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Abstract
Bioemulsifier production by Aureobasidium pullulans LB83 from pretreated sugarcane bagasse was evaluated in solid-state 
fermentation. Alkaline (0.2 mol.L−1 NaOH; 12 min) and hydrodynamic cavitation (0.5 mol.L−1 NaOH, 25 min) pretreatments 
showed a maximum lignin removal of 55.1 % and 44.7 %, respectively. Pretreatment biomass effectivity was assessed by 
X-ray diffraction, FT-MIR, FTIR-NIR, and RAMAN techniques. Maximum kerosene emulsification indexes of 65.8 % and 
41.3 % were obtained in solid-state fermentation, respectively, for alkaline and hydrodynamic cavitation pretreated sugarcane 
bagasse. Synthesis of cellulases was observed in fermentation, showing maximum values of endoglucanase and exoglucanase, 
respectively, of 2.25 U.g−1 and 1.39 U.g−1, for alkaline pretreated sugarcane bagasse, and 2.43 U.g−1 and 1.45 U.g−1, for 
hydrodynamic cavitation-pretreated sugarcane bagasse. The biomolecule was characterized as a mixture of mannitol and 
arabitol-type liamocin. Microorganism was able to produce bioemulsifier using sugarcane bagasse as support and carbon 
source in solid-state fermentation, thus showing the potential of this system to obtain value-added products from this biomass.
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1 Introduction

The worldwide demand for fuels is projected to reach 
5.7 million barrels a  day–1 over 2019–2025 at an average 
annual rate of 950 kb  day–1. However, fuels from petroleum 
will be less abundant in the near future and their use results 
in environmental concerns, including the emission of green-
house gasses. Some factors such as oil prices, volatility, and 
geopolitical factors have also been decisive in the search for 
bio-based alternatives [1].

Some fuels such as ethanol and biodiesel are produced 
from biomass. However, the biorefinery concept implies not 
only in the conversion of biomass into biofuels, but also in 
biochemical products such as amino acids, organic acids, 
enzymes, biopolymers, and bioemulsifiers. Biomass are 
sustainable and renewable sources of energy and carbon, 
presenting environmental and economic advantages [2]. 
Among the different plant-based materials, lignocellulosic 
biomass is the most abundantly available, renewable, and 
low-cost alternative for the production of biofuels and other 
bioproducts. Another fact is that lignocellulosic sources do 
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not compete with the food supply, coming from forestry, 
agro-industrial, and agricultural wastes and byproducts [3].

Brazil is the main sugarcane producer, with an estimated 
forecast of 592 million tons projected for the 2021/22 season 
[4]. Some of the byproducts obtained in sugarcane biorefin-
eries are vinasse, molasses, straw, and bagasse [5]. Sugar-
cane bagasse, which is produced in large amounts, is mainly 
composed of cellulose (45 %), hemicellulose (27 %), and 
lignin (21.1 %). It is used for purposes such as the generation 
of electricity, paper, and microbial products [6]. However, 
one of the main drawbacks for the utilization of sugarcane 
bagasse as a carbon source in bioprocesses is the generation 
of monomers from polysaccharides by hydrolysis, due to 
the complex recalcitrant structure, which hinders the access 
of microbial enzymes. Thus, alkaline pretreatment is one 
of the traditional methods that play an important role in the 
deconstruction and fractionation of lignocellulose, mainly 
removing lignin from its structure [7]. Besides traditional 
pretreatment methods, alternatives have also been evaluated, 
as hydrodynamic cavitation-assisted methods [5, 8].

Among the interesting bioproducts to be obtained in 
biorefineries, bioemulsifiers can be highlighted. They are 
secondary metabolites characterized by their high molecular 
weight and amphiphilic chemical structure, and can be clas-
sified as heteropolysaccharides, lipopolysaccharides, lipo-
proteins, glycoproteins, and proteins [9]. These molecules 
form and stabilize emulsions and foams between immiscible 
liquids or the interface between air and water. The attrac-
tiveness of bioemulsifiers come from their ability to act in 
broad ranges of pH, temperature, and salinity, low toxic-
ity, biodegradability, and the production from sustainable 
sources [10]. Currently, bioemulsifiers are considered valu-
able for different industrial applications such as cosmetics, 
food industry, and bioremediation among others [11]. The 
bioemulsifier market is expected to reach USD 17.53 billion 
by 2027, with an increase of rate of 6.90 % for the forecast 
period of 2020 to 2027 [12].

However, producing these compounds on an industrial 
scale is still a challenge due to their low yield and the cost 
of production. To overcome these drawbacks, some alterna-
tives have been evaluated, including the use of agroindus-
trial residues as a source of carbon and nitrogen for differ-
ent microbial strains, and the selection of the fermentative 
process system [13].

Several yeasts that are generally recognized as safe 
(GRAS) produce bioemulsifiers, which allow the wide use 
of these metabolites in industrial processes [14]. Among 
the yeasts with GRAS status, Aureobasidium pullulans has 
stood out also for its ability to produce cellulases and xyla-
nases, which enables the degradation of the carbohydrate 
fraction contained in lignocellulosic materials. In addition, 

the synthesis of different surface-active compounds by A. 
pullulans has been confirmed by several authors [15–17]. 
A. pullulans LB83 was previously evaluated to produce a 
biomolecule with surface activity from sugarcane bagasse 
in submerged fermentation in the work of Brumano [18]. 
In that work, the authors evaluated for the scale-up of the 
process in a stirred tank reactor. They observed that the 
maximum biomolecule tensoactivity was 8.05 cm with a 
productivity of 0.0838 cm.h–1 when aeration rate (Ar) and 
carbon source (SC) concentrations were 1.1  min–1 and 80 
g.L–1, respectively.

Regarding the fermentative system, solid-state fermen-
tation could contribute to the viability of the industrial 
production of bioemulsifiers. The solid-state fermentation 
process allows the microbial growth on wet solid materi-
als with minimal quantities of free water in the system. In 
addition, solid-state fermentation offers some advantages 
such as lower sterilization costs, the reduced downstream 
processing, the low risk of bacterial contamination, and the 
consumption of less energy [19, 20].

