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SYNOPSIS

An attempt has been made to give biodegradability to poly(vinyl acetate) by partial mod-
ification of the chemical structure. Poly(vinyl acetate) containing a small amount of N-
benzyl-4-vinylpyridinium chloride (PVAc-co-VPC) and that containing 16 mol % of methyl
acrylate and a small amount of the pyridinium group (PVAc-co-MA-co-VPC) showed sig-
nificant degradation when placed in an aeration tank of sewage works. Control polymers
possessed of no pyridinium group did not show significant degradation under these con-
ditions, and the extent of weight reduction during the treatment increased with the content
of the pyridinium group. The weight reduction exhibited an uppermost limit after 7 days
of the treatment, and the pyridinium group disappeared from the polymer during the early
period. Incorporation of the pyridinium group into poly(vinyl acetate) appeared to have
improved the biodegradability. Gel permeation chromatographic analysis showed that the
low molecular weight fraction was more easily degraded than was the high molecular weight
fraction. In the degradation of PVAc-co-MA-co-VPC, the unit of methyl acrylate was more

easily removed than that of vinyl acetate. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

In recent years, considerable attention has focused
on the development of biodegradable polymers,
mainly because pollution of the environment by
waste polymers has become a worldwide social
problem. Reports available in the literature can be
classified into three categories: (i) utilization of
polymers produced by microorganisms; (ii) utiliza-
tion of natural polymers and their derivatives; and
(iii) development of biodegradable synthetic poly-
mers. Synthetic polymers, especially hydrophobic
high molecular weight polymers, generally exhibit
strong resistance to the biological degradation.
However, several synthetic polymers are known to
be biodegradable. For example, high molecular
weight polymers of such aliphatic polyesters as
poly(ethylene adipate),'? poly(tetramethylene adi-
pate),? and poly(caprolactone)*® are reported to un-
dergo biological degradation. Biodegradation of high
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molecular weight poly(vinyl alcohol) has been in-
vestigated in detail.5! Oligomers of poly(ethylene
glycol)'?>71¢ and poly(sodium acrylate)!™® are also
reported to be biodegradable.

For chemical industry, development of biode-
gradable synthetic polymers would be most impor-
tant. If possible, it is favorable to give biodegrad-
ability to synthetic high polymers by partial modi-
fication of the chemical structure, because the
methodology is anticipated to make useful polymeric
materials biodegradable without severe damage of
physicochemical properties and utilities. Polymer
chemists are skillful at the contrivance of synthetic
methodology for high polymers. Molecular design
has been used to develop biodegradable synthetic
polymers by incorporation of a biodegradable unit,
such as vinyl alcohol, to the polymer chain.®% This
report describes an approach to give biodegradability
to poly(vinyl acetate) by partial modification of the
chemical structure based on a new concept.

In a previous report from this laboratory, we ob-
served that poly(methyl methacrylate) containing a
small amount of N-benzyl-4-vinylpyridinium chlo-
ride in the polymer chain showed a remarkable re-
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duction in molecular weight and gravimetric weight
when placed in an aeration tank of sewage works.??
A synthetic hydrophobic polymer of high molecular
weight consisted of a carbon-carbon bond as the
main chain turned biodegradable by partial modi-
fication of the chemical structure through incorpo-
ration of the pyridinium group into the polymer
chain. Since an insoluble pyridinium-type polymer
can capture many bacterial cells alive on its surface®
and is of wide application in the field of biotech-
nology and water purification,?* we assumed that
poly(methyl methacrylate) turned biodegradable by
enhancement of the affinity to the cells of micro-
organisms through incorporation of the pyridinium
group into the polymer chain.?* Based on the ex-
perimental results, we are continuing improvement
of the biodegradability of synthetic polymers based
on a novel concept, i.e., we are attempting to make
hydrophobic synthetic high polymers biodegradable
by partial modification of the chemical structure
through incorporation of a small amount of the pyr-
idinium group into the polymer chain. In this work,
we investigated the biodegradability of poly(vinyl
acetate) containing the pyridinium group in the
polymer chain in a similar manner.

