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Abstract

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a copolymer synthesized by Bacillus megaterium co-utilizing
cheese whey and food waste hydrolysate for its one-step production. The optimized substrate ratio of 60:40 (v/v) manifested
maximum biomass of 3.09+0.12 g/L and PHBYV yield of 2.0 +0.3 g/L. Batch kinetics study revealed maximum biomass
and PHBYV yield of 3.05+0.07 g/LL and 2.175 +0.06 g/L respectively, with 71.43 +0.28% g/g PHBV content. The integration
of corncob-derived nanocellulose into PHBV was confirmed by scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FT-IR), and X-ray diffraction (XRD) analysis. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) analyzed the thermal characteristics of the PHBV biocomposite, where the highest degrada-
tion temperature was obtained at 790 °C, thus exhibiting high thermal stability. The mechanical properties such as Young’s
modulus, elongation at break, and tensile strength of the biocomposite was comparatively higher than PHBV and was found
to be 40 MPa, 5.310%, and 11.110 MPa, respectively. The enhanced thermal and mechanical characteristics of PHBV bio-
composite proves that the corncob-derived nanocellulose can be employed as a reinforcing agent.
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Introduction

In recent years, the synthetic plastic wastes, the non- bio-
degradable plastic micro-particles, and the production of
toxic substances during its degradation have raised serious
environmental concerns. Moreover, the availability of oil
resources for manufacturing synthetic plastics have dropped
remarkably with a rise in worldwide demand. Biopolymers’
emerging development is a promising approach and an
environmentally benign alternative to synthetic plastic due
to its biodegradability and lowered toxicity [1]. The most
promising and sustainable substitute for synthetic plas-
tics is polyhydroxyalkanoate (PHA), a family of naturally
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biodegradable intracellularly produced polyesters reserved
as energy by different bacteria [2]. The production of PHA
from renewable carbon sources has made the use of polyes-
ters environment-friendly [3]. Poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV), a very promising bio-sourced
and biodegradable bacterial copolymer with two monomeric
units of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate
(BHV) [4]. Bacillus megaterium, a saprophytic, endospore-
forming, aerobic bacteria, has gained importance in biotech-
nology due to its ability to produce polymers [5]. The organ-
ism has its unique ability to utilize excess carbon source
for synthesizing PHA, which further includes 3-, 4-, 5- and
6-hydroxyl acid monomers [6]. These properties of B. mega-
terium can be exploited to make it an excellent source for the
biological synthesis of PHBV.

The carbon sources for the production of PHBV account
for almost 50% of the total estimated cost [7]. Cheese
whey is one of the most abundantly found by-products in
the dairy industry and represents 70-80% of the volume of
transformed milk. The cheese whey contains about 50% of
the original milk’s nutrients and has high lactose quantity
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[8]. The high amount of lactose in the cheese whey can be
suitably used as a carbon source for the production of 3HB
monomeric units, which are used for polymerizing poly(3-
hydroxybutyrate) [9]. In general, synthetic plasticizers are
co-fed as media components to induce the formation of 3HV
monomeric units, leading to the production of PHBV, a
condensation polymer of hydroxybutyric acid and hydroxy-
valeric acid [10]. Hence, volatile fatty acids (VFAs) such as
propionic acid, butyric acid, and valeric acid, derived from
anaerobic digestion (AD) of various industrial wastes, can
replace the use of synthetic plasticizers for the synthesis of
PHBYV, thus serving the benefit of waste management and
cost-effective production.

Food waste proves to be a suitable raw material for the
AD, which can produce biogas and VFAs. In recent days, the
recovery of various acids from food waste through AD has
attained much attention [11]. The rich nutrients and appro-
priate moisture content of food waste make it ideal for the
digestion. VFAs such as butyrate, acetate, propionate, and
valerate is synthesized in the first three phases of AD [11].
These are regarded as commercially valuable chemicals.
The intermediate VFAs prove to influence the content of
3HB and 3HV due to its availability and composition [12].
The VFAs produced are ideally suitable for PHBV produc-
tion [13]. Valerate or valeric acid present in the food waste
hydrolysate act as the precursor for 3HV units. The 3HB
and 3HV monomeric units together form PHBV [14]. Previ-
ous studies reported that the addition of propionic acid or
other VFAs along with cheese whey in the medium elevated
the PHBYV yield than utilizing cheese whey or VFA solely
for PHBV production [10, 12, 13]. Moreover, food waste
hydrolysate acts as the primary source for VFAs; thus, com-
bined utilization of food waste hydrolysate and cheese whey
enhances the production of PHBV.

One of the natural fibers present in plants with excep-
tional mechanical properties, biodegradable, non-toxic, and
renewable, is cellulose [15]. It has an extensive application
in the field of biopolymers. Cellulose comprises linear poly-
mers with hydroxyl groups attached to it, responsible for the
strong bonding [16]. In some of the recent studies regarding
the usage of waste oil palm empty fruit bunch fiber [17],
coffee silverskin [18], almond shell flour [19], vine shoots
[1], sugarcane bagasse [20], wheat husk [21], olive pomace
fibers [4], groundnut shell [22] and winery waste [23], has
portrayed them as reinforcing agents in the polymeric matri-
ces and as a promising value-added agro-wastes. Corncob
being a cheap and globally available agricultural residue,
primarily comprises cellulose, which in the nanoscale can be
reinforced in the polymers to form polymer biocomposites
[24]. Given the high availability of cellulose across agricul-
tural sectors, it is an excellent sustainable and renewable
source [25-28].