The use of lignocellulosic wastes or organic by-products 
can perform better in solid-state fermentation than inert 
materials (perlite and polyurethane foams). However, in 
the case of cellulosic biomass, some studies show that pre-
treatment contributes to obtaining value-added products of 
industrial interest. In this context, the aim of this work was 
to evaluate the production of bioemulsifier by A. pullulans 
LB83 in solid-state fermentation using sugarcane bagasse 
as support and carbon source. Alkaline and hydrodynamic 
cavitation pretreatments were evaluated as alternatives to 
enhance the performance of the process. To our knowledge, 
the present study shows for the first time the synthesis of 
a bioemulsifier produced by A. pullulans LB83 from pre-
treated sugarcane bagasse used as a support and carbon 
source.

2  Material and methods

2.1  Sugarcane bagasse

Sugarcane bagasse used for alkaline pretreatment experi-
ments was provided by Usina Costa Pinto (COSAN, Piraci-
caba, São Paulo, SP, Brazil) and the sugarcane bagasse used 
for hydrodynamic cavitation experiments was supplied by 
the company Ipiranga Agroindustrial SA, (Descalvado, SP. 
Brazil). The biomasses were exposed to the sun for drying 
until reaching a moisture content of 10 % (mass per dry 
mass) determined in an infrared moisture balance (Marte 
ID-50) and screened to collect the average size fraction of 
14 mesh (2.36–0.85 mm).
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2.2  Optimization of the alkaline pretreatment

In order to determine the most favorable conditions for lignin 
removal, a  22 Central composite rotatable design (CCRD) 
with triplicate at center point, totaling 11 experiments, was 
carried out. The two independent variables studied were 
NaOH concentration (A): 0.083–0.416 mol.L–1, and time at 
121 °C (B): 20–60 min. The alkaline pretreatment was carried 
out in 1-L Erlenmeyer flasks containing 30 g of biomass and 
450 mL of NaOH solution. The flasks were autoclaved at 1 
atm and 121 °C. After the pretreatment, the biomasses were 
separated from the liquid fraction using a cloth strainer. The 
solid fractions were washed with water until neutral pH and 
dried at 65 °C for 24 h. The obtained solids were characterized 
regarding their content of cellulose, hemicellulose, and lignin. 
Also, fermentation was performed, according to section 2.8, 
using the sugarcane bagasse pretreated in each condition 
evaluated in the statistical design, aiming to obtain the emul-
sification index as an indicative of bioemulsifier production.

2.3  Optimization of the hydrodynamic cavitation 
pretreatment

The pretreatment of the sugarcane bagasse was carried out in 
a hydrodynamic cavitation system based on a reservoir and 
a stainless-steel cylindrical cavitation reactor that is inter-
connected to two centrifugal pumps, as described by Terán 
Hilares [5]. An orifice plate with 27 holes of 1 mm in diam-
eter was used as a cavitation generator in all experiments 
[16]. The sugarcane bagasse was kept in a cylindrical cloth 
(40 mesh) kept within the cavitation zone in the cavitation 
reactor. The loading of solids (%) was calculated by dividing 
the bagasse mass (in grams) by the volume of the cavita-
tion reactor cylinder (1425 mL) and different concentrations 
of NaOH aqueous solution were used for each experiment. 
After pretreatment, the solid fraction was washed to pH 7.0 
and dried. A factorial Box-Behnken design with 3 replicates 
at the central point, totaling 15 experiments, was carried out 
in order to optimize the hydrodynamic cavitation associated 
with the alkaline treatment of the sugarcane bagasse. The 
three independent variables studied were as follows: NaOH 
concentration (X1), 0.1–0.5 mol.L–1; cavitation time (X2), 
5–25 min; and loading of solids (X3), 1–2 %. The pretreated 
biomass was characterized regarding its content of cellulose, 
hemicellulose, and lignin.

2.4  Compositional analysis of biomass

The raw sugarcane bagasse and the pretreated sugarcane 
bagasse were characterized in terms of cellulose, hemicel-
lulose, lignin and ash content, according to the methodology 
as described [21].

2.5  Characterization techniques

Considering the similar composition of different samples 
of sugarcane bagasse in natura used in this work, only the 
sample supplied by the company Ipiranga Agroindustrial 
SA was selected as raw sugarcane bagasse for compari-
son with pretreated sugarcane bagasse in the following 
analysis.

2.5.1  Infrared spectroscopy

The samples were prepared in the form of pellets, a process 
carried out in a hydraulic press (SPECAC 25T, ATLAS 
TM), submitting 200 mg of the material to a pressure of 
10 tons for 3 min. The signal analyzed in the mid-infrared 
(MIR) was performed by a VERTEX 70 spectrometer and 
in the near-infrared spectroscopy (NIR) by the MPA (Multi 
Purpose Analyser), both from Bruker Optics. The spectra 
were acquired by the OPUS 6.5 software after 64 scans. In 
the MIR it covers the range from 4000 to 400  cm–1 and in 
the NIR from 12,000 to 4000  cm–1 wavenumber.

2.5.2  Raman spectroscopy

The Raman analysis was performed using a Renishaw 
micro-Raman in Via spectrometer equipped with a 785 
nm diode laser to avoid fluorescence. The spectra were 
obtained through a 50 × objective with NA = 0.75. The 
measurements were performed in the sample pellets, with 
a laser spot diameter of approximately 1μm.

2.5.3  X‑ray diffraction (XDR)

The crystallinity of the samples was evaluated by X-ray 
diffraction using a Rigaku MiniFlex diffractometer with 
copper Kα radiation (λ = 0.1542 nm). The monochromator 
operated at 30 KV and 15 mA with a speed of approxi-
mately 2°/min and scanning at an angle (2θ) in the range 
of 5–40°. The intensity of the 002 peak (I002, 2θ = 22.5°) 
and the minimum dip (Iam, 2θ = 19°) were considered to 
estimate the crystallinity index (CrI), which was calcu-
lated using the method described by [22] in a following 
equation:

2.6  Determination of the absorptive capacity 
of sugarcane bagasse

The absorptive capacity test was carried out in order to 
determine the maximum volume of medium that raw 

(1)CrI % =
(

I
002

− I
am
.I
−1
002

)

× 100
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sugarcane bagasse and pretreated sugarcane bagasse can 
retain as a solid matrix. In a 125-mL beaker, 2 g of bagasse 
with a particle size greater than 14 mesh were weighed. 
Subsequently, a 1 mL aliquot of modified Kitamoto (with-
out sucrose) medium was added. The process was repeated 
until the appearance of free liquid medium in the system 
[18].

