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Welcome Message

Assoc. Prof. Surin Laosooksathit
’ ’ President of Nanotechnology Association of Thailand

On behalf of the Nanotechnology Association of Thailand and NANOTEC, it is with
great pleasure and privilege to extend a warm invitation to you for participating in
the 9t Thailand International Nanotechnology Conference (NanoThailand 2025),
which will be held between 3-5 November 2025 at Royal Orchid Sheraton Riverside
Hotel Bangkok, Thailand.

The theme of the conference is “Revolutionizing the Future”. The objectives are to
apply nanotechnology in various fields for a better life, to create a platform
for knowledge exchange to further advance technological areas, and to exhibit the
latest innovations of the industries. In order to realize the objectives of the
conference, outstanding keynote speakers, guest speakers and renowned researchers
are invited to present significant progress in the areas of their expertise.

The conference will provide a platform for experienced researchers in nanotechnology and
practitioners from both academia and industry to meet and share cutting-edge
development in the field.

On behalf of the organizing committee, we would like to express our strong belief
the participating in the NanoThailand 2025 will be a memorable experience, and we
look forward to welcoming you to Thailand.
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Welcome Message

Dr. Uracha Ruktanonchai
Executive Director of the National Nanotechnology Center (NANOTEC)
’ ’ and Chairperson of NanoThailand 2025 Organizing Committee

On behalf of the National Nanotechnology Center, it is my great pleasure and privilege
to extend a warm invitation to you all for participating the 9t Thailand International
Nanotechnology Conference (NanoThailand 2025). The conference will be held during
3-5 November 2025 at Royal Orchid Sheraton Riverside Hotel Bangkok, Thailand. | would
like to take this opportunity to express my sincere appreciation to the Nanotechnology
Association of Thailand to co-host this conference.

The theme of the conference is “Revolutionizing the Future”. The objectives are to
apply nanoscience and nanotechnology for a better life and well-being to create a
platform for knowledge exchange and to exhibit the latest innovations to the
industries. At present, we are collaborating in areas such as e-science, renewable energy
and the development of novel drugs to combat a range of infectious diseases.
Therefore, Science, Technology, Innovation and technology know-how cooperation
among peers are very important. NanoThailand 2025 will provide a platform for
experienced researchers in nanotechnology and practitioners from both academics, as well
as industry to meet and share cutting-edge development in the field. In order to meet the
objectives of the conference, the world renowned speakers, and researchers are invited
to present the advancement of nanoscience and to update trend of the World’s
nanotechnology of their expertise.

| would like to welcome all participants, and to our overseas friends, please enjoy the
breath and depth of Science and Technology at the upcoming NanoThailand 2025 (3-5
November 2025) in the vibrant chao phraya river of Bangkok, Thailand where you could also
take times to absorb many attractive sites there is to offer in Bangkok, Thailand.
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Chelating-Solvothermal Synthesis of High-Performance Bimetallic Fe-Co Nanoparticles for
Enhanced Oxygen Evolution Reaction in Alkaline Media

Prawploy Phimnean'?, Laksamee Payattikul'?, Konlayutt Punyawudho'?*

!Energy Harvesting and Storage Laboratory, Chiang Mai University, 50200, Thailand

*Department of Mechanical Engineering, Faculty of Engineering, Chiang Mai University, 50200, Thailand
*E-mail: konlayutt.p@cmu.ac.th

Abstract:

Efficient and cost-effective electrocatalysts for the Oxygen Evolution Reaction (OER) are paramount
for sustainable hydrogen production via water electrolysis. This study reports a facile synthesis of bimetallic
Fe-Co nanoparticles on Ketjen black carbon (FeCo/K) through a chelating-agent-assisted solvothermal
method followed by pyrolysis at varied conditions (400—600 °C, 0.5-2 h). Structural characterization using
TEM and XRD confirmed the formation of well-dispersed, body-centered cubic (BCC) Fe-Co alloy
nanoparticles. Among the synthesized materials, the catalyst pyrolyzed at 500 °C for 2 hours (FeCo/K500-2h)
demonstrated superior OER activity in 1 M KOH. It required a low overpotential of only 318.5 mV to achieve
a current density of 10 mA c¢cm™2, which surpasses the benchmark RuQO: catalyst (331 mV). Furthermore, its
small Tafel slope of 52.8 mV dec™ signifies highly favorable reaction kinetics. This enhanced performance is
attributed to an optimal synergy between the Fe-Co alloy, well-controlled crystallinity, and the abundance of
metal-nitrogen-carbon (M-N-C) active sites derived from the chelating agent. Our work therefore provides a
promising strategy for the rational design of earth-abundant electrocatalysts for practical water electrolysis
applications.

intermediates (e.g., *OH, *O, *OOH) and lowering the

1. Introduction overall activation energy barrier.! To maximize their
The escalating global energy demand and potential, these nanoparticles are typically anchored on
pressing environmental concerns have catalyzed a highly conductive carbon supports, which not only
paradigm shift from fossil fuels towards sustainable prevent nanoparticle agglomeration but also ensure
energy sources. In this context, green hydrogen efficient electron transport pathways throughout the
produced via water electrolysis powered by renewable electrode. Furthermore, a highly effective strategy to
electricity is recognized as a cornerstone of a future boost performance is the incorporation of nitrogen (N)
carbon-neutral energy economy. The overall efficiency heteroatoms into the carbon matrix. N-doping modifies
of water electrolysis, which consists of the hydrogen the electronic structure of carbon and, critically,
evolution reaction (HER) and the oxygen evolution facilitates the formation of metal-nitrogen-carbon (M-
reaction (OER), is predominantly hindered by the N-C) coordination sites, which are believed to be
sluggish kinetics of the OER due to its complex four- exceptionally active centers for OER catalysis. 2
electron transfer process. While state-of-the-art OER While these individual strategies—alloying,
electrocatalysts are based on precious metal oxides like carbon support, and N-doping—are well-documented,
IrO: and RuO;, their widespread application is severely the novelty of this work lies in our specific synthesis
limited by their high cost, scarcity, and limited long- methodology and the systematic investigation of its
term stability in alkaline media. This necessitates the processing parameters. We employ a chelating-agent-
urgent development of efficient, durable, and cost- assisted solvothermal method where 1,10-phenanthroline
effective OER catalysts from earth-abundant elements. serves a critical dual function. Initially, it acts as a
Among various alternatives, transition metals chelating agent to promote the controlled,
such as iron (Fe), cobalt (Co), and nickel (Ni) have homogeneous nucleation of Fe and Co precursors on
emerged as highly promising candidates due to their the carbon support. Subsequently, during pyrolysis, this
intrinsic catalytic activity and low cost. Bimetallic same molecule decomposes to serve as an in-situ source
alloys, particularly Fe-Co systems, often exhibit for nitrogen, directly facilitating the creation of the
enhanced electrocatalytic performance compared to desired FeCo@N-C structures. However, the
their monometallic counterparts. This enhancement influence of the final pyrolysis conditions
stems from a synergistic electronic effect, where the (temperature and duration) on the structural and
presence of Fe can modulate the d-band center of Co, electrochemical properties of catalysts prepared
thereby optimizing the adsorption energies of OER via this integrated approach remains inadequately

-11-
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understood. A critical trade-off exists between
achieving high alloy crystallinity at elevated
temperatures and the concurrent risks of particle
sintering and degradation of thermally sensitive M-N-C
active sites. Therefore, this study undertakes a
systematic investigation of pyrolysis parameters to
elucidate  structure-activity — relationships. By
correlating the physical and electrochemical
properties, we aim to identify the optimal synthesis
window that balances these competing factors to produce
a highly efficient and robust Fe-Co OER electrocatalyst.

Fe (IID acetylacetonate
Cobalt (II) acetylacetonate

c'

.... . Heated
EtOH ——— ® ® ——

®
@ 120°C , 2h
Ketjenblack //* ° % @

temperature for durations of 0.5 hours, 1 hour, and
2 hours, respectively shown in Figure 1.

2.3 Characterization

The structural characteristics of the bimetallic
Fe-Co nanoparticles were examined through the
application of transmission electron microscopy
(TEM). TEM images were obtained utilizing a JEOL-
2100 Plus, functioning at an accelerating voltage of 200
kV. Moreover, the X-ray diffraction (XRD, Rigaku
SmartLab) utilizing Cu-Ka radiation was conducted to
assess the crystallinity structure of the synthesized

@ . Evaporated «~SEfSRESSISms Pyrolysis in N, [
o® — | TR

Figure 1. Synthesis of bimetallic Fe-Co nanoparticles by using solvothermal method.

2. Materials and Methods
2.1 Materials

Material used for the synthesis electrocatalyst
nanoparticles were cobalt (II) acetylacetonate (Sigma-
Aldrich) and iron (III) acetylacetonate (Sigma-Aldrich)
as metal precursors. Ethanol (RCI Labscan) served
as the solvent for solution preparation. The 1,10-
phenanthroline monohydrate (Kemaus, analytical
reagent) served as a chelating agent, while Ketjen
black (EC-600JD) functioned as the supported carbon.

2.2 Synthesis

The synthesis began by accurately weighing
out 0.0197 g of cobalt (II) acetylacetonate and 0.0256 g
of iron (III) acetylacetonate. These metal precursors,
along with 0.1953 g of 1,10-phenanthroline
monohydrate, were then dissolved in ethanol (6:1 molar
ratio 1,10-phenanthroline monohydrate to metal). The
solution was sonicated for 10 minutes to ensure
complete dissolution and uniform mixing. Following
this, 0.0698 g of Ketjen black carbon was added, and the
mixture underwent an additional 20 minutes of
sonication to achieve a well - dispersed suspension. The
resulting mixture was placed into a Teflon-lined
stainless-steel autoclave and underwent solvothermal
treatment at 120°C for a duration of 2 hours. Following
the solvothermal process, ethanol was evaporated from
the ensuing dispersion, yielding a black solid. This solid
was then pulverized using a mortar and pestle and
transferred to a ceramic crucible. Finally, the material
underwent pyrolysis in a nitrogen (N>) gas atmosphere.
The samples were heated to 400°C, 500°C, and 600°C
at a ramp rate of 10°C min’, maintaining each

sample and the element composition in the FeCo on
Ketjenblack carbon catalyst was using HRTEM with
Energy Dispersive Spectroscopy (EDS).

The electrochemical properties of our
synthesized Fe-Co/K electrocatalysts were evaluated.
The catalyst inks were prepared by dispersing 2 mg of
the electrocatalyst in a solution containing 0.114 mL of
deionized water and ethanol, along with 0.030 mL of a
5 wt% PFSA solution. This mixture was then sonicated
for 20 minutes to ensure homogeneity. A 0.25 cm?
section of Ni foam (1 mm thickness) was used as the
working electrode substrate, and the catalyst ink was
applied to achieve a consistent catalyst loading of 0.7 ug
catalyst/cm®.  Oxygen Evolution Reaction (OER)
activities were assessed using a Pine Instrument Co. bi-
potentiostat in a standard three-electrode configuration.
A platinum wire served as the counter electrode, an
Ag/AgCl electrode in 3M KCl solution was used as the
reference electrode, and the Ni foam with electrocatalysts
acted as the working electrode. All OER tests were
performed at room temperature in a 0.5 M potassium
hydroxide (KOH) solution under a nitrogen atmosphere.
The overpotentials and Tafel 5 sweep voltammograms
(LSV) at a scan rate of 5 mV s

3. Results
3.1 Bimetallic Fe-Co nanoparticles on carbon
support.

The morphology and dispersion of the
synthesized bimetallic nanoparticles were investigated
using Transmission Electron Microscopy (TEM). As
depicted in Figure 2, the TEM images confirm the
successful decoration of Fe-Co nanoparticles onto the
surface of the Ketjen black (K) carbon support across all
pyrolysis conditions. The nanoparticles generally
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Figure 2. TEM images of Fe-Co nanoparticles (a)

=

) |

FeCo/K400-0.5h (b) FeCo/K500-0.5h (c)

FeCo/K600-0.5h (d) FeCo/K400-1h (e) FeCo/K500-1h (f) FeCo/K600-1h (g) FeCo/K400-2h (h)

FeCo/K500-2h, and (i) FeCo/K600-2h.

exhibit a quasi-spherical shape and are well-distributed,
which is crucial for maximizing the exposure of active
sites and facilitating efficient mass transport. A detailed
analysis of the particle size, summarized in Table 1,
reveals a strong dependence on the pyrolysis temperature
and duration. At a short pyrolysis time of 0.5 hours, the
average particle sizes are relatively consistent, ranging
from 15.6 nm to 17.2 nm. However, as the pyrolysis
duration and temperature increases, a clear trend of
particle growth due to sintering is observed. For
instance, when pyrolyzed for 1 hour, the average
particle size increased from 13.5 nm at 400°C to 24.7
nm at 600°C. This phenomenon is expected, as higher
thermal energy promotes atomic diffusion and
agglomeration, leading to the formation of larger, more
thermodynamically stable nanoparticles. The sample
FeCo/K500-2h, which later shows the highest
electrocatalytic activity, possesses an average particle
size of 22.8 nm. The synthesis strategy, employing
1,10-phenanthroline as a chelating agent, plays a dual
role that is critical to the material final structure. During
the initial solvothermal step, it coordinates with Fe and
Co ions, preventing premature precipitation and
promoting the formation of uniformly sized precursor
complexes on the carbon support.’ Subsequently,
during high-temperature pyrolysis under a nitrogen
atmosphere, the 1,10-phenanthroline decomposes. This
process not only facilitates the reduction of metal ions
to their metallic state, forming the Fe-Co alloy, but it
also serves as a source for in-situ nitrogen doping of the
carbon matrix.* HRTEM/EDS analysis of the optimal

FeCo/K500-2h catalyst (Figure 3) quantifies the elemental
composition as 1.40 wt% N, 2.00 wt% Fe, and 2.29 wt%
Co. The elemental mapping confirms the spatial co-
location and overlaps of Fe and Co, providing strong
evidence for the successful formation of a bimetallic alloy.

Table 1. Average particle size of Fe-Co nanoparticles
and %wt ratio of Fe and Co at different times and
temperatures.