EXPERIMENTAL

Chemicals

Vinyl acetate and methyl acrylate were purified by
washing with aqueous sodium hydroxide solution
followed by drying. 4-Vinylpyridine was purified by
distillation before polymerization, as reported pre-
viously.® Other chemicals and solvents were used
without further purification.

Poly(vinyl acetate) Containing a
Pyridinium Group

Poly(vinyl acetate) containing a small amount of
N-benzyl-4-vinylpyridinium chloride in the polymer
chain (PVAc-co-VPC) was prepared as follows:
Copolymer of vinyl acetate with a small amount of
4-vinylpyridine (PVAc-co-VP) was prepared by free-
radical copolymerization of vinyl acetate with a
prescribed small amount of 4-vinylpyridine using
2,2'-azobisisobutyronitrile (AIBN) as an initiator in
ethanol at 85-87°C for 12-21 h under a nitrogen
atmosphere. The thus-obtained PVAc-co-VP was
allowed to react with benzyl chloride in ethanol at
80°C for 4 h. The amount of benzyl chloride was set
to be equimolar to 4-vinylpyridine contained in

PVAc-co-VP. The resulting polymer (PVAc-co-
VPC) was isolated by pouring the reaction mixture
into water and was dried to constant weight. The
composition of PVAc-co-VPC and the amount of
the pyridinium group contained in the polymer were
ascertained based on nitrogen and chlorine contents
determined by elementary analyses of the polymer.
For comparison, the homopolymer of vinyl acetate
(PVAc) was prepared by free-radical polymerization
of vinyl acetate using AIBN as an initiator at 65°C
for 10 h.

Poly(vinyl acetate) Containing Methyl Acrylate
and a Pyridinium Group

Poly(vinyl acetate) containing 16 mol % of methyl
acrylate and a small amount of the pyridinium group
in the polymer chain (PVAc-co-MA-co-VPC) was
prepared as follows: A copolymer of vinyl acetate
with 16 mol % of methyl acrylate and a prescribed
small amount of 4-vinylpyridine (PVAc-cc-MA-co-
VP) was prepared by free-radical copolymerization
of vinyl acetate, methyl acrylate, and 4-vinylpyridine
using AIBN as an initiator in ethanol at 75-80°C
for 10-28 h under a nitrogen atmosphere. The thus-
obtained PVAc-co-MA-co-VP was allowed to react
with benzyl chloride in ethanol at 80°C for 4 h. The
amount of benzyl chloride was set to be equimolar
to 4-vinylpyridine contained in PVAc-co-MA-co-VP.
The resulting polymer (PVAc-co-MA-co-VPC) was
isolated by pouring the reaction mixture into water
and was dried to constant weight. The composition
of PVAc-co-MA-co-VPC was determined as follows:
The content of the pyridinium group was determined
based on the chlorine content obtained from ele-
mentary analyses. The molar ratio of the unit of
vinyl acetate to that of methyl acrylate was deter-
mined based on the ratio of acetyl protons (appear-
ing at 6 1.84 ppm) to methoxyl protons (appearing
at & 3.66 ppm) that was obtained from the 'H-NMR
spectrum. Acetyl and methoxyl protons were re-
garded to be derived from the monomer units of vinyl
acetate and methyl acrylate, respectively.

For comparison, a copolymer of vinyl acetate
containing 16 mol % of methy! acrylate that did not
contain the pyridinium group at all (PVAc-co-MA)
was prepared by free-radical copolymerization of vi-
nyl acetate with methyl acrylate using AIBN as an
initiator in a similar manner.

