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Abstract
Microbial polyhydroxyalkonate such as homopolyester of poly(3-hydroxybutyrate) (PHB) was produced from cheese whey by 
Bacillus megaterium NCIM 5472. Due to their numerous potential industrial applications, the focus was given to competently 
enhance the amount of PHB produced. The amount of PHB produced from whole cheese whey, and ultrafiltered cheese whey 
was first compared, and after observing a rise in PHB production by using ultrafiltered cheese whey, cheese whey permeate 
was chosen for further analysis. The presence of PHB was then confirmed by GCMS. Since the main aim of the study was 
to increase the amount of PHB produced through batch fermentation, various process parameters like time, pH, C/N ratio, 
etc. were optimized. After optimization, it was found that B. megaterium NCIM 5472 was capable of accumulating 75.5% 
of PHB of its dry weight and a PHB yield of 8.29 g/L. The chemical structure of the polymer was further analyzed by using 
FTIR and NMR spectroscopy methods. Also, the physical and thermal properties were studied by using Differential scan-
ning calorimetry and Thermogravimetric analysis. It was found that the polymer produced had excellent thermal stability, 
thus allowing the possibility to exploit its properties for industrial purposes such as adhesives, packaging materials, etc.
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Introduction

Waste management constitutes one of the chief challenges 
that humanity is facing if it hopes to achieve a sustainable 
world. In 2016, according to The European Association 
of Plastic Recycling and Recovery Organizations (EPRO) 
335 million tons per year of plastic was produced worldwide 
that mainly comes from a non-renewable source, which is 
both a pollutant and non-biodegradable. The increasing non-
degradable waste on the planet and replenishing reserves of 
non-renewable fossil fuels is a major concern for us during 
the recent times [1–3]. The principle environmental con-
cerns behind extensive synthetic plastic usage are its deg-
radability and production of toxins during its degradation. 
Poly(3-hydroxybutyrate) (PHB) is a class of polyhydroxyal-
kanoates (PHA), which closely resemble synthetic plastics 

in various physical and chemical properties such as tough-
ness and flexibility. Thus, making it a desirable alternative 
to petrochemical based plastics but with an added benefit 
of biodegradability without any ecological effect of solid 
waste disposal and incineration adopted in case of synthetic 
plastics [4, 5].

The use of waste-derived materials as feedstock for pro-
duction of biomaterials is a highly desirable goal which 
is because utilizing waste materials will reduce the cost 
of carbon substrate substantially. As a prime example 
of this, a significant obstacle to the introduction of the 
biologically derived polymer PHA as a replacement of 
petroleum-based plastics is the high cost associated with 
its production, where the cost of carbon substrate contrib-
utes to about 40% towards the total production cost [6]. 
Cheese whey is the major by-product of the dairy indus-
try, which comprises 80–90% of the total volume of milk. 
Although, Cheese whey constitute a major part of dietary 
nutrients for humans and animal feed but considerable 
amount of whey is disposed as waste. Since most whey 
constituent molecules are of small molecular weight and 
soluble such as lactose, minerals, bovine serum albumin, 
β-lactoglobulin etc, they can quickly decrease oxygen 
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levels in natural water bodies [7, 8]. Whey permeate is a 
by-product obtained when cheese whey is passed through 
an ultrafiltration membrane to concentrate whey protein. 
Whey proteins get retained by the membrane, whereas 
smaller molecules such as lactose and salts pass through 
the membrane making up the whey permeate. While the 
whey retentate can be used in food products and as food 
supplements, the whey permeate has so far been of little 
value [9, 10]. This permeate portion can be utilized as a 
cheap carbon source for the production of PHAs due to 
higher proportion on lactose present in permeate. Azohy-
dromonas lata, Bacillus megaterium, Cupriavidus neca-
tor and Pseudomonas oleovorans, are microorganisms 
capable of using various carbon sources to produce PHAs 
[11]. B. megaterium is a rod-like, Gram positive, aerobic 
spore forming bacteria found widely in diverse habitats. 
Recently, its popularity has escalated in the field of bio-
technology for its recombinant protein production capacity 
[12]. It has also been previously reported for the produc-
tion of intracellular PHAs by some studies [13–15]. In gen-
eral, PHA accumulation is favored by a surplus availability 
of carbon source [16]. Along with this a restricted supply 
or deficiency of macro-components (nitrogen, phosphate 
or dissolved oxygen) or any micro-components (magne-
sium, sulfate, and other metals) [17–19] also favors PHA 
accumulation. PHB, is a homopolymer of 3-hydroxybu-
tyrate and is the most used and best-characterized member 
of the polyhydroxyalkanoate family [3]. The biosynthesis 
of PHB (a class of PHAs) starts with the condensation of 
two molecules of acetyl-CoA, which gives acetoacetyl-
CoA. This subsequently reduces to hydroxybutyryl-CoA. 
This compound is then used as a monomer to polymerize 
PHB [20].

