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Abstract: Graphene oxide (GO) membrane holds great potentials for 

high-performance CO2 capture. Aiming at enhancing CO2 separation performance and 

structural stability of GO membranes, functionalizing GO channels with metal ions 

confers a promising strategy. In this study, we reported the fabrication of metal 

ion-incorporated GO membranes with remarkably improved CO2/N2 separation 

performance. The metal ions within GO channels contribute to facilitating CO2 

transport, decreasing N2 solubility, hindering N2 diffusion, and form multiple 

interactions with GO nanosheets. After introducing Mg2+ ions, the CO2/N2 separation 

factor of GO membrane is remarkably increased from 4 to 48.8 with the CO2 

permeance increases 1.5 times. Moreover, the separation performance of the 

GO-Mg2+ membranes shows an excellent long-term stability owing to the structural 

robustness. This study could provide insights into the regulation of the microstructure 

of metal ion-functionalized GO membranes for highly selective transport of specific 

molecules. 

Introduction 

Since the industrialization of human society, the anthropogenic CO2 emissions, 

mainly coming from the combustion of fossil fuels, have increased drastically, and 

evolved as one of the most critical environmental concerns threatening our sustainable 

development.[1] One of the most promising ways to significantly reduce the emissions 
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is post-combustion CO2 capture followed by utilization or sequestration.[2] In this 

context, the development of an energy-efficient technology for carbon capture 

presents as an essential target. Promising candidate carbon capture technologies 

include absorption, adsorption, and membrane separation.[2] Among them, membrane 

technologies hold great potentials for CO2 capture from post-combustion flue gas.[1b, 3]  

To enable membrane technologies, the development of membrane materials with 

sufficient separation performance and stability is of critical importance.[1b, 4] Currently, 

polymers are the market-dominating membrane materials. However, the performance 

of polymer membranes is limited by their intrinsic trade-off effect between 

permeability and selectivity.[2b, 5] To overcome this issue, novel materials such as 

zeolite, metal-organic framework, and 2D nanosheet materials have been proposed as 

promising alternatives.[6] In the past decade, 2D materials represented by graphene 

oxide (GO) have shown great prospect as next-generation membrane materials due to 

their extraordinary membrane properties, including ease of fabricating ultrathin 

membranes and post-functionalization, ordered nanochannel structure, and 

low-friction transport of molecules.[7] Park and coworkers reported the fabrication of 

GO membranes and found that GO membranes show a CO2 permeance of 45 GPU 

with a CO2/N2 selectivity of 18 in high relative humidity.[8] Following this work, 

many studies target at increasing the capture performance of GO membranes by 

tuning the interlayer spacing and introducing functional groups for facilitated 

transport. Yu and coworkers reported the fabrication of piperazine-functionalized GO 

membranes on hollow fibers by a scalable coating method. The resulting membranes 

show a CO2 permeance of 49 GPU and a CO2/N2 ideal selectivity of 50 at 25 oC with 

the membrane thickness thin to 9 nm, and the performance approximately increases 

by an order of magnitude at elevated temperature.[9] The similar GO membrane with 

ethylenediamine as the modifier achieves a CO2 permeance of 60 GPU and a CO2/N2 

separation factor of 70.[7b] These excellent studies indicate that GO membranes are 

highly promising for CO2 capture.[2b,7a,7b,9] However, precise control of the interlayer 

structure and the functional groups of GO membranes for enhanced CO2 separation 

performance and structural stability still remain elusive.  

Metal ions are a promising multifunctional modifier for improving the 

performance and stability of GO membranes. First, metal ions as a Lewis acid have a 

high affinity towards CO2 (Lewis base) and can promote the selective transport of 

CO2 via facilitated transport.[10] Second, metal ions attract abundant polar water 
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molecules, and the consequent salting-out effect significantly reduces the solubility of 

non-condensable gases (such as N2) to improve the solubility selectivity of CO2, and 

decreases the diffusion channels of N2 molecules to form a larger resistance for N2 

diffusion.[11] Last, metal ions can form multiple interactions with GO nanosheets such 

as coordination interaction,[12] cation-π interactions,[13] and alkoxide or dative bonds 

with hydroxyl and carbonyl groups.[14] This strong interaction not only can allow the 

precise tuning of the interlayer spacing of GO, but also can improve the stability of 

the structure. Transition metal ions have been incorporated into reduced GO 

membranes, leading to an excellent N2/CO2 selectivity.[7d] However, a systematic 

study of metal ion-functionalized GO membranes for CO2 capture from flue gas is 

still lacking. 