Average Particle Yowt

Catalyst Size mm) Fe Co
FeCo/K400-0.5h 17.1 1.62 1.79
FeCo/K500-0.5h 15.6 337 525
FeCo/K600-0.5h 17.2 1.09 225
FeCo/K400-1h 13.5 1.20  2.66
FeCo/K500-1h 24.5 1.69 196
FeCo/K600-1h 24.7 2.00  2.29
FeCo/K400-2h 13.1 1.39 148
FeCo/K500-2h 228 1.80 193
FeCo/K600-2h 22.7 262 122

==

Figure 3. HRTEM image of FeCo/K500-2h
catalysts with EDS elemental mapping.
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To investigate the crystal structure and phase
composition, X-ray Diffraction (XRD) analysis was
performed on all synthesized samples, with the results
presented in Figure 4. XRD patterns for all catalysts are
dominated by two broad diffraction peaks centered at 26 =
25.5° and 45° which corresponds to the (002) and (100)
corresponding to the (002) and (100) planes of the Ketjen
black graphitic support.®> Due to the very low metal loading
(35 wt%)), the diffraction signals originating from the
FeCo nanoparticles are too weak to be clearly
distinguished from the intense, broad background signal of
the abundant carbon support.

| N

* * FeCo/K600-2h|
* * FeCo/K600-1h
-, ¥

s, s *

s

< - * FeCo/K500-1h

z A‘\., * FeCo/K500-0.5h

z -...-// *\\.N/i‘ FeCo/K400-2h

2 :

= % d

—

FeCo/K400-0.5h
FeCo

:

* Ketjenblack

10 20 30 40 S0 60 70 80 90
20 (degree)
Figure 4. XRD results for all samples alongside
standard references of Fe, Co, FeCo, and Carbon.

3.2 Electrochemical OER performance

The OER activity of the synthesized Fe-Co/K
electrocatalysts was rigorously evaluated in an
alkaline medium (1 M KOH) using a standard three-
electrode setup. The linear sweep voltammetry (LSV)
polarization curves are presented in Figure 5 (a-c).

A key metric for catalyst performance is the
overpotential (1) required to achieve a current density of
10 mA cm?, a benchmark relevant to solar fuel
production systems.® The electrochemical data,
summarized in Table 2, demonstrates the remarkable
performance of the synthesized catalysts, with several
formulations outperforming the commercial RuO»
benchmark (n =331 mV). The catalyst performance is
highly sensitive to the pyrolysis conditions. The most
active catalyst identified is FeCo/K500-2h, which
performs a minimal overpotential of just 318 mV to
reach 10 mA cm™. This superior activity highlights the
efficacy of the synthesis protocol. Notably, this
catalyst surpasses not only the other prepared samples,
such as FeCo/K400-1h (n = 320 mV), but also the
expensive, noble-metal-based RuO,.

To explore the reaction kinetics further, Tafel
slopes were derived from the LSV curves (Figure 5d-
f). The Tafel slope provides insight into the rate-
determining step of the OER mechanism, with lower
values indicating more favorable kinetics.” The
FeCo/K500-2h catalyst exhibits the lowest Tafel slope
of 52.8 mV dec™. This value is significantly smaller
than that of many reported non-precious metal
catalysts and suggests highly favorable reaction
kinetics.® A lower Tafel slope indicates that a smaller
increase in overpotential is needed to achieve a
substantial increase in reaction rate, signifying rapid
charge-transfer processes at the catalyst-electrolyte
interface.’

Table 2. Electrocatalytic performance (Oxygen
Evolution Reaction, OER) of FeCo nanoparticles.
Overpotential  Tafel slope

Catalyst (10 mA.cm?)
FeCo/K400-0.5h 331.5 64.8
FeCo/K500-0.5h 334.4 61.2
FeCo/K600-0.5h 332.5 60.1
FeCo/K400-1h 320.2 67.2
FeCo/K500-1h 327.8 60.8
FeCo/K600-1h 340.5 67.0
FeCo/K400-2h 323.8 52.5
FeCo/K500-2h 318.5 52.8
FeCo/K600-2h 318.2 99.3

The superior performance of FeCo/K500-2h,
despite its relatively large particle size (22.8 nm),
suggests that catalytic activity in this system is not
solely dictated by the available surface area. Instead,
the intrinsic activity of the catalytic sites is paramount.’
The pyrolysis condition of 500°C for 2 hours appears
to strike an optimal balance. It is sufficiently high to
ensure good crystallinity of the Fe-Co alloy and the
formation of a highly conductive. The synergy
between Fe and Co is optimized under these
conditions, leading to an ideal electronic structure that
lowers the energy barrier for the adsorption and
conversion of OER intermediates (e.g., OH-, OOH").!°
The combination of bimetallic synergy, high
conductivity, and the abundance of highly active M-N-
C active sites created under these specific pyrolysis
conditions culminates in the outstanding OER
performance observed.
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Figure 5. (a) 0.5 hours, (b) 1 hour, and (¢) 2 hours shows the OER polarization curve and (d) 0.5 hours (¢) 1 hours
(f) 2 hours shows the Tafel slope of pyrolysis Fe-Co nanoparticles at three different time intervals.

Conclusion

In this study, bimetallic Fe-Co nanoparticles
supported on Ketjen black carbon were successfully
synthesized via a facile chelating-agent-assisted
solvothermal method followed by a systematic pyrolysis
process. Structural characterizations confirmed the
formation of well-dispersed Fe-Co alloy nanoparticles,
with crystalline and particle size increasing at higher
pyrolysis temperatures. Electrochemical evaluations for
the OER revealed that the pyrolysis conditions
critically dictate the catalytic performance. The
optimal catalyst, FeCo/K500-2h, prepared at 500 °C
for 2 hours, exhibited superior activity with a low
overpotential of 3185 mV at 10 mA cm?
outperforming the benchmark RuO- catalyst

This was complemented by a small Tafel
slope of 52.8 mV dec™?, indicating favorable reaction
kinetics. The enhanced performance is attributed to an
optimal balance achieved under these specific
conditions: the formation of a highly crystalline,
synergistic Fe-Co alloy phase without inducing
excessive particle sintering. Critically, the use of 1,10-
phenanthroline as a dual-function chelating agent and
in-situ nitrogen source was instrumental in creating
abundant metal-nitrogen-carbon (M-N-C) active sites.

In conclusion, this work not only presents a
high-performance, cost-effective OER electrocatalyst
but also provides valuable insights into the rational

2. Zhang, H.; Liu, Y.; Chen, T.; Zhang, J.; Zhang, J.;

design of advanced catalysts, highlighting the
importance of tuning pyrolysis parameters to optimize
the interplay between crystallinity, morphology, and
surface-active sites for energy conversion applications.
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Abstract:

This study introduces eco-friendly biocomposite nanolayers and nanocapsules tailored for 3D-printed
injectable drug delivery systems. By using molecularly imprinted polymers (MIPs) based on
polycaprolactone-triol (PCL-T), we improve the delivery of therapeutic agents, including cannabidiol (CBD),
monoclonal antibodies, and insulin. Our analysis of surface interactions and material composition shows
positive effects on protein integrity and charge stability. We found that poorly soluble CBD and proteins can
enhance solubility through salt interactions, while enzyme-exposed dried nanocapsules create optimal
structures for capturing and imaging. Our findings highlight strong interparticle interactions in customized
CBD formulations and reveal new recycling methods for MIP nanocapsules. Our findings show that high-
CBD formulations yield isolated charged particles, with ligands that are crucial for achieving higher CBD
diastereomer concentrations in biocomposite nanocapsules. The modified MIPs targeting CBD diastereomers
enhance human serum albumin (HSA) capture, the conformation and topology of the protein at the interfacial
solvent structure, leading to uniform cluster formation. Combining MIP with PCL-T, rather than using the
oily gel from the filtrate, improves enzyme immobilization and protein uptake. Process Analysis Technologies
(PAT) suggests that crystalline drugs may hinder diffusion during biodegradation. X-ray Fluorescence (XRF)
microscopy indicates that phosphorus-calcium interactions enhance protein uptake and facilitate the
conversion of assemblies into MIP nanocapsules, ultimately improving drug delivery, supporting sustainable
drug discovery, and enhancing patient care.

1.Introduction method improves targeted drug delivery by
Nanomedicine is transforming drug leveraging the specificity inherent in molecular
delivery systems by enhancing the penetration and imprinting techniques, creating specific binding
bioavailability of hydrophobic drugs and sites within Human Serum Albumin (HSA) for
improving the proteolytic resistance  of combining biotherapeutic agents with cannabidiol
antimicrobial ~ peptides  through  nanoscale (CBD).
materials.! This approach effectively addresses Adenosine’s  neuroprotective  effects
traditional  limitations, facilitating  efficient through Al receptors target excitotoxicity, a key
transport and targeted release via self-assembled focus in neuromedicine. Our research examines
DNA/peptide-based nanoparticles.? These systems how ATP modulates CBD to reduce oxidative
show considerable potential for delivering stress and excitotoxicity, which are crucial in
biomaterials and biologic drugs across barriers, neurological disorders. This work supports the
including disease sites, tissues, organs, and the development of next-generation antidepressants
blood-brain barrier. Research underscores the involving CBD, which has gained recognition for
significance ~ of  long-acting  injectables, its medical uses, including pediatric dosage forms,
biopharmaceuticals, and nanotheranostic carriers cannabidiol suspensions, orodispersible films, and
based on serum albumin and polysaccharides.** 3D printing.® Additionally, peptide fragments and
Teixeira et al. highlighted the importance of complementary-determining ~ regions  (CDRs)
protein interactions, enzyme kinetics, and amino enhance the stability and bioavailability of
acid functions in preparing epitope-imprinted monoclonal antibodies (mAbs) across various
polymers from synthetic binding partners for therapies.
biomacromolecules.’ Nanocapsule molecularly In this study, we created a premix microgel
imprinted polymers (MIPs), known as Nanocap for 3D printing, suitable for either oral or topical
MIPs, are created through an innovative co- administration, by combining a premade PCL-T
assembly of peptides, proteins, and small oily gel with MIPs at wvarious ratios. The
molecules embedded within drug payloads. This integration of HSA-MIPs, excipients, and PCL-T

gels improves rebinding and chiral separation,
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which are vital for protein research and
biomolecule targeting, especially considering
CBD’s low water solubility. The structure of PCL-
T facilitates interactions between lipophilic
proteins and CBD, both of which are amphiphilic.
Using a biocomposite nanolayering technique with
eco-friendly materials, we create nanoscale layers
of MIPs and nanocapsules. We choose eco-
friendly MIPs for their slow degradation and
susceptibility to enzymatic breakdown, which
minimizes allergic reactions and improves bonding
in our composites.

We analyze self-association phenomena to
assess the storage capacity and biological
responses of nanocapsules in phosphate buffer, as
well as their behavior during bionanofiltration
using a model biomembrane. Machine learning
offers insights into protein interactions within
nanocapsules, considering factors such as
electrolytes, pH, and biodegradability in enzyme-
rich environments, which is essential for
applications in 3D printing and protein
pharmaceutical control.” Complementary
techniques such as X-ray Fluorescence (XRF),
Raman spectroscopy-Atomic-Force Microscopy
(AFM), and Liquid Chromatography (LC) with a
Quadrupole Time-of-Flight Mass Spectrometer
(LC-QTOF-MS) have significantly advanced our
efforts in material characterization and
optimization. XRF imaging and fluorescence laser
emission were used to monitor chemical changes,
degradation, and shape transformation, and the
Fluorescence Laser Technique (FLT) was used to
measure the size of protein nanocapsules. Focusing
on self-association during storage and processing
is crucial for improving localized drug delivery
and immunoassays for complex samples.

2. Materials and Methods
2.1 Materials

Methacryloyl chloride (MAA), ethylene
glycol dimethacrylate (EGDMA), HSA, wheat
germ agglutinin, human insulin, anti-IgE antibody
(specific chain), fusion protein (peroxidase), and
PCL-T were obtained from Aldrich (Milwaukee,
WI, USA). Lysozyme from hen egg white was
purchased from Fluka Chemie (Buchs,
Switzerland). Potassium peroxidisulfate, sodium
phosphate dibasic anhydrous, and sodium chloride
were sourced from Fluka Chemie, while potassium
chloride was obtained from Univar (NSW2147,
Australia), and  sodium  monophosphate
monohydrate from Sigma-Aldrich.

2.2 Synthesis of HSA MIPs in nanocapsules

MIPs were prepared using cholate-

derivatized MAA, EGDMA, and potassium
peroxydisulfate, with precipitation polymerization
at 80 °C after template removal by a suitable
procedure and selection of solvent’. Next, the MIP
powder, formulation ingredients, lysozyme, and
other additives were combined with 1 mL of the
CBD ethanol solution and incubated at room
temperature for 24 hours to facilitate CBD binding.
A drug mixture containing CBD, insulin, mAb, and
excipients was formulated into a PCL-T gel.
The in vitro release and protein recovery of CBD
from the premixed MIP in the PCL-T oily gel were
examined using Franz diffusion cells with various
concentrations and mixing ratios, employing PBS
at pH 7.4. Samples were periodically taken from
the receiving chamber. A total of 500 mg of MIP
powder was combined with 1 ml of CBD ethanol
solution and incubated at room temperature for 24
hours to facilitate CBD binding. Samples were
systematically collected, and 200 pl of supernatant
was filtered through a 0.45 um VentPure™ Nylon
filter. The donor chamber contained different
concentrations of CBD in nanosuspension. The
samples were transferred to 96-well plates and
analyzed with a MicroMax 384 reader, measuring
fluorescence intensity at 280 nm excitation and
307 nm emission via a Fluoromax 4P
Spectrometer.

2.3 Characterization

Fluorescence image analysis

The FLT based on Fluorescence
microscopy was performed with a Fluorescence
Stereo  Microsystem (Leica M205 FCA,
Switzerland) using two probes (Ebq 100-04). We
examined bright-field images and wused the
fluorescence laser microscope to verify sample
quality. This imaging combined transmitted light
with fluorescence at 375 nm and auto-fluorescence
at 477 nm, both of which matched the dye.
Morphological analysis showed precipitation of
the nanocap MIP at various stages of testing
(filtrates from premixed, recycled, and freeze-
dried nanocaps).

Raman spectroscopy and Fluorescence laser
techniques

Real-time Fluorescence confocal imaging
of the bionanocomposite in dissolution media was
performed using a Confocal Laser Scanning
Microscope (CLSM) (Zeiss, LSM 70) with Scan 2
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and a 20x objective, in Airy scan and live sample
mode. The samples at a depth of 80 nm were
excited and scanned with a continuous laser.
Images were captured utilizing a custom Zeiss
microscope.

For our analysis, we used Raman microscopy with
a Raman Microscope to visualize chemical
properties and examine morphological changes in
MIP nanocapsules during assembly—mapping the
xy plane using a 514 nm laser and collecting
spectra. We employed Franz’s diffusion cell to
measure the migration of substances in PBS
solution within two compartments, collecting
samples at predetermined intervals and filtering
200 pL of supernatant.