The versatile nature of PHAs has emerged them into 
being potential candidates for a broad range of applica-
tions such as biomedical and medical fields, food and 
packaging industry, textiles, pharmaceuticals as well as for 
household products. However, the major drawback for the 
large-scale utilization of these polymers is due to its high 
cost of production [21]. This study aimed to utilize dairy 
industry cheese whey, which is the wastewater region, as 
an inexpensive carbon substrate to make the production 
of PHB economically feasible. Although cheese whey has 
been previously reported as a substrate for PHB production 
[7, 8] and B. megaterium is also a well-known PHB pro-
ducing organism [13–15], only a few papers have focused 
on the optimization of process parameters and also have 
reported a lower yield of PHB [3, 22–24]. However, the 
yield so far produced was found to be negligible in com-
parison to PHB from Haloferax mediterranei, i.e., 12 g/L 
[25]. Thus, the PHB yield obtained in our study after 
the process optimization is so far the highest yield ever 
attained from the eubacterial origin. After the optimization 

of process parameters, even the thermoplastic properties 
were observed to have been enhanced.

Materials and Methods

Identification of PHB Inclusion Bodies in B. 
megaterium NCIM 5472

The B. megaterium NCIM 5472 strain was purchased from 
NCIM, Pune, India and was analyzed for the presence of 
intracellular PHB granules using Sudan black B and Nile 
blue A staining method [26]. The strain was propagated in 
nutrient agar media for 24 h at 37 °C. 0.3% Sudan black B 
stain was used to stain the heat fixed smear, and the same 
was observed under a light microscope at ×40 magnifica-
tion [27]. Further, the presence of PHB was confirmed using 
Nile blue A fluorescent staining and was observed under a 
fluorescence microscope (Olympus CKX41) at ×40 magni-
fication with acetone as solvent at absorbance wavelength 
499 nm and emission wavelength 596 nm [3].

Substrate Characterization

Whole cheese whey was obtained from Institute of Food and 
Dairy Technology, Chennai, India. The cheese whey was 
pre-processed using centrifugation (for 4 °C at 10,000 rpm 
for 20 min), filtration (Whatman no. 1 filter) and ultrafiltra-
tion [10]. The protein, lactose, fat, ash, carbohydrate, total 
solids, moisture and the B.O.D content of the substrate were 
analyzed. The protein content was estimated by Lowry’s 
method [28], lactose content was by Anthrone test [8], fat 
content by phosphovanillin assay [29], B.O.D by standard 
methods for the examination of water and waste water [30], 
and moisture content was analyzed by oven drying method.

Culture Conditions

Minimal salts media (MSM) was prepared in shaking flask 
[7] and supplemented with trace element solution along 
with cheese whey permeate as the carbon source. The 
composition of PHB accumulating production medium 
is as follows (g/L) Na2HPO4-6.8; KH2PO4-3; NaCl-
0.5; NH4Cl-1.05; Citric acid-1.66; MgSO4·7H2O-1.20; 
K2HPO4-1.5; NH4Fe(III)citrate-0.05; Yeast extract-0.1; 
Trace element solution-2  mL; in 1  L of cheese whey 
permeate. The trace element solution contained (g/L) 
FeCl3·6H2O-27;  ZnCl2·4H2O-2;  CoCl2·6H2O-2; 
Na2MoO4·2H2O-2; CaCl2·6H2O-1; CuCl2·6H2O-1.3; 
H3BO3-0.5; concentrated HCl-100 mL, made up to 1 L 
with distilled water. Media was inoculated with 5 mL of 
pre-grown B. megaterium NCIM 5472 in nutrient broth 
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growth media for 24 h. The pH was attuned to 7 ± 0.2, and 
the media was incubated at 37 °C at 150 rpm, for 48 h.

