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Fabrication of a poly(vinyl alcohol) monolith
via thermally impacted non-solvent-induced
phase separation

Xiaoxia Sun, Takashi Fujimoto and Hiroshi Uyama

A monolith of poly(vinyl alcohol) (PVA) was successfully prepared by thermally impacted non-solvent-induced phase separation

without any templates. The morphology of the PVA monolith was observed by scanning electron microscopy. The pore and

skeleton sizes could be controlled by changing the cooling temperature as well as the concentration and molecular weight of

PVA. The nitrogen adsorption–desorption isotherms showed that the PVA monolith has a large surface area and uniform

mesopore structure. Crosslinking using a glutaraldehyde (GA) agent produced a water-insoluble monolith. By changing the

concentration of GA, a crosslinked monolith with various swelling ratios for water was obtained.
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INTRODUCTION

In general, ‘monolith’ means ‘one piece’. In the field of chromato-
graphy, this term is used in contrast to a particulate stationary phase,
which is defined as porous materials that have a three-dimensional
continuous interconnected pore structure.1,2 In the last two decades,
considerable attention has been given to monoliths because of their
excellent permeability, fast mass transfer performance, high stability
and ease of chemical modification.3–5 On the basis of these favorable
properties, monolithic materials can be used for chromatography,6–8

oil removal,9 biomolecule immobilization,10 controlled drug release11

and supported catalysis.12–15

Monoliths can be divided into polymer-based and silica-based
types.16,17 Compared with silica-based monoliths, which have some
innate defects such as complicated and sensitive production processes
and limited pH tolerance,18 porous polymer monoliths have received
increased interest not only for their predominant pH stability,
nonspecific interaction and biocompatibility19–21 but also for their
specific pore properties and easy functionalization.22–24

To date, significant progress has been made in monolith prepara-
tion technology. There is a large variety of methods for producing
porous polymer monoliths from many types of monomers. The
first method used to fabricate polymer-based monoliths is thermally
initiated free radical polymerization in an unstirred mold.25–28

Radiation polymerizations initiated by high energy radiation such
as g-rays29 or electron beams,30 a polymerized high internal phase
emulsion method,31 crygels,32 living polymerization33 and
polycondensation reactions34 have also been used to fabricate
polymeric monoliths.28 For all the reported methods, a monomer is

an indispensable component because it acts as a precursor for
polymerization, in which phase separation takes place to form the
monolith. In most cases, however, complicated and time-consuming
fabrication processes, including the use of other reagents such as
crosslinkers and porogen, are involved. In addition, the simultaneous
precise control of polymerization and phase separation is required.

Recently, we have reported a novel approach to fabricate a
polymer-based monolith using a polymer, rather than a monomer,
by the thermally induced phase separation technique.35,36 For the
polyacrylonitrile monolith, polyacrylonitrile is first dissolved into a
mixture of solvent and non-solvent by heating, followed by cooling to
room temperature. During this cooling process, the phase separation
forms the mesoporous polyacrylonitrile monolith without any
templates. By this method, the shape of the monolith can be easily
designed for various applications by altering the vessel shape.

In this study, a new class of methods for fabricating monoliths,
named thermally impacted non-solvent-induced phase separation
(TINIPS), is proposed. This method is based on non-solvent-induced
phase separation, which is usually applied to fabricate polymer
membranes;37,38 here, we introduce a thermal factor into non-
solvent-induced phase separation. The TINIPS method is a
remarkably simple and clean process that involves the addition of
non-solvent to the polymer solution at high temperature and the
subsequent cooling of the mixed solution, which contains a polymer,
solvent and non-solvent. In the cooling process, the phase separation
forms the monolithic material. Moreover, this method is template
free; thus, it enables the convenient fabrication of functional
monoliths, satisfying the demand for a great variety of shapes.
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Poly(vinyl alcohol) (PVA) is one of the most typical hydrophilic
and water-soluble polymers that is produced by the polymerization
of vinyl acetate, followed by alkaline hydrolysis.39,40 PVA is an out-
standing biomaterial with several advantages, such as biocompatibility
and nontoxicity,40,41 which make it suitable for versatile applications,
for example, wound dressings,42 antibacterial materials,43 soft tissue
replacement44 and the immobilization of microorganisms.45 This
study addresses the first fabrication of a PVA monolith via the TINIPS
method. The gross shape and internal structure of the PVA monolith
can be controlled precisely by adjusting the fabrication parameters. A
convenient fabrication method for hydrophilic porous polymer
monoliths will be significant in the development of monolith
applications in biomedical fields.

