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Abstract
There has been increasing worldwide interest in the field of technical textile materials. Within this
context the use of membranes for industrial separation processes has developed, and they can now
compete effectively with conventional processes in terms of energy and capital costs. Membranes for
gas separation have developed significantly in the last twenty years; however, there is still a need for
high-temperature and chemically resistant membranes that exhibit good selectivity and gas
permeability. In spite of the developments in gas separation membranes, only a few types of hollowfibre membranes are still commercially available. Our study examines the fundamental properties of
polyetherketone (PEK, a thermally stable and chemically resistant polymer) membranes prepared
using concentrated sulphuric acid (98% H2SO4) as a solvent and dilute sulphuric acid (30%-60%
H2SO4) as a non-solvent. Other non-solvents included acetic acid, ethanol, methanol, glycerol, and
water. The concentration of the polymer-casting solutions was between 15% and 20%. The membrane
structure was examined using SEM, and the gas separation properties were measured using a labscale test rig. The results show that formation and control of membrane structure are complicated, and
that many preparation parameters affect membrane morphology and performance. Polymer
concentration is a particularly important parameter. At each individual polymer concentration, the
precipitant plays a crucial role, and has a determining influence on membrane structure. Membranes
cast using 30-40% glycerol and 50-60% H2SO4 or 70-90% acetic acid as precipitants possessed
sponge-type structures, and as such have an acceptable permeation rate. However, membranes cast
into water display finger-like structures even at a low coagulation temperature of 3°C, and also exhibit
lower permeation rates. It has also been shown that precipitated structures of PEK membranes are
highly dependent upon the heat of mixing of the solvent with non-solvent, and that a reduction in this
heat of mixing leads to sponge-like structures that are preferential for gas separation membranes.

Introduction
The majority of polymeric membranes used in membrane separation processes are prepared by
phase inversion [1-5]. Phase inversion can be achieved by solvent evaporation, non-solvent
precipitation and thermal precipitation [6]. These processes can produce either symmetrical
microporous structures or asymmetric membrane structures that possess both porous layers and
dense skin layers. In asymmetric membranes a thin dense skin separation layer is usually
accompanied by a less dense, thicker but mechanically supporting microporous layer. By using phase
inversion techniques, membrane morphologies can be tailored to various applications. These range
from microfiltration to gas separation. Our study has sought to determine the best conditions for
producing PEK membrane morphologies suitable for gas separation.
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The performance of asymmetric membranes produced for gas separation is mainly governed by
membrane morphology. It has been well established that the membrane skin layer is responsible for
membrane selectivity, while membrane permeability depends on the resistance of the skin and substructure. In other words, the overall morphological structure of membrane is critical for the desired
end use.
The required sub-structure should ideally serve as good mechanical support for the skin layer and
should not give any additional transport resistance. There are two typical sub-structures; one a
sponge-type structure and the other a finger-like substructure. A sponge-type structure with
interconnecting pores has been shown to give good support to the separating skin and gives very little
resistance to gas transportation. This is ideal for gas separation purposes. Membranes that contain
finger-like structures can run into problems if used at high gas pressures. Under these conditions the
thin separating skin layer can rupture, because the finger-pores act as weak points under pressure
facilitating membrane failure. Finger-like structures can also provide a barrier to permeation through
the porous sublayer if the pores themselves are skinned. The mechanism for the formation of fingerlike and sponge-type membranes has been discussed by Strathmann [7-10]. There are many factors
which affect the morphology of skinned membranes and the permeation properties in turn. Some basic
factors are polymer concentration, solvent and non-solvent system, the temperature of the
precipitation bath and the polymer solution, and lastly the role of additives in both the casting solution
and the precipitation bath.
Recently PEK hollow-fibre membranes for gas separation were prepared from 15-20% (wt/wt) PEK in
98% H2SO4. The hollow-fibre lumen was produced by means of internal injection, and the injection
fluids used were water, dilute sulphuric acid or dilute glycerol. In all cases water was used as the
external coagulant, i.e. in the spinning bath. The hollow-fibre membrane morphological structures had
five zones, “a thin dense outer skin, an interconnected outer macro-voided layer, a central sponge
pore structure, an inner macro-voided layer, and an inner skin.” [11-12] However, some of the
membranes had low burst pressures due to the existence of finger-like macro-voids. In order to
improve this, an investigation was initiated to prepare sponge-like sub-structural membrane features
from PEK. The present work examines how the choice of polymer-solvent-precipitant system affects
PEK membrane morphology.

