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Abstract Temperature-responsive flat composite ultrafiltration membranes were

prepared by dry–wet phase inversion process from casting solution of polyacry-

lonitrile and hydrophobically modified polyvinyl alcohol (HMPVA) in dimethyl-

sulfoxide solvent. HMPVA is characterized by multiple reversible temperature-

stimulated change of its physicochemical properties with the temperature of

transformation (Ttr) being dependent on the degree of acetalization. Based on the

dynamic viscosity, the limit of the polymer concentration in the solution was

established to be from 0.6 to 3.5 wt% for HMPVA at constant concentration of

16 wt% PAN. HMPVA remained homogeneously scattered within the membrane

structure which was proved by Fourier transform infrared spectroscopy (FTIR). The

studies on membrane morphology by scanning electron microscopy and on per-

meability (J, l/m2 h) and rejection (R, %) for water and albumin showed an

asymmetry of the porous structure with pores having capillary macroporosity—on

the surface and inner walls of the pores. The optimal for membrane parameters is a

concentration of 1.2 wt% HMPVA. The permeability to water at 0.3 MPa changes

from 58 to 80 l/m2 h and permeability to albumin—from 30 to 56 l/m2 h, when

changing the temperature relative to Ttr = 29.5 �C. Adjusting the temperature, it

allows us to control the amount of flow passing through the membrane and widens

the possibilities for self-cleaning and regenerations of the membrane.
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Introduction

The widening of the possibilities for application of the polymeric membranes is

connected with their modification [1]. For this purpose, a perspective method is the

use of the so-called stimuli-responsive or intelligent materials. Exerting influence by

external stimuli, temperature, pH, ionic strength, weak electric or magnetic fields,

chemical signals, as well as others, an adaptive behavior of the physicochemical

parameters of the sensitive materials is induced [2]. Synthetic polymers and

copolymers are most often used for this purpose [3].

The stimuli-responsive materials can build membrane structures or can be adapted

for use in various membranes. The control of performance of responsive membrane is

effected by manipulating the ability of the intelligent material to quickly, rapidly and

reversibly adapt to certain external influences. The methods used for their preparation

can be classified into two categories: synthesis of membranes from stimuli-responsive

materials and modification of membranes with stimuli-responsive materials. Used for

modification, they co-participate in the building of the membrane or are introduced

into or immobilized onto membrane surface [4–6]. Membranes obtained from various

materials—polypropylene, polyethylene, polycarbonate, poly(ethylene terephtha-

late), polyvinylidene fluoride (PVDF), etc., are often used as substrates for

modification [7–9]. The temperature-responsive polymers are of special interest both

for development and implementation in membrane technologies [10–12]. Temper-

ature-responsive polymers are the acetals of polyvinyl alcohol (PVAc) where the

degree of acetalization determines the critical temperature transformation (Ttr) [13].

This is the temperature at which the polymer chains collapse from unfolded coil

conformation to form compact globuli.

PAN is a very well-known polymer used for manufacturing of ultrafiltration

membranes. PAN-based membranes allow wide variety of modifications [14–17].

An often used method of modification with stimuli-responsive polymers, including

temperature-responsive ones, is their introduction in the membrane structure by

their crosslinking with chemical agents [18].

Phase inversion is a major process used for preparation of PAN membranes [19, 20].

The technology stipulates the opportunity to employ the process also for modification of

the membranes obtained from temperature-responsive polymer by its inclusion in the

forming polymeric solution [6]. The important considerations in such cases are that it

should be soluble in the solvent used and to form homogeneous solutions with the main

polymer. It can be supposed that the polymers can form interwoven networks by their co-

coagulation in the precipitation medium. The presence of stimuli-responsive polymer,

like other additives, would affect the conditions of the phase inversion process which

could lead to specific morphologic and, respectively, technological changes in the

characteristics of the modified membrane [21–23]. The composition of the polymeric

solution is one of the main factors determining the formation of an asymmetric

membrane structure. Its properties depend to a great extent on the interactions between

the components of the polymeric solution. The use of different solvents with the same

other components of the solution would be the reason for qualitative changes in its

physical state and they can be assessed by solution viscosity [24, 25].
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The aim of the present paper is to study the limits of compatibility in a solution of

