampling point. The 

3000 micro-GC was equipped with a thermal conductivity detector (TCD), which allows the 

system to detect very low concentrations (down to 0.8 ppm), making trace-level analysis at the 

sample site very convenient. 

6.2. Effect of the TEA concentration on absorption of CO2 

The selected samples of ELM were used in the RDC system to determine the effects of an amine 

based w/o emulsion on the absorption of CO2. A pre-emulsion aqueous phase was prepared using 
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0.1, 0.2, 0.3, 0.4, and 0.5 M of NaOH. To analyze the effects of the amine concentration on 

absorption of CO2, ELM samples using 2, 4 and 6% v/v of TEA were prepared separately. The 

samples were applied to the RDC system for CO2 absorption. RDC was operated at 300 rpm for 

30 minutes. The absorption results for each sample were analyzed by gas chromatography. The 

results are shown in Table 8. Increasing the amine concentration in the dispersed phase of ELM 

resulted in an increase in the amount of CO2 absorption with respect to its volume. A similar 

trend of CO2 absorption was perceived using DEA or TEA in the dispersed aqueous phase of 

EM. Table 8 shows that the ELM containing 2% v/v of TEA absorbs 0.89 moles CO2 and 

reaches to 0.96 moles when ELM sample containing 6% v/v of TEA was used. 

Table 8. Absorption of CO2 from pure CO2 using TEA 

NaOH TEA CO2 Absorption 

M % v/v %mole mole 

0.1 
2 89.00 0.8900 
4 94.25 0.9425 
6 96.54 0.9654 

0.2 
2 97.03 0.9703 
4 97.20 0.9720 
6 97.54 0.9754 

0.3 
2 97.64 0.9764 
4 97.65 0.9765 
6 97.97 0.9797 

0.4 
2 98.49 0.9849 
4 98.53 0.9853 
6 99.42 0.9942 

0.5 
2 99.49 0.9949 
4 99.68 0.9968 
6 99.99 0.9999 
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6.3. Effect of NaOH on CO2 absorption 

To observe the effect of the NaOH concentration on CO2 absorption, samples of ELM using 2% 

TEA were prepared separately while the aqueous phase was prepared using 0.1, 0.2, 0.3, 0.4, and 

0.5 M of NaOH. A different sample was used in the RDC system to assess the CO2 absorption 

behavior. For TEA, the absorption of CO2 increases with increasing NaOH concentration. Fig. 14 

presents the moles of CO2 absorbed by the w/o emulsion for TEA, which it indicates that NaOH 

concentration enhanced the CO2 absorption as the molar concentration of NaOH in the dispersed 

aqueous phase increases.  

 

Figure 14. Effect of the NaOH concentration on CO2 absorption using 2% v/v TEA 

ELM containing 2% v/v of DEA with 0.1 M of NaOH has very little effect on CO2 absorption; 

whereas increasing the NaOH concentration to 0.5 M results in an increase in the amount of CO2 

absorption in the ELM up to 0.99 moles. Similar behavior was observed using 2% TEA as the 
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extractant in the ELM. By increasing the molar concentration of NaOH, the mass transfer 

coefficient was increased; therefore, the CO2 absorption by the dispersed aqueous phase of ELM 

in the RDC system was increased. 

The absorption of CO2 into an aqueous solution of NaOH, along with an absorbent, such as TEA 

has been reported [60-62]. In these studies, the rate of CO2 absorption was increased by 

increasing the concentration of reactants. Park and Choi [62] reported that the chemical 

absorption rate of CO2 in w/o emulsion was increased by increasing the NaOH concentration. A 

similar effect of the NaOH concentration on the CO2 absorption in the RDC system was 

observed. In the ELM system, NaOH forms a layer between the continuous organic phase and 

the dispersed aqueous phase. At the gas liquid interface, CO2 makes contact with NaOH and 

penetrates the droplet and diffuses in the extractant. Considering the initiating role of NaOH over 

the absorption of CO2 by the ELM in RDC, the effect of the molar concentration of NaOH on the 

absorption of CO2 was examined in this study. 

Lin and Chen [63] reported that the molar concentration of NaOH has a linear effect on the CO2 

absorption rate. A similar result was reported by Tedajo and Seiller [64]. Similarly, in the present 

study, it was found that the absorption of CO2 increased as the molar concentration of NaOH in 

the dispersed phase of the ELM was increased from 0.1 to 0.2 M. This significant increase 

suggests that the aqueous phase concentration of the emulsion developed a pH gradient between 

the dispersed phase and gas feed phase, which increases CO2 absorption.  

As discussed earlier, a higher molar concentration of NaOH in the aqueous phase increases the 

pH of the emulsion but decreases its stability. Considering the effect of pH over the absorption 
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rate of CO2 in the RDC system, it is favorable to use a higher molar concentration of NaOH in 

the ELM. At high pH value, however, the stability of the emulsion decreases. Therefore, this 

suggests that a 0.2 molar concentration of NaOH in the aqueous phase is suitable. Figure 14 

shows that there are two regimes of NaOH concentrations in the absorption of CO2 in the ELM 

process, rapid and slow. From 0.1 to 0.2 M is the rapid regime and 0.3 to 0.5 M is the slow 

regime. In the slow regime, a low amount of CO2 absorption was observed by increasing the 

NaOH concentration. 