2.7  Microorganism and inoculum preparation

A. pullulans LB83 was isolated and kindly donated by the 
Center for Study of Social Insects (CEIS/São Paulo State 
University - Rio Claro - SP), Brazil. The microorganism 
was kept at 4 °C in slants containing yeast malt extract solid 
medium (YMA) (glycose 10 g.L–1, yeast extract 3 g.L–1, 
peptone 5 g.L–1, malt extract 3 g.L–1, and 20 g.L–1 agar).

For the inoculum preparation, a loop of microorganisms 
was transferred from the test tube with YMA medium to 125 
mL Erlenmeyer flasks containing 40 mL of culture medium 
proposed by [23] (peptone 0.6 g.L–1, yeast extract 0.4 g.L–1, 
NaCl 1 g.L–1,  K2HPO4 5 g.L–1, and  MgSO4 0.4 g.L–1, with 
50 g.L–1 of sucrose. The flasks were incubated on a rotary 
shaker (New Brunswick Scientific - Excella E24, Hamburg, 
Germany) at 200 rpm, 28 °C for 48 h. The cells were asepti-
cally separated by centrifugation at 2930 × g for 15 min, 
suspended in 0.9 % saline solution (g.L–1), and counted in 
an Agasse-Lafont-R chamber containing reticles of 0.0025 
 mm2 and depth of 0.100 mm, in order to adjust the initial 
cell concentration in the inoculum suspension for  108 cells.
mL–1 [18].

2.8  Solid‑state fermentation in Erlenmeyer flasks

In order to evaluate the bioemulsifier production, the solid-
state fermentation was carried out in Erlenmeyer flasks of 
125 mL, containing 2 g of raw sugarcane bagasse or pre-
treated sugarcane bagasse (alkaline pretreatment or hydro-
dynamic cavitation) with neutral pH. Erlenmeyer flasks were 
sterilized at 121 °C for 15 min, cooled, and inoculated with 
the moistening solution (sterile modified Kitamoto medium 
containing a cell concentration of  108 cells.mL–1), according 
to the absorptive capacity test.

The flasks were incubated in a microbiological oven 
(Quimis - Q316M4, Diadema, Brazil) maintained at 28 ± 2 °C,  
under 80 % relative humidity (maintained with the aid of 
textile fibres) for a period of 14 days (336 h). Samples were 
removed at 0, 3, 7, 9, 11, and 14 days for analysis. The samples 
were analyzed for the emulsifying properties of the produced 
bioemulsifier as described by [24] and the measure of cellulo-
lytic enzymes.

Due to the difficulty of removing a representative and 
homogeneous sample in this type of culture, replicates were 
prepared for each point to be analyzed, with each flask being 

considered a sample. For each sampling time, six flasks were 
prepared, corresponding to three flasks to be used for enzy-
matic tests, and three flasks for emulsification index tests.

2.9  Extraction of the raw extract

For the enzymatic tests, the crude extract from the fermen-
tation was extracted with the addition of 5 mL of 0.05 M 
acetate buffer, pH 4.8 per gram of bagasse. For the emulsi-
fication index tests, 5 mL of distilled water were added per 
gram of bagasse and the flasks were left under incubation in 
a rotary shaker (New Brunswick Scientific – Excella E24, 
Hamburg, Germany) at 200 rpm and 28 °C for 1 h. The 
liquid fraction was separated from the flask by pressing and 
centrifuging (Novatécnica – NT 810, Piracicaba, Brazil) for 
15 min at 2198 × g, separating the cell-free liquid adapted 
by [18].

2.10  Bioemulsifier recovery

Bioemulsifier recovery was adapted by [18]. Butanone 
was added in a 1:1 ratio to the raw extract. The mixture 
was shaken in a rotary shaker (New Brunswick Scientific 
– Excella E24, Hamburg, Germany) at 200 rpm for 1 h and 
then centrifuged (Novatécnica – NT 810, Piracicaba, Brazil) 
for 10 min at 1610 × g, and the bioemulsifier was extracted 
to the non-polar phase. Then, the excess solvent was evapo-
rated and the bioemulsifier concentration was determined 
by gravimetry.

2.11  Characterization of the bioemulsifier

The bioemulsifier sample was retrieved as per sec-
tion 2.10The sample was dissolved in butanone and analyzed 
by HPLC UltiMate3000 series, following the methodology 
developed by [25].

2.12  Determination of sugars by high performance 
liquid chromatography (HPLC)

To determine the concentrations of sugars and organic acids 
present in the samples, HPLC analysis was performed using 
an Agilent Technology series A1100 chromatograph (Palo 
Alto, California). The samples were previously filtered 
through a Sep-Pak C18 filter (Millipore) and analyzed using 
the following conditions: Bio-Rad Aminex HPX-87H col-
umn (300 × 7.8 mm) maintained at a temperature of 45 °C; 
injection volume of 20 μL; Agilent refractive index detector; 
mobile phase  H2SO4 0.01 eq.L–1 and flow of 0.6 mL.min–1.
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2.13  Emulsification index

The raw extract of the fermentation was mixed in test 
tubes with a screw cap with kerosene in the proportion of 
1:1 and homogenized in a tube shaker (Scientific Indus-
tries - Vortex Genie 2, Bohemia, United States), at a max-
imum speed of 1.5 min. The tubes were left to stand at 
25 °C for 24 h. Measurements were performed in the test 
tubes after 24 h, and the emulsification index (EI) was 
expressed through the equation below [26]:

where
EL: emulsified layer
TH: total height 

2.14  Enzymatic activities

2.14.1  Analysis of endoglucanase activity

The endo-1,4-β-glucanase activity was determined 
through the protocol described by [27]. 0.9 mL of 0.44 
% carboxymethylcellulose (SIGMA®) and 0.1 mL of 
enzyme extract were added to the test tubes, where 
the reaction was maintained for 10 min at 50 °C. After 
that, 1.5 mL of 3,5-Dinitrosalicylic acid (DNS) was 
added, and the mixture was boiled at 100 °C for 5 min. 
The absorbance reading was carried out at 540 nm. 
Absorbance was converted to glucose concentration 
according to a standard curve prepared (2.7; 2.2; 1.6; 
1.1; 0.5 μmol.mL–1).

