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Abstract

Environmental pollution caused by petroleum-based plastics is a global problem due to the accumu-
lation of waste, microplastic pollution, and greenhouse gas emissions. In this context, bioplastics,
such as polyhydroxybutyrate (PHB), emerge as a sustainable alternative, as they are biodegradable
and produced from renewable resources. This study evaluated the use of agro-industrial waste from
Ecuador, specifically whey and pineapple peel, as carbon sources for the production of PHB through
fermentation with Bacillus subtilis. Enzymatic hydrolysis of whey was performed with lactase, obtain-
ing an optimal concentration of 761 ppm of glucose in 2 hours. For pineapple peel, acid hydrolysis
with 6% H>SO4 was used, achieving a concentration of 5125.81 mg/L of reducing sugars in 30 minutes.
Whey fermentation was carried out at pH 6, 37 °C, and 7 days of incubation, while pineapple peel
fermentation was carried out at pH 7.7 and 36.7 °C. Whey fermentation produced a higher PHB yield
(0.331 g/L) compared to pineapple peel (0.272 g/L). These results demonstrate the potential of both
wastes as economical and sustainable substrates for obtaining PHB, highlighting whey as a more
efficient source. This study demonstrates that the use of agro-industrial waste for PHB production
through fermentation with Bacillus subtilis is a viable and efficient strategy, highlighting whey as a
more effective carbon source compared to pineapple peel, which could have a significant impact on
waste reduction and environmental sustainability.

Keywords: fermentacién ; polihidroxibutirato; Bacillus subitilis

1. Introduction

In Ecuador, whey and pineapple peel waste presents significant environmental challenges; the
dairy industry generates approximately 900 thousand liters of whey per day, of which only 10% is used,
since regulations limit its commercial use [1]. As a result, whey becomes a waste product, causing
contamination and waste of a nutritious resource [2,3]. In turn, the high import and consumption
of single-use plastics in the country aggravates the waste problem, while pineapple peels are a
significant environmental problem, the processing and cultivation operations of this fruit generate a
large amount of by-products, mainly peels and crowns, which are usually not used in a sustainable
manner [4,5]. In this context, the use of pineapple whey and peel as carbon sources for the production
of PHB biopolymer by fermentation with Bacillus subtilis offers a sustainable alternative [6,7]. The
production of PHB, a biodegradable and biocompatible biopolymer, represents a sustainable alternative
to conventional plastics, with the advantage of reducing environmental impact and taking advantage
of by-products considered waste [8-10]. Although whey is a valuable dairy by-product, its use in
Ecuador is limited by commercial restrictions, generating a significant surplus that contributes to
pollution [11,12]. On the other hand, lignocellulosic biomass, such as pineapple peel, reduces the costs
of biopolymer production, since it offers a cheap and abundant source of carbon [13]. This process
converts these residues into biopolymers, promoting the reduction of agroindustrial waste and offering
an environmentally friendly option to conventional plastics [14-16].
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PHB is a biopolymer belonging to the family of polyhydroxyalkanoates (PHA), which are
polyesters synthesized intracellularly by bacteria such as Bacillus subtilis in response to stress con-
ditions, such as an excess of carbon and a limitation of other essential nutrients [17,18]. Its chemical
structure is that of a linear polyester with repeating 3-hydroxybutyric acid units, characterized by ester
bonds connecting the monomers (3-hydroxybutyrate units), which gives it properties of biodegradabil-
ity and biocompatibility [19,20].

PHB is synthesized mainly as a result of carbon assimilation as shown in Figure 1, from sources
such as glucose, starch and sources containing large amounts of polysaccharides linked by glycosidic
bonds that can act as an intracellular energy reserve in certain microorganisms [21].

Hydrolysis Glycolysis Decarboxylation

Carbohydrates—————— Glucose ————ym Pyruvate ¢ —» Acetyl - CoA

0 O bueotniolase s~ O 0 reductase, PhaB OH 0 swthase PhaC CH3
A A—>
3 SHCoAsHC”  SH-CoA JHC SH-CoA 3HC SH CoA

Acetyl-CoA Acetyl-CoA Acetoacetyl-CoA (R)-3-Hydroxybutyryl-CoA Poli(3-Hydroxybutyrate)

Figure 1. Synthesis of poly-3-hydroxybutyrate (P3HB). Source:

To obtain PHB, it is produced by a biochemical pathway for synthesis from carbohydrates [22].
These carbohydrates undergo metabolic processes, such as glycolysis to generate pyruvate, then
pyruvate is converted to acetyl-CoA by a decarboxylation reaction [23,24]. Subsequently, two acetyl-
CoA molecules are condensed to form intermediates such as acetoacetyl-CoA and then reduced to
(R)-3-hydroxybutyryl-CoA and finally polymerized to form P3HB [25,26].

This study explores the use of agro-industrial wastes, such as whey and pineapple peel, in the
production specifically of PHB by fermentation with the bacterium Bacillus subtilis. This bacterium,
widely studied in biotechnology, has the ability to synthesize PHB intracellularly in response to
stress conditions, such as nutrient limitations like nitrogen or phosphorus, or the presence of excess
carbon. This project focuses on optimizing fermentative conditions and characterizing the PHB
obtained, promoting sustainable biotechnological practices for waste management and production of
biodegradable materials.