Different techniques have been used to synthesize nano-
cellulose, such as acid hydrolysis, mechanical methods, and
enzymatic hydrolysis [29-31]. Acid hydrolysis is widely
used, as this method is easy and fast to produce nanocel-
lulose with better properties. The employment of acids to
catalyze the hydrolysis of hemicellulose and cellulose is a
very beneficial method [32]. The crystallinity of the nano-
cellulose derived from acid hydrolysis was comparatively
higher [33]. Further, the acid hydrolysate can be mechani-
cally treated to convert cellulose into nano form [34]. This
nanocellulose imparts unique characteristics such as low
density, biodegradability, and good mechanical properties.
Moreover, incorporating the nanocellulose in the range of
1-15 wt% in PHBYV, termed as PHBV biocomposites, causes
a notable enhancement in the thermal and mechanical stabil-
ity, making it an ideal bio-based reinforcing agent [35-37].
Thus, the PHBV biocomposites have been regarded as a
promising alternative to conventional polymers as they serve
to diminish environmental pollution, greenhouse gas emis-
sions, and depletion of fossil fuels [38].

To the best of our knowledge, PHBV has never been syn-
thesized by co-utilizing cheese whey and food waste hydro-
lysate, and further integrated with corncob-derived nano-
cellulose to produce PHBV biocomposite, thus, proving it
as a novel and unconventional idea. Further, the physical
and chemical characterization of the PHBV biocomposite
were analyzed by various analytical techniques such as gas
chromatography-mass spectrometry (GC-MS), Fourier
transforms infrared spectroscopy (FT-IR), scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), and X-ray diffraction (XRD) analysis. Moreover, the
thermal and mechanical properties such as thermogravimet-
ric analysis (TGA), differential scanning calorimetry (DSC),
tensile strength, Young’s modulus, and elongation at break
were studied for its suitability in various applications. Bio-
degradability analysis was performed to examine the degra-
dability nature of the biocomposite.

Materials and Methods
Materials

Bacillus megaterium NCIM 5472 was purchased from
National Centre for Industrial Microorganisms, Pune, India.
The nutrient agar medium for the growth of B. megaterium
comprises components, as mentioned by Bhattacharya et al.
[39] and preserved at 4°C. Further, cheese whey compli-
mented with minimal salts media and trace elements was
used as production media. Food waste for VFA production
was procured from campus mess. Corncob waste residue was
collected from local market disposals.
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Volatile Fatty Acid (VFA) Production

The food waste collected from the campus mess, comprising
mainly rice, cereals, vegetables, and bread, was anaerobi-
cally digested to produce VFAs. The food waste was pul-
verized and transferred to digester bottles with 300 mL of
working volume. 20%, v/v of pre-digested sludge collected
from food waste digester was added as an inoculum [40].
The sealed anaerobic digester was incubated at 37 °C, and
hydraulic retention time (HRT)—4 days, and organic load-
ing rate (OLR)—1 g VS/L/day was the conditions adopted
for the fermentation process. Total solids (TS) and vola-
tile solids (VS) were further quantified, as mentioned by
Purser et al. [41] and Esteban-Gutiérrez et al. [42], respec-
tively. The TS content in each reactor was maintained at
13+0.35%, and the VS content in each reactor was main-
tained at 96 +£0.155%. VFA was measured as per the stand-
ard method [43] by centrifuging the fermented food waste to
obtain the sample for VFA estimation [41]. The food waste
hydrolysate was then derivatized through methanolysis
and given for GC-MS analysis to confirm the presence of
butyric and valeric acid [42]. The column used for detection
in GC-MS was HP-5MS (5%-phenyl)-methylpolysiloxane,
30 mx 250 pm x 0.25 pm) where the injector temperature
was 220 °C Detector temperature: 250 °C; Column tempera-
ture: increased from 60 to 150 °C at a rate of 7 °C/min, hold
at 150 °C for 5 min, and increased to 230 °C at a rate of 20
°C/min, hold at 230 °C for an additional 10 min.

