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The chemical, enzymatic and microbial degradation of bacterial and synthetic 
poly-/3-hydroxybutyrate (PHB) and its copolymers with /3-hydroxyvalerate 
(PHB/HV) were evaluated. Alkaline hydrolysis (7.4 and 10pH units) was 
carried out at 70°C. Samples were treated with purified extracellular PHB 
depolymerase from Alcaligenes faecalis T1. Microbial degradation was studied 
using a chemostat with an inoculum of activated sludge under carbon limited 
conditions. Samples studied were synthetic PHB, bacterial PHB and 
PHB/HV. Samples were in the form of dry powders, a 'never dried' aqueous 
dispersion (latex) of native granules or films made from these materials. The 
microbial degradation of PHB/HV latex coated paper samples was also 
studied. 

Bacterial PHA samples degraded completely after 12 h exposure to PHB 
depolymerase. Degradation in a microbial environment was within a matter of 
days. Conversely, synthetic PHB samples which degraded more readily than 
bacterial PHB by alkaline hydrolysis did not degrade as readily upon exposure 
to a microbial environment. The extent of degradation was determined 
quantitatively by weight loss and was followed qualitatively by scanning 
electron microscopy. The degradation rate depended on sample crystallinity, 
tacticity, morphology and composition. In general PHB]HV films and coated 
paper made with the 'never dried' latex degraded more quickly than solvent 
cast films. Synthetic PHB of intermediate tacticity exposed to depolymerase 
enzyme biodegraded more extensively than highly isotactic synthetic PHB. 

INTRODUCTION 

Polymer degradation phenomena can be clas- 
sified into four distinct groups depending on the 
mechanism: chemical degradation, biodegrada- 
tion, environmental degradation and photodeg- 
* To whom correspondence should be addressed. 
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radation. The first is by purely chemical reaction 
such as hydrolysis or pyrolysis. The second 
process occurs in animal bodies with prosthetic 
devices and is usually attributed to enzyme action 
although simple chemical hydrolysis may also be 
operative. The third is a combination of 
processes (chemical, microbial and physical) 
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which occur during exposure to the natural 
environment. The last is breakdown under the 
influence of light, usually a free radical process 
encouraged by the presence of suitable chro- 
mophores in the chain and/or  metal salt catalysts. 
The first three methods of degradation have been 
studied with poly-/3-hydroxyalkanoate (PHA) 
substrates. 

The study of Holland et al. 1 on the chemical 
hydrolysis of bacterial poly-/3-hydroxybutyrate- 
co-/3-hydroxyvalerate (PHB/HV) copolymer 
films showed the importance of sample prepara- 
tion, crystallinity and valerate content on 
chemical hydrolysability. It should be noted that 
the valerate content as well as the molecular 
weight have a strong influence on the kinetics of 
crystallization which in turn influence 
morphology. 

Environmental degradation is the major 
process for biomass decomposition in nature. It 
usually implies specific enzymes and the ubi- 
quitous nature of poly-/3-hydroxybutyrate (PHB) 
ensures that these enzymes are widespread in 
soils and estuarian systems. ~ A recent paper has 
provided data on the enzymatic depolymerization 
of PHB 3 and PHB/HV using an extracellular 
PHB depolymerase from Alcal igenes  faecalis T1. 
The same enzyme system was used in this study 
to evaluate the influence of morphology and 
tacticity on biodegradability. 

In this study, film samples of high crystallinity 
and devoid of spherulites were prepared using 
aqueous suspensions of PHB, PHB/HV.  These 
films retained the morphological characteristics 
of the nascent state since the granules were never 
melted or dissolved. 

SAMPLE PREPARATION AND ANALYSIS 

Latex samples were provided by Marlborough 
Biopolymers Ltd or prepared 'in house'. The 
term 'latex'refers to an aqueous suspension of 
'never dried' PHA granules. The native granules 
(NG) were separated from the bacteria either by 
the ICI production process 4 or by chemical 
treatment of the biomass using a detergent-  
hypochlorite process. 5 In both cases the granules 
were harvested before drying. The isolated 
granules were washed repeatedly and concen- 
trated to between 20 and 50% w/w solids. The 
two methods produced a similar quality of latex 
suspension where the granular morphology 

remained intact. The latex samples used in this 
study were 0 (PHB), 5.5, 7.5, and 11% HV 
(PHB/HV) prepared in house and 21 and 27% 
HV supplied by ICI. 

