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A B S T R A C T   

The gas-liquid membrane contactor (GLMC) is a new and promising kind of gas separation 
technique, but still exhibits limitations, especially in membrane performance. In order to solve the 
above problems, we fabricated and characterized novel OH/SiO2/PES composite membranes 
using gas phase hydrolysis and graft coating methods, respectively. In the preparation process, 
whether to use alkali to pretreat the membrane was used as an evaluation index. The CO2/CH4 
separation performance was tested using the modified OH/SiO2/PES hollow fiber membrane as 
the membrane contactor in GLMC. In the experiment, we conducted a single factor experiment 
with diethanolamine (DEA) as the adsorbent to analyze the effect of the flow rate and concen-
tration of DEA on the separation of CO2/CH4. The collected gas had a CH4 content of 99.92% and 
a CO2 flux of 10.1059 × 10− 3 mol m− 2 s− 1 while DEA at a concentration of 1 mol/L was flowing 
at a rate of 16 L/h. The highest separation factor occurred at this moment, which was 833.67. 
Overall, the CO2/CH4 separation performance in GLMC was enhanced with the use of the fluo-
rinated OH/SiO2/PES composite membrane.   

1. Introduction 

Given the situation of extreme global energy consumption, the current environmental pollution problem is becoming more and 
more serious [1]. A large amount of greenhouse gas emissions and energy waste caused by insufficient combustion of combustible 
gases have become major problems that need to be solved [2]. The traditional gas separation technology includes cryogenic method, 
air separation method and other methods [3–6]. The membrane separation method has a very good effect on gas separation. Through 
the shear force of the gas flow, the gas to be separated from the feed side passes through the membrane module by dissolution and 
diffusion to reach the permeate side of the membrane module in the traditional gas separation membrane [7]. In most gas separation, 
the performance of the membrane is represented by gas permeability and selectivity. There is a trade-off effect between membrane 
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permeability and selectivity. When the gas flux increases, the selectivity to the target substance will decrease. The decrease of gas 
separation membrane flux is a common problem of polymer membranes due to the increase of membrane age [8,9]. 

The development of GLMC offers an approach to overcome the challenge of low mass transfer efficiency and improve the overall 
effectiveness of the process [10]. The GLMC is a gas contact device used to remove CO2. It is realized by an opposing flow of gas and 
liquid on both sides of the interface [11]. The hydrophobic microporous hollow fiber membrane is typically used as an interface barrier 
in gas-liquid contactors, where it can act as a carrier for the two phases while separating the liquid and gas phases. It allows for efficient 
mass transfer between the gas and liquid phases while preventing them from mixing [12]. Throughout the whole mass transfer process, 
the mixed gas passes through the hollow fiber membrane on its way from the gas phase side of the membrane surface to the liquid 
phase side under the effect of shear force. As a gas enters the liquid phase, it engages in a chemical reaction or physical absorption with 
the liquid absorbent [13]. The gas concentration on the liquid phase side is significantly reduced by the physical or chemical inter-
action between the liquid absorbent and the gas. With the flow of liquid absorbent and the continuous addition of new absorbents, the 
entire reaction system always maintains a certain mass transfer efficiency [14,15]. 

The main factor affecting the gas separation performance in the GLMC is wetting of the membranes [16]. One method to avoid 
membrane wetting is to use organic membranes with higher hydrophobicity [17]. However, the separation performance of a single 
hydrophobic organic membrane for CO2 and the mechanical strength of the membrane itself cannot meet commercial requirements 
[18]. An effective way to overcome membrane wetting is to develop mixed matrix membranes (MMMs) [19]. Rosli fabricated and 
modified mixed-matrix membranes for CO2 absorption. The modified mixed matrix membranes all showed better selectivity than the 
pristine membranes [20]. We maintain the mass transfer and separation efficiency of the gas-liquid membrane contactor by solving the 
membrane-wetting problem. 

The concentration and type of absorbent have a significant impact on how effectively the gas is separated in the GLMC [21]. The 
membrane contactor serves as the gas-liquid interface for the complete reaction system [22]. When the absorbent is located on the 
liquid side, the physical and chemical reaction between the absorbent and the gas has a far greater impact on gas separation than the 
separation caused by the porosity and pore size of the membrane itself [23]. Hashemifard et al. prepared hollow fiber membrane 
contactor with polyvinyl chloride as raw material. The effects of calcium carbonate nanoparticles, relative humidity percentage of inlet 
air and gas-liquid flow rate on the surface modification of polydimethylsiloxane were investigated [24]. Mirfendereski used a 
membrane contactor to separate the mixture of CO2 and H2S under high gas-liquid ratio conditions. The experimental results showed 
that the membrane contactor can efficiently remove almost all H2S in the case of large CO2 content [25]. 

The basic unit of polyethersulfone (PES) is benzene ring, and the benzene rings are alternately connected by sulfur-oxygen double 
bonds and ether bonds [26]. Due to the stable chemical properties of the benzene ring, the chemical properties of PES are mild [27]. 
Since the upper and lower surfaces of the benzene ring form delocalized large π bonds, the presence of the upper and lower electron 
clouds protects the PES skeleton. Therefore, PES is resistant to high temperature and chemical corrosion [28]. PES is an asymmetric 
membrane, and the membrane pores are not absolutely uniform. The micropore diameter of the PES membrane is 100 Å, which is 
much larger than the diameter of the gas molecule, so the membrane has no screening effect on the mixed gas [29]. Based on the above 
characteristics, PES is suitable as a barrier between different phases in GLMC. However, the porosity of PES will lead to membrane 
wetting on the contact side between PES and liquid phase [30]. Therefore, the key to surpassing the gas separation efficiency of the 
membrane module is increasing the hydrophobicity of the membrane to address the wetting problem of the PES membrane. Surface 
modification or membrane blending are the two most common methods of membrane modification [31]. 

We devised and built a fluorinated SiO2/PES composite membrane as a separation membrane in GLMC in this work. The mem-
branes were prepared by the method of gas phase hydrolysis of silicon precursor and the method of graft coating, and then further 
hydrophobically modified. And whether the membrane is pretreated with alkali solution in the modification method was compared, 
and the influence of alkali treatment on the modification effect was analyzed. To explore the effects of DEA concentration and flow rate 
on CO2/CH4 separation, CO2 flux and CO2/CH4 separation factor were used as separation performance indicators. Another component 
that was studied as part of the investigation was the mixed gas’s flow rate. 

2. Experimental 

2.1. Materials 

The original membranes were provided by Qingdao Donghai Membrane Co., Ltd. Sodium hydroxide (NaOH, 99 wt%), tetrae-
thoxysilane (TEOS, 99 wt%), diethanolamine (DEA, ACS), tetraethoxysilane (TEOS),99.7 wt% isopropanol (IPA), diethanolamine 
(DEA, ACS) and ethanol (97%) were purchased from Wuhan Sevier Biotechnology Co., Ltd. 1H, 1H, 2H, 2H-perfluorodecyltriethoxy-
silane (PFTS, 99.7 wt%) was purchased from Chengdu Jinshan Chemical Reagent Co., Ltd. 

We have purchased commercial PES hollow fiber membranes for surface modification. The 300 modified composite PES hollow 
fiber membranes were sealed as a group. A PVC membrane module was used to load PES composite membranes. The membrane 
module was sealed with polyurethane. 

