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a b s t r a c t
In this study, the preparation of polysulfone (PSf)-polyurethane (PUR) partly degradable hollow fiber 
membranes is presented. The membrane forming solution was prepared by mixing two solutions: PSf 
in N-methyl-2-pyrrolidone (NMP) and PUR in NMP. The PSf-PUR membranes were received by dry/
wet-spinning phase-inversion technique. The membranes were hydrolyzed with sodium hydroxide 
(NaOH) solution using the flowing method. The membranes were characterized by hydraulic 
permeability coefficient (UFC), retention coefficients, scanning electron microscopy (SEM) and mass 
measurement before and after hydrolysis. The changes in membranes morphology and properties due 
to hydrolysis were studied. Hydrolysis caused the partial removal of the PUR from the membrane 
structure resulting in the morphology change and the permeability’s increase. The computer-aided 
image processing method was also used to investigate the morphology before and after the hydrolysis 
process. This method checked out the changes of membranes’ morphology by the dissimilarity 
coefficient (values ≠0). The SEM images showed differences in structure of pores before and after the 
hydrolysis process. The structures and morphology of the membranes after hydrolysis were more 
porous. The hydraulic permeability coefficients were higher after the hydrolysis process. The retention 
coefficients were different before and after the hydrolysis process.
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1. Introduction

Number of polymers are used as membrane fabrication
materials, for example, cellulose acetate, polybenzimidazoles, 
polyamides, polyols, polyacrylonitrile, polysulfone 
(PSf), polyethersulfone, poly(tetrafluoroethylene), and 
polyvinylidene fluoride. There are several fabrication 
techniques, such as solution casting, solution wet-spinning, 
and electrospinning. Average pore size of membranes 

depends on a fabrication technique applied and the type of 
used polymer [1].

Hydraulic stability and high thermal, mechanical, and 
chemical resistances are the advantages of PSf membranes. 
There are some disadvantages and the most important 
of these is fouling [2–4]. Fouling is a process of sticking of 
organic compounds to a surface and an inner structure 
of a membrane. It leads to an obstruction of membranes’ 
pores. [5]. Because membranes are used in biotechnology, 
medicine, etc. [6–16], fouling is an important problem of their 
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application. If a membrane is susceptible to fouling it is less 
productive and has to be exchanged by a new one.

There are several methods enabling the modification of 
the properties of membranes, such as sol-gel method, graft-
ing, and cross-linking polymerization [17–22]. The most 
popular method for reducing or eliminating the fouling is 
the addition of a hydrophilic or biodegradable compound to 
membranes’ casting solution in order to increase the hydro-
philicity. Another way is the addition of a pore former (e.g., 
polyvinylpyrrolidone) [23–34].

The method of increasing hydrophilicity and reducing 
a fouling effect is presented in this study. The hydrophilic 
compound – polyurethane (PUR) was added to a membrane 
forming solution. The assumption was that PUR would 
be slowly hydrolyzed and partly removed from the mem-
brane structure in water environment. Removal of the PUR 
would produce more porous and loosely knit structure of 
membranes that could compensate increasing fouling and 
extend time of their use. This type of membranes can be 
used for implantation, encapsulation, and biotechnology. 
The target of this study was also to search for new materi-
als for biomedical engineering. In previous works, the com-
pound such as cellulose acetate [32,33] and PUR [34] were 
presented. The difference between previous study [34] and 
this one lays in the structure of PURs. 1,5-Pentanediol was 
used for the synthesis of PUR in this work and 1,4-butane-
diol in the previous work. PURs with 1,5-pentanediol were 
amorphous, therefore PURs were better dissolved. PURs 
with 1,4-butanediol were more crystalline than other ones 
and had worse solubility, because of the symmetry of the 
structure. The change of chemical reagents was necessary 
for obtaining two solutions (of PSf and PUR) that provided 
a better solution and stirred up together. The obtained mem-
branes were partially hydrolyzed by 1  M NaOH solution. 
After hydrolysis, the structures of the membranes were 
more porous and the hydraulic permeability increased.

Scanning electron microscope (SEM) was used for 
analyzing the morphology of membranes. The pictures 
showed changes in the porosity and the morphology of the 
membranes before and after hydrolysis. The morphology 
of the membranes was also controlled by a comparative 
assessment based on porosity analysis for confirming the 
changes in the structure of the membranes. The statistic 
method was previously used for the analysis of 3-D scaf-
folds [35], but never for the analysis of the hollow fiber 
membranes.

