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Cellulose, an environmentally friendly material, is abundantly available in Thailand as pulp and has significant
potential for use in sustainable plant protection; however, the raw material is not directly suitable for such
applications. To address this, colloidal cellulose with high water dispersibility was synthesised by treating

Eucalyptus pulp with sulphuric acid (H,SO4). The optimised conditions involved a 24 hour treatment,

producing colloidal cellulose with an average particle size of 0.57 + 0.03 um, the smallest size achieved.
The cellulose morphology, consisting of submicron and nanoscale fragments and particles, was confirmed
by transmission electron microscopy, field-emission scanning electron microscopy, and dynamic light
scattering analyses. This microstructural transformation, driven by H,SOg4-induced gelatinization and

regeneration, led to decreased crystallinity, as observed in X-ray diffraction patterns and infrared spectra.

The formation of colloidal cellulose as a film with adhesive properties on complex plant surfaces is
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facilitated by hydrogen bonding and hornification mechanisms.

Additionally, colloidal cellulose

demonstrated high compatibility with cuprous oxide, which was used as a model agricultural protective
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rsc.li/rsc-advances

1. Introduction

Cellulose, an abundant and eco-friendly biopolymer, is
receiving increasing research attention due to the growing
emphasis on sustainability across many sectors. Sourced from
industrial plants such as eucalyptus, pine trees,” and pineapple
leaves,® cellulose is a key material used in a range of industries.
Its widespread application, often involving conversion into
high-purity pulp, is driven by its low toxicity, broad availability,
and compatibility with diverse material surfaces.* In Thailand
alone, the pulp industry consumes over 3.8 million tons of
cellulose annually, supporting multiple paper industries.® Its
versatility has led to the development of diverse cellulose-based
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agent, showing a reduction of over 99% in E. coli and S. aureus abundance, highlighting the potential of
colloidal cellulose as a sustainable coating agent or adjuvant in agricultural protection strategies.

products ranging from food packaging® and biodegradable
films to energy storage devices” and medical applications;® thus,
high-purity cellulose is a sustainable material with a widespread
variety of industrial and healthcare applications.**

There is an increasing focus on reducing synthetic chemical
use, such as fertilizers and pesticides, in modern agriculture to
produce high-quality, safe, and environmentally friendly prod-
ucts, a practice known as organic farming.'* A key strategy in
organic farming is the use of natural substances like cellulose,
a biodegradable material with significant potential. Cellulose has
a variety of agricultural applications, including fungicides, fruit
coatings, and soil moisture retention agents.**> The effective
management and renewability of natural resources have been
demonstrated through cellulose applications.'* These examples
promote sustainable approaches aligned with the United
Nations' Sustainable Development Goal (SDG) 12: “Responsible
Consumption and Production”.” As a natural, environmentally
friendly substance, cellulose represents a sustainable option with
diverse uses, thus promoting responsible agricultural practices in
line with the SDG principles.

Cellulose consists of glucose subunits linked by B-1,4-glyco-
sidic bonds, in contrast to the a-1,4-glycosidic bonds found in
starch.* Hydrolysis of these bonds produces various forms of
cellulose, including nanofibers, nanocrystals, amorphous cellu-
lose, and microcrystalline cellulose.” The morphology and
properties of these forms can be controlled by using different
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acids, such as, hydrochloric acid, phosphoric acid and sulphuric
acid (H,S0,)."* Among these, H,SO, is particularly effective as it
rapidly hydrolyses the amorphous regions of cellulose while
preserving crystalline regions, which are decorated with sulphate
groups due to the action of H,SO,, resulting in a stable water
suspension.'”*® The choice of acid in cellulose processing
significantly influences the particle size of the product, ultimately
affecting its water dispersibility and suitability for different
agricultural applications. Processed cellulose exhibits excellent
water dispersibility and colloidal stability," thus making pulp an
ideal raw material for colloidal cellulose synthesis.

