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Abstract
Polyhydroxy alkanoates (PHAs) show physical and material properties similar to conventional plastics, so these
are considered as an alternative to non-biodegradable plastics. In the present study, PHA production using Serratia
ureilytica, a newly isolated bacterial strain from PHA producing bioreactor was investigated using volatile fatty acids
as substrate at four different organic loading rates (OLRs, OLR1-OLR4). Among four OLRs, S. ureilytica showed
highest PHA production (51% dry cell weight) with OLR2 at 24 h, but it showed highest substrate removal with OLR1
(84%). PHA composition showed the presence of co-polymer, poly (3hydroxybutyrate-co-3hydroxyvalerate), P(3HBco-3HV). In cyclic voltammetry analysis the activity of specific redox mediators was observed at 24 h and 36 h of PHA
production process. Lower Tafel slopes in bio-electrokinetic analysis also supported the decrease in electron losses
during PHA synthesis. Bioprocess evaluation and enzymatic activities showed good correlation with PHA production.

Keywords: Bioplastics; Dehydrogenase; Chromatography; Cyclic
voltammetry (CV); P(3HB-co-3HV)

Introduction
Accumulation of synthetic plastics in the environment is a
worldwide problem. The crude oil equal to 18 million barrels were
used to produce 2 million polyethylene terephthalate bottles in 2005.
Along with the environmental problems, rapid diminution of natural
resources, is forcing research to focus on alternatives to petroleum
based synthetic plastics [1]. Bioplastics in the form of polyhydroxy
alkanoates (PHA) are an alternative to synthetic plastics and use of
these bioplastics could lower the contribution of synthetic plastics to
municipal landfills by about 20% of the total waste by volume and
10% by weight [2]. PHA are the high molecular weight (50-100 KDa)
carbonaceous, cellular reserve products synthesized by microbes as
storage granules [3,4] during excess supply of carbon and the lack of
one or more essential nutrients, e.g., oxygen, nitrogen, phosphorus,
sulfur, and trace elements such as magnesium, calcium, and iron [5].
PHA has attracted commercial interest as plastic materials, because
of their similarities in physical properties with synthetic plastics.
Usage of PHA in the field of packaging, medical, pharmaceutical,
agricultural and fisheries has recently gained enormous attention due
to their biodegradability and biocompatibility [6]. PHA can also be
used for manufacturing disposable articles such as shampoo bottles
and cosmetic materials. In the medical field, PHA is widely used in
orthopedic applications including sutures, meniscus regeneration
devices, fixation rods, bone plates and bone fracture fixation. Hence,
PHA and modified PHA are being considered as solutions for the ever
increasing biomedical challenges [6].
PHA are synthesized and stored intracellularly by a wide variety
of bacteria such as, Bacillus sp., Pseudomonas sp., Azobacterium and
many recombinant strains through the fermentation of sugars, lipids,
alkanes, alkenes and alkanoic acids [7-11]. Among the pure cultures,
the bacteria Cupriavidus necator has been widely studied because of its
potential in producing significant amounts of PHA from simple organic
carbon substrates such as glucose, acetic acid [12], waste glycerol [13],
and in-organic carbon source like carbon dioxide [14]. Recombinant
E. coli harboring the Cupriavidus necator PHA biosynthetic genes were
also able to accumulate PHB with a yield of 80 - 90% DCW [15]. The
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physical and chemical properties of PHAs are affected by the monomer
composition. The monomer composition of the polymer depends on
type of bacteria, media ingredients, fermentation conditions, mode of
fermentation, and recovery methods [8].
Many studies were reported on the utilization of individual
volatile fatty acids [16,17] and mixed volatile fatty acids [18-20] for
the production of PHA using various bacteria. However, there are
no literature reports on production of PHA using volatile fatty acids
with Serratia urelytica, even though this group of organisms have
commercial importance and used in the production of commercially
valuable products like enzymes, biosurfactants, bioplastics, and antioxidants. Hence, in this communication, mixture of three volatile fatty
acids (acetate, propionate and butyrate) were used as substrate to know
the potentially of new bacterial isolate S. ureilytica as biocatalyst for
PHA production. Cyclic voltammetry and bio-electrokinetic analysis
was also done to know the activity of specific redox mediators involved,
and electron losses occurring during the PHA production process.