Effects of hydrolysis consisting of changing size and 
shapes of pores need to be exactly controlled. The problem 
may occur because any measurable parameters describing 
individual pores should be considered as instances of ran-
dom values rather than determined values. Thereby, any 
comparative evaluation of porosity of membranes under 
investigation should be based on statistical methods.

The materials provided for computer analysis were in 
the form of SEM images presenting sections of exemplary 
specimens of the membranes before and after hydrolysis. For 
reaching reliable results of evaluation of the effects of hydro-
lysis the following conditions should be fulfilled:

•	 The SEM images selected for analysis should be typical 
of the classes of membranes before and after hydrolysis.

•	 The number of images in both classes should be statisti-
cally representative.

•	 The quality of images should be sufficiently high.

A high quality of images means: noiseless, high-contrast, 
high-distinctive, free of artifacts, equalized mean brightness. 
In addition, there should be compared series of images of uni-
fied magnification presented in a unified scale. Reaching such 
image quality standard requires some preprocessing proce-
dures before the proper operation of image analysis. In our 
case, the preliminary operations were performed using the 
MeMoExplorer [36] procedures selected for the given problem.

2. Experimental

2.1. Materials

PSf Udel 1700 NT LCD from Dow Corning, M.W. 
(molecular weight) 70  kDa; PUR (the synthesis of the PUR 
is presented in Fig. 1); N-methyl-2-pyrrolidone (NMP) from 
Fluka; polyethylene glycols (PEG) from Fluka, M.W. 4, 15, 
35  kDa, chicken egg albumin (CEA) from Sigma-Aldrich, 
M.W. 45  kDa; bovine serum albumin (BSA) from Fluka, 
M.W. 67 kDa; sodium hydroxide (NaOH) from POCH; water 
1.2 MΩcm from MilliQ installation.

2.2. Capillary membranes preparation

PSf and PUR were selected as materials for blend hollow 
fiber membranes preparation. NMP was used as a solvent for 
both polymers. PSf and PUR were mixed with NMP in two 
different flasks and stirred at 20°C temperature until com-
plete dissolution. Received solutions were mixed in a flask 
for 24 h. The PSf:PUR weight ratios were: 9:1, 8:2, and 7:3. A 
concentration of the polymers in NMP solution was 17% of 
the total solution’s weight. PUR and PSf created the blend. 
Therefore, it was possible to selectively remove the PUR from 
a membrane without destroying its structure, after the PSf-
PUR membrane fabrication.

A dry/wet-spinning, phase inversion technique through 
an extrusion of the polymeric solution was a method of 
membranes’ production. The membranes’ formation was 
controlled by a software program enabling quick changes of 
the process parameters. The spinning process was conducted 
at a room temperature. The membranes were cut into small 
pieces and placed in the clean water bath for 3 d for residual 
solvent extraction. In the end, the membranes were air-dried 
at room temperature.

The capillary membrane modules were prepared by put-
ting 25, 5.9-cm length pieces of capillaries into polypropylene 
modules (about 25.0 cm2 area). Both ends of the modules were 
sealed with an epoxy resin. Three types of PSf-PUR membranes 
with different PSf-PUR weight ratio were obtained. The mem-
branes were marked as PSf-PUR-1 (PSf:PUR 9:1), PSf-PUR-2 
(PSf:PUR 8:2), and PSf-PUR-3 (PSf:PUR 7:3). After receiving the 
modules, the membranes were ready for further analysis.

2.3. Hydrolysis of membranes

PSf-PUR membranes were treated with a 1  M NaOH 
water solution using the flowing method. 1  dm3 of NaOH 
solution was passed through the membrane’s module from 
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inside of the capillaries, through the membrane’s walls to 
the outside of the module using the transmembrane pres-
sure of 130  hPa. The hydrolysis process was conducted at 
room temperature (about 20°C) and lasted 48 h in all cases. 
After hydrolysis, demineralized water was passed through 
the membrane’s walls for removing sodium hydroxide and 
products of hydrolysis decomposition.

2.4. Characterization of the membranes

2.4.1. SEM analysis

The morphology of the prepared membranes was 
characterized by SEM, using a Hitachi TM-100 microscope. The 
samples for analysis were prepared by cutting the membranes in 

liquid nitrogen for avoiding deformation during fracture. After 
cutting, the pieces of membranes were coated with a 10-nm gold 
layer, using a sputtering device (EMITECH K 550 X).

