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ABSTRACT: Lignocellulosic fibers, particularly those derived from agro-
industrial residues, offer a promising alternative for sustainable oil sorbents.
However, their practical application in oil spill remediation is often limited by
insufficient mechanical resistance, poor hydrophobicity, and challenges in cost-
effective processing. To address these limitations, this study proposes a novel
approach aligned with Green Chemistry principles, developing an oil sorbent
entirely from sugarcane bagasse (SCB) through a sustainable two-step process.
First, the biomass was deconstructed via physical milling and hydrothermal
treatment with water at 200 °C. Then, the fiber network was reconstructed by
incorporating 0.1 wt % cellulose nanofibrils (CNFs) derived from SCB,
followed by oven-drying. This is the first report to explore the synergistic effect
of redeposited lignin nanoparticles (LNPs) and CNF reinforcement to produce
a robust and hydrophobic sorbent from SCB. The resulting sorbent exhibited
enhanced mechanical resistance, supporting loads greater than its own weight without structural failure. It also showed inherent
hydrophobicity and high oleophilicity with absorption capacities of 4.1 g/g for corn oil, 3.5 g/g for light crude oil, and 5.1 g/g for
medium crude oil. Microscopy analyses confirmed the presence of LNPs on the fiber surfaces after hydrothermal treatment,
contributing to hydrophobicity alongside micro- and nanoscale surface roughness from fiber packing and LNPs. This work
demonstrates how hydrothermal treatment combined with CNF reinforcement can effectively convert sugarcane bagasse into a high-
performance, cost-effective, and eco-friendly sorbent for oil spill remediation.
KEYWORDS: Lignocellulosic fiber, lignin nanoparticles, nanocellulose, hydrophobicity, lightweight material

■ INTRODUCTION
Oil spill remediation remains a critical environmental
challenge, with millions of gallons of oil entering water bodies
annually due to incidents, such as ship ruptures, extraction
mishaps, and natural seepage.1,2 Conventional cleanup
methods, including in situ burning and the application of
chemical dispersants, often exacerbate environmental damage
by introducing secondary pollution.3−5 In contrast, sorbent
materials have received attention for their potential to remove
oil from water efficiently with minimal secondary impact.6−8

These materials are typically reusable and can be incinerated
for energy recovery at the end of their service life.5

Research has explored diverse oil sorbent materials,
including inorganic compounds,9−11 synthetic polymers,12−14

and lignocellulosic biomass-based alternatives.15−18 Among
these, lignocellulosic biomasses derived from sources such as
wood,19−21 agricultural residues (e.g., sugarcane and corn
residues),18,22,23 and energy crops (e.g., switchgrass and
elephant grass)24 offer a cost-effective and biodegradable
approach.8,25 Common strategies involve purifying the biomass
to produce cellulose-enriched solids, followed by conversion
into micro- or nanoparticles. These particles are then dried

under specific conditions, such as supercritical or freeze-drying,
to create aerogels or cryogels, respectively.18,24 While effective,
these methods often require high energy inputs for temper-
ature and pressure control.26

A more economical alternative is oven-drying at ambient
pressure, which is suitable for large-scale applications. More-
over, using lignocellulosic fibers as the primary component
rather than cellulose solutions or nanoparticles reduces
production costs and enhances sustainability. Ferreira and
Rezende developed an oven-drying method to prepare
lightweight materials from eucalyptus pulp without energy-
intensive drying steps, cellulose solubilization, or conversion
into nanoparticles.27 This method was later applied to
sugarcane bagasse, demonstrating its versatility.16 In both
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cases, pretreatment ensured mechanical interlocking, prevent-
ing structural collapse during drying.
Chemical modifications to enhance the hydrophobicity and

oleophilicity of natural fibers are commonly used to reduce
water uptake and improve oil retention in spill remediation.
For instance, cellulose modified with octadecylamine achieved
a water contact angle (WCA) of 135° and an oil adsorption
capacity of 14 g of silicon oil per gram of material.24 Similarly,
a poplar wood sponge modified with polydimethylsiloxane
attained a WCA of up to 138° and an oil adsorption capacity of
25 g/g.19 However, modifications involving long-chain amines
and organosilicons pose environmental and health concerns,28

highlighting the need for greener alternatives.
Lignin, a major component of lignocellulosic biomass, has

emerged as a promising alternative due to its inherent
hydrophobic properties.29 By incorporating or retaining lignin,
additional functionalities such as thermal stability,30 UV
shielding,31 and antimicrobial activity32 can be achieved,
alongside improved oil selectivity.16 Hydrothermal treatment,
also known as autohydrolysis, offers a sustainable, chemical-
free method to deconstruct lignocellulosic biomass, while
preserving most of its lignin content. This treatment involves
hydrolyzing the hemicellulose fraction at controlled temper-
atures (130−220 °C)33−35 and can also promote the
condensation and redeposition of lignin onto the fiber
surfaces,36 potentially creating hydrophobic layers for various
applications.37

