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Alkaline pretreatment stands out as a valuable strategy in biomass
conversion to overcome the recalcitrance of biomass by removing lignin
and a part of hemicellulose. This enhances enzyme accessibility and
promotes saccharification. However, increasing the alkaline concentration
to enhance the delignification and improve glucose yield together presents
inherent limitations. In this experiment the amount of delignification and
glucose yield resulting from surfactant associated with sonication during
mild alkaline pretreatment of Eucalyptus pellita was investigated. Also, the
effect of various factors (sonication temperature and surfactant immersion
time) on delignification and glucose yield were examined. The results
demonstrated that surfactant associated with sonication pretreatment
could overcome the limitation of alkaline pretreatment and could increase
the amount of delignification alongside enzymatic hydrolysis glucose yield
of Eucalyptus pellita wood by around 90%. The findings indicated that
surfactant-assisted with sonication during mild alkaline pretreatment of
Eucalyptus pellita (i.e., hardwood) could be recommended as a supporting
pretreatment method for the production of monomeric sugars.
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INTRODUCTION

Biorefinery involves the generation of value-added compounds using biomass,
encompassing a broad spectrum from biomaterials to chemical compounds. This process
has garnered significant attention within the chemical industry (Cherubini and Ulgiati
2010). In recent decades, the widespread utilization of biomass in generating a diverse
range of enhanced-value products has opened up novel possibilities (Cherubini and Ulgiati
2010). Biorefineries typically pursue three primary goals. The initial aim is to guarantee
energy security in nations, whether developed or developing, where a substantial quantity
of biomass is generated (Martinez-Hernandez et al. 2013). The secondary aim involves
mitigating environmental impacts and chemical production through the utilization of
renewable resources and processes. This entails minimizing waste generation and curbing
emissions of greenhouse gases. The tertiary goal is to enhance the quality of life within
societies engaged in the supply chain of these products (Coppola et al. 2021).
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Utilizing lignocellulose as a raw material for bioethanol production offers a
sustainable alternative to diminish reliance on fossil fuels and alleviate energy demands
(Broda et al. 2022). Biomass rich in syringyl units within the lignocellulosic structure
exhibits increased susceptibility to delignification at elevated pH levels. Consequently,
hardwoods, characterized by the presence of both syringyl and guaiacyl units, prove to be
more suitable for alkaline pretreatment compared to softwoods (Lehto and Alén 2013). In
terms of lignin size and structure, hardwood has lignin of lower degree of polymerization
(DP) and more methoxyl groups than softwood (Brown 2003). For this reason, the authors
chose to apply Eucalyptus pellita a hard wood as a raw material for alkaline pretreatment.
Eucalyptus pellita exhibits favorable traits such as rapid growth and exceptional resistance
to diseases and pests (Fadwati et al. 2023).

A variety of physical, biological, chemical, and thermal pretreatments and their
combinations have been studied (Kim and Lee 2006; Kim et al. 2008; Kim et al. 2011).
The main aim of pretreatment is to remove hemicelluloses and/or lignin, thereby reducing
the recalcitrance of lignocellulosic materials. Since the lignocellulosic biomass show
recalcitrance to cellulase, pretreatment of lignocellulosic materials is crucial because of the
inherent resistance of untreated lignocellulosic substances to enzymes. Efficient
pretreatment is crucial to enhance enzyme access to plant polysaccharides (Li et al. 2022).
Pretreatment methods are necessary to disrupt lignin, which binds cellulose, perturbing the
crystalline structure of cellulose, and augmenting its surface area, thereby enhancing
hydrolytic efficiency and sugar yield (Wu et al. 2023). Alkaline pretreatment is the
predominant method for removing lignin and hemicelluloses from lignocellulosic
materials. This process causes lignocellulosic biomass to swell and the fibers to separate.
During alkaline pretreatment, a critical reaction occurs, leading to the cleavage of ester
linkages in both hemicelluloses and lignin (Agbor et al. 2011). The bonds between the
lignin and carbohydrates are broken, and some lignin is solubilized (Balat et al. 2008;
Hendriks and Zeeman 2009; Galbe and Zacchi 2012). Among various alkaline compounds,
sodium carbonate is more cost-effective than sodium hydroxide, being 4 to 6 times cheaper
and easier to recover. Additionally, sodium hydroxide is comparatively economical, being
3 to 6 times cheaper than calcium hydroxide (Krishania et al. 2013). Previous alkaline
pretreatments usually focused on sodium hydroxide as alkali liquor (de Carvalho et al.
2016; Guigou et al. 2019). In the authors’ previous study, a dilute alkaline pretreatment
(sodium carbonate and calcium hydroxide mixture) was evaluated for saccharification of
extruded Eucalyptus wood. The results showed that the glucose conversion by the enzyme
was improved by approximately 14% for every 10% increase in delignification rate (Zhand
et al. 2020). Alkaline pretreatment plays a crucial role in delignifying biomass, enhancing
its enzymatic digestibility. The cleavage of alkyl aryl linkages in lignin occurs readily in
alkaline conditions, with the reaction primarily influenced by the bond structure.
Importantly, the reaction is not significantly affected by [OH—] as long as the pH remains
above 10 (Park and Kim 2012).

Over the past few decades, various researchers have consistently demonstrated the
adverse impact of lignin on cellulose hydrolysis (Nakagame et al. 2011; Pareek et al. 2013;
Guo et al. 2014). Enzymatic hydrolysis encounters difficulties in the presence of lignin, as
it significantly absorbs cellulase, impeding the access of enzymes to cellulose and
hindering their enzymatic activity (Lu et al. 2002). Additionally, lignin restricts enzyme
entry to cellulose and hemicellulose, resulting in prolonged reaction times for conversions
(Sutcliffe 1986; Lu et al. 2002; Wyman 2007). As a result, an effective method to mitigate
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the detrimental impact of lignin on enzymatic hydrolysis involves either eliminating or
altering the lignin content. It is proposed that during pretreatment, lignin is released into a
solution and, in subsequent reactions, it forms compounds with limited solubility that
precipitate onto the fiber surface (Liu and Wyman 2003; Wyman 2007). These lignin
deposits interfere with enzyme activity, leading to nonproductive enzyme adsorption
(Donohoe et al. 2008). The proposed mechanisms involve nonproductive binding of
enzymes with lignin, resulting in the physical obstruction of enzymes by lignin. Cellulases
are suggested to adhere to lignin through hydrophobic interactions, electrostatic forces, and
hydrogen bonding interactions (Nakagame et al. 2011; Pareek et al. 2013). The utilization
of nonionic surfactants proves to be an effective strategy for minimizing the nonproductive
binding of enzymes to lignin, enhancing biomass hydrolysis yields significantly.
Considering saccharification’s considerable expense, there is a necessity to implement
modifications aimed at cost reduction (Eriksson et al. 2002).

