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Article 
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Abstract: The presented work is aimed at studying the gas transport characteristics of polymeric hollow-fibre 
gas separation membranes. Such materials as: polysulfone (PSF), polyphenylene oxide (PFO), polyetherimide 
(PEI), polyetherimide with polyimide (PEI+PI) were studied on the example of air mixture separation. The 
values of the permeances of pure gases O2 and N2 and the mixed permeances of oxygen and nitrogen during 
air separation were obtained. Mathematical models of the gas separation process built on the basis of these 
values show significant discrepancies. To obtain a gas mixture with 95 mol.% nitrogen from air, taking into 
account the mixture permeance, 15.8% more PSF membrane area is required than taking into account the 
permeance of pure gases. For a PPO membrane this value is 13.9%, for PEI 19.8% less area is required, and for 
PEI+PI 15.9% less. In the design of industrial or semi-industrial membrane installations, such discrepancies can 
lead to significant errors, including technical and economic ones. 

Keywords: membrane gas separation; air mixture separation; process modelling; mixture 
permeance 
 

1. INTRODUCTION 

Air separation is one of the main sources of nitrogen and oxygen for chemical technology [1–3]. 
Pure nitrogen is used as a raw material for the production of ammonia and nitrogen fertilisers, in the 
oil and gas industry, and to create an inert environment in various chemical industry processes [4,5]. 
Oxygen is used in petrochemical processes, in the process of oxygen conversion of methane, in 
metallurgy, in medicine, and as a component of rocket fuel [6]. Often the cost of pure gases (with 
concentration > 95 vol.%) consists of the cost of obtaining them and the cost of their purification, but 
since oxygen and nitrogen can be obtained from air, their cost depends only on the cost of their 
separation. Consequently, the cheaper their separation, the more affordable the gases become and, 
with it, all the products manufactured using them. 

There are currently three main methods of air separation used in industry: cryogenic distillation, 
adsorption and membrane gas separation. Cryogenic air separation is the most widespread method, 
which allows to separate air by components with high purity of products [7–9]. The disadvantage of 
this method is high energy intensity of the process, which is caused by the need to maintain low 
temperatures (up to -200 ˚C), which makes the process economically feasible only in case of 
application of the method within the framework of large-capacity production. Adsorption method – 
pressure swing adsorption (PSA) is effective for medium tonnage production and processes [10,11]. 
Membrane technology is characterised by high energy efficiency and produces nitrogen with a 
concentration of > 99 vol.% [12–15]. 

Membrane technology is currently a source of profound interest, especially in the context of 
green chemistry. This is primarily due to the energy efficiency and environmental sustainability of 
membrane units. Membrane units are able to purify gases under ambient conditions, without phase 
transformations and without the supply or removal of thermal energy. Moreover, while cryogenic 
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and adsorption methods of air separation have limitations in terms of economic feasibility in relation 
to the scale of production, membrane technology can be easily scaled up and applied in the largest 
plants as well as in the smallest ones [16–22]. 

Speaking of chemical technology in general, one of the key methods for designing any industrial 
installation today is mathematical modelling [23–26]. However, the effectiveness of the application 
of mathematical modelling is, to a marked extent, limited by the quality of the models used. In the 
context of membrane technology, the application of ideal permeabilities of gas mixture components 
significantly affects the quality of calculations. This can lead to both excessive and insufficient 
parameters of the membrane unit required to achieve the gas separation goal. 

The present work is devoted to the development of a model of the membrane gas separation 
unit taking into account the real characteristics of the gas mixture components on the example of 
polymeric hollow fibre membranes. The results of such modelling are also compared with the results 
of modelling based on ideal gas characteristics. It is shown that the use of ideal models can lead to 
errors in calculations from 6 to 29 %, in recalculation of the effective area of membranes required to 
achieve the gas separation goal. 

2. MATERIALS AND METHODS 

The study of gas transport characteristics was carried out on polymeric hollow-fiber gas 
separation membranes based on polysulfone (PSF), polyphenylene oxide (PPO), polyetherimide 
(PEI), polyetherimide with polyimide (PEI+PI) purchased from Hangzhou Kelin Aier Qiyuan 
Equipment Co., Ltd. (Hangzhou, China). For the study of permeabilities for individual gases, the 
main components of the air gas mixture were used: pure gases N2 (99.9995 vol.%), O2 (99.99 vol.%). 
He (99.9999 vol.%) and Ar (99.999 vol.%) purchased from NII KM (Russia, Moscow), were used as 
carrier gases in the membrane modules and for purging the experimental setup. 

2.1. STUDY OF INDIVIDUAL AND MIXTURE PERMEANCE 

To study permeance, membrane cells were fabricated from tubes with an outer diameter of 1/4” 
made of stainless steel of the S316 brand (Hy-Lok, Korea), 16 cm long, with 40 hollow-fibre 
membranes placed inside. Photographs of the membrane module are presented in Figure 3. 

