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Abstract

Sugarcane bagasse (SCB) represents an abundant lignocellulosic residue with significant
potential for integrated biorefinery applications. In this study, an alkaline extraction process
was optimized for lignin recovery from SCB using a Box–Behnken Design (BBD) to evaluate
the effects of extraction temperature (70–110 ◦C), NaOH concentration (3–9%, w/v), solid-
to-liquid ratio (1:10–1:50, g mL−1), and extraction time (30–90 min). Total phenolic content
(TPC) and pure lignin content (PLC) were employed as response variables to identify
optimal extraction conditions. Under the optimized parameters, a lignin yield of 17.7%
and a TPC of 52.7 mg GAE g−1 were achieved. Structural and thermal characterization
by Fourier-transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA)
confirmed the preservation of characteristic lignin functionalities and adequate thermal sta-
bility for downstream applications. To demonstrate its valorization potential, the recovered
lignin was successfully incorporated as a partial substitute for petroleum-derived phenol
in the formulation of a lignin-based resin, providing a proof of concept for its utilization
in sustainable polymeric materials. In parallel, the cellulose-enriched residual solid (RS)
obtained after lignin extraction was subjected to fermentation, yielding 10.3 g L−1 ethanol.
This integrated strategy enabled the sequential production of lignin-derived materials and
bioethanol from a single biomass feedstock, maximizing resource utilization while mini-
mizing waste generation. The findings highlight the feasibility of coupling lignin recovery
with biofuel production and support the development of SCB-based biorefineries for the
generation of renewable chemicals, bio-based materials, and sustainable energy carriers.

Keywords: sugarcane bagasse; lignin extraction; Box–Behnken design; biorefinery;
bioethanol; lignin-based resin; biomass valorization; sustainable materials

1. Introduction
The sugar industry plays a pivotal role in the agricultural and industrial sectors of

Morocco, contributing significantly to the national economy. However, this industry also
generates considerable amounts of waste, particularly bagasse, the fibrous by-product
obtained after the extraction of juice from sugarcane [1,2]. Bagasse represents a rich source
of lignocellulosic biomass, which has long been underutilized despite its potential for
various high-value applications [3]. The efficient valorization of this biomass could provide
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sustainable solutions for waste management while supporting the development of bio-
based industries in Morocco.

Lignocellulosic biomass, including bagasse, is primarily composed of cellulose, hemi-
cellulose, and lignin. These three biopolymers are linked together, forming a complex and
recalcitrant structure [4,5]. Cellulose and hemicellulose, being carbohydrate-rich, are often
targeted for the production of biofuels such as bioethanol. Lignin, on the other hand, is
a polyaromatic compound known for its structural rigidity and chemical versatility [6].
Lignin is increasingly recognized for its potential applications due to its high functional
group density and ability to bind various contaminants [7]. Despite this potential, the
effective valorization of lignin and other components of lignocellulosic biomass depends on
efficient fractionation techniques. Alkaline extraction (AE) is one of the most widely used
methods for isolating lignin, given the high yield it can achieve [8]. However, achieving
high-purity lignin requires the optimization of process parameters such as temperature,
reaction time, alkali concentration and solid-to-liquid ratio. Pure lignin after extraction
processes can be directly utilized in various industrial applications such as bio-based adhe-
sives, phenolic resins, and biodegradable plastics [9], while the resulting lignin-poor RS is
ideally suited for conversion into fermentable sugars and subsequent ethanol production
as it contains cellulose and hemicelluloses.

In Morocco, the potential for lignocellulosic biomass valorization, particularly from
sugar industry bagasse, remains largely untapped. The sugar industry generates significant
amounts of by-products such as bagasse, beet pulp, and molasses, which are mainly
used for low-value applications such as energy production and animal feed, despite their
high potential for biorefinery applications [10]. With the global push toward sustainable
development and renewable energy, there is a growing interest in transforming agricultural
by-products into high-value materials and biofuels [11]. The combined valorization of
lignin and lignin-poor RS presents a promising pathway for the efficient use of bagasse,
addressing both environmental and economic challenges.

Despite the extensive research devoted to SCB valorization, most studies have focused
on the production of a single value-added product, such as lignin, bioethanol, biochar,
or platform chemicals [12,13]. Lignin, one of the most abundant renewable aromatic
polymers in nature, has attracted considerable interest due to its potential applications in
the production of bio-based materials, adsorbents, resins, antioxidants, and other value-
added chemicals. As a result, numerous studies have focused on the extraction and
utilization of lignin from lignocellulosic biomass. However, these processes generate
lignin-poor residual biomass fractions that remain insufficiently valorized. Consequently,
the integrated utilization of both lignin and the RS within a comprehensive biorefinery
framework remains insufficiently explored [14]. Furthermore, although AE has been widely
recognized as an effective method for lignin recovery, limited studies have simultaneously
optimized lignin extraction conditions and investigated the subsequent valorization of both
the recovered lignin and the lignin-depleted residual biomass. Therefore, the development
of an integrated strategy combining optimized lignin extraction, lignin-based material
production, and bioethanol generation from the residual fraction represents a promising
approach to maximize biomass utilization, improve process sustainability, and enhance the
overall efficiency of lignocellulosic biorefineries [15].

In this context, the present study proposes an integrated biorefinery approach for
the comprehensive valorization of SCB. The objectives were (i) to optimize alkaline lignin
extraction using a Box–Behnken experimental design to maximize lignin purity, (ii) to
evaluate the conversion of the lignin-poor RS into bioethanol through acid hydrolysis and
fermentation, and (iii) to investigate the utilization of the recovered lignin as a partial
phenolic substitute in resin formulation. By combining these valorization pathways within
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a single process, this work aims to enhance the utilization efficiency of SCB and contribute
to the development of sustainable lignocellulosic biorefineries.