Latex films were made by casting or spreading 
the latex suspension on an impervious substrate 
(glass or mylar). In some instances the 
suspension was diluted with distilled water to a 
spreadable or pouring consistency (15-20% w/w 
solids) since the same solids content did not 
translate into the same viscosity for the different 
composition of latexes. Once cast or spread 
(metering rods), the films were allowed to air dry 
at room temperature overnight. Dry films were 
hot pressed in a molding press at 5000 psi for 1 
min. The pressing temperature was the minimum 
required for complete consolidation to a dense 
structure. This depended on the HV content 
between 100 and 140°C but always below the 
melting temperature of the polymer. Hot pressed 
films were transparent and flexible, the porosity 
and granular texture of the material was lost but 
the films were non-spherulitic. Their mechanical 
properties indicated that the cohesion was due to 
a surface coalescence of the granules. 

An intermediate state of coalescence was 
obtained by heating the air-dried latex films of 
high HV content (20% HV or higher) at 100°C 
for a few minutes. These films were opaque, 
porous and peelable from the casting surface. 
Scanning electron micrographs of these films 
showed a three dimensional array of spherical 
particles (granules) with interparticle capillaries 
of 0.16/zm radius. Most hot-pressed films were 
prefused by this treatment Air dried latex films 
disintegrated into a powder if handled. 6 

Synthetic PHA was made by bulk polymeriza- 
tion of racemic, ±/3-butyrolactone in the 
presence of aluminum trimethyl catalyst. Water 
(0.011mol) was added to 0.244mol. of the 
lactone. To this mixture, 0.012 mol. of AI(CH3)3 
was slowly added under constant stirring (1:1 
ratio of catalyst to water). The reaction mixture 
was maintained at 60°C for 6.5-9 days under 
vacuum (0.0008-0.04Torr). At the end of the 
reaction time, 5% acetylacetone in chloroform 
was added to the resulting mixture to dissolve 
the crude material. An excess of 6 volumes of 
100% ethanol was added to ensure complete 
precipitation of the polymer. The latter was dried 
overnight in a vacuum oven at 30°C before 
Soxhlet extraction in boiling acetone for 6-7 h. 
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Extraction with boiling acetone produced two 
distinct fractions: an insoluble fraction of high 
molecular weight with 81-88% isotactic PHB and 
a soluble fraction of lower molecular weight with 
mainly an intermediate tacticity of 63-68% 
isotactic PHB. A low tacticity fraction (50-54% 
isotacticity) was obtained by washing the crude 
reaction product with ethanol or acetone at room 
temperature, its low molecular weight rendered it 
very soluble in both solvents. The overall yield of 
the reaction was 20% of which 20% was a high 
isotactic material, 25% an intermediate tacticity 
and the remainder was of low tacticity. Table 1 
summarizes a typical set of PHB fractions 
obtained using a published procedure for tacticity 
determination.7 

Solvent cast films were made by dissolving 
synthetic, in-house and commercial PHB and 
PHB/HV powders (ICI, BIOPOL TM) in chloro- 
form. Solutions of the material were cast on glass 
or teflon dishes at either room temperature or 
40°C and the solvent allowed to evaporate. Films 
in the range of 0.2-0.5 mm were obtained using 
this procedure. The films were transparent but 
cloudy when compared with hot-pressed ones, 
they showed high elongation to break (-~600%) 
and high crystallinity, i.e. spherulitic texture. The 
films were used after a 2 week period, to allow 
them to reach equilibrium crystallinity. ~ Solvent 
casting destroys the native morphology of the 
sample. 

