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A B S T R A C T

As the global population grows, increasing food consumption drives a significant rise in agri-food waste. In the 
northern Trás-os-Montes region of Portugal, one of the world's largest chestnut producers, this waste includes 
valuable by-products such as chestnut burrs, which are composed of 63% cellulose. This study aims to valorise 
chestnut burrs by extracting compounds for incorporation into high-added-value products. Cellulose was 
extracted through physical and chemical pre-treatments, alkali hydrolysis and bleaching. The process parameters 
were adjusted to enhance the extracted cellulose content and purity. Extracts were characterised by thermog
ravimetry and Fourier Transform Infrared Spectroscopy, and parameters such as particle size, zeta potential and 
wettability were also assessed and compared with commercial microcrystalline cellulose. Temperature was 
identified as the key parameter in alkali hydrolysis, with optimal conditions obtained for 10% NaOH at 100 ◦C 
for 1 h and a biomass-to-solvent ratio of 1:20 g/mL. Bleaching under optimal conditions (2% NaClO at 35 ◦C) 
removed an additional 7% lignin and enhanced the whiteness of the final product. The cellulose obtained has a 
purity of 72%, with a particle size of 55 μm, a negative surface charge, hydrophilic behaviour, an estimated 
molecular weight of 13.2 kDa, and a crystallinity of 56.5%. When applied at 0.8 wt% of the aqueous phase in 
20:80 oil-in-water emulsions, these particles stabilise Pickering emulsions with a 12 mm average droplet size, 
remaining stable for at least 30 days. These findings demonstrate that chestnut burrs are a viable and sustainable 
source of cellulose with high potential as a natural Pickering emulsion stabiliser for use in food, cosmetics, and 
pharmaceuticals.

1. Introduction

Portugal is the 8th largest chestnut producer globally, harvesting 
around 24,000 t in 2022 [1]. The Trás-os-Montes region, located in the 
North of Portugal, accounts for approximately 85% of national pro
duction. The predominant species is Castanea sativa Mill., also known as 
the European or sweet chestnut [2], and the harvest season occurs 
mainly in October [3]. This species belongs to Fagaceae family [2] and is 
widely used in various culinary applications such as marron glacé, 
purée, and chestnut flour, which are especially popular in gluten-free 
diets [4]. However, chestnut production generates solid waste, ac
counting for 15–20% of the total chestnut weight, primarily consisting 
of shells and burrs [5]. Shells are commonly used in biofuel production 
[6], and are also a potential source of polyphenols [6], while burrs — 
typically discarded — are notable for their high polysaccharide content, 

namely cellulose, as well as their antioxidant potential [5]. Additionally, 
chestnut cultivation generates substantial quantities of leaves, which are 
rich in bioactive compounds and have been used in traditional medicine 
for treating diarrhoea, infertility and cough [6]. Although the valor
isation of chestnut flowers, leaves, and shells has been explored, the 
extraction of cellulose specifically from chestnut burrs remains unre
ported in the literature, revealing a clear gap that this study seeks to 
address.

Chestnut burr is a lignocellulosic husk forming the outer layer of 
chestnut fruit, rich in woody fibres and polyphenols. Its chemical 
composition comprises approximately 30% cellulose, 23% hemicellu
lose, 18% lignin, 14% total phenols [7], making it a competitive cellu
lose source compared with other residues such as pineapple crown 
(56%) [8], apple pomace (33%) [9], sugar palm (51%) [10], belulang 
grass (Eleusine indica) (34%) [11], cashew nut shell waste (18%) [12], 
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pine sawdust (52%) and maize stalk (46%) [13].
Lignocellulosic materials are complex structures formed by fibrils of 

cellulose interconnected by hemicellulose and covered by lignin, mak
ing these materials very resistant and rigid [14]. Cellulose, the most 
abundant biopolymer on earth, is a linear homopolysaccharide 
composed of D-anhydroglucopyranose (AGU) units linked by b(1–4) 
glycosidic and hydrogen bonds [15]. Structurally, cellulose contains 
both highly crystalline ordered regions and amorphous regions with 
more disordered and branched chains [15]. This compound is a 
renewable resource found in plants, trees, shells, husks and seeds, and 
has attracted growing interest due to its environmental benefits and 
desirable properties—such as biocompatibility, nontoxicity, biode
gradability, and strong mechanical performance—make it valuable 
across sectors including food, cosmetics, and pharmaceuticals. Looking 
ahead, the development of cellulose-based materials will focus on 
improving durability under harsh conditions, reducing production costs, 
and expanding applications in sustainable technologies [12,16].

Isolating cellulose from lignocellulosic materials requires a sequence 
of treatments, including physical or chemical pre-treatment, hydrolysis 
(alkali, acid, enzymatic, or combination [17,18]), and a bleaching step. 
Pre-treatment aims to increase the surface area, decrease the degree of 
polymerisation, and remove extractives and part of the hemicellulose 
[14]. During hydrolysis, hemicellulose and lignin are broken down by 
nucleophilic attacks, dissolving them in the reaction medium, while 
cellulose fibres remain insoluble [19]. Bleaching is then applied to 
remove residual lignin resistant to hydrolysis and confer a lighter colour 
to the final product [20]. The effectiveness of these treatments depends 
on various parameters, such as solution type and concentration, reaction 
time, temperature, pH, and biomass-solution ratio [9,20,21].

Among the hydrolysis treatments, alkali and acid hydrolysis are the 
most commonly used. Alkali hydrolysis saponifies ester bonds, breaking 
links between hemicellulose and lignin, while acid hydrolysis efficiently 
cleaves cellulose glycosidic bonds, often yielding nanoscale products 
[22]. Enzymatic hydrolysis, which uses enzymes to break specific bonds, 
is generally reserved for high-purity cellulose applications (e.g., phar
maceuticals) or glucose production (via cellulase), due to its high cost 
[23].

Emulsions are mixtures of immiscible liquids, where one liquid is 
dispersed within the other in the form of small droplets, typically 
forming either oil-in-water (O/W) or water-in-oil (W/O) systems [24]. 
Traditionally, emulsions are stabilised by amphiphilic molecules – sur
factants - that adsorb at the oil-water interface. Pickering emulsions 
(PEs), an alternative to traditional emulsions, are stabilised by solid 
particles which form a physical barrier capable of stabilising the droplets 
and preventing coalescence [25]. The absence of surfactants, easy pro
duction, and enhanced stability have driven growing interest in the 
food, cosmetic, and pharmaceutical industries [26].

The solid particles used to stabilise PEs can be inorganic or organic. 
Inorganic particles include materials such as silica, calcium carbonate, 
and hydroxyapatite [25], while organic particles often comprise bio
polymers like cellulose, starch, or chitosan [27]. Increasingly, attention 
has turned to using particles derived from agricultural by-products or 
industrial residues, such as microcrystalline cellulose from plant 
biomass [28] or protein-rich particles from food processing waste [29]. 
These bio-based particles offer functional stabilisation and align with 
circular economy principles, enhancing the sustainability profile of 
Pickering emulsions [27,29].

In this context, the present study hypothesises that cellulose 
extracted from chestnut burrs can function as an efficient, bio-based 
stabiliser for Pickering emulsions, offering a sustainable alternative for 
formulations in different applications. The extraction parameters were 
studied to improve the cellulose extraction efficiency. Emulsion stability 
was assessed over 30 days by physical and organoleptic analysis. Rich in 
monounsaturated fatty acids, polyphenols, and vitamins E and A, sweet 
almond oil was selected as the oil phase for its health-promoting prop
erties and broad applicability across various fields [30].

