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Biodegradability of chemically synthesized syndiotactic poly(β-[R]hydroxybutyrate) in soil of Northeast China
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Abstract: Degradability of syndiotactic poly ([R]-β-hydroxybutyrate) (syn-PHB), a chemically synthesized PHB, was investigated in this
study by incubation of the polymer films in a soil of northeastern China. During incubation, progressive weight loss of the syn-PHB films
and a corresponding decrease of molecular weight were observed over the 90 days of incubation indicating the biodegradation of syn-PHB
and a random cleavage of the ester bonds. Microorganisms isolated and identified from the partially degraded films included Pseudomonas
spp., Alcaligenese sp., and Comamonas sp.. Our results suggest that chemically synthesized syn-PHB is biodegradable under aerobic
conditions in soil.
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1. Introduction
Many bacteria are capable of synthesizing poly (alkanoates)
as an energy storage (Brandl et al., 1990; Doi, 1990;
Stenbüchel, 1991). One example is the crystalline poly ([R]β-hydroxybutyrates) (PHBs) which can be degraded under
both aerobic (Doi, 1990; Gilmore et al., 1992; Wirsen and
Jannasch, 1993) and anaerobic conditions (Budwill et al.,
1992; Mas-Castellà et al., 1995). Bacterial PHBs have only
the [R] stereochemical configuration and the thermoplastics are isotactic, in contrast chemical synthesis may result in
an array of stereochemical configurations depending on the
catalysts and reaction condition.
The difference in stereochemistry [R] and [S] forms or
their proportion affects the resulting polymer degradability
(Kenmitzer et al., 1992; 1993). [R]-PHBs are the preferably forms by bacteria, but [S]-PHBs are hardly degraded in
vivo experiment. Among syndiotactic, atactic and isotactic
PHBs, syn-PHB has a predominantly alteration stereochemical sequence along the polymer chain, it provides a unique
opportunity to explore the relationship between stereochemistry and biodegradability.
Polymer degradation can be tested in a range of selective environmental conditions and some of the typical ones
include composting, activated sludge and soil incubation
(Gross et al., 1993; Gu et al., 1993a, b; Gu and Mitchell,
2013). More sophisticated and sensitive testing can also be
made using electrochemical impedance spectroscopy to de-

tect the physical property change in the test specimens (Gu
et al., 2000). However, information on the degradability of
the chemically synthesized PHB is currently not available in
the literature. The objectives of this study were to determine
the degradability of syn-PHB under soil exposure in laboratory incubation and measure the molecular changes during
the processes.

2. Materials and Methods
2.1. Synthesis of syn-PHB
The polymer syn-PHB was synthesized in bulk using a modified procedure as described by Kemnitzer et al. (1992).
The synthesis processes involved tri-n-butyltin methoxide
(Sn(n-Bu)3 OCH3 ) to catalyze the ring-opening polymerization of racemic β-butyrolactone (BL) to form poly (βhydroxybutyraye) (PHB) with syndiotactic (syn) placement. The polymer was characterized and had a M w 1.5×105 ,
M w /M n 1.73, racemic diad 0.62. Films were made by compression modeling at 76 ◦ C. Each specimen had a dimension
of 0.56 mm×3 mm×13 mm and the average sample weight
was 22±2 mg. Each sample was identified with a colored
nylon threat as label.

2.2. Test Conditions
The soil, classified as a black soil, was taken from the surface 15 cm of an agricultural soil at Heilongjiang in northeastern China. Physical and chemical analyses of the soil
were: soil bulk density 2.56 g/cm3 , porosity 59.8%, cation
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exchange capacity 30.2 m.e.q. per 100 g, soil total organic carbon 2.07%, total nitrogen 0.31%, total phosphorus
0.18%, available NO3 -N 18.1 µg/g soil, available P (P2 O5 )
30 µg/g soil, and pH 7.53. The soil was sieved through a
2 mm size sieve and visible plant debris and gravels were
removed. Each 250-mL Erlenmeyer flask was added with
50 g soil, 1.0mL of a mineral salt medium. The mineral salt
medium consisted of (g/L): K2 HPO4 , 0.8 g; KH2 PO4 , 0.2 g;
CaSO4 ·2H2 O, 0.05 g; MgSO4 ·7H2 O, 0.5 g; FeSO4 ·7H2 O,
0.01 g; and (NH4 )2 SO4 , 1.0 g. The soil moisture content
was adjusted to 60% of water holding capacity of the soil to
allow a maximal aeration and also biological activity.
Polymer films were mixed into the soil matrix for incubation, at the same time tetracycline (5 µg/g air-dried soil)
and nystatin (5 µg/g air-dried soil) were incorporated into
the abiological controls post sterilization successively for
3 times with a 24-hr interval to inhibit potential growth of
microorganisms. The flasks were incubated at 35◦ C in the
dark throughout the duration of the experiment. At 5-day
intervals, the total weight of the flask was measured and the
difference from the previous weighing was taken as evaporation of moisture, and sterile de-ionized water was added
to bring back to the previously recorded weight. At monthly
intervals, triplicate polymer samples were taken from each
treatment for measuring the weight and molecular weight.

