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Abstract 

 

Morphologies of ceramic hollow fibre membranes prepared from suspensions of Al2O3, NMP (N-

methyl-2-pyrrolidone) and polyethersulfone (PESf) using a dry-wet spinning/sintering process have 

been studied experimentally. The results indicate that two types of membrane morphologies, i.e. finger-

like and sponge-like structures can be expected. It is believed that finger-like void formation in 

asymmetric ceramic membranes is initiated by hydrodynamically unstable viscous fingering developed 

when a less viscous fluid (non-solvent) is in contact with a higher viscosity fluid (ceramic suspension 

containing invertible polymer binder). Finger-like void growth occurs only below a critical suspension 

viscosity, above which a sponge-like structure is observed over the entire hollow fibre cross section. 

The effects of the air-gap, viscosity and non-solvent concentration on fibre morphology have been 

studied and it has been determined that viscosity is the dominating factor for ceramic systems.  
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Introduction  

The combination of high chemical, thermal and mechanical resistance has made ceramic membranes an 

attractive alternative to polymeric varieties [1,2]. Due to the high surface area/volume ratios achieved 

by hollow fibre configurations, ceramic hollow fibre membrane performance may greatly exceed that 

of other membrane systems. The ability to operate at high temperatures and pressures, and in corrosive 

environments, allows ceramic membranes to be used in a variety of applications including filtration for 

corrosive fluids [3], high temperature membrane reactors [4-6], solid oxide fuel cells [7] and membrane 

contactors [8] as well as robust membrane supports [9]. In particular, the solvent resistant nature of 

ceramic membrane materials makes them extremely useful for solvent filtration purposes as they can be 

used with a variety of both polar and apolar solvents.  

Production of ceramic hollow fibre membranes can be achieved using an immersion induced phase 

inversion method first described by Loeb and Sourirajan [10] for asymmetric polymeric membrane 

formation. After the addition of a desired amount of ceramic powder to a polymer solution, if well 

mixed, the ceramic/polymer/solvent system can be seen as a suspension of polymer coated ceramic 

particles. Once immersed in a non-solvent for the polymer which is miscible with the solvent, 

solvent/non-solvent exchange takes place leading to precipitation of the polymer phase. Ceramic 

particles are immobilized once precipitation has taken place and the membrane macrostructure can be 

largely determined at this point by manipulating and adjusting the various parameters of the phase 

inversion process.  

Great effort has been made to both control and understand the formation mechanisms for the wide 

range of structures observed in polymeric membrane formation [11-17]. However, due to the large 

differences between polymeric and ceramic systems, in particular the low polymer concentration, this 

information is of limited use during ceramic membrane preparation. In fact, only two morphologies 

have so far been observed in ceramic/polymer systems, i.e. (1) finger-like voids and (2) a sponge-like 

structure. The macrostructure of the fibre precursor designed during the phase inversion process is 

retained during sintering (calcination/heat treatment). Finger-like voids above a certain size are not 

usually eliminated, although at elevated sintering temperature sponge-like regions will densify and 

eventually become gas tight for some ceramic materials [18]. The present work is, therefore, to 

examine how the choice of process parameters affects ceramic membrane morphology. 

Hydrodynamically unstable viscous fingering is a well known phenomenon that occurs at the interface 

between fluids with different viscosities in the first moments of mixing and has been applied here to 
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explain the formation of finger-like voids in ceramic membrane precursors. When the suspension is in 

contact with non-solvent, a steep concentration gradient results in solvent/non-solvent exchange, a 

rapid increase in local viscosity and finally precipitation of the polymer phase. However, due to 

instabilities at the interface between the suspension and the coagulant there is a tendency for viscous 

fingering to occur, initiating the formation of finger-like voids. The relative thickness of finger-like and 

sponge-like regions greatly affects the properties of the membrane such as membrane mechanical 

strength and permeation flux and, due to the versatility of ceramic hollow fibre membranes, it is 

essential that fibre morphology can be controlled so that it may be tailored to a specific application.  