Beyond cellulose extraction, this study demonstrates for the first time 
the potential of chestnut burr-derived cellulose to act as a natural sta
bilising agent in Pickering emulsions. Unlike most microcellulose-based 
Pickering stabilisers reported in the literature, which originate from 
well-established sources such as wood pulp or agricultural residues with 
long research histories, chestnut burrs remain an almost entirely unex
plored biomass despite being generated in large quantities and typically 
discarded without valorisation. This work therefore introduces a pre
viously untapped cellulose source and reveals its unexpectedly high 
emulsifying efficiency, even at low particle loadings. These findings 
open new possibilities for their application in sectors such as food, 
cosmetics, and pharmaceuticals, where environmentally friendly and 
biodegradable alternatives to synthetic emulsifiers are increasingly in 
demand. By valorising an underutilised agricultural by-product, this 
work contributes to advancing sustainability in the industry.

2. Materials and methods

2.1. Materials

The raw material, chestnut burrs, was provided by Parque Natural de 
Montesinho, located in Trás-os-Montes region (Portugal). The burrs were 
collected in October 2023, during the chestnut harvesting season.

Commercial microcrystalline cellulose powder (CAS NO. 9004-34-6) 
derived from cotton linters, used for comparison, was acquired from MP 
Biomedicals, LLC (Germany). Sodium hydroxide (NaOH) was supplied 
by LabKem (CAS NO. 1310-73-2), sodium hypochlorite 10% (NaClO) by 
Limpolar (CAS NO. 7681-52-9), and the hydrogen peroxide (H2O2) by 
VWR (CAS NO. 7722-84-1). Copper (II)-ethylenediamine complex (CED) 
at 1 M aqueous solution (CAS NO. 14552-35-3) was supplied by Acros 
Organics.

The oil phase, sweet almond oil (CAS NO. 8007-69-0), was purchased 
from SPD, S.A. (Portugal). Nile red (CAS NO. 7385-67-3) and Calcofluor- 
white (CAS NO. 18909-100mL-F) were supplied by Sigma Aldrich, and 
dimethyl sulfoxide (DMSO) by VWR Chemicals (CAS NO. 67-68-5).

Distilled water was further purified using a Milli-Q water purification 
system (TGI Pure Water Systems, Greenville, SC, USA).

2.2. Cellulose extraction

Cellulose extraction was carried out using a previously reported 
method [8] with some modifications. Chestnut burrs were first cut and 
milled using a ball mill (Retsch Mixer Mill MM200) operating at 25 s− 1 

for 15 min, achieving a particle size of around 85 μm. This equipment 
included two ceramic pots (10 mL), each loaded with two ZrO2 balls.

The extraction process comprised hydrothermal pre-treatment, fol
lowed by alkaline hydrolysis and bleaching, all carried out using a 
thermocouple-equipped stirring plate. The hydrolysis treatment at 
temperatures above 100 ◦C was carried out in an autoclave (Uniclave 
77) operating at 2 bar. For the hydrothermal pre-treatment, 10 g of 
milled chestnut burr powder was added to 250 mL of deionised water 
and stirred at 500 rpm and 70 ◦C for 4 h. The mixture was then filtered 
by vacuum with a paper filter (12–15 mm) to recover the solid fraction. 
This solid was submitted to alkali hydrolysis with sodium hydroxide at 
two concentrations (10 and 30%), under three temperatures (70, 100 
and 120 ◦C) and reaction times of 1 and 2 h. Two biomass-to-alkali ra
tios, 1:10 and 1:20 g/mL, were evaluated.

After hydrolysis, the material was washed with deionised water until 
neutral pH, and then filtered and dried. The final bleaching step was 
carried out to study the effect of the bleaching agent (NaClO and H2O2), 
its concentration (2 and 4%), and temperature (35 and 70 ◦C), using a in 
a solid-to-liquid ratio of 1:40 g/mL under stirring (300 rpm) for 1 h. The 
resulting material was washed, filtered, dried, and milled (25 s− 1, 15 
min).
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2.3. Cellulose characterisation

The extracted cellulose was characterised using different analytical 
techniques, and its behaviour was compared with a commercial 
benchmark, microcrystalline cellulose. The chestnut burrs powder was 
also analysed to assess the changes that occurred during the extraction 
process.

2.3.1. Thermogravimetric analysis
Thermogravimetric (TG) analysis was conducted to assess the ther

mal stability and composition of the samples by monitoring mass loss as 
a function of temperature, allowing the identification and quantification 
of the lignocellulosic fractions based on their characteristic degradation 
temperatures. Approximately 10 mg of each sample (chestnut burrs, 
commercial cellulose and extracted cellulose) was placed in crucibles for 
analysis. Measurements were performed by heating the sample from 50 
to 900 ◦C at a constant rate of 10 ◦C min− 1 under air flow using a STA 
490 PC/4/H Luxx Netzsch thermal instrument. The first derivative of TG 
graphs (dTG) represents the mass loss (% ◦C− 1), where well-defined 
peaks correspond to the main degradation temperatures.

2.3.2. Particle size
Particle size analysis was performed by light scattering (LS) using a 

Beckman Coulter LS23O (California, USA) coupled with Shortcut by LS 
software. This technique measures particle volume distribution for 
different sizes and determines the mean particle size, expressed as mean 
± standard deviation (SD). For the analysis, commercial cellulose and 
extracted cellulose samples were dispersed in distilled water; measure
ments were carried out in triplicate to ensure reproducibility.

2.3.3. Zeta potential
Zeta potential (z) was measured to assess the stability of the aqueous 

suspensions and to provide information on the surface charge of the 
particles. Measurements were performed by electrophoresis using a 
Nano ZS90 Zetasizer instrument (Malvern Instruments Ltd.). Suspen
sions are generally considered stable when the absolute zeta potential 
exceeds 30 mV. For the analysis, the samples (commercial cellulose and 
extracted cellulose) were diluted in distilled water at a concentration of 
0.1 wt%, with refractive index and absorbance values set at 1.504 and 
0.01, respectively. Each measurement was carried out in triplicate, and 
the results are expressed as mean ± SD.

2.3.4. Wettability
Wettability was evaluated as an indicator of the hydrophobic or 

hydrophilic character of the particles. Contact angles below 90◦ indicate 
hydrophilic behaviour, while values above 90◦ indicate hydrophobicity. 
For this analysis, pellets (13 mm diameter and 1 mm thickness) of each 
sample (commercial cellulose and extracted cellulose) were prepared 
using a hydraulic press (PerkinElmer) at 10 tons for 2 min. The contact 
angle is measured using a Biolin Scientific – Theta Lite 100 (Dataphysics 
Instruments, Germany) equipment coupled with software based on the 
Laplace-Young equation. For each sample, the measurement is taken in 
triplicate with different pellets. Measurements were performed by 
placing approximately 6 μL of distilled water onto the pellet surface 
using a high-precision injector. The contact angle was recorded over 60 
s, and the results are reported as mean ± SD.

