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Abstract 

We develop thermally rearranged (TR) nanofibre membranes for the capture of CO2 using 

membrane gas absorption. The porous nature of the electrospun nanofibre membranes and the 

hydrophobicity of the TR polymers provide ideal properties for both CO2 absorption and 

stripping. The use of thermal rearrangement after fabricating the nanofibre composite 

structures (TR-NFM) also interconnects the nanofibres and greatly improves mechanical 

strength. Surface hydrophobicity is further increased by electrospraying of nanoparticles onto 

the nanofibre membrane surface to increase roughness (TR-NCM), leading to higher 

breakthrough pressures and stable CO2 stripping performance for up to 270 h at 100 °C without 

membrane wetting. The TR-NFM and TR-NCM membranes both show an order of magnitude 

increase in CO2 absorption flux compared to a standard polytetrafluoroethylene (PTFE) 

membrane, offering strong potential for commercial application.  
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1. Introduction 

As global greenhouse gas emissions continue to rise, the application of CO2 capture 

from gas streams is becoming inevitable [1-6]. Solvent absorption has emerged as the preferred 

method for CO2 separation for synthesis and natural gas purification. This process involves 

absorbing CO2 from a gas mixture into a liquid within a packed column absorber unit and then 

releasing pure CO2 under high temperature or low pressure in a regeneration column. In 

membrane gas absorption (MGA), porous membranes replace the packed columns, providing 

a smaller footprint and the opportunity for solvent regeneration at lower temperatures. A 

membrane contactor also provides much greater CO2 selectivity than for gas separation 

membranes, since it exploits differences in the solubility of species within the solvent. The 

much higher solubility of CO2 results in a highly energy efficient and effective system.  

Within a membrane contactor, gas transport between the gas and liquid absorbent 

occurs at the membrane surface. The membrane must be sufficiently porous to allow gas 

diffusion, but these pores must remain filled with gas. If liquid solvent enters and fills the pores, 

the resistance to gas diffusion will increase dramatically. As most solvents are aqueous, 

hydrophobic membranes are essential for this purpose. Hydrophobic polymers including 

polypropylene (PP), polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) have 

been utilised for this purpose [7]. Modification of these polymers through post treatment, 

blending with other polymers, and structural changes to improve the porosity and 

hydrophobicity has effectively enhanced the CO2 transport properties [8-11]. For instance, 

PTFE nanofibres prepared by emulsion electrospinning and sintering can be an attractive 

material for this application [11], but the nanofibrous morphology is difficult to control and the 

fabrication process is complicated due to the insolubility of PTFE in organic solvents. Similarly, 

PVDF nanofibre membranes prepared by electrospinning have been shown to improve the CO2 

transport [10]. However, the CO2 flux declines with time due to partial membrane wetting. The 
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intrinsic hydrophobicity of PVDF is relatively low so that it cannot completely prevent solvent 

penetration in the pores. An additional layer of PVDF microparticles on the nanofibre can 

improve the hydrophobicity by increasing surface roughness [10], but this approach is limited 

by poor adhesion of the particles, which often delaminate from the surface during operation.  

Despite the lack of optimised materials for membrane contactors with high CO2 flux 

and long-term performance stability, pilot-scale trials for post-combustion CO2 capture have 

successfully demonstrated the technology over the last several years using commercial hollow 

fibre modules [12-14]. As one example, the use of an ultrathin and dense layer of poly(dimethyl 

siloxane) on porous hollow fibres prevented wetting at pilot scale with continuous operation 

for 28 days [14], but the CO2 flux was significantly lower than that of porous PP hollow fibres 

due to the additional membrane resistance from the dense layer. The development of an 

appropriate membrane material is required before a commercial-scale operation in CO2 

separation within a membrane contactor can be readily implemented.  

Herein, we develop electrospun membranes made from thermally rearranged (TR) 

polymers for membrane gas absorption and stripping. A precursor polymer hydroxyl polyimide 

(HPI) is first electrospun to form a nanofibre structure. This structure is then treated at 400 °C 

to cause thermal rearrangement. The resulting rigid and planar polybenzoxazole structure 

results in ideal properties for membrane gas absorption including excellent hydrophobicity, 

chemical and thermal stability in harsh environments and facile processing of the precursor 

polymer [15-22]. We believe that this excellent hydrophobicity, greater than conventional 

polymers such as PP or PVDF, can lead to stable operation without pore wetting. Moreover, 

the facile processibility of the precursor polymer enables controlled fabrication for nanofibre 

membranes with uniform fibre diameter and morphology. Previously, these excellent 

properties have allowed TR polymer membranes to save significant energy and cost in 
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applications including membrane distillation, gas separation and energy harvesting [18-20], 

and similar properties can be readily deployed in membrane gas absorption.  

