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Abstract

Hydrophobic organic solvents in pharmaceutical operations are difficult to remove due to phase
immiscibility and volatility, prompting the use of biodegradable sorbents with rapid absorption and clean
regeneration. This study produces papyrus (Cyperus papyrus L.) into nanocellulose (NC) and then creates
lightweight, freeze-dried sponges for solvent capture. The objective was to establish an eco-efficient, scalable
pathway and evaluate sorption performance under controlled conditions while clarifying structure—performance
relationships. Papyrus was processed using sodium chloride (NaCl)-assisted hydrothermal processing (HTP),
alkaline pulping, and deep eutectic solvent extraction (DES), subsequently being formed into sponges through
freeze-drying. Sorption was evaluated in neat toluene as a model hydrophobic solvent utilizing sealed containers
and an evaporation-adjusted mass balance. The unmodified with 1% nanocellulose sponge (NC_1.0) exhibited
the highest capacity (18.22 g/g) and maintained 16.31 and 16.21 g/g in cycles 2-3 (<10% loss) under simple
thermal regeneration, indicating practical reusability. Iron oxide nanoparticles (FesOs) and
methyltrimethoxysilane (MTMS)-modified (NC 1.0_S) exhibited reduced capacity (8.39 g/g), consistent with
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) evidence of partial pore
occlusion and densification after silanization. Notably, the best-performing sponge requires no hydrophobization,
supporting a low-additive, low-footprint design suitable for circular wastewater management.

Keywords: Cyperus papyrus; nanocellulose; toluene; deep eutectic solvent (DES); organic solvent adsorption
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Highlights
e Benign-salt/DES processing converts papyrus into ultralight nanocellulose sponges.
e The best-performing sponge requires no hydrophobization, reducing chemicals and simplifying end-of-
life.
e Rapid, reusable uptake is achieved in neat toluene (18.22 g g'; <10% loss over three cycles).

o A clear design rule emerges: pore connectivity outweighs surface silanization for solvent capture.

1. Introduction

In the pharmaceutical sector, manufacturing and downstream handling generate wastewater enriched with
hydrophobic organic solvents such as toluene, dichloromethane, and benzene that are poorly miscible with water.
Solvent-intensive syntheses can consume on the order of 10—-800 kg of solvent per kg of active ingredient,
amplifying the risk of solvent carry-over to effluents and the overall material footprint (Aboagye et al. 2021; Priya
and Philip 2015). These compounds are toxic and persistent, and their control is central to green-chemistry and
sustainability metrics in the pharmaceutical sector (Becker et al. 2022; Sheldon 2018). Beyond plant-level
compliance, solvent losses drive life cycle impacts and Scope-3 emissions, undermining circular-economy
objectives and the Sustainable Development Goals on clean water, responsible production, and climate action.
Heightened regulatory scrutiny together with rising costs for solvent acquisition, recovery, and disposal sharpens

the need for inexpensive, compact sorbents that operate under immiscible conditions without introducing
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secondary contamination. Against these constraints, green sorbent design favors benign chemistry, minimal
additives, and easy regeneration.

Conventional wet-chemistry and membrane operations (e.g., air stripping, advanced oxidation,
coagulation—flotation, pressure-driven separations) can be reagent- or energy-intensive (Castel and Favre 2018;
Valluri and Kawatra 2021). They often underperform for immiscible or emulsified solvent phases. These
limitations motivate sorbent-based approaches that prioritise fast uptake, clean regeneration, and minimal
secondary pollution (Abidli et al. 2020; Uzunok and Sonmez 2023). Bio-derived cellulose presents an
advantageous substrate for sustainable sorbents: it is plentiful, lightweight, biodegradable, and may be
transformed into ultralight aerogels or foams featuring linked porosity and capillary-driven absorption. Recent
reviews highlight cellulose-based aerogels and nanocellulose composites exhibiting significant oil/solvent
sorption capacities with simple reuse, while highlighting design levers spanning pore architecture and surface
chemistry (Laitinen et al. 2017). Nanocellulose (NC), derived from various plant sources, has gained attention for
its high surface area, porosity, lightweight nature, and biodegradability, making it a versatile material for various
applications, including adsorption (Pandey et al. 2023).

