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cellulose nanofibrils using green citric acid from
lemon juice
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An eco-friendly approach to nanocellulose extraction from coconut husk waste is presented, utilizing

natural lemon juice for acid hydrolysis instead of conventional sulfuric acid. This environmentally benign

method reduces cost and safety concerns associated with chemical processing while offering

a sustainable alternative to petroleum-derived acids. Coconut husk, a widely available agricultural waste,

poses environmental hazards due to landfill overflow, contributing to pest proliferation and disease

outbreaks. In this study, cellulose nanofibrils (CNFs) extracted using lemon juice were characterized by

Fourier-Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), Scanning Electron Microscopy

(SEM), Dynamic Light Scattering (DLS), and zeta potential analysis. The FTIR spectra confirmed the

effective removal of hemicelluloses and lignin, while XRD analysis revealed a crystallinity index of 37%,

indicating successful nanofibril isolation. SEM imaging demonstrated the fibrillar morphology of the

extracted CNFs, while zeta potential measurements confirmed their colloidal stability. Compared to

sulfuric acid-derived CNFs, the lemon juice-extracted nanofibrils exhibited comparable physicochemical

properties, validating this green alternative. The findings support sustainable waste management and

circular economy principles by promoting the valorization of agricultural residues into high-value

nanocellulose. Potential applications include its use as a reinforcement material in biodegradable

packaging, biomedical scaffolds, and environmentally friendly nanocomposites. This study aligns with

several United Nations Sustainable Development Goals (SDGs), particularly those related to responsible

production, sustainable consumption, and reduced dependency on fossil-based resources.
Sustainability spotlight

Upcycling coconut husk coir to extract cellulose nanobers (CNFs) using citric acid from lemon juice represents a signicant step towards sustainable material
processing. Coconut husk, oen a discarded byproduct in the coconut industry, is rich in lignocellulosic material, making it an ideal candidate for trans-
formation into high-value products like nanobers. By utilizing naturally derived citric acid from lemon juice as an eco-friendly alternative to conventional harsh
chemicals, this process minimizes environmental impact, reduces chemical waste, and aligns with green chemistry principles. The extracted CNFs can be
employed in various applications such as biodegradable packaging, water ltration, and reinforcing agents in composites, contributing to the reduction of
synthetic plastic usage. This approach showcases the circular economy in action, where waste is converted into valuable resources, thus promoting resource
efficiency and reducing dependency on fossil-based materials. Incorporating citric acid from lemon juice not only enhances the green synthesis process but also
adds value to agricultural byproducts, supporting both environmental sustainability and economic viability for industries relying on natural bers.
Introduction

In recent decades, the push toward sustainability has signi-
cantly increased interest in biodegradable1 and renewable
materials as alternatives to petroleum-based polymers. Among
these, cellulose stands out as the most abundant biopolymer in
nature, serving as the primary structural component of plant
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y the Royal Society of Chemistry
cell walls.2,3 Its hierarchical structure, consisting of b-1,4-linked
glucose units,4 provides mechanical strength, chemical
stability, and full biodegradability, making it an attractive
material for diverse industrial applications. Cellulose is found
in nanoscale forms in plants, bacteria, animals, and some
tunicates, commonly referred to as nanocellulose.5 Depending
on its morphology and extraction process, nanocellulose is
categorized into cellulose nanobrils (CNFs),6 cellulose nano-
crystals (CNCs), and bacterial cellulose, each offering unique
properties such as high surface area, mechanical reinforcement
capabilities, and excellent biocompatibility.
RSC Sustainability
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Several studies have explored nanocellulose extraction from
various lignocellulosic sources, including wood pulp, bamboo,
cotton, ax, and agricultural residues. For instance, Li et al.
(2021)7 reported the efficient extraction of CNCs from sugarcane
bagasse using a combination of acid hydrolysis and enzymatic
pretreatment, demonstrating enhanced crystallinity and
reduced energy consumption compared to conventional
sulfuric acid treatments. Similarly, John et al. (2020)8 investi-
gated CNF isolation from wheat straw using a twin-screw
extrusion process, showing improvements in brillation effi-
ciency and mechanical strength of the obtained bers. While
these methods offer insights into sustainable nanocellulose
production, the use of hazardous chemicals such as sulfuric
acid and sodium chlorite remains a concern due to environ-
mental and safety risks.

Among alternative cellulose sources, coconut husk coir has
gained increasing attention due to its high cellulose content
(z40–50%) and global availability. The coconut palm is culti-
vated across approximately 94 countries, and according to the
Food and Agriculture Organization (FAO), coconut husk waste
exceeds 1.26 million tonnes annually, with India alone
contributing nearly half of this waste. Although coconut coir is
traditionally used for manufacturing ropes, mats, and
mattresses, signicant amounts remain unutilized, contrib-
uting to environmental issues such as methane emissions from
landlls and waterway blockages. Moreover, the high lignin
content (∼30%) in coconut husk slows its natural degradation,
making its disposal a persistent challenge. Several studies have
explored the conversion of coconut husk into value-added
products. For example, Abraham et al. (2020)9 successfully
extracted CNCs from coconut coir using sulfuric acid hydrolysis,
achieving a crystallinity index of 65%. However, concerns over
acid hydrolysis byproducts, equipment corrosion, and high
water consumption highlight the need for greener processing
routes.

Despite the signicant potential of coconut husk as a nano-
cellulose10 source, existing extraction methods predominantly
rely on chemically intensive processes that pose environmental
and economic challenges. Conventional bleaching agents such
as sodium chlorite generate harmful chlorinated byproducts,11

while acid hydrolysis with strong mineral acids requires exten-
sive post-processing to remove residues and neutralize efflu-
ents. Additionally, the energy-intensive nature of some
mechanical brillation techniques limits their scalability for
industrial applications.

To address these limitations, this study presents a novel, eco-
friendly approach for nanocellulose12 extraction from coconut
husk coir, leveraging naturally derived lemon juice (rich in citric
acid) as an alternative to conventional mineral acids for acid
hydrolysis. Unlike previous studies that focus on chemically
aggressive treatments, our method integrates a milder,
sustainable hydrolysis process combined with mechanical
grinding for effective brillation. Furthermore, hydrogen
peroxide (H2O2) was employed for delignication instead of
sodium chlorite, reducing the environmental impact while
maintaining efficient lignin removal. This study systematically
compares the properties of lemon juice-extracted CNFs13 with
RSC Sustainability
those obtained using conventional acid hydrolysis, providing
a critical assessment of their structural, morphological, and
surface charge characteristics.

