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Abstract: Due to its unique physicochemical properties, Pullulan is an exopolysaccharide with many
applications in the food, biomedical, and pharmaceutical industries. Aiming to reduce its produc-
tion cost, an interesting alternative is to consider other possibilities of raw materials, including the
production of this biopolymer in a lignocellulosic biorefinery concept. Xylose is the main sugar of
hemicellulosic hydrolysates obtained from different biomasses, and it is a sugar still not extensively
exploited regarding its potential for pullulan production. This study aimed to evaluate the production
of pullulan from sugarcane bagasse hemicellulosic hydrolysate by cultivating Aureobasidium pullu-
lans ATCC 42023 in a bubble column reactor. The hemicellulosic hydrolysate was obtained through
dilute acid treatment carried out in a stirred tank reactor before being detoxified to remove microbial
growth inhibitors. The maximum concentration of 28.62 ± 1.43 g/L of pullulan was obtained after
120 h of fermentation in a bubble column reactor in batch mode. Analysis of spectroscopic properties
through FTIR of the obtained pullulan revealed α-(1→6)-linked maltosyl units, similar to those of
commercial samples of the biopolymer. XRD analysis showed that the prepared pullulan is amor-
phous, and a homogeneous morphology with a smooth surface of the pullulan was observed in SEM
analysis. This study showed the potential of the production of pullulan from sugarcane bagasse
hemicellulosic hydrolysate in a bubble column bioreactor, an alternative strategy for the industrial
production of this biopolymer.

Keywords: pullulan; sugarcane bagasse; hemicellulosic hydrolysate; Aureobasidium pullulans; bubble
column reactor

1. Introduction

The research focused on topics such as the reduction in the emissions of greenhouse
gases and environmentally friendly technologies is fundamental to overcome current
world challenges. In this context, linked to sustainable development, one important
approach lies in deploying biorefineries to produce green products such as biofuels and
biopolymers. Among biopolymers, pullulan has been mainly considered for its specific
physicochemical and biological properties. It is a water-soluble homopolysaccharide
that can be produced by fungi from renewable sources [1,2]. It is a non-hygroscopic,
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biodegradable, and biocompatible polymer composed of maltotriose units (three glucose
units linked by α-(1→4) glycosidic bonds) linked by α-(1→6) glycosidic bonds [2–4].

Pullulan is of economic importance considering its highlighted properties: its non-
mutagenicity, non-toxicity, resistance to oils, and edible and odorless nature. It is mainly
used in the pharmaceutical (stabilizers, emulsifiers, gelling agents, water-binding agents,
controlled release of drugs, and 3D/4Dprinting), chemical (coating, packaging, as sizing
agent), and agri-food (starch substitute) industrial sectors [5,6]. In addition, pullulan has
been recognized as a material of interest in tissue engineering [2]. This biopolymer is
produced industrially under specific conditions through starch fermentation using wild
strains of Aureobasidium pullulans, which are non-pathogenic and non-toxigenic microor-
ganisms [7].

Despite its commercial importance and significant applications in various fields, the
large-scale use of pullulan is limited [8]. The main bottleneck for commercial use is its
high cost (USD 25–100/kg) compared to other biopolymers such as xanthan gum and
dextran [9]. Various approaches have been adopted to reduce the cost of production of
this biopolymer. Commercial-grade glucose, xylose, sucrose, mannose, galactose, and
fructose have been mainly used as carbon sources for pullulan production at a relatively
high cost [10]. Therefore, using alternative carbon sources that are inexpensive, renewable,
and available in large quantities, such as agro-industrial waste and by-products, could be
an exciting approach for the industrial production of pullulan.

Previous studies have successfully reported work carried out using by-products
such as rice-hull-residue hydrolysate [11], potato starch hydrolysate [10,12], sugarcane
bagasse enzymatic hydrolysate [3], and sesame seed oil cake [9] as carbon sources for
pullulan production.