A nanoprobe analysis of MIP nanocapsule-
based 3D printing

The topography of the (filtrate
nanosuspension of MIP nanocapsules was
analyzed after casting onto glass or gold electrodes
and air-drying. The remaining biocomposite was
then scanned in non-contact mode at 1 Hz using a
Flex AFM from Nanosurf, revealing details of the
nanocapsules for 3D printable injectable drug
delivery. The analysis of the samples included
Infrared Spectroscopy (FT-IR) using FT-IR
spectra (Perkin, USA) of the formulated MIP
nanocapsules obtained by blending at low,
medium, and high CBD concentrations (data not
present). X-ray and SEM imaging of enzyme-
treated nanocapsules with biocomposites suggest
the potential for controlled assembly within
cellulose pores, as shown in X-ray mapping images
(Thermo Fisher Scientific, MA, USA).

We attained atomic-scale resolution with
X-ray line-scan mapping, analyzing excipients and
MIP nanocapsules using an X-ray microscope
(XGT-5200WR, Scientific, Tokyo, Japan).
Bonding energy was measured on nanocapsules
and a pre-mixed MIP solid before and after
hydration at 60 °C. Amino acid analysis of a donor-
premixed nanocapsule remaining in the donor
compartment after 7 days of diffusion was
performed and compared with a sample from the
receiving phase of the pooled filtrate.

3. Results

3.1. Characterization of MIP in Naocapsules
The self-assembled microstructure of the
nanocap MIP on the membrane showcases the
fabrication of biocomposite nanolayering with
eco-friendly materials by creating nanoscale

layers, and nanocapsules. Using CLSM, Figure 1
shows four-dimensional images depicting the real-
time assembly of biocomposite particles and the
distribution of nanocapsule channels, along with

Figure 1. (a-c, e-g) 4D images of biocomposite
particles across different fluorescence channels and (d,
h) merged images of individual MIPs in nanocapsules.
(i) The nanocap MIP’s self-assembled microstructure,
on a nanolayer, and (j-1) CLSM and image capture
analysis.

fluorescence emission images of individualized
nanocapsules at target objects and 488 nm
fluorescence channels at 400-450 nm, 500-550 nm,
and 470-720 nm.

32 In vitro drug release of the MIP in

nanocapsules

In our controlled-release experiments, we
observed greater controlled release of CBD from
in-situ-loaded CBD. In Figure 2, the in vitro
release of CBD from the MIP system in
nanocapsules with different CBD concentrations
was assessed across the model membrane. It aims
to determine the diffusion coefficient (D,) of
CBD, particularly at high loadings (see Figure 2c
and 2d). The enhanced permeability of CBD is
attributed to the polymer matrix and the
antibody/insulin  complex, which facilitates
effective membrane diffusion.

Higher D,, indicates a loosened water-
bound nanolayer. After 24 hours, consistent drug
release patterns suggest a partition mechanism.
Increased CBD concentrations enhance binding in
the polymer matrix, reducing release rates.
Reproducibility in drug release was achieved, with
insignificant D, (p>0.05), supporting a strong
partitioning mechanism for the antibody-insulin
complex.
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Figure 2. The reproducibility of in vitro CBD
release from MIPs in nanocapsules: 1:1 (a) and 1:3
(b) of MIP in nanocapsules in the PCL-T oily gel. (c)
and (d) the diffusion coefficient (D,,) of CBD in the
high-loading biocomposite MIP. Eight replications
were conducted (two independent runs).

Raman peaks corresponding to CBD
concentrations of 20 mg and 200 mg were
observed at 354, 512, 1037, 1288 cm™, and 1862
cm! (see Figure 3a-d) with the broad peaks
observed when PCL-T was excluded (Figure 3e-f).
The slight variations in these peaks indicate
hydrogen-bonding interactions between the
functional monomer and CBD in the biocomposite
during the uptake.
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Figure 3. The residual biocomposite nanocapsule
overlay on the natural cellulose fibrous membrane after
7 days, from various processing steps. (a) and (b) the
customized CBD formulation across different batches;
(c) low CBD concentration loaded in the premixed MIP;
(d) higher CBD concentration loaded in the premixed
MIP; (e) a pre-mixed MIP without PCL-T on the
cellulose; and (f) suspension filtrates in buffer solution.

3.3 AFM and X-Ray Fluorescence mapping
spectra

AFM imaging and XRF reveal the
recycling of MIP nanocapsules and the selective
removal of proteins during membrane exchange.

The hydrated gel layer increases material
thickness, affecting atomic dispersion on the
nanocapsule  surfaces. Unlike customized
formulations, AFM images show distinct
interparticle interactions rather than isolated
charged particles (see Figure 4a and 4c, top panel).
This process excludes dopamine (DA) and ligand
interactions; in the absence of mono- and divalent
ions, the electrolyte is mainly monovalent. Adding
DA enhances the interaction between divalent ions
and charged particles, as shown in the bottom
panel of Figure 4c. Wang et al.® highlighted the
significance of electrostatic solvation forces
arising from molecular interactions near charged
surfaces in the electrolyte. Our HSA-MIP carrier
membranes play a vital role in substance transport,
leading to atomic distribution on nanocapsule
surfaces, with strong interactions observed in high-
CBD formulations.

Nanocapsules demonstrate stability across
a broad pH range and maintain consistent atomic
arrangements. Interactions between calcium and
chloride suggest that crystalline drugs may impede
biodegradation. Interfacial ions optimize the
interactions within biocomposite nanolayers. XRF
microscopy indicates that phosphorus-calcium
interactions enhance the stability of the antibody’s
fusion  protein.  Additionally,  high-CBD
formulations yield isolated charged particles, while
modified MIPs facilitate improved enzyme
immobilization. Combining MIP with PCL-T,
rather than using the oily gel of the filtrate, shows
that soluble materials and additives enhance water
activity and interparticulate interactions in both the
dried and hydrated forms by incorporating PCL-T,
and that these interactions are further enhanced in
the presence of electrolytes, as explained by the
interfacial solvent structure.

Precise mass measurements confirmed
target mass and proton exchange at m/z 315+H+
during storage, recycling, and freeze-drying, with
ESI detecting m/z 315+H", C21H300.(M+2H)", and
C21H300.(M+3H)". The ratios for main
components and dimerized peptides remained
steady, indicating consistent CBD-to-antibody
ratios. Fluctuations in CBD diastereomers during
recycling suggested potential destabilization at
lower CBD levels, especially during ligand-
modifier incubation. CBD likely interacts with a 33
A pore during capsule formation, with minimal
effect on protein concentration. This monomer’s
self-association improves the drug's solubility and
the protein's stability, with the resulting complex
remaining stable for 6 months at room temperature.
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3.4 The evaluation of surface interaction
Raman mapping spectroscopy was used to
track payloads in MIP nanocapsules during
membrane passage (Figure 5a). The dissociation of
the cholyl-methacrylated ester within the imprints
of the protein template improved protein diffusion
and lysozyme release, as evidenced by specific
Raman peaks. FLT analysis indicated that CBD
loading affects nanoparticle behavior and protein
mobility (Figure 5b). Imaging (Figure 5¢) revealed
drug release changes influenced by various factors.
Drug-protein interactions were more soluble at
lower PCL-T gel concentrations, highlighting the

effect of material composition on protein integrity
under fluctuations in fluid flow and osmotic
pressure within the interfacial solvent structure.’
Increased imprint-binding sites enhanced material
assembly and permeability, while smaller
aggregates created transport barriers, facilitating
the controlled uptake of the mAb-fusion protein
and peptide drug. High-CBD nanocapsules,
measuring less than 150 micrometers, showed
efficient drug release and were suitable for
injection through a 20-gauge needle.

N Wz @
ﬂ ﬁd’i @

Figure 4. (Top) AFM images of air-dried (a) and hydrated (b) samples on a cellulose membrane demonstrate that
nanocapsules contract more than they expand along the y and z axes, with (c) showing filtrate from the blend of CBD
premixes (or LMH). (Bottom) (a) The X-ray spectrum; (b) The nanocapsules are presented as dried solids (a), liquids
from the feed system (b), and recycling filtrate (d) and (e) during hydration and dehydration at 60 °C, respectively, and
(c)—the plot of the atomic binding energies of elements on the MIP biocomposite nanolayer at different stages.

(c)

(a) Filtrate

(b) Nanocapsule
nanolayer over
the membrane

(d)
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Figure 5. (a),(b) Raman mapping spectra of the premixed MIP within PCL-T oily gel across different fractions, (c) The
FLT images of the residual protein phase and the nanocapsule suspension containing 200 mg of CBD. (d) An area plot

of particles in Bright Field.

3.5 Relationship between surface-to-volume
ratios and charge integrity, protein integrity,
and payload encapsulation

Advanced imaging provided critical
insights into drug dissolution and protein stability,
influencing size parameters (Figure 6(i)).
Variations in surface-to-volume ratios (SVRs) led
to adjustments in mean population confidence
intervals to 23.13% (+1.08%), 64.82% (+8.61%),
and 45.19% (£12.36%). Differences in recycling
methods underscore the importance of charge
stability and payload encapsulation.

During the recycling process, the amino acid
content decreased, with nanocap MIPs showing
elevated glycine levels and a complete absence of
phenylalanine. The prominence of glycine and
tyrosine is essential for optimal metabolic
processes. Lyophilization significantly enhanced
protein stability and solubility. We effectively
employed a machine learning model to analyze the
dynamics of CBD loading. At the same time, the
PAT decisively revealed differences in amino acid
content during bionanofiltration in enzyme-rich
environments, as supported by previous work. '

-21-



The 9™ Thailand International Nanotechnology Conference (NanoThailand 2025)

November 3-5, 2025

Royal Orchid Sheraton Riverside Hotel Bangkok, Thailand

Aqueous recycling (Batch 1)

100

EProline
OMethionine
BTyrosine

=3
=

S @
= =

Change of amino acid content
(%)
[}
=)

200mg CBD, 200 mg 00mg  50mgCBD, 200mg CBD. 50 mg
DA/nanocap 1CBDInanocap CEDIFiltrate 1 DA/Filtrate2 DAIrecycling CEDinanocap
2

(c)

ent

solve

recycing wihout

Remained protein (ug/g) in
olid exposed

"'f.' A
- E3EEERE

2000 4000 6000 8000
Initial protein solubility (g/g)

(c)

Post-reservoir ; -
phaseof |-
nanocapsule | °

Figure 6. (a) The effect of surface area-to-volume ratio
across different batches during aqueous recycling. (b)
(a-d) Changes in amino acid contents extracted from
filtrates of recycled nanocapsules, with and without
modified ligands and freeze-dried variants for two types
of CBD premix (50 mg & 200 mg). (¢) The critical
feature analysis predicts differentiation at both the
residual solid biocomposite and the post-reservoir phase
of the nanocapsules. (d) The critical feature analysis
identifies the target clusters.

Enzyme-incubated dried nanocapsules
remarkably improved particle capture and
imaging, facilitating the successful immobilization
of biomacromolecules. Furthermore,
lyophilization increased the concentration of
zwitterionic glycine ions, thereby contributing to
robust protein stabilization, precise pH regulation,
and enhanced solubility and release kinetics (see
Figure 6).

Tyrosine's hydrophilicity increased with
higher CBD loading, resulting in enhanced
solubility. Recycled samples without ligands
demonstrated greater amino acid adsorption
(p=0.048) and a consistent decline in amino acid
content throughout the recycling process, with a
higher amino acid adsorption rate (p>0.05).

Conclusion
We prepared a biocomposite that
integrates nanoscale molecularly imprinted

polymers (MIPs) with eco-friendly nanocapsules,
enabling 3D-printable, injectable drug delivery.
The nanocapsules demonstrate stability across
ions, electrolytes, and salts at a range of pH levels
and enhance the activity of fusion proteins. High-
CBD formulations generate charged particles,
while modified MIPs improve enzyme
immobilization. The combination of MIP with
PCL-T enhances water activity and interparticulate

interactions. This research aims to advance
sustainable biopharmaceuticals and
nanotheranostic systems.
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Abstract:

Sugarcane filter cake is a high-volume byproduct of sugar processing that presents challenges for
effective management, yet offers potential for advanced value-added applications. This work investigated the
conversion of sugarcane filter cake into biochar for application as a cement additive, aiming to exploit its high
silica content to improve mechanical performance. Cement mortar samples were cast with and without the
addition of filter cake biochar (FCB) at 0, 2.5, 5, 7.5, and 10% by weight of cement and tested for compressive
strength. Compared with mortar without biochar, the addition of 7.5% w/w FCB to cement yields the highest
compressive strength (45.3 MPa), representing a 58% improvement over the control mix (28.7 MPa) at 28
days of curing. These improvements can be attributed to the micro-filler effect of biochar, which refines pores,
densifies the matrix, and potentially enhances hydration and internal curing. The XRD and TGA results of
cement and biochar pastes revealed enhanced C-S-H formation when FCB was added to mortar. It was
observed that biochar might enhance the pozzolonic reaction, potentially improving compressive strength.
Thus, this work demonstrates that sugarcane filter-cake biochar could be a promising solution for managing
sugarcane filter-cake waste, thereby enhancing both the mechanical performance and sustainability of cement-
based materials.

material suitable for cementitious applications.