Optimization of Process Parameters

The processing parameters (time, pH, substrate concen-
tration, substrate nature, inoculum percentage, C/N ratio) 
were optimized for better yield of PHB [31]. The samples 
were incubated at different time intervals (24–72 h). The 
MSM media were prepared at different pH (5–7.5) and 
incubated for 48 h. The substrate dilution ratio of whey 
and water varying from 10–100 mL was used in MSM 
media to optimize the dilution ratio. The whole cheese 
whey was ultrafiltered (membrane pore size 10 kDa) to 
remove the protein part as whey retentate, and the lactose 
rich whey permeate was obtained. Whole whey cheese and 
ultrafiltered whey permeate were used as the substrate in 
MSM media to compare the PHB concentration produced 
by each of the substrates. The samples were inoculated 
with 24th hour inoculum with varying percentage from 2.5 
to 12.5% (v/v) for 48 h. The carbon content was measured 
by standard total organic carbon method whereas nitrogen 
was measured by the Kjeldahl method [32]. Media with 
optimized parameters was prepared, and concentration 
profiling of lactose uptake, dry cell weight, PHB concen-
tration, PHB mass fraction in biomass was estimated.

Extraction and Estimation of PHB

Samples were removed from shake flasks after 48 h of 
incubation at 37  °C and were extracted using sodium 
hypochlorite method. The wet biomass obtained after cen-
trifugation was treated with chilled 6% sodium hypochlo-
rite (v/v) and chloroform to extract PHB granules [3, 
33]. The mixture was vortexed in 50 mL centrifuge tubes 
and incubated at 37 °C for 1 h. After 1 h of incubation 
three distinct phases were observed, top phase (aqueous 
hypochlorite solution), intermediate phase (cell debris 
and other biological matter) and bottom phase (PHB 
rich organic layer). The PHB rich chloroform phase was 
obtained using separating funnel, and other two phases 
were discarded. After extraction, the uncapped centrifuge 
tubes with PHB rich chloroform aliquots were left in the 
fume hood for 48 h to evaporate any excess solvent [34, 
35]. The final PHB film obtained was weighed and esti-
mated. PHB concentration was estimated using crotonic 
acid assay [36]. Concentrated sulfuric acid was added to 
known PHB concentration (10–50 mg), and absorbance 
was measured at 235 nm. The standard graph was plotted 
using PHB standard (Sigma Aldrich) and used as a refer-
ence to estimate the amount PHB produced.

Analytical Methods

GC–MS Analysis

The extracted sample was derivatized using acid transesteri-
fication [37] in reflux for 6 h, at 100 °C, filtered using 0.45 µ 
syringe filter and tested for GC–MS (Agilent Technologies, 
GC-7890B and MS-5977A) analysis. The column used for 
detection in GC–MS was HP5MS (5%-Phenyl–methyl silox-
ane, 30 m × 250 µm × 0.25 µm) where the inlet temperature 
was 250 °C, detector temperature 290 °C and splitless mode 
[3, 38].

FTIR Analysis

The extracted PHB was analyzed by FTIR spectroscopy 
(Agilent Cary 660 FTIR). 5 mg sample was mixed with 
100 mg of KBr pellet and pelletized. Spectrum was recorded 
at 400–4000 cm−1 [37, 39, 40].

Characterization of PHB

1H Nuclear Magnetic Resonance (NMR) Spectroscopy

The extracted PHB was dissolved in 600 µl of CDCl3 and 
then analyzed by 1H NMR (Agilent Technologies NMR 
500 MHz) spectroscopy. Spectral range was maintained 
between 0 and 15 ppm [13, 41].

Differential Scanning Calorimetry (DSC)

The thermo-mechanical properties like melting endotherm 
(Tm) and glass transition temperature (Tg) were examined for 
the extracted PHB film by DSC (Q20). 5 mg samples were 
encapsulated in aluminium pans and heated from − 30 to 
300 °C, at the rate of 10 °C min−1 [42–44].

Thermogravimetric Analysis (TGA)

The thermostability of extracted PHB film was studied 
using Thermogravimetric Analyzer (SEIKO model TG/DTA 
6200). The analysis was carried out on a 10 mg sample in a 
nitrogen atmosphere, where the nitrogen gas flow rate was 
200 mL min−1 [42, 43, 45].

