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Abstract: Sugarcane bagasse (SCB), an agro-industrial byproduct generated by a sugar mill, holds
a substantial carbohydrate content of around 70 wt.%, comprising cellulose and hemicellulose.
Saccharification plays a pivotal role in the conversion of SCB into second-generation (2G)-ethanol and
valuable compounds, which is significantly aided by thermochemical pretreatments. In this study,
SCB underwent diluted sulfuric acid pretreatment (2% H2SO4, 80 rpm, 200 ◦C, 20 min), resulting
in the removal of 77.3% of the xylan. The hemicellulosic hydrolysate was analyzed to identify
the sugars and degraded products acting as microbial inhibitors. The acid hydrolysate showed a
xylose yield of 68.0% (16.4 g/L) and a yield of 3.8 g/L of acetic acid. Afterward, the hemicellulosic
hydrolysate was concentrated 2.37 times to obtain a xylose-rich stream (39.87 g/L). The sequential
detoxification, employing calcium oxide and activated carbon, removed the inhibitory compounds,
including acetic acid, while preserving the xylose at 38.10 g/L. The enzymatic saccharification of
cellulignin at 5% and 10% of the total solids (TSs) yielded comparable reducing sugar (RS) yields of
47.3% (15.2 g/L) and 47.4% (30.4 g/L), respectively, after 96 h, employing a 10 FPU/g enzyme loading
of Cellic® CTec3 (Novozymes Inc. Parana, Brazil). In summary, these findings outline an integrated
green chemistry approach aimed at addressing the key challenges associated with pretreatment,
concentration, detoxification, and enzymatic hydrolysis to produce fermentable sugars.
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1. Introduction

In recent decades, the global demand for renewable and sustainable sources of energy
has surged, catalyzing the exploration of alternative methods to produce biofuels and
green chemicals [1]. Amidst the array of biomass resources, sugarcane emerges as a crop of
paramount economic significance [2], boasting an annual production surpassing 1.9 billion
metric tons and playing a pivotal role in both the food and biofuel industries [3].

Brazil shines brightly as the foremost producer of sugarcane, commanding a substan-
tial share at 677.6 million tons of the global production, thereby constituting a significant
portion of its agricultural economy [4]. However, the sugarcane industry, while prolific,
begets substantial waste in the form of straw and bagasse, which are byproducts of sugar
and ethanol production. With sugarcane harvesting yielding 140 kg of dry bagasse and
straw per ton of processed cane [5], these residues present environmental quandaries
owing to their voluminous nature and management challenges [6]. Yet, bagasse and straw
concurrently represent a cost-effective opportunity for their utilization as lignocellulosic
material in biotechnological processes [7].

Comprising primarily of cellulose (38.4–45.5%), hemicellulose (22.7–27.0%), and lignin
(19.1–32.4%) [8], sugarcane bagasse (SCB) comes to light as an appealing substrate for
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bioconversion processes, yielding fermentable sugars and serving as an eco-friendly plat-
form for producing value-added molecules. However, SCB presents a complex hierarchical
structure consisting of crystalline cellulose nanofibrils intertwined within an amorphous
matrix of cross-linked lignins and hemicelluloses [9]. This intricate arrangement poses a
formidable barrier to enzyme and microbial accessibility, hindering the efficient breakdown
of cellulose into fermentable sugars [10]. Given the heterogeneous nature of biomass feed-
stock, the development of a universal pretreatment process remains an arduous task [11].

Various pretreatment strategies for SCB have been delineated in the literature, encom-
passing chemical, physical, and biological treatments, albeit demanding considerable time
and energy resources [12]. Dilute acid pretreatment has emerged as a potent approach for
recovering xylose-rich hydrolysates and augmenting the enzymatic hydrolysis of ligno-
cellulosic biomass by disrupting the lignin–hemicellulose–cellulose matrix and enhancing
cellulose accessibility to hydrolytic enzymes [13]. Central to biorefineries are two sequential
steps: biomass saccharification, followed by fermentation of the liberated sugars [14].

Dilute acid pretreatment stands out as a practical and highly effective chemical method,
offering significant economic and environmental benefits. These advantages include re-
duced process costs, minimal acid consumption, diminished bioreactor corrosion, and
wastewater with a low acid residue concentration [15]. By fine-tuning operational parame-
ters such as solid loading, acid concentration, temperature, and retention time, the recovery
of sugars can be substantially enhanced from SCB via diluted sulfuric acid treatment [16,17].
Additionally, the maximization of C5 and C6 sugar acquisition can catalyze the produc-
tion of derivatives from this carbon source, as highlighted in previous works like that by
Dionoso et al. [18].

Nevertheless, xylose-rich hydrolysates often harbor inhibitory compounds, such as
furfural, 5-hydroxymethylfurfural (5-HMF), acetic acid, and phenolic compounds, which
can impede microbial fermentation and diminish bioproduct yields [13,19]. Thus, detoxifi-
cation strategies for hydrolysates are imperative to alleviate the inhibitory effects of these
compounds and enhance substrate fermentability efficiency [20–22].

In this context, this current study delves into the enhanced production of fermentable
sugars from sulfuric acid-diluted SCB pretreatment under low-temperature and short
reaction time conditions. The subsequent concentration and detoxification of xylose-rich
hydrolysates were undertaken to safeguard the fermentable sugars and eradicate the
inhibitory compounds. Furthermore, the cellulignin generated during pretreatment was
assessed for its potential to produce reducing sugars (RSs) via saccharification, employing
low enzyme loading and comparing low and high solid loadings to discern their impact on
sugar production and yield.

By elucidating the synergistic effects of sulfuric acid pretreatment, detoxification, and
enzymatic saccharification in SCB conversion, this research contributes to the advancement
of efficient and sustainable processes for producing biofuels (e.g., ethanol and methane),
enzymes, bioplastics, and chemicals from lignocellulosic biomass.