Sugarcane cultivation is one of the main agricultural activities in Brazil. Its annual
production was estimated at 652.9 million tons in 2023 [13]. Sugarcane bagasse, an agro-
industrial by-product of the sucro-alcohol sector, has been used as a source of energy
and biofuel production, but also as a potential raw material for different value-added
bioproducts, due to its composition, which is rich in cellulose, hemicellulose, and lignin.
However, to date, the use of this resource for the production of pullulan has not been
widely explored.

The production of pullulan from sugarcane bagasse can be an interesting alternative
to improve the economic viability of biorefineries, mainly considering the use of a hemi-
cellulosic fraction of the raw material. Sugarcane bagasse hemicellulosic hydrolysate has
been scarcely evaluated for pullulan production, with a previous work in the literature
having reported the use of a UV mutant of A. pullulans cultured in a xylose-rich hydrolysate,
reaching the production of 12.65 g/L of pullulan in a bench scale stirred tank biorector, in
7 days of the process [14].

Besides the raw material, the optimization of operational parameters and the selection
of the kind of bioreactor are important for the economic production of biopolymers. Bench
studies in bioreactors are fundamental to evaluate new options of the process with poten-
tial for industrial-scale production. Among the options, bubble column bioreactors are
simple and cheap systems scarcely evaluated for pullulan production. In a previous work,
Hilares et al. (2019) [3] evaluated a bubble column reactor to produce pullulan from an
enzymatic hydrolysate of sugarcane bagasse (from all carbohydrate fractions, cellulose, and
hemicellulose), resulting in the production of 25.19 g/L of pullulan in 96 h of the process.

The current investigation aimed to explore the potential of the hemicellulosic fraction
of sugarcane bagasse to produce pullulan through the cultivation of Aureobasidium pullulans
ATCC 42023. The experiments were initially established in Erlenmeyer flasks and then
applied to a bubble column reactor operating in batch. This was the first successful
application of Aureobasidium pullulans ATCC 42023 in the production of pullulan from
sugarcane bagasse hemicellulosic hydrolysate in a bubble column reactor.
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2. Materials and Methods
2.1. Raw Material

Sugarcane bagasse was kindly donated by the company Ipiranga Agroindustrial LTDA
(Descalvado, São Paulo, Brazil). It was first dried under sunlight until it reached water
content lower than 10% to be stored away from light and humidity at room temperature. Its
composition, analyzed as per Mesquita et al. (2016) [15], corresponded to 40.35 ± 3.45% cellu-
lose (glucan content), 27.94 ± 2.68% hemicellulose (content of xylan + arabinosyl + acetyl),
26.26 ± 0.62% lignin, and 5.45 ± 0.16% extractives.

2.2. Hemicellulosic Hydrolysate Preparation

The preparation of hemicellulosic hydrolysate was carried out in a stainless-steel
stirred tank reactor with a capacity of 80 L. A quantity of 3 kg of previously dried sug-
arcane bagasse was brought into contact with 30 L of sulfuric acid solution 1% in the
reactor for 20 min at 120 ◦C with stirring at 80 min−1. The relationship between the du-
ration of pretreatment and the temperature in the reactor, also called severity factor (SF)
(Equation (1)), was determined through logarithmic extrapolation of the ordinate of the
reaction, as reported by Tengborg et al. [16] (Equation (2)). The severity concept equation
can be transformed to obtain the combined severity factor (CSF) by including pH [17]
(Equation (3)).

SF = log R (1)

R = t.exp
(

T − T0

14
·75

)
(2)

CSF = Log(R)− pH (3)

Here, R = severity, T = reaction temperature (◦C), T0 = reference temperature (100 ◦C),
and t = retention time (min).

The suspension thus obtained was then concentrated under vacuum at 75 ◦C in order
to obtain an approximate hemicellulosic hydrolysate concentration of 142 g/L of xylose. The
concentrated hydrolysate obtained was detoxified to eliminate toxic compounds according
to Mussatto and Roberto [18]. In this way, the hydrolysate was over-titrated with a sodium
hydroxide solution up to pH 10, then the pH was reduced to 7 by adding phosphoric
acid. In each case, the precipitate was removed via centrifugation and vacuum-filtrated.
Next, an adsorption process was carried out by mixing 300 mL of hydrolysate in a 500 mL
Erlenmeyer flask with activated carbon in a 1/40 (w/v) ratio. The mixture obtained was
stirred in a shaker at a speed of 200 min−1 for a contact time of one hour at 40 ◦C. The
mixture obtained at equilibrium was centrifuged before being filtered. The liquid obtained
was autoclaved before being stored in the refrigerator at 4 ◦C for future use.