Latex coated paper was prepared using 
unconditioned basestock paper strips (40g/m 2, 
1:1 mechanical and chemical pulp). A 20% w/w 
solids content latex dispersion (diluted with 
distilled water) was used to hand coat paper 
strips with a set of contour metering rods. The 
thicker coats imparted opacity to the paper 
whereas thin ones were hardly visible. The 
coatings were flexible, coherent and quite ad- 
hesive even when dried at room temperature. 
Paper strips coated with 'detergent-hypochlori te '  
PHA latexes produced the same results. Adhe- 

Table 1. Characteristics of synthetic PHB 

Characteristic High  Intermediate Low 
tacticity tacticity tacticity 

Isotacticity 88% 63% 54% 
Crystallinity 64 % 18 % < 10 % 
Molecular 703 600 278 400 7700 

weight (Mv) 

sion of latex particles to paper substrates depends 
on the conformability of the latex to drying 
stresses. Reconstituted latexes made by dispers- 
ing spray-dried PHA powders in water did not 
adhere well to paper. The crystalline powders 
w e r e  hard and non-conformable, unlike the 
never-dried granule suspensions. If crystallization 
of the granules is induced in the never-dried 
state, a hard, non-adhesive latex resembling a 
synthetic latex (e.g. polystyrene) is obtained. 

Coated paper strips were hot pressed between 
mylar sheets at 5000psi and at temperatures 
ranging from 100 to 140°C (according to 
composition) for 1-2 rain. The latex coat fused 
and adhered onto the paper. The coated surface 
after the hot-pressing treatment was transparent 
and glossy, comparable to styrene-butadiene 
coated basestock paper. 

PHB and PHB/HV coated paper tore quite 
easily, the paper and the coating ripping 
simultaneously. Polyolefin coated papers do not 
tear in the same manner, the paper tears first 
leaving a plastic film that trails and necks behind 
for 100% elongation or more. The PHB or 
PHB/HV coating while imparting imperviousness 
to the paper contribute very little to its total 
tensile strength. 

It was possible to record a solid state ~C NMR 
spectrum of shredded PHB/HV coated paper 
and differentiate the chemical shifts originating 
from the paper components (cellulose) and the 
coating fraction (HB and HV) of the material. 
This method provided a non-destructive way of 
measuring the weight fractions of the different 
components in coated paper. It can be also useful 
for evaluating the crystalline state of the coated 
paper products exposed to different heat and 
calendering treatments. 7~ 

Scanning electron microscopy (SEM) of dried 
PHA latex, hot-pressed latex films and latex 
coated and uncoated paper strips were obtained 
by gold coating the samples (:-~300A) in a 
POLARON sputtering apparatus thus allowing 
observation on a scanning electron microscope 
model ISI-SS60. 

The working distance of the microscope was 
25 mm and full astigmatism correction was done 
to obtain good image quality. The micrographs 
were taken at a tilt angle of 35 ° to fully 
appreciate the film and paper features in the 
plane of the sheet using the appropriate focal 
length. 
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X-ray diffraction patterns were recorded using 
a fiat film Warhus camera and CuK,~ radiation. 
Strips of films were placed on a 0.015in 
collimator whereas latex samples were sealed 
inside 1-0 mm quartz capillaries. Exposure times 
range from 1 to 3 h, at a film distance of 5 cm 
calibrated from measurements with a standard 
sample. 

13C NMR spectra of cell paste and isolated 
granule suspensions (latex) were obtained in 
10mm NMR tubes on a Varian XL-300 
spectrometer operating at 75.4 MHz. Pulse angles 
of 60 ° and a pulse delay of 0-3 s were used. In 
order to provide a deuterium lock signal, samples 
were prepared by taking the latex suspension or 
the bacterial cell paste and adding enough D20 
to form a slightly viscous suspension. Spectra 
with all resonances clearly visible could only be 
obtained with sample temperatures above 30- 
35°C. The HV composition of samples was 
determined using proton NMR in chloroform 
solution. 9 

DEGRADATION STUDIES 

Chemical hydrolysis 

PHB (synthetic and ICI spray-dried native 
granules) films were used in this study. Strips of 
chloroform cast films of 0.25-0-45mm in 
thickness and weighing ---0.1 g were placed in 
vials containing 10ml of buffered aqueous 
solution (K2HPO4/KH2PO4) at pH7-4 and 10 
respectively. The vials were maintained at 70°C 
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Fig. 1. Alkaline degradation of synthetic and native PHB. 

and a small magnetic stirring bar assured 
uniformity in the medium. Samples were 
removed at various time intervals and weighed. 
Once a film was removed from the buffer it was 
not reinserted into the degradation medium. 
Removed strips were washed with distilled water, 
blotted between filter paper and subsequently 
dried at 75°C in a vacuum oven for several hours 
to obtain a dry weight. Degradation was followed 
by weight loss. 