2. Materials and Methods
2.1. SCB Preparation and Its Composition Analysis

SCB was collected from the sugar industry (COSUMAR). The raw material was manu-
ally cut into small pieces, oven-dried at 105 ◦C for 20 h, then ground and sieved to obtain
particles smaller than 0.5 mm before being subjected to the AE process. The drying tempera-
ture (105 ◦C) was selected to ensure complete moisture removal and accurate determination
of biomass dry weight. According to previous studies, drying at this temperature primarily
removes residual moisture and does not significantly affect the structural integrity of lignin,
cellulose, and hemicellulose over the duration employed in this study [16].

The chemical composition of SCB was determined using standard analytical methods.
The procedures followed widely accepted protocols commonly used for lignocellulosic
biomass characterization, with adaptations from established methods such as those de-
veloped by the National Renewable Energy Laboratory (NREL) where appropriate. The
proximate analysis of SCB was conducted according to ASTM standard methods to de-
termine its moisture and ash contents [17]. Klason lignin content was determined using
a two-step acid hydrolysis method, where lignin was quantified as the acid-insoluble
residue [18]. Acid Detergent Fiber (ADF) analysis was conducted to estimate cellulose
and lignin fractions, while hemicellulose content was calculated by difference [19]. Addi-
tionally, acid hydrolysis using 0.05 N HCl was carried out to facilitate the fractionation of
structural carbohydrates.

2.2. Experimental Design for the AE Process

The previously prepared SCB was used as the feedstock for the AE experiments. For
the solid-to-liquid ratios investigated in the BBD (1:10–1:50, w/v), the biomass amount
ranged from 2 to 5 g, while the corresponding volume of NaOH solution ranged from 20 to
100 mL with concentrations varying from 3 to 9 wt.%, according to the experimental design.
The mixture was then heated at various temperatures between 70 and 110 ◦C for extraction
times ranging from 30 to 90 min. Following the extraction step, the RS was separated from
the black liquor by filtration. The residue was washed with distilled water three times
and then dried in an oven at 50 ◦C for 48 h. The black liquor was treated with H2SO4

at 2.5 M to precipitate lignin. The solution was centrifuged at 6000 rpm for 15 min and
washed three times with distilled water. Finally, the extracted lignin (E-Lign) was dried
in an oven at 50 ◦C for 48 h. The ranges of the independent variables used in the BBD
were selected based on preliminary experiments and previously reported studies on AE
of lignocellulosic biomass [7,8,13], ensuring effective lignin solubilization while avoiding
excessive degradation of the biomass structure.

The Response Surface Methodology (RSM) allows the optimization of the conditions
of lignin extraction from SCB with minimal number of experiments. A BBD with four
variables and three levels (−1, 0, +1) shown in Table 1 was applied to study the effect
of the reaction time (30–60–90 min; t), extraction temperature (70–90–110 ◦C; T), NaOH
concentration in the extraction solution (3–6–9% in volume; C), and solid-to-liquid ratio
(1/10–1/16.8–1/50, w/v; R) on the lignin yield and the TPC. The R is expressed as a coded
variable in the BBD, corresponding to the actual experimental values of 1:10, 1:16.8, and
1:50 (w/v), respectively. Table 2 indicates that the design was implemented for a total
of 27 lignin extraction experiments with three replications. The Design Expert software
(Version 2011, USA) was used for the statistical analysis of the data and for optimizing the
four factors to determine the optimal extraction parameters.
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Table 1. Experimental ranges and coded levels of the independent variables considered in the BBD
for optimization of lignin extraction from SCB.

Independent Variables Units Factors
Variable Ranges

−1 0 +1

NaOH Concentration % C 3 6 9

Temperature ◦C T 70 90 110

S/L Ratio w/v R 1/10 1/16.8 1/50

Time min t 30 60 90

Table 2. BBD of coded independent variables.

Experiment T (◦C) R C (%) t (min)

1 70 1/50 6 60

2 110 1/50 6 60

3 70 1/10 6 60

4 110 1/10 6 60

5 90 1/16.8 3 30

6 90 1/16.8 9 30

7 90 1/16.8 3 90

8 90 1/16.8 9 90

9 70 1/16.8 6 30

10 110 1/16.8 6 30

11 70 1/16.8 6 90

12 110 1/16.8 6 90

13 90 1/50 3 60

14 90 1/10 3 60

15 90 1/50 9 60

16 90 1/10 9 60

17 70 1/16.8 3 60

18 110 1/16.8 3 60

19 70 1/16.8 9 60

20 110 1/16.8 9 60

21 90 1/50 6 30

22 90 1/10 6 30

23 90 1/50 6 90

24 90 1/10 6 90

25 90 1/16.8 6 60

26 90 1/16.8 6 60

27 90 1/16.8 6 60
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The TPC (Y1) and the yield of PLC (Y2) were analyzed using the multiple regression
model. The statistical analysis of the experimental data was carried out using Design Expert
software. Analysis of variance (ANOVA) was employed to assess the significance and
adequacy of the developed model. The significance of each factor and their interactions was
evaluated based on p-values (with a significance level of 0.05). In addition, the coefficient
of determination (R2) and the adjusted R2 were examined to evaluate the model’s accuracy
and predictive capability.

2.3. Analysis of Lignin Extracts
2.3.1. Determination of TPC

The protocol used for the determination of TPC is based on that described in a previous
study [20]. In a micro-plate a volume of 20 µL of each extract was added, with a mixture of
100 µL of Folin–Ciocalteu reagent diluted 10-fold, and 80 µL of a 7.5% sodium carbonate
solution. The micro-plate was incubated for 30 min. Absorbance was read at 735 nm using
UV–Vis spectrophotometer (FLUOstar Omega, BMG LABTECH, Ortenberg, Germany). A
calibration curve was run in parallel under the same operating conditions, using gallic acid
at different concentrations.