Pulp, a fibrous lignocellulosic material, serves as the primary
raw material in the manufacture of paper and other industrial
paper products due to its high cellulose content, typically
exceeding 70%.?° Pulp fibres typically range from 1 to 5 mm in
length and exhibit branched or aggregated structures.>* Due to
this network structure, pulp fibre cannot be dispersed in water.
Water-soluble agents are more suitable for agricultural appli-
cations; therefore, reducing the pulp fibre size to the colloidal
scale is essential for achieving a solution with stable dispersion.
To achieve this, H,SO, was used as an acidic treatment to cleave
the B-1,4 glycosidic bonds, which form the main backbone of
the cellulose fibres.

In this study, pulp with a high cellulose content was effec-
tively converted from a long fibre structure into smaller frag-
ments through sulfuric acid (H,SO,) treatment. This
transformation was confirmed through morphology and
particle size analyses conducted using field-emission scanning
electron microscopy (FE-SEM), dynamic light scattering (DLS)
techniques, and transmission electron microscopy (TEM). The
crystallinity and molecular structure of the modified cellulose
were further characterised using X-ray diffraction (XRD) and
infrared spectroscopy (IR). The resulting cellulose particles
exhibited excellent water dispersibility and long-term colloidal
stability. These particles were readily transformed into films
with good adhesion to complex plant surfaces. Importantly, the
modified cellulose did not interfere with the activity of disin-
fectants or antimicrobial agents, thus making it an ideal carrier
or adhesion enhancer for organic or non-toxic agriculture. This
application is consistent with SDGs by promoting the sustain-
able production of safe, environmentally friendly food.

2. Materials and methods

2.1. Chemicals and materials

The eucalyptus pulp used in this study was sourced from
Phoenix Pulp and Paper Plc Ltd (Thailand). The H,SO, (97 wt%)
was obtained from Sigma-Aldrich and used without further
purification. Dialysis tubing, with a 14 000 Da molecular weight
cutoff, was purchased from Innovating Science. All the chem-
icals were of analytical grade and used as received. Deionised
(DI) water was used as the solvent throughout the study.

2.2. Synthesis of colloidal cellulose

The colloidal cellulose was synthesised using an acidic treat-
ment process adapted from previous research.”” Initially,
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approximately 5 g of pulp sheet was cut into 1 cm? pieces and
soaked in 40 mL of 30% v/v H,SO, for varying durations (6, 12,
24, and 48 hours). During this step, the pulp dispersed easily in
the medium. The pre-treated pulp was then mixed with 40 mL of
80% v/v H,SO, and stirred at 750 rpm. This strong acidic
treatment induced a vivid yellow colour, indicative of the
cleavage of cellulose derivatives and glucose molecules.* After
1.5 hours of stirring, the pulp transitioned into a cellulose gel,
to which 415 mL of DI water was progressively added while
mixing at 1500 rpm using a homogenizer for 5 minutes. The
resulting opaque yellowish-white solution, indicating colloidal
dispersion, underwent dialysis for 7 days to adjust the pH to 5-
6. This process ultimately yielded an opaque white colloidal
solution.

2.3. Characterization of colloidal cellulose

The pulp samples subjected to acidic treatment, along with the
untreated pulp, were analysed using various techniques to
assess their dimensions, morphology, and crystalline structure.
The FE-SEM (Quanta FEG 250, FEI), DLS (Mastersizer 3000,
Malvern) and TEM (JEM-2100 TEM, JEOL) techniques were
employed to the samples’ dimensions and
morphology. XRD patterns were collected using an X-ray
diffractometer (SmartLab, Rigaku) operated at 40 kV and 40
mA with CuKa radiation. Attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectroscopy (Nicolet iS5,
Thermo Scientific) with a diamond probe was used to obtain
molecular bonding information across a wavenumber range of
400 to 4000 cm ™~ '. The adhesion properties were evaluated via
a lap shear test on a universal testing machine (EX800Plus,
Lloyd) with a 1 kN load at a crosshead speed of 10 mm min .
The interfacial phenomena were studied using a contact angle
goniometer (Model 200-F1, Ramé-Hart Instrument), and the
temperature profile was analysed using a thermogravimetric
analyser (PYRIS-1 TGA, Shelton) under a nitrogen atmosphere.