2. Materials and Methods

The following are the procedures that were carried out for pineapple peel and whey.

2.1. Pineapple Peel

In the present investigation, a finite population was studied, which is the case of pineapple
residues (peel), which served as the only carbon source for Bacillus subtilis in the production of PHB.
With these residues, the chemical proximate analysis was carried out in triplicate.

2.1.1. Moisture

The Mettler Toledo HB moisture analyzer was used to measure moisture in pineapple peels, using
a4 g sample.

2.1.2. Total Ash

The ash protocol contained in AOAC section 923.03 (1990) was followed, which consisted of
measuring the ash in the sample with a sample particle size at 250 pm, and the results were expressed
using equation 1:

% Ashes = (P2 — Py)

mxloo (1)
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Where: Py= Weight of empty crucible, P;= Weight of crucible with sample, P,= Weight of crucible with
ash.

2.1.3. Total Fats

To determine total fats in pineapple peels, the ether extraction method described in AOAC (1990)
procedure 920.39 ¢ was used. Initially, 1 g of the pulverized sample was weighed and 10 ml of 50%
H»504 was added, followed by chemical digestion to remove non-fat components. Subsequently, by
extraction with petroleum ether, the ethereal phase was recovered. The percentage of fat present in the
peels was calculated using equation 2:

)

9% Fats — (ﬁnal weight — empty conta1ner> 100

g sample

2.1.4. Hydrolysis Treatment

The substrate was subjected to acid hydrolysis with the objective of maximizing the release of
sugars, especially glucose, through the decomposition of cellulose and starch. For this purpose, 10 g of
the substrate was mixed in 100 ml of water, adding diluted H,SO, at 4 - 6% v/v. This solution was
heated between 95 and 121 °C for a range of 10 - 83 min. Subsequently, the pH of the hydrolysate was
adjusted to a range of 4.8 to 6.5 using a buffer prepared with citric acid (C¢ HgO7) and sodium acetate
(CH3COONa).

2.1.5. Substrate Conditioning

In this study, the methodology proposed by [27] for pretreatment of pineapple peels was applied.
However, adjustments were made based on the recommendations of [28], who investigated obtaining
glucose syrups from the same peels by enzymatic hydrolysis. The main objective was to avoid the
formation of inhibitors during the process. In response to the acid pH of the hydrolysate, a buffer
solution was prepared using specific compounds that do not alter the sugars present. This solution,
composed of citric acid, sodium acetate and calcium carbonate, was accurately prepared: 2.10 g of
citric acid and 2.94 g of sodium acetate in 100 ml volume. Then, the pH was adjusted to 6.2 by the
combination of HCl and CH3COONa. In addition, the buffer was fortified with calcium carbonate to
avoid undesired changes in pH during fermentation.

2.1.6. Quantification of Reducing Sugars

In this study, the 3,5-dinitrosalicylic acid (DNS) method was used to quantify reducing sugars in
pineapple (Ananas comosus) peel hydrolysis. The method, previously described by [29], was adapted
by preparing specific dilutions to construct a calibration curve. To establish the standards, glucose and
fructose solutions were used, each with an initial mass of 50 mg. From these, dilutions were prepared
with concentrations of 5000, 500, 50 and 5 ppm. The procedure consisted of taking 1 ml of the standard
solution and adding 1 ml of the DNS reagent. Subsequently, the presence of glucose and fructose in
the hydrolyzed samples was analyzed using a UV-Vis spectrophotometer (Jasco V-630 equipment).

2.1.7. Activation and Ambient of Microorganism Bacillus Subtilis ATCC (6633)

Bacillus subtilis strain ATCC (6633) was used and seeding was performed on semi-solid nutrient
Agar for 48 hours at a temperature of 37 °C in an oven. Within the framework of this study, an
adaptation of the carbon source used by the microorganism was carried out. In this case, the new
carbon source consisted of xylose obtained from pineapple peels. To achieve this, initial mixtures of
the new substrate were made with nutrient agar, evaluating the tolerance of the microorganism until
it largely replaced the traditional carbon source. These adaptations were carried out in flasks with
orbital shaker (Thermo Scientific MaxQ 4000) at a pH of 6.2 and a temperature of 36.7 °C, for a period
of 96 hours. Three experimental conditions were carried out as detailed in Table 1, where M1 is the
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medium containing nutrient agar with 75 ml of substrate, M2 contains nutrient agar with 50 ml of
substrate and M3 nutrient agar with 25 ml of substrate.

Table 1. Fermentation treatments.

Treatment pH Temperature °C Medium

T1 6.20 37 M3
T2 6.20 37 M2
T3 6.20 37 M1
T4 5.67 35.8 M1
T5 5.67 35.8 M2
T6 7.77 36.7 M3
T7 7.77 36.7 M2
T8 7.77 36.7 M1

2.1.8. Fermentation Treatment

To perform the fermentation for PHB production, a one-way structure was proposed with a
completely randomized design (CRD) and sequencing in transverse log, where the treatments were
subjected to destructive testing. Table 1 shows the treatments modeled by the combination of: pH,
temperature and medium for the fermentative production of PHB and the methodology proposed by
[30] for the fermentative production of PHB using Bacillus subtilis bacteria was applied. Modifications
were made to the operating conditions, implementing eight treatments previously described.

