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SiO2 nanoparticles were synthesized in a water-in-oil microemulsion using triblock copolymer as the surfactant and methyl 

methacrylate as the oil phase. Then, SiO2/poly(methyl methacrylate) (PMMA) hybrid membranes were prepared by in situ 

microemulsion polymerization. The separation of CO2/N2 gas mixtures was studied using these novel membranes. Both the 

gas permeability and separation performance of the hybrid membranes first increased and then decreased with SiO2 

content. When the SiO2 content was 4.0 wt%, the CO2 permeability and permeability selectivity of the membranes for 

CO2/N2 gas mixtures were both at a maximum. For comparison, two commercially available SiO2 nanoparticles were also 

used to synthesize SiO2/PMMA membranes by solution polymerization. The particle size of SiO2 in the microemulsion was 

close to the two commercially available SiO2 nanoparticles. The SiO2 nanoparticles formed in microemulsion distributed 

more homogeneously in the membranes than the commercially available nanoparticles because of protection by water 

droplets. Moreover, the SiO2 nanoparticles formed in the water droplets and reverse microemulsion had a strong polar 

surface. Therefore, the SiO2/PMMA hybrid membrane formed by the in situ microemulsion polymerization had better 

performance than the hybrid membranes made with commercially available SiO2 nanoparticles.  

Introduction 

  Global warming due to emission of greenhouse gases from fossil 

fuels is one of the most important environmental global issues 
1-3

. 

The efficient and economical separation of CO2 greenhouse gas 

from flue gas and low-grade natural gas has received significant 

attention as an important technology for the protection of the 

environment 
4, 5

. Polymer membranes are attractive for this 

purpose because they are inexpensive, low energy intensive, and 

require no phase transfer. Currently, the selectivity of CO2 to N2 at 

room temperature obtained with typical membranes 
6–8

 is not high 

enough. Over the last decade, membrane performance for gas 

separation has steadily improved. Organic–inorganic hybrid 

membranes have emerged as attractive materials because of their 

desirable organic and inorganic properties 
9–11

.  

Incorporating inorganic nanoparticles into the polymeric matrix 

can not only disrupt the polymer chain packing 
9-11

, but also form 

the defects at the interface polymer-filler, thus improving the 

membrane performance 
12, 13

. Several studies have indicated that 

such hybrid membranes substantially increased the permeability 

without deteriorating the selectivity 
9–11

. Nonporous silica (SiO2) 

nanoparticles are of interest because of their excellent properties 

including large surface area, a three-dimensional structure with 

highly open spaces, and facile surface functionalization 
14, 15

. 

Kusakabe et al. 
16 

reported that the addition of inorganic SiO2 
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nanoparticles into a polyimide matrix increased the CO2 

permeability by a factor 10. The permeability and selectivity 

increased by adding nanostructured/fumed silica to several glassy, 

high free volume polymers 
17, 18

. 

Similar to most nanocomposite membranes, the performance of 

these membranes is determined by the morphology of the 

inorganic nanoparticles including particle size and distribution in the 

membranes. Hybrid membranes containing small (1–20 nm) 

inorganic particles have a better behavior than those containing 

large (>50 nm) inorganic particles because smaller particles have a 

larger surface area and allow extensive organic/inorganic 

interactions 
19

. Several methods have been reported to overcome 

the aggregation of nanoparticles and improve their distribution in 

the membranes 
19–22

. One of the most promising methods is in situ 

microemulsion polymerization 
23

. Based on this method, we first 

used a polymerizable monomer (methyl methacrylate) as the oil 

phase to form the water-in-oil (W/O) microemulsion as well as AgCl 

nanoparticles 
24–26

. Then, hybrid membranes containing the 

nanoparticles were synthesized after monomer polymerization. In 

previous studies 
24–26

, poly(methyl methacrylate) (PMMA) hybrid 

membranes containing well distributed AgCl nanoparticles were 

prepared via in situ microemulsion polymerization. The hybrid 

membranes showed a high separation performance for benzene 

because of the small size and excellent distribution of the AgCl 

particles in the membranes. During this preparation process, the 

morphology of the AgCl nanoparticles could be regulated by 

changing the reaction conditions such as the type of surfactant, 

surfactant concentration, and reactant concentration. These 

changes consequently resulted in different membrane performance. 