In this study, we reported the incorporation of metal ions into GO channels via 

post-immersion method. With Mg2+ as a representative, we investigated the impacts 

of metal ions on membrane morphology, structure and CO2 capture performance. The 

as-prepared GO-Mg2+ membrane exhibits simultaneously improved CO2 permeance 

and CO2/N2 separation factor compared with the pristine GO membrane. In particular, 

the CO2/N2 separation factor is enhanced 12.2 times after incorporating metal ions.  

Results and Discussion 

Morphology and structure of GO-metal membranes 

Figure 1 shows the surface morphology of pure GO membrane and GO 

membranes modified by metal ions. The insets are the photos of the corresponding 

membranes. As shown in Figure 1b, the GO-Mg2+ membrane exhibits a uniform and 

integral structure and maintains the original morphology of GO membrane. For 

comparison, GO-Na+ membrane was also prepared. After immersing the GO 

membrane in NaCl solution, the GO lamellar structure is easy to dissociate, and the 

peeling phenomenon between GO layer and PAN support occurs, indicating that the 

interlayer interactions in GO membrane is rather weak. The presence of Na+ not only 

fails to play the role of interlayer cross-linking, but also worsens the stability of GO 

membrane in aqueous environment. Meanwhile, a large number of metal salt particles 

appear on the surface of the GO-Na+ membrane. Increasing the strength and time of 

the cleaning step can effectively reduce the formation of salt particles, yet it increases 

the possibility of membrane damage due to the weak interlayer bond in the GO-Na+ 
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membrane. The results of direct blending GO dispersion and metal ion solution 

(Figure S1) also indicate the different interactions between GO nanosheets and metal 

ions. The solution of GO and alkali metal ions (such as Na+ and K+) keeps uniform 

and transparent even after standing for 24 hours. By contrast, flocculation occurs upon 

blending GO dispersion with alkaline earth metal ions (such as Mg2+ and Ca2+), and 

the obvious precipitation appears after standing for 24 hours, indicating that 

agglomerates of GO nanosheets are formed via the cross-linking of metal ions.[15] 

 

Figure 1. SEM images of GO, GO-Mg2+ and GO-Na+ membranes (the inset are the 

photos of membranes). The GO deposition amount of each membrane is 0.16 g/m2. 

 

Figure 2. XPS characterization of (a) GO and (b) GO-Mg2+ membrane; (c) schematic 

mechanism of the interaction between GO and metal ions. 
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XPS characterization was conducted to analyze the changes in the chemical 

composition of GO membrane after introducing Mg2+. The GO membrane shows four 

peaks corresponding to C-C (284.8 eV), C-O-C (286.9 eV), C=O (288.29 eV) and 

-O-C=O (289.19 eV) with the proportions of 46.66%, 44.72%, 5.73% and 2.89%, 

respectively (Figure 2a). After introducing Mg2+ into the GO membrane, the 

characteristic peak of carboxyl group slightly shifts from 289.19 eV to 288.97 eV 