2.2. The method of membrane modification 

The modification process of the novel gas phase hydrolysis method (GPHM) is as follows: 
Firstly, the PES membrane was cleaned with deionized water and ethanol before being submerged in the NaOH solution (1 mol/L) 

at 70 ◦C. After that, the hollow fiber membrane was cleaned with deionized water and dried for 16 h in a hot oven at 60 ◦C. 
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Secondly, 1 g TEOS was fully dissolved with 1 g isopropanol to prepare TEOS isopropanol solution as (0.5 g/g). The TEOS solution 
was then combined with DEA to create a silicon precursor solution [32]. 

Thirdly, the pretreated and untreated PES hollow fiber membranes were soaked in the precursor solution at 60 ◦C as part of the 
grafting coating technique. The PES hollow fiber membranes, both pretreated and untreated, were immersed in a silicon precursor 
solution at a temperature of 50 ◦C to completely encapsulate the membrane surface with the silicon precursor solution. The membranes 
were then placed in an experimental box at a constant temperature and humidity of 100 ◦C for 30 min to hydrolyze the precursor. Out 
of the reaction container, the changed membrane was removed to cool naturally at ambient temperature. Following modification, the 
membrane was thoroughly rinsed with deionized water and dried for 12 h in an oven at 65 ◦C [15]. 

Finally, the produced composite membrane underwent hydrophobic fluorination modification. We prepared a 2 wt percent PFTS 
solution using ethanol as the solvent in order to dissolve the PFTS. To make it more consistent, the produced SiO2/PES membranes 
were submerged in PFTS solution while being constantly agitated by the rotor. The membrane was pulled out and dried. Following 
drying, a sizable volume of ethanol and deionized water were used to wash the composite membrane. The composite membrane was 
then dried for 12 h in an oven set to 50 ◦C. Fig. 1 depicts a schematic representation of the OH/SiO2/PES membrane modification 
method via the GPHM. 

The modification steps of the PES membranes by traditional grafting coating method (GCM) and gas phase hydrolysis method were 
different, but the pretreatment and subsequent fluorination modification steps were exactly the same. After configuring the silicon 
precursor solution, we immersed the PES hollow fiber membranes in the silicon precursor solution. Then the water bath heating was 
used to control the temperature at 85 ◦C. Rotor stirring was used throughout the reaction to make the grafting uniform. The whole 
grafting process lasted for 12 h. After the modification was completed, the modified membranes were naturally cooled and placed in an 
oven to remove excess water and then fluoridated. The fluorination modification operation steps were exactly the same as those in 
GPHM. To verify the effectiveness of the approach we proposed, i.e., GPHM (gas-phase hydrolysis method), the traditional method 
GCM is utilized for comparison. 

We have purchased commercial PES hollow fiber membranes for surface modification. The inner and outer diameters of the PES 
hollow fiber membrane were 0.8 mm and 1.4 mm, respectively. The total length and effective length of the membrane were 26 cm and 
22 cm, respectively. 

2.3. Membrane characterization 

Energy dispersive X-ray spectroscopy (EDS) was used to determine the presence and distribution of novel elements (F and Si). SEM 
(ZEISS Sigma 500) was used to analyze the surface morphology of the membranes as well as the morphology of inorganic particles. The 
chemical linkages on the membrane surface were found using Fourier transform infrared (FTIR). The contact angle (CA) was used to 
detect the affinity between the membrane and the liquid phase. The structure and kind of SiO2 crystal on the membrane surface were 
identified by XRD (X-ray diffraction). The bonding mechanism of the Si element on the surface of the sample and the chemical bindings 
of other elements were investigated using X-ray photoelectron spectroscopy (XPS). The roughness of the membranes was examined 
using atomic force microscopy (AFM). We listed the models and manufacturers of the required experimental instruments in Table 1. 

2.4. Application of GLMC in CO2/CH4 separation 

On the cavity side and shell side of the GLMC, respectively, gas and liquid flow in the experiment in the opposite directions. Table 2 

Fig. 1. Modification mechanism of PES membrane.  
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displayed the membrane module’s size specifications. Fig. 2 displayed the membrane module’s schematic diagram. We supplemented 
the packaging process for these hollow fiber membranes. The 300 modified composite PES hollow fiber membranes were sealed as a 
group. A PVC membrane module was used to load PES composite membranes. The membrane module was sealed with polyurethane. 

In order to imitate biogas, we used a CO2/CH4 mixed gas volume ratio of 40 : 60 for the experiment’s starting gas. The explanation 
is that biogas has a CH4 level of 55%–70% and a CO2 content of 28%–44%. The CO2 to CH4 gas volume ratio is 40 : 60, which is 
consistent with the CO2 and CH4 gas concentration in biogas [33]. The duration of CO2 absorption by the absorbent can be extended by 
the feed gas and absorbent flowing in the opposite directions [34]. As CO2 may be absorbed by interacting with amine solutions, DEA is 
used as a CO2 absorbent. The chemical molecule DEA, a secondary amine, may completely absorb and react with CO2. As CH4 and DEA 
do not interact, it remains on the gas side [31]. By single factor studies on DEA concentration, flow rate, and input gas flow rate, the 
ideal reaction conditions were identified. Gas chromatography was used to examine the CO2 and CH4 concentrations that were 
gathered at the gas outlet. In Fig. 3, the entire GLMC reaction cycle is shown. 

The service life of the membrane is about 3 years. The maintenance requirements of the membrane: the membrane needs to be back 
washed with water for 5 min for 1 h. Periodic cleaning is required, and the general cleaning cycle is 1 week to 1 month. The specific 
situation depends on the operation of the membrane. The operation and maintenance cost of membrane: the labor cost, pharmaceutical 
cost and electricity cost of operation and maintenance are consumption costs. The cost of absorbent dosing and membrane replacement 
is a fixed consumption cost. 

2.5. Calculation method 

The profile is a schematic diagram of the membrane module, not the actual profile of the membrane module. The membrane 
module is a PVC material, which contains 300 PES composite hollow fiber membranes. We use polyurethane to seal the component to 
make it a complete kit. The equation is a consideration of the gas separation performance of the gas-liquid membrane contactor. The 
separation efficiency of CO2/CH4 was evaluated by separation factor. The larger the separation factor, the better the separation effect 
of gas-liquid membrane contactor on CO2/CH4. The CO2 flux is used to directly characterize the amount of CO2 passed through the 
membrane. These indexes jointly reflect the separation performance of gas-liquid membrane contactor for CO2/CH4 mixture. 

CO2 is absorbed by DEA through GLMC, and the calculation method refers to Equation (1) [14]: 

J =
P(Qin − Qout)

RTAm
(1)  

where J is the CO2 absorption flux (mol m− 2s− 1); Q is the gas flow of the feed gas (10− 3m3s− 1); R is equal to a fixed value of 0.083 (bar L 
mol− 1K− 1); T is 298 K at room temperature; Am is the effective surface area (m2) of the PES membrane module, and P is the standard 
atmospheric pressure value of 1 bar. 

The total pressure and static pressure of the fluid are measured by the total pressure tube and the static pressure tube respectively to 
determine the velocity of the fluid. How to use the specially designed composite pressure measuring tube to measure the total pressure 
and static pressure (or the difference between the two) of the fluid at the same time to determine the fluid velocity. When the total 
pressure pipe measuring the total pressure of the fluid is used, the axis of the pressure-sensitive hole should be aligned with the di-
rection of the incoming flow. The difference between the total pressure and the static pressure of the liquid is directly measured by the 
pitot tube. With the increase of liquid flow rate, the difference between total pressure and static pressure increases. When the pressure 
difference reaches a certain value, the pressure generated by the liquid on the PES breaks through the upper limit of the pressure that 
the PES can withstand, resulting in membrane damage. The pressure at which the membrane is damaged is the liquid entry pressure 
(LEP). 