NC is typically produced from lignocellulosic biomass via sequential pretreatment, purification, and
nanofibrillation. Eco-friendly options such as hydrothermal pretreatment (HTP) and enzymatic routes are
increasingly favored over harsh acid/alkali processes. HTP is known to relocate/modify lignin and thereby
improve cellulose accessibility, while enzyme-based pathways reduce severity at the expense of longer processing
times (Wang et al. 2022). Deep eutectic solvents (DES) alone or combined with mild mechanical/ultrasonic steps
offer greener fractionation that enhances accessibility and can yield nanocellulose efficiently (Chen et al., 2019;
Ma et al., 2019). Feedstock flexibility spans agricultural residues, wood, and grasses, with conditions tailored to
composition (Gupta and Shukla, 2020). The main nanocellulose forms: cellulose nanofibrils (CNF), cellulose
nanocrystals (CNC), and related lignin-containing grades, are distinguished by morphology and applications;
abundant surface —OH groups enable silylation/esterification and other functionalizations for composites,
hydrogels, and advanced materials (Trache et al. 2020). Greener pretreatment/extraction methods are reshaping
process choices, while feedstock and functionalization strategies remain the key levers for tuning properties and
performance.

Papyrus (Cyperus papyrus L.) is an abundant, under-utilized lignocellulosic resource whose conversion
to NC could couple waste valorization with environmental remediation. Although papyrus-based cellulose has

been studied for other applications such as for flexible electronics (Tanguy and Le Lagadec 2023), conservation
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treatments (Ahmed et al. 2022), or heavy metal adsorption (Madivoli et al. 2016). Its deployment as a freeze-
dried NC sponge for organic solvent/oil adsorption has, to our knowledge, not been reported, leaving a gap in
sorbent design for solvent-rich industrial streams. Addressing this gap could enable biodegradable sorbents that
avoid the end-of-life concerns associated with many synthetic foams and carbonaceous materials.

The study employs toluene as a model hydrophobic solvent to delineate its properties, with sorption
evaluated in the pure organic phase to ensure safe handling, controlled conditions, and alignment with existing
literature. Papyrus-derived nanocellulose (NC) sponges are introduced as biodegradable sorbents for organic-
solvent removal. An eco-friendly, scalable route NaCl-assisted hydrothermal pretreatment, alkaline pulping, and
DES extraction aligns with circular wastewater-management principles. The study investigates absorption and
reusability. This work contributes to the advancement of green materials and supports multiple Sustainable

Development Goals (SDGs), particularly in clean water, responsible production, and climate action.

2. Materials and methods
2.1 Sample preparation and nanocellulose procedure

The methodology for producing nanocellulose from Cyperus papyrus L. involved several key steps,
beginning with the preparation of raw material. The papyrus culms were first cut into small segments
approximately 1-2 cm in length. These segments were then dried at a temperature of 50 °C for 24 h to a constant
weight. Following drying, the material was finely ground and sieved through a 100-mesh screen to achieve particle
sizes smaller than 0.149 mm. The chemical composition of the untreated papyrus, including cellulose,
hemicellulose, and lignin content, was analyzed. The remaining material was stored in airtight plastic bags for
further experimentation. The prepared papyrus was subjected to a hydrothermal pretreatment (HTP) process
combined with NaCl. The dried plant material was subjected to a NaCl-assisted hydrothermal pretreatment (HTP)
at various solid-to-liquor ratios (S: L = 1:30, 1:20, 1:10, 1:5; w/v) with concentrations of 1M, 2M, and 3M. The
treatment was conducted for 20 min at 200 °C. This treatment aimed to remove hemicellulose and lignin. After
the pretreatment, the papyrus was rinsed with distilled water (DI) and subsequently dried at 50 °C for 24 h. The
best condition was selected for further steps of nanocellulose production.

Subsequently, the pulping process commenced by boiling the materials at 60°C in a solution containing

4% sodium hydroxide (NaOH) and 7% hydrogen peroxide (H202) for 120 min. The stirring speed was set to 200
rpm with a material to solution ratio of 1:20. Once pulping was completed, the materials were rinsed with

deionized (DI) water and subsequently dried in an oven at 50 °C for 24 h. Following this, the material was prepared
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for nanocellulose extraction using a deep eutectic solvent (DES). This involved immersing the material in DI
water for 24 h and agitating it five times, one minute per agitation. Subsequently, it was heated in a 50% DES
(Method adapted from Ma, Yue, et al. (2019) concentration (choline chloride/oxalate 1M in a 1:1 ratio) at 200
rpm. The mixture was maintained at a boiling temperature of 80 °C for 1 h, with a solid to liquid ratio of 1:25.
After boiling, the mixture was allowed to cool, then centrifuged to separate the slurry, and dried for 10 h at 50 °C.
The samples were then analyzed for lignin, cellulose, and hemicellulose content following the pretreatment,
pulping, and DES extraction processes. The nanocellulose produced was then tested for its effectiveness in
adsorbing organic solvents from pharmaceutical wastewater.