PAN and HMPVA with solvents DMSO or DMF, as well as the morphology,

permeability and rejection with respect to Ttr of HMPVA in flat asymmetric PAN/

HMPVA membranes prepared by dry–wet method of phase inversion. HMPVA is

characterized by multiple reversible temperature-stimulated change of its physic-

ochemical properties and possesses the so-called intelligent functionality by the

change of its temperature against the critical one (Ttr).

The introduction of HMPVA from a solution by phase inversion in PAN

membrane might facilitate the formation of intermolecule bonds between the

polymer chains of HMPVA and PAN, affect on the forming and remain in the

polymer structure [26, 27], keeping the temperature-response with respect to Ttr.

The studies on the temperature-responsive membranes widen the possibilities for

their potential application as temperature probes, intelligent separation of compo-

nents, in controlled-release medicines on the basis of their biological compatibility,

etc. [28, 29]. Besides the possibility of using them for controlling of the amount of

liquid flowing through the membrane, the temperature-responsive membranes are

interesting in application for controlling the permeation of nano-particles, as well as

improving the efficiency of the processes for self-cleaning and regeneration

[30, 31].

Experimental

Materials

Polyacrylonitrile fibers obtained from the ternary copolymer poly(acrylonitrile–

methylacrylate–2-acryloamide–2-methylpropanesulphonic acid) produced by

LUKOIL Neftochim Burgas Co., Bulgaria, were used.

Hydrophobically modified polyvinyl alcohol was synthesized (Fig. 1) by a

solution of acetaldehyde added dropwise to aqueous solution of PVA with vigorous

stirring at room temperature for 30 min. The temperature was raised to 40 �C and

the reaction was allowed to proceed for 4 h. At the end, the temperature was raised

to 60 �C; the obtained HMPVA was precipitated, washed twice with deionized

water and finally dried at 60 �C under vacuum. Characteristics of HMPVA used in

this work are shown in Table 1.

Fig. 1 Synthesis of HMPVA in aqueous solution
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Preparation of polymeric membranes

The membranes were formed by dry–wet phase inversion technique from polymer

solutions in a water coagulation bath. Six polymer solutions of the following

compositions: 16 wt% PAN and 16 wt% PAN with added HMPVA in concentra-

tions of 0.6, 1.2, 1.8, 2.4, 3.5 wt% were dissolved in DMSO, product of ‘‘Fluka’’,

Germany. The PAN solution was prepared at room temperature until full dissolution

of the polymer. The HMPVA-containing solutions were prepared by dissolution of

the necessary quantity of HMPVA at room temperature, then adding PAN until full

dissolution and homogenization of the solution obtained by stirring. After filtering

and deaeration, the polymer solutions were cast on a calandered polyester matt

attached on a glass plate. The polyester matt brand FO-2403, product of ‘‘Velidon

Filtren’’, Germany, had density of 100 ± 5 g/m2 and thickness 2 ± 0.1 nm. About

a minute after the deposition, the solution was placed in a bath of distilled water at

temperature of 25 ± 1 �C to carry out the process of phase inversion and formation

of the membrane structure. The membranes were left for half hour in the

coagulation bath, then they were thoroughly washed with water for total removal of

the solvent. The membranes obtained were fixed on a metal frame and subjected to

heat treatment at 80 �C in water for 10 min.

Characterization of solutions and membranes

The rheological behavior of the polymer solutions were determined on the basis of

the change of their dynamic viscosity (g) at gradient of the shear stress (s) in the

range of 27–656 s-1 shear rates at constant temperature of 25 �C using a device

with coaxial cylinders RHEOTEST II-2.1, Germany.