Fermentation Conditions

The minimal salt media comprised of in (g/L): Na,HPO,-6.8;
KH,PO,-3; NaCl-0.5; NH,CI-1.05; Citric acid-1.66;
MgSO,-7H,0-1.20; K,HPO,-1.5; NH,Fe (III) citrate-0.05;
yeast extract-0.1; trace element solution-2 mL; in 1 L of
cheese whey with an adjusted lactose content of 10 g/L.. The
trace element solution comprised of (g/L) FeCl;-6H,0-27;
ZnCl,-4H,0-2; CoCl,-6H,0-2; Na,Mo0O,-2H,0-2;
CaCl,-6H,0-1; CuCl,-6H,0-1.3; H;BO;-0.5; concentrated
HCI1-100 mL, distilled water-900 mL [44]. Production
media comprises various ratios of cheese whey and food
waste hydrolysate (v/v ratio) ranging from 100, 90:10, 80:20,
70:30, 60:40, 50:50, and 40:60 (v/v) was prepared to opti-
mize the substrate ratio for maximum biomass and PHBV
yield. The pH was adjusted to 7.2, and 10% of the mother
inoculum was added to the production media. The fermen-
tation medium was incubated for 72 h in an orbital shaker
with a speed of 150 rpm at a constant temperature of 37 °C.

Extraction and Estimation of PHBV

After the 72-h fermentation, the production media was cen-
trifuged at 10,000 rpm for 20 min at 4 °C. The harvested
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biomass was further treated with a 6% sodium hypochlorite
solution, and an equal amount of chloroform was added,
thus maintaining a ratio of 1:1. The solution was vigorously
mixed and incubated in an orbital shaker at 37 °C for 1 h.
Three different layers were observed. The upper and middle
layers (sodium hypochlorite and cell debris) were removed,
and the bottom organic layer (chloroform) was evaporated
under a fume hood. The extracted PHBV was further quanti-
fied gravimetrically [10].

GC-MS Analysis

The PHBV was derivatized through methanolysis to confirm
the presence of butyric acid in the extract. Precisely, 20 mg
of PHBV was added to 20 ml of 5% (v/v) H,SO, in methanol
and transferred to a round bottom flask. This round bottom
flask was immersed in a silicone oil bath placed on a heat-
ing mantle at 80-90 °C for 6 h. The derivatization setup was
arranged, and the reflux was connected to initiate the con-
densing of vapor. Subsequently, the set up was removed, and
the sample was collected. Further, 20 ml of distilled water
and chloroform were added to the sample and made to stand
in a separating funnel for 20 min. The top layer (organic
phase) was procured, filtered using a 0.45 pm syringe fil-
ter, and analyzed through GC-MS (Agilent Technologies,
GC-7890B, and MS-5977A). The column used for detec-
tion in GC-MS was HP-5MS (5%-Phenyl-methyl siloxane,
30 mx 250 pm X 0.25 pm) where the inlet temperature was
170 °C; detector temperature was 200 °C with an increasing
rate of 3 °C/min [45, 46].

Batch Kinetics Study of PHBV Production

The optimized media was utilized for performing batch
kinetic studies to inspect the parameters that affect the fer-
mentation process beginning right from the O h till 120 h.
Biomass yield (g/L), PHBV yield (g/L), PHBV content
(% g/g) and residual lactose content (g/L) was estimated.
Residual lactose content in the medium was estimated by
the Anthrone test [45]. Furthermore, kinetic parameters such

as Yys (g/2), Yps (2/2), Ypix (8/8), (Yps/h), and (Ypx/h)
were determined.

Preparation and Characterization
of Corncob-Derived Nanocellulose

Alkaline and Acid Treatment of Corncob

The initial untreated corncob residue was ground using a
blender to obtain a powder. This powdered corncob was
primarily treated with an alkaline solution for purification,
where 2% NaOH was added and heated at 70 °C for 1 h.
Later, the treated corncob was separated using Whatman
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filter paper No. 1, and the residue was kept for drying at
45 °C [47]. The alkaline treated dried corncob samples were
mixed with 100 ml of 2% (w/v) sulphuric acid to give a
solid to liquid ratio of 1:10. Subsequently, the reaction mix-
tures were then autoclaved at 130 °C for 20 min. Further,
the remaining solid was filtered from the aqueous solution
by filtration, and the filtrate (corncob hydrolysate) was con-
centrated by vacuum evaporation [32]. The dried corncob
samples were then morphologically envisioned using a field
emission scanning electron microscope (Quanta 200 FEG
FE-SEM) [47].

Nanocellulose Production

The concentrated corncob hydrolysate was then sonicated
for 30 min (9 cycles) with power adjusted at 400 Watts
required to recover nanocellulose [48]. TEM analysis was
performed to confirm the corncob hydrolysates conversion
to nanocellulose using a JEM-2100 PLUS (JEOL, Tokyo,
Japan) transmission electron microscope with an accelerat-
ing voltage of 200 kV equipped with an EDS detector. The
sample was prepared by placing a drop of diluted hydro-
lysate solution on a carbon-coated copper grid followed by
drying it at 60°C before transferring it to the microscope.

Preparation of PHBV Biocomposite

For the preparation of PHBV biocomposite, 50 mg of PHBV
was dispersed in 20 mL of chloroform along with nano-
cellulose hydrolysate; this mixture was subjected to ultra-
sonication for 30 min to form a homogenous solution, yield-
ing to the formation of PHBV biocomposite. This solution
was carefully poured into a petri dish, and the solvent was
evaporated at room temperature to obtain a dry powder of
PHBYV biocomposite [49]. Further, the neat PHBV and the
synthesized PHBV biocomposite samples were compared
morphologically using a field emission scanning electron
microscope (Quanta 200 FEG FE-SEM).