1. Introduction This biochar can enhance mortar hydration, refine
Thailand, a leading agricultural hub in microstructure, reduce permeability, and act as a
Southeast Asia, generates around 34 million tons long-term  carbon sink, contributing to more
of agricultural waste annually, presenting both sustainable construction practices.*
environmental challenges and opportunities for Sugarcane filter cake biochar (FCB) exhibits
sustainable reuse.' The sugarcane industry, central distinct ~ compositional ~ and  performance
to Thailand's economy, generates large volumes of advantages compared to other biomass-derived
by-products such as bagasse ash (SBA) and filter biochars. Unlike rice husk biochar (RHB), which
cake. SBA, rich in silica, has been studied as a is primarily silica-rich (70-80 wt% SiO2), filter
supplementary  cementitious  material  that cake contains a more balanced composition with
enhances concrete performance while reducing significant quantities of both silica (57.5 wt%
CO: emissions.” Filter cake, however, is a nutrient- Si02) and alumina (11.5 wt% AlOs), combined
rich sludge produced in massive quantities (3-5 with moderate calcium oxide content (11.3 wt%
tons per 100 tons of cane processed) that often ends Ca0). This multi-oxide composition provides
up in landfills due to limited reuse capacity, additional cementitious potential compared to
causing leachate contamination and greenhouse single-phase biochars.® Filter cake biochar retains
gas  emissions.’ Addressing these waste valuable macropores (>1 um) that enhance water
management issues is vital for Thailand's climate- retention and internal curing capacity more
smart agriculture strategy, which emphasises effectively than rice husk biochar, which produces
lowering emissions, enhancing resilience, and predominantly micropores (<2 nm).° Sugarcane
driving sustainable growth.! bagasse biochar, while comparable in carbon
A promising pathway for managing agro- content, exhibits higher silica reactivity in filter
industrial residues is the conversion of such wastes cake biochar due to the nutrient-rich sludge
into biochar. Filter cake biochar, produced through composition, which provides additional catalytic
controlled pyrolysis, transforms wet and odorous species for enhanced pozzolanic activity.” The
sugarcane filter cake into a porous, carbon-rich combination of high reactive silica, alumina, and

macroporous structure makes filter cake biochar
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uniquely suited for cement applications, offering
both mechanical enhancement and superior waste
valorization compared to other agricultural waste-
derived biochars.* By valorizing sugarcane filter
cake into biochar, it is possible to reduce
environmental burdens, promote circular economy
practices, and support the UN Sustainable
Development Goals. This study investigates the
effects of incorporating different percentages of
filter cake biochar as a cement additive, focusing
on workability, setting time, strength development,
and microstructural properties compared with a
conventional control mix.

2. Materials and Methods
2.1 Materials and biochar production

Filter cake (press mud) was collected from
Chonburi Sugar Cooperative Company Limited
(Chonburi) and was oven-dried at 105°C for 24
hours. The dried filter cake was converted to
biochar by slow pyrolysis in a tube furnace
(Chavachote, Tube50/1009P). Typically, 8 g of
dried filter cake was placed in a crucible,
transferred into the tube furnace, and thermally
treated at a temperature of 500°C with a rate of 10
°C/min for 1.25 hours under a continuous nitrogen
flow. The char was cooled under nitrogen to
prevent oxidation, ground, sieved (mesh size < 75
um) for uniformity, and stored in airtight
containers for further use.

Hydraulic Cement (SCG, Type GU) was
used as a binder in all mixes. The fine aggregates
used for all mixtures were natural river sand with
a fineness modulus of 2.85 and specific gravity of
2.66, which were prepared in the Standard Surface-
Dry (SSD) condition. Tap water was used for
mixing mortar ingredients.

2.2 Mortar Mix design and preparation

To prepare the mortar specimens, a
standard Hobart mixer was used following ASTM
C305-12." The control mortar mix and biochar-
added mixes were prepared in accordance with
ASTM C109'¢, as illustrated in Table 1 (W/C =
Water-to-cement ratio and S/C = Sand-to-cement
ratio). First, cement, sand, and filter cake biochar
(FCB) were dry-mixed for 5 minutes. Then, water
was gradually added, and the mixture was blended
for another 5 minutes to obtain a uniform
consistency. Filter cake biochar was incorporated
at 0% (CM), 2.5% (FCB2.5), 5% (FCBS), 7.5%
(FCB7.5), and 10% (FCB10) by weight of cement,
as suggested by previous studies.”!® After mixing,

the mortar was cast into moulds (50 x 50 x 50
mm?), covered with plastic sheets to prevent
evaporation, and cured at 20 + 4 °C until testing.
Table 1. Mix design

. Cement | Water | Sand | FCB
MXID | "y | ke | k) | @ | V€] SC
CM 0.8 0.4 2.2 0 0.55 2.75
FCB2.5 0.8 0.4 2.2 20 0.55 2.75
FCB5 0.8 0.4 2.2 40 0.55 2.75
FCB7.5 0.8 0.4 2.2 60 0.55 2.75
FCB10 0.8 0.4 2.2 80 0.55 2.75

2.3 Testing program

In this study, the effect of filter cake
biochar (FCB) addition on the mechanical
performance of cement mortar was investigated
through tests on fresh and hardened properties. The
workability of fresh mortar was evaluated
following ASTM C1437 (2020)," and the
compressive strength was tested according to
ASTM C109 (2020)'° at 28 days.

24 Characterization

The crystalline phases of cured control and
biochar cement pastes were determined using X-
ray diffraction (XRD, BRUKER, D2 PHASER).
The 7, 14, and 28-day cured cement paste samples
were dried in an oven for 1 hour at 105°C and then
ground in a hammer mill to a fine powder form for
analysis. The patterns were collected at a 20 angle
of 0.5°-80°.

Similarly, elemental analysis of raw filter
cake and filter cake biochar was determined using
wavelength  dispersive  X-ray  fluorescence
(WDXRF) spectrometry (BRUKER, S8 TIGER).

3.Results
3.1 Chemical properties of samples

Figure 1 illustrates the XRD patterns of
FCB. Dominant peaks at 26 = 21.2° and 26.6° are
indexed to a-quartz (SiOz, JCPDS 46-1045), while
minor peaks at 36.9° and 42.7° correspond to CaO
(JCPDS 37-1497), and peaks at 29.8°, 39.9°, and
60.2° match calcite, CaCOs (JCPDS 05-0586).
Peak assignments follow prior literature using
ICDD/JCPDS? standards. Similarly, the XRF
results of raw filter cake and filter cake biochar are
in agreement with the XRD results, showing a high
amount of SiO., followed by AlOs and CaO,
which are the main constituents of filter cake as
shown in Table 2. The increase in SiO2 from 51.1%
to 57.5% and ALOs from 9.23% to 11.5% in filter
cake biochar after pyrolysis is primarily due to the
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loss of moisture and volatile organics, which
concentrates the non-volatile minerals.!! In
contrast, the CaO content decreases from 18% to
11.3% because calcium carbonates decompose,
releasing CO: during pyrolysis.'!

The results from XRD and XRF suggested
that the presence of Silica in FCB can potentially
enhance cement hydration and can potentially act
as a pozzolan that enhances C-S-H formation,
refining pores, and improving early and long-term
strength.*?!

*

«Ca(OH):
*Si0»
4CaCoOs
aCaO

Intensity (a.u)

*

\‘_‘___,._/‘JL‘““' A L.JL_JL..A_,.J _,A_.JL_.A__., | N
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Figure 1. XRD patterns of filter cake biochar.

Table 2. Elemental composition of raw filter cake
and filter cake biochar by XRF analysis.

Oxide Raw filter Filter cake
cake biochar
SiO, 51.1% 57.5%
ALO; 9.23 % 11.5%
CaO 18.0 % 11.3%
Fe 0O; 9.43 % 8.32 %
P,0s 4.22 % 4.06 %
K,0 2.81% 2.46 %

3.2 Workability of mortar

110
105
100
95
90

FCB2.5 FCBS FCB7.5 FCBI10O

Flowability (%)

Mortar

Figure 2. Workability of all mortars.

As illustrated in Figure 2, the workability
of CM was 113.6%. Noticeably, the workability
slightly decreased after the incorporation of filter
cake biochar (FCB) in the mortar, with decreases
of approximately 1.2%, 2.5%, 3.7%, and 7.6% for

FCB2.5, FCBS5, FCB7.5, and FCB10, respectively,
compared to the control mix. The reduced
workability of biochar-modified mixes was in the
normal range (105%-115%)'” for mortar, except
for the FCB10 sample. This reduction resulted
from the porous and high-surface-area nature of
FCB, which can absorb mixing water and
contribute to a stiffer fresh mortar.*

3.3 Mechanical properties

Figure 3 shows that compressive strength
increased with biochar addition up to 7.5% but
declined at higher levels. Compared to the control
mix with a compressive strength of 28.7 MPa, the
addition of 2.5%, 5%, 7.5%, and 10% biochar to
the mortar improved the compressive strength by
32%, 64%, 58%, and 45%, respectively. The
strength improvement in biochar-modified mortars
is mainly due to the micro-filler and internal curing
effects of biochar.'? Fine particles enhance matrix
packing and stress transfer, while biochar's porous
structure absorbs and later releases water,
promoting C-S-H and CH formation and

densifying the matrix.> However, at higher
dosages, excessive cement dilution reduces
hydration products, leading to decreased
strength.!3
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Figure 3. Compressive strength of all mortars.

3.4 XRD analysis of control and 7.5% biochar

pastes at different ages

The consumption of Ca(OH), (present in
cement) influences the formation of C-S-H. The
ratios of XRD peak intensities of portlandite
(20=18.13)/Alite (26=29.55) (Ip/I») at different
ageing times (7, 14 and 28 days) of the control mix
and FCB7.5 sample were calculated to elucidate
the C-S-H formation due to pozzolonic reaction
during curing. The XRD results showed a clear
decrease in Ip/Ix ratios in biochar-incorporated
cement pastes compared to the control at 7, 14, and
28 days, as shown in Figures 4 and 5. The
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reduction in Ip/IA ratio indicated enhanced reaction
of Ca(OH), with the amorphous silica present in
the biochar, promoting more C-S-H formation in
the biochar sample.’

P=Portlandite, C=Calcite, Q=Quartz, A=Alite, B=Belite
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Figure 4. XRD patterns of CM and FCB7.5 pastes

at different ages (7, 14 and 28 days).
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Figure 5. XRD peak intensity ratio of portlandite
/Alite (Ip/Ip) of CM and FCB7.5 at different ages
(7, 14 and 28 days).

3.5. TGA Analysis
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Figure 3. Thermogravimetry analysis of biochar
cement and control cement pastes.

Thermogravimetric  analysis provided
quantitative confirmation of enhanced hydration
product formation after 56 days of curing of the

samples, illustrated in Figure 7. Analysis of mass
loss in the 110-150°C range (C-S-H dehydration)
revealed that FCB7.5 samples exhibited the
highest mass loss in chemically bound water
content (7.97%) compared to the CM (6.83%).
Furthermore, the decreased portlandite
decomposition in the 400-500°C range for all
biochar samples (mass loss of 16.2% for FCB7.5
compared to the CM) confirmed consumption of
Ca(OH)2, indicating more C-S-H formation
through the biochar's pozzolanic reaction.

Conclusion

The filter cake biochar (FCB) was successfully
applied as a cement additive to enhance the
compressive strength of mortar by 58% compared
to the control mix at an optimal level of 7.5% by
weight. The XRD and XRF results indicated that
FCB was rich in SiO: (57.5 wt%) and ALOs (11.5
wt%), suggesting that it can potentially enhance
hydration reactions and exhibit pozzolanic activity.
The physical property test of cement mortar
showed that workability decreased with increasing
FCB content due to its high surface area and water
absorption capacity. Furthermore, XRD analysis of
cement pastes at different ageing times confirmed
that SiO, in FCB enhanced cement hydration and
promoted C-S-H formation. Thermogravimetric
analysis quantitatively confirmed increased C-S-H
formation (a mass loss of 7.97% for FCB7.5 vs.
6.83% for the control in the 110-150°C range) and
high portlandite consumption (in the range of 400-
500°C), validating the pozzolanic reactivity of
silica. This work demonstrates that converting raw
filter cake to biochar is important for its effective
use in cementitious materials, contributing not
only to enhanced mortar performance but also to
sustainable waste management, circular economy
practices, and reduction of environmental burdens.
Further analyses of microstructure, chemical
functional groups, porosity, and thermal resistance
are currently being conducted to determine the
physico-chemical, surface, and thermal properties
of the cement paste. Future work will focus on
durability-related  tests, including  water
absorption, chloride penetration, carbonation
resistance, and sulfate resistance, to assess long-
term performance.
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Enhancing the Processability of Biomass-Based Polyester by Polymer Blending
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Abstract:

The transition to a low-carbon economy requires not only the capture and storage of CO, but also the
development of carbon-efficient materials and processing technologies that minimize life-cycle emissions. Poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHXx), a biodegradable polyester derived from renewable feedstocks,
offers considerable environmental advantages. However, poor processability due to its high melt viscosity should be
modified to widen the applications. In this study, the flowability of PHBHHx was improved through melt blending with
polycaprolactone (PCL), another biodegradable polyester, and triethyl citrate (TEC) as a bio-based compound.
Rheological analysis demonstrated a significant reduction in melt viscosity, particularly under high shear conditions,
upon the addition of PCL. This effect was attributed to interfacial slippage between phases. It was also found that TEC
showed good miscibility with PHBHHx and acted as a plasticizer.

Mixing was performed using a 30 cc internal mixer

1. Introduction (Labo-Plastmill; Toyo Seiki Seisaku-sho, Tokyo,
Poly(3-hydroxybutyrate-co-3-hydroxyhexano Japan) at 160°C for 3 min. The weight contents of PCL

ate) (PHBHHXx) is a biodegradable plastic produced or TEC were 0%, 5%, and 15%. After mixing, the

from bio-mass resources. Since it shows thermal samples were compression-molded into flat films using

degradation at high temperature, processing must be a compression-molding machine at 160°C for 3 min.

performed at relatively low temperature.'? Therefore, The films with a thickness of 1 mm were then

ViSCOSity is usually hlgh, which may lead to difficulties cooled at 25°C using another compression-mo]ding

at injection molding. Therefore, improving the machine for 5 min.

flowability is often required. Adding a plasticizer is a S

well-known method to reduce the viscosity. The welght contents of PCL, .05 -

Furthermore, the addition of an immiscible low- T e ?ﬁj

viscosity polymer is also an effective method.*'? Condition: 160 °C for 3 min, 30 rpm — g

However, appropriate plasticizers and immiscible _— oL EC '

polymers with low viscosity were not revealed for 08 I RGN ;

PHBHHXx. ,i —

In this study, therefore, triethyl citrate (TEC) and — LS - 7 »
polycaprolactone (PCL), both known as biodegradable :"ﬁ'f“ j;ﬁ] 'f
materials, were employed to modify the rheological ! e @
properties of PHBHHx. TEC is known to act as a
plasticizer for poly(vinyl chloride) that is miscible with P
poly(3-hydroxybutyrate).'>!* Furthermore, PCL is a “g:;:‘fg':gg::r'g:l‘: ' TSEE?
commercially available bio-polyester having relatively a i*"‘.S‘
low molecular weight. puphn; EE
2. Experimentals —)

2.1 Materials
The PHBHHx (Kaneka, Tokyo, Japan) RERMI R
contained 5.3 mol.% of 3-hydroxyhexanoate. The
weight average molecular weight of PHBHHx was r
600,000 (Da). The PCL (Daicel, Tokyo, Japan) used in ‘ ' L
Compressed to . PHBHHXTEC ©F

this study had a weight-average molecular weight of thickness 1 mm
10,000 (Da). TEC (CITROFOL Al regular,
Jungbunzlauer, Basel, Switzerland) was used after
drying by molecular sieve.