Results and Discussion

Identification of PHB Inclusion Bodies in B. 
megaterium NCIM 5472

The cell culture was subjected to preliminary screening via 
Sudan black B staining [46]. The stained cells, when viewed 
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under a light microscope (Fig. 1a), revealed the presence 
of dark black to purple granules. The diazo dye is known 
to stain neutral triglycerides, lipids, and some lipoproteins. 
The presence of the dark blue granules led to the assump-
tion that the strain had PHB accumulation capabilities and 
that the observed granules were lipophilic inclusion bodies 
[27]. To confirm, Nile blue A staining was performed. Nile 
blue A is a fluorescent dye [43] containing an oxazine group 
which makes the dye basic in nature. This stains PHB but the 
other cell components do not take up the dye and thus are not 
able to fluoresce. After staining the bacterial smear with it, 
granules were observed, which fluoresced as bright orange 
to red, when viewed at ×40 magnification (Fig. 1b). These 
granules represented the PHB accumulated in the cells, in 
the form of inclusion bodies [3].

Substrate Characterization

The composition of whole cheese whey was analyzed (shown 
in Table 1), and the result was similar to that obtained in the 
study conducted by Obruca et al. [47]. Whole cheese whey 
consisted of salts along with total solids. The presence of 
salts and total solids demanded a need to remove these, to 
allow bacterial growth. Since the lactose concentration was 
lesser than that of protein, it was imperative that the protein 
is removed to increase the lactose concentration. The whole 
whey was subjected to be centrifugation; filtration and then 
ultrafiltration to minimize the presence of unwanted sub-
stances and to generate lactose rich whey permeate. The 
increase in lactose concentration facilitates the utilization 
and storage of PHB granules in the inclusion body. When 
excess lactose enters the PHB production pathway, 3HB 
monomers [in the case of PHB or poly(3-hydroxybutyrate)] 
are formed due to the condensation of two acetyl-CoA 
molecules. These molecules form 3-hydroxy-butyryl-CoA, 
which undergoes polymerization via esterification to gener-
ate poly-3-hydroxybutyrate [48]. The lactose concentration 
in the permeate section was observed to increase after five 
passes of ultrafiltration.

Growth Profile of B. megaterium NCIM 5472

Samples were periodically removed from the fermentation 
broth, and their optical density was measured at 600 nm. 
The growth curve (Fig. 2) depicts the lag, log and station-
ary phase which was similar to that observed in work done 
by Pandian et al. [34]. The log or exponential phase began 
at the 5th hour itself. Since the exponential phase is charac-
terized by cell doubling; the mid-log phase was chosen for 
inoculum transfer. This was found to be at the 18th hour. 
The log phase lasted till the 24th hour, and by the 25th hour, 
the bacteria had achieved its stationary phase. This phase is 
often attained due to growth-limiting factors like exhaustion 
of essential nutrients and due to the effect of inhibition due 
to metabolites. The number of new cells generated is limited, 
and rate of cell growth matches that of cell death.

Optimization of Various Process Parameters

PHB accumulation was affected by various parameters like 
time, pH, and inoculum volume. The type and concentra-
tion of carbon source played an important role too. It was 
vital to optimize carbon/nitrogen ratio, as theoretically, PHB 
production becomes high when carbon is excess when com-
pared to nitrogen, as mentioned in the introduction. These 
optimizations are carried out manually and are conducted 
one parameter at a time.

Fig. 1   PHB inclusion bod-
ies in B. megaterium NCIM 
5472 observed by a Sudan 
black B staining with a ×40 
light microscope. b Nile blue 
A staining with a ×40 fluores-
cence microscope (Solvent–
Acetone; Absorbance-499 nm; 
Emission-596 nm). Scale bar, 
10.0 µm

Table 1   The composition of 
cheese whey

Components Percentage

Lactose 1.02
Fat 0.78
Protein 1.34
Ash 0.98
Moisture 89.97
Total solids 5.91
B.O.D 1.55 ppm
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Comparison of PHB Production by Whole Whey 
and Ultrafiltered Whey

Whole whey generated a PHB yield of 2.31 g/L, which is 
lower than that by ultrafiltered whey, which generated a 
PHB yield of 7.34 g/L. The yield observed was comparable 
to the values previously reported by Yellore and Desai for 
PHB production for various whey medium using Methylo-
bacterium sp. [8]. The observed increase in PHB concentra-
tion (Fig. 3a.), after ultrafiltration, could probably be due to 
the removal of some proteins which reduced the inherent 
nitrogen concentration in media, which in turn facilitated 
PHB accumulation. This statement is supported by the 
study conducted by Baldasso et al. [9] who reported that 
after ultrafiltration, the lactose concentration reduced drasti-
cally in the retentate part, thus implying that the permeate 
was rich in lactose. The total lactose present in permeate 

was found to be 11 ± 0.5 g/L along with 1.34 ± 0.06 g/L of 
protein after five passes of ultrafiltration. Hence, ultrafiltered 
whey was chosen for further optimizations.