TR composite membranes are also prepared by coating the electrospun membranes with 

HPI nanoparticles using electrospraying, prior to thermal rearrangement, to increase surface 

roughness and further prevent pore wetting. Unlike our previous trials with PVDF membranes 

[10], which resulted in detachment of the nanoparticles from the surface, the thermal treatment 

can interconnect the nanofibres and nanoparticles, providing excellent stability without particle 

detachment.  

We confirm the outstanding CO2 absorption and stripping performance of both types 

of TR membranes using an aqueous solution of potassium glycinate as a CO2 solvent. The 

excellent hydrophobicity and structural stability of these novel membranes provides long-term, 

stable high performance, which can readily be applied for practical CO2 separation applications. 

 

2. Experimental  

2.1. Materials 

The following reagents were of analytical grade and used as received: 4,4′-

hexafluoroisopropylidene diphthalic anhydride (6FDA) and 3,3′-dihydroxyl-4-4′ diamino-

biphenyl (HAB) from Central Glass (Tokyo, Japan); 2,4,6-Trimethyl-m-phenylenediamine 

(DAM), N-methyl-2-pyrrolidinone (NMP, 99.5%), o-xylene (98%), N,N-dimethylacetamide 

(DMAc, 99%), tetrahydrofuran (THF, 99.9%), 2-propanol (99.5%), sulfuric acid (H2SO4, 95%) 

and methyl orange (85%) from Sigma Aldrich (St Louis, MO); Glycine (98.5%) and potassium 

hydroxide (85%) from Thermo Fisher Co. (Waltham, MA). CO2 (99.99%), N2 (99.99%), argon 

(99.999%) and the CO2/N2 gas mixture (10/90 vol%, 99.99%) were supplied by the BOC Gas 

Company (North Ryde, Australia). A hydrophobic polytetrofluoroethylene (PTFE) membrane 

(11807 N, 0.2 µm) was purchased from Sartorius Stedim Biotech GmbH (Göttingen, Germany) 
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as a control. This is a commercially available membrane known for its strong hydrophobicity 

and high wetting resistance in long-term membrane gas absorption applications. 

 

2.2. Synthesis of Precursor Polymers 

The procedure for synthesising precursor polyimide is described in Scheme 1. 

Hydroxyl polyimide (HPI) was prepared by polycondensation of dianhydride and diamine, then 

imidization by azeotropic reaction [16, 20, 23, 24]. HAB (15 mmol) and DAM (15 mmol) were 

first completely dissolved in NMP (100 mL) and then 30 mmol of 6FDA was added to the 

solution. The reaction proceeded with vigorous stirring at 10 °C for 12 h under a nitrogen 

atmosphere to form hydroxyl poly(amic acid) solution. The azeotropic agent, o-xylene (60 

mmol) was added to the solution, which was then stirred for 6 h under reflux at 180 °C to 

convert the amic acid groups to imide groups. The final HPI powder was obtained by 

precipitating in a methanol/water (1:3 v/v) mixture several times, then dried in a vacuum oven 

at 120 °C overnight. 

 

2.3. Fabrication of nanofibre membranes 

The HPI solution was dissolved in a mixture of DMAc and THF (1:1 w/w) at 27 wt% 

by vigorous stirring for 12 h at room temperature. The solution was then held for 24 h to remove 

any bubbles from the solution. An electrospinning device consisting of a single spray needle 

tip and a rotating steel drum collector (5 cm diameter and 15 cm length) was then used to 

fabricate HBI nanofibre membranes. The high voltage supply (Spellman CZE1000R, 

Hauppauge, NY) was attached to the needle tip at 12 kV and the collector at -4 kV respectively. 