Figure 1. Preparation of the sample films; (top) mixing
and (bottom) compression molding.

2.3 Measurements
Angular frequency dependence of oscillatory shear
moduli in the molten state was evaluated by a

2.2 Sample preparations

Ny
©
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cone-and-plate rheometer (MCR 301; Anton Paar, Graz,
Austria) with N; flow at 160°C. The cone angle was 2°
and its diameter was 25 mm. The angular frequency
ranged from 0.1 to 628.3 s7!.

Blend morphology was observed using a scanning
electron microscope (SEM, TM3030; Hitachi, Tokyo,
Japan). The accelerating voltage was 15kV. After
cutting, the sample was dipped in toluene to remove
PCL dispersions. Before the observation, dried surface
was sputter-coated with Pt—Pd.

A capillary rheometer (140SAS; Yasuda Seiki
Seisakusyo, Nishinomiya, Japan) was employed to
measure the shear viscosity at 160°C. A circular die
with a diameter of 1 mm and a length of 10 mm was
used.

3. Results & Discussion
3.1 Morphology of a blend

(@)

Figure 2. SEM image of (a) PHBHHx/PCL before
removal of PCL, (b) PHBHHx/PCL after removal of
PCL, (c¢) PHBHHx/TEC before removal of TEC and (d)
PHBHHX/TEC after removal of TEC.
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Morphology of PHBHHx/PCL was analyzed using
SEM as shown in Figure 2. Since PCL was removed by
solvent, the holes represent the PCL dispersions. It was
found that PCL showed uniform distribution with an
average diameter of 1.1 um. Such structure was not
detected in the blend with TEC.

3.2 Linear viscoelastic properties

Shear storage modulus G' and loss modulus G” at
160°C for all blends are plotted against the angular
frequency o in Figure 3. The contents of PCL and TEC
were 0 and 15 wt%. Both G’ and G” values of PHBHHx
were higher than those of PHBHHx/PCL and
PHBHHx/TEC. However, the G’ values in the low
frequency region of PHBHHx/PCL were higher than
those of pure PHBHHx. This was ascribed to the
interfacial tension between PHBHHx and PCL phases.
The G” values of the blend with PCL were slightly
higher than those of the blend with TEC in the wide
frequency range. Furthermore, G’ values of
PHBHHx/TEC  monotonically  decreased  with
decreasing frequency. It was suggested that TEC is
miscible with PHBHHX, i.e., acts as a plasticizer.

6 !
. ®
— 160 °C °® 8
= [y 8
g coiett
= o8 e
e G" 07838 ¢
8 o g 8 ° 8
= 4 g e ®
© 28 . L
o 06" e
> voS o
O, c0%ige G
o) o ©
S 3 oy s
(o]
°© L ) PHBHHXx
N PCL 15%
° TEC 15%
2 Lae
-1 0 1 2 3
log[w(s7)]

Figure 3. Angular frequency ® dependence of (closed
symbols) shear storage modulus G’ and (open symbols)
loss modulus G” at 160°C for PHBHHXx,
PHBHHx/PCL, and PHBHHx/TEC.

3.3 Steady-state shear viscosity

The shear viscosities of PHBHHx, PHBHHx/PCL,
and PHBHHx/TEC were evaluated using the capillary
rheometer at 160°C. The result is presented in Figure
4. It was found that both TEC and PCL reduced the
shear viscosity of PHBHHx with an intense fraction of
PCL. This must be interesting because G" values of
PHBHHX/TEC were lower than those of
PHBHHx/PCL. In the case of PHBHHxX/TEC,
moreover, the shear viscosity in Figure 4 corresponded
with the complex shear viscosity calculated from G’ and
G" in Figure 3.
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This pronounced reduction in viscosity by the PCL
addition must be attributed to the interfacial slippage.
During flow, PCL dispersions must be deformed to the
flow direction greatly because the shear viscosity was
much lower than that of PHBHHx. Then the interfacial
slippage occurs due to a thin thickness of interfacial area
as illustrated in Figure 5, with an enlarged interfacial
area.

5

160 °C

SN

o PHBHHx
ﬁo

‘e
PHBHHXx ..
PHBHHx/PCL R
PHBHHx/TEC . .

w

log [n(Pa s)]

2

0 1 2 3 4
log [7 (571
Figure 4. Flow curves at capillary extrusion for (black)
PHBHHX, (red open circles) PHBHHx/PCL 5%, (red
closed circles) PHBHHx/PCL 15%, (blue open circles)
PHBHHx/TEC 5%, and (blue closed circles)
PHBHHx/TEC 15%.

PHBHHX

PHBHHx

rcL

24, the segment length
» : Flory-Huggins interaction parameter

Figure 5. Schematic illustration of interfacial slippage
mechanism in immiscible PHBHHx/PCL.

This mechanism was ordinally proposed by Zhao
and Macosko!*!7 using multi-layered films. They
showed significant slippage at polymer-polymer
interfaces when the interfacial thickness is thin.

Because of the viscosity reduction, i.e., the
decrease in shear stress, the melt fracture was mitigated.
As shown in Figure 6, pure PHBHHx showed typical
gross volumetric melt fracture originated from high
elongational stress at die entrance.!®! After the addition
of TEC or PCL, the surface of strands became smooth.
This result indicates that the processability is improved
by the blend technique.
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PHBHHx  TEC 15% PCL 15%

560 s~ !

SIEE ThlsAet
| [ M =1 4 e 3 7 :
Figure 6. Photographs of stands extruded at 560 s at
160°C.
Conclusion

This study shows that both miscible (TEC) and
immiscible (PCL) blending effectively reduce the melt
viscosity of PHBHHx, which improves its
processability. These findings offer a scalable and
energy-efficient  method for  processing  of
biodegradable polymers, supporting low-carbon
material design and carbon capture, utilization, and
storage (CCUS) objectives.
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Abstract:

The study aims to evaluate the effects of ZnO/chitosan/PVA nanocomposites on the appearance,
hydrophobicity, and surface performance of golden leaf via spray and brushing techniques. Golden-phase
leaves of the golden leaf vine were procured from two distinct locations within Narathiwat Province, Thailand,
as well as from the Ban Bai Mai Group in Raman District, Yala Province. The accelerated ageing process of
the coated gold leaf was systematically evaluated utilizing a QUV/spray weathering tester, thereby confirming
an exceptional degree of preservation of the leaf's original appearance. UV-Vis spectrometry verified the UV
absorption capabilities of the nanocomposite. Contact angle measurements indicated the intrinsic
hydrophilicity of the uncoated gold leaf, with the spray-applied nano-ZnO/Chiosan/PVA composite
demonstrating superior hydrophilic performance among the variants tested, characterized by low surface
energy (2.39 mN/m). These findings suggest a substantial potential in the enhancement of local products
utilizing these coatings, improving durability and functionality and promoting economic development in

Thailand's southern border provinces.

1. Introduction

Bauhinia aureifolia, commonly referred to
as the golden leaf vine, is a substantial woody
climber found predominantly in the southern
border provinces of Thailand, specifically
Narathiwat, Pattani, and Yala." It flourishes in
rainforest habitats, such as those found in the Hala-
Bala Wildlife Sanctuary and Bacho Waterfall
National Park. This species is distinguished by its
velvety, heart-shaped foliage, which undergoes a
transformation in color over time, transitioning
from copper in its initial stages to brown, then
gold, and finally silver before senescence.> The
leaf in its golden phase is garnering increasing
interest for applications in decorative and
sustainable materials. Zinc oxide (ZnO) is a
multifunctional compound utilized in myriad
applications, including as a coating.> When
amalgamated with chitosan, ZnO engenders a
versatile nanocomposite coating with promising
applications in  various domains.® Metal
nanoparticles have also been incorporated into
chitosan to enhance surface modifications across
diverse materials, such as textiles.” For instance,
polyethylene films coated with ZnO-chitosan
nanocomposites have been shown to completely
inactivate food pathogens, while chitosan-coated
films only achieved a tenfold reduction in viable
cell counts.® The water contact angle is also
increased, signifying enhanced hydrophobic

properties, a characteristic desired for non-
wettable surfaces including plastics, fabrics, and
paper.”!" Additionally, ZnO-chitosan coatings
demonstrate commendable barrier properties,
diminishing permeability and augmenting
protective effects against environmental factors.'?

This research endeavor seeks to preserve
the intrinsic hydrophobicity, color, and texture of
golden-phase leaves while enhancing their
resistance to UV radiation and moisture through
ZnO-based  nanocomposite  coatings. By
maintaining the natural surface morphology and
aesthetic characteristics, the study aims to extend
the functional lifespan of these leaves for use in
decorative and cultural applications. Various
formulations and methods (i.e., brushing and
spraying) of ZnO-based coatings were assessed
using contact angle measurement to evaluate
hydrophobicity and surface performance,
providing a comprehensive understanding of how
coating composition and application technique
affect the preservation of leaf aesthetics and
natural hydrophobic properties.

2. Materials and Methods
2.1 Materials

Golden-phase leaves of the golden leaf
vine were procured from two distinct locations
within Narathiwat Province—specifically, the
Golden Leaf Group in Mueang and Ra-Ngae
Districts—as well as from the Ban Bai Mai Group
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in Raman District, Yala Province. The freshly
harvested leaves exhibited a weight range between
0.72 and 2.53 grams. For the purpose of drying, the
leaves were positioned within a plant press panel
at ambient temperature (30-32°C) for the duration
of one month. Subsequent to drying, the golden-
phase leaves were systematically photographed
and weighed. The resultant dry weights fluctuated
between 0.61 and 1.89 grams, indicative of a
moisture content spanning 10.26% to 30.09%. The
desiccated leaf samples were subsequently
subjected to coating wusing four distinct
formulations and methodologies, as detailed in
Table 1. Specifically, Sample Z1 was left uncoated
as a control, Sample Z2 received a ZnO—chitosan
coating via brush painting, Sample Z3 was treated
with a ZnO-PVA coating through spraying, and
Sample Z4 was coated with ZnO—PV A—chitosan
also using the spraying method. For Samples Z2,
73, and Z4, coating was applied solely to the right
half of each leaf, thereby allowing the left half to
remain uncoated for direct comparative analysis.
In the preparation of composite coating solutions
to augment the durability of golden-phase leaves,
primary materials included commercially available
food-grade chitosan (L.B. Science, Mw~4000),
PVA (Chem-Suply, Mw~100,000), and ZnO
nanopowder (MBK Chemical, 10-20 nm in
diameter of partcle size).

2.2 Synthesis

The synthesis of the ternary ZnO-PVA—
chitosan composite was conducted using a
procedure reminiscent of established
methodologies, with 1% acetic acid serving as the
solvent medium. A 1:100 (w/v) solution of PVA
was prepared by stirring at a temperature of 75°C
until complete dissolution was achieved. ZnO
nanopowder in various specified quantities (0.125
g,0.25 g, and 0.50 g), was initially dispersed in 100
mL of the 1% acetic acid solution and subsequently
combined with 100 mL of a pre-prepared chitosan
solution and the PVA solution. The composite
mixture underwent gentle stirring at 75°C for a
duration of 30 minutes utilizing a hotplate stirrer,
followed by sonication in an ultrasonic bath at
ambient temperature for an additional 30 minutes.
The resultant ZnO/PVA/chitosan composite
solutions were sealed and preserved in labeled
bottles for future application.

2.3 Characterization

The contact angle was ascertained
utilizing a contact angle goniometer (Dataphysics
OCA-15EC, Germany). The apparatus consisted of
a light source for generating the droplet shadow
profile, a high-resolution side-view camera, a
precision liquid dispensing unit for the regulation
of droplet volume, and image analysis software. To
further investigate this characteristic, contact angle
measurements and surface energy analysis were
executed using a contact angle meter (Dataphysics
OCA-15EC, Germany) equipped with the
SCA20_U software in sessile drop mode. Water
droplets (2 pL each) were meticulously deposited
onto film specimens (1 % 3 cm) affixed to the
sample stage. Three droplets were applied to each
surface, and the corresponding images were
documented. The mean contact angle was derived
from the three independent measurements.

The accelerated ageing process of the
coated golden-phase leaves was systematically
evaluated utilizing a QUV/spray weathering tester,
designed to replicate the effects of ultraviolet (UV)
radiation, moisture, and condensation over
abbreviated exposure intervals. In accordance with
ASTM D4799/D4799M-17 standards, the samples
underwent a series of 12-hour cycles, each
comprising 4 hours of UV-A irradiation at a
wavelength of 340 nm and a temperature of 50°C,
followed by a 15 minute water spray, and
concluding with 8 hours of controlled
condensation at 50°C. Degradative changes were
meticulously assessed post 1, 2, 4, 10, 14, and 18
cycles via surface colorimetric measurements and
thorough visual inspections. Upon completion of
18 cycles, further investigation into the
microscopic  morphology and  elemental
composition was conducted through Scanning
Electron Microscopy coupled with Energy
Dispersive X-ray Spectroscopy (SEM-EDS)
analysis. The colorimetric characterization of the
accelerated golden-phase leaves was conducted
using a CM-5 spectrophotometer (Konica
Minolta), adhering to standardized colorimetry
techniques. Following precise calibration of the
instrument, leaf samples were strategically placed
in the top-port measurement area for analysis in
reflectance mode. The spectrophotometer yielded
quantitative colorimetric data, encompassing RGB
indices, spectral reflectance curves, and color-
difference metrics, facilitating an accurate
assessment of the color variations attributed to
accelerated ageing.

3. Results
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3.1 Color and appearance of coating gold leaf

The chromatic attributes and surface finish
of gold leaf subsequent to nano-coating and spray
application are analyzed. Referencing Figure 1, a
comparative evaluation is made between the
surface coloration of uncoated gold leaves and
those treated with ZnO/chitosan nanocomposites
via brushing (Figure la) or spraying (Figure 1b).
The spray-coated samples exhibited the most
favorable results, as the hue and surface features of
the gold leaf closely matched those of the untreated
variant, thereby confirming an exceptional degree
of preservation of the leaf's original appearance.
Empirical evidence suggests that the spray
application method facilitates a more uniform and
thinner layer distribution of the ZnO/chitosan
nanocomposite on the gold leaf compared to the
brushing technique. This uniform application
effectively minimizes alterations to the intrinsic
surface morphology and optical attributes of the
leaf, thereby better conserving its inherent color
and texture. Conversely, the brushing method
generally results in a thicker, less uniform
deposition, which can obscure or alter the surface
characteristics. Consequently, spray coating is
deemed the more efficacious strategy for
maintaining the visual aesthetics of gold leaves
while simultaneously enhancing their functional
properties.

