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Abstract 
The production of polyhydroxyalkanoate (PHA) is an opportunity to gradu-
ally replace some plastics produced from fossil resources. The use of agro-in-
dustrial waste to produce PHA is one of the most efficient techniques, because 
the cost of production is high. Molasse is waste from the sugar industry. It has 
already been transformed into PHA via fermentation. But Cupriavidus ne-
cator is unable to produce PHA from raw molasse. So, several authors have 
tried to overcome this problem by pretreating molasse before production. In 
this study, fermentation was conducted in a shake-flask with Cupriavidus ne-
cator. Three types of pretreatments of molasse were conducted to enhance 
PHA production: i) sulfuric acid pretreatment; ii) enzymatic pretreatment and 
iii) pretreatment with activated carbon. Molasse pretreated accumulates up to 
a maximum PHA content of 64.56, 75.64 and 58.14 wt.% respectively with 
(15:100) ratio for acid, (15:100) ratio for enzyme and (20:100) ratio for acti-
vated carbon. The obtained result showed an enhancement of PHA produc-
tion from sugarcane molasses. 
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1. Introduction 

Current packaging is made from petrochemical plastics, which are toxic to the 
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environment [1]. Since the full-scale production of petroleum based plastics, they 
have been the main culprits of marine pollution [2]. Their daily discharge into 
nature causes ecotoxicity, not only due to plastic waste but also due to the degra-
dation products of plastic, namely micro and nanoplastics. The aquatic accumu-
lation of nanoplastics poses a threat to the health of exposed invertebrates (such 
as mussels, algae, and oysters). They consume them as food, and more species 
(such as seals and turtles) [3] get trapped in plastic. In view of the above-men-
tioned problems, a potential solution would be to replace petroleum plastics with 
biodegradable plastics [4].  

Bioplastics are natural biopolymers synthesized and catabolized by various mi-
croorganisms [5]. Polyhydroxyalkanoates (PHAs) are the most popular biopoly-
mers. They are thermoplastic and possess the same properties as those appreciated 
in petrochemical plastics. Over the last few decades, they have gained substantial 
interest due to their biocompatibility and biodegradability. So they can extend 
their industrial applications to the medical fields [6] and food packaging [7]. Un-
fortunately, the production of PHAs is expensive [8], with the cost being 4 to 9 
times higher than the price of polyethylene [9]. The total production cost relies on 
the cost of the carbon source, which accounts for about 50% - 60% [10]. Thus, a 
new approach involves using renewable carbon resources derived from agricul-
ture and/or industrial waste as a carbon source for PHA production [11]. This 
approach has the advantage of making the production of PHA more economical 
and reducing the volume of waste by giving it added value [12]. In this sense, many 
wastes have been used for producing PHA. Like cashew apple juice [13], cassava 
peel starch [14], glycerin [15], orange peel [16], and molasses [17].  

Molasses were experimented with, but no conclusive result was found due to 
the complexity of this substrate. Cupriavidus necator is unable to assimilate su-
crose, a main component of molasses [18]. This problem can be solved by muta-
genesis, on the one hand. Genes bacteria are modified. On the other hand, this 
problem can be solved by pretreating molasses before fermentation [19]. This 
study has been focused on pretreatment of molasses. Hence, various pretreat-
ments of molasses are performed at different rates.  

The main objective is to show how each pretreatment enhances PHA production 
and which of them is efficient and suitable for Cupriavidus necator NCIMB 11599. 

2. Materials and Methods 
2.1. Bacterial Strain and Growth Condition  

Cupriavidus necator NCIMB 11599 was used for PHA production via fermenta-
tion. The strain was cultured by streaking on medium having the following com-
position (g/L): 6 Na2HPO4·7H2O, 2.4 KH2PO4, 1 NH4Cl, 0.5 MgSO4·7H2O, 0.01 
FeCl3·6H2O and 0.01 CaCl2. The mineral medium was supplemented with 20 g/L 
agar and 20 g/L glucose. The FeCl3.6H2O and CaCl2 solution was sterilized with a 
2 µm polyethersulfone filter. Glucose, NH4Cl and MgSO4·7H2O autoclaved sepa-
rately at 121˚C for 15 min. These solutions were mixed aseptically after cooling. 
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The pH of the medium was maintained at 6.8 with NaOH 4N and H2SO4 4N. Plate 
inoculated with strain was incubated at 30˚C ± 1˚C for 3 days and then stored at 
4˚C for further study. 

2.2. Sugarcane Molasses Preparation 

The raw sugarcane molasses used in this work came from the “SUCRIVOIRE” 
industry in Zuénoula (Côte d’Ivoire). The molasses was diluted in 1:4 (v/v) ratio 
to obtain 80 g/L of initial reducing sugar before all utilization in this study. This 
dilution process allows easy handling during pretreatment and fermentation. Sug-
arcane molasse diluted was stored at 4˚C for further use. 

2.3. Sugarcane Molasses Pretreatment 

Sugarcane molasse diluted previously was pretreated with acid (sulfuric acid 
H2SO4), with enzyme (baker’s yeast: Fleischmann—AB Foods) and with activated 
carbon (OLC 12X40 (OLC)).  

2.3.1. Pretreatment with Acid (Sulfuric Acid H2SO4) 
Experiments for acid pretreatment (H2SO4) were conducted in a 500 mL flask con-
taining, 100 mL of molasses diluted that was mixed well. Sugarcane molasse di-
luted was acidified with various volume 5, 10, 15 mL of 1.5 N H2SO4 [17] and the 
mix was adjusted to pH of approximately 6.8 with NaOH 4N. The mixture was 
incubated in a water bath for 1 h (90˚C, 150 rpm) and then cooled to 30˚C. Sub-
sequently, the separation into solid and liquid phases was achieved by centrifuga-
tion at 3500 rpm for 15 min. The recovered supernatant was put into the oven for 
1 h (105˚C). 

2.3.2. Pretreatment with Enzyme  
Enzymatic pretreatment (EZ) with Saccharomyces cerevisiae baker’s yeast 
(Fleischmann—AB Foods) consisted of an invertase-rich dry yeast preparation 
according to Dalsasso et al. [20]. Initially, the dry yeast was hydrated to a ratio of 
1:3 (w/v), maintaining the suspension in a water bath for 2 h (60˚C, 150 rpm) to 
promote autolysis. Then 3, 10, 15 mL of yeast suspension was added to 100 mL of 
solution of sugarcane molasses in a 500 mL flask containing. Then, incubated in 
a water bath for 5 h (60˚C, 150 rpm) followed by cooling to room temperature 
(30˚C) for 30 min. The solids were separated by centrifugation at 8000 rpm for 30 
min. The recovered supernatant was put in the oven for 5 min (85˚C) to ensure 
the inactivation of the enzyme and residual yeast. 

2.3.3. Pretreatment with Activated Carbon OLC 12X40 (OLC) 
The pretreatment with activated carbon (AC) is based on the method of Farmani 
et al. [21] with modification of temperature, time and pretreatment stirring. So, 
the pretreatment’s temperature was 90˚C instead of 75˚C, pretreatment’s time was 
1h instead 15 min and pretreatment’s stirring were 140 rpm instead 120 rpm. The 
pretreatment was done, with commercial reference carbon OLC 12X40 (OLC). 
AC comes from Calgon Carbon Corporation, a USA manufacturer. It was added 
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to 100 mL of sugarcane molasses, at the concentration of 1.5, 13, 20 % (w/v). Then, 
the mixture was incubated in a water bath for 1 h (90˚C, 140 rpm). Then the mix-
ture was filtrated through filter paper (1.6 µm pore diameter) placed on the flat 
bottom of the Büchner funnel connected to a vacuum pump (Heidolph). The ob-
tained filtrated solution was cooled to room temperature and the pH was adjusted 
to 6.8 with NaOH (4N). Then a volume was taken (about 10 mL) to determine the 
physicochemical characterization such as glucose, fructose, sucrose, and some 
minerals. To prevent microbial activity, all obtained filtrates were subjected to 
sterilization to 121˚C for 15 min. 

2.4. Rotary Shaker Experiments 

Fermentation methodology was conducted in rotary shaker, for PHA biosynthesis 
from molasses. All broth fermentation were conducted in the incubator shaker 
model (INFORS HT multitron pro) set at 200 rpm at 30˚C. The bacterial strain 
was initially grown in two precultures before PHA production.  

2.4.1. Preculture 1 
A loop full of Cupriavidus necator NCIMB 11599 from the plate was used as in-
oculum for pre-culture 1 contained in the Erlenmeyer flasks and then incubated. 
The composition of mineral medium (g/L) for preculture 1 was: 6 Na2HPO4·7H2O, 
2.4 KH2PO4, 1 NH4Cl, 0.5 MgSO4.7H2O, 0.01 FeCl3·6H2O, 0.01 CaCl2. Mineral me-
dium was supplemented with 20 g/L glucose. The FeCl3·6H2O and CaCl2 solution 
was sterilized with a 2 µm polyethersulfone filter. Glucose, NH4Cl and MgSO4·7H2O 
autoclaved separately at 121˚C for 15 min. These solutions were mixed aseptically 
after cooling. The pH of the medium was maintained at 6.8 with NaOH 4N et 
H2SO4 4N. The Erlenmeyer flasks were incubated for 24 h.  