By means of introducing surfactants, particularly nonionic ones, post-pretreatment
has the potential to enhance enzymatic hydrolysis or decrease the required enzyme quantity
for achieving a specific conversion (Kaar and Holtzapple 2000; Eriksson et al. 2002; Qing
et al. 2010). Surfactants enhance digestibility by modifying substrate structure for
improved accessibility (Kaar and Holtzapple 1998), stabilizing enzymes to prevent
denaturation during hydrolysis (Kim et al. 1982), promoting positive interactions between
substrates and enzymes (Kaar and Holtzapple 1998; Eriksson et al. 2002), and mitigating
non-productive enzyme adsorption (Eriksson et al. 2002). To meet the criteria for an ideal
pretreatment strategy, several conditions should be met. They include being economical,
optimally deconstructing lignin, effective for various lignocellulosic substrates, causing
minimal glucan loss, avoiding corrosive chemical reagents, reducing waste generation and
environmental pollution, and generating low levels of fermentation inhibitors, ultrasonic
irradiation has emerged as a pollution-free pretreatment approach (Gaudino et al. 2022).

In recent years, the growing concern for environmental impact has led to increased
interest in pollution-free pretreatment approaches. One such method gaining widespread
use in various industrial processes is ultrasonic irradiation. This physicochemical treatment
involves the release of energy through acoustic waves with frequencies greater than 16 to
20 kHz. Ultrasonic irradiation is recognized for its ability to achieve pretreatment without
the use of chemical reagents, aligning with the goal of minimizing pollution and
environmental harm (Onu Olughu et al. 2021). Utilizing ultrasound during pretreatment
induces cavitation in the aqueous medium. As the cavitation bubbles collapse, water
decomposes into radicals, facilitating the cleavage of lignin linkages and the xylan
meshwork. The cavitation process generates microbubbles at multiple nucleation sites in
the fluid. The implosion and collapse of these bubbles result in the release of intense shock
waves that propagate throughout the medium (Yaldagard et al. 2008).

To overcome the recalcitrance of the lignocellulosic material, prior enzymatic
hydrolysis alkaline pretreatment was done. Merely applying alkaline pretreatment will not
result in the desired glucose yield due to lower delignification. To overcome the obstacle,
ultrasound assisted surfactant and enzymatic hydrolysis of Eucalyptus for the production
of bio glucose was investigated. Comparing to the experiment done by Elalami et al.
(2022), the highest glucose yield was 86% obtained by ultrasonication coupled to alkaline
pretreatment of bean straw. Cheng et al. (2022) demonstrated that surfactant-assisted
alkaline pretreatment (SAP) with elevated surfactant concentrations (1% vs. 0.5%)
increased sugar yields. SAP assisted by 1% surfactant concentration showed improved
results. In the study by Ziaei-Rad et al. (2023), a robust pretreatment technique based on
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enzymatic hydrolysis was investigated, evaluating the saccharification yield, including the
amount of glucose and xylose produced.

In this study, alkaline pretreatment with sodium carbonate and calcium hydroxide
was applied alongside surfactant associated sonication to increase delignification and
glucose yield. The research could offer valuable information on utilizing hardwood
substrates efficiently for the production of bioethanol.

EXPERIMENTAL

Materials
Wood preparation

Eucalyptus pellita chips were imported from Indonesia with dimension of 2.5 to 3
cm in width and 1 to 3 cm height. The chips underwent physical pretreatment using a twin
extruder at the Korea Research Institute of Science and Technology (KRIST) for use as an
experimental substrate. The process involved the use of Eucalyptus wood chips, extruded
with a twin-screw extruder (Baker Perkins, MPC30, L / D = 13). Following this, a mixture
of dry biomass and distilled water in a 1:10 ratio was subjected to twin-screw extrusion
treatment. Subsequently, an equal amount of distilled water was added, and the resulting
material was dehydrated using a filter press for 15 min. The recovered sample was utilized
for pretreatment and saccharification without undergoing any specific drying procedures.
The moisture content of the sample subjected to twin-screw extrusion was 56.3%. Table 1
shows the chemical composition of Eucalyptus wood.

Table 1. Chemical Composition of Eucalyptus Wood

- o Acid Insoluble Lignin 32.3+0.35
Lignin Content (%) Acid soluble lignin 1.3£0.42
Extractives (%) 0.8+0.06
Ash (%) 0.2+0.05
Natural sugar analysis (%) Glucose 52.6+£0.40
Xylose 10.6+0.21
Mannose 0.31+0.04
Galactose 1.4+0.32
Arabinose 0.5+0.02

Alkaline pretreatment

Physically pretreated Eucalyptus pellita with twin extruder used for mild alkaline
pretreatment process with sodium carbonate (Na2COs) and calcium hydroxide (Ca(OH)2)
as chemicals. The materials were procured from Sigma-Aldrich®, and the experiment
utilized the laboratory's highest-grade 18.2 MQ deionized water (D).

Various concentrations of sodium carbonate (0.4, and 0.5 M) and calcium
hydroxide (0.25, 0.4, and 0.5 M) were examined and the pH of the mixture were averaged
from 12.98 to 13.01. To create a 0.5 M sodium carbonate solution, 53 g of sodium
carbonate dissolved in 500 mL of DI, combined with 0.74 g (0.5 M) of calcium hydroxide
and 10 mL of DI. Similarly, for preparation of 0.4 M sodium carbonate solution, 42.3 g of
sodium carbonate dissolved in 500 mL DI, combined with 0.59 g (0.4 M) of calcium
hydroxide and 10 mL of DI. Also, for preparation of 0.25 M of calcium hydroxide 0.37 g
of calcium hydroxide combined with 10 mL of DI. The experiment was conducted at a
liquid (L): lignocellulosic material (W) ratio of 10:1 in a 500 ml closed reactor, stirring for
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30 min at 180 °C. Following alkaline pretreatment, the samples underwent 3 to 4 washes
with DI water to achieve a pH of 6.5.

Ultrasound assisted surfactant pretreatment

Ultrasound assisted surfactant treatment of Eucalyptus was carried out in a glass
beaker that was sealed with aluminum foil to save the heat generated from sonication
process. The slurry weight reached to 100 g and 3% (w/w) polyoxyethylene sorbitan
monopalmitate (Tween 40®) surfactant was added in to slurry and set the pH to 5.0 and
immersed for 1 h and 24 h, after this section the reactors were sealed with aluminum foil
and sonication under ultrasonic device (Sonics Vibra Cell model VCX 750 W 20kHz) with
a 13 mm probe sonicator which was 5 cm immersed deep into the slurry was done. The
ultrasonic irradiation at the 40% amplitude was transferred through a titanium cylindrical
horn, introduced into the solution. The horn had a diameter of 1.1 cm, and the probe
temperatures were varied (50, 70, and 90 °C). The variables used in this study were alkaline
concentration, surfactant immersion time, and sonication temperature. After pretreatment,
the samples were filtrated and washed with DI water to get ready for enzymatic hydrolysis.

Table 2. Tween-40 Properties

Product Name Tween 40®
Type Non-ionic
Name Polyoxyethylene Sorbitan Monopalmitate
Molecular Formula C22H4206.(C2H4O)n
Chemical structure HO
oH
] Q&]/O
OH "0
Critical Micelle 0.027mM (20-25°C)
Concentration
Hydrophilic-lipophilic 15.6
balance
(HLB) value

Enzymes hydrolysis assisted surfactant

Pretreated samples were selected for enzymatic hydrolysis. Enzymatic hydrolysis
experiments utilized Novozymes Chemical Company’s commercial enzyme solutions,
Cellic® CTec2 and HTec2, generously provided by KRIST. The process involved placing
1 g of oven-dried pretreated fibers in a solution containing 2.5 mL sodium citrate buffer at
pH 5.5, along with a 1.3 mL sodium azide 1% solution (biocide). Additionally, 0.1 mL of
a Cellic® CTec2 and HTec2 mixture (6.480:0.725) was added, adjusting the final volume
to 40 g with DI water.