(a) (b)

Figure 1. Surface appearance of golden leaves
coated with (a) ZnO/chitosan nanocomposite by
brushing and (b) ZnQO/chitosan/PVA
nanocomposite by spraying.

The results indicate that the spraying
method provides a more uniform and thinner
distribution of  the ZnO/chitosan/PVA
nanocomposite on the golden Ileaf surface
compared to the brushing technique. This uniform
coverage minimizes alteration of the natural
surface morphology and optical properties of the

leaf, thereby better preserving its original color and
texture. In contrast, the brushing method tends to
deposit a thicker and less homogeneous layer,
which can obscure or modify the surface
appearance. Hence, spray coating is considered the
more effective technique for maintaining the
aesthetic qualities of golden leaves while
enhancing their functional properties.

3.2 SEM spectroscopy

x/" . I Map Sum Spectrum

! O A\ ‘\.‘

Figure 2. SEM micrograph and EDS spectrum of
a gold leaf coated ZnO at 16,000x magnification.

Figure 2 presents the Energy Dispersive
X-ray Spectroscopy (EDS) spectrum for the Z4
sample, indicating that the zones where the coating
is adhered are primarily composed of zinc (Zn) and
oxygen (O). Notably, prior research has elucidated
the uptake of Zn by plants facilitated through ZnO
nanoparticle coatings. The scanning electron
microscope (SEM) micrograph elucidates the
intrinsic microstructure of the golden leaf surface,
marked by densely packed, elongated, and fibril-
like formations. This hierarchical organization
substantially contributes to the surface roughness,
which is pivotal in augmenting hydrophobic
characteristics by promoting a lotus-leaf-like
water-repellent effect. These structural attributes
corroborate  the elevated contact angle
measurements  observed, emphasizing the
significance of surface morphology in influencing
wetting properties.

3.3 UV-Vis spectrometry

The ultraviolet to visible light (UV-vis)
absorption spectrum is depicted in Figure 3.
Figures 3(a)-(b) highlight the UV absorption peaks
for the ZnO/chitosan composite solutions (Z2 and
7Z4), which manifest within the wavelength range
of approximately 220 to 380 nm. This observation
suggests that the synthesized samples possess
effective UV absorption characteristics, rendering
them appropriate for surface coating applications
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aimed at shielding materials from environmental
UV radiation.
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Figure 3. UV-vis absorption spectra of
ZnO/chitosan and ZnO chitosan /PVA compounds
associated with sample Z2 (a) and sample Z4 (b),
respectively.
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3.4 Contact angle measurements

Figure 4. Hydrophobicity on a coating surface of
golden leaf vine.

Figure 4 illustrates the water droplets,
which were observed to roll off the surface of the
golden leaf in a manner akin to lotus leaves,
thereby reflecting its intrinsic hydrophobic
properties. For each sample, three droplets of
deionized (DI) water were placed, imaged, and
analyzed to ascertain the contact angles, with mean

values being computed. For the purpose of surface
energy analysis, three probe liquids with distinct
polar and dispersive characteristics were utilized,
namely DI water, ethylene glycol, and formamide.
Three droplets of each liquid were deposited on the
surfaces of the golden leaf, imaged, and analyzed
to acquire contact angle values. The average
surface energy was subsequently determined
through the SE calculation method. The resultant
contact angles and calculated surface energies of
the golden leaf are encapsulated in Table 1.

Table 1. Average contact angle values measured
with different probe liquids (DI water, ethylene
glycol, and formamide) and the corresponding
surface energy (SE) of golden leaf samples
subjected to various nanocomposite coatings.

Sample Surface treatment Average contact angle (°) ‘8;’;7;1‘;; SE
S r—

Z1  Uncoated (Control) i529'5592 5162552 lelsf 479+0.76

n o moewem e HM 9T i

z3 ZnO/PVA (spray) i713229 i418§3 isz3lg 5 20.61+0.78

s OGO 6 BT 0 0

As 1illustrated in Table 1, the uncoated
golden leaf (Z1) exhibited a notably high water
contact angle of 150.52°, along with an
exceptionally low surface energy measured at 4.79
mN/m, thereby affirming its intrinsic hydrophobic
characteristic comparable to lotus leaves.
Following the application of a ZnO/chitosan
coating (Z2), a significant reduction in contact
angle was observed across all probe liquids,
accompanied by an increment in surface energy to
38.64 mN/m. This enhancement in wettability can
be attributed to the hydrophilic properties of
chitosan. Conversely, the ZnO/PVA spray coating
(Z3) demonstrated moderate hydrophilicity, with
contact angles approximating 85° and a surface
energy of 20.61 mN/m, indicating a compromise
between the hydrophilic and film-forming
attributes of PVA. Notably, the ZnO/chitosan/PVA
spray coating (Z4) maintained a relatively elevated
contact angle of 136.63° with water and achieved
the lowest surface energy, recorded at 2.39 mN/m,
which signifies a partial restoration of
hydrophobicity. This phenomenon may be
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attributed to synergistic interactions between the
chitosan—PVA matrix and ZnO nanoparticles,
resulting in surface reorganization and diminished
wettability.

(a)

(b)

P

(c)

P

(d)

Figure 5. Representative images of water droplets
deposited on golden leaf surfaces measured by the
contact angle technique: (a) uncoated control, (b)
ZnO/Chitosan (paint), (¢) ZnO/PVA (spray), and
(d) ZnO/Chitosan/PVA (spray).

Conversely, Sample Z4, which was coated
with a ZnO/Chitosan/PVA nanocomposites via
spray deposition, exhibited an average contact
angle of 136.63° along with the lowest surface
energy of 2.39 mN/m, thus implying minimal
droplet adhesion and thereby enhanced
hydrophobic performance. In contrast, Samples Z2
and Z3 displayed markedly lower average contact

angles of 72.05° and 87.32°, respectively, which
were accompanied by elevated surface energy
values, fostering increased droplet adhesion to the
leaf surface. Consequently, Sample Z4
demonstrated superior hydrophobicity, rendering it
more efficacious in resisting interaction with
humid air and water droplets.

The uncoated golden leaf (Sample Z1)
demonstrated the highest average contact angle
values, surpassing 150.52° with DI water,
indicative of substantial intrinsic hydrophobicity.
Conversely, Samples Z2 and Z3, which were
coated with ZnO/Chitosan (paint) and ZnO/PVA
(spray), respectively, revealed notably lower
contact angles (72.05° and 87.32° with DI water)
along with higher surface energies, thereby
implying diminished hydrophobicity and increased
wettability. Significantly, Sample Z4, coated with
a ZnO/Chitosan/PV A composite (spray), sustained
a relatively elevated average contact angle of
136.63° with DI water and exhibited the lowest
surface energy (2.39 mN/m), thereby confirming
its superior hydrophobic performance among the
coated samples.

3.5 Accelerated ageing test and color changes

Figure 6 illustrates that the samples coated
with the ZnO—PV A—chitosan composite exhibited
the minimal alterations in colorimetric values,
specifically in the RGB spectra of gold-colored
foliage subjected to QUV accelerated aging cycles,
which ranged from 0 to 18. This empirical
evidence denotes a robust resistance to color
degradation, thereby suggesting that the ZnO-
PVA-—chitosan encapsulation provides the most
efficacious protection in maintaining the pristine
visual characteristics of golden-phase leaves. This
formulation surpasses both alternative coating
methodologies and the untreated control in terms
of preservation efficacy.

The development of golden leaf-based
products and the improvement of their
hydrophobic properties using nano-ZnO-PVA-
chitosann composite colliods offer a promising
approach to upgrading community products in
Thailand’s southern border provinces. By coating
golden leaves and residues with natural rubber
latex, durability, flexibility, and longevity are
enhanced. Through creative design, these
enhanced materials can be transformed into
practical and decorative items such as wallets,
garments, and home accessories. This process not
only adds value to previously discarded materials
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but also generates sustainable income for local
communities.
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Figure 6. The graph illustrates a comparative
analysis of the color index (RGB) values of the
gold-colored leaves under QUV accelerated aging
cycles, specifically: (a) Z1, (b) Z2, (c) Z3, and (d)
Z4.

Figure 7. The design of the product prototype is
made from coating gold leaf and is shaped like a
souvenir in the form of a women's bag.

Conclusion
The investigation assesses the application
of  ZnO/chitosan and  ZnO/chitosan/PVA

nanocomposites on gold leaf via spray and
brushing techniques, examining their effects on
appearance, hydrophobicity, and surface energy.
Spray coating yielded a more uniform and thinner
layer, thereby preserving the original aesthetics of
the gold leaf more effectively compared to
brushing. SEM analysis revealed a surface
morphology that enhances hydrophobic properties.
UV-Vis spectrometry verified the UV absorption
capabilities of the nanocomposites. Contact angle
measurements indicated the intrinsic
hydrophobicity of uncoated gold leaf, with the
spray-applied  ZnOf/chitosan/PVA  composite
demonstrating superior hydrophobic performance
among the variants tested, characterized by low
surface energy. Of the three coatings assessed, the
ZnO-PV A—chitosan mix applied to golden-phase
leaves offered the best protection against moisture
and ultraviolet (UV) light. This coating exhibited
minimal color fading after 18 cycles of artificial
aging while maintaining the original color's
chromatic accuracy. The spray application method
ensured an even coverage on the leaf surface,
significantly boosting the mechanical strength and
lifespan of the golden-phase leaves. From a
practical standpoint, the ZnO-PV A—chitosan spray
holds considerable promise for shielding golden-
phase leaves from moisture and UV exposure,
aiding in the preservation of their aesthetic appeal
and prolonging the functional life of local
handicrafts and decorative items made from these
leaves.
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Abstract:

Biochar materials have been widely applied to improve soil and water quality. This study reports
utilizing non-fibrous materials (NFM) in pineapple leaf to produce a biochar material denoted as NFMBC.
The NFMBC was later examined as a sorbent for the removal of carbaryl, an insecticide, from water. NFMBC
treatments of carbaryl (aq) solution (50 ppm), with 1 g L' of NFMBC at 25 °C, gave removal efficiencies of
ca. 94% after 12 h, via involves pore-filling, n—x and electrostatic interactions between the insecticide and the
biochar. In addition to adsorption, hydrolysis of carbaryl also took place, resulting in 56% pmol of 1-naphthol
product. Time-dependent treatments indicated that the concentration of 1-naphthol increases at prolong
treatment times. As a result, the biochar acts not only as an adsorbent for carbaryl removal but also as
hydrolysis active sites. Possibly, metal or mineral compounds on the biochar surface may play an important
role in carbaryl hydrolysis, which were not observed from other biochar treatments in previous reports.
Notably, 1-naphthol is less toxic than carbaryl and degrades more easily (half-life 3.6 h), showcasing that
NFMBC can be used as an environmental material for the treatment of carbaryl-contaminated wastewater.

The byproduct of non-fibrous material

1. Introduction (NFM) was obtained from fiber extraction of
Carbaryl, a carbamate insecticide widely pineapple leaf waste. The dried material was
used in agriculture, is of concern due to its mobility ground into powder using a high-speed grinder
in water and potential toxicity to non-target (Model 200A, 1,200 W) with stainless-steel
organisms. Conventional removal methods are blades, then sieved through an aluminum mesh to
often inefficient or costly, making it interest in collect particles in the 3347 pum size range, for
biochar-based adsorption approaches. further use. In addition, commercially available
Biochar, a carbon-rich material produced carbaryl (Hebei Enge Biotech, 85%w/w) was
by oxygen-limited pyrolysis of biomass, has purchased from local shops in Thailand.
attracted attention as a sustainable adsorbent Throughout this work, deionized water was
because of its porous structure, surface utilized as solvent.
functionality, and environmental benefits.
Previous studies have shown its strong affinity for 2.2 Synthesis
hydrophobic organic chemicals (HOCs) and The non-fibrous material (NFM) was
pesticides, making it promising for water pyrolyzed at 550 °C for 2 h in a closed 300 mL
treatment.' ceramic crucible under a heating rate of 10 °C min-
In this study, biochar derived from non- !'and a nitrogen flow of 100 mL min' to obtain the
fibrous pineapple leaf residue was examined for its non-fibrous material biochar (NFMBC).
ability to remove carbaryl from aqueous solution
and/or hydrolyze it into less toxic forms?. 2.3 Characterization
Adsorption efficiency and interaction mechanisms The structure, chemical composition, and
were evaluated, highlighting the potential of physical properties of NFMBC were analyzed
agricultural waste-derived biochar in pesticide using several analytical methods. Elemental
remediation. compositions were determined with a CHNS/O
analyzer (Leco, A 628 series, USA) and an X-ray
2. Materials and Methods fluorescence spectrophotometer (XRF, Horiba,
2.1 Materials XTG-9000, Japan). Proximate analysis for
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moisture, volatile matter, and ash content was
performed according to ASTM D3173 and ASTM
D3174 using a SNOL 3/1100 LHMO1 furnace.
Fixed carbon content was calculated from the
residual components other than moisture, ash, and
volatile matter. The microstructure and surface
morphology of samples were observed using a
scanning electron microscope (FESEM, JEOL,
JSM-IT500, Germany) after platinum coating (30
mA, 90 s). Crystalline phases were identified by X-
ray diffraction (XRD, Bruker, D2 Phaser,
Germany) over a 20 range of 10-50°. Raman
spectra were recorded wusing a Raman
spectrophotometer (HORIBA Scientific, XploRA
PLUS, France). Surface chemical compositions
were analyzed with X-ray photoelectron
spectroscopy (XPS, Kratos, Axis Ultra DLD, UK)
and Fourier-transform infrared spectroscopy
(FTIR, Nicolet, iS50, USA) in the range of 400—
4000 cm™.