2. Materials and Methods
2.1. Feedstock and Chemicals

The SCB used in this study was kindly supplied by the Ipiranga Agroindustrial Plant
(Descalvado, Sao Paulo, Brazil). Afterward, it underwent washing to remove all dust
particles and was then sun-dried to eliminate moisture. Following this, the bagasse was
finely ground in a high-speed stainless industrial blender and stored in plastic bags at
room temperature. The commercial enzymatic cocktail Cellic® CTec3 (300.12 FPU/mL)
was provided by the company Novozyme Inc. (Curitiba, Parana, Brazil). Activated carbon,
calcium oxide (CaO), and sulfuric acid (H2SO4) were purchased from Labsynth, Diadema,
SP, Brazil.
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2.2. Pretreatment of Sugarcane Bagasse with Diluted Sulfuric Acid

The dilute acid hydrolysis of the SCB was conducted in a CR 80 Allbiom stainless
steel reactor (Cajuru, Sao Paulo, Brazil) with an 80 L capacity. The hydrolysis reaction
employed a 2% (v/v) H2SO4 (98%) catalyst, along with a ratio of 10% (w/v) TS (3 kg bagasse;
30 L acid solution) at 120 ◦C and 80 rpm for 20 min. Post-reaction, the treated biomass
(cellulignin) was recovered via centrifugation (4000× g for 20 min) using a Sppencer
Scientific Centrifuge, Sao Paulo, Brazil. The hemicellulosic hydrolysate obtained was stored
at 4 ◦C. The cellulignin was rinsed with tap water until it reached a neutral pH, followed
by drying at room temperature.

2.3. Chemical Composition

The compositional analysis for determining carbohydrates, lignin, ash, and total
extractives in the native SCB and in the pretreated biomass (cellulignin) was carried out
through H2SO4 hydrolysis, essentially following the methods outlined by the National
Renewable Energy Laboratory (NREL) in the NREL/TP-510-42618 and NREL/TP-510-
42619 protocols [23,24]. The inorganic ash present was measured by ashing the samples
at 550 ◦C for 3 h using gravimetric analysis. The polysaccharide content was calculated
based on the amount of released monosaccharides, determined through High-Performance
Liquid Chromatography (HPLC) Waters 1515 (Milford, MA, USA).

2.4. Concentration and Detoxification of Sugarcane Hemicellulosic Hydrolysate

The hemicellulosic hydrolysate was concentrated twice at 80 ◦C to increase the sugar
concentration, primarily xylose [25]. This process employed a Hipperquimica 32 L capacity
vacuum concentrator (Iperó, Sao Paulo, Brazil). After concentration, the resulting xylose-
rich hydrolysate underwent detoxification according to the method outlined by Marton
et al. [26]. This detoxification process involved three stages: the neutralization of the pH to
7.0 using a solution with 50% by weight of CaO, the reduction in the pH to 5 with H2SO4,
and the addition of activated carbon at a ratio of 2% (w/v). The mixture was then placed
on a Thermo Scientific MaxQ 4000 rotary shaker (Waltham, MA, USA), set to operate at
100 rpm and 50 ◦C for 60 min. Vacuum filtration was performed after each processing step.
Finally, upon completion of the detoxification process, the hydrolysate was stored at 4 ◦C
for further analyses.

2.5. Enzymatic Saccharification of the Cellulignin Fraction

The enzymatic hydrolysis (E.H.) of cellulignin was conducted using 5% and 10% TS,
following the method outlined by Ascencio et al. [27]. Saccharification tests were performed
by adding 5 and 10 g of the pretreated SCB to 250 mL Erlenmeyer flasks containing 100 mL
of sodium citrate buffer (50 mM; pH 4.8) [27]. The Cellic® CTec3 was utilized with an
enzyme loading of 10 FPU (Filter Paper Units) per 0.55 g of cellulose from the pretreated
biomass at 50 ◦C and 180 rpm for 96 h in a Thermo Scientific MaxQ 4000 rotary shaker
(Ashville, OH, USA). Using the same experimental conditions, cellulignin without cellulase
enzymes served as a substrate blank, while cellulase enzymes without cellulignin were
employed as a control. Samples of the enzymatic hydrolysate were collected periodically
at 0, 12, 24, 48, 72, and 96 h. These samples were boiled for 5 min at 100 ◦C to deactivate
the cellulase enzymes and then centrifuged at 10,000× g for 10 min. The supernatant was
collected and frozen for the subsequent analysis of RSs using the method by Miller [28].

2.6. Analytical Techniques

The xylose, glucose, arabinose, cellobiose, and acetic acid were determined using a
Waters 1515 HPLC (Milford, MA, USA) equipped with a Bio-rad aminex HPX-87H column
(300 × 7.8 mm) coupled to an index detector with a 2414 refraction. A 5 mM H2SO4
eluent was used at a flow rate of 0.6 mL/min, with a column temperature of 45 ◦C and an
injected volume of 20 µL. Before analysis via HPLC, the samples were filtered through a
Waters Sep-Pak C18 filter (WAT051910). The total phenolics (g/L) in the hemicellulosic
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hydrolysates were determined using the method described by Singleton et al. [29]. All
analyses in this work were performed in triplicate. The xylan removal [30], xylose yield in
the hemicellulosic hydrolysate [31], and the RSs yield in the enzymatic hydrolysate [27]
were calculated using the following formulas:

Xylan removal (%) =
Final mass o f xylose in the acid hydrolysate (g)− Initial mass o f xylose (g)

Initial mass o f xylose contained in the xylan SCB(g)
× 100%

Xylose yield f rom biomass pretreated (%) =
Xylose in the acid hydrolysate (g)

Xylaninthe SCB (g)
× 0.88 × 100%

RS yield f rom E.H.(%) =
Sugar concentration

( g
L
)
× enzymatic hydrolysate (L)

Glucan + Xylan in the cellulignin (g)
× 100%

3. Results and Discussion
3.1. Diluted Sulfuric Acid Pretreatment

SCB, a highly abundant industrial by-product utilized in Brazil for 2G-ethanol produc-
tion, was pretreated with 2% (v/v) sulfuric acid, serving as a catalyst for acid hydrolysis, as
depicted in Figure 1. Both the liquid fraction (hemicellulosic hydrolysate) and the solid
biomass (cellulignin) were retrieved for subsequent sugar concentration–detoxification and
enzymatic hydrolysis, respectively.
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Figure 1. General overview of the retrieval of reducing sugars found in the hemicellulosic and enzy-
matic hydrolysate derived from acid-pretreated sugarcane bagasse, employing a mechanical reactor.