Materials and Methods
Isolation of S. ureilytica
The bacteria S. ureilytica was isolated by direct plating and
enrichment techniques from a PHA producing bioreactor which was
operated by using mixed bacterial culture as biocatalyst and different
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wastewaters as substrates. The isolated S. ureilytica as used as biocatalyst
for PHA production.

Substrate
Designed synthetic wastewater (DSW) with varying organic loading
rates (OLR1, 0.66; OLR2, 1.32; OLR3, 1.98; OLR4, 2.64 kg COD/m3day) was used as substrate. One liter of designed synthetic wastewater
was prepared by adding different concentrations of volatile fatty acids,
nutrients and minerals in sterile water [20]. In all the OLRs, acetate
was used as major carbon source along with aliquots of propionic acid
and butyric acid. The carbon source composition of DSW in OLR1
(acetate, 2.5 g/l; propionate, 0.25 g/l; butyrate, 0.25 g/l, COD, 3.15 ± 0.1
g/l), OLR2 (acetate, 5 g/l; propionate, 0.5 g/l; butyrate, 0.5 g/l, COD,
6.05 ± 0.2 g/l), OLR3 (acetate, 7.5 g/l; propionate, 0.75 g/l, butyrate,
0.75 g/l, COD, 9.12 ± 0.2 g/l) and OLR4 (acetate, 10 g/l, propionate,
1 g/l, butyrate, 1 g/l, COD, 12.24 ± 0.3 g/l) was varied accordingly.
Substrate was autoclaved before feeding to the reactors.

Experimental design
The feasibility of PHA production was evaluated using S. ureilytica
as a biocatalyst with DSW as substrate. Batch experiments were
performed in separate reactors operated in suspended growth mode.
The total/working volume of 250/100 ml was used and operated with
continuous mixing at 120 rpm at ambient temperature (30oC). The
reactors containing 100 ml of substrate was inoculated with 2% of
overnight activated S. ureilytica prior to startup. The initial pH of the
substrate was adjusted to 7 using 1 N NaOH. Samples were collected
at different time intervals for extraction of PHA, and for analysis of
substrate degradation, dehydrogenase enzyme activity, and bio-electro
kinetic analysis. Quantitative analysis was carried out in triplicate and
the average values were presented.

Analysis
Bioprocess was monitored by evaluating process performance
based on pH, volatile fatty acids (VFA), chemical oxygen demand
(COD, closed refluxing method), and substrate degradation rate (SDR)
estimation according to the standard methods [21]. Dehydrogenase
enzyme activity of biocatalyst was estimated by using the method
described previously [22].
PHA: Extraction of PHA was performed according to the procedure
reported previously [23,24]. The biomass pellet was separated from
the substrate by centrifugation (6000×g for 6 min at 10°C) and the
resulting pellet was washed with acetone and ethanol separately to
remove unwanted materials. The pellet was suspended in 4% sodium
hypochlorite and incubated at room temperature for 3 h. The resulting
mixture was centrifuged and the supernatant was discarded. The pellet
with lysed cells after washing simultaneously with acetone and ethanol
was dissolved in hot chloroform and was passed through glass fiber
filter (0.45 µm pore size) to separate the polymer from cell debris.
Chloroform filtrate obtained was purified using cold ethanol and was
used to estimate PHA concentration. Presence of PHA in the extracted
sample was confirmed by FT-IR spectroscopic analysis (Thermo
Nicolet Nexus 670; KRS-5; spectral resolution, 4 cm-1; range, 4000–400
cm-1). PHA quantification was carried out by high performance liquid
chromatography (HPLC; Shimadzu LC10A) according to procedure
outlined by Karr et al., (1988) [25]. Standard curve was plotted using
pure P(3HB-co-3HV co-polymer; natural origin, Aldrich).
Thermogravimetric analysis (TGA): PHA samples were subjected
to thermogravimetric analysis (TGA) (Mettler Toledo TGA/SDTA851e,
J Microb Biochem Technol
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Switzerland) to determine the decomposition temperature of PHA. All
analyses were performed with 5 mg of sample in an aluminium pan
over a temperature range of 50-900°C under nitrogen atmosphere, at a
heating rate of 5oC min-1.
Bacterial growth and dry cell weight (DCW) determination: A
loop full of isolated strain was inoculated into 20 ml of nutrient broth
in a 100 ml flask, and the flask was kept at 30°C for overnight. 2 ml of
the overnight grown culture was then inoculated to 100 ml of synthetic
acids in 250 ml flasks. Growth was monitored spectrophotometrically
(GE, GeneQuant-1300) by measuring the absorbance at 600 nm, and
dry cell weight was measured periodically at different OLRs by using
gravimetric method. The cells were harvested by centrifugation,
washed twice with phosphate buffer and dried at 80oC until a stable
weight was reached.

