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Abstract

The aim of this work was to study the effect of different variables in the morphology and water vapor permeation 
of asymmetric membranes. Different from other works on vapor induced phase inversion this work focus on the 
formation of a dense skin capable of separating small molecules like gases and on the transport properties of water 
vapor instead of liquid water. It also correlates the morphologies with the permeability. The results show that higher 
polymer concentrations lead to denser skin and lower permeability. Water vapor transmission rates varied from 30 to 
48 g/m2.h depending on membrane morphology. They also show that for membranes with the same type of skin layer 
the permeability depends on the sub-layer. Finally, the results suggest that different mechanisms were responsible for 
the formation of the membranes.
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1. Introduction

Membranes have been extensively studied and applied 
for several separations like gas and vapor separations, water 
production and purification, carbon capture and sequestration 
among others[1,2]. The application of membrane separation 
processes requires membranes with high flux and selectivity, 
characteristics that can be tuned not only by changing the 
properties of the materials that form the membrane, but 
also by changing the membrane geometry and morphology.

In terms of membrane morphology, asymmetric 
membranes are usually desired. In the case of gas and vapor 
separations, a dense separation top layer is supported by a 
porous layer that is not supposed to impose any resistance 
to mass transfer. These membranes are produced by the 
phase inversion process that promotes phase separation of 
the polymer solution by contacting it with a non solvent 
(usually water)[3,4]. Phase inversion can be triggered by 
several different processes that include, for example, non 
solvent induced phase separation (NIPS)[5], vapor induced 
vapor separation (VIPS)[6] or temperature induced phase 
separation (TIPS).

Due to its importance in membrane production, phase 
inversion process has been studied to determine the influence 
of different variables in the final morphology[7-10]. In these 
studies, different formation mechanisms were proposed to 
explain the formation of macrovoids, a cellular morphology, 
and interconnected structure and the dense layer. Among 
those mechanisms, two of the most recent studies have relied 
on rheological characterization of the polymer solutions to 

correlate the final morphology with chain entanglement[11] 
and solvent power[12]. Depending on the rheological behavior 
of the solutions that is related to chain entanglement and 
solvent quality, the final membranes can have macrovoids 
or a cellular morphology. Because both studies focus on 
NIPS spinodal decomposition is not discussed.

Other researchers have focused on VIPS trying to correlate 
the different variables to the final morphology and properties 
of the membranes[6,13-18]. The results showed that solution 
concentration, relative humidity[16] and time of exposure to 
the vapor[15] can influence the final morphology. It has also 
been reported that the choice of solvent can influence the 
final morphology by reducing the effect of coalescence of 
pores in membranes formed by spinodal decomposition[13]. 
The mechanism proposed by these authors also depends 
on rheological properties. Although most of these authors 
are interested in the porous structure and the application of 
membranes for liquid separations, their work shows that the 
coalescence of the pores in membranes formed by spinodal 
decomposition can create a very thin dense skin that can 
be applied for gas and vapor separations[13,15,19]. Recently, 
Dai et al.[20] proposed a process that combines VIPS and NIPS 
to produce membranes for gas separation. By combining the 
two processes they prevented the formation of pin-holes on 
the dense layer that can compromise the selectivity of the 
membrane. The authors argued that vapor induced phase 
separation can create a sublayer that reduces the mass transfer 
of both solvent from the membrane and non-solvent from 
the coagulation bath and protect the dense layer.
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 In this context, this work has the objective to characterize 
membranes prepared by vapor induced phase inversion combined 
with non-solvent induced phase inversion using different 
combinations of three variables: polymer concentration, water 
concentration in the solution and time inside the coagulation 
bath. The membranes were characterized by scanning electron 
microscopy (SEM) and water vapor permeation. The results 
show a correlation between the polymer concentration and 
water concentration in the solution with the final morphology. 
It is also possible to correlate the morphology and WVT . 
The morphology indicates that different mechanisms could 
explain the formation of the final morpohology. Finally, the 
results indicate that VIPS has a great potential to be applied 
in the production of asymmetric membranes with a dense 
skin for gas separation.

