
Separation and Purification Technology 311 (2023) 123347

Available online 3 February 2023
1383-5866/© 2023 Elsevier B.V. All rights reserved.

Effect of ZIF-7 doping content on H2/CO2 separation performance of 1,2-bis 
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A B S T R A C T   

Organosilica membranes with good hydrothermal stability are promising for pre-combustion capture, but the 
trade-off effect still constrains their gas separation performance. Herein, we prepared hybrid membranes by 
incorporating ZIF-7 nanoparticles into 1, 2-bis(triethoxysilyl)ethane (BTESE) networks to improve the H2/CO2 
permselectivity by the intrinsic properties of nanoparticles. The effect of inorganic fillers was investigated by 
adjusting the doping content of ZIF-7 nanoparticles. We found that the H2 permeance of hybrid membranes 
remained at ~10− 6 mol⋅m− 2⋅s− 1⋅Pa− 1, while the H2/CO2 permselectivity decreased with increasing nanoparticle 
doping content. The E-ZIF-7-0.4 hybrid membrane showed H2 permeance of 1.2 × 10− 6 mol⋅m− 2⋅s− 1⋅Pa− 1 and 
H2/CO2 permselectivity of 21.7. Our results may offer valuable insights into preparing hybrid membranes with 
optimal nanoparticle doping content.   

1. Introduction 

Global warming and extreme weather events caused by greenhouse 
gas have generated growing concern. CO2, one of the combustion 
byproducts of fossil fuels, accounts for the majority of greenhouse gas 
emissions [1]. Therefore, developing clean energy to reduce CO2 emis
sions is an issue of considerable concern. Hydrogen is an 
environmentally-friendly energy carrier with high energy density [2]. It 
is primarily produced by water gas shift reactions [3]. Compared with 
conventional separation processes, membrane separation is a competi
tive technology for hydrogen purification owing to its low investment 
and easy operation processes [4–6]. Various high-performance materials 
have been explored, including polymers, inorganic materials, and mixed 
matrix membranes (MMMs) [7–9]. 

The microporous SiO2 membranes have good chemical stability and 
mechanical strength, showing promise for gas separation. However, the 
employment of SiO2 membranes is constrained by hydrothermal sta
bility. The chemical structures of SiO2 membranes become unstable 
under water vapor, resulting in a significant loss of gas permeability 
[10,11]. It is feasible to improve the hydrothermal stability of SiO2 
membranes by introducing organic groups into silica networks. Orga
nosilica membranes prepared from organoalkoxysilanes, such as BTESE, 
have been rapidly developed in recent years. BTESE-derived membranes 
are stable under hydrothermal conditions owing to their intrinsic 

hydrophobic properties. Tsuru et al. [12] first prepared BTESE mem
branes with excellent H2 permeance and hydrophobic properties. 
However, the large pore size induced by Si–CH2–CH2–Si bonds in the 
BTESE structure makes it challenging to separate H2 and CO2 [13]. Some 
strategies have been adopted to optimize the gas separation capabilities 
of BTESE membranes, including copolymerization of precursors 
[14,15], optimization of sols preparation [16,17], optimization of 
calcination parameters [18], metals and metal–organic frameworks 
(MOFs) doping [19,20]. 