 
Figure 3. A membrane module for the study of gas transport characteristics of hollow-fibre gas 
separation membranes. 

The hollow-fibre membrane modules were studied on an experimental setup, which is a set of 
gas flow controllers, a mixing chamber, a vacuum pumping post and a mass spectrometer. The 
principle scheme of the experimental setup is presented in Figure 4. 
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Figure 4. Schematic diagram of the setup for determination of gas transport characteristics of a 
membrane with a mass spectrometer. 

Газораспределительная система включает в себя пять регуляторов расхода газа (Bronkhorst 
FG-201CV, Bronkhorst F201CV, Bronkhorst F201CM), регулятор противодавления «до себя» 
(Bronkhorst P702CM), четырехпортовый двухпозиционный кран, вакуумный насос 1 (Pfeiffer Hi-
Cube ECO 300), вакуумный насос 2 (Pfeiffer Hi-Cube 80 Eco). Три регулятора Bronkhorst FG-
201CV служили для подачи газа в камеру смешения. С их помощью можно подать как чистый 
газ, так и путем динамического смешения потоков в камере смешения можно создавать 
трехкомпонентную газовую смесь с задаваемыми концентрациями. Другие регуляторы 
расхода газа служат для подачи в систему аргона и гелия. Регулятор противодавления 
поддерживает установленное давление в полости высокого давления. В четырехпортовый 
двухпозиционный кран поступает два газовых потока: на один вход исследуемый газ или 
газовая смесь из камеры смешения, на второй вход поступает гелий. В зависимости от 
положения крана, один из потоков попадает в вентиляцию, а второй в полость высокого 
давления мембранного модуля. Вакуумный насос 1 состоит предназначен для создания 
вакуума в полости низкого давления мембранного модуля. Вакуумный насос 2 поддерживает 
высокий уровень вакуума в камере масс-спектрометра. Вакуумные насосы состоят из 
мембранного и турбомолекулярного насосов. 

Основным компонентом аналитического стенда является масс-спектрометр (Pfeiffer 
PrismaPro QMG 250 M2). Уровень вакуума регистрируется с помощью датчиков давления 
(Pfeiffer MPT200). В случае повреждения мембраны и резкого роста давления в полости низкого 
давления стенд оборудован мембранным клапаном с электромагнитным приводом (Pfeiffer 
DVC 025 PX), который отключает вакуумное оборудование от газораспределительной системы. 

Процедура исследования газотранспортных характеристик включает следующие этапы. 
Гелий подается на регулятор расхода газа, который с постоянным потоком 50-150 см3/мин 
направляет газ в четырехпортовый кран. Кран переключается в положение, которое соединяет 
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поток гелия с полостью высокого давления мембранного модуля для продувки. Вместе с этим, 
в камеру смешения поступают анализируемые чистый газ или газовая смесь. Аргон подается 
напрямую в аналитический блок с постоянным потоком 4 см3/мин для калибровки масс-
спектрометра на расчет газовых потоков в зависимости от выдаваемого сигнала. Продувка 
системы гелием проводится до удаления примесных компонентов, концентрация которых 
отслеживается в режиме реального времени по масс-спектру. Задержка масс-спектрометра 
составляет 1 мс.  

Двухпозиционный кран переключается (время переключения 8 мс) в положение, при 
котором исследуемый газовый поток из камеры смешения направляется в полость высокого 
давления мембранного модуля. Давление в надмембранном пространстве и регулировка 
потоков каждого газа осуществлялась в программе FlowPlot. Давление в подмембранном 
пространстве и в камере масс-спектрометра отслеживалось с помощью программы PV 
TurboViewer, а масс-спектр отображается и записывается в программе PV MassSpec. 

Проницаемость мембраны рассчитывали по формуле: 
The gas distribution system includes five mass flow controllers (Bronkhorst FG-201CV, 

Bronkhorst F201CV, Bronkhorst F201CM), a backpressure regulator “before itself” (Bronkhorst 
P702CM), a four-port two-position valve, vacuum pump 1 (Pfeiffer Hi-Cube ECO 300), vacuum 
pump 2 (Pfeiffer Hi-Cube 80 Eco). Three Bronkhorst FG-201CV regulators served to supply gas to the 
mixing chamber. With their help, you can supply both pure gas and, by dynamically mixing the flows 
in the mixing chamber, you can create a three-component gas mixture with specified concentrations. 
Other mass flow controllers are used to supply argon and helium to the system. The backpressure 
regulator maintains the set pressure in the high-pressure cavity. A four-port two-position valve 
receives two gas flows: one input receives the gas being tested or a gas mixture from the mixing 
chamber, and helium enters the second input. Depending on the position of the valve, one of the 
flows enters the ventilation, and the second into the high-pressure cavity of the membrane module. 
Vacuum pump 1 is designed to create a vacuum in the low-pressure cavity of the membrane module. 
Vacuum pump 2 maintains a high vacuum level in the mass spectrometer chamber. Vacuum pumps 
consist of membrane and turbomolecular pumps. 