The separation efficiency of the mixture is characterized by the CO2/CH4 separation factor. The value of CO2/CH4 separation factor 

Table 1 
Models and manufacturers of the required experimental instruments.  

Type Model Manufacturer 

Fourier transform infrared (FTIR) Specturm100 Perkin Elmer, Inc. 
X-ray diffraction (XRD) X’PERT Panalytical, Netherlands 
Contact angle (CA) JYSP-180 Beijing Jinshengxin Detection Instrument Co., Ltd. 
SEM S–3400 N Hitachi, Japan 
Energy dispersive X-ray spectroscopy (EDS) Sigma-500 Hitachi, Japan 
X-ray photoelectron spectroscopy (XPS) ESCALAB 250Xi Thermo Fisher, USA 
atomic force microscopy (AFM) Bioscope American Vieco Company 
Gas chromatograph (GC) 6890GC/7890 GC Agilent Technology Co., Ltd.  

Table 2 
Membrane module parameters.  

Parameter overall length (cm) diameter (cm) effective membrane length (cm) total surface area (m2) effective specific surface area (m2) 

value 26 7 22 0.34 0.29  
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is calculated by equation (2) [35]: 

α=

yi
yj
xi
xj

(2)  

In the formula, xi is the inlet side CH4 concentration, xj is the inlet side CO2 concentration, yi is the discharge side CH4 concentration 
and yj is the discharge side CO2 concentration. 

3. Results and discussion 

3.1. Membrane characterization 

We modified the PES membrane by gas phase hydrolysis and graft coating, respectively. At the same time, it is necessary to analyze 
whether the alkali treatment has an effect on the surface modification method. We labeled the original membrane and the membranes 
prepared by different modification methods with Roman numbers I, II, III, IV and V, respectively. The membranes represented by the 
corresponding serial numbers were listed in Table 3. 

Fig. 2. GLMC reactor module.  

Fig. 3. Flow chart of GLMC for CO2/CH4 separation.  
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By using EDS analysis, it was possible to determine the elemental makeup and content of the PES membrane surface. Fig. 4 a 
showed that the conversion of TEOS and PFTS was successfully accomplished by the presence of Si and F components. The EDS values 
of different PES modified membranes were listed in Table 4. The distribution of the elements on the PES surface was uniformly 
revealed by the elemental fluorescence map, proving that TEOS and PFTS were grafted evenly. Meanwhile, the atomic mass fractions 
of F and Si elements are 28% and 13%, respectively. In Fig. 4 b, the surface Si content of the modified PES membranes increased 
sharply from 13% to 23.7%, while the corresponding F content decreased sharply from 13% to 4.8%. The atomic fluorescence images 
of Si and F elements indicated that their distribution was still uniform, proving that the grafting of TEOS and PFTS is still homogeneous 
in composite membranes made using the gas phase hydrolysis method (GPHM). In Fig. 4 c, the content of Si was further increased to 
27.2%. The method of using high-temperature steam for the hydrolysis reaction has a higher conversion efficiency of TEOS to SiO2 
compared to the ordinary graft coating method (GCM) used on the PES membranes in Fig. 4 a. In Fig. 4 d, the content of Si was further 
increased to 32.3% and at the same time the content of F continued to decline. Compared with the membrane in Fig. 4 c, it can be 
concluded that the hydroxylated PES membrane was able to efficiently convert TEOS into SiO2 in the hydrolysis reaction induced by 
high-temperature steam [36]. The reason is that after hydroxylation treatment, hydroxyl radicals can form anchor points on the 
benzene ring. The formation of anchor points can make the TEOS hydrolysis reaction proceed more smoothly. It is worth noting that as 
the content of the SiO2 on the PES surface increase, the preparation method of the membrane tends to be superior. Hence, the content 
of the generation of the SiO2, i.e., the grafting ratio of the SiO2 on the surface of PES, indicates the effectiveness of the GPHM we 
proposed. 

The mechanism of the reaction of silicon precursor solution to form SiO2 by grafting coating method and gas phase hydrolysis 
method is different. The grafting coating method is to directly soak PES in the precursor solution of silicon for surface modification. The 
SiO2 generated by the grafting coating method is attached to the surface of the PES substrate membrane and connected by hydrogen 
bond or van der Waals force. A large number of inorganic particles are generated, but there are not many inorganic particles that can 
directly form chemical bonds and crosslink on the membrane surface. After the hydroxylation treatment, a large number of hydroxyl 
sites cross-linked with the PES skeleton appeared on the membrane surface, so that the grafting coating reaction occurred at the 
hydroxylation site. Therefore, the generated SiO2 is connected to the PES substrate by chemical bonds and is not attached to the 
surface. Therefore, for the graft coating method (GCM), the Si composition of SiO2/PES decreased significantly after OH/SiO2/PES. 
The gas phase hydrolysis method is to place the PES hollow fiber membrane with silicon precursor solution on the surface in a constant 
temperature and humidity box to undergo a dehydration condensation reaction with high-temperature water vapor to crosslink the 
generated SiO2 on the surface of PES through chemical bonds. Because the hydrogen on the benzene ring of the PES skeleton is stable, 
the energy required for C–H cleavage is too high, so the amount of SiO2 generated is less. However, after the hydroxylation treatment, a 
large number of hydroxyl anchors cross-linked with the PES skeleton appear on the membrane surface. The O–H in the hydroxyl groups 
connected to the benzene ring is very easy to break, so after the hydroxylation treatment, the increased number of anchors makes the 
PES surface connect more SiO2. Therefore, for the gas phase hydrolysis method (GPHM), the Si composition of SiO2/PES increased 
slightly after OH/SiO2/PES. 

SEM was used to describe the surface morphologies of the unaltered PES membrane and the modified membranes made using 
various techniques. The surface of the purified membrane was flat and smooth, as seen in Fig. 5 a. The surface of the hydroxylated PES 
membrane was covered with a significant number of regular wrinkles in Fig. 5 b. After hydroxylation treatment, it was found that the 
particle density generated on the surfaces of the prepared modified membranes depicted in Fig. 5 d and 5 f was higher than that of the 
membrane surfaces in Fig. 5 c and 5 e. This indicates that increasing the hydroxyl anchor sites on the PES surface can be accomplished 
by pretreating the membrane with hydroxyl before grafting. All of the modified membranes created as seen in Fig. 5 c and 5 d were 
created by the GCM. When Fig. 5 e and 5 f are compared, it is clear that although the grafting was not uniform, the density of the 
particles that developed on the surface was higher than that of the membranes created by the GPHM. After alkali treatment, the PES 
membrane’s surface has more hydroxylation sites, and the hydrolysis of TEOS and hydroxyl groups on the PES surface results in the 
formation of more SiO2 particles [37]. The PES membrane’s surface particles after GPHM modification are comparatively uniform, and 
the particle distribution is obvious. The surface particles of the membranes are denser after the hydroxylation pretreatment. 

