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Expanding the potential for waste polyvinyl-alcohol†
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Expanded polyvinyl-alcohol (PVA) was successfully prepared using a similar process to that of
starch expansion. The addition of an iodine solution was necessary to facilitate expansion and led
to surface areas of up to 143.1 m2 g-1. The use of recycled material from LCD screens required no
additional iodine and produced an expanded material with high surface areas (95.0 m2 g-1) and
total pore volumes (0.56 cm3 g-1). The PVA–iodine complexes were found to better mimic the
interactions between amylose and amylopectin in starch expansion.

Introduction

Polyvinyl-alcohol (PVA) is a versatile, environmentally-benign
and readily available commercial polymer.1 Global consumption
of PVA exceeded one million metric tons in 2006.1 PVA is used
in a multitude of applications ranging from adhesives to state-
of-the-art large area liquid crystal display (LCD) televisions.1 As
many consumer goods reach their end of life, PVA is becoming
more evident in the polymer waste stream, but applications of
this waste material are limited.

LCDs are fast becoming a rich source of PVA consumption.
PVA is extensively used in polarizing films that are applied
to the front and rear glass surfaces of an LCD panel. The
PVA is doped with iodine and usually trapped between two
sheets of triacetyl cellulose protective polymer. LCD sales
revenues topped $100 billion in 2008 and are forecast to reach
a staggering $150 billion by 2012.2 The phenomenal success
of LCDs during the last decade has also led to a noticeable
amount of LCDs entering in the waste electrical and electronic
equipment (WEEE) waste stream. It is estimated that 2.5 billion
LCDs are approaching their end of life and LCD WEEE is
the fastest growing waste stream in the European Union.2

LCD recycling is a global concern as many contain mercury
backlights.2 In 2002, the European Parliament and the Council
on waste electrical and electronic equipment passed the WEEE
directive 2002/96/EC, which essentially requires LCDs with
an area greater than 100 cm2, and those containing mercury
backlights, to be disassembled prior to incineration or land-
filling.3 Currently, the LCD panel comprising glass, liquid crystal
and PVA-impregnated polarising films is sent for incineration or
land-fill.2

Interestingly, due to the inherent biocompatibility of PVA,
it may be ideally suited as support material for enzyme immo-
bilisation, tissue scaffolds and as drug delivery systems.4 Such
applications require high substrate surface area, which may be
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achieved through a process of expansion that is already used for
naturally-derived starch to achieve surface areas of 180 m2 g-1.5

The expansion of starch involves three stages: gelatinisation,
retrogradation and dehydration via solvent exchange, during
which the amylose and amylopectin polymer chains re-organise
in to a largely, mesoporous structure.6 To the best of our
knowledge, this expansion process has not been applied to a
synthetically-derived polymer, such as PVA.

Herein, we investigate the expansion of synthetically-derived
PVA mimicking the procedures used for the expansion of starch
as a potential high surface area substrate. We demonstrate that
the expansion process can be applied to both virgin PVA and
PVA isolated from polarising films of waste LCD panels. We
also show that addition of iodine to virgin PVA is essential
in changing the micro-structure of PVA and, thereby, allowing
expansion to take place.

Experimental

Starting material

The PVA from LCD screens was prepared by soaking the
polarising film in warm water (50–60 ◦C) for 30 minutes, after
which the triacetyl cellulose outer layers were separated to reveal
the inner PVA layer. The resulting PVA film was dried in a
vacuum oven at 40 ◦C for 12 hours. Other reagents including
iodine, potassium iodide and virgin PVA (average Mw 18 000–
23 000) were purchased from Sigma-Aldrich. Ethanol (96%) was
obtained from Fischer Scientific.