MOFs are novel hybrid materials composed of organic linkers and 
metal ions with merits such as regular pore channels and tunable 
structures [21]. Zeolite imidazolate frameworks (ZIFs), an essential 
MOFs branch, have made significant advancements due to tunable pore 
size and good stability [22]. However, industrial-scale fabrication of 
ZIFs membranes is still challenging [23,24]. MMMs overcome this 
problem by incorporating ZIFs nanoparticles into polymer matrix, 
combining the easy processing of polymers and the intrinsic properties 
of ZIFs to prepare novel hybrid materials. Shafiq et al. [25] first mixed 
ZIF-95 nanoparticles with polysulfone (PSF) at different weight per
centages to prepare MMMs. Compared with pure PSF membranes, the H2 
permeance and the H2/CO2 permselectivity of the optimal loading 
MMMs (24 wt% ZIF-95 loading) increased by 80.2 % and 8 %, respec
tively. Wang et al. [26] reported ZIF-7-NH2/PIM-1 MMMs with 
enhanced selectivity for biogas purification. The strong interactions 
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between nanoparticles and polymer improved the efficiency of biogas 
purification of the MMMs. The corresponding membranes had CO2 
permeance of 2.1 × 10− 8 mol⋅m− 2⋅s− 1⋅Pa− 1 and CO2/CH4 permse
lectivity of 90.4. Yang et al. [27] prepared MMMs by introducing ZIF-7 
nanoparticles to the poly 2,2′-(p-oxydiphenyl)-5,5′-bibenzimidazole 
(OPBI) networks. The OPBI membrane with optimal nanoparticle 
doping content exhibited H2/CO2 permselectivity of 13.5 measured at 
180 ℃. Yoon et al. [28] prepared membranes for post-combustion 
capture by mixing ZIF-7 nanoparticles with the Pebax-2533 matrix. 
The ZIF-7/Pebax-2533 membrane containing 35 wt% ZIF-7 nano
particles had high CO2 permeance (1.0 × 10− 6 mol⋅m− 2⋅s− 1⋅Pa− 1) and 
CO2/N2 permselectivity (50.4). Hence, the optimal doping content of 
ZIFs nanoparticles provides additional gas permeation channels to 
overcome the trade-off effect. In contrast, overdoping may cause severe 
incompatibility between nanoparticles and polymer matrix, resulting in 
poor gas permselectivity. 

As mentioned above, the doping content of nanoparticles can 
significantly influence the gas separation performance of MMMs. 
Nevertheless, few studies on MOF-doped organosilica membranes have 
been conducted. Kong et al. [29] first reported MOF-doped BTESE 
membranes on tubular ceramic supports with good gas separation per
formance. MOF/BTESE hybrid membranes have advantages of BTESE, 
such as good hydrothermal stability, high affinity with high affinity to 
inorganic material supports, and unique properties of MOFs, like regular 
pore structure and tunable pore size. These merits can significantly 
enhance the permeance and permselectivity of MOF/organosilica hybrid 
materials. In their study, ZIF-8 nanoparticles were selected as inorganic 
fillers and subsequently incorporated into BTESE networks. The ZIF-8/ 
BTESE sols with different weight ratios of ZIF-8 to BTESE (Wr = 1:2, 
1:1, 2:1) were prepared to fabricate the ZIF-8/BTESE hybrid mem
branes. The H2 permeance of the ZIF-8/BTESE hybrid membranes 
increased from ~7.0 × 10− 7 to ~1.1 × 10− 6 mol⋅m− 2⋅s− 1⋅Pa− 1 with the 
increase of ZIF-8 doping content. However, the H2/CO2 permselectivity 
of the ZIF-8/BTESE hybrid membranes was lower than 5, which may be 
caused by the larger pore size of ZIF-8 (0.33 nm). ZIF-7 is an essential 
member of the ZIFs family that has received much attention. The organic 
and inorganic components in the structures of ZIF-7 and BTESE allow for 
good compatibility between ZIF-7 and BTESE. In addition, ZIF-7 has an 
appropriate window size of ~0.3 nm [27], which is more suitable for 
H2/CO2 separation than ZIF-8. 

In this work, nanoparticles were introduced into organosilica net
works at various molar ratios of MOF to organosilica. The hybrid 
membranes were fabricated by coating hybrid sols onto the tubular 
γ-Al2O3/α-Al2O3 supports, followed by calcination under nitrogen. The 
nanoparticles were confirmed to be introduced into BTESE networks by 

various characterizations. The doping content of nanoparticles on the 
gas separation performance concerning the MOF/organosilica hybrid 
membranes was preliminarily investigated. ZIF-7 nanoparticles in the 
BTESE networks provide not only additional gas permeation channels 
within the hybrid membranes but also molecular-sieving pores endowed 
by the intrinsic properties of nanoparticles. The E-ZIF-7-0.4 membrane 
had good H2/CO2 separation performance owing to the synergetic ef
fects of nanoparticles and organosilica networks. 

2. Materials and methods 

2.1. Materials 

1, 2-bis(triethoxysilyl)ethane (BTESE, 97 %, Gelest), zinc nitrate 
hexahydrate (Zn (NO3)2⋅6H2O, 99.8 %, Sinopharm), benzimidazole 
(BzIM, 98 %, Aladdin), methanol (MeOH, 99.5 %, Yasheng), N, N- 
dimethylformamide (DMF, 99.5 %, Yasheng), and anhydrous ethanol 
(EtOH, 99.5 %, Yasheng) were used without further purification. The 
concentrated hydrochloric acid (HCl, 36 wt%, Lingfeng) was diluted to 
1 mol⋅L− 1 for further use. The parameters of homemade tubular 
γ-Al2O3/α-Al2O3 supports are listed in Table 1. 