Experimental
Membrane preparation
The polymer used for membrane fabrication was polyetherketone (PEK), VICTREX, MV0.392, from
ICI. The polymer was dried for 24 hours at 100ºC under vacuum prior to dissolution.The solvent (98%
H2SO4, A. R. grade) was first placed into a reactor vessel, and then heated to 50°C in a water bath.
The required amount of PEK polymer was then added to the solvent. The polymer solvent mixture was
stirred at between 300 to 500 rpm for about 5 hours until a viscous red solution of PEK in 98% H2SO4
was obtained.
The film casting procedure was developed to evaluate particular combinations of polymer, solvent and
precipitant. The polymer solution was cast at room temperature onto a glass plate (70 mm × 110 mm ×
4 mm), and a draw-down technique was used to produce films of wet thickness 250µm. After a few
seconds, the plate was immersed in a coagulation bath with the desired precipitants. After the
coagulation process, the films separated from the glass plate and were then removed from the
coagulation bath. The films were then placed in a water bath (in which the water was changed twice
daily) and left for one week to remove any traces of residual solvent.
Precipitation time
The term ’precipitation time’ was defined to describe qualitatively the phase inversion process. The
precipitation time was recorded as the time period from when the nascent cast film (with wet thickness
250µm) was immersed into the coagulation bath, to when the film separated completely from the glass
plate. In other words the shorter the ’precipitation time’, the more rapidly the polymer precipitates in
the coagulant and separates from the plate.
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Determination of the ∆T of mixing of solvent and non-solvent systems
A simple method was devised to determine the ∆T temperature rise on mixing the solvent and nonsolvent system. The solvent (total 5 ml) was added at a rate of 1ml/min via a burette into 20ml of nonsolvent (with slow stirring) at room temperature. After all the solvent had been added, any temperature
variation that accompanied the mixing of the solvent and non-solvent was measured using a
o
thermometer to +/- 0.5 C.
Examination of membrane morphology
The cross-sectional membrane morphologies were observed using Scanning Electron Microscopy
(SEM) (Cambridge S360). The fracture surfaces were produced by breaking the membranes in liquid
nitrogen.

Results and discussion
Effect of polymer concentration on membrane structure
The scanning electron micrographs shown in Figure 1 are cross-sections of membranes produced
o
from PEK polymer solutions in 98% H2SO4. In each case, water (at 20 C) was used as the precipitant.
It is clear that at different polymer concentrations, i.e. 10%, 15%, 18% and 20% (w/w), different
morphologies are produced. In each case the top of the film structure, i.e. the side that was never in
contact with the glass casting plate, is at the top of micrograph.
100µm

100µm

a. 10% PEK

b. 15% PEK

200µm

200µm

c.18% PEK

d. 20% PEK
Figure 1: The effect of polymer concentration on membrane structure
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Films cast from 10% PEK polymer solutions show large disruptive macro-voids in part of the crosssection. Pores on the top surface of film were visible using the SEM. In addition to this, the thickness
of the dense skin (the top separation layer) was very small, and overall the structure would not provide
sufficient self-supporting mechanical properties.
Films cast from 15% and 18% PEK show regular finger voids in the central part of the cross-section
(Figure 1b and 1c). No pores on the top surface were visible using the SEM. It can be seen that a
significant amount of finger voids penetrate through the whole film, and channels can be observed
that lead from the top to the bottom of the membrane.
The films cast from 20% PEK solutions have a thick dense separating layer. Finger-like voids
penetrated the whole length of the cross-section; these were observed to be narrower and more
needle-shaped than those cast from lower polymer concentrations. A poorly developed cellular sponge
structure was also observed.
Table 1: The effect of polymer concentration on overall porosity and permeation rate
Polymer concentration

3

Porosity (cm /g)

Void volume (%)

Precipitation time (sec.)