2.4 Batch Adsorption

Only a single parameter was varied at the
time, and each batch sorption experiment was
performed in triplicate. Screening test was carried
out at 25°C to determine the removal efficiency
examined by using 20 mL of 50 ppm carbaryl
aqueous solution with 1 g L' NFMBC sorbent
dosages. Using a ZHWY 200B model Zhicheng
brand temperature-controlled mechanical shaker,
the suspensions (NFMBC in pesticide solution)
were shaken at 150 rpm. Once the designated
contact time was reached, the liquid phase was
drawn out by using a 0.45 pum cellulose acetate
syringe filters and collected for HPLC analyses.
For each HPLC measurement, a 2 mL of treated
pesticide solution was injected into an HPLC-
ready vial for subsequent analysis without dilution
step. The concentrations of pesticide in the treated
solutions were monitored on a Waters ACQUITY
Arc system, USA, HPLC coupled with a VertiSep
UPS C18 column (5 pm, 4.6 x 150 mm). The
operating conditions during analysis included a
flow rate of 1 mL/min, a column temperature of
30°C, an injection volume of 20 pL, and detection
wavelength at 280 nm. The HPLC isocratic elution
conditions used in this work was 50% deionized
water: 50% acetonitrile. The adsorption capability
of each pesticide over NFMBC was evaluated in
terms of the pesticide uptake (Eq. 1)

(5

(Eq. 1)

where ¢. represents equilibrium adsorption
capacity in mg g, V the volume of the adsorbate
solution in L, and m the mass of the adsorbent in g.

3. Results
3.1 Bulk Composition

Table 1. Bulk composition (from CHN method
and proximate analysis) of NFMBC (maximum

error 0.3%).
Elemental Composition (%owt.)
H N
c B N o ©® O N O+N
C C C C
79.90 3.63 0.89 1558 0.54 0.15 0.01 0.16

Composition (%wt.) (Proximate analysis)

Moisture Ash Volatile Fixed carbon
content matter
45 7 9 79.5

Through the process of pyrolysis, wherein
organic materials are subjected to high
temperatures, the resulting biochar exhibits a
notable bulk composition comprised mainly of
carbon, oxygen, hydrogen, and nitrogen. The H/C
and O/C ratios, indicative of aromaticity and
polarity, respectively, provide insights into the
molecular structure and reactivity of the biochar *,
Approximately 7% of the composition consists of
ash, originating from trace mineral or inorganic
deposits during pyrolysis, with calcium and
potassium emerging as predominant elements as
shown in Figure 1. These elements, reflective of
their natural biomass sources, contribute to the
distinctive characteristics of the biochar. In
essence, the bulk composition of pyrolysis-derived
biochar reveals a complex interplay of elements,
emphasizing its carbonaceous nature and the
influence of its natural origins.?

0.35
E030
Eoas
=020
]
£0.15
]
=000
<2 0.0
<

0.00

Ca K Si Mn Fe Cl
Components

Figure 1. Elemental analysis by XRF (>23 amu.)
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3.2 Chemical and Structural
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Figure 2. (a) aromatic structure by Raman (b)
crystalline structure by XRD.

Raman spectra showcased two distinctive
peaks at approximately 1,350 cm™ ( D-band) and
1,600 cm™ (G-band). These peaks suggest the
development of aromatic structures with defects
and well-ordered graphite structures, respectively.®
The intensity ratio (In/Ig) 0of 0.67+0.01 signifies the
prevalence of graphitic carbon in NFMBC,
aligning remarkably well with the
% and % ratios derived from CHN data, as discussed

in the Table 1. Moreover, Figure 2(b) highlights
that X-ray diffraction also affirmed the presence of
disorderly graphitic structures, echoing the Raman
findings. Additionally, traces of quartz were
identified on the NFMBC surface, in concordance
with XRF results indicating the observation of
silicon in minute amounts.

3.3 Surface Composition

Four elements were observed which were
C, O, Ca and K, align with XRF results. The
elements deconvolution showed the functional
groups on surface. For example, C=C, carbonyl
group, or even carbonate group on NFMBC.
CaCO; and KCO;.” The pore structure analysis
showed an average pore diameter of 3.63 £ 0.2 nm,
indicating the presence of mesopores,® a total pore
volume of 0.0035 cm?® g!, and a low BET surface
area of 4.01 m? g'!. These surface characteristics,
including functional groups and porous structure,
suggest that NFMBC has the potential to adsorb
pesticide molecules from aqueous solutsions.

3.4 Effect of Time

A carbaryl removal efficiency of 94% was
observed after 720 minutes by using NFMBC
(Figure 4a). Moreover, the NFMBC catalyzed the
hydrolysis of carbaryl, resulting in the production
of naphthol at a rate of 56% umol (Figure 4b).

3.5 Adsorption Mechanism
As shown in Figure 5, the presence of a
carbaryl peak in the spent NFMBC confirmed its
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Figure 3. Surface functional group of NFMBC by
XPS (a) Survey spectra (b) Cls (c) Ols (d) Ca2p
(e) K2p (Black solid line represents experimental
profile and red circles indicates the simulated
profile).
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Figure 4. Effect of contact time of NFMBC on (a)
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and naphtol observed.

adsorption onto the biochar surface. Changes in the
Cls and Ols percentages after adsorption indicated
modifications in surface chernistry.g’10 The
deconvolution of the Cls and Ols spectra revealed
peak shifts, highlighting the role of functional
groups in governing the adsorption process. The
experimental adsorption data fitted well with the
intraparticle diffusion (IPD) model, suggesting
that carbaryl gradually diffuses into the biochar
pores.!! This slow diffusion process may also
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facilitate the gradual release of alkaline ions from
the biochar surface, linking adsorption and
hydrolysis in the overall removal of carbaryl.
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Figure 5. (a) FTIR spectra of spent NFMBC and
XPS spectra after adsorption of NFMBC (b) Survey
(c) O 1s (d) C 1s (e) adsorption data with kinetic
model fits.

3.6 Hydrolysis Mechanism

The percentages of K2p and Ca2p
decreased, and their deconvolution peaks shifted to
slightly higher binding energies in spent NFMBC,
indicating partial involvement of K2COs; and
CaCOs during carbaryl removal. The dissolution of
these carbonate minerals caused a small increase in
solution pH from 7.1 to 7.4, which may contribute
to the alkaline hydrolysis of carbaryl.'®'? Notably,
NFMBC not only adsorbs carbaryl but also
provides conditions that could enhance hydrolysis,
whereas previous studies generally reported
biochar functioning mainly as an adsorbent.'* The
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Figure 6. XPS spectra after adsorption
of NFMBC (a) Survey (b) K2p.

IPD behavior observed in the adsorption kinetics
suggests that carbaryl diffusion into biochar pores
and gradual ion release may together support the
overall removal process.

Conclusion

NFMBC demonstrated excellent potential
for carbaryl remediation, achieving 94% removal
efficiency within 720 minutes. In addition to
adsorption, the material exhibited catalytic
activity, attributable in part to trace inorganic
carbonates, facilitating hydrolysis and producing
I-naphthol at a yield of 56% pmol. These findings
highlight the dual functionality of NFMBC as both
an effective adsorbent and a catalyst, underscoring
its promise or practical applications in pesticide-
contaminated water treatment.
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Abstract:

Silicone-based patches were developed as consumer-informed systems to conceal bruises, aligning
with the growing demand in aesthetic procedures. A survey of 136 participants revealed interest, with 75.6%
willing to buy bruise-alleviation products, 85.2% preferring concealing treatments, and 83.7% favoring
options that both mitigate pain and improve bruise appearance. Guided by these insights, three botanical
extracts madecassoside, titrated extract of Centella asiatica, and Aloe vera were evaluated for
cytocompatibility. Among them, Aloe vera was chosen due to its demonstrated fibroblast viability of 113.0 +
5.41% at a concentration of 250 ug/mL. Ultraviolet-visible spectroscopy identified distinct absorbance
maxima at 223 and 262 nm, with 262 nm selected to reduce interference from excipients. A power-law
calibration at 262 nm was used to convert absorbance to concentration for quantitative release. Patches were
fabricated at 500, 1,000, and 2,000 rpm, representing low/medium/high shear to identify shear-dependent
effects. Cumulative percent release was highest at 2,000 rpm by 270 min, followed by 1,000 rpm, and
negligible at 500 rpm. The results illustrate the viability of combining user feedback with quantitative release
profiling, thus creating a systematic foundation for enhancing active-loaded transdermal patches.

1. Introduction

Bruises, medically referred to as
ecchymosis, are a form of skin discoloration
caused by bleeding veins and capillaries beneath
the skin. They are sometimes painful and can take
a long time to fully heal. In daily life, bruising is a
common occurrence, and both medical conditions
and procedures may increase its likelihood." ? In
the cosmetic sector, bruising is a frequent adverse
effect that can cause embarrassment for patients
concerned about their appearance. This often
results in avoidance of social and professional
responsibilities for up to two weeks following a
procedure.’ Reports indicate that bruising may
represent approximately 25% of nonsurgical
cosmetic procedures, with some sources noting
incidences as high as 68%.*

If a bruise has already occurred, cold packs
are recommended within the first 48 hours
followed by hot compresses after two days to
shorten recovery. Color correction for bruises
adheres to the color principle: opposing hues on
color wheel visually neutralize each other; thus,
correctors are selected according to the bruise's
color. In dermatologic camouflage, blue and purple
discoloration is counteracted with orange and
yellow correctors, applied prior to the skin-tone
layer. Conversely, red is counteracted with green
correctors. Bruises generally progress from

red/blue-purple initially to yellow later as
hemoglobin degrades; thus, the selected corrector
should correspond with the observed coloration
over time. Currently, the cosmetic industry is
trending toward the incorporation of natural
ingredients in product formulations. A wide range
of bruise-alleviation products are available,
including gels, creams, and oils.>”’

Madecassoside and titrated extract of
Centella asiatica (TECA), along with Aloe vera,
are widely used in remedies to reduce bruising.
However, the mechanism of their effects in topical
applications is not yet fully understood.
Consequently, scientific evidence supporting their
anti-bruising properties, particularly in relation to
bruise and wound healing duration, remains
limited. As physical appearance is highly
prioritized in modern society, individuals often
worry that slow bruise recovery will prolong social
discomfort.?1°

The mixing speed was established as a
design parameter because, in immiscible polymer
dispersions, hydrodynamic shear dictates droplet
fragmentation versus coalescence, thereby
determining the microstructure that subsequently
influences transport, in accordance with polymer-
dispersion theory.!!" 12 Data from phase-inversion
systems demonstrate a pivotal stirring velocity;
increased rpm consistently diminishes droplet
dimensions and tightens the distribution, with
average sizes decreasing from lower to higher rpm,
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300-1000 RPM." In silicone systems, mixing
glycerol in polydimethylsiloxane (PDMS) from
2,000 to 3,500 rpm is documented, with the
elevated setting producing smaller droplets.!* The
shear-driven enhancement of morphology, smaller
droplets, and increased interfacial area establishes
a mechanistic connection to mass transport, as
finer dispersions facilitate more rapid drug release
into the external phase at the skin.'*>!¢

Therefore, this study aims to develop
patches that both promote bruise recovery through
herbal extract incorporation and conceal
discoloration by adding pigmented color to mimic
natural skin tones. Silicone was chosen as the
matrix due to its long-established use in wound
dressings and transdermal drug delivery, offering
excellent biocompatibility, permeability, and
release  properties.'*!7  While silicone-based
systems have been widely reported, applications
targeting bruise management remain scarce. In
particular, there is a lack of systematic studies
investigating how varying stirring speeds
including 500, 1,000, and 2,000 rpm delineate low,
medium, and high shear levels during patch
formation influence the release kinetics of active
compounds. To bridge this gap, the present study
evaluates  Dbioactive-loaded  glycerol-silicone
patches prepared at different stirring speeds,
combining concealment through pigmentation
with quantitative release profiling. This approach
establishes a systematic foundation for advancing
active-loaded transdermal patches.

2. Materials and Methods
2.1 Materials

Human skin fibroblasts (HSF), 96-well
plates, an MTT assay kit, a microplate reader,
madecassoside, titrated extract of Centella
asiatica, and Aloe vera extract were used. Glycerol
was procured from Chemipan (Thailand), and the
silicone base with curing agent (Sylgard 184) was
obtained from Dow (USA). Cuvettes and
deionized water (DI) were employed for
spectroscopic work. A skin-tone pigment (SciWis
Artisanin FB02, Thailand), plastic wrap film, and
C-clamps were used for patch formation with a
three-piece mold set: two plates (110 x 230 mm),
each machined with three cavities (patch size 20 x
200 mm per cavity), and one solid plate (110 x 230
mm). A magnetic stirrer bar and a hot-plate
magnetic stirrer (IKA C-MAG HS 7, Germany)
were used for mixing, and ultraviolet-visible (UV-
Vis) measurements were recorded on a GENESY'S

10S spectrophotometer (Thermo Fisher Scientific,
USA). Parafilm (USA) was used to seal the
cuvette.

2.2 Synthesis

Sylgard 184 was prepared by mixing the
base and curing agent at a 10:1 (w/w) ratio, then
blended with glycerol. The botanical active was
dissolved in glycerol at 60°C and adjusted to 2.0%
w/w. After cooling, this active-glycerol solution
was incorporated into the silicone to yield 80 parts
per hundred rubber (phr) of glycerol in the PDMS
matrix. After that, the mixture was stirred for 2 min
at controlled speeds of 500, 1,000, and 2,000 rpm.
Casting used a three-piece mold set comprising
two plates, each machined with three linear
cavities, and one solid backing plate. Before
pouring the first layer, the solid backing plate was
wrapped with plastic wrap and the mold was
clamped. Patches were produced as a two-layer
laminate with the bioactive layer poured first. The
active-loaded PDMS-glycerol mixture was
dispensed into each cavity to form the active layer,
and a second pour of the pigmented PDMS-
glycerol mixture was carefully overlaid to
complete the cover layer. Each layer was cured in
an oven for 1 h at 80°C. After curing, patches were
demolded to obtain the patches.

2.3 Characterization

Characterization of the developed patches
was carried out in four key evaluations. First, a
consumer survey was conducted via Google Forms
to identify problems in bruise management and to
guide product development. The survey collected
demographic information, assessed perceptions of
bruise care and willingness to pay, and explored
preferences for patch design in terms of
functionality and aesthetics.

To determine cytocompatibility, the active
substances madecassoside, TECA, and Aloe vera
were examined using the MTT assay in human skin
fibroblast cells. Cells were seeded, cultured under
standard conditions, and treated with three
concentrations of each active (10, 50, and 250
pg/mL), followed by incubation before MTT
addition. Formazan crystals were dissolved in
DMSO and measured at 570 nm to calculate
percentage viability relative to untreated controls.
The most suitable active and concentrated were
subsequently selected for patch fabrication.

For spectrophotometric analysis,
ultraviolet-visible measurements were conducted
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to identify the absorbance profile of the selected
active substance. Absorbance spectra were
recorded between 190 and 1,100 nm, and the
maximum absorbance wavelength (Amax) was
determined. Standard solutions of known
concentrations were then measured at Amax to
generate a calibration curve, enabling quantitative
determination of release.

