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1. Abstract 

In present scenario, rising environmental concerns of non-biodegradable plastic pollution 
and depletion of petroleum based raw materials lead to development of biopolymers. 
Polyhydroxyalkanoates (PHA) are a type of biopolymers which are synthesized by 
microorganisms. Although, there are different substrates available in pure forms which are 
currently used in the production of PHA, but 40 % of production cost depends on the 
expensive substrate which is a major disadvantage and make it far from many 
applications.In the present research work, cane molasses an organic waste from a sugar 
industry waste stream was taken as substrate and the culture of Alcaligenes sp. NCIM 5085 
and co-culture of Alcaligenes sp. NCIM 5085; Bacillus subtilis were used in batch 
fermentation for conversion of organics into polymers. Optimization of PHA synthesis 
conditions was performed in terms of effect of substrate concentration, pretreatment of 
molasses, static and shaking conditions, C/N ratio, incubation time, initial pH, inoculum 
volume and nutrient source. Growth kinetics of biomass was modeled by Monod and 
Logistic models whereas Luedeking-Piret model was used for polyhydroxyalkanoate 
production rates. Sudan Black B staining was employed to verify the PHA synthesis 
initially and further TEM analysis was performed to confirm it. The structural analyses of 
recovered PHAs were carried out by GC-MS, FTIR, 1H NMR and 13C NMR analysis. The 
absorption peak at 1724.56 cm-1 revealed the presence of C=O (carbonyl) group by FTIR, 
which is an indicator of PHB. The thermal properties of recovered polymers were analyzed 
by TGA, DTG and DSC and showed thermal stability of PHB. The mechanical properties 
of PHB film like Young’s modulus, tensile strength, and elongation at the break were 
analyzed. The PHB film was further analyzed in terms of water vapour transmission rate 
(WVTR) and oxygen transmission rate (OTR). The degradation observation of synthesized 
PHB film was carried out by soil burial method and SEM analysis of degraded PHB film. 
To make antimicrobial film ZnO nanoparticles were used as antimicrobial agent. 
Moreover, the dispersion of ZnO nanoparticles in the PHB-ZnO nanocomposites film was 
analyzed by SEM analysis. PHB-ZnO nanocomposites film showed antibacterial activity 
against human pathogen bacteria, and the effect of Staphylococcus aureus was stronger 
than Escherichia coli. The overall migration value of PHB-ZnO nanocomposites film in 
distilled water, acetic acid, 10% v/v ethanol and iso-octane simulants were well below the 
limits required by the current legislation for food packaging materials. The synthesized 
PHB-ZnO nanocomposite film have the migration values are much lower for isooctane and 
acetic acid than ethanol which make it suitable for application in the packaging of fatty and 
acidic food products. 

Keywords: Polyhydroxybutyrate (PHB); cane molasses; co-culture; optimization; 

characterization; nanocomposites; packaging application 

 
2. Background and definition of the Problem 
 
Since centuries, people had relied heavily on plants as a significant supply of polymers 
including linseed, rubber, cellulose and starch. The conventional polymer produced from 
the petroleum resources having a cheap, durability, less weight, versatility to geometry and 
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dimension preferences and chemical inertness have significantly superseded plant-based 
polymers in commercial manufacturing over the last few centuries [1-2].As a result, these 
conventional polymers were widely acclaimed since they provided tremendous assistance 
for a variety of technologies and applications that benefited humanity. The biodegradable 
polymer like PHAs prevent and mitigate the effects previously brought on by existing 
plastics as a result of excessive utilization and incorrect discharge to the surroundings [2-
3]. 
 
The category of polyesters known as PHAs, also known as biopolymer, is predominantly 
deposited intracellularly by different bacteria as energy storage products under response to 
a deficiency of growth nutrients like nitrogen and the abundance of carbon substrate [4-5]. 
PHA is a substitute for conventional polymer and shares many of the same physical 
characteristics as polypropylene (PP); however, it is rapidly degraded by enzymes and 
microorganisms. PHAs are deteriorating under both aerobic (CO2& H2O) and anaerobic 
(CH4& H2O) environments and as a result, there is no need to develop a disposal system, 
preventing atmospheric pollution [6]. Polyhydroxybutyrates (PHBs) are a derivative of 
PHAs that have undergone the most in-depth research and PHBs have attracted a lot of 
attention in the last several decades because their physical characteristics resemble those of 
common petroleum polymer like PP or polyethylene (PE). Short lateral chains, low 
crystallinity, high flexibility, and easy manipulation are characteristics of PHB 
homopolymer. PHB finds application in food packaging due to having superior gas barrier 
properties and water vapour permeability, high melting point (Tm), high tensile strength 
than the PP and polyethylene terephthalate [7]. PHB also finds its application as a scaffold 
in the field of tissue engineering and drug carrier in cases of regulated and slow release 
kinetics because it degrades gradually within the body [8]. One of the most pressing 
concerns affecting PHA synthesis on a large scale is carbon source which has a direct 
impact on cell proliferation, productivity improvement, molecular weights, superiority and 
design [2]. PHAs are the wide disparity in market price. The half of PHB production cost 
relies on the feedstock used for microbial PHB production [9-10]. It is essential to discover 
cheap inexpensive feedstock and nutrient sources for PHB manufacturing. By adopting 
more appropriate inexpensive feedstock, microbes, optimizing the fermentation conditions 
to achieve high PHB yield, it is feasible to decline the production cost of PHB. 
Furthermore, use of the polymer produced from biobased renewable raw materials & 
biodegradable, having similar physical properties to conventional plastic, achieve the goal 
of replacement of conventional plastic, diminish the plastic pollution, plastic waste 
management and reduce dependency on petroleum based derived polymer.  
 