6.4. Separation of CO2 from CH4 

Based on the findings of CO2 absorption in RDC using the ELM prepared with different 

concentrations of TEA, further studies were conducted to examine the absorption of CO2 from a 

(CO2/CH4) gas mixture. In this work, the separation of CO2 from the gas pair of CO2/CH4 by 

ELM using the RDC system was analyzed. Samples of the ELM were prepared by considering 

the characteristics of the emulsion discussed section 3.1 and the absorption behavior discussed in 

the previous section. Various samples of the emulsion were prepared using the specifications 

listed in Table 9. These samples were used to examine the CO2 absorption behavior from a gas 

mixture. The emulsification speed and time were fixed to 20,000 rpm and 120 minutes, 

respectively. 

Because the absorption of CO2 in the ELM using RDC system depends on the concentration of 

extractant in the dispersed aqueous phase and the contact time between the feed gas and 

emulsion liquid, the effect of TEA concentration, time and RDC speed on the absorption of CO2 

was analyzed to determine the suitable values. 
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Table 9. Specification of the w/o Emulsion 

Phase Composition Specifications 
Membrane phase 30°C at 700 rpm for 15 minutes 
Kerosene 100 ml 
Span-80 4% v/total volume 

 

A mixture of CO2 and CH4 gas was prepared by controlling the flow rate and pressure of the 

gases purged in the RDC. After introducing the ELM in RDC, CO2 was purged at 8 liters/hr at 25 

psi and 25 °C and CH4 was purged at 6.5 liters/hr at 25 psi and 25 °C to obtain a CO2 and CH4 

ratio of 0.55/0.45. Using these parameters, the moles of CO2 and CH4 were determined by 

applying the ideal gas law.  

 According to these calculations, the CO2 and CH4 in the RDC were 55 and 45 mole % 

respectively. Considering the large amount of CO2 in Malaysian gas reservoirs, a 55/45 ratio of 

CO2 in CH4 was used. On the other hand, the effects of the TEA concentration on CO2 

absorption shows that increasing the amount of extractant in the ELM may influence the 

absorption efficiency, if the concentration of CO2 in the mixture is increased. Based on a total 1 

mole of gas, the effects of time, concentration, and speed of RDC on CO2 absorption were 

analyzed. CH4 was assumed to be inert in the ELM system and physical absorption of CO2 from 

the gas mixture was evaluated experimentally by gas chromatography. An Agilent GC A30000 

was used to analyze the CO2 absorption in the RDC system. Cerity QA-QC software was the 

basic tool to obtain a computer generated report for the amount of CO2 and CH4 present in the 

exit gas stream from the RDC system. 
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6.5. Effect of time on CO2 absorption 

In this study, the residence time was considered to be the time of the RDC system operated to 

provide contact between the emulsion and feed gas. The diffusion of CO2 in this gas-liquid 

contact system is dependent on the contact time between the feed gas and the dispersed emulsion 

droplets of the ELM in the RDC. To study this phenomenon, the experiments were conducted to 

determine the optimized agitation time for the maximum CO2 absorption in the batch process of 

the RDC system. The retention time of ELM in the RDC system was between 0 to 30 minutes. 

The initial time at which the first GC result was obtained is considered time 0. The sample of the 

outgoing gas stream from the RDC system was purged to GC at 5 minutes intervals. The amount 

of CO2 absorbed by the ELM in RDC was calculated based on the CO2 present in the outgoing 

stream subtracted from the total amount of feed to the RDC. The speed of the RDC was fixed at 

300 rpm for each sample. The results of GC were converted to the amount of CO2 absorption per 

volume of the ELM in RDC, and are plotted in Figure 15.  

 

Figure 15. Effect of time on CO2 absorption using (a) 2% TEA (b) 4% TEA and (c) 6% TEA at 

300 rpm. 
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The effect of time on the absorption of CO2 from the gas mixture of CO2 and CH4 was assessed 

for 2, 4, and 6% v/v of TEA. The amount CO2 absorbed per volume of the ELM in the RDC 

column was calculated and is presented in Table 10. 

Table 10. Amount of CO2 absorbed per volume of the ELM in the RDC column 

TEA 
% 
v/v 

CO2 absorption kmol/m3 

Time 30 35 40 45 50 55 60 

2 4.548  4.551 4.563 4.572 4.579 4.591 4.602 
4 5.140 5.143 5.201 5.206 5.223 5.265 5.276 
6 5.477 5.477 5.478 5.479 5.479 5.481 5.482 

The results of CO2 absorption were plotted as a function of time to analyze the effect of time on 

CO2 absorption. Fig. 15(a) indicates that the emulsion containing 2% v/v of TEA absorbed 4.548 

kmol/m3 at the initial time and reached 4.602 kmol/m3 of CO2 after 30 minutes operation. 