Degradation of Polymers When Placed in an
Aeration Tank of Sewage Works

Sheets of PVAc-co-VPC and PVAc-co-MA-co-VPC
were prepared by a conventional casting method us-



[=)
£ B0 o— ¢
g
ob—— o .
0 2000 400 600 800 1000
Time (day)

Figure 1 Ratio of the intrinsic viscosity of PVAc-co-
VPC recovered after placing in an aeration tank of sewage
works to that before the biological treatment. Content of
the pyridinium group (mol %): (A) 0; (B) 1.6; (C) 3.9.
Intrinsic viscosity of the polymer determined in toluene
at 25°C before the treatment (dL/g): (A) 0.212; (B) 0.184;
(C) 0.188.

ing acetone as the solvent. The sheets of 2.5 cm wide,
3.5 ¢cm long, and 0.5 mm thick were placed in a cage
made of 100-mesh nylon net, and the cage was placed
in an aeration tank of Kawamata Sewage Works of
Osaka Prefecture by hanging with a rope. After a
prescribed time, samples of the polymer sheets were
taken from the aeration tank, washed with deionized
water, and dried to constant weight and then sub-
mitted for the analyses.

Analytical Methods

Elementary analyses were performed at the Ele-
mental Analyses Center of Kyoto University. Proton
NMR spectra were recorded using deuteriodimeth-
ylformamide [DCON(CDj;),] as a solvent on a Gen-
eral Electric QE-300 spectrometer. Infrared spectra
were obtained with a Shimadzu FTIR-4100 spectro-
photometer.

The intrinsic viscosity of PVAc-co-VPC and
PVAc was measured using toluene as the solvent at
25°C. The molecular weight of the polymer was es-
timated based on the relationship between molecular
weight and intrinsic viscosity.?® The intrinsic vis-
cosity of PVAc-co-MA-co-VPC and PVAc-co-MA
was measured using a 1 : 1 (vol/vol) mixture of tol-
uene and methanol as the solvent at 25°C. The in-
trinsic viscosity of PVAc-co-MA-co-VPC containing
20.4 mol % of the pyridinium group was measured
in the presence of 1 g/dL of magnesium chloride.

A gel permeation chromatogram of poly(vinyl ac-
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etate) containing the pyridinium group was obtained
using a Shimadzu LC-10AD high-performance liquid
chromatograph system with an RID-6A refractive
index detector and a Shimpack GPC-803D as the
column at 30°C. Dimethylformamide was used as
the eluate.

RESULTS AND DISCUSSION

Biodegradability of Poly(vinyl acetate) Containing
a Pyridinium Group

Biodegradability of poly(vinyl acetate) containing a
small amount of N-benzyl-4-vinylpyridinium chlo-
ride in the polymer chain (PVAc-co-VPC) was in-
vestigated. Sheets of the polymer of 2.5 cm wide, 3.5
c¢m long, and 0.5 mm thick were placed in an aeration
tank of domestic sewage works. After a prescribed
time, the polymer was taken from the aeration tank,
washed with deionized water, and dried to constant
weight. The intrinsic viscosity and gravimetric
weight of the recovered polymer were measured and
compared with those observed before the biological
treatment. For reference, control experiments were
also performed using a homopolymer of vinyl acetate
that did not contain the pyridinium group at all.
Figure 1 shows the ratio of the intrinsic viscosity of
PVAc-co-VPC recovered after placing in the aera-
tion tank to that before the biological treatment as
a function of the treatment time. Figure 2 shows the
weight reduction of PVAc-co-VPC during the bio-
logical treatment.
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Figure 2 Weight reduction of PVAc-co-VPC during
placing in an aeration tank of sewage works. Content of
the pyridinium group (mol %): (A) 0; (B) 1.6; (C) 3.9.
Intrinsic viscosity of the polymer determined in toluene
at 25°C before the treatment (dL/g): (A) 0.212; (B) 0.184;

(C) 0.188.
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In the control experiments using a homopolymer
of vinyl acetate (PVAc), a change of intrinsic vis-
cosity as well as that of gravimetric weight were not
very significant even after 1072 days of the treat-
ment, as can be seen in Figures 1(A) and 2(A).

