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Abstract: This study presents the synthesis and
characterization of nanomaterial as a
prerequisite for its efficient use in water
purification as an alternative to costly

activated  carbon.  Here,  solvent-free
phosphorylation of nanocellulose using
environmentally  benign and  non-toxic
chemicals was pursued resulting in a

negatively charged material that was used to
remove pollutants. The native material was
locally abundant cassava inner peel biowastes
which is rich in cellulose fibers. Native
cellulose was isolated from the inner peel
cassava waste and subsequently, hydrolyzed
using phosphoric acid at 200 °C for 1 h on a
sand bath at a cellulose/acid ratio of 1 g:25
mL. to afford nanocellulose fibre. The native
cellulose was isolated, and the phosphorylated
nanocellulose fibre was characterized using
scanning electron microscope (SEM), Fourier
transforms  infrared (FT-IR), thermo-
gravimetric  analyzer (TGA/DTG) and
Brunauer-Emmett-Teller (BET), for its surface
features, and functionalities, thermal stability,
surface area, and particle size, respectively.
SEM analysis revealed highly irregular and
tiny individualized nanofiber  strands,
indicating the presence of nanocellulose fibre.
The surface area of the cellulose and
nanocellulose was 219.637 m?/g and 299.478
m2/g with pore volumes of 0.108 and 0.146
cm®/g.
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1.0 Introduction

Industrialization and human activities have led
to an increasing number of pollutants entering
water resources (Eddy et al., 2024a-b).
Amongst these, pollutants are full of aromatic,
toxic, and hardly biodegradable chemicals thus
challenging industrial wastewater treatment
and hazarding the environment (Lellis et al.
2019). To satisfy demands in the environment
alone, 10 000 different pollutants amounting to
some 7 9 10 5 tons are released each year, while
partially ending up in waste stream discharges
(He et al. 2013). In addition, other dye-
consuming industries such as pulp and paper,
pharmaceutical, and tannery are also
responsible for dye discharges into the
environment (Eddy et al., 2023a-b; He et al.
2013). This has prompted many research



https://dx.doi.org/10.4314/cps.v12i2.2
mailto:ibrahimibrahimg16@gmail.com
mailto:contactdrmusa@gmail.com
mailto:azehy@ibbu.edu.ng
mailto:umb2016@gmail.com

Communication in Physical Sciences, 2025, 12(2) 353-366 354

activities aiming to develop inexpensive,
efficient, and  sustainable  purification
technologies that could tackle dye-

contaminated water (Rafatullah et al. 2010).
Adsorption seems to offer the best prospects
over other water treatment methods such as
coagulation and precipitation which make use
of intensive chemical treatments and result in
residuals that require further treatment
(Bolisetty and Mezzenga 2016). Although
adsorption technologies such as activated
carbon are effective and highly used for water
remediation, they remain costly and difficult to
regenerate, and this hampers their economical
usage. ldeal alternatives would be sustainable,
low-cost, high-capacity adsorbents derived
from locally abundant natural substances (Han
et al. 2010; Sharma et al. 2011; Gupta et al.
2013; Udongwo & Folorunso, 2025).
Cellulose, the most abundant natural polymer
on earth, is undoubtedly one of the most
attractive materials for designing water
purification adsorbents due to its worldwide
availability, renewability, benign character,
facile surface modification, and processing
versatility (Carpenter et al. 2015; Sehaqui et al.
2016b). To tackle the low/moderate adsorption
properties of native cellulose, active functional
groups are attached to its backbone allowing
the immobilization of charged pollutants and
non-polar species (Sehaqui 2014, 2016a, b).
For instance, carboxylate or phosphate-
modified cellulose filters and membranes have
been effectively used for the uptake of
positively charged dyes and heavy metal ions
(Maet al. 2012; Blilid et al. 2019; Lehtonen et
al. 2020). Over the past years, increased
interest in cellulose phosphorylation as a
promising route for the introduction of negative
charges has been reborn, mainly concerning its
utilization for nanocellulose production, flame
retardancy, and water purification
(Ghanadpour et al. 2015; Lehtonen et al. 2020).
Although cellulose phosphorylation can
proceed in various media (e.g., DMF (Granja et