The suspension’s pH was set to 5.5. The reaction occurred in a shaking incubator
(150 rpm) at 50 °C for 72 h. Sampling every 3 h involved placing 0.5 mL of the sample in
a micro-tube, and the reaction was stopped by exposing the micro-tube to a hot plate at 100
°C for 5 min. The resulting mixture underwent vacuum filtration, and glucose
concentration analysis was performed.
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Chemical composition analysis

The acid-insoluble lignin content in the raw materials was assessed following the
TAPPI T222 om-02 test method. Subsequently, the primary and secondary acid hydrolyzed
samples underwent evaluation for acid insoluble lignin by analyzing the filtrate. The
analysis of neutral sugar (glucose) from the filtrate was conducted using the Bio-LC system
(ICS-3000, Dionex, USA). This analysis adhered to the NREL/TP-510-42618 protocol for
determining structural carbohydrates and lignin in biomass.

Field emission scanning electron microscope (FE-SEM) analyses

In this case, samples were vacuumed and freeze-dried prior to FE-SEM. Specimen
preparation prior to SEM analyses was needed; in this case a Leica EM ACE 200 was used
to produce homogenous and conductive carbon coatings for SEM analysis. In electron
microscopy, the application of sample coatings is essential for enhancing or enabling
sample imaging. The process involves depositing a conductive metal layer on the sample,
preventing charging, minimizing thermal damage, and enhancing the secondary electron
signal crucial for topographic analysis in the Scanning Electron Microscope (SEM). The
Zeiss Supra 40VP SEM at JBNU delivers high-resolution surface imaging with a three-
dimensional appearance. It features a field emission cathode as the electron source and is
equipped with three distinct detectors (SE2, InLens, STEM).

All the data were analyzed and graphs were made by Origin Pro 2023 ver. Software.

RESULTS AND DISCUSSION

Effect of Alkaline Pretreatment

Sodium carbonate pretreatment can remove lignin and various uronic acid
substitutes in hemicellulose but cause less degradation of cellulose than acid or
hydrothermal pretreatments. Additionally, it has the potential to address significant
operational challenges associated with traditional alkaline pretreatment methods, including
issues such as corrosion, extensive neutralization requirements, and environmental hazards
(Kim et al. 2011; Kim and Kim 2014). Compared to aqueous sodium hydroxide
pretreatment, calcium hydroxide (lime) pretreatment offers cost advantages and
environmental benefits due to its ease of recovery through reaction with carbon dioxide
(Suslick 1989). Also, it may result in changes in structural features such as acetylation,
crystallization, and lignification (Kim and Lee 2006). Based on these findings, the decision
was made to employ a combination of mild alkaline substances, namely sodium carbonate
and calcium hydroxide, for alkaline pretreatment. The pretreatment process was conducted
at a temperature of 180 °C at the H factor of 1200 for a duration of 30 min. This condition
was chosen due to the results of the authors’ previous work on the optimum temperature
and time to reach the highest glucose yield was alkaline pretreatment at 180°C and 30 min
(Zhand et al. 2020). The sodium hydroxide generated during this process plays a crucial
role in disrupting the bonds within the Lignin Carbohydrate Complex (LCC) linkage,
specifically targeting and breaking the ether and ester bonds in the LCC structure.
Furthermore, sodium hydroxide proves effective in breaking the ester and carbon-to-
carbon (C—C) bonds present in lignin molecules, such as ferulic acid (Wang et al. 2020a).
Equation 1 contains the delignification calculation,

Delignification = (100—L¢ "

T
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where C is the biomass content after pretreatment (g), Lp is the percent of lignin content in
pretreated sample (%), and L is the percent of lignin content in raw Eucalyptus (%).
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Fig. 1. Comparison between glucose yield by enzymatic hydrolysis of alkaline pretreated samples
and delignification by alkaline pretreatment

In this work mild alkaline conditions for pretreating of eucalyptus were applied.
Na2C0Os3+ Ca (OH)2 — 2NaOH + CaCOs 2

The reaction is used in the manufacturing of NaOH, and the pH of the solution was
found to be greater than 14, indicating a high concentration of NaOH.

This reaction is an example of a double displacement reaction, also known as a
metathesis reaction. In this type of reaction, the cations and anions switch between two
reactants to form new products (Simoni et al. 2022).

Na2COs+H20 = 2(Na*OH") +CO2 3)

Sodium carbonate dissolves in water and produces sodium hydroxide. The
dissociation of sodium carbonate yields sodium ions (Na*) and hydroxide ions (OH"), and
the latter combines with another sodium ion to form sodium hydroxide. Simultaneously,
carbon dioxide (CO2) is liberated (Toan et al. 2019).

The aim of different concentrations of sodium carbonate and calcium hydroxide
was to determine the optimal concentration under a limited alkaline assumption.
Specifically, for the ratio of sodium carbonate and calcium hydroxide 0.5/0.25 M, the
reduction in calcium hydroxide concentration by half had a strategic purpose. The process
involves a reversible reaction represented by Eq (3). By reducing the concentration of
calcium hydroxide, the equilibrium can shift towards the forward reaction, promoting the
production of (OH") ions in the medium. The decrease in calcium hydroxide concentration
facilitates the forward reaction, thereby leading to an increased generation of hydroxide
ions (OH) in the solution. Importantly, this shift helps to eliminate the precipitation of
calcium carbonate. The reversible reaction tends to move forward, minimizing the
formation of calcium carbonate. However, the experimental results indicated that halving
the concentration of calcium hydroxide led to a tendency for the reaction to move
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backward. This suggests that, in this specific reaction, the reduction in calcium hydroxide
concentration did not favor the desired increase in (OH") ions (Woo et al. 2020; Ahenkorah
et al. 2021).

As was shown in the authors’ previous experiment (Zhand et al. 2020), the highest
amount of glucose yield was 60.3% after alkaline pretreatment with the combination of
(0.6/0. 5 M) of sodium carbonate and calcium hydroxide with the same time and
temperature of this experiment. Compared to our current work, the highest amount of
glucose yield after alkaline pretreatment was 63.3% for the combination of (0.5/0. 5 M) of
sodium carbonate and calcium hydroxide.