The main component of the analytical stand is a mass spectrometer (Pfeiffer PrismaPro QMG 
250 M2). The vacuum level is recorded using pressure transducer (Pfeiffer MPT200). In the event of 
membrane damage and a sharp increase in pressure in the low-pressure cavity, the stand is equipped 
with a membrane valve with an electromagnetic drive (Pfeiffer DVC 025 PX), which disconnects the 
vacuum equipment from the gas distribution system. 

The procedure for studying gas transport characteristics includes the following steps. Helium is 
supplied to the gas flow regulator, which directs the gas to a four-port valve with a constant flow of 
50-150 cm3/min. The valve is switched to a position that connects the helium flow to the high-pressure 
cavity of the membrane module for purging. At the same time, the analyzed pure gas or gas mixture 
enters the mixing chamber. Argon is supplied directly to the analytical unit with a constant flow of 4 
cm3/min to calibrate the mass spectrometer to calculate gas flows depending on the output signal. 
The system is purged with helium until impurity components are removed, the concentration of 
which is monitored in real time using the mass spectrum. The mass spectrometer delay is 1 ms. 

The two-position valve switches (switching time 8 ms) to a position in which the gas flow under 
study from the mixing chamber is directed into the high-pressure cavity of the membrane module. 
The pressure in the supra-membrane space and the adjustment of the flows of each gas were carried 
out in the FlowPlot program. Pressure in the submembrane space and in the mass spectrometer 
chamber was monitored using PV TurboViewer software, and the mass spectrum was displayed and 
recorded in PV MassSpec software. 

Membrane permeability was calculated using the formula: 𝑄 =  ௃೔௱௣·஺ , ௖௠య(ௌ்௉)௖௠మ ௦ ௖௠ுீ (1) 

where Ji is the volumetric flow rate of the component i in the permeate, cm3/s; Δp is the difference 
in the partial gas pressures through the membrane, cmHg; and A is the area of the membrane, cm2. 
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The software of the mass spectrometer made it possible to transform the signal with respect to each 
component under determination into the value of its partial pressure. Therefore, the volumetric flow 
rate of the permeate can be determined by the formula  ௃೔௃ಲೝ =  ௣೔௣ಲೝ (2) 

where JAr is the volumetric flow rate of argon, cm3/min; pi is the partial pressure of the 
component i in the permeate, mmHg; and pAr is the partial pressure of argon in the permeate, mmHg.  

The selectivity for the gas pairs was calculated by the formula 𝛼஺ ஻⁄ =  ொಲொಳ  (3) 

where QA is the permeance of component A and QB is the permeance of component B. 

2.2. Membrane Separation Unit Simulation 

In order to perform a simulation study of the membrane gas separation process using the Aspen 
Plus environment (Bedford, MA, USA), a custom ACM user block was used. That block is an updated 
version of the hollow fiber membrane element, which was developed by Ajayi and Bhattacharyya 
during the DOE Carbon Capture Simulation Initiative (CCSI) [27]. This is a one-dimensional partial 
differential equation (PDE)-based multi-component, and it may be applied for materials in which 
permeation occurs according to the solution-diffusion mechanism. Here, gas permeances are 
independent of the pressures, concentrations, and stage cut. The separation process occurs under 
isothermal conditions. That model allows us to predict the value of the pressure drop along the fiber 
bore side and the shell side of a unit in accordance with the Hagen–Poiseuille equation for a 
compressible fluid. In this model, the gas mixture feeds the unit from the shell side of the hollow 
fibers and permeates to the fiber bore. The membrane module functions in countercurrent flows in a 
steady state mode. The model provides profiles of the component fluxes and concentrations, and the 
gas mixture behavior is assumed to be ideal. The equation-oriented structure enables the user to 
perform rating or design calculations depending on the variables being specified to satisfy the 
degrees of freedom. 

2.3. Gas separation experiment 

Experiments on separation of air-gas mixture were carried out on membrane modules with 
different effective membrane areas. When the effective membrane area increases, taking into account 
that the feed gas flow does not change, there is a consistent increase in the permeate flow and stage-
cut value: 𝜃 = ௟೛೐ೝ೘௟೑೐೐೏ , (4) 

where 𝑙௣௘௥௠ – volume permeate flow (cm3 min-1), 𝑙௙௘௘ௗ – volume feed flow (cm3 min-1). 
Modules with a small number of hollow fibre membranes (40, 45, 50, 55, 60 fibres) were 

fabricated. Modules with known effective membrane area were also used: for PSF, PPO, PEI – 1000 
cm2, 2500 cm2, 5000 cm2, for PEI+PI – 100 cm2, 200 cm2 and 300 cm2.  