(2)EI (%) =
(

EL.TH
−1
)

× 100

2.14.2  Analysis of exoglucanase activity

The exo-1,4-β-glucanase activity was determined using 
the protocol of Wood and Bhat [28]. 0.9 mL of Avicel 1 % 
(SIGMA®) and 0.1 mL of enzymatic extract were added 
to the test tubes, where the reaction was maintained for 60 
min at 50 °C. After that, 1.5 mL of DNS was added, and the 
mixture was boiled at 100 °C for 5 min. The test tubes were 
centrifuged at 2564 × g for 20 min, and the insoluble frac-
tion was separated from the supernatant. The supernatant 
was read at 540 nm. Absorbance was converted to glucose 
concentration according to a standard curve prepared (2.7; 
2.2; 1.6; 1.1; 0.5 μmol.m–1).

2.15  Statistical analysis

The statistical analysis of the results obtained in the factorial 
design experiments was performed using the Design-Expert 
6.0.8 Portable software (Stat- Ease, Inc.) for the generation 
of a mathematical model, Statistica 7.0 (StatS oft) for the 
generation of the response surface and the figures showing 
enzymatic behavior were created using GraphPad Prism ver-
sion 8.0.

3  Results and discussion

3.1  Optimization of alkaline and hydrodynamic 
cavitation pretreatments

The alkaline pretreatment of the sugarcane bagasse was car-
ried out according to CCRD with 3 replicates at the center 
point. The input variables were alkali concentration and 

Table 1  Results of Central composite rotatable design carried out for optimization of alkaline pretreatment of sugarcane bagasse (coded values 
in parenthesis)

Cela cellulose, Hemb hemicellulose, Ligc lignin, EI96h
d emulsification index at 96 h

Run NaOH  
(mol.L−1)
(A)

Time  
(min)
(B)

Cela  
(%)

Hemb  
(%)

Lig  
(%)

Solid 
recovery 
(%)

Removal (%)

Cela Hemb Ligc EI96h
d

In natura - - 40.7 ± 1.5 32.1 ± 1.8 21.8 ± 0.4 - - - - 10.0
1 0.083 (−1) 20 (−1) 50.9 ± 2.7 33.8 ± 0.7 19.9 ± 0.3 81.75 0.0 14.0 25.6 49.8
2 0.416 (+1) 20 (−1) 54.6 ± 1.6 32.6 ± 0.5 9.5 ± 0.4 63.16 15.3 36.0 72.6 51.5
3 0.083 (−1) 60 (+1) 45.8 ± 2.2 31.2 ± 1.5 18.9 ± 0.2 82.51 7.2 20.0 28.5 44.0
4 0.416 (+1) 60 (+1) 59.9 ± 0.3 33.3 ± 0.3 8.2 ± 0.9 57.38 15.4 40.6 78.6 58.8
5 0.014 (−1.44) 40 (0) 39.9 ± 0.9 31.8 ± 0.5 21.9 ± 0.01 90.23 11.4 10.7 9.6 11.3
6 0.485 (+1.44) 40 (0) 60.1 ± 0.7 31.2 ± 0.4 7.0 ± 1.2 60.54 10.6 41.3 80.5 57.8
7 0.25 (0) 11.72 (−1.44) 52.1 ± 1.1 35.3 ± 0.9 11.5 ± 0.8 67.52 13.6 25.9 64.5 57.2
8 0.25 (0) 68.28 (+1.44) 55.6 ± 0.04 32.9 ± 0.2 7.0 ± 0.6 65.81 10.0 32.6 78.8 59.6
9 0.25 (0) 40 (0) 51.7 ± 2.2 37.4 ± 1.8 9.3 ± 0.6 65.88 16.2 23.4 71.9 56.8
10 0.25 (0) 40 (0) 51.6 ± 2.3 37.2 ± 1.3 9.3 ± 1.3 66.34 15.8 23.2 71.6 55.3
11 0.25 (0) 40 (0) 54.3 ± 1.6 35.3 ± 0.7 11.5 ± 0.1 66.32 11.4 27.2 65.0 62.6

http://processchecker.com/developers_info/60207/Stat-Ease,%20Inc
https://www.google.com/search?sa=X&biw=1366&bih=657&q=StatSoft&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMsuNi1SgjCzsqpMtDQyyq30k_NzclKTSzLz8_SL89NKyhOLUq3yizLTM_MScxQSS0sy8ouKF7FyBJcklgQD5XewMgIASt6pHlAAAAA&ved=2ahUKEwiK5aT1%2D%2DD0AhWyppUCHQSbAg8QmxMoAXoECBEQAw
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pretreatment time. Table 1 shows the composition of the 
sugarcane bagasse and the pretreated sugarcane bagasse in 
each condition. The results indicated that condition 6, with 
the highest NaOH concentration, resulted in the maximum 
lignin and hemicellulose removal, with 80.5 % and 41.3 %, 
respectively. On the contrary, pretreatment conducted with 
the lower alkali concentration led to the lower lignin removal 
of 9.6 %, in condition 5. The effectiveness of NaOH pre-
treatment under different conditions was evaluated based on 
lignin removal [29]. However, care must be taken with the 
reaction conditions (time, reagent concentration, and tem-
perature) because, if they are severe, in addition to lignin and 
hemicellulose, sugars and other soluble components can also 
be decomposed [17].

A quadratic model was proposed for lignin removal in 
the alkaline pretreatment and the correspondent analysis of 
variance (ANOVA) is shown in Table 2. The adequate fit 
of the model was confirmed by the p-value < 0.05 (95 % 
confidence level) and the non-significance of the lack of fit 
test with p-value > 0.05. Additionally, the adjusted R2 was 
0.966, indicating that the model explains 96.6 % of the vari-
ability of the experimental data. In addition, it was observed 
that factor A (NaOH concentration) had a great influence 
on the removal of lignin content, while factor B (pretreat-
ment time) was significant only at 90 % of confidence level. 
The quadratic mathematical model which relates the NaOH 
concentration (A) and the pretreatment time (B) to lignin 
removal (LR) was described in Eq. 3:

where
LR = lignin removal (%), (A) = NaOH concentration 
(mol.L–1), (B) = time (min)
The model also allowed the generation of a response surface 
(Fig. 1a), showing that higher concentrations of NaOH and 
prolonged process times resulted in high removal of lignin. 