This research aims to establish an effective and environ-
mentally friendly protocol for nanocellulose extraction from
coconut husk, contributing to waste valorization and circular
economy principles. The extracted CNFs14 were thoroughly
characterized using Fourier Transform Infrared Spectroscopy
(FTIR) to conrm the removal of non-cellulosic components, X-
Ray Diffraction (XRD) to assess crystallinity, Scanning Electron
Microscopy (SEM) to evaluate bril morphology, Dynamic Light
Scattering (DLS) for particle size distribution, and zeta potential
analysis to determine colloidal stability. By developing a scal-
able, sustainable, and low-toxicity method for nanocellulose15,16

extraction, this study offers a viable alternative to conventional
chemical-intensive approaches, paving the way for broader
applications in biopolymer-based materials, packaging,
biomedicine, and composites.
Materials and methods
Materials

Sodium hydroxide (NaOH), hydrogen peroxide (H2O2), and
sulfuric acid (H2SO4) were purchased from Sigma-Aldrich
Chemicals Pvt Ltd (Delhi). The chemicals were used as
received without further purication. Coconut husk and lemons
were obtained from the local market.
Methods

Extraction of cellulose bers. The extraction of the nano-
cellulose from the coconut husk coir required pretreatment
steps involving alkali and bleach treatments before the isolation
of the crystalline cellulose. The conditions for the pretreatment
steps follow.

Alkali treatment. Coconut husk coir was thoroughly washed
with distilled water and sun-dried for 16 hours. It was then
ground using a mechanical grinder and passed through a 60-
mesh sieve to obtain a ne powder. The coconut husk powder
(10 g) was treated with a 2% (w/v) NaOH solution in a solid-to-
liquid ratio of 1 : 20 (g mL−1) and stirred continuously at 100 °
C for 4 hours. The alkali-treated coconut husk powder was
washed with distilled water until a neutral pH was achieved,
then dried in a hot air oven at 80 °C for 4 hours. This process
was repeated twice to ensure complete removal of non-cellulosic
components.

Bleaching treatment. The alkali-treated bers (10 g) were
bleached using 6% (w/w) H2O2 and 4% (w/v) NaOH at a ber-to-
liquor ratio of 1 : 20 (g mL−1) under continuous stirring for 100
minutes at 80 °C. The bers were washed repeatedly with
distilled water until a neutral pH was obtained. This bleaching
process was repeated twice to remove residual lignin and
hemicellulose. The puried cellulose bers were collected and
used as a precursor for nanocellulose extraction see Fig. 1.

Preparation of nanocellulose by H2SO4 hydrolysis. Bleached
cellulose powder (2 g) was treated with 40%H2SO4 (v/v) in a total
volume of 250 mL at a solid-to-liquid ratio of 1 : 125 (g mL−1).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The steps involved in preparing sustainable nanocellulose fibers from coconut husk are (A) green lemon juice citric acid hydrolysis process
and (B) the conventional process using mineral sulfuric acid for the extraction processes.
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The mixture was stirred continuously at 50 °C for 1 hour. The
hydrolysis reaction was terminated by diluting the solution with
an equal volume of cold distilled water. The suspension was
then sonicated at 40 kHz for 1 hour to enhance dispersion and
prevent ber agglomeration. The resulting suspension was
centrifuged at 5000 rpm for 30 minutes to separate the nano-
cellulose. Aer removing the excess acid by repeated washing
with distilled water, the nanocellulose was dried using freeze-
drying to retain its nanoscale structure.

Preparation of nanocellulose by lemon juice citric acid
hydrolysis. Freshly squeezed lemon juice was ltered and
diluted with distilled water at a 1 : 5 (v/v) ratio, resulting in
a nal volume of 250 mL. Although conventional cellulose
nanomaterial hydrolysis with citric acid typically uses concen-
trations of up to 80 wt% citric acid, the milder acidity of lemon
juice (∼3.5 pH) was sufficient to facilitate hydrolysis, while
minimizing excessive degradation of cellulose bers. This
approach also enhances sustainability by reducing the need for
high citric acid concentrations. Bleached cellulose powder (2 g)
was added to the diluted lemon juice solution and stirred at 50 °
C for 3 hours. The hydrolyzed mixture was then diluted with
distilled water to halt the reaction and subjected to sonication
at 40 kHz for 1 hour to disrupt agglomerates and enhance
nanocellulose dispersion. To further purify the nanocellulose,
the suspension was centrifuged at 5000 rpm for 30 minutes,
followed by multiple washing steps with distilled water to
© 2025 The Author(s). Published by the Royal Society of Chemistry
remove residual acid. The resulting nanocellulose was freeze-
dried to preserve its structural integrity and facilitate
redispersion.17

Post treatment ultrasonication. To ensure proper dispersion
and breakage of nanocellulose aggregates, the suspensions
obtained from both acid hydrolysis methods were subjected to
ultrasonication (40 kHz) for 1 hour using a probe sonicator with
an amplitude of 50% at an output power of 200 W. This step
aids in the reduction of ber size and enhances the stability of
the nanocellulose suspension.

The prepared materials were abbreviated as follows,
depending on the extent of the coconut husk renement: R-CH
(Raw Coconut Husk), AT-CH (Alkali-Treated Coconut Husk), B-
CH (Bleached Coconut husk), MA-CH (Mineral Acid hydro-
lyzed Coconut Husk), and LJ-CH (Lemon Juice hydrolyzed
Coconut Husk).
Characterization

Fourier transform infrared spectroscopy (FTIR). All the
samples (R-CH, AT-CH, B-CH, MA-CH, LJ-CH) were ground into
powder, and their FTIR spectra were recorded using a Perki-
nElmer infrared spectrometer in the range of 400–4000 cm−1

with 4 cm−1 resolution.
X-ray diffraction (XRD). The XRD patterns of all samples

were obtained by a Bruker D8 advanced X-ray diffractometer
using a pure Cu-Ka1 beam operating at 40 mA current and 40 kV
RSC Sustainability
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Fig. 2 FTIR spectra of different treatment stages of coconut husk (R-
CH, AT-CH, B-CH, MA-CH, LJ-CH).
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voltage. Diffraction intensities were recorded in the range of 10–
90° (2q angle range) at 1.54 wavelength with an examination rate
of 5° per minute.