2.4.2. Permeability measurements

The hydraulic permeability of the capillaries was 
measured as a volume of pure water passed through the 
membrane’s walls during the period of 10 min under 200 hPa 
transmembrane pressure. The ultrafiltration coefficient 
(UFC) was calculated according to the following formula:

UFC =
× ×
v

t p a
	 (1)

Fig. 1. The synthesis of the polyurethane.
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where v – the volume of pure water (cm3); t – the time of 
measure (min); p – transmembrane pressure (hPa); and 
a – nominal membrane’s area in a module (m2).

2.4.3. Retention measurements

The retention coefficient is a measure of separation. The 
membrane retention (%) is defined as follows:

R
C
C
P

F

= −





















×1 100% 	 (2)

where R – retention coefficient; CP – concentration of a marker 
in permeate (g/dm3); and CF – concentration of a marker in 
the feed (g/dm3).

PEG (4, 15, 35  kDa), CEA (45  kDa), and BSA (67  kDa) 
were successively used for the measurement of retention of 
all of the membrane’s modules. The concentrations of mark-
ers (1  g/dm3) were evaluated by a UV-spectrophotometer 
(HITACHI U-3010) at 190 nm wavelength for PEGs and 280 nm 
for CEA and BSA. The membrane modules were washed after 
each marker for 24 h and the membrane performance was con-
trolled by UFC measurements after retention measurements.

2.4.4. Comparative evaluation of porosity in membranes subjected 
to hydrolysis

MeMoExplorer is an original computer system designed 
for automation of the procedures of analysis of membrane 

section images. It enables analysis of a single as well as a series 
of images. In particular, an image preprocessing and eval-
uation of morphometrical parameters used for membranes 
quality assessment by MeMoExplorer can be performed. The 
system is logically coherent and can be used together with 
other software tools like Microsoft Excel.

Fig. 2 presents exemplary SEM images of membranes 
enhanced by the MeMoExplorer: before (Ia) and after (IIa) 
hydrolysis. The images Ib and IIb present the correspond-
ing graphs of areas of pores detected within the fixed size-
ranges: 0–3, 3–8, 8–20, 20–80, 80–100, 100–150, 150–300, and 
300 mm2, related to the total image surface.

Evaluation of the images Ia and IIa firstly revealed a 
nonhomogeneity of a spatial distribution of the small and 
large pores. This suggested that full images should have not 
been compared, but rather selected segments taken from the 
corresponding layers of the membrane sections would be 
preferred. Fig. 3 presents segments of SEM images of three 
examined membranes (PSf-PUR-1, PSf-PUR-2, and PSf-
PUR-3) before (I) and after (II) hydrolysis.

A comparison of the effects of hydrolysis should be 
based on the statistics of the size of pores before and after the 
operation. For this purpose the following parameters were 
considered:

•	 Mean total areas m of pores in the image segments, 
calculated for (a) the given size-ranges, (b) all types of 
membranes, and (c) before (mI) and after (mII) hydrolysis;

•	 Standard deviations d of the total areas of pores, 
calculated for the above-mentioned cases in (1);

I a)     I b)   

II a)   II b)  

Fig. 2. Exemplary SEM images of membranes (Ia, IIa), the images (Ib, IIb) present the corresponding graphs of summarized pore areas 
in 8 size-ranges (µm2).
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•	 Differences e between the mean values before and after 
hydrolysis, calculated for (a) the given size-ranges and 
(b) all types of membranes;

•	 Mean geometric (square root of a product) standard devi-
ations D of the total areas of pores before and after hydro-
lysis, calculated for all types of membranes.

•	 Dissimilarity coefficient e of membrane porosity 
before and after hydrolysis, calculated for all types of 
membranes, according to the following formula:

e
m m
d d

=
−

×
Ι ΙΙ

ΙΙ ΙΙ

	 (3)

The so-defined dissimilarity coefficient e for mI, mII 
streaming to Gaussian distribution becomes a random 
value subjected to the second degree of the freedom Student 
probability distribution.

3. Results and discussion

3.1. Membranes’ mass measurements

The membranes’ masses were evaluated before and 
after hydrolysis for checking what was the impact of NaOH 
hydrolysis on the membrane. PUR’s mass shares ranged 
from 10% to 30% of the total membranes mass in modules. 
The measurements were repeated twice for each PSf/PUR 

membrane. The results of PUR’s mass changes are shown 
in Table 1.