Cyclic voltammetry
Electron discharge profiles of the biocatalyst during PHA
production was evaluated by employing cyclic voltammetry (CV) using
electrochemical cell having platinum and graphite rod as working and
counter electrodes, respectively against Ag-AgCl(S) reference electrode
[26]. Voltammograms were recorded by potentio stat-glavanostat
system (Autolab, PGSTAT12, Ecochemie) by applying a potential
ramp at a scan rate of 30 mV/s over the range of +0.5 to -0.5 V to the
working electrode. All the electrochemical assays were performed with
S. ureilytica in whole cell form using designed synthetic wastewater
as electrolyte. During potential sweep, the potentiostat measures the
current resulting from the applied potential and the values were used
to plot the voltammogram taking current vs. the applied potential.
Change in current (i) with respect to the operational conditions and
time could be visualized in CV. Tafel analysis was made from the
voltammetric profiles obtained at maximum performance using GPES
(version 4.0) software and conclusions were drawn in terms of Tafel
slope and polarization resistance.

Results and Discussion
Identification of Serratia ureilytica
The 16S rRNA nucleotide sequence identified in this study
was deposited in the GenBank database under accession number
HE612873. The sequence was aligned with the closest matches found
in the GenBank database with the CLUSTALW function of Molecular
Evolutionary Genetics Analysis package (MEGA). Neighbour-joining
phylogenetic tree was constructed with the MEGA version 4.0. The
isolated strain phylogenetically relates to genus Enterobacteriaceae
of the subclass of Proteobacteriaand formed a monophyletic lineage
(Figure 1). Sequence similarity calculations after neighbor-joining
analysis indicated that the closest relatives of HE612873 strain are S.
ureilytica (100%), Enterobacter sp. (99%), Enterobacter sp. F5jun (99%),
Klebsiella sp. FF2(99%) and Bacterium YX117S (99%). Growth study
results of S. ureilytica depicted a long lag phase up to 5 h, whereas
100
100

Enterobacter sp.(GQ417942)
Enterobacter sp.F5jun(GQ416129)
Serratia ureilytica SVMIICTP1(HE612873)
Klebsiella sp.FF2(JN987862)
Bacterium YX117S(HQ204294)

Figure 1: Neighbor-joining tree constructed using Mega 4.0 showing
phylogenetic relationships of 16S rRNA sequences from closely related
sequences from Gen Bank.
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the exponential phase was up to 22 h, followed by stationary phase.
The three phases of the curve are clearly distinguished in the bacterial
growth. The slope of the exponential growth phase resulted in specific
growth rate at that substrate concentration. Maximum specific growth
rate (μmax) from the Monods’ curve was estimated using two linearized
methods viz., Lineweaver-Burk, and Eadie-Hofstee. From the kinetic
data, it is observed that the according to Lineweaver-Burk method the
μmax value was 0.36 h-1, and according to Eadie-Hofstee method the μmax
value was 0.34 h-1.

a
PHA accumaulation (%DCW)