(Figure 2b), which indirectly indicates that there is a coordination interaction between 

the metal ion and the carboxyl group. In addition, compared with GO membrane, the 

proportion of C-C bond in GO-Mg2+ membrane increases by 9.3%, while the 

proportion of C-O-C bond decreases by 11.9%, evidencing that the presence of metal 

ions promotes the ring-opening reaction of the epoxy group on GO.[12] Metal ions can 

be defined as Lewis acids since they can accept electron pairs. The oxygen atom of 

the epoxy group coordinates with the Lewis acid metal ion, making itself prone to be 

attacked by weak nucleophiles (such as water) to cause ring-opening reaction and 

form hydroxyl groups.[12, 14] The two main interaction modes between GO and metal 

ions are displayed in Figure 2c. (1) Metal ions form coordination interaction with 

carboxyl groups. Since most of the carboxyl groups on GO nanosheets are at the 

edges, GO and metal ions can form carboxylate complexes to bridge neighboring GO 

nanosheets laterally. (2) Metal ions interact with the carbonyl and hydroxyl groups 

(including the hydroxyl groups formed by the ring-opening reaction of epoxy groups) 

on the basal plane of GO nanosheets, and form cation-π interactions with GO 

nanosheets, then intercalate into the interlayer channels in GO membrane. The XRD 

results also prove the successful intercalation of metal ions (Figure 3). The 2θ of GO 

membrane decreases after incorporating Mg2+ with the interlayer spacing increasing 

from 0.43 nm to 0.62nm.  
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Figure 3. XRD patterns of GO and GO-Mg2+ membranes. 

Gas separation performance of GO-Mg2+ membranes 

Effect of metal ion incorporation 

The prepared GO-Mg2+ membrane was subjected to a CO2/N2 (50 vol%:50 

vol%) mixed gas test in wet state, with the test pressure of 0.1 MPa (Figure 4). In pure 

GO membrane, CO2 molecules transport mainly through the solution-diffusion 

mechanism.[16] From the aspect of solution, there are some polar groups on GO 

nanosheets, which confer a certain solubility selectivity for CO2/N2 mixture, yet the 

value isn’t high enough.[16] From the aspect of diffusion, the GO interlayer spacing 

cannot achieve effective size sieving for CO2 and N2. The combination of low 

solubility and diffusion selectivities leads to the poor separation performance of pure 

GO membrane with the CO2 permeance of 6 GPU, and the CO2/N2 separation factor 

of only 4. Compared with pristine GO membrane, after introducing Mg2+, the CO2 

permeance increases, and the N2 permeance sharply declines, leading to the 

remarkably improved CO2/N2 separation factor. The empty s orbitals of metal ions 

can form σ bonds with the electron pair of CO2 to form unstable carbonate-metal ion 

complexes, which can be quickly formed and easily decomposed in the presence of 

water, so that to realize rapid CO2 transport. By contrast, the transport of N2 still 

conforms to the solution-diffusion mechanism since there is no interaction between 

metal ions and N2. From the aspect of solution, metal ions attract polar water 

molecules, and the consequent salting-out effect significantly reduces the solubility of 

non-condensable gases (such as N2), while the water molecules provide additional 
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adsorption sites for CO2 due to the favorable water-CO2 interaction, thus improving 

the solubility selectivity of CO2. From the aspect of diffusion, metal ions (and the 

bound water molecules) occupy part of the space in the GO membrane. Meanwhile, 

the increase in CO2 permeance significantly enhances the number of CO2 molecules 

in the membrane. These two reasons reduce the diffusion channels of N2 molecules, 

thus forming a larger resistance for N2 diffusion, and improving the diffusion 

selectivity of CO2. As a result, the N2 permeance sharply declines, and the CO2/N2 

separation factor is significantly improved. The CO2 permeance and CO2/N2 

separation factor of GO-Mg2+ membrane are 1.5 and 12.2 times of that of GO pure 

membrane, respectively. The GO membrane intercalated with Fe ions in the literature 

shows completely different results with excellent selectivity towards N2 instead of 

CO2.
[7d] This phenomenon can be explained from four aspects: (i) The GO nanosheets 

were reduced to rGO before filtration, which weakened the preferential adsorption of 

CO2. (ii) Transition metal ions were adopted, which have been confirmed to play a 

critical role in improving N2 adsorption.[7d] (iii) The gas separation performance was 

tested under dry state, wherein the salting-out effect failed to function. (iv) The high 

N2/CO2 selectivity was obtained with the trans-membrane pressure of 110 mbar, and 

the selectivity showed a remarkable decline with the increasing pressure. 