In this study, it has been shown that finger-like voids can be initiated from both the inner and outer 

surfaces simultaneously or from the inner surface alone. Finger-like void length from the inner surface 

can be varied between 0% of the fibre thickness, i.e. a symmetric sponge-like membrane structure, to 

approximately 80% or above of the fibre cross-section. The density of the outer sponge-like region can 

also be controlled. A hypothesis for the prediction of the length of finger-like voids, the thickness of 

the sponge-like region and the formation and elimination of isolated/encapsulated voids has been 

suggested and correlated with air-gap, suspension viscosity, non-solvent additive and internal coagulant 

flow rate. 

 

Experimental 

 

Materials 

Aluminium oxide powders 1 µm (alpha, 99.9 % metals basis, surface area 6-8 m2/g), 0.3 µm (gamma-

alpha, 99.9 % metals basis, surface area 15 m2/g), 0.05 µm (gamma-alpha, 99.5 % metals basis, surface 

area 32-40 m2/g) and 0.01 µm (gamma-alpha, 99.98 % metals basis, surface area 100 m2/g) were 

purchased from Alfa Aesar (a Johnson Matthey company) and were used as supplied. Polyethersulfone 

(Radal A300, Ameco Performance, USA), N-methyl-2-pyrrolidone (HPLC grade, Rathbone) and 

Arlacel P135 (Polyethyleneglycol 30-dipolyhydroxystearate, Uniqema) were used as binder, solvent 

and additive, respectively. Tap water and de-ionized water were used as the external and internal 

coagulants, respectively.  

 

Preparation of alumina hollow fibres 
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Arlacel P135 at a concentration of 1.3 wt% was dissolved in NMP/water solutions prior to the addition 

of aluminum oxide powders (58.7 wt%) at a ratio of 1:2:7 (0.01 µm : 0.05 µm : 1 µm). The dispersion 

was rolled/milled with 20 mm agate milling balls with an approximate Al2O3/agate weight ratio of 2 for 

48 hours. Milling was continued for a further 48 hours after the addition of PESf (6.1 wt%). The 

suspension was then transferred to a gas tight reservoir and degassed under vacuum until no bubbles 

could be seen at the surface. 

Immediately after degassing, the spinning suspensions were pressurized at a gauge pressure of 4.83 

x104 – 1.38 x105 Pa (7 – 20 psig) using nitrogen gas and were extruded through a tube-in-orifice 

spinneret (outer diameter 3 mm, inner diameter 1.2 mm) into tap water with an air-gap of between 0 

mm and 150 mm. The procedure is described in detail elsewhere [19]. De-ionized water was used as 

the internal coagulant at a flow rate of 0.17-0.62 ml/s. Suspension compositions, viscosities and 

spinning parameters are given in Table 1. 

The fibre precursors were left in the external coagulation bath overnight to allow for completion of 

phase inversion. They were then immersed in an excess of tap water which was replaced periodically 

over a period of 48 hours in order to remove traces of NMP. Finally, the fibre precursors were calcined 

in air (CARBOLITE furnace) to yield ceramic hollow fibre membranes. The temperature was increased 

from room temperature to 600 oC at a rate of 2 oC/min and held for 2 hours, then to 1000 oC at a rate of 

5 oC/min and held for 2 hours and finally to 1450 oC at a rate of 5 oC/min and held for 4 hours. The 

temperature was then reduced to room temperature at a rate of 5 oC/min.   

 

Characterization   

Viscosity data was collected (Physica UDS-200 rheometer) using cone and plate geometry at shear 

rates between 6-100 s-1 at 20 oC. Spinning suspension samples were taken and tested immediately prior 

to fibre spinning. SEM characterization was conducted for both precursor and sintered fibres. The 

precursor fibres were immersed in liquid nitrogen for 10 minutes after which they were flexed until a 

clean cross-sectional fracture occurred. Sintered fibres required no such treatment and were flexed at 

ambient temperature until a fracture occurred. Samples were gold coated under vacuum for 3 minutes 

at 20 mA  (EMITECH Model K550) and SEM images at varying magnifications were collected (JEOL 

JSM – 5610 LV). Mercury intrusion data was collected at absolute pressures of between 1.38 x103 and 

2.28 x108 Pa (0.2 – 33000 psia) (Micromeritics Autopore IV) with an equilibration time of 10 seconds. 

