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ABSTRACT

The method of preparation of partially degradable polysulfone/cellulose acetate (PSf/CA) asymmet-
ric, capillary, ultrafiltration membranes is presented. Membranes were obtained by dry/wet-spinning
phase-inversion technique, then treated with sodium hydroxide solution using the flowing method.
Membranes mass measurements before and after the hydrolysis process confirmed almost complete
CA removal from them. The membrane hydraulic permeability (UFC) for pure water was measured
and retention coefficients were evaluated for chosen markers before and after applied hydrolysis.
Hydrolysis caused the removal of the CA from the membrane structure resulting in the opening
of the pores and the permeability increased due to the increased pore size. The morphology of the
PSf/CA capillary membranes was analyzed using scanning electron microscopy (SEM) before and

after hydrolysis.
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1. Introduction

The hydrophilic additives, such as polyethylenes glycol
(PEG), polyvinylpyrrolidones (PVP), Pluronic F127 and poly-
ethylenes oxide (PEO) are added to polymeric membranes
as pores former to change their structure and performance
[1-8]. Another method of change membranes parameters is
a modification of membrane surfaces [9-11]. Pores formers
are added to dope solution and after the membrane is pro-
duced, the pores former is removed from their structure. The
extent to which the pore former is removed from the mem-
brane depends on membrane washing time and pores former
molecular weight, but the process is never complete. Some
parts of the pores former remain in membrane structure
after the washing process. During membrane working time
in water solution, a pores former loss is still present, so the
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exact marking of its quantity remaining in a membrane is
impossible. Such situation makes physico-chemical measure-
ments of membrane processes difficult. During membrane
operation some compounds may react with pores former and
disturb the separation process. One way of complete removal
of pores former is the treatment with sodium hypochlorite
(NaOCl) [12-14]. The membrane treatment with NaOCl
effectively removes PVP from its structure. Hypochlorite
causes PVP to be removed from the membrane structure as a
result of opening the pyrrolidone ring or cutting PVP chain,
what reduces its molecular mass and makes elution easier
[15]. Nonetheless, a search for new, easily and completely
removable pores former is intensively conducted.

Cellulose acetate (CA) and polysulfone (PSf) have been
used to prepare blend, semi degradable PSf/CA ultrafiltra-
tion capillary membranes. PSf polymer has been used as a
stable membrane material due to its high chemical, thermal,
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mechanical resistance and hydraulic stability [16,17]. Thus,
PSf membranes have a wide range of applications. CA poly-
mer has been used as a classic pores former completely
removable from membrane structure after its preparation. In
fact, CA is suitable membrane material, due to its advantages
such as a moderate flux, high retention properties, cost effec-
tiveness, relatively easy manufacture, renewable source of
raw material and non-toxicity. Both polymeric materials, PSf
and CA, due to easy fabrication and modification, high sep-
aration efficiency and low cost, have attracted considerable
attentions [18]. Blending PSf with CA as a highly hydrophilic
polymer can be an alternative for improvement of the perfor-
mance of PSf membranes. Both polymers (PSf and CA) mix
together completely in any ratio with organic solvents and
form a homogenous mixture.

Widely used pores former (PVP, PEG) are soluble in
water and washed out from the membrane after the mem-
brane spinning process, whereas CA is insoluble in water
and forms stable PSf/CA membrane structure. After forming
the PSf/CA membrane, CA polymer can be easily and com-
pletely removed by using the basic hydrolysis method. At
the end, pure PSf membrane without residue pores former
in its structure is obtained. Membrane porosity is adjusted by
quantity of the added/removed CA —the more CA removed,
the more pores a membrane has. The limitation of this
method is the mechanical stability of PSf membrane after CA
removal.