Based on the results of our previous study 
26, 27

, we applied the in 

situ microemulsion polymerization method to synthesize PMMA 

hybrid membranes incorporating SiO2 nanoparticles for CO2 

separation. Then, PMMA hybrid membranes containing SiO2 with 

different contents were prepared by in situ microemulsion 

polymerization, and the effect of SiO2 content on the separation 

performance of the hybrid membranes was investigated. In addition, 

two commercially available SiO2 nanoparticles were used to prepare 

SiO2/PMMA membranes by solution polymerization for comparison. 

Experimental 

Materials  

The poly(ethylene oxide) (PEO)–poly(propylene oxide) (PPO)–PEO 

triblock copolymer Pluronic F127—with a molecular weight of 

12,600 and a PEO content of 70 wt%—was obtained from Sigma-

Aldrich (USA). Tetraethylorthosilicate (TEOS), 2-

azobisisobutyronitrile (AIBN), and ammonia were obtained from 

Shanghai Reagent Factory (Shanghai, China). Methyl methacrylate 

(MMA) was obtained from Chengdu Chemical Reagent Factory 

(Chengdu, China) and purified by vacuum distillation. Hydrophilic 

SiO2 Aerosil 200 (diameter, 12 nm; specific surface area, 200 m
2
/g) 

and hydrophobic SiO2 Aerosil R972 (diameter, 16 nm; specific 

surface area, 130 m
2
/g) were obtained from Degussa (Germany). 

The polysulfone film used in this manuscript with a molecular 

weight cutoff of 20,000 was obtained from Hangzhou Development 

Center of Water Treatment Technology (Hangzhou, China). 

Preparation of SiO2/PMMA hybrid membranes 

Preparation of SiO2/PMMA hybrid membranes by in situ 

microemulsion polymerization. The microemulsions were 

prepared by mixing deionized water(100 µL), F127(1.4 g), and 

MMA(27 mL, 25.49 g) in a flask. The resulting mixture was placed in 

an ultrasonic bath at 40°C until a homogeneous, transparent, and 

fluid isotropic phase was obtained (as shown in Scheme S1, 

Supporting Information). TEOS (Table 1) was added to the 

microemulsion and hydrolyzed in the water droplets via 

ultrasonication. After reaction for 5 h at 40 °C, the reverse 

microemulsion containing the SiO2 nanoparticles was generated. 

Table 1. Added amounts of TEOS in preparation and SiO2 content in 

hybrid membrane after polymerization 

Added amounts of TEOS 
/g 

0.935 1.870 2.805 3.740 4.675 

SiO2 content in hybrid 
membranes after 

polymerization 
(Mass percentage) /wt% 

1.0 2.0 3.0 4.0 5.0 

The initiator (AIBN) was added to the MMA microemulsions 

containing SiO2 nanoparticles. The microemulsions were then 

stirred to start the polymerization at 60-65 °C. After mixing for 2 h 

(when the viscosity of the reaction mixture reached 300 mPa·s), 
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the resulting solution was used to coat a polysulfone film 

(molecular weight cut-off = 20,000). The SiO2/PMMA hybrid 

membranes on the polysulfone film were then obtained by 

continuing the reaction for another 12 h at 60-65 °C and denoted 

as M-SiO2/PMMA. 

Preparation of SiO2/PMMA by solution polymerization. 

Hydrophilic or hydrophobic SiO2 from Degussa were added to 30 mL 

of MMA (28.32 g). The resulting mixture was stirred for 5 h and 

then placed in a fixed frequency ultrasonic bath for 1 h to improve 

the SiO2 dispersion in the MMA and achieve a homogeneous 

solution. The AIBN was added to this homogeneous solution with 

stirring at 60-65°C to initiate the polymerization. When the viscosity 

of the reaction mixture reached 300 mPas, the reaction solution 

was used to coat a polysulfone film (molecular weight cut-off = 

20,000). SiO2/PMMA hybrid membranes with different SiO2 

contents on the polysulfone film were obtained by continuing the 

polymerization reaction for another 12 h at 60-65 °C. The thickness 

of the top polymer membrane was measured at about 15 µm by 

scanning electron microscopy (SEM). 