The fibres were broken into sections of approximately 4 mm in length prior to mercury intrusion 
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analysis. Gas permeation analysis was performed using nitrogen gas at gauge pressures of between 6.89 

x104 and 3.45 x105 Pa (10 – 50 psig) after the fibres were sealed at one end using epoxy resin and fixed 

into a stainless steel holder to form a test module, also using epoxy resin. 

  

Results and discussion 

 

Figures 1a-c show precursor fibres spun with air gaps of 0 mm, 20 mm and 150 mm, an internal 

coagulant flow rate of 0.17 ml/s and an extrusion velocity of approximately 35 mm/s. It can be seen 

from Figure 1a that the morphology of fibres spun directly into a non-solvent bath, i.e. a 0 mm air-gap 

consists of finger-like voids originating from both the inner and outer fibre surfaces which extend 

almost to the centre of the fibre cross section. A central sponge-like region is present which provides 

the majority of the mechanical strength and separation characteristics. Maximum void length is 

approximately the same for voids originating from both the inner and outer surfaces and as in all the 

prepared fibres a void length distribution exists, some being only a few microns in length while others 

penetrate far into the fibre cross-section. This structure may not be ideal for some of the principal 

applications of ceramic hollow fibre membranes such as solvent filtration which generally require the 

separation layer (packed pore mostly originated from the sponge-like region after heat treatment) to be 

at either the inner or outer edge. However, the above structure may be beneficial for the development 

of catalytic membranes, as finger-like voids may serve as substrates for catalyst particle impregnation. 

For example, a multifunctional catalytic membrane could be developed with different catalytic 

functions at the inner and outer surfaces with the central region of the membrane determining the 

permeation characteristics. This could be achieved by depositing two different types of catalyst targeted 

at different reactions within the inner and outer finger-like voids, respectively.   

 

Figure 1b shows the fibre morphology resulting from a 20 mm air-gap. As shown, the finger-like voids 

extend from the inner surface across approximately 50 % of the fibre cross-section but void length at 

the outer surface has been greatly reduced. A sponge-like region occupying approximately 35 % of the 

fibre cross-section is present between the inner and outer finger-like voids. The size and number of 

voids at the outer edge are further reduced when the air-gap is increased to 150 mm as shown in Figure 

1c. As can be seen, finger-like voids extend from the inner surface across approximately 80 % of the 

fibre cross-section with the remaining 20 % consisting of a sponge-like region. Close examination of 

the outer edge of the fibre, as shown in Figure 1d at increased magnification, reveals the presence of 
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small finger-like voids despite the increased air-gap. However, it is observed from Figure 1e that these 

small voids can be eliminated with high temperature treatment. 

 

Previous studies have shown that densification of sponge-like regions occurs during calcination, 

causing a decrease in porosity, eventually resulting in a gas tight membrane at high calcination 

temperatures and high Al2O3/PESf ratios [20]. A comparison of Figures 1c and 1f of precursor and 

calcined fibres spun with an air-gap of 150 mm suggests that similar results have also been observed in 

this work and that finger-like voids are retained during calcination despite the densification of the 

sponge-like structure. This is further demonstrated by a comparison of the mercury intrusion data 

shown in Figure 2 for fibre 3 (150 mm air-gap, 0.17 ml/s) sintered at 1450 oC and 1600 oC. For the 

fibre sintered at 1450 oC the data shows a bimodal pore size distribution consisting of a peak at 

approximately 6 µm - which represents the pores at the inner fibre surface which form the entrances to 

the finger-like voids - in addition to a broad peak at approximately 0.16 µm which represents the 

sponge-like region. As the sintering temperature is increased to 1600 oC the total absence of the peak at 

0.16 µm indicates that the porosity of the sponge-like region has been totally eliminated. In contrast, 

the peak for the pores at the inner surface is still present and can be found at approximately 7 µm, 

indicating that the porosity in this region and the finger-like void structures remain even at elevated 

sintering temperature. Gas permeation data for Fibre 3 (150 mm air-gap, 0.17 ml/s), sintered at 

temperatures of between 1200 oC and 1600 oC is shown in Figure 3 and also demonstrates the 

progressive densification of the sponge-like region of the fibre. As the sintering temperature is 

increased the gas permeation flux decreases, suffering a dramatic drop between 1400 oC and 1450 oC. 