PHA production from volatile fatty acids

In the present study polyhydroxy alkanoates were accumulated
by S. ureilytica when mixture of volatile fatty acids at four OLRs was
supplied to the culture. PHA was accumulated to different levels
ranging from 32% to 51% DCW (Figure 2a). The best accumulation of
biopolymer from substrate was achieved at OLR2 (51%), and it was 2.8
folds higher in comparison with PHA accumulation at OLR1 (32%),
which also supported by the lowest levels of growth at OLR1. The best
biomass yields were achieved at OLR2 (3.9 g/l), and it was 1.2 fold to 1.8
fold higher in comparison with all other OLRs. The PHA accumulation
capacity of S. ureilytica from the OLR3 and OLR4 was 1.2 fold and 1.5
fold lower than the OLR2 respectively (Figure 2a). Variation in PHA
production visualized during the study might be due to the substrate
load which influenced the process performance. The time taken for
maximum PHA production was found to increase with increasing
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This study aimed to evaluate the PHA production from a volatile
fatty acids mixture using newly isolated bacteria S. ureilytica. Volatile
fatty acids have already been applied as organic carbon source for PHA
production using several bacteria. Wang and Wu, (2000) reported
that the bacteria Alcaligenes eutrophus produced 55% of PHB using
sodium acetate as sole carbon source at nutrient rich conditions [16].
Cyanobacterium Nostoc muscorum, produced 43% of PHB using 4 g/L
acetate as carbon source [17]. Du et al., (2001) conducted experiments
with Ralstonia eutropha for the production of PHA using three types
of volatile fatty acids i.e., acetic acid, propionic acid, and butyric acid,
and they reported that Ralstonia eutropha produced highest PHA
when butyric acid was used as carbon source [27]. There are many
reports on the utilization of volatile fatty acids by various bacteria for
the production of PHA, but there are no studies on the production of
PHA using volatile fatty acids with S.urelytica, even though this group
of organisms has commercial importance and used in the production
of commercially valuable products like enzymes, biosurfactants,
bioplastics, and anti-oxidants. Lugg et al., (2008) reported that a strain
of Serratia sp. showed 55% of PHB per gram of biomass dry weight
when incubated in the presence of citrate and glycerol 2-phosphate
as substrates [28]. Nalini and Parthasarathi (2014) reported the
production of biosurfactants by SerratiarubidaeaSNAU02 under solid
state fermentation using mahua oil cake as a substrate [29]. Wang et
al., (2009) used the bacteria Serratia ureilytica for the production of
antioxidants with anti-tumor activity and enzymes like protease and
chitinase by using squid pen as substrate [30].So in the present study
we used the bacteria Serratia ureilytica for the production of PHA
using volatile fatty acids as substrate. This organism is facultatively
aerobic, Gram-negative, motile, non-fluorescent, non-pigmented,
straight rods. Grows between 8oC to 43oC over a pH range of 5–11 in
nutrient broth media, and can tolerate up to 1.4 M NaCl. These bacteria
can utilize urea as a sole nitrogen source for its growth and has the
ability to hydrolyze urea to ammonia [31]. Ye et al. (2012) reported
37% production of PHA using mixed volatile fatty acids recombinant
Escherichia coli [32].

OLR1
OLR2
OLR3
OLR4

50

80
70
60
50
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Figure 2: (a) PHA produced from Serratiaureilytica using volatile fatty acids
at different OLRs as substrate; (b) Composition of PHA recovered from
Serratiaureilytica using volatile fatty acids at OLR2.

organic load i.e., OLR1 at 18 h, OLR2 at 24 h, OLR3 and OLR4 at 36
h. Higher OLR took more time for maximum PHA production due to
the availability of more substrate, while, lower OLR showed maximum
PHA accumulation in shorter time due to the lower substrate
availability. After reaching maximum concentration, production
capacity of biocatalyst showed a gradual decrement up to end of the
experiment (48 h) for all the OLR studied. OLR1 showed low PHA
production than other OLRs due to insufficient supply of substrate.
Conversely in the case of OLR4 high substrate concentration caused
load shock and suppressed the bacterial growth thereby lowering PHA
production. The biocatalyst showed highest PHA production at OLR2
signifying that this concentration was ideal for bacterial growth and
PHA production which was further supported by high dehydrogenase
enzyme activity.
Composition of biopolymer:Composition of PHA was analyzed
using HPLC. HPLC analysis of PHA sample in 0.014 N H2SO4 showed
two peaks at retention times of 33 min and 40 min matching with the
standard co-polymer P(3HB-co-3HV). Composition of PHA based on
co-polymer, P(3HB-co-3HV) synthesis was determined for OLR2 at
different time intervals (12 h, 24 h, 36 h, 48 h) (Figure 2b). The polymer
obtained, showed high HB content and low HV content for all the
time intervals. The HV content showed an increment with increase in
time. This is due to the utilization of propionate for HV formation,
which can be further supported by determining the volatile fatty acids
composition using HPLC analysis. At 12 h polymer showed higher HB
content (91%) than HV (8%), followed by 24 h (HB, 85%; HV 14%),
36 h (HB, 81%; HV 16%) and 48 h (HB, 80%; HV 18%). Biocatalyst
showed high HB content at all the time intervals due to the presence of
high amounts of acetic acid and low amount of butyric and propionic
acids in VFA composition. Homo-polymer, PHB is highly crystalline,
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stiff and brittle with low impact strength. Co-polymer, P(3HB-co-3HV)
has better physical and thermal properties, which depend on the HV
unit. If HV fraction increases, melting temperature decreases without
affecting the degradation temperature, thus providing a polymer with
structural properties and process ability similar to conventional plastics
[33]. Therefore the presence of high HB content and low HV content
supports that the PHA obtained is biodegradable and can be used as an
alternative to synthetic plastics.