2.4.2. Preculture 2 
Then actively growing cells from preculture 1 (10 % v/v) were used as inoculum 
for preculture 2 [22]. The composition of the mineral medium for preculture 2 
was the same as preculture 1 except molasses (molasses pretreated or not) were 
used in place of glucose (15, 20, 25 g/L) as carbon source. The incubation condi-
tions were the same as those for preculture 1 [23].  

2.4.3. Production of PHA 
Preculture 2 (10 % v/v) was used as an inoculum for 300 mL of production me-
dium contained in 2L Erlenmeyer flask. For the PHA production, molasses as well 
as pretreated molasses were used at a concentration of 15, 20, 25 g/L were used as 
carbon source. In the case of pretreated molasses three (3) types i.e. pretreated 
with acid (sulfuric acid (H2SO4)), enzyme (baker’s yeast (EZ)) and activated car-
bon OLC 12X40 (OLC): AC were used. The composition of the mineral medium 
composition and incubation conditions were the same as in preculture 1 and 2. 
The pH of the medium was maintained at 6.8 NaOH 4N et H2SO4 4N. The Erlen-
meyer flasks were incubated for 24 h. Fermented broths samples 20 mL, were 
drawn each 24 h to measure the biomass concentration, the reducing sugar con-
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centration and the PHA concentration. 

2.5. Analytical Methods 
2.5.1. Determination of Cell Dry Weight 
Biomass concentration, expressed as cell dry weight (CDW), was measured ac-
cording to the standard method [24]. At different time (t), 20 mL of each sample 
withdrawn from fermented broth was centrifuged at 7000 rpm for 15 min. After 
centrifugation, two parts were formed: liquid as the supernatant and pellet at the 
bottom. Each pellet was suspended in distilled water mixed well and centrifuged 
at 7000 rpm for 15 min. The washed pellet was collected and placed in a previously 
weighed empty crucible, then dried at 60˚C in oven for 24 h and to obtain the dry 
weight. CDW (g/L) was calculated in Equation (1). 

 1 0CDW
b

m m
V
−

=  (1) 

m0: mass (g) of empty crucible, 
m1: mass (g) of crucible with dried pellet, 
Vb: fermented broth volume (L). 

2.5.2. Determination of PHA 
PHA concentration was measured using the standard methanol and chloroform 
extraction method described by Comeau et al. [25]. Mass of each different dried 
pellet obtained previously and PHA standards (Aldrich from Sigma-Aldrich In-
ternational GmbH) were put in individual test tubes. For each mass, 2 mL acidi-
fied methanol followed by 1 mL of chloroform was added. The mixture was heated 
in an oil bath at 95˚C for 2 h. Then 1 mL of chloroform and 1 mL of water were 
added. The samples were well mixed on a Vortex mixer and left on the bench for 
phase separation. The PHA dissolved in chloroform phase was recovered from the 
bottom of the tube. The concentration of PHA (g/L) was then determined by gas 
chromatography analysis. GC made by Agilent Technologies, model 7890B with 
flame ionization detector (FID). 

2.5.3. Determination of Reducing Sugar 
Reducing sugar (RS) concentration in the broth during fermentation was analyzed 
by using the DNS (3,5 dinitrosalicylic acid) method [26]. The supernatant of each 
sample of the fermented broth obtained during the determination of cell dry 
weight, was diluted according to the concentration of reducing sugars. To one mL 
of each diluted sample, 3 mL of DNS reagent was added. The mixture was placed 
in a water bath at 95˚C for 5 min. After cooling, the concentration of reducing 
sugar was determined by using a spectrophotometer at a wavelength of 540 nm 
with glucose as standard. 

3. Results and Discussion 
3.1. Chemical Characterization of Molasses 

Molasses is rich in glucose, fructose and sucrose (Table 1). Glucose and fructose 
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are easily assimilated by bacteria, because they are simple sugars. But sucrose is a 
complex sugar, composed of glucose and fructose. The Cupriavidus necator is un-
able to use it directly. This inability will be overcome by pre-treating the molasses 
before fermentation in order to release the bound glucose and fructose [27]. Mo-
lasses is also composed of minerals. Those in deficit will be able to be supple-
mented [13]. The pH of molasses is 5.6. As this value is lower than 6.8 (growth pH 
of the Cupriavidus necator), it is not suitable for bacterial growth [28]. However, 
it can be regulated with sodium hydroxide. 

 
Table 1. Chemical characterization of sugarcane molasses. 

Composition Concentration Composition Concentration 

TC (g/L) 508.1 Calcium (mg/L) 9450 

TOC (g/L) 508 Cobalt (mg/L) 0.6 

IC (g/L) 0.07 Chromium (mg/L) 0.72 

NT (g/L) 8.16 Copper (mg/L) 0.81 

NH4 (g/L) - Iron (mg/L) 184 

Glucose (g/L) 210 Potassium (mg/L) 61,200 

Fructose (g/L) 140 Magnesium (mg/L) 3230 

Lactose (g/L) - Manganese (mg/L) 38.84 

Sucrose (g/L) 130 Sodium (mg/L) 140 

Galactose (g/L) - Phosphorus (mg/L) 520 

Xylose (g/L) - Sulfur (mg/L) 2310 

Trehalose (g/L) - Silicon (mg/L) 139 

Aluminium (mg/L) 7 Strontium (mg/L) 23.12 

Boron (mg/L) 2.3 Zinc (mg/L) 10.1 

Barium (mg/L) 6.9   

TC: Total Carbon TOC: Total Organic Carbon IC: inorganic Carbon TN: Total Nitrogen.  

3.2. Effect of Reducing Sugar Concentration on PHA Production 

The aim of this section is to find out if the concentration of reducing sugar can 
influence the accumulation of PHA. Also, to determine which reducing sugar con-
centration is suitable for obtaining an abundant quantity of PHA. The CDW con-
centration (g/L), the PHA percentages (wt.%) are considered as answers. Figure 
1 shows the results obtained.  

The highest PHA percentages are obtained with a reducing sugar concentration 
of 15 g/L with 17.33 wt.% at 96 h (Figure 1(a)). Others concentration 20 g/L and 
25 g/L gave respectively only 16.64 wt.% and 12.52 wt.% at 48 h (Figure 1(b) and 
Figure 1(c)). Therefore, the initial reducing sugar (RS) concentration of 15 g/L 
was selected for PHA production for further work. 

https://doi.org/10.4236/ojapps.2025.153037


O. M. B. Mouho et al. 
 

 

DOI: 10.4236/ojapps.2025.153037 579 Open Journal of Applied Sciences 
 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Effect of various reducing sugar concentration of molasses (a) 15 g/L, (b) 20 g/L 
and (c) 25 g/L on the PHA production. 
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3.3. Effect of Pretreatment of Molasses on Sugar Content and  
Mineral Content  

Pretreatment of substrates before fermentation is a common method to help the 
bacteria to assimilate the substrate and to produce the biopolymer. For example, 
the pretreatment of agro-industrial by-products [29], the pretreatment of cassava 
peel [14] and also molasse [17]. Table 2 shows the glucose, fructose, sucrose and 
mineral content of diluted molasse (untreated molasse) and molasse pretreated 
with sulfuric acid and enzyme. The sulfuric acid and the enzyme reduced the 
sucrose concentration from 32,500 mg/L to 31,000 and <400 mg/L respectively. 
This reduction shows the hydrolysis of sucrose. Sucrose compounds two mole-
cules, linked by a bond, which break during hydrolysis. Hydrolysis gives glucose 
and fructose [30]. Therefore, the concentration of fructose rises from an initial 
concentration of 35,000 mg/L in diluted molasses to 62,000 mg/L in molasses 
pretreated with acid and 111,000 mg/L in molasse pretreated with an enzyme. 
However, the concentration of glucose decreased from 52,500 mg/L to 18,000 
mg/L in the molasses pretreated with acid and 44,000 mg/L in the molasses pre-
treated with an enzyme. Because the kinetics of sucrose are not always linear [31]. 
While glucose and fructose are produced, the glucose can undergo an isomeriza-
tion due to temperature and pressure, to give fructose [32]. Also, in the case of 
pretreatment with sulfuric acid, glucose can undergo Maillard reaction [33]. In 
the case of pretreatment with the enzyme, yeast which hydrolyze the sucrose can 
consume the glucose present [34] [35]. Also, the pretreatments carried out led to 
a reduction in the concentration of some minerals like Barium, Calcium, Chro-
mium, Iron, Potassium, Magnesium, Manganese, Sulfure and Strontium  
 
Table 2. Sugar and mineral content of molasses before and after pretreatment with enzyme 
and acid. 

Composition Molasses raw Molasses diluted Molasses EZ Molasses H2SO4 

Glucose (mg/L) 210,000 52,500 44,000 18,000 

Fructose (mg/L) 140,000 35,000 115,000 62,000 

Sucrose (mg/L) 130,000 32,500 <400 31,000 

Barium (mg/L) 6.9 1.725 1.34 1.35 

Calcium (mg/L) 9450 2362.5 1697 1707 

Chromium (mg/L) 0.725 0.181 0.131 0.129 

Iron (mg/L) 184 46 36.1 35.3 

Potassium (mg/L) 61,200 15,300 12,360 12,110 

Magnesium (mg/L) 3230 807.5 647 645 

Manganese (mg/L) 38.835 9.709 7.40 7.40 

Sulfure (mg/L) 2310 577.5 483 1388 

Strontium (mg/L) 23.119 5.780 4.59 4.59 

Molasses EZ: molasse pretreated with enzyme; Molasses H2SO4: molasse pretreated with 
sulfuric acid. 
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(Table 2). The acid and enzyme pretreatments were accompanied by heat treat-
ment in the oven. Heat treatment can induce the formation of complexes between 
the minerals and other compounds present in the molasses. These complexes can 
have effects on the free minerals and can influence their availability (reduction of 
concentration). In some cases, heat treatment can lead to the degradation of min-
erals present in molasses by altering the structure of the minerals [36]. 