2.2. Preparation of nanoparticles 

ZIF-7 was synthesized using the method described by Li et al. [30]. 
Specifically, BzIM (5 mmol) and zinc nitrate hexahydrate (5 mmol) were 
dissolved in MeOH (50 mL) and DMF (50 mL), respectively. The Zn2+

salt solution was rapidly added to the BzIM solution and was reacted 
with stirring at 25 ℃ for 6 h. The obtained products were followed by 5 
min centrifugal treatment (10000 rpm) and purified with fresh MeOH. 
Finally, ZIF-7 nanoparticles were dried at 60 ℃ overnight. 

2.3. Preparation of BTESE sols 

The organosilica sols were synthesized as reported in our previous 
work [20]. BTESE (5 mL) and EtOH (10 mL) were blended in the ice 
bath. The solution containing EtOH (5 mL), deionized water (5 mL), and 
HCl (0.5 mL) was introduced into the BTESE/EtOH mixture and stirred 
at 60 ℃ for 90 min. 

2.4. Preparation of hybrid sols and membranes 

The following procedures were performed to prepare MOF/organo
silica hybrid sols. First, requisite masses of ZIF-7 nanoparticles were 
dissolved in EtOH (42 mL) via sonication for 15 min. Then, BTESE sols 
(8 mL) were added to the ZIF-7/EtOH mixture with further sonication 
for 10 min. The obtained ZIF-7/BTESE sols were then adjusted to pH = 3 
with HCl. The resulting sols, powders, and hybrid membranes were 
marked as E-ZIF-7-x (x = 0.2, 0.4, 0.6, 0.8, and 1) based on the molar 
ratios of nanoparticles to organosilica. Table 2 displays the molar 
amount of each component in the synthesis of E-ZIF-7-x hybrid sols. 

The E-ZIF-7-x hybrid membranes were fabricated by applying hybrid 
sols to the tubular γ-Al2O3/α-Al2O3 supports using the dip-coating 
method. The freshly prepared E-ZIF-7-x hybrid membranes were 
treated in a temperature-humidity chamber at constant temperature and 
humidity for 60 min and then calcined at 400 ◦C for 180 min under 
nitrogen. The E-ZIF-7-x powders were obtained by drying hybrid sols 
and then calcined using the same calcination processes for preparing 
hybrid membranes. 

2.5. Characterization 

The size of the hybrid sols was measured by dynamic light scattering 
(DLS, ZS 90). X-ray diffraction (XRD, MiniFlex 600), X-ray photoelectron 
spectroscopy (XPS, ESCALAB 250), and Fourier transform infrared 
spectrometer (FT-IR, Nicolet 8700) were performed to investigate the 

Table 1 
Parameters of homemade tubular γ-Al2O3/α-Al2O3 
supports.  

Parameter Value 

Average pore size (nm) 5 
Inner diameter (mm) 8 
Outer diameter (mm) 12 
Length (mm) 50  

Table 2 
The Molar amount of each component in the synthesis of E-ZIF-7-x hybrid sols.  

sols ZIF-7 nanoparticles 
(mmol) 

BTESE 
(mmol) 

EtOH 
(mol) 

E-ZIF-7-0.2  0.85  4.24  0.72 
E-ZIF-7-0.4  1.70  4.24  0.72 
E-ZIF-7-0.6  2.54  4.24  0.72 
E-ZIF-7-0.8  3.39  4.24  0.72 
E-ZIF-7-1  4.24  4.24  0.72  
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Fig. 1. XRD patterns of MOF nanoparticles.  

Fig. 2. SEM image of MOF nanoparticles.  

Fig. 3. Size distribution of sols.  

Fig. 4. FT-IR spectra of organosilica and MOF/organosilica powders.  

Fig. 5. XRD patterns of organosilica and MOF/organosilica powders.  