On the other hand, PVAc-co-VPC containing 3.9
mol % of the pyridinium group showed a significant
reduction in gravimetric weight during the biological
treatment, as can be seen in Figure 2(C). After 7
days of the treatment, e.g., the polymer showed a
32% reduction in gravimetric weight. Comparison
of Figure 2(B) and (C) indicates an obvious increase
of the rate of weight reduction with the content of
the pyridinium group in PVAc-co-VPC. The result
would suggest that incorporation of the pyridinium
group into the polymer chain improved the biode-
gradability of poly(vinyl acetate). Unexpectedly,
however, a further weight reduction was not ob-
served after this period of the treatment. In other
words, a tendency of the uppermost limit of the
weight reduction was observed in the degradation
of PVAc-co-VPC by activated sludge.

Chlorine was predominantly removed from
PVAc-co-VPC at the early period of the biological
treatment. For example, elementary analysis of
PVAc-co-VPC containing 3.9 mol % of the pyridi-
nium group showed the presence of 1.51% chlorine
before the treatment. However, chlorine was not de-
tected in the residual polymers recovered after 28
and 715 days of the treatment. Disappearance of
chlorine indicates a loss of the pyridinium group.
The uppermost limit of weight reduction during the
treatment [Fig. 2(C)] could be attributed to the ab-
sence of the pyridinium group in the residual poly-
mer. Based on these observations, we became in-
clined to consider that the presence of the pyridi-
nium group is essentially necessary for the
degradation of PVAc-co-VPC by activated sludge.

Although chlorine disappeared from PVAc-co-
VPC at the early period of the biological treatment,
nitrogen remained in the residual polymers recov-
ered after the treatment. For example, elementary
analysis of PVAc-co-VPC containing 3.9 mol % of
the pyridinium group showed the presence of 0.84%
nitrogen before the biological treatment and a re-
mainder of 0.33 and 0.68% nitrogen after 28 and 713
days of the treatment, respectively. The presence of
nitrogen and the absence of chlorine could suggest
that the pyridyl group was included in the residual
polymer recovered after the biological treatment and
that the presence of the pyridyl group is not very
helpful for the improvement of biodegradability of
poly(vinyl acetate). The presence of the pyridinium

group appears to be desirable for the improvement
of biodegradability of poly(vinyl acetate).

Figure 3 shows gel permeation chromatograms of
the homopolymer of vinyl acetate (PVAc) recorded
before and after the biological treatment. A detect-
able change was not observed even after 715 days
of the treatment. The result appears to be consistent
with the observations shown in Figures 1(A) and
2(A). In the absence of the pyridinium group, bio-
degradation of poly(vinyl acetate) is quite difficult.

On the other hand, gel permeation chromato-
grams of PVAc-co-VPC containing 3.9 mol % of the
pyridinium group recorded before and after the bio-
logical treatment supported the degradation during
the treatment (Fig. 4). However, Figure 4 indicates
predominant degradation of a low molecular weight
fraction. The result appears to be consistent with
the observations shown in Figure 1(B) and (C), i.e.,
the intrinsic viscosity of polymers recovered after
the biological treatment was larger than that ob-
served before the treatment. For example, the in-
trinsic viscosity of PVAc-co-VPC containing 3.9 mol
% of the pyridinium group recovered after 7 days of
the treatment was 1.6 times larger than that before
the treatment [Fig. 1(C)]. Degradation of the low
molecular weight fraction appears to be easier than
of the high molecular weight fraction.