Untreated SCB revealed the following composition (%, dry weight): 40.6 ± 0.4 glucan,
21.3 ± 0.0 xylan, 1.9 ± 0.0 arabinan, 21.4 ± 0.3 total lignin, 3.2 ± 0.0 acetic acid, 1.5 ± 0.1
ash, and 2.0 ± 0.2 total extractives. The reported values fell within the ranges documented
in a comprehensive study that examined sixty bagasse samples collected from the primary
sugarcane-producing regions in Brazil [32]. Furthermore, the compositional analysis of the
pretreated SCB demonstrated an increase in glucan and lignin content under the examined
reaction conditions (2% H2SO4, 80 rpm at 200 ◦C) compared to the untreated bagasse,
while reductions were observed for xylan, arabinan, acetic acid, total extractives, and ash.
Notably, xylan exhibited a significant decrease from 21.3% to 9.1% post-acid treatment, as
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illustrated in Table 1. Certainly, Philippini et al. [33] presented similar data in the chemical
characterization of sulfuric acid-treated SCB cellulignin, encompassing xylan (8.8%), glucan
(53.8%), lignin (36.1%), and ash (0.5%).

Table 1. Compositional analysis (%, dry weight) of untreated and dilute sulfuric acid-pretreated SCB.

Biomass Lignin Glucan Xylan Arabinan Acetic Acid Total Extractives Ash Total

SCB untreated 21.4 ± 0.3 40.6 ± 0.4 21.3 ± 0.0 1.9 ± 0.0 3.2 ± 0.0 2.0 ± 0.2 1.5 ± 0.1 92.2 ± 0.5
SCB pretreated 27.1 ± 0.3 55.1 ± 3.0 9.1 ± 0.8 0.5 ± 0.0 1.1 ± 0.0 ND 0.8 ± 0.0 93.8 ± 3.8

ND, not detectable.

The reduction in xylan by 77.3% in the cellulignin indicates the effectiveness of the
pretreatment using a low-concentration of sulfuric acid (2% w/v) and a short reaction time
(20 min) in our study. In fact, Alves et al. [34] reported a 71.4% xylan removal using 2%
(w/v) H2SO4 to treat the 10% SCB at 121 ◦C, but with autoclaving for a longer reaction time
(60 min). Similarly, Hans et al. [35] optimized the SCB treatment using 1.5% H2SO4, 12.5%
(w/v) solid loading, and 37 min in an autoclave, removing 75% of xylan.

Meanwhile, Canilha et al. [15] reported low yields regarding xylan removal in acid
treatment of 15% (w/v) SCB using 2.5% (w/v) H2SO4 at 120 ◦C, even with shorter times
of 10 min (3.6%) or longer times of 30 min (22.8%) in stainless steel reactors, compared to
20 min in the present study. However, the best xylan removal (61.9%) was observed when
the pretreatment was carried out with 1.5% (w/v) acid at 135 ◦C for 20 min [15].

It is worth mentioning that previous works lacked agitation, a key factor in dilute
acid pretreatment processes to increase the xylan removal efficiency. Effective agitation
improves heat and mass transfer within the reactor, facilitating the redistribution of the
catalytic agent throughout the biomass [36]. Additionally, agitation applies physical forces
to the biomass, contributing directly to fiber wear. As fibers mix, impact forces hitting
the bottom of the reactor cause the mechanical breakdown of lignocellulose [37]. The
current work did not optimize factors such as solid loading or the variation in the H2SO4
concentration; however, the results were promising. As demonstrated by Rocha et al. [38],
using a rotary reactor to pretreat SCB with an acid mix (1% sulfuric acid and 1% acetic
acid) at 190 ◦C for 10 min, and solid loadings of 6.6% and 10%, achieved a xylan removal
exceeding 90% in both cases.

This treatment primarily aims at solubilizing xylan, which possesses a slightly amor-
phous and branched structure resistant to hydrolysis. The resulting hemicellulosic hydrolysate
holds potential applications in biofuel and green chemical production within a sugarcane-based
biorefinery, catering to formulations requiring suitable sources of C5 sugars.

3.2. Concentration and Detoxification of Hemicellulosic Hydrolysate

The hemicellulosic hydrolysate, post-acid treatment, yielded 19.9 g/L of total RSs,
comprising 16.4 g/L xylose, 1.6 g/L glucose, 1.7 g/L arabinose, and 0.5 g/L cellobiose.
Additionally, the analysis revealed 2.1 g/L of acetic acid and 0.8 g/L of total phenolics as
fermentation-inhibitory compounds that were produced during pretreatment. Likewise,
comparable concentrations of xylose (19.1 g/L) have been measured in the hemicellulosic
hydrolysate of sulfuric acid-treated sugar cane bagasse, along with glucose (0.9 g/L),
arabinose (1.8 g/L), acetic acid (3.4 g/L), and total phenolics (1.9%) [39].