Effect of Time on PHB Production

The effect of time was assessed by growing the bacteria in 
the MSM medium for different lengths of time (24–72 h). 
PHB accumulation started after the 12th hour [22]. It was 
observed that the amount of PHB produced increased till the 
48th hour, after which there was a decline in PHB produc-
tion. Thus, time was optimized at 48 h. The decline in PHB 
production (Fig. 3b.) could be due to lack of micronutrients 
or decrease in available carbon source in the media, which 
might have had an adverse effect on PHB production. A 
similar profile is observed in previously reported works of 
literature [23, 27, 49, 50].

Fig. 2   Growth profile of B. 
megaterium NCIM 5472

Fig. 3   OFAT analysis of PHB yeild extracted from media with respect to a whole whey and cheese whey; b time (h); c pH; d inoculums size; e 
dilution ratio of whey with water; f C/N ratio
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Effect of pH on PHB Production

The effect of pH of media, on PHB production, was evalu-
ated by maintaining media’s with varying pH (5–8) and 
incubated for 48 h. It was observed that PHB production 
gradually increased till pH 7 and then reduced drastically 
when the pH was further increased. As observed in Fig. 3c, 
when comparing pH 6.5 and 7.5, the yield at 7.5 is lower, 
unlike the results reported previously [26, 50]. A similar 
pattern was observed by Masood et al. [49]. The pH was 
optimized at 7. From the graph (Fig. 3c.), it can be inferred 
that the reduction in polymer production could be due to the 
effect of degradative enzymes on the polymer.

Effect of Inoculum Size on PHB Production

Inoculum size was varied from 2.5 to 12.5% (v/v). High-
est PHB production was obtained at 5% inoculum beyond 
which it decreased. This decrease in PHB production 
(Fig. 3d) could be due to the increased competition between 
the organisms. Thus, 5% (v/v) inoculum size was set to be 
optimum.

Effect of Substrate Dilution Ratio on PHB Production

The dilutions were varied from 10:90 (whey: water) to a 
full 100% substrate concentration. The PHB extracted was 
highest at 100% substrate concentration (8.10 g/L) but the 
PHB extracted at 90% substrate concentration was similar 
to that of 100% (7.75 g/L). To further choose which dilu-
tion was the best, lactose concentration before inoculation 
and the residual lactose was determined. It was observed 
that the lactose utilization (as shown in Table 2) gradually 
increases but, at 100% substrate concentration the lactose 
utilization reduces. So, substrate dilution of 90:10 was 
found to be optimum. From Fig. 3e., and Table 2, it can 

be inferred that even though the PHB concentration was 
higher at a 100% substrate concentration, lactose utiliza-
tion was higher for 90% substrate concentration. A similar 
increase in PHB concentration was observed when whey 
was diluted in the study conducted by Obruca et al. [47].

Effect of C/N Ratio PHB Production

The nitrogen concentration was varied relating to the car-
bon concentration (which was optimized previously), and 
its effect on PHB production was studied. It was observed 
that the PHB concentration increases till C/N ratio of 9 and 
then subsequently decreases. The initial increase (Fig. 3f) 
could probably be due to the uptake of available carbon 
in the presence of limited nitrogen source, which enters 
the PHB production pathway, but further increasing the 
nitrogen concentration results in a decrease in PHB pro-
duction. The observed decrease after increasing the C/N 
beyond 9 could be due to the rapid uptake of carbon in the 
presence of excess nitrogen concentration, thus changing 
the physiological status of the cell which mimicked the 
log phase instead of stationary phase, which is unfavorable 
for PHB production. Thus, C/N ratio of 9 was found to be 
optimum. The result obtained is supported by available 
literature [39, 50].