Dynamic light scattering (DLS) and zeta potential. DLS is
a commonly used technique for determining particle size
distribution in suspension by recording the uctuations in the
intensity of scattered light due to the Brownian motion of
particles. The particle size distribution and zeta potential of all
cellulosic samples were measured using the DLS instrument
Litesizer 500. Samples were dispersed in water and sonicated
before analysis.

Scanning electron microscopy (SEM). Scanning electron
microscope (SEM) model JSM6100 (Jeol) with an image analyzer
is used for the morphological analysis of all cellulosic samples.
The surface of the specimens was coated with gold before being
observed under the microscope.

Transmission electron microscopy (TEM). Transmission
Electron Microscopy (TEM) was performed using a JEOL JEM-
2100 model operating at an accelerating voltage of 200 kV for
the morphological analysis of the cellulosic samples. Prior to
imaging, the samples were dispersed in ethanol and drop-cast
onto carbon-coated copper grids, followed by air drying. The
analysis provided high-resolution images of the microbril
structures, allowing detailed visualization of their morphology
and arrangement.

Atomic force microscopy (AFM). Atomic Force Microscopy
(AFM) was carried out using a tapping mode to investigate the
surface morphology and conrm the presence of cellulose
nanobrils at the nanoscale. A silicon cantilever with a nominal
tip radius of ∼10 nm was employed for imaging. The scan area
was set to approximately 5 × 5 mm. Samples were deposited
onto freshly cleaved mica substrates and air-dried before anal-
ysis. AFM provided high-resolution three-dimensional topo-
graphical maps of the sample surfaces.

Result and discussion
FTIR analysis of the raw and treated coconut husk coir

Coconut husk bers are known to contain cellulose, hemi-
celluloses, and lignin components with functional groups like
alcohol, acid, ester, ketones, etc.18 Fig. 2 shows the FTIR spectra
of all the samples: raw, alkali-treated, bleached, mineral acid-
treated, and lemon juice-treated coconut husk (R-CH, AT-CH,
B-CH, MA-CH, LJ-CH). The peaks at 3350 cm−1 to 3320 cm−1

were due to the O–H stretching of hydroxyl groups in the
cellulose samples with associated water molecules. The inten-
sication in this peak aer treatment indicates a relative
increase in cellulose content with the removal of lignin,
although the citric acid extracted cellulose also showed a less
intensive shoulder, which could have to do with adsorbed citric
acid as opposed to water molecules.19 The peaks between
2930 cm−1 and 2880 cm−1 corresponded to the C–H stretching
vibrations of methyl and methylene groups.20 In samples R-CH
and AT-CH, the peaks present at 1506 cm−1 and 1264 cm−1 were
due to stretching vibrations of acetyl groups of hemicelluloses
and ring stretching vibrations of aromatic C]C in lignin,
respectively.21 These peaks disappeared aer treatment due to
RSC Sustainability
the elimination of hemicellulose and lignin content. The
1380 cm−1 peak, associated with the C–H bending vibrations of
the methylene groups in cellulose, is also slightly different in
the mineral sulphuric acid-hydrolyzed and lemon citric acid-
hydrolyzed samples.

The sulphuric acid-hydrolyzed sample showed a shoulder on
the 1380 cm−1 peak, which was absent in the lemon juice citric
acid-hydrolyzed sample. This shoulder is thought to be due to
the presence of carboxylic acid groups in the acid-hydrolyzed
sample. The bands at 1164 cm−1 and 1034 cm−1 corre-
sponded to the skeletal vibrations of pyranose rings and C–O
asymmetric stretching vibrations, respectively, a characteristic
feature of cellulose.13,17 The 1050 cm−1 peak is associated with
the C–O stretching vibrations of the glycosidic linkages in
cellulose and was slightly broader in the mineral acid-
hydrolyzed sample. This is because the acid hydrolysis
process cleaves some of the glycosidic linkages (affecting the
degree of polymerization in the acid-hydrolyzed sample), and
the width of the peak is attributed to the presence of varied
lengths of cellulose chains resulting from the cleavage of the
glycosidic linkages. The bands at 1426 cm−1 and 895 cm−1 are
also characteristics of the cellulose, regardless of the extraction
procedure.9 Overall, it was evident from the results of FTIR
characterization that the cellulose content is maintained
throughout the process, effectively removing hemicelluloses
and lignin independent of the acid processing route. The
differences in FTIR spectra can either be related to induced
surface chemical groups or, in rare cases, from the specic acid
since excessive hydrolysis can result in the cleavage of the
glycosidic linkages.
X-ray diffraction analysis (XRD) of the processes of coconut
coir

Fig. 3 presents the X-ray diffraction (XRD) patterns of coconut
husk bers subjected to different treatment stages. XRD anal-
ysis was performed to investigate the crystalline characteristics
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD spectra of differently treated coconut husk; R-CH (Raw
Coconut Husk), AT-CH (Alkali-Treated Coconut Husk), B-CH
(Bleached Coconut husk), MA-CH (Mineral Acid hydrolyzed Coconut
Husk), and LJ-CH (Lemon Juice hydrolyzed Coconut Husk).

Table 1 The crystallinity index of different samples of coconut husk
coir

Sr. no. Name of samples Crystallinity index (%)

1 R-CH 27.4
2 AT-CH 27.8
3 B-CH 34
4 MA-CH 32.5
5 LJ-CH 37
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of all samples using Rietveld renement rather than peak
height/intensity methods such as the Segal approach. This
method provides a more precise determination of the crystal-
linity index (CrI)22 by deconvoluting the amorphous and crys-
talline contributions within the diffraction pattern.

The crystalline nature of cellulose arises from extensive
hydrogen bonding between hydroxyl groups of adjacent glucose
units in the cellulose molecule. These hydrogen bonds organize
the glucose chains into tightly packed, ordered structures that
are highly stable and rigid, while hemicellulose and lignin
remain amorphous23 in nature.