 

Figure 4. CO2/N2 separation performance of GO and GO-Mg2+ membranes. The GO 

deposition amount of each membrane is 0.16 g/m2. 

Effect of GO deposition amount 
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The effect of GO deposition amount on the separation performance of GO-Mg2+ 

membrane was investigated. As shown in Figure 5a, when the GO deposition amount 

is only 0.016 g/m2, effective CO2/N2 separation can be achieved with the CO2/N2 

separation factor of 24, and the CO2 permeance of 53 GPU. With the GO deposition 

amount increases from 0.016 g/m2 to 0.048 g/m2, the variations of CO2 permeance 

and CO2/N2 separation factor of GO-Mg2+ membrane show an obvious trade-off effect. 

The possible reason is that there exist few non-selective defects in GO layer when the 

GO deposition amount is too low. With the increase of deposition amount, the defects 

are gradually covered, thus improving the CO2/N2 separation factor and decreasing 

CO2 permeance. Meanwhile, the increased membrane thickness leads to a higher mass 

transfer resistance, which further exacerbates the sharp decrease in CO2 permeance. 

After the defects in GO-Mg2+ membrane are completely covered, the increase in mass 

transfer resistance caused by the thickened membrane plays a dominant role, leading 

to the linearly decreased permeance at a relatively slow rate, while the separation 

factor remains constant. When the GO deposition amount is higher than 0.16 g/m2, the 

diffusion of metal ions into GO interlayers is impeded to some extent due to the larger 

resistance from the increased membrane thickness, thus exerting an adverse effect on 

CO2 transport, resulting in the simultaneously declined CO2 permeance and CO2/N2 

separation factor. 
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Figure 5. Gas separation performance of GO-Mg2+ membranes (a) with different GO 

deposition amounts and (b) under humidification/non-humidification conditions (with 

GO deposition amount of 0.08 g/m2). 

Effect of water vapor 

The presence of water molecules confers multiple effects on the transport 

process of CO2 in the membrane, such as competitive adsorption, facilitated transport, 

membrane swelling and salting-out effect. In this work, the GO-Mg2+ membrane was 

tested under humidified and non-humidified conditions to investigate the effect of 

water vapor on the separation performance of the membrane. During test, the feed gas 

and sweep gas flowed through a humidification tank (as shown in Figure S3), so their 
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relative humidity can be considered as 100%. As shown in Figure 5b, GO-Mg2+ 

membrane can achieve effective CO2/N2 separation under humidified condition. 

Nevertheless, after removing the humidification tank and drying the membrane 

gradually, the membrane performance almost completely loses with the CO2/N2 

separation factor close to 1 (the permeate gas composition is similar with the original 

composition of the feed gas), and the CO2 permeance of only 1.5 GPU. It manifests 

that the metal ions in the membrane fail to function without water vapor. In addition, 

in the absence of water molecules, the solubility selectivity of GO for CO2/N2 

decreases, and the membrane structure became denser in the dry state, which 

increases the gas diffusion resistance. Therefore, both the CO2 permeance and the 

CO2/N2 separation factor of GO-Mg2+ membrane are extremely low in the dry state. 

After resuming the humidification condition, the gas separation performance of the 

membrane gradually recovered to the original value. The above results indicate the 

crucial role of water molecules in promoting the selective permeation of CO2, and the 

membrane structure remains stable during the repeated humidifying/drying operation.  

Characterization and gas separation performance of GO-PA-Mg2+ membranes 

The XPS characterization for GO-Mg2+ membrane surface reveals that the mass 

content of Mg2+ in the membrane is 78 mg/g. In order to increase the Mg2+ loading 

and further improve the gas separation performance, phosphoric acid with strong 

complexing ability was introduced into the GO membrane during the suction filtration 

process, and then Mg2+ was introduced by the post-immersion method. The mass 

content of Mg2+ in the as-prepared GO-PA-Mg2+ membrane increases to 96 mg/g. 