By applying low concentrations of sodium carbonate and calcium hydroxide (0.5
/0.25M), delignification reached 81.0%. This can be compared with the authors’ previous
work (Zhand et al. 2020) at the same reaction time and temperature with (0.6/0. 5 M) of
sodium carbonate and calcium hydroxide, where the delignification was 87.4%. In the cited
work, two equal concentrations of sodium carbonate and calcium hydroxide (0.4/0.4M and
0.5/0.5M) were applied to examine differences in equal concentrations. It was shown that
applying (0.5/0.5M) concentrations of sodium carbonate and calcium hydroxide led to
84.4% delignification, which is the highest amount of delignification. In comparison with
other concentrations of sodium carbonate and calcium hydroxide, the delignification with
(0.4/0.4M) was 1.3% less than (0.5/0.5M). Also, the delignification of unequal
concentration (0.5/0.25M) was the lowest, which was determined by applying equal
concentrations of sodium carbonate and calcium hydroxide the higher delignification can
reach. The aim of using mild alkaline was that mild alkaline conditions are typically
achieved using lower concentrations of alkali results in partial removal of lignin and
hemicellulose, while strong alkaline solution facilitates more extensive removal of lignin
and hemicellulose (Kim et al. 2016). Thorough delignification leads to a higher degree of
wood component breakdown. Such conditions are often chosen for processes requiring
greater modification and extraction of wood components (Kim et al. 2016). Oriez et al.
(2020) have shown that cellulose saccharification and fermentation into ethanol giving
higher yields (60 to 80% solubilization for lignin and hemicelluloses) can be achieved with
mild alkaline pretreatment in comparison to mineral acid fractionation. Moreover, unlike
acid fractionation, mild alkaline fractionation does not hydrolyze the sugar polymers,
which can be beneficial for certain applications (Oriez et al. 2020).

Bali et al. (2015) investigated the impacts of various alkaline pretreatments on the
structural characteristics and accessibility of cellulose in Populus. The most significant
enhancement in cellulose accessibility occurred with mild sodium hydroxide treatment,
with subsequent notable effects observed in methods involving ammonia soaking and lime
(Bali etal. 2015). Jiang et al. (2020) examined the impact of sodium hydroxide and calcium
hydroxide pretreatments on giant reed, focusing on enzymatic digestibility and energy
conversion efficiency. Sodium hydroxide pretreatment demonstrated superior removal of
lignocellulosic biomass and lignin compared to calcium hydroxide pretreatment at
equivalent loading levels (Jiang et al. 2020).

Surfactant Effect

General consensus acknowledges that nonionic surfactants universally enhance
hydrolysis, establishing them as the most efficient surfactants for cellulose conversion
(Ooshima et al. 1986; Kaya et al. 1995). The surface activity of surfactants is believed to
result in a decreased interaction between enzymes and the air-liquid interface (Kim et al.
1982). Nonionic surfactants, such as Tween and PEG series, have been found to be highly
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effective in enhancing enzymatic hydrolysis (Wang et al. 2020b). They can increase the
reaction rate of the enzymatic hydrolysis of cellulose (Rokhati et al. 2022). This is achieved
by reducing unproductive binding of the enzyme to lignin (Parnthong et al.
2018). Nonionic surfactants increase cellulase adsorption and enzymatic hydrolysis of
treated lignocelluloses, indicating a positive impact (Wang et al. 2020b). The introduction
of nonionic surfactants may potentially disrupt or displace some of the intra- and
intermolecular hydrogen bonds within lignin molecules, thus facilitating their dissolution
(Melro et al. 2021). On the other hand, ionic surfactants can have a negative effect on the
enzymatic hydrolysis of cellulose. Lee et al. (2021) found that the rate of hydrolysis
decreased by 36%, 38%, and 50% in the presence of amphoteric, anionic, and cationic
surfactants, respectively. This decrease in hydrolysis rate could be due to the surfactant
interfering with the enzyme’s ability to bind to the cellulose substrate (Lee et al. 2021).
Therefore, based on the available information, nonionic surfactants seem to be more
effective in enhancing the enzymatic hydrolysis of cellulose.

According to these, Tween 40® a non-ionic surfactant, was applied in this
experiment. Effect of surfactant on hydrolysis improvement depends on several factors. In
this work, the effect of surfactant immersion time was examined relative to the glucose
yield and delignification rate.

The enhancement of lignocellulose hydrolysis by surfactants is attributed to their
capability to disturb the substrate, leading to increased accessibility of cellulose to enzymes
(Kaar and Holtzapple 1998). The present findings regarding enzyme adsorption during
hydrolysis in the presence of Tween 40® corroborate this hypothesis. While a more intricate
mechanism elucidating the specific role of Tween 40® is not provided, the present results
clarify the primary impact of surfactants on enzyme-substrate interactions. The surfactant's
influence on lignocellulose hydrolysis can be delineated by the hydrophobic segment of
the surfactant binding to lignin through hydrophobic interactions, and the hydrophilic head
group, thus preventing non-productive binding of cellulases to lignin (Sanchez-Mufioz et
al. 2022). The hydrophilic components of nonionic surfactants consist of short ethylene
oxide chains. The adsorption of surfactants with ethylene oxide chains onto a lignin surface
results in the occupation of the hydrophobic head, leading to the displacement of adsorbed
enzymes (Kim et al. 1982; Malmsten and Van Alstine 1996). The extent of unproductive
enzyme adsorption onto lignin is significantly influenced by the presence of lignin in the
medium. Higher levels of delignification lead to reduced exposure, resulting in diminished
unproductive binding of enzymes to lignin (Wu et al. 2023).

When samples were subjected to 0.5/0.25M of Na2COs/Ca (OH)2 pretreatment, the
highest amount of delignification was (86.6%) for the samples that were immersed in
surfactant for 1 h. With the same situation but higher surfactant immersion time (24 h), the
delignification increased to 87.8%, which was 1.2% higher. The surfactant Tween-40 was
able to increase the delignification rate at high temperature of sonication. The incorporation
of surfactants resulted in elevated lignin removal by functioning as agents for
delignification (Sindhu et al. 2013) through hydrophobic interactions with lignin (Qing et
al. 2010). The mechanism of surfactant was investigated mainly from the aspects of
increasing delignification alongside increasing glucose yield. In principle, increasing
cellulase accessibility is achieved by decreasing unproductive adsorption during the
interaction of enzyme and substrate. The present results on increasing the amount of
delignification by applying nonionic surfactant (Tween-40) well match with the results of
Melro et al. (2021), which investigated the impact of various surfactants (ionic, cationic,
and nonionic) on lignin dissolution. In that work, it was observed that the nonionic

Zhand et al. (2024). “Ultrasound & surfactant,” BioResources 19(2), 2244-2271. 2252



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

surfactant exhibited a distinct influence. This effect is likely correlated with the quantity of
ethylene and hydroxyl groups in the nonionic surfactant, leading to the creation of
hydrogen bonds between the ethylene oxide and hydroxyl units of the surfactants and the
hydroxyl groups in lignin. These interactions promoted the formation of complexes
between lignin and surfactants. As lignin possesses both hydrogen bond donors and
acceptor groups, it has the capability to establish intra- and intermolecular hydrogen bonds
(Melro et al. 2021).
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Fig. 2. Effect of surfactant immersion time on the rate of delignification for the samples which were
subjected to surfactant for 1 h and 24 h. a) Samples were pretreated with the alkaline concentration
of Na2COzs/Ca (OH)2 of 0.5/0.25M, b) 0.4/0.4M, c) 0.5/0. 5M.

Figure 2(b,c) shows that by increasing the alkaline concentration and sonication
temperature, delignification reached 89.3% and 90.1%, respectively. Comparison of the
results of delignification after alkaline pretreatment (Fig. 1) and after surfactant-assisted
sonication (Fig. 2), demonstrated that surfactant associated sonication could increase the
delignification by 5.6% to 6.8% more than the samples were pretreated only by alkaline
Na2COs/Ca (OH)2. The results also showed that there was a 0.5 to 1.2% increase in
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delignification rate by immersing the surfactant for 24 h.