The mechanical limitation of lignocellulosic sorbents can
pose a significant challenge for their practical use. Loose-form
sorbents or discrete particles are prone to detachment and
dispersion in marine environments, which reduces their
effectiveness in oil spill remediation and creates a new
pollution problem.38 To address this, reinforcing lignocellulo-
sic-based sorbents through physical or chemical crosslinking is
paramount. Cellulose nanofibrils (CNFs) are a promising
additive, enhancing both mechanical performance and

structural resistance.39 CNFs are nanoscale fibrillar structures
derived from cellulose, featuring diameters in the nanometer
range and lengths in the micrometer range.40 They combine
high tensile strength and flexibility, enhancing mechanical
properties through physical interactions even at very low
concentrations.41

In this study, we propose a novel and sustainable strategy for
producing oil sorbents entirely from sugarcane bagasse by
combining hydrothermal treatment (with no added catalyst)
and CNFs. To the best of our knowledge, this is the first study
to explore the synergistic use of redeposited lignin nano-
particles (LNPs) and CNF reinforcement to develop a robust
and hydrophobic sorbent solely from sugarcane bagasse
(SCB). The hydrothermal treatment, performed at 200 °C
for 1 h, preserved the lignin in the substrate, facilitating its
redeposition onto the fiber surface and enhancing hydro-
phobicity. The controlled pretreatment conditions were key to
optimizing the sorbent performance. The incorporation of
CNFs provided essential mechanical stability. The resulting
sorbent demonstrated excellent oil removal efficiency across
various types of oils, presenting a sustainable and cost-effective
solution for oil spill remediation.

■ EXPERIMENTAL SECTION
Materials. Sugarcane bagasse was kindly donated by Raıźen

(Piracicaba, Brazil) and dried overnight in a convection oven (Tecnal
TE-394/3) at 60 °C. The crude oil samples used for sorption analysis,
classified by the American Petroleum Institute (API) as light
petroleum (API > 40) and medium petroleum (API 28.8), were
sourced from sedimentary basins along the Brazilian coast and
generously supplied by the Laboratory of Research and Development
of Methodologies for Analysis of Oils (LabPetro). Corn oil (ρoil =
0.92 g/cm3) and citric acid (≥99.5% purity) were purchased from
Sigma-Aldrich.
CNFs were prepared from SCB using an organosolv treatment

followed by TEMPO-mediated oxidation, following a methodology
previously developed by this group with minor modifications.42 The

Figure 1. Schematic illustration of the lignocellulosic fiber sorbent preparation process. The method involves: (1) milling SCB, (2) performing
hydrothermal treatment to enable lignin redeposition onto fiber surfaces, (3) combining the treated substrate with CNFs at a final concentration of
0.1 wt %, and (4) oven-drying at 60 °C under ambient pressure to produce the mechanically reinforced hydrophobic sorbent. The resulting sorbent
is labeled HS-CNF (Table 1).
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organosolv treatment was performed using a 40:60 (v/v) ethanol/
water solution at a solid-to-liquid ratio of 1:10 (w/v) in a sealed
reactor at 200 °C for 1 h. This step partially removed lignin and
hemicellulose, improving cellulose accessibility and facilitating fiber
disintegration. The resulting pulp was then subjected to TEMPO-
mediated oxidation with a NaClO concentration of 25 mmol/g to
introduce surface carboxylate (COO−) groups, enhancing further
fibrillation.42 To promote mechanical fibrillation and obtain
individualized CNFs, the oxidized material was ultrasonicated for 15
min using a probe-type sonicator operating at 60% amplitude (330 W
power and 20 kHz frequency) in an ice bath. The resulting CNFs
exhibited an average diameter of approximately 2 nm and a length of
about 660 nm. The surface charge, determined by zeta potential
measurements, was −49 ± 1 mV. The morphology of the CNFs is
presented in Figure S1.