2. Materials and Methods

2.1 Materials

Polysulfone Udel P-3500® was kindly supplied by Solvay-
Brazil. 1-methyl-2-pirrolidone (NMP-anhydrous, 99.5%) 
from Sigma-Aldrich was used as solvent for polysulfone. 
Ethanol (PA, 99.5%) and hexane (PA, 99.5%) from Synth 
were used for solvent exchange and tapped water was used 
as non-solvent and additive.

2.2 Methods

Polysulfone/NMP solutions were prepared by dissolving 
different concentrations of the polymer in the solvent. 
Polysulfone and NMP were mixed in a laboratory glass 
bottle that was closed and placed on a roller mixer. Complete 
dissolution was observed after 2 or 3 days depending on 
polymer concentration. The polymer concentrations used 
were 15, 25 and 35 wt%. Some solutions were prepared 
using water as additive. The water concentrations were 0, 
2.5 and 5 vol.% in relation to the solvent initial volume. 
Table 1 shows the compositions and process conditions 
used to produce each sample.

The membranes were prepared using a combination of 
non-solvent induced phase separation and vapor induced 

phase separation. The polymer solutions were cast on 
a glass plate using a casting knife. Then the membrane 
was exposed to water vapor for 5 minutes inside an oven 
at 40 °C. The relative humidity inside the oven was kept 
between 40 and 60% during exposure. After the water vapor 
exposure, the membrane was immersed in the coagulation 
bath to complete phase inversion.

The membranes were kept inside the coagulation bath 
for different periods of time varying from 10 to 60 minutes. 
Afterwards, the membranes were dried by soaking the 
membrane in ethanol for 24 hours and then soaking in hexane 
followed by drying in a vaccum oven at 68 °C for 24h.

The morphology of the membranes was characterized 
by scanning electron microscopy analysis (SEM) in a JEOL 
JSM 6360-LV microscope. Criofractured samples were 
tested to evaluate the porous structure of the sublayer while 
the surface of the membranes was analyzed to verify the 
intregrity of the top layer.

Water vapor permeation tests were conducted according 
to ASTM E96/E96M standard[21]. In a typical procedure, 
a cylindrical cup filled with water was covered by the 
membranes. The initial weight of the cups were measured and 
compared to their weight at different periods of time. Water 
vapor transmission (WVT) was calculated with Equation 1.

  
.
GWVT
t A

= 	 (1)

In Equation 1 G is the weigth change, t is the time and A 
is the permeation area.

3. Results and Discussions

3.1 Effect of water vapor activity

Water vapor activity can be calculated by the ratio 
between the partial pressure of water and the equilibrium 
vapor pressure which makes the activity equivalent to 
the relative humidity. The activity of water vapor can 
influence the phase inversion in two different forms. First, 
the onset of VIPS is influenced by water vapor activity. 
It has been reported that phase separation induced by 
water vapor is observed for relative humidities of 65% 
or higher (aw ≥ 0.65)[16]. Second, the activity gradient through 
the membrane thickness influences mass transport of water 
and solvent exchange. Because the activity of water in the 
vapor phase is considered equivalent to the activity in liquid 
water, the differences between VIPS and NIPS are due to 
differences in mas transfer coefficients[6,16,17,19]. Different 
activity gradients can lead to different morphologies like 
symmetrical cellular morphology, asymmetrical cellular 
morphology or finger like pores. In the present work the 
relative humitidity range was between 40-60% which 
represents activities of 0.40-0.60. The change in humidity 
is due to the loss of water vapor that results from opening 
the oven to cast membranes and some variations in the oven 
temperature. Despite the lower activity there is evidence 
of phase separation by VIPS which could be due to the 
presence of water in the polymer solutions. Based on the 
morphologies of the membranes, we believe that the water 
vapor activity inside the oven might have influenced the onset 

Table 1. Polymer concentrations and process variables used for 
membrane preparation.

Sample

Polysulfone 
(PSF) 

concentration 
(wt%)

Time in 
coagulation 
bath (min.)