Bioprocess monitoring
Volatile fatty acids concentration: The substrate pH was
adjusted to 7 before feeding to the reactors. The substrate pH showed
an increasing trend with time which might be due to the utilization
of volatile fatty acids by S. ureilytica. At 48 h, OLR1 showed highest
increment in pH (from 7 to 8.6), followed by OLR2 (7 to 8.3), OLR3
(7 to 8.1) and OLR4 (7 to 7.6) (Figure 4a). Changes in the pH values
were correlated well with the volatile fatty acids removal pattern.
Volatile fatty acids are the major precursor components involved in
PHA production. Initial volatile fatty acids concentrations were varied
for all the OLRs i.e., OLR1-3022 mg/l; OLR2-6056 mg/l; OLR3-9128
mg/l, and OLR4-12248 mg/l (Figure 4b). In all the OLRs, volatile fatty
acids showed gradual decrement up to end of the experiment, which
might be due to their continuous utilization by S. ureilytica for the
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Biopolymer characterization: The biopolymer produced by S.
ureilytica was characterized by different techniques. FTIR analysis
revealed the presence of different conformational bands related to
PHA (data not shown). The presence of absorption band at1019 cm-1
represented C–O–C chemical groups of the polymer. The signals in
the regions of 3422 cm−1, 2925 cm−1 and 1448 cm-1corresponds to the
stretching of CH3 asymmetric, CH2 anti-symmetrical and methyne
(-CH) group respectively. The thermal stability of the polymers
was analyzed by thermogravimetric analysis. Sample curve of PHA
obtained from S. ureilytica was given in Figure 3. The temperature at
5% weight loss was used as the decomposition temperature (Td) to
evaluate the thermal stability. While the decomposition of PHA starts
at 200oC, and derivative thermo-gravimetric (DTG) analysis showed
that the temperature corresponding to maximum degradation rate, i.e.
Dmax was 270oC for PHA.
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Figure 4: Bioprocess monitoring analysis of (a) pH and (b) VFAestimated by
standard method using volatile fatty acids as substrate at different OLRs.

Time (h)

Volatile fatty acids (mg/l)
Acetic acid

Butyric acid

Propionic acid

0

4800 ± 320

490 ± 45

480 ± 52

12

4254 ± 246

284 ± 27

265 ± 24

24

3212 ± 165

178 ± 28

134 ± 18

36

2234 ± 124

102 ± 26

94 ± 14

48

1456 ± 114

51 ± 14

32 ± 12

Table 1: Composition of volatile fatty acids estimated by HPLC during different time
intervals at OLR2.

production of PHA. Among all the OLRs, S. ureilytica at OLR1 showed
highest volatile fatty acids removal efficiency (84%), followed by OLR2
(75%), OLR3 (69%), and OLR4 (57%). Individual volatile fatty acids
composition of the substrate at OLR2 was analyzed at specific time
intervals (0 h, 12 h, 24 h, 36 h, 48 h) using HPLC (Table 1). HPLC result
showed that among three acids, acetic acid showed maximum removal
(3344 mg/l), followed by propionic acid (448 mg/l), and butyric acid
(439 mg/l) at 48 h of the experimental period.
Substrate removal: Substrate removal efficiency was evaluated
in terms of COD removal. Substrate degradation correlated well
with PHA production. Increment in substrate removal was noticed
with operation time irrespective of the OLR studied, suggesting the
efficiency of the system towards treatment. S. ureilyticashowed highest
COD removal efficiency with lower OLR, and lowest COD removal
efficiency with highest OLR (Figure 5). S. ureilytica with OLR1 showed
highest COD removal efficiency (84%), followed by OLR2 (72%), OLR3
(67%) and OLR4 (57%).
Figure 3: TGA thermogram of PHA produced from Serratiaureilytica using
volatile fatty acids as substrate.
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Dehydrogenase enzyme activity: Dehydrogenase (DH) enzyme
involves in the transfer of H+ between metabolic intermediates
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Figure 5: Chemical oxygen demand removal efficiency of Serratiaureilytica at
the end of reaction time (48 h) with different organic loading rate conditions.