The composition of some minerals before and after pretreatment with activated 
carbon is in Table 3. With activated carbon, after pretreatment a reduction of 
minerals (Barium, Calcium, Chromium, Copper, Potassium, Magnesium, Man-
ganese, Phosphorus, Sulfur, Strontium and Zinc) was observed. This reduction 
was also observed by another author [37], who pretreated molasses with activated 
carbon and used it as the sole carbon source for genetically modified R. eutropha 
NCIMB11599 and R. eutropha 437-540. Activated carbon is known for its ability 
to reduce heavy metals and pigments [38] [39]. Some authors have shown a re-
duction in the quantity of Calcium and potassium after treating molasses with 
activated carbon at different concentrations [21]. This is an commonly adsorbent 
used for the decolorization of juice, molasses and syrups in the sugar industry 
[40]. Through an adsorption mechanism, it can remove different types of impu-
rities such as colorants, turbidity compounds, proteins, phenolic compounds and 
anthocyanins, melassigenic elements [41]. These compounds are basically hydro-
phobic and negatively charged, so they tend to bind to positively charged func-
tional groups on the surface of Activated carbon [21]. 

 
Table 3. Mineral content of molasses before and after pretreatment with activated carbon. 

Composition Molasses raw Molasses diluted Molasses AC 

Barium (mg/L) 6.9 1.725 1.57 

Calcium (mg/L) 9450 2362.5 1885 

Chromium (mg/L) 0.725 0.181 0.157 

Copper (mg/L) 184 46 42.7 

Potassium (mg/L) 61,200 15,300 14,110 

Magnesium (mg/L) 3230 807.5 727 

Manganese (mg/L) 38.835 9.709 7.8 

Phosphorus (mg/L) 520 130 128 

Sulfur (mg/L) 2310 577.5 526 

Strontium (mg/L) 23.118 5.780 5.43 

Zinc (mg/L) 10.1 2.525 1.68 

Molasses AC: molasse pretreated with activated carbon. 

3.4. Effect of Various (Acid/Molasses) Ratios on Bacterial Growth  
and PHA Production 

The effect of various ratios of acid pretreatment on the production of PHA was 
studied (Figure 2). Molasse pretreated with acid at ratio (5:100), ratio (10:100) 
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and ratio (15:100) were utilized as a carbon source for bacterial fermentation. Un-
treated molasses (M) is chosen as the control due to its low capacity to produce 
PHA. The first ratio (5:100) gave 51.44 wt.% PHA. This percentage is higher than 
PHA (17.33 wt.%) obtained with molasse without pretreatment (M). Also, com-
pared with Sen [17], which obtained 20 wt.% PHA with the same volume of acid 
for its molasses pre-treatment, this study has higher PHA production. This im-
provement in PHA is due to the hydrolysis of sucrose in the presence of a catalyst 
(H+) from sulfuric acid. As a strong acid, sulfuric acid releases H⁺ ions (protons) 
into an aqueous solution. Its reaction is due to its ability to give and accept protons 
in chemical reactions. In the presence of water in molasses, it can cause the dehy-
dration of the sugars present, forming simpler compounds and decomposition 
products. The mechanism of acid hydrolysis is described by the protonation of the 
glycosidic oxygen atom leading to the cleavage of the disaccharide [42]. Sulfuric 
acid acts as a catalyst in the reaction. The first step consists of a reaction between 
sulfuric acid and sucrose, forming sucrose acid. The saccharic acid formed is un-
stable and undergoes dehydration. The water molecules are eliminated from the 
positions where the sucrose was bound, causing the glycosidic bond between glu-
cose and fructose to split. This leads to the formation of free glucose and free fruc-
tose. Hydrolysis breaks down the sucrose into D-glucose and D-fructose. As a re-
sult, pretreated molasses doesn’t contain sucrose, but free glucose and fructose, 
which can be used directly by Cupriavidus necator NCIMB 11599. 
 

 
Figure 2. Effect of various (acid/molasses) ratios on PHA production. 

 
The PHA percentage generally increased with increasing (acid/molasses) ratio 

(Figure 2). So, the increase in PHA production was positively correlated with the 
increase in the amount of sulfuric acid. The maximum PHA content of 64.56 wt.% 
was obtained with the (15:100) ratio. This is because with a low quantity of sulfuric 
acid, some sucrose is not hydrolyzed completely. There is a lack of simple sugar 
in the medium, limiting factors for the bacteria. The bacteria are unable to hydro-
lyze and use the residual sucrose [18] [43]. Therefore, the volume of acid influ-
ences the quantity of simple sugars in the medium. With the 15:100 ratio, the acid 
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was able to hydrolyze more sucrose. To produce simple sugars in the medium, 
which have been used by the bacteria. Sulfuric acid is often used to hydrolyse su-
crose into glucose and fructose in the culture medium. These simple sugars can 
then be used as a carbon source by PHA-producing bacteria. The efficiency of this 
hydrolysis can directly influence the availability of carbon substrates for PHA pro-
duction. The amount of sulfuric acid added for hydrolysis must be carefully con-
trolled. Insufficient concentration can lead to incomplete hydrolysis of sucrose 
and limit the availability of carbon for PHA synthesis [44]. Clearly, the addition 
of sulfuric acid can decrease the pH value of the medium due to its acidic nature. 
It is essential to monitor and regulate the pH to ensure that it remains within the 
optimal range for growth and PHA production for specific bacteria. The concen-
tration of sulfuric acid used for sucrose hydrolysis must be carefully chosen ac-
cording to the amount of sucrose you wish to hydrolyze. The aim is to obtain a 
concentration of sulfuric acid that is sufficient to catalyze sucrose hydrolysis effi-
ciently, while avoiding using excessive concentration that could be harmful. 

3.5. Effect of Various (Enzyme/Molasses) Ratios on Bacterial  
Growth and PHA Production 

The effect of (enzyme/molasses) ratios on PHA production is shown in Figure 3. 
The first ratio (3:100) gives 71.79 wt.% PHA, higher than 17.33 wt.% PHA with 
molasse unpretreated (M). Similarly, Dalsasso [20] observed a percentage of 75 
wt.% PHA, in the same range as this study with the same volume of enzyme solu-
tion. Enzymatic pretreatment with baker’s yeast (Fleischmann - AB Foods) in-
creases PHA production through the action of the yeast Saccharomyces cerevisiae. 
It possesses enzymes (2-β-Dfructofuranosyl-1-α-D-glucopyranosidase) capable of 
hydrolyzing sucrose [45] [46]. When yeast is added to sucrose, the invertase en-
zymes begin to act on the sucrose molecules present [47]. The enzyme breaks the 
bond between glucose and fructose, releasing glucose and fructose [48], then ac-
cessible to Cupriavidus necator. The same reaction is observed in bread-making. 
The enzyme recognizes the sucrose molecule as a substrate. Because each enzyme 
is specific to a particular substrate [49].  

The PHA percentage generally increased with increasing (enzyme/molasses) 
ratio (Figure 3). So, the increase in PHA production was positively correlated with 
the increase in the amount of sulfuric acid. The maximum PHA content of 75.09 
and 75.64 wt.% was obtained respectively with the (10:100) and (15:100) ratio. 
This is because with a low quantity of enzyme, some sucrose is not hydrolyzed 
completely. The results show that after the 10:100 ratio, there isn’t any significant 
increase in PHA production. Because the activity of the enzyme can be inhibited 
by a high concentration of substrate (molasses) at a low concentration of enzyme, 
known as “substrate inhibition”. At a low concentration, the occupation of active 
sites on the enzyme-substrate complex is low and the rate of reaction is directly 
related to the number of sites occupied. As the enzyme-substrate complex forms, 
as the reaction rate increases, and the sugars are available for the bacteria. This is 
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the case with the (15:100) ratio. However, there is a limit to the speed of reaction 
when the substrate concentration is high. This is because all the enzyme’s active 
sites are already occupied by substrate molecules [50]. 

Baker’s yeast (Fleischmann - AB Foods) increases PHA production thanks to 
the action of Saccharomyces cerevisiae yeast, which possesses the enzyme invert-
ase or 2-β-Dfructofuranosyl-1-α-D-glucopyranosidase, capable of hydrolyzing 
sucrose into glucose and fructose [45] [46]. 

The yeast invertase (enzyme) acts in several stages. Enzyme binds to the sucrose 
in the molasses. The sucrose is bound precisely to the invertase active site, via 
specific interactions such as hydrogen bonds and Van der Waals forces. The active 
site in turn contains amino acids, which enable it to consolidate the substrate and 
position the glycosidic bond for hydrolysis. Next, key catalytic residues from the 
enzyme protonate the oxygen atom of the glycosidic bond. This weakens the bond 
between glucose and fructose. Then a molecule of water enters the active site, and 
its oxygen attacks the glycosidic bond. In the end, the glycosidic bond is broken, 
releasing one molecule of glucose and one of fructose. It therefore improves the 
accessibility of glucose and fructose to the bacteria. It thus facilitates and activates 
its metabolism [48].   