The solution was fed to the needle tip at 1.5 mL h-1 through a syringe pump (Adelab Scientific, 

Thebarton, Australia). The rotation speed of the collector was controlled at 40 cm s-1 (150 rpm), 

with the distance between the tip and collector at 10 cm. A Linear Translation Stage (Thorlabs 
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Inc., Newton, NJ) was used to move the needle tip horizontally at a rate of 10 cm min-1. A 

nanofibre freestanding mat, referred to as a nanofibre membrane (NFM), was prepared from 

4.0 mL of the polymer solution. An additional 0.5 mL of 8 wt% HPI solution in DMAc/THF 

(5:5 w/w) was electrospun onto the NFM under the same conditions to obtain electrosprayed 

nanoparticles on the surface, referred to as a nanocomposite membrane (NCM). A heat roll 

laminator (J. Burrows) was then used to heat-press both the NFM and NCM membrane coupons 

at 110 °C. 

 

2.4. Thermal rearrangement for thermally rearranged polybenzoxazole-co-polyimide 

(TR-PBOI) nanofibre membranes 

The HPI nanofibre membranes were converted to polybenzoxazole-co-polyimide 

(PBOI) by a thermal rearrangement reaction within a tubular furnace under an argon 

atmosphere (STF1200 Tube Furnace, Across International, Livingston, NJ). The nanofibre 

membrane was located at the centre of the furnace and first heated to 300 °C for 1 h for residual 

solvent removal. The conversion to PBOI from HPI then occurred at 400 °C for 2 h. 

 

2.5. Characterisation 

Thermogravimetric analysis (TGA) was conducted to determine the thermal 

rearrangement conditions (TG 209 F1 Libra®, NETZSCH-Gerätebau GmbH, Selb, Germany). 

A scanning electron microscope was used to investigate the nanofibre morphology (SEM, 

FlexSEM, Hitachi, Tokyo, Japan), while the surface hydrophobicity of the membranes was 

investigated using a contact angle goniometer (OCA 20, DataPhysics Instruments, Filderstadt, 

Germany). Helium ion microscopy (HIM) was performed on an ORION NanoFab (Zeiss, 

Peabody MA) using a helium ion beam with a nominal beam current of 1.2 pA. A secondary 

electron signal was collected using an Everhart-Thornley (ET) detector, and images were 
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collected in line averaging mode, with typically 64 averages and a pixel dwell time of 0.5 µs. 

Charge neutralisation was performed in situ (the samples were not coated for imaging) using 

an electron flood gun, also operating in line mode.  

A universal testing machine (Instron 5900 Series up to 50 N, Norwood, MA) was 

employed to determine the mechanical strength of three replicate specimens of each membrane 

according to the ASTM D638 standard. A dead-end filtration cell (HP4750, Sterlitech, Kent, 

WA) was used to measure the breakthrough pressure (pB) measurement, but the solid end cap 

was changed to a mesh to allow observation of permeating water droplets. The applied pressure 

was increased in 5 kPa increments every 10 mins until water droplets were visible.  

 

2.6. CO2 Absorption and Stripping 

A membrane contactor designed to accommodate a flat sheet membrane was used to 

investigate CO2 absorption and stripping, as described in our previous work [10, 25]. The in-

house manufactured stainless-steel membrane holder had an active membrane area of 14.6 cm2 

and was positioned in an oven for temperature control. During absorption experiments, the 

CO2/N2 (10:90 v/v) gas mixture was fed at a flow rate of 30 mL min-1 through the recessed gas 

channel. A sweep gas of pure N2 was fed at the same flow rate for stripping experiments to 

remove the CO2. 

A magnetically driven mechanical stirrer (Heidolph Instruments, Model RZR 2020, 

Germany) was connected to the upper solvent chamber to minimise boundary layer mass 

transfer effects. The temperature of the convection oven was controlled between 25 and 50 °C 

for absorption and 60 and 100 °C for stripping. An aqueous solution of potassium glycinate 

(PG) of 30 wt% was prepared by mixing potassium hydroxide and glycine in a 1:1 molar ratio 

into purified water. The fresh solvent had a pH of 14, but this immediately declined as it started 

absorbing CO2 from the CO2/N2 mixture during absorption experiments. A more stable state 
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was reached within 0.5-1.0 h and so the system was operated for 1 h before measurements were 

taken. For stripping, the solvent was pre-loaded by injecting CO2 through the solution for 2 h, 

so that the solution pH was reduced to 10. This solvent was introduced to the solvent chamber 

at 60 mL min-1 using a peristaltic pump (Cole-Parmer, Vernon Hills, IL). The methods used to 

calculate Reynolds number, CO2 flux, overall mass transfer coefficient and the membrane 

resistance are described in the Supplementary Material. 