Analytical Methods
FT-IR Analysis

The presence of various functional groups was compared
and investigated through FT-IR spectroscopy. The sam-
ples with KBr pellets of 10 mm in diameter and 1 mm in
thickness were prepared for the analysis. About 5 mg of the
prepared PHBYV, nanocellulose, and PHBV biocomposite
samples were analyzed by Agilent Technologies, Cary 600
Series/ a Perkin-Elmer infrared spectrophotometer between
the frequency range of 400-4000 cm™! [50].

XRD Analysis

XRD analysis of PHBV biocomposite (powder) was car-
ried out at room temperature, having a Cu-Ka source
(Wavelength =1.54060 A) and a generator at 40 kV and
15 mA in order to determine the crystalline/amorphous
nature of the film and to confirm the presence of nanocel-
lulose in PHBV biocomposite. The samples were analyzed
in the scan range of 10°-80° (20) [51]. The crystallinity
index (Crl) was calculated by using the diffraction intensi-
ties of the crystalline structure and that of the amorphous
fraction, according to the method of Segal et al. [52]:

Crl% = [(Iooa — Lum) /o02] X 100 (1)

where Iy, is the maximum intensity of the (002) diffraction
peak, taken at 20 between 22° and 23°, and I, is the inten-
sity of the amorphous diffraction peak taken at 26 between
18° and 19°.

Scherrer’s equation was used to calculate the crystallite
size, T (nm):

T= K/I/ﬂ -cos @ 2

where K is a dimensionless shape factor and usually taken
to be 0.9, A (1.54 A) is the X-ray wavelength, f is the line
broadening at half the maximum intensity (FWHM), in radi-
ans, and 0 is the diffraction angle [53].

Analysis of Thermal and Mechanical Characteristics

Firstly, the PHBV biocomposite film was fabricated using
the solvent casting method. The dried powder of PHBV
biocomposite was dissolved in chloroform to form a
homogenous solution and heated at 60-70 °C for 1 h. The
solution was then casted on a rectangular glass plate or a
glass Petri plate, and the solvent was slowly evaporated at
room temperature to obtain the films [44]. The film was
subsequently utilized for further characterization. The
thermal degradation properties of the biocomposite were
analyzed using a thermogravimetric analyzer. The samples
were scanned at a temperature gradient of 25 °C to 800 °C
at a heating rate of 20 °C min~!. Additionally, the ther-
mal properties like the melting temperature and enthalpy
of the synthesized biocomposite were determined using
DSC [10]. The samples placed under a nitrogen flow rate
of 0.12 L min~! were scanned at a temperature gradient
of —30 °C to 300 °C at a heating rate of 10 °C/min. The
neat PHBV and PHBV biocomposite films were further
used to determine the mechanical properties like tensile
strength, Young’s modulus, and elongation at break.
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Biodegradability Analysis

Biodegradability analysis of PHBV biocomposite and
PHBYV films were analyzed by soil burial technique [54].
Pre-weighed samples were buried in the soil under a depth
of 4-6 cm from the surface. The biodegradability analysis
was conducted under an ambient atmospheric condition of
28 °C temperature and 80% relative humidity. Each sample
was placed in the soil and withdrawn at an interval of 1 week
until the 7th week. After every consecutive week, the sam-
ples were retrieved from the soil, washed with distilled water
to remove the soil residues on the films, and oven-dried at
60 °C until a constant weight was attained. Prior to and fol-
lowing the degradation, the average percentage of mass loss
of each film was calculated from the following equation:

Weight reduction (%) = [(W; — W) /W] x 100 3)

where W; (g) is the initial weight, and W; (g) is the final
weight of the sample [55].

Results and Discussion
Characterization of Food Waste Hydrolysate
The food waste hydrolysate obtained during AD was ana-

lyzed for VFA production. The VFA recovered from the
food waste distillate was quantified to be 21 +0.48 g/L. The

composition of food waste-derived VFA was determined by
GC-MS, and the chromatogram revealed two characteristic
peaks. The peak at 4.899 min corresponds to butyric acid
methyl ester, and a prominent peak at 7.133 min detected
valeric acid methyl ester. These peaks confirmed the pres-
ence of butyric acid and valeric acid in the food waste hydro-
lysate. The food waste hydrolysate obtained during AD con-
tains VFAs, such as propionic acid, butyric acid, and valeric
acid [13]. These VFAs present in food waste hydrolysate
can act as precursors for the monomeric units like 3HB and
3HV in PHBV copolymer production [9]. Generally, valeric
acid or their salt forms are supplemented as precursors for
3HV synthesis [14]. Hence, the presence of valeric acid in
the food waste hydrolysate supports the 3HV production
and can be a promising supplement in the media when co-
fed with cheese whey for the biosynthesis of PHBV by B.
megaterium.