EXPERIMENTAL PROCEDURE

Materials
PVA powders with a hydrolysis ratio of 98% and different molecular weights

were purchased from Wako Pure Chemical Industries, Ltd (Tokyo, Japan), and

Sigma-Aldrich Co. (Tokyo, Japan). Glutaraldehyde (GA) solution (50 wt%)

was obtained from Sigma-Aldrich Co. (Tokyo, Japan). Hydrochloric acid

(1 mol l–1) was purchased from Wako Pure Chemical Industries, Ltd. All other

reagents and solvents were used as received.

Measurements
The microstructure of PVA monolith was observed with a scanning electron

microscope (SEM, S-3000N, Hitachi Ltd, Tokyo, Japan) at 15 kV. Before

observation, the sample was cut with a scalpel and coated with a thin layer of

gold by an ion sputter apparatus (E-1010 Ion Sputter, Hitachi Ltd). The

specific surface area of the samples was measured by a nitrogen adsorption

apparatus using the Brunauer–Emmett–Teller method (NOVA 4200e, Quanta-

chrome Instruments, Boynton Beach, FL, USA). PVA monoliths before and

after crosslinking were analyzed using a Nicolet iS 5 Fourier transform infrared

spectrophotometer (Thermo Scientific, Yokohama, Japan). X-ray diffraction

patterns were obtained by an XRD-6100 instrument (Sigmadzu Corp., Kyoto,

Japan) at a scanning rate of 4.0 deg min–1 from 101 to 701 (2y). The

measurement was performed under conditions of 40 kV and 30 mA using

Cu-Ka radiation (l¼ 1.5418 Å).

Preparation of PVA monolith
PVA powder was first dissolved into distilled water at 95 1C for approximately

3 h with constant stirring at 400 r.p.m. to form a homogeneous aqueous PVA

solution. The solution was cooled to 55 1C, and then acetone (non-solvent)

was added dropwise to avoid the formation of precipitates. Then, the mixture

was maintained at 20 1C for 24 h, during which the phase separation took

place, forming a white monolithic material. The solvent in the monolith was

replaced by acetone by immersion of the monolith into 60 ml of acetone for

12 h under gentle shaking. The solvent replacement was repeated three times,

and the monolith was finally dried in vacuo.

Crosslinking of PVA monolith by GA
The monolith (210 mg) was immersed in 15 ml of the GA solution with 0.3 ml

of 1 M HCl as catalyst for various lengths of time. The monolith was washed

with distilled water until the water became neutral and then was dried in vacuo

for 12 h.

Determination of swelling ratio of PVA monolith
The PVA monolith (approximately 210 mg) was immersed in 20 ml of water at

room temperature. The weight change was measured every 5 min until the

weight became nearly constant. The experiment was carried out three times.

The swelling ratio was calculated as follows:46

swelling ratio %ð Þ¼ ðWb �WeÞ=We�100

where We and Wb are the weights before and after the immersion in water,

respectively.

RESULTS AND DISCUSSION

Fabrication and characterizations of PVA monolith
The PVA monolith is first fabricated from the mixture containing
PVA, water and acetone. The fabrication conditions are as follows: a
cooling temperature of 20 1C, a PVA concentration of 60 mg ml–1, a
PVA molecular weight of 8.8� 104 and a water/acetone mixed ratio of
4/3. The internal morphology of the PVA monolith is observed by
SEM, which shows the three-dimensional open pore structures of
the monolith (Figure 1). The average pore and skeleton sizes of the
PVA monolith are 2.0 and 1.1mm, respectively.