examine

2.4. Antimicrobial efficacy

The antimicrobial efficacy of an agricultural protective agent,
with and without colloidal cellulose, was evaluated using
a modified BSEN 1276:2019 protocol** provided by the Depart-
ment of Microbiology, Chulalongkorn University, Thailand.
Cuprous oxide (Cu,O) was chosen as the model agricultural
protective agent to assess the influence of colloidal cellulose on
antimicrobial activity. In this test, 5 mL/5 mL inoculum/sample
was initially incubated in darkness at 37 °C with a humidity of
90% for 15 minutes. The antimicrobial effectiveness was tested
against Escherichia coli (E. coli) and Staphylococcus aureus (S.
aureus), and the percentage reduction was calculated based on
the viable bacterial count before and after treatment.

3. Results and discussion
3.1. Influence of acidic treatment

In this work, two highly effective cellulose hydrolysis steps were
applied using two different concentrations of H,SO,. The first
step (pre-treatment) recrystallizes the cellulose while the second

© 2024 The Author(s). Published by the Royal Society of Chemistry
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step (post-hydrolysis) converts the amorphous cellulose to
glucose.” This process not only reduces the length of cellulose
chains into smaller fragments with water-soluble molecules but
also induces gelatinization and regeneration, thus influencing
the crystallinity and size of the resulting cellulose structures.*
The efficiency of cleaving the cellulose units depended on the
H,SO, concentration and incubation time.?®

To investigate the impact of acidic treatment on cellulose
morphology, raw pulp was treated with a high concentration of
H,SO, for 6, 12, 24, and 48 hours. The high acid concentration
was chosen to minimize the incubation time. FE-SEM was
employed to evaluate the size and morphological changes in the
pulp before and after acidic treatment, as shown in Fig. 1. The
untreated pulp (Fig. 1A) displayed long, branched fibres up to
several micrometres in length, with an estimated diameter of
approximately 10 pm. Upon visual observation, the fibre rapidly
separated from the dispersion after mixing with water.
Following treatment with H,SO, for 6-24 hours (Fig. 1B-D), the
fibres were fragmented from long to short submillimetre
lengths, with packing of small particles observed at the bottom
of the specimen. Following the drying process, a white thin film
of synthesised cellulose was observed, while the dispersion
remained opaque white, indicating the presence of colloidal-
sized particles.

To quantify this effect, DLS was applied to measure the fibre
size distribution (ESI, Fig. S1}). The average size decreased from
3.94 + 0.64 um at 6 hours to 1.83 £+ 0.25 pum at 12 hours and
further to 0.57 £+ 0.03 um at 24 hours. Notably, at 48 hours, two
distinct fibre size distributions were observed, with an average
of 0.64 + 0.07 um and 5.47 + 0.07 pm, likely caused by the
aggregation of smaller fibres to reduce surface energy for self-
stabilization (ESI, Fig. S21).” The initial observations sug-
gested that a 24 hour acidic treatment produced the smallest
cellulose short fibres; however, FE-SEM analysis revealed the
presence of larger fibres (100 um in fibre length, approximately)
inconsistent with the DLS data. To clarify this discrepancy, TEM
was used, which confirmed the presence of nanocellulose after
24 hours of acidic treatment (ESI, Fig. S31). Consequently, the
24 hour treatment duration was selected for subsequent
experiments.

Fig. 1 FE-SEM images showing pulp fibre structure (A) before acidic
treatment and the transformed structures after acidic treatment at 6,
12, and 24 hours (B, C, and D, respectively).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2. Microstructural detail of colloidal cellulose

The submicron-scale colloidal cellulose obtained from the
previous section was used for a detailed investigation of its
physical properties and molecular characteristics. During the
acidic treatment, not only did the particle size of the long-chain
cellulose fibres decrease but the crystallinity of the cellulose
also likely changed. In plant applications, the crystallinity of
cellulose is a key property that influences this material's
mechanical strength, water affinity, and reactivity to chemical
agents.”® Thus, the crystallinity of the colloidal cellulose was
analysed and compared with that of the original material. The
XRD patterns of both samples (Fig. 2) show a maximum peak
intensity corresponding to the (002) facet of crystalline cellu-
lose. The crystallinity index (CI), representing the percentage of
crystalline cellulose, was calculated using eqn (1).>*°