Fig. 6. XPS spectra of organosilica and MOF/organosilica powders.  
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crystal structures, the elemental content, and the chemical structures of 
ZIF-7 and MOF/organosilica powders, respectively. The CO2 adsorption 
properties of the E-ZIF-7-0.4, BTESE, and ZIF-7 powders were measured 
at 298 K by Physical Adsorbent (ASAP 2000) and were vacuum pre- 
treated at 473 K overnight. Scanning electron microscope (SEM, S 
4800) and Transmission electron microscope (TEM, JEM 200CX) were 
used to analyze the morphology of MOF/organosilica powders. 

2.6. Membranes performance evaluation 

Single-gas permeation performances of the E-ZIF-7-x hybrid mem
branes were evaluated at 200 ℃ with a bubble flow meter [14], and the 
trans-membrane pressure in the single gas permeation test was 0.3 MPa. 

The single-gas permeances (Fi) are calculated using Eq. (1): 

Fi =
Mi

SΔP
(1)  

where Mi is the molar flow rate of gas i, S is the effective membrane area, 
and ΔP is the trans-membrane pressure drop. 

The permselectivity (α) is calculated using Eq. (2): 

α =
Fi

Fj
(2)  

where Fi and Fj are the permeance of gases. 

3. Results and discussion 

3.1. Characterization of MOFs 

All of the XRD patterns of as-synthesized ZIF-7 nanoparticles shown 
in Fig. 1 resemble those of simulated, suggesting successful nanoparticle 
preparation. Fig. 2 shows that the particle size of the as-synthesized 
nanoparticles is approximately 60 nm. 

3.2. Size distribution of sols 

It is evident from Fig. 3 that the mean size of the organosilica sols is 
approximately 4 nm. Notably, the E-ZIF-7-x hybrid sols exhibit size 
distribution from 3 to 10 nm, indicating that the size of hybrid sols was 
not significantly affected by ZIF-7 nanoparticles doping content. The 
average particle size distribution of the E-ZIF-7-x hybrid sols was smaller 

Table 3 
Elemental content of organosilica and MOF/organosilica powders.  

Samples Elemental content / % 
Si C O Zn 

E-ZIF-7-0.2  14.6  51.8 27 6.6 
E-ZIF-7-0.4  11.6  54.4 24.4 9.6 
E-ZIF-7-0.6  11.4  53.4 24.8 10.4 
E-ZIF-7-0.8  6.6  64.3 17.7 11.4 
E-ZIF-7-1  5.2  67.3 15 12.5 
BTESE  23.5  30.7 45.8 0  

Fig. 7. TEM images of E-ZIF-7-x powders (a) x  = 0.2, (b, f) x  = 0.4, (c) x  = 0.6, (d) x  = 0.8, and (e) x  = 1.  

Fig. 8. CO2 adsorption isotherms of BTESE, ZIF-7, and E-ZIF-7-0.4 powders.  
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than that of ZIF-7, which could be attributed to the ultrasonic treatment. 
The decreased average particle size of the E-ZIF-7-x hybrid sols was 
observed after ultrasonic treatment, while the crystal structure of ZIF-7 
was maintained, as evidenced by XRD patterns and FTIR spectra. 
Moreover, the average size of hybrid sols is comparable to the average 
pore size of the γ-Al2O3/α-Al2O3 supports, which facilitates the prepa
ration of the separation layer. 

3.3. Chemical properties of powders 

The FT-IR spectra of the organosilica and MOF/organosilica powders 
are provided in Fig. 4. The peaks at ~3450 and ~1630 cm− 1 for all 
powders were from the stretching vibrations of the silanol bonds [31]. 
The peaks at ~1030 cm− 1 were from the asymmetric stretching vibra
tions of the siloxane bonds [32]. In contrast to organosilica powders, 
new chemical bonds can be observed at ~1506 and ~743 cm− 1 in E-ZIF- 
7-x powders, which can be attributed to the C––C [33] and C–H [34] 
bonds in the ZIF-7 structures, respectively. 

Fig. 5 shows the XRD characterization of the organosilica and MOF/ 
organosilica powders. Notably, no typical diffraction peaks can be 
observed in the BTESE powders, suggesting the amorphous structure of 

BTESE [35]. The characteristic peaks of nanoparticles were detected in 
the E-ZIF-7-x powders, suggesting that the crystal structures of nano
particles were preserved when incorporated into BTESE networks. The 
shift of the peaks and the variation of the peak intensity were observed 
in the XRD patterns. When MOF nanoparticles are incorporated into the 
polymer network, the XRD patterns should be determined by both MOF 
nanoparticles and the polymer, which may cause the shift of the peaks 
and the peak intensity variation [26,36]. 