The loss of PUR was observed in all types of PSf-PUR 
membranes. The loss differences in PUR’s mass in all types 
of membranes were different and range from 25 to 80 of 
weight percentage. It indicated that the PUR was effectively 
removed from the membrane’s structure and could act as 
a pore former. The amount of lost PUR declined with the 
increase of initial PUR’s content. Differences in the mass 
loss of PUR could depend on time and kinetics of the hydro-
lysis. All types of membranes were hydrolyzed for the same 
period of time (48  h), but the membranes differed in the 
content of PUR. If the time of hydrolysis had been longer 
for the PSf-PUR-3 membrane, more PUR would have been 
removed.

3.2. Membranes’ hydraulic permeability (UFC)

The hydraulic permeability was measured (according to 
the Eq. (1)) before and after hydrolysis. The received values 
are presented in Table 2.

The coefficients of hydraulic permeability of PSf-PUR 
membranes before hydrolysis varied from 0.008 to 0.590 cm3/
min m2 hPa. It was caused by different amounts of the PUR. 
Membranes’ UFC after hydrolysis increased from 1.95 to 
2.68 cm3/min m2 hPa and this could have been a result of PUR 
partial removal from the membranes. The higher amount 

I      

   PSf-PUR-1                             PSf-PUR-2                              PSf-PUR-3

II      

             PSf-PUR-1                             PSf-PUR-2                              PSf-PUR-3 
Fig. 3. Segments of SEM images of three examined membranes (PSf-PUR-1, PSf-PUR-2, and PSf-PUR-3) before (I) and after  
(II) hydrolysis.

Table 1
The results of PUR’s mass changes

Membrane Membrane’s mass  
before hydrolysis (g)

PUR’s mass before  
hydrolysis (g)

PUR’s mass loss  
after hydrolysis (g)

PUR’s mass loss  
after hydrolysis (%)

PSf-PUR-1 0.0900 0.0090 0.0072 80
PSf-PUR-2 0.0900 0.0180 0.0082 45
PSf-PUR-3 0.0900 0.0270 0.0068 25
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of washed PUR resulted in the increase of the coefficient 
of hydraulic permeability. The removal of PUR created the 
higher pores void volume of membrane that was shown in 
the figures (3 II; 8; 10; 12).

3.3. Membranes retention coefficients

The membrane’s retention coefficients (R) were evaluated 
before and after hydrolysis for different markers of particular 
M.W.: PEG 4, 15, and 35 kDa, CEA 45 kDa and BSA 67 kDa 
and are shown in Figs. 4–6.

The retention values after hydrolysis were higher than 
the values before hydrolysis. There were small differences for 
4 kDa marker for all types of membranes and 45 kDa marker 
for PSf-PUR-1 and PSf-PUR-2 membranes. The highest dif-
ferences in the retention values were observed for PSf-PUR-2 
for 15 and 35 kDa markers. The smallest retention values dif-
ferences in all types of markers were for the PSf-PUR-1 mem-
brane with the lowest content of PUR. It was also observed 
that the hydrolysis had no influence on the membrane’s cut-
off. Consequently, the hydrolysis did not change the separa-
tion parameters of the membrane.

3.4. SEM of membranes

The PSf-PUR membranes’ cross sections micrographs 
before hydrolysis are presented in Figs. 7(a) and (b); 9(a) and 
(b); 11(a) and (b) and after hydrolysis in Figs. 8(a) and (b); 
10(a) and (b); 12(a) and (b).

The result of hydrolysis was the removal of a part of the 
PUR from the membranes. In the membranes after hydroly-
sis pores were more dispersed and bigger than pores before 
hydrolysis. The hydrolysis process did not affect walls and 
diameters of the membranes.

Table 2
Coefficients of UFC for membranes before and after hydrolysis

Membrane UFC before hydrolysis  
(cm3/min m2 hPa)

UFC after hydrolysis  
(cm3/min m2 hPa)

UFC after hydrolysis
UFC before hydrolysis

PSf-PUR-1 0.008 1.95 243.8
PSf-PUR-2 0.087 2.00 23.0
PSf-PUR-3 0.590 2.68 4.5
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Fig. 6. Retention coefficient values for different markers for 
PSf-PUR-3 membrane before and after hydrolysis.
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3.5. Comparative evaluation of porosity in membranes subjected to 
hydrolysis

The basic morphological parameters such as the size of 
pores of the membranes were tested by computer analysis 
of images. Coefficients of dissimilarity between membranes 
before and after hydrolysis for different sizes of pores are 
presented in Table 3.