In this study, the total xylose yield reached 68.0% of the theoretical xylose content
found in the untreated SCB. It is worth mentioning that this figure aligns with the results
reported in other studies of 63.3% [18], 65% [38], and 74% [39]. To enhance the reducing
sugar concentration, the hemicellulosic hydrolysate underwent a 2.37-fold increase, result-
ing in a significant increase to 47.4 g/L, with xylose as the predominant sugar at 38.1 g/L.
Consequently, there was also an observed increase in inhibitory compounds, reaching
3.8 g/L for acetic acid and 1.6 g/L for phenolic compounds. Figure 2 provides a clear
overview of the chemical composition, including the RSs and inhibitory compounds found
in both the unconcentrated and concentrated hemicellulosic hydrolysates.
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Fermentation inhibitors, including furfural, 5-HMF, formic acid, acetic acid, and
phenolic compounds, pose significant challenges by impeding microbial growth and sugar
consumption [22,40]. The detoxification of the concentrated hemicellulosic hydrolysate was
carried out to mitigate the adverse effects of these inhibitors to optimize the fermentation
conditions and maximize the bioproduct yield [21,39,41].

The visual representation in Figure 3A depicts the detoxification process, wherein the
acid hemicellulosic hydrolysate post-acid treatment (1) was concentrated (2) and detoxified
[pH neutralization with 50% (w/v) CaO, pH reduction to 5 with H2SO4, and addition
of 2% (w/v) activated carbon] (3), resulting in a xylose-rich hydrolysate after filtration
(4). The detoxification step effectively removed the acetic acid, which was the predom-
inant inhibitor identified in hydrolysates originating from xylan deacetylation [42]. In
contrast, detoxification methods for sugar cane bagasse hydrolysate using various resins
(A-103 S, A-860 S, Applexion cation, and Applexion anion) failed to remove any acetic acid
whatsoever [43].

However, a novel approach to enhance the removal of undesirable byproducts and
phenolic compounds from SCB hydrolysates involves utilizing a combination of activated
carbon and macroporous adsorption resin, resulting in impressive removal efficiencies of
70.9% and 92.0%, respectively [44]. Our findings demonstrate that the CaO–activated car-
bon process significantly reduced phenolic compound levels by 56%, from 1.6 to 0.7 g/L, as
depicted in Figure 3B, while fully preserving the RSs. Lignin-derived phenolic compounds
are common in the hydrolysate of pretreated lignocellulosic biomass, which can reduce the
efficiency of enzymatic hydrolysis [45]. Importantly, the detoxification process kept the RSs
intact, ensuring the preservation of their full potential.
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3.3. Enzymatic Saccharification of Cellulignin

This assay evaluated the efficiency of dilute acid pretreatment through a saccharifica-
tion reaction using 5% and 10% TS of SCB cellulignin. The time course of the enzymatic
hydrolysis, conducted for 96 h using an enzyme loading of 10 FPU/g of dry biomass, is
presented in Figure 4. A dramatic increase in RS yields was observed in both cellulignin
hydrolysates compared to the substrate blank, which consisted solely of biomass without
enzymes. Enzymatic hydrolysis with 5% and 10% TSs achieved similar yields, approxi-
mately 47.3% and 47.4%, respectively. Cellulignin lacks a significant portion of xylan, yet
lignin remains abundant in the cell wall (Table 1), resulting in lower sugar recovery.

The lower sugar recovery at a 10% solid loading may be attributed to the inhibition
of cellulolytic enzymes by the high lignin content in cellulignin and/or the inadequate
mass transfer during the hydrolysis process, as the SCB suspension was only stirred in the
incubator [46–48].

A similar experimental setup, using a 20% TS cellulignin from five SCB varieties
but employing a blend of the commercial enzymes Celluclast 1.5 L and Novozyme 188,
demonstrated an average RSs production of 27.2 g/L within 48 h [33]. Despite a TS
reduction of 10% in this study, the results still showed a significant production of 23.5 g/L
of RSs after 48 h. This finding underscores the efficiency of the process and suggests that
even with a lower amount of raw material, considerable yields of sugars can be obtained,
which could have positive implications in terms of production costs and efficiency on an
industrial scale.

However, it was noted that the highest RSs (30.4 g/L) were obtained under the 10%
TS condition at 96 h. This was attributed to a higher amount of dry biomass with a greater
carbohydrate content, compared to 15.2 g/L obtained with 5% TS (yield 47.3%). However,
after 48 h, the saccharification of 5% cellulignin showed a 52% RS yield when utilizing
Avicel cellulase [49], a higher value compared to a yield of 33.1% RSs within the same
timeframe in this work.

Our results are consistent with studies on the enzymatic hydrolysis of SCB cellulignin,
although higher enzyme loadings are typically used. For instance, Ascencio et al. [27]
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conducted enzymatic hydrolysis with 5% and 10% SCB cellulignin using 15 FPU/g of
Cellic® CTec2, resulting in approximately 14 g/L and 22 g/L yields at 72 h, respectively.
Hence, future studies could investigate using higher %TS concentrations in enzymatic
hydrolysis to observe their impact on sugar yield, ultimately maximizing the RS production.

Processes 2024, 12, x FOR PEER REVIEW  8  of  11 
 

 

Avicel cellulase  [49], a higher value compared  to a yield of 33.1% RSs within  the same 

timeframe in this work. 

Our  results are consistent with studies on  the enzymatic hydrolysis of SCB cellu-

lignin, although higher enzyme loadings are typically used. For instance, Ascencio et al. 

[27] conducted enzymatic hydrolysis with 5% and 10% SCB cellulignin using 15 FPU/g of 

Cellic® CTec2, resulting in approximately 14 g/L and 22 g/L yields at 72 h, respectively. 

Hence, future studies could investigate using higher %TS concentrations in enzymatic hy-

drolysis to observe their impact on sugar yield, ultimately maximizing the RS production. 

 

Figure 4. The kinetic profile of RSs released during the enzymatic hydrolysis of cellulignin under 5 

and 10% TS. The substrate blank comprises cellulignin without the Cellic® CTec3 enzyme. There is 

no statistical difference according to the Tukey test (95% confidence level). 