The membrane performance over longer timeframes was measured by continuous CO2 

stripping for 270 h at 100 °C, at gas and solvent flowrates of 30 and 60 mL min-1 respectively. 

To maintain a high CO2 loading, pure CO2 was bubbled into the solvent tank every 3 h. 

 

3. Results and Discussion 

 Electrospinning/spraying is a method for readily fabricating nanofibres and particles of 

various size and morphology. This control over fibre and particle properties is achieved by 

tailoring the electrospinning parameters including electric field strength, solution conductivity, 

polymer concentration, system temperature and humidity. Ultrathin nanofibres with regular 

fibre diameter are preferred due to their high porosity and mechanical strength. However, 

unstable formation of the polymer solution jet, caused by an imbalance between viscoelastic, 

surface tension and electrostatic forces, often results in the generation of micron or nanometre 

size polymer particles instead of fibres. 

In the present case, HPI (the precursor for the TR polybenzoxazole-co-polyimide (TR-

PBOI) polymer) was first prepared by an azeotropic imidization method (Scheme 1). Then, the 

HPI membranes were fabricated by electrospinning in two distinct morphologies: a traditional 

nanofibre membrane (HPI-NFM) and a composite membrane with nanoparticles deposited on 

the surface of the nanofibre membrane (HPI-NCM) as illustrated in Fig. 1. The additional layer 

of the nanoparticles is expected to increase the hydrophobicity of the resulting membranes and 
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prevent pore wetting during operation due to the increased surface roughness. The electrospun 

HPI membranes were thermally rearranged at 400 °C under an argon atmosphere for 2 h to 

obtain the TR nanofibre membranes (TR-NFM and TR-NCM, respectively). TGA analysis 

confirmed the thermal rearrangement of the precursor polymers as described in Fig. 2. The first 

weight loss of HPI-NFM between 100 °C to 200 °C is evaporation of moisture absorbed in the 

nanofibres. The second loss between 400 °C to 450 °C is evolution of CO2 molecules from the 

polymer during thermal rearrangement. The resulting TR-NFM has thermal stability up to 500 

°C in an argon atmosphere. 

 

 

Scheme 1. Synthetic scheme for thermally arranged polybenzoxazole-co-polyimide (TR-

PBOI). 
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Fig. 1. Illustration of TR nanofibre membranes, showing (a) electrospinning procedure to 

fabricate nanofibres, (b) thermal reaction to prepare TR membranes from precursors, and (c) a 

photo and representative chemical structure of both the HPI precursor and resulting TR 

membranes. 

 

Fig. 2. Thermogravimetric analysis (TGA) of TR-PBOI and HPI nanofibre membranes. 
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The solution concentration is key to controlling the nanofibre morphology. 

Electrospinning of HPI solution of 8 wt%, 12 wt% and 27 wt% resulted in nanoparticles, bead-

on-string and nanofibre morphologies, respectively, as observed by SEM images (Fig. 3). This 

membrane morphology, in terms of diameters of both nanofibres and nanoparticles, was 

unchanged by thermal re-arrangement for both the NFM and NCM (Fig. 4). 

The TR membranes showed higher tensile strength (stress), but lower elasticity (strain 

at break) compared with the precursor HPIs due to their rigid polymer structures (Fig. 5). The 

nanofibres prepared with the 12 wt% solution (HPI-NFM 12% and TR-NFM 12%) were the 

weakest in mechanical strength, likely because of the small fibre diameters in the bead-on-

string structures. The strength of both HPI and TR membranes then gradually increased with 

the solution concentration until 27 wt%. When the polymer concentration was increased to 30 

wt%, the nanofibre diameter increased to around 1.2 µm, which led to slightly lower 

mechanical strength (stress) as previously observed [26-28]. Conversely, the nanofibres 

prepared with any concentration greater than 20 wt% showed similar strain at break. Nanofibre 

membranes (NFM) prepared from 27 wt% HPI were thus chosen for further study, giving a 

nanofibre diameter of 400 nm.  
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Fig. 3. SEM images of the nanofibre membrane surfaces when prepared from (a) 8 wt%, (b) 

12 wt%, (c) 27 wt%, and (d) 30 wt% HPI solution. 
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Fig. 4. SEM and HIM images of (a) HPI-NFM, (b) TR-NFM, (c) HPI-NCM, and (d) TR-NCM. 
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Fig. 5. Mechanical properties of nanofibre membranes as a function of HPI solution 

concentration: the stress-strain curves of (a) HPI-NFM and (b) TR-NFM, stress and strain at 

failure of (c) HPI-NFM and (d) TR-NFM as a function of solution concentration. 