1.2 Motivation and Definition of the Problem 
 
The use of inexpensive feedstock for the PHB production has been demonstrated in several 
studies [11-15].However, the PHB yield obtained from above studies is very low about 
0.35-35% cell dry weight (CDW), which was still low and need to improve yield as well as 
fermentation strategy, use of novel bacterium strain for PHB production. After the PHB 
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synthesise, next step is characterize the synthesized PHB in terms of thermal & mechanical 
properties. The degree of crystanality of PHB (22-100%) played vital role for processing 
window and packaging applications. Short lateral chains, low crystallinity, high 
flexibility, and easy manipulation are characteristics of PHB homopolymer. As the degree 
of crystanality increasing the brittleness of PHB increasing, need to add plasticizer, 
organic, inorganic materials, blended with other polymer such as addition of 
hydroxyvalerate (HV) to PHB that modify the neat PHB properties in order to increase its 
applicability [16-17].PHB which has superior gas barrier characteristics, WVTR, melting 
temperature(Tm) and tensile strength than traditional plastics. Since PHBs have thermal 
and physicochemical properties similar to traditional plastics, they are employed in a range 
of other cutting-edge industries such as medical, nanotechnology and agriculture sector 
[2][18].The addition of suitable antimicrobial agent (nano metal oxide, essential oil) is 
required to make antimicrobial PHB films for food packaging applications.  
 
In the present work, cane molasses (CM) which was a waste of sugar industry and rich in 
nutrients and micronutrient was used for synthesize PHB. It is abundantly available at low 
cost in India. It was used as feedstock for lowering PHB production cost. India is one of 
the largest sugar producer and consumer as well as the second largest exporter according to 
the Press Information Bureau's Delhi 2022 study. During the Sugar Season 2021-22, India 
produced a milestone of over 5000 LMT sugarcane, of which around 3574 LMT has been 
pulverized by sugar factories to generate approximately 394 LMT of sugar. Each tonne of 
sugarcane yields 38kg of cane molasses (CM) [19]. In light of the large amount of CM 
produced each year, it is vital to use these low-cost by products to create value-added 
products. 
 
3. Objectives and scope of work 
 

• To synthesis and optimization of process parameters of Polyhydroxyalkanoate from 
a cost effective food industry waste as a carbon source.  

• To evaluation of kinetics of cell dry weight and PHA production. 
• To characterize the synthesized PHA via various analytical techniques.  
• To formulation of stable biopolymer blends films with suitable nanoparticles. 
• To characterization of biopolymer blended films and application of film.  

 
4. Original Contribution of the research 
 
As per the author’s best knowledge, the current study might be the first expanding research 
effort to comprehensive examination of parameter optimization for CM using Alcaligenes 
sp. NCIM 5085 and its growth and PHA synthesis kinetics. Furthermore, there was no 
single literature that focused on PHB synthesized by co-culture of Alcaligenes sp. NCIM 
5085; Bacillus subtilis with CM as substrate in batch fermentation reported. The formation 
of synthesized PHB-ZnO nanocomposite (PHB-ZnONc) film for packaging application is 
first time reported. Additionally, there are various studies available in literature on 
individual PHB synthesized form glucose, fructose and sucrose as a substrate and used for 
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different application and very few studies reported with making of PHB nanocomposite 
film form PHB purchased from market.  
 
5. Methodology of research 

5.1 PHB producer and culture media 
 

The strain Alcaligenes sp. NCIM 5085was purchased from the National Chemical 
Laboratory in Pune, India where as Bacillus subtilis was obtained from Enviro Tech 
limited, Ankleshwar.  
5.1.1 Development of Microbial Co-Culture of Alcaligenes sp. NCIM 5085 and B. subtilis 
The 100 ml of nutrient broth (g/l) was added to a 250 ml Erlenmeyer flask to cultivate 
Alcaligenes sp. and B. subtilis, respectively. Both cultures were grown for 24 hr at 35°C in 
shaking conditions (180rpm). Thereafter, the 5.0 ml suspension of each preculture was 
aseptically transferred to the PHB media and incubated for 24hr, where the microbial co-
culture of Alcaligenes sp. and B. subtilis was developed. After that, 10 % (v/v) inoculum of 
co-culture is transferred in PHB production media.  

5.2 Preparation of cane molasses and cane molasses (CM) acid pretreatment: 
 

The CM was procured from Ganesh sugar industries, Vataria Gujarat, India. The 
appearance of the sample was viscous dark brown thick liquor. A further analysis showed 
that it consist high amount of sugar in the form of glucose, fructose and sucrose which 
were 2.3 %,0.46 %, 28.19 %, respectively. For fermentation experiments, CM was diluted 
with distilled water and clarified in centrifuge at 3000 rpm for 10 min and the supernatant 
was used for the PHB synthesis. The cleared CM was exposed to 33% of 1.5 N H2SO4 for 
acid pretreatment, and it was then incubated at 90°C for an hour in a water bath. Table 1 
shows the characteristics of the cane molasses used.  
 
Table 1: Characterization of CM before and after pre-treatment 

Parameters Untreated molasses Pre-treated molasses 
pH 4.5 - 

Colour Dark brown Dark brown 

Glucose (%) 2.30 17.59 

Fructose (%) 0.46 16.67 

Sucrose (%) 28.19 0.197 

Nitrogen (%) 1.05 - 

Phosphorous (%) 0.037 - 

Total Dissolve Solid (mg l-1) 646.45 - 

COD (ppm) 890560 - 
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5.3 Screening of PHB producer 
 
The Sudan black blue (SBB) test was employed for initially screened PHB. 24 h old 
culture was heated on a slide using 0.3% SBB and left to rest for 5 minutes. After being 
washed with distilled water and counterstained with safranin for five minutes, it was 
viewed using a phase-contrast microscope at a 100X magnification. Furthermore, 
transmission electron microscope (TEM) was also used for confirmation of PHB formation 
(Figure 1).  
 

 
Figure 1. TEM analysis of Alcaligenes sp. NCIM 5085 obtained after 48 h of inoculation in CM production 
medium (magnification, 0.5 µm) 

 
5.4 PHB production using Alcaligenes sp. NCIM 5085 and co-culture: 
 
Alcaligenes sp. NCIM 5085was cultured in media containing 40g/l of pretreated cane 
molasses as a substrate and 1 g/l of ammonium sulphate as nitrogen source which was kept 
for 2 days in a rotary shaker at 35°C. Later on this mixture was centrifuged at 3000 rpm for 
10 minutes at 4°C; obtained cell pellets were washed with water and allowed to dry for 24 
h at 50°C in a hot air oven to determine cell dry weight (CDW), PHB content and 
supernatant was collected for total reducing sugar (TRS) analysis. The PHB content was 
determined by crotonic acid assay. 
 