Optimization of Cheese Whey and Food Waste
Hydrolysate Ratio for PHBV Production

The ratio of cheese whey and food waste hydrolysate (v/v)
in the production medium was optimized to obtain the maxi-
mum biomass and PHBYV yield (Fig. 1). From the graph,
it is inferred that the biomass yield (g/L) and PHBV yield
(g/L) steadily increased until the ratio of 60:40 (v/v) and
further decreased drastically. The initial increase in the yield
could be due to the uptake of the available carbon in cheese
whey and VFA in the food waste hydrolysate to synthesize
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the biopolymer, PHBV. The maximum biomass yield and
PHBYV yield of 3.09 +0.12 g/L and 2.0 +0.03 g/L respec-
tively correspond to a PHBV content of 64 +2.5% g/g, which
were observed at 60:40 (v/v) ratio. The decrease after 60:40
(v/v) ratio probably illustrated the retarded growth of B.
megaterium due to substrate inhibition, as the biomass yield
dropped from 3.09 to 1.5 g/L, and subsequently reducing the
PHBY yield to 0.9 g/L until the ratio of 40:60 (v/v). Thus,
the optimum ratio of cheese whey and food waste hydro-
lysate was observed at 60:40 (v/v) ratio. Studies conducted
on PHBYV production using whole cheese whey as carbon
source reported a maximum PHBYV yield of 1.2 g/L [56]
and utilizing VFA as sole carbon source indicated a yield
of 0.57 g/L [13]. Moreover, the study conducted by [57]
on supplementing synthetic propionic acid in the medium
for PHBV production revealed the PHBV yield ranging
from 0.5- 2.0 g/L. Hence, combined utilization of cheese
whey and food waste hydrolysate (in the ratio of 60:40 v/v)
promises an economical and sustainable PHBV produc-
tion process with higher PHBV yield. The PHBV extracted
from B. megaterium was characterized by GC-MS, and the
chromatogram revealed 3-hydroxybutyric acid methyl ester
peak at 4.946 min, and 3-hydroxyvaleric acid methyl ester
peak at 6.498 min. This confirmed the presence of both the
monomeric units: 3HB and 3HV in the synthesized PHBV.
The PHBV copolymer compromises 59% of 3HV mono-
meric units. The ratio of hydroxyl-butyric acid and hydroxyl-
valeric acid monomers significantly impacts qualities such
as toughness and flexibility; butyric acid provides stiffness,
whereas valeric acid promotes flexibility to PHBV. The
high percent of the 3HV monomeric unit in PHBV brings
comparatively higher flexibility than PHB and can have a
potential advantage in applications like packaging industries.

Batch Kinetics Study of PHBV Production

Batch kinetic studies were conducted for 120 h to observe
the relation between cellular growths, PHBV production,
PHBYV accumulation, and lactose utilization from cheese
whey. The batch kinetic graph (Fig. 2a) revealed the trend
of biomass yield, PHBV yield, PHBV content, and residual
lactose content for varying time (0—120 h). The biomass
yield increased from 1.25+0.3 g/L to 2.05+0.2 g/L. dur-
ing the exponential growth phase. The highest biomass
yield of 3.05+0.07 g/L was obtained at 72 h, after which
the growth declined until 120 h. A similar pattern was
observed in PHBYV yield, which reported a maximum yield
of 2.175+0.06 g/L at 72 h. The PHBV content increased
exponentially from the 48 h and reached a maximum of
71.43% at 72 h. The decline in the PHBV yield and PHBV
content after 72 h is a direct consequence of reducing the
intracellular accumulation of PHBV due to retarded growth

of B. megaterium after 72 h. Thus, the maximum produc-
tion of biomass and PHBV was reported at the time of 72 h.
Moreover, the rapid utilization of lactose decreased from an
initial value of 10.11+0.12 g/L to 0.61 +£0.001 g/L, which
indicated the active uptake of lactose by B. megaterium.
The residual lactose concentration (g/L) in the medium was
steady after 72 h, indicating the saturation in the utilization
of lactose for growth and PHBV production.

The growth rate (u) of B. megaterium was found to be
equal to 0.02 h™!. The kinetic parameters involved in the
synthesis of PHBYV, such as yield coefficients (Yyg, Yp/x,
and Yp,g) and productivity (Yp/g /h, and Yp,x/h), were esti-
mated from the batch kinetic study. The graph (Fig. 2b)
showed a similar trend for the yield coefficients of biomass
and product with respect to the substrate (Yys, Yp/s)- Yx/s
and Yp/g increased from 24 to 72 h with the maximum value
of 0.428 g/g and 0.30 g/g respectively at 72 h and further
decreased until 120 h. This was due to the increase in the
synthesis of PHBV in the stationary phase by B. megaterium.
The product’s yield coefficient concerning biomass (Yp/x)
steadily increases from 24 to 120 h with a maximum value of
0.7890 g/g. The PHBV productivity related to substrate and
biomass (Yp/g /h and Yp/x/h) presented a similar trend. The
productivities increased steadily until 48 h with a maximum
value of 0.0063 h™! and 0.0148 h~!, followed by a rapid
decrease until the 120 h. This indicates the rapid utilization
of the substrate and a cumulative increase in the organism’s
growth for the synthesis of PHBV. Thus, the exponential
growth phase of B. megaterium was achieved until 48 h, as
the biomass increased steadily by utilizing the substrate for
its growth. The biopolymer PHBV was synthesized during
the stationary phase between 48 and 72 h, where the prod-
uct yield was obtained maximum at 72 h (2.175+0.06 g/L),
which validated that PHBV is a secondary metabolite. Simi-
lar observations were corroborated in studies conducted by
[58], which reported 2.2 g/ of PHBV produced by B. mega-
terium from whole whey medium enriched with glucose.
Studies conducted on the production of PHBV utilizing VFA
as sole carbon source has reported biomass production of
1.5+0.06 g/L, and a 27.4 +2% PHAs accumulation [13].
Additionally, Bhatia et al. [13] revealed lower Yy,g, Yp/g
yields of 0.10+0.003 g/g, and 0.11 +0.002 g/g, respectively.
The current study discloses a higher PHBV and biomass pro-
duction by co-utilizing cheese whey and food waste-derived
VFA, paving the way for modeling a sustainable PHBV pro-
duction process.