2.1.9. Extraction and Purification of PHB

For the extraction and purification, the methodology mentioned in the work of [31] called "Extrac-
tion, purification and modification of a biopolymer of the poly (3-hydroxybutyrate) type obtained from
the fermentation of fatty acids with B. cepacia" was applied with the chloroform-sodium hypochlorite
digestion (4% v/v). Once all the samples were purified, the product obtained was weighed in mg/mg
to determine the yield obtained (SPY) in each treatment using equation 3:

%SPY — product produced (mg) £100 3)
substrate consumed (mg)

2.1.10. Characterization of PHB in the FT-IR

For the characterization of PHB, the Fourier transform infrared spectroscopy technique was used,
which was analyzed in Thermo Scientific Nicolet TM S10 FT-IR

2.2. Whey
2.2.1. Whey Preparation

The whey was obtained from an artisanal cheese production company located in the city of
Cuenca and subsequently stored at a temperature of 2 °C. The collected material was subjected to
several procedures. First, vacuum filtration was carried out in order to eliminate the proteins present.
Next, a heat treatment was applied at 121 °C for 15 min to induce protein precipitation. Subsequently,
centrifugation was performed to separate the proteins and remove the added water. Finally, the pH
was adjusted to 6.5 using NaOH 1N in order to preserve the sugars. All procedures were carried out
under aseptic conditions to avoid degradation of the sugars present.

2.2.2. Physicochemical Characterization of Spent Whey

Physicochemical characterization of the whey involved analyzing the following variables: pH,
moisture content, sugar quantification, and enzymatic hydrolysis.
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2.2.3. pH and Moisture Content

With the amount of 500 ml of substrate, pH levels were adjusted to 5, 6, 7 and 8 using 1 N NaOH.
To determine the moisture content, a Mettler Toledo HB moisture analyzer with halogen lamp was
used, in which 2 g of the sample was placed and placed in the analyzer tray. During the analysis the
device monitored the weight loss until a constant mass was reached.

2.2.4. Quantification of Sugars

To carry out the validation, the DNS (3,5-dinitrosalicylic acid) method was followed, and for
this, 0.8 g of NaOH was dissolved in distilled water, then 15 g of sodium tartrate was added and,
finally, 0.5 g of DNS and the mixture was brought to a volume of 50 ml. For the calibration curve,
absorbance readings were measured at 540 nm using 200, 400, 800 and 1000 ppm standard solutions.
After obtaining the calibration curve for glucose as a standard, the samples to be analyzed were
prepared: 5 ml of each sample was heated in a water bath for 5 minutes and the reaction was stopped
with cold water. Subsequently, the sample was reconstituted with 5 ml of H,O, shaken and allowed to
stand for 15 minutes. This procedure was repeated for each sample to be analyzed. The calibration
curve was quantified by linear regression.

2.2.5. Enzymatic Hydrolysis

Using the methodology applied for the enzymatic hydrolysis of [32], enzymatic hydrolysis was
carried out on each of the treatments using commercial LACTFLAT tablets. Six 1/2 tablets were
dissolved in 18 ml of distilled water to achieve a concentration of 30 mg/ml lactase. The pH of all
treatments was then adjusted to 6.5 to facilitate 99.99% enzymatic hydrolysis. To each treatment, 1
ml of the enzyme dilution was added. Three of the four treatments were incubated for one hour in a
Shaker orbital incubator with agitation at 100 rpm and a temperature of 40°C. The fourth treatment
was subjected to the same conditions, but for two hours. Subsequently, the pH of the four treatments
was adjusted to values of 5, 6, 7 and 8, respectively. These were stored in a refrigerator at 2°C until
further use for fermentation.

2.2.6. Activation and Microscopic Characterization of Bacillus Subtilis

For activation of the Bacillus subtilis ATCC 6051 strain, 2 ml of strain was used and inoculated
in 10 ml of Trypticasein Soy Broth (TSB) for 24 hours at 37°C . The bacteria were then characterized
using Gram staining to distinguish bacterial cell walls based on their response to crystal violet and
iodine [33]. Initially, bacterial cells were heat fixed on a slide for adherence, subsequently stained with
crystal violet followed by iodine to form a complex within the cell walls. Then a decolorization with
alcohol-acetone was performed to differentiate between Gram-positive bacteria (retained staining) and
Gram-negative bacteria (decolorized). Finally, a counterstain with safranin was applied to visualize
Gram-negative bacteria, facilitating the identification and characterization of Bacillus subtilis based on
its Gram-positive staining properties.

2.2.7. Reseeding of Bacillus subtilis Strain from Activation

For the reseeding process, eight test tubes were prepared, each containing 10 ml of medium. In
pairs, the first two tubes each had 0.5 ml of activated bacteria, the next two had 1 ml, the next two
had 1.5 ml and the last two had 2 ml of bacteria. Subsequently, the bacteria were counted and for this
purpose followed the methodology proposed by [34] using the turbidity method, which analyzes the
samples depending on the amount of light passing through the culture (see Table 2). Four standards
were used and the absorbance at 600 nm of the previously prepared cultures at different pHs was
measured.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Bacteria count.