Since there are many enzymes that catalyze hy-
drolysis of the ester linkage, it was anticipated that
the acetoxyl group of the unit of vinyl acetate con-
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Figure 3 Gel permeation chromatogram of homopoly-
mer of vinyl acetate: (A) before the biological treatment;
(B) after placing in an aeration tank of sewage works for
715 days.
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Figure 4 Gel permeation chromatogram of PVAc-co-
VPC containing 3.9 mol % of the pyridinium group: (A)
before the biological treatment; (B) after placing in an
aeration tank of sewage works for 715 days.

tained in PVAc-co-VPC underwent the hydrolysis
reaction during the biological treatment and was
converted to the hydroxyl group. However, infrared
spectra of the polymer recovered from the aeration
tank after the biological treatment for 431 days did
not exhibit the presence of the hydroxyl group in
the recovered polymer sample. Hydrolysis of the es-
ter linkage of PVAc-co-VPC is not plausible during
the biological treatment.

Biodegradability of Poly(vinyl acetate) Containing
Methyl Acrylate and a Pyridinium Group

As a trial of further improvement of the biodegrad-
ability through partial modification of the chemical
structure, we attempted to incorporate an additional
promoting component into the polymer chain and
prepared poly(vinyl acetate) containing 16 mol % of
methyl acrylate and a small amount of the pyridi-
nium group (PVAc-co-MA-co-VPC). Methyl acry-
late was employed as a promoting component for
the biodegradation, because poly(methyl methac-
rylate) containing the pyridinium group showed sig-
nificant biodegradability?? and a similar phenome-
non was anticipated for poly(methyl acrylate) con-
taining the pyridinium group. Sample sheets of
PVAc-co-MA-co-VPC were placed in an aeration
tank of sewage works in a similar manner. Results
are shown in Figures 5 and 6.

As can be seen in Figures 5(A) and 6(A), both
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Figure 5 Ratio of intrinsic viscosity of PVAc-co-MA-
co-VPC recovered after placing in an aeration tank of
sewage works to that before the biological treatment.
Content of the pyridinium group (mol %): (A) 0; (B) 0.9;
(C) 2.8; (D) 7.9; (E) 20.4. Intrinsic viscosity of the polymer
determined in a 1 : 1 (vol/vol) mixture of toluene and
methanol at 30°C before the treatment (dL./g): (A) 0.229;
(B) 0.315; (C) 0.340; (D) 0.264; (E) 0.210.

gravimetric weight and intrinsic viscosity of
poly(vinyl acetate) containing 16 mol % of methyl
acrylate free of the pyridinium group (PVAc-co-MA)
did not show significant change during the biological
treatment. In the absence of the pyridinium group,
biodegradation of the copolymer of vinyl acetate
with methyl acrylate was very difficult.

On the other hand, the gravimetric weight of
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Figure 6 Weight reduction of PVAc-co-MA-co-VPC
when placed in an aeration tank of sewage works. Content
of the pyridinium group (mol %): (A) 0; (B) 0.9; (C) 2.8;
(D) 7.9; (E) 20.4. Intrinsic viscosity of the polymer deter-
mined in a 1:1 (vol/vol) mixture of toluene and methanol
at 30°C before the treatment (dL/g): (A) 0.229; (B) 0.315;
(C) 0.340; (D) 0.264; (E) 0.210.
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PVAc-co-MA-co-VPC was remarkably reduced dur-
ing the biological treatment, as can be seen in Figure
6(B)—(E). After 7 days of the treatment, e.g., the
rate of weight reduction was 7, 28, 52, and 84% in
the case where PVAc-co-MA-co-VPC contained 0.9,
2.8, 7.9, and 20.4 mol % of the pyridinium group,
respectively. The extent of the weight reduction for
PVAc-co-MA-co-VPC (Fig. 6) increased with the
content of the pyridinium group and was much larger
than for PVAc-co-VPC (Fig. 2). Incorporation of
methyl acrylate as an additional promoting com-
ponent produced a further improvement of the bio-
degradability. These experimental results indicated
that the weight reduction was more conspicuous
when the content of the pyridinium group in the
polymer chain was larger. Gel permeation chro-
matograms of the recovered polymer supported that
the degradation was more violent when the polymer
contained a greater amount of the pyridinium group.
However, the weight reduction was remarkable only
at the early period of the treatment and was not
very significant after this. Thus, the weight reduc-
tion of PVAc-co-MA-co-VPC during the biological
treatment also showed an uppermost limit.