2.3.5. Colour measurement
Colour measurements were performed using a CR-400 colourimeter 

(Konica Minolta, Japan), determining the L* (lightness), a* (redness) 
and b* (yellowness) parameters. L* represents luminosity (ranging from 
0 for dark to 100 for light), a* indicates the green-red component (− 60 
for green to 60 for red), and b* corresponds to the blue-yellow compo
nent (− 60 for blue to 60 for yellow). The colour was evaluated using the 
whiteness index (WI), calculated as: 

WI (%) = 100 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(100 − L*)2
+ a*2

+ b*2
√

(1) 

2.3.6. Confocal laser scanning microscopy
The morphology of the extracted solid particles was analysed by 

confocal laser scanning microscopy (CLSM). Cellulose suspensions are 
stained with a 0.1% (v/v) calcofluor-white solution (1 g L− 1 in water). 
This analysis was carried out in a Leica TCS-SP5 AOBS (Leica Micro
systems Inc., Heidelberg, Germany), and the images were processed 
using LasX software. Samples were mounted on slides, and the fluores
cent dye was excited at a wavelength of 433 nm.

2.3.7. Scanning electron microscopy
Scanning Electron Microscopy (SEM) was used to confirm the par

ticles' morphology and size. A small amount of sample was placed on a 
carbon adhesive support and analysed using a high-resolution desktop 
scanning electron microscope (Phenom ProX Desktop SEM) at 1000́
magnification.

2.3.8. Fourier transform infrared spectrometry
Fourier Transform Infrared Spectroscopy (FTIR) was used to identify 

the main structural components of the samples by detecting character
istic bands corresponding to specific bonds and molecular vibrations. 
The measurements were performed using a FTIR spectrometer (Nicolet 
510-P, Thermo Fisher Scientific, USA) equipped with a MIRacle ™ 
Single Attenuated Total Reflectance ZnSe crystal plate accessory (PIKE 
Technologies, USA). Spectra were recorded in transmission mode over 
the range of 4000 to 600 cm− 1, at 4 cm− 1 resolution and 128 scans per 
sample. A small amount of powder sample (chestnut burrs, commercial 
cellulose and extracted cellulose) was placed directly onto the crystal 
plate for analysis.

2.3.9. X-ray diffraction
X-ray diffraction (XRD) analysis was conducted in a PANalytical 

X'Pert Pro diffractometer equipped with an X'Celerator detector and a 
secondary monochromator. The analyses were performed at room 
temperature with a voltage of 40 kV and a current of 30 mA (10◦ ≤ 2θ ≤
60◦; 0.017◦/step; 100 s/step), and the data acquisition employed Bragg- 
Brandt geometry with Cu Kα radiation. The Segal equation (Eq. (2)) 
determines the Crystallinity Index (CrI), 

CrI (%) =
I002 − Iamorphous

I002
×100 (2) 

where I002 refers to the maximum intensity of the crystalline peak (≈
22◦), and Iamorphous is the intensity of the non-crystalline material 
(minimum in the 15–22◦ range).

2.3.10. Molecular weight determination
The CED solvent was previously diluted to 0.5 M with ultrapure 

water at a pH of 12 adjusted with 1% NaOH. The cellulose sample was 
completely dissolved in CED by continuous magnetic stirring at room 
temperature at a concentration of 0.06 g/mL. Then, samples at 0.01, 
0.02, 0.03, 0.04, and 0.05 g/mL were prepared by diluting the 0.06 g/ 
mL sample with 0.5 M CED solution. The viscosity was evaluated in units 
of mPa for the 6 concentrations using a rotary viscometer (series VR 
3000, Myr) operating at 25 ◦C. It has been proven that the ratio derived 
from flow times measured by capillary viscosimeters equals the ratio 
between viscosities [31].

The viscosity average molecular weight, Mv, and degree of poly
merisation, DP, were estimated by an empirical method that relates the 
increase in viscosity to the molecular weight of the polymer, according 
to the standard procedure [31]. Firstly, the relative viscosity, ƞr, was 
calculated using the measured sample viscosities, ƞ, and the viscosity of 
the 0.5 M CED solution, ƞ0, according to Eq. (3). The specific viscosity, 
ƞsp, which represents the relative increase caused by the dissolved 
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polymer, was calculated using the relative viscosity, as expressed in Eq. 
(4). Then, Eq. (5) relates the specific viscosity with concentration to 
obtain the reduced viscosity, ƞred. The inherent viscosity, ƞinh, was 
calculated based on ƞr, according to Eq. (6). The intrinsic viscosity, [ƞ], 
was determined via Huggins' plot (i.e, the plot of ƞred vs concentration) 
or Kraemer's plot (i.e., the plot of ƞinh vs concentration, c) based on Eqs. 
(7) and (8), respectively. Then, the Mark-Houwink equation (Eq. (9)) 
relating the molecular weight of the polymer with the [ƞ] at a specific 
temperature (25 ◦C), was used with constants K (0.029 mL⋅g− 1) and a 
(0.80) obtained from the literature using the same experimental con
ditions (0.5 M CED solution at 25 ◦C and a molecular weight range of 20 
to 120 kDa) [32]. Finally, the degree of polymerisation was obtained by 
Eq. (10). 

ηr =
η
η0

(3) 

ηsp =
η − η0

η0
= ηr − 1 (4) 

ηred =
ηsp

c
(5) 

ηinh =
lnηr

c
(6) 

[η] = lim
c→0

ηred

c
(7) 

[η] = lim
c→0

lnηr

c
(8) 

[η] = K • Ma
w (9) 

DP =
Mv

162
(10) 

2.4. Pickering emulsion production

Pickering emulsions were produced in two steps following a previ
ously described procedure [33]. First, the aqueous phase was prepared 
by dispersing cellulose particles in distilled water at concentrations 
ranging from 0.2 to 2.5 wt%. Ultrasound treatment was performed for 1 
min at 25 s− 1 amplitude to reduce the particle size and improve 
dispersion. The oil phase was gradually added to the prepared aqueous 
phase using a peristaltic pump set at 120 rpm, approximately 50 mL/ 
min. Emulsification was then carried out with a rotor-stator homoge
niser (Miccra RT D-9, Mülheim, Germany) at 16000 rpm. After the oil 
addition, the system was stirred for a further 4 min at room temperature. 
The O/W emulsions were prepared to a final volume of 200 mL and a 
fixed oil/water ratio of 20:80.

2.5. Pickering emulsion characterisation

The emulsions were characterised immediately after production and 
during one month of storage at room temperature (sampling at 2, 7, 15, 
21, and 30 days). Morphology was evaluated using optical microscopy 
(OM) and confocal laser scanning microscopy (CLSM). Droplet size 
distributions were determined using light scattering, accompanied by 
visual inspection to check for instability phenomena.

2.5.1. Visual inspection
Emulsions were examined visually to check for instability occurrence 

(creaming, phase separation, or sedimentation), and the macroscopic 
appearance was registered using a photographic camera.

2.5.2. Optical microscopy
OM was used to assess droplet morphology and detect instabilities. 

This analysis was performed using a Carl Zeiss Axiotech 100 HD optical 
microscope (Zeiss Instruments, Jena, Germany), fitted with a digital 
camera (AxioCam 105 colour). A small amount of sample was placed on 
a microscope slide, gently dispersed, and covered with a coverslip. 
Image acquisition was done using Zen software at magnifications of 5, 
10 and 20′.

