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This study aimed to investigate the potential of using wastewater and crude glycerol from biodiesel
refinery to produce polyhydroxyalkanoates (PHAs) through fermentation of Cupriavidus necator TISTR
1095. The result indicates that crude glycerol yielded high cell growth (35 to 37 g/L) and poly-3-
hydroxybutyrate (PHB; 17.85 to 19.98 g/L). However, no cell growth obtained from biodiesel-wastewater
due to high Na* presented. Among medium and experimental factors influencing PHB accumulation,
crude glycerol, (NH,;).SO, and trace element concentration revealed significant effects (P<0.1). Their
optimal values were 60 g/L crude glycerol, 1.32 g/L (NH,).SO, and 2.0 g/L trace element. Under these
optimal conditions, the strain TISTR 1095 produced the highest biomass (46.25+2.10 ¢g/L) and PHB
concentration of 24.9811.87 g/L with PHB content of 54.01% of DCW. Effect of experimental conditions
including aeration rate and agitation speed as well as sterile condition on PHB accumulation was also
studied. The optimal aeration rate (2 vvm) and agitation speed (150 rpm) under septic condition during
cultivation gave slightly increase of biomass and PHB. The maximum biomass (46.96+0.28 g/L) and PHB
concentration of 25.32+0.20 g/L (53.92% of DCW) was achieved in 20-L fermentor. Moreover, the purified
PHB from C. necator TISTR 1095 was partially characterized; their properties were similar to
commercial PHB.

Key words: Biodiesel, Cupriavidus necator, glycerol, optimization, polyhydroxybutyrate, poly-3-hydroxybutyrate
(PHB).

INTRODUCTION

Biodiesel is a renewable energy derived from the reaction
of vegetable oils or lipids and alcohol with or without the
presence of a catalyst. The advantage of biodiesel is that
carbon neutral, exhibiting similar features to diesel,
biodegradable, less-toxic and significantly cheaper to
manufacture than its petroleum equivalent. As the
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Abbreviations: PHAs, Polyhydroxyalkanoates; PHB, poly-3-
hydroxybutyrate.

demand of biodiesel increasing exponentially nowadays,
the biodiesel process has also generated wastes in a
large quantity. An annual production of biodiesel is
approximately 150 million gallon per year; an amount of
23 to 35 million gallons of wastes are generated. Three
wastes from biodiesel process composed of glycerol,
methanol and wastewater. Since previous reports have
stated that all wastes should be provided as carbon
source in fermentation process to produce various
products such as 1,3-propanediol, ethanol, succinate,
acetate, hydrogen as well as eco-friendly biopolymer
(Grengross and Slater, 2000; Thomson, 2001;
Khardenavis et al., 2007). However, this study was



interested in the improvement of fermentation process for
the production of biopolymer from biodiesel wastes due
to the current situation about global environment and
solid waste management problems.

Among various classes of biopolymer, polyhydro-
xyalkanoates (PHAs) have played much attention
because their properties are similar to synthetic plastics
as well as it can be produced from renewable resources
and possess complete biodegradability which all of their
properties give them an edge over conventional plastics
(Steinblchel and Doi, 2001; Jendrossek and Handrick,
2002; Shah et al., 2007; Sangkharak, 2009; Chaudhry et
al., 2010; Mumtaz et al.,, 2010). PHAs are degraded
naturally by PHAs depolymerases at the high rate within
3 to 9 months. However, the major drawback of PHAs is
their high costs. The use of different waste materials for
PHAs production is a good strategy as production is cost
efficient and disposal problems are also over come
(Chaudhry et al., 2010). Interestingly, the production of
PHAs was also reported in the range of 30 to 62% from
biodiesel wastes (Taidi et al., 1994; Cavalheiro et al.,
2009; Rebah et al., 2009; Shrivastav et al., 2010).
However, only little information has been published.

In the present study, we test the combinatorial effect of
the production of PHAs from biodiesel wastes using
Cupriavidus necator strain TISTR 1095. The specific
goals of this study were to improve the PHAs production
by optimization study using both statistical and
conventional methods to quantify the effects and optimal
levels that will maximize the PHAs yield as well as the
isolated-PHAs were characterized for their physical
properties.