(Zoo2 — Iam)

Cl =
Too2

x 100 (1)
where Iy, and I, represent the XRD intensities at 26 angles of
22.6° and 18.6°, corresponding to the (002) facets of crystalline
and amorphous cellulose, respectively. Normally, the XRD
peaks of the treated sample are broader than those of the
original pulp, indicating a reduction in crystalline content
following treatment.*® The CI of the original material was
calculated as 86%, whereas the colloidal cellulose exhibited
a lower CI of 68%. This observed 20% decrease in crystallinity
suggests that the high-crystallinity cellulose in the pulp source
was transformed into an amorphous or non-crystalline form
during treatment.

Additionally, IR spectroscopy was applied to compare the
molecular structures of the original and acid-treated cellulose
(Fig. 3). The results revealed that most band assignments were
consistent between the two samples, including the C-H rocking
vibration at 890 cm !, the C-C, C-OH, C-H ring, and side group
vibrations at 1030 cm ™', C-O-C stretching of the B-1,4-glyco-
sidic linkages at 1160 cm ™', symmetric CH, bending vibration
(crystallinity band) at 1435 cm™ ', O-H bending of absorbed
water at 1650 cm ™', the C-H stretching vibration at 2890 cm™*,
and the O-H stretching vibration at 3330 cm ™ '.3>% These
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Fig. 2 XRD patterns of original pulp fibre (pristine) and colloidal
cellulose (treated).
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Fig. 3 IR spectra of original pulp fibre (pristine) and colloidal cellulose
(treated).

consistent band assignments confirm that the molecular
structure of the cellulose remained largely intact during the
treatment process, with no significant residual impurities post-
purification (grey dashed line, Fig. 3). Notably, the O-H group,
responsible for the water-dispersibility of the colloidal cellulose,
was still present.* However, the crystallinity band at 1435 cm ™"
(blue dashed line, Fig. 3) was less intense in the colloidal
cellulose compared to the original pulp, indicating that the acid
treatment process reduced the crystallinity of the cellulose,
consistent with the observations from XRD data.

Overall, our study not only achieved colloidal-sized cellulose
particles but also significantly decreased the crystallinity of the
cellulose compared to the original pulp fibre. As previously re-
ported, the amorphous form of cellulose is characterised by
enhanced hydrophilicity, reactivity, and enzymatic digestibility
compared to the more thermodynamically stable crystalline
cellulose.'>* Therefore, colloidal cellulose with non-crystalline
parts may improve the potential of this material for agricul-
tural applications, which we explore further in Section 3.4.

3.3. The assembly of colloidal cellulose

Under drying conditions, the colloidal cellulose self-assembled
into a film, as confirmed by visual inspection and FE-SEM
imaging (Fig. 1), indicating its potential application as
a coating agent or adjuvant for agricultural protective agents. To
demonstrate its excellent surface adhesion properties, colloidal
cellulose was applied to complex plant structures. The lotus
leaf, known for its superhydrophobic characteristics, was
chosen as the test substrate. FE-SEM images revealed the
intricate surface architecture of the lotus leaf (Fig. 4A),
including papillae, wax clusters, and wax tubules, all of which
contribute to its remarkable water repellence.*® The water
contact angle on this surface measured 152°, confirming its
superhydrophobicity (inserted photo, Fig. 4A). A 1.5% w/v
colloidal cellulose solution was then sprayed onto the lotus
leaf for 10 seconds (Fig. 4B), 20 seconds (Fig. 4C), and 30
seconds (Fig. 4D). Notably, concentrations above 1.5% w/v
caused the spray head to become blocked; thus, the
maximum possible concentration of 1.5% w/v was used here.

32004 | RSC Adv, 2024, 14, 32001-32007
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Fig. 4 FE-SEM images of lotus-leaf surface sprayed with 1.5% w/v
colloidal cellulose for (A) O, (B) 10, (C) 20 and 30 (D) seconds, with inset
digital images showing the DI water contact angle for each
configuration.