After the extraction of nanocellulose, a porous sponge was fabricated via freeze-drying. To impart
magnetic functionality and enhance hydrophobicity, the nanocellulose was functionalized with iron oxide
nanoparticles (FesOs) and methyltrimethoxysilane (MTMS), respectively. The nanocellulose was first dispersed
in deionized (DI) water and stirred using a magnetic stirrer until a homogeneous suspension was achieved. MTMS
(20 wt% in Ethanol) and FesO4 (0.1 wt%) were then added to the dispersion under continuous stirring at pH 4.
The resulting mixture was poured into a silicone mold and frozen at —40 °C overnight. Freeze-drying was
subsequently carried out under vacuum for 48 hours using a Labconco FreeZone Bulk Tray Dryer to obtain the
final porous structure. Freeze-dried nanocellulose (NC) sponges were prepared from aqueous dispersions with
cellulose mass fractions of 0.5, 1.0, 1.5, 2.0, 2.5, and 5.0 wt% (samples NC 0.5, NC 1.0, NC_1.5, NC_2.0,
NC 2.5, and NC_5.0, respectively). Unless otherwise specified, these samples contained no additional modifiers.
An additional variant, NC _1.0_S, was formulated at 1.0 wt% cellulose in deionized water and post-modified by

silanization with MTMS (1.0 wt%) while incorporating FesO4 (0.1 wt%) as a magnetic additive.

2.2 Characterization of nanocellulose

The synthesized nanocellulose was characterized using the following techniques:

2.2.1 Attenuated total reflectance Fourier-transform infrared (ATR-FTIR): Functional group analysis of the
nanocellulose samples was carried out using an attenuated total reflectance Fourier-transform infrared (ATR-
FTIR) spectrometer (Nicolet iS5, Thermo Fisher Scientific, Waltham, MA, USA) operated with Omnic software.
Each spectrum was collected with 64 scans at a resolution of 4 cm™ using automatic signal acquisition. A
background spectrum was recorded before analyzing each sample. ATR correction and consistent manual

baseline adjustments were applied to all spectra to ensure data accuracy.
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2.2.2 X-ray Diffraction (XRD): XRD analysis was conducted to determine the crystalline structure and
crystallinity index of the nanocellulose samples. The measurements were carried out using a Rigaku TTRAX 111
diffractometer equipped with Cu Ka radiation (A = 1.5406 A), operating at 40 kV and 40 mA. The diffraction
patterns were recorded over a 26 range of 5° to 90° with a step size of 0.02°. The crystalline index (Crl) was
calculated using the Segal method, based on the intensity of the crystalline peak /s> and the minimum intensity
of the amorphous background (/) (Segal et al. 1959).
2.2.3 Transmission Electron Microscopy (TEM): TEM was employed to observe the morphology and size
distribution of the nanocellulose. The samples were prepared by dispersing the nanocellulose in deionized water,
followed by sonication for 10 minutes to ensure uniform dispersion. A small drop of the suspension was placed
onto a carbon-coated copper grid and dried under vacuum at room temperature. Imaging was conducted using a
JEOL JEM-2100 (JEOL Ltd., Japan) at an accelerating voltage of 200 kV with a magnification of 20,000x. TEM
images were used to analyze fiber morphology and estimate nanocellulose dimensions.
2.2.4 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy (SEM/EDS): SEM was
employed to observe the surface morphology and porous structure of the freeze-dried nanocellulose samples. Prior
to imaging, the samples were mounted onto aluminum stubs using carbon adhesive tape and sputter-coated with
a thin layer of gold to enhance conductivity. SEM imaging was conducted using a (SEM model: JSM-5410LYV,
JEOL) operated at an accelerating voltage of 20 kV. Elemental composition of the samples was analyzed using
EDS attached to the SEM system. EDS analysis was performed to confirm the presence of elements introduced
during the modification process, such as silicon (Si) from MTMS and iron (Fe) from Fe;Oa. Elemental mapping
and point analysis were conducted to evaluate the distribution and relative abundance of these elements within
the sample matrix.
2.3 Organic oil adsorption test

The adsorption capacity of nanocellulose for organic oil from pharmaceutical wastewater was evaluated
using batch adsorption experiments. In the experiment to evaluate the oil absorption efficiency, freeze-dried
nanocellulose samples according to the detail in Section 2.1, were first cut into approximately 1 cm x 1 cm x 0.5
cm and their initial weights were measured. The samples were then immersed in neat toluene 5 mL, and removed
from the oil after 3 min, respectively. Immediately after removal, the samples were weighed to calculate the oil
adsorption capacity. The data were analyzed and presented as a comparative graph illustrating the average oil
adsorption capacities of the three sample groups. Error bars representing standard deviation were included to

indicate variability within each group. After the test, the samples were placed in an oven at 110 °C for 5 min to
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evaporate the oil. The cleaned samples were then subjected to three cycles of repeated oil absorption tests. The
data collected was analyzed to assess the oil adsorption efficiency and the stability of the nanocellulose material
for potential reuse. Tests were performed in sealed glass vials using neat toluene as the model solvent; capacities

are reported as mean + SD (n = 3) using an evaporation-corrected mass balance.