(3)
LR = −6.23744 + 395.71995 × A + 0.18202 × B − 496.44929 × A

2

In the same figure, it can be seen that the concentration of 
NaOH between 0.2 and 0.28 mol.L–1 removed between 60 
and 70 % of the bagasse’s lignin.

Aided by the desirability function of Design-Expert 6.0.8 
software, it was specified an  EI96h between 50 and 100 %, 
reducing the NaOH concentration and the pretreatment 
time in the autoclave. From these requirements, the soft-
ware returned optimized conditions with an  EI96h of 57.4 % 
obtained by using 0.2 mol.L–1 of NaOH and 12 min in the 
autoclave. This software prevision was experimentally con-
firmed, with a result of 54.0 ± 2.7 % of lignin removal. 
Thus, these conditions were selected for further solid-state 
fermentations.

A similar trend was observed in the optimization of bio-
mass pretreated by the hydrodynamic cavitation-assisted 
process. As observed in Table  3, the maximum lignin 
removal was observed in condition 8 (40.2 %), which coin-
cided with the highest levels of NaOH concentration and 
process time. On the other hand, the minimum removal was 
observed in condition 5 (2.6 %), using the lowest levels of 
the studied variables. By comparing the results of Table 3 
with the reported in Table 1, higher results of removal of 
lignin were observed when alkaline pretreatment was used. 
Actually, the best emulsification index values were obtained, 
for alkaline pretreatment, with lignin removal of about 60 %, 
and the higher removal obtained by hydrodynamic cavitation 
pretreatment was lower than 50 %. Thus, the optimization 
of hydrodynamic cavitation-assisted pretreatment was per-
formed considering only the answer lignin removal.

An analysis of variance was performed for a 2FI model 
composed for the answer removal of lignin. As shown in 
Table 4, the model was significant (p < 0.05), with signifi-
cant coefficients and non-significant lack of fit. Also, the 
coefficient of determination (R2) was 0.9619. In addition, 
the solids loading had no significance and the corresponding 
terms were excluded from the model. The composed model 
is shown in Eq. 4:

Table 2  Analysis of variance 
for a 2FI composite model for 
design lignin removal yield 
with 95 % confidence level of 
alkaline treatment

(A) = NaOH concentration (mol.L−1); (B) = time (min)
*Significant at 95 % confidence level
**Significant at 90 % confidence level

Source Sum of squares Df Mean square F-value P-value
prob > F

Model 6149.28 3 2049.76 94.75 < 0.0001* Significant
A 4869.25 1 4869.25 225.0.9 < 0.0001*
B 106.02 1 106.02 4.90 0.0624**
A2 1174.01 1 1174.01 54.27 0.0002*
Residual 151.43 7 21.63
Lack of fit 121.01 5 24.20 1.59 0.4292 Not significant
Pure error 30.42 2 15.21
Total 6300.71 10
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where
Y1 = Lignin removal (%), X1 = NaOH concentration 
(mol.L–1), X2 = time (min)
In addition, the model also allowed the generation of a 
response surface graph (Fig. 1c), taking into account solid 
loading of 1 %. As shown, higher concentrations of NaOH 
and prolonged process times increased the removal of lignin. 
The numerical optimization tool of the Design-Expert pro-
gram was used to optimize the lignin removal, adopting as 

(4)
Y1 = −0.28708 + 20.18750X

1 + 0.52500X
2 + 1.52500X

1
X
2 a criterion to maximize this answer. The established condi-

tions were: NaOH solution of 0.5 mol.L–1, time of 25 min 
and lower solids loading of 1 %, which led to a predicted 
value of 41.99 % (mean ± confidence interval of 95 %). 
Thus, three experiments were performed using these param-
eters to calculate the experimental result and the mean lignin 
removal was 44.7 %. Hence, these conditions of hydrody-
namic cavitation were selected for the pretreatment of bio-
mass, which was used for further experiments.

Even after optimization, it was observed that the alka-
line pretreatment had a comparatively higher delignifica-
tion rate, although requiring a higher temperature (121 °C). 

Fig. 1  Three-dimensional response surface a alkaline pretreatment c hydrodynamic cavitation and contour plot b alkaline pretreatment d hydro-
dynamic cavitation showing the effect of time and NaOH concentration on lignin removal (solids loading of 1%)
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However, despite the hydrodynamic cavitation showing less 
lignin removal, the process took place at a lower temperature 
(30–60 °C) and fermentation was carried out at the selected 
conditions for pretreatments.

3.2  Chemical characterization of biomass

3.2.1  X‑ray diffraction (XRD)

The relative amount of crystalline cellulose in the lignocel-
lulosic biomass varies according to its nature and compo-
sition [30]. Diffractograms of raw sugarcane bagasse and 
pretreated sugarcane bagasse by hydrodynamic cavitation 
and alkaline process are shown in Fig. 2.

All samples analyzed exhibited typical cellulose dif-
fraction peaks (2θ = 16.0° and 2θ = 22.5°). The highest 
peak corresponded to the crystallographic planes of 002. 
The raw sugarcane bagasse presented the lowest value of 
CrI (48.4 %). On the contrary, the CrI values correspond-
ing to biomass pretreated by hydrodynamic cavitation and 
alkaline pretreatment were 57.4 % and 63.8 %, respectively. 
These results are consistent with several studies that reported 
that an increase in the value of this index can be observed 
when the biomass undergoes pretreatment. The phenomenon 
is due to the fact that some pretreatments remove certain 
amounts of lignin and hemicellulose, which represent the 
amorphous fractions, and not necessarily due to transforma-
tions in the crystal structure of lignocellulosic biomass [31].