At 1500 oC the permeation flux is barely detectable and is shown to be totally eliminated in fibres 

sintered at 1600 oC. 

   

The morphology of the fibre shown in Figure 1a is believed to result from hydrodynamically unstable 

viscous fingering occurring simultaneously and to a similar extent at both the inner and outer fibre 

surfaces. The situation is somewhat different when a 20 mm air-gap is present. In this case 

simultaneous solvent evaporation and moisture (non-solvent) condensation causes a local viscosity 

increase in the outer region of the fibre prior to immersion. During the time the nascent fibre is exposed 

to the atmosphere (20 mm air-gap), the viscosity of the outer region increases and finger-like voids 

originating at the inner surface penetrate into the fibre cross section. As the nascent fibre makes contact 

with the non-solvent bath the increased viscosity of the outer region, as a result of exposure to the 

atmosphere, inhibits the growth of finger-like voids at the outer edge. However, non-solvent influx 
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from the precipitation bath does still occur, further increasing the suspension viscosity as it penetrates 

the nascent fibre cross-section. This increases the viscosity in front of finger-like voids growing from 

the inner surface, limiting their length to approximately 50 % of the fibre cross-section. Therefore 

finger-like voids forming from the inner surface can be increased in length by increasing the air-gap to 

150 mm as shown in Figure 1c. Under these conditions the viscosity of the outer region is higher when 

the nascent fibre is immersed and non-solvent influx is reduced, while at the same time voids 

originating at the inner surface have more time to penetrate further towards the outer edge. The 

presence of small finger-like voids in the outer region shows that the suspension viscosity in this region 

is not above the threshold at which the finger-like voids can be totally suppressed. This is discussed 

below.  

 

To investigate the effect of viscosity on fibre morphology, water was used as a non-solvent additive to 

increase the suspension viscosity. Increasing the viscosity by other means, such as by varying the ratio 

of solvent/polymer/alumina or by the introduction of additives such as polyvinylpyrrolidone (PVP), 

may affect the membrane properties considerably. For this reason, water was chosen as a viscosity 

enhancer. The addition of water to spinning suspensions, measured as a percentage of the total solvent 

content, caused an increase in viscosity as shown in Figure 4. The suspension viscosity value of 12.1 

Pa.s at 0 wt% water increased to 16.7 Pa.s, 18.5 Pa.s and 22 Pa.s at 2 wt%, 4 wt% and 6 wt % water 

content respectively. Further addition of water resulted in large viscosity increases to 33.3 Pa.s and 45 

Pa.s at 8 wt% and 10 wt% respectively. The rate of viscosity increase as a function of water content is 

seen to increase at 6 wt% indicating that if all other parameters remain the same, fibre morphology may 

change abruptly at this point. The extrusion pressure was increased in line with viscosity in order to 

maintain a constant extrusion rate over the range of suspension compositions.   

 

Figure 5 illustrates the effect of spinning suspension viscosity on fibre morphology for calcined fibres 

prepared with a 150 mm air-gap and an internal coagulant flow rate of 0.17 ml/s. It can be seen in 

Figure 5a that at 0 wt% water content, finger-like voids extent across approximately 80% of the fibre 

cross-section with the remaining 20 % consisting of a sponge-like region. At higher magnification, 

Figure 5b shows the existence of small finger-like voids at the outer fibre edge which are present in 

fibres prepared with water concentrations below 6 wt%. Addition of 2 wt% water results in a large 

reduction in finger-like void length to approximately 40 % of the cross-section as shown in Figure 5c 

and in the appearance of inward facing isolated voids in the centre of the sponge-like region which can 

be seen in Figures 5d and 5e. Figure 5f shows the effect of the addition of 4 wt% water. Again, finger-
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like voids from the inner surface penetrate about 40 % of the cross-section but isolated void formation 

is reduced in this case. The total elimination of isolated voids resulting from the addition of 6 wt% 

water can be seen in Figure 5g and at higher magnification, Figure 5h shows the elimination of small 

finger-like voids at the outer edge. However, it is shown in Figure 5g that void penetration from the 

inner surface remained unchanged at 40% while Figure 5i shows a reduction in void length to about 30 

% at 8 wt% water content. Total void elimination resulted with the addition 10 wt% water, i.e. the 

symmetric membrane structure shown in Figure 5j.  