2.5.3. Droplet size
LS was used to determine the droplet size distribution and to eval

uate coalescence phenomena, which lead to an increase in droplet 
diameter. The analysis was performed using the previously described 
equipment.

2.5.4. Confocal laser scanning microscopy
CLSM was used to observe the stabilisation mechanisms in the PEs. 

This analysis was conducted as previously described in Section 2.3.6. 
Both phases of PE samples were stained with fluorescent dyes: Nile red 
(1 g L− 1 in DMSO) for the oil phase (green fluorescent) and calcofluor- 
white (1 g L− 1 in water) for the cellulose particles (blue fluorescent). 
The emulsion was stained with a dye-to-sample ratio of 1:10. Fluores
cence excitation was carried out at 488 nm for Nile red and 433 nm for 
calcofluor-white.

3. Results and discussion

3.1. Cellulose extraction

This section presents the results of the cellulose extraction process 
from chestnut burrs. The chemical pre-treatment performed can suc
cessfully remove a total phenolic content of 51.75 mg gallic acid 
equivalent/g biomass according to the Folin Ciocalteu method. The 
composition and effectiveness of the extraction and bleaching treat
ments were evaluated through thermogravimetric analysis (TG). Hol
ocellulose, which comprises the combined polysaccharide fraction of 
cellulose and hemicellulose, degrades between 240 and 370 ◦C; within 
this range, hemicellulose decomposes at lower temperatures, while 
amorphous and crystalline cellulose degrade at progressively higher 
temperatures [34]. In contrast, lignin, being more thermally stable, 
degrades at higher temperatures, typically between 370 and 480 ◦C 
[35].

3.1.1. Alkali hydrolysis
To obtain a final product with high cellulose content and low lignin 

levels, a parametric study was conducted by varying the hydrolysis 
conditions, namely NaOH concentration, temperature, reaction time, 
and biomass-to-alkali solution ratio.

The initial hydrolysis conditions were based on a previous work [8], 
1:10 g/mL biomass-to-alkali ratio, 10% NaOH at 70 ◦C for 2 h under 
stirring (500 rpm). The cellulose and lignin contents estimated by 
thermogravimetric analysis are summarised in Table 1.

For lignin hydrolysis through nucleophilic attack by the hydroxide 
ions, two concentrations of NaOH were studied. The resulting materials 

Table 1 
Cellulose and lignin contents of the obtained samples under different hydrolysis 
conditions, estimated by thermogravimetric analysis.

NaOH 
Concentration 
/ %

Ratio 
/ g/ 
mL

Temperature 
/ ◦C

Reaction 
Time / h

Cellulose 
Content / 
%

Lignin 
Content 
/ %

10 1:10 70 2 65 24
30 1:10 70 2 64 25
10 1:20 70 1 65 23
10 1:20 100 1 68 23
10 1:20 120 1 74 23
10 1:20 100 2 68 23
10 1:10 100 2 67 23
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were analysed by TG. Fig. 1-A shows that using 10% or 30% of NaOH 
results in similar mass loss between 240 and 370 ◦C, leading to similar 
cellulose content. These results indicate that 10% of NaOH is sufficient 
for effective lignin hydrolysis and removal.

Since hydrolysis temperatures reported in the literature typically 
range between 60 and 120 ◦C [14], the effect of temperature was studied 
by considering 70, 100 and 120 ◦C. Fig. 1-B shows that higher temper
atures lead to more significant mass loss within the temperature range of 
cellulose degradation, suggesting a significantly higher cellulose content 
in the final extract. However, the difference in cellulose content between 
100 ◦C and 120 ◦C was minimal. Considering the reduced particle sta
bility at 120 ◦C, as indicated by the less negative zeta potential (− 21.6 
mV at 100 ◦C versus − 15.7 mV at 120 ◦C), along with the higher energy 
cost associated with the elevated temperature, increasing the tempera
ture is not justified. Additionally, the overall yields were identical under 
both conditions (32%), and cellulose-based recovery was slightly higher 
at 100 ◦C (35% versus 34% at 120 ◦C), further supporting the selection 
of the lower temperature.

The effect of reaction time for this process was also studied. TG 
analysis (Fig. 1-C) shows that the thermograms obtained for 1 and 2 h 
overlap, indicating no significant difference between these reaction 
times. Similar results have been reported in the literature [9], where 30 
min of alkali hydrolysis (9% NaOH at 70 ◦C) was sufficient to achieve an 
extract with 84.98% cellulose content from apple pomace. These find
ings suggest that most lignin removal occurs within the first hour, and 
prolonging the process beyond this point is unnecessary.

The biomass-to-alkali solution ratio was further evaluated. A 1:20 g/ 
mL ratio has been commonly used in previous studies [36]. Accordingly, 
the effect of increasing the alkali volume to 200 mL (1:20 g/mL) was 
analysed (Fig. 1-D). Although the difference between 1:10 and 1:20 
ratios was minimal, a slightly higher cellulose content was reached at 
1:20 ratio, indicating a marginal improvement in hydrolysis efficiency. 
Given its broader application in the literature [11,37] and potential for 
improved consistency, the 1:20 g/mL ratio was selected for this study.

In summary, temperature significantly affects hydrolysis efficiency, 

whereas reaction time shows no impact beyond 1 h. A lower NaOH 
concentration (10%) is sufficient for lignin removal, and a higher 
biomass-to-alkali ratio offers minimal benefit, aligning with established 
literature practices. Therefore, the optimal conditions for achieving a 
high cellulose content are a biomass-to-alkali ratio of 1:20 g/mL, 10% 
NaOH concentration, processing at 100 ◦C, and stirring at 500 rpm for 1 
h, resulting in a mass yield of 32%.

3.1.2. Bleaching
After hydrolysis, a bleaching treatment was applied to remove the 

brown colour imparted by the residual lignin resistant to the hydrolysis 
treatment. To evaluate the effectiveness of this treatment, two bleaching 
agents were investigated: NaClO and H2O2. For NaClO, the impact of 
temperature (35 ◦C and 70 ◦C) was studied. For H2O2, both concentra
tion (2 and 4%) and pH (7 and 14) were analysed with the temperature 
fixed at 70 ◦C. Bleaching time was not evaluated, as previous studies 
reported that it has no significant effect on yield, whiteness index, or 
residual lignin [21]. Therefore, the bleaching process was considered 
complete when no further colour change was observed, which occurred 
after approximately 1 h.

Thermograms for all tested conditions are shown in Fig. 2, and the 
corresponding estimated cellulose and lignin contents are summarised 
in Table 2. Fig. 2-A shows the effect of temperature using NaClO as a 
bleaching agent. The first mass loss, corresponding to cellulose degra
dation (240 to 350 ◦C), is higher at 70 ◦C than at 35 ◦C, which means that 
a higher temperature leads to extracts with higher cellulose content. 
These curves shift to lower temperatures, suggesting that the amorphous 
component of cellulose has increased. The literature reports that reac
tive oxygen species, such as those generated from NaClO, promote an 
oxidative delignification, causing the conversion of highly ordered 
crystalline regions into less ordered domains, thereby reducing the 
thermal stability of cellulose [38]. The mechanism involves the oxida
tion of ethylenic and carbonyl groups in lignin [39], a reaction that is 
particularly favoured under alkaline conditions. The mass loss curve 
referring to the lignin degradation (370 to 480 ◦C) also shifted to a lower 

Fig. 1. Thermal degradation curves showing the effects of alkali solution concentration (A), temperature (B), reaction time (C) and biomass-to-alkali ratio (D) in the 
alkali hydrolysis.
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temperature since bleaching can convert lignin into a low-molecular- 
weight form [40]. In Fig. 2-B, which illustrates the effect of different 
bleaching agents, it is perceptible that these deviations are absent when 
the treatment is performed with H₂O₂ at neutral pH. This indicates that 
hydrogen peroxide helps preserve the crystalline structure. Analysis of 
Fig. 2-D (effect of pH in the H2O2 solution) shows this deviation again 
occurs at alkaline pH, confirming the previous conclusion.