2.3.2. Purity Lignin Analysis

The lignin purity was determined by a two-stage acid hydrolysis method as previously
described [18]. A sample of 80 mg of lignin was gradually added to 0.8 mL of 72% H2SO4

and incubated in a water bath at 30 ◦C for 1 h. Then, 23.8 mL of distilled water was added
to dilute the mixture. After being diluted, the mixture was heated under reflux until the
boiling temperature reached 120 ◦ for 1 h, and the insoluble residue was left to settle.
Filtration was carried out in a weighted sintered crucible, and washed with 500 mL of
distilled water preheated to approximately 80 ◦C. After washing, it was dried in an oven at
105 ◦C for 12 h. The residue obtained is Klason lignin and was then weighed (Equation (1)).

Purity =
weight of Klason Lignin (g)

weight of extracted matter (g)
(1)

The extraction yield was expressed as a percentage of the initial dry biomass weight
(Equation (2)). This calculated yield represents the E-Lign, which may include impurities.
Then, the second response represents the PLC after each trial (Equation (3)).

Extraction Yield (%) =
weight of extracted matter (g)
Initial Dry Massof Bagasse (g)

× 100 (2)

Y2(%) = Extraction Yield(%)× Purity (3)

2.3.3. Characterization of Lignin Extracts Prepared Under Optimal Conditions

Structural and thermal characterization of the E-Lign and RS was performed by
FTIR, and TGA. FT-IR measurements were taken using an FT-IR Nicolet 6700 (Thermos,
Schaumburg, IL, USA). Each scan recorded 50 scans, in the range from 500 to 4000 cm−1

with a resolution of 4 cm−1 according to the method described in [21]. TGA was conducted
using a thermogravimetric analyzer instrument, covering a temperature range of 100 ◦C to
900 ◦C, with a heating rate of 10 ◦C min−1 according to the method described in [22].

2.4. Bioconversion of RS into Ethanol

The RS obtained after AE under optimized conditions and the Untreated Sugarcane
Bagasse (UT-SCB) were subjected to acid hydrolysis and subsequent fermentation for
ethanol production. The hydrolysis step was carried out using the lignin-free acidic filtrate
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(LFAF) recovered after lignin precipitation from black liquor at pH 2, thereby promoting
biomass valorization while minimizing the use of additional chemical reagents. In this
process, acidification of the black liquor to pH 2 was specifically performed to precipitate
lignin, allowing its separation from the liquid phase. The resulting LFAF mainly contains
inorganic salts, residual soluble sugars, and low-molecular-weight organic compounds.
This stream was directly reused as the hydrolysis solution for the RS, which was the
actual substrate for hydrolysis. The hydrolysis was performed at a solid-to-liquid ratio of
1:10 (w/v), a temperature of 120 ◦C, and a residence time of 2 h under controlled conditions.
Following hydrolysis, the resulting hydrolysate was cooled and neutralized with NaOH
to pH 5.5 ± 0.1. Fermentation was carried out using Saccharomyces cerevisiae in 250 mL
Erlenmeyer flasks with a working volume of 100 mL. A 5% (v/v) inoculum of actively
growing yeast culture was added. The process was conducted under anaerobic conditions
achieved by sealing the flasks, at 30 ◦C and 140 rpm for 72 h, during which fermentable
sugars were converted into ethanol [23].

The fermentation performances of RS and UT-SCB were compared based on ethanol
production. Following fermentation, the broth was centrifuged to remove residual yeast
cells and fine suspended particles. The resulting supernatant was filtered through a 0.2 µm
membrane filter prior to Gas Chromatography–Mass Spectrometry (GC–MS) analysis. The
clarified filtrate was analyzed using a Shimadzu GCMS-TQ8040 NX system equipped with
an Rxi-5Sil MS capillary column (30 m × 0.25 mm × 0.25 µm). Analyses were performed in
split injection mode (split ratio 5:1) using helium as the carrier gas. The oven temperature
was initially maintained at 50 ◦C for 2 min, increased at 5.5 ◦C min−1 to 300 ◦C, and held
for 3 min. For ethanol quantification, an external calibration curve was established using six
ethanol standard solutions covering the concentration range of 0.25–12.0 g L−1 (Figure 1).
All standards were analyzed using the same Shimadzu GC–MS system under identical chro-
matographic conditions as those employed for the fermentation samples. Linear regression
of peak area versus ethanol concentration produced the following calibration equation:

y = 3E + 06x + 783,218 (4)

where y represents the GC–MS peak area and x the ethanol concentration (g L−1).

2.5. Preparation of Resin Based on E-Lign

The resin was synthesized according to a previously reported procedure with slight
modifications [24]. In a typical experiment, 0.5 g of extracted alkali lignin and 0.5 g of
sodium hydroxide were dissolved in 10 mL of distilled water under mechanical stirring.
Subsequently, 10 mL of a glutaraldehyde/glyoxal solution (1:1, v/v) was introduced as
the crosslinking agent. The reaction mixture was maintained at 80 ◦C for 45 min under
continuous stirring. Afterward, the system was cooled to 40 ◦C to terminate the reaction.
The resulting resin was then cured at 110 ◦C for 3 h in an oven. The prepared resin was
further characterized by FTIR spectroscopy to identify the functional groups and confirm
the formation of the cross-linked structure. In addition, solubility tests were performed in
0.1 M and 0.05 M NaOH solutions, ethanol, and distilled water to evaluate the chemical
stability of the synthesized resin.
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Figure 1. External calibration curve used for ethanol quantification by GC–MS. Purple circles
represent the experimental calibration data, while the dashed line represents the linear regression fit.