4. Conclusions 

The pretreatment of SCB with 2% sulfuric acid at a  low  temperature and reaction 

time (120 °C, 20 min) induced significant alterations in its chemical composition, resulting 

in an increased glucan and lignin content and a noticeable reduction in xylan. This process 

effectively solubilized 77.3% of  the xylan,  facilitating subsequent acid hydrolysis. Acid 

hydrolysis generated a hemicellulosic hydrolysate abundant  in RSs, predominantly xy-

lose, with a yield of 68.06%. Although  the concentration of  the xylose-rich hydrolysate 

substantially augmented the RSs, it also elevated the levels of inhibitory compounds, such 

as acetic acid and phenolic compounds. Nevertheless, detoxification (CaO and activated 

carbon) of the concentrated hydrolysate efficiently removed the acetic acid and reduced 

the phenolic compounds by 56%, thereby maintaining the RS concentrations for valoriza-

tion. The enzymatic hydrolysis of the SCB cellulignin exhibited enhanced RS yields, espe-

cially under the conditions of a higher %TS content. A fundamental aspect of this research 

lies  in  the comprehensive recovery of all sugar content present  in SCB. These findings 

underscore the potential of SCB biomass for fermentable sugar production, which is cru-

cial for obtaining green chemicals and fuels in biorefineries. Stressing the significance of 

the pretreatment and detoxification processes is essential for maximizing their efficiency. 

   

Figure 4. The kinetic profile of RSs released during the enzymatic hydrolysis of cellulignin under 5
and 10% TS. The substrate blank comprises cellulignin without the Cellic® CTec3 enzyme. There is
no statistical difference according to the Tukey test (95% confidence level).

4. Conclusions

The pretreatment of SCB with 2% sulfuric acid at a low temperature and reaction time
(120 ◦C, 20 min) induced significant alterations in its chemical composition, resulting in
an increased glucan and lignin content and a noticeable reduction in xylan. This process
effectively solubilized 77.3% of the xylan, facilitating subsequent acid hydrolysis. Acid
hydrolysis generated a hemicellulosic hydrolysate abundant in RSs, predominantly xy-
lose, with a yield of 68.06%. Although the concentration of the xylose-rich hydrolysate
substantially augmented the RSs, it also elevated the levels of inhibitory compounds, such
as acetic acid and phenolic compounds. Nevertheless, detoxification (CaO and activated
carbon) of the concentrated hydrolysate efficiently removed the acetic acid and reduced the
phenolic compounds by 56%, thereby maintaining the RS concentrations for valorization.
The enzymatic hydrolysis of the SCB cellulignin exhibited enhanced RS yields, especially
under the conditions of a higher %TS content. A fundamental aspect of this research
lies in the comprehensive recovery of all sugar content present in SCB. These findings
underscore the potential of SCB biomass for fermentable sugar production, which is crucial
for obtaining green chemicals and fuels in biorefineries. Stressing the significance of the
pretreatment and detoxification processes is essential for maximizing their efficiency.

Author Contributions: Conceptualization, A.K.C. and M.A.Y.-G.; methodology, M.A.Y.-G., L.R. and
J.J.A.; validation, M.A.Y.-G. and J.J.A.; formal analysis, M.A.Y.-G. and J.J.A.; investigation, M.A.Y.-G.,
L.R. and J.J.A.; resources, A.K.C.; data curation, J.J.A.; writing—original draft preparation, M.A.Y.-G.
and J.J.A.; writing—review and editing, J.J.A. and A.K.C.; visualization, A.K.C.; supervision, A.K.C.;
project administration, A.K.C.; funding acquisition, A.K.C. All authors have read and agreed to the
published version of the manuscript.



Processes 2024, 12, 978 9 of 11

Funding: This research was funded by the São Paulo Research Foundation (FAPESP), grants numbers
2022/13184-1, 2023/08226-0, and 2023/12273-3; Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior—Brasil (CAPES)—Finance Code 001; and Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq) productivity program: 309214/2021-1. The authors are thankful to
Novozym Inc. Araucaria, Parana, Brazil, for providing the Cellic Ctec3 enzyme cocktail.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Li, G.; Wang, R.; Pang, J.; Wang, A.; Li, N.; Zhang, T. Production of Renewable Hydrocarbon Biofuels with Lignocellulose and Its

Derivatives over Heterogeneous Catalysts. Chem. Rev. 2024, 124, 2889–2954. [CrossRef]
2. Santos, R.; Assis, R.; Freitas, R.; Barbosa, I.; Ceccatto, V. Sugarcane Rapadura: Characteristics of the Oldest Historical Energy Food

and Its Native Production Method. Processes 2024, 12, 511. [CrossRef]
3. Khaire, K.C.; Moholkar, V.S.; Goyal, A. Bioconversion of Sugarcane Tops to Bioethanol and Other Value Added Products: An

Overview. Mater. Sci. Energy Technol. 2021, 4, 54–68. [CrossRef]
4. Conab—Boletim da Safra de Cana-de-Açúcar. Available online: http://www.conab.gov.br/info-agro/safras/cana/boletim-da-

safra-de-cana-de-acucar (accessed on 26 March 2024).
5. Schmatz, A.A.; Candido, J.P.; de Angelis, D.d.F.; Brienzo, M. Semi-Simultaneous Saccharification and Fermentation Improved by

Lignin and Extractives Removal from Sugarcane Bagasse. Fermentation 2023, 9, 405. [CrossRef]
6. Melati, R.B.; Shimizu, F.L.; Oliveira, G.; Pagnocca, F.C.; de Souza, W.; Sant’Anna, C.; Brienzo, M. Key Factors Affecting the

Recalcitrance and Conversion Process of Biomass. Bioenerg. Res. 2019, 12, 1–20. [CrossRef]
7. Fuess, L.T.; Lens, P.N.L.; Garcia, M.L.; Zaiat, M. Exploring Potentials for Bioresource and Bioenergy Recovery from Vinasse, the

“New” Protagonist in Brazilian Sugarcane Biorefineries. Biomass 2022, 2, 374–411. [CrossRef]
8. Canilha, L.; Kumar Chandel, A.; dos Santos Milessi, T.S.; Fernandes Antunes, F.A.; da Costa Freitas, W.L.; das Graças Almeida