The results of our studies on native and 
synthetic PHB are shown in Fig. 1. According to 
these results we can conclude the following: 

• The higher the pH the higher the rate of 
hydrolysis of synthetic PHB. 

• After 12 days at pH 10, synthetic PHB had 
lost twice the weight in alkaline hydrolysis as 
bacterial PHB. 

• The rate of hydrolysis of native and 
synthetic samples are comparable at pH 7.4. 

From a practical point of view, PHA 
degradability in alkali is a desirable property. It 
would be a means of removing PHA coatings 
from paper substrates in current recycling 
schemes. De-inking, the first step in paper 
recycling, usually takes place at pH 10 and 70°C. 

Recently, Doi et aL 3 studied hydrolytic 
degradation (pH 7-4 and 55°C) of solvent cast 
films made with native PHB/HV copolymers of 
45 and 71% HV. Their work shows that there is 
no weight loss over a period of 58 days. This is in 
contrast to our results for synthetic PHB samples 
which have been found to lose between 7 and 
10wt% within a 2 week period. Doi et al. 

determined, however, that there is a decrease in 
the number average molecular weight of the 
copolymer samples with time. He proposed that 
this decrease was indicative of hydrolysis 
proceeding ' throughout the whole polymer 
matrix of both the amorphous and crystalline 
regions'. Compared to our own results, it would 
be logical to assume that the samples of Doi et aL 

were less crystalline and therefore chain scission 
proceeded more homogeneously with no weight 
loss under mild conditions. 

Enzymatic degradation 

Since PHA native granules in the in-vivo state 
are non-crystalline 1°'11 a preliminary study foc- 
used on comparing the enzyme accessibility of 
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isolated nascent granules to that of granules 
which have undergone 'first drying'. To do so, the 
susceptibility of the PHB granules to de- 
polymerase enzymes secreted by the bacteria 
Alcaligenes faecalis T1 ~2 was evaluated. 

The second study on enzymatic hydrolysis 
focused on the degradation of chloroform cast 
films made with non-optically active but cry- 
stalline synthetic PHB. Samples with different 
degrees of isotacticity were used, the latter can 
be expected to have a strong influence on degree 
of crystallinity. Degradation was followed by 
weight loss. 

The Michael is-Menten plot in Fig. 2 shows 
that drying of native granules followed by 
rewetting upon exposure to enzymes caused a 
significant drop in their relative rate of 
disappearance due to hydrolysis. The fact that 
PHB native granules in suspension do enzymati- 
cally degrade in a matter  of hours, depending on 
the experimental  protocol,  is well documented  in 
earlier studies. ~3-~5 The high NMR mobility of the 
PHB chains in vivo inside the bacterial cells has 
been demonstra ted by Barnard and Sanders. ~°+t~ 
Our findings confirm this result and in addition 
show that the high NMR mobility of the chains is 
maintained in the 'never-dried'  isolated granules, 
the latex-like suspension used in this study 
(Fig. 3). Accordingly, the decrease in enzyme hy- 
drolysability of the dry native granules can be 
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Fig. 2. Michaelis-Menten plot of PHB depolymerase action 
on wet (never-dried) and dry (first dried) PHB granules. 
The granules were isolated using the classical sodium 
hypochlorite method. The wet granules were not dried and 
subsequently redispersed in water. The amounts in brackets 

above are the initial granule concentrations. 
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Fig. 3. 1~C NMR of 21% w/w solids PHB/HV (27% HV) 
latex provided by Marlborough Biopolymers Ltd. 

correlated with the development  of crystallinity 
after the first drying. The effect of crystallization 
is to decrease the mobility of chains in the 
granules which in aqueous suspension still 
present a large accessible area for enzymatic 
attack. 