The adsorption–desorption isotherm of the PVA monolith is
shown in Figure 2a. The isotherm is ascribed to type IV, demonstrat-
ing the existence of mesopores in the monolith. The isotherm at the
beginning is monolayer adsorption, followed by multilayer adsorption
and the hysteresis in the multilayer range is associated with capillary
condensation in the mesopore structures. The hysteresis loop in the
P/P0 range from 0.7 to 1.0 is of type H1, indicating that the PVA
monolith contains cylindrical pores with narrow distributions of pore
size.47,48 The Brunauer–Emmett–Teller surface area is 110 m2 g–1, and
the pore size distribution plot for the sample obtained by using the
non-local density functional theory method reveals relatively uniform
mesopores with pore diameters of 7–25 nm (Figure 2b). These results
indicate that the PVA monolith is a mesoporous material with a large
surface area.

The crystalline structure of the monolith is examined by wide-angle
X-ray diffraction (see Supplementary Figure S1). A relatively sharp
and intense peak is observed at 2y¼ 19.51 for the monolith, which is
nearly the same as that of the PVA powder. The microcrystallites
of the PVA powder were reported to have been formed by the
aggregation of hydrogen bonds between the hydroxyl groups.49,50

Figure 2 Nitrogen adsorption–desorption isotherms of the poly(vinyl alcohol)

(PVA) monolith (a) and the pore size disbribution plot for the PVA monolith

(b). A full color version of this figure is available at Polymer Journal online.

Figure 1 Fabrication processes of the poly(vinyl alcohol) (PVA) monolith.
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The similar results of X-ray diffraction for the monolith and
PVA powder strongly suggest that the microcrystallites of the PVA
monolith are also configured via hydrogen bonds.

Morphological control of PVA monolith
The mixed ratio of water and acetone is examined with a cooling
temperature of 20 1C, a PVA concentration of 60 mg ml–1 and a PVA
molecular weight of 8.8� 104. As described above, the water/acetone
mixed ratio of 4/3 afford the monolith a uniform shape. Conversely,
phase separation does not take place for a mixed ratio of 2/1, resulting
in no monolith formation. The PVA powder is not completely
solubilized for a mixed ratio of 1/1. These results indicate that
the mixed ratio of 4/3 is a crucial factor for fabrication of the PVA
monolith.

Figure 3 shows SEM photographs of the PVA monolith fabricated
with cooling temperatures of �196, �20 and 20 1C with a PVA
concentration of 60 mg ml–1, a PVA molecular weight of 8.8� 104 and

a water/acetone mixed ratio of 4/3. The average skeleton and pore
sizes increase with increasing cooling temperature (see Figure 4 and
Supplementary Table S1). This increase may occur because, at higher
temperatures, PVA molecules can move more freely and have
sufficient time to coagulate and form a monolith with larger skeleton
and pore sizes, whereas at lower temperatures, the movement of PVA
molecules is limited, and the phase separation takes place more
quickly, reducing the skeleton and pore sizes. When the cooling
temperature is �196 1C, the mixture freezes instantaneously, resulting
in the smallest skeleton and pore sizes observed.

Next, the effect of PVA concentration on the morphology of the
monolith is examined. Figure 5 shows SEM photographs of the PVA
monolith fabricated with different PVA concentrations with a
temperature of 20 1C, a PVA molecular weight of 8.8� 104 and
a water/acetone mixed ratio of 4/3. In all the cases examined, a
relatively uniform skeleton is formed. The skeleton and pore sizes
decrease as a function of PVA concentration in the range of
40–80 mg ml–1 (Figure 6). These data strongly suggest that the
morphology is easily controlled by changing the cooling temperature
and PVA concentration. With increasing viscosity of the polymer
solution, a higher degree of entanglement results in slower dynamics
of the phase separation. Therefore, the increase in the PVA concen-
tration leads to a decrease in the skeleton and pore sizes in the
fabrication of the PVA monolith.

In the above experiments, the monolith is fabricated using PVA
with a molecular weight of 8.8� 104. PVAs with different molecular
weights, 1.8� 104 and 1.7� 105, are also used to examine the effect of
the PVA molecular weight on the morphology of the monolith with a
cooling temperature of 20 1C, a PVA concentration of 60 mg ml–1 and
a water/acetone mixed ratio of 4/3 (Figure 7). In all the cases
examined, the monolith is formed. When the molecular weight is
1.8� 104, the skeleton and pore sizes are larger than those with higher
molecular weight (Figure 8). The size difference between the
molecular weights of 8.8� 104 and 1.7� 105 is relatively small.
These data clearly show that PVAs with a wide range of molecular
weights are applicable for the fabrication of PVA monoliths by the
TINIPS method and that the molecular weight affects the morpho-
logy of the PVA monolith. The morphology difference may be due to
the mobility of the polymer chain in the present system; the domain
formation in the phase separation is strongly affected by the viscosity
of the polymer solution of PVA, depending on the molecular weight.

