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Chemical pre-treatment of polyvinyl alcohol with Fenton’s reagent has been performed in solution
prior to inoculation with the white-rot fungus Pycnoporus cinnabarinus CBS 101046, which resulted in
the degradation of the polyvinyl alcohol. Overall, more than 65% of the polyvinyl alcohol was found to
have degraded after the 30 days of combined chemical and biological treatment. A range of low molar
mass breakdown products were formed as a result of the initial Fenton’s reagent treatment of the
polyvinyl alcohol, and these were identified as carboxylic acids, alcohols, ketones, aldehydes and carbon
dioxide. The concentration of each of these breakdown products was measured over the 30-day incuba-
tion period in the presence of the fungus and the remaining polyvinyl alcohol. It was found that each of
these products decreased in concentration during the experiment, suggesting that they were utilized as a
carbon source by the fungus. It was also observed that other low molar mass species, i.e., propanoic acid,
propanol and pentanone, which were not present immediately after the initial Fenton’s reagent treat-
ment, were formed over the incubation period with fungi.
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breakdown products.

Polyvinyl alcohol (PVA) is widely used in
number of industrial and commercial applica-
tions due to its excellent physical properties,
such as adhesive and tensile strength, disper-
sing power, viscosity and resistance to water,
oil, grease and solvents [1-4]. The most com-
mon applications of PVA are in packaging,
preparation of plastic materials and as additi-
ves in the paper, wood, paint and textile indus-
try. A recent study indicated that the global
production of PVA was close to 1 250 kt in
2007 and it is expected that this utilization
will increase annually at a rate of 2.5% [4]. To
date, plastic recycling is recognized as the
most environmentally responsible method for
dealing with plastic waste. Nevertheless, the
associated processing costs often mean that a
large amount of plastic waste is sent to land-
fill. Synthetically derived plastics, known to
be relatively inert to environmental degrada-
tion, can remain relatively unchanged in land-
fill conditions even after two decades [1,
5—-11]. Hence the disposal of plastics, inclu-
ding PVA, can present a significant economic
and environmental challenge. This inert beha-
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vior is, in part, due to the high molar mass,
chemical stability and relatively low surface
area to volume ratio, which makes plastics
such as PVA resistant to degradation.

A number of methods have been developed
to handle plastic waste, including recycling,
incineration, landfilling, composting, radia-
tion induced degradation and environmental
(biological) degradation. In addition, selected
microorganisms have been shown to efficient-
ly utilize PV A as a carbon and energy source in
selected environments, such as activated sludge,
settling ponds, landfills and, anaerobic diges-
ters. It is likely that PVA may be the only syn-
thetic polymer with an all carbon-carbon bac-
kbone that is truly biodegradable [12—-17]. The
detailed analysis of the biochemical pathways
associated with PVA degradation commenced
around 30 years ago with the isolation of a
PVA-degrading extracellular enzyme (oxi-
dase) from a culture of soil isolated Pseudo-
monas strain was done by Watanabe et al. [18].
Application of this enzyme resulted in the
PVA being cleaved into smaller fragments.
Kawagoshi and Fujita [13] and Fujita et al.
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[19] also reported the secretion of a hydrolase
(2,4-pentanedione hydrolase, EC 3.7.1.10)
enzyme by Pseudomonas vesicularis var. pova-
lolyticus PH, which has been associated with
the biodegradation of PVA.

Over the years, studies have reported that
a number of microorganisms, including bacte-
ria, moulds, yeast and fungi can participate in
the degradation of PVA [3, 12, 17, 20-24].
The initial mechanism of PVA biodegradation
is believed to be a two step process. Initially
random chain cleavage occurs where a two-
enzyme catalysed oxidation process cleaves
the carbon backbone of the polymer. The first
oxidation process converts the 1,3-glycol
structure of two adjacent repeating units to a
B-diketone by random oxidative dehydrogena-
tion reactions. The second process is the car-
bon-carbon cleavage reaction that converts
one of the ketone groups to a carboxylic acid
group, as indicated by the pH drop in the reac-
tion mixture, with an accompanying chain
rupture [3, 18]. This mechanism has also been
confirmed by study of the degradation beha-
vior of small molecules, such as alcohols and
ketones [25], in comparison with the degrada-
tion of PVA by Pseudomonas sp.

Nevertheless, the biodegradation of PVA
is not a straight forward process due to the
limited PVA-degrading capacity of most
microorganisms and their uncommon presence
in environments important for plastic disposal
such as soil [2, 4, 15, 26, 27]. Even in well con-
trolled laboratory and composting conditions
with selected PVA degraders, the biodegrada-
tion of PVA has been reported to be generally
slow and the degree of degradation limited
[15, 20, 22, 23, 28-30]. The rate and the
extent of PVA biodegradability can be success-
fully increased by addition of a chemical pre-
oxidation step in the degradation process
which will partially hydrolyze the polymer
[15, 23, 31]. Even though combined chemical
and biological PVA degradation have been
reported, to date, little research has been per-
formed into the products resulting from the
combined degradation of PVA.

This study is an extension of our earlier
work [23]. Here we aimed to investigate
whether PVA can be degraded by the combina-
tion of chemical and biological treatment, and
whether the microbial degradation of the PVA
by the wood rotting fungus Pycnoporus
cinnabarinus will be enhanced by the initial
inclusion of the chemical pre-treatment step.
Strains of P. cinnabarinus have been previous-
ly used in industrial remediation applications
[32, 33]. The white-rot fungi are well known as

the only microorganisms capable of totally
degrading all major wood components, inclu-
ding lignin [34-37]. Strains of P. cinnabarinus
predominantly produce an extracellular poly-
phenol oxidase called laccase (EC 1.10.3.2)
[35]. Laccase (EC 1.10.3.2) has a number of
industrial applications including the treat-
ment of industrial effluents [33, 38], paper
pulp delignification [89 41] and decolourisa-
tion of dyes [33, 42 45]. Laccase (EC 1.10.3.2)
has also been shown to oxidize phenolic groups
in lignin model compounds [46 49]. FR has
been used as an oxidative pre-treatment for
aromatic hydrocarbons [50, 51] and for the
decolourisation of dyes in wastewater [52 54].
Larking et al. [23] demonstrated that when
used for pre-oxidation treatment of PVA, FR
can increase the extent and rate of PVA degra-
dation prior to inoculation with the white-rot
fungus P. cinnabarinus.