Performing the treatments in a neutral medium with NaClO or H2O2 
resulted in materials with similar cellulose content, but with different 
structures. When sodium hypochlorite is used, the degradation curves 
shift to lower temperatures, indicating an increase in amorphous cel
lulose content and enhanced solubilisation of lignin. In contrast, H2O2 
under an alkaline environment result in lower cellulose content and 
higher lignin levels compared to a neutral environment.

Moreover, the TG analyses of the samples treated using different 
concentrations of H2O2 (Fig. 2-C) show similar degradation curves, 
indicating that increasing the concentration beyond 2% does not 
enhance the effectiveness of the bleaching treatment.

In summary, temperature is a key parameter, as its increase results in 
approximately a 2% rise in cellulose content. Additionally, the choice of 
bleaching agent affects both cellulose content and crystallinity. Cellu
lose bleached with H₂O₂ exhibits higher thermal stability, indicating a 

greater proportion of crystalline regions (or a reduction in amorphous 
regions). Finally, maintaining a neutral pH of the H₂O₂ solution is 
preferable, as no significant difference in cellulose content was observed 
when using an alkaline pH. Choosing the appropriate treatment pa
rameters should take into account the intended product application, as 
these parameters affect not only the cellulose and lignin contents but 
also the material's structure, morphology, and properties.

To better evaluate the effectiveness of the bleaching step, the TG and 
respective derivative (dTG) curves of commercial cellulose, chestnut 
burr and the extracted cellulose before and after the bleaching treatment 
obtained with 2% NaClO, 35 ◦C, pH 7, are presented in Fig. 3. Com
mercial cellulose shows a well-defined peak at 341 ◦C in the dTG curve, 
indicating a predominantly crystalline cellulose structure, which confers 
greater thermal stability.

The first derivative of TG graphs (dTG) enhances the interpretation 
of TG data by highlighting the decomposition temperatures in well- 
defined peaks, aiding in the identification of sample components and 
their thermal behaviour. A peak observed around 300–350 ◦C typically 
corresponds to cellulose degradation, while the range of 370–480 ◦C is 
associated with lignin decomposition. Beyond this, the remaining ma
terial is primarily ash. Due to the greater thermal stability of crystalline 
regions, the higher the cellulose degradation, the greater the proportion 
of crystalline regions present in the sample.

Considering this information, by analysing the thermal profiles, it is 
observed that the chestnut burrs have hemicellulose, cellulose, lignin 
and other non-cellulosic compounds in their composition. Particularly, 
the chestnut burrs have a high content of cellulose, about 63%, ac
cording to the intensity of the corresponding peak.

The dTG curve of the extract obtained after hydrolysis shows two 
well-defined peaks: a first peak at 344 ◦C corresponding mainly to 
crystalline cellulose, and a second, less intense, peak at 451 ◦C associ
ated with lignin degradation. These peak intensities suggest a compo
sition of approximately 68% holocellulose and 23% lignin. After 
bleaching, the extract shows two major mass losses: the first at 309 ◦C, 
attributed to amorphous cellulose; and the second at 383 ◦C related to 

Fig. 2. Thermal degradation curves showing the effects of temperature (A), bleaching agent (B), H2O2 concentration (C) and pH using H2O2 (D) in the bleach
ing treatment.

Table 2 
Estimated cellulose and lignin contents obtained by thermogravimetric analysis 
under different bleaching conditions.

Solvent Concentration / 
%

Temperature / 
◦C

pH Cellulose 
Content / %

Lignin 
Content / 
%

NaClO 2 35 7 72 16
NaClO 2 70 7 74 21
H2O2 2 70 7 75 23
H2O2 4 70 7 75 24
H2O2 4 70 12 69 26
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more soluble lignin fractions. The bleached sample shows a 72% loss of 
mass associated with holocellulose, 16% to lignin, and the remaining 
12% attributed to water and ash. This cellulose content is similar to 
values reported for pineapple leaf [11,41].

Overall, the bleaching process at 2% NaClO, 35 ◦C, pH 7 removes 
approximately 7% more lignin with a mass yield of 28% according to the 
initial biomass.

3.2. Cellulose characterisation

The materials obtained from the three bleaching conditions that led 
to higher cellulose contents (NaClO at 35 ◦C, NaClO at 70 ◦C, and 2% 
H₂O₂, all at 70 ◦C and under neutral pH) were characterised to assess the 
effect of the bleaching treatments on composition, stability, and colour 
properties.

3.2.1. Colloidal and surface properties
Table 3 shows the mean particle size determined by LS, the zeta 

potential, and the contact angle for the three selected materials, as well 
as for the commercial cellulose.

All the extracted cellulose particles are in the microscale range, 
varying between 50 and 80 mm, consistent with values reported for 
similar lignocellulosic materials [21,42], and comparable to the com
mercial cellulose.

The zeta potential of the material bleached with 2% H₂O₂ at 70 ◦C 
under neutral pH is relatively low (− 12.9 mV), indicating poor 
dispersion stability and a tendency for particle aggregation in aqueous 
media. This behaviour correlates with the higher contact angle 
observed, suggesting increased hydrophobicity and lower affinity for 
water. In contrast, the materials obtained after bleaching with NaClO 
exhibit zeta potential values close to - 30 mV, indicating greater stability 
in aqueous media. The zeta potential of the extract before bleaching was 
– 21.6 ± 1.35 mV, showing that bleaching NaClO treatment improves 
the stability of the aqueous suspensions.

The contact angle measurements further support these observations, 
as samples extracted with NaClO show lower contact angles compared to 

those obtained using H₂O₂. However, the extracted cellulose samples 
showed higher contact angle values compared to commercial cellulose, 
reflecting a reduced hydrophilicity. This behaviour is consistent with the 
presence of residual lignin and hemicellulose, as well as the lower 
crystallinity of the extracted fibres, which decreases surface polarity and 
limits the number of exposed hydroxyl groups. Therefore, the particles 
acquire a more amphiphilic character. This shift in wettability is 
particularly relevant for Pickering stabilisation, since particles that are 
too hydrophilic tend to remain in the aqueous phase and adsorb weakly 
at the oil–water interface, whereas particles with a moderately hydro
philic–amphiphilic nature fall within the optimal wettability window for 
O/W emulsions (between 60 and 80◦ [43]). The higher contact angle of 
the chestnut-burr cellulose increases the desorption energy, promoting 
stronger and more irreversible interfacial attachment.

Colour is a key quality parameter for cellulose, particularly its 
whiteness, which reflects the purity and degree of lignin removal. The 
whiteness index (WI) determined from lightness (L*), redness (a*) and 
yellowness (b*) values was measured for commercial cellulose, chestnut 
burr, the extract after hydrolysis and extracted cellulose after bleaching 
(Table 4).