3. Results and discussion
3.1 Chemical composition of papyrus after pretreatment process

Papyrus is predominantly composed of cellulose, hemicellulose, and lignin, with minor constituents
including ash, proteins, and lipids. The structural components are essential in assessing the material's
appropriateness for nanocellulose manufacturing. Prior to any pretreatment, the chemical composition of papyrus
in this study was determined to be 34.45% cellulose, 8.41% hemicellulose, 25.80% lignin, and 31.34% others.
The increased lignin percentage emphasizes the necessity for an effective pretreatment approach to improve
cellulose purity for later applications. Comparisons with previous research, including Sheferaw et al. (2023),
demonstrate essentially consistent results, with minor variations likely attributable to differences in culture
conditions, plant age, and growth habitat. The experimental results show that the composition of papyrus fibers
changes significantly after a hydrothermal pretreatment HTP with NaCl at varied ratios and concentrations as
shown in Fig. 1.

The chemical composition of papyrus was significantly altered following HTP with NaCl at different
concentrations and treatment ratios. The effectiveness of the pretreatment process was evaluated based on the
enhancement of cellulose purity and the reduction of hemicellulose and lignin content. Among different treatment
ratios, the 1:20 and 1:30 ratios exhibited superior performance in cellulose enhancement and non-cellulosic
removal. While 1:30 with 3M NaCl achieved 40.16% cellulose, it retained slightly higher lignin (13.42%)
compared to 1:20 with 3M NaCl (40.18% cellulose, 8.47% lignin), making the 1:20 ratio the optimal condition
for achieving high-purity cellulose. Conversely, at a lower 1:5 ratio, even with 3M NaCl, the maximum cellulose
content achieved was 38.05%, with 9.81% lignin remaining. This suggests that reduced treatment ratios are less
helpful in destroying lignocellulosic structures, resulting in insufficient lignin extraction. This tendency is similar
across all treatment ratios (1:5, 1:10, 1:20, and 1:30), with 3M NacCl consistently yielding the maximum cellulose
content while reducing hemicellulose and lignin levels. The results indicate that elevated NaCl concentrations,

together with suitable pretreatment ratios, markedly enhance cellulose purity by efficiently eliminating
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considerable quantities of hemicellulose and lignin. Thus, HTP processing with NaCl demonstrates efficacy in
removing papyrus fibers, improving their appropriateness for nanocellulose production.

The compositional study following hydrothermal pretreatment (HTP) with NaCl demonstrates that this
technique effectively disrupted the lignocellulosic structure of papyrus, leading to an increased cellulose content
and diminished amounts of hemicellulose and lignin. This modification can be mechanistically elucidated by the
ability of chloride ions (CI") to infiltrate the fiber matrix and disrupt hydrogen bonds between lignin and
hemicellulose, thereby augmenting the porosity of the structure and providing a more sustainable and economical

approach, utilizing NaCl (Thiamngoen et al. 2022).

[ Cellulose (% Fraction)
Hemicellulose (% Fraction)
B Lignin (% Fraction)

[E= other (% Fraction)

60

Chemical composition (%)

1:10 . 1:20
Pretreatment conditions

Fig. 1 Composition of papyrus after hydrothermal pretreatment combined with NaCl at various treatment ratios

and concentrations.

3.2 Chemical composition of papyrus after nanocellulose extraction

Despite the analysis results showing that a solid-to-liquor ratio (S:L) of 1:20 at 3 M NaCl yielded elevated
cellulose content with no residual lignin, downstream processing factors preferred a solid-to-liquor ratio (S:L) of
1:10 at 3 M NacCl for further experimentation. Augmenting the solids loading (diminishing fluid volume) reduced
the bath volume and drying load, decreased handling time, and enhanced sponge formability without jeopardizing

the desired cellulose purity within experimental margins of error. From a process-intensification standpoint, the
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1:10, 3 M condition signifies a more scalable operating point that reconciles composition objectives with
throughput, solvent consumption, and energy requirements. After the pretreatment process, pretreated papyrus
was pulped by using a papyrus-to-solution ratio of 1:10, 3M. Following pulping, the material was subjected to
nanocellulose extraction with a deep eutectic solvent (DES). Stage-wise composition and yields (Table 1)
corroborate effective hemicellulose/lignin removal during pretreatment—pulping, with a DES-stage rebound in
hemicellulose fraction but high cellulose yield.