Water 
concentration 

(vol%)

1 35 60 2.5
2 35 10 2.5
3 15 60 2.5
4 15 10 2.5
5 35 35 5.0
6 35 35 0.0
7 15 35 5.0
8 15 35 0.0
9 25 60 5.0
10 25 60 0.0
11 25 10 5.0
12 25 10 0.0
13 25 35 2.5
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of VIPS and the morphology of samples 4 and 10 leading 
to NIPS (Sample 10) or a combination of NIPS and VIPS 
(Sample 4). In the other samples it is more likely that the 
morphology was influenced by the mass transport of the 
non-solvent than the onset of phase separation. In that case, 
the range of relative humidity had a minor influence or no 
influence in the final morphology.

3.2 Morphology and phase inversion mechanism.

3.2.1 Typical morphologies obtained in this work.

Figures 1-3 show the typical morphologies that were 
obtained in this work. Figure 1 shows the morphology 
of samples resulting from spinodal decomposition. This 
morphology is obtained when the membrane composition 
crosses the spinodal line[6,15], being an interconnected 
combination of pores and fibrils that looks like a deformed 
material. It is also obtained in the early stages of vapor 
induced phase inversion and usually coalesce over time 
to reduce the surface tension of the porous structure[13,15]. 
In the case of the membranes in Figure 1, coalescence is 
similar to previously reported results[13,15,16] considering the 
long time of vapor exposure (5 minutes) and it probably 
explains the lack of pore conectivity.

Figure  2 presents the surface of these membranes, 
which show one dense surface and three porous surfaces. 
The dense surface is obtained due to coalescence of the 
previous spinodal structure that starts on the air (vapor)/
membrane surface and is favored by the increase of the 

concentration of polymer in solution[15]. In Figure 2, the 
denser morphology was obtained from a 35 wt% solution.

Figure  3 shows a cellular morphology and some 
interconnected pores that are characteristic of spinodal 
decomposition. The cellular morphology results from the 
slow diffusion of non-solvent through the cross section of 
polymer solution that makes the concentration gradient 
negligible in the cross section[6,17]. In the case of the 
membranes in Figure 3, the final morphology can be the 
result of spinodal decomposition that takes place in the 
some parts of the membrane and nucleation and growth 
to form the cellular morphology. The membrane surfaces 
in Figure 3 shows that a very thin dense layer was created 
which can reduce the diffusion of water vapor and create 
a cellular morphology specially at longer distances from 
the air interface[6].

Figure 4 shows typical symmetric cellular morphology. 
The symmetric cellular morphology without interconnected 
pores indicate that phase separation takes place while the 
solution composition is in the metastable region between 
spinodal and binodal[5,15,22]. In this case, the morphology 
results from nucleation and growth. At the same time, the 
dense layer in Figure 4d and the small pores in Figure 4c 
suggest that spinodal decomposition and coalescence took 
place closer to the air (water vapor) interface.

Figure 5 shows the morphology of two membranes 
with macrovoids in their cross section. The morphology in 
Figure 5a seems to result from spinodal decomposition that 
has not reached the end of membrane thickness combined 

Figure 1. Cross-section of spinodal morphologies. (a) Sample 5 (35 wt%PSF/35 min./5 vol.%water); (b) Sample 7 (15 wt%PSF/35 min./5 
vol.%water); (c) Sample 8 (15 wt%PSF/35 min./0 vol.%water); (d) Sample 9 (25 wt%PSF/1 min./5 vol.%water).
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Figure 2. Surface morphologies of membranes shown in Figure 1. (a) Sample 5 (35 wt%PSF/35 min./5 vol.%water); (b) Sample 7 
(15 wt%PSF/35 min./5 vol.%water); (c) Sample 8 (15 wt%PSF/35 min./0 vol.%water); (d) Sample 9 (25 wt%PSF/1 min./5 vol.%water).

Figure 3. Morphologies of typical asymmetric cellular morphology. (a) and (c) Sample 6 (35 wt%PSF/35 min./0 vol.%water); (b) and 
(d) Sample 12 (25 wt%PSF/10 min./0 vol.%water).
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Figure 4. Symmetric cellular morphology. (a) and (c) Sample 11 (25 wt%PSF/10 min./0 vol.%water); (b) and (d) Sample 13 
(25 wt%PSF/35 min./1 vol.%water).