McFarlan standard ~ Absorbance (600 nm) Bacterial suspension /mL

0.5 0.08-01 1,5x108
1.0 0.18-0.2 3,0x108
2.0 0.36-0.4 6,0x108
3.0 0.54-0.6 9,0x108

2.2.8. Fermentation

Sixteen experiments were carried out using different combinations of parameters to evaluate
fermentation with Bacillus subtilis. Each sample consisted of 112 ml of substrate and 10% v /v bacterial
inoculum, ensuring an initial cell concentration between 1.5x108and 9x108 cells/ml. The assays were
performed in an orbital shaker incubator under constant shaking at 200 rpm, with pH values adjusted
to 5, 6,7 and 8, and temperatures between 30 °C and 40 °C. Fermentation times varied between 5 and 8
days according to the specific conditions of each sample, with the objective of analyzing the combined
effect of temperature, pH and cell concentration on the fermentation process.

2.2.9. Obtaining Biomass and PHB Extraction

Two parameters were evaluated, wet weight and dry weight, the biomass was separated from the
medium by centrifugation at 1200 rpm for 20 minutes [35]. To determine the wet weight the biomass
and medium were centrifuged in Eppendorf tubes according to the previous parameters. Then, the
precipitated biomass was transferred to already weighed Petri dishes. For dry weight, the sample was
subjected to a climate chamber at 60°C for 24 hours to remove all moisture. The samples were then
ground at 2500 rpm using a mill with 1.5 mm sieves and the ground biomass was weighed. Next, the
SDS digestion and chloroform dispersion method was used to extract and purify the biopolymer.

2.2.10. Chemical Digestion with SDS (Sodium Dodecylsulfate)

Following the methodology of [36], polymer quantification was initiated by adapting the biomass
quantification procedure without the drying step. This approach aimed to ensure that residue-free
biomass from the culture medium could be digested and PHB quantified. The resulting precipitate was
suspended in a 20% SDS solution, as shown in Figure 2, at a concentration of 0.55 ml/g and digested
at 40°C for 2 hours. Subsequently, the samples were centrifuged at 3500 rpm for 30 min to remove SDS
and biomass residues. Finally, the wet biomass was transferred to Petri dishes for drying.

Figure 2. Application of SDS to wet biomass. Source: The authors.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2.11. Dry Sample Analysis in FTIR with SDS

The dry samples, after being treated with SDS, were measured by FTIR to analyze their con-
tent. This analysis was performed to identify and quantify the chemical composition and structural
characteristics of the samples

2.2.12. Purification and Structuring of PHB with Chloroform

The cells obtained after digestion with SDS and subsequent drying were suspended in chloroform
using a ratio of 20 ml of solvent per gram of biomass this according to the procedure of [37]. They were
then stirred at room temperature for 24 hours. This process produced two distinct phases: a liquid
phase composed mainly of polymer and chloroform, and a solid phase retained on the filter, composed
of biomass residues. The polymer solution was poured into Petri dishes and left at room temperature
to allow the chloroform to evaporate, resulting in a P3HB film.

3. Results

3.1. Pineapple Peel
3.1.1. Chemical Proximate Analysis of Pineapple Peel

The results obtained from the proximate analysis of pineapple peel are influenced by the variety
of pineapple, its temperature, drying time, drying method used, among others. Table 3 shows the
values obtained for moisture, ash and total fat.

Table 3. Proximal chemical analysis of sugarcane.

Pineapple % Moisture % Total ash % Total fat

Sample 1 3.17 4.45 3
Sample 2 2.3 492 2
Sample 3 21 5.94 2
Average 2.52 5.10 2.33

The average percentage resulting from the triplicate samples gives us a value of 2.51% for
pineapple peel. In the work of [38] he states that moisture is inversely proportional to temperature
and time of drying and that this is the reason why the moisture percentages occupy a wide range,
from 2.33% to 3,68% when working at temperatures from 70 to 80°C. In the results obtained by [39], he
obtained values of 2.65% of ashes in dry basis and 9.84% of humidity, attributing as causal factor to
the drying temperature at which he worked and also to the origin of the pineapple, however, the data
obtained in this work do not differ from others reviewed.

The average amount of ash or inorganic residues of the three samples analyzed was 5.10%, slightly
different from the value explained by [38] who in his study obtained the nutritional composition for
different parts of the pineapple, corresponding to 5.2% ash.

The percentage data of the fat content present in each sample of pineapple peel in triplicate are
presented in Table 9. The average value of total fat was 2.33%, which agrees with the literature as
indicated by [40] that there is a range of 2-3% but that, depending on the variety of pineapple, the
same is extended by 0.6 - 5.57%.

3.1.2. Hydrolysis Treatment

The acid hydrolysis process of pineapple peel, as illustrated in Figure 3, consisted of subjecting
the lignocellulosic residues to the action of sulfuric acid under controlled temperature conditions.
Initially, the peels are weighed and placed in flasks together with a solution of sulfuric acid at different
concentrations. This system is kept under constant agitation and heating, ensuring the degradation of
the polysaccharides into reducing sugars, such as glucose, which act as precursors for the production
of biopolymers such as PHB.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Pineapple peel hydrolysis treatment. Source: The authors.

3.1.3. Quantification of Reducing Sugars

As a result of the hydrolysis of the substrate (pineapple peel), the monosaccharides (glucose and
fructose) present were quantified, as shown in Table 4. The analysis of the amount of fructose present
was done as a standard since it represents xylose as a pentose for later statistical analysis.