The elemental composition of organosilica, ZIF-7, and MOF/orga
nosilica powders could be further identified by the XPS characterization. 
As displayed in Fig. 6, the elements C, O, and Si were detected in the 
organosilica powders, while Zn and C elements were seen in the nano
particle powders. When nanoparticles were incorporated into organo
silica networks, Si and Zn elements could be simultaneously detected in 
E-ZIF-7-x powders. Notably, the Zn 2p characteristic peak intensity in 
the corresponding E-ZIF-7-x powders increased with the ZIF-7 doping 
content. Table 3 summarizes the elemental content of organosilica and 
MOF/organosilica hybrid powders. The Zn/Si ratios in the E-ZIF-x 
powders increased from 0.45 to 2.4, due mainly to the increase of ZIF-7 
doping content. The molar ratios of ZIF-7 and BTESE in the E-ZIF-x 
powders calculated using XPS were 0.23, 0.41, 0.46, 0.87, and 1.2, 

Fig. 9. (a) Gas permeances and (b) H2/CO2 separation performance of BTESE and E-ZIF-7-x hybrid membranes measured at 200 ℃.  

Fig. 10. Schematic diagram of gas separation performance of E-ZIF-7-x hybrid membranes.  
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respectively. There are some deviations between the mixing ratios of E- 
ZIF-7-x powders and XPS results, which may be attributed to the fact 
that XPS is a semi-quantitative analysis approach and the probed depth 

is only a few nanometers [37,38]. 
TEM imaging was carried out for all E-ZIF-7-x powders to observe the 

distribution of nanoparticles in organosilica networks. Fig. 7 (a–e) 
shows that nanoparticles were randomly distributed in the organosilica 
networks. The density of nanoparticles in the organosilica networks 
increased with doping content. 

Due to the flexible properties of ZIF-7 structures, CO2 could pass 
through the pores of nanoparticles [39]. Fig. 8 shows the CO2 adsorption 
isotherms of BTESE, ZIF-7, and E-ZIF-7-0.4 powders measured at 25 ℃. 
The CO2 adsorption uptakes decreased in the order of ZIF-7 > BTESE >
E-ZIF-7-0.4. The CO2 adsorption by E-ZIF-7-0.4 powders decreased 
dramatically, possibly due to the synergistic effect between ZIF-7 and 
BTESE, including the intrinsic pore size of ZIF-7 and the good compat
ibility between ZIF-7 and BTESE. 

3.4. Gas separation performance 

Fig. 9 (a) presents the gas permeance at 200 ℃ for BTESE and E-ZIF- 
7-x hybrid membranes. To compare the gas permeability of BTESE and 
E-ZIF-7-x hybrid membranes, the specific performances of the afore
mentioned membranes are depicted in Fig. 9 (b). The BTESE membrane 
has the highest gas permeances, while the H2/CO2 permselectivity of the 
BTESE membrane is only about 3 due to its loose structure. However, 
after incorporating nanoparticles into organosilica networks, the H2 
permeance of hybrid membranes decreased to ~1.0 × 10− 6 

mol⋅m− 2⋅s− 1⋅Pa− 1. Notably, the higher the doping content of ZIF-7 
nanoparticles, the lower the permselectivity of hybrid membranes, 
indicating the appearance of non-selective channels for CO2 permeation 
within the hybrid membranes. Interestingly, comparing E-ZIF-7-0.2 and 
E-ZIF-7-0.4 hybrid membranes, the H2/CO2 permselectivity slightly 
decreased, while the H2 permeance increased to 1.2 × 10− 6 

mol⋅m− 2⋅s− 1⋅Pa− 1. In this study, the E-ZIF-7-0.4 hybrid membrane 
exhibited H2 permeance of 1.2 × 10− 6 mol⋅m− 2⋅s− 1⋅Pa− 1 and H2/CO2 
permselectivity of 21.7. 

Fig. 10 illustrates the separation mechanism of hybrid membranes. 
The results show that incorporating ZIF-7 nanoparticles into BTESE 
networks provides not only additional gas permeation channels within 
the hybrid membranes but also molecular-sieving pores endowed by the 
intrinsic properties of nanoparticles, resulting in high H2/CO2 permse
lectivity. In contrast, when the doping content of ZIF-7 is excessive, 
nanoparticles tend to agglomerate in the BTESE networks to form non- 
selective pores, significantly decreasing the permselectivity of the 
hybrid membranes. Hence, the appropriate doping content of ZIF-7 
nanoparticles enables hybrid membranes to have good gas separation 
performance. 