 

 
Figure 3. Effect of various (enzyme/molasses) ratios on PHA production. 

3.6. Effect of Various (Activated Carbon/Molasses) Ratios on  
Bacterial Growth and PHA Production 

The effect of (activated carbon/molasses) ratios on PHA production is shown in 
Figure 4. The first ratio (1.5:100) gives 7.46 wt.% PHA, lower than 17.33 wt.% 
PHA with molasse unpretreated (M). Of course Farmani [21] didn’t pretreat mo-
lasses with activated carbon to produce PHA. But he used the same quantities of 
activated carbon to eliminate the impurities in the molasses. However, in this 
study, the first ratio (1.5:100) didn’t remove impurities in the molasses. So, the 
bacteria didn’t grow and didn’t produce PHA. The impurities in molasses are cal-
cium (Ca), potassium (K) ions… They are necessary for microbial growth, but in 
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high concentrations they are considered like impurities. Because they affect the 
growth of the host strain and the production of PHA [19] [27]. Residual pesticides, 
which can be found in molasses, from agricultural practices are also impurities. 
They can also affect the growth of bacteria and PHA production [51] [52]. High 
concentrations of heavy metals can also damage bacterial cells and disrupt their 
metabolism, which can hinder PHA production [53] [54].  
 

 
Figure 4. Effect of various (activated carbon/molasses) ratios on PHA production. 
 

From the second ratio (13:100), the PHA percentage increased with increasing 
(activated carbon/molasses) ratio (Figure 4). The maximum PHA content of 
58.14 wt.% was obtained with the (20:100) ratio. Increasing the quantity of acti-
vated carbon increases the number of active sites on its surface. The proportion 
of activated carbon used to pretreat solutions has a strong influence on the elimi-
nation of inhibiting compounds. This is due to the greater surface area available 
(when there is a high concentration of activated carbon) for adsorption of a large 
quantity of inhibiting compounds [55] [56]. PHA production is improved because 
the activated carbon removed impurities through a process called adsorption. Its 
adsorption properties enable it to trap and retain impurities on its surface. Acti-
vated carbon has a porous structure with a very large internal surface area. This 
porous structure creates a large specific surface area, where undesirable molecules 
can bind [57]. Impurities present in molasses have an affinity for the activated 
carbon surface due to their chemical properties. Attractive forces, such as van der 
Waals forces, dipole-dipole interactions and hydrogen bonds, also facilitate the 
attachment of these molecules to the activated carbon surface [58] [59].  

Activated carbon has a direct influence on the metabolism of the bacteria and 
the enzymes involved in PHA production. This is because the inhibitors reduced 
by activated charcoal, in high concentrations, unbalanced the metabolism and in-
activated the action of the enzymes. There are several ways of inactivating the en-
zyme. For example, heavy metals can bind to the enzyme’s active site instead of 
the substrate. They can also bind to the enzyme’s allosteric site; in which case they 
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modify the enzyme’s conformation. But in lower concentrations, thanks to pre-
treatment with activated carbon, the bacteria can grow and produce PHA, because 
they have no harmful effect [60]-[62]. 

3.7. Monomer Composition of PHA Products 

The aim is to find out where our PHA produced in this study can be useful. The 
PHAs produced by Cupriavidus necator from molasses (untreated) and molasses 
pretreated (with sulfuric acid, enzyme and activated carbon), are composed of 
polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV) (Table 4). The mon-
omeric composition reflects the nature of the bacteria. The content of PHB is 
higher than PHV. For example, molasses pretreated with the enzyme (15%) at 96h 
gave 99.89 wt.% PHB and 0.11 wt.% PHV (Table 4). Cupriavidus necator is one 
of the most studied bacteria for PHB production. It can use different carbon 
sources, such as short-chain fatty acids, long-chain fatty acids and sugars, to syn-
thesize mainly PHB [63] [64]. The various types of pretreatments did not influ-
ence the type of PHA produced by the bacteria. Monomeric composition also re-
flects the nature of the substrate [65] [66]. The results about monomeric compo-
sition of PHAs produced highlighted the use of the Embden-Meyerhof-Parnas 
pathway in the cytoplasm of the bacteria. This pathway breaks down glucose to 
produce pyruvate. The pyruvate thus formed is converted into acetyl-CoA by an 
enzyme complex called pyruvate dehydrogenase. Acetyl-CoA is then converted to 
PHA by three specific enzymes: 3-ketothiolase (phaA), acetoacetyl-CoA reductase 
(phaB) and PHA synthase (phaC) [67]. During biosynthesis, the PHAs accumu-
lated are made up of monomers with the same chain length as the substrate. Or a 
length equal to one or more units 2 carbon atoms shorter. Moreover, monomers 
produced are PHB and PHV with respectively 4 and 5 carbons. We would like to 
remind molasses has mainly glucose and fructose, which are 6-carbon sugars [68]. 

 
Table 4. PHB and PHV content according to various pretreatment of molasses. 

Source carbon Harvest time (h) PHB % PHV % 

Molasses 

24 72.24 27.76 

48 78.59 21.41 

72 76.92 23.08 

96 84.80 15.20 

H2SO4 5% 

24 98.19 1.81 

48 99.38 0.62 

72 99.61 0.39 

96 99.41 0.59 

H2SO4 10% 

24 99.44 0.56 

48 99.60 0.40 

72 99.72 0.28 

96 99.44 0.56 
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Continued 

H2SO4 15% 

24 99.44 0.56 

48 99.67 0.33 

72 99.71 0.29 

96 99.63 0.37 

EZ 3% 

24 99.66 0.34 

48 99.78 0.22 

72 99.78 0.22 

96 99.81 0.19 

EZ 10% 

24 99.85 0.15 

48 99.91 0.09 

72 99.92 0.08 

96 99.88 0.12 

EZ 15% 

24 99.65 0.35 

48 99.92 0.08 

72 99.88 0.12 

96 99.89 0.11 

AC 1.5% 

24 80.61 19.39 

48 80.35 19.65 

72 77.95 22.05 

96 79.98 20.02 

AC 13% 

24 87.32 12.68 

48 98.30 1.70 

72 99.45 0.55 

96 99.20 0.80 

AC 20% 

24 78.12 21.88 

48 82.23 17.77 

72 88.80 11.20 

96 94.58 5.42 

3.8. Comparison with Another Authors 

Table 5 shows the comparison of PHA production by various bacterial utilizing 
cane molasses as carbon sources with different authors. [69] reported the highest 
PHA percentage (74.6 wt.%) in mixed microbial culture utilizing cane molasses as 
carbon source. The most recent study with [70] obtained 61.6 wt.% PHA with 
Bacillus thuringiensis HA1. In this study, the obtained PHA percentage (75.64 
wt.%) is higher than recent study, but is so close to study, which reports the high-
est PHA percentage. 
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Table 5. Comparison of PHA production by various bacteria utilizing cane molasses as carbon sources. 

Bacteria Fermentation mode Harvest time (h) PHA (wt. %) PHA (g/L) References 

Cupriavidus necator 11599 Rotary Shaker 96 75.64 7.59 This study 

Mixed microbial culture Bioreactor Batch - 74.6 - [69] 

Bacillus thuringiensis HA1 - 36 61.6 - [70] 

Bacillus subtilis Rotary Shaker 96 62.21 - [71] 

Escherichia coli Rotary Shaker 96 58.7 - [71] 

Cupriavidus necator DSM 428 Rotary Shaker - 24.33 1.41 [72] 

Mixed microbial culture Bioreactor Batch - 57.5 - [73] 

 
Table 6. Comparison of PHA production by various bacteria and from various carbon sources. 

Carbon source Bacteria Fermentation mode 
Harvest 
time (h) 

PHA 
(wt. %) 

PHA (g/L) References 

Molasses Cupriavidus necator 11599 Rotary Shaker 96 75.64 7.59 This study 

Molasses Escherichia coli Bioreactor Batch - 75.5 3.06 [74] 

Glucose Saccharophagus degradans 
Rotary Shaker - 22.4 - 

[75] 
Bioreactor Fed Batch - 52.8 - 

Volatile fatty acids Mixed microbial culture Bioreactor Batch - 66.4 - [76] 

Cheese whey Haloferax mediterranei Bioreactor Batch - 53 - [77] 

Olive mill wastewater Haloferax mediterranei Rotary Shaker - 43 - [78] 

Styrene Pseudomonas putida NBUS12 Rotary Shaker - 32.49 - [79] 

Condensed Corn Solubles 
with Glycerol Water 

Pseudomonas putida KT217 Bioreactor Fed Batch 85 31 8 [15] 

 
Table 6 shows the comparison of PHA production by various bacteria and from 

various carbon sources. Compared to Cupriavidus necator (used in this study), 
Escherichia coli which also used molasses as a carbon source gives 75.5% approx-
imately the same percentage of PHA obtained in this study [74]. However, the 
culture with this study was in a shake flask and the one with Escherichia coli was 
in a bioreactor. Since bioreactor culture is supposed to improve PHA production 
yield. Because of better control of parameters (temperature, pH, aeration, agita-
tion, etc.) and the possibility of controlled feeding (fed-batch), unlike shake flasks 
[75]. Also, with Saccharophagus degradans, other bacteria, which used glucose 
(pure substrate) as carbon source, a PHA percentage of 22.4% and 52.8% was ob-
tained with rotary shaker mode and bioreactor fed batch mode, respectively. 
These values are lower than those obtained in this study [75]. In addition, this 
study gives a higher percentage than that of the volatile fatty acid (66.4%) used as 
a carbon source to produce PHA by mixed culture [76]. Cheese whey, a complex 
substrate like molasses, was hydrolyzed into glucose and galactose, to facilitate its 
assimilation by Haloferax mediterranei. A percentage PHA of 53% was obtained; 
this value is also lower than that of this study [77]. The same bacteria, but with 
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olive mill wastewater as a carbon source, accumulated 43% of PHA, still lower 
than in this study [78]. The different recombinant strains of Pseudomonas putida, 
genetically modified to improve PHA production, gave a low PHA of 32.49% and 
31% compared with this study, with styrene [79] and condensed corn soluble with 
glycerol water respectively [15]. 