5.5 PHB extraction: 

PHB was extracted using the dispersions method, in which the cell pellet is treated with 50 
ml 4-6% sodium hydrochloride for 15 minutes for cell lyses, then 60 ml chloroform is 
added for dissolved the PHB and allowed to stirred for 2.5 hours at 30°C.The mixture is 
then phase separated, with the top layer containing sodium hydrochloride, the middle layer 
containing cell debris, and the bottom layer containing PHB dissolved in chloroform. 
Moreover, the bottom layer is collected and processed for 3 to 4 hours with 100ml of ice 
cold methanol to precipitate the PHB.  
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5.6 PHB quantification: 

The PHB quantification was carrying out using the Silambarasan et al. (2021) technique 
[20]. The obtained white PHB granules were treated with 10 ml concentrated H2SO4 in a 
water bath for10 min at 100°C; it converted PHB granules to crotonic acid (CA) by 
dehydration process which shown in the reaction (1), then absorption intensity at 235 nm 
was taken by spectrophotometer where sulphuric acid was used as a blank. The 3- 
Hydroxybutyrate(C4H8O3) which is the monomer of PHB polymer and in the presence of 
the conc. H2SO4 act as catalysis lead to release the water molecules and from crotonic 
acid(C4H6O2) during dehydration of PHB. 

 (1) 

 
5.7 Total reducing sugar analysis: 

The TRS content of raw and processed molasses was assessed using HPLC method. After 
centrifugation, sample was filtered using Sep-Pak classic Alumina A cartridges and 
Bioflow 0.22 m PES membrane cartridges. An Agilent HPLC model and refractive index 
(Shodex) detector were used to analyze the supernatant at 35 °C. The sample was injected 
into an amino column by five millilitres (250 mm x 4.6 mm, 5 m). Standard solutions of 
sucrose, fructose, and glucose were prepared at a concentration of 5 mg/ml. The mobile 
phase for HPLC analysis was a solution of acetonitrile and water (80:20) which was 
filtered by a 0.22 m nylon filter, kept at a flow rate of 1 ml/min.  
 
5.8 Optimization of PHB synthesis usingAlcaligenes sp. NCIM 5085 and co-culture: 
 
The procedure mentioned was utilized to improve optimal conditions for Alcaligenes sp. 
NCIM 5085 growth in order to produce PHB. Therefore, the appropriate growth conditions 
were assessed. These included carbon source concentrations (10, 20, 30, 40, and 50) with 
and without treated, nitrogen sources (urea and ammonium sulphate), C/N ratios (34, 38, 
50, and 76), inoculum percentages (2, 5, 8 and 10%), and physical parameters such as 
incubation times (12, 24, 36, 48, 72, 96, and 112 h) and pH levels (5, 6, 7, and 9). 
Assessments of substrate and nitrogen sources with various physical attributes were added 
to the basic PHB synthesis medium. 
 
5.9 Preparation of PHB, PHB-AgNc & PHB-ZnONc film  
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The PHB film was prepared by solvent casting method where 0.25 gm of PHB was 
dissolved in hot chloroform at 50 °C and stirred until complete dissolution of PHB. 
Homogeneous solution was poured into petri plate and allowed to evaporate the 
chloroform at room temperature for 24 h. 
 
 
5.10 Biodegradation of PHB films in soil burial method 
 
The soil burial method was used analyzed the biodegradability of synthesized neat PHB 
film [9] and the fertile garden soil was used for this study. The preweighed film samples 
were cut into 2*2 cm and these samples were buried in the soil under a depth of 8 cm from 
the surface in a pot at atmospheric conditions. The samples were taken out at 1, 2, 3, 4, 5, 
6, 7, 8, 9, 10, 11 week throughout the analysis period. The mean and standard deviation 
figures are presented after two iterations of the mentioned analyses. 

𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛(%) = ∗ 100                                                                          (2) 

Where Wt (g) is the weight of the polymeric sample at time t and Wi (g) is the starting 
weight. 
 
5.11 Antimicrobial activity of PHB-AgNc & PHB-ZnONc film  
 
The agar disc diffusion method with slightly modifications was used to assess the 
antibacterial activity of PHB-nanocomposites films. These analyses included food borne 
gram negative bacteria like Escherichia coli and gram positive bacteria Staphylococcus 
aureus. Inhibition halos were measured with a precise gauge calliper. There were four 
duplicates for each analysis [21] 
 
5.12 Overall migration test 
 
Three food stimulants were used in the overall migration test of the produced PHB-AgNc 
& PHB-ZnONc film, as prescribed by European food packaging legislation [22]. 3.0% 
(v/v) acetic acid is used for foods that are acidic, 10% v/v ethanol was used for liquid 
wines, spirits and liqueurs and iso-octane stimulant is used for foods that were fatty. In 
addition, samples were immersed in isooctane and held at 20 °C for two days. The sample 
was immersed in 20 ml 3.0% (v/v) acetic acid at 37 °C for 1 day, 10 % (v/v) ethanol at 40 
°C for 10 day and 95% (v/v) Iso-octane at 20°C for 2 day. The average data from the 
experiments—which were carried out in triplicate—are provided. 
 
 
6. Results and Discussion 
 
6.1 Results on PHB synthesis by Alcaligenes sp. NCIM 5085 
 



9 
 

The most important components that affect the quantity and quality of the microorganism 
synthesis process are the vital and primary nutritional factors, like concentration of carbon 
and nitrogen source supplies. The current studies reported optimization of growth 
conditions for PHB synthesis Alcaligenes sp. NCIM 5085were determined using stated 
variables, particularly inexpensive substrate, in order to diminish the cost of PHB 
production. The obtained optimization of PHB production byAlcaligenes sp. NCIM 5085 
as following conditions: 40 g/l treated CM as a substrate, 1 g/l ammonium sulphate as a 
nitrogen source, 76 C/N ratios, 10% inoculum volume, pH 7, 35 °C and 48 hours of 
incubation. The results showed that under optimized conditions, Alcaligenes sp. NCIM 
5085produced 4.48±0.00 g/l, PHB content 1.75±0.03(39.10%) g/l, 27.42 ±0.12 
(68.56±0.30) g/l substrate consumed, Y(x/s)- 0.19, Y(p/x) - 0.39,  Y(P/s)  - 0.076 and 0.036 
g/l*hr PHB Productivity. 
 