MATERIALS AND METHODS
Microorganisms and cultivation medium

PHAs-producing bacteria was C. necator (former Ralstonia
eutropha) TISTR 1095 which were obtained from Culture collection,
Thailand Institute of Scientific and Technological Research,
Thailand. The strain was maintained at 30°C in mineral medium
contained (g/L) glucose 10, (NH.)>SOs 1, KH:PO; 1.5,
Na2HPQO4-12H20 9, MgSO,4-7H.0 0.2 in addition of 1 mL of trace
element solution. The trace element solution has the following
composition (g/L) FeSO47H20 10, ZnSO47H,0 2.25, CuSO4-5H,0
1, MnSOs+4H,O 0.5, CaCl2HO 2, NaB,O10H.O 0.23,
(NH4)sM07024 0.1, and 1 mL of 35% HCI. The medium was adjusted
to pH 6.8 using 5 mol/L NaOH.

Characteristic of biodiesel waste

Crude glycerol and wastewater were obtained from biodiesel
refinery (Suratthani, Thailand) and laboratory (Thaksin University).
Biodiesel was generated from vegetable oils by using sodium
metoxide as catalyst. Each waste sample was measured for pH,
Na* quantification, methanol and monoacylglycerides (Cavalheiro et
al., 2009).
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Glycerol and methanol concentrations were determined by a
Shimadzu Prominence HPLC System (Shimadzu Scientific
Instruments, Inc. Columbia, MD). The detailed procedures were
described previously (Chi et al., 2007). The sodium quantification
was performed at 589 nm in a flame atomic absorption
spectrophotometer (Perkin Elmer) after being diluted in water.
Samples were kept at temperature below 4°C in order to prevent
the wastes from undergoing microbial biodegradation.

Effect of crude glycerol on PHAs production in shaken flask
cultivation

Starter culture of C. necator was prepared by cultivating aerobically
with shaking (150 rpm) in mineral medium at 30°C for 24 h.
Periodically, aliquots were removed to determine for the cell growth
by measurement of optical density at 660 nm. The starter culture
(5%) was added into the mineral medium (200 mL) and cultivated
on a rotary shaker (150 rpm) at 30°C for 48 h. Samples were taken
every 6 h to measure for biomass, the concentrations of PHAs and
glycerol concentration.

The mineral medium was prepared in the addition of 1 mL of
yeast extract. The effect of crude glycerol on PHAs production was
studied compared to the mineral medium containing glucose
(control) and pure glycerol (Sigma-Aldrich).

Biomass measurement

10 mL of culture samples were centrifuged at 12000 x g for 15 min
at 4 C. The pellet was resuspended with distilled water (50 mL) and
then centrifuged again for washing. The washed cells were dried at
105<C for 24 h in a hot air oven, then cooled down in dessicator.
The drying was repeated until constant weight was obtained
(Sangkharak and Prasertsan, 2007).

Determination of PHAs content of bacterial cell

For qualitative determination, PHAs were analyzed in whole-cell
samples or after extraction with chloroform and purification by
repeated ethanol precipitation from a chloroform solution. The PHAs
content and composition was determined by gas chromatography
(GC) (Steinblchel and Wise, 1992; Timm et al., 1990). Final
confirmation of structures was performed by gas chromatography-
mass spectrometry (GC-MS). PHAs content is defined as the
percentage of dry cell weight (DCW), that is, 100 x (g PHAs/g
DCW).

Optimization for PHAs production by statistical method

The optimization study for PHAs production was determined by
statistical method including a Plackett-Burman design and central
composite design (CCD). Firstly, a Plackett-Burman design was
used to screen the factors possessing a significant effect on the
DCW and PHAs production from crude glycerol. The variables to be
evaluated are listed in Table 2, including various medium
components, pH and initial temperature. Each independent variable
was investigated at a high (+) and a low (-) level. The low levels (-)
of medium components were taken as their concentrations in
mineral medium.

The design matrix and data analysis were similar as previously
reported by Wen and Chen (2001). In summary, there were 20-runs
of experiment. The effect of each variable (E) on response was
determined by subtracting the average response of the low level
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from high level. The data were analyzed for significant (P) level
through F-test. Here, only parameters contained P<0.10 were
accepted as significant factors, which were further optimized in the
following CCD (Wen and Chen, 2001; Chi et al., 2007; Sangkharak,
2011).

Three significant factors with (P<0.10) including glycerol,
(NH4)2SO4 as well as trace element concentration obtained from
previous section were used to determined the optimum values for
PHAs production using CCD. A 2" CCD (2% = 8 factor points) plus 2"
(2x3 = 6: axial points, with o = ¥3) and six replicates at the center
points (ng = 6) was used. The variables are coded according to the
following equation (Box et al., 1978; Luengo et al., 2003; He et al.,
2004; Nikel et al., 2005; Cho and Zoh, 2007; Sangkharak, 2011):

Xi = (X — Xo) / AX, =1, 2, 3, ... I
(Equation 1)

Where, x; is the coded value of an independent variable; X is the
real value of an independent variable; Xy is the real value of an
independent variable at the center point and AX; is the step change
value.