 

Figures 6a-6e show fibres prepared with internal coagulant flow rates adjusted so that the ratio of flow 

rate to viscosity at 30 s-1 = 1.4 x10-2, i.e. the value for fibre 3 (0 wt% water, Figure 5a), thus partially 

overcoming the resistance to viscous fingering at the inner surface. In this case isolated voids were not 

observed in any of the fibres prepared and finger-like void length varied in a more linear fashion, i.e. 

decreasing from 80 % at 0 wt% water to 70 %, 60 %, 40 %, 35 % and 25 % for water contents of 2 

wt%, 4 wt%, 6 wt%, 8 wt% and 10 wt% respectively. It can be seen at higher magnification that the 

small finger-like voids at the outer fibre edge observed in Figure 6f at water concentrations below 6 

wt% were eliminated at 6wt % water and above as shown in Figure 6g. 

 

The presence of water in the spinning suspension has two effects. Firstly, the initial suspension 

viscosity is increased and secondly, the suspension viscosity increases more rapidly when in contact 

with non-solvent, or as a result of solvent evaporation, as the polymer phase is closer to its precipitation 

point. An increase in suspension viscosity inhibits viscous fingering at both the inner and outer surfaces 

of the fibre and finger-like void length is reduced. As expected, increasing the internal coagulant flow 

rate promotes viscous fingering so finger-like void length is reduced less in fibres prepared with 

increased flow rates. Figures 5c, 5f, 6a and 6b show fibres prepared with 2 wt% and 4 wt% water at 

different internal coagulant flow rates. Close examination of the of the outer fibre edges reveals small 

finger-like voids - shown at higher magnification in Figures 5b and 6f - resulting from non-solvent 

influx from the precipitation bath which, although small, are likely to diminish mechanical strength by 

reducing the integrity of the sponge-like structure. Despite the presence of a 150 mm air-gap, at water 

concentrations below 6 wt% the viscosity of the outer region is below the viscous fingering threshold 

when the fibre is immersed and small finger-like voids are seen in all fibres regardless of the internal 

coagulant flow rate. These small finger-like voids are eliminated if the viscosity of the outer region is 

above a critical value before the outer fibre surface is brought into contact with non-solvent. This 

threshold is exceeded for fibres prepared with at least 6 wt% water and a 150 mm air gap.  
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It can also be seen from Figures 5d and 5e that the inward facing isolated voids observed in fibres 

prepared with  less than 6wt% water content and an internal coagulant flow rate of 0.17 ml/s are 

formed by non-solvent influx from the shell side of the fibre. Even if the viscosity near the 

suspension/air interface has increased considerably before immersion, non-solvent will still diffuse into 

and through this region when the nascent fibre is immersed. As non-solvent diffuses through the outer 

sponge-like region of high viscosity and reaches a region of lower viscosity, viscous fingering takes 

place and isolated void formation is initiated. Isolated voids will be eliminated if the suspension 

viscosity in this region is above the viscous fingering threshold before non-solvent influx occurs. This 

is not the case for fibres prepared at 2wt% and 4 wt% water with an internal coagulant flow rate of 0.17 

ml/s. However, Figures 6a-6e show that isolated voids are not observed in any fibres prepared with 

increased internal coagulant flow rates. Under these circumstances, internal coagulant influx and 

finger-like void growth from the inner surface are greater. Consequently, the viscosity of the region in 

which isolated voids are observed is above the viscous fingering threshold before non-solvent influx 

from the precipitation bath occurs and a sponge-like structure results. 