4. Conclusion  

Aiming to improve PHA production in the bacteria from molasses, 3 different 
pretreatments of molasses with acid, enzyme and activated carbon were applied. 
Results showed that the various pretreatments acted on sucrose and mineral con-
centration. The efficiency of pretreatments was evaluated by monitoring the evo-
lution of bacterial growth and PHA production with pretreated and unpretreated 
molasses. The results showed that two of the pretreatments were able to hydrolyze 
sucrose (acid and enzyme). The other pretreatment (activated carbon) eliminates 
minerals. After these three pretreatments, the bacteria were able to accumulate a 
high percentage of PHA from molasses. Then, a study of the effect of the ratio 
(pretreatment/molasse) on PHA production showed that it is important to deter-
mine the suitable ratio. Ratios of pretreatment are important factors for enhancing 
PHA production. (acid/molasse), (enzyme/molasse) and (activated carbon/mo-
lasse) ratios that resulted adequate for PHA accumulation were (15:100), (15:100) 
and (20:100) attaining a maximum of 64.56, 75.64 and 58.14 wt.% PHA respec-
tively. The monomer composition of the various PHAs obtained was determined. 
The results showed a PHA with a high PHB content and a small amount of PHV. 
The PHB produced can be used in packaging (especially food packaging) and bi-
omedical applications. Further studies on the combination of pretreatments are 
needed to improve PHA production. 

Acknowledgements 

This work was supported by Canada’s International Development Research Cen-
tre (IDRC), French Development Agency (CEA-VALOPRO project), the National 
Cashew Research Program (PNRA) and the European Union (BIO4AFRICA pro-
ject). 

Data Availability Statement 

The datasets generated during the current study are available, from the corre-
sponding author on request. 

Consent to Participate  

All authors agreed to participate in this work. 

Consent to Publish 

All authors agreed to this version for publication. 

https://doi.org/10.4236/ojapps.2025.153037


O. M. B. Mouho et al. 
 

 

DOI: 10.4236/ojapps.2025.153037 590 Open Journal of Applied Sciences 
 

Authors’ Contributions  

All authors contributed to the study conception and design. Material preparation, 
data collection and analysis were performed by Oceanne Murielle Bohasset 
Mouho, Song Yan and Soro Doudjo. The first draft of the manuscript was written 
by Oceanne Murielle Bohasset Mouho. Affoué Tindo Sylvie Konan, Soro Doudjo, 
Kouassi Benjamin Yao, Patrick Drogui and Rajeshwar D Tyagi commented on 
previous versions of the manuscript. All authors read and approved of the final 
manuscript. 

Conflicts of Interest 

The authors have no relevant financial or non-financial interests to disclose. 

References 
[1] Pinto, R.M., Cunha, J.N.B., da Silva, J.R.T., de Araújo, R., de Oliveira Farias, E.A., da 

Silva Barud, H., Nunes, L.C.C. and Eiras, C. (2024) Self-Supported Films of Ambu-
rana Cearensis Bipolymer as an Alternative for Biodegradable Packaging. Waste and 
Biomass Valorization, 15, 2651‑2660. https://doi.org/10.1007/s12649-023-02339-6 

[2] Provencher, J., Liboiron, M., Borrelle, S.B., Bond, A.L., et al. (2020) A Horizon Scan 
of Research Priorities to Inform Policies Aimed at Reducing the Harm of Plastic Pol-
lution to Biota. Science of the Total Environment, 733, Article 139381.  
https://doi.org/10.1016/j.scitotenv.2020.139381 

[3] Mattsson, K., Johnson, E.V., Malmendal, A., Linse, S., Hansson, L.-A. and Cedervall, 
T. (2017) Brain Damage and Behavioural Disorders in Fish Induced by Plastic Nano-
particles Delivered through the Food Chain. Scientific Reports, 7, Article No. 11452.  
https://doi.org/10.1038/s41598-017-10813-0 

[4] Yu, L.-P., Yan, X., Zhang, X., Chen, X.-B., Wu, Q., Jiang, X.-R. and Chen, G.Q. (2020) 
Biosynthesis of Functional Polyhydroxyalkanoates by Engineered Halomonas bluepha-
genesis. Metabolic Engineering, 59, 119‑130.  
https://doi.org/10.1016/j.ymben.2020.02.005 

[5] Akar, A., Akkaya, E.U., Yesiladali, S.K., et al. (2006) Accumulation of Polyhydroxy-
alkanoates by Microlunatus phosphovorus under Various Growth Conditions. Jour-
nal of Industrial Microbiology and Biotechnology, 33, 215‑220.  
https://doi.org/10.1007/s10295-004-0201-2 

[6] Hazer, B. (2010) Amphiphilic Poly(3-hydroxy alkanoate)s: Potential Candidates for 
Medical Applications. International Journal of Polymer Science, 2010, Article 423460.  
https://doi.org/10.1155/2010/423460 

[7] Vartiainen, J., Vähä-Nissi, M. and Harlin, A. (2014) Biopolymer Films and Coatings 
in Packaging Applications—A Review of Recent Developments. Materials Sciences 
and Applications, 5, 708-718. https://doi.org/10.4236/msa.2014.510072 

[8] Arumugam, A., Anudakshaini, T., Shruthi, R., Jeyavishnu, K., Sundarra Harini, S. 
and Sharad, J. (2020) Low-Cost Production of PHA Using Cashew Apple (Anacar-
dium occidentale L.) Juice as Potential Substrate: Optimization and Characterization. 
Biomass Conversion and Biorefinery, 10, 1167‑1178.  
https://doi.org/10.1007/s13399-019-00502-5  

[9] Roland-Holst, D., Triolo, R., Heft-Neal, S. and Bayrami, B. (2013) Bioplastics in Cal-
ifornia.  

https://doi.org/10.4236/ojapps.2025.153037
https://doi.org/10.1007/s12649-023-02339-6
https://doi.org/10.1016/j.scitotenv.2020.139381
https://doi.org/10.1038/s41598-017-10813-0
https://doi.org/10.1016/j.ymben.2020.02.005
https://doi.org/10.1007/s10295-004-0201-2
https://doi.org/10.1155/2010/423460
https://doi.org/10.4236/msa.2014.510072
https://doi.org/10.1007/s13399-019-00502-5


O. M. B. Mouho et al. 
 

 

DOI: 10.4236/ojapps.2025.153037 591 Open Journal of Applied Sciences 
 

https://bearecon.com/portfolio-data/bioplastics-california/bioplastics-california-re-
port.pdf  

[10] Posada, J.A., Rincón, L.E. and Cardona, C.A. (2012) Design and Analysis of Biorefin-
eries Based on Raw Glycerol: Addressing the Glycerol Problem. Bioresource Tech-
nology, 111, 282‑293. https://doi.org/10.1016/j.biortech.2012.01.151 

[11] Khardenavis, A.A., Kumar, M.S., Mudliar, S.N. and Chakrabarti, T. (2007) Biotech-
nological Conversion of Agro-Industrial Wastewaters into Biodegradable Plastic, 
Poly β-Hydroxybutyrate. Bioresource Technology, 98, 3579‑3584.  
https://doi.org/10.1016/j.biortech.2006.11.024 

[12] Raberg, M., Volodina, E., Lin, K. and Steinbüchel, A. (2018) Ralstonia eutropha H16 
in Progress: Applications Beside PHAs and Establishment as Production Platform by 
Advanced Genetic Tools. Critical Reviews in Biotechnology, 38, 494‑510.  
https://doi.org/10.1080/07388551.2017.1369933  

[13] Yan, S., et al. (2019) Procédé de production de polyhydroxyalcanoates (PHA) à partir 
de jus de pomme de cajou. https://patents.google.com/patent/OA18637A/fr  

[14] Diribissakou, I., Bodjona, M.B., Yan, S., Mahy, J.G., et al. (2024) Cassava Peel Starch 
as a Raw Material for Polyhydroxyalkanoates Synthesis by Cupriavidus necator. Open 
Journal of Applied Sciences, 14, 3127-3144.  
https://doi.org/10.4236/ojapps.2024.1411205 

[15] Javers, J. and Karunanithy, C. (2012) Polyhydroxyalkanoate Production by Pseudomo-
nas putida KT217 on a Condensed Corn Solubles Based Medium Fed with Glycerol 
Water or Sunflower Soapstock. Advances in Microbiology, 2, 241-251.  
https://doi.org/10.4236/aim.2012.23029  

[16] Sukan, A., Roy, I. and Keshavarz, T. (2014) Agro-Industrial Waste Materials as Sub-
strates for the Production of Poly(3-Hydroxybutyric Acid). Journal of Biomaterials 
and Nanobiotechnology, 5, 229-240.  
https://doi.org/10.4236/jbnb.2014.54027  