P′ (N2) (GPU)*

10%

5.49

86.30

32.9

47088

15%

4.65

83.81

60.2

553

18%

3.42

78.03

80.2

36.1

20%

1.82

67.98

360

5.3

* 1GPU = 1×10 cm (STP)/cm ⋅sec⋅cmHg
-6

3
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Increasing the polymer concentration in the casting solution from 10% to 20% caused changes in skin
thickness, overall membrane porosity and gas permeability (Table 1). It was observed that increasing
polymer concentrations changed pore morphologies from large disruptive macro-voids to thin fingertype voids combined with sponge-like elements. Once the nascent film skin is penetrated by the water
it meets a high concentration of H2SO4, and rapid precipitation takes place to leave large voids
perpendicular to the film direction. These structures were enhanced (Figure 1) when using lower
polymer concentrations, (i.e. lower viscosity solutions) due to the facilitated diffusion of water (nonsolvent) that could take place through the nascent film skin. High polymer concentrations facilitate the
formation of dense surface skin layers during the phase inversion process. Once formed, these dense
layers effectively slow down the diffusion of water into the nascent film and prevent void formation.
From Figure 1 and Table 1 it is clear that rapid precipitation (see precipitation time) is responsible for
the formation of inward-travelling ‘fingers’ over the cross-section of the films. It has been well
established that ideal membrane morphologies for polysulphone membranes for gas separation are
sponge-like structures with no finger-like voids. However, even at high PEK concentrations no overall
sponge-like structure could be produced without some finger void formation if water was used as the
precipitant. This can be explained by the strong interaction between H2SO4 and water. The usual rapid
exchange of solvent and non-solvent is increased in this system, because in effect it undergoes a
rapid self-heating process. This further enhances diffusional processes (which are increased at higher
temperatures), and relatively fast precipitation rates result. When this happens, the formation of
macro-voids and finger-type morphological structures are produced (as shown in Figure 1); thus in
order to produce sponge-like membranes, a reduction in precipitation rate is needed.
Effect of non-solvents on membrane structure
The non-solvents used in phase inversion processes greatly affect the gas permeation properties of
membranes. Studies of the PEK polymer/solvent/non-solvent system provided information for the
choice of suitable coagulants. Precipitation times corresponded to different liquid-liquid demixing
processes and resulted in a variety of membrane structures.
In this study, water, glycerol, methanol, ethanol, and dilute acids were shown to act as non-solvents by
precipitating PEK from sulphuric acid solutions. Using different kinds of non-solvent, a variety of film
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morphologies were obtained as shown in Figure 2. Different morphological zones are apparent in the
top skin and in the bottom membrane layers (Figures 2a-e). Changing from a pure water coagulant to
one of high acetic acid concentration reduced the amount of finger voids in the structure. Acetic acidbased coagulants aid the formation of sponge-like structures, and produce reasonable morphologies
for gas separation (Figures 2a-c).
When methanol and ethanol were used as non-solvents, they produced similar PEK film morphologies
(see Figures 2d-e). These membranes have high void volumes, and overall the structures are
characterised by large macro-voids across the film sections. The final structures were similar to those
of membranes cast from low polymer concentrations when water was used as the non-solvent.
100µm

100µm

100µm

b. 70% acetic acid

a. 30% acetic acid
100µm

c. 90% acetic acid
200µm

100µm

d. Methanol

f. Glycerol (and water)

e. Ethanol

Figure 2. Effect of non-solvents on the membrane structure (20%PEK in 98%H2SO4)
Table 2: Non-solvent viscosity, precipitation time of 20%PEK in 98%H2SO4 and ∆T on mixing
-3

2

Non-solvents

Precipitation time (sec.)