6.2 Kinetic modeling of cell growth 

The aim of this study is find out the kinetics of cell growth, Monod and Logistic models 

were used for cell growth kinetics.  

0

ln 1ln m
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A plot of ln(X/Xm-X) vs t should give a straight line and µm was equal to the slope of a line 
and X0 was determined from the intercept (Shown in Figure 2b). 

6.3 Kinetic modeling of PHB production:  

Luedeking-Piret model was used for PHB production rates. The rate of product generation 
had been demonstrated to be linearly dependent on both the instantaneous biomass 
concentration X and the growth rate dX/dt. 

dX
X

d

dt

P

dt
  

                                                                                                            (4) 
Where α and β are the growth and non-growth associated constant, respectively. Put the 
value of dX/dt and X in Eq (4) and integrating yields the following equation:
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The initial PHB concentration, P0, was expected to be minimal because PHB production 
begins mostly at the log phase, thus neglecting P0. As a result, Eq. (5) can be written  as, 

( ) ( )tP A t B t  
                                                                                                               (6) 
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At stationary phase, dX/dt= 0 and X=Xm. Therefore, the value of β can be obtained from 
Eq. (5). A linear plot of [Pt– βB (t)] vs A (t) gives the value of α (shown in Figure 2c) [23-
24]. 

Kinetic parameters calculated from the linear regression at different PHB synthesis 
conditions are shown in Table 2 for all the two growth kinetics models. From the results R2 

values for all the experiment with Logistic growth kinetic model, were higher than Monod 
growth kinetic model, therefore logistic growth model was selected as the best fitted model 
for cell growth kinetics for PHB synthesis in the present study. The data predicted by 
Logistic model was incorporated with Luedeking Piret model which satisfies the highest 
linear correlation 0.98 and lowest Root mean square error (RMSE) value in the range of 
0.003-0.18.Figure 3 shows a comparison of experimental CDW data and PHB kinetics data 
with model data for PHB accumulation by Alcaligenes. Sp 5085. 
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Figure 2.  (a) Monod growth kinetics model (b) Logistic growth kinetics model (c) PHB 
synthesis by Luedeking Piret model for PHB accumulation by Alcaligenes. sp. 5085 under 
Static with UCM 
 

  

Figure 3. The comparison of Experimental kinetics data and Model data for PHB 
accumulation by Alcaligenes. sp. 5085Static with UCM (a) CDW (b) PHB production 
 

6.4 Structural Characterization of PHB recovered from Alcaligenes sp. NCIM 5085 
 
Successful extraction of the PHB from the Alcaligenes sp. NCIM 5085 was examined for 
structural investigation using FT-IR, 13CNMR, 1HNMR and GCMS. 
A piercing peak at 1724.56 cm−1 reveals the existence of C=O (carbonyl) group which is 
marked for PHB, reported in literature. Similarly, Shamala et al., 2009, Devi et al., 2015 
and Trakunjae al., 2021 [25-27] noted that the peak assigned at 1724, 1725 and 
1721cm−1matched PHB retrieved from.The spectra obtained for 13C NMR analysis 
revealed existence of four peaks. The peaks at 19.78 ppm, 40.78 ppm, 67.63 ppm, 169.19 
ppm correspond to CH3, CH2, CH, C=O group, respectively and the peak between 76.78-
77.28 ppm represents CDCl3solvent.The presence of proton in PHB produced was 
investigated by 1HNMR analysis revels the peak at 1.2 ppm assigned to proton of terminal 
CH3 (methyl) group, the doublet of quadruplet peak at 2.137ppm relevant to CH2 
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Table 2: The summery of kinetics parameters for PHB synthesis and growth model by Alcaligenes sp. NCIM 5085 batch fermentation 

Experimental conditions Logistic model Monod model Luedeking Piret model 
µmax 
(h-1) 

X0 
(g) 

R2 RMSE 
(%) 

µmax(h
-

1) 
Ks (g 
l-1) 

R2 RMSE 
(%) 

 

α β R2 RSME (%) 

Without shaking and  
untreated CM 

CM 
Concentration 

10g l-1 

0.05 0.06 0.96 5.03 0.041 14.81 0.89 6.05 0.089 0.0013 0.97 0.33 

CM 
Concentration 

20 g l-1 

0.06 0.38 0.95 5.93 0.046 36.51 0.94 8.47 0.04 0.0010 0.89 0.24 

CM 
Concentration 

30g l-1 

0.09 0.28 0.99 16.51 0.061 50.83 0.96 7.56 0.041 0.0016 0.96 0.65 

CM 
Concentration 

40 g l-1 

0.09 0.32 0.98 7.2 0.095 78.02 0.90 7.45 0.045 0.0021 0.93 1.01 

CM 
Concentration 

50 g l-1 

0.08 0.27 0.97 9.18 0.048 82.55 0.70 9.86 0.041 0.0026 0.96 3.92 

shaking and  
untreated CM 

CM 
Concentration 

10 g l-1 

0.05 0.04 0.94 2.83 0.058 14.01 0.85 3.34 0.12 0.0018 0.93 0.56 

CM 
Concentration 

20 g l-1 

0.06 0.36 0.96 12.18 0.0706 39.37 0.92 13.48 0.02 0.0012 0.98 1.26 

CM 
Concentration 

30 g l-1 

0.09 0.27 0.97 16.97 0.071 52.10 0.87 11.97 0.06 0.026 0.84 2.40 

CM 
Concentration 

40 g l-1 

0.09 0.34 0.99 9.17 0.1 80.51 0.97 10 0.056 0.027 0.85 2.80 

CM 
Concentration 

50 g l-1 

0.08 0.34 0.98 6.52 0.057 83.263 0.87 2.84 0.07 0.022 0.92 1.94 

Shaking and treated N=0 0.10 0.28 0.98 15.04 0.25 70.24 0.89 15.58 0.1 0.004 0.98 1.72 
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CM (40 g l-1 initial 
concentration) 