Materials and Methods

Sample preparation. All reagents used to
prepare solutions were of analytical reagent
quality unless otherwise specified, using dis-
tilled water (dH,0). Low molecular weight
PVA is commonly used as a pigment coating
adhesive in paper restoration to strengthen
decayed papers and therefore the development
of its efficient biodegradation procedure may
have important biotechnological applications
[9, 11, 14]. Powdered PVA was obtained from
DuPont (Elvanol 71/30, average degree of
polymerisation 180, prepared from the
acetate). pH measurements were made using
an ORION Research pH meter (Model 420A;
Thermo Scientific, USA) calibrated using
ORION buffers at pH 4.00 and 7.00. All pH
adjustments were made using freshly pre-
pared, carbonate free, 0.1 M NaOH or 0.1 M
HCl. FR was prepared by mixing equal vo-
lumes of H,0, (2.8 M) with FeSO, (0.10 M) in
the presence of PVA, according to the method
described by Martens and Frankenberger [55].

P. cinnabarinus CBS 101046 was isolated
from a fallen tree in 1997 in a northern suburb
of Melbourne, Australia and identified accor-
ding to the standard methods as described
elsewhere [56]. Stock cultures were stored on
1.5% malt extract agar (MEA, Oxoid) slants
under mineral oil at 4 °C. The culture nutrient
medium used in the degradation studies was
prepared according to the method described
elsewhere [57]. P. cinnabarinus CBS 101046
was maintained on 2% (w/v) MEA slants until
required. This fungus was used to centrally
inoculate 2% (w/v) MEA plates and incubated
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at 37 °C for a period of 5 days. Of the sub-cul-
tured fungus, 5 mm long plugs were cut from
the leading edge of growth, and used in plug
inoculation applications.

Quantitative analysis of the degree of PVA
breakdown. The total carbon content of the
PVA powder was measured using a LECO®
CN-2000 (serial no. 3396; LECO Corporation,
USA) carbon and nitrogen analyzer. The
LECO® standard method 3471 was used to
measure the carbon content using a furnace
temperature of 1 050 °C, a helium lance flow of
1.0 L min™ and a purge flow of 4.5 L min™.
The total carbon content of the PVA powder
was found to be 51.30+ 0.2% . The concentration
of PVA in solution in this study was measured
using a modification of this process, a technique
previously reported in both [568] and [59].

PVA degradation process. Closed biometer
flasks (250 mL) containing solutions of PVA
(20.0 mL, 1% w/v) were pre-treated with 0.2 mL
of FR and equilibrated for 24 hours. The con-
centration of carbon dioxide evolved due to
chemical degradation of the PVA was mea-
sured in both the headspace and in solution.
Identical control flasks not treated with FR
were prepared to allow for background carbon
dioxide levels. The concentration of low molar
mass breakdown products (C1 to C5) in solu-
tion was then measured. Flasks were supple-
mented with nutrient medium, the pH adjus-
ted to 5.5, and inoculated with plugs of P.
cinnabarinus sub-cultured on MEA. Flasks
were flushed with pure oxygen and incubated
at 37 °C for a period of 30 days in a 95% rela-
tive humidity environment. The concentration
of breakdown products were measured every
2—-3 days throughout the duration of incuba-
tion period after adjustment was made for
evaporation of water in each case.

Analysis of breakdown products. The con-
centration of evolved carbon dioxide was mea-
sured using a Varian (3400) GC equipped with
an Alltech CTR column (Cat. No. 8 700; Varian
Inc, USA). The carbon dioxide levels within
reactors were measured every 2 to 3 days du-
ring initial stages of degradation, thereafter
sampling every 6 days was found to be suffi-
cient to capture changes in carbon dioxide con-
centration. Reactors were flushed with oxygen
every 6 to 7 days, following gas analysis to
prevent oxygen levels falling, resulting in the
formation of an anaerobic environment. The
concentrations of methane and nitrogen were
also measured using this technique, and if
either compound was detected, the experiment
was discarded since it was likely in these cases
that an anaerobic atmosphere had formed. The
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concentration of carbon dioxide in solution
was measured using an ORION carbon dioxide
electrode (Model 95-02; Thermo Scientific,
USA) calibrated using ORION solutions and
standards. All measurements of carbon dioxi-
de, in closed aerobic reactors, were performed
immediately after headspace carbon dioxide
analyses.

An isocratic high performance liquid chro-
matographic (HPLC) analysis was performed
to determine the type and concentration of
carboxylic acids resulting from the degrada-
tion of PVA. This was achieved using a Varian
9010 liquid chromatograph system with a
Spherisorb C8 (150x4.2 mm, 5 um packing)
reverse phase column and a Model 9050 UV-
visible detector at 210 nm (Varian Inc, USA).
Detection and separation of the low molar
mass carboxylic acids was conducted at 25 °C
using a 0.2 M phosphoric acid mobile phase at
a flow rate of 0.8 mL min~'. Samples were ana-
lyzed in triplicate and the concentration of
each acid was determined against freshly pre-
pared 0.1, 0.01, and 0.001 M methanoic,
ethanoic, propanoic, butanoic and pentanoic
acid standards. Samples were removed from
the incubation medium every 2—3 days and the
concentrations of the aforementioned car-
boxylic acids measured.

Determination of the type and concentra-
tion of low molar mass alcohols, aldehydes,
and ketones resulting from the degradation of
PVA was measured using gas chromatograph-
ic analysis (GC). A gradient analysis was per-
formed using a Varian 3400 system with a
Carbowax (0.25 mm, 0.25 um packing) column.
The injector temperature used was 200 °C and
the breakdown products were detected using a
flame ionization detector (FID) at 220 °C. An
initial temperature of 45 °C was held for 3
minutes then increased to 150 °C at a rate of
8 °C min™ with a head pressure of 10 psi.
Samples were analysed in triplicate and the
concentration of each compound determined
against freshly prepared standards that
included low molar mass alcohols, aldehydes
(C1-C5) and ketones (C3—C5) at concentrations
0.1, 0.01 and 0.001 M. Samples were removed
from the incubation medium every 2-3 days
and the variation in levels determined.