2.3. Polymer Analysis
Polymer films were first immersed in de-ionized water and
adsorbed soil particles were removed. After washing the
external surfaces, the polymer films were dried at 35◦ C in
a vacuum oven till constant weight. The weight loss was
calculated as the difference in weight changes between initial and the sampling and expressed as mg mm−2 . Then,
the samples were used for polymer molecular weight analysis using gel permeation chromatography as described early
(Gu et al., 1994). The specimens were dissolved in chloroform (0.3%, w/v) and then 125 µL were used in analysis. Polystyrene standards with low polydispersity (Polysciences, Inc., Warrington, PA) wee used to generate calibration curve. Additional samples from each treatment were
taken at the end of this study for preparation of scanning
electron microscopy. The detailed method of sample preparation involving fixation in glutaraldehyde, OsO4 , criticalpoint drying were described elsewhere (Gu et al., 1996).
Specimens were observed using a Leica Cambridge S440
SEM.
Additional samples were also prepared for isolation of
bacteria utilizing the syn-PHB as the sole source of carbon
and energy. When isolates were purified through streaking,
each of them was tested for biochemical profile using API
20 NE (bio Merieux, France) following the manufacturer’s
manual. Bacterial isolates were preserved in DMSO at 70◦ C.

3. Results and Discussion
The syn-PHB polymer was successfully synthesized using
the procedure as detailed by Kemnitzer et al. (1992) with
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minor modifications. The finished product is in powder form and has M w 1.5×105 , M w /M n 1.74 (also see Table 1)
and racemic diad 0.62. This polymer was further processed
through a compression molding to form thick film for subsequent biodegradability test.
Table 1. Molecular weight characterization of syn-PHB films before and
after exposure to soil and those exposed to abiotic control

Without Exposure
Bioactive
Abiotic Control

5

5

Time (d)

M w (´10 )

M n (´10 )

M w /M n

0

1.47

0.84

1.75

30

0.78

0.51

1.54

60

0.15

0.11

1.36

30

1.34

0.88

1.53

60

1.09

0.73

1.49

During incubation in the soil from the northeastern China,
polymer films of syn-PHB showed weight loss progressively
in the biologically active flasks for the 90-day period of the
study whereas only minor weight loss (7.3%) was observed
associated with the control (Figure 1). By the end of the study, more than 80% weight loss were observed in the bioactive flasks, suggesting that chemically synthesized syn-PHB
is degradable in soils. Degradation rate of the syn-PHB was
0.80 µg/mm2 /d and 0.88%/d in the biologically active flasks
for the duration of the 90-day incubation. Previous investigation concluded that PHB degradation is soil dependent
and degradation rate is generally higher in acidic soils than
calcareous ones (Barak et al., 1991; Mergaert et al., 1993).
syn-PHB was previously shown to be hydrolyzable by extracellular enzymes of Penicillium funiculosum (Kemnitzer et
al., 1992) and by aqueous water (Doi,1990). Bacterial PHBs were previously reported to be degraded in thermophilic
composting (Gilmore et al., 1992), soil (Barak et al., 1991;
Mergaert et al., 1993), marine (Wirsen and Jannasch, 1993)
and sewage sludge (Budwill et al., 1992). In the current study, the controls showed approximately 7.3% weight loss
by the end of 90 days of incubation presumably due to surface erosion and hydrolysis (Figure 1).
When the partially degraded syn-PHB films were recovered and prepared for SEM examination, dense bacterial
population were observed colonizing the polymer surfaces
and causing dissolution of the polymer matrice over time
of incubation (Figure 2). At the same time, films from the
control only showed soil particles adhered on surfaces but
no apparent bacterial population (Figure 2). The data further confirmed the degradation of syn-PHB in this study was
carried out by native microbial population in the soil. Further analysis of the molecular weights of recovered residual polymer films demonstrated that a decrease in molecular
weights, M w and M n , was evident during the progression
of experiment, providing strong evidence on the breakage of
polymer chain structures. In addition, the narrow range of
polydispersity, M w /W n , values indicated that the polymer
chain scission sites are a random and non-specific.
Bacteria isolated from the surfaces of partially degraded
syn-PHB were dominated by Pseudomonas spp., Alcaligenese sp., and Comamonas sp. in this study. Similar results
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PHB.
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Figure 1. Weight loss of chemically synthesized syn-PHB films after exposure to a biologically active soil incubated at 35◦ C and the controls. The
soil was kept at 60% of water holding capacity and loss of moisture was
adjusted by adding sterile water every 5 days. Treatment was carried out in
triplicate.

Figure 2. Scanning electron micrographs (SEMs) of syn-PHB films during
incubation in a soil from biologically active flask (a,30 days; b, 60 days; c,
90 days) and from abiotic controls (d). (scale bar: a and b, 10 µm; c and d,
5 µm)

on microflora associated with PHB degradation were also
reported (Mergaert et al., 1993). Pseudomonas lemoignei
(Chowdhury, 1963) and Alcaligenes faecalis (Saito et al.,
1989) have been known for their role in degradation of microbial synthesized polymers. Degradation of PHB is expected to occur naturally due to enzymatic processes (Anderson and Dawes, 1990). Extracellular PHB depolymerases are capable of hydrolyzing highly crystalline PHB while
intracellular PHB depolymerases are only active on amorphous elastomer (Anderson and Dawes, 1990; Doi, 1990).
Since chemically synthesized syn-PHB is structurally slight
different from bacterial PHB, their environmental fate is of
great concern when large quantities of the materials are potentially disposed of into the environment including MSW
composting facilities and landfills. From this study, aerobic soil bacteria are capable of degrading chemically synthesized syn-PHB in a reasonable period of time providing
evidence on degradability of the chemically synthesized syn-
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