3. Results
3.1. Composition of SCB

The moisture content of SCB was 8.3 ± 0.1%, corresponding to a dry matter content
of 91.7 ± 0.1%, indicating a relatively low water content and a high proportion of solid
material suitable for subsequent extraction and biorefinery processes. The ash content was
3.7 ± 0.1%, which falls within the typical range reported in the literature (1–4%) [25]. Lignin
content was 22.6 ± 0.3% (dry basis), consistent with previously reported values [26]. Cellu-
lose accounted for 34.8 ± 0.5% of the dry weight, confirming SCB as a rich source of glucose
polymers suitable for bioethanol production. Hemicellulose represented 36.6 ± 1.2% of the
dry matter, indicating a substantial fraction of pentose sugars that can be further valorized
through bioconversion processes [27]. Although cellulose is often reported as the predomi-
nant carbohydrate fraction in SCB, the relative proportions of cellulose and hemicellulose
may vary depending on cultivar, geographical origin, growth conditions, and analytical
methodology. In addition, the analytical procedures employed in the present study, where
carbohydrate fractions were estimated using a combination of ADF measurements and dif-
ference calculations, may contribute to slight variations in the distribution of these fractions.
Therefore, the observed composition remains within the range commonly reported for
lignocellulosic biomass and is consistent with the natural variability reported for SCB [28].
These compositional characteristics highlight the potential of SCB as a versatile feedstock
for both bioethanol production and the development of lignin-based value-added materials.

3.2. Effect of Operational Variables on the Extraction of the Lignin

The overall extraction yield, explicitly reported in Table 3, ranged from 16.2 to 23.3%,
while TPC values varied from 32.2 to 52.7 mg GAE g−1 and PLC values from 9.8 to 17.9%,
indicating the effectiveness of the AE process under the investigated conditions. From a
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comparative perspective, the extraction yields achieved in the present study (16.2–23.3%)
surpassed those reported for alkaline pulping under relatively mild processing conditions.
In the latter studies, lignin yields of 13.0% and 7.2% were obtained following hot-water
pretreatment combined with NaOH pulping under different operational conditions, reflect-
ing the influence of process severity on lignin recovery [29,30]. The observed differences
may be attributed to variations in process severity and extraction conditions. Among the
investigated factors, temperature and solid-to-liquid ratio exerted the most pronounced
influence on both responses. The highest TPC value (52.7 mg GAE g−1) was obtained
in Experiment 18; this observation is consistent with the positive effect of elevated tem-
perature on phenolic compound release. Higher temperatures generally enhance lignin
dissolution by promoting the cleavage of ether linkages and improving mass transfer, as
reported in the literature [31,32]. Experiment 16 exhibited the highest extraction yield
(23.3%) and PLC (17.9%), suggesting the strong influence of the solid-to-liquid ratio on
both recovery efficiency and effective lignin content. Under comparable operating condi-
tions, increasing the extraction time from 30 min (Experiment 6) to 90 min (Experiment 7)
resulted in an increase in TPC from 47.1 to 49.2 mg GAE g−1 and in PLC from 14.3 to
16.8%, indicating improved lignin solubilization with prolonged treatment. In contrast,
variations in NaOH concentration produced less pronounced changes in both responses,
suggesting that alkaline conditions were already sufficient within the investigated range.
These findings are consistent with previous studies highlighting the critical role of process
parameters in AE.

The evaluation of AE performance in this study was based on three complementary
indicators: (i) the overall extraction yield, representing the total mass of lignin-rich fraction
recovered from the dry biomass; (ii) the lignin purity, reflecting the quality of the extracted
fraction; and (iii) the PLC, representing the effective lignin content recovered from the
extracted fraction. These three parameters were selected to provide a comprehensive
evaluation of the extraction process. While extraction yield reflects the total amount of
recovered material, it does not distinguish lignin from co-extracted impurities. Conversely,
lignin purity alone does not account for the total recovery efficiency. Therefore, PLC
was introduced as an integrated indicator combining both yield and purity, enabling a
more realistic assessment of the actual lignin recovery from SCB. It is important to note
that most published studies on lignin valorization from lignocellulosic biomass primarily
report lignin removal efficiency or delignification performance rather than extraction yield.
Therefore, the literature comparisons are often based on lignin removal or fractionation
efficiency as complementary indicators. In this context, the present results are consistent
with AE trends, where yield increases with process severity and pretreatment intensity.
Therefore, the literature comparisons are often based on lignin removal or fractionation
efficiency as complementary indicators. In this context, the present results are consistent
with the general trends reported for AE, where lignin recovery increases with process
severity and pretreatment intensity. High lignin recovery (72.8%) has been reported using
6% NaOH at 90 ◦C for 1 h with a liquid-to-solid ratio of 15 [33]. Alternative pretreatment
strategies have also been investigated, including deep eutectic solvent treatment, which
achieved 55% lignin removal [34], and organosolv fractionation, which produced lignin
with a purity of approximately 80% under relatively mild operating conditions [35]. A
lignin removal efficiency of 86.7% has also been reported for alkaline-pretreated SCB
subjected to subsequent deep eutectic solvent treatment [36].

https://doi.org/10.3390/biomass6040055

https://doi.org/10.3390/biomass6040055


Biomass 2026, 6, 55 9 of 21

Table 3. Results obtained under different AE conditions as determined by the BBD.