The experiment was conducted during separation of an air gas mixture from an air compressor. 
The feed gas mixture stream entered the membrane module with a defined flow rate, which was 
constant for each type of membrane and was maintained by a gas flow controller. The permeate 
stream was analysed using a mass spectrometer, the retentate stream was analysed by gas 
chromatograph (GC) GC-1000 (Chromos Ltd, Russia) equipped with a thermal conductivity detector 
(TCD). 

2.4. Materials screening 

The gas transport characteristics of a number of polymer gas separation membrane materials 
selected for the experiment were taken from published papers.  
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Table 1. Gas transport characteristics of polymeric gas separation membranes. 

Membrane 
PO2, 

barrera 

PN2, 

barrera 

Selectivity, 

α(O2/N2) 
T, ˚C 

Pressure 

Difference, 

bar 

Ref. 

PSF 

1.05 0.165 6.4 24 3.5 
[28] 

1.29 0.22 5.9 35 10 

1.5 0.26 5.8 35 2 [29] 

1.1 0.23 4.8 30 1 [30] 

1.06 0.171 6.2 25 3.5 [31] 

1.2 0.2 6 35 5 [32] 

PPO 

17 3.62 4.7 35 2 [33] 

17 4.47 3.8 30 1 [34] 

19.08 4.65 4.1 30 1 [35] 

PEI 

0.32 0.05 6.4 22 0.2-0.9 [36] 

0.4 0.05 7.6 35 5 [32] 

0.38 0.054 7.1 35 3.5 [37] 

0.4 0.05 8 35 10 [38] 

Membrane QO2, GPUb QN2, GPUb 
Selectivity, 

α(O2/N2) 
T, ˚C 

Pressure 

Difference, 

bar 

Ref. 

PSF 

27.5 4 6.9 24 3.5 [28] 

13.6 2.88 4.8 30 1 [30] 

39.3 6.3 6.2 25 3.5 [31] 

PPO 
40 10 4 22.5 5 [39] 

20 4.8 4.1 35 4 [40] 

PEI 

2.89 0.33 8.8 30 2 [38] 

11.5 1.77 6.5 27 6 [41] 

2.6 0.63 4.1 22 6.9 [42] 
a1 Barrer = 1 × 10–10 cm3(STP) · cm · cm-2 · s-1 · cmHg-1 
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b1 GPU = 1 × 10–6 cm3(STP) · cm-2 · s-1 · cmHg-1 

The membrane materials considered in this study, polysulfone (PSF), polyphenylene oxide 
(PPO), polyetherimide (PEI), were selected to analyse the literature data on gas transport 
performance studies. The table is divided into two parts: the first part of the table shows the 
permeability coefficients (P) in barreres, while the second part of the table shows the permeance (Q) 
in GPU. The permeance values expressed in GPU (Gas Permeation Unit) characterise the membrane 
unit to a greater extent. The permeability coefficient expressed in barreres has a dependence on the 
thickness of the membrane selective layer and characterises the membrane material to a greater 
extent. It should be noted that at a membrane selective layer thickness of 1 µm, 1 GPU is equivalent 
to 1 Barrer. Given that not all works specify the thickness of the selective layer, it is not possible to 
compare permeance with permeability coefficients. At the same time, the selectivity value is a 
dimensionless value and can be included in the comparison, regardless of whether the value was 
obtained through the ratio of permeances or through the ratio of permeability coefficients. 

Data on permeabilities of isotropic polysulfone films and asymmetric membranes are presented 
in [28]. An asymmetric membrane with a selective layer thickness of 80 nm, prepared using variable-
pressure constant-volume technique, showed an O2/N2 selectivity of 6.4. Also, temperature and 
pressure dependences of permeability coefficients as well as the influence of CO2 additives on the 
separation process are presented. It is shown that with increasing temperature, the flows increase 
and selectivity decreases. The O2/N2 pair selectivity for pure PSF in [29] was 5.8, which is similar to 
the data presented in [28]. NG B.C. et al. conducted a study on ten PSF membranes [30]. Table 1 
summarises the average values and converted the permeance from GPU to Barrer taking into account 
the selective layer thickness reported in the paper. Ingo Pinnau and William J. Koros conducted 
research [31] on the methods of moulding polysulfone membrane films. The values presented in 
Table 1 correspond to the dry/wet phase inversion method, which according to the authors is optimal. 
In [32], the gas transport characteristics of commercially available bisphenol-A polymer membranes 
were investigated and results are presented for polycarbonate, polysulfone, polyarylate, 
polyetherimide, polyhydroxyether, among others. PEI membranes have the highest selectivity for the 
O2/N2 pair, but the oxygen permeability coefficient is 3 times lower than that of polysulfone films. 