Batch Kinetics Study

Batch kinetics study was conducted by using media with 
optimized process parameters and the concentration profile 
of cell growth, PHB production, PHB mass fraction in bio-
mass and lactose utilization was studied. The rapid uptake of 
lactose was observed during the exponential phase of micro-
bial cell growth, after which it gradually decreases. PHB 
production and accumulation slowly increase till the 36th 
hour and beyond which there is a steep increase. This is the 
approximate hour where the stationary phase of microbial 
cell cycle takes place and where the cells start accumulat-
ing PHB [50]. At 48th hour the maximum concentration of 
PHB is obtained along with the highest accumulation per-
centage. Beyond this, the PHB production and accumulation 
decreases (Fig. 4). This could probably be due to the reduc-
tion in available carbon sources. The PHB concentration of 
8.29 g/L and an accumulation of 75.5% obtained by cheese 
whey permeate, is so far the highest reported result com-
pared to those obtained by sugar beet juice-4.01 g/L [3]; red 
algae-2.8 g/L [22]; sewage samples (fruit peels and sugar 
industry waste)-0.23 g/L and 0.22 g/L [23]; and glycerol 
waste-1.82 g/L [24] from eubacterial sources. The PHB 
extracted at the 48th hour was analyzed for its physical and 
chemical properties.

Table 2   Lactose utilization percentage with varying dilutions

Dilution 
(whey:water)

Lactose concen-
tration
(g/L)

Residual lactose 
(g/L)

Lactose 
utilization 
(%)

10:90 0.55 0.30 45.45
20:80 1.05 0.46 56.19
30:70 1.98 0.83 58.08
40:60 3.08 1.23 60.06
50:50 3.98 1.55 62.31
60:40 4.64 1.69 63.54
70:30 5.89 2.06 65.02
80:20 7.61 2.58 66.09
90:10 9.15 2.92 68.08
100 10.96 4.93 55.01
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Analytical Techniques

GC–MS Analysis of PHB

The derivative, butyric acid, 3-hydroxy-methyl ester, 
was identified for both the standard and the extracted 
sample. The chromatograms were obtained for transes-
terified PHB standard and extracted PHB (Fig.  5a, b). 
The peak at 4.888 ± 0.011 min represents butyric acid, 
3-hydroxy-methyl esters in both the sample with a molec-
ular weight of 118.06 kDa. The common peaks observed 
at 4.888 ± 0.011 min Fig. 5a, b represents butyric acid, 

3-hydroxy-methyl esters. This confirms the presence of 
PHB, which is a type of PHB in our sample.

FTIR Spectroscopy of PHB Extracted from the Fermentation 
Broth

The functional groups present in the polymer were identi-
fied (Fig. 6.). The broad absorption band at 3429.073 cm−1 
represented –OH stretching groups, 2924.854 cm−1 [44] and 
2853.927 cm−1 corresponded to C–H stretching groups. The 
absorption band at 1745.031 cm−1 corresponded to C=O 
ester bond stretching. The absorption band at 1573.598 cm−1 

Fig. 4   Concentration profile for cell growth, substrate utilization, PHB production and PHB mass fraction in biomass at optimized conditions

Fig. 5   a GC–MS chromatogram from derivatized PHB standard. b Chromatogram sample from derivatized whole cheese whey media
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corresponded to C=C stretching, 1462.943  cm−1 cor-
responded to C–H bending of a methylene group, 
1382.321 cm−1 corresponded to C–H bending of alkane 
group, 1309.398 cm−1 corresponded to C–O stretching and 
1084.462 cm−1 corresponded to C–O stretching of the ali-
phatic group. The band which is within 1740–1748 cm−1, 
has been reported to be a PHB marker band to carbonyl 
(C=O) ester bond stretching vibrations according to [51]. 
The bands observed (Fig. 6) are similar to those reported by 
several researchers [13, 45, 46, 49].

Characterization of PHB

H1 NMR Characterization

Proton NMR spectrum (Fig. 7.) showed characteristic sig-
nals for PHB. The peak at 0.851 ppm is a single peak or a 
singlet, which corresponds to the terminal methyl protons 
of the side chains. The peak at 1.269 ppm is also a singlet, 
which corresponds to the methylene protons of the side 
chain. The peak at 1.807 ppm is also a singlet, which corre-
sponds to the methylene protons adjacent to β-carbon of side 
chains. The peak at around 2.594 ppm is a multiplet, which 
corresponds to the methylene protons of α-carbon. Peaks at 
5.268 and 5.288 ppm are a doublet, which corresponds to the 
methine protons of β-carbon. The peaks are identical to the 
ones as by Gumel et al. [39] and similar to many researchers 
[24, 45, 46, 49, 52].