Experiment Y1 (mgGAE/g) Extraction Yield (%) Purity (%) Y2 (%)

1 32.1 ± 0.2 16.7 ± 0.4 58.8 ± 0.3 9.8 ± 0.2

2 37.1 ± 0.2 18.6 ± 0.6 63.5 ± 0.2 11.8 ± 0.4

3 43.2 ± 0.3 19.3 ± 1.2 67.9 ± 1.0 13.1 ± 1.1

4 47.4 ± 0.4 20.3 ± 1.1 86.3 ± 1.0 17.5 ± 1.3

5 41.5 ± 0.3 19.2 ± 1.2 78.8 ± 0.9 15.1 ± 1.1

6 47.1 ± 0.2 18.1 ± 0.7 79.1 ± 0.9 14.3 ± 0.8

7 49.2 ± 0.1 20.5 ± 0.8 82.1 ± 0.3 16.8 ± 0.7

8 48.3 ± 0.4 19.5 ± 1.2 81.0 ± 1.1 15.7 ± 1.2

9 36.8 ± 0.1 18.5 ± 1.0 65.7 ± 0.1 12.1 ± 0.7

10 42.1 ± 0.3 18.5 ± 0.7 79.2 ± 0.6 14.6 ± 0.5

11 38.4 ± 0.2 17.8 ± 0.6 69.3 ± 0.4 12.3 ± 0.4

12 47.2 ± 0.3 20.2 ± 0.8 78.3 ± 0.5 15.8 ± 0.6

13 32.3 ± 0.1 16.3 ± 0.2 61.2 ± 0.1 9.9 ± 0.1

14 46.4 ± 0.3 20.1 ± 1.5 80.9 ± 0.4 16.2 ± 1.2

15 33.9 ± 0.1 16.2 ± 0.3 76.3 ± 0.2 12.3 ± 0.3

16 49.3 ± 0.4 23.3 ± 1.4 84.2 ± 0.6 17.9 ± 1.2

17 39.4 ± 0.4 16.3 ± 0.8 71.8 ± 0.5 11.7 ± 0.6

18 52.7 ± 0.2 18.2 ± 0.5 81.2 ± 0.4 14.7 ± 0.4

19 41.8 ± 0.3 18.6 ± 0.9 73.7 ± 1.0 13.7 ± 0.7

20 51.4 ± 0.3 21.3 ± 0.4 82.1 ± 0.7 17.4 ± 0.4

21 33.1 ± 0.2 16.6 ± 0.5 62.4 ± 0.3 10.3 ± 0.3

22 46.3 ± 0.3 17.2 ± 0.9 79.8 ± 0.9 13.7 ± 0.7

23 41.0 ± 0.1 19.3 ± 0.5 75.0 ± 0.2 14.4 ± 0.4

24 47.6 ± 0.1 20.7 ± 1.2 85.6 ± 1.1 17.7 ± 1.1

25 38.4 ± 0.4 19.2 ± 0.5 76.1 ± 0.4 14.6 ± 0.4

26 41.8 ± 0.4 18.7 ± 0.7 78.5 ± 0.7 14.6 ± 0.5

27 40.2 ± 0.2 18.5 ± 0.8 79.3 ± 0.4 14.6 ± 0.7

3.3. Validation of Models

The experimental data were fitted to a second-order polynomial model, and the ad-
equacy of the model was evaluated using analysis of variance (ANOVA). As presented
in Table 4, T and R were identified as the most influential factors affecting both Y1 and
Y2, with highly significant p-values (p < 0.01). In contrast, C showed no significant linear
effect on either response within the investigated range (p > 0.05). t exhibited a significant
positive influence on both responses, although its effect was less pronounced than those of
temperature and S/L ratio. Regarding the quadratic terms, only C2 significantly affected Y1
(p = 0.003), suggesting the existence of a nonlinear relationship between alkali concentration
and phenolic recovery. Furthermore, none of the interaction terms were statistically signifi-
cant (p > 0.05), indicating that the effects of the investigated factors were predominantly
independent. Furthermore, the adequacy of the models was evaluated using the correlation
coefficient (R2) and the adjusted correlation coefficient (R2 adj). For the TPC response, the
regression model showed R2 = 90.5% and R2 adj = 78.4%, while for the PLC response, the
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model yielded R2 = 88.2% and R2 adj = 74.5%, reflecting a good agreement between the
experimental and predicted values. Although the adjusted coefficients of determination
were lower than the corresponding R2 values, they remained sufficiently high, indicating
that a substantial proportion of the response variability was explained by the selected
model terms. This suggests that the developed models retained satisfactory predictive
capability while accounting for the number of variables included in the regression. In
addition, the adequacy of the models was further confirmed by the statistical significance
of the regression (p < 0.05), demonstrating that the observed relationships between the
process variables and the responses were unlikely to have occurred by chance. Collectively,
these statistical indicators support the reliability and suitability of the developed models for
describing and predicting the behavior of the system within the investigated experimental
domain [37].

Table 4. ANOVA results for the regression equations describing the effects of process variables on Y1
and Y2.

Y1 Y2

Coef. p-Value Coef. p-Value

Constant 57.3 0.000 −8.9 0.000

T −0.382 0.001 0.386 0.001

R 402 0.000 63.6 0.000

C −6.00 0.978 −0.67 0.118

t −0.293 0.033 −0.020 0.010

T × T 0.00270 0.389 −0.00218 0.114

R × R −924 0.246 −534 0.121

C × C 0.499 0.003 0.0604 0.310

t × t 0.00220 0.128 0.000194 0.739

T × R −0.35 0.844 0.759 0.325

T × C −0.0004 0.988 0.00292 0.773

T × t 0.00166 0.489 0.000408 0.686

R × C −3.7 0.758 −1.52 0.763

R × t −1.38 0.258 −0.025 0.960

C × t 0.0044 0.779 −0.00061 0.928

To further assess the predictive performance of the developed models, the predicted
values were compared with the experimental data (Figure 2). The results show that the
data points are closely distributed along the diagonal line for both responses, indicating a
strong agreement between predicted and actual values. This confirms the good accuracy
and reliability of the developed models. The relatively low dispersion of the data points
around the regression line suggests minimal prediction error and the absence of significant
bias in the model. These observations are consistent with the high R2 values obtained,
further validating the suitability of the models for prediction and optimization purposes.
The experimental data were fitted to a second-order polynomial model.
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Figure 2. Predicted versus actual values obtained from the developed models: (a) TCP and (b) PLC.
The colored squares represent the experimental data points used for model validation.