Elementary analysis of PVAc-co-MA-co-VPC re-
vealed that the pyridinium group was removed at
the early period of the biological treatment. For ex-
ample, PVAc-co-MA-co-VPC containing 7.9 mol %
of the pyridinium group showed the presence of
2.84% chlorine before the biological treatment.
However, chlorine was not detected after 28 and 492
days of the treatment. Disappearance of chlorine
indicates the loss of the pyridinium group. The up-
permost limit of weight reduction of PVAc-co-MA-
co-VPC during the treatment could be attributed to
the absence of the pyridinium group in the remaining
polymer. PVAc-co-MA-co-VPC also showed the
presence of 1.27% nitrogen before the biological
treatment and the remainder of 0.27 and 1.09% ni-
trogen after 28 and 492 days of the treatment, re-
spectively. The remainder of nitrogen suggests the
presence of the pyridyl group in the polymer recov-
ered from the aeration tank. The remainder of the
pyridyl group appears to be not helpful for the bio-
degradation.

The intrinsic viscosity of PVAc-co-MA-co-VPC
recovered from an aeration tank of sewage works
was lower than that before the biological treatment
(Fig. 5), making a sharp contrast to the case of
PVAc-co-VPC (Fig. 1). The extent of the reduction
of the intrinsic viscosity of PVAc-co-MA-co-VPC
was in the following order: Figure 5(A) (0) < Figure
5(B) (0.9) < Figure 5(C) (2.8) < Figure 5(D) (7.9).
Here, the content of the pyridinium group is shown

in parentheses. The extent of the reduction of the
intrinsic viscosity thus increased with the amount
of the pyridinium group contained in the polymer.
Gel permeation chromatograms of the recovered
polymer indicated predominant degradation of low
molecular weight fraction, as illustrated in Figure
7, where the polymer contained 7.9 mol % of the
pyridinium group.

In contrast, however, PVAc-co-MA-co-VPC con-
taining 20.4 mol % of the pyridinium group exhibited
much less reduction of the intrinsic viscosity during
the treatment [Fig. 5(E)]. On the other hand, the
PVAc-co-MA-co-VPC showed a remarkable weight
reduction during the treatment [Fig. 6(E)]. In this
case, therefore, the low molecular weight fraction of
the polymer was assumed to be removed severely
from the sample sheet due to the vigorous degra-
dation during the treatment and resulted in the re-
mainder of polymer fractions of rather high molec-
ular weight.

The unit of methyl acrylate contained in PVAc-
co-MA-co-VPC was found to undergo predominant
degradation over vinyl acetate during the biological
treatment. For example, a sample of PVAc-co-MA-
¢co-VPC contained 16.3 mol % methyl acrylate, 74.9
mol % vinyl acetate, and 7.9 mol % of the pyridinium
group before the biological treatment. The polymer
contained 0.9 mol % of the pyridyl group that did
not react with benzyl chloride during the preparation
procedure and remained unchanged in the polymer.
After 492 days of the biological treatment, however,
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Figure 7 Gel permeation chromatogram of PVAc-co-
MA-co-VPC containing 7.9 mol % of the pyridinium group:
(A) before the biological treatment; (B) after placing in
an aeration tank of sewage works for 208 days.



the polymer recovered from an aeration tank of
sewage works contained 11.1 mol % methyl acrylate
and 75.7 mol % vinyl acetate, but did not contain
chlorine at all, i.e., the pyridinium group disappeared
from the polymer. The content of the pyridyl group
was estimated to be 13.2 mol % based on the as-
sumption that all the nitrogen contained in the re-
covered polymer was involved in the pyridyl group.
Based on the analytical results, the predominant
degradation of methyl acrylate over vinyl acetate
was concluded to have occurred during the biological
treatment.