[17] Sen, K.Y., Hussin, M.H. and Baidurah, S. (2019) Biosynthesis of Poly(3-Hydroxybutyr-
ate) (PHB) by Cupriavidus necator from Various Pretreated Molasses as Carbon 
Source. Biocatalysis and Agricultural Biotechnology, 17, 51‑59.  
https://doi.org/10.1016/j.bcab.2018.11.006  

[18] Arikawa, H., Matsumoto, K. and Fujiki, T. (2017) Polyhydroxyalkanoate Production 
from Sucrose by Cupriavidus necator Strains Harboring Csc Genes from Escherichia 
coli W. Applied Microbiology and Biotechnology, 101, 7497‑7507.  
https://doi.org/10.1007/s00253-017-8470-7 

[19] Kiselev, E.G., Demidenko, A.V., Zhila, N.O., Shishatskaya, E.I. and Volova, T.G. 
(2022) Sugar Beet Molasses as a Potential C-Substrate for PHA Production by Cupriavi-
dus necator. Bioengineering, 9, Article 154.  
https://doi.org/10.3390/bioengineering9040154 

[20] Dalsasso, R.R., Pavan, F.A., Bordignon, S.E., de Aragão, G.M.F. and Poletto, P. (2019) 
Polyhydroxybutyrate (PHB) Production by Cupriavidus necator from Sugarcane Vi-
nasse and Molasses as Mixed Substrate. Process Biochemistry, 85, 12‑18.  
https://doi.org/10.1016/j.procbio.2019.07.007  

[21] Farmani, B., Djordjević, M., Bodbodak, S., Alirezalu, K. and Ghanbarpour, A. (2022) 
Powdered Activated Carbon Treatment of Sugar Beet Molasses for Liquid Invert Sugar 
Production: Effects of Storage Time and Temperatures. Sugar Tech, 24, 522‑531.  
https://doi.org/10.1007/s12355-021-01022-1 

[22] Cavalheiro, J.M., de Almeida, M.C.M., Grandfils, C. and Da Fonseca, M. (2009) 

https://doi.org/10.4236/ojapps.2025.153037
https://bearecon.com/portfolio-data/bioplastics-california/bioplastics-california-report.pdf
https://bearecon.com/portfolio-data/bioplastics-california/bioplastics-california-report.pdf
https://doi.org/10.1016/j.biortech.2012.01.151
https://doi.org/10.1016/j.biortech.2006.11.024
https://doi.org/10.1080/07388551.2017.1369933
https://patents.google.com/patent/OA18637A/fr
https://doi.org/10.4236/ojapps.2024.1411205
https://doi.org/10.4236/aim.2012.23029
https://doi.org/10.4236/jbnb.2014.54027
https://doi.org/10.1016/j.bcab.2018.11.006
https://doi.org/10.1007/s00253-017-8470-7
https://doi.org/10.3390/bioengineering9040154
https://doi.org/10.1016/j.procbio.2019.07.007
https://doi.org/10.1007/s12355-021-01022-1


O. M. B. Mouho et al. 
 

 

DOI: 10.4236/ojapps.2025.153037 592 Open Journal of Applied Sciences 
 

Poly(3-Hydroxybutyrate) Production by Cupriavidus necator Using Waste Glycerol. 
Process Biochemistry, 44, 509‑515. https://doi.org/10.1016/j.procbio.2009.01.008 

[23] Baei, M.S., Najafpour, G., Younesi, H., Tabandeh, F. and Eisazadeh, H. (2009) Poly(3-
Hydroxybutyrate) Synthesis by Cupriavidus necator DSMZ 545 Utilizing Various 
Carbon Sources. World Applied Sciences Journal, 7, 157‑161.  

[24] APHA (1992) Standard Methods for Examination of Water and Wastewater. 18th 
Edition, American Public Health Association. 

[25] Comeau, Y., Hall, K.J. and Oldham, W.K. (1988) Determination of Poly-β-Hydroxy-
butyrate and Poly-β-Hydroxyvalerate in Activated Sludge by Gas-Liquid Chromatog-
raphy. Applied and Environmental Microbiology, 54, 2325‑2327.  
https://doi.org/10.1128/aem.54.9.2325-2327.1988 

[26] Miller, G.L. (1959) Use of Dinitrosalicylic Acid Reagent for Determination of Reduc-
ing Sugar. Analytical Chemistry, 31, 426‑428. https://doi.org/10.1021/ac60147a030 

[27] Ertan, F., Keskinler, B. and Tanriseven, A. (2021) Exploration of Cupriavidus necator 
ATCC 25207 for the Production of Poly(3-Hydroxybutyrate) Using Acid Treated 
Beet Molasses. Journal of Polymers and the Environment, 29, 2111‑2125.  
https://doi.org/10.1007/s10924-020-02020-2 

[28] Ronďošová, S., Legerská, B., Chmelová, D., Ondrejovič, M. and Miertuš, S. (2022) 
Optimization of Growth Conditions to Enhance PHA Production by Cupriavidus 
necator. Fermentation, 8, Article 451. https://doi.org/10.3390/fermentation8090451 

[29] Çaloğlu, B. and Binay, B. (2023) Utilization Potential of Agro-Industrial By-Products 
and Waste Sources: Laccase Production in Bioreactor with Pichia pastoris. Biochem-
ical Engineering Journal, 193, Article 108854.  
https://doi.org/10.1016/j.bej.2023.108854 

[30] Yoon, J., Cho, L.-H., Tun, W., Jeon, J.-S. and An, G. (2021) Sucrose Signaling in Higher 
Plants. Plant Science, 302, Article 110703.  
https://doi.org/10.1016/j.plantsci.2020.110703 

[31] Khajavi, S.H., Kimura, Y., Oomori, T., Matsuno, R. and Adachi, S. (2005) Kinetics on 
Sucrose Decomposition in Subcritical Water. LWT-Food Science and Technology, 
38, 297‑302. https://doi.org/10.1016/j.lwt.2004.06.005 

[32] Usuki, C., Kimura, Y. and Adachi, S. (2007) Isomerization of Hexoses in Subcritical 
Water. Food Science and Technology Research, 13, 205‑209.  
https://www.jstage.jst.go.jp/article/fstr/13/3/13_3_205/_article/-char/ja/  
https://doi.org/10.3136/fstr.13.205 

[33] Lund, M.N. and Ray, C.A. (2017) Control of Maillard Reactions in Foods: Strategies 
and Chemical Mechanisms. Journal of Agricultural and Food Chemistry, 65, 4537‑4552.  
https://doi.org/10.1021/acs.jafc.7b00882 

[34] Atiyeh, H.K. (2007) Fed-Batch Production of High Fructose Syrup and Ethanol from 
Sucrose by Saccharomyces Cerevisiae ATCC 36858. Présenté à Saudi Engineering 
Conference, Riyadh, 2-5 December 2007, V4/131, 169. 

[35] Sulieman, A.K., Putra, M.D., Abasaeed, A.E., Gaily, M.H., Al-Zahrani, S.M. and Ze-
inelabdeen, M.A. (2018) Kinetic Modeling of the Simultaneous Production of Etha-
nol and Fructose by Saccharomyces Cerevisiae. Electronic Journal of Biotechnology, 
34, 1‑8. https://doi.org/10.1016/j.ejbt.2018.04.006 

[36] Nomanbhay, S.M., Hussain, R. and Palanisamy, K. (2013) Microwave-Assisted Alka-
line Pretreatment and Microwave Assisted Enzymatic Saccharification of Oil Palm 
Empty Fruit Bunch Fiber for Enhanced Fermentable Sugar Yield. Journal of Sustain-
able Bioenergy Systems, 3, 7-17. https://doi.org/10.4236/jsbs.2013.31002 

https://doi.org/10.4236/ojapps.2025.153037
https://doi.org/10.1016/j.procbio.2009.01.008
https://doi.org/10.1128/aem.54.9.2325-2327.1988
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1007/s10924-020-02020-2
https://doi.org/10.3390/fermentation8090451
https://doi.org/10.1016/j.bej.2023.108854
https://doi.org/10.1016/j.plantsci.2020.110703
https://doi.org/10.1016/j.lwt.2004.06.005
https://www.jstage.jst.go.jp/article/fstr/13/3/13_3_205/_article/-char/ja/
https://doi.org/10.3136/fstr.13.205
https://doi.org/10.1021/acs.jafc.7b00882
https://doi.org/10.1016/j.ejbt.2018.04.006
https://doi.org/10.4236/jsbs.2013.31002


O. M. B. Mouho et al. 
 

 

DOI: 10.4236/ojapps.2025.153037 593 Open Journal of Applied Sciences 
 

[37] Jo, S.Y., Sohn, Y.J., Park, S.Y., et al. (2021) Biosynthesis of Polyhydroxyalkanoates 
from Sugarcane Molasses by Recombinant Ralstonia eutropha Strains. Korean Jour-
nal of Chemical Engineering, 38, 1452‑1459.  
https://doi.org/10.1007/s11814-021-0783-7 

[38] Baruah, S., Najam Khan, M. and Dutta, J. (2016) Perspectives and Applications of 
Nanotechnology in Water Treatment. Environmental Chemistry Letters, 14, 1‑14.  
https://doi.org/10.1007/s10311-015-0542-2 

[39] Solís-Fuentes, J.A., Galán-Méndez, F., Hernández-Medel, M.D.R., et al. (2019) Effec-
tiveness of Bagasse Activated Carbon in Raw Cane Juice Clarification. Food Biosci-
ence, 32, Article 100437. https://doi.org/10.1016/j.fbio.2019.100437 

[40] Bernal, M., Ruiz, M.O., Geanta, R.M., Benito, J.M. and Escudero, I. (2016) Colour 
Removal from Beet Molasses by Ultrafiltration with Activated Charcoal. Chemical 
Engineering Journal, 283, 313‑322. https://doi.org/10.1016/j.cej.2015.07.047 

[41] Lima, I.M., Clayton, C., Tir, A., et al. (2021) Design and Operation of a Scaled-Up 
Pilot Plant for the Removal of Sugar Beet Extract Colorants Using Powdered Acti-
vated Carbon. Sugar Tech, 23, 167‑177. https://doi.org/10.1007/s12355-020-00812-3 

[42] Edye, L. (2001) An Overview of Sucrose Degradation. Présenté à International Soci-
ety of Sugar Cane Technologists. Proceedings of the XXIV Congress, Brisbane, 17-21 
September 2001, 353‑355. 