Results and Discussion

Increased levels of degradation of the PVA
were achieved over a 30 day period in both the
presence and absence of any nutrient source.
The greatest extent of degradation was
observed in the presence of a nutrient source,
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achieving approximately 20% degradation
over the 30 day incubation period. The
biodegradation of PVA with P. cinnabarinus
as a function of time in both the presence and
absence of nutrients is given in Fig. 1.
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Fig. 1. Biodegradation of PVA by P. cinnabarinus
and extracellular oxidase levels in the incubation
medium. All of the data are averages of values
from three replicates;
the bars indicate standard errors

The extent of PVA degradation in the pre-
sence of FR (alone) as a function of time for two
volume additions of FR is given in Fig. 2. The
results indicate that complete degradation of
the PVA in a 200 mL (1% w/v) PVA solution
can be achieved by the addition of 1 mL of FR.
This treatment method would have significant
environmental implications if used in remedi-
ation processes, since the FR is a powerful oxi-
dant that has the capacity to kill resident
microbial populations in composting environ-
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Fig. 2. Degradation of PVA in solution
(200 mL of 1% w/v PVA) after pre treatment
with 1.0 and 0.5 mL of FR. All of the data are

averages of values from three replicates; the bars
indicate standard errors

ments. Since it was the intention of this study
to develop a combined chemical and biological
method for the degradation of PVA, FR was
used to cause an initial partial breakdown of
the polymer, thus assisting and speeding up
the subsequent biological degradation in the
presence of a white rot fungus. For a volume of
20 mL (1% w/v) PVA, addition of 0.2 mL FR
was found to be most effective as it caused
approximately 40% PVA degradation without
causing any apparent microbial damage. The
presence of low molecular weight, acidic by-
products after FR treatment was confirmed by
the decrease in pH of the PVA containing FR
solution (Fig. 3).

The concentration of PVA in solution,
after combined chemical and biological oxida-
tion, is given as a function of time in Fig. 4. It
can be seen that the original concentration of
PVA has decreased by 36% after 24 h of FR
pre-treatment. Over the next 30 days, the PVA
concentration decreased an additional 20% as
aresult of the exposure to the P. cinnabarinus.
Thus approximately 44% PVA remained after
the 30 days of combined chemical and biologi-
cal degradation.

A number of low molecular mass degrada-
tion products resulting from the initial chemi-
cal pre-oxidation of PVA with FR were detec-
ted by assigning all peaks present in the GC
and HPLC analyses to the peaks of the compa-
rative standards. The measured solution con-
centrations of these products, presented in a
bar chart format to allow direct comparison,
are given in Fig. 5. These results indicate that
the FR treatment effectively degraded the
PVA to the lower molar mass species listed,
and not to other isomeric forms.

Solution pH

0.0 0.2 04 0.6 08 1.0
Fenton's R (mL)

—ea— with PVA
—o— distilled water

Fig. 3. Changes in pH of solutions of PVA
(200 mL, 1% w/v) following degradation by PVA.
All of the data are averages of values from three
replicates; the bars indicate standard errors
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Fig. 4. Degradation of PVA (20.0 mL, 1% w/v) at

an initial pH of 5.5 following pre-oxidation with

0.2 mL FR and plug inoculation with P. cinnaba-

rinus (from day 1). Data are averages of three
replicates; the bars indicate standard errors

It can be seen that the dominant breakdown
products resulting from the FR treatment
were carbon dioxide, methanoic acid, propa-
none and butanone, the formation of which is
consistent with the free radical degradation
mechanisms already proposed [3, 12, 18, 29, 60].

The concentration of carboxylic acid, alco-
hol, ketone and aldehyde breakdown products
resulting from both the pre-treatment with FR
and biological degradation of PVA using P.
cinnabarinus were measured as a function of
time and compared with controls that were not
subjected to either degradative process. Low
molar mass breakdown products were identi-
fied and quantified at an initial solution pH of
5.5, since this pH has been shown to result in
elevated enzyme activities for the P. cinnabar-
inus [23, 61, 62]. Subsequently, changes in
concentration of all low molar mass species

Methanol B
Ethanol [~
Propanol
Butanol
Pentanol
Methanoic Acid
Ethanoic Acid
Propanoic Acid
Butanoic Acid
Pentanoic Acid
Propanone ||
Butanone
Pentanone
Methanal
Ethanal
Propanal
Butanal
Pentanal

CO5:9.1£0.9 mM

0 2 4 6 8 10 12 14 16
Concentration (mM)
Fig. 5. Breakdown products of PVA
(20.0 mL, 1% w/v) after chemical pre-treatment
with 0.2 mL FR.
Data are the average of three replicates

58

must have occurred as a direct result of the
action of the fungus on either the breakdown
products resulting from the FR treatment, or
the undegraded PVA remaining in solution.
The concentration of the carboxylic acid, alco-
hol, ketone and aldehydic breakdown products
as a function of time is given in Fig. 6, a, b, ¢
and d respectively.

A progressive reduction in the concentra-
tion of methanoic acid was observed until day
23, after which the concentration was found to
increase marginally. The ethanoic acid was
completely removed from solution by day 11,
and propanoic acid, which was not present in
solution as a result of the FR treatment,
increased in concentration until approximate-
ly day 23, after which time the concentration
decreased. This decrease occurred at a similar
time to the increase in methanoic acid concen-
tration, suggesting that the propanoic acid
may have been further degraded to methanoic
acid. The concentration of the alcohol break-
down products was also seen to decrease over
the incubation period. A rapid reduction in the
propanone concentration was observed until
approximately day 8, reaching a plateau value
of approximately 1.5 mM. The butanone con-
centration was seen to rapidly decrease until
day 11, after which time the concentration
increased. A small amount of pentanone was
formed from day 11. All aldehydes present
resulted from the initial FR treatment. A
gradual reduction in the methanal concentra-
tion was observed over the incubation period,
whereas the concentrations of ethanal and
propanal remained relatively constant over
the initial stages of incubation, with the con-
centrations increasing slightly after day 11.