A Consideration on the Mechanism of
Degradation of Poly(vinyl acetate) Containing
the Pyridinium Group in the Polymer Chain

Based on the experimental observations, we consid-
ered a mechanism for the degradation of poly(vinyl
acetate) containing a small amount of the pyridi-
nium group in the polymer chain by activated sludge.
The degradation is probably performed by micro-
organisms contained in activated sludge and must
be catalyzed by some enzymes. Enzymes produced
by microorganisms are classified into two categories,
i.e., intracellular and extracellular enzymes. Deg-
radation of poly(vinyl acetate) containing the pyr-
idinium group used in this work must be catalyzed
by extracellular enzymes, because the polymer is in-
soluble in water and cannot penetrate through the
cell wall of microorganisms.

In this work, the biological treatment was per-
formed using a polymer sheet of 0.5 mm thick. Only
the surface part of the sheet would be exposed to
activated sludge. The inside was perhaps not in con-
tact with activated sludge, because microbial cells
would be much larger than were the pores of polymer
sheets. Determination of intrinsic viscosity, ele-
mentary analyses, and measurements of gel per-
meation chromatograms of the recovered polymer
were performed for the whole sample and were not
limited to the surface part. However, chlorine dis-
appeared from the whole polymer sample during the
early period of the biological treatment. The result
indicates that the degradation is not limited to the
surface part of the polymer sheet. The enzymes
would have permeated the polymer sheets and cat-
alyzed the degradation. The dramatic weight reduc-
tion illustrated in Figures 2(C) and 6(E) also suggests
that the biodegradation is not limited to the surface
part of the polymer sheet.

As described above, the uppermost limit of weight
reduction was observed during the biological treat-
ment of PVAc-co-VPC and PVAc-co-MA-co-VPC.
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Chlorine disappeared from these poly(vinyl acetates)
containing the pyridinium group during the early
period of the treatment. After this period, a further
weight reduction was not significant, as can be seen
in Figures 2 and 6. Therefore, the presence of the
pyridinium group in poly(vinyl acetate) appeared to
be necessary for the biodegradation.

Extracellular enzymes that catalyze degradation
of poly(vinyl acetates) containing the pyridinium
group are probably secreted by microorganisms
contained in activated sludge. It is quite inconceiv-
able that microorganisms that exist in the aeration
tank of sewage works are familiar with such hydro-
phobic synthetic polymers as poly(vinyl acetate)
containing the pyridinium group. Therefore, pro-
duction of the enzymes must be induced in the cells
of acclimatized microorganisms. Acclimatization of
microorganisms to the hydrophobic synthetic poly-
mers, as well as induced production of such enzymes
in the acclimatized microbial cells, is probably stim-
ulated by the polymer and would be facilitated by
the capture of microbial cells by the polymer or con-
tact of the cells with the polymer surface.

As reported in previous publications, insoluble
pyridinium-type polymers capture microbial cells in
a living state and are of wide application in the field
of biotechnology and water purification.?* Therefore,
it is quite conceivable that incorporation of the pyr-
idinium group improved the affinity of poly(vinyl
acetate) to microbial cells and facilitated the accli-
matization of microorganisms to the polymer, as well
as induced production of the enzymes that catalyze
the degradation. As a result, incorporation of the
pyridinium group would have improved the biode-
gradability of the polymer.

On the other hand, the pyridinium-type polymer
1s strongly hydrophilic. For example, uncrosslinked
poly(N-benzyl-4-vinylpyridinium chloride) is hy-
groscopic.?” Crosslinked poly(N-benzyl-4-vinylpyr-
idinium chloride) is insoluble but swells well in wa-
ter.?® Incorporation of the pyridinium group into a
hydrophobic synthetic polymer enhances the hy-
drophilicity and would facilitate the enzymes to
permeate the polymer sheet and promote the bio-
degradation. Therefore, it is quite conceivable that
extracellular enzymes produced by microorganisms
permeate the polymer sheets and catalyze the deg-
radation. Further research is required to elucidate
mechanisms of the biodegradation.