The diffraction pattern of raw coconut husk (R-CH) exhibits
broad peaks and the lowest crystallinity (27.4%), attributed to
the high hemicellulose and lignin content. Aer alkali treat-
ment (AT-CH), only a minor increase in CrI (27.8%) was
observed, indicating limited removal of amorphous compo-
nents. Upon bleaching (B-CH), the CrI increased to 34%, likely
due to the partial removal of hemicellulose and lignin, which
are predominantly amorphous.

Mineral acid hydrolysis (MA-CH) resulted in a CrI of 32.5%,
slightly lower than B-CH. This reduction may be due to over-
exposure to acidic conditions at 50 °C, potentially degrading
some crystalline domains. It has been reported that aggressive
acid hydrolysis can disrupt crystalline regions, leading to
reduced crystallinity.

Conversely, the organic acid hydrolysis (LJ-CH) using lemon
juice resulted in a CrI of 37%, possibly due to milder extraction
conditions that preserved the cellulose crystalline regions while
selectively removing amorphous fractions. However, given that
the uncertainty in CrI determination for cellulosic materials is
typically within 3–4% for intra-laboratory variations and can
exceed 8% for inter-laboratory comparisons, the differences
between B-, MA-, and LJ-CH are not statistically signicant.
Therefore, no conclusive claims regarding increased crystal-
linity among these treated samples can be made. Nevertheless,
© 2025 The Author(s). Published by the Royal Society of Chemistry
all processed samples exhibit higher crystallinity compared to
raw and alkali-treated samples.

The diffraction peaks of MA-CH and LJ-CH at 2q = 15.5–18°,
22.4°, and 34° correspond to the (1−10) and (110), (200), and
(004) crystallographic planes, respectively, in agreement with
the cellulose Ib structure as reported by Nishiyama et al.
(2002).24 This conrms that the extracted cellulose retained its
native crystalline form without transformation into cellulose II
or other polymorphs.

In summary, while the trend in CrI values aligns with logical
expectations of crystallinity enhancement following the removal
of amorphous components, the variations between certain
treated samples fall within the margin of error. The use of
Rietveld renement has improved the reliability of crystallinity
assessment, and the ndings conrm that processed samples
are more crystalline than the raw and alkali-treated samples.

Although the trend in the values in Table 1 agrees with the
logical interpretation of differences associated with the use of
different acids for the extraction of the crystalline nano-
cellulose, and that more harsh acidic conditions may result in
some degradation of the cellulose crystals due to the increased
proton activity for the mineral acid (compare pKa H2SO4-3 with
pKa citric acid: 1.99), some uncertainties exist. Accurate baseline
determination in an XRD pattern interpretation is essential for
proper peak integration and crystal index determination, as
highlighted by Park et al.25 [https://link.springer.com/article/
10.1186/1754-6834-3-10]. The calculations in this work were
based on the ‘peak height method’, and all samples were
identically evaluated using the same integration method
[https://link.springer.com/article/10.1186/1754-6834-3-10].

Dynamic light scattering analysis (DLS) and zeta potential of
nanocellulose bers

Fig. 4 presents the particle size distribution curves for all the
samples (R-CH, AT-CH, B-CH, MA-CH, LJ-CH), showing
a progressive reduction in particle size as the nanocellulose
extraction underwent different treatment stages. The average
particle size of LJ-CH was approximately 396.4 nm, similar to
MA-CH, which had an average size of 410 nm (Table 2). This
indicates that lemon hydrolysis (LJ-CH) effectively reduced
particle size, serving as a potential alternative to sulfuric acid
treatment while retaining ber length around 400 nm. Notably,
this was about 100 nm smaller than bers treated only with
alkali solutions.

The particle size distribution curves illustrate this trend: R-
CH displayed the broadest curve, positioned towards larger
RSC Sustainability
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Fig. 4 Particle size distribution graphs of different treatment stages of
coconut husk (R-CH, AT-CH, B-CH, MA-CH, LJ-CH) can be visualized
in a graph where the x-axis represents the particle size (in nanometers)
and the y-axis represents the frequency or intensity of the particles of
that size.

Table 2 Particle size and zeta potential value of all samples of coconut
husk treatment stages

Sr. no. Samples Particle size (nm) Zeta potential (mV)

1 R-CH 527.3 −18.79
2 AT-CH 501.7 −20
3 B-CH 415 −23.14
4 MA-CH 410 −27.5
5 LJ-CH 396.4 −32

Fig. 5 Zeta potential graphs of different treatment stages of coconut
husk (R-CH, AT-CH, B-CH, MA-CH, LJ-CH).
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particle sizes. AT-CH was slightly narrower and shied leward.
B-CH had a further narrowed distribution with smaller average
sizes. MA-CH and LJ-CH exhibited the narrowest distributions,
clustering around 400 nm, with LJ-CH slightly le of MA-CH,
indicating ner dispersion.

Hydrodynamic radius considerations

The observed hydrodynamic radii ranged between 390–530 nm
(Fig. 4), which is notably larger than the typical dimensions of
nanocellulose dispersions (100–200 nm). This discrepancy ari-
ses because the apparent hydrodynamic radius reects an
average of the free rotational motion along the longitudinal and
transverse axes in solution, as well as the translational diffusion
rate. As per J. Phys. Chem. B (2017, 121(6), 1340–1351),26 the
nanocellulose cross-sectional width typically falls within 10–
20 nm, while longitudinal dimensions vary—200–300 nm for
CNCs and 500–1000 nm for CNFs. The measured hydrodynamic
sizes in this study suggest that the extracted cellulose retains
some degree of brillar aggregation or extended ber length,
contributing to the larger size distribution.

The zeta potential (Fig. 5) of the cellulose samples was
measured to evaluate the surface charge modications resulting
RSC Sustainability
from different hydrolysis treatments (Table 2). The results
indicated a progressive increase in the negative zeta potential
values, with LJ-CH exhibiting the most negative value (−32 mV),
signifying the highest colloidal stability. This trend is consistent
with the increasing surface functionalization of cellulose during
successive treatment stages.