In this study, Xj is the glycerol concentration, Xz is the (NH4)2SO4
concentration and Xjs is the trace element concentration. The DCW
or PHAs production was considered as the dependent variable or
response (Yi).

The second order polynomial equation was employed to fit the
experimental data presented in Table 3. The proposed model for
the responses Y; was given in the following as shown in Equation 2
(Box et al., 1978):

Yi = BO + B1X1 + Bzxz + Bsxs + B11X12 + Bzzxzz + BssX32 + B12X1 X2 +
B13X1 X3 + B23X2X3 (Equation 2)

Where, i is the predicted response; xi, x» and x3 are the
independent variables; B¢ is the offset term; B1, B2 and Bs are the
linear effects B11, P22 and Pas are the squared effects, and P12, 13 and
B2s are the interaction term effects. All designed experiments were
conducted in triplicate.

Statistical and numerical analyses were carried out by means of
the analysis of variance (ANOVA). A software package Design-
Expert® 8.0 (trial version, State-Ease, Inc., Minneapolis, USA) were
used to generate and analyze the statistical design.

Model validation and confirmation

The predicted condition which was obtained by statistical design
was selected and confirmed by Cupriavidus necator. The
experiments were operated in shake-flask and 5-L fermentor with
control of aeration rate and agitation speed at 1 vvm and 150 rpm,
respectively.

Biomass and PHAs content were quantified. The percentage of
derivation between the predicted and experimental value were
investigated.

Optimization of other experimental conditions on PHAs
production by conventional method

The starter (5%) was added into a 5-L fermenter containing the
optimal medium formula obtained from the statistical method.
Samples were taken at time interval and all parameters were
analyzed as mentioned in the shake-flask cultivation. The effects of
the experimental conditions including aeration rate (0 to 2.0 vvm),

agitation speed (100 to 600 rpm) and sterile condition
(septic/aseptic) were also investigated.

Time course on PHAs production under the optimal condition

The starter (5%) of C. necator added into a 20-L fermentor
containing the optimal medium (from above section) for 96 h. The
kinetic parameters such as specific growth rate and productivity
were determined.

Characterization of PHAs

The polymer from C. necator was extracted and subjected to
analyze and determine for the melting temperature (Tm), the
crystallization temperature (Tc) and the glass transition temperature
(Tg) by differential scanning calorimeter (DSC) following the method
described by Inoue and Yoshie (1992) as well as the determination
of molecular weight of isolated PHAs by ubbelohde viscometer
according to Mark-Houwink-Sakura equation (Marchessault et al.,
1970; Suthar et al., 2000; Wang and Yu, 2000).

RESULTS AND DISCUSSION
Characterization of biodiesel-refinery wastes

Biodiesel-refinery wastes including crude glycerol and
wastewater which obtained from laboratory and biodiesel
refinery were characterized for pH, Na" quantification,
methanol and monoacylglycerides. The crude glycerol
from biodiesel refinery had a dark brown color with a pH
of 8 to 9. High amount of Na®, methanol and mono-
acylglyceride were detected in a range of 2.8, 1.2 and
2.5%, respectively. Due to the fact that the biodiesel
refinery used excess methanol in order to drive the
transesterification towards a maximum biodiesel yield.
However, a pH level of crude glycerol obtained from
laboratory was only 6 to 8 as well as small amount of Na*
(1.3%), methanol (0.2%) and monoacylglyceride (1.8%)
was detected.

Glycerol contents in crude glycerol from both Suratthani

refinery and laboratory were around 80 to 85%. Glycerol
purity in biodiesel have been reported in a wide range
from 55 to 85% (Gonzalez-Pajuelo et al., 2005; Mu et al.,
2006), depends on production processes.
Woastewater from biodiesel refinery and Ilaboratory
contained high amount of Na* (15 to 25%). The presence
of sodium ions (>5%) was found to have a particularly
negative effect on both the growth rate and the polymer
yield (Mothes et al., 2007). Therefore, only crude glycerol
from both sources were selected and used as carbon
source for PHAs production.

The characteristics of crude glycerol used in this study
were similar to those of glycerol as pre-viously reported.
The composition of crude glycerol samples from different
studies were summarized in Table 1.
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Table 1. The composition of crude glycerol from various refineries.