2. Experimental
2.1. Materials

PSf Udel 1700 NT LCD from Dow Corning M.W. 70 kD;
CA from Sigma-Aldrich M.W. 37 kD; N-methyl-2-pyrrolidone
(NMP) from Sigma-Aldrich; polyethylene glycols (PEG) from
Fluka, M.W. 4, 15, and 35 kD; chicken egg albumin (CEA)
from Fluka, M.W. 45 kD; and bovine serum albumin (BSA)
from Fluka, M.W. 67 kD were used in the discussed study.

2.2. Capillary membranes fabrication

PSf and CA were selected as materials for blend capillary
membrane fabrication. Polymers were dried overnight under
vacuum at 100°C before dope preparation. NMP was used as
the solvent for polymeric materials. NMP was dried with a
molecular sieve before use. Polymers (PSf and CA) and the
solvent were mixed in a flask and stirred at 20°C until poly-
mers completely dissolved. The PSf/CA weight ratio was 2/1,
1/1, 1/2, and 1/3. Polymers (PSf and CA together) concentra-
tion in NMP solution was 20% of its total weight. PSf and
CA polymers did not connect with each other by means of
chemical bonds formation in polymeric solution. Therefore,
it was possible to selectively remove CA from the membrane
structure without damaging the membrane’s shape; the
PSf/CA membrane had been created.

Capillary membranes were prepared utilizing the plant
constructed for that purpose (Fig. 1). Membranes were
obtained by a dry/wet-spinning, phase-inversion technique
through extrusion of polymer solution. The membrane for-
mation was controlled using a software enabling quick
changes of the process parameters. The spinning process was
conducted at room temperature. Membranes were cut into
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Fig. 1. Schematic diagram of the spinning process for capillary
membranes preparation.

small pieces and placed in the clean water bath for 4 d for
residual solvent extraction. After washing, membranes were
stabilized in a glycerine solution (10% water solution) for 1 d.
The glycerine remaining in pores increased hydrophilicity of
the membranes. Next, capillaries were air-dried at ambient
temperature.

Capillary membrane modules were prepared by putting
twenty, 6-cm length pieces of capillaries into a polypropylene
module (about 25 cm? area). Both ends of the module were
sealed with an epoxy resin. Four types of PSf/CA membranes
with different PSf/CA weight ratio were produced. Moreover,
the virgin (non-modified) PSf membrane was produced as
a reference to properties of modified PSF/CA membranes.
Membranes were marked as PSf (PSf virgin), PSf/CA 2/1,
PSt/CA 1/1, PSf/CA 1/2, and PSf/CA 1/3. Finally, membranes
were ready for further tests and study.

2.3. Membranes hydrolysis

PSf/CA membranes were treated with a 2 M NaOH water
solution using the flowing method. 400-800 cm?® NaOH solu-
tion was passed through the capillary module inletting to the
capillaries and flowing through their walls to the outside of the
module at 0.2 MPa transmembrane pressure. NaOH solution
quantity depended on the CA content in the membrane. 400 cm®
passed for PSf/CA 2/1 and PSf/CA 1/1 weight ratio, 600 cm? for
PSf/CA 1/2 weight ratio, and 800 cm?® for PSf/CA 1/3 weight ratio.

The flowing time of the etching solution depended on
membrane characteristics such as porosity and Ultrafiltration
coefficient (UFC) and ranged from 4 to 6 h. The hydrolysis
process was held at the temperature of 20°C. After mem-
brane hydrolysis, pure water was flushed in both directions
through the membrane walls in order to remove residual
sodium hydroxide and products of hydrolysis decomposi-
tion. Finally, pure PSf membrane was obtained.