N=1 g l-1Urea 0.14 0.53 0.99 6.83 0.16 92.73 0.97 8.59 0.086 0.0054 0.90 4.34 
N=1 g l-1 

ammonium 
sulphate 7pH, 

10 % 
inoculum 

0.10 0.29 0.99 9.21 0.17 83.95 0.93 10.40 0.21 0.008 0.92 4.03 

N=1.5 g l-1 
AS 

0.08 0.20 0.98 5 0.12 88.18 0.95 1.3 0.0079 0.0078 0.93 18.9 

N=2 g l-1 AS 0.08 0.08 0.97 4.36 0.089 55.95 0.98 6.94 0.0071 0.0079 0.93 16.74 
5 pH 0.07 0.15 0.99 0.87 0.037 64.74 0.97 5.78 0.2 0.004 0.98 12.13 
6 pH 0.09 0.1 0.99 10.4 0.92 64.74 0.93 11.19 0.081 0.0024 0.98 0.86 
8 pH 0.08 0.16 0.99 2.18 0.13 37.28 0.80 4.18 0.0156 0.002 0.96 1.65 
9 pH 0.07 0.11 0.95 8.94 0.081 73.20 0.81 9.84 0.07 0.0021 0.96 0.78 

8 % inoculum 0.08 0.30 0.98 11.21 0.0772 70.76 0.87 6.45 0.004 0.005 0.89 4.1 
5 % inoculum 0.07 0.27 0.97 7.68 0.038 0.75 0.75 8.75 0.064 0.0014 0.98 0.44 
2 % inoculum 0.07 0.04 0.91 16.18 0.035 0.77 0.77 13.65 0.14 0.0016 0.98 0.40 

 Present 
study 

Present 
study 

Abdurrahm
an et al. 
2022[28] 

Trakunjae et 
al. 2021 [27] 

Tyagi& 
Sharma, 
2021[11] 

Narayanan 
et al.  2020 
[32] 

Mostafa 
et al. 
2020 
[29] 

Pradhan 
2018 [30] 

Hassan et 
al. 2018 [13] 

Biradar et 
al.2017 [31] 

Types of 
PHA 

PHB PHB PHB PHB PHB  PHB PHB PHB PHB 

C source CM CM Sucrose fructose PIE rice bran Glucose Fructose rice bran Glucose 

Bacteria Alcaligenes 
sp.5085 

Co-culture B. 
megaterium 
strain 
(YSBM6) 

Rhodococcus 
pyridinivorans 
BSRT1-1. 

Ancylobac
ter sp 

Bacillus 
cereus 
NDRMN00
1 

Erythrob
acter 
aquimari
s 

B. 
megaterium 

Bacillus 
subtilis 

Lysinibacill
us 
sphaericus 

CDW 
(g/l) 

4.48 5.50  3.6 - 5.6 10.2  1.01  

PHA(% 
CDW) 

40(1.78) 53(2.9)  54 (0.8) 41(1.4) 41.7 70(3.9) 40  30.4 (0.31)  

Functional group       
-C=O 1724.56  1720.06 1724 1721 1720.50 1759.27 1724 1727 1724 1720 

Table 3 The Summary of Structure analysis (FTIR, NMR) and thermal analysis (DSC, TGA & DTG) of PHB produced by Alcaligenes 
sp. NCIM 5085and Co-culture in cane molasses and comparison with literature  
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-CH 1280.50  1274.60 2976 1277 977.91 2712.21  2975,295 2982 1380 

-CH2 2929.04 2932.29 2934 2933 1452.40 1528.16 2931  1456  

-CH3 2958.24 2975.58  2975 1379.1 1448.34 2960  1382  
-C-O 1000-1450 500-1450 1101,1053 100-1300 1276.88 500-1300  1285, 1058 1134-1188 1460,3000 
-OH 3434.34 3435 3435 3443.7  3282.68 3440  3443  

(II) NMR spectra (chemical shift in ppm) 
13C NMR 
-CH 67.63 67.62 - -  - 67.61 67.81  67.929 
-CH2 40.78 40.78 - -  - 40.81 40.99  40.124 

-CH3 19.78 19.77 - -  - 19.77 19.95  222.199 
-C=O 169.19 169.18 - -  - 169.13 169.32  169.143 
1H NMR           
-CH 5.094 5.22-5.29 - 5.27  5.28-5.31 5.26-5.30 5.26 5.25 5.27 

-CH2 2.137 2.45-2.63 - 2.5  2.37-2.71 2.47-2.65 2.17-2.60 2.5 2.5 
-CH3 1.2 1.26-1.28 - 1.29  1.67 1.31 1.28-1.60 1.26 0.933 

(III) DSC analysis 

Tg (°C) -2.8 -6.3 - 4.03  -  6   
Tm(°C) 161.7 172.5  171.8 174.9 -  175 176 176.08 

ΔH0
m(J/s) 47.06 158.8  65.26  -  64 89.79 28.42 

(IV) TGA and DTG analysis 

Xc (%) 32.23 108.7%  44.69  -  44 61.5 38.49 
Td (°C) 285 254.5  288 293.4 -  289 299 291.31 
Residual 
mass % 

39.83 49%  - 1.25 -  1.98 0.4  
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(methylene) vicinity of an asymmetric carbon constitute and peak at 5.094ppm corresponds 
to CH (methyne) group of PHB. The peak between 3-4ppm is a DMSO (solvent) peak. 
The moiety of any molecule can be determined by GC-MS analysis. Four peaks were 
observed at 23.48 min,20.526 min, 16.86 and 21.82 min and 18.57 min were identified as 1-
hexadecanol (38.90%), Z-8-methyl-9-tetradecenoic acid (34.02%), N-dodecyl methacrylate 
(14.21%) and 2-propenoic acid, 2-methyl-, decyl ester (5.29%), respectively. The following 
were the primary molecular fragmentations discovered: 43 (C2H3O), 105 (C4H7O3

+), 87 
(C4H7O2

+) and 61 (C2H3O2
+) m/z. 