The total concentration of carbon dioxide
over the 30 day incubation period is given as a
function of time in Fig. 7. After an initially
rapid increase in concentration between days 1
and 3, the concentration then more gradually
increased over time from day 3. The bar chart
presented in Fig. 8 enables a direct comparison
of the concentration levels of the breakdown
products over the incubation period. The car-
bon balance associated with the PVA degrada-
tion was calculated from both the concentra-
tion of breakdown products and the
concentration of non-degraded PVA remai-
ning in solution. The results are presented in
Table over the 30-day incubation period. In
calculating these values, the assumption was
made that all carbon in the breakdown pro-
ducts was obtained from the PVA. Whilst it is
recognized that other sources of carbon are
available from components of the nutrient
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Fig. 6. Carboxylic acid (a), alcohol (b), ketone (¢) and aldehyde (d) breakdown products of PVA
(20.0 mL, 1% w/v) at an initial pH of 5.5, following pre-oxidation with 0.2 mL FR and plug inoculation with
P. cinnabarinus (from day 1). Data are the average of three replicates; the bars indicate standard errors

medium, it has been assumed that these have
been incorporated fully into the fungal bio-
mass, so that a carbon balance could be calcu-
lated for the PVA degradation process alone.
The mass of carbon that was not able to be
assigned to either the breakdown products or
the non-degraded PVA increased slowly over
the incubation period, reaching a maximum of
approximately 26% at day 28. It is likely that
this unaccounted carbon contributed to the
formation of fungal biomass, which was seen
to increase over the 30-day incubation period.

The low molar mass degradation products
resulting from this combined degradation pro-
cedure were identified and quantified, and
these provided an insight into the behaviour of
the fungus during the degradation process.
The degradation of PVA was investigated
under three sets of experimental conditions;
biological degradation using P. cinnabarinus
CBS 101046 (a white-rot fungus isolated from
Melbourne, Australia), chemical degradation
performed with Fenton’s reagent (FR) [32]
and combined degradation achieved by pre-

oxidation of the PVA with FR as a precursor
treatment to P. cinnabarinus CBS 101046
treatment. The breakdown products of PVA
resulting from the combined chemical and bio-
logical treatment were monitored, measured
and identified over a 30-day incubation peri-
od. During this period, an approximately 65%
decrease in PVA was observed. Slightly lower
PVA biodegradation rates were reported by
Huang et al. [15]. This group used the white
rot basidiomycete Phanerochaete chrysospori-
um ATCC 24725 and was able to achieve an
overall degradation of between 58% and 64%,
the extent of degradation being dependent on
the cultivation conditions. It is also of interest
to note that P. chrysosporium ATCC 24725
produced manganese peroxidase (EC 1.11.1.13)
which was apparently involved in the PVA
degradation, while P. cinnabarinus in this
study produced the enzyme laccase. The PVA-
degradation rates of bacterial degraders,
mostly belonging to Gammaproteobacteria or
Alphaproteobacteria, were reported to be in the
range of 40-50% [4, 26], however, higher
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Fig. 7. Carbon dioxide evolution from solutions of
PVA (20.0 mL, 1% w/v) at an initial pH of 5.5,
following pre-oxidation with 0.2 mL FR and plug
inoculation with P. cinnabarinus (from day 1).
Data are the average of three replicates; the bars

indicate standard errors

PVA degradation efficiencies (up to 80%),
were achieved using mixed cultures [26].

Our results have also indicated that the
predominant low molar mass breakdown pro-
ducts resulting from FR treatment of PVA
were carboxylic acids, alcohols, ketones, alde-
hydes and carbon dioxide. Methanoic acid,
propanone, butanone and carbon dioxide were
present in higher concentration that the other
compounds detected. They also indicate that
the lowest molar mass breakdown products
within a class of organic compound (i.e. me-
thanol, methanoic acid, propanone and metha-
nal) are most likely utilized as carbon source
by the fungus and tend to decrease in concen-
tration over the incubation period. In general,
the concentration of all breakdown products
formed from the initial FR treatment were
observed to decrease over the incubation peri-
od except for carbon dioxide, which was seen
to increase with time, probably due to the uti-
lization of both the PVA and the breakdown
products as a carbon source by the fungus.

Accompanying this progressive decrease in
concentration of the lowest molar mass com-
pounds within each class is a progressive
increase in concentration of the higher carbon
molar mass compounds (such as propanol,
propanoic acid, ethanal and propanal). It is
possible that these products are being formed
from degradation of PVA fragments by fungal
activity. However this also suggests there is
probability that the PVA breakdown by the
action of the fungus might decline in solutions
where multiple carbon sources are present.
Overall, more than 65% of the original PVA
was found to be degraded after the 30 days of
combined chemical and biological treatment.
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Fig. 8. Breakdown products of PVA after
pre-treatment with 0.2 mL FR and inocula-
tion with P. cinnabarinus at days 1, 11, 18
and 30

The work presented here evaluated the
effectiveness of combined chemical and bio-
logical degradation of polyvinyl alcohol.
Degradation in excess 65% of the original
PVA polymer was degraded by P. cinnabarinus
after pre-treatment of the polymer with
Fenton’s reagent, within 30 days. The pre-
treatment step resulted in the formation of
numerous low-molecular weight chemical
degradation products, the three most abun-
dant of which were methanoic acid, propanone
and butanone. Most of these compounds were
then subsequently metabolized by P. cinnaba-
rinus; propanone and butanone in particular
were metabolised very quickly. The rate of
polymer degradation was also found to be
enhanced when the fungal culture was supple-
mented with additional nutrients. The combi-
nation of chemical treatment and biological
degradation has been shown to particularly
effective for degradation of PVA polymer.