Nanocellulose Derived from Corncob
SEM Analysis of Untreated and Treated Corncob

Scanning electron microscopy (SEM) examined the sur-
face morphology of corncob before and after acid treatment
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(Fig. 3a, b). The smooth and compact structure could be
observed in the untreated corncob (Fig. 3a). However, the
corncob treated with sulphuric acid had relatively rough sur-
faces throughout it (Fig. 3b). The rough surface in Fig. 3b
exhibited the removal of the structural components. This
observation suggests that the acidified treatment was ben-
eficial for separating cellulose from the corncob [47, 59].
Additionally, it indicates that the acid treatment was effec-
tive for removing cellulose from corncob [60]. Moreover, the
acid hydrolysate derived from corncob was estimated with
63 wt% of cellulose, which reveals the extraction of cellulose
from the corncob. This result substantiates the effectiveness
of the treatment with sulphuric acid to obtain cellulose.

@ Springer

TEM Analysis of Corncob-Derived Nanocellulose

The nanocellulose obtained from the acid hydrolysate of
corncob after mechanical dispersion was analyzed for the
size reduction under transmission electron microscopy
(TEM). The TEM image verified the presence of globular-
shaped nanometric particles at a range of 50 nm (Fig. 4a). A
prominent peak with a maximum percentage of carbon in the
EDS (Energy-dispersive X-ray spectroscopy) spectrum was
observed, which reveals the presence of cellulose in the nano
form (Fig. 4b). The TEM images of nanocellulose were simi-
lar to those derived from sulphuric acid hydrolysis of various
sources such as paper pulp, rice straws, and wheat straws
[61, 62]. A study conducted by do Lago et al. [60] reported
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Fig.4 a TEM image of nanocellulose, b EDS analysis of nanocellulose

that the biocomposites comprise a matrix of biopolymer
reinforced with nanoparticles between the nanoscale ranges
of 1-100 nm. TEM images reveal the nano-scaling of the
cellulose to the range of approximately 50 nm, thus ensuring
its application as a reinforcing agent for the biosynthesized
PHBV. According to Zhou et al. [63], nanocellulose with this
diameter range is suitable for strengthening biopolymers.
Moreover, the TEM analysis ensures the conversion of a
higher percentage of cellulose in the nanoscale (nanocellu-
lose) by mechanical dispersion of the acid hydrolysate and
integrating this corncob-derived nanocellulose in PHBV to
produce PHBV biocomposite.

Physical and Chemical Characterization
SEM Analysis of PHBV and PHBV Biocomposite

SEM analysis of neat PHBV (Fig. 5a) and PHBV biocom-
posite (Fig. 5b) illustrates their morphological difference.
The surfaces of neat PHBV exhibited comparatively more
fractures on the matrix than the PHBV biocomposite,
revealing that the addition of nanocellulose enhanced the
crosslinking in the PHBV biocomposite, which was absent
in the neat PHBV due to the lack of reinforcement (with
nanocellulose) [64]. The PHBV biocomposites (reinforced
with nanocellulose) displayed nanocellulose adhering firmly
to the PHBV matrix with no pores or fractures, ensuring
strong interfacial adhesion between the PHBV matrix and
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Fig.5 SEM images of a PHBV, b PHBV biocomposite

nanocellulose in the PHBV biocomposite [65]. Moreover,
some roughness on the surface of the biocomposite film
(Fig. 5b) was visualized, probably due to the agglomera-
tion of nanocellulose, which were randomly dispersed on
the PHBV matrix to compose the film. The biocomposite
film had formed a continuous network of hydrogen bonds
between the nanocellulose and PHBV along the film’s entire
surface; thus, no fractures or punctures were observed. Thus,
the improved interfacial adhesion of nanocellulose on PHBV
biocomposite was strong enough to transfer the stresses from
the PHBV matrix to the nanocellulose, which was supported
and evidenced by the mechanical characterization of the
films as discussed in the later section.