 
6.5 Thermal properties of PHB recovered  
 
The TGA analysis revels mainly two zones of weight loss were observed. The initial mass 
loss was brought on by the evaporation of solvents physically adsorbed on the polymer, such 
as methanol; chloroform. It was followed by second zone which is approximately started at 
180°C, which occurred after melting point of PHB, where significant degradation of polymer 
begun. Chain scission and hydrolysis are two major processes that contribute to degradation 
process and reduce molecular weight [33]. The residual mass left at 554.3°Cwas 39.83%. It 
can be deduced that thermal degradation temperature (TD) in the TGA thermogram was 285 
°C. DTG analysis, shown a mass loss rate of 20%/min, the maximum degradation 
temperature for recovered PHB was about 285 °C, compared to 236 °C for standard PHB. To 
determine glass transition and melting points and to assess the mobility of the polymer 
chains, a DSC investigation was conducted. Glass transition temperatures (Tg) was found at -
2.8 °C and melting point (Tm) was observed at 161.7 °C (ΔH0

m=47.06 J/s). The endotherms 
peaks in DSC plot are double melting temperatures that are typically seen in PHB and they 
are shown at 142.6 °C and 161.7 °C. According to certain studies, the numerous melting 
patterns of PHB during DSC melting scan are caused by the diverse crystalline structures in 
PHB. 
The data of enthalpy of fusion ΔH0

m= 47.06 J/s, which was calculated by area under melting 
curve in DSC analysis was used for calculating the % of crystallinity (% XC) of polymer and 
turned out to be 32.23%which is lower than standard PHB value that widens the application 
possibilities. Additionally, the lower value of crystallinity makes it highly flexible to process 
and relevant in prospective commercial applications like packaging materials [13] [34]. FTIR 
results also confirmed the identification of the recovered polymer as PHB and in line with the 
findings of Tyagi & Sharma, (2021) (TD=291.8°C) [11] and Penkhrue et al., 2020 (273°C) 
[35] which also supports thermal stability of PHB. 
 
 
6.6 Optimization of PHB synthesis by co-culture 

The effects of varying cane molasses concentration (20, 30, and 40 g l-1) with co-culture 
fermentation and PHB formation were thoroughly studied. When initial CM concentration 
was increased; total sugar consumption was also increased and ranged 7.82±0.08 to 
9.74±0.14 g/l. It may happen due to availability of more reducing sugar present in the 
medium. It can also be deduced from maximum growth was achieved at 30 g l-1 after 48 h of 
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incubation at 35°C. The findings suggested that co-culture may effectively assimilate sugars 
with increased biomass growth and PHB formation up to 30 g l-1 of CM concentration and no 
significant biomass growth and PHB formation were seen beyond that due to substrate 
inhibition.  
PHB synthesis of crucial enzymes for microbial anabolism and catabolism is greatly 
influenced by the stress caused by ions Na+ and K+. As the Na2HPO4concentration was incre- 
aseed from 0.5 to 1 g l-1, maximum CDW was increased from 3.47±0.01 to5.48±0.02 g l-1; 
PHB content 1.34±0.00 to 2.88±0.02 g l-1and consumed TRS 13.74±0.16 to 21.75±0.09 g l-1. 
Beyond this concentration CDW was decreased to 1.20±0.01g l-1; PHB content 0.3±0.01 g l-1 

and consumed TRS 11.66±0.24 g l-1for 48h of incubation. The effect of increasing KH2PO4 

concentration from 0.5 to 1 g l-1 increased the CDW from 1.78±0.04 to 5.48±0.02 g l-1; PHB 
content 0.76±0.01 to 2.88±0.02 g l-1and consumed TRS 10.51±0.24 to 21.75±0.0 g l-1for 48h 
of incubation. The cytoplasmic signalling and transport systems of bacteria were stimulated 
by the optimum concentration of Na+ in Na2HPO4 and K+ in KH2PO4, which raised PHB 
biomass and improved PHB synthesis. Maximum CDW 5.48±0.02 g l-1; PHB content 
2.88±0.02 g l-1; residual biomass content 2.6±0.02 g l-1 and consumed TRS 21.75±0.09 g l-1 

were found in the experiments. A 10 % inoculum volume with neutral pH after 48 h of 
incubation was found optimum.   
 
6.7 The comparisons of thermal characteristics of PHB obtained from Alcaligenes sp. 
NCIM 5085 and co-culture. 
 
The degradation temperature (Td=254.5°C) obtained from PHB recovered from co-culture 
was lower than that obtained from PHB recovered (Td=285° C) from Alcaligenes sp. NCIM 
5085, which indicated that PHB recovered from Alcaligenes sp. NCIM 5085 exhibits better 
thermal stability or resistance to thermal deterioration. Moreover, both recovered PHBs have 
better thermal stability or resistance to thermal deterioration than standard PHB.A higher 
melting point (Tm=172.5° C) was obtained from co-culture synthesized PHB than single 
strain (Tm=161.7 °C). A rise in melting temperature implies a high molecular weight of the 
examined polymer and an improved organization of polymer chains lead to increasing 
crystallinity of the polymer. Furthermore, these findings are consistent with earlier studies 
[13][30].The glass transition temperature (Tg=-6.3° C) obtained from co-culture was lower 
than that from Alcaligenes sp. NCIM 5085, that amorphous character impedes the early 
movement of the polymer chain, resulting in a higher glass transition temperature. According 
to many publications, the ordered structure of the PHB sample leads the polymer chain to 
begin moving at a lower temperature, resulting in a lower value of glass transition 
temperature. 
The % of crystallinity (Xc =108.7%) obtained from PHB recovered from co-culture was 
higher than that obtained from Alcaligenes sp. NCIM 5085(Xc =32.23%). Furthermore, the 
lower value of crystallinity makes PHB highly versatile to use in applications such as 
packaging materials [13][30].The lower crystalline degree and higher Tm occurred from a 
superior plasticizing action inhibits PHB crystallization and forces previously produced tiny 
crystals to be consolidated better arrangement. PHB having a less compacted structure shows 
improve molecular entangled and atomic penetration, which inhibit PHB crystallization. 
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Higher degree of crystallinity shows a brittle polymer in nature and narrow down processing 
window for packaging applications. An adequate amount of plasticizing agent needs to be 
added to PHB to reduce the crystallinity of the polymer. Furthermore, the PHB recovered 
from Alcaligenes sp. NCIM 5085exhibit the better thermal properties for packaging 
application. 
 