Preparation of Hydrophobic CNF-Reinforced Lignocellulo-
sic Sorbents. Figure 1 illustrates the process used to produce
lignocellulosic sorbents with an interlocked fiber network. The
process includes SCB milling, hydrothermal treatment, CNF
incorporation, and sorbent preparation via oven-drying. Each step is
described in detail in the following sections.
Mechanical and Hydrothermal Treatment. SCB was ground

using a grinder (SL-31, SOLAB) and sieved through a 212 μm mesh
(BERTEL) (Step 1, Figure 1). The milled, in natura SCB fibers
(labeled as INFs) were then subjected to hydrothermal treatment at
an INF-to-water ratio of 1:10 (wt %) (Step 2, Figure 1). The mixture
of INFs and water was placed in a stainless-steel reactor, which was
heated in a silicon oil bath at 200 °C for 1 h. After the reaction, the
reactor was cooled to room temperature. The fibers were separated
from the liquid using a 75 μm mesh sieve, rinsed with 100 mL of
water, and stored wet at 4 °C to prevent fiber coalescence until
sorbent preparation. These hydrothermally treated fibers were labeled
HFs (Table 1).

CNF Incorporation and Oven Drying. The sorbent was prepared
by incorporating CNFs into a dispersion of HFs. CNFs were tested at
concentrations of 0.01, 0.1, and 1 wt % relative to the fiber weight. At
0.01 wt %, the material lacked sufficient mechanical strength and
collapsed under pressure. At 1 wt %, the material became excessively
compacted during the drying process, significantly reducing the
surface area of the sorbent. The optimal concentration was
determined to be 0.1 wt %, as it improved the mechanical strength
without excessive compression during oven-drying. CNFs were added
to HFs at this concentration, and the mixture was homogenized using
an Ultra Turrax (IKA T25, Staufen, Germany) at 5000 rpm for 2 min
(Step 3, Figure 1). The homogenized mixture was then transferred
into cylindrical stainless-steel molds and dried in a convection oven at
60 °C under ambient pressure until a constant mass was achieved
(Step 4, Figure 1).

Control Experiments: CNF-Reinforced Untreated SCB and
Hydrothermally Treated Sorbents Cross-Linked with Citric
Acid. Control experiments were conducted to verify the effectiveness
of our proposed system. To evaluate the need for hydrothermal
treatment, sorbents were prepared using in natura SCB fibers
combined with CNFs, following the same protocol used for sorbents
made from hydrothermally treated fibers. These sorbents were labeled
INS-CNF.
To assess the role of CNFs as a reinforcement agent, we tested

citric acid (CA) as a crosslinker, based on a methodology previously
used by our research group for crosslinking alkaline-treated fibers.16

For CA crosslinking, fibers were dispersed at 40 g/L in a CA solution
(1.4 g of citric acid per 1 g of fiber). The dispersion was stirred with a
glass rod, transferred to cylindrical stainless-steel molds, and dried at
60 °C in a convection oven until a constant mass was achieved. The
temperature was then increased to 150 °C for 5 min to induce CA
crosslinking.43,44 These samples were labeled as HS-CA.
To verify the effect of hydrothermal treatment on fiber hydro-

phobicity and the role of lignin, SCB underwent two distinct
treatments: one for partial lignin removal and another for nearly
complete lignin removal. In the first treatment, SCB was subjected to
alkaline treatment with 2% (w/v) NaOH at a 1:10 wt % ratio, based
on a method developed by our research group.16 The alkaline-treated
fibers were labeled AFs. In the second treatment, 40 g of SCB was
immersed in 800 mL of a 5% (w/w) NaOH solution and heated to 70
°C. Hydrogen peroxide (24% w/w in water) was gradually added, and
the mixture was stirred at 500 rpm for 40 min. The resulting bleached
pulp was filtered, rinsed with water, and neutralized.42 The bleached
fibers were labeled BFs.

Characterization. Composition Analysis. The biomass compo-
sition was analyzed following the National Renewable Energy
Laboratory (NREL) protocols to determine sugars, soluble and
insoluble lignin, and ash content.45 Briefly, SCB samples were
hydrolyzed with 72 wt % H2SO4. The solid fraction was separated
from the liquor using porcelain crucibles, dried at 105 °C to a
constant mass, and then calcined at 800 °C in a muffle furnace
(EDG10P-S, EDG). Soluble sugars were analyzed by high-perform-
ance liquid chromatography (HPLC) on an Agilent series 1200
chromatograph equipped with a refractive index detector (model
G1322A) and an Aminex HPX-87H column (Bio-Rad). The mobile
phase consisted of diluted H2SO4 (5.10−3 mol/L). Soluble lignin was
quantified by absorbance measurements at 280 nm by using a UV-vis
spectrophotometer (Cary 50 Probe, Varian, Agilent, Santa Clara, CA,
USA).
Results are presented as means and standard deviations of

replicates. Statistical analyses were performed by analysis of variance
(ANOVA one-way). Significant differences between means were
verified through the F-test, and Tukey’s test at a 95% confidence level
was used to compare the mean values. All of the statistical analyses
were conducted using Statistica software (Dell). All assays were
performed at least in duplicate.
Surface Morphology Analyses. The surface morphology of fibers