3.4. RSM for Process Optimization

Figure 2 presents the three-dimensional response surface plots illustrating the interac-
tion effects of the studied variables on TPC and PLC. For both responses, the surface plots
(Figure 3a–c for TPC and Figure 3d–f for PLC) consistently indicate that temperature and
solid-to-liquid (S/L) ratio are the most influential factors, exhibiting a strong positive effect
on extraction efficiency. In both cases, the simultaneous increase in these two variables
leads to higher response values, as reflected by the pronounced curvature of the surfaces,
confirming a synergistic interaction between them. In contrast, NaOH concentration and
extraction time show relatively weaker effects, as evidenced by flatter surface profiles
across the studied range. Moreover, the curvature observed along the temperature axis sug-
gests significant quadratic effects, highlighting its dominant role within the experimental
domain. Overall, similar trends are observed for both TPC and PLC, and the results are
consistent with the regression analysis and ANOVA outputs, confirming the adequacy of
the quadratic models.

Compared with previous studies [38,39], in which the solid-to-liquid ratio was main-
tained at a fixed value, the present study incorporated this parameter into the optimization
design. The results clearly demonstrated that the solid-to-liquid ratio is a key parameter
governing extraction efficiency by improving mass transfer and reagent accessibility to
the biomass structure. Importantly, beyond its impact on lignin extraction performance,
the solid-to-liquid ratio also influences the physicochemical characteristics of the resulting
RS. Appropriate operating conditions promote selective lignin removal while preserv-
ing the carbohydrate-rich fraction of the biomass. This is particularly advantageous in
an integrated biorefinery approach, as it enhances the susceptibility of the residual sub-
strate to subsequent hydrolysis and fermentation, thereby improving the efficiency of
bioethanol production.
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Figure 3. Three-dimensional response surface plots generated from the RSM models for TPC and
PLC. The variables studied are temperature (T, ◦C), NaOH concentration (C, %), extraction time
(t, min), and solid-to-liquid ratio (R, S/L). The response surfaces illustrate the interaction effects
between the variables and their influence on TPC and PLC. Panels (a–c) represent the effects of the
operating variables on TPC, while panels (d–f) show their effects on PLC.

3.5. Optimal Conditions for Lignin Extraction

Numerical optimization of the lignin extraction process from SCB was performed
using Design-Expert software based on the developed RSM to determine the optimum
extraction conditions. As shown in Figure 4, the optimization predicted a PLC of 17.7% and
a TPC of 52.7 mg GAE/g under optimal conditions of 108.6 ◦C, a solid-to-liquid ratio of
1/10.5, a NaOH concentration of 8.9%, and a reaction time of 43.9 min. It should be noted
that several optimal conditions were located at the boundaries of the experimental ranges,
specifically temperature, solid-to-liquid ratio and NaOH concentration. Despite being
located at the experimental limits, validation experiments conducted under these conditions
produced consistent and reproducible results, confirming the robustness and reliability of
the optimization process. Therefore, the identified optimum conditions represent the best
achievable performance within the experimental domain investigated in the study. The
optimized NaOH concentration (8.9 wt.%) was predicted using the desirability function,
which simultaneously optimizes multiple responses by combining them into a single
objective function. Although NaOH concentration was not identified as a statistically
significant factor in the ANOVA, it was included in the numerical optimization performed
using the predictive RSM model. Consequently, the predicted optimum represents the
maximum global desirability within the investigated experimental domain and should be
interpreted as the mathematical optimum predicted by the model rather than evidence
that 8.9 wt.% is statistically superior to lower NaOH concentrations. From a practical
standpoint, however, lower NaOH concentrations may constitute more suitable operating
conditions whenever comparable extraction performance is achieved, owing to reduced
chemical consumption, lower operating costs, and a lower environmental impact.
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Figure 4. Optimal extraction conditions determined by BBD. Red dots indicate the optimal levels of
the independent variables (A–D), while the blue and grey dots represent the predicted values of Y1
(PLC) and Y2 (TPC), respectively, under the optimal conditions.

3.6. Characterization of E-Lign and RS Under Optimum Conditions

For structural confirmation of E-Lign, TGA and FTIR analysis were performed. The
FTIR spectra are presented in Figure 5a. The presence of characteristic peaks in FTIR
spectra indicates the presence of lignin in the sample, such as the peak at ~3284 cm−1 which
corresponds to O–H stretching vibrations, indicating the presence of phenolic and alcoholic
hydroxyl groups [40]. Peaks at ~2920 cm−1 represent C–H stretching in methyl and
methylene groups, suggesting aliphatic side chains within the lignin structure. The aromatic
nature of lignin is confirmed by the peaks at ~1623 cm−1 and ~1520 cm−1, attributed to
C=C stretching vibrations in the aromatic rings, indicative of guaiacyl, syringyl, and
p-hydroxyphenyl units [41]. Additionally, the peak at ~1458 cm−1 reflects aromatic ring
vibrations or methoxy group contributions, while the peak at ~1324 cm−1 corresponds to
guaiacyl ring breathing and C–O stretching. Peaks at ~1024 cm−1 are associated with C–O
stretching in alcohols [42]. These observations confirm the successful isolation of a lignin-
rich fraction with high structural integrity under the optimized extraction conditions [43,44].
The data from the FTIR spectroscopy show agreement and similarity with the recently
published results for lignin [45,46].

In contrast, the FTIR spectrum of the RS reveals notable differences, reflecting its
altered composition post-lignin extraction. The broad band around 3500–3300 cm−1, repre-
senting O–H stretching vibrations, is still present but less intense, indicating the dominance
of hydroxyl groups primarily from cellulose. The peaks at 2889 cm−1 are reduced in
intensity, reflecting the removal of lignin’s aliphatic chains. The significant weakening
of the aromatic peaks in the range 1636 cm−1 and 1424 cm−1 confirms the depletion of
lignin content in the solid residue. A significant feature in the solid residue spectrum is the
sharp band at 1021 cm−1, corresponding to C–O stretching vibrations, which is primarily
attributed to cellulose [47].