This work highlights that this novel PVA
treatment method achieved significant levels
of polymer degradation. It also identified the
small molecules formed during the breakdown
process and the products formed during the
incubation period. This is an important envi-
ronmental consideration, since a number of
polymer breakdown methods have been shown
to produce environmental pollutants. The
breakdown products reported in this work are
able to be utilized as a carbon source by soil
bacteria, and therefore do not represent a sig-
nificant environmental concern.
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Carbon mass balance for the combined chemical and biological degradation of PVA
(102.6 mg of carbon in 20 mL of nutrient medium) over a 30-day incubation period

Mass of carbon (mg)
Compound Day 1 Day 3 Day 8 Day 11 Day 14 Day 18 Day 24 Day 28 Day 30
Methanoic | 3.07 = 2.88 + 2.64 = 2.52 = 2.23 + 1.47 = 0.99 = 1.08 = 1.15 =
Acid 0.22 0.22 0.17 0.14 0.14 0.14 0.14 0.12 0.12
Ethanoic 0.58 = 0.38 = 0.15 =
Acid 0.29 0.29 0.29 0.00 0.00 0.00 0.00 0.00 0.00
Propanoic 0.00 0.14 = 0.65 = 0.86 = 1.15 + 1.73 = 2.38 = 1.91 = 1.561 =
Acid : 0.58 0.43 0.58 0.58 0.58 0.50 0.36 0.29
0.81 = 0.37 = 0.08 = 0.06 = 0.04 =
Methanol 0.09 0.09 0.03 0.01 0.01 0.00 0.00 0.00 0.00
Ethanol 1.43 = 0.88 = 0.47 = 0.48 = 0.44 = 0.35 = 0.33 = 0.33 = 0.36 =
0.11 0.11 0.08 0.11 0.12 0.09 0.09 0.08 0.08
Propanol 0.00 0.12 = 0.12 = 0.14 = 0.13 = 0.16 = 0.20 = 0.24 = 0.26 =
p : 0.08 0.08 0.04 0.04 0.04 0.04 0.04 0.06
Propanone 8.95 = 2.61 = 0.88 = 1.03 = 1.17 = 0.91 = 1.10 = 1.33 = 1.40 =
p 0.74 0.59 0.37 0.14 0.30 0.30 0.30 0.30 0.22
Butanone 13.72+ | 5.88 = 1.37 %= 0.98 = 2.94 + 3.01 = 4.31 = 5.20 = 5.09 =
0.39 0.79 0.39 0.39 0.39 0.39 0.79 0.59 0.49
0.24 = 0.37 = 0.12 = 0.24 = 0.24 =
Pentanone 0.00 0.00 0.00 0.00 0.06 0.24 0.06 0.06 0.06
Methanal 0.94 = 0.89 = 0.86 = 0.83 = 0.76 = 0.68 = 0.63 = 0.50 = 0.35 =
0.07 0.07 0.05 0.07 0.07 0.08 0.07 0.05 0.05
Ethanal 0.18 = 0.17 = 0.14 = 0.14 = 0.18 = 0.21 = 0.26 = 0.30 = 0.53 =
0.11 0.11 0.09 0.09 0.12 0.09 0.09 0.06 0.09
Propanal 0.41 = 0.14 = 0.18 = 0.14 = 0.16 = 0.16 = 0.32 = 0.45 = 0.68 =
p 0.18 0.16 0.12 0.09 0.09 0.02 0.06 0.12 0.09
Carbon 2.19 = 10.57+ | 13.88+ | 15.08 = | 16.41 = | 17.05+ | 19.12+ | 20.44 + | 21.43 =
Dioxide 0.86 0.91 0.86 1.32 0.86 0.86 0.86 0.86 0.86
PVA 63.61+ | 62.07+ | 59.51 = | 57.46 = | 56.94 + | 53.87+ | 48.22+ | 44.12+ | 44.63 =
4.10 4.62 4.10 4.62 4.62 4.10 4.10 4.10 4.62
Total 95.88+ | 87.11+ | 80.94+ | 79.72+ | 82.80+ | 79.95+ | 77.98+ | 76.13+ | 77.62 =
6.95 8.34 6.89 7.48 7.27 6.80 6.98 6.62 6.92
Carbon
from PVA
not 6.72 15.49 21.66 22.88 19.80 22.65 24.62 26.47 24.98
accounted
for in total

This work was funded by the Cooperative
Research Centre for International Manufactu-
re and Packaging Science.

REFERENCES

1. Kirk-Othmer. Encyclopedia of chemical tech-
nology. 5 ed. Encyclopedia of chemical tech-
nology. — 2001, New York: John Wiley &
Sons, Inc.

2.Zhang S.-J., Yu H.-Q. Radiation-induced de-
gradation of polyvinyl alcohol in aqueous
solutions // Wat. Res. — 2004. — V.38, N 2. —
P. 309-316.

3. Chiellini E., Corti A., D’Antone S. et al.
Biodegradation of poly (vinyl alcohol) based
materials // Progr. Pol. Sci. — 2003. —
V. 28, N 6. — P. 963-1014.

This paper is dedicated to the memory of

Professor Greg Lonergan, who died suddenly
on 2 September 2006.

. Kawai F., Hu X. Biochemistry of microbial

Microbiol. Biotechnol. — 2009. — V.84, N 2. —
P. 227-237.

. Laist D. W. Overview of the biological effects

of lost and discarded plastic debris in the ma-
rine environment // Mar. Pol. Bul. — 1987. —
V. 18, N 6, Supplement 2. — P. 319-326.

. Mallory M. L., Roberston G. J., Moenting A.

Marine plastic debris in northern fulmars from
Davis Strait, Nunavut, Canada // Ibid. —
2006. — V.52, N 7. — P. 813-815.

. Pichel W.G., Churnside J. H., Veenstra T. S. et

al. Marine debris collects within the North

61



BIOTEXHOJIOT'TA, T. 5, Ne5, 2012

8.

Pacific subtropical convergence zone // Ibid. —
2007. — V.54, N 8. — P. 1207-1211.

Van Volkenburgh W. R., White M. A. Overview of
biodegradable polymers and solid-waste issues //
TAPPIJ. —1993. — V. 76,N 3. — P. 193-197.

. Chapman G.M. Reformulating plastics for envi-

ronmental compatibility. in International
Conference on Environmental Advances for
Plastics Packaging. 1990. London: Proceedings
of the 1st International Conference on
Environmental Advances for Plastics Packaging.

10. Potts J. E., Othmer K. Encyclopedia of

Chemical Technology, M. Grayson, Editor.
1978, Wiley-Interscience: New York. —
P. 626-668.

11. Lv Y. Research development of biodegra-

dable modification of poly (vinyl alcohol)
film, 2012: Harbin. — P. 234—-237.

12. Lenz R. W. Biodegradable polymers. In:

Advances in Polymer Science: Biopolymers,
I.N.A. Peppas and R.S. Langer, Eds. 1993,
Springer-Verlag: Berlin. P. 4—39.