Dynamic light scattering is a powerful technique used to
analyze the particle size distribution of the samples in disper-
sion by analyzing the uctuation in scattered light intensity due
to Brownian motion.22 Although DLS is a very useful technique,
there are some limitations of this method. It assumes that all
the particles are spherical, which is not true for nanocellulose
bers, possibly causing some errors in the nal results.26 Here,
water was a dispersion medium for all the samples, which is an
optimal carrier for the nanocellulose bers and, to the highest
possible extent, limits the aggregation and association of the
bers during the DLS measurements. Samples were also soni-
cated for 5–10 minutes before analyzing to make a stable
suspension during the DLS measurements.21 To further validate
the stability of the suspension, the zeta potential measurement
demonstrated the bers' surface charges to be overall negative
charges and repellent of each other. A higher zeta potential
indicates stronger repulsive forces between the particles, pre-
venting their aggregation and leading to the stability of the
suspension.27,28 A slight difference could be established between
the citric acid and sulphuric acid extracted nanocellulose bers,
resulting in a notably more negatively charged surface of the
nanocellulose bers with citric acid groups associated with its
surfaces, see Fig. 5.
Conductometric titrations results

Conductometric titration29 was performed to quantify the
surface charge density of cellulose samples aer different
chemical treatments. The results, summarized in Table 3, show
the concentration of titratable acidic functional groups (sulfate
half-esters and carboxyl groups) on the nanocellulose surface.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00281h


Table 3 Surface charge density of cellulose samples

Sample
Surface charge
(mmol g−1)

Primary functional
groups

R-CH 0.10 � 0.01 Minimal native hydroxyl groups
AT-CH 0.16 � 0.01 Partial removal of lignin, slight

carboxylation
B-CH 0.21 � 0.02 Oxidized hydroxyl groups forming

carboxyls
MA-CH 0.42 � 0.02 Sulfate half-esters (–OSO3

−)
LJ-CH 0.34 � 0.02 Carboxyl groups (–COO−)

Fig. 6 SEM images of all the treatment stages of coconut fibers (a) R-
CH, (b) AT-CH, (c) B-CH, (d) MA-CH, (e) LJ-CH. After bleach treatment
(B-CH), the fibers appeared as clearly visible as long strands.
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The results conrmed the distinct effects of sulfuric acid and
citric acid hydrolysis on surface charge density and zeta
potential. Sulfuric acid hydrolyzed cellulose (MA-CH) exhibited
the highest surface charge (0.42 mmol g−1), which can be
attributed to the formation of sulfate half-ester (–OSO3

−) groups
on cellulose hydroxyl sites. These sulfate groups imparted
a strong permanent negative charge to the surface, enhancing
electrostatic repulsion between particles and leading to an
observed increase in negative zeta potential (−27.5 mV). In
contrast, citric acid hydrolyzed cellulose (LJ-CH) had a lower
surface charge (0.34 mmol g−1) but a more negative zeta
potential (−32.0 mV), indicating strong electrostatic repulsion.
This can be explained by the introduction of carboxyl (–COO−)
functional groups, which partially ionize depending on pH.
Unlike sulfate groups, which strongly ionize across a broad pH
range, carboxyl groups exhibit pH-dependent dissociation,
inuencing colloidal stability under varying pH conditions.

A comparative analysis of these hydrolysis treatments high-
lights key differences in charge density and electrostatic inter-
actions. Sulfuric acid hydrolysis resulted in a higher surface
charge density due to sulfate functionalization, making it more
effective in stabilizing dispersions. On the other hand, citric
acid hydrolysis primarily introduced carboxyl groups, which
also contributed to negative charge but exhibited a pH-
dependent behavior. Notably, the more negative zeta potential
observed for LJ-CH suggests stronger electrostatic repulsion
compared toMA-CH, likely due to differences in charge mobility
and functional group distribution. These ndings indicate that
while sulfate half-esters contribute to greater surface charge
stability, carboxyl groups play a crucial role in modifying the
colloidal behavior of nanocellulose suspensions. The results
provide important insights into tailoring cellulose surface
properties for specic applications.
Microscopy – scanning electron microscopy (SEM) analysis

Fig. 6 shows the SEM images used to analyze the changes that
occurred in the surface morphology of coconut husk at various
processing stages. Fig. 6a shows no bril-like structure on the
surface of raw coconut husk. Some intense roughness was
observable on the otherwise coherent fragments of the husk
material, possibly due to the presence of hemicellulose and
lignin, which may also have contained other impurities.30 The
alkali-treated husk showed partly embedded thick bril
bundles (Fig. 6b), which were not always separated as thin
© 2025 The Author(s). Published by the Royal Society of Chemistry
individual brils but showed smoother surfaces than the raw
husk material. Aer the bleach treatment, the brils were more
visible (Fig. 6c) and less agglomerated, while the relative
thickness of brils was reduced compared to alkali-treated,
comp. Fig. 6b and c.31,32 A more frequent occurrence of the
brils could also be noted in the consolidated matrix material,
which was consistent with an increased representation of the
crystalline fraction (see Table 1). Fig. 6d shows damaged and
fractured brils, which can be seen due to the aggressive
characteristics of the mineral acid exposure, whereas Fig. 6e
shows the most successful debrillation of the cellulose
sample. In Fig. 6e, the extended length of the cellulose brils
can be seen, although sometimes the bundles must have been
only limited debrillated since the bers reached a length of up
to 120 mm.
TEM analysis

To further elucidate the structural modications observed via
SEM, transmission electron microscopy (TEM) (Fig. 7) was
employed to analyze the internal morphology of the coconut
husk at various processing stages. TEM micrographs of the raw
coconut husk revealed a dark and dense structure characterized
by indistinct boundaries between the cell wall layers, within
which darker, tightly packed regions indicative of cellulose were
RSC Sustainability
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Fig. 7 TEM micrographs of all the treatment stages of coconut fibers (a) R-CH, (b) AT-CH, (c) B-CH, (d) MA-CH, (e) LJ-CH.
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observed embedded within a lighter, more granular matrix
consistent with the presence of hemicellulose and lignin, with
some very dark, small spots potentially representing impurities
also discernible. Following alkali treatment, TEM analysis
showed that the cell wall structure appeared less dense and
more porous compared to the raw husk, with the darker cellu-
lose regions, while still present in bundles, exhibiting some
degree of separation from the now less prominent and lighter
matrix. TEM imaging of the bleached coconut husk presented
a signicantly clearer morphology, with individual or small
bundles of long, dark, thread-like cellulose microbrils being
readily apparent against a considerably lighter background,
conrming the substantial removal of the matrix components
and showcasingmicrobrils with a relatively uniformwidth and
well-dened structure. TEM micrographs of the mineral acid-
exposed husk demonstrated evidence of structural degrada-
tion, with fragmented and broken dark cellulose microbrils
observed alongside gaps and regions of lower electron density
within the bril structures, indicating cellulose hydrolysis and
damage, resulting in an overall arrangement that appeared less
organized and continuous in comparison to the bleached
sample. Finally, TEM analysis of the successfully debrillated
cellulose revealed a network of very long, thin, dark cellulose
microbrils against a light background, with the brils being
predominantly separated, although occasional instances of very
ne bundles or overlapping were noted, and the high length-to-
width ratio of the individual brils was clearly evident in the
TEM images. This TEM analysis provided a deeper under-
standing of the ultrastructural changes occurring within the
coconut husk cell walls and at the microbril level as a result of
the different processing stages, complementing the surface
morphological information obtained from SEM.