Table 3  Composition of raw sugarcane bagasse from factorial design  23 Box-Behnken

Cela cellulose, Hemb hemicellulose, Ligc lignin

Run NaOH  
(mol.L−1)
(X1)

Time  
(min)
(X2)

Solids loading 
(%)
(X3)

Cela  
(%)

Hemb  
(%)

Ligc  
(%)

Solid 
recovery 
(%)

Removal (%)

Cela Hemb Ligc

in natura - - - 43.1 ± 0.3 28.2 ± 0.2 21.1 ± 0.3 - - -
1 0.1 (−1) 15 (0) 1 (−1) 43.3 ± 0.3 27.8 ± 0.1 21.5 ± 0.3 88.8 10.9 12.5 10.0
2 0.5 (+1) 15 (0) 1 (−1) 49.1 ± 0.9 28.5 ± 0.5 19.0 ± 0.4 83.1 5.3 16.1 27.3
3 0.1 (−1) 15 (0) 2 (+1) 44.3 ± 0.6 28.3 ± 0.4 19.8 ± 0.9 90.2 7.4 9.4 15.7
4 0.5 (+1) 15 (0) 2 (+1) 46.9 ± 0.4 26.9 ± 0.3 18.1 ± 0.2 81.8 11.0 22.0 30.1
5 0.1 (−1) 5 (−1) 1.5 (0) 43.2 ± 0.2 27.6 ± 0.3 22.5 ± 0.1 91.9 8.0 9.7 2.6
6 0.5 (+1) 5 (−1) 1.5 (0) 41.1 ± 1.3 25.1 ± 0.7 20.5 ± 0.1 87.8 16.2 21.9 15.1
7 0.1 (−1) 25 (+1) 1.5 (0) 45.6 ± 0.6 26.0 ± 0.6 20.8 ± 0.3 86.4 8.5 20.2 15.5
8 0.5 (+1) 25 (+1) 1.5 (0) 52.2 ± 0.3 29.4 ± 0.9 16.1 ± 0.4 78.7 4.7 18.0 40.2
9 0.3 (0) 5 (−1) 1 (−1) 48.8 ± 1.2 29.5 ± 0.7 20.8 ± 0.2 89.5 0 6.3 12.1
10 0.3 (0) 5 (−1) 2 (+1) 44.6 ± 0.3 28.3 ± 0.2 21.0 ± 0.1 90.0 6.8 9.8 10.9
11 0.3 (0) 25 (+1) 1 (−1) 48.6 ± 0.9 29.4 ± 0.6 18.0 ± 0.5 79.5 10.4 17.1 32.4
12 0.3 (0) 25 (+1) 2 (+1) 48.3 ± 0.6 28.6 ± 0.1 17.7 ± 0.1 82.3 7.7 16.4 31.2
13 0.3 (0) 15 (0) 1.5 (0) 48.4 ± 1.8 26.6 ± 1.1 19.4 ± 0.3 84.5 5.2 19.8 22.7
14 0.3 (0) 15 (0) 1.5 (0) 45.0 ± 0.8 27.7 ± 0.4 19.4 ± 0.2 86.8 9.3 14.7 20.7
15 0.3 (0) 15 (0) 1.5 (0) 46.6 ± 2.5 28.8 ± 0.1 19.5 ± 0.9 85.7 7.4 12.4 21.1

Table 4  Analysis of variance 
for a 2FI composite model for 
design lignin removal yield 
with 95 % confidence level of 
hydrodynamic cavitation

(X1) = NaOH concentration (mol.L−1); (X2) = time (min)
*Significant at 95 % confidence level

Source Sum of squares df Mean square F-value P-value
prob > F

Model 1402.86 3 472.62 92.59 < 0.0001* Significant
X1 593.40 1 593.40 117.50 < 0.0001*
X2 772.25 1 772.25 152.91 < 0.0001*
X1X2 37.21 1 37.21 7.31 0.0201*
Residual 55.55 11 5.05
Lack of fit 53.31 9 5.92 5.29 0.1691 Not significant
Pure error 2.24 2 1.12
Total 1458.41 14
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3.2.2  Sugarcane bagasse samples analyzed 
through mid‑infrared spectroscopy (MIR)

Mid-infrared analysis was used to detect the presence of 
the main organic groups that constitute the lignocellu-
losic structure. The absorption bands detected covered the 
mid-infrared region between 400 and 4000  cm–1 (Online 
Resource 1). All treated samples had well-defined bands 
at regions similar to those of the raw sugarcane bagasse. 
Nevertheless, there were some bands that can be used as 
signatures of the pretreatment processes, such as 2850  cm–1 
and 1728  cm–1, where the raw bagasse spectrum presents 
absorption intensities which were not observed in the other 
samples. The bands around 1631  cm–1 and 1604  cm–1 are 
slightly shifted to smaller wavelengths when comparing 
pretreated samples with the raw biomass. On the other hand, 
the samples showed wide absorptions in the range from 
1190 to 862  cm–1, with peaks at 1161  cm–1, 1029  cm–1, and 
896  cm–1. A second absorption region can be seen in the 
range of 744 to 405  cm–1, with peaks at 663, 476, 559, 522, 
and 432  cm–1. The 3334  cm–1 band is related to the O–H 
stretching band, due to the presence of water in the samples. 
The 2916  cm–1 band is related to the  CH2 and  CH3 groups 
that are present in cellulose, lignin, and hemicellulose. The 
presence of lignin also appears at 2850  cm–1, due to vibra-
tion of OCH groups [32].

The band at 1728  cm–1 can be attributed to lignin ester 
groups or acetyl groups present in hemicellulose. The band 
at 1631  cm–1 and 1604  cm–1 are attributed to the aromatics 
C-Phenyl and C≡C, respectively, normally found in lignin. The 
band at 1514  cm–1 is related to the C≡C stretch of the aromatic 
ring of lignin [33]. The region from 1487 to 1299  cm–1 was 

related to crystalline cellulose while the 1242  cm–1 band is 
related to the elongation of the C–O bond of hemicellulose 
and lignin. The 1161  cm–1 band was attributed to the stretching 
of the C–O–C bonds, while the 1029  cm–1 band was detected 
from the C–O stretch and strain bonds in lignin [33]. The band 
at 896  cm–1 has a higher intensity for the alkaline pretreatment 
and lower intensity for the hydrodynamic cavitation process. 
This is because this band corresponds to the amorphous por-
tion of cellulose [34].