The gas transport properties of polyphenylene oxide films under UV irradiation, such as 
permeability, diffusion and sorption coefficients, were investigated in [33]. Increasing the exposure 
time and intensity of UV irradiation resulted in a decrease in permeability coefficient and a significant 
increase in selectivity. The addition of benzophenone did not significantly change the gas transport 
properties of the film. Table 1 shows the values for pure polyphenylene oxide without UV irradiation 
and without the addition of benzophenone.  

The influence of the molecular weight of polyphenylene oxide on the gas transport properties of 
membranes was studied in [34]. It was found that it is possible to obtain composite membranes with 
the same transport properties from polymers with different values of molecular weight under the 
condition [n] · c = const. In [35], the authors studied homogeneous membranes from fullerene-
polyphenylene oxide composite with fullerene content of 1-2 wt.%. The addition of 1% fullerene 
increased the O2/N2 selectivity from 4.1 to 4.5, reducing the oxygen permeation coefficient by 0.95 
barrer (to 18.13 barrer). Further increase in fullerene concentration leads to a small increase in 
selectivity (up to 4.6) and a significant decrease in permeability coefficient (up to 15.12 barrer). 

Checchetto R. et al. in their work [36] studied the gas transport characteristics of membranes 
made of polyimide (Matrimid®), polyetherimide (PEI) and poly lactic acid (PLA) on the example of 
separation of a gas mixture with the addition of CO and CO2. Characteristics were obtained for both 
individual gases and components of the gas mixture using a mass spectrometric apparatus. The 
discrepancy of the results is within the errors of analysis. Also, diffusion coefficients are given in the 
paper. 

Polymer films from polyetherimide (Ultem® 1010) and Ultem/PIM-1 (polymer of intrinsic 
microporosity) mixture with different concentrations were studied in [37]. Permeability coefficients 
were obtained for individual gases and for components of CO2/CH4 and CO2/N2 gas mixtures. The 
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authors observed that the selectivities of the gas mixtures are higher than the ideal selectivities for 
pure gas pairs due to the affinity of PIM-1 for CO2 and better competitive sorption. The same 
phenomenon was observed in [43,44]. 

Xiao Yuan Chen et. al. investigated asymmetric hollow fibre membranes fabricated by phase 
inversion using commercially available polymers [38]: polyethersulfone (PES), polyetherimide 
(Ultem® 1000) and polyimides (Matrimid® 5218). Hollow-fibre membranes and films were 
fabricated. The values given in barreres in Table 1 correspond to the parameters of the polyetherimide 
membrane film, while the values in GPU are given for the PEI hollow fibre membrane. Taking into 
account the thickness of the selective layer specified in the article, equal to 150 nm, when converting 
from GPU to barrer, the values of permeability coefficients for films and hollow-fibre membranes are 
equal. 

The PPO hollow fibre membranes show a stable O2/N2 selectivity of about 4. In [39], the authors 
concluded that PPO membranes showed stable permeance when the permeance of polyimide 
membranes decreased, after 3 months of operation. The work [40] also confirms the poor 
susceptibility of PPO membranes to plasticisation in the separation of CO2/CH4 mixture due to 
relatively strong competitive sorption effects. 

O.M. Ekiner and S.S. Kulkarni in patent [41] describe a method for the production of mixed 
matrix hollow fibre membranes. Ultem® 1000 polyetherimide membranes have O2 permeances of 
7.2-13.7 GPU and O2/N2 selectivities of 6.1-7.3 depending on wind up rate and draw ratio values. The 
films obtained from Ultem® 1000 polyetherimide using the technology described in [42] showed 
similar permeance values, but the selectivity is much lower. 

3. RESULTS AND DISCUSSION 

3.1. Gas transport characteristics study by individual components 

To study the gas transport characteristics, membrane cells were fabricated, separately with each 
of the membranes under investigation. The permeate stream value for each gas is calculated by a gas 
transport characterisation unit with a mass spectrometer. Given a known flow value, effective 
membrane area, and pressure difference, the gas permeability is calculated and measured in GPU. 
This value allows the gas transport characteristics to be compared without dependence on the 
selective layer thickness. The results of the measurements are presented in Table 2. 

Table 2. Permeability of individual gases for the investigated hollow fibre gas separation 
membranes. 

Membrane 
Q, GPU* α୓మ ୒మ⁄  

O2 N2 

PSF 51.4 12.8 4.02 

PPO 47.9 9.40 5.1 

PEI 3.45 0.58 6.0 

PEI+PI 6.65 1.68 3.96 
*1 GPU = 1 × 10–6 cm3(STP) · cm-2 · s-1 · smHg-1. 