al. 2001), DMAC/LICI (Aoki and Nishio 2010),
pyridine (Reid et al. 1949)) using various
phosphorus based-chemicals [e.g., H3zPOs
(Reid et al. 1949; Suflet et al. 2006), P2Os
(Granja et al. 2001), POCl3 (Reid et al. 1949)],
and at various operating conditions, the
reaction with mono-ammonium and di-
ammonium phosphate in the presence of urea
at 150-165°C seems to offer the best prospects
as a green, simple and inexpensive route
resulting in high functionalization degree and
relatively  low  cellulose  degradation.
Application possibilities of phosphorylated
(nano)cellulose include  flame-retardancy,
water purification, and many others (Noguchi
et al. 2017; Ghanadpour 2018).In the area of
water purification, phosphorylated cellulose is
used for its adsorption properties towards
positively charged pollutants, mainly heavy
metal ions and dyes. Here, the aim is to achieve
similar adsorption properties to well-known
commercial sorbents such as activated carbon.
In a study by Sunflet et al. (2017),
phosphorylated cellulose microspheres were
used for the uptake of methylene blue (MB)
from an aqueous solution. The microspheres
displayed both a low exchange capacity of 0.24
meqg/g™ and a low adsorption capacity towards
MB (about 60 mg/g™?) (Suflet et al. 2017). In
another study by Luo et al., phosphorylated
cellulose microspheres were applied for the
effective chelation of Pby in aqueous media,
and an adsorption capacity of 108 mg/g* was
reached (Luo et al. 2017). Srivastava et al.
reported an adsorption capacity ranging from
25-70 mg/g* of various metal ions (Cuz, Niz,
Cd, and Pb2) onto phosphorylated cellulose
triacetate-silica composites (Srivastava et al.
2016). Oshima et al. and Zhuang et al. utilized
phosphorylated bacterial cellulose as an
adsorbent for metal ions and registered a good
adsorption behaviour for various transition
metal ions, lanthanide ions, and U (VI) via ion-
exchange mechanism (Oshima et al. 2008;
Zhuang and Wang 2019). The phosphorylated
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nanocellulose paper was used to filter heavy
metal ions such as Cuz from an aqueous
solution, although the nano paper’s charge
content (18.6 mmol/kgl) and the flux
registered remained low (Mautner et al. 2016).
Recently, Lehtonen et al. showed a great
adsorption capacity of radio-active uranium
species onto phosphorylated cellulose (1550
mg/gt), provided by the high concentration of
phosphoryl groups attached to the cellulose (1
mmol g) (Lehtonen et al. 2020). Despite these
numerous  studies, the potential of
phosphorylated cellulose as a promising dye
adsorbent has not yet been demonstrated. In
this work, we aim to investigate the chemical
characteristics and sorption properties of
phosphorylated nanocellulose made of locally
abundant resources using a straightforward
phosphorylation process with Phosphoric acid.
A fast-growing plant thriving in dry regions of
North Africa and covering a large area of about
3 million hectares in Morocco (named Alfa
grass, Esparto or Stipa tenacissima) (El
Achaby et al. 2018) has been selected as a
cellulose source together with commercial
wood fibres and microcrystalline cellulose,
were investigated and compared to the state of
the art sorbents reported in the literature to
conclude the potential of the present bio-based
material for water purification. To the best of
our knowledge, amongst all phosphorylated
biopolymers reported to date, the present
phosphorylated cellulose materials achieved
unprecedented adsorption capacity against
methylene blue comparable to the capacity
achieved by the best-activated carbon sorbents.

2.0 Materials and Method

2.1 Material

Cassava peel (CP) was collected from a cassava
farm Lapai Niger state, Nigeria. The chemicals
used for cellulose isolation and nanocellulose
preparation were: distilled water, sodium
hypochlorite, sodium hydroxide, ethanol, n-
hexane, acetate, concentrated H3POas, pure
microcrystalline cellulose (analytical grade).