3

Tafel analysis: Evaluation of electrochemical and kinetic
parameters pertaining to the biocatalyst behavior with the function
of operating conditions will depict understanding of the electron
discharge efficiency of the system. Tafel analysis is the electroanalytical
technique used for evaluating the biocatalyst behavior based on proton
and electron transfer [36]. Simple charge transfer reactions can be
exploited by the linear portion of Tafel slope for deriving the number
of protons and electrons transferred in the process along with the
exchange current density. The semi-empirical Tafel equation can be

OLR1
OLR2
OLR3
OLR4

2.5

OLR2 during different time intervals (0 h, 12 h, 24 h, 36 h and 48 h).
Voltammograms visualized significant variation in the electrochemical
behavior of S. ureilytica (Figure 7a, Table 1). The catalytic current
enumerated the shuttling behavior of H+ in the system between
metabolic intermediates through redox reactions. High oxidationreduction currents were observed at 24 h (0.85 nA, -0.87 nA), followed
by 36 h (0.62 nA, -0.67 nA), 12 h (0.38 nA, -0.51 nA), 48 h (0.34 nA,
-0.39 nA), and 0h (0.24 nA, -0.33 nA). At 24 h, 36 h and 48 h both
oxidation and reduction currents were almost same, but 12 h showed
significant variation in both oxidation and reduction currents. S.
ureilytica showed higher reduction current than oxidation current at
12 h. By observing the electrochemical analysis, it can be concluded
that both oxidation and reduction processes are equally occurring
during the PHA production process due to sufficient amount of
oxygen availability to carry out the re-oxidation of redox mediators.
Specific redox signals were observed on the voltammograms taken at
24 h and 36 h of operation, while redox peaks were not found in the
voltammograms taken at 12 h, 48 h, and 0 h (Figure 7a).
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Figure 6: Variation in dehydrogenase enzyme activity of Serratiaureilytica with
respect to different time intervals at different organic loading rates.

Bio-electro kinetic analysis
Electrochemical analysis was employed to study the bioelectrochemical behavior of S. ureilyticaduring PHA production at
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through redox reactions using mediators like NAD+ and FAD+. It is
an intracellular enzyme essential for the oxidation and reduction of
organic matter. It also involves in the conversion of acetate to acetylCoA, which is further converted to PHA. Initial DH activity (0 h, 0.6 μg/
ml) was same for all the OLRs studied. DH activity increased with time
and then showed decrement which might be due to lower availability
of substrate (Figure 6). Among all the OLRs, OLR2 showed maximum
enzyme activity (24 h, 2.9 μg/ml) followed by OLR3 (36 h, 2.3 μg/ml),
OLR4 (36 h, 1.9 μg/ml) and OLR1 (18 h, 1.5μg/ml). E0 values calculated
from the redox pair in cyclic voltammetry analysis correspond to
FADH2. The presence of FADH2 in cyclic voltammetry analysis at 24 h
and 36 h confirmed that the dehydrogenase enzyme (acetoacetyl-CoA
reductase) is present in the system and involved in the PHA production
process.Higher DH activity observed at 24 h, corroborated well with the
high PHA production, good substrate degradation and high reduction
current in CV. Higher DH activity increases the intracellular ratio of
NADH/NAD+, FADH/FAD+ which controls the flux of acetyl-CoA to
PHA biosynthetic pathway and slightly reduces the TCA cycle activity.
Anderson & Dawes, (1990) reported that excess NADH/FADH acts as
an electron donor in the acetoactyl-CoA reductase catalyzed reaction
transforming aceto acetyl-CoA to β-hydroxybutyryl CoA which could
be further converted into PHA by the action of PHA synthase [34,35].
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Figure 7: (a) Cyclic voltammograms derived with the function of different time
intervals using Serratiaureilytica as biocatalyst; (b) Tafel plots derived from
cyclic voltammograms at different time intervals using GPES (4.0) software.
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Time (h)