3.2. Mixture permeance study 

The study of mixture permeance was carried out on a real air mixture supplied by the 
compressor to the measuring unit. As a result, the values of the flows of the components of the air 
mixture entering the submembrane space were obtained. The data of the experiment are given in 
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Table 3. As can be seen from the table, the materials of the studied membranes by the permeance 
value are located in the following row PEI < PEI+PI < PPO < PSF, while the values of selectivity for 
the gas vapour O2/N2 are in the row PEI+PI < PSF < PPO < PEI. The experimental results allow us to 
divide the materials into two pairs. The first pair is PSF and PPO, which, when the object of study 
was changed from individual components to a real air gas mixture, showed a decrease in oxygen 
permeance, an increase in nitrogen permeance and, as a consequence, a decrease in selectivity. The 
second pair is PEI and PEI+PI membranes, which show an increase in selectivity due to an increase 
in permeabilities more for oxygen and less for nitrogen.  

Table 3. Permeability of gas mixture components for the investigated hollow fibre gas separation 
membranes. 

Membrane 
Q, GPU* α୓మ ୒మ⁄  

O2 N2 

PSF 44.12 13.25 3.33 

PPO 41.53 9.40 4.42 

PEI 4.33 0.66 6.59 

PEI+PI 7.69 1.86 4.15 
*1 GPU = 1 × 10–6 cm3(STP) · cm-2 · s-1 · smHg-1. 

3.3. Comparison of study methods for gas transport characteristics 

For modelling of technological processes of gas separation using the Aspen Plus environment 
(Bedford, MA, USA), a custom ACM user block was used. Using gas transport characteristics 
obtained by analysis of permeabilities of pure gases and permeances of gas mixture components, the 
process of air gas separation is modelled. In this study, the result of the process modelling is 
presented as a dependence of nitrogen and oxygen concentrations in the retentate and permeate 
streams, respectively, on the effective membrane area. The modelled curves are supplemented with 
experimental values obtained during the separation of a real air-gas mixture. 

The dependences of the modelled straight lines and experimental points for membrane modules 
with 40, 45, 50, 55 and 60 hollow-fibre membranes are shown in Figures 5-8. 
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Figure 5. Dependence of concentration (a - N2 in retentate stream; b - O2 in permeate stream) on 
effective area of PSF membrane. Experimental - experimentally obtained concentrations of 
components; M - line obtained by modelling of the gas separation process taking into account the 
mixture gas transport characteristics; I - line obtained by modelling of the gas separation process 
taking into account the gas transport characteristics of individual components. 

  

Figure 6. Dependence of concentration (a - N2 in the retentate stream; b - O2 in the permeate stream) 
on the effective area of the PPO membrane. Experimental - experimentally obtained concentrations 
of components; M - line obtained by modelling of the gas separation process taking into account the 
mixture gas transport characteristics; I - line obtained by modelling of the gas separation process 
taking into account the gas transport characteristics of individual components. 

Figures 5 and 6 confirm the tendencies described in Section 3.2. The concentrations of nitrogen 
in the retentate stream and oxygen in the permeate stream are lower for the separation of the real air 
mixture compared to the results of the pure gas permeance model. The polysulfone hollow fibre 
membrane has lower selectivity than the polyphenylene oxide membrane, due to which the 
component concentrations for PPO are higher. The membrane module model with 40 polysulfone 
hollow-fibre membranes has an effective area of 60 cm2. The calculated oxygen concentration (Figure 
3) was 45.55 mol.% based on the modelling results for the permeances of the components of the real 
air mixture and 50.13 mol.% based on the modelling results for the permeances of pure gases. For 
nitrogen, these values are 79.26 mol.% and 79.32 mol.%, respectively. The concentration of nitrogen 
in the modelling of air gas mixture separation on 40 hollow polyphenylene oxide fibres (Figure 4) is 
79.48 mol.% and 79.57 mol.% according to the results of modelling by individual permeances. For 
oxygen, these values are 52.8 mol.% and 56.1 mol.%, respectively. The effective area of such a 
membrane module is 112.6 cm2.  
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Figure 7. Dependence of concentration (a - N2 in retentate stream; b - O2 in permeate stream) on 
effective area of PEI membrane. Experimental - experimentally obtained concentrations of 
components; M - line obtained by modelling of the gas separation process taking into account the 
mixture gas transport characteristics; I - line obtained by modelling of the gas separation process 
taking into account the gas transport characteristics of individual components. 

