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Development of Membranes with High Oxygen-Separation Performance 

at Extremely Low Temperatures  
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A significant amount of oxygen is typically required for various industrial applications. Cryogenic distillation 

has long been the dominant method for oxygen production due to its ability to yield high-purity oxygen and large 

production capacity. However, the low relative volatility of the oxygen/argon system has led to a continuous 

increase in the size of air-separation units (ASUs). In the double-column process, further size reduction of ASUs 

presents significant challenges. A potential solution is the process intensification of other unit operations in 

combination with distillation. In this context, membrane-based separation, which allows continuous extraction of 

products and is not bound to gas–liquid equilibrium, is a promising technology. However, research on separation 

mechanisms under extremely low temperatures remains limited. In this study, bis(triethoxysilyl)methane 

(BTESM), a material that enables precise pore-size regulation, was examined, and the separation performance of 

BTESM membranes was evaluated for oxygen, argon, and nitrogen under low temperatures (around -115 °C) . 

The results showed that at -115 °C, the BTESM membrane exhibited unprecedented separation performance, with 

oxygen/argon and oxygen/nitrogen selectivity values of 12.7 and 11.8, respectively, as well as high permeance 

compared with existing frameworks for the oxygen-selective membranes. 

1 Introduction 

1.1 Oxygen Production and Membrane Separation 

Oxygen is used in a wide range of industries, with its demand 

increasing annually 1), 2). Industrial oxygen production is typically 

performed using air-separation units (ASUs) based on a double-

distillation column process, which was developed more than a 

100 years ago 3). Distillation is an energy-intensive process, and 

ASUs are no exception 4). Therefore, industrial gas 

manufacturers, including our organization, have conducted 

extensive research to enhance the energy efficiency of ASUs 5), 6), 

7). In addition, oxygen production by cryogenic distillation 

requires large distillation columns to separate the oxygen/argon 

mixture, characterized by a low relative volatility. This need 

results in an increase in equipment size. To address these issues, 

integrating the conventional cryogenic distillation process with a 

new unit-operation process is desirable. 

A promising approach in this context is membrane-based 

separation, as it does not involve phase changes and is not bound 

to gas–liquid equilibrium 8). Moreover, the product can be 

continuously extracted 9). Membrane-based separation of oxygen 

has been in use for several decades. Since the development of air-

separation membranes in 1980 10), organic membranes have been 

constructed using materials such as hollow fibers and 

polysulphonic acid 11), 12), 13). However, the organic chains in these 

organic membranes crystallize at low temperatures, causing 

thermal oscillation halts and resulting in a significant decrease in 

gas permeance 14). Consequently, these organic membranes are 

impractical for cryogenic oxygen separation.  

With advancements in material technologies 15), 16), 17), 

separation membranes composed of cost-effective inorganic 

materials with high permeance and selectivity have been 

developed. Although a few studies have focused on gas 

permeation at low temperatures 18), 19), 20), they do not discuss the 

separation of argon, a common component of air. The kinetic 

molecular diameters of oxygen, nitrogen, and argon are 

extremely similar (Table 1). Thus, to integrate membrane 

separation with cryogenic distillation for industrial oxygen 

production, membranes for oxygen separation must exhibit high 

permeability while maintaining extreme thinness, as well as high 

selectivity with precise pore-size control at low temperatures. 

Ionic-electronic conducting materials, such as perovskite, enable 

selective oxygen permeation and can thus yield high-purity 

oxygen 21), 22), 23). However, the product flow rate is significantly 

lower than that of separation membranes with other permeation 
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Table 1 Specifications of gases 

NitrogenArgonOxygenMolecule

Molecule shape

3.643.43.46Kinetic diameter [Å]

－148.2－123.2－118.2Critical temperature [℃]

－182.9－185.8－195.5Standard boiling point [℃]

4.0

2.8

3.4

3.4 3.0

4.1

- 1 -



TAIYO NIPPON SANSO Technical Report No. 43 (2024) 
 

 
 

mechanisms. Furthermore, these solid materials typically operate 

at temperatures as high as 900 °C, and the product flow rate 

decreases as the operating temperature decreases. Thus, 

membranes composed of ionic-electronic conducting materials 

are unsuitable for integration with cryogenic distillation. 

1.2 Organosilica Membranes and Research Objective 

Silica membranes, composed of inorganic materials, contain 

dense amorphous pores composed of siloxane bonds, enabling 

gas separation through molecular sieving. Organosilica 

membranes 24), 25), derived from silica membranes, can be 

fabricated to be extremely thin, with a separation layer as thin as 

50 nm, offering high permeation performance. Moreover, these 

membranes enable structural modifications, such as 

hydrophilicity/hydrophobicity control and pore-size control 

using precursors with different carbon numbers, such as 

bis(triethoxysilyl)methane (BTESM). In addition, owing to their 

high mechanical strength, attributable to the ceramic components, 

organosilica membranes are considered promising candidates for 

low-temperature gas separation. 