These differences between pores’ sizes are also presented 
in Fig. 13.

Zero dissimilarity means no effect of hydrolysis. Fig. 13 
presents collected results of evaluation of dissimilarity in 
8 size-ranges in 3 different membranes. It can be observed 
that the membrane #1 was the least susceptible to hydrolysis. 
Moreover, the results corresponding to the highest (>300 mm2) 
size-range were less credible because they concerned large 
nonfully visible pores, canceled by the frames of the images.

The coefficients of dissimilarity between pores’ sizes 
of the membrane before and after hydrolysis show that 
the hydrolysis process had an influence on morphological 
parameters of the membrane.

4. Conclusions

The target of this study was to obtain PSf-PUR blend hol-
low fiber membranes. The membranes should have been par-
tially degradable and asymmetric. Three types of the PSf-PUR 
membranes were received in different weight proportion, in 
the process of phase inversion. The contents of PUR were 10%, 
20%, and 30%. The PUR polymer contained degradable ester 
bonds. All types of PSf-PUR membranes were treated with 
1  M NaOH water solution using the flowing method. PUR 
polymer was partly removed from the membranes as a result 
of the hydrolysis process. Mass measurements of the mem-
branes before and after hydrolysis verified removal of PUR 
from the membranes (from 25% to 80% of PUR’s weight).

The SEM images showed differences in structure of pores 
before and after the hydrolysis process. The structures and 
morphology of the membranes after hydrolysis were more 
porous. These differences were confirmed by the dissimi-
larity coefficient. The values of the dissimilarity coefficients 
were higher than zero.

a) b)  

Fig. 8. Cross-section (a) and part of cross section (b) of PSf-PUR-1 
membrane after hydrolysis.

a) b)  

Fig. 7. Cross-section (a) and part of cross-section (b) of PSf-PUR-1 
membrane before hydrolysis.

a) b)  

Fig. 9. Cross-section (a) and part of cross-section (b) of PSf-PUR-2 
membrane before hydrolysis.

a) b)  

Fig. 10. Cross-section (a) and part of cross-section (b) of PSf-PUR-2 
membrane after hydrolysis.

a) b)  b

Fig. 11. Cross-section (a) and part of cross-section (b) of PSf-PUR-3 
membrane before hydrolysis.

a) b)  b

Fig. 12. Cross-section (a) and part of cross-section (b) of PSf-PUR-3 
membrane after hydrolysis.
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The coefficients of hydraulic permeability (UFC) after 
hydrolysis increased from 0.008 to 1.95 cm3/min m2 hPa (for 
PSf-PUR-1); from 0.087 to 2.00 cm3/min m2 hPa (for PSf-PUR-2) 
and from 0.590 to 243.8 cm3/min m2 hPa (for PSf-PUR-3). For 
all types of membranes, the values of the membranes’ reten-
tion were higher or the same (4 kDa for PSf-PUR-3, 45 kDa 
for PSf-PUR1, and 67  kDa for PSf-PUR-3) after hydrolysis 
for all types of markers. The differences were significant and 
showed the changes in the morphology of the membranes.

The higher retention coefficients for all types of the mem-
branes after the hydrolysis were a serious surprise for us. 
We suppose that the partial hydrolysis caused the formation 
of polar groups or the partial removal of PUR increased the 
hydrophobicity of the membranes. These groups could cause 
better sorption of the polar markers. We hope that after com-
plete hydrolysis the retention coefficients will be lower than 
the retention coefficients before hydrolysis.

PUR polymer was applied as a pore former in order 
to increase membrane porosity and recompense fouling. 
Changes of porosity caused the increase of the permeability 
of membranes. The PSf-PUR membranes after hydrolysis 
and partial removal of PUR were characterized by higher 
porosity, higher retention with no change in the molecular 
weight cut-off. Laboratory methods and computer analysis 
confirmed expressly the differences in the morphology of the 
membranes before and after hydrolysis.

The duration of membrane process is very important 
because regeneration or replacement of membranes during 
the process is very complicated or often impossible.
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