The progressive chemical changes observed during the four processing steps demonstrate the efficiency of
each step in increasing cellulose purity while reducing hemicellulose and lignin levels. The most significant
changes happened during pretreatment and pulping, when hemicellulose and lignin were substantially decreased,
resulting in increased cellulose concentration. This outcome is consistent with recent research on lignocellulosic
biomass processing, which have indicated that alkaline and hydrothermal treatments disrupt lignin-carbohydrate
connections, promoting hemicellulose dissolution and partial delignification (Awoyale and Lokhat 2021; Trajano
et al. 2013). Pulping further refined the cellulose content, demonstrating a synergistic effect with the pretreatment
step. The additional reduction in hemicellulose and lignin confirms that pulping enhances fiber purification. The
alkaline environment provided by NaOH helped solubilize hemicellulose, while the oxidative action of H-0O:
selectively degraded lignin without excessively degrading cellulose, converting it into oxidized carbonyl and
carboxyl groups (Sun et al. 2001). Stage-wise mass balances (Table 1) indicate that pretreatment removes much
of the hemicellulose and a portion of lignin while retaining most cellulose. Pulping sharpens this purification,
trading overall solids for higher fiber quality: cellulose retention remains high, hemicellulose yield collapses, and
lignin continues to decline. The small loss of cellulose across these steps is consistent with co-extraction of
fines/ash rather than substantive cellulose degradation.

Interestingly, DES extraction did not maintain the expected trend of cellulose enrichment. Instead, a minor
decrease in cellulose content and a rise in hemicellulose were detected. The effectiveness of lignin removal in
these conditions may be attributed to the presence of lactic acid in the DES formulations, which promotes
hemicellulose hydrolysis and facilitates lignin dissolution (Li et al. 2023). The decrease in lignin content, however,
indicates the selective delignification capability of DES solvents, which has been previously reported in other
lignocellulosic systems (Kohli et al. 2020). This unanticipated reversal is consistent with DES-induced disruption
of cellulose structure, including possible reductions in degree of polymerization and decrystallization upon
dissolution—regeneration. A contribution from non-cellulosic redeposition cannot be ruled out, although direct

evidence under the present DES conditions is lacking and warrants further study (Chen et al. 2019). Deep eutectic
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solvents (DESs) are effective delignification media that enhance cellulose accessibility; they can also solubilize
and partially hydrolyze hemicellulose, depending on solvent composition and severity. A contribution from re-
precipitation or re-adsorption of dissolved hemicellulose during regeneration/washing is plausible when polarity
conditions change, though direct evidence under the present conditions remains limited (Thulluri et al. 2021; Yao
et al. 2024). The rise in solid recovery and hemicellulose yield alongside modest lignin decrease is consistent with
partial re-adsorption/re-precipitation of solubilized hemicellulosic species during DES regeneration/washing
and/or carry-over/uptake of DES components, which would elevate apparent mass and dilute cellulose percentage
without truly compromising cellulose retention. This reconciles the higher cellulose yield with a lower cellulose

percentage at the DES stage.
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Table 1 Stage-wise composition and component yields of papyrus during nanocellulose production (dry basis).

Solid

Cellulose Hemicellulose Lignin
Stage Cellulose Hemicellulose
Condition recovery Lignin (%) yield yield removal
no. (%) (%)
(%) (%) (%) (%0)
1 Raw 100.00 34.45 8.41 25.80 100.00 100.00 100.00
2 Pretreatment 82.64 39.77 3.09 10.79 90.26 56.87 52.14
3 Pulping 70.00 41.06 1.80 10.13 86.90 12.88 26.32
4 DES extraction 86.07 39.23 4.02 7.67 93.27 61.71 28.18

Note: Solid recovery (%) = (mass (stage)/mass (raw)) x100

Cellulose/hemicellulose/lignin yield (%) = (component mass(stage)/component mass(raw))x100

Lignin removal (%) = 100—100-100— lignin yield
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3.3 Characterization of nanocellulose

3.3.1 Transmission Electron Microscopy

Nanocellulose was extracted from papyrus using a DES composed of choline chloride and oxalic acid and
subsequently analyzed by transmission electron microscopy (TEM) to investigate its nanoscale morphology. Prior
to the DES treatment, the raw material was soaked in distilled water for 24 h and subjected to several spinning
cycles to promote fiber dispersion and disrupt weak intermolecular interactions. The DES process was carried out
at 80 °C and 200 rpm for 1 h, effectively breaking the lignin and hemicellulose linkages, thereby releasing
cellulose nanostructures. TEM analysis (Fig. 2) revealed a well-developed fibrillar network consisting of
elongated, entangled nanofibers with uniform diameter distribution. The fibers exhibited minimal aggregation and
good dispersion, indicating that the DES treatment efficiently deconstructed the lignocellulosic matrix while
preserving the nanofibrillar architecture. The observed fiber diameters, ranging from approximately 10 to 50 nm,

confirm the successful production of cellulose nanofibrils (CNFs) from papyrus.