TGA of extracted PHB

This thermogram (Fig. 8.) was used to identify the thermal 
properties of the polymer. In the thermogram, three decom-
position temperatures are available. At 163.8 °C, the residual 
mass is 63.5%. At 300.9 °C, highest decomposition occurs 
and after 456.2 °C, only 29.9% residual mass was left. Thus, 
the decomposition temperature was found to be 300.9 °C. At 
300.9 °C, highest decomposition occurs. This was a result 
of ester cleavage occurs by β-elimination [43]. Due to this 
elimination, the polymer breaks and this breaking of the 
polymer is called as degradation or decomposition. Since, 
the decomposition temperature was higher than previously 
reported temperatures [44, 53], we concluded that the poly-
mer was thermally stable.

DSC of extracted PHB

From the DSC thermogram (Fig. 9.), the Tm and the glass 
transition temperatures were identified. Based on the pres-
ence of Tm and Tg, the nature of the polymer was identi-
fied. When the heat was applied, the polymer underwent a 
phase transition. During this phase transition, either more or 
less heat flow was required to maintain the temperature of 
the polymer with that of the reference. This heat flow was 
measured with respect to the temperature. When the polymer 
was cooled slowly after heating, the melt polymer crystal-
lized at 166.91 °C, and this was found to be the melting 

Fig. 6   FTIR Spectrum of the 
extracted PHB from B. megate-
rium NCIM 5472
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point of the polymer. When the polymer was further quench 
cooled, the melt polymer forms a glass instead of crystalliz-
ing. This occurred at − 13.54 °C and this was found to be the 
Tg of the polymer. However, when the polymer was quench 
cooled, the melt polymer forms a crystalline intermediate at 
225.07 °C known as crystallization temperature. The melt-
ing peak at 251.76 °C and 45.80 °C could be due to melting, 

recrystallization, and re-melting during heating as suggested 
by Arcos-Hernández et al. [54]. As observed, these two 
melting endotherms and glass transition peaks were broadly 
separated and did not converge. So, it can be inferred that the 
bulk polymer contained many compounds or crystal types. 
The presence of both Tm and Tg shows that the polymer has 
both crystalline and amorphous region. Thus, this property 

Fig. 7   H1NMR spectrum of 
PHB from B. megaterium 
NCIM 5472

Fig. 8   TGA profile of PHB 
from B. megaterium NCIM 
5472



4185Journal of Polymers and the Environment (2018) 26:4176–4187	

1 3

of the polymer can be exploited for a wide range of applica-
tions like packaging, adhesives, etc. The melting point and 
crystallinity are similar to that reported previously [24, 43, 
44].

Conclusion

In the current study, we are combining principles of waste 
management and pollution control, to develop a product 
which is eco-friendly. Cheese whey, after ultrafiltration, can 
be used as a cheap source of carbon in the growth media, for 
the production of PHB. B. megaterium NCIM 5472 could 
utilize this permeate effectively, and after various process 
parameters were optimized, it was observed that the bacte-
ria could accumulate 75.5% of PHB of its dry weight and 
could generate a high PHB yield of 8.29 g/L. The polymer 
produced has a good thermal stability and contains both 
crystalline and amorphous regions, thus allowing the possi-
bility to exploit its properties for industrial purposes. Cheese 
whey, being a dairy waste, can be considered for large scale 
production of PHB as it has the potential to bring about a 
considerable change in the bio-polymer production industry, 
whereby, the investments on carbon source can be signifi-
cantly reduced. Current work focused on small scale studies 
which showed promising results, but, media optimization 
needs to be conducted for better understanding and control 
of PHB production. Scaled-up fermentation studies with 
better controlled conditions need to be conducted to design 

a completely sustainable PHB production process. Further 
modifications can be introduced using chemical reactions 
(e.g., Cross-linking, double bond hydration, etc.) to gener-
ate polymers with varying thermal and mechanical proper-
ties. More research is needed to strengthen the expertise in 
bio-polymer engineering, to produce specifically tailored 
polymers with desired monomer compositions according to 
the applications.
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