and sorbents was examined by field-emission scanning electron
microscopy (FESEM, Quanta 250, FEI) at 5 kV using a secondary
electron detector. Samples were coated with an iridium MCS 010
coater (Bal-Tec) with a current of 11.3 mA for 120 s before analysis.
Lignin nanoparticles that redeposited on hydrothermally treated fibers
were analyzed using ImageJ by counting 1,805 particles from six
regions, and a histogram was generated for size distribution.
SCB fibers were also characterized by using a Leica TCS SP5

confocal laser scanning microscope (CLSM). Hydrothermally treated
fibers were placed on glass slides, covered with coverslips, and excited
with an argon laser at 488 nm. The emitted fluorescence was detected
within the 500−700 nm range. Observations were made using an
HCX PL APO 20×/0.7 objective lens.
Fiber Wettability. The wettability of INFs, HFs, AFs, and BFs was

assessed by depositing a 2 μL Milli-Q water droplet onto an individual
fiber and observing absorption for up to 60 s using an optical
microscope (Nikon Eclipse 80i) equipped with a Nikon Plan Fluor
4×/0.13 WD lens.

Table 1. Abbreviations and Descriptions of the Sorbents
and Fibers Used in This Studya

Abbreviation Description

HS Hydrothermally treated sorbent
HS-CNF Hydrothermally treated sorbent reinforced with CNFs
INS-CNF In natura sorbent reinforced with CNFs
AS Alkaline treated sorbent
AS-CA Alkaline treated sorbent crosslinked with citric acid
HS-CA Hydrothermally treated sorbent crosslinked with citric acid
INFs In natura fibers
HFs Hydrothermally treated fibers
AFs Alkaline treated fibers
BFs Bleached fibers

aHydrothermal, alkaline, and bleaching treatments were applied to
modify the lignocellulosic structure, while citric acid and CNFs were
used for chemical and physical crosslinking, respectively.
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Water Contact Angle Measurements. Static WCA was measured
using a drop shape analyzer (DSA100, Krüss). Water droplets (2 μL)
were deposited on the sorbent surface, and contact angles were
recorded every second for 5 s. Standard deviations were calculated
using Krüss ADVANCE software.
Mechanical Testing. Compression tests were performed on HS-

CNF and INS-CNF (0.1 wt % CNF reinforcement) following the
ASTM D695 standard. Samples were cut into cubes, conditioned at
23 ± 2 °C and 50 ± 5% relative humidity for 48 h, and tested in a
universal testing machine (Instron model 3366) at 1.3 mm/min.
Young’s modulus was determined from the linear region of the
stress−strain curves (<5% strain).
Fourier-Transform Infrared Spectroscopy (FTIR). Lignocellulosic

sorbents were characterized by FTIR (Agilent, model CARY 630) in
the 4000 to 400 cm−1 range using the attenuated total reflectance
(ATR) mode.
Apparent Density Determination. The apparent density (ρapp) of

the sorbent samples was determined by cutting the samples into
cubes, measuring their dimensions with a caliper, and calculating the
volume. The apparent density (eq 1) is defined as the ratio of the
mass (m) to the total volume (V) of the sorbent.

= m
Vapp (1)

Oil Adsorption Capacity. The oil adsorption capacity of HS-CNF
was evaluated according to ASTM-F726-17, with minor adaptations
to measure adsorption in the absence of water for the three oil types.
Sorbents (0.5 g) were cut into 1.5 cm cubes and conditioned before
testing. Adsorption capacity (S) (g of sorbate/g of adsorbent) was
calculated using eq 2, where SO (g) is the initial dry weight of the
sorbent, SST (g) is the final weight after adsorption, and SS is the net
oil adsorbed (SS = SST − SO), as defined in ASTM-F726-17.

= =S
S
S

S S
S

S

O

ST O

O (2)

An alternative sorption test was conducted to evaluate the influence
of water on oil removal. In this test, 200 μL of oil was added to a
container filled with distilled water, and then, the HS-CNF sorbent
was introduced to collect the oil.

■ RESULTS AND DISCUSSION
Effect of Hydrothermal Treatment on Substrate

Chemical Composition and Morphology. Hydrothermal
treatment was applied to SCB to modify its chemical
composition and impart hydrophobicity without chemical
additives. As shown in Figure 2, the treatment significantly
reduced hemicellulose content from 25 to 2 wt %, leading to an
increase in cellulose from 38 to 56 wt %. Although the absolute
lignin content decreased, the removal of hemicellulose led to
an increase in the relative lignin concentration (28 to 37 wt %,
Table S1). This reduction aligns with the known effect of
hydrothermal treatment at temperatures above 185 °C, where
hemicellulose hydrolyzes into monomers even without acid
addition, and smaller lignin fractions may also be solubi-
lized.46,47