13. Kawagoshi Y., Fujita M. Purification and

properties of the polyvinyl alcohol-degra-
ding enzyme 2,4-pentanedione hydrolase
obtained from Pseudomonas vesicularis var.
povalolyticus PH // World J. Microbiol. Bio-
technol. — 1998. — V. 14,N 1. — P. 95-100.

14. Hatanaka T. Biodegradability of oxidised

15. Huang M.-H., Shih Y.-P.,

poly(vinyl alcohol) // Biosci. Biotechnol. Bio-
chem. —1996. —V.60,N11. — P.1861-1863.
Liu S.-M.
Biodegradation of polyvinyl alcohol by
Phanerochaete chrysosporium after pre-
treatment with Fenton’s reagent // J.
Envir. Sci. Health, Part A. — 2002. — V. 37,
N.1. —P.29-41.

16. La Mantia F. P., Morreale M. Green compo-

sites: A brief review // Composites Part A:
Appl. Sci. Manufact. — 2011. — V. 42,
N. 6. — P. 579-588.

17. Tang X., Alavi S. Recent advances in starch,

18. Watanabe Y. Hamada

polyvinyl alcohol based polymer blends, nano-
composites and their biodegradability // Carbo-
hydr. Pol. — 2011. — V. 85,N 1. — P. 7-16.

N., Morita M.
Purification and properties of a polyvinyl
alcohol-degrading enzyme produced by a
strain of Pseudomonas // Arch. Biochem. Bio-
phys. — 1976. — V. 174, N 2. — P. 575-581.

19. Fujita M., Kawagoshi Y., Hashimoto S.

Effect of environmental factors on growth of
PVA degrading bacterium // Jap. J. Water
Treat. Biol. — 1993. — V. 29. — P. 13-19.

20. Matsumura S. Effects of molecular weight

and stereoregularity on biodegradation of
poly(vinyl alcohol) by Alcaligenes faecalis //
Biotechnol. Let. — 1994. — V. 16, N 11. —
P.1573-6776.

21. Suzuki T. Degradation of poly(vinyl alcohol)

by microorganisms // J. Appl. Pol. Sci. —
1979. — V. 35. — P.431-437.

62

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mori T. Degradation of vinyl alcohol
oligomers by Geotrichum sp. WF9101 //
Biosci. Biotechnol. Biochem. — 1996. —
V.60,N7. —P.1188-1190.

Larking D. M. Enhanced degradation of
polyvinyl alcohol by Pycnoporus cinnabari-
nus after pretreatment with Fenton’s reagent
// Appl. Environ. Microbiol. — 1999. —
V. 65,N 4. — P. 1798-1800.

Stoica-Guzun A., Jecu L., Gheorghe A. et al.
Biodegradation of poly(vinyl alcohol) and
bacterial cellulose composites by Aspergillus
niger // J. Pol. Environ. — 2011. — V. 19,
N1.—P.69-79.

Hebeish A. Degradation of poly(vinyl alco-
hol) in strongly alkaline solutions of hydro-
gen peroxide // J. Appl. Pol. Sci. — 1985. —
V.30, N 6. — P. 2321-2327.

Vaclavkova T., Ruzicka J., Julinova M.
Novel aspects of symbiotic poly(vinyl alco-
hol) biodegradation // Appl. Microbiol. Bio-
technol. — 2007. — V. 76. — P.911-917.
Kim M.N.,Yoon M.G.Isolation of strains degr-
ading poly(vinyl alcohol) at high temperatures
and their biodegradation ability // Pol. Degr.
Stab. — 2010. — V. 95, N 1. — P. 89-93.

Lim J. G., Park D. H. Degradation of poly-
vinyl alcohol by Brevibacillus laterosporus:
metabolic pathway of polyvinyl alcohol to
acetate // J. Microbiol. Biotechnol. — 2001. —
V.11, N 6. — P. 928-933.

Corti A., Solaro R., Chiellini E. Biodegrada-
tion of poly(vinyl alcohol) in selected mixed
microbial culture and relevant culture fil-
trate // Polym. Degr. Stab. — 2002. —
V. 75, N 3. — P. 447-458.

Shimao M. Localization of polyvinyl alcohol oxi-
dase produced by a bacterial symbiont,
Pseudomonas sp. Strain VM15C // Appl. Environ.
Microbiol. — 1985. — V.49, N. 1. — P. 8-10.
Huang S. J., Wang I.-F., Quinga E. Poly-
(enol-ketone) from the oxidation of poly-
(vinyl alcohol) // Polym. Sci. Technol. —
1983. — V. 21. — P. 75-83.

Cohen G. The Fenton’s Reaction, in Hand-
book of methods for oxygen radical research,
R.A. Greenwald, Ed. 1985, CRC Press Inc:
Boca Raton, FL, USA.

Lonergan G.T. Physiological and biodegrada-
tive behaviour of the white-rot fungus,
Pycnoporus cinnabarinus in a 200 litre
packed-bed bioreactor // Austr. Biotechnol. —
1995. — V. 5. — P.107-111.

Eriksson K. E., Blanchette R. A., Ander P.
Biodegradation of lignin, in Microbial and
enzymatic degradation of wood and wood
components, K.E. Eriksson, Ed. 1990,
Springer-Verlag: Berlin. p. 25—334.

Eggert C. A fungal metabolite mediates
degradation of non-phenolic lignin struc-
tures and synthetic lignin by laccase // FEBS
Let. —1996. — V.391,N 1-2. — P. 144-148.



Excnepumenmanvri cmammi

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Levin L., Forchiassin F. Ligninolytic enzy-
mes of the white rot Basidiomycete Trametes
trogii // Acta Biotechnol. — 2001. — V. 21,
N 2. —P.179-186.

Giles R. L. Growth necessary but not suffi-
cient for effective biopulping of wood for ligno-
cellulosic ethanol applications // Intern.
Biodeter. Biodegr. — 2012. —V.67. — P. 1-7.
Tisma M. Optimization of Laccase produc-
tionby trametes versicolor cultivated on in-
dustriale waste // Appl. Biochem. Biotech-
nol. — 2012. — V. 166, N 1. — P. 36-46.
Camarero S., Ibarra D., Martinez A. T. et al.
Paper pulp delignification using laccase and
natural mediators // Enz. Microb. Technol. —
2007. — V.40, N 7. — P. 1264-1271.