2.3. Microorganism and Inoculum Preparation

The strain of A. pullulans ATCC 42023 was stored at 4 ◦C in Potato Dextrose Agar in
the Laboratory of Biopolymers, Bioreactors and Simulation of Processes of the Engineering
School of Lorena, University of Sao Paulo.

The inoculum was prepared in 125 mL Erlenmeyer flasks containing 50 mL of medium
composed of 35 g/L of xylose, 0.6 g/L of (NH4)2SO4, 1 g/L of NaCl, 0.1 g/L MgSO4,
1 g/L K2HPO4, and 2g/L of yeast extract. The medium components were previously
autoclaved for 15 min at a temperature of 120 ◦C. Then, a loopful of a slant storage culture
was transferred into the Erlenmeyer flasks, which were incubated with continuous stirring
at a speed of 200 min−1 at a temperature of 28 ◦C for 48 h. After, the cells obtained were
centrifuged at 2000× g for 10 min at a temperature of 25 ◦C. The suspension was washed
twice with distilled water to obtain an initial concentration of 1 g/L in the fermentation
medium. In this way, a sample of the cell suspension was taken, and cell concentration was
determined through optical density measurements at 600 nm, related with dry biomass
through a previously prepared curve.
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Figure 1 shows the morphology of the fungus A. pullulans after two days of growth,
observed under an optical microscope.
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Figure 1. Morphology of the A. pullulans after two days of growth (400× magnification) in medium
and fermentation conditions.

Fermentations were performed using a medium based on commercial purified monomeric
sugars (xylose and glucose) or on hemicellulosic hydrolysate as a carbon source. For the
medium prepared with hydrolysate, the composition was as follows: 107 g/L of Xylose,
8.5 g/L of glucose, 3 g/L of NaNO3, 2 g/L of K2HPO4, 0.2 g/L of NaCl, and 0.1 g/L
of MgSO4. The medium prepared with commercial sugars was prepared to reproduce
this composition.

The source carbons and all other reagents were autoclaved separately at 120 ◦C for
15 min before being mixed in the aseptic room. The initial pH of the fermentation medium
was 5.5.

2.3.1. Production of Pullulan in Erlenmeyer Flasks

Batch fermentations were performed in 125 mL Erlenmeyer flasks containing 50 mL
of fermentation medium. Approximately 400 µL of the cell suspension was transferred to
inoculate the 50 mL fermentation medium. This was placed under continuous stirring on
a shaker operating at a speed of 200 min−1 for 120 h at a temperature of 26 ◦C. Each test
was triplicated.

2.3.2. Production of Pullulan in Bubble Column Reactor in Batch Mode

Fermentations were carried out in a jacketed bubble column reactor with a useful
volume of 120 mL and an internal diameter of 3.80 cm. Aeration rate of 0.4 vvm was
used. Foam control was ensured daily by adding an anti-foam agent. The temperature
of the medium was controlled at 26 ◦C using a thermostatic bath for 120 h of fermenta-
tion. Samples were periodically collected for the concentration of pullulan, sugars, and
cell determination.

2.4. Isolation and Purification of the Product

Samples were periodically removed after the first samples were collected on day
0 (blanks). Approximately 5 mL was collected at each sampling, then centrifuged at
2000× g for 15 min at 4 ◦C. The obtained biomass was washed twice with distilled water
via centrifugation. The solid was dried for 24 h in the oven at 105 ◦C to determine dry
weight, which was converted in biomass concentration in g/L [3]. A quantity of 4 mL of the
supernatant obtained after centrifugation was precipitated with 8 mL of cold ethanol for
24 h at 4 ◦C in a refrigerator, then centrifuged at 2000× g for 15 min before being washed
twice with ethanol. The solid fraction (raw pullulan) recovered was subsequently dialyzed
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with deionized water for 24 h to remove salts before being precipitated by adding ethanol.
Estimation of pullulan concentration in g/L was calculated by drying the precipitate at
105 ◦C to a constant weight [14].