At separation of air gas mixture on hollow-fibre membranes from polyetherimide (Figure 7) and 
polyetherimide with polyimide (Figure 6) there is an inverse dependence - concentrations of 
components at the output of modules are higher than the calculated line on permeances of pure gases, 
selectivity on real gas mixture is higher. The calculated concentration of oxygen (Figure 7) was 62.79 
mol.% according to the results of modelling by permeances of components of real air mixture and 
60.72 mol.% according to the results of modelling by permeances of pure gases. For nitrogen these 
values are 79.21 mol.% and 79.16 mol.%, respectively. Concentration of nitrogen at modelling of air 
gas mixture separation by permeances of mixture components on 40 hollow fibres from 
polyetherimide with polyimide (Figure 8) is equal to 82.63 mol.%, and by results of modelling by 
individual permeances - 82.12 mol.%. For oxygen, these values are 48.76 mol.% and 48.11 mol.%, 
respectively. The effective areas for the membrane modules made of polyetherimide and 
polyetherimide with polyimide are equal because they have the same diameters and are 36.2 cm2. 
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Figure 8. Dependence of concentration (a - N2 in retentate stream; b - O2 in permeate stream) on 
effective area of PEI+PEI membrane. Experimental - experimentally obtained concentrations of 
components; M - line obtained by modelling of the gas separation process taking into account the 
mixture gas transport characteristics; I - line obtained by modelling of the gas separation process 
taking into account the gas transport characteristics of individual components. 

Experimental results for air separation confirmed the dependences described by the model 
constructed on the basis of gas transport characteristics obtained for the mixture. 

The modelled lines plotted over a small stage-cut range are described by the following linear 
equations: 

Polysulfone hollow-fibre gas separation membrane: 

For line I: C(N2) [mol.%] = A [cm2] * 0.0053 + 79; (5) 

                         C(O2) [mol.%] = A [cm2] * (-0.0056) + 50.278; (6) 

For line M: C(N2) [mol.%] = A [cm2] * 0.0043 + 79; (7) 

                           C(O2) [mol.%] = A [cm2] * (-0.0032) + 45.741. (8) 
Polyphenylene oxide hollow fibre gas separation membrane: 

For line I: C(N2) [mol.%] = A [cm2] * 0.005 + 79,002; (9) 

                         C(O2) [mol.%] = A [cm2] * (-0.0038) + 56,527; (10) 

For line M: C(N2) [mol.%] = A [cm2] * 0.0042 + 79,001; (11) 

                           C(O2) [mol.%] = A [cm2] * (-0.0032) + 53,155. (12) 

Polyetherimide hollow fibre gas separation membrane: 

For line I: C(N2) [mol.%] = A [cm2] * 0.0045 + 79; (13) 

                         C(O2) [mol.%] = A [cm2] * (-0.0033) + 62,933; (14) 

For line M: C(N2) [mol.%] = A [cm2] * 0.0057 + 79; (15) 

                           C(O2) [mol.%] = A [cm2] * (-0.0032) + 45.741 (16) 

Polyetherimide-polyimide hollow-fibre gas separation membrane: 

For line I: C(N2) [mol.%] = A [cm2] * 0.0849 + 79,049; (17) 

                         C(O2) [mol.%] = A [cm2] * (-0.0691) + 50.611; (18) 

For line M: C(N2) [mol.%] = A [cm2] * 0.098 + 79,091; (19) 

                           C(O2) [mol.%] = A [cm2] * (-0.0813) + 51,704 (20) 
Then modelling of the gas separation process was carried out for each membrane type over the 

whole stage-cut range. The modelled lines were supplemented with experimental data obtained 
during separation on membrane modules. The graphs are presented in Figures 9-12. 
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Figure 9. Dependence of concentration (a - N2 in retentate stream; b - O2 in permeate stream) on 
effective area of PSF membrane in the whole range of stage-cut. Experimental - experimentally 
obtained concentrations of components; M - line obtained by modelling of the gas separation process 
taking into account the mixture gas transport characteristics; I - line obtained by modelling of the gas 
separation process taking into account the gas transport characteristics of individual components. 

 

Figure 10. Dependence of concentration (a - N2 in retentate stream; b - O2 in permeate stream) on 
effective area of PPO membrane in the whole range of stage-cut. Experimental - experimentally 
obtained concentrations of components; M - line obtained by modelling of the gas separation process 
taking into account the mixture gas transport characteristics; I - line obtained by modelling of the gas 
separation process taking into account the gas transport characteristics of individual components. 
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Figure 11. Dependence of concentration (a - N2 in retentate stream; b - O2 in permeate stream) on 
effective area of PEI membrane in the whole range of stage-cut. Experimental - experimentally 
obtained concentrations of components; M - line obtained by modelling of the gas separation process 
taking into account the mixture gas transport characteristics; I - line obtained by modelling of the gas 
separation process taking into account the gas transport characteristics of individual components. 

 

Figure 12. Dependence of concentration (a - N2 in retentate stream; b - O2 in permeate stream) on 
effective area of PEI+PI membrane in the whole range of stage-cut. Experimental - experimentally 
obtained concentrations of components; M - line obtained by modelling of the gas separation process 
taking into account the mixture gas transport characteristics; I - line obtained by modelling of the gas 
separation process taking into account the gas transport characteristics of individual components. 