Fig. 2 TEM image of nanocellulose extracted from papyrus using a DES, showing well-dispersed nanofibrils (10—

50 nm).
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3.3.2. X-ray diffraction crystallinity analysis

Structural evolution during processing was assessed by X-ray diffraction (XRD), with crystallinity index
(CrI) values reported for each stage below. The diffraction profiles of the samples at various stages raw, pretreated,
pulped, and DES-extracted nanocellulose are presented in Supplementary (Fig. S1). The results show a
progressive increase in structural order across the processing sequence. The raw lignocellulosic sample displays
broad, low-intensity reflections with a notable feature at ~20 ~ 22°, assigned to the (002) plane of cellulose I; its
low crystallinity index (Crl = 25.58%) indicates a predominantly amorphous matrix, consistent with residual
lignin and hemicellulose that disrupt native chain packing. Following hydrothermal pretreatment in 3 M NaCl at
200 °C, the diffraction peaks become narrower and more intense, and the Crl rises to 35.91%, suggesting partial
removal of amorphous domains and improved chain organization, likely aided by NaCl-induced fiber swelling
and partial hemicellulose solubilization. Subsequent chemical pulping with NaOH/H-O: further sharpens the
reflections and yields the highest Crl (40.80%), confirming efficient delignification/ dehemicellulosation and the
reorientation of cellulose microfibrils into a more compact crystalline arrangement. Finally, extraction using DES
produces well-defined cellulose peaks with a Crl of 35.97%, indicating preservation of crystalline regions
alongside removal of amorphous components. Although slightly lower in Crl than the pulped sample, the DES-
based extraction process appears effective in producing nanocellulose with a high degree of structural order.
3.3.3 Fourier Transform Infrared Spectroscopy analysis

The chemical structure changes of papyrus through various pretreatment processes were studied using
FTIR techniques to investigate the chemical structure and functional groups. The FTIR spectra of different
samples are presented in Supplementary (Fig. S2), where distinct peaks corresponding to various functional
groups can be observed.

The raw material exhibits characteristic peaks corresponding to cellulose, hemicellulose, and lignin. A
broad absorption band at 3335 cm™ (Hinterstoisser et al. 2001), attributed to O—H stretching vibrations, indicates
the presence of hydroxyl groups in cellulose and bound water. This peak remains visible throughout the
treatment process, though its intensity increases after deep eutectic solvent (DES) treatment, suggesting
enhanced hydrogen bonding and a more organized cellulose structure. The range of 1765—1715 cm™! indicated
the C=0 group from the glucosidic bonds of hemicellulose. The range of 1,300—1,000 cm™ highlighted C—-O-C
stretching in polysaccharides (cellulose/hemicellulose) (Nikonenko et al. 2000).

The C—H stretching peak at 2900 cm™ (Hinterstoisser et al. 2001), assigned to aliphatic C—H stretching

in polysaccharides and residual lignin, gradually diminishes following hydrothermal pretreatment and pulping,
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indicating progressive removal of non-cellulosic components. The absorption band significantly reduced,
reinforcing the notion of cellulose purification. The absorption band at 1729 cm™' (Lionetto et al. 2012),
attributed to the C=O0 stretching vibrations of ester and carbonyl groups primarily from hemicellulose, undergoes
a marked reduction after pretreatment, suggesting partial hemicellulose removal. This peak continues to decrease
with pulping process and is completely absent in the final stage, confirming the total elimination of
hemicellulose. Similarly, the peaks at 1630 cm™! (Hinterstoisser et al. 2001) and 1427 cm™! (Comnea-Stancu et
al. 2017), associated with the C=C stretching of aromatic rings in lignin, exhibit a stepwise decline as the
treatment progresses. with the ~1030 cm™ band (C-O stretching) becoming the dominant feature, consistent
with progressive removal of non-cellulosics and cellulose enrichment.

From the FTIR analysis, it was found that each pretreatment step reduced lignin and hemicellulose
components while increasing the purity and clarity of the cellulose structure. Particularly after bleaching and
DES extraction, functional groups associated with cellulose, such as C-O-C (1,300-1,000 cm™), became
increasingly evident following the order of pretreatment. The peak at 2115 cm™ in the FTIR spectra of
lignocellulosic samples is generally not an intrinsic cellulose functional group. Rather, it is commonly assigned
to the water ‘bending + libration’ combination band (H-O—H bending coupled with libration), which appears
around 2100-2130 cm ™! and is sensitive to absorbed/adsorbed moisture in cellulose fibers or on humid sample
surfaces (Verma et al. 2018).

Comparative study of FTIR spectra exposes different levels of treatment efficiency. While cellulose
stayed placed in the matrix, HTP somewhat disturbed lignin and eliminated hemicellulose. Although some
residual non-cellulosic components remained, pulping with NaOH/H-O: further broke lignin and hemicellulose,
hence increasing cellulose exposure. The decrease of lignin-related peaks and the increase of cellulose-specific
bands indicate that the nanocellulose synthesized after DES showed the most refined structure with the highest
purity.