2.2 Sample Preparation

2.2.1 Isolation of Cellulose;

Chemically purified cellulose (CPC) from
cassava peel was isolated according to the
previously reported methods (Filpponen 2009,
Rosa et al. 2010; Jabbar and Timell 1960).
Prior to cellulose isolation, cassava peel was
separated from its outer skin, washed and
milled into pulp. This pulp was then dried in
sunlight for 2 days until a constant weight was
obtained. (Sulphuric/phosphoric methods) 10 g
of dried pulp was dissolved in a mixture of
ethanol/n-hexane/acetate (1:1:1) which was
allowed to stand for 48 hrs. The mixture was
decanted and 200 mL of 0.5M H2SO4H3PO4
was added and heated at 90° C for 2 h with
constant stirring. Subsequently, the mixture is
filtered and the obtained residue is washed until
neutral. The next step is a bleaching process
wherein the residue is refluxed using 2 %
NaClO; solution plus a few drops of glacial
acetic acid for 30 minutes.

2.2.2 Preparation of Nanocellulose

Produced CPC was then used to extract CNCs
by acid-hydrolysis. Isolated cellulose from
cassava peel was hydrolyzed with sulfuric acid
in a ratio of cellulose to sulfuric acid (1:25).
The hydrolysis of cellulose was carried out in
45 % (w/w) phosphoric acid solution at 200 °C
for 1 hr. The hydrolysis process was quenched
by adding excess distilled water (250 mL) to
the reaction mixture. The produced colloidal
suspension was centrifuged at 14,000 rpm for
10 minutes at -4° C. Then, it was dialyzed for 5
days to neutralize and eliminate the sulfate
ions. The neutral colloidal suspension was
sonicated for 30 minutes to homogenize the
generated nanocellulose.

2.3 Characterization of Adsorbent
2.3.1 Scanning Electron Microscopy (SEM)

The morphology of the cellulose and
nanocellulose surface was determined using
the Scanning Electron Microscope (SEM) that
was equipped with Energy Dispersive X-ray
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spectra (EDX) to also determine the elemental
composition. About 0.02 mg was suspended in
1 ml of CH3OH. The mixture was then
sonicated for 10.0 minutes followed by a
coating of 2 drops of the sample with gold

using a gold sputtering device. The SEM
images were then obtained on a FEG 450 SEM
operating at 80kV.

Plate 1c; filter cellulose

2.3.2 Fourier Transform Infrared (FTIR)

The cellulose and nanocellulose sample was
mixed with KBr before being compressed into
a pellet of 1.0 mm thick. Perkin-Elmer
spectrometer (Spectrum one) was employed for
the analysis of the sample. The FTIR spectra of
the prepared cellulose and nanocellulose were
recorded from 450-4000 cm™! (Ettish et al.,
2021).

2.3.3 Thermogravimetric Analysis (TGA)

The thermal property of the cellulose and
nanocellulose was studied as a function of
temperature using thermogravimetric Analysis
(TGA). It was done under a nitrogen

Plate 1d; Nanocellulose
atmosphere and a purge gas flow rate of 50
cm®min and a temperature of 25 to 800 °C. 10
mg of prepared cellulose and nanocellulose
was heated at the heating rate of 10 °C min™.

2.3.4 BET Surface Area

The Brunauer-Emmett-Teller analysis was
employed to determine the porosity and surface
area of the sample. 300 mg of the sample was
degassed for 4 hours at 150°C under nitrogen
gas flow to eliminate moisture and other
impurities. Nitrogen gas was used as adsorbate
and analysis was done at -196°C with NOVA
4200e Quantachrome analyzer.

2.3.5 Rama spectral
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Horiba Jobin Yvon LabRAM HR; this
spectrometer is considered one of the most
advanced and versatile Raman instruments
available. It offers: High spectral resolution
(down to 0.5 cm™), High sensitivity, Wide
spectral range (100-4000 cm™), Advanced
confocal microscopy capabilities, Ability to
handle various sample types (liquids, solids,
powders, etc.) and User-friendly software and
data analysis tools.