As expected, both chestnut burr and extracts obtained after hydro
lysis show low WI values. Hydrolysis led to a 14% increase in WI, 
attributed to partial lignin removal. The bleaching treatment further 
improved whiteness, with WI increases ranging from 7% to 26% relative 
to the extract obtained after hydrolysis.

The high WI value of commercial cellulose (95.26%), a white pow
der, confirms its suitability as a reference material. Among the extracted 
cellulose samples, the highest WI was obtained after bleaching with 2% 
NaClO at 70 ◦C (86.14%), approaching that of commercial cellulose. In 
contrast, the lower value was obtained when H2O2 was used as the 
bleaching agent (67.42%).

3.2.2. Morphological analysis
Fig. 4 shows the CSLM images captured at 40× magnification, 

evidencing the morphology of the particles. The commercial cellulose 
presents an aggregation of cellulose fibres into cylindrical shapes with 

Fig. 3. Thermal degradation TG (A) and dTG (B) curves of commercial cellulose, chestnut burr, and extracted cellulose before and after bleaching.

Table 3 
Particle size, zeta potential and contact angle for the three best bleaching 
conditions.

Bleaching conditions Particle size / 
mm

Zeta potential / 
mV

Contact angle 
/ ◦

Commercial 
microcrystalline 
cellulose

71.65 ± 0.79 -28.7 ± 0.35 34.03 ± 5.51

2% NaClO, 35 ◦C, pH 7 55.16 ± 0.47 -31.3 ± 0.76 57.58 ± 2.04
2% NaClO, 70 ◦C, pH 7 64.07 ± 2.01 -28.5 ± 1.04 50.11 ± 2.28
2% H2O2, 70 ◦C, pH 7 76.63 ± 1.66 -12.9 ± 0.87 63.83 ± 3.98

Table 4 
Lightness (L*), redness (a*), yellowness (b*) values and the respective whiteness 
index (WI) for the commercial cellulose, chestnut burr and cellulose obtained 
after hydrolysis and after bleaching under different conditions.

Sample L* a* b* WI / %

Chestnut burr 54.59 7.21 27.33 46.51
After hydrolysis 63.89 1.73 16.07 60.44
Commercial microcrystalline cellulose 96.83 − 0.24 3.51 95.26
After bleaching at 2% NaClO, 35 ◦C, pH 7 89.77 − 1.76 14.94 81.81
After bleaching at 2% NaClO, 70 ◦C, pH 7 90.16 − 1.07 9.7 86.14
After bleaching at 2% H2O2, 70 ◦C, pH 7 74.81 0.63 20.65 67.42
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varying particle sizes, which is expected due to its crystalline structure 
[44]. In contrast, particles obtained after NaClO bleaching show ag
gregation of the cellulose fibres in non-organised forms, leading to 
mostly spherical particles with a rough surface. Although some cylin
drical and elongated particles are also observed, they are in smaller 
numbers. These observations confirm the conclusions drawn from the 
TG analysis, indicating a reduction in crystalline regions following 
NaClO bleaching. The shorter length and the different morphology of 
the particles suggest that NaClO causes structural damage to the cellu
lose fibres, possibly involving the breakdown of the b-1,4-glycosidic 
bonds, leading to fragmentation into smaller micro-cellulose particles. 
This behaviour has been previously reported and associated with 
excessive oxidation, causing irregular particles and size reduction 
[21,44]. The particles obtained after bleaching with H2O2 resemble 
commercial cellulose, displaying predominantly cylindrical and elon
gated shapes. This observation is consistent with the TG analysis, 

indicating the presence of numerous cellulose microcrystals along with 
some amorphous regions [44].

SEM analysis was performed to assess the structural changes to the 
raw material following the applied treatments. Representative micro
graphs are shown in Fig. 5, including the chestnut burrs powder, the 
hydrolysed extract and the final extracted cellulose obtained after 
bleaching with 2% NaClO at 35 ◦C. SEM image of the chestnut burr 
powder reveals a heterogeneous mixture of particles with varying sizes 
and morphologies. After alkali hydrolysis, the fibre structure appears 
more open, and the material exhibits increased homogeneity; however, 
the particles remain relatively dense and large. The subsequent 
bleaching treatment results in a noticeable increase in the number of 
smaller particles, suggesting the effective removal of surface impurities 
and further breakdown of larger particles into finer fragments. These 
morphological changes are consistent with findings from the previous 
CSLM analyses.

3.2.3. Chemical structure
The FTIR spectra of the materials obtained under different bleaching 

conditions are presented in Fig. A.1 (Supplementary Material). Fig. 6
shows the spectra of the chestnut burr powder, the extract obtained after 
hydrolysis, the extracted cellulose after bleaching with 2% NaClO at 
35 ◦C, and the commercial cellulose. The main absorption bands, along 
with their corresponding bonds, vibrations, and associated components, 
are summarised in Table 5.

The chestnut burrs spectrum exhibits characteristic lignin adsorption 
bands at 1718 and 1603 cm− 1, along with the bands corresponding to 
cellulose at 1159, 1027 and 894 cm− 1, confirming the presence of both 
components in the raw material. Analysis of the spectra after alkali 
hydrolysis and after bleaching shows progressive attenuation of the 
lignin bands, indicating lignin removal throughout the extraction pro
cess. The similarities between the spectra of commercial cellulose and 
the bleached extracted cellulose, particularly in the intensity of the 
bands at 1159, 1027 and 894 cm− 1, confirm the successful extraction 
and high cellulose content of the final product [11,15,42,44]. Notably, 
the increasing intensity of the 1027 cm− 1 band from chestnut burr to the 
hydrolysed extract, and further to the bleached extract, reflects the 
progressive increase in cellulose content and reduction of lignin. This 
band, attributed to the C – O stretching vibration between cellulose 
chains [44], reflects the linear and rigid molecular structure of cellulose. 
The peak at 894 cm− 1 is assigned to the β(1 → 4) glycosidic bonds 
(–C1–O–C4–) characteristic of cellulose [36]. The stronger 3329 cm− 1 

peak observed for samples extracted with NaClO compared to those with 
H₂O₂ (Fig. A.1 – Supplementary Material) aligns with the wettability 
measurements, suggesting that NaClO treatment yields more hydro
philic cellulose [15]. Overall, the bleaching trials produced similar FTIR 

Fig. 4. CLSM images of commercial microcrystalline cellulose and extracted 
cellulose after bleaching. Magnification: 40 x.

Fig. 5. SEM images of chestnut burrs, extract obtained after hydrolysis step and extracted cellulose after bleaching. Magnification: 1000×.
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spectra, with consistent band positions but varying intensities depend
ing on the remaining content of each component.

3.2.4. Crystallinity
X-ray diffraction (XRD) analyses were performed to infer about the 

crystallinity of the extracted samples. Diffractograms of commercial 
microcrystalline cellulose, and the resulting products after hydrolysis 
and bleaching performed with 2% NaClO and 2% H2O2 are presented in 
Fig. 7. The main peaks exhibited in all samples at 15.4◦, 22.7◦ and 34.7◦, 
corresponding to the 101, 002 and 040 crystallographic planes of cel
lulose type I, respectively [44]. This confirms that the process applied 
can successfully extract crystalline cellulose type I from chestnut burrs. 
The difference in intensity and peak width at 22◦ between commercial 
cellulose and our samples indicates that the resulting product has lower 
crystallinity and a larger crystal size. Moreover, the residual peak at 27◦

is attributed to the 101 lattice plane assigned to the reflection of crys
talline silica (SiO2) [45], indicating the presence of residual inorganic 
matter in the extracted material. This appearance indicates minor 
inorganic contamination, due to the accumulation of soil-derived min
erals in the outer surface of chestnut burrs [46,47].