Preparation of expanded PVA from virgin material

PVA (average Mw 18 000–23 000; 200 mg) and distilled water
(4 ml) were added to a 7.5 mL laboratory microwave reaction
vessel (CEM Discovery model), sealed and irradiated at 180 ◦C
for 10 minutes. On completion, an aqueous solution of I2/KI
(1 ml, 0.1 mol dm-3/0.3 mol dm-3) was added to the warm PVA
solution. The PVA/iodine solution was allowed to retrograde
at 4 ◦C for 12 hours, added to ethanol (100 ml) and stirred
for 3 hours. The resulting PVA/iodine precipitate was isolated,
solvent exchanged with ethanol and dried in a vacuum oven at
40 ◦C for 12 hours, as previously reported for starch.6
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Preparation of expanded PVA from waste PVA

LCD PVA film (200 mg) and distilled water (4 ml) were added to
a 7.5 mL CEM microwave reaction vessel, sealed and irradiated
at 180 ◦C for 10 minutes. The sample was then irradiated at
180 ◦C for 10 minutes. The PVA/iodine solution was allowed to
retrograde at 4 ◦C for 12 hours, added to ethanol (100 ml) and
stirred for 3 hours. The resulting PVA/iodine precipitate was
isolated, solvent exchanged with ethanol and dried in a vacuum
oven at 40 ◦C for 12 hours, as previously reported for starch.6

Material characterisation

Nitrogen physisorption measurements were conducted on a
Micromeritics ASAP 2010 instrument at 77 K. Samples were
outgassed at 50 ◦C for 6 h under vacuum (p < 10-2 Pa) and sub-
sequently analysed. The linear part of the BET equation (relative
pressure between 0.05 and 0.22) was used for the determination
of the specific surface area. The pore size distribution was
calculated from the adsorption branch of the N2 physisorption
isotherms and the Barret–Joyner–Halenda (BJH) formula.7 The
characteristic energy of adsorption (EDA) was calculated from
the Dubinin–Astakhov adsorption isotherm equation.8

Samples were viewed using a scanning electron microscope
Hitachi S-2400. Samples were Au coated on a high resolution
sputter SC7640 at a sputtering rate of 1500 V min-1, up to a 7 nm
thickness.

Results and discussion

The use of iodine in the expansion of virgin PVA

Fig. 1 and Table 1 summarise the influence of experimental
conditions on textural properties of expanded virgin PVA. Gela-
tinisation of PVA at 180 ◦C without retrogradation gave low
surface areas (15.2 m2 g-1, Table 1 PVA 1, Fig. 1). When the
process was repeated with a 6 hour retrogradation period, the
surface area of the material increased (24.1 m2 g-1, Table 1 PVA
2, Fig. 1); however, this is still significantly less than expanded
starches.6 Retrogradation results in increasing the sample’s
crystallinity and thereby aids in forming mesoporous structures.6

Fig. 1 Expansion conditions.

Table 1 Porosimetry data for expanded PVA both with and without
iodine

PVA 1 PVA 2 PVA 3b PVA 4c

SBET/m2 g-1 15.2 24.1 12.4 87.2
Microporous
volume/cm3 g-1a

0.008 0.013 0.007 0.05

Adsorption average
pore diameter/nm

8.7 6.8 9.5 7.3

Total pore
volume/cm3 g-1

0.07 0.08 0.06 0.33

Micro/mesoporous
ratio

0.11 0.16 0.12 0.15

EDA/kJ mol-1a 7.8 7.6 8.0 7.6

a Calculated through the Dubinin–Astakhov model. b Addition of a 1 ml
(0.1 mol-1 dm-3 I2/0.3 mol-1 dm-3 KI) solution, followed by precipitation
in ethanol. c Addition of a 1 ml (0.1 mol-1 dm-3 I2/0.3 mol-1 dm-3

KI) solution, followed by 6 hours retrogradation and precipitation in
ethanol.

One possibility to increase the structural organisation of the
virgin PVA solution is by the addition of iodine.