3.2.3  Sugarcane bagasse analysis via near‑infrared 
spectroscopy (NIR)

Near-infrared spectroscopy provides information on numer-
ous combinations of vibrational bands and it is considered 
to be in the range of electromagnetic spectrum from 12,000 
to 4000  cm–1 [35]. This is a very convenient method to be 
used for the structural characterization of materials. The sim-
plicity, speed, and relative abundance of near-infrared light 
sources are the strength of the technique. The NIR bands are 
harmonics originated, for example, from CH, OH, and NH 
groups (Online Resource 2). Bands in the region of 10,000 to 
8000  cm–1 are characterized by normal modes that are poly-
meric combinations of OH [6]. The lignin band is observed 
at 8240  cm–1. This characteristic is confirmed with the analy-
sis of the second derivative (not shown). The band at 5806 
 cm–1 is attributed to the first harmonic of the CH stretch 
band. The region from 6111 to 5947  cm–1 corresponds to the 
first harmonic of the aromatic CH stretch vibration, which 
is responsible for the amount of lignin. Amplitude changes 
and displacement in this region may indicate degradation in 
lignin macromolecules [34].

Fig. 2  X-ray diffraction (XRD) 
analysis of sugarcane bagasse 
samples
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3.2.4  Raman spectroscopy analysis of sugarcane bagasse 
samples

Raman spectra showed that the expected intensities in the 
raw bagasse sample were related to cellulose, hemicellulose, 
and lignin. In the spectra of the raw sample, it was possible 
to observe a band at 1091  cm–1 which corresponded to cel-
lulose and a band at 2904  cm–1 attributed to hemicellulose. 
The bands between 1140 and 1230  cm–1, with peaks at 1171 
and 1202  cm–1 are due to the cellulose. These bands varied 
in function to the incident and scattered polarization of the 
laser light. Finally, it was possible to observe another band 
between 1555 and 1650  cm–1 which was associated with the 
phenyl group of lignin [36] (online Resource 3). In the case 
of the treated samples, it was possible to observe a signifi-
cant or total decrease in the mentioned bands. In the alkaline 
pretreated sample, the region of 2904 (not shown), 1650 to 
1550  cm–1, 1230 to 1140, and 1091  cm–1 do not show any 
significant signal. Comparison between the samples that 
was submitted to hydrodynamic cavitation pretreatment 
still showed a weak signal of cellulose, but the band from 
1555 to 1650  cm–1 associated with lignin disappeared which 
indicated the effectiveness of the method (Online resource 
3). This reinforces the information that this pretreatment was 

not as efficient for removing the lignin content as the alka-
line pretreatment.

3.3  Solid‑state fermentation of raw sugarcane 
bagasse

Table 5 shows the results of 9 days of solid-state fermen-
tation of raw sugarcane bagasse used as a control and the 
biomass pretreated. As can be seen, raw sugarcane bagasse 
had lower  EI24h when compared to alkaline and hydrody-
namic cavitation pretreated material. Likewise, no enzymatic 
activities were detected in the raw extract of raw sugarcane 
bagasse. However, cellulolytic enzymes were detected in the 
cell-free liquid of biomass submitted to alkaline pretreat-
ment and hydrodynamic cavitation. Thus, the solid-state 
fermentation was extended to 14 days to analyze the per-
formance of the bioemulsifier and the hydrolytic enzymes 
produced by the microorganism from pretreated biomass.

In addition, Fig. 3 shows the variation of the emulsifica-
tion index  (EI24h) of cell-free liquids from solid-state fer-
mentation, measured at different intervals during 14 days. 
This parameter was used as an indicator of the bioemulsi-
fier production from the optimized conditions selected for 
alkaline pretreatment (NaOH: 0.2 mol.L−1, time: 12 min) 
and hydrodynamic cavitation (NaOH solution: 0.5 mol.L−1, 
time: 25 min, and lower solids loading 1 %).

In general, it was observed that the bioemulsifier pro-
duced by A. pullulans LB83 can emulsify kerosene, which 
was used as a hydrophobic substrate. The results showed an 
increase in bioemulsifiers production in both alkaline pre-
treatment and hydrodynamic cavitation. This is likely due 
to reduced water activity, which led to a longer adaptation 
phase before growth began [37]. In the case of hydrody-
namic cavitation, the bioemulsifier production was observed 
from 3rd day. The maximum values of the emulsification 
index  (EI24h) were observed for the biomass submitted to 
alkaline pretreatment. The comparison of the emulsification 
index on the 3rd and 14th day showed an increase from 36.8 
to 65.8 % for the alkaline pretreated biomass, whereas, for 

Table 5  Emulsification index and enzymatic activities of the raw sug-
arcane bagasse and pretreated sugarcane bagasse at 9-day in a solid-
state fermentation

EI24h
a emulsification index at 24 h

Biomass EI24h
a Endoglucanase

U.g−
Exoglucanase
U.g−

Raw sugarcane bagasse 10.0 ± 0.8 n.d.a n.d.a
Sugarcane bagasse
Hydrodynamic cavita-

tion pretreated

13.9 ± 3.5 2.43 ± 0.10 0.97 ± 0.07

Sugarcane bagasse
Alkaline pretreated

61.0 ± 0.9 2.25 ± 0.21 0.78 ± 0.06

Fig. 3  Emulsification index of 
bagasse pretreated by hydrody-
namic cavitation and alkaline 
pretreatment
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hydrodynamic cavitation, the  EI24h ranged from 0 to 41.3 %. 
This difference can be explained by the lignin removal rate 
from the biomass, which was 55.1 % and 44.7 % for alka-
line and hydrodynamic cavitation pretreatments, respec-
tively. In this sense, lignin is often considered as a barrier 
that prevents the access of microbial enzymes to lignocel-
lulosic biomass. The synthesis of some bioproducts, such as 
second-generation bioethanol [38], enzymes [39], the single 
cell protein [40], among others, have been improved after 
biomass delignification processes.

In the literature, several studies report the use of ligno-
cellulosic biomass as support for the production of surface-
active compounds [41]. For example, Zhu et al. [42] ana-
lyzed six agro-industrial by-products for the production 
of biosurfactants in solid-state fermentation from Bacillus 
amyloliquefaciens XZ-173. The authors selected rice straw 
and soy flour as the main substrates for the production of 
surfactin. After optimizing the variables that influenced the 
synthesis of the biosurfactant, a yield of 15.03 mg.gds–1 
was achieved in a 50 L fermentor. However, to our knowl-
edge, the present studied reports, for the first time, the use 
of pretreated sugarcane bagasse as both, support and cul-
ture medium for bioemulsifier production in solid-state 
fermentation.