Graphs 9-12 also show pairwise patterns depending on the type of membranes. If to compare 
the graphs for nitrogen, for the pair polysulfone (Figure 9) and polyphenylene oxide (Figure 10) the 
line M passes under the line I, and for the pair polyetherimide (Figure 11) and polyetherimide with 
polyimide (Figure 12) on the contrary - the line M passes above the line I, as it was noticed earlier in 
Figures 5-8. 

a b 
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A different dependence is observed for the plots with dependencies of oxygen concentration in 
the permeate stream on the effective area of the membrane. For PSF and PPO membranes, an increase 
in effective area leads to narrowing of the I and M lines and, eventually, their overlap. For PEI 
membranes, at a stage-cut value of 0.004 (membrane area 140 cm2), the M line is higher than the I line; 
at a value of 0.01, the lines intersect and then invert so that for one effective area, the oxygen 
concentration in the permeate stream for the M line is lower than for the I line. And the larger the 
effective area, the more the calculated lines diverge. For the PEI+PI membrane, the same pattern with 
a crossover point at stage-cut 0.23 or an area of 84 cm2. 

The model lines were compared for nitrogen and oxygen concentrations of 95 mol.% and 40 
mol.%, respectively. The divergence of the effective area results for each of the membranes is 
presented quantitatively in Figures 9-12 and as a percentage of area deviation (Adif) when calculating 
the mixture characterisation data from the individual characterisation data in Table 4.  𝐴ௗ௜௙ = |஺೘ି஺೔|஺೔ × 100 %, (21) 

where Am – membrane area calculated taking into account the mixture characteristics, cm2; Ai – 
membrane area calculated taking into account the characteristics obtained during the permeability 
study of individual gases, cm2.  

Table 4. Deviations of effective membrane areas required to achieve a nitrogen concentration in the 
retentate stream of 95 mol.% and an oxygen concentration in the permeate stream of 40 mol.%. 

Membrane Adif, % (N2) Adif, % (O2) 

PSF 15.8 29.2 

PPO 13.9 6.25 

PEI 19.8 9.7 

PEI+PI 15.9 6.7 

According to the data presented in Table 3, when designing a membrane gas separator with a 
polysulfone hollow fibre membrane based on the permeabilities of the individual components 
nitrogen and oxygen, a larger number of membranes will be required to achieve the required nitrogen 
concentration. For example, to achieve a concentration of 95 mol.% nitrogen, it would be necessary 
to increase the effective membrane area by 15.8 %. For the oxygen extraction task, the situation would 
be the opposite and the calculated quantity would be 29.2 % more than required, which could lead 
to unnecessary manufacturing costs. For polyphenylene oxide membranes, a similar relationship 
holds. Membranes made of polyetherimide and polyetherimide with polyimide, both for oxygen and 
nitrogen extraction tasks demonstrate that the calculated amount will be in excess. Thus, for the 
polyimide membrane, 19.8 % less membrane is needed for nitrogen extraction than calculated.  

4. CONCLUSION 

In the present work, the gas transport characteristics of hollow fibre gas separation membranes 
made of PSF, PPO, PEI and PEI+PI have been investigated. Two series of measurements were carried 
out, permeance values were obtained for individual components of the gas mixture, as well as for the 
separation of a real air gas mixture. On the basis of the obtained results, mathematical modelling of 
the gas separation process in the membrane cell was carried out and it was shown that the modelling 
based on the permeance values for individual gases has significant discrepancies with the data on the 
separation of an air gas mixture. The divergence of values is observed to be 20 per cent or more.  

It was found that the nature of gas separation on PSF and PPO membranes is different from that 
on PEI and PEI+PI membranes. For PSF and PPO membranes, the product concentrations in the outlet 
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streams, when the process is modelled using the mixed gas transport characteristics, are lower than 
when modelled using the gas transport characteristics of pure gases. For PEI and PEI+PI membranes 
the situation is the opposite, where oxygen concentration in the permeate stream has a point of 
intersection at a certain value of stage-cut, after which, as the effective area of the membrane 
increases, the model lines diverge from each other.  

The data of studies of gas transport characteristics of membranes presented in the literature 
correlate with those measured within the framework of the present work, but have, both among 
themselves and in comparison with the results of the work, significant errors, especially in the part 
of permeance measurements. The difference in values, within the same material, can be related both 
to membrane morphology, and to the age of the membrane, and when we talk about commercially 
available membranes, to the production technology of different manufacturers, and within the same 
production - from batch to batch.  

Thus, when modelling membrane gas separation plants, cascades and production facilities, there 
is a need to study specifically the mixture gas transport characteristics - permeance values obtained 
by analysing the flows through the membrane of each individual component of the gas mixture. 
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