Figure 5. Cross section and surface of membranes having macrovoids. (a) and (c) Sample 4 (15 wt%PSF/10 min./2,5 vol.%water); 
(b) and (d) Sample 10 (25 wt%PSF/1 min./0 vol.%water).
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with phase inversion due to non solvent induced phase 
separation that resulted in elongated finger-like pores[6,10-12,15]. 
The fact that the surface of the membrane still have pores 
corroborates with the statement that spinodal decomposition 
took place. In Figure 5b, the morphology is almost entire 
formed by non solvent induced phase separation, i.e the 
water vapor exposure did not result in phase inversion 
and the final morphology was formed after immersion in 
water. The dense skin without apparent pores or pin holes 
is characteristic of immersion precipitation membranes.

3.2.2 Effect of polymer concentration on membrane morphology

The polymer concentration in solution is an important 
variable in phase inversion processes[4,10-12]. Increasing the 
concentration increases the viscosity and reduces the rate 
of solvent/non solvent exchange[10]. The effect of viscosity 
relates to chain entanglement and relaxation times[11]. For PSF/
NMP systems it has been reported that there is a transition in 
zero shear rate viscosity with the increase in concentration. 
This transition is observed around 23 wt% of PSF in NMP 
and is characterized by a critical entanglement concentration 
above which the polymer behaves more like a solid than like 
a liquid[11]. According to that theory, phase separation will 
take place only when the polymer behaves like a liquid which 
means that for concentrated solutions the final morphology 
will depend on the relation between the relaxation time and 
the time for phase inversion. In the case of vapor induced 
phase separation at higher concentrations the distance 
between the binodal line and spinodal line increases which 
means that it takes more water vapor to take the solution 
concentration to the decomposition zone and for spinodal 
decomposition to start[15]. As a result spinodal decomposition 
might not be observed in concentrated solutions or more 
likely it will be observed on the surface of the solution that 
is close to water vapor. This last statement explains the effect 
of polymer concentration in the morphologies in Figure 6.

For the membrane prepared from a 15 wt% solution, 
it is possible to observe a deformed morphology that is 
characteristic of spinodal decomposition[6,15,17,18]. For higher 
concentrations the final morphology is a cellular morphology 
that is usually associated with nucleation and growth[6,15]. 
When analyzing the surfaces of these membranes it is clear 
that for the membrane prepared from the 15 wt% solution 
there is a series of pores that are formed due to coalescence 
of the spinodal morphology. For higher concentrations, it is 
possible to observe a denser layer which can only be formed 
by VIPS during coalescence of spinodal morphology[6,15]. 
The formation of a denser skin influences the final 
morphology of VIPS membranes because it reduces water 
vapor diffusion to the inside of the solution and keeps the 
solution in the meta stable zone for longer periods of time 
which favors the nucleation and growth mechanism over 
spinodal decomposition[15].

3.2.3 Effect of water on membrane morphology

The addition of water to the polymer solution is not 
recommended in real applications because it makes it 
difficult to dissolve the polymer but it can be used to 
evaluate other effects of the phase inversion process in 
membrane morphology. As a non solvent water increases 
the viscosity of the solution and also favors the formation 
of entanglement which reduces the critical entanglement 
concentration and increases relaxation time[11]. It is also 
expected that the presence of water in the polymer solutions 
reduces the amount of water vapor that is necessary to 
induce spinodal decomposition and also reduces the mass 
transfer rate of water vapor to the solution. Figure 7 shows 
the morphology of the membranes prepared with the addition 
of 5 vol% of water.