3.0 Results and Discussion
3.1 SEM Study of Samples

The SEM analysis of isolated cellulose and
cellulose nanofibers revealed significant
differences in  their morphology and
dimensional characteristics. The SEM images
shown in Plates 2a and 2b highlight the fibrous-
like network structure of both cellulose and
cellulose nanofibers. However, a notable
reduction in fiber length is observed in the
cellulose nanofibers compared to the native
cellulose. The nanofibers' length decreased
substantially, from 100-300 nm to 20-100 nm,
due to the increased acid concentration used
during synthesis.

In the native cellulose, minimal differences in
morphology and dimension were observed
between samples, with fibers consistently
measuring 100-300 nm in length and 10-30
nm in width. This contrasts with the cellulose
nanofibers, which exhibit smaller nanoscale

Plate 2a: SEM Image of Cellulose

dimensions. The reduction in fiber size and

morphological changes in the nanofibers can be
attributed to NaOH treatment, as suggested by
Jin et al. (2016) and Neto et al. (2016). This
treatment induces the rearrangement
cellulose chains through hydroxide

orientation and removal
components from the cellulose matrix.
The SEM images of cellulose nanofibers reveal
a web-like morphology with hollow features,
indicating the removal of hemicelluloses and
non-structural cellulose during the process.
This transformation, facilitated by ultrasonic-
assisted hydrolysis with mixed acid (Wang et
al., 2007), results in cellulose chains folding
and packing in an anti-parallel configuration,
forming a more stable structure. The porous

network observed on the surface of the

cellulose nanofibers enhances their high
porosity and surface area-to-volume ratio.
These features make nanofibers potentially
useful for pollutant removal, as
heterogeneous pore distribution could enable
selective adsorption of molecules based on size
and chemical properties (Lay et al., 2020). This
distinctive morphology, characterized by rough
texture and interconnected pores, underscores
the advantages of cellulose nanofibers over
native cellulose in applications requiring high
surface reactivity and adsorption capacity.

Plate 2b: SEM Image of Nanocellulose Fiber
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3.2 FT-IR Study of Samples

The FT-IR spectra of cellulose (Fig. 1) and
cellulose nanofiber (Fig. 2) show distinct
differences in peak positions and intensities,
reflecting changes in molecular structure and
functional groups. Peaks observed between
991-760 cm™ in the FT-IR spectrum of
cellulose are attributed to C-H and C-O
stretching vibrations, which are characteristic
of the cellulose backbone (Liu, 2018). This

358

band is also present in the spectrum of cellulose
nanofiber but exhibits shifts, indicating
structural modifications during the synthesis
process. The band between 1364—-1077 cm™,
assigned to C-O-C glycosidic bond vibrations,
is an indication of crystalline cellulose. This
peak is prominent in both cellulose and
cellulose nanofiber spectra, confirming the
preservation of the glycosidic linkage (Wang,
2019).
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Fig. 2: FTIR Spectra of Nanocellulose

Peaks around 2083-1636 cm! are associated
with O-H bending and C=0O stretching
vibrations, which suggest the presence of

hydroxyl groups and carbonyl moieties
(Sreekumar, 2018). These bands appear in both
spectra but show variations in intensity,
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reflecting molecular rearrangements during
nanofiber formation. Absorptions in the range
of 2926-2206 cm™' are attributed to C-H
stretching vibrations, indicating the presence of
alkyl chains. These peaks are detected in both
spectra, with variations in intensity signifying
the structural refinement of cellulose nanofiber
(Liu, 2018). In cellulose nanofiber, peaks
observed between 1129-711 cm™! are assigned
to C-H, C-O-C, C-OH, and C-C vibrations due
to glycosidic linkages in the cellulose
backbone. Shifts in these peaks compared to
native cellulose indicate alterations in the
molecular structure during nanofiber synthesis
(Panda, 2017). Peaks recorded at 1789-1446
cm™' in the nanofiber spectrum correspond to
C=0 and C-O stretch vibrations, suggesting the
presence of natural acetate groups (COOCHs)

(Wang, 2019). These new peaks are not
observed in the cellulose  spectrum,
highlighting chemical modifications during the
nanofiber isolation process.