Characterization  

The growth of SiO2 nanoparticles in the microemulsion was 

measured by UV-visible absorption spectroscopy using a UV-2450 

spectrophotometer (Shimadzu Co., Ltd., Japan). One drop of an 

ultrasonic-mixed, dilute alcohol suspension of the SiO2 

nanoparticles was placed on a carbon-coated grid. After an 

evaporation of the solvent, the morphology of the SiO2 

nanoparticles was characterized with a JEM-1230 transmission 

electron microscope (TEM) (Jeol Co., Ltd., Japan). The surface 

morphology of membranes containing the SiO2 nanoparticles were 

analyzed using an S-4700 scanning electron microscope (SEM) 

(Hitachi Co., Ltd., Japan). The structure of different SiO2 

nanoparticles was characterized by Fourier transform infrared (FTIR, 

Nexus-670, Nicolet Co.). The thermal stability of the hybrid 

membrane was determined by differential scanning calorimetry 

(DSC, Perkin-Elmer DSC7) from 25 °C to 300 °C under N2 at a heating 

rate of 10 °C·min
-1

. The static water contact angles of hybrid 

membranes were determined using a contact ang5.e goniometer 

(SL200B, Kono Co., Ltd.). The zeta potential measurements of the 

hybrid membranes were conducted using a solid surface 

potentiometer (SurPASS, Anton Paar Co., Ltd.). 

Gas permeability measurements 

The permeability and separation properties of the membranes 

were examined with a steady-state measurement method using a 

CO2/N2 gas mixture (volume ratio, 1:9) and pure gas (CO2 and N2) at 

303 K and feed pressure of 0.105 MPa and atmospheric pressure on 

the permeate side. Feed and permeate side gas flow rate was 2 

mL·s
-1

 (Experimental setup is shown in Figure S1, SI). The retentate 

compositions were measured using a gas chromatograph. The 

pressure on each side of the membrane was independently 

measured and controlled. The membrane module temperature was 

controlled using a thermostatic water bath. The permeability 

coefficient was calculated in triplicates for each membrane. The 

error in the absolute values of the permeability coefficients was 

about ±5%.  

The gas permeability and permeability selectivity for CO2/N2 were 

calculated by the following equations 
27-29

: 

12 pp

lN
P A

A




                                                    (1) 

where NA is the steady state gas flux through the film, l is the film 

thickness, and p2 and p1 are the upstream and downstream partial 

pressures of gas A, respectively. 

The CO2/N2 selectivity is calculated by the following equation::  

2

2

22

N

CO

NCO
P

P


                                              (2) 

Since the permeate side is maintained at ambient pressure, the 

mixed-gas separation factor could also be calculated by Eq. (2). 

In addition, feed pressure test using a CO2/N2 gas mixture 

(volume ratio, 1:9) and pure CO2 gas was carried out from 0.105 

MPa to 1.05 Mpa to acquire more comprehensive information 

about membrane separation performance. 

Results and discussion  

Generation of SiO2 nanoparticles in the reverse microemulsion 
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The formation of SiO2 nanoparticles in the reverse microemulsion 

was characterized by UV-visible spectroscopy (Fig. 1A). The UV-

visible spectra of the two commercially available SiO2 nanoparticles 

dispersed in MMA (30 mL, 28.32 g) are listed in Fig. 2B for 

comparison (containing 3.0 wt% of SiO2). The sample has an 

absorption peak at λmax 295 nm and is the characteristic 

absorbance of SiO2 nanoparticles (Fig. 1B). This characteristic 

absorption appears after 1 h of reaction for the reverse 

microemulsion sample. Therefore, the SiO2 nanoparticles began to 

form in the microemulsion after 1 h. The characteristic absorption 

peak of SiO2 becomes stronger, and the width of the peak changed 

slightly within 5 h indicating that the number of SiO2 nanoparticles 

in the microemulsion increased with time. After 10 h, the intensity 

and width of the characteristic absorption peak of SiO2 were similar 

to that of the SiO2 nanoparticles after 5 h. Therefore, the formation 

of SiO2 nanoparticles in the microemulsion was completed after 5 h.  