Glycerol sources Glycerol (%) Methanol (%) NaCl /K>SO, (%) pH Reference
Hamburg AG (Germany) 80 <0.01 5.5 5.9
Natural Energy West GmbH (Germany) 85 <0.01 5.0 6.4
Bio-Diesel Wittenberge GmbH (Germany) 82 <0.50 4.2 6.8
EOP Biodiesel GmbH (Germany) 85 0.03 0.8 4.1 Mothes et al. (2007)
Campa Energy GmbH (Germany) 90 0.50 1.6 6.0
TME Methylesterwerke GmbH (Germany) 77 0.0001 6.6 5.3
PetroTech GmbH (Germany) 88 1.70 1.0 45
Virginia Biodiesel refinery and Seattle Biodiesel refinery (USA) 75 12 NG? NG? Chi et al. (2007)
Novance (France) 65 1 5 NG? Gonzalez-Pajuelo et al. (2005)
Waste glycerol (Portugal) >90 0.2 3 NG? Cavalheiro et al. (2009)
Suratthani Biodiesel refinery (Thailand) 80 1.2 2.8 8-9 .

. This study
Laboratory scale biodiesel 85 0.2 1.3 6-8

NG® = Not given.

Effect of crude glycerol on PHAs production in
shaken flask cultivation

Time course of cell growth, substrate consumption
and PHAs production of C. necator TISTR 1095
cultured in mineral medium supplemented with
4% (40 g/L) of glucose, pure glycerol and crude
glycerol (laboratory and biodiesel refinery) being
used in the medium without controlled pH. Among
4 substrates, C. necator exhibited the highest
DCW (40x1.58 ¢g/L) and PHAs concentration
(22.4£1.09 g/L) when glucose was utilized as a
substrate followed by pure glycerol (with the value
of 38+1.87 g/L DCW and 19.76+0.96 g/L PHAs)
and crude glycerol (35 to 37 g/L DCW and 17.85
to 19.98 g/L PHAs). The lowest DCW (35x1.02
g/L) and PHAs concentration (17.85+1.11 g/L)
obtained from crude glycerol (biodiesel refinery).
However, the level was not significantly different
between cultivation in glucose, pure glycerol or
crude glycerol. The cell grew very well and

produced the desired amount of PHAs in crude
glycerol compared with glucose and pure glycerol
and reached the highest level after 36 to 42 h of
cultivation corresponded with low amount of
substrates within 48 h of cultivation. Interestingly,
when 40 g/L of crude glycerol was used, the real
glycerol concentration in the medium was
presented only 32 to 34 g/L, suggesting that
around 15 to 20% of impurity was contained in the
crude glycerol. Therefore, pretreatment of crude
glycerol by washing with distilled water before
cultivation is necessary to improve PHAs yield
(Chi et al., 2007).

Isolated PHAs from four substrates used in this
study were characterized by gas chromatography.
The gas chromatogram for PHAs from each sub-
strate was observed at the retention time 10.07
min corresponding to 3-hydroxybutyric acid. This
revealed that the homopolymer was poly-3-
hydroxybutyrate [P(3-HB)], accumulated in either
pure substrates (glucose and pure glycerol) or

crude glycerol.

Optimization for PHB production from crude
glycerol by statistical method

PHB production in crude glycerol

As aforementioned, the production of PHB was
not significantly different when produced from
glucose, pure glycerol and crude glycerol. The
result indicates that crude glycerol was a potential
good carbon source for the production of PHB.
Therefore, crude glycerol from biodiesel refinery
was selected as substrate for PHB biosynthesis
by C. necator TISTR 1095. In addition, optimi-
zation to enhance PHB production by statistical
method was also investigated. The crude glycerol
was pretreated prior to usage according to the
method described by Chi et al. (2007). C. necator
TISTR 1095 was cultivated under modified



17816 Afr. J. Biotechnol.

Table 2. Treatment schedule for Plackett-Burman design and responses for dry cell weight (DCW) and PHB production by

Cupriavidus necator TISTR 1095 in glycerol-containing medium.