 

The thickness of a nanofibre membrane linearly increases as a function of the volume 

of the polymer solution loaded for membrane fabrication (Fig. 6a). The breakthrough pressure 

of the nanofibre also increases linearly to 112 kPa where 4 mL of the solution is loaded. This 

implies that the overlapping nanofibres generated during electrospinning fully cover the large 

pores in the membrane support. For both HPI-NFM and TR-NFM, the stress at break increased 

in a relatively linear manner with the volume of the electrospinning solution (Fig. 7), meaning 

that the increased membrane thickness also improved the mechanical strength. However, the 
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increase in the strain at break was less noticeable as this relates more to the extent of the 

entanglement between nanofibres. A loading of 4 ml, corresponding to a membrane thickness 

of 70 µm was chosen for further study to match the thickness of the commercial PTFE 

membrane (65 µm) that was used as a control, to fairly compare the membrane properties. 

The layer of nanoparticles was deposited by electrospraying from an 8 wt% solution, 

resulting in nanoparticles with a diameter of 600 to 900 nm. To ensure that the nanoparticles 

covered the entire surface of the nanofibre mat, the breakthrough pressure of the composite 

membranes was monitored (Fig. 6b). This breakthrough pressure gradually increased, then 

reached equilibrium after 0.4 mL deposition. This means that most of the large pores on 

polybenzoxazole-co-polyimide surface was covered by the nanoparticles at this point. The 

thickness of the nanoparticle layer then gradually increased as the solution loading was 

increased between 0.5 to 1.0 mL. We chose 0.5 mL for fabrication of the nanofibre composite 

membranes (NCM) to ensure a layer of the nanoparticles without defects while minimising the 

membrane resistance from this additional layer.  
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Fig. 6. Thickness and breakthrough pressure as a function of the (a) loaded solution volume of 

TR nanofibre membranes and (b) Electrosprayed solution volume for TR nanocomposite 

membranes. 

 

 
Fig. 7. Mechanical properties of (a) HPI-NFM and (b) TR-NFM as a function of loaded 

solution volume. 
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A hydrophobic surface is essential for a membrane contactor to generate CO2 transport 

while preventing wetting. As shown in Fig. 8, the precursor HPI-NFM and HPI-NCM 

presented contact angles of 115° and 124°, respectively. The hydroxyl groups on the polyimide 

backbone impart hydrophilicity, although the nanofibrous and composite morphology 

increases the surface contact angle. After thermal rearrangement, these hydroxyl groups are 

eliminated. The new benzoxazole backbone has a low surface energy from its rigid and planar 

structure, resulting in improved hydrophobicity. TR-NFM and TR-NCM presented contact 

angles of 142° and 147°, respectively.  

 

 

Fig. 8. Water contact angle of precursor and TR membranes. 

 

Other properties of the nanofibre membranes such as porosity and breakthrough 

pressure are summarised in Table 1. The properties of a commercial PTFE asymmetric 

membrane are also included in this Table, as representative of a standard hydrophobic 

membrane. The overall porosity of the NFM and NCM slightly increased after thermal 
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rearrangement. This increase in overall porosity likely occurs to do the increase in free volume 

within the polymer matrix itself upon thermal rearrangement, as the overall morphology of the 

membrane fibres remains largely unchanged [16]. Both NFM and NCM possess similar 

porosity despite the additional coating layer on the NCMs because the nanofibrous substrate is 

the main factor to determine the overall porosity. The nanofibre membranes present much 

higher overall porosity than the PTFE asymmetric membrane at 32%, due to the overlapping 

nanofibre structures during fabrication. The water breakthrough pressure of the nanofibre 

membranes, at around 110 kPa, is comparable with other nanofibre membranes reported for 

membrane distillation applications, in the range of 25-200 kPa [18, 29-31]. Conversely, a 

breakthrough pressure of 200 kPa is recorded for the asymmetric PTFE membrane, which is 

related to the small pore size and porosity within the support structure. The maximum (dmax) 

and average (daverage) pore size within the membranes was characterised using the Young-

Laplace Equation (Equation S1) and the Poiseuille and Knudsen mechanisms (Equation S2-

S6). The pore sizes of both NFM and NCM were around the same after thermal rearrangement. 