In the FTIR spectra of all changed membranes in Fig. 6, the peak of the original membrane at 3304.68 cm− 1 vanished. This shows 
that the C–H bond at 3304.68 cm− 1 on the improved PES composite membrane surface vanishes. The skeleton of a benzene ring forms 
the foundation of the composite membrane, and the C–H bond that results from the sp2 hybridization of the carbon atoms on the ring is 
broken. A new peak was seen at 2971.19 cm− 1, indicating that the broken C–H bond was replaced by the C–H stretching vibration on 
the aldehyde group [38]. The C–H bond is simultaneously broken and directly replaced by three chemical bonds, leading to the 
formation of three new C–H vibrations, as seen by the absence of the distinctive peaks of the benzene ring on the original membrane 
[39]. The benzene ring contains six coplanar carbon atoms, and each carbon atom forms three sp orbitals through sp2 hybridization. 

Table 3 
Type of membrane.  

serial number Type of membrane 

I Pure PES membrane 
II SiO2/PES membrane（GCM） 
III SiO2/PES membrane（GPHM） 
IV OH/SiO2/PES membrane（GCM） 
V OH/SiO2/PES membrane（GPHM）  
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Fig. 4. EDS images of surface element composition and distribution of the PES membrane: (a) II; (b) IV; (c) III; (d) V.  

Table 4 
EDS values of different PES modified membranes (atomic percentage).  

Types C (%) F (%) O (%) Si (%) S (%) 

II 32.3 28.1 25.4 13.0 1.2 
IV 14.6 4.1 52.8 23.7 4.8 
III 15.3 1.9 55.1 27.7 0.5 
V 11.0 0.3 56.0 32.3 0.4  

Fig. 5. SEM of PES membrane: (a) I; (b) the pretreatment of PES membrane surface with NaOH; (c) II; (d) IV; (e) III; (f) V.  
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One sp orbital on each carbon atom overlaps each other to form a C–C bond, and six high-energy σ bonds form six C–C bonds, forming 
the basic skeleton structure of the benzene ring. Two opposing C atoms occupy one sp orbital, connected to the sulfur and oxygen 
atoms, respectively. The remaining four carbon atoms occupy one sp orbital respectively and are connected with hydrogen atoms to 
form C–H bonds. Each of the six carbon atoms leaves one sp orbital distributed on the same side of the benzene ring, and the electron 
clouds overlap each other, forming a large delocalized π bond in the ring structure. The above chemical bonds work together to form 
the basic framework of PES. A characteristic peak of carbon atoms at 1411.04 cm− 1 on the benzene ring was detected on the modified 
membrane, indicating that the π bond still exists. The replacement of the C–H bond by the C–Si bond, with a very strong variable angle 
vibration, was shown by the new peak at 1025.78 cm− 1. The presence of the C–Si bond indicates that the grafting of TEOS onto the 
benzene ring of PES was effective [40]. The emergence of the new peak at 1070.87 cm− 1 indicated the presence of variable angle 
vibration in the synthesized C–O–Si bond [36]. A new peak at 3657.94 cm− 1 indicated the formation of hydrogen bonds stronger than 
van der Waals force. There were several absorption peaks in the benzene ring’s fingerprint area that collectively make up the ring. The 
benzene ring-to-benzene ring bond is represented by the box section as the fingerprint region. The benzene ring in the PES skeleton is 
connected by ether bond or sulfone or sulfoxide. The fingerprint region of the box represents the structure of the polyethersulfone [37]. 
The modified composite membrane’s fingerprint region matched the original membrane’s perfectly, proving that the benzene ring 
skeleton on the modified polyethersulfone did not alter. The aforementioned findings showed that the base membrane did not alter and 
that the modification was made to the original membrane’s surface. The FTIR characteristic bands of all the PES membranes were 
summarized in Table 5. 

We added SiO2 to the PES membrane surface and then further fluorinated it to enhance the composite membrane’s hydrophobicity 
which can be immediately determined by the contact angle. The contact angle of the PES membrane after alkali treatment dropped 
from 94◦ to 97.1◦–86◦ to 89◦, as shown in Fig. 7 a and 7 b. This shows that the PES membrane’s initial hydrophobicity was not very 
powerful, and that its contact angle after being exposed to alkali shrank and even exhibited a hint of hydrophilia. The reduction in CA 
demonstrated that, following alkali treatment, hydroxyl radicals were effectively crosslinked onto the PES [41]. 

Fig. 7 c, 7 d, 7 e, and 7 f show that the contact angles of SiO2/PES membranes produced by GCM and GPHM with and without alkali 
treatment were 134◦, 142.7◦, 108.8◦, and 124.6◦, respectively. After alkali treatment of PES membrane, hydroxyl radicals are fixed on 
the PES membrane base layer, so that TEOS can react with HO⋅ on the benzene ring to increase the hydrolysis amount [42]. During the 
hydrolysis process, the σ bond of the hydroxyl radical immobilized on the PES skeleton breaks to generate free radical H, which 
provides the redox potential. The free radicals undergo electron transfer with the active groups in TEOS to form SiO2 connected to the 
surface of PES [43]. 

According to the techniques of production, the PES composite membrane created by GCM has a higher hydrophobicity. The 
purpose of GCM is to bring the membranes into touch with the TEOS solution, increasing the volume of material that comes into 

Fig. 6. FTIR spectra of the PES membranes.  

Table 5 
FTIR characteristic bands of all the PES membranes.  

Wavenumber (cm− 1) 3304.68 2971.19 1411.04 1025.78 1070.87 3657.94 fingerprint region 

I ✓ – ✓ – – – ✓ 
II – ✓ ✓ ✓ – ✓ ✓ 
IV – ✓ ✓ ✓ ✓ ✓ ✓ 
III – ✓ ✓ ✓ – ✓ ✓ 
V – ✓ ✓ ✓ ✓ ✓ ✓  
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contact with water molecules and TEOS. PES and TEOS are encircled by water mist rather than liquid water when using GPHM, and 
TEOS has a reduced contact area [37]. 

In summary, although the hydrophobicity of PES decreased slightly after alkali treatment, the increased ⋅OH will be combined with 
more SiO2 hydrolyzed by TEOS. The hydrophobicity of the hybrid membrane was further enhanced by the addition of PFTS. By 
increasing its hydrophobicity, the composite membrane will have less time in touch with liquids, making it more appropriate for use as 
a gas-liquid separation barrier in GLMC [39]. 

There is a correlation between surface roughness and water contact angle. The greater the surface roughness, the greater the value 
of the water contact angle. We prepared PES composite membranes by surface modification of PES. A large number of SiO2 particles 
are attached to the surface of the composite membrane. The surface roughness of the composite membrane can be obtained by AFM 
and SEM. The value of the water contact angle is directly measured by the contact angle meter. Through experimental analysis, we 
conclude that there is a correlation between surface roughness and water contact angle. 

The strength of the membrane is a necessary indicator of whether the membrane can be produced on a large scale. The physical 
properties of the membranes were characterized by measuring the stretched length and elongation of the membranes using a stretching 
machine [41]. The physical properties of the membranes were listed in Table 6. The breaking strength and the elongation rate of the 
SiO2/PES membranes unhydroxylated by graft coating increased about 9.1% and 4% more than original PES membranes, respectively. 
The breaking strength and the elongation rate of the OH/SiO2/PES membranes by graft coating increased about 15.7% and 5.7% 
compared to the pristine membranes, respectively. The breaking strength and the elongation rate of the SiO2/PES membrane 
undroxylated by the GPHM increased about 5.8% and 7.3% more than the original membranes, respectively. The breaking strength 
and the elongation rate of the OH/SiO2/PES membrane by the GPHM increased about 12.4% and 8.9% compared to the original 
membranes, respectively [44]. 