Run Variable Response

A B C D E F G H DCW (g/L) PHB (g/L)
+ 80 4 3 9 0.4 2 8 30
- 40 1 1.5 4.5 0.2 1 6 25
1 + + + - - + + - 38.14+2.21 22.12+1.21
2 + - + + - - - - 36.02+1.56 20.59+1.10
3 - + - + + + + - 33.21+£1.82 19.26+0.59
4 - - + - + - + 34.89+1.76 20.23+1.25
5 + + - + + - - - 35.11+£3.65 20.36+1.33
6 + + + + - - + + 35.02+2.14 20.31+1.08
7 - + + - - - - + 32.32+1.69 18.75+1.11
8 - + - + - + + + 33.12+2.02 19.21+£0.98
9 - - - - + - + - 34.32+3.04 19.91+£0.69
10 - + + + + - - + 33.09+2.58 19.19+2.01
11 - - - - - - - 35.31+2.24 20.48+1.65
12 + + - - - - + - 34.43+2.69 19.97+£1.10
13 - - + + - + + - 35.33+1.58 20.49+0.65
14 + + - - + + - + 35.19+1.99 20.41+0.52
15 + - + + + + - - 38.26+1.29 22.19+1.22
16 + - - - - + - + 38.56+2.87 22.36+1.31
17 - - + - + - + + 34.12+3.25 19.79+1.65
18 + - - + + - + + 37.11+£3.26 21.52+1.57
19 - + + - + + - - 33.69+2.54 19.54+1.11
20 + - + - + + + + 38.18+2.11 22.14+1.02

Where A = crude glycerol concentration (g/L); B = (NH4).SO4 concentration: (g/L); C = KH,PO,4 concentration (g/L); D = Na;HPO4-12H,0
concentration (g/L); E = MgSO4-7H.0 concentration (g/L); F = trace element concentration (g/L); G = initial pH; H = cultivation temperature

(0

mineral medium where glucose was supplemented
through crude glycerol (40 g/L). Eight parameters
including the effect of crude glycerol, (NH4)2SO,4, KH2POy,
Na,HPO412H,0, MgSO,4- 7H,O and trace element, as
well as the effect of initial pH and cultivation temperature
on biomass and PHB production were investigated by
statistical analysis.

Screening the significant factors by Plackett-Burman

Plackett-Burman design, an experiment, initiated for
screening the significant factors affecting on PHB
production. C. necator TISTR 1095 was grown under 20
different conditions with DCW and PHB production being
taken as the responses for each run (Table 2). The
effects of the variables on the responses and their
associated F-test as well as significant level (P) were
calculated (data not shown). The resulted effects with
P<0.10 were accepted as significant. Only three factors
among eight investigated parameters including crude
glycerol, (NH4).SO, and trace element concentration

showed significant effects on biomass and PHB pro-

duction. These parameters were further optimized
through a central composite design.
Optimization for PHB production in glycerol-

containing medium by central composite design

To validate the exact optimum values of crude glycerol,
(NH,).SO, and trace element as well as their interactions
using statistical design, the range between the optimum
points (from Plackett-Burman) were selected. The CCD
experiments were therefore focused on the interaction of
crude glycerol (60.0£10.0 g/L) and (NH4)>.SO, (3.0£1.0
g/L) in glycerol-containing medium in addition to trace
element concentration (2.0£1.0 g/L) as response-
dependent variables. The concentrations of non-
significant medium components as identified in Table 3
were set at lower levels while the initial pH was set at 6.8.
Levels of glycerol concentration, (NH4).SO, and trace
element were significant factors (P<0.05) for both
biomass and PHB production from C. necator TISTR
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Table 3. Treatment schedule for three-factors central composite design (CCD) and the response for PHB

production by Cupriavidus necator TISTR 1095.

Trial X Xo X Response (i)

+1 70 4 3

0 60 3 5 DCW (g/L) PHB (g/L)
-1 50 2 1

1 -1 -1 -1 38.11+1.56 20.20+0.96
2 +1 -1 -1 39.23+1.25 20.79+1.25
3 -1 +1 -1 35.12+1.22 18.61+£1.04
4 +1 +1 -1 36.61+1.84 18.31£0.68
5 -1 -1 +1 37.98+0.96 18.99+0.89
6 +1 -1 +1 40.02+1.59 20.01+1.22
7 -1 +1 +1 33.26+1.46 16.63+£1.03
8 +1 +1 +1 35.53+1.98 18.48+1.14
9 -1 0 0 33.99+2.02 17.67+0.88
10 +1 0 0 37.89+1.69 19.70+1.00
11 0 -1 0 45.87+2.21 22.94+1.43
12 0 +1 0 35.01+1.87 18.21+£0.59
13 0 0 -1 35.23+1.69 18.32+0.91
14 0 0 +1 36.61+0.99 19.77+1.51
15 0 0 0 36.26+1.54 19.58+1.66
16 0 0 0 35.99+1.25 19.43+1.23
17 0 0 0 35.68+1.67 18.20+1.06
18 0 0 0 36.12+1.24 18.42+1.11
19 0 0 0 36.09+1.01 18.41+£1.96
20 0 0 0 36.21+1.12 18.47+1.21
Where X; = crude glycerol concentration (50-70 g/L); X = (NH4).SO4 concentration (2-4 g/L); X; = trace element

concentration (1-3 g/L).