Microscopic analysis revealed that the colloidal cellulose
assembled into a film layer, with more complete coverage ach-
ieved with longer spray durations. The formation of this film
altered the lotus leaf's wettability, as evidenced by the decrease
in water contact angles to 132°, 130°, and 120° after spray times
of 10, 20, and 30 seconds (inserted photo, Fig. 4B-D), respec-
tively. These results demonstrate that colloidal cellulose can be
effectively applied via spraying, with the potential to fully coat
hierarchical structures and plant leaf surfaces.

To investigate the adhesive properties of the obtained
colloidal cellulose, lap shear tests were conducted on wood
using colloidal cellulose of concentrations ranging from 1.5% to
3.0% w/v. The test results revealed wood-adhesive interfacial
failures, as classified according to the ASTM D5573 standard,
which identifies six primary failure modes.’” All the samples
exhibited adhesive failure with opaque white film remaining on
the wood surface, indicating varying levels of adhesive
strength.?®*° The average shear strength (MPa) and standard
deviation were calculated from three specimens per condition.
As shown in Fig. 5, the shear stress versus strain percentage plot
indicates a maximum shear stress of 0.14 + 0.01 MPa for the
highest cellulose concentration. A 30% reduction in shear stress
was recorded for the samples with cellulose concentrations of
2.0% and 1.5% w/v, both yielding values of 0.10 4= 0.01 MPa. The
stress-strain curves suggest that colloidal cellulose exhibits
weak adhesive properties, with a pronounced tendency towards
brittleness.*®** At a concentration of 1.0% w/v, the colloidal
cellulose failed to adhere to the wood in the lap shear test,
demonstrating lower adhesion than carboxymethyl cellulose
applied at a similar concentration.*?

The brittleness implied by the shear stress-strain curve
suggests that the material's high cohesive strength leads to
cracking.®® Furthermore, adhesive failure likely occurs due to
mechanical interlocking at the interface without chemical
bonding.** This failure type and trend from lap shear tests
indicate that colloidal cellulose may self-accumulate rather
than form bonds with other substrates. This hypothesis is
plausible, given that both crystalline and amorphous cellulose
structures primarily exhibit cohesive forces from hydrogen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Shear stress—strain curves of colloidal cellulose during lap shear
testing with colloidal cellulose concentrations ranging from 1.5 to 3.0%
wi/v.

bonding, along with significant dispersion forces and electro-
static interactions.*® The self-forming nature of cellulose, along
with its ability to connect surface particles, is reliant on
hydrogen bonding; however, the weaker adhesive properties of
colloidal cellulose compared to cellulose derivatives may result
from reduced hydrogen bonding.*® Therefore, the hydrogen
bonding of colloidal cellulose compared to pulp fibre should be
investigated in further detail in future research.

Hydrogen bonding plays a key role in the interactions
between cellulose chains, significantly influencing their
morphological transformation. The IR spectra shown in Fig. 3
highlight the primary vibrational mode of the OH group at
3330 cm ™. To explain the other hydrogen bonding activity, the
band assignments within the 3000-3700 cm ™" range are densely
concentrated, corresponding to the vibrational activity of the
O-H bond, which is indicative of cellulose.*” To further analyse
this region, a Voigt function was employed for deconvolution,
enabling curve fitting and identification of the band assign-
ments. Fig. 6 illustrates the results of this process for pulp fibre
and cellulose film from colloidal solution, respectively.
Consistent with previous studies by Lee et al, hydrogen
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Fig. 6 FT-IR spectra of (A) pulp fibre and (B) cellulose film with Voigt
curve fitting in the range of 3000-3700 cm™™.
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bonding in cellulose is characterised by the activity of inter- and
intrachain hydrogen bonds within the cellulose unit.**

The deconvolution of the IR spectra suggests two distinct
regions: intrachain and coupled hydrogen bonding within the
cellulose unit (3270-3410 cm ') and hydrogen bonding in less-
crystalline cellulose or on cellulose surface regions
(~3450 cm™ ). The prominent peaks in the less-crystalline or
surface regions in Fig. 6B imply the occurrence of hydrogen
bonding within the low-crystallinity structure forming the
cellulose film. Additionally, this finding is consistent with the
weak vibrational mode observed at 1435 cm ™' (blue dashed
line, Fig. 3) in the treated sample. Therefore, the formation of
cellulose film should also decrease the cellulose’s crystallinity.