Fig. 15(b) indicates that CO2 absorption for the ELM sample containing 4 % v/v of TEA 

absorbed 5.140 kmol/m3 at the initial time and reached 5.276 kmol/m3 after 30 minutes 

operation. Figure 15(c) shows that CO2 absorption for the ELM sample containing 6 % v/v of 

TEA absorbed 5.477 kmol/m3 at the initial time and reached 5.482 kmol/m3 after 30 minutes 

operation.  

The amount of CO2 in the outgoing stream decreased with increasing retention time of ELM in 

RDC. Previous studies by Hagewiesche and Ashour [65] and Brogren and Karlsson [66] on CO2 

absorption in aqueous solutions using scrubbers or gas-liquid absorbers showed that the 

absorption of CO2 increased with time. A similar effect of the proportional relation of time with 

CO2 absorption in the RDC system was observed. The amount of CO2 absorption from the gas 

feed phase in the dispersed aqueous phase increased with increasing contact time in RDC 
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system. In addition, a high concentration of absorbent in the ELM reduces the time of absorption 

of CO2 in the RDC system due to the high concentration difference. In the CO2/CH4 gas mixture, 

the maximum amount of CO2 was diffused in the RDC system. Therefore, at a lower TEA 

concentration, the maximum separation of CO2 from CH4 can be achieved by extending the 

contact time between the feed gas and the aqueous dispersed phase of ELM in RDC. 

6.6. Effect of TEA Concentration on CO2 absorption 

The amount of CO2 absorption in the ELM at 300, 500, and 700 rpm was calculated after 30 

minutes operation time of RDC system for 2, 4, and 6% TEA. The CO2 absorption per volume of 

ELM was plotted as a function of the TEA concentration and presented in Fig. 16 for 300, 500 

and 700 rpm of RDC. Based on the results obtained for the different speeds of RDC, the amount 

of CO2 absorption increased with increasing TEA concentration in the dispersed aqueous phase 

of ELM. Fig 16 shows that at 300 rpm of RDC, 4.6 kmol/m3 of CO2 was absorbed by the ELM 

using 2% v/v of TEA, whereas the absorption of CO2 increased to 5.5 kmol/m3 using 6% TEA 

concentration in the ELM. 

This shows that by increasing the volume of TEA to 6% in 200 ml of the ELM, the CO2 

absorption capacity was increased to 0.9 kmol/m3. A similar effect of the TEA concentration on 

the absorption of CO2 in the RDC system was observed at higher values of 500 and 700 rpm. On 

the other hand, a significant increase in CO2 absorption was observed with increasing TEA 

concentration from 2% to 4%, but the absorption of CO2 was increased slightly when the volume 

of TEA was increased from 4% to 6%. This indicates that the consumption of TEA in the 



 

 

42 

 

dispersed aqueous phase of ELM increase sharply to 4% TEA, but above this, the absorption 

behavior of the ELM in RDC is in the slow regime. 

 

 

Figure 16. Effect of the TEA concentration on CO2 absorption in the RDC for 30 min 

Up to 4% TEA the RDC system was effective in absorbing the maximum amount of CO2 from 

the CO2/CH4 gas mixture. This study also determined that a higher concentration of absorbent in 

the dispersed aqueous phase of ELM will increase the concentration of CO2 due to the high 

absorption of CO2 from the CO2/CH4 gas mixture. In earlier work by Rubia and García-Abuín 

[67], it was reported that the concentration of TEA has a linear influence on the CO2 absorption 

in the gas-liquid interface of the bubble size. The study by Donaldson and Nguyen [68] on the 
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chemical reaction kinetics of CO2 with TEA in the gas-liquid contact system found that the 

reaction rate increased with increasing TEA concentration. 

7. Conclusion 

This paper outlined a simple and innovative method to prepare a stable ELM using the high-

speed homogenization, which achieved high throughput at low power consumption. During ELM 

preparation, the emulsification speed and time influences the emulsion droplet size while the 

stability of the emulsion depends on the emulsion droplet size, concentration of constituents and 

pH.  

Different surfactants were assessed to increase the stability of the ELM. The ELM containing 2% 

v/v of TEA could absorb 5.6 kmol/m3 CO2 at 500 rpm of RDC for 30 minutes operation. Based 

on the results related to the different speeds of RDC, the amount of absorbed CO2 increased with 

increasing TEA concentration in the dispersed aqueous phase of ELM. In addition, at up to 4% 

TEA in the dispersed aqueous phase of ELM, the RDC system is effective in absorbing the 

maximum amount of CO2 from the CO2/CH4 gas mixture. This study also suggests that 

increasing the retention time of ELM in RDC also increases the amount of CO2 absorbed. The 

performance of CO2 absorption was enhanced by introducing an amine as a dispersed aqueous 

phase of the ELM in the RDC system. The ELM provides a large surface area by generating 

micrometer size particles. An increase in surface area enhances the mass transfer rate of the 

process. In addition, encapsulating the amine solution in ELM reduces its corrosiveness, thereby 

providing protection for the piping system.  
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Further studies will be needed to evaluate desorption of CO2 from the proposed emulsion. In 

addition, hydrodynamic studies are also suggested to evaluate the performance of the modified 

design dimensions of the RDC. 
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