The impact of hydrothermal treatment on fiber morphology
was further analyzed using FESEM. Images of in natura (Figure
3a) and hydrothermally treated (Figure 3b) fibers revealed
notable surface modifications. LNPs, ranging from approx-
imately 100 to 300 nm in diameter (Figure S2), were observed
on hydrothermally treated fibers (Figure 3b) but were absent
in in natura fibers (Figure 3a). Additional FESEM images are
shown in Figure S3.
In addition to LNPs, FESEM analysis revealed larger lignin

clusters exceeding 1 μm in diameter on fiber surfaces (yellow
arrow, Figure 3b). These clusters, significantly larger than

surrounding LNPs, were further analyzed using CLSM imaging
(Figure 3c), where their autofluorescence under laser
excitation confirmed the presence of lignin.48−50

Hydrothermal treatment appears to play a key role in
restructuring surface components, leading to lignin redistrib-
ution into nanoparticles and clusters. This morphological
alteration may enhance the fiber hydrophobicity and
entanglement. Similar lignin redeposition effects have been
reported in studies using scanning electron microscopy, both
with and without diluted acid.37,51−54

Due to the presence of lignin nanoparticles and clusters on
hydrothermally treated fibers, their hydrophobic nature was
evaluated through wettability tests on individual fibers of
untreated and hydrothermally treated SCB (Figure 4). Small
water droplets (2 μL) were deposited on the fiber surface, and
the droplet shape was observed by optical microscopy. For
comparison, alkaline-treated and bleached fibers, with lignin
contents of 14 and 5 wt %, respectively, were also tested.
Hydrothermally treated fibers exhibited a pronounced hydro-
phobicity, consistent with the residual and redeposited lignin
(Figure 4). Untreated SCB fibers also showed hydrophobicity
due to their inherent lignin content and possibly some residual
waxes. In contrast, alkaline-treated fibers (AFs) demonstrated
partial wetting, indicative of increased hydrophilicity, likely due
to the lower lignin content (14 wt %) and the absence of
redeposited lignin nanoparticles (Figure S4). Bleached fibers
(5 wt % lignin) wetted instantly, reinforcing the strong
correlation between lignin presence and fiber hydrophobicity
(Figure 4). Notably, while lignin is hydrophobic, its properties
can be altered by extraction methods, sometimes making it
more hydrophilic.55

In summary, hydrothermal treatment induced significant
morphological and compositional changes in the SCB (Figure
5). Hemicellulose, which dissolves in water during treatment,
was removed during washing, while lignin underwent
condensation at high temperatures.56−58 This process led to
the formation of spherical lignin structures that redeposited
onto fiber surfaces (Figure 3b), imparting a characteristic
darker brown color to the treated biomass (Figure S5).46

These LNPs covered large portions of the fiber surface. The
observed color and structural changes reflect the chemical and

Figure 2. Chemical composition of in natura sugarcane bagasse fibers
(INFs) and hydrothermally treated fibers (HFs). Tukey’s test (p <
0.05) confirms significant differences in all mean values before and
after treatment. Error bars represent the standard deviation of
triplicates.
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morphological transformations of lignin during hydrothermal
treatment, suggesting that the hydrophobicity of native lignin,
recondensed on the surface, was largely preserved, enhancing
the water-repellent properties of the sorbent.

Sorbent Prepared with Hydrothermally Treated
Fibers Mechanically Reinforced with CNFs. The hydro-
thermally treated sorbent (HS) maintained its integrity after
demolding and manual handling, despite lacking reinforcement
or crosslinking (Figure S6a). This suggests fiber cohesion,
likely due to intermolecular interactions. However, it exhibited
low mechanical strength and collapsed under light pressure
(Figure S6b), highlighting the need for structural reinforce-
ment, especially for marine applications. Despite this
limitation, the hydrophobic nature of the fibers allowed HS

to withstand magnetic stirring in water without collapsing
(Figure S6c,d).
To enhance mechanical properties, CNFs were incorporated

into hydrothermally treated fibers at 0.1 wt %. The resulting
HS-CNF sorbent (1 cm3 and 0.5 g) withstood a 1000 g load
without failure (Figure 6a), demonstrating the reinforcing
potential of the CNFs. Their high strength and surface area
likely facilitated physical crosslinking, forming an intercon-
nected fiber network without chemical agents, offering a
sustainable reinforcement strategy. Compression tests further
confirmed this effect, with HS-CNF exhibiting a Young’s
modulus of 3.81 ± 0.22 MPa and resistance up to 70% strain
(Figure 6b,c), ensuring robustness under mechanical stress.