The curve of the TGA of lignin as a function of the temperature at a heating rate
of 10 ◦C/min is given in Figure 5b. The TGA curve of the E-Lign aligns with typical
thermal degradation profiles reported in prior studies [48,49]. Initially, a weight loss of
approximately 10% occurs below 200 ◦C, which is attributed to the evaporation of physically
adsorbed water and low-molecular-weight volatiles. Previous studies have reported that
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lignin generally contains hydrophilic functional groups such as hydroxyls, which are
responsible for its moisture retention [50]. The most significant weight loss, approximately
50%, is observed between 200 ◦C and 500 ◦C, corresponding to the decomposition of
lignin’s complex polymeric structure. During this stage, degradation involves the cleavage
of β-O-4 linkages, as well as the breakdown of aliphatic chains and phenolic groups. Lignin
degradation in this range releases volatile compounds like carbon monoxide and carbon
dioxide. Beyond 500 ◦C, the weight loss slows significantly, leaving approximately 20%
of the weight as a carbonaceous residue (char), which is consistent with lignin’s aromatic
and cross-linked nature [51]. In contrast, between 200 ◦C and 400 ◦C, the RS experiences
the most significant weight loss. In the range of 400 ◦C to 600 ◦C, it exhibits minimal
degradation. Beyond 600 ◦C, it was nearly completely degraded at these temperatures,
highlighting the low content of lignin and its dominance of polysaccharides [52].

Figure 5. (a) FTIR spectra of E-Lign, RS, and SCB samples. Characteristic absorption bands are
labeled with their corresponding wavenumbers (cm−1). The black line represents E-Lign, the red line
represents RS, and the blue line represents SCB. (b) TGA profiles of E-Lign, RS, and SCB samples
obtained under the optimal AE conditions.

3.7. Ethanol Production from RS and Fermentation Performance

The GC–MS analysis of the fermentation broth obtained from RS (Figure 6b) identified
ethanol as the predominant compound, accounting for 71.3 ± 2.3% of the total detected
peak area, with a spectral similarity score of 95%, confirming its reliable identification.
L-Alanine ethylamide represented 22.4 ± 1.8% of the detected compounds, suggesting the
occurrence of biochemical transformations during fermentation, as Saccharomyces cerevisiae
is known to synthesize L-alanine through transamination reactions associated with gly-
colytic metabolism [53]. Among the detected secondary metabolites, 3-methyl-1-butanol
represented 4.1 ± 0.9% of the total peak area, while other minor volatile compounds, includ-
ing ethyl acetate, isopropyl acetate, 2-furanmethanol, 3-methyl-1-butyl acetate, toluene, and
2-pentanone, were detected at lower abundances but contributed to the overall secondary
metabolite profile, further confirming the formation of fermentation-derived by-products
while ethanol remained the dominant compound [54]. In comparison, fermentation of
UT-SCB (Figure 6a) also resulted in ethanol production as the major detected compound,
although at a lower relative abundance (56.2 ± 1.1%). Compared with RS, UT-SCB fermen-
tation exhibited higher proportions of L-alanine ethylamide (27.8 ± 2.5%) and 3-methyl-
1-butanol (9.9 ± 1.2%), indicating differences in the distribution of fermentation-derived
metabolites. The remaining volatile profile was comparable to that observed for RS, with
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the presence of similar minor compounds, suggesting comparable secondary metabolite
formation pathways during fermentation.

Figure 6. GC–MS analysis of the fermentation products obtained from UT-SCB and RS: (a) Rela-
tive distribution of the major volatile compounds identified in the fermentation broth of UT-SCB.
(b) Relative distribution of the major volatile compounds identified in the fermentation broth of RS.

The ethanol concentration, quantified using the instrument-specific GC–MS calibration
curve, was 5.6 g L−1 for UT-SCB, whereas fermentation of the RS produced 10.3 g L−1,
corresponding to an approximately 84.6% increase in ethanol concentration under iden-
tical fermentation conditions. This substantial improvement suggests that AE effectively
removed a significant fraction of lignin while preserving the carbohydrate-rich fraction,
thereby enhancing cellulose accessibility and increasing the availability of fermentable
sugars for yeast metabolism. Consequently, the lignin-poor residue generated after AE
could be successfully converted into bioethanol, demonstrating the feasibility of integrat-
ing lignin recovery with downstream bioethanol production. Furthermore, the reuse of
the LFAF for the hydrolysis of both untreated and pretreated biomasses contributes to
improved process integration by reducing reagent consumption and promoting a more
efficient utilization of process streams within the proposed integrated biorefinery approach.
Collectively, these findings demonstrate the potential of a sequential biomass valorization
strategy in which both lignin and carbohydrate fractions are converted into value-added
products from the same SCB feedstock. The ethanol concentration obtained for the RS
was comparable to values reported for alkaline-pretreated sugarcane bagasse in previous
studies. For example, an ethanol concentration of 8.8 g L−1 was reported following NaOH
pretreatment of SCB [55]. Higher ethanol concentrations of 11.0 and 26.1 g L−1 have also
been achieved using sequential acid–alkaline pretreatment followed by pre-saccharification
and simultaneous saccharification and fermentation (SSF), and steam explosion combined
with alkaline pretreatment and optimized SSF, respectively [56,57]. Conversely, lower
ethanol production has also been reported depending on the pretreatment strategy, hydrol-
ysis efficiency, fermentation configuration, and the microorganism employed. For instance,
an ethanol productivity of 0.3 g L−1 h−1 was obtained for NaOH-delignified SCB under
SSF conditions [58]. Therefore, direct comparison among studies should be interpreted
with caution, as bioethanol production from lignocellulosic biomass is strongly influenced
by several factors, including the pretreatment strategy, hydrolysis and fermentation con-
figuration, enzyme loading, substrate concentration, fermentation microorganism, and
operating conditions.
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From a broader perspective, the present study was designed as a laboratory-scale proof
of concept investigation of an integrated biorefinery strategy for SCB valorization. The pri-
mary objective was not to provide a comprehensive characterization of the hydrolysate or
detailed fermentation kinetics, but rather to evaluate whether the lignin-poor residue gener-
ated after AE could be further converted into bioethanol while simultaneously recovering
lignin as a value-added product for subsequent lignin-based resin production. Although
the hydrolysate was not chemically characterized in detail, the successful production of
ethanol indicates that sufficient fermentable carbohydrates were available to support yeast
fermentation under the investigated conditions. Therefore, the present results provide
experimental evidence supporting the feasibility of the proposed sequential valorization
strategy at the laboratory scale, in which lignin and carbohydrate fractions are successively
converted into value-added products.