3.3.4 Structural analysis of freeze-dried nanocellulose samples using SEM/EDS

As shown in Fig. 3, the structural and pore morphologies of selected freeze-dried samples NC 1.0,
NC 5.0, and NC 1.0 S were examined using Scanning Electron Microscopy (SEM). The NC 1.0 sample (1%
nanocellulose) exhibited a highly porous structure with a well-defined, interconnected network, suggesting a
relatively higher surface area compared to the NC 5.0 sample (5% nanocellulose), which displayed a denser and

more compact morphology. This difference is likely attributed to the increased solid content in NC_5.0, which
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may hinder pore formation during the freeze-drying process due to reduced ice crystal growth and limited phase
separation.

In contrast, the NC 1.0_S sample, which was modified with silane (MTMS), showed a notably less
porous and more compact structure. This reduction in porosity is likely a result of the formation of a silane cross-
linked network on the nanocellulose surface, which can lead to partial pore collapse or blockage during freeze-
drying. The hydrophobic silane coating may also reduce the water content and affect ice templating, further
contributing to the decrease in porosity. This effect of silane modification is also consistent with previous findings
reported in the literature, where surface functionalization was shown to reduce porosity due to pore blockage or

structural densification (Meeks et al. 2010).
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Fig. 3 SEM images of freeze-dried samples

Based on Fig. 4, the EDS spectrum and elemental mapping of the NC _1.0_S sample confirm the
successful incorporation of both silane and FesO. into the nanocellulose matrix. The presence of silicon (21.10
wt%) indicates effective surface modification with methyltrimethoxysilane (MTMS), while the detection of iron
(2.51 wt%) confirms the addition of FesO4. Elemental maps show a uniform distribution of silicon and a

dispersed presence of iron across the structure. The relatively low Fe content and its scattered distribution may
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explain the weak magnetic response observed. The SEM image also reveals a compact morphology, consistent

with the reduced porosity caused by silane crosslinking, which may limit adsorption performance.
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Fig. 4 EDS elemental mapping of the freeze-dried nanocellulose sample (NC_0.1_S).

3.4 Organic oil adsorption test

Nanocellulose extracted from papyrus was surface modified using methoxymethylsilane (MTMS) to
enhance its hydrophobicity for the adsorption of organic oils. Additionally, iron oxide (Fe:Os) powder was
incorporated to impart magnetic properties to the material. After shaping the samples via freeze-drying, it was
observed that the unmodified nanocellulose exhibited a fluffy, highly porous structure. In contrast, the MTMS-
modified samples showed denser and more compact morphology as shown in SEM images (Fig. 3). Interestingly,
the FesOas-loaded samples did not exhibit any significant magnetic response. This may be attributed to an
insufficient FesOs content, particle aggregation, or the oxidation of FesOs to non-magnetic Fe:Os during
processing. Such oxidation has been previously reported to diminish magnetic properties due to structural defects

and phase transformation in iron oxide nanoparticles (Wetterskog et al. 2013).
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In accordance with the investigation of toluene adsorption capacity of cellulose nanofibers (NC) derived
from Egyptian papyrus, the NC 1.0 sample exhibited the highest toluene adsorption capacity in the initial cycle,
with a value of 18.22 g/g. In contrast, the NC 1.0_S sample, which underwent surface modification with MTMS
(Methyltrimethoxysilane), demonstrated the lowest adsorption capacity, recorded at 8.39 g/g (as shown in Fig. 5).
As hypothesized, surface functionalization with silane was expected to introduce functional groups that could
enhance the adsorption of hydrophobic compounds, such as toluene, by increasing the material's hydrophobicity
(Ojogbo et al. 2025). However, as observed in the SEM images and supported by previous studies, surface
modification with silane can, in some cases, adversely affect the surface area of the adsorbent. This is likely due
to the formation of a silane-derived functional network, which may lead to pore blockage or structural
densification, thereby reducing the available surface area (Meeks et al. 2010). In addition, the adsorption of
toluene onto cellulose nanofibers is primarily facilitated by van der Waals interactions between the aromatic ring
of toluene and the glucopyranose backbone of cellulose, along with capillary condensation within the porous
structure (Ji et al. 2023, Cao et al. 2023). Once toluene molecules penetrate the pores, they tend to become confined
and partially retained due to pore—wall interactions and physical trapping, which explains the incomplete
desorption observed in subsequent cycles. In the case of silane-modified samples, the presence of —Si—CHs groups
increases the hydrophobic affinity toward toluene, resulting in stronger binding and further limiting the
reversibility of adsorption. This proposed adsorption mechanism is illustrated in Fig. 6.