1095 (Table 3). Fischer's F test demonstrated that the
model applied was significant. The significant terms were
calculated using t-test and the responses under different
combinations were analyzed using the analysis of
variance (ANOVA). The first and second (quadratic and
cross-product) order terms were found to be significant
(P=0.5) and lack of fit was not significant (P>0.05). Only
significant terms were selected to possess the highest
value of coefficient of determination (R?) (Box et al.,
1978) as shown in the Equations 3 and 4. In this study,
the values of R® varied from 0.93 to 0.98, which
suggested that the models gave good fit. The effects of
crude glycerol, (NH,4).SO,4 and trace element on biomass
production and PHB production (responses) were
analyzed. Plus (+) and minus (-) symbol represented the
positive and negative effects on the response as shown
in Equations 3 and 4. The interaction of the factors,
however, had a pronounced effect on PHB optimization
indicating the importance of these factors on the
enhancement of PHB yields.Equations obtained for
biomass and PHB production by C. necator TISTR 1095
were:

Biomass gg/L) = 45.33 + 0.22x; - 10.59x, + 0.72x3 —
0.00156x;° + 1.44%,° — 0.16x5° + 0.0075X; X2 + 0.021X:x3 —
0.45xx3 (Equation 3)

PHB (g/Lg = 2391 + 0.13x; — 4.43x% — 2.12x; —
0.00124x,° + 0.54x%° + 0.00369x° - 0.00074x:X% +
0.032x1x3 + 0.022x:x3 (Equation 4)

Where x;, x, and x; represent the codified levels of crude
glycerol, (NH,).SO, and trace element, respectively.

C. necator TISTR 1095 produced biomass (33.26 to
45.87 g/L) and PHB (16.63 to 22.94 g/L) in the range of
various parameters.

The lowest value of biomass (33.26 g/L) was obtained
at minimum glycerol concentration (50 g/L) with the
maximum concentration of (NH4).SO, (4.0 g/L) and trace
element (3.0 g/L).

In treatment number 11, the strain required moderate
levels of glycerol (60 g/L) and trace element (2.0 g/L) in
addition of least amount of (NH4).SO, (2.0 g/L) to gain
the highest concentration of biomass (45.87+2.21 g/L)
and PHB (22.94+1.43 g/L) as well as PHB content 50%
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Figure 1. Response surface showing the effect of glycerol and (NH4).SO,4 concentration; (NH4)>SO4 and trace element; glycerol and trace
element on biomass (a, ¢, €) and PHB production (b, d, f) of Cupriavidus necator TISTR 1095.

of DCW.

These results suggested that suitable concentration of
carbon and nitrogen by mean of glycerol and (NH,4).SO,,
respectively, and trace element were required for PHB
synthesis, otherwise excess nutrient was diverted
towards biomass build up but decreased PHB accu-
mulation (Lakshmar et al., 2004; Sangkharak and
Prasertsan, 2007).

Moreover, the highest C/N ratio (30:1) was also
observed in this treatment which in turn affected the cell
growth and PHB production (Luengo et al., 2003; Reddy
et al., 2003). High C/N ratio of glycerol and (NH,)>SO, in
this optimal cultivation system had a great influence on
PHB accumulation comparable to previous reports (Grothe
et al., 1999; Grothe and Chistri, 2000; Reddy et al., 2003).

Interaction of glycerol, (NH4).SO,4 and trace element on
biomass and PHB production for C. necator TISTR 1095
revealed the response surface of biomass production
(Figure 1) in which one variable kept at the optimum level
and the other two variables varied within the experimental
ranges.

Model validation and confirmation

Verification experiments performed at the predicted

conditions and other three conditions were also selected
to confirm the model using C. necator TISTR 1095. The
experiment was conducted in 5-L fermentor with
controlled condition; pH at 6.8, 1 vvm aeration rate and
150 rpm agitation speed. The results demonstated that
the experiment values were higher than predicted values
(Table 4) indicating the validity and adequacy of the
predicted models. The optimal condition gave higher
values in 5-L fermentor (46.25+2.10 g DCW/L and
24.98+1.87 g PHB/L) compared to predicted value and
gave the percentages of deviation from predicted values
at 1 to 10%. Results obtained from other tested condition
in this study also gave higher amount of both biomass
and PHB than the predicted value in the range of
deviation at 1 to 8%. The higher value was significantly
affected by controlling of pH, aeration rate and agitation
speed. Therefore, effect of aeration rate and agitation
speed were investigated in more detail.