Felipe, M.; da Silva, S.S. Bioconversion of Sugarcane Biomass into Ethanol: An Overview about Composition, Pretreatment
Methods, Detoxification of Hydrolysates, Enzymatic Saccharification, and Ethanol Fermentation. J. Biomed. Biotechnol. 2012, 2012,
989572. [CrossRef]

9. Marakana, P.G.; Dey, A.; Saini, B. Isolation of Nanocellulose from Lignocellulosic Biomass: Synthesis, Characterization, Modifica-
tion, and Potential Applications. J. Environ. Chem. Eng. 2021, 9, 106606. [CrossRef]

10. Thite, V.S.; Nerurkar, A.S. Valorization of Sugarcane Bagasse by Chemical Pretreatment and Enzyme Mediated Deconstruction.
Sci. Rep. 2019, 9, 15904. [CrossRef] [PubMed]

11. Vu, H.P.; Nguyen, L.N.; Vu, M.T.; Johir, M.A.H.; McLaughlan, R.; Nghiem, L.D. A Comprehensive Review on the Framework to
Valorise Lignocellulosic Biomass as Biorefinery Feedstocks. Sci. Total Environ. 2020, 743, 140630. [CrossRef] [PubMed]

12. Alokika; Anu; Kumar, A.; Kumar, V.; Singh, B. Cellulosic and Hemicellulosic Fractions of Sugarcane Bagasse: Potential, Challenges
and Future Perspective. Int. J. Biol. Macromol. 2021, 169, 564–582. [CrossRef] [PubMed]

13. Narisetty, V.; Cox, R.; Bommareddy, R.; Agrawal, D.; Ahmad, E.; Pant, K.K.; Chandel, A.K.; Bhatia, S.K.; Kumar, D.; Binod, P.;
et al. Valorisation of Xylose to Renewable Fuels and Chemicals, an Essential Step in Augmenting the Commercial Viability of
Lignocellulosic Biorefineries. Sustain. Energy Fuels 2021, 6, 29–65. [CrossRef]

14. Reis, C.E.R.; Libardi Junior, N.; Bento, H.B.S.; de Carvalho, A.K.F.; Vandenberghe, L.P.d.S.; Soccol, C.R.; Aminabhavi, T.M.;
Chandel, A.K. Process Strategies to Reduce Cellulase Enzyme Loading for Renewable Sugar Production in Biorefineries. Chem.
Eng. J. 2023, 451, 138690. [CrossRef]

15. Canilha, L.; Santos, V.T.O.; Rocha, G.J.M.; Almeida e Silva, J.B.; Giulietti, M.; Silva, S.S.; Felipe, M.G.A.; Ferraz, A.; Milagres,
A.M.F.; Carvalho, W. A Study on the Pretreatment of a Sugarcane Bagasse Sample with Dilute Sulfuric Acid. J. Ind. Microbiol.
Biotechnol. 2011, 38, 1467–1475. [CrossRef] [PubMed]

16. Soares, I.B.; Mendes, K.C.S.; Benachour, M.; Abreu, C.A.M. Evaluation of the Effects of Operational Parameters in the Pretreatment
of Sugarcane Bagasse with Diluted Sulfuric Acid Using Analysis of Variance. Chem. Eng. Commun. 2017, 204, 1369–1390. [CrossRef]

17. Hasan Ba Hamid, H.S.; Ku Ismail, K.S. Optimization of Enzymatic Hydrolysis for Acid Pretreated Date Seeds into Fermentable
Sugars. Biocatal. Agric. Biotechnol. 2020, 24, 101530. [CrossRef]

18. Dionísio, S.; Santoro, D.C.J.; Bonan, C.; Soares, L.; Biazi, L.; Rabelo, S.; Ienczak, J. Second-Generation Ethanol Process for Integral
Use of Hemicellulosic and Cellulosic Hydrolysates from Diluted Sulfuric Acid Pretreatment of Sugarcane Bagasse. Fuel 2021, 304,
121290. [CrossRef]

19. Chen, Z.; Wang, Y.; Cheng, H.; Zhou, H. Integrated Chemo- and Biocatalytic Processes: A New Fashion toward Renewable
Chemicals Production from Lignocellulosic Biomass. J. Chem. Technol. Biotechnol. 2023, 98, 331–345. [CrossRef]

20. Jin, T.; Xing, X.; Xie, Y.; Sun, Y.; Bian, S.; Liu, L.; Chen, G.; Wang, X.; Yu, X.; Su, Y. Evaluation of Preparation and Detoxification of
Hemicellulose Hydrolysate for Improved Xylitol Production from Quinoa Straw. Int. J. Mol. Sci. 2022, 24, 516. [CrossRef]

21. Mpabanga, T.P.; Chandel, A.K.; da Silva, S.S.; Singh, O.V. Detoxification Strategies Applied to Lignocellulosic Hydrolysates for
Improved Xylitol Production. In D-Xylitol: Fermentative Production, Application and Commercialization; da Silva, S.S., Chandel, A.K.,
Eds.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 63–82. [CrossRef]

https://doi.org/10.1021/acs.chemrev.2c00756
https://doi.org/10.3390/pr12030511
https://doi.org/10.1016/j.mset.2020.12.004
http://www.conab.gov.br/info-agro/safras/cana/boletim-da-safra-de-cana-de-acucar
http://www.conab.gov.br/info-agro/safras/cana/boletim-da-safra-de-cana-de-acucar
https://doi.org/10.3390/fermentation9050405
https://doi.org/10.1007/s12155-018-9941-0
https://doi.org/10.3390/biomass2040025
https://doi.org/10.1155/2012/989572
https://doi.org/10.1016/j.jece.2021.106606
https://doi.org/10.1038/s41598-019-52347-7
https://www.ncbi.nlm.nih.gov/pubmed/31685856
https://doi.org/10.1016/j.scitotenv.2020.140630
https://www.ncbi.nlm.nih.gov/pubmed/32679491
https://doi.org/10.1016/j.ijbiomac.2020.12.175
https://www.ncbi.nlm.nih.gov/pubmed/33385447
https://doi.org/10.1039/D1SE00927C
https://doi.org/10.1016/j.cej.2022.138690
https://doi.org/10.1007/s10295-010-0931-2
https://www.ncbi.nlm.nih.gov/pubmed/21210180
https://doi.org/10.1080/00986445.2017.1365061
https://doi.org/10.1016/j.bcab.2020.101530
https://doi.org/10.1016/j.fuel.2021.121290
https://doi.org/10.1002/jctb.7241
https://doi.org/10.3390/ijms24010516
https://doi.org/10.1007/978-3-642-31887-0_3