The degradation of chloroform cast PHB films 
made with samples of different degrees of tactic- 
ity is shown in Fig. 4. Amorphous  (50% isotactic) 
and high tacticity (81% isotactic) material did not 
degrade significantly under these conditions. 
Surprisingly, material of intermediate tacticity 
and lower crystallinity (64% isotactic) degraded 
at a substantial rate. It lost 70% of its initial 
weight in a period of 30 h. Native PHB, which 
disappeared in a matter  of a few hours, has 100% 
tacticity and the right configuration for enzymatic 
attack. Synthetic PHB is a product  of polymeriza- 

100 

8O 

x 

60 ,,,,,"/" 
W t .  L O S S  

(%) 
4 O  

2 0  

14 28 42 56 

INCUBATION TIME 

(h) 
Fig. 4. Degradation of chloroform cast poly-/3- 
hydroxybutyrate films by A. faecalis T1 PHB depolymerase. 
(11) Native PHB, (x) 64% isotactic, (A) 81% isotactic, (Q) 
50% isotactic. PHB films were incubated with 2,5 txg PHB 
depolymerase at 37°C in l ml of 100mM potassium 

phosphate buffer (pH 7.4) while shaking at 50 c/min. 
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tion from a 50/50 racemic mixture of i~ and c 
enantiomers, resulting in a stereoblock type 
polymer. 7 Since the atactic polymer would lack 
the block structure, it was not expected that it 
would be a substrate for the depolymerase. The 
inaccessibility of the high crystallinity sample 
must be due to a lack of chain mobility in water. 

The synthetic PHB of intermediate tacticity 
may have the proper combination of factors, i.e. 
sufficient length of D blocks and low enough 
crystallinity which translates into local mobility in 
water thereby allowing accessibility to the 
enzyme. This combination of properties could 
account for the substantial degradation which 
was observed in these synthetic samples. It 
should be noted that a previous report 16 on 
synthetic poly-/3-esters, using fungi, also found 
these materials to be enzymatically degradable. 

Microbial degradation 

Hot-pressed PHB/HV latex films and chloroform 
cast films made with synthetic (Table 1) and 
bacterial PHB were used in this study as well as 
PHB and P H B / H V  latex coated hot-pressed 
paper samples. The polymer films varied in 
thickness from 0.08-0.09 up to 0.2 mm. Chloro- 
form cast films were also made with different 
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Fig. 5. Schematic of the chemostat reactor for microbial 
degradation studies using simulated activated sludge. 

HV content to assess the influence of composi- 
tion and film morphology upon the rate of 
degradation. 

Microbial degradation was evaluated using 
activated sewage sludge from a water treat- 
ment plant in Deux Montagnes, Qu6bec. The 
mineral salts medium contained the following 
(per litre): 3.70g Na2HPO4.7H20, 0.83g 
KH2PO4, 2g (NH4)2504, 0.20gMgSO4.7H20, 
0.01 gCaC12.2H20, 0.06g ammonium ferric 
citrate and 1 ml of microelement solution. The 
microelement solution consisted of (per liter): 
0.01 g ZnSO4.7H20, 0.03 g MnC12.4H20, 0.30 g 
H3BO3, 0.20 g COC12"6H20, 0"01 g CuSO4"5H20, 
0"02gNiC12"6H20, 0.03NaMoO4. The sole car- 
bon source in the nutrient feed was 4g/litre 
glucose resulting in carbon limited growth. 

The working system was a chemostat which, 
except for the nutrient feed, was not sterilized. A 
schematic of the installation is presented in Fig. 
5. A pH of 7.0 and agitation of 600 rev/min were 
maintained. The temperature during the experi- 
ment was 24±1°C.  The air inflow rate 
(equivalent is the working volume of the vessel) 
was kept constant at 0.91itre/min. A 100ml 
inoculum of activated sludge was added to the 
vessel, the nutrients were fed at a constant flow 
rate throughout the experiment (0.60 ml/min). 

Strips of sample (films or coated paper) were 
fixed on supports with stainless steel thread or 
placed inside screen-cages (100 × 10 × 3 mm) and 
immersed into the culture broth. A strip was 
removed after a given exposure period, washed 
with distilled water and methanol and dried at 
room temperature overnight. Degradation of the 
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Fig. 6. Microbial degradation of PHB/HV (21% HV) 
hot-pressed latex film by simulated activated sludge. 
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material was determined by measuring its weight 
loss after the established incubation period 
(usually 4, 8 and 12 days). Scanning electron 
microscopy (SEM) was used to examine the 
surface characteristics of the samples and to 
observe the erosion caused by the degradation 
process. 