Membrane morphology was analyzed from images taken with scanning electron

microscope JSM-5510 (‘‘JEOL’’, Japan). All samples were sputter-coated with gold

before analysis. For cross-section analysis, the membrane samples were freeze

fractured in liquid nitrogen.

Infrared spectroscopy of liquid samples of the polymer solutions was carried out

on an FTIR spectrophotometer ‘‘TENSOR 27’’ (‘‘Bruker’’, Germany). The spectra

were registered with samples of the solutions deposited as thin capillary layer on the

tablets from KBr under the following conditions: interval studied—3996–399 cm-1,

resolution—2.

Fourier transform infrared spectrophotometer (IRAffinity-1 ‘‘Shimadzu’’)

equipped with reflectance measuring appliance (MIRacle Attenuated Total

Table 1 Characteristics of hydrophobically modified polyvinyl alcohol

Molar mass of PVA

(g/mol)

Theoretical degree of

acetalization (%)

Degree of acetalization by 1H

NMR (%)

Ttr

(�C)a

72,000 10 10.8 40.2

15,000 10 10.1 29.5

a In deionized water at concentration c = 5 g/l
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Reflectance Attachment) was used to study solid samples of PAN/HMPVA

membranes.

The permeability and rejection of the membranes to water and albumin as

calibrant were performed with an ultrafiltration laboratory cell SM 165-26

(‘‘Sartorius’’, England). The experiments were carried out at two different

temperatures of 18 and 30 �C which are lower and higher than the Ttr = 29.5 �C
of HMPVA (MM = 15,000 g/mol). The permeability for water was studied as

function of the pressure (J = f (P)) under increasing and decreasing pressure

between 0.1 and 0.5 MPa. The time for 10 ml of distilled water to pass through the

membrane was determined. Based on the results obtained, hysteresis curves were

drawn. The time measured at certain pressure was used to calculate membrane

permeability by the formula:

J ¼ V

S � s ; l/m2 h, ð1Þ

where J is the flux permeate through the membrane (l/m2 h), V is the volume of

permeated flux (l), S is the effective area of tested samples (m2), and s is the record

time (h).

The rejection of the membranes was determined at pressure of 0.3 MPa by

measuring the time for which 10 ml of permeate of calibrant solution passes through

the membrane and calculating by the formula:

R ¼ C2 � C1

C2

� 100%; ð2Þ

where R is the rejection of the membrane (%), C2 is the concentration of calibrant in

the field (g/l), C1 is the concentration of calibrant in the permeate (g/l).

The concentration of porcine serum albumin with molecular weight 76 kDa

(‘‘Merck’’, Germany) was determined with the method of calibration curve using

absorption spectroscopy at the wavelength for albumin k = 280 nm on a

spectrometer UV/VIS ‘‘UNICAM’’ 8625, France. The light absorption is measured

against 0.9 wt% solution of NaCl (blank test).

Results and discussion

The importance of HMPVA for the solutions and the membranes prepared from

them was studied with polymer solutions of constant PAN concentration and

increasing content of HMPVA. It was found that HMPVA with molecular mass of

72,000 g/mol cannot be used as additive to the polymer solution. The higher

molecular mass hampers the solubility and disturbs the homogeneity of the forming

solution. Furthermore, due to the use of solvent DMF together with the two

polymers (PAN and HMPVA), it was not possible to obtain homogeneous solutions

suitable for formation of membranes. For this reason, the studies were restricted to

the use of HMPVA with molecular mass of 15,000 g/mol and DMSO as solvent.

The constant concentration of PAN 16 wt% was chosen on the basis of preliminary

experiments carried out in the range 15–18 wt% solution in DMSO.
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The flow curves (Fig. 2) corresponding to the solutions are obtained from the

logarithmic values for dynamic viscosity as a function of the logarithm of the

corresponding shear stress. Within the range of rotation velocities, the increase of

HMPVA concentration resulted in increase in solutions’ viscosities but not change

in their stability.