 

Conclusions 

 

Finger-like voids in hollow fibres prepared from Alumina/NMP/polyethersulfone spinning suspensions 

result from hydrodynamically unstable viscous fingering occurring at the interface between the 

suspension and the non-solvent. Above a critical suspension viscosity this phenomenon is not observed 

and a sponge-like membrane structure is formed. By varying the viscosity of the spinning suspension 

by using water as a non-solvent additive, fibre morphology can be varied greatly. Exposure of the outer 

fibre surface to the atmosphere causes a local viscosity increase and inhibits the formation of finger-

like voids in this region. However, non-solvent may diffuse through this outer layer as the fibre is 

immersed, halting finger-like void growth from the inner surface and creating isolated voids within the 

membrane cross-section if the internal coagulant flow rate is insufficient. The air-gap and suspension 

viscosity are critical in determining both the formation of finger-like voids and the density of the outer 

sponge-like region. The addition of water as a non-solvent additive to the spinning suspension causes 

an increase in viscosity, a reduction in finger-like void length and favours the formation of a sponge-

like structure at the outer fibre surface if an air-gap is present. 
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Table 1 

 

Fibre
Solvent 

composition 
(NMP/water)

Bore fluid flow 
rate (ml/s)

Extrusion pressure 
(Pa)

Air-gap 
(mm)

Viscosity  
@ 30 s-1 

(Pa.s)
1 100 / 0 0.17 7.58 x104 (11 psig) 0 12.1

2 100 / 0 0.17 7.58 x104 (11 psig) 20 12.1

3 100 / 0 0.17 7.58 x104 (11 psig) 150 12.1
4 98 / 2 0.17 7.58 x104 (11 psig) 150 16.7
5 96 / 4 0.17 1.03 x105 (15 psig) 150 18.5

6 94 / 6 0.17 1.03 x105 (15 psig) 150 22

7 92 / 8 0.17 1.03 x105 (15 psig) 150 33.3

8 90 / 10 0.17 1.38 x105 (20 psig) 150 45
9 98 / 2 0.23 7.58 x104 (11 psig) 150 16.7
10 96 / 4 0.26 1.03 x105 (15 psig) 150 18.5

11 94 / 6 0.30 1.03 x105 (15 psig) 150 22

12 92 / 8 0.46 1.03 x105 (15 psig) 150 33.3
13 90 / 10 0.62 1.38 x105 (20 psig) 150 45  
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Captions for figures 

 

Figure 1: Cross-sectional images of fibres 1-3: a-c: Precursor fibres, d-f: sintered fibres; (a): Fibre 1, 0 

mm air-gap, (b): Fibre 2, 20 mm air-gap and (c): Fibre 3, 150 mm air-gap, (d) Outer edge of 

fibre 3 (150 mm air-gap) calcined at 1450oC,  (e) Outer edge of fibre 3 (150 mm air-gap) 

calcined at 1600 oC and (f): Fibre 3, (150 mm air-gap) calcined at 1450 oC. 

 

Figure 2: Mercury intrusion data for fibre 3 (150 mm air-gap, 0.17 ml/s) sintered at 1450 oC and 1600 
oC. 

 

Figure 3: Gas permeation data for fibre 3 (150 mm air-gap, 0.17 ml/s) sintered at temperatures of 

between 1200 oC and 1600 oC.  

 

Figure 4: Viscosity of spinning suspensions prepared with 0 wt%-10 wt% water (as a percentage of the 

total solvent content). 

 

Figure 5: Cross sectional images of fibres 3-8 made from spinning suspensions containing varying 

amounts of water (a): Fibre 3, 0 wt% water, (b): Enlargement of Fibre 5 outer edge, 4 wt% 

water, (c): Fibre 4, 2 wt% water, (d): Isolated void in Fibre 5, 4 wt% water, (e): Enlargement 

of isolated void in Fibre 5, 4 wt% water, (f): Fibre 5, 4 wt% water, (g): Fibre 6, 6 wt% water, 

(h): Enlargement of Fibre 6 outer edge, 6 wt% water, (i): Fibre 7, 8 wt% water, (j): Fibre 8, 

10 wt% water. 

 

Figure 6: Cross sectional images of fibres 9-13 made from spinning suspensions containing varying 

amounts of water and spun with different internal coagulant flow rates (a): Fibre 9, 2 wt% 

water, 0.23 ml/s, (b): Fibre 10, 4 wt% water, 0.26 ml/s, (c): Fibre 11, 6 wt% water, 0.30 ml/s, 

(d): Fibre 12, 8 wt% water, 0.46 ml/s, (e): Fibre 13, 10 wt% water, 0.62 ml/s, (f): Fibre 10, 4 

wt% water, 0.26 ml/s (outer edge) and (g): Fibre 11, 6 wt% water, 0.3 ml/s (outer edge). 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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