Subsequent toluene adsorption tests conducted during the 2nd and 3rd cycles revealed a minor and
statistically insignificant decrease in adsorption capacity across all samples. Notably, the NC_1.0 sample retained
the highest adsorption capacity, with values of 16.31 g/g and 16.21 g/g for the 2nd and 3rd cycles, respectively,
representing a reduction of 10.48% and 9.22% relative to the 1st and 2nd cycles. However, the NC 1.0 _S sample,
which was silane-modified, exhibited a significant decrease in adsorption capacity, with a reduction of 41.23%
from the initial cycle. This can likely be attributed to the hydrophobic silane surface layer, which may have more
tightly bound the toluene molecules after the first adsorption—desorption cycle, thereby hindering desorption in
subsequent cycles. Furthermore, toluene desorption is influenced by multiple factors, including the structural
integrity and pore configuration of the adsorbent material (Chen et al., 2020). This highlights that both
morphological changes and molecular-level interactions between cellulose and toluene contribute to the overall

adsorption—desorption behavior.
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411 To contextualize the measured capacities, a literature benchmarking was compiled for cellulose-based

412 sponges/aerogels tested with oils or organic solvents. Table 2 positions the papyrus-derived NC sponge (neat
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toluene, 18.22 g/g; three-cycle retention <10% loss) against representative cellulose-only and modified/hybrid

systems reported under comparable batch protocols. Across the survey, unmodified cellulose aerogels typically

report 18-25 g/g for oils/solvents, whereas aggressively hydrophobized or hybridized scaffolds span

approximately 50-200 g/g depending on liquid and protocol. The papyrus-derived NC sponge falls at the upper

end of unmodified cellulose systems while retaining multi-cycle performance, reinforcing the design view that

pore connectivity and low bulk density are primary levers for rapid, reusable uptake.

Table 2 Benchmarking of oil/solvent uptake for cellulose-based sponges/acrogels

Sorbent / Surface Test Sorption  Reusability Notes Reference
Feedstock treatment / liquid capacity (cycles)
Additives (g/g)
Papyrus-derived  None Toluene 18.22 3(16.31—  Freeze-dried NC; best This work
NC sponge (this 16.21) performer
work, NC_1.0) unmodified
Paper-waste None Crude oil 24.4 NR Early cellulose Nguyen et
cellulose aerogel  (cellulosic aerogel benchmark al. 2013
aerogel)
rGO-CNC rGO hybrid, Toluene 59 NR Measured under Shadkam
hybrid aerogel ASTM F726- ASTM F726-17 et al. 2021
(waste-paper 17
cellulose fibers)
Silylated CNF MTMS/alkylsi Marine 143 NR Very high capacity Laitinen et
sponge lane diesel after silanization al. 2017
Reed-based Cross-linked Crude oil 523 NR Optimized via RSM Thi Thanh
cellulose aerogel cellulose (RP aerogel) et al. 2025
(Phragmites aerogel
australis)
Cellulose Hydrophobize  Multiple 22-55 up to Review reporting Long et al.
aerogel (various  d (review oils/solve multi-cycle typical ranges 2018
plant sources) synthesis) nts
Cellulose Various Diesel / 32 upto 10  Range illustrations Paulauskie
aerogel crude spread in literature né et al.
composites 2021
(paper/cardboar
d + wool, straw,
algae, CA)
Si-CNF/BTCA  Silica + Olive oil,  77-226 NR Reported range Shang et
aerogel BTCA gasoline, across liquids al. 2021
toluene

NR = not reported.

Note: Capacities are reported as measured under each study’s protocol; direct comparisons should consider
differences in test conditions (e.g., contact time, temperature, and evaporation control).
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4. Conclusion

This study establishes an eco-lean route to valorize papyrus into nanocellulose and ultralight freeze-dried
sponges for rapid capture of hydrophobic solvents. Sequential NaCl-assisted hydrothermal pretreatment, alkaline
pulping and DES extraction yielded purified cellulose with higher crystallinity and nanofibrils (approximately
10-50 nm), enabling open, interconnected pore networks. The unmodified NC 1.0 sponge achieved the highest
toluene uptake (18.22 g/g) and retained performance over three cycles (16.31—16.21 g/g) under simple thermal
regeneration (<10% loss). MTMS-modified NC 1.0_S showed markedly lower capacity (8.39 g/g), consistent
with SEM/EDS evidence of partial pore occlusion and densification. Findings support a green design rule for bio-
cellulosic sorbents: open, interconnected porosity and low bulk density outweigh aggressive hydrophobization for
rapid, reusable capture. Future research must measure bulk density, porosity, and wetting behavior, benchmark
longer cycling with evaporation correction, and evaluate actual or surrogate effluents (free oil and emulsions) to

enhance the case for adoption.
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