The shape of the flow curves corresponded to homogeneous non-Newtonian

fluids which preserve their structural stability. This condition is compulsory for

formation good membrane structure by the phase inversion of the solutions. The

viscosities of the solutions gradually increased with the increase of HMPVA

concentration and the flow curve for the solution containing 3.5 wt% HMPVA was

the highest. The reason for this is that the total polymers concentration in this case

was the highest (19.5 wt% PAN/HMPVA) due to the highest amount of HMPVA

used. This concentration turned out to be a boundary one for the possibility to form

permeable UF membrane structure.

The spectral data obtained from IR spectroscopy of pure DMSO solvent, solution

of PAN/DMSO and PAN/HMPVA/DMSO are compared in Fig. 3. In the presence

of HMPVA in the solution, a bond with the C:N group of PAN was registered

indicated by the almost 20% increase of the intensity of the transmission at

2241 cm-1 and slight decrease of the intensity of the C=O group at 1733 cm-1. The

acetal groups registered in the interval 1050–1150 cm-1 are probably the reason for

the changes observed in the spectral band at 1058 cm-1 corresponding to the S=O

group of DMSO. These spectral changes in presence of HMPVA are probably due

to intermolecular interactions with functional groups of PAN and DMSO.

All this indicated that HMPVA would affect the structuring of the membrane as

early as the phase inversion process through its bonds with the other components of

the solution.

The presence of HMPVA in the membrane structure was proved by the IR

spectra registered in solid phase (Fig. 4) at total polymers concentration of

18.4 wt%. The red spectral line corresponds to the membrane polymer layer on the

substrate side, the red band—to the working surface of the membrane and the blue

Fig. 2 Flow curves of polymer solutions of PAN/DMSO with increasing amounts HMPVA
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one—to the inner volume of the membrane. The red and blue spectral bands showed

split peaks between 1050 and 1100 cm-1 which correspond to the acetal groups of

HMPVA.

The registering of HMPVA presence in these parts of the membrane also proved

the homogeneous distribution in the bulk of membrane structure.

The results obtained from the SEM observations of cut-off and surface of the

membranes (Fig. 5) showed the asymmetry of their structure. Usually, the wall

surface in the capillary has microporous structure while in the bulk of the membrane

Fig. 3 FTIR spectra of solutions: a DMSO, b PAN/DMSO, c PAN, HMPVA/DMSO

Fig. 4 FTIR spectra of the
membrane from a solution
containing 16 wt% PAN,
2.4 wt% HMPVA and DMSO
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the structure is macroporous (Fig. 5a). An interesting feature was observed for the

membranes containing HMPVA. These membranes had macroporous structure not

only on their surface (Fig. 5b1, c1), but also in capillary walls (Fig. 5b, c).

With the increase of the HMPVA concentration the polymer structure are

densified, but retained its morphologic characteristic of macroporosity of the wall

capillaries [22]. This structure indicated that the phase inversion process in

membrane pores probably occurred at very high rate and as a result of the presence

of HMPVA [32]. The comparatively low number of pores formed initially visibly

expanded by volume and pierced almost all the polymer structure.

Fig. 5 SEM micrographs of membranes prepared from 16 wt% PAN/DMSO (a, a1) and polymer
solutions containing HMPVA: 1.2 wt% (b, b1); 2.4 wt% (c, c1)
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The results obtained from studies on the membrane characteristics, besides the

confirmation of the importance of HMPVA for the formation of a modified and

optimized membrane, showed and proved also the importance of its concentration

for the performance of the membrane in both regimes—at temperatures higher and

lower than Ttr of HMPVA. The increase of HMPVA concentration from 0.6 to

2.4 wt% resulted in substantial increase of the permeability values—from 13 to

85 l/m2 h for water and from 6 to 39 l/m2 h for albumin (Table 2), accompanied by

a decrease of the rejection values by the same order—from 93 to 60% (Fig. 8). This

is a specific feature as it is well known that the increase of the viscosity of the

solutions used for preparation of membranes leads to decreased permeability of the

membranes [22]. In the present study, the relationship was reversed.