In summary, immersion of surfactant in slurry before the enzymatic hydrolysis can
increase delignification. The decreased surface tension of the surfactant will increase lignin
removal and crystalline cellulose deconstruction (Luo et al. 2014). Zhang et al. (2020)
employed varying concentrations of NaOH (ranging from 0% to 10%). NaOH-catalyzed
organosolv pretreatment was implemented to enhance the enzymatic efficacy of sugarcane
bagasse. Additionally, the impact of Tween-80 on enzymatic hydrolysis following NaOH-
catalyzed organosolv pretreatment was investigated, resulting in the attainment of the
highest glucose yield at 95.1% after 24 h (Zhang et al. 2020). Although delignification
increased by increasing the immersion time of surfactant, the effect of sonication
temperature on delignification was more significant.

Effect of Ultrasonic Pretreatment

Sonication involved the application of sound waves as a physicochemical treatment
method, delivering energy to the system. Ultrasound, characterized by frequencies
exceeding 16-20 kHz, is transmitted to a fluid through a sonic horn. The sonic horn's
precise frequency causes it to oscillate along its vertical axis. To convey this acceleration
and sonic energy to the sonication medium, it is essential to immerse the horn's tip in the
medium (Chisti 2003). The utilization of ultrasound treatment induces the formation of
small cavitation bubbles on a microscopic scale. These bubbles effectively break down the
cellulose and hemicellulose components, thereby enhancing the accessibility of cellulose-
degrading enzymes necessary for the hydrolysis of these complex carbohydrates (Kumar
and Sharma 2017). The application of ultrasonic irradiation induces sonochemical and
mechano-acoustic effects, leading to the delignification and surface erosion of
lignocellulosic biomass throughout the treatment process. (Onu Olughu et al. 2021).
Sonication induces homolysis of lignin—carbohydrate bonds, liberating lignin and
hemicellulose. Aromatic rings within lignin undergo a-position cleavage of C—C bonds,
and susceptibility of C—H bonds to disruption occurs. This bond disruption results in the
generation of macroradicals. The collaboration of these macroradicals with radicals such
as 'H and 'OH, produced through cavitation, triggers the depolymerization of
lignocellulosic material (Garcia et al. 2012).

There would be an optimal temperature for the desirable ultrasonic effect. Raising
the temperature accelerates the chemical reactions involved in biomass pretreatment.
However, an excessively high temperature can have adverse effects and impede the overall
process. Collapsing the bubbles during the compressive section may be slowed by
increasing the temperature. High temperature reduces the solubility of gases in a liquid
which is undesirable in cavitation and adversely effects the sonication process (Prabhu et
al. 2004; Montalbo-Lomboy et al. 2010). As the temperature increased the amount of
delignification increased up to (90.1%) the reason of higher delignification is maybe higher
temperature which leads to decreasing particle size of the slurry and using the heat
generated from sonication caused the slurry work as a hot water pretreatment which causes
swelling the fibers alongside vibration in sonication causes more delignification. But,
increasing the temperature by more than 50 °C led to a decrease in glucose yield.

In this study, sonication was subjected to alkali pretreated samples, augmented with
3% (w/w) nonionic surfactant Twin-40. The investigation involved applying different
ultrasound treatment temperatures during raw material fractionation using surfactant,
varying immersion times.

Ultrasound-assisted depolymerization of lignin has been studied, with factors such
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as catalyst types, reaction temperatures, reaction times, reaction solvents, and ultrasound
frequencies being investigated to improve the yields and characteristics of various
depolymerization products of lignin. The results showed that ultrasound acoustic cavitation
could enhance the depolymerization of lignin, thus greatly enhancing the production of
liquid fuels (Du et al. 2020). Prabhudesai et al. employed an ultrasonic pretreatment of the
pine wood and the degree of delignification and the selectivity enhanced towards lignin
monomers significantly (Prabhudesai et al. 2023). Olguin-Maciel et al. did a study on
ultrasound pretreatment of non-conventional starch at different sonication temperature
conditions (45, 70, and 90 °C). The results showed that the effect of ultrasound is more
noticeable at low temperatures (Olguin-Maciel et al. 2022). Similarly, Zhu and Li worked
on quinoa flour functionality using different sonication temperature and sonication effect
was more evitable at lower temperature (Zhu and Li 2019). This could be explained by the
possibility that at elevated temperatures, the energy conveyed diminishes, leading to a
reduction in cavitation (Kardos and Luche 2001). Sun et al. conducted an experiment to
optimize the ultrasonication temperature for the production of xylooligosaccharides from
corn cob. They found that changes in temperature can affect the speed of molecular thermal
motion and the cavitation effect, which are crucial for enzymatic action (Sun et al. 2023).
The objective of varying sonication temperature in ultrasound assisted alkaline
pretreatment was to achieve the optimum temperature for sonication effect and examine
the effect of sonication temperature on enhancement of both delignification and glucose
yield.

Enzymatic Hydrolysis

Alkaline pretreatment effectively addresses chemical and physical impediments,
rendering polysaccharides readily accessible for enzymatic digestion. Factors influencing
cellulose accessibility encompass cellulose crystallinity, the composition and distribution
of lignin and hemicelluloses, and the available surface area, enzymatic hydrolysis was
conducted by Karimi et al. to explore the optimal conditions for pretreated eucalyptus
(Karimi and Taherzadeh 2016). The glucose concentration data obtained from the
enzymatic hydrolysis of the pretreated samples is visually depicted in Fig. 3.
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Fig. 3. The effect of 3% surfactant immersed for 1 h and 24 h without sonication and enzymatic
hydrolysis on glucose yield. a) surfactant immersion for 1 h, b) for 24 h (Control*: the samples
without surfactant and without sonication pretreatment).

Zhand et al. (2024). “Ultrasound & surfactant,” BioResources 19(2), 2244-2271. 2255



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Surfactants demonstrated a notable enhancement in cellulose enzymatic hydrolysis.
Remarkably, their impact was most pronounced in Eucalyptus subjected to sodium
carbonate and calcium hydroxide treatment, leading to an impressive cellulose conversion
increase exceeding 80%. The alkaline pretreatment potentially enhances surfactant
adsorption by altering surface properties, such as increased hydrogen bonding capacity.
Additionally, it is plausible that the treatment dissolves hemicelluloses associated with or
covering lignin, thereby augmenting cellulase accessibility and subsequent cellulose
adsorption. Extending the treatment duration may further enhance accessibility,
consequently increasing the expected glucose yield (Ghavi et al. 2021; Cheng et al. 2022).
However, further research is imperative to establish a definitive correlation between
surfactant effects and substrate characteristics.