Absorptions between 2359-1915 c¢cm™ in the
nanofiber spectrum are attributed to changes in
molecular conformation and hydrogen
bonding. This indicates the development of a
more organized hydrogen-bonded structure in
cellulose nanofiber compared to native
cellulose (Sreekumar, 2018). The broad band
observed around 3906-2803 cm™! is assigned
to surface functional groups, such as bonded (-
OH) and asymmetric C-H stretching vibrations
from CH: groups in the cellulose backbone.
This band confirms the introduction of
additional functional groups during the
conversion to nanofibers (Panda, 2017).

Table 1: FT-IR Band Assignment of Native Cellulose Based on Related Literature

Wavenumber  Band Assignment (Functional Group)  Reference Reference
(cm™) Standard
(em™)
2926-2206 C-H stretching vibrations, indicating Liu, 2018 2850-2960
alkyl chains
2083-1636 O-H bending and C=0 stretching Sreekumar,  1630-1680
vibrations, suggesting hydroxyl groups 2018
and carbonyl moieties
1364-1077 C-O-C glycosidic bond vibrations, Wang, 2019  1200-1360
indicating crystalline cellulose
991-760 C-H and C-O stretching vibrations, Liu, 2018 800-1100

characteristic of cellulose

Table 2: FT-IR Band Assignment of Cellulose Nanofiber Based on Related Literature

Wavenumber Band Assignment (Functional Group) Reference Reference
(cm™) Standard
3906-2803 Bonded (-OH) and C-H stretching vibration Panda, 2017 2800-3800
due to CH: (methylene of the cellulose
backbone)
2359-1915 Increased intensity and new peaks indicating ~ Sreekumar,  1900-2400
changes in molecular conformation and 2018

hydrogen bonding
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1789-1446 C=0 and C-O stretch vibration due to natural Wang, 2019 1700-1800
acetate (COOCH:)
1129-711 C-H, C-0O-C, C-OH, C-C vibrations due to Panda, 2017 700-1200
glycosidic linkage and the cellulose
backbone; shifted positions indicate altered
molecular structure
3.3 TGA Analysis surface area and the presence of more hydroxyl

The TG and DTG curves of cellulose and
nanocellulose, presented in Fig.s 3a and 3b,
illustrate distinct weight loss patterns. In the
low-temperature range (<105 °C), an initial
small weight loss for all samples corresponds
to the evaporation of absorbed water. This
weight loss is slightly more pronounced for
cellulose nanofiber (CNF) due to its higher

groups, which allow for increased moisture
adsorption.

As shown in Fig.s 3a and 3b, the weight loss
trends of native cellulose and cellulose
nanofiber are generally similar. Both materials
exhibit pronounced thermal degradation
starting at approximately 200-250 °C.

However, the main decomposition for cellulose
begins near 350 °C, with maximum
degradation observed at 410 °C. In contrast, the
cellulose nanofiber undergoes maximum
degradation at a slightly higher temperature of
420 °C. This shift indicates that nanocellulose,
despite its reduced crystallinity, retains some

Fig. 3a: TGA of cellulose

thermal stability due to its altered molecular
structure and smaller particle size.