Considering these aspects, this study was aimed at examining 

the durability of organosilica membranes with precisely 

controlled pore sizes at cryogenic temperatures and their ability 

to permeate and separate oxygen, nitrogen, and argon 

(characterized by similar kinetic molecular diameters) at low 

temperatures. The ultimate objective was to achieve process 

integration of membrane separation with ASUs.  

2 Experiment 

2.1 Membrane Fabrication 

Figure 1 shows a schematic of the separation membrane. The 

membrane consists of a porous α-Al2O3 tube (average pore size 

1 μm, outer diameter 10 mm, length 100 mm), onto which the 

separation layer is coated; and a supporting α-Al2O3 tube. The 

membrane has a graded structure in which the porous α-Al2O3 

tube, intermediate layer, and active separation layer are arranged 

in descending order of pore diameter. The active separation layer 

is designed to be extremely thin. Both the active separation layer 

and intermediate layer are BTESM membranes. These 

membranes are synthesized by the hydrolysis and condensation 

polymerization of BTESM as the precursor in an alcohol solvent 

with an acid catalyst to form a sol. This sol is then calcined 

multiple times in nitrogen or air for 30 minutes within a 

temperature range of 300 to 600 ºC. Details of membrane 

preparation can be found in our previous report 26). 

 

2.2 Evaluation of Membrane Pore Size 

To quantitatively evaluate the pore size of the fabricated 

separation membrane, the modified gas translation (GT) model 

27), 28) was used. According to this model, the permeance P can be 

defined using Equation (1): 

𝑃 = (𝑑𝑝 − 𝑑𝑘,𝑖) {
(𝑑𝑝−𝑑𝑘,𝑖)

2

𝑑𝑝
2 }√

8

𝜋𝑅𝑀𝑖𝑇

𝜀

𝜏𝐿
𝑒𝑥𝑝 (−

𝐸𝑝,𝑖

𝑅𝑇
)   (1) 

where 

P: Permeance [mol s-1 m-2 Pa-1] 

𝑑𝑝: Membrane pore size [m] 

𝑑𝑘,𝑖: Kinetic diameter of component i [m] 

𝜀: Porosity [-] 

𝐸𝑝,𝑖: Activation energy of component i [kJ mol-1] 

L : Membrane thickness [m] 

R : Gas constant [J mol-1 K-1] 

𝑀𝑖: Molecular weight of component i [g mol-1] 

𝜏: Reflective index [-] 

T: Absolute temperature [K] 

Assuming that component i permeates through Knudsen 

diffusion, the permeance Pi,k of component i can be estimated 

from the permeance of helium in the membrane, PHe, using 

Equation (2): 

𝑃𝑖,𝑘 = 𝑃𝐻𝑒√
𝑀𝐻𝑒

𝑀𝑖
 (2) 

Let Pi denote the measured permeance of component i in 

the membrane. Then, the dimensionless parameter, 

normalized Knudsen-based permeance (NKP), can be 

defined as in Equation (3): 

𝑁𝐾𝑃 =
𝑃𝑖

𝑃𝑖,𝑘
=

𝑃𝑖

𝑃𝐻𝑒√
𝑀𝐻𝑒
𝑀𝑖

 (3) 

By substituting Equation (1) into Equation (3) and 

assuming negligible differences in the activation energies of 

helium and component i, NKP can be expressed in a 

simplified form as in Equation (4): 

𝑁𝐾𝑃 =
𝑃𝑖

𝑃𝐻𝑒√
𝑀𝐻𝑒
𝑀𝑖

=
(𝑑𝑝−𝑑𝑘,𝑖)

3

(𝑑𝑝−𝑑𝑘,𝐻𝑒)
3 (4) 

Fig. 1 Schematic of separation membrane 
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According to Equation (4), when the permeance values of 

helium and component i are known, the membrane pore size 

can be theoretically estimated using the membrane pore size 

dp as a fitting parameter. 

2.3 Single and Binary Gas Permeation Experiments 

Figure 2 schematically illustrates the gas permeation 

equipment, including high-purity gas cylinders (He, H2, O2, Ar, 

N2, CH4, CF4, and SF6), mass flow controllers (FCON 1000 

series, 2 L/min), a heat exchanger, a separation membrane, Freon 

for gas cooling (AGC AK-225G, freezing point -130 °C to -

115 °C), liquid nitrogen, a gas chromatograph (Shimadzu GC-

6A :TCD for GL Sciences column), and soap film meters 

(HORIBA SF-U series, 0.2 to 1000 mL). The feed-gas flow rate 

was controlled according to the experimental conditions using 

the mass flow controller. The feed gas was desiccated in the 

drying tube and cooled using Freon before being supplied to the 

separation membrane. Notably, Freon was cooled using liquid 

nitrogen via a heat exchanger. The upstream pressure was 

controlled using a back pressure valve on the retentate side, and 

the downstream pressure was maintained at atmospheric level. 