Table 4. Results of quantification of reducing sugars.

Conc (%) HpSO4  Time (min) Temperature °C  Glucose (mg) Fructose (mg)

6 15 121 700,86 762,33
5 30 118 5125,81 5035,24
6 83 98 1097,87 1742,49
4 20 115 513,68 442,34
4 10 121 428,21 343,985
6 30 121 621,509 967,964
5 80 100 268,13 399,78
6 20 115 774,86 1189,54
5 25 121 887,26 1023,95
4 83 98 312,25 338,907
6 25 115 697,991 813,303
5 28 120 4782,261 5025,272
5 15 121 682,664 550,971
4 15 121 492,16 295,52
5 80 98 713,551 1513,26
5 60 105 601 450,44

3.1.4. Analysis of Hydrolysis Results

The analysis of reducing sugars presents an R-squared of 43.48%, implying that the model
moderately explains the variability in the data, although the adjusted R-squared (0%) suggests limited
predictive improvement when adjusting for the number of variables. The standard error of the estimate
is 1774.94 and the mean absolute error is 861.8, both reflecting considerable variability in the results
and limitations in the accuracy of the model. The Durbin-Watson statistic of 1.7972 and the low residual
autocorrelation of Lag 1 (0.0419) suggest independence in the errors, a positive feature for the reliability
of the analysis, although the high errors indicate possible areas for improvement of the predictive
model in future studies.

Response Surface Plot

The response surface plot (Figure 4) showed an optimum hydrolysis corresponding to a value
close to 5130 with an acid concentration close to 5.35% optimum in a time close to 35 min, for a
temperature of 118,15°C.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Response surface plot at 118.15°C. Source: The authors.

3.1.5. Statistical Analysis of Reducing Sugars: Fructose

In this analysis, 0 effects have a p-value less than 0.05, indicating that they are significantly
different from zero at a 95% confidence level. The values obtained indicate the moderate quality of
molding prediction being: The R-squared statistic corresponding to the proportion of variability in
hydrolysis data is 40.26% The standard error is 1774.94 which indicates the standard deviation of the
residuals. The mean absolute error (MAE) of 903.678 corresponds to the average margin of error of the
residuals in the predictions from the model used. The Durbin-Watson (DW) statistic of 1.7972 for this
study indicates the absence of significant autocorrelation in model errors, i.e., these data do not have a
significant influence by the order in which they are presented. This is justified by the p-value which is
greater than 5%, thus there is no serial autocorrelation. In Figure 4 I present the values that the main
influential variables in the fructose hydrolysis process applied for the pretreatment of pineapple peel
should take, in order to achieve a better separation of the lignocellulosic matrix. For the concentration
factor, the acid should have a concentration of 5.25%, the fermentation time should be in the range of
45 min and the ideal temperature should be close to 118°C, values that agree with and support the
Pareto graphs and response surface graphs.

Response surface plot

The response surface plot (Figure 5) showed an optimum hydrolysis corresponding to a value
close to 5035.24 with an acid concentration close to 5.35% optimum in a time range of 35- 40 min.

Temp=118,01

Hydrolysis

(X 1000,0)
37f

27+F

17}
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Figure 5. Response surface graph at 118.01 °C. Source: The authors.
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3.1.6. Yield of PHB from Substrate

The yield was calculated by dividing the amount of product formed for the substrate consumed
for all 8 treatments proposed (see Table 5) in the methodology with its triplicate to check the yield of
Bacillus subtilis using pineapple peel as PHB producer.

Table 5. Treatments applied with Bacillus subtilis for PHB production.

Medium T1 T2 3 T4 15 T6 T7 T8

M1 240 260 350 39 780 1090 1088 109.1
M2 260 380 380 350 750 1091 1090 1081
M3 230 250 350 370 720 1084 1089 108,0
Average 243 296 36 37 75 108,83 1089 1084

Table 6 provides information corresponding to the PHB yield obtained in each treatment from the
Bacillus subtilis bacteria, with the highest value for treatment T7, which showed the best results. Ata
general level, it is possible to show that the best results were obtained with the conditions of treatment
7 (T7) with 0.27 being this yield value the highest, followed by treatment 6 (T6) with 0.11 and finally
treatment 8 (T8) with 0.0911.

Table 6. Performance of Bacillus subtilis for PHB production.

Treatment Product formed (mg) Substrate consumed (mg) Yield of PHB from substrate (RPS)

T1 2,43 762,33 3.18x10-3
T2 2,96 5035,24 5.878 x10-4
T3 3,6 1742,49 2,066 x10-3
T4 3,7 442,34 8.36 x10-3
T5 7,5 343,985 0.068
T6 108,83 967,964 0.11

17 108,9 399,78 0,272
T8 108,4 1189,54 0.0911

Next, in Figure 6, the result of the Shapiro-Wilk normality test suggests that there is not enough
evidence to reject the null hypothesis of normality for this data set (p > 0.01). In addition, the Q-Q plot
shows a scatter of points following a straight line (see Figure 6), which supports the idea that the data
could be from a normal distribution.
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Figure 6. Shapiro-Wilk normality test. Source: The authors.
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An ANOVA analysis was then performed, which, indicates that there are statistically significant
differences between treatments, as the F-value is large and the p-value is extremely small. This suggests
that at least one treatment mean is different from the others. In addition, Tukey’s post hoc analysis
identifies specific pairs of treatments with significant differences in their means.