A blank experiment evaluated the contribution 
of agitation and aeration to the erosion process 
on the film surface. Strips of each material were 
washed in ethanol and immersed into a sterile 
vessel containing distilled water to prevent 
degradation due to bacterial activity. The tem- 
perature, pH, agitation and air inflow rate were 
the same as for the microbial degradation 
test. This experiment demonstrated that only 
microbial action was responsible for weight loss. 

The weight loss of PHB/HV (21% HV) hot 
pressed latex films (Fig. 6), shows a steady 

Fig. 7. Scanning electron microcraphs o f  hot-pressed 
PHB/HV (21% HV) films: top: before exposure: bottom: 

after 12 days exposure to simulated activated sludge. 
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weight decrease over a period of 12 days leading 
to a total weight loss of 83%. The scanning 
electron micrographs in Fig. 7 show the erosion 
of the film surface as a result of bacterial attack. 

PHB coated paper lost 35.3% of its initial 
weight after 12 days exposure (Fig. 8). SEM 
examination of the surface of PHB coated paper 
after 12 days of incubation showed that the 
weight loss was due to the microbial degradation 
of the PHB layer, the cellulosic fibre support 
remained intact (Fig. 9). By comparison a 
15.65% weight loss was observed in a PHB latex 
film. Practically no degradation was observed 
after 12 days of exposure for the high tacticity 
synthetic PHB film, the film surface remained 
unchanged (Fig. 10). 

The results of the study on the effect of 
polymer composition and film morphology 
showed that the film making technique has a 
significant effect on the rate of microbial 
degradation of the polyester. Hot-pressed films 
degraded faster than solvent-cast films (Fig. 11). 
This can be explained by the loss of the granular 
morphology of native PHA granules (i.e. 
increasing crystallinity, change in the form of 
crystallites) due to the dissolution and casting of 
the polymer as compared to the hot-pressing 
technique. 

To assess the influence of the copolymer HV 
content upon film biodegradability, the rate of 
degradation in simulated activated sludge has 
been determined for two copolymer compositions 
(5 and 11% HV) after 192 h (8 days) exposure. 
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Fig. 8. Microbial degradation of hot-pressed PHB latex film 
and PHB latex coated paper by simulated activated sludge. 

Synthetic PHB film was chloroform cast. 
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Fig. 9. Scanning electron micrographs of PHB latex coated 
paper after 12 days exposure: top: distilled water (blank); 

bottom: simulated activated sludge. 

Fig. 10. Scanning electron micrographs of synthetic PHB 
(high tacticity) chloroform cast films after 12 days exposure; 
top: distilled water (blank); bottom: simulated activated 

sludge. 
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Fig. l l .  Degradation of hot-pressed latex film and solvent 
cast PHB/HV film by simulated activated sludge. 

In this particular experiment the temperature 
during exposure was strictly maintained at 30°C. 
A clear relationship between the degradation 
rate and the HV content in the copolymer 
PHB/HV was not found. Based on the enzymatic 
degradation test, Doi et  al. 3 found that PHB 
homopolymer chloroform cast films degrade 
faster than PHB/HV copolymer (45 and 71% 
HV). Further study is required to clarify whether 
such a correlation occurs at low HV content 
compositions where the crystal structure of PHB 
still remains? 

DISCUSSION 

PHB/HV coatings on paper are a direct 
application of the latex form of the biopolyesters 
using existing technology. The nascent morphol- 
ogy of PHB granules and their susceptibility to 
enzymatic degradation was the subject of 
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fundamental studies in the 1960s) 3-15 A con- 
centrated granule suspension is produced just 
before the spray-drying step in certain commer- 
cial purification processes. These suspensions 
possess many of the characteristics of dilute PHB 
granule suspensions described by Merrick and 
Doudoroff. ~3 The fact that such granules are 
poorly or not totally crystalline prior to drying 1°'~1 
makes them all the more suitable for film 
formation. Depending on the severity of the 
granule isolation and purification processes as 
well as the HV content, the latex suspension may 
develop crystallinity with time. This study of 
degradation due to enzyme, microbial and 
alkaline attack shows how the nascent mic- 
rostructure and morphology of PHB and 
PHB/HV either as a free standing film or coated 
on paper is susceptible to alkaline degradation 
and biodegradation. The difference in the K m and 
Vmax parameters in the Michaelis-Menten plot in 
Fig. 2 are in line with the higher accessibility to 
the expected form 'never-dried' native granules. 
The dried partially crystalline granules are still 
enzyme accessible although significantly less so 
than before drying. Accordingly, it is not 
surprising that hot-pressed latex films which 
retain much of the nascent structure are readily 
susceptible to microbial attack. 