Valls C., Quintana E., Roncero M. B. Assessing
the environmental impact of biobleaching: Ef-
fects of the operational conditions // Bioresour-
ce Technol. — 2012. — V. 104. — P. 557-564.
Fillat A., Roncero M. B., Vidal T. Elucidating
the effects of laccase-modifying compounds
treatments on bast and core fibers in flax
pulp // Biotechnol. Bioeng. — 2012. — V. 109,
N 1. — P. 225-233.

Jones C. L., Lonergan G. T. , Mainwaring D. E.
The use of digital image segmentation to quan-
tify an aminoanthraquinone dye biotransfor-
mation by white-rot fungi // Biotechnol. Tech-
niques. — 1993. — V. 7, N 9. — P. 645-650.
Husain Q. Potential applications of the oxi-
doreductive enzymes in the decolorization
and detoxification of textile and other syn-
thetic dyes from polluted water: a review //
Crit. Rev. Biotechnol. — 2006. — V. 26,
N 4. — P. 201-221.

Lonergan G.T. The degradation of an indus-
trial-grade dye, Remazol Brilliant Blue R, by
the white-rot fungus Pycnoporus cinnabari-
nus in a bench scale bioreactor. in 11th
Australian Biotechnology Conference. 1993.
Perth, Australia: Proceedings of the 11th
Australian Biotechnology Conference.
Lonergan G.T., Luckey M., Schliephake K. The
decolourisation of both industrial grade and
purified dye utilising laccase from the white-
rot fungus, Pycnoporus cinnabarinus. in 10"
International Biotechnology Symposium.
1996. Sydney, Australia: Proceedings of the
10™ International Biotechnology Symposium.
Youn H.-D., Hah Y.C., Kang S.-O. Role of lac-
case in lignin degradation by white-rot fungi
// FEMS Microbiol. Let. — 1995. — V. 132,
N 3. — P. 183-188.

Bohlin C., Lundquist K., Jonsson L. J.
Diastereomer selectivity in the degradation
of a lignin model compound of the arylglyc-
erol [beta]-aryl ether type by white-rot fungi
// Enz. Microb. Technol. — 2008. — V. 43,
N 2. — P. 199-204.

Gonzidlez A. K., Arévalo M. C., Falcon M. A.
Catalytic efficiency of natural and synthetic

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

compounds used as laccase-mediators in oxidis-
ing veratryl alcohol and a kraft lignin, estima-
ted by electrochemical analysis // Electrochim.
Acta. — 2009. — V. 54, N 9. — P. 2621-2629.
Shikha S. S. Laccase production and enzy-
matic modification of lignin by a novel Penio-
phora sp. // Appl. Biochem. Biotechnol. —
2012. — V. 166, N 4. — P. 1082-1094.
Sedlak D. L. Andren A. W. Oxidation of
chlorobenzene with Fenton’s reagent //
Environ. Sci. Technol. — 1991. — V. 25,
N4. —P.777-782.

Yap C. L., Gan S., Ng H. K. Fenton based
remediation of polycyclic aromatic hydrocar-
bons-contaminated soils // Chemosphere. —
2011. — V.83, N11. — P. 1414-1430.

Kuo W. G. Decolorizing dye wastewater with
Fenton’s reagent // Water Res. — 1992, —
V.26, N. 7. — P. 881-886.

Kang S. F., Liao C. H., Chen M. C. Pre-oxida-
tion and coagulation of textile wastewater by
the Fenton process // Chemosphere. — 2002. —
V.46, N 6. — P. 923-928.

Ghoneim M. M., El-Desoky H. S., Zidan N. M.
Electro-Fenton oxidation of Sunset Yellow
FCF azo-dye in aqueous solutions // Desali-
nation. — 2011. — V. 274, N. 1-3.
P. 22-30.

Martens D. A., Frankenberger W. T. Enhan-
ced degradation of polycyclic aromatic hyd-
rocarbons in soil treated with an advanced
oxidative process-Fenton’s reagent // J. Soil
Contam. — 1995. — V. 4. — P. 1-16.
Macdonald R., Westerman J. Fungi of south-
eastern Australia: a field guide. 1979,
Melbourne: Thomas Nelson.

Tien M., Kirk T.K. Lignin peroxidase of
Phanerochaete chrysosporium // Meth.
Enzymol. — 1988. — V. 161. — P. 238—-249.
Bugada D. C., Rudin A. Characterization of
poly(vinyl alcohol) // J. Appl. Polym. Sci. —
1985. — V. 30, N 10. — P. 4137-4147.
Finch C.A. Polyvinyl Alcohol Developments. —
1992, New York: John Wiley and Sons Ltd.
P.1-157.

Shan J., Guan Y., Zheng Q. et al. Application
of urea/H,0, activation-oxidation system in
degradation of PVA and desizing of poly-
ester/cotton fabric // J. Appl. Polym. Sci. —
2009. —V. 113, N 2. — P. 860-86"7.
Larking D. M. Chemical and biological degra-
dation of starch/poly(vinyl) alcohol biopoly-
mers, in Faculty of Life and Social Sciences,
1999, Swinburne University of Technology:
Melbourne.

Lomascolo A., Uzan-Boukhris E. , Herpoél-
Gimbert I. et al. Peculiarities of Pycnoporus
species for applications in biotechnology //
Appl. Microbiol. Biotechnol. — 2011. —
V.92, N6. —P.1129-1149.