FT-IR Analysis

FT-IR spectra of PHBV, nanocellulose, and PHBV biocom-
posite were obtained and compared with each other to deter-
mine the functional groups involved (Fig. 6a—c). The func-
tional groups present in PHBV, nanocellulose, and PHBV
biocomposite are revealed from the FT-IR spectra. A promi-
nent broad peak of nanocellulose and PHBV biocomposite
at 3300.20 cm™! and 3396.64 cm™! assigned to hydroxyl
groups (O-H stretch). The spectra of PHBV and PHBV bio-
composite at 2856.88 cm™! and 2854.65 cm™! represents
the C—H stretching of alkanes. The peak at 1637.56 cm™!
and 1635.64 cm™! is attributed to the amide group’s C=0

Fig.6 FT-IR analysis of a (a)
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stretching in nanocellulose and PHBV biocomposite. Addi-
tionally, both PHBV and PHBV biocomposite spectra show
a peak of C—H stretching of a methyl group at 2924.09 cm™!
and 2922.16 cm™!, respectively, and the peaks 1456.26 cm™!
and 1411.89 cm™! indicates the C—H bending methylene
groups, respectively [44]. These characteristic peaks (C-H
stretching, C=0 stretching) of PHBV biocomposite closely
resembles the peaks of PHBV, confirming their similar-
ity based on the chemical composition. The shifting peaks
observed in the biocomposite indicates the occurrence of
the chemical reaction between the nanocellulose and PHBV
[66]. These observations suggested that successful reinforce-
ment between the matrix (PHBV) and nanocellulose was
achieved [67].

XRD Analysis

The crystalline nature of PHBV and PHBV biocomposite
was studied by XRD analysis. Figure 7 shows diffraction
patterns of both PHBV and PHBV biocomposite. The dif-
fractogram of PHBV biocomposite revealed two significant
peaks of at diffraction angle 20 =13.4° and 16.9°, and the
diffractogram of PHBV displayed similar peaks at diffrac-
tion angle 20 =13.4° and 17.0°, showing the typical crystal-
line structure of PHBV in both the films. The characteris-
tic peaks were observed in the biocomposite at diffraction
angle 20 =22.8°, 25.6°, and 26.0°, which represents the
cellulosic crystalline peak [51, 68]. The crystalline nature
of PHBYV and its biocomposite materials significantly affect
their mechanical properties as well as processability [69].
The crystallinity index (CrI) of both PHBV and PHBV bio-
composite was evaluated as 21.8% and 36.6%, respectively.
This increase in Crl of PHBV biocomposite depicted the
increment in the crystallinity of the polymer biocompos-
ite, resulting in the exposure of crystalline nanocellulose
in PHBV biocomposite [47]. It is worth noting that the
crosslinking of the nanocellulose and the PHBV matrix

—— PHBV biocomposite
— PHBV

Intensity (a.u.)

10 20 30 40 50 60 70 80 90 100
20 (deg)

Fig.7 XRD analysis of PHBV and PHBV biocomposite

attributed to the increase in biocomposites’ crystallinity,
which would improve the compatibility between cellulose
and the biopolymer. Moreover, the crystallite size (T) of
PHBYV and PHBYV biocomposite was determined as 66.1 nm
and 27.9 nm, respectively. The reduction in the crystallite
size was observed due to the incorporation of nanocellulose
in PHBV biocomposite, as nanoparticles exhibit smaller
crystallite size [53]. Hence, the PHBV biocomposite mani-
fested superior crystalline properties than PHBYV, due to
the incorporation of nanocellulose. Similar XRD patterns
were observed in biocomposites/nanocomposites, including
PHBV/a-Cellulose blend [70] and PLA/PHBV nanocompos-
ite [17]. The XRD peaks in the present study confirmed the
presence of nanocellulose and PHBV in the biocomposite.

Thermal Characterization of PHBV Biocomposite
Thermogravimetric Analysis (TGA)

The thermal degradation of the PHBV biocomposite film
sample is shown in Fig. 8a. The thermogram depicted an
initial degradation at 181.46° C, with the moisture weight
loss of 3.36 wt%. This was followed by a sudden weight
loss of about 95.88% up to 595.32 °C due to the biopolymer
decomposition. The thermo-labile components were com-
pletely degraded at this temperature. The peak degradation
temperature was found at 790 °C, corresponding to the high-
est decomposition with a 4.1 wt% residual mass. From the
previous study by Suhazsini et al. [10], the PHBV showed
a peak degradation temperature of 508.82 °C, with a resid-
ual mass of approximately 51%. The presence of hydroxyl
groups on the surface of cellulose acted as sites of nuclea-
tion for PHBYV, which was considered as the foremost cause
of the biocomposite’s rapid degradation. The current study
reveals that the PHBV biocomposite can withstand high deg-
radation temperature with the maximum decomposition of
the sample compared to the biosynthesized P(3HB) by B.
megaterium [58], and PHB/Cellulose fibers composites [71].
Yu et al. [72] conducted similar studies on PHBV/Cellulose
nanocrystals nanocomposites and reported comparatively
less T, of 292.9 °C. As stated by the authors, the improve-
ment in the thermal stability was due to the intermolecular
hydrogen bonding interactions between the nanocellulose
and PHBV. Thus, the thermal stability of PHBV biocom-
posite has been enhanced due to the reinforcement of the
nanocellulose.