3.4  Enzymatic activity

Sugarcane bagasse contains fermentable sugars that stim-
ulate the production of bioemulsifiers. At the same time, 
this type of biomass stimulates the production of cellulo-
lytic enzymes, required by the microorganism to use the 
bagasse as a substrate source. In the present study, cellulo-
lytic enzymes such as endoglucanase and exoglucanase were 
measured for 14 days in the solid-state fermentation for the 
production of bioemulsifiers of A. pullulans LB83 (Fig. 4).

In general, it was observed that the enzyme production 
of the raw extract obtained from the solid-state fermenta-
tion of both alkaline and hydrodynamic cavitation pretreated 
biomasses varied during the fermentation period. However, 
among the two enzymes determined, the highest values 
corresponded to endoglucanase (Fig. 4). In this sense, the 
maximum values of endoglucanase were observed on the 
9th day, with 2.25 U.g–1 and 2.43 U.g–1 for alkaline and 
hydrodynamic cavitation pretreated materials, respectively.

For exoglucanase, the maximum values were detected 
on the 7th and 14th days for alkaline and hydrodynamic 
cavitation pretreated biomass, with values of 1.39 U.g–1 and 
1.45 U.g–1, respectively. In this sense, Marques et al. [43] 
reported that Colletotrichum crassipes CSY 02 and Pae-
cilomyces sp. SF 021 produced 5.32 U.g– and 1.43 U.g– of 
endoglucanases after 7 days in a mixture 1:1 of sugarcane 
bagasse and wheat bran. In the current study, the enzymatic 
results obtained allowed to corroborate that A. pullulans 
LB83 produced hydrolytic enzymes having only pretreated 
sugarcane bagasse as a carbon source. At the same time, the 
sugars released by these enzymes were used by the yeast for 
cell growth and bioemulsifier production. On the other hand, 
the reports of exoglucanase detection by yeast in solid-state 
fermentation are scarce when compared with filamentous 
fungi. In the study of da Silva et al. [44] showed an exog-
lucanase production of 25.4 IU.g–1 by Penicillium roque-
forti ATCC 10110 using sugarcane bagasse. However, the 
authors detected an increase (62.5 IU.g–1) in the synthesis 
of the enzyme when it was used a blend of green coconut 
shell, corn cob, and sugarcane bagasse. Another study of 
Zia et al. [45] also demonstrated the suitability of sugarcane 
bagasse for exoglucanase production and characterization 
from Phaeolus spadiceus. Maximum activity of exoglu-
canase reported was 57.64 IU.mL.min–1 after day 4 when 
using this biomass as support for solid-state fermentation. 
Maximum activity of exoglucanase was observed after day 4 

Fig. 4  Enzymatic activities detected in the of the raw extracts: a hydrodynamic cavitation and b alkaline pretreatment



18590 Biomass Conversion and Biorefinery (2024) 14:18579–18592

1 3

(57.64 IU.mL–1.min–1), at 25–30 °C and 50 % moisture level 
(31.5 IU.mL–1.min–1), at pH 4.5 (47.03 IU.mL–1.min–1) and 
also with carbon source (5 % sucrose) and nitrogen source 
(2.5 % urea).

The results obtained for the enzymatic profile allowed 
to corroborate that A. pullulans LB83 produced hydrolytic 
enzymes, using the pretreated sugarcane bagasse as a car-
bon source. At the same time, the sugars released by these 
enzymes were used by the yeast for cell growth and bioemul-
sifier production.

3.5  Characterization of the bioemulsifier produced 
by A. Pullulans

The composition of bioemulsifier produced by A. pullulans 
LB83 in solid-state fermentation using pretreated sugar-
cane bagasse is shown in Table 6. The literature shows that 
A. pullulans strains produce heavy extracellular oils called 
liamocins, which have surface activity. The unique chemical 
structure of these molecules consists of a single sugar alcohol 
as a main group (e.g., mannitol or arabitol), which is par-
tially O-acylated with a polyester tail with up to six 3,5-dihy-
droxydecanoic ester groups that can be acetylated [46].

Liamocines A1, A2, B1, and B2 are the most common 
variants produced among the different strains of A. pullu-
lans. According to [47] A. pullulans strain RSU 12 (NRRL 
50381) produced a mixture of mannitol and arabitol-type 
liamocin when sucrose was used as a carbon source in the 
medium. Likewise, in the present study, the compound pro-
duced by A. pullulans LB83 was identified as a mixture of 
mannitol and arabitol-type liamocin, but the molecules were 
synthesized from sugars contained in the pretreated sugar-
cane bagasse when used as a carbon source.

In this sense, this result reinforces the potential of ligno-
cellulosic biomass as an economic source for the synthesis 

of microbial metabolites in the context of biorefineries. Bis-
choff et al. [47] also observed the production of mannitol 
A1, A2, B1, B2, and to a lesser extent C1 and C2 manni-
tol from A. pullulans CU 43 (NRRL 50380) cultivated on 
sucrose as a carbon source.

In addition, other structurally related compounds that 
are synthesized together with liamocines are the exophilins. 
The main characteristic of these molecules is the presence 
of the polyester tail without a head group and its synthesis 
takes place in a smaller amount. According to Price et al. 
[46], exophilin A was the minor component in the antibi-
otic activity of the mixture produced by A. pullulans NRRL 
50380. However, in the bioemulsifier produced by A. pul-
lulans LB83 in the present study, the highest percentage cor-
responded to exophilin, mainly type B2.

4  Conclusions

The results indicate that, under the evaluated conditions, 
alkaline pretreatment showed to be more efficient when 
compared with hydrodynamic cavitation for the sugar-
cane bagasse delignification. The detection of cellulolytic 
enzymes confirmed the use of the pretreated sugarcane 
bagasse as a substrate for microorganism growth and the 
synthesis of the bioemulsifier. The biomolecule produced 
was identified as a mixture of mannitol and arabitol-type 
liamocin. To the best of our knowledge, this is the first 
study of the bioemulsifier production by A. pullulans LB 
83 using pretreated sugarcane bagasse as the sole carbon 
source in solid-state fermentation. Considering the need 
for sustainable alternatives to synthetic emulsifiers, it is 
mandatory to develop future studies for scale-up in bio-
reactors aiming at the availability of bioemulsifiers in 
the market.
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