As can be seen from the results in Table 7 that in T7, T8 (b) and T3, T2, T4 (d) there is no significant
difference between treatments; while in treatments T1 (e) and T6 there is a significant difference with
respect to the rest of the treatments.

Table 7. ANOVA analysis of treatments.

Df SumSq MeanSq Fvalue Pr(>F) producto.t groups significance
tratamientos 7 18,123 2,5891 223,6  9.56e-15 T6 2,950729 a
Residuals 16 0,185 0,0116 T7 2,514396 b
T8 2,338398 b
tratamientos b T5 2,014369 C
Residuals T3 1,318426 d
— T2 1,311451 d
Signif. codes: T4 1,307357 d
Q "t 0,001 "™=*" 0,01™"  0,05"" o1"" 1 T1 0,008946 e

3.1.7. Characterization of PHB Powder by FT-IR

In this analysis, the most important or representative peaks of the spectrum of all PHB products
obtained were observed in order to verify their structure.

In the spectrum of Figure 7, it shows a sharp absorption band at 1723.04 cm ! corresponding to
stretches of the C=0 bond, another band was observed at 1277.87 corresponding to the C-H group, the
presence of these bands have been reported as representative peaks of PHB. Intense bands were also
observed between 1000 and 1300 c¢m 1, characteristic of the C-O ester group, in addition the bands
at 2851.16 and 2921.07 cm~! show the presence of CH; and CH, with asymmetric and symmetric
stretches respectively. The bands showing the terminal OH group are 3286.40 cm ™!, so it can be
induced that it contains the PHB peaks.
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Figure 7. FTIR spectrum of PHB. Source: The authors.

3.1.8. Proximal Chemical Analysis of Lacto-Serum

Moisture content analysis was performed on the whey used to produce (PHB) with Bacillus
subtilis. This analysis is crucial for the efficiency of the fermentation process and the final yield of PHB.
The results indicated that the whey had a moisture content of 91.64%, which is typical for whey, which
naturally retains a significant amount of water
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3.1.9. Quantification of Sugars

Quantitative analysis of the sugars present in the whey at different pH levels (5, 6, 7 and 8)
was performed. This analysis made it possible to determine how these pH variations affect the
concentration of hydrolyzed whey. The results indicated that an acidic pH (such as Sample 1, pH
5) favors the hydrolysis process, resulting in a higher concentration of fermentable sugars. On the
other hand, an alkaline pH (such as Sample 4, pH 8) showed a lower concentration of sugars (see
Table 8). Samples with intermediate pH (6 and 7) showed moderate concentrations and absorbance
values, supported by a standard error of 51.6071, which increases the reliability and accuracy of the
regression model. In addition, sugar content was evaluated under specific conditions by hydrolysis of
samples with the commercial enzyme LACTFLAT. Hydrolysis was performed at pH 6.5 for 1 hour and
2 hours. The optimum result was obtained with a hydrolysis duration of 2 hours at a concentration of
761 ppm, which maximized the glucose concentration. This finding highlights the efficiency of the
2-hour duration as the most effective process for sugar release within the parameters of this research.

Table 8. Quantitative analysis of sugars in the whey.

No Sample Comment  Conc (ppm) Abs 540 nm

Blanc 0
1 0 0,0568099  0,0568
2 200 0,183562  0,1836
3 400 0,314098  0,3141
4 600 0,537316  0,5373
5 800 0,505047 0,505
6 1000 0,569934  0,5699
1 pHS5 100 ul -9 ml 1183,69 0,688157  0,6882
2 pH6 100 ul -9 ml 289,513 0,227826  0,2278
3 pH?7 100 ul - 9 ml 497,11 0,334698  0,3347
4 pHS 100 ul - 9 ml 202,931 0,183253  0,1833
1 Sample N°1  1,4-500 ul 477,722 0,324717  0,3247
2 Sample N°2 1,4 -500 ul 761,285 0,470698  0,4707

3.1.10. Statistical Analysis of Reducing Sugars

A statistical evaluation of reducing sugars (glucose) obtained from hydrolysis was performed. The
objective was to determine their relevance at different durations and conditions (pH). Statistical tests
such as ANOVA and Tukey HSD analysis were used to identify the optimum conditions that maximize
glucose yield. Two analyses of glucose hydrolysis were performed at different pH conditions. First, at
pH 6.5, it was found that the duration of hydrolysis does not significantly affect glucose concentration.
Furthermore, in hydrolysis at different pH (5-6-7-8), no statistically significant differences in glucose
concentration were observed between the different pH levels (see Figure 8 right). In both cases,
ANOVA and Tukey HSD test were used to support these conclusions, ensuring that the observed
differences were not random. Analysis of glucose hydrolysis at different pHs showed that the duration
of hydrolysis and pH variations did not significantly affect glucose concentration. However, in Figure
8 (left), the graph suggests that a longer duration of the hydrolysis process (2 hours) results in a
consistently higher glucose concentration Statistical methods supported these conclusions, ensuring
that the observed differences were statistically significant.
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Figure 8. Box-plots of statistical analysis of reducing sugars.