The CrI values calculated using Eq. (2) were 84.1%, 57.6%, 56.5% 
and 63.6% for commercial cellulose, the hydrolysed sample, the NaClO- 
bleached sample, and the H2O2-bleached sample, respectively. These 
results confirm that NaClO bleaching reduces crystallinity. The CrI 
values obtained are in agreement with biomass cellulose-derived re
ported in literature, such as 55% for melon residues [44] and 53% for 
fallen leaves [42]. However, they remain lower than those obtained 
from more crystalline sources, including cotton linter (75%) [48], sug
arcane bagasse (77%) [15], and pineapple leaves (73%) [41].

3.2.5. Molecular properties
The molecular weight was estimated from intrinsic viscosity mea

surements using the Mark–Houwink equation, and both Huggins' and 
Kraemer's extrapolations were evaluated. Although the Huggins' plot 
yielded inconsistent and highly negative intercepts due to increased 
viscosity at higher concentrations, indicating deviation from ideal 
dilute-solution behaviour at the tested concentration range. This 
behaviour could be explained by aggregation or shear sensitivity 
[49–51]. Therefore, Kraemer's plot enables estimating a reasonable 
intrinsic viscosity using the linear region at dilute concentrations (0.01 
to 0.04 g⋅mL− 1) to minimise concentration-dependent effects, where the 
behaviour is closer to ideal. Based on Kraemer's intercept, the intrinsic 
viscosity of cellulose was 57.22 mL⋅g− 1. This value suggests a molecular 
weight (Mv) of 1.32 × 104 g⋅mol− 1, corresponding to a degree of poly
merisation (DP) around 81. This value falls within the lower range 
typically reported for microcrystalline cellulose (MCC), which 

commonly exhibits DPs of 60 for cellulose with two chiral structures 
[52], or 130 for cellulose treated with 20% NaOH [53]. Thus, the cel
lulose extracted in this work shows a low DP, characteristic of micro
crystalline cellulose, offering advantages such as non-toxic, low density 
and biodegradability [54]. Moreover, the Mv obtained is similar in 
magnitude, 104 g⋅mol− 1, to values reported in the literature [52,53,55].

3.3. Pickering emulsion characterisation

Pickering emulsions were prepared using cellulose, with a purity of 
72%, extracted from chestnut burrs under bleaching conditions of 2% 
NaClO at 35 ◦C and pH 7. The selection of these particles for PE pro
duction was based on their emulsifying performance, which is related to 
their structural and surface properties. The potential of a solid particle to 
properly stabilise a PE depends on its wettability, particle size, shape 
and stability [25]. Particle wettability determines the emulsion type and 
the particle/oil interactions; the size of solid particles must be smaller 
than the droplets formed, and the shape influences the interfacial 
coverage and network properties [25]. For the formation of stable 
Pickering emulsions, smaller particles exhibiting an absolute Zeta po
tential greater than 15 mV are preferred [25], since Zeta potential values 
between - 15 and 15 mV have been associated with particle aggregation 
and flocculation in suspension. Thus, the zeta potential was measured 
after ultrasound treatment, and the particles obtained with 2% NaClO at 
35 ◦C presented the highest absolute value of 32.5 ± 0.43 mV.

Emulsions with a 20:80 O/W ratio were prepared using particle 
concentrations ranging from 0.2 and 2.5 wt% and characterised over one 
month of storage at room temperature (sampling time: 0, 2, 7, 15, 21 and 
30 days). Fig. 8 shows the macroscopic appearance (vial photographs) 
and OM images for the emulsions at different concentrations and 

Fig. 6. FTIR spectra of commercial cellulose, chestnut burr, extract after hydrolysis and extracted cellulose after bleaching.

Table 5 
Assignments of the absorption bands present in the FTIR spectra.

Wavenumber / 
cm− 1

Corresponding bonds Associated component

3329 -OH stretching vibration Cellulose/Lignin
2890 C-H stretching vibration Cellulose/Lignin
1718 Acetyl groups and ester 

groups
Phenolic compounds linked to 
lignin

1603 Vibrations of aromatic 
rings

Lignin

1414 Flexing of CH2 Cellulose
1313 CH deformation Cellulose
1159 C-O stretching Cellulose
1027 C-O-C asymmetrical 

stretching
Cellulose

894 β(1 → 4) glycosidic bonds Cellulose
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selected storage times (0, 15 and 30 days).
All emulsions exhibit some sedimentation shortly after production, 

which may be attributed to the high density of cellulose particles. 
Although the contact angle is below 90◦, indicating an overall hydro
philic character, the value of approximately 60◦ suggests that the par
ticles still possess a certain degree of affinity for the oil phase, which can 
contribute to sedimentation. Nevertheless, all droplets formed imme
diately after production presented a spherical shape.

At the lowest concentration (0.2 wt%), free oil is visible at the surface 
immediately after production and increases during storage. After 2 days, 
OM images show non-spherical droplets with a significant size variation. 
A creaming phase developed after 7 days and remained throughout the 
storage period.

At 0.5 wt%, the instability occurred later, with free oil detected at 15 
days. Through the OM image, at 15 days, the coalescence of the droplets 
can be observed, and a creaming phase appears after 15 days of storage.

The higher concentration (2.5 wt%), oil droplets were stable for up to 
15 days, but significant sedimentation of excess particles was observed. 
After this period, a creaming phase and some free oil appeared. At 1.5 wt 
%, sedimentation also occurred, but creaming developed earlier 
compared to 2.5 wt%.

The most stable emulsion was observed for 0.8 wt%, where droplets 
maintained their shape and size over the entire storage period. Visually, 
the emulsions appeared homogeneous after a slight agitation. This 
concentration appears sufficient to stabilise PEs using the extracted 
cellulose particles. Similar critical concentrations for cellulose-based 
PEs have been previously reported. For 20:80 O/W PEs, 0.8 wt% was 
found to prevent phase separation over short storage times, though some 
separation appeared with prolonged storage [56]. At different O/W ra
tios, stability was achieved at 0.5 wt% for 30:70 emulsions [57] and 
between 0.75 and 2 wt% for 10:90 emulsions [58]. However, using a 
commercial microcrystalline cellulose, with 84% of purity, the required 
concentration increases to 7.5 wt% for the same O/W ratio, exhibiting 
stability up to 60 days [28].

Mean droplet size measurements over the storage period of one 
month are summarised in Table 6. For the 0.5 wt% emulsion, the mean 
droplet size increased significantly, indicating coalescence and loss of 
stability. For the 0.2, 1.5, and 2.5 wt% emulsions, the observed reduc
tion in droplet size over time may be attributed to a high polydispersity 
of these systems. Since instability phenomena such as phase separation 
and creaming formation were identified, the emulsion tends to separate 
during sampling. As only a subset of droplets is sampled, the analysed 
population may not accurately reflect the full emulsion, potentially 
leading to an underestimation of the average droplet size. Consequently, 
creaming and sedimentation processes alter the distribution of droplets 
available for imaging or laser diffraction, an effect that is particularly 

pronounced at low particle concentrations. The 0.8 wt% emulsion 
maintained a consistent droplet size throughout the analysis, confirming 
its superior stability.