2.5. Analytical Methods

The composition of the hydrolysate in sugars and acetic acid before and after fermen-
tation was analyzed by using a High-Performance Liquid Chromatography device, which
is equipped with a Refractive Index Detector RID-6A and an HPX-87H column (300 7.8 mm
(Bio-Rad, Agilent, Santa Clara, CA, USA) containing 0.001 N H2SO4 as mobile phase and
0.6 mL/min as flow rate, with column temperature of 45 ◦C. Samples for HPLC analysis
were previously filtered through a Sep Pak C18 filter (Waters Corporation 34 Maple Street
Milford, MA, USA). The volume of 20 µL was the injection value in agreement with the
work reported by Ahmed et al. [19]. Furans and phenolic compounds were also evaluated
via HPLC, using a C18 column at 25 ◦C with a UV–VIS detector, and eluted with a solution
of acetonitrile:water (1:8) and 1% acetic acid at a flow rate of 0.8 mL/min.

Fourier-transform infrared spectroscopy (FTIR) (Perkin Elmer-spectrum TWO ATR
2015, PerkinElmer, Waltham, MA, USA) was used to characterize the pullulan produced,
and results were compared with a sample of commercial pullulan (food grade) kindly
supplied by Dinaco, Brazil. The analysis wavenumber was between 4000 and 600 cm−1 at
a resolution of 4 cm−1. A quantity of 1.5 mg of samples previously heated in the oven was
mixed with 250 mg of KBr crystals and kept in a desiccator at 30 ◦C for 24 h under reduced
pressure [20].

The diffraction pattern of the prepared pullulan was analyzed on an Empyrean pow-
der diffractometer from the company PANalytical, Almelo, The Netherlands, consist-
ing of a copper anode for the X-ray source (λ = 1.540598 A◦ and a detector coupled to
a monochromator).

The analysis of morphology of the prepared pullulan was carried out using a scanning elec-
tron microscope with an EDX-EBSD system (Quanta 200F, FEI, Eindhoven, The Netherlands).

3. Results and Discussion
3.1. Hydrolysate Detoxification

The acid hydrolysis process can generate phenolic compounds and furan derivatives
that are known as toxic substances for microorganisms [21]. For this reason, the hemicellu-
lose hydrolysate was subjected to detoxification procedures combining activated carbon as
a support material with a pH variation, aimed at reducing these compound concentrations,
improving the fermentability of the microorganisms. The toxic compounds present in the
non-detoxified hydrolysate are often related to slow kinetics with limited productivity
yield in fermentation.

The concentrations of toxic compounds, including sugars and acetic acid, before and
after the detoxification procedure in sugarcane bagasse hydrolysate are presented in Table 1.

With a severity factor of 3.8, the pretreatment temperature had a very strong effect
on the hydrolysis of hemicelluloses in the hydrolysate, with a concentration of xylose
obtained of 20.15 g/L, corresponding to a xylan hydrolysis yield of about 71%. After
concentration, xylose reached 135.72 g/L. This result was in agreement with previously
reported work [22].

The results shown in Table 1 also reveal that the procedure including activated carbon
is effective in completely or partially eliminating toxic compounds from hydrolysate. As
can be seen, the concentrations of sugars (glucose and xylose) in the hydrolysate after
detoxification decreased considerably. This reduction can be explained by some adsorption
of sugars by precipitates formed in the pH change process or during the adsorption process
of inhibitors by activated carbon [23]. In addition to the sugar concentrations, Table 1
shows that furans and phenolic compounds were adsorbed during the detoxification of the
hydrolysate. Table 1 also verifies a slight increase in the concentration of acetic acid after
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the detoxification process, which can be related to some volume reduction observed after
the pH increase step.

Table 1. Concentrations of toxic compounds and sugars before and after detoxification by activated
carbon in sugarcane bagasse hemicellulosic hydrolysate.