The degradation process for both cellulose and
nanocellulose is completed by approximately
450 °C, leaving behind minimal char residue.
Despite changes in polymorphs, both cellulose
and nanocellulose exhibit comparable thermal
degradation behavior in terms of their overall
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pattern. However, the thermal degradation
behavior of cellulose nanofibers is more
complex, as shown in Fig. 3b. This complexity
is attributed to the smaller particle size, greater
surface reactivity, and potential surface
modifications of the nanocellulose, which lead
to additional degradation pathways. These

Fig. 3b: TGA of nanocellulose
3.4 BET Analysis

The BET analysis results of the cellulose and
cellulose nanofiber showing a specific surface
area (SSA) of 219.637 m?/g and 299.478 m?3/g
are shown in Table 3. This indicates abundant
adsorption sites crucial for gas purification,
water treatment, and catalysis applications. The
reported pore volume of 0.108 cm?®/g and 0.146
cm®g suggests a high adsorption capacity,
beneficial for removing molecules or ions. The
specified pore size of 2.113 nm and 2.153 nm
indicates mesoporous characteristics, ideal for
effective  adsorption of  medium-sized
molecules. This versatility allows the cellulose
and cellulose nanofiber to target a wide range
of contaminants, reflecting its suitability for
diverse environmental and industrial uses
(Gayathiri et al.,, 2022). these materials are
partially hydrophilic.

Table 3: Surface properties based on BET
surface area

findings suggest that while cellulose and
nanocellulose share a similar degradation
profile, the unique properties of nanocellulose,
such as higher surface area and altered
molecular conformation, contribute to nuanced
differences in their thermal behavior.

Material Surface Pore Pore
area volume  size

(m2/g) _ (cm3g) (nm)

Cellulose 219.64 0.108 211
Nanocelulose  299.48 0.146 2.15

The porosity of the cellulose nanofiber makes
it plausible to utilize it for inundating huge
natural and inorganic materials like molecules,
ions and atoms that may be present in
water/wastewater not only on their surfaces but
throughout the bulk of the material by selective
adsorption. Since

3.6 Raman Spectral Analysis

The Raman spectrum of cellulose nanofiber
isolated from cassava peel exhibits distinct
vibrational modes characteristic of cellulose. A
prominent peak at 312 cm™, with a strong
intensity of 1100, is attributed to the C-O-C
glycosidic bond vibration in cellulose
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(Sreekumar, 2018). This observation aligns
with previous studies on cellulose-based
materials. For instance, Liu (2018) reported a
similar peak for cellulose nanocrystals at 312
cm® with an intensity of 1100, while Wang

|Data(x y)

(2019) observed a peak at 315 cm™ with an
intensity of 900 for cellulose nanofibers.
Additionally, Panda (2017) noted a band at 308
cm™' with an intensity of 1200 for bacterial
cellulose.
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Fig. 5: Raman Spectral of Cellulose Nanofiber from Cassava Peel

The similarity in peak position and intensity
across these studies suggests that the cellulose
nanofiber material is composed of well-
organized cellulose chains with a high degree
of crystallinity (Fig. 5). The sharpness of the
peak at 312 cm™' indicates a structurally
ordered material, consistent with the crystalline
nature of cellulose nanofibers. Other peaks in
the spectrum include those at 462 cm™" and 690
cm™!, which correspond to bending and
symmetric stretching vibrations of glycosidic
bonds and C-O-C linkages in cellulose. The
peak at 2858 cm™!' is associated with C-H
stretching vibrations in the aliphatic chains of
cellulose. These additional peaks further
confirm the structural features of cellulose.

The strong and distinct spectral features of the
cellulose nanofibers indicate  successful
isolation from cassava peel, with minimal
interference from non-cellulosic components
such as lignin or hemicellulose. The high
degree  of  crystallinity  observed is

advantageous for potential applications, such
as reinforcement in biopolymer composites,
filtration, or as a functional material in
advanced applications. In summary, the Raman
spectrum of cellulose nanofibers from cassava
peel confirms the material's high purity and
crystalline structure, in agreement with the
findings of earlier researchers on similar
cellulose-based materials.

4.0 Conclusion

The study demonstrated the synthesized
cellulose nanofiber from native cellulose
isolated from cassava inner peel and
characterized. Results show that both the native
cellulose and cellulose nanofiber had particles
within  the nanoscale dimension. Both
celluloses featured properties beneficial for
pollutant removal and thermal stability
enhancement. The method is simple and easy
to implement for the synthesis of
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phosphorylated cellulose nanofiber with a large
surface area.
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