NCM presented slightly smaller dmax and daverage because of the TR nanoparticles coated on the 

surface, which fills the gap between the nanofibres. The porous structure required for effective 

molecular transport is evident from the effective surface porosity, which signals the 

connectivity of the pores throughout the membrane structure. HPI-NFM, HPI-NCM, TR-NFM 

and TR-NCM exhibited values of 154, 151, 160 and 158 m-1, respectively, which is 

significantly greater than that of the asymmetric PTFE membranes at 111 m-1. These TR 

nanofibre membranes with large pore sizes and effective surface porosity are thus highly 

advantageous for CO2 transport during operations. 

 

Table 1. Characteristics of the nanofibre and commercial PTFE membranes. 

 HPI-NFM HPI-NCM TR-NFM TR-NCM PTFE  
Membrane thickness (µm) 70 ± 2 72 ± 2 68 ± 1 70 ± 1 65 ± 1 
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Overall porosity (%) 76 ± 1 78 ± 1 79 ± 2 81 ± 2 32 ± 2 
Water contact angle (°) 115 ± 1 124 ± 2 142 ± 1 147 ± 2 140 ± 1 

Water breakthrough pressure 
(kPa) 105 ± 1 107 ± 2 113 ± 2 118 ± 1 200 ± 3 

Contact angle of 2-propanol 20 
wt% solution (°) 

81 ± 1 81 ± 1 82 ± 1 82 ± 2 75 ± 2 

Breakthrough pressure of 2-
propanol 20 wt% solution (kPa) 

47 ± 2 49 ± 1 41 ± 2 43 ± 1 101 ± 3 

dmax (μm) 0.45 0.43 0.46 0.45 0.35 
daverage (μm) 0.42 0.41 0.43 0.41 0.23 

Effective surface porosity (m-1) 154 151 160 158 111 
 

The prepared membranes were tested in both CO2 absorption and stripping using a 

membrane contactor apparatus. The in-house manufactured membrane holder was assembled 

with a membrane area of 14.6 cm2. A magnetically driven stirrer was assembled within the 

upper solvent chamber to ensure turbulence and thus reduce the mass transfer resistance of the 

liquid layer above the membrane. An aqueous potassium glycinate (PG) solution was selected 

as a CO2 absorbent. This is an attractive alternative solvent to alkanolamines such as 

monoethanolamine (MEA), diethanolamine (DEA), dimethylethanolamine (DMEA) or 

aminomethyl propanol (AMP) with its resistance to oxidative degradation as well as non-

volatility and non-toxicity [32, 33]. Although MEA is the most commercially used solvent for 

CO2 capture, MEA may not be suitable for membrane contactors since it easily degrades the 

membrane materials, requires a high regeneration energy and leads to solvent loss in the 

regeneration contactor due to its volatility [7]. PG is an amino acid that has similar CO2 

absorption properties to MEA [32]. It has been used for CO2 separation in industrial processes 

such as BASF Alkazid and Siemens PostCapTM [34]. 

CO2 absorption was investigated at between 25 to 50 °C using a CO2/N2 gas mixture in 

a volume ratio of 10:90, as a representative flue gas in post-combustion capture, with a gas 

flow rate at 30 mL min-1 and solvent flow rate at 60 mL min-1. Fig. 9 describes the resulting 

CO2 absorption flux and the overall mass transfer coefficient of the TR nanofibre and PTFE 

membranes as a function of Reynolds number, which is controlled by the rotation speed of the 
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stirrer in the solvent chamber. TR membranes exhibited an order of magnitude greater flux than 

PTFE membranes, as the high porosity, large pore sizes and small tortuosity of the nanofibres 

led to fast CO2 transport. Between the two TR membranes, TR-NCM presented slightly lower 

absorption flux in all temperature ranges. Although TR-NCM has greater hydrophobicity than 

TR-NFM, the layer of the TR nanoparticles on the surface increased the mass transfer 

resistance. A gradual increase in the absorption flux was observed for all three membranes as 

the Reynolds number increased, which can be attributed to the reduction of mass transfer 

resistance within the solvent boundary layer. The increase in the absorption flux reached a 

plateau at Reynolds numbers above 2000, meaning that this liquid phase resistance was no 

longer significant. The increase in CO2 absorption flux with temperature is also associated with 

the reduced resistance of the solvent boundary layer, due to the increased diffusivity of CO2. 