Differential Scanning Calorimetry (DSC)
The DSC thermogram reveals the nature of the biocomposite
during phase transition when external heat is applied. The

heat flow was analyzed in accordance with the temperature
where the peak temperature or the melting temperature (T,,)
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was observed to be 168.18 °C (Fig. 8b). The PHBV bio-
composite showed higher enthalpy of 27.7 J/g compared to
neat PHBV (19.3 J/g), emphasizes the role of nanocellulose
in improving the crystallization and acts as a crystalliza-
tion nucleus. In comparing the neat PHBV with PHBV bio-
composite, it was observed that the enthalpy was increased
drastically with the incorporation of nanocellulose, which
indicated that the nanocellulose facilitates the crystallization
process [71]. The dispersion of nanocellulose in the PHBV
matrix acts as nuclei sites to form a critical nucleus [69].
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This property is essential for the improved mechanical per-
formance of the biocomposite. The melting temperature (T,,)
of the PHBV biocomposite was relatively higher than that
of the PHBV, which was 116.6 °C, as reported by Suhazsini
et al. [10]. This would have been caused due to the nanocel-
lulose reinforcement in the biocomposite and interactions
between the nanocellulose and PHBV matrix.
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Fig.9 Stress—strain curve of a

PHBYV, b PHBV biocomposite

Tensile stress [MPa] &

Tensile stress [MPa] 2

Tensile strain (Extension) [%]

Table 1 Mechanical properties of PHBV and PHBV biocomposite

Sample Tensile strength Elongation at Young’s
(MPa) break Modulus
(%) (MPa)
PHBV 7.10 3.85 15
PHBYV biocom- 11.11 5.31 40
posite

Mechanical Characterization of PHBV Biocomposite

The mechanical properties were compared between PHBV
and PHBV biocomposite, and various mechanical param-
eters such as tensile strength (), Young’s modulus (E),
and elongation at break (€,) was calculated based on the
stress—strain curve (Fig. 9a, b). The tensile strength of
the biocomposite film was 11.11 MPa, which was com-
paratively higher than that of standard PHBV (7.10 MPa).
The results obtained for tensile strength of the biocom-
posite were similar or superior to those presented by Low-
Density Polyethylene (Tensile strength =6.9-16 MPa)
[60], polymers traditionally used in the food industry
and agricultural sector. PHBV biocomposite exhibited
higher Young’s modulus of 40 MPa and 5.3% elongation
at break, which is higher than the PHBV (Table 1). These
properties attribute to its higher flexibility and deforma-
tion rate. Thus, the improvement in these properties of
biocomposites is substantiated with the addition of corn-
cob-derived nanocellulose. These parameters represented
clear evidence of the good dispersibility of nanocellulose
in the PHBV polymeric matrix, as reported by Makaremi
et al. [73] and Mazur et al. [35]. Compared to the biosyn-
thesized PHBV by B. megaterium, the PHBV biocom-
posite shows improved mechanical properties [36]. The
enhanced mechanical properties of PHBV biocomposite

5 6 7 0 1.2 3 4 5 6 7 8

Tensile strain (Extension) [%]

proves that the nanocellulose can be employed as a rein-
forcing agent.

Biodegradability Analysis

Both PHBV and PHBV biocomposite samples gradu-
ally decomposed, and the weight reduction (%) pattern
was observed with respect to time of degradation (weeks)
(Fig. 10). The weight reduction trend of PHBV biocompos-
ite increased rapidly, whereas the neat PHBV depicted a
steady weight loss pattern. Within 4 weeks, the PHBV bio-
composite displayed faster degradation as the weight reduc-
tion percentage increased approximately up to 40%, whereas
the neat PHBV merely reached 22%. By the 5" week of
degradation, the PHBV biocomposite had developed pores
and fragmented, while the PHBV was less fragmented, indi-
cating its comparatively slower degradation. By this time,
the weight reduction of PHBV biocomposite reached up to
45.6%, whereas PHBV was reduced by 24.8%. However, in
the 7th week of degradation, the weight reduction percent-
age of PHBV biocomposite reached up to 63%, whereas no
considerable change was visualized in the PHBV sample.
The neat PHBV revealed a weight loss of 32.4%, which
was comparatively less than the PHBV biocomposite. It is
worth noting that the weight reduction pattern of PHBV
and PHBYV biocomposite signified the higher biodegradation
rate of PHBV biocomposite than the PHBV, which inferred
that the incorporation of nanocellulose significantly affected
the degradation rate [4, 65]. The biodegradation percentage
of biocomposite was observed to be higher than the previ-
ously reported studies of PHBV based composites [1] and
commercial polymer like polycaprolactone [55], consider-
ing the same time duration. The incorporation of the corn-
cob-derived nanocellulose could influence the increased
biodegradability of PHBV biocomposite.
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materials.
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