Figure 6 is the SEM images of the surface and cross-section of GO-PA and 

GO-PA-Mg2+ membranes. The introduction of phosphoric acid and metal ions don’t 

change the typical surface morphology of GO membrane with obvious wrinkles. The 

cross-sectional view shows that the GO layer combines well with the PAN support, 

and the introduction of Mg2+ ions increases the thickness of the GO-PA membrane 

from 48 nm to 67 nm. The surface of the GO-PA-Mg2+ membrane was characterized 

by EDX mapping scanning. As shown in Figure 6 e and f, the uniform distribution of 

P and Mg elements indicates that phosphoric acid and metal ions uniformly disperse 

in the GO interlayer channels. 
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Figure 6. SEM characterization of the surface and cross section of (a, c) GO-PA and 

(b, d) GO-PA-Mg2+ membranes; (e, f) Surface EDX scanning characterization of 

GO-PA-Mg2+ membrane. The GO deposition amount of each membrane is 0.08 g/m2. 

The effect of GO deposition amount on the separation performance of 

GO-PA-Mg2+ membrane was investigated in the range of 0.016-0.16 g/m2 (Figure 7a). 

Similar to the case of GO-Mg2+ membrane, with the GO deposition amount increasing, 

the CO2 permeance continuously declines, and the CO2/N2 separation factor shows a 

trend of first increasing and then remaining unchanged. When the GO deposition 

amount is 0.08 g/m2, the GO-PA-Mg2+ membrane exhibits the best separation 

performance with the CO2/N2 separation factor of 48 and CO2 permeance of 23 GPU. 

Comparing the CO2 permeance of GO-Mg2+ and GO-PA-Mg2+ membranes under 

different deposition amounts (Figure 7b), it can be found that the CO2 permeance of 

GO-PA-Mg2+ membrane is always higher than that of GO-Mg2+ membrane with any 
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GO deposition amounts. This result indicates that the CO2 transport across GO 

membrane can be further promoted via introducing PA to increase the content of 

metal ions in the membrane. 

 

Figure 7. (a) Gas separation performance of GO-PA-Mg2+ membranes with different 

GO deposition amounts; (b) comparison of CO2 permeance of GO-Mg2+ and 

GO-PA-Mg2+ membranes with different GO deposition amounts. 
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Figure 8. (a) Gas separation performance of GO-PA-Mg2+ membrane for different 

gas mixtures (50 vt% / 50 vt%); (b) long-term stability test of GO-PA-Mg2+ 

membrane. 

The separation performance of GO-PA-Mg2+ membrane for different gas 

mixtures, including CO2/N2, CO2/CH4 and CO2/H2 was tested. As shown in Figure 8a, 

the CO2 permeance remains around 25 GPU in different testing systems, indicating 

that the CO2 permeation in membrane is barely affected by the competitive 

permeation of the other gas component (such as CH4, H2) in the feed gas, and the 

metal ions introduced into the membrane can specifically promote CO2 transmission. 

Comparing the separation factors of GO-PA-Mg2+ membrane in different gas systems, 
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it can be found that the CO2/N2 separation factor of 48 is the highest, while the 

CO2/CH4 separation factor is 28, and the CO2/H2 separation factor is only 5. The 

kinetic diameters of N2 and CH4 are 0.36 nm and 0.38 nm, respectively. Although the 

size difference of CO2/CH4 (0.05 nm) is larger than that of CO2/N2 (0.034 nm), the 

separation factor of CO2/CH4 is much lower. Comparatively, CO2/CH4 has lower 

solubility selectivity than CO2/N2 due to the minor solubility difference between CO2 

and CH4 molecules, hence CO2/CH4 separation relies more on diffusion selectivity. 