Tafel Slope (V/dec)
Oxidation current (nA)

Reduction current (nA)

Oxidative (βa)

Reductive (βc)

Polarization resistance (Rp, Ω)

0

0.24

-0.33

0.425

0.282

6.561

12

0.38

-0.51

0.378

0.235

6.051

24

0.85

-0.87

0.354

0.22

3.451

36

0.62

-0.67

0.355

0.23

4.168

48

0.34

-0.39

0.424

0.251

6.452

Table 2: Bioelectrokinetics analysis of S. ureilytica during PHA production with volatile fatty acids at OLR2 operation.

expressed as Equation (1).
lni = i0 + αanFE/RT 				

(1)

lni = i0 - αanFE/RT 				

(2)

Where, i represents current (A), E is applied voltage (V), βa (αanF/
RT) and βc (αcnF/RT) are the Tafel slopes. αa, αcare the electron transfer
coefficients, n is the number of electrons transfer, R is the universal gas
law constant (8.314 J mol-1 -K) and F is the Faraday constant (96483 C
mol-1). A Tafel plot was constructed with each time interval to calculate
the kinetic parameters such as oxidative slope (βa), reductive slope
(βc) and polarization resistance (Rp in Ω) (Figure 7b, Table 2). Lower
Tafel slope indicates higher electrocatalytic activity along with electron
transfer efficiencies and vice versa. Oxidative slopes were dominant
than reductive slopes irrespective of the time indicating the feasibility
for higher reduction reactions. However, the slope varied based on the
time interval. Higher reductive slope was observed at 0 h (0.282 V/
dec), followed by 48 h (0.251 V/dec), 12 h (0.235 V/dec), 36 h (0.230
V/dec) and 24 h (0.220 V/dec), indicating higher reduction feasibility
at 24 h (Figure 7b ). Oxidative slope also followed the same trend, 0 h
showed higher slope (0.425 V/dec), followed by 48 h (0.424 V/dec),
12 h (0.378 V/dec), 36 h (0.355 V/dec) and 24 h (0.354 V/dec) (Figure
7b). Among all the time intervals, 24 h of operation depicted significant
lower redox Tafel slopes compared to other time intervals indicating
the higher favorability for both the oxidation and reduction reactions.
Generation of protons and electrons from the substrate metabolism
followed by their reduction in the PHA production pathway might
have contributed for the higher redox reactions depicting lower redox
Tafel slopes. Polarization resistance calculated from the Tafel analysis
was relatively low at 24 h (3.451 Ω), followed by 36 h (4.168 Ω), 12 h
(6.051 Ω), 48 h (6.452 Ω) and 0 h (6.561 Ω) (Table 2). Low polarization
resistance observed at 24 h supports the transfer of higher number
of reducing equivalents from biocatalyst towards reduction which
might be the PHA production pathway. In cyclic voltammetry analysis
E0values calculated from the redox pair correspond to FAD+/FADH2
(E0=-0.24 V). Redox pairs observed during various time intervals
suggested the reversible nature of redox reactions. Among all the time
intervals S. ureilyticaat24 h showed higher PHA production, high DH
activity and substrate degradation which strongly support the observed
polarization resistance. Tafel analysis helped in understanding the
variations in the number of electrons present as well as electron transfer
resistance during PHA production.

Conclusions
Bioplastics production with a newly isolated bacterial strain S.
ureilytica by utilizing volatile fatty acids was successfully evaluated
in this study. Bioplastics produced from S. ureilytica contains the copolymer P (3HB-co-3HV) with high hydroxybutyrate content. Substrate
concentration significantly influenced bioplastics accumulation
capacity of S. ureilytica. Enzyme activities, bioprocess monitoring and
substrate degradation showed good correlation with PHA production.
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Bio-electro kinetic analysis showed decrement in internal losses during
PHA production favored for more electron discharge which might
involved in the reduction process. Present study depicted optimum
concentration of substrate for higher PHA production in S. ureilytica.
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