To explain the film formation, colloidal cellulose with high
water content may undergo particle-particle bonding via
hornification during the drying process.*® Hornification reduces
the crystallinity of cellulose,” thus explaining the low-
crystallinity structures observed in both the XRD pattern
(Fig. 2) and IR spectra (Fig. 3 and 6). To explore this aspect
further, the thermal decomposition profile of the cellulose film
was analysed by TGA (ESI, Fig. S47). A gradual weight loss of
approximately 10% at up to 150 °C corresponds to the loss of
residual moisture or loosely bound water within the cellulose
structure,® thus indicating that some water molecules remain
within the cellulose film. The TGA results support the concept
that cellulose accumulation from small colloidal particles
(crystalline and non-crystalline forms) into a larger film occurs
when trace amounts of water are present, consistent with the
hornification process.*® Furthermore, the presence of trace
water corresponds to the vibrational mode at a wavenumber of
3485 cm™', indicating hydrogen bonding between hydroxyl
groups and interlayer water (Fig. 6B).°* Overall, by integrating
the data from electron microscopy, vibrational spectroscopy,
and thermal decomposition profiles, the assembly of colloidal
cellulose can be schematically illustrated as a process driven by
hornification, as shown in Fig. 7.

3.4. Application with crop protection

To demonstrate the advantages of colloidal cellulose, the
material obtained in this study was utilised as a dispersive
medium for Cu,O, a widely used antifungal agent in agricul-
ture.®> A 1.0% w/v colloidal cellulose solution containing
200 mg L™ Cu,O was tested for its ability to reduce the growth

Drying process

€
*
é o
“ _\' " Crystalline
L3
l" ’{ . Non-crystalline

Fig. 7 Schematic representation of the transformation of colloidal
cellulose into a film via the hornification process, including drying and
hydrogen bonding within cellulose units.
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Fig. 8 Plot showing the antimicrobial efficacy of Cu,O, both in the
presence (blue bar) and absence (red bar) of colloidal cellulose, which
was assessed by measuring the number of viable bacteria, specifically
(A) E. coli and (B) S. aureus, at 0 and 15 minutes.

of E. coli and S. aureus, thus measuring the antimicrobial effi-
cacy of Cu,0. The reduction in bacterial growth was assessed by
measuring the number of viable bacteria in colony-forming
units (CFU) before and after 15 minutes of treatment with
Cu,0, with and without colloidal cellulose, as shown in Fig. 8.
The percentage reduction was calculated using eqn (2).%

(B—4)

% reduction = x 100 (2)

where A and B represent the number of viable bacteria after and
before treatment (CFU mL™"), respectively. The results indi-
cated that both Cu,O alone and Cu,O with colloidal cellulose
reduced the number of viable E. coli and S. aureus by >99%, with
no significant difference in antimicrobial activity recorded
between the two treatments (Fig. 8). This suggests that colloidal
cellulose does not interfere with the antimicrobial properties of
Cu,0 and can therefore be combined with agricultural agents to
potentially enhance the contact time and coverage on complex
plant surfaces.

4. Conclusions

In this study, we successfully synthesised colloidal cellulose
with excellent water dispersibility through the acidic treatment
of eucalyptus pulp. The optimised conditions, involving 24
hours of treatment, produced colloidal cellulose with an
average particle size of 0.57 + 0.03 pm, representing the
smallest particle size achieved. Following the incubation and
drying processes, the crystallinity of the cellulose decreased due
to hornification, leading to the formation of a film with adhe-
sive properties on complex plant surfaces. Importantly, the
presence of colloidal cellulose did not diminish the efficacy of
crop protection agents, as evidenced by consistent antimicro-
bial efficiency in formulations with and without the colloidal
additive. Therefore, colloidal cellulose, with its high compati-
bility with plant surfaces, holds significant potential as
a sustainable coating agent or adjuvant in agricultural protec-
tion strategies.
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