Nevertheless, for the GO-based membranes in this work, the solubility and facilitated 

transport play a dominant role in CO2-selective permeation, since the interlayer 

spacing in membrane cannot achieve efficient size sieving for CO2 and CH4 mixture, 

thus resulting in low diffusion selectivity. Therefore, CO2/CH4 shows a lower 

separation factor than CO2/N2. The kinetic diameter of H2 (0.289 nm) is smaller than 

that of CO2, leading to the CO2/H2 diffusion selectivity of less than 1. With the 

diverse impacts of solubility (CO2-preferential), diffusion (H2-preferential) and 

facilitated transport (CO2-preferential), a reverse-selective separation process in 

which larger CO2 molecules permeate faster can be achieved, yet with low separation 

factor. In order to investigate the structure and performance stability of GO-PA-Mg2+ 

membrane during long-term operation, a 130 h gas separation test was carried out 

with the feed gas of CO2/N2 (50/50 vol). It can be seen from Figure 8b that both the 

CO2/N2 separation factor and the CO2 permeance of GO-PA-Mg2+ membrane remain 

constant without obvious decline during the continuous test, demonstrating the stable 

membrane structure. 

Conclusion 

In this study, we reported the fabrication of functionalized GO-metal ion 

membranes by a facile post-immersion approach. It was found that Mg2+ is the most 

effective ion in promoting the CO2/N2 separation performance of GO membrane. The 

as-prepared GO-Mg2+ membranes exhibit high CO2 capture performance with the 

CO2/N2 separation factor increasing from 4 for pristine GO membrane to 48.8, which 

can be attributed to the multiple functions of Mg2+ in CO2 facilitated transport, 

salting-out effect to decrease N2 solubility, and hindering N2 diffusion. The CO2 

transport across GO membrane can be further improved via introducing phosphoric 

acid with strong complexing ability into GO channels in advance to increase the 
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content of metal ions in the membrane. The water molecules during separation test are 

confirmed to play a crucial role in promoting the selective permeation of CO2. 

Moreover, the GO-metal ion membranes show desirable long-term performance 

stability owing to the structural robustness. We anticipate this study could give 

insights into the microstructure of metal ion-functionalized GO membranes and lay a 

foundation for the design of high performance GO membranes for molecular 

separation. 

Experimental Section 

Materials 

GO was supplied by Nanjing Jicang Nano Technology Co., Ltd., China. 

MgCl2∙6H2O was supplied by Shanghai Aladdin BioChem Technology Co., Ltd. 

Phosphoric acid (PA) was purchased from Shanghai Lingfeng Chemical Reagent Co., 

Ltd. All the above regents are of analytical purity. Polyacrylonitrile (PAN) substrate 

(MWCO: 100 kDa) was purchased from Shandong Megavision Membrane 

Technology & Engineering Co., Ltd., China. Deionized water was homemade in the 

laboratory. 

Preparation of GO-metal membranes 

Raw GO was dispersed in deionized water, then sonicated with an ultrasonicator 

(power 380W, 30 min) and centrifuged at a high speed (12000 rpm, 10 min) to 

remove the ultra-small GO flakes in supernatant and retain the bottom sediment. 

Afterwards, the sediment was re-dispersed, centrifuged at a low speed (3500 rpm, 10 

min) to remove the stacked large GO nanosheets in precipitate and collect the 

supernatant for utilization. Finally, a stable brown-yellow GO dispersion with 

relatively uniform size was obtained. Before membrane preparation, a certain amount 

of GO dispersion was diluted to 1 μg/mL. Then, GO pure membrane was prepared on 

PAN support through vacuum filtration of the diluted dispersion. The effective 

diameter of the PAN support is about 4 cm. The GO membrane was fixed on an 

acrylic plate and soaked in the 0.1 mol/L MgCl2 salt solution. After 12 h, the 

membrane was washed with deionized water and dried in an oven at 40 ℃ for 24 h to 
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obtain the GO-Mg2+ membrane. A mixture of GO and phosphoric acid was prepared 

with the mass ratio of 1:10. GO-PA membrane was prepared with vacuum filtration 

method and then treated with the above-mentioned MgCl2 solution soaking process to 

obtain the GO-PA- Mg2+ membrane. 

Characterization 

The GO nanosheet was characterized by the non-contact mode of atomic force 

microscopy (AFM，XE-100，Park SYSTEMS，Korea) to observe its size and thickness. 