[43] Hu, X., Cao, Y.C., Wen, G.L., Zhang, X.Y., et al. (2017) Effect of Combined Use of 
Bacillus and Molasses on Microbial Communities in Shrimp Cultural Enclosure Sys-
tems. Aquaculture Research, 48, 2691‑2705. https://doi.org/10.1111/are.13101 

[44] Hall, M.B. (2013) Efficacy of Reducing Sugar and Phenol-Sulfuric Acid Assays for 
Analysis of Soluble Carbohydrates in Feedstuffs. Animal Feed Science and Technol-
ogy, 185, 94-100. https://doi.org/10.1016/j.anifeedsci.2013.06.008 

[45] Atiyeh, H. and Duvnjak, Z. (2003) Production of Fructose and Ethanol from Cane 
Molasses Using Saccharomyces Cerevisiae ATCC 36858. Acta Biotechnologica, 23, 
37‑48. https://doi.org/10.1002/abio.200390005 

[46] Marques, W.L., Raghavendran, V., Stambuk, B.U. and Gombert, A.K. (2016) Sucrose 
and Saccharomyces Cerevisiae: A Relationship Most Sweet. FEMS Yeast Research, 
16, fov107. https://doi.org/10.1093/femsyr/fov107 

[47] Blair, E.M., Dickson, K.L. and O’Malley, M.A. (2021) Microbial Communities and 
Their Enzymes Facilitate Degradation of Recalcitrant Polymers in Anaerobic Diges-
tion. Current Opinion in Microbiology, 64, 100‑108.  
https://doi.org/10.1016/j.mib.2021.09.008 

[48] Jafari, N., Dehganpour, H., Ghavanini, N., Mollasalehi, H. and Minai-Tehrani, D. 
(2017) Interaction of Antipsychotic Drugs with Sucrase, Kinetics and Structural Study. 
Current Clinical Pharmacology, 12, 50‑54.  
https://doi.org/10.2174/1574884712666170118145901 

[49] Carbonetto, B., Ramsayer, J., Nidelet, T., Legrand, J. and Sicard, D. (2018) Bakery 
Yeasts, a New Model for Studies in Ecology and Evolution. Yeast, 35, 591‑603.  
https://doi.org/10.1002/yea.3350 

[50] Sirisatesuwon, C., Ninchan, B. and Sriroth, K. (2020) Effects of Inhibitors on Kinetic 
Properties of Invertase from Saccharomyces Cerevisiae. Sugar Tech, 22, 274‑283.  
https://doi.org/10.1007/s12355-019-00757-2 

[51] Imfeld, G. and Vuilleumier, S. (2012) Measuring the Effects of Pesticides on Bacterial 
Communities in Soil: A Critical Review. European Journal of Soil Biology, 49, 22‑30.  
https://doi.org/10.1016/j.ejsobi.2011.11.010 

https://doi.org/10.4236/ojapps.2025.153037
https://doi.org/10.1007/s11814-021-0783-7
https://doi.org/10.1007/s10311-015-0542-2
https://doi.org/10.1016/j.fbio.2019.100437
https://doi.org/10.1016/j.cej.2015.07.047
https://doi.org/10.1007/s12355-020-00812-3
https://doi.org/10.1111/are.13101
https://doi.org/10.1016/j.anifeedsci.2013.06.008
https://doi.org/10.1002/abio.200390005
https://doi.org/10.1093/femsyr/fov107
https://doi.org/10.1016/j.mib.2021.09.008
https://doi.org/10.2174/1574884712666170118145901
https://doi.org/10.1002/yea.3350
https://doi.org/10.1007/s12355-019-00757-2
https://doi.org/10.1016/j.ejsobi.2011.11.010


O. M. B. Mouho et al. 
 

 

DOI: 10.4236/ojapps.2025.153037 594 Open Journal of Applied Sciences 
 

[52] Shahid, M. and Khan, M.S. (2022) Ecotoxicological Implications of Residual Pesti-
cides to Beneficial Soil Bacteria: A Review. Pesticide Biochemistry and Physiology, 
188, Article 105272. https://doi.org/10.1016/j.pestbp.2022.105272 

[53] Ayangbenro, A.S. and Babalola, O.O. (2017) A New Strategy for Heavy Metal Pol-
luted Environments: A Review of Microbial Biosorbents. International Journal of En-
vironmental Research and Public Health, 14, Article 94.  
https://doi.org/10.3390/ijerph14010094 

[54] Priya, A., Gnanasekaran, L., Dutta, K., Rajendran, S., Balakrishnan, D. and Soto-Mos-
coso, M. (2022) Biosorption of Heavy Metals by Microorganisms: Evaluation of Dif-
ferent Underlying Mechanisms. Chemosphere, 307, Article 135957.  
https://doi.org/10.1016/j.chemosphere.2022.135957 

[55] Sarawan, C., Suinyuy, T.N., Sewsynker-Sukai, Y. and Kana, E.B.G. (2019) Optimized 
Activated Charcoal Detoxification of Acid-Pretreated Lignocellulosic Substrate and 
Assessment for Bioethanol Production. Bioresource Technology, 286, Article 121403.  
https://doi.org/10.1016/j.biortech.2019.121403 

[56] Zhang, Y., Xia, C.G., Lu, M.M. and Tu, M.B. (2018) Effect of Overliming and Acti-
vated Carbon Detoxification on Inhibitors Removal and Butanol Fermentation of 
Poplar Prehydrolysates. Biotechnology for Biofuels and Bioproducts, 11, Article No. 
178. https://doi.org/10.1186/s13068-018-1182-0 

[57] Sinha, P., Banerjee, S. and Kar, K.K. (2020) Characteristics of Activated Carbon. In: 
Kar, K.K., Ed., Handbook of Nanocomposite Supercapacitor Materials I, Springer, 
125‑154. https://doi.org/10.1007/978-3-030-43009-2_4 

[58] Perrich, J.R. (2018) Activated Carbon Adsorption for Wastewater Treatment. CRC 
Press. https://doi.org/10.1201/9781351069465 

[59] Anjum, H., Johari, K., Gnanasundaram, N., et al. (2019) A Review on Adsorptive 
Removal of Oil Pollutants (BTEX) from Wastewater Using Carbon Nanotubes. Jour-
nal of Molecular Liquids, 277, 1005‑1025.  
https://doi.org/10.1016/j.molliq.2018.10.105 

[60] Manchak, J. and Page, W.J. (1994) Control of Polyhydroxyalkanoate Synthesis in 
Azotobacter vinelandii Strain UWD. Microbiology, 140, 953‑963.  
https://doi.org/10.1099/00221287-140-4-953 

[61] Ren, Q., de Roo, G., Ruth, K., Witholt, B., Zinn, M. and Thöny-Meyer, L. (2009) Sim-
ultaneous Accumulation and Degradation of Polyhydroxyalkanoates: Futile Cycle or 
Clever Regulation? Biomacromolecules, 10, 916‑922.  
https://doi.org/10.1021/bm801431c 

[62] Mitra, R., Xu, T., Chen, G.-Q., Xiang, H. and Han, J. (2022) An Updated Overview 
on the Regulatory Circuits of Polyhydroxyalkanoates Synthesis. Microbial Biotech-
nology, 15, 1446‑1470. https://doi.org/10.1111/1751-7915.13915 

[63] Bellini, S., Tommasi, T. and Fino, D. (2022) Poly(3-Hydroxybutyrate) Biosynthesis 
by Cupriavidus necator: A Review on Waste Substrates Utilization for a Circular 
Economy Approach. Bioresource Technology Reports, 17, Article 100985.  
https://doi.org/10.1016/j.biteb.2022.100985 

[64] Marudkla, J., Lee, W.-C., Wannawilai, S., Chisti, Y. and Sirisansaneeyakul, S. (2018) 
Model of Acetic Acid-Affected Growth and Poly(3-Hydroxybutyrate) Production by 
Cupriavidus necator DSM 545. Journal of Biotechnology, 268, 12‑20.  
https://doi.org/10.1016/j.jbiotec.2018.01.004 