As shown in Figure S2 (SI), the absorption peaks of SiO2 become 

stronger and sharper increasing SiO2 content. This is because more 

SiO2 nanoparticles are formed or the particle size increased. From 

the TEM images shown in Fig. 2 (TEM micrograph of SiO2 

nanoparticles in the microemulsion at SiO2 content of 1.0 wt% was 

listed in Figure S3, SI), more SiO2 nanoparticles are first formed with 

increasing reactant content. When the SiO2 content reached 5.0 

wt%, the nanoparticles aggregated (Fig. 2c) to cause the sharpest 

SiO2 absorption peaks.  
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Fig. 1 UV-visible absorption spectra microemulsion and two SiO2 nanoparticles in the MMA solution(containing 3.0 wt% of SiO2). 

A. Evolution of UV-visible absorption spectra of microemulsion with reaction time; and 

B. Two SiO2 nanoparticles in the MMA solution after treatment in an ultrasonic bath for 1 h. 

According to previous studies 
24-27

, an increased reactant TEOS 

concentration accelerates the rate of SiO2 particle formation in the 

microemulsion to give smaller particles. At a high reactant 

concentration, too many small SiO2 particles form. This increases 

collision and aggregation as shown in Fig. 2c.  

    

Fig. 2 TEM micrographs of different SiO2 nanoparticles in the microemulsion at  

A B 

b c a 
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SiO2 content of: a. 3.0 wt%; b. 4.0 wt%; and c. 5.0 wt%.

Effect of SiO2 content on the morphology and performance of the 

hybrid membranes  

SEM Analysis.The SEM images of different hybrid membranes are 

shown in Fig. 3 (SEM image of the surface of hybrid membrane at 

SiO2 content of 1.0 wt% was listed in Figure S4, SI). We found that 

an increasing number of SiO2 nanoparticles (white highlights) are 

formed with increasing SiO2 content. No marked aggregation of SiO2 

nanoparticles was observed in the SEM images when the SiO2 

content in the hybrid membranes was below 4.0 wt%. At 5.0 wt% 

SiO2, large particles were found in the membrane (Fig. 3C). These 

large particles were caused by the aggregation of SiO2 that formed 

in the microemulsion and during polymerization. According to the 

TEM micrographs (Fig. 2), obvious aggregation of SiO2 appeared due 

to the collision between small particles in the microemulsion. In 

addition, many small particles were prone to form aggregates of 

SiO2 during polymerization. 

In comparing the morphology of the SiO2 nanoparticles in the 

TEM images, the SiO2 nanoparticles in the hybrid membrane were 

slightly larger than those before polymerization. According to our 

former work on the fabrication of hybrid membranes containing 

AgCl nanoparticles 
24-26

, the difference between size of SiO2 

particles in TEM morphology and in SEM images was caused by two 

reasons. First, the SiO2 nanoparticles in the hybrid membrane were 

larger than those before polymerization. This increase in size can be 

ascribed to the coating of the SiO2 nanoparticles with polymer 

during polymerization. Otherwise, the interface energy between 

the surfactant and the particles would change during 

polymerization and cause the SiO2 particles to agglutinate. 

    

Fig. 3 SEM micrographs of the surface of different SiO2/PMMA hybrid membranes at 

SiO2 content of: A. 3.0 wt%; B. 4.0 wt%; and C. 5.0 wt%.

The measurement of zeta potential values and water contact 

angles of different hybrid membranes. To explore further the 

surface property of the hybrid membranes containing different SiO2 

particles, we have also measured the zeta potential values and 

water contact angles of different membranes, as shown in Fig.4. 

The zeta potential is used for characterizing the surface electrical 

properties of the mixed matrix membrane, which is closely related 

to the quantity and dispersion of SiO2. More SiO2 nanoparticles with 

hydroxyl groups disperse homogenously in the mixed matrix 

membranes, which led to a larger zeta potential value of the mixed 

matrix membrane.  

It was observed from above figure that the zeta potential for the 

SiO2/PMMA membrane at SiO2 content of 4.0 wt% was the highest 

among all hybrid membranes in the Figure. That is to say, this 

hybrid membrane surface showed the highest electrical property, 

which caused the best surface hydrophilicity as shown in the Figure 

(the static water contact angles of SiO2/PMMA membrane at SiO2 

content of 0.0 wt% to 5.0 wt% were 100.5º, 88.4º, 59.8º, 48.7º, 

43.5 º, 51.3º, respectively). According to our former work 
24-26

 and 

the TEM analysis, more SiO2 with hydroxyl groups generated in the 

microemulsion and distributed homogenously in the PMMA 

polymer matrix, when SiO2 content was 4.0 wt%. So, the 

SiO2/PMMA membrane had the highest electrical property and the 

A B C 
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best surface hydrophilicity of the SiO2/PMMA membrane at SiO2 