The mechanical strength of the SiO2/PES membranes had improved to some degree, as evidenced by the greater breaking strength 
and elongation of the modified membrane. However, the modified membrane’s water flux did marginally reduce. Additionally, the 
hydroxylation-pretreated membrane’s water flow dropped even more. The modified PES membranes had a substantial quantity of SiO2 
adhered to their surface, which interfered with the unrestricted movement of water molecules into and out of the membrane pores. As a 
result, the composite PES membranes’ water flow had been somewhat decreased. More TEOS was hydrolyzed, attached to the hydroxyl 
anchors on the PES surface, and mixed on the surface following the hydroxylation preparation. As a result, the modified PES 

Fig. 7. Water contact angle (WCA): (a) I; (b) the pretreatment of PES membrane surface with NaOH; (c) II; (d) IV; (e) III; (f) V.  

Table 6 
Physical properties of membranes.  

Parameter I II IV III V 

Breaking strength(N) 121 ± 1.414 132 ± 1.549 140 ± 2.449 128 ± 2.000 136 ± 1.673 
Elongation (%) 123 ± 2.324 128 ± 2.098 130 ± 2.191 132 ± 1.414 134 ± 2.646 
Water flux under 50 kPa (kg m− 2h− 1) 19 ± 0.632 15 ± 1.095 13 ± 1.673 16 ± 0.632 12 ± 0.632 
Water flux under 100 kPa (kg m− 2h− 1) 28 ± 1.673 21 ± 0.632 19 ± 1.095 20 ± 1.095 18 ± 0.632  
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membranes with hydroxylation prior to modification had a reduced water flow than the modified membrane without hydroxylation. 
The above results showed that the physical and mechanical properties of the modified PES membranes were superior to those of the 

pristine PES membranes. 
Fig. 8 showed the roughness of the membranes and the arithmetic mean and square mean of the surface roughness were recorded in 

Table 7. Ra was 36.8 nm, and Fig. 8 a demonstrated that the initial PES membrane’s surface was smooth. The Ra are 156 nm and 103 
nm, respectively, in the AFM pictures of the SiO2/PES composite membrane and the OH/SiO2/PES composite membrane created by 
GCM. In Fig. 8 b and c, the AFM images of the SiO2/PES composite membrane and the OH/SiO2/PES composite membrane produced 
by GCM shows the corresponding Ra values were 156 and 103 nm, respectively. Fig. 8 d and 8 e, respectively, show the AFM images of 
the SiO2/PES composite membrane and the OH/SiO2/PES composite membrane produced by GPHM. The corresponding Ra values 
were 193 and 127 nm. 

Regardless of the alteration technique used, the modified PES membrane treated with hydroxylation has less surface irregularity 
than the modified PES membrane not treated with hydroxylation. The benzene ring skeleton of PES is linked to a significant quantity of 
hydroxylation produced by alkali treatment. The breakdown of TEOS benefits from the hydroxylation spots on the benzene ring. Thus, 
membrane change following alkali therapy will result in the production of more SiO2. Additionally, the GPHM-modified membrane has 
a rougher surface than the GCM-modified membrane. Water molecules in vapor form are pyrolyzed to create hydroxyl radicals during 
the GPHM hydrolysis process. Therefore, TEOS can interact with additional hydroxyl groups. TEOS and liquid water come into touch 
with each other and react on the surface of the PES membrane during the GCM modification process. In conclusion, GPHM is a superior 
modification technique than GCM [37]. 

XRD was used to identify the appearance of SiO2 on the membrane surface. As illustrated in Fig. 9, the GPHM or the GCM can 
identify the SiO2 (PDF: 82–1564) diffraction peaks on the modified PES membranes. The (0 0 1) and (1 0 0) crystal planes of SiO2 
crystal can be found by comparing XRD images with PDF cards of SiO2 [36,40]. 

The diffraction peak intensities of SiO2 crystals detected on the surface of hydroxylated membranes were higher than those of 
unhydroxylated membranes regardless of whether the PES membranes were modified by GPHM or GCM. This indicates that the 
hydroxylation treatment can increase the modified grafting rate and make the surface generate more SiO2. 

There are two purposes of the modification: (1) Increasing the hydrophobicity of the composite membrane, thereby reducing the 
mass transfer resistance of the absorbent and the membrane. (2) The surface modification of PES makes the substrate membrane 
wrapped by inorganic material (SiO2), thereby reducing the damage of alkaline absorbent to the PES substrate membrane. 

Using XRD to detect the crystallinity of the composite membrane is a joint proof of FTIR and XPS characterization of the surface 
functional groups of the composite membrane. These characterizations publicly prove the successful formation of SiO2 and its grafting 
onto the surface of PES. The successful preparation of the composite membrane not only increases the hydrophobicity of the membrane 
and improves the separation performance of the membrane in the gas-liquid membrane contactor, but also reduces the corrosion effect 
of the alkaline absorbent on the membrane, prolongs the service life of the membrane, and increases the acid and alkali resistance of 
the membrane. 

The Le Chatelier principle states that as reactant concentration rises, product concentration will follow. The amount of TEOS and 

Fig. 8. AFM images of the PES membranes: (a) I; (b) II; (c) IV; (d) III; (e) V.  
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water vapor retained on the surface of GPHM during the preparation process is used as the reactant to determine the amount of SiO2 
produced by the less content of TEOS. During the modification process of GCM, PES was immersed in TEOS solution, so there was a 
sufficient supply of reactants. As a result, the composite membrane created by GCM has a larger SiO2 concentration than the membrane 
prepared by GPHM. The condition of the reactants distinguishes GPHM from GCM. In the GPHM, TEOS is employed to interact with gas 
phase water, whereas in the GCM, TEOS reacts with liquid phase water. The SiO2 uniformity of the membranes created by GPHM can 
be better than those that prepared by GCM because the gaseous reactant can carry out the reaction more thoroughly than the liquid 
reactant. 

The chemical bonding of the elements on the membrane surface may be successfully analyzed using XPS, and Table 8 recorded the 
atomic concentration of each element. The XPS spectra of the membranes produced by the GCM with and without hydroxylation 
treatment are shown in Fig. 10 a1 and b1, respectively. The XPS spectra of unhydroxylated and hydroxylated PES composite mem-
branes made by the GPHM, respectively, were displayed in Fig. 10 c1 and 10 d1. The original membrane’s XPS spectra was shown in 
Fig. 10 e1. 

The XPS spectra of PES composite membranes made using the two procedures showed the typical peaks of silicon atom with Si 2p 
binding energy of 103.08 eV and fluorine atom with F 1s binding energy of 689.08 eV [45]. The Si–C bond, the O––Si––O link, and the 
SiOx bond created three sub-peaks on the 2p orbital in the XPS spectrum, with binding energies of 102.77 eV, 104.08 eV, and 105.08 
eV, respectively. The XPS spectra of Si in Fig. 10 a2, b2, c2, d2 and e2 showed that Si atoms directly form SiO2 chemical bonds on the 2p 
orbital and also directly form SiO2 crystals. 