The flow rate and composition of the gas on both the retentate 

and permeate sides were measured using soap film meters and 

gas chromatography. For tests at temperatures ranging from 

room temperature (around 25°C) to 200 °C, the feed-gas 

temperature was controlled using a mantle heater. 

 

3 Results and Discussion 

3.1 Membrane Durability at Low Temperatures 

Figure 3 shows the temperature dependence of helium 

permeance of the BTESM membrane over a range of -130 °C to 

200 °C. Even the permeance values at low temperatures, near -

130 °C, were located on the extrapolated line of the permeance 

at room temperature. This observation suggests that the 

membrane underwent no deterioration or structural damage at 

low temperatures. Fig. 4 shows the kinetic diameter dependence 

of the gas permeance of the BTESM membrane at 200 °C, before 

and after cooling to -130 °C. Repeated thermal cycling between 

-130 °C and 200 °C did not influence the permeance of the 

BTESM membrane across all tested gases. These results indicate 

that the BTESM membrane exhibits excellent structural stability 

over a wide temperature range, including at low temperatures. 

3.2 Evaluation of Membrane Pore Distribution and Pore 

Size Control  

Figure 5 shows the kinetic diameter dependence of 

dimensionless gas permeance (normalized to helium permeance 

at 200 °C) for four membranes fabricated under different 

calcination conditions (temperature and atmosphere). The solid 

Fig. 3 Temperature dependence of helium 
permeance of BTESM membrane 
from -130 °C to 200 °C 
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Fig. 4 Kinetic diameter dependence of gas 
permeance of BTESM membrane at 
200 °C, before and after cooling to -130 °C 
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black line (without symbols) represents the dimensionless 

permeance calculated based on helium permeance as a reference, 

assuming that each gas permeates through Knudsen diffusion. A 

larger deviation from the solid black line indicates enhanced gas 

selectivity through molecular sieving. Membranes A to C 

exhibited reduced permeance for gases with larger kinetic 

diameters, such as CF4 and SF6, compared with N2 and CH4, 

suggesting a well-defined pore size distribution. 

Membrane C exhibited high N2/CH4 selectivity, indicating that 

its pore size distribution was suitable for molecular sieving 

around the kinetic diameters of N2 and CH4. One possible reason 

for this optimization is that the calcination atmosphere was air in 

this case. In general, owing to the presence of Si–CH2–Si 

linkages, organosilica membranes form relatively uniform pore 

sizes while suppressing grain boundaries. However, they are also 

likely to exhibit large pores. In contrast, owing to the presence of 

Si–OH groups, silica membranes can form dense pores capable 

of separating helium and hydrogen, characterized by small 

kinetic diameters. However, silica membranes typically exhibit a 

bimodal structure consisting of a dense network and grain 

boundaries. For the BTESM membrane calcined in air at 500 °C, 

the condensation of Si–OH groups and partial oxidation of the 

Si–CH2–Si unit were moderately accelerated. Thus, the high 

selectivity of the BTESM membrane was likely attributable to 

the synergistic effect of the uniform pore size formation and grain 

boundaries suppression associated with organosilica membranes 

and the formation of dense pores with high molecular sieving 

effect associated with the silica membrane.  

In contrast, Membrane D, calcined at 600 °C in an air 

atmosphere, exhibited a selectivity comparable to that of 

Knudsen diffusion for gases with kinetic diameters larger than 

argon. At this higher calcination temperature, most of the carbon 

groups in the organosilica membrane were likely oxidized, and 

the membrane was transformed into a silica-like membrane 

(bimodal structure with dense network and grain boundaries). 

Thus, Membrane D was unlikely to achieve high oxygen 

separation performance and subsequent analyses focused on 

Membranes A, B, and C. Fig. 6 shows the pore size distributions 

of Membranes A, B, and C, determined using the modified GT 

model described in Section 2.2. The results demonstrate that the 

pore sizes of the three membranes could be precisely controlled 

through the calcination conditions. 

3.3 Single Gas Permeation Experiments 

Figure 7 shows the feed-pressure dependence of 

dimensionless gas permeance (normalized to the gas permeance 

at 200 kPa) of membranes A, B, and C at -115 °C for oxygen, 

argon, and nitrogen. A previous study 26) reported that the 

permeance did not depend on the pressure at a permeation 

temperature of 30 °C. However, in this study, pressure 

dependence was observed at -115 °C for all pore sizes and gas 

species. This phenomenon could be explained by the fact that as 

the feed pressure increased at low temperatures, the gas formed 

a dense phase within the membrane pores, similar to 

condensation, resulting in self-permeation inhibition. The 

decrease in oxygen permeance was consistent at all pore sizes. 