content of 4.0 wt%.   
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Fig.4 The zeta potential values and water contact angles of different 

membranes 

Separation performance of different hybrid membranes. Figure S5 

(SI) shows the permeability measurements using pure CO2 gas at a 

wider range of feed pressures. From the figure, the CO2 

permeability of all different SiO2/PMMA membranes decreases 

monotonically with the increase of feed pressure, which meant that 

the plasticization response is not observed. In contrast, the CO2 

permeability of pure PMMA membranes decreases as the feed 

pressures increases up to 0.840 MPa. When feed pressure is 1.05 

Mpa, the permeability increases and indicates that this membrane 

is plasticized at this feed pressure. 

In the permeability measurements using gas mixture at different 

feed pressures (as shown in Figs. 5 and 6),the CO2 permeability of 

all membranes decreases monotonically with the increase of feed 

pressure. And there is no the plasticization response is not observed. 

For pure PMMA membrane, the plasticization response is not 

observed in the permeability measurements using gas mixture at 

different feed pressures, which might be due to the low content of 

CO2 in gas mixture. To clarify this point, we have carried out 

experiments with mixed gas feeds of high CO2 content (volume 

ratio of CO2/N2 are 9:1 and 5:5, respectively) for both the pure 

PMMA and hybrid membranes, as shown in Figures S6 and Figures 

S7 (SI). From the two figures, it is found that the plasticization 

response of PMMA membrane is also observed in the permeability 

measurements using gas mixture with high CO2 content (volume 

ratio of CO2/N2 are 9:1). However, the plasticization response does 

not appear, when the CO2 content in gas mixture decreases to 50% 

(volume ratio). In contrast, there are also no plasticization 

responses of hybrid membranes in these two figures. And it 

confirms the conclusion from Figs. 5 and 6. For hybrid membranes 

containing SiO2 nanoparticles, the improvement on plasticization 

resistance by addition of nanoparticle and the low content of CO2 in 

gas mixture both caused the absence of plasticization effects in the 

mixed gas feed 
11

. It can also be observed from Figs. 5 and 6 that 

both the CO2 and N2 permeability decreases a little with increase of 

feed pressure, which is consistent with the results in many works 
29, 

30
. It is also found in Figs. 5 and 6 that the CO2 and N2 permeability 

of the hybrid membranes at different feed pressures Both first 

increased and then decreased with increasing SiO2 content. 

Combining with the results in these literature, the improvement on 

the gas permeability was not only caused by the disruption of the 

polymer chain packing, but also due to the formation of defects at 

the interface polymer-filler, when well-distributed SiO2 inorganic 

particles with small size added into the polymer matrix. The 

decrease in the gas permeability was resulted from SiO2 aggregates 

in the hybrid membranes, (as shown in Fig. 3C). 
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Fig.5 Dependence of CO2 permeability on the SiO2 content of the 

hybrid membranes (Gas mixture) 

Feed pressure /MPa: a. 0.105; b. 0.525; c. 1.05 
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Fig.6 Dependence of N2 permeability on the SiO2 content of the 

hybrid membranes (Gas mixture) 

Feed pressure /MPa: a. 0.105; b. 0.525; c. 1.05 
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Fig.7 Dependence of permeability selectivity for gas mixture on the 

SiO2 content of hybrid membrane 

Feed pressure /MPa: a. 0.105; b. 0.525; c. 1.05 

Based on the results in Fig. 4, the hydroxyl groups on the surface 

of well-distributed SiO2 had a stronger interaction with CO2 than N2, 

which could improve the solubility of polar gas, thus increasing the 

CO2/N2 selectivty
 31, 32

. Fig. 7 also shows that the CO2/N2 

permeability selectivity of the hybrid membranes at first increases 

with increasing SiO2 content. The maximum permeability selectivity 

for the hybrid membranes with 4.0 wt% SiO2 is about five times that 

of PMMA membranes without SiO2. The enhancement on the 

separation performance caused by SiO2 addition was more 

significant than that of MWCNTs on the PU membranes in our 

former work 
28

. However, both the permeability and separation 

performance of the hybrid membranes decreased when the SiO2 

content reached 5.0 wt%. This is due to SiO2 aggregates in the 

hybrid membranes, (as shown in Fig. 3C). The change in the gas 

permeability and permeability selectivity in also show that the SiO2 

content in the hybrid membranes was a key factor affecting the 

permeability and separation performance of the membranes.  