The binding energies for the individual components of the overall peak of C 1s in Fig. 10 a3 are as follows: The new peaks of CF3, CF2 
and C–F at 293.15 eV, 290.88 eV and 288.15 eV, respectively, confirmed that F element was successfully connected to PES. The 
presence of carbides at 286.62 eV (C–O–C), 285.68 eV (285.68 eV) and 284.09 eV indicated the integrity of PES. In the C 1s XPS spectra 
of Fig. 10 b3, the positions of the C–C, CF3, O–C––O and CF2 bonds were 284.8 eV, 293.75 eV, 288.74 eV, and 291.43 eV, respectively. 

Table 7 
Surface roughness parameters of PES membranes.  

Sample a b c d e 

Raa(nm) 36.8 156 103 193 127 
Rqb(nm) 48.8 242 141 247 173  

a Ra: the arithmetic mean of roughness. 
b Rq: the mean square root of roughness. 

Fig. 9. XRD patterns of the membranes.  

Table 8 
Elemental composition (atomic percentage).   

F 1s (%) O 1s (%) C 1s (%) S 2p (%) Si 2p (%) 

II 22.74 34.15 27.42 0.03 15.63 
IV 52.38 32.28 10.46 0.24 4.65 
III 32.77 51.06 9.16 _ 7.02 
V 28.61 54.42 9.84 _ 7.14 
I _ 42.64 51.37 5.27 _  
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Fig. 10 c3 and Fig. 10 d3 showed the number and location of C 1s sub-peaks on the membranes prepared by GPHM. The kinds and 
binding energies of the C 1s peaks of the composite membranes created by GCM were the same as the peak fitting results for the overall 
C peak. The original PES membrane of C 1s sub-peaks is shown in Fig. 10 e3. The membranes created by GPHM and GCM had three sub- 
peaks of O 1s, and Fig. 10 a4, b4, c4, and d4 revealed that they were C–O–C (534.38 eV), O––Si––O (532.68 eV), and O–C––O. (530.58 
eV). The original PES membrane of O 1s sub-peaks is shown in Fig. 10 e4. The presence of O––Si––O detected in the sub-peak of the 
oxygen element is the same as the result of SiO2 detected in the XPS peak separation of the silicon element. At the same time, the 
oxygen atom is hybridized in the 1s orbital, and the silicon is hybridized in the 2p orbital. Therefore, it can be concluded that the two p 
orbitals of the silicon element overlap with the s orbitals of the two oxygen atoms after hybridization to form two sp hybrid orbitals. 

Fig. 10. XPS spectra of (a1) XPS survey scan spectra, (a2) Si 2p, (a3) C 1s, (a4) O 1s on II; XPS spectra of (b1) XPS survey scan spectra, (b2) Si 2p, (b3) 
C 1s, (b4) O 1s on IV; XPS spectra of (c1) XPS survey scan spectra, (c2) Si 2p, (c3) C 1s, (c4) O 1s on III; XPS spectra of (d1) XPS survey scan spectra, 
(d2) Si 2p, (d3) C 1s, (d4) O 1s on V; XPS spectra of (e1) XPS survey scan spectra, (e2) S 2p, (e3) C 1s, (e4) O 1s on I. 
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The orbital hybridization theory is consistent with the detected O––Si––O results [46]. 

3.2. Measurement of CO2/CH4 separation performance in GLMC 

It can be seen from the characterization of the SiO2/PES composite membrane described above, as well as from an analysis of the 
results, that alkali treatment of the base membranes can increase the number of hydroxyl group anchor points, as well as the con-
centration of hydrolysis and crosslinking between the base membranes and the SiO2 crystals. The membranes created by GPHM have 
greater SiO2 crystal density and homogeneity than those prepared by GCM, according to the findings of the characterization. This 
section assessed the SiO2/PES composite membranes’ ability to separate gases and examined the influence of various preparation 
techniques on the performance of the composite membranes. As the primary element of the gas-liquid membrane contactor, the SiO2/ 
PES composite membrane manufactured using the best preparation technique was chosen. In order to trap CO2 in GLMC, we utilized 
DEA as an absorbent [10]. CH4 remains on the gas phase side and is ejected from the collecting port in the airflow direction [47]. 

3.2.1. Comparison of separation performance of GPHM and GCM modified membranes 
We assessed the mixed gas separation capabilities of the PES membranes and investigated the impacts of various modification 

techniques on the CO2 flow and CO2/CH4 separation factor of multifunctional composite membrane materials in order to replicate the 
gas separation performance of membrane materials under real-world settings. GCM and GPHM, respectively, created PES composite 
membranes. The hydroxylation alkali treatment was used to create the composite membranes created by each alteration procedure. 
Fig. 11 depicts the outcomes of CO2/CH4 separation using various membranes. 

The volume percentage of CO2 and CH4 on the collecting side provides an intuitive way to determine the purity of the collected gas 
(Fig. 11 a). At the collecting side of the original membrane, the volume percentage of CO2 is 5.4%, which corresponds to the volume 
fraction of CH4 at 94.6%. On the collecting side of the membrane created by GCM, the volume percentage of CO2 was 1.5% and the 
volume fraction of CH4 was 98.5%. On the collecting side of the SiO2/PES membrane created by GPHM, the volume proportion of CO2 
was 1.3%, practically identical to that of the composite membrane created by GCM, while the volume fraction of CH4 was 98.7%. After 
alkali treatment, the volume percentage of CO2 on the collecting side of the OH/SiO2/PES membrane prepared by GCM was 0.8%, 
while that of CH4 was 99.2%. The separation effect has been enhanced much further. After alkali treatment, the corresponding volume 
percentages of CO2 and CH4 on the collecting side of the OH/SiO2/PES membrane modified by GCM were 0.5% and 99.5%, respec-
tively. It can be shown that the modified membrane collects CH4 with a higher degree of purity than the pure PES membrane. The 
separation performance of the membrane was further characterized in Fig. 11 b by the CO2 flux and CO2/CH4 separation factor. The 
CO2/CH4 separation factor rose from 11.68 of the original membrane to 43.78 of the membrane created by the GCM and 50.62 of the 
membrane prepared by the GPHM due to the modified membranes’ higher CO2 fluxes. In comparison to the original membrane, which 
had a separation factor of 82.67 and 132.67, the composite membrane changed by alkali treatment and further modified by GCM and 
GPHM had a higher separation factor. The separation performance of the membranes made by GPHM was superior than that of 
membrane made by GCM under the same pretreatment, according to comparisons of II with III, IV, and V. That SiO2 is distributed more 
uniformly and is more tightly bound to the PES surface which improves separation performance. Considering the findings of II and IV, 
III and V, it can be said that alkali treatment results in a significant number of hydroxylated connection sites being connected to the 
surface of PES regardless of the modification technique utilized. 

Given the aforementioned findings, it can be inferred that alkali treatment followed by surface modification can enhance the 
composite membrane’s separation capabilities. Second, the separation effect of the membranes produced by GPHM and GCM is su-
perior to that of the original membrane, and GPHM is a superior approach to GCM for surface modification. 

We compared the parameters of the OH/SiO2/PES composite membrane with the original PES membrane, as shown in Table 9. The 
liquid breakthrough pressure test was performed to characterize the mechanical properties of the membranes. The liquid entry 
pressure (LEP) of the original membrane was 0.2 MPa, and the liquid entry pressure (LEP) of the modified membrane was 0.3 MPa. The 

Fig. 11. Separation performance of pure PES membrane and various modified PES composite membranes.  
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liquid entry pressure (LEP) indicates the difficulty of membrane wetting. The smaller the LEP value, the smaller the flux. Excessive LEP 
will lead to excessive breakthrough pressure and membrane damage. 