6.8 Mechanical properties, barrier properties and degradation test of PHB film 
 
The mechanical properties of PHB film were analyzed by standard protocol ASTM D882-12 
tensile tests method at the ambient temperature. The values of Young’s modulus(E) for 
produced PHB film was found to be 0.817 GPa, elongation at break (εb)5.30% and tensile 
strength(σy) 9.44 MPa, which are under range of PHB E value 1.2 ±0.8 GPa,  εb value 2-8% 
and σy  value 4.36 to 40 MPa respectively reported in literature [16][36-37] [38]. The 
Comparisons of mechanical properties of PHB synthesized with literature shown in Table 4. 
 
Table 4 : Comparisons of mechanical properties of PHB synthesized with literature. 

PHA 

Type 

C 

source 

Bacteria E(GPa) σy(MPa) εb 

(%) 

Application Ref.  

PHB CM Alcaligenes sp 0.817 9.44 5.30  This 

study 

PHB purchased from market 1.02± 1.8 7.2 4 Home 
compostable 
food packaging 

39 

PHB Potato 

starch 

B. mycoides 

DFC 1 

25.18 9.4 0.91 Food wrapping 40 

PHB carob 

pod 

extract 

R. eutrophus nd 4.5 15  36 

PHB AW C. necator nd 4.43 3.2  38 

PHB purchased from Sigma 0.57 1.45 9.6 Biomedical 
application 

37 

PHB Glucose B. subtilis 

OK2 

1.05 15 16  41 

PHB purchased from market 0.9 31 7  42 

PHB purchased from market 1.67 25 2.12  43 

PHB purchased from market 0.8 20.87 4.12  44 

PHB purchased from market 3.5 4 5  45 

PHB purchased from market 1.03 11.1 1.82  21 

PHB purchased from market 0.58 19.28 10  46 

PHB purchased from market 0.4 13.1  Produce green 
composites. 

47 
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The Barrier properties of polymer film refer to the packaging's ability to resist the absorption 
of moisture and oxygen. The PHB film WVTR is obtained 86.1 (g/m2 day), which is under 
range of 60- 300 (g/m2 day) WVTR for PHB used for food packaging application in 
literature. The PHB film Water vapour permeability (WVP) is 9.12x10-15 kg m/m2 Pa s, 
which falls within the literature range of 7.5- 9.5*10-15 kg m/m2 Pa s WVP for PHB which 
falls into the category of medium-barrier thermoplastics commonly used in packaging [48-
49].The PHB film OTR is obtained 342 (cm3/m2 day), which is under range of 300-400 
(cm3/m2 day) OTR for PHB used for food packaging application in literature.  PHB 
outperforms LDPE (6666-8750 cm3/m2 day), HDPE (1666-3041cm3/m2 day), PP (2701.73 
cm3/m2 day)[50-51] and LLDPE (2916-8333 cm3/m2 day) in terms of oxygen barrier 
performance. 
Evaluation of the PHB's mass as a function of contact time was used to assess the PHB's 
degradation in the soil-burial approach. The PHB weight 0.25 (P1), 0.50(P2), 0.75, (P3) 1(P4) 
gm dissolved in 30 ml chloroform, PHB film was prepared by Solvent casting method. The 
Figure 4 demonstrated the weight loss % of PHB films as function time in soil burial method. 
The PHB film entitled as P1, P2, P3, P4 completely degraded in 7, 9, 10, 11 week respectively. 
However, the least amount of PHB contained film-P1 completely degraded first in short time 
7 week compared other films and indicated that increasing weight of PHB takes longer time 
to degrade. 
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Figure 4. The PHB film (0.8% (P1), 1.67% (P2), 2.5 %(P3), 3.3%(P4) Wt%) degradation 

study in soil burial method 

The PHB films' SEM micrographs are depicted in Figure 5 and they provided confirmation of 
a number of surface alterations that had occurred. Spherical, inorganic things were noticed 
after the degeneration. It readily demonstrates a surface roughness with pores, hollows, pores, 
elongated formations, which indicate obvious disintegration of majority PHB films. The 
roughness of the film, pores, cracks, and cavities increases as the PHB degrading duration 
progresses and it’s clearly visible in SEM micrographs.  
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Figure 5. SEM micrographs of PHB (P2) degradations after (a) 0 (b) 1 (c) 2 (d) 3 (e) 4 (f) 5 

weeks study in soil burial method (10 -20µm)  

 
6.9 PHB-Zno & PHB-Ag2O nanocomposite film 
 
The PHB-ZnO & PHB-Ag2ONc film was synthesized and SEM analysis was carried out to 
know the distribution of nanoparticles in blend film. Figure 6 demonstrated the 2 Wt % of 
PHB-ZnO nanocomposite film and the result of SEM analysis clearly shown the ZnO 
nanoparticles were very well distributed in PHB-ZnO blend film. The amount of packing 
material, primarily additives that can be transmitted to food is referred to as migration. The 
migration values (mg/kg of food Simulants) were observed to decreasing as increasing weight 
% from 1 to 5% of both Zno and Ag2O.The homogeneous metal oxide dispersion, its strong 
interfacial adhesion with the PHB matrix that causes chain immobilization and the additional 
tortuous path created by the highly dispersed and distributed metal oxide nanoparticle which 
reduced the migration properties. The PHB is hydrophobic in nature demonstrated low water 
uptake rate, which further decreased addition of metal oxide nanoparticle. However, for all 
the composition the migration value obtained by this study is well below the maximum 
migration limit 60 mg/kg for materials that come into contact with food authorized by current 
regulations[52][22]. Moreover the PHB-ZnoNc film migration value is lowers the PHB-
AgNc in all 4 Simulants test, show higher potential for packaging application. The both 

a 

 

b 

 

c 

 
d 

 

e 

 

f 
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synthesized Nanocomposite film, the migration values isooctane and acetic acid are much 
lower than ethanol making it suitable for application in the packaging of fatty food and acid, 
dairy food products than alcoholic foods. 
 