A similar trend was observed in the overall mass transfer coefficients of the membranes. The 

CO2 absorption flux of the TR nanofibre membranes was compared with other polymer 

membranes designed for MGA, as summarised in Table 2 [35-46]. Most of these membranes 

are commercial, or in-house prepared, hollow fibre membranes. As compared with these 

membranes, both TR-NFM and TR-NCM exhibited much higher absorption flux at 15.4 and 

12.8 mmol m-2 s-1 at 25 °C. 
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Fig. 9. The CO2 absorption flux (a-c) and overall mass transfer coefficients (d-f) of TR 

nanofibre membranes and PTFE asymmetric membranes over a range of temperatures. 
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Table 2. A comparison of the CO2 absorption flux for the membranes studied here with other 

literature reports. The temperature of measurement is not always available in these literature 

references but can usually be assumed to be ambient. 

 

Membrane Type Absorbent Feed gas (vol%) Absorption flux 
(mmol m-2 s-1) Ref. 

TR-NFM at 25 °C Nanofibre 

PG 30 wt% CO2/N2 (10/90) 

15.4 

Current 
study 

TR-NFM at 50 °C Nanofibre 26.5 

TR-NCM at 25 °C Nanofibre 12.8 

TR-NCM at 50 °C Nanofibre 24.5 

PDMS/PS Nanofibre AMP 1M CO2/N2 (9/91) 1.9 [35] 

PTFE Hollow fibre DMEA 2M CO2/Air (15/85) 1.8 [36] 

PTFE Hollow fibre MEA 1M + 
PG 1M CO2/Air (15/85) 4.5 [37] 

PVDF Hollow fibre DEA 1M CO2/N2 (19/81) 0.6 [45] 

PVDF-SiO2 Hollow fibre DEA 1M CO2/N2 (19/81) 3.1 [38] 

PVDF-ZMS5 Hollow fibre DI water Pure CO2 6 [39] 

PEI Hollow fibre DI water Pure CO2 0.88 [46] 

PEI at 40 °C Hollow fibre MEA 1M Pure CO2 20 [40] 

PVDF-fTiO2 Hollow fibre MEA 1M Pure CO2 11 [41] 

PVDF-TiO2-SiO2 Hollow fibre MEA 1M Pure CO2 8 [42] 

PVDF-SiO2-HDTMS Hollow fibre DEA 1M CO2/N2 (19/81) 2.4 [43] 

PP-fSiO2 Hollow fibre MEA 30 wt% CO2/CH4 (20/80) 1.6 [44] 

 

During stripping, the equilibrium CO2 partial pressure, as well as the CO2 diffusivity at 

the boundary layer increase with operating temperature, resulting in increased mass transfer. 

All three membrane samples exhibited this similar behaviour in mass transfer investigated 

between 60 to 100 °C (Fig. 10). The CO2 stripping flux of all three membranes also gradually 

increased as a function of the liquid phase Reynolds number, which means that the pores on 

the membranes were gas-filled throughout the experimental conditions. Again, the increase in 

the overall mass transfer coefficient with temperature and Reynolds number (Fig. 11) is 
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associated with this reduction in boundary layer resistance. However, the TR nanofibre 

membranes presented much greater mass transfer coefficients than the PTFE membranes. A 

high Reynolds number is easily achieved during stripping, as the solvent viscosity (Table 3) is 

dramatically reduced at high temperature. The CO2 stripping flux reached a steady state at 

Reynolds numbers above 2000, similar to the absorption flux. Again, the high CO2 flux of TR 

nanofibre membranes is attributed to their hydrophobicity and porous structures, leading to fast 

molecular transport without causing surface wetting. 

In membrane gas absorption, the overall mass transfer resistance (1/K) is affected by 

three resistances in series (liquid, membrane and gas phase, see Equation S10). The Wilson 

plot method can extract the membrane resistance from this overall mass transfer resistance 

through a correlation with the liquid phase Reynolds number (see Supplementary Information). 