Compound Non Detoxified (g/L) Detoxified (g/L)

D-glucose 6.44 4.96
D-xylose 135.72 107.62

Acetic acid 1.201 1.744
Furfural 0.172 0.012
5-HMF 0.208 0.101

gallic acid 0.036 0.015
ferulic acid 0.009 0.011

pyrocatechol 0.021 0.018
4-hydroxybenzoic acid 0.009 0.007

vanillic acid 0.052 0.038
Vanillin 0.006 0.005

syringaldehyde 0.006 Non detected

In general, activated carbon was very effective in the removal of furfural, hydrox-
ymethylfurfural, and phenolics. This behavior was similar to those obtained by
Daza-Serna et al. [24] in the detoxification of hemicellulosic hydrolysate of wheat straw.

3.2. Pullulan Production by Aureobasidium Pullulans in Erlenmeyer Flasks

A glucose/xylose (1/9 mass ratio) simulated medium was used as a carbon source
with the aim of evaluating the capacity of its pullulan production by Aureobasidium pullulans
ATCC 42023 in Erlenmeyer flasks. The kinetic profiles of fermentation in Erlenmeyer flasks
using both commercial sugars and hydrolysate-based medium are shown in Figure 2.
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The initial concentration of cells in the fermentation medium was chosen based on
the literature. Indeed, different reported cultivations with different culture mediums
and different strains of A. pullulans have used low initial cell concentrations, around
1 g/L [25–27]. However, future work should consider the influence of this variable in the
process.

The results shown in Figure 2 indicate a maximum production of 45.85 ± 1.08 g/L of
pullulan after 5 days of fermentation (Figure 2a). This result is higher than the 17.63 g/L of
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pullulan obtained in a commercial xylose-based medium reported by Chen et al. [14] with
A. pullulans AY82. Furthermore, a study reported by Liu et al. [28] showed a maximum
concentration of 58.9 g/L of pullulan using the mixture of sugars using a glucose/xylose
ratio of 75%:25% as a carbon source.

On the other hand, the evaluation of the potential for pullulan production with the
hemicellulosic hydrolysate of sugarcane bagasse as the sole carbon source was tested
firstly in the Erlenmeyer flasks (Figure 2b) following the same conditions. The initial sugar
concentrations in the fermentation medium were 107 g/L of xylose, 8.5 g/L of glucose,
and 13.85 g/L of arabinose. A maximum production of 33.17 ± 1.60 g/L of pullulan was
obtained in 120 h of fermentation in the Erlenmeyer flasks. The maximum concentration
thus obtained was lower than that using commercial sugars as a carbon source. This differ-
ence can be explained by the fact that hemicellulose hydrolysate, even after detoxification,
contains toxic compounds that inhibit microbial growth and consequently reduce pullulan
production [14]. Furthermore, it was reported by Mussatto and Roberto [29] that acetic
acid, which derives from the acetyl groups present in hemicellulose during acid treatment,
has an inhibitory power that can negatively influence the production yield of biomolecules.
Indeed, the inhibition of enzymes such as D-xylose reductase and xylitol dehydrogenase,
which are involved in the metabolism of xylose by the presence of glucose, leads during
fermentation to the consumption of glucose before that of xylose [30,31]. These results
demonstrate that acetic acid and phenolic derivatives could be responsible for the reduction
in pullulan production when using a sugarcane bagasse hemicellulose hydrolysate and
indicate future works for better understanding the effect of each of the inhibitors present in
hydrolysate on pullulan production.

The other interesting point is regarding the repression of carbon catabolites, a cellular
regulation mechanism in which microorganisms preferentially select certain carbon sources
from those available in the culture medium, which appears to be illustrated in Figure 2.
Despite this, xylose was consumed from the beginning of the process, possibly because the
inoculum was prepared with xylose as the carbon source, thereby adapting the microorgan-
ism to this carbohydrate. But, as shown in Figure 2, xylose was not fully assimilated by the
microorganism. This could be due to the presence of glucose, which might repress xylose
utilization, leading to reduced pentose consumption and product yield. Future studies
will investigate whether, with equal amounts of glucose and xylose as carbon sources, the
microorganism can utilize these sugars simultaneously. According to Chen et al. [14], a
yield of 17.63 g/l of pullulan was obtained from xylose using A. pullulans AY82, indicating
that it can produce pullulan from both xylose and glucose.