Effects of environmental condition on PHB

production

C. necator TISTR 1095 was cultivated in the optimal
medium consisting of 60 g/L glycerol, 1.32 g/L (NH4)>SO,
and 2 g/L trace element at 30°C. The effect of variation
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Table 4. Comparison of predicted and experimental values of two responses (Y3, Y2) at the optimal levels predicted and other three
conditions from shake-flask model using Cupriavidus necator TISTR 1095 cultivated in 5-L fermentors with control of pH at 6.8, 1
vvm aeration rate and 150 rpm agitation speed using response surface method (RSM).

Condition Parameter (g/L) Predicted value®(g/L) experimental value® (g/L) Deviation® (%)
Optimal condition X1 =60.00 Yi=44.14 Y1 =46.25+2.10 4.78
P ¢ Xo=1.32 Y., =21.95 Y2 = 24.98+1.87 13.80
Other condition
X3 =2.00 (49.73% of DCW) (54.01% of DCW)
Condition 1 X1 =69.30 Y =41.38 Y1 =42.59+1.22 2.92
X2 =2.00 Y2 =20.62 Y2 = 22.57+0.99 9.46
X2 =2.00X; =3.00 Y2=20.57(49.83% of DCW) Y, =22.38+1.07(53.00% of DCW) 8.80
Condition 2 X1 =70.00 Y1 =40.95 Yi=42.11+1.04 2.83
Xz =2.52 (50.23% of DCW) (53.15% of DCW)
Xi =64.37 Y1 =40.65 Y1 =41.25+2.06 1.48
Condition 3 X2 =2.00 Y2 =20.33 Yo =21.78+1.24
X; =3.00 (50.01% of DCW) (52.80% of DCW) 7.13

@ Predicted value obtained from RSM model, °

Observed value determined from RSM model,

c

[(observed value-predicted

value)*100]/predicted value, Parameters: X; = glycerol concentration (g/L), X = (NH4)2SO4 (g/L), X5 = trace element concentration (g/L), Y;

= biomass (g/L), Y> = PHB concentration (g/L).

rate of aeration (0 to 2 vvm) and agitation speed (100 to
600 rpm) on the PHB production was investigated by
adjusting the rate of the optimal culture. The result
showed that the higher aeration rates, the higher PHB
production.

The optimal aeration rate for cell growth (46.88+0.21
g/L) and PHB production (25.02+0.19 g/L) by C. necator
TISTR 1095 was 2.0 vvm (Figure 2a). When cultivated C.
necator TISTR 1095 under optimal medium at the
aeration rate of 2.0 vvm, with agitation speed at 100 to
600 rpm, the production of PHB decreased as the
agitation speed increased over 150 rpm (Figure 2b). This
might be due to the cell destruction. Therefore, the
maximum biomass (46.96+1.90 g/L) and PHB production
(25.09+0.31 g/L) as well as 53.85% of DCW were
observed at 150 rpm of agitation speed.

Sterile condition

C. necator strains TISTR 1095 was cultivated in optimal
glycerol-containing medium with aeration rate and
agitation speed at 2 vvm and 150 rpm, respectively under
cultivation temperature at 30°C and pH controlled at 6.8.
The effect of sterile condition, septic and aseptic, during
cultivation in a 5-L fermentor on PHA production was
investigated.

C. necator grew well under both septic and aseptic
condition. Cultivation of C. necator in septic condition

gave lower amount of biomass (45.99+1.68 g/L) and PHB
(24.03+1.23 g/L) than aseptic with yielded biomass and
PHB at 46.96+1.90 g/L and 25.09+0.31 g/L, respectively.
However, the biomass and PHB production were not
significantly different. It was found that sterile condition
had the least effect on cellular growth and no effect on
PHB concentration and content (52.25 to 53.43% of
DCW).

The production of PHB under optimal condition in
batch culture

According to the results presented above, the optimal
cultivation condition of C. necator TISTR 1095 was in the
medium with controlled pH at 6.8 and incubation at 30°C
for 96 h. The cultivation was performed in a 20-L
fermentor with aeration rate of 2.0 vwvm and agitation
speed of 150 rpm. The results are given in Figure 3 and
kinetic parameters were calculated. These values were
about 0.9-fold higher than those cultivated in mineral
medium. The specific growth rate () was 0.023 h™, yield
coefficient (Ypx) was 0.54 g PHB/g cell and productivity
(Rm) was 0.52 g/L.h. Cellular growth was 46.96+0.28 g/L,
PHB concentration was 25.32+0.20 g/L and PHB content
was 53.92% of DCW. These data suggested that C.
necator TISTR 1095 expressed a good potential for
production of PHB by fermentation in a 20-L bioreactor
using a cultivation medium containing crude glycerol as
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Figure 2. Effect of aeration rate (a) and agitation speed (b) on PHB content from Cupriavidus necator TISTR 1095
cultured in glycerol-containing medium consisting of 60 g/L glycerol, 1.32 g/L (NH4)>SO4 and 2 g/L trace element at 30°C
under pH control at 6.8.