However, the decrease in argon and nitrogen permeance became 

less pronounced as the pore size decreased. This observation 

suggests that as the pore size decreases, argon and nitrogen 

exhibit limited diffusion into the pore. Considering the result of 

single gas permeation experiments conducted using membrane 
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C, high selectivity is expected in binary separation experiments 

at low temperatures, unlike that of molecular sieving in the 

gaseous phase at room temperature. This is attributable to the 

formation of a selective dense phase composed only of oxygen, 

which physically inhibits the permeation of other components. 

3.4 Binary Separation Properties of the BTESM Membrane 

Figure 8 shows the gas permeance at 30 °C and -115 °C as a 

function of the oxygen mole fraction for oxygen/argon, 

oxygen/nitrogen, and oxygen/helium gas mixtures. These 

experiments were based on Membrane C, identified in Section 

3.3 as having high oxygen selectivity. At 30 °C, the oxygen 

selectivities for the oxygen/argon and oxygen/nitrogen gas 

mixtures were 4 and 4.5, respectively. However, at -115 °C, these 

values increased to 12.7 and 11.8, representing a significant 

enhancement in membrane performance compared with that at 

room temperature. The permeance of oxygen, argon, and 

nitrogen did not depend on the oxygen mole fraction of the feed 

gas. In terms of the separation of the oxygen/helium gas mixture, 

helium exhibited preferential permeation at 30 °C. However, at -

115 °C, oxygen, with a large kinetic molecular diameter, became 

the preferentially permeating component. This shift may be 

attributable to the formation of a dense oxygen phase at low 

temperatures (as discussed in Section 3.3), which inhibited the 

permeation of coexisting components. Figs. 9 and 10 present a 

comparison of oxygen/argon and oxygen/nitrogen separation 

performance of existing membranes 29), 30), 31) and the proposed 

Fig. 8 Effect of oxygen mole fraction on the feed side on gas permeance and oxygen selectivity at 30 °C 
and -115 °C for BTESM membrane C 
(From left to right: oxygen/argon, oxygen/nitrogen, and oxygen/helium gas mixtures) 
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BTESM membrane. The proposed BTESM membrane achieved 

higher permeance and greater selectivity for both mixtures 

compared with the existing membranes, as indicated by its values 

lying on the right side (horizontal axis, permeance) and upper 

region (vertical axis, selectivity). These findings confirm that the 

BTESM membrane demonstrates excellent oxygen permeation 

and selectivity, representing a promising candidate for oxygen 

separation. 

4 Conclusion 

BTESM membranes, a type of organosilica membrane that 

enables diverse structural designs among inorganic membranes, 

were fabricated, and their oxygen permeation mechanisms at 

cryogenic temperatures were evaluated. The following 

conclusions were derived: 

⚫ The BTESM membrane did not undergo structural 

damage or pore blockage at cryogenic temperature. 

⚫ By modifying the temperature and calcination atmosphere, 

the pore size of the membrane could be precisely 

controlled. In particular, calcination at 500 °C in an air 

atmosphere resulted in a uniform yet dense separation pore 

structure with suppressed grain boundaries, resulting in 

high separation performance. 

⚫ By promoting the formation of dense oxygen phases 

through precise pore size control, the oxygen selectivities 

for oxygen/argon and oxygen/nitrogen mixtures reached 

12.7 and 11.8, respectively, considerably higher than those 

reported in previous studies. In addition to the oxygen 

selectivity, the permeance of the proposed membrane was 

superior to that of existing membranes. 

5  Future Prospects 

Studies on membrane permeation mechanisms at low 

temperatures remain limited, regardless of the membrane 

material or separation system. This is primarily because only a 

small number of industrial fields handle cryogenic environments 

with market competitiveness. Besides organosilica membranes, 

which were the focus of this study, there remains significant 

room for the development of membrane separation technologies 

at cryogenic temperatures. For example, future work can be 

aimed at examining membranes based on materials having a high 

affinity for specific components, evaluating membrane operation 

under different pressures and temperatures, and identifying 

methods for integrating membrane separation with distillation. 

We aim to contribute to the development of innovative separation 

technologies by leveraging our expertise in technologies 

operating at cryogenic temperatures, including cryogenic 

distillation. 

Fig. 10  Comparison of O2/N2 separation performance 
of existing frameworks and proposed BTESM 
membrane 
(Black: previous studies, Red: this study) 
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