∆T of mixing (ºC)

Viscosity (25ºC) (10 Ns/m ) [13]

Water

80

55

0.89

Methanol

120

51

0.55

Ethanol

278

47

1.08

30% Acetic acid

150

53

0.97

70% Acetic acid

220

39

1.08

90% Acetic acid

966

30

1.13

Glycerol

>5000

36

945

Table 2 shows the viscosity of the non-solvents used in the study. We believe that viscosity
differences are partly responsible for the relative diffusion rates of the solvent and non-solvent. Indeed,
if glycerol is used as a non-solvent, the precipitation time is extremely long (over 1 hour). However, the
initial preciptitation point for glycerol (the point at which the film became opaque) was similar to that of
water. Diffusion of glycerol into the nascent membrane was slow, as was diffusion of sulphuric acid
into the glycerol bath. Essentially a gel state was maintained at the bottom of the casting, and fomation
of a solid membrane did not occur. In fact the precipitation time was so long that eventually the
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structure was peeled from the glass plate and immersed into a water bath, and then precipitation was
initiated at the bottom part of membrane. This is seen as two distinctive structures (Figure 2f). The
production of membranes for commercial gas separation requires hollow fibres to be manufactured.
Therefore this system could not be used in a production process, as such long coagulation times do
not favour fibre formation.
Addition of solvent to the non-solvent
Failure to obtain complete sponge-like substructures in PEK membranes promoted the addition of
solvent to the coagulation bath. A number of solutions, 30%, 50% and 60% (w/w%) of H2SO4/ H2O
were used, and films cast from 18% PEK in 98%H2SO4 gave improved morphological structures as
shown in Figure 3.
Films cast using 30% H2SO4 (w/w) as the non-solvent exhibited finger-like structures. Films cast using
50% and 60% H2SO4 (w/w) had well-developed interconnected cellular structures with similar sized
round ’cells’ running from the top to the bottom of the membrane. These structures were not entirely
macrovoid-free, but a highly reduced number of macrovoids were observed and the most favourable
morpholgies for gas separation obtained (Figure 3c).
The relationship between temperature rise (heat of mixing solvent and non-solvent), precipitation time
and membrane structure are shown in Figure 4. Decreased heats of mixing results in morphologies
that favour sponge-type structures, whilst high heats of mixing favour finger-like void containing
structures.
100µm

100µm

100µm

b. 50%H2SO4

a. 30%H2SO4

c. 60%H2SO4

Figure 3. Effect of adding solvent in non-solvent on the membrane structure
∆T on mixing (°C)
60
Water
30%AA

55

Finger-like membrane

Methanol

50

Ethanol
45
40
Finger/Sponge-type membrane

70%AA
35
30%H 2SO4

30

90%AA
Sponge-type membrane

25
50%H 2SO4

60%H 2SO4

20
0

500

1000

1500

2000

Precipitation time (Sec.)

Figure 4: Relationships between precipitation time, ∆T on mixing and membrane structure
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Conclusions
The morphological structure of porous PEK membranes depends on the interactions between the
polymer/solvent and the solvent/non-solvent system. Solvent and non-solvent interactions can be
approximately expressed by their temperature rise on heat of mixing. Systems that have a large heat
of mixing show a tendency to form finger-structured membranes. In addition, particular membrane
structures can be correlated with the precipitation time of the polymer solution. Fast precipitation leads
to finger-type structures and low precipitation rates result in sponge-type structures. Low heats of
mixing solvent/non-solvent, slow precipitation times and high non-solvent viscosities favour spongelike structures. High heats of mixing solvent/non-solvent and low non-solvent viscosities favour fingerlike membrane structures.
PEK polymer concentration and non-solvent composition largely determine the membrane structure.
High-concentration polyetherketone cast films precipitated in 50% and 60% H2SO4 possessed spongetype structures. However, those membranes produced by water precipitation exhibited finger-like
structures even at high polymer solution concentrations.
High polymer concentrations (approx 20%) in conjunction with highly acidic coagulation conditions
yielded an optimised morphological structure for gas separation. Further work has shown that these
conditions are also sufficient for hollow-fibre formation, and hollow PEK fibres for gas separation have
been successfully spun from 15%, 17% and 20% PEK in H2SO4. Compared to commercial
polysulphone hollow fibres, the best PEK hollow fibres possess reasonable permeation rates, similar
separation factors (for hydrogen and methane) and far better mechanical, thermal and chemical
properties.
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