17822 Afr. J. Biotechnol.
50 45
45 | i | I | [ f—| 5 1
- - 40
40 4 — | - - ' =)
. NE
35 I -
~~ ~ - 30 g
3 - E
~—
~| 30 — g
% - 25 ~Nd
2 - g
g >
S 20§
== 20 | [®)
==}
-15 |
15 - | n_‘
. 0
10
5 | -5
0 T T + 0
0 6 12 24 36 48 60 72 84 96
O Biomass B Biomass-Mineral medium —8—PHB concentration =&—PHB-Mineral medium

Cultivation time (h)

Figure 3. G_1h @@ ,

) and PHB accumulation (e, A) of Cupriavidus necator TISTR 1095 on optimal medium containing

glycerol (carbon source), 60 g/L; (NH4)2SO4 (nitrogen source), 1.32 g/L and trace element 2.00 g/L at 30°C, under controlled
aeration rate (2 vvm), agitation speed (150 rpm), pH (6.8) conditions compared with mineral medium, respectively.

the main substrate.

Characterization of PHB

The thermal behavior of the samples was investigated by
differential scanning calorimetry (DSC). The thermal
properties determined for the purified samples and for the
commercial PHB were compared and there was a good
agreement among data from different samples. It is
interesting to note that similar value of X; was obtained
from the commercial PHB (53%) and the purified PHB
obtained from the optimal glycerol-containing medium
(55%). In the DSC determination, the melting
temperature of the PHB homopolymer from C. necator
TISTR 1095 and from a commercial source was 160 to
170°C and 175°C, respectively. The molar mass of the
isolated PHB was determined by ubbelohde viscometer,
since molar mass is an important factor to determine
physical properties of polymers and is known to vary with

substrate and culture conditions. The results show that
final Mv at 30°C of PHB produced by C. necator TISTR
1095, cultivated with optimal glycerol-containing medium,
was 400,000 Dalton (Da). The Mv of PHB from several
microorganisms has been reported in the range of
300,000 to 500,000 Da depending on microorganisms
and carbon source (Quagliano et al., 2001).

Conclusion

An objective of this research were to reduce the pro-
duction cost of PHAs and to develop a high PHAs
production procedure by selecting the prominent renew-
able carbon source, increase the PHB production by
optimization studies as well as characterize partial pro-
perties of isolated PHAs. Crude glycerol from biodiesel
refinery showed the great ability for PHB production by C.
necator TISTR 1095. Using both statistically and
conventional method, the results indicated that the



highest amount of biomass and PHB production
(46.9610.28 g/L biomass, 25.32+0.20 g/L PHB, 53.92% of
DCW and Y,x 0.54) was achieved with controlled
aeration rate and agitation speed at 2 vvm and 150 rpm,
respectively under septic condition. Partial properties of
PHB produced by C. necator TISTR 1095 were similar to
those of commercial PHB. The data suggested that crude
glycerol, a by-product from biodiesel plant is a promising
feedstock for PHB production from C. necator.

Pure glycerol is an important industrial feedstock with
various applications. However, by-product glycerol from
biodiesel process is impure and low economic value, it
has been suggested that the open market of crude
glycerol was stabilized at low price of $0.02/kg, but the
cost to refine will cost approximately $0.10/kg. Although,
the alternative uses of the crude glycerol from biodiesel
will need to be created (Choi and Lee, 1997; Castilho et
al., 2009).

In an economical point of view, C. necator TISTR 1095
could grow and produce PHB from biodiesel waste under
septic condition. This fact indicated that this strain offer a
good prospect for utilizing crude glycerol and converting
into a high value product while the market price of PHB
was $16.25/kg (Choi and Lee, 1997; Castilho et al.,
2009).

Furthermore, this fermentation process can be applied
as a part of industrial waste-treatment system. It can
indeed provide double benefits because environmentally
polluting waste is converted into environmentally friendly
biodegradable polymer (Choi and Lee, 1997; Sangkharak
and Prasertsan, 2007, 2008; Kemavongse, 2008;
Castilho et al., 2009).
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