To examine the effect of surfactant on glucose yield some samples were not
subjected to the sonication pretreatment and after alkaline pretreatment they were
immersed in 3% (w/w) surfactant for 1 and 24 h. As the results in Fig. 3a showed the
amount of glucose yield after alkaline pretreatment 0.5/0.5 M of Na2COs/Ca (OH)2 was
63.3% which increased 17.3% after applying Twin-40 surfactant and immersed for 1h. The
glucose yield after applying sonication at 50 °C for 1 h reached 87.7% which is 6.9%
increased. This glucose yield after 24 h surfactant immersion (Fig. 3b) was increased
19.1% and reached to 82.5% compare to samples which were immersed 1 h in surfactant
1.7% was increased in glucose yield. After sonication at 50 °C for 1 h the amount of glucose
yield for the samples were immersed in Twin-40 for 24 h was increased 7.1% and reached
to 89.6% and compare to the same situation but 1 h surfactant immersion time there was
1.9% increase in glucose yield after 24 h immersing surfactant. Generally, surfactant can
increase glucose yield up to 21.3% and sonication at 50 °C for 1 h can increase glucose
yield up to 7.0%, which these rates increased to 23.7% and 7.1% for samples immersed in
twin-40 for 24 h. On the other hand, by applying surfactant (Twin-40) after alkaline
pretreatment it’s possible to achieve 82.5% glucose yield, which this amount will reach to
89.6% by subjecting the pretreated samples to sonication pretreatment.

As the results showed, there is a direct relationship between delignification and
glucose vyield after enzymatic hydrolysis for the samples which were immersed in
surfactant for 1 h and 24 h. By increasing the temperature in the sonication section, more
disruption of the wood structure will occur which causes increasing in delignification. But
the amount of glucose yield will decrease by increasing sonication temperature. A
comparison of Figs. 2 and 4 for the samples pretreated with 0.5/0.5M of Na2COs/Ca (OH):
at 24 h surfactant immersion time, illustrated that by increasing the sonication temperature
from 50 to 90 °C the amount of glucose conversion after enzymatic hydrolysis decreased
by about 15% for each 5% increase in the delignification rate. Also, the results showed that
this kind of pretreatment removed 89.6% and 90.1% lignin from eucalyptus after 1- and
24-h immersion with surfactant, respectively (Fig. 3). The rise in sonication process
temperature led to an increase in delignification rates but a simultaneous decrease in
glucose yield. This phenomenon may be attributed to the enhanced extent of
delignification, the solvent becomes saturated with lignin and some lignin reprecipitated
on fibers, enhanced unproductive enzyme-lignin binding, and reduced glucose yield.
Additionally, despite various mechanisms explaining surfactant effects in reducing non-
productive enzyme binding to lignin, it is plausible that lignin interaction is not the sole
mechanism for the positive impact of surfactants. It is suggested that surfactants may
stabilize enzymes via different pathways (Yoon and Robyt 2005). It is possible that
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surfactants may have a stabilizing effect on an enzyme/substrate complex (Kristensen et
al. 2007).

Surfactants play a vital role in the pretreatment and enzymatic hydrolysis of
lignocellulosic biomass. They can help to enhance the delignification and saccharification
of the biomass, thereby improving the yield of reducing sugars (Cheng et al. 2022).
According to the experiment done by Cheng et al. a strategy for coupling surfactant-
assisted alkaline pretreatment with surfactant-assisted enzymatic hydrolysis has been
proposed for improving sugar recovery from lignocellulosic biomass and results showed
that the surfactant-assisted alkaline pretreatment process with 1% of PEG 2000 resulted in
more efficient lignin removal and microstructure disruption of the pretreated sample, thus
indicating much higher reducing sugar yields. (Cheng et al. 2022).

In the bioconversion process, pretreatment of lignocellulosic biomass is important
to enhance the accessibility of enzyme hydrolysis, thus increased the yield of reducing
sugar (Nashiruddin et al. 2020). Therefore, surfactant pretreatment can have a significant
impact on the glucose yield in the enzymatic hydrolysis of lignocellulosic biomass.
However, the effectiveness can vary depending on the specific type of surfactant used, its
concentration, and the specific conditions of the pretreatment and hydrolysis processes.
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Fig. 4. Comparison of the effect of surfactant immersion time on glucose yield for the samples were
subjected to surfactant for 1 h and 24 h. The alkaline concentrations of Na2COs/Ca (OH)2 were a)
0.5/0.5M, b) 0.4/0.4M, and c) 0.5/0.25M (Control*: the samples without surfactant and without
sonication pretreatment).
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As the results in Fig. 4 showed, in comparison to the effectiveness of sonication
temperature and surfactant immersion time on glucose yield, the effect of temperature was
more significant. Comparing to our previous work (Zhand et al. 2020) in which the
optimum glucose yield was 64.2% for the samples pretreated with 0.6/0.5 M
Na2COs/Ca(OH)2, and the current work in which the highest amount of glucose yield was
(89.6%), surfactant-assisted sonication increased glucose yield increased to 25%.

Figure 4a also illustrated that when samples were subjected to 0.5/0.5M of
Na2COs/Ca (OH):2 pretreatment, the highest amount of glucose yield was 89.6% and by
increasing the surfactant immersion time from 1 h to 24 h the amount of glucose yield will
increase 1.4~3.5% which is remarkable. As the results showed, by increasing the sonication
temperature the amount of glucose yield decreased to 74.1% which was explained above.

Figure 4 (b, c) showed different concentrations of alkaline pretreatment and the
amount of increase in glucose yield after 24 h of surfactant immersion was up to 3.6%.
Comparing the results of glucose yield after alkaline pretreatment (Fig. 1) and after
surfactant-assisted sonication (Fig. 4), it was determined that surfactant associated
sonication could increase the glucose yield 26.2% more than when the samples were
pretreated only by alkaline 0.5/0.5 M of Na2CO3/Ca (OH)a.

As shown in Fig. 4a, the amount of glucose yield after increasing the sonication
temperature to 90 °C decreased up to 15.4% for the samples immersed in surfactant for 24
h, whereas this amount reached to 13.6% for samples in Fig. 4b and 14% for samples in
Fig. 4c. As has been demonstrated, increasing the sonication temperature more than 50 °C
was not desirable. The optimum sonication temperature for alkali-pretreated Eucalyptus
biomass was 50 °C. Also, immersion of surfactant in slurry before the enzymatic hydrolysis
can increase glucose yield. The optimum glucose yield in current work was 89.6% at 50
°C sonication temperature and 24 h surfactant immersion for the samples pretreated with
0.5/0.5 M of Na2COs/Ca (OH)z.
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Fig. 5. Comparison of the delignification and glucose yield after enzymatic hydrolysis between the
samples pretreated at different temperatures with 3% surfactant for 1 h immersed and 1 h
sonication (Control*: the samples without surfactant and without sonication pretreatment)

As shown in Fig. 5, the glucose yield for the samples subjected to 0.5/0.5M of
Na2COs/Ca(OH):2 pretreatment during immersion in surfactant for 1 hour and sonication at
50°C for 1 hour was 87.7%. Comparing the results of delignification and glucose yield
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after alkaline pretreatment and after surfactant-assisted sonication (Fig. 5), it was
determined that 1 h surfactant immersion associated with sonication at 50 °C could increase
the glucose yield 24.3% more than the samples that were pretreated only by 0.5/0. 5M of
Na2COs/Ca (OH)2. The results also showed that there was a 13.3% to 15% decrease in
glucose yield by increasing the sonication temperature from 50 to 90 °C. The rise in
temperature causing a rise in delignification is attributed to the impact of cavitation
throughout the treatment duration. The implosion of cavitating bubbles results in the
generation of significant energy and turbulence, facilitating the breakdown of lignin and
promoting the efficacy of alkali in lignin removal. Consequently, this led to an
augmentation in the extent of delignification (Patil and Rathod 2020). Kininge and Gotate
(2022) evaluated the effect of sonication on alkaline delignification of sugarcane bagasse.
The rate of delignification increased by increasing the sonication temperature from 50 to
70 °C by up to 66.4% (Kininge and Gogate 2022). Compared to the results of the
experiment done by other scientists, the highest amount of glucose yield will be reached
with ultrasound assisted alkaline pretreatment at an optimum temperature of 50 °C (L. et
al. 2016; He et al. 2017).