The surface and section morphology of prepared membrane was characterized by the 

field emission scanning electron microscopy (FESEM, Hitachi Limited, S-4800, 

Japan). Energy-dispersive X-ray spectroscopy (EDX, Hitachi S4800, Japan) was used 

to analyze the elemental composition and distribution in membrane. Samples need to 

be gold-sprayed by ion sputtering apparatus. The surface chemistry of membranes 

was analyzed by X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250, 

USA). The crystal phase and the characteristic peak of membrane were analyzed by 

X-ray diffraction (XRD, Rigaku, Miniflex 600, Japan) in the range of 5° ≤ 2θ ≤14° 

with a step width of 0.05° and a scan rate of 5 °/min.  

Gas separation test 

The membrane with an effective area of 4.91 cm2 was placed in a home-made 

membrane module. Mixture of CO2 and N2/CH4/H2 (50 vol%:50 vol%) was used as 

feed gas and flowed into the upstream side with a pressure of 0.1 MPa at room 

temperature. Argon was used as sweep gas flowing into the downstream side. The 

flow rate can be adjusted by mass flowmeter to optimize the area ratio of the 

chromatographic peaks (Figure S3). Both the feed gas and sweep gas were humidified 

by a humidifying device before entering into the membrane module. The permeated 

gas was brought into the gas chromatography (GC, Agilent, 7820A, the United States) 

for analysis by the sweep gas. The total gas flow rate on the downstream side can be 

measured by the soap bubble flowmeter, and then the permeance of different gas 

components can be calculated through the analysis data of the gas chromatography.  
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The performance of gas separation membrane is normally represented by two 

parameters, namely the separation factor (α) and the permeation rate (P/l). The 

separation factor indicates the separation degree of the two gas components by the 

membrane. The permeance demonstrates the rate of gas permeation through the 

membrane, generally expressed in the unit of GPU (Gas Permeance Unit, 1 GPU=10-6 

cm3 (STP)/(cm2∙s∙cmHg)). According to the definition, the gas permeance can be 

calculated through Equation (1), where ∆𝑉𝑖 ∆𝑡𝑖⁄  is the volume change per unit time 

on the downstream side (mL/s), measured by the soap bubble flowmeter, T is the 

temperature (oC), A is the effective area of membrane (m2), ∆𝑝𝑖  is the partial 

pressure difference of component i across the membrane,  𝑝0 is the pressure on the 

upstream feed side, 𝑝1 is the total pressure on the downstream permeate side (Pa), 𝑥𝑖 

is the volume fraction of component 𝑖 in the upstream feed gas, 𝑦𝑖 is the volume 

fraction of component 𝑖 in the downstream permeate gas, which can be calculated by 

chromatographic analysis.  

𝑃𝑖/𝑙 =
𝛥𝑉𝑖

𝛥𝑡𝑖
∙

273.15

273.15 + 𝑇
∙

1

1000∙22.4
∙

1

𝐴
∙

1

∆𝑝𝑖
  

        =
𝛥𝑉𝑖

𝛥𝑡𝑖
∙

273.15

273.15 + 𝑇
∙

1

1000∙22.4
∙

1

𝐴
∙

1

𝑝0𝑥𝑖 − 𝑝1𝑦𝑖
 (1) 

The two-component separation factor of the membrane can be calculated by 

Equation (2), where 𝑖  and 𝑗  represent different components, and 𝑥  and 𝑦 

represent the volume fraction of each component in the upstream feed gas and 

downstream permeate gas.  

 𝛼𝑖 =
𝑦𝑖 𝑦𝑗⁄

𝑥𝑖 𝑥𝑗⁄
 (2) 
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Insert graphic for Table of Contents here.  

  

Metal ions are successfully incorporated into GO channels, which contribute to 

facilitating CO2 transport, decreasing N2 solubility, hindering N2 diffusion, and form 

multiple interactions with GO nanosheets, thus achieving the remarkably improved 

CO2/N2 separation performance (with separation factor increasing 12.2 times) and 

excellent long-term stability.  
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