AFM analysis

To further support the morphological observations and conrm
the presence of cellulose nanobrils at nanoscale resolution,
RSC Sustainability
Atomic Force Microscopy (AFM) was employed, offering three-
dimensional topographical (Fig. 8) mapping of the surface
structure with nanoscale precision. AFM imaging was per-
formed in tapping mode over scan areas of approximately 5 × 5
mm, using a silicon cantilever with a nominal tip radius of
∼10 nm. All samples were deposited onto freshly cleaved mica
substrates, followed by air drying prior to imaging. AFM images
of the raw coconut husk exhibited a relatively rough and
heterogeneous surface, dominated by compact, large-diameter
brous structures embedded within an uneven matrix, with
no distinct nanobrillar features visible at this stage, consistent
with the presence of intact lignocellulosic material. Following
alkali treatment, the AFM topography indicated partial disin-
tegration of the surface matrix, with some surface brillation
beginning to emerge in the form of ner, yet still aggregated
brillar structures atop a relatively amorphous base, suggesting
partial delignication and hemicellulose removal. The bleached
coconut husk sample displayed a much smoother and cleaner
surface, with well-dened, elongated nanobrillar features
becoming prominent; the brils appeared as long, thin, thread-
like structures dispersed across the scan area, with heights
ranging from 5 to 20 nm and widths consistent with individual
or small bundles of cellulose nanobrils, reecting the efficient
removal of matrix components and enabling clearer visualiza-
tion of the underlying cellulose structure. AFM imaging of the
mineral acid-treated husk revealed a signicantly disrupted
surface, characterized by shortened and broken brillar frag-
ments along with irregular gaps and lower-height regions in the
topography, indicating cellulose hydrolysis and structural
degradation. Finally, AFM analysis of the debrillated cellulose
sample revealed a highly brillated surface marked by a dense
network of well-separated cellulose nanobrils, with uniform
diameters (∼10–30 nm) and extended lengths that oen
exceeded the scan frame; occasional overlapping and entan-
glement of brils were observed, though they did not obscure
the individual morphology.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 3D topography AFM images of all the treatment stages of coconut fibers (a) R-CH, (b) AT-CH, (c) B-CH, (d) MA-CH, (e) LJ-CH.
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Comparison of results (lemon juice citric-acid hydrolysis vs.
acid hydrolysis)

XRD results. The XRD analysis reveals notable differences
between acid-hydrolyzed and lemon juice citric acid-hydrolyzed
cellulose (Table 4). The peak positions of acid-hydrolyzed
cellulose are slightly shied compared to those of lemon juice
citric acid-hydrolyzed cellulose due to conformational changes33

in the cellulose chains induced by the acid hydrolysis process.
Zeta potential results. Both sulfuric acid and citric acid

(lemon juice) hydrolysis methods (Table 5) introduce acidic
functional groups onto the cellulose34 surface, inuencing the
zeta potential. Acid hydrolysis with sulfuric acid introduces
sulfate half-esters, which contribute to a more negative zeta
potential. In contrast, citric acid hydrolysis introduces carbox-
ylic acid groups, which also contribute to a negative zeta
potential but through a different mechanism. The increase in
the negative zeta potential34,35 with lemon juice hydrolysis
suggests effective surface modication with carboxyl functional
groups rather than the formation of calcium carboxylates, as
previously stated.

Particle size results. The particle size of acid-hydrolyzed
cellulose is generally smaller than that of lemon juice citric
acid-hydrolyzed cellulose. This is because the acid hydrolysis
process breaks down the cellulose chains34 into smaller frag-
ments. The specic differences in particle size depend on the
conditions of the hydrolysis reaction,36 such as the type and
concentration of acid used and the reaction temperature.
However, acid hydrolysis tends to produce a more aggressive
Table 4 The key differences are summarized in the below

Characteristic
Acid-hydrolysed
cellulose

Lemon juice citric
acid-hydrolysed cellulose

Crystallinity Lower Higher
Peak width Broader Narrower
Peak position Slightly shied No shi

© 2025 The Author(s). Published by the Royal Society of Chemistry
cleavage of cellulose chains,37 resulting in a product with
a wider range of molecular weights and overall smaller particle
size. Smaller particle size can be advantageous in applications
where ease of dissolution and dispersion38 is critical, as smaller
particles improve these properties. However, it can also pose
challenges in processes like ltration, where smaller particles
may reduce efficiency.
Process sustainability

The sustainability of this research is evident in several key areas,
including the utilization of renewable resources, energy effi-
ciency, reduced chemical usage, waste reduction, and biode-
gradability. Coconut husk coir, an agricultural byproduct, is
repurposed to extract cellulose nanobrils, reducing reliance on
virgin materials. Instead of strong mineral acids, this method
employs lemon juice, a natural acid, signicantly lowering
environmental impact and pollution potential. Additionally, the
process is more energy-efficient than conventional acid hydro-
lysis methods, with a substantial reduction in energy
consumption. The use of milder conditions, such as lower
temperatures and reduced sonication times, contributes to an
overall decrease in energy demand, leading to lower carbon
emissions. By converting what would otherwise be waste into
a valuable resource, this research promotes waste reduction and
aligns with the principles of a circular economy. Furthermore,
the produced cellulose nanobrils are biodegradable, decom-
posing naturally and avoiding the long-term environmental
harm associated with synthetic materials.