This is best shown by the observed microbial 
degradation of the PHB coating on paper (Fig. 
9). This coating and the underlying texture is 
granular, the complete disappearance of the 
coating after 12 days of exposure in the simulated 
activated sludge was partly due to more 
favourable exposure conditions for the coating 
versus the solid film shown in Fig. 7. 

The observation that the enzymatic degrada- 
tion of synthetic PHB film is an optimum at an 
intermediate level of tacticity is worthy of further 
exploration. Synthetic PHB with 64% tacticity 
gives tough 'leathery' films when cast from 
chloroform. This material degrades at about one 
tenth the rate observed for bacterial PHB films. 
We suggest that this relatively rapid degradability 
is attributable to the correct combination of chain 
mobility and block structure. These results 
suggest that one may gain toughness and 
flexibility in PHB films (solvent or melt cast) by 
blending bacterial with medium tacticity synthetic 
material. 

The most unequivocal degradation experi- 
ments are those with well purified depolymerase 
enzyme. Under  these conditions the effect of 
crystallinity, tacticity and film morphology are 

most clearly evaluated. In this context, the 
influence of 'first drying' which is known to bring 
about the development of three dimensional 
crystalline organization is not as drastic as might 
have been anticipated. The granules degraded 
more slowly after 'first drying' but evidently the 
enzyme still finds a high degree of mobile 
surface. The result suggests that latex films which 
retain the granular texture should be ideal for 
degradable packaging applications. Indeed the 
results in Fig. 8, using activated sludge to 
biodegrade a coated paper give promise that this 
approach could lead to a readily manufactured 
packaging material with built-in degradability of 
the coating but allowing for recycling of the 
cellulose fibres. 

CONCLUSIONS 

Assessment of microbial degradation of PHA 
and PHA related materials by a standardized 
method using activated sludge is a difficult task. 
Since there is a mixed microbial population, the 
proportions of microorganisms may change. A 
single culture may produce a variety of 
depolymerases and the enzymatic activity may 
vary due to a multitude of factors: pH, 
temperature and ionic strength. The presence of 
other enzymes with potential to stimulate or 
inhibit the PHA depolymerase is yet another 
aspect of this multifaceted problem. 

In our studies, the combined techniques of 
weight loss and scanning electron microscopy 
provided an overall picture of the degradation 
process. Previous researchers have reported that 
the average molecular weight does not change 
during microbial degradation because the en- 
zymes do not penetrate the bulk of the polymer)  
Our observations with coated paper suggest that 
the degradation process is heterogeneous, the 
non-crystalline regions are eroded first at a faster 
rate than the crystalline areas (cf. Fig. 8). 

Conclusions concerning potential applications 
of PHA films and PHA coated paper in relation 
to our degradation studies are: 

• Bacterial PHB and PHB/HV hot-pressed 
latex films degrade in a microbial 
environment. 

• Paper coated with PHB and hot-pressed 
degrades in activated sludge. The degrada- 
tion of the biopolyester component is more 
rapid than that of the cellulose fibres. 

• The degradation of synthetic PHB (non- 
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optically active, crystalline polymer) is a 
function of the degree of tacticity. Inter- 
mediate tacticity material enzymatically 
degrades optimally. 

• The rate of degradation depends on the film 
making conditions. Significantly, the hot- 
pressed film while preserving some vestige of 
the nascent morphology is more readily 
degraded than solvent cast films. 

Future developments on coating and sizing 
formulations based on latexes for paper applica- 
tions should take into consideration the PHA 
capability to biodegrade according to HV 
content. 
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