3.2.2. The influence of external factors on the separation performance of CO2/CH4 
We select OH/SiO2/PES composite membrane in GLMC because the membrane has the best gas separation performance when 

created by the GPHM following hydroxylation. The CO2 flux in the collected gas and the CO2/CH4 separation factor serve to identify 
the mixed gas’s separation effectiveness. In Fig. 12 a and b, DEA solution with a concentration of 1 mol/L was employed as the 
absorbent under the conditions of a gas flow rate of 60 ml/min, and the separation efficiency of CO2/CH4 was addressed using the 
absorbent flow rate as an influencing factor. The pure PES membrane’s CO2 concentration was 30.5%, its CO2 flux was 9.49 × 10− 3 mol 
m− 2 s− 1, and its CO2/CH4 separation factor was 1.52 at a DEA flow rate of 1.6 L/h. The CO2/CH4 separation factor was 2.38 in 
accordance with the CO2 concentration of the OH/SiO2/PES membrane, which was 21.9%, CO2 flux of 9.66 × 10− 3 mol m− 2 s− 1. When 
the DEA flow rate was 3 L/h, the CO2 flux was 9.65 × 10− 3 mol m− 2 s− 1, the CO2 concentration of pure PES membrane was 22.4%, and 
the corresponding CO2/CH4 separation factor was 2.31. The OH/SiO2/PES membrane had a CO2 concentration of 16.6%, a CO2 flow of 
9.77 × 10− 3 mol m− 2 s− 1, and a CO2/CH4 separation factor of 3.35 at this point. Pure PES membrane and modified composite 
membrane have very little separation performance difference when the absorbent flow rate is modest. The efficiency of separation is 
not significantly affected by an increase in absorbent flow rate. The CO2 concentration of the pure PES membrane was 2.2%, the CO2 
flux was 10.06 × 10− 3 mol m− 2 s− 1, and the corresponding CO2/CH4 separation factor was 29.64 when the DEA rate was 16 L/h. The 
CO2 flow rate is 10.11 × 10− 3 mol m− 2 s− 1, and the CH4 concentration on the collecting side of the OH/SiO2/PES membrane may even 
reach 99.9%. The separation coefficient is as high as 699.54 at the same moment. It is clear that when DEA flow rate and CH4 con-
centration rise, the composite membrane’s separation effect always outperforms the original membrane’s, and the separation factor 
gap between the composite membranes and the unmodified membranes widens. 

The core of the GLMC generated by the GPHM after hydroxylation was chosen for testing to see how the concentration of the 
absorbent affected the effectiveness of gas separation. The outcomes were displayed in Fig. 13 a and 13 b. Pure PES membrane and 
composite membrane each experienced an increase in CO2 flow and CO2/CH4 separation factor when the absorbent concentration 
went from 0.1 mol/L to 2 mol/L. The CO2 flow and separation factor of the original PES membrane were 9.46 × 10− 3 mol m− 2 s− 1 and 
1.43, respectively, under the condition of DEA concentration of 0.1 mol/L, which were even marginally greater than those of the 
modified membrane (9.44 × 10− 3 mol m− 2 s− 1) and separation factor (1.38). It demonstrated that at a lower absorbent concentration, 
the membrane alteration has little effect on how well the membrane separates. The reason is that the concentration of DEA is too low, 
which leads to poor CO2 mass transfer power. The decisive factor of transmembrane transport is the concentration difference. The 
hydrophobicity of the membrane material as the interface barrier ignores the viscous effect of the turbulent liquid. The interface 
thickening after modification will even slightly affect the difficulty of CO2 transmembrane transport. The CO2 flux and separation 
factor of the original membrane rose from 9.87 × 10− 3 mol m− 2 s− 1 and 5.08 to 9.98 × 10− 3 mol m− 2 s− 1 and 9.59, respectively, as the 
concentration of DEA continued to rise from 1.5 mol/L to 2 mol/L. In the OH/SiO2/PES membrane, the CO2 flow and separation factor 
rose from 9.95 × 10− 3 mol m− 2 s− 1 and 7.88 to 10.04 × 10− 3 mol m− 2 s− 1 and 20.17, respectively. The separation factor of the 
composite membrane and the original membrane differs more when the absorbent concentration is higher, suggesting that the 
membranes’ separation performance gap is wider. The effect of material concentration differential as a mass transfer factor is less the 
higher the DEA concentration. It is no longer important how concentrated the absorbent is on the membrane’s cavity and shell sides. By 
decreasing the viscosity resistance of the liquid at the interface and increasing its hydrophobicity, the membrane’s ability to separate 
particles is further enhanced. 

The effect of gas flow rate on membrane separation performance was investigated under the same experimental conditions as the 
above single factor experiment. As can be observed in Fig. 14 a, as gas flow rate rises, pure PES membrane and OH/SiO2/PES composite 
membrane CO2 concentrations on the gas collecting side increase and the CO2 flux decreases. The pure PES membrane on the gas 
collecting side had a CO2 concentration of 1.2% at a gas flow rate of 30 ml/min, and the associated CO2 flux was 10.08 × 10− 3 mol m− 2 

s− 1. The CO2 flow was 10.11 × 10− 3 mol m− 2 s− 1, and the CO2 content collected by the composite membrane on the gas collecting side 
was 0.08%. The CO2 flux of pure PES membrane reduced from 9.59 × 10− 3 mol m− 2 s− 1 to 9.43 × 10− 3 mol m− 2 s− 1 when the gas flow 
rate rose from 120 ml/min to 150 ml/min. Fig. 14 b provides a more comprehensible visual representation of the connection between 
CH4 concentration and separation factor on the collecting side. The pure PES membrane collected 98.8% of the CH4 at the gas col-
lecting side at a gas flow rate of 30 ml/min, and the separation factor could reach 54.89. On the gas collecting side, the composite 
membrane has a 99.92% CH4 content collection rate and a high separation factor of 832.67. The original PES membrane’s CH4 

Table 9 
Membrane parameters.  

Parameter Original PES membrane OH/SiO2/PES membrane 

Inner diameter (mm) 0.8 0.8 
Outside diameter (mm) 1.4 1.4 
Alcohol Bubble Point (MPa) 0.48 0.53 
Liquid entry pressure (MPa) 0.2 0.3 
pure water flux (L/(m2 h)) 75 68 
molecular weight cut-off (Dalton) 10,000 16,000 
Average pore size (μm) 0.1 0.1 
Porosity 60% 60%  
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concentration dropped from 74.2% to 66.7% and the separation factor from 1.92 to 5.23 with the gas flow rate raised from 120 ml/min 
to 150 ml/min. The separation factor dropped from 2.98 to 1.34, while the membrane’s CH4 concentration dropped from 81.7% to 
69.6%. It has been discovered that the feed gas flow rate significantly affects the membrane’s ability to separate gases. 

The separation factors of the composite membrane and the original membrane dramatically decrease when the gas flow rate rises, 
and the gap continues to close, showing that the gas flow rate is the primary determinant of the membrane separation performance. 

Fig. 12. Effect of absorbent flow rate on gas separation performance of PES composite membrane (a) CO2 concentration, CO2 flux (b) CH4 con-
centration, CH4/CO2 separation factor. 