Moreover, the differences observed in droplet size across the con
centrations evaluated can be rationalised as follows: at low particle 
concentrations, insufficient interfacial coverage leads to partial coales
cence and free-oil release, leaving a dispersed phase enriched in smaller 
droplets; at intermediate concentrations, increased particle availability 
enhances interfacial saturation during homogenisation, yielding smaller 
droplets; at high concentrations, the excess non-adsorbed particles form 
a three-dimensional network surrounding the droplets and producing an 
apparent increase in the measured droplet size.

The mechanism of stabilisation was analysed by CLSM. Fig. 9 shows 
the oil droplets (stained green), the cellulose particles (stained blue), 
and the corresponding overlapped images, highlighting the interactions 
between the particles and the oil phase. The images suggest that stabi
lisation occurs primarily through the formation of a three-dimensional 
network of interconnected larger, elongated cellulose particles, which 
entrap oil droplets and prevent coalescence. In addition, smaller cellu
lose particles are observed adsorbed at the oil-water interface, reducing 
interfacial tension.

This dual stabilisation mechanism has been previously described 
[59], where network formation increased with particle concentration. 
Similar observations were reported, where both adsorption of smaller 
particles onto the oil surface and particle-particle interactions between 
larger particles leading to a three-dimensional network were observed 
[60,61]. In addition, it has been suggested that the adsorption of smaller 
cellulose particles occurs through depletion attraction, while the for
mation of the network structure is driven by steric hindrance [56].

The higher amorphous content of chestnut burrs-derived cellulose 
makes the particles less rigid, enhances their wettability, and allows 
partial deformation and rearrangement at the oil–water interface, 
compared to rigid, highly crystalline cellulose. This structural flexibility 
promotes efficient interfacial adsorption and formation of a particle 
network, even at low concentrations. In contrast, highly crystalline 
cellulose is mechanically rigid and less capable of interfacial rear
rangement, resulting in poorer coverage and requiring substantially 
higher particle loadings to establish comparable network connectivity 
and stabilisation.

In a previous study from our group, a Pickering emulsion stabilised 
with 7.5 wt% commercial microcrystalline cellulose exhibited stability 
for up to 60 days [28]. The emulsion prepared in the present work using 
only 0.8 wt% chestnut burrs–derived cellulose achieved comparable 
stability, despite a ten-fold lower particle concentration and the same O/ 
W ratio. This pronounced difference indicates that material origin, su
pramolecular organisation, and surface properties play a critical role in 

Fig. 7. XRD diffractograms of commercial cellulose, extract after hydrolysis, and cellulose obtained by NaClO-bleached and H2O2-bleached.

J. Lains et al.                                                                                                                                                                                                                                    International Journal of Biological Macromolecules 343 (2026) 150438 

10 



emulsifying performance. In the case of chestnut burr–derived cellulose, 
a dual stabilisation mechanism is observed: both the formation of a 
three-dimensional particle network and the adsorption of smaller cel
lulose particles at the oil–water interface contribute to droplet stabili
sation. By contrast, commercial microcrystalline cellulose, being highly 
crystalline and rigid, stabilises emulsions primarily through network 

formation, with limited interfacial adsorption, requiring higher particle 
loadings. Consequently, emulsions stabilised with chestnut burr cellu
lose exhibited smaller and more uniform droplets (≈12 μm) compared 
with the larger droplets (≈18.7 μm) formed with microcrystalline cel
lulose, reflecting the enhanced interfacial activity afforded by its more 
amorphous and deformable structure. Overall, these results demonstrate 
the high efficiency of chestnut burr–derived cellulose as a natural, low- 
load Pickering stabiliser and highlight the functional advantages 
conferred by its amorphous character.

4. Conclusions

This study demonstrates the effective extraction of cellulose from 
chestnut burrs, an abundant and underutilised agricultural by-product. 
The extraction process involved sequential physical and chemical pre- 
treatments, followed by alkali hydrolysis and bleaching. Among the 
tested parameters, temperature was identified as the most influential 
variable in alkali hydrolysis, whereas reaction time had minimal impact 

Fig. 8. Emulsion vial photographs and OM images of PEs showing the effect of cellulose particle concentration and storage time. All OM images were captured at 20 
x magnification.

Table 6 
Mean droplet size of PEs prepared with cellulose particles extracted from 
chestnut burrs over 30 days storage.

Mean Droplet Size / mm

Emulsion 0 days 15 days 30 days

0.2 wt% 8.93 ± 1.25 8.53 ± 0.96 6.71 ± 0.12
0.5 wt% 13.31 ± 0.50 13.52 ± 0.13 18.83 ± 0.85
0.8 wt% 12.39 ± 0.19 11.76 ± 0.22 14.76 ± 0.42
1.5 wt% 10.20 ± 0.42 12.53 ± 0.13 7.66 ± 0.38
2.5 wt% 13.08 ± 0.88 10.59 ± 0.37 8.16 ± 0.07
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beyond one hour. A 10% NaOH solution at 100 ◦C for 1 h and a biomass- 
to-solvent ratio of 1:20 g/mL yielded a cellulose-rich material with a 
content of 68% and a mass recovery of 32% from the initial biomass. 
Subsequent bleaching using 2% NaClO at 35 ◦C under neutral pH further 
improved the cellulose content to 72%, reduced lignin by an additional 
7%, enhanced product whiteness, and decreased the mass yield to 28%. 
Given that the material is biomass-derived, a cellulose purity of 72% is 
relatively high and underscores the suitability of chestnut burrs as a 
promising cellulose source. Nevertheless, the remaining lignin and 
hemicellulose influence the physical properties of the material, so it 
must be carefully evaluated to ensure its suitability for the intended 
application.

The choice of bleaching agent used influenced the morphology of the 
cellulose particles. Sodium hypochlorite promoted the formation of 
more amorphous structures, whereas hydrogen peroxide preserved their 
crystalline component. When H2O2 is used, a concentration as low as 2% 

is sufficient, as higher concentrations do not lead to further improve
ment. Moreover, maintaining a neutral pH was essential to avoid 
structural degradation.

The resulting microparticles (~55 μm) displayed negative surface 
charge and hydrophilic behaviour, suitable for stabilising oil-in-water 
Pickering emulsions. At a concentration of 0.8 wt%, the extracted cel
lulose formed stable emulsions with droplet sizes around 12 μm, main
taining physical stability for at least 30 days. Confocal microscopy 
revealed that emulsion stabilisation occurred through a dual mecha
nism: particle adsorption at the oil–water interface and network for
mation that restricted droplet coalescence.

These findings highlight the potential of chestnut burr-derived 
microcellulose as an effective, biodegradable alternative to conven
tional surfactants. This approach contributes to the sustainable valor
isation of agricultural residues and supports the development of natural 
emulsifiers for food, cosmetic, and pharmaceutical applications.

Fig. 9. CLSM images of 1.5 wt% PEs after 1 day storage time: oil phase in green (Nile red stain); cellulose particles in blue (calcofluor white stain). Images were 
registered at 40× magnification without zoom and at zoom 6, and 60× magnification with zoom 8.
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