Figure 3. FESEM images of (a) in natura and (b) hydrothermally treated SCB fibers (yellow arrow indicates lignin cluster) and (c) CLSM image
showing lignin nanoparticle clusters (bigger than 1 μm), indicated by a yellow dashed rectangle.

Figure 4. Wettability tests were performed using (a) sugarcane bagasse in natura fibers (INFs), (b) hydrothermally treated fibers (HFs) treated
with water at 200 °C for 1 h, (c) alkaline fibers (AFs) treated with a 2% w/v NaOH solution at 120 °C for 1 h, and (d) bleached fibers (BFs) with a
5% w/w NaOH solution and hydrogen peroxide (24% w/w in water). The results indicate higher contact angles in INFs and HFs, reflecting lower
wettability compared to that of AFs, which was partially wetted. In contrast, BFs, with the lowest lignin content, wetted instantly. Water droplets on
the INFs and HFs remained on the surface for at least 60 s before the video was stopped. The lignin content for each fiber type was as follows:
INFs, 28 wt %; HFs, 37 wt %; AFs, 14 wt %; and BFs, 5 wt %.
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HS-CNF also demonstrated excellent durability in water,
maintaining structural integrity under agitation (Figure S7 and
Video S1). This resilience is important for oil spill remediation.
Additionally, its low apparent density (0.170 ± 0.003 g/cm3) is
comparable to lightweight materials such as coir-polyurethane
composites (0.26 g/cm3)59 and sugarcane foams (0.09 g/cm3

and 0.116 g/cm3),16,60 ensuring buoyancy for efficient oil
sorption.
The role of hydrothermal treatment was further evidenced

by comparing HS-CNF to a sorbent prepared with in natura
sugarcane bagasse fibers (INS-CNF). INS-CNF exhibited a
significantly lower Young’s modulus (0.46 ± 0.03 MPa) and
collapsed under compression (Figure 6b,c), indicating the
importance of hydrothermal treatment in improving fiber
interactions. The treatment likely increased functional groups
on the fiber surface, promoting hydrogen bonding between the

fibers and CNFs, resulting in a cohesive structure. Without
these modifications, in natura fibers remained more recalci-
trant, limiting CNF integration and mechanical reinforcement.
To evaluate CNFs as reinforcing agents, an alternative

crosslinking approach using citric acid (HS-CA) was tested.
This strategy had previously been shown to effectively
crosslink alkaline-treated SCB fibers.16 CA is a good
comparison since it is a green crosslinking agent, based on a
chemical mechanism. Despite its effectiveness with alkaline-
treated fibers, citric acid failed to crosslink hydrothermally
treated fibers, as HS-CA (1 cm3 and 0.5 g) collapsed under a
1000 g load (Figure 7a).26

FTIR analysis (Figure 7b) suggested that increased lignin
exposure after hydrothermal treatment hindered ester bond
formation, preventing effective crosslinking. In contrast,
alkaline-treated fibers exhibited partial lignin removal, enabling

Figure 5. Schematic illustration of the lignin removal process during hydrothermal treatment followed by condensation and redeposition onto the
fiber surface.

Figure 6. (a) Image of HS-CNF sorbent (0.5 g), reinforced with 0.1 wt % CNF, supporting a 1000 g weight without collapsing; (b) compressive
mechanical testing of HS-CNF and INS-CNF; (c) visual comparison of HS-CNF and INS-CNF sorbents immediately after release of a 70%
compression.
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successful citric acid crosslinking, as indicated by a pronounced
ester band at 1740 cm−1. These findings align with studies
showing that lignin-rich surfaces restrict chemical cross-
linking,16,61 emphasizing the need for tailored treatment
strategies.
CNFs successfully reinforced hydrothermally treated fibers

through physical crosslinking, while citric acid crosslinking was
ineffective due to lignin interference. Alkaline-treated sorbents
with CNFs demonstrated high mechanical strength but were
highly hydrophilic, becoming wet upon contact with water.
This behavior resulted from the low lignin content, which
could not enhance the surface hydrophobicity, along with the
inherent hydrophilicity of CNFs. On the other hand,
hydrothermally treated fibers retained their hydrophobic
properties, with CNFs having minimal effect on wettability.

These results underscore the impact of biomass composition
and treatment methods on optimizing lignocellulosic sorbents
for practical uses.

Hydrophobicity and Oleophilicity of the Sorbent. The
HS-CNF not only demonstrated improved mechanical proper-
ties but also exhibited enhanced hydrophobic characteristics,
with a water contact angle of 128 ± 3° (Figure 8a and Video
S2). The hydrophobicity of the HS-CNF was influenced by the
retention of the native hydrophobicity of lignin in hydro-
thermally treated fibers, surface roughness from fiber packing
(Figure 8b), and nanoscale redeposition of LNPs (Figure 3b).
Additionally, porosity further enhanced water repellency.16

These factors work synergistically to create a hydrophobic
material with lignin forming a hydrophobic barrier and the
hierarchical surface roughness amplifying water repellency.