The Normalized-Knudsen Permeance (NKP) method is used to mea
sure the pore size of E-ZIF-7-x hybrid membranes, as shown in Fig. 11. 
The NKP equation is expressed using Eq. (4) [40,41]: 

Fig. 11. NKP plot as a function of molecule size of E-ZIF-7-x 
hybrid membranes. 

Fig. 12. Comparison of H2/CO2 separation performance of hybrid membranes 
with reported membranes (The upper bound 2008 line was drawn by assuming 
the membranes thickness of 100 nm) [42–48]. 

Table 4 
H2/CO2 separation performance of membranes shown in Fig. 12a.  

Membranes Temperature (℃) Pressure 
(MPa) 

Single gas/Mixed gas H2 permeance 
(mol⋅m− 2⋅s− 1⋅Pa− 1) 

H2/CO2 

permselectivyty 
References 

PBI-PPA/CMS 150 0.65 Single-gas 5.0 × 10− 7 58 [42] 
RUB-15 200 / Single-gas 2.1 × 10− 8 105.6 [43] 
Zn2(Bim)4 25 / Mixed gas 3.7 × 10− 7 1084 [44]  

NH2-MIL-53/PMMA 25 0.2 Single-gas 3.3 × 10− 8 53.1 [45] 
GO 25 0.1 Single-gas 1.9 × 10− 6 12.1 [46] 
r-GO/BTESE 25 0.2 Single-gas 2.5 × 10− 7 4.1 [47] 
POSi 200 0.69  1.2 × 10− 7 51 [48] 

Mixed gas 2.9 × 10− 7 36 
3.1 × 10− 7 32 

E-ZIF-7-0.4 200 0.3 Single-gas 1.2 × 10− 6 21.7 This work  

a The molar ratio of H2 to CO2 in the mixed gas is 1:1. 
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fNKP =
Pi

PHe

̅̅̅̅̅̅̅̅
Mi

MHe

√

=
(dp − dk,i)

3

(dp − dk,He)
3 (4)  

where dp is the NKP pore size, Pi, PHe are the permeances of gas i and He, 
Mi and MHe are the molecular weight of gas i and He, dk,i and dk, He are 
the dynamic diameters of gas i and He, respectively. 

Fig. 11 shows the NKP plot as a function of molecule size of E-ZIF-7-x 
hybrid membranes. From the fitting lines, the calculated pore size of the 
E-ZIF-7-x hybrid membranes increased from 0.398 to 0.504 nm. The 
agglomeration of nanoparticles in the organosilica networks may cause 
an increase in the pore size of the hybrid membranes. The above results 
indicated that the doping content of nanoparticles might significantly 
influence the pore size of organosilica membranes. 

Fig. 12 compares the H2/CO2 separation performance of MOF/ 
organosilica hybrid materials with previous membranes, such as carbon 
membrane [42], molecular sieve membrane [43], MOF-doped mixed 
matrix membranes [44,45], GO-based membranes [46,47], and POSi 
membranes [48]. Based on Fig. 12, MOF/organosilica hybrid mem
branes have good H2/CO2 separation performance, far beyond the 2008 
upper bound. Table 4 summarizes the H2/CO2 separation performance 
of membranes shown in Fig. 12. 

4. Conclusion 

A series of MOF/organosilica hybrid membranes were successfully 
prepared. The XRD, FTIR, XPS, and TEM characterizations confirmed 
that nanoparticles had been introduced into organosilica networks. The 
effect of ZIF-7 doping content on the separation performance and the 
related separation mechanisms of E-ZIF-7-x hybrid membranes were 
investigated. Neither low nor high doping content of ZIF-7 nanoparticles 
could achieve the expected H2/CO2 permselectivity. When the doping 
content was suitable, the corresponding hybrid membranes could take 
full advantage of ZIF-7 nanoparticles to obtain improved separation 
performance. The E-ZIF-7-0.4 membrane exhibited improved H2/CO2 
permselectivity with high H2 permeance. The organosilica membranes 
with appropriate ZIF-7 doping content were suitable for pre-combustion 
capture. 
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