3.1.11. Analysis of the Fermentation Process for Polyhydroxybutyrate Production

For the fermentation of whey using Bacillus subtilis, a microscopic characterization was performed.
This characterization demonstrated the morphology and characteristics of this microorganism. Figure
9 shows a field densely populated by cells with a rod-shaped structure, in pairs and short chains, this
being a typical morphological characteristic of Bacillus subtilis. The cell walls of this microorganism are
thick, a feature typical of Gram-positive bacteria, being part of these Bacillus subtilis. As described by
[41].

Figure 9. Morphology of the bacterium Bacillus subtilis.

3.2. Obtaining Wet Weight and Dry Weight

For PHB production, emphasizing the impact of obtaining the wet and dry weight of biomass
as it influences PHB yield. Variables such as bacterial concentration, fermentation time and pH were
analyzed for production. In the work of [42] it is detailed that the weight of the biomass, whether wet
or dry, tends to increase or decrease in a varied manner with the change in pH. Table 9 shows the
biomass weights for obtaining polyhydroxybutyrate, here an interesting relationship between pH and
the wet and dry weights during fermentation is observed. At pH 5, the wet weight decreases with
time, indicating that more acidic conditions may reduce accumulation. However, at pH 8, the wet
weight gradually increases, suggesting that a slightly basic environment favors greater accumulation.
On the other hand, dry weight also shows variations according to pH: at pH 5, it decreases from 4.14
g to 2.17 g on day 8; at pH 6, it increases steadily for four days; at pH 7, it decreases from 4.86 g to
2.10 g over the same period; and at pH 8, it varies between 4.98 g, 3.49 g, 4.13 g and 3.67 g on the
corresponding days
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Table 9. Biomass weights obtained at different pHs.
Biomass wet weight Dry weight of biomass
pH X1,(5D) X2,(6D) X3,(D) X4,(8D) pH X1,(5D) X2,(6D) X3,(7D) X4, (8D)
5 15.69 15.01 12.32 17.57 5 4.14 3.41 2.83 217
6 16.93 14.56 13.41 17.68 6 4.94 4.15 4.44 5.12
7 16.72 15.60 13.35 16.67 7 4.86 3.23 292 2.10
8 16.57 15.23 13.61 18.44 8 4.98 3.49 413 3.67

"D’ represents the fermentation days used in the study and units are in g. Source:

According to the ratio of dry weight to wet weight is determined by dividing dry weight by wet
weight for each data set. This ratio provides information on the proportion of dry biomass within
the total sample, which is essential to evaluate the production efficiency of bioproducts, such as PHB,
Table 10 shows the ratios between the weights.

Table 10. Calculation of dry to wet weight ratios.

pH Ratio5D Ratio6D Ratio7D Ratio 8D
5 0.264 0.227 0.230 0.124

6 0.292 0.285 0.331 0.289
7 0.291 0.207 0.219 0.126
8 0.301 0.229 0.304 0.199

In the PHB elicitation study, the relationship between dry weight and wet weight was analyzed
as a function of pH and time. The results reveal significant patterns. At pH 8 on day 5, the highest
ratio was observed (0.301), followed by pH 6 on day 7 (0.331) and pH 8 on day 7 (0.304). Based on this
ratio, the optimal conditions for fermentation and PHB production appear to be pH 6 on day 7 (ratio
0.331) and pH 8 on day 5 (ratio 0.304). In general, acidic conditions (pH 5) are less favorable for stable
biomass production. Slightly acidic (pH 6) and neutral (pH 7) conditions are more beneficial for stable
production, with pH 6 being the most favorable for both dry and wet weights. Although slightly basic
conditions (pH 8) improve water retention, the variability in dry weight suggests that they are not
ideal for dry biomass accumulation.

3.3. Biomass Analysis by FTIR Infrared Spectroscopy

The infrared spectrum (FTIR) in Figure 10 showed several absorption peaks that are characteristic
of certain PHB functional groups. The features observed in the main spectrum include peaks at 3279.63
cm~! which shows the presence of OH groups of alcohols or carboxylic acids, at 1633.12 cm ™! this
peak represents the C=0 stretches of esters, thus indicating the presence of PHB, also at 2849.61 cim !
is the stretching of methyl groups. -CH,, also at 1217.03 cm~!: This peak is associated with the C-O
stretching vibration of the esters, which also supports the presence of PHB. The observed features
suggest that the biomass obtained contains a ratio of this biopolymer.

pHG X480

8
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Wave number cm-1

Figure 10. IR spectrum of the biomass obtained.
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3.4. Interpretation of the P3HB Film Spectra

The FTIR spectrum in Figure 11 illustrates in the analysis of a plastic film made from PHB that
has undergone purification with chloroform. Where it can be seen that upon transformation of PHB
from powder to plastic, the FTIR spectrum and its main absorption bands show no changes during
film formation. Showing that the purification with chloroform contributed to preserve the integrity of
PHB. It can be distinguished that the peaks at 1740.39 cm ™!, 1173.16 cm~! and 1104.32 cm ™! indicate
the presence of ester functional groups, characteristic of PHB. Additionally, the peak at 3280.02 cm~! is
possibly associated with O-H stretching vibrations of residual hydroxyl groups, which could be due to
incomplete purification or the presence of residual moisture. Thus, it is confirmed that chloroform
effectively maintains the structure.
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Figure 11. FTIR spectrum of the plastic poly(3hydroxybutyrate).