Processes 2024, 12, 978 10 of 11

22. Felipe Hernández-Pérez, A.; de Arruda, P.V.; Sene, L.; da Silva, S.S.; Kumar Chandel, A.; de Almeida Felipe, M.d.G. Xylitol
Bioproduction: State-of-the-Art, Industrial Paradigm Shift, and Opportunities for Integrated Biorefineries. Crit. Rev. Biotechnol.
2019, 39, 924–943. [CrossRef]

23. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D. Determination of Structural Carbohydrates and
Lignin in Biomass. In Laboratory Analytical Procedure (LAP); National Renewable Energy Laboratory: Golden, CO, USA, 2008.

24. Sluiter, A.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D. Determination of Extractives in Biomass, NREL TP-510-42619. In
Laboratory Analytical Procedure (LAP); National Renewable Energy Laboratory: Golden, CO, USA, 2008.

25. Silva, D.D.V.; Dussán, K.J.; Idarraga, A.; Grangeiro, L.; Silva, S.S.; Cardona, C.A.; Quintero, J.; Felipe, M.G.A. Production and
Purification of Xylitol by Scheffersomyces Amazonenses via Sugarcane Hemicellulosic Hydrolysate. Biofuels Bioprod. Biorefin.
2020, 14, 344–356. [CrossRef]

26. Marton, J.M.; Felipe, M.G.A.; Almeida e Silva, J.B.; Pessoa Júnior, A. Evaluation of the Activated Charcoals and Adsorption
Conditions Used in the Treatment of Sugarcane Bagasse Hydrolysate for Xylitol Production. Braz. J. Chem. Eng. 2006, 23, 9–21.
[CrossRef]

27. Ascencio, J.; Chandel, A.; Philippini, R.; da Silva, S. Comparative Study of Cellulosic Sugars Production from Sugarcane Bagasse
after Dilute Nitric Acid, Dilute Sodium Hydroxide and Sequential Nitric Acid-Sodium Hydroxide Pretreatment. Biomass Convers.
Biorefin. 2020, 10, 813–822. [CrossRef]

28. Miller, G.L. Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugar. Anal. Chem. 1959, 31, 426–428. [CrossRef]
29. Singleton, V.L.; Rossi, J.A. Colorimetry of Total Phenolics with Phosphomolybdic-Phosphotungstic Acid Reagents. Am. J. Enol.

Vitic. 1965, 16, 144–158. [CrossRef]
30. Melati, R.B.; Sass, D.C.; Contiero, J.; Brienzo, M. Xylan Solubilization from Partially Delignified Biomass, and Residual Lignin

Removal from Solubilized Xylan. Polysaccharides 2023, 4, 176–188. [CrossRef]
31. Jiang, L.; Wu, N.; Zheng, A.; Zhao, Z.; He, F.; Li, H. The Integration of Dilute Acid Hydrolysis of Xylan and Fast Pyrolysis of

Glucan to Obtain Fermentable Sugars. Biotechnol. Biofuels 2016, 9, 196. [CrossRef]
32. de Moraes Rocha, G.J.; Nascimento, V.M.; Gonçalves, A.R.; Silva, V.F.N.; Martín, C. Influence of Mixed Sugarcane Bagasse Samples

Evaluated by Elemental and Physical–Chemical Composition. Ind. Crops Prod. 2015, 64, 52–58. [CrossRef]
33. Philippini, R.; Martiniano, S.; Chandel, A.; Carvalho, W.; da Silva, S. Pretreatment of Sugarcane Bagasse from Cane Hybrids:

Effects on Chemical Composition and 2G Sugars Recovery. Waste Biomass Valorization 2019, 10, 1561–1570. [CrossRef]
34. Alves, R.; Melati, R.; Casagrande, G.; Contiero, J.; Pagnocca, F.; Brienzo, M. Sieving Process Selects Sugarcane Bagasse with Lower

Recalcitrance to Xylan Solubilization. J. Chem. Technol. Biotechnol. 2020, 96, 327–334. [CrossRef]
35. Hans, M.; Pellegrini, V.; Filgueiras, J.; Deazevedo, E.; Guimarães, F.; Chandel, A.; Polikarpov, I.; Chadha, B.; Kumar, S.

Optimization of Dilute Acid Pretreatment for Enhanced Release of Fermentable Sugars from Sugarcane Bagasse and Validation
by Biophysical Characterization. Bioenerg. Res. 2023, 16, 416–434. [CrossRef]

36. Shekiro III, J.; Kuhn, E.M.; Nagle, N.J.; Tucker, M.P.; Elander, R.T.; Schell, D.J. Characterization of Pilot-Scale Dilute Acid
Pretreatment Performance Using Deacetylated Corn Stover. Biotechnol. Biofuels 2014, 7, 23. [CrossRef]

37. Digaitis, R.; Thybring, E.E.; Thygesen, L.G. Investigating the Role of Mechanics in Lignocellulosic Biomass Degradation during
Hydrolysis: Part II. Biotechnol. Prog. 2021, 37, e3083. [CrossRef]

38. Rocha, G.; Martín Medina, C.; Soares, I.; Souto-Maior, A.; Baudel, H.; Abreu, C. Dilute Mixed-Acid Pretreatment of Sugarcane
Bagasse for Ethanol Production. Biomass Bioenergy 2011, 35, 663–670. [CrossRef]