When analyzing Fig. 5, it might be asked why the amount of glucose yield after
pretreatment by 0.5/0.25M of Na.COs/Ca (OH)2 at 50 °C sonication temperature was
83.1% and the ones pretreated by 0.5/0.5M of Na.COs/Ca (OH)z at 70 °C sonication
temperature was 81.1%, meaning that the differences was just 2%. Also, the delignification
differences between these two samples were 5.9%. This could be explained based on the
fact that to reach the higher amount of glucose yield, it is not reasonable to assume higher
temperature (70 °C) and higher alkaline concentration (0.5/0.5), while it’s possible to reach
to this point with less energy consumption.

The data in Fig. 5 was for the samples immersed in surfactant for 1 h, whereas the
results for the sample which were immersed for 24 h in surfactant prior to enzymatic
hydrolysis are shown and discussed in Figs. 2 and 4. The results in Fig. 5 showed that by
increasing the sonication temperature, the amount of glucose after enzymatic hydrolysis
decreased, which means that the effectiveness of surfactant-assisted sonication depends on
sonication temperature. Elevated temperature treatment can result in the breakdown of
hemicelluloses. Consequently, there is a notable reduction in the quantity of available
hydroxyl groups on the fiber surface, accompanied by a decline in surface polarity, an
augmentation in surface roughness, and an increase in crystallinity (Akgil et al. 2007).
Lignin removal in sugarcane bagasse ultrasonic pretreatment led to as much as a two-fold
increase of the enzymatic hydrolysis (Velmurugan and Muthukumar 2012b). A reduction
in lignin content through ultrasonic pretreatment of corn stover has been observed to
enhance hydrolysis yields (Zhang et al. 2008). Ultrasonic treatment resulted in
delignification across diverse lignocellulosic materials using various solvents (Bussemaker
and Zhang 2013; Sasmal et al. 2012; Velmurugan and Muthukumar 2012b). Overall, the
delignification that has been reported ranges from an increase in lignin content by 8.9% in
a soda solution (Garcia et al. 2011) to a decrease in lignin by 90.6% in 2% NaOH
(Velmurugan and Muthukumar 2012a). A study by Chang et al. examined the impact of
ultrasound-ionic liquid pretreatment, supplemented with sodium dodecyl sulfate (SDS), on
the breakdown of water hyacinth. They found that this method boosted the production of
reducing sugars, cellulose conversion, and delignification by 72.2%, 58.7%, and 21.0%,
respectively (Chang et al. 2017).

The generation of heat and pressure during cavitation induces a rise in the
sonication fluid’s temperature. This elevated temperature, in turn, amplifies the vapor
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pressure of the liquid, facilitating a more effortless occurrence of cavitation (Morton et al.
2021). The findings of Wu et al. (2017) involving ultrasound-assisted alkaline pretreatment
(NaOH 1% wi/v) to improve enzymatic hydrolysis of rice straw, utilizing heat energy from
ultrasonication, revealed a marginal elevation in the crystallinity index of rice straw. This
increase can be attributed to the removal of lignin and hemicellulose during alkaline
pretreatment with NaOH. Employing heat energy dissipated from ultrasonication,
ultrasound-assisted alkaline pretreatment demonstrated superior efficacy in reducing the
crystallinity of rice straw. Furthermore, the concentration of reducing sugar achieved an
impressive 3.5-fold increase compared to control samples, reaching 60.8% (Wu et al.
2017). Garcia et al. (2012) examined the impact of ultrasound treatment on the
physicochemical characteristics of alkaline lignin. The findings revealed that ultrasound
cleaved lignin—carbohydrate linkages, enhancing the removal of hemicellulose impurities
from the alkaline sample (up to 32% reduction in initial carbohydrate content).
Additionally, the treatment influenced the insoluble lignin content, leading to insoluble
lignin content (19% of Klason lignin solubilization) (Garcia et al. 2012).

Eventually, there is a notable relationship between alkaline content and sonication
temperature on delignification and glucose yield. Increased alkaline content and sonication
temperature correlated with higher delignification, and increased sonication temperature
caused lower glucose yield, as explained above. In summary, there should be balanced
approach to optimize the alkaline content and sonication temperature to reach reasonable
glucose yield and delignification results. In the present work, the optimum condition was
0.5/0. 5M of Na2COs/Ca (OH): pretreatment and 24 h surfactant immersion time and
sonication at 50 °C.

Enzymatic hydrolysis, a crucial process in the conversion of biomass into biofuels
and biochemicals, involves the breakdown of complex carbohydrates into simpler sugars
by enzymes. One of the primary products of this process is glucose, a monosaccharide that
serves as a vital energy source for many organisms and a critical raw material in various
industrial applications (Cai et al. 2019). Recent studies have indicated a positive correlation
between the duration of enzymatic hydrolysis and the yield of glucose. As the hydrolysis
process progressed, the enzymes continued to act on the biomass, breaking down more
complex carbohydrates and increasing the overall glucose yield. This trend suggested that
by optimizing the duration of enzymatic hydrolysis, it might be possible to enhance glucose
production, thereby improving the efficiency and economic viability of biofuel and
biochemical production processes (Cai et al. 2019; Oliveira et al. 2021).

As shown in Fig. 6, there was a direct relationship between enzymatic hydrolysis
glucose yield and time. Figure 6a shows that for the samples pretreated with alkaline
concentration 0.5/0.5M of Na2COs/Ca (OH)z and different surfactant immersion times and
different sonication temperatures with the prolongation of enzymatic hydrolysis time, the
glucose yield at first increased rapidly, and then there was little change. The initial glucose
yield after enzymatic hydrolysis of 0.5/0.5M were similar to those at different surfactant
immersion time with different sonication temperature. After 72 h of enzymatic hydrolysis,
the effect of surfactant immersion time and sonication temperature was revealed. The
highest glucose yield was 89.6% for the samples immersed in Tween-40 for 24 h and
sonicated at 50 °C. The present results were similar to the results of Zhao et al. (2023),
which were focused on improving reducing sugar of wheat straw by enzymatic hydrolysis.
They removed 80.6% of lignin and 78.5% hemicellulose, while they maintained 87.4%
cellulose at 90 °C for 5 h, resulting in 81.6% reducing sugar produced during hydrolysis
for 72 h (Zhao et al. 2023).
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Fig. 6. Effect of enzymatic hydrolysis time on the rate of glucose yield for the samples which were
immersed in surfactant for 1 h and 24 h. a) Samples were pretreated with alkaline concentration of
Na2COs/Ca (OH)2 of 0.5/0. 5M, b) 0.4/0.4M, c) 0.5/0.25M.