3.5. Yield of PHB from Substrate

In the process yield and percentage recovery are shown in Table 11; these results show that the
highest yield of PHB is achieved with the following conditions: at a pHlevel of 7 or 8 and a fermentation
period of 8 days with treatment X4. The maximum yield obtained is 0.5266 g with a porcentual
purification of 53.74 which is observed at pH 7 with treatment X4 after 8 days of fermentation.

Table 11. Percentage yields for each treatment.

Treatment  Product formed (g) Total biomass (g) PHByield % Purification

pH 5 X15D 3.34 19.83 0.1684 19.78
pH6 X1 5D 3.61 21.87 0.1650 16.84
pH7 X1 5D 3.54 21.58 0.1641 16.75
pH8 X1 5D 3.58 21.55 0.1661 16.94
pH5 X2 6D 2.32 18.42 0.1260 12.86
pH6 X2 6D 3.12 18.71 0.1667 17.02
pH7 X2 6D 4.10 18.83 0.2177 22.22
pH8 X2 6D 8.31 18.72 0.4440 45.31
pH5 X3 7D 291 15.15 0.1920 19.59
pH6 X3 7D 3.35 17.85 0.1877 19.16
pH7 X37D 3.37 16.27 0.2072 21.14
pH8 X3 7D 3.74 17.74 0.2109 21.52
pH5 X4 8D 3.88 19.74 0.1966 20.06
pH6 X4 8D 6.89 22.88 0.3011 30.72
pH7 X4 8D 9.83 18.67 0.5266 53.74
pH8 X4 8D 3.32 2211 0.1502 15.33

This finding suggests that higher pH levels and extended fermentation periods significantly
enhance PHB production. Specifically, a pH of 7 or 8 combined with 8 days of fermentation leads to

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0943.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 July 2025 doi:10.20944/preprints202507.0943.v1

16 of 19

the highest PHB accumulation, indicating that these conditions are the most effective. The optimal
conditions for achieving the highest PHB yield are observed with treatment X4, at pH 7 and 8 days
of fermentation. It is also important to note that treatment X2, at pH 6 and 8 days of fermentation,
produces a remarkably high yield of the biopolymer.

4. Discussion

The results obtained in this research showed that the whey showed a higher efficiency, in terms
of yield, reaching 0.331 g/L of PHB compared to 0.272 g/L obtained with pineapple peel. This
difference can be attributed to the higher availability of simple sugars after enzymatic hydrolysis of
whey, which favors bacterial metabolism and intracellular accumulation of PHB. These results are
consistent with previous studies such as those of [7], who reported efficient PHB production using
glycerol-rich residues, and [13], who demonstrated that pineapple residues are an economical source
but require more stringent pretreatment conditions to achieve high yields. Furthermore, the optimal
pH (7-8) and temperature (36-37 °C) values observed are in agreement with those reported by [30],
who identified that B. subtilis maximizes its biosynthesis of PHB under neutral to slightly alkaline
conditions and in the presence of excess carbon. Furthermore, characterization of the biopolymer by
FTIR spectroscopy revealed characteristic bands of the ester group (C=0) and methyl groups (CHj3),
confirming the structural identity of the PHB produced, in agreement with that described by [19].
These findings reaffirm that the valorization of local agroindustrial waste by microbial fermentation is
not only technically and economically feasible, but also aligns with the principles of sustainability and
circular economy promoted in recent research [6,18].

5. Conclusions

Regarding the study of sugarcane, this research has succeeded in optimizing the pH conditions
and fermentation time to maximize the yield of PHB. Statistical tests, such as analysis of variance
(ANOVA) and Tukey HSD test, indicate that pH variation during enzymatic hydrolysis does not
significantly affect glucose concentration, which simplifies the optimization of fermentation conditions.
In addition, pH has been shown to influence biomass wet weight, with a slightly basic pH (7) being the
most stable. In terms of PHB yield, treatments at pH 7 and 8 for 8 days of fermentation were the most
effective, reaching maximum yields of 53.74% and 45.31%, respectively. These findings suggest that
slightly basic pH levels and prolonged fermentation periods are essential to improve PHB production.
However, in the pineapple peel study, PHB production was determined and optimized using Bacillus
subtilis and whey as substrate. Statistical analysis revealed significant differences according to the
physicochemical parameters evaluated. When experimenting with critical points, it was observed that
the yield was minimal in treatments T4 and T5, where the microorganism showed high sensitivity
at a pH of 5.67 and a temperature of 35.8 °C. The best treatment (T6) achieved a yield of 0.11, with
optimal conditions of temperature (36 °C), pH (7.77), agitation (115 rpm) and culture medium (75
ml substrate, 25 ml agar, inoculum 6 ml). Treatment T2 obtained the lowest yield (5.878 x 10~*) with
conditions of pH 5.67, temperature 36.4 °C and medium (25 substrate, 75 agar, inoculum 6 ml). Overall,
pH was identified as one of the most influential factors in the PHB production capacity by Bacillus
subtilis bacteria.
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ATCC American Type Culture Collection
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