It is well known that iodine forms a blue coloured complex
with polymers, including starch and PVA.9 Two structural mod-
els have been proposed, the helical and aggregation models.10,11

Although there is still some discussion over the actual nature of
this complex, there is little dispute that linear polyiodine ions
such as I3

- and I5
- are formed due to interactions of iodine

with free hydroxyl groups of PVA unused in the formation of
intermolecular hydrogen bonds.12 One possibility is that two
networks are formed, a PVA polymer chain network and a
fibril network.13 It has been suggested that microfibrils consist of
crystalline lamellar and amorphous regions alternatively stacked
between these microfibrils. It is believed that amorphous layers
in the lamellar structure contain tie chains that interconnect the
crystallite and, as such, PVA–iodine complexes act as junction
points between PVA microfibrils in the network.13 The resulting
effect of forming PVA–iodine complexes is that they contribute
to the structuring of the microfibrillar network. As such, the
formation of PVA–iodine complexes is believed to better mimic
the restructuring that occurs during retrogradation in the starch
expansion process.

Therefore, iodine was added to two virgin PVA solutions
immediately after microwave heating, in an attempt to improve
the surface area and better mimic the structural changes that
occur in starch expansion. The first PVA–iodine solution was
immediately precipitated in ethanol forming a yellow material
with low surface area (12.4 m2g-1, Table 1 PVA 3, Fig. 1).
The second PVA–iodine solution was retrograded for 6 hours,
thereby forming a dark blue gel indicative of a PVA–iodine
complex.9 The resulting gel was precipitated in ethanol yielding
a blue material possessing enhanced surface areas (87.2 m2 g-1,
Table 1), total pore volumes (0.33 cm3 g-1, Table 1), greater
microporosity and improved mesoporosity (PVA 4, Fig. 1).

Influence of preparation time and temperature

It was found that as the temperature of gelatinisation increased
so did too the surface area of the material (Fig. 2A). The greatest
BET surface areas were observed for samples heated at 180 ◦C
with a 12 hour retrogradation (116 m2 g-1, Fig. 2A). Samples
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Fig. 2 (A) Effect of gelatinisation temperature on expansion. (B) Effect
of gelatinisation time on expansion (180 ◦C).

heated at only 60 ◦C did not completely dissolve, this was also
observed for samples that were heated in the microwave at 180 ◦C
for less than 5 minutes. Microwaving for 10 minutes was sufficient
and minimised energy consumption (Fig. 2B).

Retrogradation

The retrogradation process was found to be enhanced at lower
temperatures (Fig. 3A), optimal retrogradation temperature was
found to be similar to that of starch (4 ◦C). Samples were held
at the retrogradation temperatures for 1 hour. The colour of the
material on addition of ethanol (ranging from dark blue at 4 ◦C
to yellow at 50 ◦C) was a qualitative indicator of the surface area,
with darker blue samples having greater surface areas (Fig. 3B).

Interestingly, the time needed for the PVA retrogradation
was shorter than that of high amylose corn starch. Amylose
can retrograde in hours although the more complex chains of
amylopectin require longer retrogradation times. Typically, the
retrogradation time for this starch is 48 hours; however, in PVA,
this process is completed within 12 hours (Fig. 3C).

Solvent exchange

Solvent exchange is needed to dehydrate the material, whilst
avoiding collapse of the material on drying. Increasing the
number of ethanol washes up to three had a positive effect on
the surface area (Fig. 4A). However, further solvent exchanges
had a negative effect on the surface area.

It is known that propanol can bond to hydroxyl groups in
PVA, thereby disrupting the intermolecular hydrogen bonds and
inhibiting gel formation.12 As PVA–iodine complex formation is
dependent on formation of aggregates, it is possible that addition
of an excess of ethanol in solvent exchanging would disrupt the
micro-structure in PVA and therefore hinder expansion. Initially,

Fig. 3 (A) Effect of retrogradation temperature on PVA expansion.
(B) A photograph of resulting materials post retrogradation. (C) Effect
of retrogradation time on PVA expansion.

longer polyiodine chains such as I5
- are formed in the PVA–

iodine complex. On exposure to an aqueous alcoholic solution,
these I5

- chains are broken down to form shorter I3
- chains, in

good agreement with the colour changes of the material (from
blue to purple to pink) during solvent exchanging (Fig. 4B). The
use of a polar aprotic solvent, such as acetone, as an exchange
solvent led to a substantial loss in surface area.