The permeability of the membranes increased with the increase of solution

viscosity. It was concluded that this relationship was due to the specific structure

and increased macroporosity of capillary walls. This is the reason, increased

permeability was observed both at temperatures higher and lower than Ttr. The

rejection gradually changed with the increase of the HMPVA concentration due to

the growth of the macropores on the surface.

The results presented in Table 2 and Figs. 6 and 7 also showed that amounts

from 0.6 to 2.4 wt% HMPVA gradually changed membrane characteristics and

could be used to form membranes retaining substances of close molecular mass in

the UF range.

As a result of the change of HMPVA conformation above the inversion point, the

permeability values increased (Figs. 6, 7; Table 2). In this respect, the membranes

will have the ability to rapidly and easily release the retained substances with the

increase of the temperature above 30 �C. This kind of structure significantly

improves the transport conditions for liquids through the membrane without

affecting its hysteresis stability. This is achieved by the presence of free liquid

within the carcass of the polymer material which takes the membrane pressure as

incompressible system, so it does not affect the polymer stability. Because of the

increasing density of the selective layer (Fig. 5b, c), the values of rejection above

and below the Ttr do not undergo considerable changes (Fig. 8).

Table 2 Permeation water and albumin flux at 0.3 MPa through membranes with increasing amounts of

HMPVA

Polymer solutions with DMSO (wt%) 18 �C 30 �C

JH2O (l/m2 h) Jalb (l/m2 h) JH2O (l/m2 h) Jalb (l/m2 h)

16% PAN 13 6 14 9

16% PAN, 0.6% HMPVA 52 27 76 36

16% PAN, 1.2% HMPVA 58 30 80 56

16% PAN, 1.8% HMPVA 64 32 84 35

16% PAN, 2.4% HMPVA 85 39 95 42
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Fig. 6 Permeability water flux of membranes with increasing amounts HMPVA at 18 �C

Fig. 7 Permeability water flux of membranes with increasing amounts HMPVA at 30 �C

Fig. 8 Rejection of the membranes at 18 and 30 �C
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With the increase of the HMPVA amount, the rejection is slightly changing, in

spite of the macropores on the surface. We observe a larger decrease of the rejection

(Fig. 8) of the membrane that contains 2.4% HMPVA due its closest proximity to

the exact concentration limit of the solution, which forms an asymmetrical

permeable membrane structure. At the same time, membranes rejection remains

high enough (60–75%) which sustained the assumption that the membranes had

well-formed asymmetric structure. The optimal HMPVA concentration for the

membrane was found to be 1.2 wt%.

Conclusions

The formation of a UF membrane structure from a solution of PAN/HMPVA/

DMSO by dry–wet phase inversion technique is possible in the concentration range

of HMPVA from 0.6 to 3.5 wt% at constant PAN concentration of 16 wt%. The

rejection on the membranes smoothly changing within 75–60% with the increase of

HMPVA content stipulates the possibility of using the membranes to separate

substances of close molecular mass.

The analysis of the images taken by SEM and the membrane characteristics

determined showed the asymmetry of the porous structure where the pores have

macroporosity in the inside and on the surface of the capillary walls. This

predetermines their performance stability. HMPVA remains homogeneously

distributed in the bulk of the membrane structure which was proved by the IR

spectra.

The temperature responsiveness demonstrated by the membrane as a result of the

change of HMPVA conformation was proved by the increased values of the

permeability with respect to the temperature of transformation (29.5 �C). So far as

membrane parameters (J, R) are concerned, the optimum content of HMPVA was

found to be 1.2 wt% at which the water permeability determined at 0.3 MPa

changed from 58 to 80 l/m2 h, respectively, at Ttr. This will accelerate the processes

of regeneration and cleaning of the membrane without affecting its separation

efficiency.
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