2.4. Membranes characterization
2.4.1. SEM analysis

The morphology of obtained membranes was character-
ized by scanning electron microscopy (SEM), using Hitachi
TM-1000 microscope. Samples for SEM were prepared by
breaking membranes in liquid nitrogen in order to avoid
deformation during fracture. Afterwards, samples were
coated with a 10-nm gold layer, using a sputtering device
(EMITECH K 550X).
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2.4.2. Permeability measurements

The hydraulic permeability of capillary membranes was
evaluated as a volume of solution passed through the mem-
brane walls after 10 min by 200 hPa transmembrane pressure.
UFC was calculated according to Eq. (1):

UFC =—2

txaxp 1

where v — volume of the solution (cm?), t — time of measure
(min.), a — nominal capillary area in module (m?), and
p — transmembrane pressure (hPa)

2.4.3. Retention measurements

The retention coefficient characterizes membrane sepa-
ration features. The membrane retention R (%) is defined as

Eq. (2):

R={1-(C, /Cy)}-100% @)
where R - retention coefficient, C,— concentration of marker
in permeate (g dm~), and C, - concentration of marker in
retentate (g dm).

PEG (4, 15 and, 35 kD), CEA, and BSA were succes-
sively used to the measurement of retention of each capil-
lary module. Concentrations of markers were measured by
UV-spectrophotometer (HITACHI U-3010) at 190 nm wave-
length for polyethylenes and 280 nm for CEA.

3. Results and discussion
3.1. Membranes hydraulic permeability (UFC)

The hydraulic permeability of membranes was measured
(according to Eq. 1) before and after NaOH hydrolysis. The
observed values are shown in Table 1.

Table 1
Hydraulic permeability coefficient (UFC) for membranes before
and after NaOH hydrolysis

367

Hydraulic permeability coefficient of PSf/CA membranes
increased from 4.0 (cm® x min™ x m= x hPa™) for PSf/CA 2/1
membrane to 5.6 (cm® x min™ x m? x hPa™) for PSf/CA 1/3
membrane. PSf (virgin) membrane hydraulic permeability
coefficient was 3.5 (cm?® x min™! x m2 x hPa™). CA membrane
material is more hydrophilic than PSf and has a higher flux,
hence the increase of CA polymer in PSf/CA membrane
caused the permeability increase (from 4.0 for PSf/CA 2/1 to
5.6 for PSf/CA 1/3). The noticeable increase in the UFC after
hydrolysis (from 24% to 30%) was a result of CA removal
from the membrane, which created the higher pores void
volume (see SEM photo in Figs. 8-12) making the water flux
easier.

3.2. Membranes weight measurements

In order to see to what extent the NaOH hydrolysis caused
the membrane material to be rinsed out from the membrane
structure, membranes’ weight was measured before and
after hydrolysis process. CA weight corresponded from 33%
to 75% of membranes mass in module. Measurements were
repeated twice for each PSf/CA membrane. The results of CA
weight change are as shown in Table 2.

Of all the types of PSf/CA membranes, the loss in CA
weight after hydrolysis was almost complete. Loss differ-
ences in CA weight in all types of membranes were compa-
rable and ranged from 93.8% to 98.1% (weight percentage).
Such significant loss in CA weight had considerable influ-
ence on membrane structure as well as membrane flux. CA
was effectively removed from the membrane structure and
acted as a typical pores former.

3.3. Membranes retention coefficients

Retention coefficients were evaluated before and after
NaOH hydrolysis for membranes PSf/CA and PSf virgin
using markers such as: PEG 4, 15, 35 kD, CEA 45 kD, and BSA
67 kD. The procedure is described in section 2.4.3. Retention
coefficients for different markers of particular molecular
weights are shown in Figs. 2-5. The curves corresponding to
particular membranes are marked as follows: for virgin PSf as
triangles, for PSf/CA before hydrolysis and after hydrolysis —