To confirm this conclusion, we also carried out the gas 

permeability measurements using a pure gas (CO2 and N2). As 

shown in Figs. 8 and 9, it is also found that the changes in pure CO2 

and N2 gas permeability of hybrid membranes with SiO2 content is 

also similar to that under gas mixture permeation tests. 
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Fig. 8 Dependence of CO2 permeability on the SiO2 content of the 

hybrid membranes 
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Fig. 9 Dependence of N2 permeability on the SiO2 content of the 

hybrid membranes
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   Fig. 10 shows the changes in the permeability selectivity and ideal 

selectivity of CO2/N2. From the figure, both permeability selectivity 

and ideal selectivity increases with SiO2 content in hybrid 

membranes increasing, due to the addition of more SiO2 particles 

with small size and good distribution. It can be seen that the 

permeability selectivity is higher than the ideal selectivity for all 

tested membranes, which is attributed to the competitive 

adsorption in separating gas mixtures 
31, 32

. When the SiO2 content 

reaches 5.0 wt%,  SiO2 aggregates in the hybrid membranes 

decreases both the gas permeability and selectivity for CO2/N2 of 

hybrid membranes.  
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Fig. 10 Dependence of CO2/N2 selectivity on the SiO2 content of 

hybrid membrane. 

Comparison of the hybrid membranes prepared by two methods 

For comparison, two commercially available SiO2 nanoparticles 

with different surface properties were also used to synthesize 

SiO2/PMMA hybrid membranes by solution polymerization. We 

prepared hybrid membranes containing 3.0 and 4.0 wt% of SiO2 and 

evaluated their gas performance. 

Morphology of SiO2 in the microemulsion and two commercially 

available SiO2 nanoparticles. The TEM images (Fig. 11) show that 

the size of the two commercially available SiO2 nanoparticles is 

similar to our SiO2 nanoparticles. The SiO2 nanoparticles dispersed 

well in the MMA solution because of protection by the water 

droplets in the reverse microemulsion. Therefore, the SiO2 

nanoparticles formed in the microemulsion show the most 

homogeneous distribution in the MMA solution among the three 

SiO2 nanoparticles after 24 h (Fig. 12). Because MMA is an organic 

solution, hydrophilic SiO2 aggregated in the MMA solution. 

Hydrophobic SiO2 also slightly precipitated after 24 h. 

   

Fig. 11 TEM micrographs of different SiO2 nanoparticles. 

A. Hydrophobic SiO2; B. Hydrophilic SiO2; C. SiO2 nanoparticles formed in the microemulsion. (SiO2 content was 4.0 wt%)

A B C 
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Fig. 12 Photograph of different SiO2 nanoparticles dispersed in the 

MMA solution after 24 h. 

a. Hydrophobic SiO2; b. Hydrophilic SiO2; c. SiO2 nanoparticles 

formed in the microemulsion. (SiO2 content was 4.0 wt%) 

FTIR analysis of the SiO2 nanoparticles. Fig. 13 shows the same 

characteristic peaks in the FTIR spectra of the three SiO2 

nanoparticles. The band at 558 cm1
 is attributed to the 

characteristic peak of the aromatic Si–O–Si bending vibration. The 

bands at 2935 and 2860 cm1
 are attributed to the Si–OH and Si–O–

Si asymmetric stretching vibrations, respectively. However, the 

characteristic peaks in the spectra of the three SiO2 nanoparticles 

clearly differ in their intensity. The characteristic peaks of 

hydrophobic SiO2 were weaker than hydrophilic SiO2 because of the 

hydrophobic surface—this results in a better distribution of 

hydrophobic SiO2 in the MMA solution.  
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Fig. 13 FTIR spectra of different SiO2 nanoparticles. 

a. Hydrophobic SiO2; b. Hydrophilic SiO2; c. SiO2 nanoparticles 

formed in the microemulsion. (SiO2 content was 4.0 wt%) 

Moreover, the SiO2 nanoparticles formed in the microemulsion 

show their strongest peaks in the FTIR spectrum indicating more 

hydrophilic groups on their surface. In the reverse microemulsion, 

both the hydrolysis of TEOS and formation of SiO2 occurred in the 

water droplets. Therefore, the surface of the SiO2 nanoparticles 

formed in the microemulsion has many hydrophilic groups. The SiO2 

samples with a hydrophilic surface dispersed well in the 

microemulsion because of protection by water droplets (Fig. 