Figure 3 Scanning electron microscopy (SEM) photography of

microstructures of the poly(vinyl alcohol) (PVA) monolith fabricated at

different cooling temperatures.

Figure 4 Effect of cooling temperatures on average pore and skeleton sizes.

A full color version of this figure is available at Polymer Journal online.
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Crosslinking of PVA monolith
GA is known to be an effective crosslinking agent for PVA.51 In this
study, GA is selected to crosslink the PVA monolith. The crosslinking
is performed by immersion of the monolith in the GA solution with
concentrations of 6.25, 12.5 and 25 wt% for 6, 12 or 24 h in the
presence of a small amount of HCl as catalyst. In all the cases
examined, the crosslinking takes place smoothly, forming a water-
insoluble monolith. The crosslinking is confirmed by Fourier
transform infrared (see Supplementary Figure S2). In the Fourier
transform infrared spectrum of the product after crosslinking, a
strong peak at 1720 cm�1 ascribed to the carbonyl group of aldehyde
and two peaks at 2850 and 2750 cm�1 because of C–H stretching
appear.52,53 Furthermore, the intensity of the broad peak around
3300 cm�1 because of O–H stretching of PVA decreases in
comparison with that of PVA. These results suggest that the

hydroxyl group of PVA reacts with GA to form the acetal bridge,
leading to crosslinking of the PVA chain.

The degree of crosslinking is quantified by the swelling ratio of the
crosslinked monolith. In most cases, the swelling equilibrium is

Figure 6 Effect of poly(vinyl alcohol) (PVA) concentration on average pore

and skeleton sizes. A full color version of this figure is available at Polymer

Journal online.

Figure 5 Scanning electron microscopy (SEM) photography of micro-

structures of the poly(vinyl alcohol) (PVA) monolith fabricated from different
concentrations of PVA.

Figure 7 Scanning electron microscopy (SEM) photography of

microstructures of the poly(vinyl alcohol) (PVA) monolith fabricated with

various PVA molecular weights.

Figure 8 Effect of molecular weight on average pore and skeleton sizes.

A full color version of this figure is available at Polymer Journal online.
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achieved within 1 h. Figure 9a shows the effect of the GA concentra-
tion on the swelling ratio of the sample that is crosslinked for 24 h.
As the concentration increases, the swelling ratio decreases, suggesting
that the GA solution concentration has an important role in the
swelling ratio. The crosslinking period also affects the swelling ratio
(Figure 9b). For a GA concentration of 25 wt %, the swelling ratio
decreases as a function of the reaction time. These results suggest
that the crosslinking density and swelling ratio of the PVA monolith
can be easily tuned by changing the crosslinking conditions.

CONCLUSION

A new monolith formation method has been developed using TINIPS
to produce a hydrophilic monolith. For a water/acetone mixed ratio
of 4/3, a PVA monolith with uniform structure and large specific
surface area can be formed. By changing the concentration and
molecular weight of PVA, as well as the cooling temperature,
the skeleton and pore sizes can be easily controlled. Furthermore,
the monolith becomes water insoluble by crosslinking with GA.
The swelling ratio depends on the GA concentration and the
crosslinking time.

To date, most of reported monoliths are composed of hydrophobic
polymers.54 In this study, a PVA monolith with hydrophilic and
biocompatible properties is conveniently fabricated by TINIPS.
This process of monolith fabrication, which uses a polymer as the
precursor and relies on phase separation techniques (thermally
induced phase separation, non-solvent-induced phase separation
and TINIPS), may facilitate new applications in various fields.
Very recently, both a polycarbonate monolith with a controlled
morphology and its blend monolith have been successfully obtained
by non-solvent-induced phase separation.55,56 Further studies on
applications of crosslinked PVA monoliths for bioseparation/
purification are under way in our laboratory.
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