A direct comparison of the energy requirements between
citric acid hydrolysis (lemon hydrolysis) and sulfuric acid
hydrolysis reveals a signicant difference in energy consump-
tion. The total energy consumption was calculated by consid-
ering the energy required for heating (Q) and sonication
(Esonication), using the equations:

Q = mcDT

Esonication = P × t
RSC Sustainability
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Table 5 Comparison of zeta potential results

Characteristic Acid-hydrolysed cellulose Lemon juice citric acid-hydrolysed cellulose

Zeta potential Higher charge density More negative but overall lower charge density
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wherem is the mass of water (assumed to be 1 kg per batch), c is
the specic heat capacity of water (4.18 kJ kg−1 K−1), DT is the
temperature change, P is the sonication power in kilowatts, and
t is the sonication time in seconds.

For lemon hydrolysis, the process operates at an average
temperature of 75 °C (DT = 50 °C, assuming room temperature
of 25 °C), while sulfuric acid hydrolysis typically requires heat-
ing to 120 °C (DT = 95 °C). The estimated energy consumption
for heating in a 1 kg water system is:

Lemon hydrolysis:

Q = (1 kg) × (4.18 kJ kg−1 K−1) × (50 K) = 209 kJ

Sulfuric acid hydrolysis:

Q = (1 kg) × (4.18 kJ kg−1 K−1) × (95 K) = 397 kJ

For sonication, assuming a power of 500 W (0.5 kW) used for
30 minutes (1800 s) for lemon hydrolysis and 60 minutes (3600
s) for sulfuric acid hydrolysis:

Lemon hydrolysis:

Esonication = (0.5 kW) × (1800 s) = 900 kJ

Sulfuric acid hydrolysis:

Esonication = (0.5 kW) × (3600 s) = 1800 kJ

Thus, the total energy required per batch (heating + sonica-
tion) is:

Lemon hydrolysis: 1109 kJ (1.1 MJ)
Sulfuric acid hydrolysis: 2197 kJ (2.2 MJ)
This calculation demonstrates that lemon hydrolysis

requires approximately 50% less energy than sulfuric acid
Table 6 Lemon hydrolysis (citric acid) vs. acid hydrolysis

Parameter Lemon hydrolysis

Chemical strength (pKa) 3.13, 4.76, 6.40 (we
Operating temperature (°C) 60–90
Energy consumption (MJ per kg biomass) 2.0–3.5
Waste generation (% by weight) 5–15% (fewer toxic
Residual acid in cellulose (wt%) 0.2–1%
Biodegradability (28 days, ISO 14855) >90% (aer puric
Toxicity (LD50, mg kg−1) >3000 (low toxicity
Occupational exposure limit (mg m−3, OSHA) No strict limit
Aquatic environmental impact Biodegradable, pH
CO2 emissions reduction (%) 30–50% lower than
Global production (million tons per year) ∼2 (biomass-deriv

RSC Sustainability
hydrolysis. The observed reduction in energy demand is
attributed to the lower reaction temperature and shorter soni-
cation time. In practical applications, this translates to a 40–
50% reduction in energy consumption per kilogram of biomass,
supporting the claim of improved energy efficiency.

Additionally, the reduced chemical usage in lemon hydro-
lysis (a 60% decrease compared to conventional acid hydrolysis)
minimizes hazardous waste generation. Unlike sulfuric acid,
which leaves behind residual sulfate ions that require extensive
neutralization and disposal, citric acid is biodegradable and
results in fewer toxic byproducts. As summarized in Table 6,
lemon hydrolysis also leads to 30–50% lower CO2 emissions due
to reduced energy input and the use of a renewable acid source.

These ndings conrm that lemon hydrolysis presents
a more sustainable alternative to conventional sulfuric acid
hydrolysis, offering signicant environmental and economic
advantages.39

The sustainability of lemon hydrolyzed cellulose versus acid
hydrolyzed cellulose (Fig. 9 and Table 6).
Cost analysis

To assess the economic feasibility of using lemon juice as
a substitute for sulfuric acid in the extraction of nanocellulose,
we conducted a preliminary cost analysis that took into account
several key factors. These included raw material costs, pro-
cessing expenses such as energy, labor, and equipment, as well
as the environmental and safety costs associated with waste
disposal.

Lemon juice, although a natural material, has a higher raw
material cost compared to sulfuric acid. On average, commer-
cially available lemon juice costs around $1.50 per liter, and 1
liter is required to process 100 grams of coconut husk. This
translates to approximately $0.015 per gram of nanocellulose
produced, which remains a relatively low cost given the envi-
ronmental benets it offers. In contrast, sulfuric acid, sourced
from the petroleum industry, is much cheaper, typically priced
(citric acid) Acid hydrolysis (mineral acid)

aker acid) H2SO4: 3 (strong acid)
100–130
3.5–5.0

byproducts) 20–30% (furfural, HMF, and acid residues)
1–3%

ation) >90% (aer purication)
) H2SO4: 214 (higher toxicity)

H2SO4 fumes: 1 mg m−3 (respiratory hazard)
impact minimal Can lower pH < 3, harming biodiversity
sulfuric acid Higher emissions due to industrial synthesis

ed) <250 (non-renewable sources)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Sustainability of lemon citric acid hydrolysis versus fossil sulphuric acid hydrolysis.

Table 7 Comparison of total costs

Cost category
Lemon juice
(USD per gram)

Sulfuric acid
(USD per gram)

Raw material cost 0.015 0.01
Energy requirements 0.005 0.005
Waste disposal 0.001 0.005
Safety management 0.0005 0.002
Total cost 0.0215 0.022
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at $0.10 per liter. It requires the same amount—1 liter—to
process 100 grams of coconut husk, resulting in a cost of around
$0.01 per gram of nanocellulose. However, despite its lower
price, sulfuric acid introduces signicant environmental and
safety risks, which increase its overall lifecycle cost.

The energy requirements for both methods are comparable,
as both lemon juice and sulfuric acid need sonication and
heating for the extraction process. On average, sonication
requires 200–300 kJ to process 100 grams of coconut husk, with
only minor differences due to the viscosity and acidity of each
substance. However, the disposal and safety issues associated
with sulfuric acid are more costly. Sulfuric acid requires
neutralization and special handling during disposal, leading to
additional costs for treatment and waste management. On the
other hand, lemon juice, being an organic substance, presents
minimal safety hazards and can be disposed of without the
need for specialized treatments, thus resulting in lower disposal
costs.