3c).Morphology of different SiO2/PMMA hybrid membranes. Fig. 

14 shows clear differences in the morphologies of the three 

SiO2/PMMA hybrid membranes. The hydrophobic SiO2 shows a 

good affinity with PMMA polymer and is distributed 

homogeneously in the hybrid membrane. Because of the low 

affinity between hydrophilic SiO2 and PMMA polymer materials, the 

SiO2 aggregates appeared on the surface of the hybrid membranes 

containing hydrophilic SiO2.  

  Because the surfactant PEO–PPO–PEO (F127) has good 

compatibility with PMMA 
26

, the SiO2 nanoparticles formed in the 

microemulsion were well protected during MMA polymerization. 

Therefore, the SiO2 nanoparticles formed in the microemulsion are 

homogeneously distributed in the PMMA membrane.  

a b c 
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Fig. 14 SEM photographs of different hybrid membranes containing 4.0 wt% of SiO2. 

a. Hydrophobic SiO2; b. Hydrophilic SiO2; c. SiO2 nanoparticles formed in the microemulsion.

Fig. 15 shows the DSC thermograms obtained for the PMMA 

membrane and the hybrid membranes including three SiO2 

nanoparticles. The endothermic peak at 88°C indicates the glass 

transition of the PMMA polymer membrane. The glass transition 

occurs near 120 °C for the other three curves with silica 

nanoparticles. By the four endothermic peaks, we see that the 

addition of SiO2 nanoparticles significantly increased the glass 

transition temperature (Tg) of the membrane. Another peak near 

250 °C for the PMMA membrane suggests membrane 

decomposition. The addition of SiO2 nanoparticles also increased 

the decomposition temperature of the hybrid membranes. That is 

to say, the hybrid membrane with nanoparticles had a higher 

thermal stability than membrane without nanoparticles. 

There is an obvious difference in the DSC curves of hybrid 

membranes containing different SiO2 nanoparticles. Hydrophobic 

SiO2 and the SiO2 nanoparticles prepared by microemulsion showed 

more homogeneous distribution in the polymer membrane than the 

hydrophilic SiO2. Therefore, the hybrid membrane with hydrophilic 

SiO2 had the worst thermal stability of the three SiO2/PMMA hybrid 

membranes. 
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Fig. 15 DSC thermographs for different membranes containing 4.0 

wt% of SiO2. 

a. PMMA membrane; b. Hydrophobic SiO2; c. Hydrophilic SiO2; 

d. SiO2 nanoparticles formed in the microemulsion. 

Separation performance of different hybrid membranes. The data 

in Table 2 show that the addition of different SiO2 nanoparticles 

simultaneously enhances the CO2 permeability and the separation 

performance of the hybrid membranes, which is consistent with the 

results in the literature 
29, 30

. The different morphologies of the 

three SiO2/PMMA hybrid membranes may result in different gas 

separation performance. The data in Table 2 show that the 

SiO2/PMMA hybrid membrane prepared by in situ microemulsion 

polymerization has the highest CO2 permeability and separation 

a b c 
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performance among the three hybrid membranes. The 

performance of the other two SiO2/PMMA hybrid membranes is 

similar despite their very similar morphologies.  