3.8. Characterization and Performance Evaluation of the E-Lign-Based Resin

The FTIR spectrum of the resin (Figure 7a) exhibits the main characteristic bands
of modified lignin, confirming the successful synthesis of lignin-based resin. The strong
band around 1624 cm−1 corresponds to conjugated C=O vibrations and aromatic ring
vibrations, indicating that the lignin’s aromatic structure is preserved after crosslinking.
The broad band between 3400 and 3200 cm−1 is assigned to hydroxyl (–OH) groups,
confirming the presence of reactive sites capable of forming hydrogen bonds and inter-
acting with other molecules. This observation is consistent with previous studies, where
OH groups attributed to methylol and phenolic hydroxyl groups were observed around
3324–3358 cm−1 [59]. Peaks observed around 1200–1000 cm−1 can be attributed to C–O
vibrations and modifications induced by the crosslinking agents, suggesting the formation
of covalent bridges between lignin chains and the crosslinker. Additionally, the presence of
methylene bridges around 1379–1498 cm−1 further confirms the linkage between lignin
and the crosslinking agent, indicating successful network formation [60].

Figure 7. (a) FTIR spectrum of the lignin-based resin, (b) visual appearance of the synthesized resin,
and (c) solubility of the resin in different solvents and alkaline solutions.
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The visual appearance of the resin (Figure 7b) shows a homogeneous dark material,
characteristic of crosslinked lignocellulosic resins, confirming successful synthesis. Solubil-
ity tests (Figure 7c) indicate that the resin is almost insoluble in water and ethanol, while
showing partial solubility in dilute alkaline solutions (NaOH 0.05–0.1 M). This behavior
is typical of crosslinked lignin-based resins, demonstrating the formation of a stable poly-
meric network while retaining accessible functional groups suitable for further applications,
such as dye or heavy metal adsorption.

The importance of a crosslinked network in enhancing the performance of polymeric
resins has been highlighted in other studies. For example, it has been reported that
crosslinking improved the mechanical stability and environmental performance of epoxy
resins, emphasizing that a well-developed polymeric network is critical for maintaining
functionality in various applications [61].

In summary, the synthesized lignin-based resin maintains the aromatic structure
of lignin, contains reactive hydroxyl groups, demonstrates effective crosslinking via
glutaraldehyde/glyoxal, and exhibits solubility and stability characteristics suitable for
environmental and industrial applications, consistent with the general advantages of
crosslinked polymeric resins.

4. Conclusions
This study demonstrates the feasibility of an integrated valorization strategy for SCB

through optimized AE of lignin followed by bioethanol production from the resulting
lignin-poor residue. Using BBD, the effects of extraction temperature, NaOH concentra-
tion, solid-to-liquid ratio, and extraction time were systematically optimized to maximize
lignin recovery and total phenolic content while preserving the carbohydrate-rich fraction
for subsequent bioconversion. Under the optimized conditions, the proposed process
enabled the efficient fractionation of SCB into two complementary streams suitable for
downstream valorization.

Beyond lignin extraction, the recovered lignin was successfully incorporated as a par-
tial substitute for petroleum-derived phenol in lignin-based resin formulations, demonstrat-
ing its potential as a renewable precursor for sustainable material applications. Furthermore,
the lignin-poor residue generated after AE was successfully converted into bioethanol,
confirming that lignin removal enhanced substrate accessibility while preserving suffi-
cient fermentable carbohydrates for yeast fermentation. The higher ethanol production
obtained from the RS compared with untreated SCB further supports the effectiveness of
the proposed sequential processing strategy.

Collectively, these findings demonstrate that both the aromatic and carbohydrate
fractions of SCB can be efficiently converted into value-added products within a single
integrated process. The proposed approach therefore contributes to improving the overall
utilization of lignocellulosic biomass while reducing waste generation and promoting a
more sustainable biorefinery concept based on agricultural residues. As illustrated in
Figure 8, the present work establishes a laboratory-scale proof of concept for an integrated
biorefinery strategy in which recovered lignin is valorized for lignin-based resin produc-
tion, while the lignin-poor residue is subsequently converted into bioethanol. Although
the present study primarily demonstrates the experimental feasibility of this sequential
valorization pathway, it establishes a solid foundation for future investigations involving
comprehensive hydrolysate characterization, fermentation optimization, mass and energy
balance analysis, process simulation, techno-economic assessment, and process scale-up.
Overall, the proposed strategy provides a promising framework for the sustainable and
integrated utilization of SCB within a circular bioeconomy.
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Figure 8. Schematic overview of the integrated valorization strategy proposed in this study, illus-
trating lignin recovery, lignin-based resin production, bioethanol generation from the lignin-poor
residue, and the future perspective toward industrial implementation.
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