Figure 7. (a) Image of HS-CA, which collapsed under 1000 g weight; (b) ATR-FTIR spectra of lignocellulosic sorbent evidencing the carbonyl
region at 1740 cm−1 for different sorbents: hydrothermal treated sorbent (HS), hydrothermal treatment followed by citric acid crosslinking sorbent
(HS-CA), alkaline treated sorbent (AS), and alkaline treatment followed by citric acid crosslinking sorbent (AS-CA).

Figure 8. (a) HS-CNF with a blue water droplet and its corresponding water contact angle; (b) FESEM image showing microroughness on the
sorbent surface; (c) removal of light petroleum from the surface of distilled water; (d) water surface after oil absorption, showing the sorbent with
sorbed oil.
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This behavior aligns with wettability models like Wenzel and
Cassie-Baxter,62,63 where multi-scale roughness helps trap air at
the solid-liquid interface, reducing water penetration. The
LNPs contribute to this effect by increasing surface roughness
at both the microscale and nanoscale.
After the hydrophobicity of the material was confirmed, oil

adsorption capacity tests were performed using three oils: corn
vegetable oil, light crude oil (API > 40), and medium crude oil
(API 28.8). While vegetable oils and simpler solvents are often
used in similar studies, crude oils offer a more realistic
evaluation of sorbent performance under practical conditions.
Table 2 provides a detailed comparison of the oil sorption
capacities of the HS-CNF material, alongside values reported
in the literature for other biobased sorbents.
The HS-CNF sorbent exhibited oil adsorption capacities

ranging from 3.5 to 5.1 g of oil per gram of sorbent, depending
on the type of oil. The highest performance was observed for
medium crude oil, followed by corn vegetable oil, with the
lowest uptake recorded for light crude oil. These differences
can be attributed to the viscosity and chemical composition of
each oil. Medium crude oil, being more viscous and containing
a higher proportion of heavy fractions, tends to adhere more
strongly to the sorbent surface, facilitating greater retention.
Given the complex composition of petroleum, which includes a
wide variety of hydrocarbons and compounds, the develop-
ment of sorbents tailored to specific oil types is essential.
Table 2 also presents a comparison between HS-CNF and

other lignocellulosic-based sorbents reported in the literature.
The HS-CNF material demonstrated adsorption capacities
within the typical range for natural sorbents (1−35 g/g),
confirming its practical performance. Notably, materials with
higher capacities, such as cotton fibers (35.58g/g)22 and poplar
wood sponges (25g/g),19 often involve complex or multi-step
chemical modifications, including fatty acid grafting, acetyla-
tion, or the use of synthetic crosslinkers. Although these
approaches are effective and useful for target applications, they
often rely on hazardous reagents or energy-intensive drying
techniques, such as freeze-drying or supercritical drying,18−20,24

which may hinder scalability and environmental compatibility.

In contrast, the HS-CNF produced herein applied a greener
approach, relying solely on biomass and water, without the
need for chemical crosslinking or hazardous substances and
presenting oil adsorption capacity in the same range of the
materials presented in literature. It also capitalizes on the
intrinsic hydrophobicity of lignin, eliminating the need for
additional surface functionalization.
While the sorption capacity of the HS-CNF may not be the

highest, it provides a more environmentally friendly alternative
to other biobased sorbents and a sustainable foundation for
future improvements. The preparation process follows Green
Chemistry principles,64 using renewable raw materials (sugar-
cane bagasse fibers), minimizing hazardous substances, and
reducing waste. Importantly, the process avoids the use of toxic
chemicals and eliminates energy-intensive steps such as high-
temperature drying or chemical activation, thereby supporting
sustainability and reducing the overall environmental impact.
Furthermore, the production of HS-CNF is economically

viable, as it uses sugarcane bagasse, an abundant and low-cost
agro-industrial residue, as the main component. Although
CNFs are generally considered costly, their use in this study
was limited to only 0.1 wt %, significantly reducing the overall
material cost when compared to sorbents based primarily on
nanocellulose. Combined with the green hydrothermal
pretreatment (using only water under moderate conditions)
and the absence of additional modification steps, the resulting
sorbent offers a low-cost and scalable solution for oil removal.
In oil spill scenarios, a high sorption capacity alone is not

enough; fast absorption is also required to capture the oil
before it spreads further. The HS-CNF sorbent demonstrated
high oleophilicity and rapid absorption, immediately soaking
up a drop of light crude oil upon contact (Video S3).
Furthermore, it effectively retained the absorbed oil,
preventing release and dripping, which is essential for
collection and removal. Tests in distilled water showed the
HS-CNF sorbent’s high selectivity for oil removal and
retention (Figure 8c,d and Video S4). After light crude oil
was removed from water, the sorbent retained the oil without
losing integrity (Video S4).