The preference for glucose could also be related to the mechanism of transport of
this sugar across the cell membrane. As A. pullulans exhibits great nutritional diversity
due to the different ecological preferences of its diverse strains, there are numerous sugar
transporters in its membrane. For xylose, for example, Gostinčar et al. [32] reported sugar
transporters within the major facilitator superfamily, which includes H+ symporters, one
of which transports various monosaccharides but has a high affinity for glucose. Therefore,
glucose and xylose can compete for some transporters. However, this topic has not been
well reported in the literature and requires further and deeper studies.

Anyway, the literature reports pullulan production using xylose as the sole carbon
source [14,33]. However, studies deeply investigating the use of a mix of glucose and xylose
are still scarce. The biosynthesis of this biopolymer from xylose is a complex metabolic
process that can be traced through the pentose phosphate pathway (PPP), as proposed by
Guo et al. [34] and discussed in the recent review by Cruz-Santos et al. [35].

3.3. Kinetics of Pullulan Production from Sugarcane Bagasse Hemicellulose Hydrolysate in a
Bubble Column Reactor

Many Aureobasidium strains have been reported for the production of pullulan from
glucose, but very few studies have used xylose as the carbon source [36]. Xylose, the
main sugar of the hemicellulosic hydrolysate, has already been used as a carbon source
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for pullulan production in Erlenmeyer flasks but has never been reported in a bubble
column reactor. After confirming the potential production in the Erlenmeyer flask, a study
of the batch fermentation kinetics of pullulan production by cultivation of Aureobasidium
pullulans ATCC 42023 in the bubble column reactor using the detoxificated sugarcane
bagasse hemicellulosic hydrolysate, with an initial pH of 5.5, was performed, and results
are shown in Figure 3.
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bioreactor. Data are shown as means ± SDs (n = 3).

High pullulan production was observed on the second day and increased slightly
from 3 to 5 days. The maximum concentration of pullulan was observed on the fifth day of
fermentation with a value of 28.62 ± 1.43 g/L. During the same period, the biomass slightly
increased throughout the experimental duration, indicating that pullulan production can
be independent or partially dependent on cell growth.

Using the bubble column reactor, the production was comparable to that obtained in
the Erlenmeyer flask. The slight difference could be explained by the failure to control the
optimum fermentation factors, particularly aeration, which is a main factor in controlling
fermentation using the bubble column reactor. Therefore, further study is recommended to
verify the performance of the bubble column reactor through an optimization process for
the production of pullulan using hemicellulosic hydrolysate.

The obtained pullulan concentration was comparable to that in other works but
lower than that reported by Chen et al. [14] on pullulan production by sugarcane bagasse
hemicellulose hydrolysate in a 5 L fermenter. Sucrose, which remains the main substrate
for the industrial production of pullulan, is controversial due to its high cost (USD 900 per
ton of sucrose), followed by glucose, which, despite its lower cost than sucrose, has a
relatively low efficiency in producing pullulan [36]. Xylose is promising and can improve
the economic viability of pullulan production [37].

Since sugarcane hemicellulose hydrolysate has excellent potential for pullulan pro-
duction, further studies should focus on the hydrolysate detoxification technique and
improvement of fermentation conditions in order to optimize pullulan production with
hemicellulosic hydrolysate.

The concentrations of pullulan obtained in this study are of great interest and even
considerable compared to similar work dedicated to the production of pullulan from
various food wastes by wild and mutant strains of Aureobasidium pullulans (Table 2).
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Table 2. Comparison of pullulan production from sugarcane bagasse hemicellulosic hydrolysate
carried out in this study and other previously reported performances.