63



BIOTEXHOJIOT'TA, T. 5, Ne5, 2012

E®EKTHBHA JETPAJAIS
MOJIIBIHIJIOBOT'O CITHPTY
3 BUKOPUCTAHHSIM KOMBIHOBAHHUX
XIMIYHHUX I MIKPOBIOJIOTTUYHUX
IIPOIIECIB

. M. Jlapkine
H. Mimik-/[inesa
€.11. Isanosa
I'.T.JJounepean

P. [[xc. Epoygpopo

ITenTp 6ioTexHOJIOTII Ta OXOPOHU
HaBKOJUIITHBOTO CEPeIOBUIIA,
daxyasTer 6ioJorii Ta comiaabHUX HAYK
TexHosoriunnii yuiBepcurer y CyinbepHi,
Ascrparisa

E-mail: rcawford@swin.edu.au

ITomepenua ximiuHa 06poOKa IOJIiBiHiIOBOTO
cuupty peakTuBoM @PeHTOHA B PO3UMHI Ilepern
ociBom 3 rpubom 6isoro rausto Pycnoporus cin-
nabarinus CBS 101046 cnpuuyunHIOBaJIa Aerpaja-
I[i}0 TOJIiBiHiJIOBOrO CHOHPTY. 3arajaom, OijabIie
65% mosiBiHiIOBOrO CIIUPTY AErpaayBajio IIicisa
30 mHiB KomOiHOBaHOI ximiuHOl i OGiosoriumoi
00poOKU. ¥ pesysabTaTi 00pPOOJEHHS peakTHUBOM
deHTOHA 3 ITOYATKOBOTO IIOJiBiHIIOBOTO COUPTY
YTBOPEHO HU3KY HU3BKOMOJIEKYJIAPHUX ITPOAYK-
TiB po3majay, siki 0yJo izeHTH(iKoBaHO IK KapOo-
HOBI KWCJIOTHM, CHOUPTH, KETOHHU, ajbaerigu
i miokcug Byrsero. KoHIleHTpaIiio KOMKHOTO
i3 I¥UX TPOAYKTIB posmany 0yJi0o BUBHAUEHO IIPO-
TsaroMm 30-geHHOT0 iHKYy0OaIilffHOTO IIepioAy B IIpU-
cyTHOCTi rpuba i 3aJHIIIKOBOTO MOJIiBiHiJIOBOTrO
cnupTy. BcTaHOBIEHO, 110 KOHIIEHTPAI[ifd KOMKHO-
ro i3 MUX IPOAYKTIiB IIiJ Uac eKCIIePUMEHTY 3HU-
JKyBaJsiachk. IMOBipHO, BOHU OyJM BUKOPHCTAHI
rpuboM AK IKePeso BYTJIerio. BUsaBiIeHO TaKOXK,
10 iHIMI HU3BKOMOJIEKYJISPHI CIOJYKH, TOOTO
IpoIIaHOBa KMCJOTA, IPOIIAHOJ i MeHTaHOH, AKi
He OyJIM IPUCYTHI Imicasa mepBicHOI 0OpOOKU peak-
TuBoM PeHTOHA, YTBOPEHi IMPOTATOM iHKyOAaIrii-
HOTO Iiepiony 3 rpubamu.

Knrouwosi cnoéa: HN3bKOMOJIEKYJIAPHUNA MOJIiBi-
HiJIoBUll cumupT, peakTuB Pentona, Pycnoporus
cinnabarinus, 6iogerpagaitisa rpubomM, IPOAYKTH
posmany.
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IDODPERTUBHAS NETPATAIINA
IIOJINBUHUJIOBOI'O CIINPTA
C UCIIOJIbSOBAHHUEM
KOMBHUHHUPOBAHHBIX XUMHYECKHX
1 MUKPOBHOJIOTHYECKHUX ITPOITECCOB

. M. JlapxuHe
H. Mumuk-/[unesa
E.II. Heanosa
I'.T.JIonepean

P. I[nec. Kpoygopd

ITeHTp OMOTEXHOJOTUU U OXPAHBI
OKpYsKalolleil cCpebl,
daryabTeT GMOJIOTUN U COIMAILHBIX HAYK
TexHosornuecKuii yauepcureT B CynHOepHe,
Ascrpanus

E-mail: rcawford@swin.edu.au

IIpenBapuTenpHaa xumMuueckKasa o0paboTKa
TOJUBUHUJIOBOTO CIIUPTa peakTuBoM PeHTOHA
B pacTBOpe Iepel IIOCeBOM ¢ rpubom 6eJoii
raunbio Pycnoporus cinnabarinus CBS 101046
BBISHIBAJIA METrpafaluio MOJUBUHUIOBOTO CIIHP-
Ta. B menaom, 6osee 65% MOIMBUHUIOBOTO CITHP-
Ta gerpammpoBajso mocie 30 gHell KoMOMHU-
POBaHHON XWUMHWYECKOU ¥ OHOJOTMUECKOU
o6paboTku. B pesyabTaTe 00pabOTKM peakTHUBOM
deHTOHA U3 HAYATBHOI'O MOJUBUHUJIOBOTO CIIHP-
Ta 00pa3oBaH P HUSKOMOJIEKYISPHBIX MPOAYK-
TOB pacmaja, M OHU ObLIN UACHTUPUIIIPOBAHBI
KaK KapOOHOBBIE KWCJIOTHI, CIOUPTHI, KETOHHI,
ambpIerugbl U JUoKcuz yriepoga. Konnenrpanus
KasKJIOro M3 3THUX MIPOAYKTOB pacmaja ObLIa
usMepeHa B Teuenue 30-IHEeBHOTO MHKYOAIIHMOH-
HOTO IIepHo/a B IPUCYTCTBUY rpuba 1 OCTaBIIIETro-
cA MOJUBUHUJIOBOTO CIIMPTA. YCTAHOBJIEHO, UTO
KOHI[EHTPAIUA KaKJOro M3 3TUX IPOAYKTOB BO
BpeMd SKCIIEpUMeEHTa CHUKaMachk. IIpenmnorosxu-
TeJIbHO, OHM OBIIM HCHOJH30BAaHBI TrpuboM B
KauecTBe NCTOYHHUKA yriepoaa. OTMeUeHo TaKKe,
YTO OpPYyrue HUBKOMOJEKYJSIpPHble COeIUHEHWd,
T.e. IPONaHOBasA KMCJIOTA, IPOIIaHOJ U IEHTAHOH,
KOTOphle He IPUCYTCTBOBAJX IIOCJEe IEePBOHA-
YyaJbHOM 00paboTKu peakTuBoM PeHTOHA, OBLIU
ob6pas3oBaHbI B TeueHUe NHKYOAIMOHHOTO
mepuoja ¢ rpubamu.

Kntouesvle cnoea: HUBKOMOJIEKYJIAPHBIN MOJIA-
BUHUJOBBEIM cnupt, peakTuB @eHToHa, PYycnopo-
rus cinnabarinus, ouomerpaganus rpudooM, mIpo-
IYKTBI pacmaja.