Membrane PSH/CA  PSE/CA  PSE/CA  PSH/CA as diamonds and as squares, respectively.
211 1 12 13 The virgin PSf membrane had higher retention values
UFC before hydrolysis 4.0 4.4 4.6 5.6 than all PSf/CA membranes. The virgin PSf membrane
(cm x min' x m? x hPa) was more hydrophobic than membranes with CA compo-
UFC after hydrolysis 5.2 55 5.7 73 nent (CA is more hydrophilic than PSf). All retention val-
(cm % min- x m? x hPa) ues after hydrolysis were lower than the retention values
o before hydrolysis for all four types of PSf/CA membranes.
UEC (%) increase 30 2 24 30 In the first case, PSf/CA membranes after hydrolysis lost CA
Table 2
Measurements of membranes weight before and after hydrolysis
Membrane Membrane weight CA weight before CA weight loss after CA weight loss after
before hydrolysis (g) hydrolysis (g) hydrolysis (g) hydrolysis (%)
PSf/CA2/1 0.0845 0.0281 0.0268 95.4
PSf/CA 1/1 0.0769 0.0385 0.0361 93.8
PSf/CA1/2 0.0853 0.0569 0.0557 97.9
PSf/CA1/3 0.0778 0.0583 0.0572 98.1
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Fig. 2. Retention coefficients of different markers for PSf,
PSf/CA-2/1 membranes before and after hydrolysis.
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Fig. 3. Retention coefficients of different markers for PSf,
PSf/CA-1/1 membranes before and after hydrolysis.
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Fig. 4. Retention coefficients of different markers for PSf,
PSf/CA-1/2 membranes before and after hydrolysis.

component and a significant weight loss was observed. CA
polymer removal from the membrane led to the increase
in membrane porosity and enhanced membrane flux.
Therefore, there were evident differences in retention values
before and after membrane’s hydrolysis. The retention val-
ues of PSf/CA (1/2 and 1/3) membranes, i.e., ones with the
largest content of CA before hydrolysis, clearly decreased
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Fig. 5. Retention coefficients for different markers for PSf,
PSf/CA-1/3 membranes before and after hydrolysis.

L x120 500 um

TM-1000_0747

Fig. 6. Cross section of PSf/CA-2/1 membranes before hydrolysis.

--------

TM-1000_1055 L x120 500 um

Fig. 7. Cross section of PSf/CA-2/1 membranes after hydrolysis.

after hydrolysis (see Figs. 4 and 5). The significant loss of
membrane weigth after removal CA polymer caused the for-
mation of large macropores in membrane structure, hence
retention values differences were most noticeable for PSf/
CA (1/2 and 1/3) membranes. In conclusion, CA removal
from membranes reduced retention parameters and allowed
to pass molecules of the larger molecular weight.
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TM-1000_0746 L x800 100 um

Fig. 8. Part of cross section of PSf/CA-2/1 membranes before
hydrolysis.

TM-1000_1056

100 um

Fig. 9. Part of cross section of PSf/CA-2/1 membranes after
hydrolysis.

TM-1000_0773 L x120

500 um

Fig.10. Cross section of PSf/CA-1/1 membranes before hydrolysis.

3.4. Scanning electron microscopy (SEM) of membranes

PSf/CA membranes cross-sections micrograph are pre-
sented in the Figs. 6-21. The method of micrographs tak-
ing is described in section 2.4.1. PSf/CA membranes before
hydrolysis are presented in Figs. 6, 8, 10, 12, 14, 16, 18
and 20. PSf/CA membranes after hydrolysis are presented in
Figs.7,9,11, 13, 15,17, 19 and 21.

As a result of hydrolysis, CA polymer was removed from
PSf/CA membranes. PSf/CA-2/1 membrane had 33% of CA

TM-1000_0982 x120 500 um

Fig. 11. Cross section of PSf/CA-1/1 membranes after hydrolysis.

a1

TM-1000_0771 L x600

100 um

Fig. 12. Part of cross section of PSf/CA-1/1 membranes before
hydrolysis.

Vel

TM-1000_0980 x600 100 um

Fig. 13. Part of cross section of PSf/CA-1/1 membranes after
hydrolysis.

before hydrolysis. After the removal of CA, the created struc-
ture was more dispersed and porous (Figs. 8 and 9). PSf/
CA-1/1 membrane (50% CA content), as a result of hydrolysis
and CA removal, gained a porous structure with thinner walls
(Figs. 12 and 13). PSf/CA-1/2 membrane’s diameter (67% CA
contents), after CA removal, became smaller (Figs. 14 and 15)
and its walls became thinner (Figs. 16 and 17). It was the result
of significant weight loss. PSf/CA-1/3 membrane (75% CA
contents) after hydrolysis had two times smaller diameter
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TM-1000_0793 L x120 500 um

Fig. 14. Cross section of PSf/CA-1/2 membranes before hydrolysis.