Table 2. Gas permeability and separation performance of different hybrid membranes containing different SiO2 nanoparticles 

Membranes 
SiO2 content 

/wt% 

CO2 permeability 
/Barrer 

N2 permeability 
/Barrer 

Selectivity 

Gas mixture Pure Gas Gas mixture Pure Gas permeability Selectivity Ideal Selectivity 

PMMA 0 61.6 72.2 5.37 5.44 11.5 13.3 
H-SiO2/PMMA

a
 3.0 184.9 188.9 5.88 6.21 31.4 30.4 

nonH-SiO2/PMMA
b
 3.0 186.3 195.3 6.02 6.35 30.9 30.7 

M-SiO2/PMMA 3.0 270.4 273.6 5.85 6.33 46.2 43.2 

H-SiO2/PMMA 4.0 164.9 173.2 5.74 6.11 28.7 28.3 

nonH-SiO2/PMMA 4.0 195.7 211.3 6.31 6.66 31.0 31.7 

M-SiO2/PMMA 4.0 309.2 310.1 6.27 6.55 49.3 47.3 

a. H-SiO2/PMMA means Hydrophilic SiO2/PMMA; b. nonH-SiO2/PMMA means Hydrophobic SiO2/PMMA

From the results in Figs. 14 and 15, SiO2 nanoparticles in the 

PMMA polymer matrix prepared by in situ microemulsion 

polymerization show the most homogenous distribution. Therefore, 

the resulting hybrid membrane has the highest CO2 permeability 

and separation performance among the three hybrid membranes.  

In addition, CO2 is a polar molecule, it interacted strongly with 

the polar surface of SiO2 
33, 34

. The hydrophilic SiO2 has a polar 

surface but poor distribution in PMMA, whereas the hydrophobic 

SiO2 distributed well in PMMA but had a non-polar surface. 

Therefore, the CO2 permeability and separation performance of the 

hydrophilic SiO2/PMMA membrane was close to that of the 

hydrophobic SiO2/PMMA membrane. In situ microemulsion 

polymerization, we created SiO2 nanoparticles in water droplets 

with many hydrophilic groups on their surface suggesting that the 

nanoparticles had a strongly polar surface. The increase in the 

surface polarity of SiO2/PMMA membranes could also enhance the 

interaction between CO2 and hybrid membrane, thus leading to the 

high CO2 permeability and separation performance 
33, 34

.  

To confirm further the relationship between the surface 

hydrophilicity of membranes and separation performance of CO2, 

we have also provided the zeta potential values and water contact 

angles of containing different SiO2 nanoparticles, as shown in Figure 

S8 (SI). From the figure, it is found that addition of nonH-SiO2 (R972) 

causes a smaller zeta potential value of membranes and increases 

the surface hydropholic surface, which is content with the results in 

the literatures 
35

. When SiO2 with hydrophilic surface added (H-

SiO2), the zeta potential values of hybrid membranes increases and 

the water contact angles of hybrid membranes decrease. More SiO2 

nanoparticles with hydroxyl groups disperse homogenously in the 

mixed matrix membranes, which led to a larger zeta potential value 

of the mixed matrix membrane. It is also found from the figure that 

SiO2/PMMA hybrid membranes via in-situ microemulsion 

polymerization have the largest zeta potential values and the 

smallest water contact angles under the same addition content of 

SiO2, due to the strongest polar surface of SiO2 nanoparticles 

formed in reverse microemulsion. These all cause the high CO2 

permeability and separation performance. 

Conclusions 

Small SiO2 nanoparticles were formed with a reverse 

microemulsion using PEO–PPO–PEO (F127) as the surfactant and 

MMA as the oil phase. The nanoparticles were formed after 1 h and 

completed after 5 h. Then, SiO2/PMMA hybrid membranes with 

different SiO2 contents were prepared by in situ microemulsion 

polymerization. Both the gas permeability and the separation 

performance of the hybrid membranes first increased and then 

decreased with increasing SiO2 content. When SiO2 reached 4.0 wt%, 

the permeability selectivity of the hybrid membranes for CO2/N2 gas 

mixtures was maximal. At higher loading levels (5.0 wt%), the SiO2 

aggregated and gas permeability and separation decreased.  

For comparison, two commercial SiO2 nanoparticles were also 

used to synthesize SiO2/PMMA hybrid membranes by solution 
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polymerization. Due to the protection by the microemulsion, the 

SiO2 nanoparticles formed in the microemulsion distributed well in 

the MMA solution and PMMA matrix polymer. This led to high 

thermal stability of the hybrid membranes. In addition, the surface 

of the SiO2 nanoparticles formed in the water droplets contained 

many hydrophilic groups. Therefore, the SiO2/PMMA hybrid 

membrane prepared by in situ microemulsion polymerization had a 

higher CO2 permeability and separation performance than hybrid 

membranes containing two commercial SiO2 nanoparticles.  
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