The amount of water that was added to these solutions is 
enough to bring the concentration very close to the binodal 
line which means that a small amount of vapor would be 

Figure 6. Effect of polymer concentration on membrane morphology. (a) and (d) Sample 8 (15 wt%PSF/35 min./0 vol.%water); (b) and 
(e) Sample 12 (25 wt%PSF/10 min./0 vol.%water); (c) and (f) Sample 6 (35 wt%PSF/35 min./0 vol.%water).
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necessary to trigger phase separation. As a result of the 
incorporation of water to the solution we can observe the 
spinodal morphology in all the samples. These results suggest 
that the incorporation of water favors spinodal decomposition 
but it also reduces, but does not prevent, the effect of 
coalescence that is usually observed after long periods of 
exposure to water vapor specially in concentrated solutions. 
Although it is possible to observe that the effect of coarsening 
is reduced, the pore connectivity is still compromised which 
is expected for PSF/NMP solutions because the addition of 
water to the solution does not increase the viscosity enough 
to substantially reduce the domain growth rate[11,12]. From 
the surfaces of the membranes, it is observed that higher 
polymer concentration leads to denser skin layer which is a 

result of coarsening. Although that might seem controverse, 
it is important to understand that coarsening is more likely 
to take place closer to the vapor surface which explains why 
there are still signs of lacy morphology in the cross section 
of the membrane. The morphology in Figure 7f indicates 
that it is possible to obtain a dense skin layer using VIPS 
which is an important discovery for applications like gas 
and vapor separations.

3.3 Water vapor transmission of PSF membranes

Table 2 shows water vapor transmission (WVT) of 
the membranes. The results are organized to group the 
membranes with similar morphology. The results suggest that 
the membranes with similar morphology have approximate 
the same WVT. It is possible to deduce from the resuls that 
the presence of a dense skin-layer decreases WVT. For the 
sample that presents a lacy like morphology and a porous 
surface WVT is approximately 45 g/m2.h (samples 7, 
8 and 9) while sample 5 that has a dense skin-layer has a 
WVT of 27 g/m2.h. Samples 6, 7 and 10 are other examples 
of membranes with dense layer and lower permeability. 
Besides the effect of the dense layer the results show that the 
porous structure influences WVT. Based on the results the 
WVT increases in the sequence cellular morphology<lacy 
morphology<macropores.

The different morphologies and their properties are 
an important result for the application of VIPS to produce 
asymmetric membranes for gas and vapor permeation. 
Usually, this method is used to produce porous membranes 
that are applied in liquid separation but the results suggest 
that it might be used to produce asymmetric membranes.

4. Conclusions

Asymmetric membranes were produced by a combination 
of two different phase inversion methodologies and a variety of 
membrane morphologies were obtained depending on polymer and 

Table 2. Water vapor transmission (WVT) of Polysulfone 
membranes.

Sample 
Number

Morphology 
(Cross-section)

Morphology
(Top-Layer)

WVT ± 
Standard 
Deviation
(g/m2.h)

1 Lacy -Spinodal 
Decomposition

Dense (very thin) 41

3 Dense (very thin) 41 ± 3.4

5 Dense 27 ± 2.6

7 Porous 44 ± 3.5

8 Porous 44 ± 0.3

9 Porous 45 ± 2.1

2 Cellular - 
Nucleation and 

Growth

Porous 41 ± 4.8

6 Dense (pin-holes) 33

11 Porous 41 ± 0.5

12 Dense (pin-holes) 37 ± 2.0

13 Dense 30 ± 2.0

4 Macrovoids - 
NIPS

Porous 48 ± 4.8

10 Dense 40 ± 2.1

Figure 7. Effect of water in the morphology. (a) and (d) Sample 7 (15 wt%PSF/35 min./5 vol.%water); (b) and (e) Sample 9 (25 wt%PSF/1 
min./5 vol.%water); (c) and (f) Sample 5 (35 wt%PSF/35 min./5 vol.%water).
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water concentration in the solution that formed the membranes. 
The results show that vapor induced phase separation (VIPS) 
can be applied to produce asymmetric membranes with a dense 
skin layer and that higher polymer concentrations favors the 
densification of the skin. The incorporation of water in the 
polymer solution seem to change the phase separation mechanism 
from nucleation and growth to spinodal decomposition for all 
the samples. Water vapor permeation tests show that there is a 
correlation between water vapor transmission and the membrane 
morphology. The results suggest that different phase inversion 
mechanisms result from different compositions in the solution 
and create different morphologies.
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