39. Rodrigues, R.d.C.L.B.; Rocha, G.J.M.; Rodrigues, D.; Filho, H.J.I.; Felipe, M.d.G.A.; Pessoa, A. Scale-up of Diluted Sulfuric Acid
Hydrolysis for Producing Sugarcane Bagasse Hemicellulosic Hydrolysate (SBHH). Bioresour. Technol. 2010, 101, 1247–1253.
[CrossRef]

40. Chandel, A.K.; da Silva, S.S.; Singh, O.V. Detoxification of Lignocellulose Hydrolysates: Biochemical and Metabolic Engineering
Toward White Biotechnology. Bioenerg. Res. 2013, 6, 388–401. [CrossRef]

41. Chandel, A.K.; Garlapati, V.K.; Singh, A.K.; Antunes, F.A.F.; da Silva, S.S. The Path Forward for Lignocellulose Biorefineries:
Bottlenecks, Solutions, and Perspective on Commercialization. Bioresour. Technol. 2018, 264, 370–381. [CrossRef]

42. Nascimento, V.M.; Ienczak, J.L.; Boni, R.; Maciel Filho, R.; Rabelo, S.C. Mapping Potential Solvents for Inhibitors Removal from
Sugarcane Bagasse Hemicellulosic Hydrolysate and Its Impact on Fermentability. Ind. Crops Prod. 2023, 192, 116023. [CrossRef]

43. Carvalho, W.; Canilha, L.; Mussatto, S.; Dragone, G.; Morales, M.; Solenzal, A. Detoxification of Sugarcane Bagasse Hemicellulosic
Hydrolysate with Ion-Exchange Resins for Xylitol Production by Calcium Alginate-Entrapped Cells. J. Chem. Technol. Biotechnol.
2004, 79, 863–868. [CrossRef]

44. Preechakun, T.; Pongchaiphol, S.; Raita, M.; Champreda, V.; Laosiripojana, N. Detoxification of Hemicellulose-Enriched Hy-
drolysate from Sugarcane Bagasse by Activated Carbon and Macroporous Adsorption Resin. Biomass Convers. Biorefin. 2022.
[CrossRef]

45. Qin, L.; Li, W.-C.; Liu, L.; Zhu, J.-Q.; Li, X.; Li, B.-Z.; Yuan, Y.-J. Inhibition of Lignin-Derived Phenolic Compounds to Cellulase.
Biotechnol. Biofuels 2016, 9, 70. [CrossRef] [PubMed]

46. Arantes, V.; Saddler, J.N. Access to Cellulose Limits the Efficiency of Enzymatic Hydrolysis: The Role of Amorphogenesis.
Biotechnol. Biofuels 2010, 3, 4. [CrossRef] [PubMed]

47. Junior, C.S.; Milagres, A.M.F.; Ferraz, A.; Carvalho, W. The Effects of Lignin Removal and Drying on the Porosity and Enzymatic
Hydrolysis of Sugarcane Bagasse. Cellulose 2013, 20, 3165–3177. [CrossRef]

https://doi.org/10.1080/07388551.2019.1640658
https://doi.org/10.1002/bbb.2085
https://doi.org/10.1590/S0104-66322006000100002
https://doi.org/10.1007/s13399-019-00547-6
https://doi.org/10.1021/ac60147a030
https://doi.org/10.5344/ajev.1965.16.3.144
https://doi.org/10.3390/polysaccharides4020013
https://doi.org/10.1186/s13068-016-0612-0
https://doi.org/10.1016/j.indcrop.2014.11.003
https://doi.org/10.1007/s12649-017-0162-0
https://doi.org/10.1002/jctb.6541
https://doi.org/10.1007/s12155-022-10474-6
https://doi.org/10.1186/1754-6834-7-23
https://doi.org/10.1002/btpr.3083
https://doi.org/10.1016/j.biombioe.2010.10.018
https://doi.org/10.1016/j.biortech.2009.09.034
https://doi.org/10.1007/s12155-012-9241-z
https://doi.org/10.1016/j.biortech.2018.06.004
https://doi.org/10.1016/j.indcrop.2022.116023
https://doi.org/10.1002/jctb.1061
https://doi.org/10.1007/s13399-022-03596-6
https://doi.org/10.1186/s13068-016-0485-2
https://www.ncbi.nlm.nih.gov/pubmed/27006689
https://doi.org/10.1186/1754-6834-3-4
https://www.ncbi.nlm.nih.gov/pubmed/20178562
https://doi.org/10.1007/s10570-013-0032-2


Processes 2024, 12, 978 11 of 11

48. Yuan, Y.; Jiang, B.; Chen, H.; Wu, W.; Wu, S.; Jin, Y.; Xiao, H. Recent Advances in Understanding the Effects of Lignin Structural
Characteristics on Enzymatic Hydrolysis. Biotechnol. Biofuels 2021, 14, 205. [CrossRef]

49. Giese, E.C.; Pierozzi, M.; Dussán, K.J.; Chandel, A.K.; da Silva, S.S. Enzymatic Saccharification of Acid–Alkali Pretreated
Sugarcane Bagasse Using Commercial Enzyme Preparations. J. Chem. Technol. Biotechnol. 2013, 88, 1266–1272. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s13068-021-02054-1
https://doi.org/10.1002/jctb.3968

	Introduction 
	Materials and Methods 
	Feedstock and Chemicals 
	Pretreatment of Sugarcane Bagasse with Diluted Sulfuric Acid 
	Chemical Composition 
	Concentration and Detoxification of Sugarcane Hemicellulosic Hydrolysate 
	Enzymatic Saccharification of the Cellulignin Fraction 
	Analytical Techniques 

	Results and Discussion 
	Diluted Sulfuric Acid Pretreatment 
	Concentration and Detoxification of Hemicellulosic Hydrolysate 
	Enzymatic Saccharification of Cellulignin 

	Conclusions 
	References