REFERENCES

1. Y. Tokiwa and T. Suzuki, J. Ferment. Technol., 52,
393 (1974).



516

2.

3.

4.

10.

11.

12.

13.

14.

15.

KAWABATA AND KUROOKA

Y. Tokiwa and T. Suzuki, Agric. Biol. Chem., 41, 265
(1977).

A.-C. Albertsson and O. Ljungquist, J. Macromol. Sci.
Chem. A 23, 393 (1986).

Y. Tokiwa, T. Ando, and T. Suzuki, J. Ferment. Tech-
nol., 54, 603 (1976).

. C.V.Benedict, W. J. Cook, P. Jarrett, J. A. Cameron,

S. J. Huang, and J. P. Bell, J. Appl. Polymer Sci., 28,
327 (1983).

. T.Suzuki, Y. Ichihara, M. Yamada, and K. Tonomura,

Agric. Biol. Chem., 37, 747 (1973).

. C. Sakazawa, M. Shimao, Y. Taniguchi, and N. Kato,

Appl. Environ. Microbiol., 41, 261 (1981).

. M. Shimao, I. Fukuta, N. Kato, and C. Sakazawa, Appl.

Enuviron. Microbiol., 48, 751 (1984).

. K. Sakai, N. Hamada, and Y. Watanabe, Agric. Biol.

Chem., 50, 989 (1986).

M. Shimao, K. Ninomiya, O. Kuno, N. Kato, and C.
Sakazawa, Appl. Environ. Microbiol,, 51, 268 (1986).
M. Shimao, H. Yamamoto, K. Ninomiya, N. Kato, O.
Adachi, M. Amemiya, and C. Sakazawa, Agric. Biol.
Chem., 48, 2873 (1984).

K. Ogata, F. Kawai, M. Fukaya, and Y. Tani, J. Fer-
ment. Technol., 53, 757 (1975).

F. Kawai, M. Fukaya, Y. Tani, and K. Ogata, J. Fer-
ment. Technol., 55, 429 (1977).

F. Kawai and H. Yamanaka, Arch. Microbiol., 146,
125 (1986).

B. Schink and M. Steib, Appl. Environ. Microbiol.,
45, 1905 (1983).

16

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

D. F. Dwyer and J. M. Tiedje, Appl. Environ. Micro-
biol., 52, 852 (1986).

T. Hayashi, M. Mukouyama, K. Sakano, and Y. Tani,
Appl. Environ. Microbiol., 59, 1555 (1993).

T. Hayashi, H. Nishimura, K. Sakai, and Y. Tani,
Biosci. Biotechnol. Biochem., 58, 444 (1994).

S. Matsumura, J. Takahashi, S. Maeda, and S. Yosh-
ikawa, Makromol. Chem., Rapid Commun., 9, 1 (1988).
S. Matsumura, N. Yoda, and S. Yoshikawa, Makromol.
Chem., Rapid Commun., 10, 63 (1989).

S. Matsumura, S. Maeda, and S. Yoshikawa, Mak-
romol. Chem., 191, 1269 (1990).

N. Kawabata, D. Utihori, S. Fukuda, and H. Funa-
hashi, J. Appl. Polymer Sci., 51, 33 (1994).

N. Kawabata, T. Hayashi, and T. Matsumoto, Appl.
Environ. Microbiol., 46, 203 (1983).

N. Kawabata, Prog. Polymer Sci., 17, 1 (1992).

N. Kawabata and K. Ohira, Environ. Sci. Technol.,
13, 1396 (1979).

W. R. More and M. Murphy, J. Polymer Sci., 56, 519
(1962).

N. Kawabata and M. Nishiguchi, Appl. Environ. Mi-
crobiol., 54, 2532 (1988).

N. Kawabata and T. Morigaki, Environ. Sci. Technol.,
14, 1089 (1980).

Received August 9, 1994
Accepted November 18, 1994