 

 

 Figure 6. (a) PHB-ZnONc film (2 % wt)        (b) SEM analysis of PHB-ZnONc film (2% wt)       

 

To assess its applicability to food packaging with antimicrobial properties applications, the 
antimicrobial activity of the generated PHB-ZnO & PHB-Ag film were tested towards these 
two common food pathogens. The PHB-AgNc films are not showing antimicrobial activity 
against used borne pathogens might be due to low concentration or else of not generated 
silver iron from film. The PHB-Zno Nc film showed 14.1 & 12.6 mm zone inhibition against 
Gram positive bacteria Staphylococcus aureus and gram negative bacteria Escherichia coli 
respectively. The PHB-ZnONc is especially promising as packaging film/container materials 
for fatty food, acidic product and making of thermoformed container for water bottles, 
carbonated drinks, fruit juice and beer. 
 

7. Achievements with respect to objectives 
 
To synthesis and optimization of process 
parameters of Polyhydroxyalkanoate (PHA) 
from a cost effective food industry waste as 
a carbon source. 

PHA synthesis by Alcaligenes sp. NCIM 
085 and co-culture grow on cane molasses 
varying different parameters and 
optimization of parameters was done. 
 

To Evaluation of kinetics of cell dry weight 
and PHA production. 
 

Growth kinetics of biomass was modeled by 
Monod and Logistic models whereas 
Luedeking-Piret model was used for PHA 
production rates. 

To characterize the synthesized PHA via 
various analytical techniques.  
 

The synthesized PHB was structural 
investigation using FT-IR, 13CNMR, 
1HNMR& GCMS and Tm, Tg & TD examine 
using DSC, TGA &DTG. 
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The synthesized PHB film was 
characterized by DMA analysis, WVTR, 
OTR and biodegradations test. 

To formulation of stable biopolymer blends 
films with suitable nanoparticles. 
 

The PHB blends with ZnO nanoparticles.  

To Characterization of biopolymer blended 
films and application of film 

The PHB-ZnO film was characterized by 
SEM, antimicrobials activity test and 
migration study of film in view of food 
packaging application.  

 
 

8. Conclusion 
The potential utilization of agriculture residue cane molasses as a substrate and nutritional 
sources for the synthesis of PHB by Alcaligenes sp. NCIM 5085 and co-culture of 
Alcaligenes sp. NCIM 5085; Bacillus subtilis were addressed in this work. The optimization 
of PHB synthesis parameters like time, pH, and nutrient concentrations were performed for a 
number of experiments and kinetic analysis was done for cell growth and PHB production. 
The biomass and PHB productivities of the culture medium were considerably influenced by 
their initial substrate concentration and pH. Productivity was negatively impacted by 
excessive high or low substrate concentrations, i.e., C/N ratio. The shaking condition and 
volume of inoculum were the important factors to be considered for the maximum production 
of PHB. It was shown that a higher 40% PHB yielded was attained with a shorter 
fermentation time, and the lag phase was also reduced. The logistic model incorporated 
Luedeking Piret model was found in agreement with experimental data representing the batch 
kinetics and PHB biosynthesis. 
 
The PHB recovered from Alcaligenes sp. and cane molasses as substrate was initially 
identified by Sudan black blue test and further confirmed by TEM analysis which reveals the 
presence of PHB inside the bacteria. The structural analysis of recovered PHB was carried 
out by using GC-MS, FTIR, 1H NMR and 13C NMR analysis. The absorption peak at 1724.56 
cm-1 revealed the presence of C=O (carbonyl) group by FTIR, which is an indicator of PHB 
presence. Furthermore, results of NMR and GC-MS analysis confirmed recovered polymer 
was PHB.  Melting point at 161.7 °C was found by thermal analysis where degradation 
temperature was 285 °C. Glass transition temperature was observed by DSC at -2.3 °C. The 
thermal stability of recovered polymer was obtained higher than standard PHB that widens 
the application range of PHB.  
 
The objective of current investigation was to identify the potential of PHB production by co-
culture of Alcaligenes sp. NCIM 5085 and Bacillus subtilis on pre-treated CM. Microbe could 
assimilate the substrate in more effectively when co-culture or mixed then isolated. A wide 
range of experiments were carried out to optimize PHB synthesis factors including substrate, 
C/N ratio, Na2HPO4 & KH2PO4 concentration, and physical factors also including incubation 
period, pH, and inoculum volume. The existence of functional groups, bonds, and 
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components were identified using FTIR, NMR, and GC-MS. Thermal investigation revealed 
a melting point of 172.5 °C at a degradation temperature of 254.5 °C. DSC detected a glass 
transition temperature of -6.3 °C. The recovered polymer has a higher thermal stability than 
that of standard PHB. However, it has less thermal stable and high crystalline than PHB 
produced from Alcaligenes sp. NCIM 5085 alone. Overall the co-culture shows a better yield 
of PHB (53%). Such strategy may provide new opportunities for improving the efficiency of 
microbes PHB in viable biorefinery approaches using several lignocelluloses feedstock. 

Furthermore, the PHB recovered from Alcaligenes sp. NCIM 5085exhibit the better thermal 
properties for packaging application. 
 
The degradation test and SEM analysis of synthesized PHB reveals that synthesized PHB 
completely degraded within 11 weeks, it is biodegradable. The acquired mechanical 
properties of PHB film within the range of PHB qualities reported in the literature utilised for 
packaging and disposable applications, demonstrating the potential of synthesized PHB use in 
food packaging and disposable applications. The PHB-ZnoNc displayed antibacterial activity 
against human pathogenic bacteria, with S. aureus being consistently more effective than E. 
coli. Furthermore, the overall migration levels in all four simulants were far below the current 
legislation limits for food packaging materials. The PHB-ZnONc is especially promising as 
packaging film/container materials for fatty food, acidic product and making of 
thermoformed container for water bottles, carbonated drinks, fruit juice and beer. The PHB-
ZnONc& PHB-AgNc are additionally suitable for disposable applications such as overwrap, 
as a paper coating film, as a lamination film, cutlery, utensils, cups and garbage bag. 
 
9. Future scope of work 

The PHB obtained from mixed culture can be blended with plasticizer or other PHA polymer 
or organic, inorganic material to make useful for other packaging applications. The kinetics 
data obtained from this study can be used for commercial reactor for fermentation. The PHB 
obtained from Alcaligenes sp. NCIM 5085 can be blended with other biopolymer for 
specified application. The obtained PHB can use as an additive to other polymer to improve 
WVTR, OTR properties. Different microbes and substrates might also be mixed and explored 
to promote PHB synthesis at the commercial scale for better quality. 
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