[65] Brandl, H., Gross, R.A., Lenz, R.W. and Fuller, R.C. (1988) Pseudomonas oleovorans 
as a Source of Poly(β-Hydroxyalkanoates) for Potential Applications as Biodegrada-

https://doi.org/10.4236/ojapps.2025.153037
https://doi.org/10.1016/j.pestbp.2022.105272
https://doi.org/10.3390/ijerph14010094
https://doi.org/10.1016/j.chemosphere.2022.135957
https://doi.org/10.1016/j.biortech.2019.121403
https://doi.org/10.1186/s13068-018-1182-0
https://doi.org/10.1007/978-3-030-43009-2_4
https://doi.org/10.1201/9781351069465
https://doi.org/10.1016/j.molliq.2018.10.105
https://doi.org/10.1099/00221287-140-4-953
https://doi.org/10.1021/bm801431c
https://doi.org/10.1111/1751-7915.13915
https://doi.org/10.1016/j.biteb.2022.100985
https://doi.org/10.1016/j.jbiotec.2018.01.004


O. M. B. Mouho et al. 
 

 

DOI: 10.4236/ojapps.2025.153037 595 Open Journal of Applied Sciences 
 

ble Polyesters. Applied and Environmental Microbiology, 54, 1977‑1982.  
https://doi.org/10.1128/aem.54.8.1977-1982.1988 

[66] Lageveen, R.G., Huisman, G.W., Preusting, H., Ketelaar, P., Eggink, G. and Witholt, 
B. (1988) Formation of Polyesters by Pseudomonas oleovorans: Effect of Substrates 
on Formation and Composition of Poly-(R)-3-Hydroxyalkanoates and Poly-(R)-3-
Hydroxyalkenoates. Applied and Environmental Microbiology, 54, 2924‑2932.  
https://doi.org/10.1128/aem.54.12.2924-2932.1988 

[67] Sohn, Y.J., Son, J., Jo, S.Y., et al. (2021) Chemoautotroph Cupriavidus necator as a 
Potential Game-Changer for Global Warming and Plastic Waste Problem: A Review. 
Bioresource Technology, 340, Article 125693.  
https://doi.org/10.1016/j.biortech.2021.125693 

[68] Gal, M.L. (2021) Exploration de la biodiversité microbienne marine pour la 
production de polyhydroxyalcanoates et étude de leur potentiel pour l’élaboration de 
nouveaux biomatériaux visibles en Imagerie par Résonance Magnétique. Université 
de Bretagne occidentale.  

[69] Albuquerque, M., Torres, C. and Reis, M. (2010) Polyhydroxyalkanoate (PHA) Pro-
duction by a Mixed Microbial Culture Using Sugar Molasses: Effect of the Influent 
Substrate Concentration on Culture Selection. Water Research, 44, 3419-3433.  
https://doi.org/10.1016/j.watres.2010.03.021 

[70] Castilla-Marroquín, J.D., Pacheco, N., Herrera-Corredor, J.A., et al. (2024) Polyhydro- 
xyalkanoates Production by Bacillus thuringiensis HA1 Using Sugarcane Molasses as 
Carbon Source. Producción de polihidroxialcanoatos por Bacillus thuringiensis HA1 
usando coproductos de la industria azucarera como fuente de carbono. Revista 
Mexicana de Ingeniería Química, 23, Bio24352.  
https://doi.org/10.24275/rmiq/Bio24352 

[71] Gomaa, E.Z. (2014) Production of Polyhydroxyalkanoates (PHAs) by Bacillus Subtilis 
and Escherichia coli Grown on Cane Molasses Fortified with Ethanol. Brazilian Ar-
chives of Biology and Technology, 57, 145‑154.  
https://www.scielo.br/j/babt/a/cFPB5JX6ghRzmp7x6nskYGF/?lang=en  
https://doi.org/10.1590/S1516-89132014000100020 

[72] Razzaq, S., Shahid, S., Farooq, R., Noreen, S., Perveen, S. and Bilal, M. (2024) Sustaina-
ble Bioconversion of Agricultural Waste Substrates into Poly(3-Hydroxyhexanoate) 
(mcl-PHA) by Cupriavidus necator DSM 428. Biomass Conversion and Biorefinery, 
14, 9429‑9439. https://doi.org/10.1007/s13399-022-03194-6 

[73] Oehmen, A., Pinto, F.V., Silva, V., Albuquerque, M.G.E. and Reis, M.A.M. (2014) The 
Impact of pH Control on the Volumetric Productivity of Mixed Culture PHA Produc-
tion from Fermented Molasses. Engineering in Life Sciences, 14, 143‑152.  
https://doi.org/10.1002/elsc.201200220 

[74] Saranya, V. and Shenbagarathai, R. (2011) Production and Characterization of PHA 
from Recombinant E. coli Harbouring Phac1 Gene of Indigenous Pseudomonas Sp. 
LDC-5 Using Molasses. Brazilian Journal of Microbiology, 42, 1109‑1118.  
https://doi.org/10.1590/S1517-83822011000300032  

[75] Sawant, S.S., Tran, T.K., Salunke, B.K. and Kim, B.S. (2017) Potential of Saccharopha-
gus degradans for Production of Polyhydroxyalkanoates Using Cellulose. Process Bi-
ochemistry, 57, 50‑56. https://doi.org/10.1016/j.procbio.2017.03.016 

[76] Kourmentza, C. and Kornaros, M. (2016) Biotransformation of Volatile Fatty Acids 
to Polyhydroxyalkanoates by Employing Mixed Microbial Consortia: The Effect of 
pH and Carbon Source. Bioresource Technology, 222, 388‑398.  
https://doi.org/10.1016/j.biortech.2016.10.014 

https://doi.org/10.4236/ojapps.2025.153037
https://doi.org/10.1128/aem.54.8.1977-1982.1988
https://doi.org/10.1128/aem.54.12.2924-2932.1988
https://doi.org/10.1016/j.biortech.2021.125693
https://doi.org/10.1016/j.watres.2010.03.021
https://doi.org/10.24275/rmiq/Bio24352
https://www.scielo.br/j/babt/a/cFPB5JX6ghRzmp7x6nskYGF/?lang=en
https://doi.org/10.1590/S1516-89132014000100020
https://doi.org/10.1007/s13399-022-03194-6
https://doi.org/10.1002/elsc.201200220
https://doi.org/10.1590/S1517-83822011000300032
https://doi.org/10.1016/j.procbio.2017.03.016
https://doi.org/10.1016/j.biortech.2016.10.014


O. M. B. Mouho et al. 
 

 

DOI: 10.4236/ojapps.2025.153037 596 Open Journal of Applied Sciences 
 

[77] Pais, J., Serafim, L.S., Freitas, F. and Reis, M.A.M. (2016) Conversion of Cheese Whey 
into Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) by Haloferax mediterranei. 
New Biotechnology, 33, 224‑230. https://doi.org/10.1016/j.nbt.2015.06.001 

[78] Alsafadi, D. and Al-Mashaqbeh, O. (2017) A One-Stage Cultivation Process for the Pro-
duction of Poly-3-(Hydroxybutyrate-co-Hydroxyvalerate) from Olive Mill Wastewater 
by Haloferax mediterranei. New Biotechnology, 34, 47‑53.  
https://doi.org/10.1016/j.nbt.2016.05.003 

[79] Tan, G.-Y.A., Chen, C.-L., Ge, L., Li, L., Tan, S.N. and Wang, J.-Y. (2015) Bioconversion 
of Styrene to Poly(Hydroxyalkanoate) (PHA) by the New Bacterial Strain Pseudomo-
nas putida NBUS1. Microbes and Environments, 30, 76‑85.  
https://doi.org/10.1264/jsme2.ME14138 

 
 
 
 
 
 
 

https://doi.org/10.4236/ojapps.2025.153037
https://doi.org/10.1016/j.nbt.2015.06.001
https://doi.org/10.1016/j.nbt.2016.05.003
https://doi.org/10.1264/jsme2.ME14138

	Strategies to Enhance Polyhydroxyalkanoate Production from Sugarcane Molasses by Cupriavidus necator 11599
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Bacterial Strain and Growth Condition 
	2.2. Sugarcane Molasses Preparation
	2.3. Sugarcane Molasses Pretreatment
	2.3.1. Pretreatment with Acid (Sulfuric Acid H2SO4)
	2.3.2. Pretreatment with Enzyme 
	2.3.3. Pretreatment with Activated Carbon OLC 12X40 (OLC)

	2.4. Rotary Shaker Experiments
	2.4.1. Preculture 1
	2.4.2. Preculture 2
	2.4.3. Production of PHA

	2.5. Analytical Methods
	2.5.1. Determination of Cell Dry Weight
	2.5.2. Determination of PHA
	2.5.3. Determination of Reducing Sugar


	3. Results and Discussion
	3.1. Chemical Characterization of Molasses
	3.2. Effect of Reducing Sugar Concentration on PHA Production
	3.3. Effect of Pretreatment of Molasses on Sugar Content and Mineral Content 
	3.4. Effect of Various (Acid/Molasses) Ratios on Bacterial Growth and PHA Production
	3.5. Effect of Various (Enzyme/Molasses) Ratios on Bacterial Growth and PHA Production
	3.6. Effect of Various (Activated Carbon/Molasses) Ratios on Bacterial Growth and PHA Production
	3.7. Monomer Composition of PHA Products
	3.8. Comparison with Another Authors

	4. Conclusion 
	Acknowledgements
	Data Availability Statement
	Consent to Participate 
	Consent to Publish
	Authors’ Contributions 
	Conflicts of Interest
	References