Fig. 13. Effect of absorbent concentration on gas separation performance of PES composite membrane (a) CO2 concentration, CO2 permeation flux 
(b) CH4 concentration, CH4/CO2 separation factor. 

Fig. 14. Effect of gas flow rate on gas separation performance of PES composite membrane. (a) CO2 concentration, CO2 permeation flux (b) CH4 
concentration, CH4/CO2 separation factor. 
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The reason why CO2 and CH4 are separated by GLMC is because CO2 may react with amine solution whereas CH4 cannot react with 
absorbent and has a very poor solubility in amine solution. As a secondary amine, DEA may have its flow rate and concentration 
increased without affecting the flux of the absorbent. Le Chatelier’s principle states that as a result of the rise in reactant concentration, 
the reaction is carried out in a positive direction and the chemical equilibrium is restored in order to counter the rise in reactant 
concentration. Increasing the concentration and flow rate of DEA can maximize the right shift of the equilibrium, and CO2 is fully 
absorbed. Second, the gas flow rate displays how many moles of gas are produced per unit time. More absorbents are required because 
more CO2 has to be absorbed per unit of time as the gas flow rate increases. When the amount of absorbent is constant, when the 
amount of CO2 that needs to be absorbed exceeds the absorption limit of DEA, the separation efficiency will be greatly reduced. Since 
the modified composite membrane we used in GLMC is more hydrophobic than the pure PES membrane, the viscosity between DEA 
and the membrane is reduced. 

In the gas-liquid membrane contactor, although the membrane only as the contact interface between gas and liquid does not have 
the screening performance, the residence time of the absorbent and the mixture on the membrane surface and the mass transfer 
resistance become the main factors affecting the CO2/CH4 separation performance. The membrane after surface modification is highly 
hydrophobic. According to the contact angle (CA) theory, when θ > 90◦, the solid surface is hydrophobic, and the liquid is not easy to 
wet the solid and easily moves on the membrane surface. The larger the contact angle is, the closer the liquid is to the shape of the ball 
on the membrane surface. The larger the contact angle, the more hydrophobic the membrane, so that the viscous resistance between 
the liquid and the membrane surface is smaller. The decrease of the mass transfer resistance of the absorbent on the liquid side will lead 
to a decrease in the membrane resistance per unit area per unit time, thereby increasing the separation performance of the membrane. 

The separation of CO2 and CH4 was more effective thanks to the lower mass transfer barrier between the DEA and the PES. In 
conclusion, the efficiency of CO2/CH4 separation may be significantly increased by increasing absorbent concentration and flow rate 
and decreasing gas flow rate. 

3.2.3. Comparison of the membranes in GLMC with membrane distillation and other membrane reactors 
Membrane distillation is a non-isothermal process based on membrane, which is mainly driven by the temperature gradient 

generated on the membrane. The feed solution on the feed side of the membrane is heated to a temperature below the boiling point. 
The other side of the membrane is the permeable side, containing cold solution, which may or may not contact with the membrane. 
When water evaporates from the feed side, it moves through the membrane to the cold permeate side. Water vapor condenses into fresh 
water after infiltration [48]. Both the gas-liquid membrane contactor and the membrane in membrane distillation act as barriers on the 
feed side and the permeation side, and do not have a separation effect. There are similarities between the two at this point. However, 
the membrane in the membrane distillation reactor is not only prone to membrane wetting, but also has low permeation flux. When 
dealing with water with high salt content or high solute concentration, the solute tends to adhere to the hydrophobic membrane. 
Moreover, the wastewater on the feed side contains solvents and acids, which greatly reduce the surface tension of the feed solution. 
This will not only lead to rapid wetting of the membrane, but also cause pollution, resulting in membrane damage and increasing the 
capital cost of replacing the membrane [49]. In addition, various pollutants can accelerate membrane wetting while reducing flux. Our 
modified OH/SiO2/PES composite membrane successfully avoided the above problems in the separation of CO2/CH4 mixture in GLMC. 

The better performance of the gas-liquid membrane contactor is due to the reduced wettability of the membrane [50]. The liquid on 
the membrane surface is close to spherical, which confirms that the hydrophobic properties of the membrane can be improved by the 
application of modification technology, which can reduce the viscous resistance between the liquid and the membrane surface. The 
greater the hydrophobicity of the membrane, the smaller the degree of membrane wetting [51]. The liquid on the surface of the 
membrane is nearly spherical, which indicates that the hydrophobicity of the membrane increases. The increase in hydrophobicity 
leads to a decrease in the wettability of the membrane, which makes the gas-liquid membrane contactor have better separation 
performance [52]. 

Compared with other membrane contactors [53,54], our modified OH/SiO2/PES composite membrane has better separation effect 
on CO2/CH4 mixture in GLMC. Favre, E used membrane contactors to absorb post-combustion carbon dioxide into chemical solvents 
and applied it to the latest status of operating conditions and process performance of packed towers for CO2 capture [54]. Abu Hatab, F 
et al. introduced glass beads on the shell side of the membrane contactor. The results show that the CO2 removal efficiency is increased 
by 21% when the shell is filled with glass beads [53]. In this paper, the OH/SiO2/PES composite membrane prepared has a separation 
factor of 833.67 for CO2/CH4 and can separate CH4 with a purity of more than 99.9%, where separation effect is far more than other 
membrane contactors. 

From the grafting rate, the SiO2 grafting rate of the composite membrane prepared by the gas phase hydrolysis method is not much 
different from that of the grafting coating method. From the perspective of the uniformity of grafted inorganic particles, the surface 
particles of the composite membrane prepared by the gas phase hydrolysis method are more uniform than those prepared by the 
grafting coating method. From the analysis of chemical bonds, the chemical bond peak of the SiO2 crystal formed by the composite 
membrane prepared by the gas phase hydrolysis method is higher than that of the composite membrane prepared by the grafting 
coating method, indicating that the grafting amount on the surface of the composite membrane prepared by the gas phase hydrolysis 
method is larger. It can be directly observed from the gas separation performance experiment that the PES composite membrane 
prepared by gas phase hydrolysis after alkali treatment has the best separation effect on CO2/CH4 in the gas-liquid membrane con-
tactor. The above analysis shows that the gas phase hydrolysis method can also successfully modify the surface of the PES membrane, 
and the modification effect is better than that of the PES composite membrane prepared by the grafting coating method. 
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4. Conclusions 

In this study, OH/SiO2/PES membranes were prepared for the separation of CO2/CH4 in GLMC. Using different characterizations, 
the modified membranes made by the GPHM and the GCM were compared. Also, the impact of hydroxylation on the preparation 
technique was assessed. The effective grafting of SiO2 enhanced the interface’s hydrophobicity and mechanical characteristics, ac-
cording to characterization. When we tested the CO2/CH4 separation coefficient, we discovered that the modified membrane had a 
higher capacity to trap CO2 than the original PES membrane, which improved the CO2/CH4 separation effect. After separating the 
combined gas at a rate of 30 ml per minute, CH4 concentration was 99.92%. The separation coefficient was 833.67 and the CO2 flow 
was 10.1059 × 10− 3 mol m− 2 s− 1. This paper presents a novel CO2/CH4 separation technique in GLMC employing fluorinated OH/ 
SiO2/PES membranes. In the future, modified PES composite membranes could offer a fresh approach to CO2/CH4 separation. It is 
expected that the developed technologies can be extended to other applications with a combination of CO2 recycling methods [55]. 
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