As the results showed after alkaline and surfactant-assisted sonication pretreatment,
the amount of glucose content reached 37.02 g out of 51.7 g of glucose in Eucalyptus,
which means that 71.6% of glucose will be achieved after this combination of
pretreatments. After enzymatic hydrolysis, the amount of glucose conversion reached
approximately 90%, which demonstrates that this kind of pretreatment specifically effects
cellulose degradation. Implementation of this specific pretreatment technique (surfactant-
assisted sonication of alkaline pretreatment) results in a reduction of the total glucose
content. However, it simultaneously enhances the efficiency of glucose extraction, thereby
leading to an increase in the overall yield of glucose.

Xu et al. (2121) did an experiment on sugar recovery from enzymatic hydrolysis of
Miscanthus sinensis by surfactant mediated alkaline pretreatment. They found that a
surfactant-mediated alkaline pretreatment process resulted in significantly more
hemicellulose removal, more efficient delignification, higher cellulose content (55% vs.
51%), and stronger morphological disruption of the pretreated stalks, making them more
accessible to cellulases and/or microorganisms and produced a significantly higher sugar
yield (Xu et al. 2021). The results of the study showed that surfactant pretreatment could
decrease the amount of glucose content but increase the glucose yield in the enzymatic
hydrolysis of lignocellulosic biomass.
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Also, the application of sonication pretreatment can lead to a decrease in the total
glucose content in the biomass. This is because the ultrasound waves can cause the
disruption of cellulose particles, leading to a significant decrease in the particle size of
cellulose. This disruption can also result in the formation of large pores and partial
fibrillation (SriBala et al. 2016).

Despite the decrease in total glucose content, the glucose yields increased. This is
because the sonication pretreatment enhanced the accessibility of the cellulose to the
enzymes, and thereby improved the efficiency of the enzymatic hydrolysis process. More
specifically, the pretreatment can lead to a great disruption of cellulose particles along with
the formation of large pores and partial fibrillation. These changes can enhance the
accessibility of the enzymes to the cellulose, leading to an increase in the glucose yield
(SriBala et al. 2016).

Surface morphology through FE-SEM

The surface morphology of the control and alkaline pretreated with surfactant-
assisted sonication samples was determined using FE-SEM analysis. FE-SEM analysis
images of Eucalyptus pellita exposed to various pretreatments are illustrated in Fig. 7. It is
obvious from Fig. 7 (a, a’) that the unpretreated samples showed a compact nature with
strong binding of the cell wall. After alkaline pretreatment (Na2COsz/Ca (OH)2) and
surfactant-assisted sonication, the structure swelled with weak binding of the cell wall, so
the wood structures swelled. Loosening of the cell wall also led to increased surface area
as shown in Fig. 7 (c, e, and g).

Alkaline pretreatment is known to induce changes in the surface morphology of
wood fibers. Studies by Lima et al. (2013) and Hashim et al. (2017) showed that alkaline
pretreatment affected the surface structure and physical properties of fibers, leading to
improved bending strength, water resistance, and thermal stability (Lima et al. 2013;
Hashim et al. 2017). Figure 7(a, a’) shows the surface of alkaline pretreated samples
covered with residues due to the alkaline pretreatment process. The total amount of
residues on the sample surfaces decreased after surfactant-assisted sonication pretreatment
(Fig. 7b through g).

The surfactants’ hydrophilic and hydrophobic attributes reduce the surface tension
between liquid phases during pretreatment, facilitating the elimination of hydrophobic
compounds like lignin (Kataria et al. 2018). The findings suggest that the introduction of
surfactants amplifies the alkali-induced disruption of cell walls, leading to increased
formation of cracks, fragments, and removal of lignin. As a result, more reactive sites on
the biomass surface are generated. These alterations play a crucial role in diminishing the
non-productive absorption of cellulases, enhancing the accessibility of samples to
cellulases, and thereby boosting the subsequent enzymatic hydrolysis (Wang et al. 2020b).

Asiillustrated in Fig. 7b and c, the effect of surfactant immersion time on the surface
morphology of the fibers indicated that by increasing the surfactant immersion time, the
partial fibrillation of fibers will increase. Comparing Fig. 7 c, e, and g, it becomes clear
that increasing the sonication temperature did not have a significant effect on
morphological disruption of the fibers, but the effect of surfactant immersion time was
more significant. For the sonication associated with alkali pretreatment, similar images
were reported by Kininge and Gogate (2022). The investigation conducted by Gupta and
Tuohy (2013) on alkaline pretreatment assisted by sonication revealed the disintegration
of the cell matrix due to cavitation effects. This process resulted in a reduction in particle
size and an increase in surface area (Gupta and Tuohy 2013).
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Fig. 7. Scanning Electron Microscope images of the samples a), a") control samples after alkaline
pretreatment in 0.5:0.5 molar ratio of Na2COz:Ca(OH)2 and b) 1 h immersion in surfactant and
sonication in 50 °C, c) after 24 h immersion in surfactant and sonication in 50 °C, d) after 1 h
immersion in surfactant and sonication in 70°C, e) after 24 h immersion in surfactant and sonication
in 70 °C, f) after 1 h immersion in surfactant and sonication in 90 °C, g) after 24 h immersion in
surfactant and sonication in 90 °C

CONCLUSIONS

1. The effects of different pretreatments to reach the optimum glucose yield were
examined. The variables were alkaline concentration, surfactant immersion time, and
sonication temperature. Applying alkaline pretreatment alone has its own obstacles and
cannot increase glucose yield as desired. This is the case even though applying strong
alkaline has its own limitations. So, to overcome the limitations of applying only
alkaline pretreatment, ultrasound assisted surfactant pretreatment were used. This work
focused on explaining the role of surfactants for lignocellulose substrates and finding
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the optimum temperature range which surfactant-assisted sonication can work well,
which resulted in removing up to 90% of lignin with 89.6% glucose yield.

Immersing the surfactant in the slurry for 24 h enhanced substrate disruption, making
cellulose more accessible to enzymatic attack. Additionally, the surfactant played a
crucial role in preventing unproductive binding of cellulases to lignin. The primary
mechanism for surfactant effects in substrates containing lignin lies in the surfactant’s
influence on enzyme interaction with lignin surfaces. Surfactant adsorption to lignin
effectively inhibit unproductive enzyme binding to lignin.

Furthermore, the study explored the impact of sonication temperature, aiming to
identify the optimal temperature for effective ultrasonic effects. The investigation
revealed that 50 °C was the optimum temperature. Higher temperatures, while
enhancing delignification, adversely affected glucose yield. Elevated temperatures,
particularly at 90 °C, reduced gas solubility in the liquid, negatively impacted
cavitation by causing slower collapsing of cavitation bubbles during the compressive
phase of sonication.

In this work it was determined that applying alkaline pretreatment and surfactant
associated sonication led to a decrease in the amount of glucose, but the final glucose
yield after enzymatic hydrolysis was increased to 89.6%. In future research, there
would be possibilities to evaluate different alkaline pretreatments in surfactant-assisted
sonication pretreatment to compare the differences. Also, further work is needed to
analyze the effect of oxidizing agent on delignification and glucose yield other than
surfactant and sonication on softwoods to investigate the effect of this kind of
pretreatment, on the degree of crystallinity of cellulose.
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