Table 2. Comparison of the Oil Sorption Capacity of the Prepared HS-CNF Sorbent with Other Lignocellulosic Biomass
Sorbents Reported in the Literaturea

Biomass Sorbent Modification Methods Type of Oil
Adsorption
Capacity Ref.

Sugarcane
bagasse

HS-CNF Hydrothermal treatment/Physical reinforcement (CNF) Corn oil, light and
medium crude oil

4.1 g/g, 3.5 g/g,
and 5.1 g/g

Present
work

Sugarcane
bagasse

Foam Alkaline treatment/Chemical crosslinking (CA) Corn oil 9 g/g 16

Sugarcane
bagasse

Cryogel* Alkali treatment/Crosslinking (PVA)/Freeze-drying/MTMS coating Crude oil 25 g/g 18

Populus fiber Loose fibers Hydrothermal treatment/Acetylation Corn oil 21.57 g/g 21
Coconut
fibers

Loose fibers Protic ionic liquid Crude oil 1.40 g/g 17

Cotton fiber Loose fiber C18 fatty acid-modification Crude oil 35.58 g/g 22
Rice husks Loose fiber Alkali treatment Marine diesel 20 g/g 23
Balsa wood Sponge NaClO2 solution/Alkali treatment/Freeze-drying/Silylation (MTCS) Oil and organic

solvent
2.44 to 17.3 g/g 20

Poplar wood Sponge Mixed solution of NaClO2 and CH3COOH/Alkali treatment/Freeze-drying/
Crosslinking (PVA)/PDMS

Silicone oil 25 g/g 19

Water
hyacinth

Membrane NaClO2 solution/Alkali treatment/Additional bleaching (H2O2)/Freeze-
drying/Periodate oxidation and ultrasound-assisted defibrillation/ODA

Silicone oil 14 g/g 24

aThe table includes details on the sorbent, modification methods, types of oil used, and adsorption capacities. For entries marked with an asterisk
(*), we use the term “cryogel” to describe materials that were freeze-dried and “aerogel” for those that were supercritically dried, as defined by
Buchtova ́ et al.65
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The combination of oil sorption capacity, rapid absorption,
and strong oil retention suggests that the HS-CNF sorbent has
great potential for addressing oil spills under real-world
conditions. These results emphasize the value of lignocellulosic
biomass as a sustainable and eco-friendly solution for
mitigating oil pollution in aquatic ecosystems and highlight
the importance of exploring natural materials for environ-
mental remediation.
In this study, oil recovery from the sorbent could potentially

be achieved through solvent extraction. While this method is
generally effective, it typically requires substantial amounts of
organic solvents, which may pose environmental and economic
concerns.66 Other recovery strategies have been reported in
the literature, including mechanical squeezing,67 which is
especially suitable for flexible sorbents, and distillation,68 a
solvent-free method that allows oil recovery and reuse.
Furthermore, incineration of oil-saturated sorbents has been
widely considered a viable end-of-life strategy,69 enabling
energy recovery from both the sorbent matrix and the
absorbed oil. Among the reported methods, mechanical
squeezing stands out as the most environmentally friendly, as
it enables oil recovery and sorbent reuse without the need for
solvents or high energy input.67 However, its effectiveness is
dependent on the flexibility of the sorbent material. Therefore,
further research is needed to develop sorbents with suitable
mechanical flexibility through sustainable and eco-friendly
fabrication strategies.

■ CONCLUSION
This study presents a sustainable approach to developing a
renewable oil sorbent from sugarcane bagasse by combining
hydrothermal treatment and cellulose nanofibril reinforcement.
Hydrothermal treatment, using only water, preserves lignin and
promotes lignin nanoparticle redeposition, naturally enhancing
fiber hydrophobicity without synthetic hydrophobizing agents.
This modification also introduces nanoscale roughness, further
improving water repellency and oil sorption selectivity. The
incorporation of 0.1 wt % CNF strengthens the fiber network
without chemical cross-linkers, maintaining the sorbent
lightweight structure. The material exhibited oil adsorption
capacities of 3.1−5.1 g oil/g, comparable to other biobased
sorbents, but was achieved through a scalable, low-cost, and
environmentally friendly process. By integrating biobased
modifications with minimal chemical input, this work
contributes to the development of sustainable sorbents for
oil spill remediation, aligning with Green Chemistry principles.
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