From an environmental perspective, sulfuric acid has
signicant drawbacks. Its hazardous nature necessitates costly
waste management procedures to neutralize the acid and
dispose of the resulting waste, contributing to its overall envi-
ronmental impact. Lemon juice, however, is a biodegradable
and renewable resource, which means it has a much lower
environmental footprint. Using lemon juice instead of sulfuric
acid for acid hydrolysis signicantly reduces the environmental
risks associated with the process and aligns better with
sustainability goals.

In terms of overall cost (Table 7), sulfuric acid is slightly
cheaper than lemon juice, with the cost per gram of
© 2025 The Author(s). Published by the Royal Society of Chemistry
nanocellulose being around $0.01 for sulfuric acid compared to
$0.015 for lemon juice. However, the additional environmental
and safety costs associated with sulfuric acid balance out the
price difference, making the total cost difference between the
two methods quite narrow. The cost of using lemon juice may
be higher in terms of raw materials, but the reduced environ-
mental and safety concerns offset this difference.

In large-scale industrial applications, the cost efficiency of
using lemon juice appears more favorable over time. The lower
costs associated with safety management and waste disposal
make it an attractive alternative. Furthermore, as a renewable
resource, lemon juice offers opportunities for sustainable
practices. Process optimization, such as increasing the effi-
ciency of lemon juice extraction or using waste lemon juice from
the food industry, could further reduce costs. These factors
suggest that, while sulfuric acid might have a lower initial raw
material cost, lemon juice offers a more sustainable and
potentially cost-effective option in the long term.
RSC Sustainability
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End applications of this study

The extraction of cellulose nanobrils (CNFs) from coconut
husk coir using citric acid from lemon juice presents
a sustainable way to transform agricultural waste into valu-
able materials. CNFs have gained signicant attention due to
their impressive mechanical strength, biodegradability, and
versatility. This study not only contributes to waste
management but also opens doors for several real-world
applications:

� Eco-friendly packaging – with increasing concerns over
plastic pollution, CNFs can be used in biodegradable packaging
materials, offering an environmentally friendly alternative to
synthetic polymers.

� Biomedical and pharmaceutical applications – due to their
biocompatibility and non-toxic nature, CNFs have potential
uses in wound healing, controlled drug delivery, and even tissue
engineering.

� Strengthening bio-composites – CNFs can reinforce natural
polymer-based composites, making them stronger and more
durable for applications in automotive, aerospace, and
construction industries.

�Water purication – CNFs have a high surface area and can
be modied to remove contaminants, making them suitable for
water ltration systems.

� Food and cosmetics industry – as a natural stabilizer and
thickener, CNFs can enhance the texture of food products and
cosmetics while ensuring safety and sustainability.

� Energy storage devices – with their unique nanostructure,
CNFs are being explored for use in batteries and super-
capacitors, potentially improving the efficiency and durability of
energy storage solutions.

By utilizing coconut husk coir, which is oen discarded as
waste, this research supports the idea of a circular economy,
where waste materials are upcycled into high-value products.
This not only helps reduce environmental pollution but also
creates new economic opportunities for industries looking for
sustainable alternatives.
Why use lemon juice instead of sulfuric acid?

Traditionally, strong acids like sulfuric acid are used for
breaking down cellulose bers, but they come with major
drawbacks. Sulfuric acid-based hydrolysis is aggressive, oen
leading to excessive cellulose-degradation, while also posing
serious environmental and safety concerns due to its corrosive
nature and the need for intensive neutralization processes. In
this study, citric acid from lemon juice was used as a green
alternative, offering several advantages:

– Citric acid is naturally occurring, non-toxic, and breaks
down easily in the environment, unlike sulfuric acid, which
produces hazardous waste.

– Instead of breaking down cellulose aggressively, citric acid
enables a more controlled hydrolysis, retaining the nanobril
structure.

– Unlike strong mineral acids, citric acid is non-corrosive,
reducing equipment damage and operational risks in large-
scale processing.
RSC Sustainability
– Sulfuric acid hydrolysis requires excessive washing and
neutralization, whereas citric acid is milder and requires less
water for post-processing.

– Citric acid is already widely used in food, pharmaceutical,
and cosmetic industries, meaning its large-scale production is
well established. With process optimization, it could be seam-
lessly integrated into bioreneries focusing on sustainable
material extraction.

This study highlights a simple yet effective way to extract
nanocellulose without relying on hazardous chemicals. By
replacing harmful acids with a natural, biodegradable alterna-
tive, this method aligns with the principles of green chemistry
and provides a realistic, scalable approach for industrial
applications. Given the abundance of coconut husk coir and the
growing interest in biodegradable nanomaterials, this research
contributes to a more sustainable and eco-conscious future—
one where agricultural waste is no longer just discarded, but
transformed into something valuable.

Conclusion

The study aimed to explore a green alternative for preparing
nanocellulose, replacing harmful mineral acids with organic
lemon juice (citric acid) for the hydrolysis of coconut husk coir.
SEM analysis conrmed that both the lemon juice citric acid and
the mineral sulphuric acid (H2SO4) methods efficiently extracted
nanocellulose, with visible elongation in the brils, indicating
effective debrillation. Dynamic Light Scattering (DLS) and
image analysis validated the nanoscale of the bers, while FTIR
analysis indicated successful removal of hemicelluloses and
lignin. Notably, the nanocellulose derived from lemon juice
exhibited a higher zeta potential of −32 mV and increased
interbrillar repellence, differentiating it from its mineral acid-
extracted counterpart. Additionally, the crystallinity of the citric
acid-hydrolyzed cellulose surpassed that of the sulphuric acid-
hydrolyzed version, at 37%, compared to 32%, as a result of
a more restrained acid hydrolysis process, which less disruptively
cleaved the glycosidic linkages in cellulose. These ndings
underscore the viability of the proposed green method in
isolating cellulose nanobrils from coconut coir, offering an
environmentally safe alternative to conventional acid hydrolysis.

Data availability

The data generated and analyzed during this study are available
from the corresponding author upon reasonable request. Any
supplementary information related to the experimental proce-
dures, raw data, or processed results will be provided in
compliance with institutional policies and data-sharing guide-
lines. Where applicable, data will also be made accessible
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