Optimised expansion and recycled PVA

By combining the knowledge of the three expansion stages, it
was possible to optimise the material manufactured to give an
expanded virgin PVA sample of 143.1 m2 g-1 (Table 2).

These optimised conditions are: heating by microwave irradi-
ation at 180 ◦C for ten minutes, addition of iodine solution and
retrogradation at 4 ◦C for 12 hours followed by precipitation
in ethanol and three ethanol solvent exchanges. This led to the
formation of a synthetic polymer with similar porous structure
to that of expanded starch.

1334 | Green Chem., 2009, 11, 1332–1336 This journal is © The Royal Society of Chemistry 2009

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 2

2 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
2 

Ju
ne

 2
00

9 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

90
66

07
A

View Online

http://dx.doi.org/10.1039/B906607A


Table 2 Porosimetry data for the expansion of LCD PVA and opti-
mised expansion of virgin PVA

Expanded PVA LCD PVA

SBET/m2 g-1 143.1 95.0
Microporous volume/cm3 g-1a 0.09 0.05
Average pore diameter
adsorption/nm

6.9 11.7

Total pore volume/cm3 g-1 0.47 0.56
Micro/mesoporous ratio 0.19 0.09
EDA/kJ mol-1a 6.2 7.5

a Calculated through the Dubinin–Astakhov model.

Fig. 4 (A) Effect of solvent exchanging on the expansion of PVA.
(B) Photograph of resulting materials during solvent exchanging.

The use of waste LCD polarisers may provide a cheap and
abundant source of PVA, which already contains the iodine
essential for expansion. On applying the optimised expansion
conditions to LCD PVA, it was possible to obtain an expanded
form of the material with no need for additional iodine solution.
Porosity measurements of the LCD expanded material (Table 2)
gave a surface area of 95.0 m2 g-1. The adsorption isotherms
for both the virgin and recycled materials are of type V in the
IUPAC classification (Fig. 5A).14

The isotherm for the recycled material shows a greater total
pore volume, but a larger average pore diameter compared to
that of the expanded virgin PVA. The porous distributions of
the two materials are similar, although there are differences in
the mesoporous region (Fig. 5B).

The LCD expanded PVA appears to be lamellar like with
several thin sheets or layers of film on top of each other

Fig. 5 (A) Adsorption isotherms and (B) porous distributions for
expanded virgin PVA and LCD PVA.

(Fig. 6B). These sheet/film features are not seen in the material
prepared from virgin PVA, which predominantly comprises
large agglomerates formed from smaller particles (Fig. 5A).
However, the expanded recycled PVA retains some properties
of the original film and both materials show a porous surface
texture (Fig. 6).

Conclusions

The waste electrical and electronic equipment (WEEE) directive
places a responsibility on the manufacturer to take back their
goods and to disassemble prior to disposal. Liquid crystal dis-
plays represent a significant and rapidly increasing proportion
of this waste and, as such, utilisation of any of this waste stream
is of both environmental and commercial interest. We have
developed a process that modifies the low value PVA contained
in this waste to produce a structured mesoporous material with
high surface areas. We have shown that it is possible to expand
virgin PVA using a similar process to that of starch expansion.
The addition of an iodine solution was necessary to facilitate
micro-structuring of the PVA, resulting in materials of increased
surface areas (up to 143.1 m2 g-1). The use of recycled material
from LCD screens requires no additional iodine and produces
an expanded material with high surface areas (95.0 m2 g-1) and
total pore volumes (0.56 cm3 g-1). These materials may find use in
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Fig. 6 SEM images of (A) virgin expanded PVA (10 mm). (B) Expanded
PVA from waste LCD (10 mm) and (C) expanded PVA from waste LCD
(1 mm).

a wide range of applications, in particular as tissue scaffolds, due
to the high surface area and compatibility of both PVA/iodine
(required for the expansion process) with the human body.
The effect of additives and small molecules present in recycled
material is the subject of continued investigation with regard to
their use in biomedical applications.
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