Carbon Source Strain Reactor Pullulan (g/L) References

sugarcane bagasse
hemicellulosic hydrolysate A. pullulans AY82 5 L fermentor 12.65 g/L [14]

xylose A. pullulans AY82 5 L fermentor 17.63 g/L [14]
Sugarcane bagasse A. pullulansLB83 Bubble column reactor 18.64 g/L [3]

Sesame seed oil cake A. pullulans KY767024 250 mL conical flasks 51.4 g/L [9]
Sugarcane bagasse Enzymatic

hydrolysate A. pullulans LB83 Erlenmeyer flask 20 g/L [26]

Raw potato starch
hydrolysates A. pullulans CJ001 Erlenmeyer flask 36.17 g/L [10]

Rice hull acid hydrolysate A. pullulans ARH-1 3 L Stirred fermentator 22.2 g/L [11]
sugarcane bagasse

hemicellulose hydrolysate A. pullulans ATCC 42023 Bubble column reactor 28.62 g/L This study

sugarcane bagasse
hemicellulose hydrolysate A. pullulans ATCC 42023 250 mL Erlenmeyer flask 33.17 g/L This study

3.4. Characterization of Exopolysaccharide Prepared with Sugarcane Bagasse
Hemicellulose Hydrolysate

The FTIR spectra of pullulan produced from sugarcane bagasse hemicellulose hy-
drolysate and commercial pullulan used as a reference are shown in Figure 4.
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Figure 4. FTIR spectra of pullulan recovered from sugarcane bagasse hemicellulose hydrolysate
(a) and commercial pullulan (b).

As can be observed, a broad absorption band is observed at 3395.72 cm−1, which can
be attributed to the stretching vibration of hydroxyl groups (–OH) mainly observed in
polysaccharide structures. We also noted a weak peak that appeared almost at 2948.48 cm−1,
which could be attributed to the sp3 bonds of the methyl groups [38,39]. Several other
high-intensity peaks were also detected at 1607.63, 1417.87, and 1092.69 cm−1, attributed
respectively to the C–O, C–OH, and C–O–C elongation bands of esters [40]. Peaks that could
be attributed to α-1,6-glucopyranoside and α-1,4-glucopyranoside bonds were detected at
795.09 and 577.75 cm−1, respectively [3,41]. In addition, Table 3 compares the spectral data
of the exopolysaccharide produced to those of commercial pullulan.
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Table 3. Comparative infrared spectroscopy data from sugarcane bagasse hemicellulose hydrolysate
and commercial pullulan.

Assignment
Pullulan Produced from Sugarcane
Bagasse Hemicellulose Hydrolysate.

Wavenumber (cm−1)

Commercial Pullulan
Wavenumber (cm−1)

O–H stretching 3395.72 3313.79
C–H stretching 2948.48 2907.52

O–C–O stretching 1607.63 1647.75
C–O–H stretching 1417.87 1336.78

C–O stretching 1092.69 998.22
α-configuration 795.09 666.42

It appears that the spectral data of commercial pullulan, as well as those produced
from sugarcane bagasse hemicellulose hydrolysate, presented similar characteristics, thus
confirming the pullulan structure of this exopolysaccharide and possibly having applica-
tions for the development of medical devices, as a food additive, or as an adhesive [7].

The X-ray diffractogram of synthesized pullulan is shown in Figure 5. A weak peak
was revealed at around 2θ = 20◦, indicating the amorphous nature of pullulan [4,41]. This
observation was consistent with other XRD analysis results of pullulan reported by several
other researchers [42,43].
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The morphology of the prepared biopolymer was studied at different magnifications
(1000×; 2500×, and 6000×) using SEM. The results presented in Figure 6 show the smooth
surfaces of the synthesized pullulan photomicrographs regardless of the magnification of
the equipment. These results corroborate those reported by [44,45].
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The material balance for the main phases of pullulan synthesis from sugarcane bagasse
is presented in Figure 7.
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4. Conclusions

This study aimed to evaluate the hemicellulose hydrolysate of sugarcane bagasse
in pullulan production using the strain Aureobasidium pullulans ATCC 42023 in a bubble
column reactor. The results indicate a maximum concentration of 28.62 ± 1.43 g/L of
pullulan, obtained after 120 h of fermentation. This investigation showed that xylose from
sugarcane waste hydrolysate can be used as a carbon substitute to produce pullulan. A
comprehensive techno-economic process assessment is underway to monitor all significant
factors that may further influence the process’s expansion toward full-scale conversion.
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