TM-1000_2080 L x180 500 um

Fig. 15. Cross section of PSf/CA-1/2 membranes after hydrolysis.

TM-1000_0786 X800

100 um

Fig. 16. Part of cross section of PSf/CA-1/2 membranes before
hydrolysis.

and three times thinner walls (Figs. 18-21). Due to this fact,
even with the reduction of diameter and wall thickness, PSf
membrane after CA polymer removal retained its shape and
did not degrade.

4. Summary

In the presented work, the production of blended, par-
tially degradable, asymmetric PSf/CA capillary membranes
is decribed. CA polymer was applied as a classic, degradable
pores former toimprove membrane porosity and permeability.

TM-1000_2086 L x500 200 um

Fig. 17. Part of cross section of PSf/CA-1/2 membranes after
hydrolysis.

TM-1000_1068 L x100 1mm

Fig.18. Cross section of PSf/CA-1/3 membranes before hydrolysis.

TM-1000_2521 X200

500 um

Fig. 19. Cross section of PSf/CA-1/3 membranes after hydrolysis.

Four types of PSf/CA membranes with different PSf/CA
weight ratio were obtained. CA polymer content in PSf/CA
membrane were 33%, 50%, 67%, and 75%, respectively. All
types of PSf/CA membranes were treated with 2 M NaOH
water solution using the flowing method. CA polymer was
removed from membranes structure as a result of hydrolysis.
As a redult, pure PSf membranes were obtained. Membranes
weight measurements before and after the hydrolysis con-
firmed almost total CA removal from membranes (from
93.8% to 98.1% of weight). SEM photos confirmed CA poly-
mer removal from membranes and formation of more porous
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100 um

TM-1000_1069 X600

Fig. 20. Part of cross section of PSf/CA-1/3 membranes before
hydrolysis.

e
TM-1000_2530

L x600

100 um

Fig. 21. Part of cross section of PSf/CA-1/3 membranes after
hydrolysis.

membranes’ structure after hydrolysis. As a result of the sig-
nificant membrane weight loss, an interesting phenomenon
was observed, i.e., reduction in diameters and wall thickness
of membranes after hydrolysis, especially for the PSf/CA-1/2
and PSf/CA-1/3 membranes. An increase in hydraulic per-
meability coefficients (UFC) from 24% to 30% for all types
of membranes after hydrolysis was observed. Membranes’
retention values were lower after hydrolysis, especially for
the PSf/CA-1/2 and PSf/CA-1/3 membranes, which had the
largest content of CA before hydrolysis.

The application of the CA polymer as pores former for PSf
membrane allowed the membrane characteristics to change.
The removal of CA polymer caused new inner canal openings
inside the membrane structure. These changes in structure
caused the increase in membrane permeability. PSf mem-
branes after CA removal had higher porosity, lower reten-
tion and higher membrane flux efficiency than initial PSf/CA
membranes. CA polymer acted very well as a classic pores
former. The most important advantage of using CA as a pore
former was the production of pure, PSf membrane, without
any residue of pores former in the membrane structure.

PSf membrane after CA removal had significant different
transport-separation parameters than a virgin PSf membrane.
CA polymer was applied as pores former, hence structure
of PSf membrane after CA removal was more porous than
of a virgin PSf membrane. Therefore, PSf membrane (after
CA removal) had higher permeability and lower reten-
tion values than a virgin PSf membrane. Production of the

virgin PSf membrane with such parameters would be more
complicated. Therefore, pores former application is often
necessary in order to obtain efficient membrane flux.
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