This relationship is fitted in the region where the liquid phase resistance is rate controlling i.e., 

for Re < 2000 in the present case. The best fit of a straight line was found for a correlation 

between 1/K and 1/RE0.8 with R2 between 0.9818 and 0.9993 (Fig. 10e). The y-intercept 

provides the combined mass transfer resistance of the membrane and gas phases. However, in 

membrane gas absorption, the gas phase resistance is marginal, so that this intercept 

predominantly indicates the membrane resistance [10], giving values of 69, 77, 720 s m-1 for 

TR-NFM, TR-NCM and PTFE, respectively. Fig. 10f illustrates the individual components of 

the overall, liquid and membrane mass transfer resistance at a Reynolds number at 1433. For 

all three membranes, most of the overall mass transfer resistance remains in the solvent 

boundary layer. However, for TR nanofibre membranes, the proportion of the resistance from 

this liquid phase is much greater, almost the same as the overall resistance, due to the small 

membrane resistance from their nanofibrous structures. 
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Fig. 10. The CO2 stripping flux for both TR nanofibre and PTFE asymmetric membranes as a 

function of (a) operating temperature and (b-d) Reynolds Number. (e-f) Mass transfer 

resistance at a Reynolds number of 1433. 

 

 

Fig. 11. Overall mass transfer coefficients of (a) TR-NFM, (b) TR-NCM, and (c) PTFE 

asymmetric membranes in CO2 stripping. 
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Table 3. Viscosity of 30 wt% potassium glycinate aqueous solution as a function of 

temperature. 

Temperature (°C) Viscosity (kg m-1 s-1) 
25 1.86 x 10-3 
35 1.52 x 10-3 
50 1.05 x 10-3 
70 9.0 x 10-4 
90 8.0 x 10-4 
100 7.0 x 10-4 

 

One of the most critical issues for membrane contactors is the flux stability. Most 

porous membranes applied to membrane absorption and stripping suffer from flux decline 

during long-term operation due to partial membrane wetting. As shown in Fig. 12, both TR-

NFM and TR-NCM exhibited a high stripping flux during 270 h operation at 100 °C. All 

membranes experienced an inistial flux decline, but this stabilized after several hours. PTFE is 

known to be the only commercial polymer that can sufficiently prevent membrane wetting 

during membrane distillation or membrane gas absorption due its hydrophobicity and chemical 

stability, leading to constant flux with time. In the present case, however, this membrane suffers 

from its intrinsically lower permeability. The initial stripping flux of the TR-NFM was the 

highest at around 26 mmol m-2 s-1. However, a greater flux decline was clearly observed, 

resulting from solvent penetration through the membrane pores by partial wetting, due to its 

high porosity and large pore sizes. On the other hand, the TR-NCM exhibited stable stripping 

over the same time span, confirming that the surface coating layer prevented membrane wetting 

even over a prolonged period at high temperature. Moreover, the TR nanoparticles remained 

securely fused to the nanofibre substrate during thermal rearrangement and did not detach from 

the composite structure over this period. The precursor hydroxyl polyimide is hydrophilic due 

to the hydroxyl groups on the polymer chain. The CO2 stripping flux of these HPI-NFM 

membrane thus decreases to below 5.0 mmol m-2 s-1 within 60 h from its initial flux of 14 mmol 

m-2 s-1 due to membrane wetting by the aqueous solvent. 
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Fig. 12. Long-term gas flux of TR membranes in CO2 stripping at 100 °C. 

 

5. Conclusion 

 We have demonstrated the fabrication of TR nanofibrous membranes with robust, 

porous and hydrophobic morphology for CO2 absorption and stripping. The ideal morphology 

was obtained by varying the electrospinning parameters, mainly solution viscosity, of the 

precursor HPI solution, to obtain both nanofibres and nanoparticle structures. The solid-state 

thermal rearrangement of HPI resulted in a stable attachment of the nanoparticle layers. Both 

the TR nanofibre membranes and composite membranes exhibited high CO2 separation 

performance in a membrane contactor arrangement up to 50 °C for absorption and 100 °C for 

stripping, as compared with a standard PTFE membrane. In addition, TR nanoparticles on the 

surface enhanced the hydrophobicity by increasing surface roughness. In long term 
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experiments, the TR nanoparticles successfully prevented penetration of solvent into the 

nanofibres, resulted in a stable CO2 stripping flux for up to 270 h. Notably, this fabrication 

method is easily scalable for possible commercial applications. 
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