Finally, release of the active substance
from the patches was monitored using UV-Vis
spectrophotometry. Patches were cut to uniform
dimensions and immersed in DI water. All release
tests were conducted on an IKA C-MAG HS 7
hotplate stirrer at speed scale 2/6, constant across
all groups. Absorbance was recorded at Amax at
regular intervals up to 390 minutes, and
concentrations were calculated wusing the
calibration curve. Release was reported as percent
cumulative release and analyzed with standard
kinetic models: Higuchi as the primary descriptor
of early diffusion from slab-like matrices, and
Korsmeyer-Peppas in the initial < 60% region to
classify mechanism. ANOVA at a significance
level of 0.05 was applied to cell-viability assays;
UV-Vis measurements and active release profiles
were summarized descriptively.

3.Results
3.1 Survey findings

The consumer survey provided key
insights into bruise-care needs. Among 136
participants, most were female (68.1%) and aged
25-34 years. Regarding purchasing behavior,
88.9% had previously bought bruise treatments,
75.6% were willing to invest in bruise-alleviation
products, and 85.2% preferred items with
concealing properties. Interest in natural remedies
was reported by 78.5%, while 83.7% favored
multifunctional products that both reduce pain and
improve bruise appearance. A second survey of 32
participants  reinforced these findings. All
respondents expressed concern about bruising, and
93.8% were willing to pay for either treatment or
concealment. Preferences emphasized
convenience, with 84.4% favoring daily patch
changes and 65.6% preferring tape-based formats.
Accordingly, these findings informed material
specifications for a daily-wear patch integrating
active-agent delivery with bruise concealment.

3.2 Cell viability

The cytocompatibility of madecassoside,
TECA, and Aloe vera was assessed in HSF at 10,

50, and 250 pug/mL using the MTT assay. As
shown in Figure 1, all treatments maintained or
slightly increased viability compared with the
untreated control, with mean values ranging from
100.3 £ 7.1% to 113.0 + 5.4%. Statistical analysis
(one-way ANOVA, p > 0.05) confirmed no
significant differences among groups, indicating
the absence of cytotoxicity at the tested
concentrations.

140
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40 -

Percentage of cell viability

20
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Ctrl 10 50 250 10 50 250 10 50 250
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Concentration (pg/mL)

Madecassoside Aloe vera

Figure 1. Percentage of cell viability in HSF after
exposure to madecassoside, TECA and Aloe vera
at 10, 50, and 250 pg mL™", relative to untreated
control. Values represent mean + SD (n = 3).

Among the tested actives, Aloe vera at 250
pg/mL yielded the highest viability with the lowest
variability, indicating favorable cytocompatibility
and metabolic support for fibroblasts. These
findings identify Aloe vera at 250 pg/mL as the
most suitable candidate for further patch
development.

3.3 UV-Vis spectrophotometry

UV-Vis spectra were recorded for Aloe
vera and all formulation excipients (glycerol,
silicone base, curing agent, and blank). In the
overlaid spectra (Figure 2), Aloe vera exhibited
two characteristic bands at 223 and 262 nm. The
excipients showed deep-UV peaks between 217
and 222 nm. Notably 222 nm for glycerol and 217
nm for the curing agent, overlapping the 223 nm
band of Aloe vera. To minimize spectral
interference, 262 nm was selected as the analytical
wavelength for all quantitative measurements. The
skin-tone pigment was insoluble in water and
therefore excluded from the spectral comparison.

The blank displayed a near-zero baseline
across the measurement range, supporting the
specificity of
the chosen wavelength. A calibration series of Aloe
vera measured at 262 nm fitted a power-law model
with R? = 0.99996 in Figure 3. The working
calibration used for quantitation is:
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Absorbance = 3.19 X Concentration®152

Concentrations in release experiments
were obtained by inverting this relationship; mass
released at each interval was calculated as
concentration x 3 mL and cumulatively integrated
to generate release profiles for patches prepared at
different stirring speeds.
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Figure 2. UV-Vis spectrophotometer profile of
Aloe vera and excipients.

y=0.1519x+ 1.1614 .
R*=0.99

Ln absorbance (262 nm)

Ln concentration (ug/mL)

Figure 3. The standard curve at 262 nm across
Aloe vera concentrations from 0.01 to 100000
pug/mL using power-law regression.

3.4 Active substance release

Release was monitored in 3 mL of DI
water at the selected wavelength. Patches prepared
at 3 different stirrer rates were tested, and
absorbance-time profiles are shown in Figure 4.
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Figure 4. The graph illustrates time-dependent
absorbance of released active substance, including
500, 1,000, and 2,000 rpm patches at 262 nm.

The signal increased with time and
depended strongly on stirring speed: at 2,000 rpm

the absorbance rose rapidly to roughly 0.056 at 30
min and approached 0.065 by 270 min; 1,000 rpm
displayed a steadier rise and stabilized near 0.043;
500 rpm changed slightly, ending around 0.024.
These trends indicate increasingly rapid liberation
of Aloe vera with higher mixing speed.

For quantification, absorbance values were
converted to concentration (C, pg-mL™") using the
calibration from Section 3.3:

1
Absorbance)o.lsw

C tration =
oncentration ( 319

Released mass at each time point was then
obtained by multiplying by the release medium
volume and expressing in micrograms. The
cumulative profiles (Figure 5) showed a clear
hierarchy with preparation speed. The cumulative
release percentage increased with preparation
speed and stabilized by 270-390 min at <0.001%,
0.009%, and 0.141% for 500, 1,000, and 2,000
rpm, respectively. Early-time profiles are well
described by the Higuchi model; the initial
segment indicates Fickian diffusion at 2,000 rpm
by the Korsmeyer-Peppas criterion. ' ?
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Figure 5. The cumulative percent released of Aloe
vera from patches under 500, 1,000, and 2,000 rpm
stirring speeds over 390 minutes; n=1.

The mixing rpm primarily influences the
initial mass transfer from the silicone-glycerol
matrix: increased rpm results in smaller, more
interconnected glycerol reservoirs and reduced
diffusion distances, leading to a cumulative %
release in order. The initial behavior is diffusion-
controlled, and at 2,000 rpm, the early segment
conforms to Fickian transport according to the
Korsmeyer-Peppas  criterion,  corroborating
findings that increased preparation speed results in
more porous domains and expedited release.!® 2
Conversely, long-term flux is mostly influenced by
matrix composition and loading, rather than by
minimal test agitation.”! The low overall percent
released accords with glycerol-silicone literature:
the silicone phase is hydrophobic and acts as a
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semipermeable barrier, and release profiles often
plateau below 100% in aqueous media due to
limited solubility of the actives.'® DI water was
used to avoid buffer-related spectral artifacts in
this UV screening; Franz diffusion-cell testing is
planned to strengthen evidence for transdermal
delivery and establish physiological relevance.?*-??

Conclusion

A consumer-informed, pigmentable
silicone-glycerol patch was developed to conceal
bruises while delivering botanical actives. All
candidates were cytocompatible; Aloe vera at 250
ug mL " was selected, and UV-Vis profiling at 262
nm enabled calibrated, quantitative release
analysis. Stirring speed governed performance:
higher rpm produced a faster onset and greater
release, with profiles stabilizing within the wear
window, consistent with diffusion-controlled
behavior. These findings provide a systematic
basis to optimize active-loaded transdermal
patches by controlling mixing shear.
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Abstract:

The development of cannabidiol (CBD) nanoformulations requires reliable analytical methods to
ensure product quality and safety. In this study, we developed an HPLC-UV method for quantifying
nanoformulated CBD in powder form. For sample preparation, a Quick, Easy, Cheap, Effective, Rugged, and
Safe (QUEChERS) process was utilized for CBD extraction and matrix cleanup. Chromatographic separation
was achieved on a C18 column with gradient elution and UV detection at 220 nm. The method yielded a well-
resolved CBD peak within 15-min analysis time, demonstrating high accuracy (>90% recoveries) and
precision (<10% RSD), with minimal matrix effects (<10%). The experimental limit of detection (LOD) was
0.50 pg/mL. Applied to CBD lipid nanoparticle powders, the method proved suitable for real samples. Overall,
the workflow offers a simple, robust, and cost-effective approach for reliable quantification of CBD in
complex nanoformulated products, facilitating its use in nanopharmaceutical research and quality control.

quantification of the target analyte.” Nuclear

1. Introduction magnetic resonance (NMR) spectroscopy is
The  pharmaceutical industry  has frequently applied when detailed structural
increasingly shown interest in cannabis and its information is required.'® Each technique offers
cannabinoids. Notably, cannabidiol (CBD) has distinct  advantages and  limitations.'""?
shown promise for the treatment of chronic pain, Additionally, due to the complexity of real-world
anxiety disorders, and neurodegenerative samples, effective sample preparation methods are
diseases.! However, because of its poor water also necessary. These methods include liquid-
solubility, CBD has limited bioavailability and liquid extraction (LLE)," solid-phase extraction
inconsistent therapeutic effects. To overcome these (SPE),'* and Quick, Easy, Cheap, Effective,
issues, nanoformulations have been developed to Rugged, and Safe (QuUEChERS)."> Herein, we
enhance stability, absorption, and pharmacokinetic developed a simple HPLC-UV method combined
performance.”* Furthermore, lipid-based nano with  QuEChERS extraction for accurate
-carriers, particularly lipid nanoparticles (LNPs), quantification of nanoformulated CBD products.
have demonstrated higher efficiency than The method also offers efficient extraction with
conventional CBD formulations.>¢ minimal matrix effects, showing its potential for
Nanoformulated CBD, typically reduced to reliable and accessible cannabinoid testing in
particles below 100 nm, improves absorption and nanoformulated products.
drug delivery and can be processed into powder
form for use in tablets, edibles, and topical 2. Materials and Methods2.1 Chemicals
products. Each dose typically contains 5 to 50 mg A reference standard of CBD (analytical
of CBD. Since many CBD products are grade, > 99.8% purity) was obtained from the
inaccurately labeled,® reliable quantification is Department of Medical Sciences, Ministry of
essential to ensure product safety and quality. Public Health (Nonthaburi, Thailand). CBD isolate
Different analytical techniques can be used for (>99% purity) was obtained from Salus
CBD analysis in consumer products. For example, Bioceutical (Thailand) Co., Ltd. (Chiang Mai,
chromatographic techniques, namely high- Thailand).  Acetonitrile was sourced from
performance liquid chromatography (HPLC) Wit Honeywell (HPLC grade, Burdick & Jackson).
a UV detector or a mass spectrometer, are the gold Ethanol and formic acid were purchased from
standard methods for selective and sensitive Merck (Darmstadt, Germany). Ammonium
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formate was purchased from LOBA Chemie
(Mumbai, India). Ultrapure water was produced
using a Vivagen EXLS5 water purification system
(South Korea), with a resistivity of 18.2 MQ-cm.
Anhydrous magnesium sulfate (MgSO4) was
obtained from Sigma-Aldrich (Missouri, USA).
Sodium chloride was obtained from Merck
(Darmstadt, Germany). Primary secondary amine
(PSA) and octadecylsilane (C18) were purchased
from SillaQuick (Quebec, Canada). Real samples,
CBD-loaded lipid nanoparticles (CBD-LNPs),
were prepared in powder form according to
Lapmanee et al., using solvent injection and
microfluidization.’

2.2 Standard Preparation

A stock solution of CBD (1,000 pg/mL)
was prepared by dissolving CBD isolate in ethanol
and stored in amber glass vials at 4 °C. Working
standards were prepared by serial dilution of the
stock solution with acetonitrile to obtain 0-50
pg/mL. Matrix-matched standards over the same
concentration range were prepared by spiking the
CBD stock solution into blank matrix extracts.

2.3 Sample Preparation

The procedures were summarized in
Figure 1. 50 mg powder samples were redispersed
in 450 pL of ultrapure water by sonication. A 50
uL aliquot was transferred to a microcentrifuge
tube. QUEChERS extraction was then performed
by adding 50 pL of ethanol, 400 pL of water, and
500 pL of acetonitrile, followed by 200 mg MgSOx
and 50 mg NaCl to facilitate analyte extraction and
phase separation. After shaking and centrifugation,
the acetonitrile supernatant was cleaned with
sorbents (45 mg of MgSQOs, 15 mg of PSA, and 15
mg of C18). As needed, the cleaned extract was
further diluted to fall within the calibration range.

= L ETH
- v —
— -F [ ]
CBD-LNP Re-dispersed Extraction Clean -up HPLC-UV
powders and sonicated  with ACN with sorbents  analysis

Figure 1. Sample preparation workflow.

2.4 Chromatographic Conditions

HPLC analysis was performed on a
Shimadzu LC-20A with LabSolutions software.
Separation was performed using an InertSustain
C18 column (3 pm, 100 x 3.0 mm; GL Sciences,
Tokyo, Japan). The mobile phases were 20 mM

ammonium formate at pH 3.2 (A), and acetonitrile
(B), with a 0.5 mL/min flow rate and 20 pL
injection volume. UV detection was at 220 nm.
The gradient started at 40% A/60% B, ramped to
95% B in 5 min, held until 12 min, and re-
equilibrated for a total runtime of 15 min.

2.5 Analytical performance and accuracy

Calibration curves were constructed for
CBD in pure solvent and matrix extract. The limit
of  detection (LOD) was  determined
experimentally by visual inspection of the CBD
peak. Linearity was evaluated using the coefficient
of determination (R?). Precision was assessed as
the percent relative standard deviation (%RSD)
from at least three analyses. Matrix effect (Y%oME)
was estimated by comparing the calibration slopes
of CBD in matrix extract versus CBD in pure
solvent, according to the equation:'®

%MEz(M - 1)x100

Slopesolvent

To evaluate accuracy, spike-recovery
experiments were performed by spiking a 100
mg/mL. CBD solution into the redispersed
unknown CBD-LNP samples. The spiked
concentrations of CBD in the redispersed samples
were 0.500 mg/mL and 1.000 mg/mL,
corresponding to 0.250 mg and 0.500 mg CBD,
respectively. Samples were extracted as described
earlier. Quantification was performed using
matrix-matched calibration. Percent recovery was
calculated using the equation below:

C Cunsni
%Recovery = ( unsPlked) x 100
Cadded

where Cgyieq 18 the concentration measured in the
spiked sample, Cyygpikea 18 the concentration
measured in the unspiked sample, and C,44cq 1S the
nominal concentration of analyte introduced
during spiking. The accuracy experiment was
performed in triplicate.

spiked ~

3. Results and Discussion
3.1 Standard purity and chromatographic
performance

Cannabinoids are typically monitored by
UV detection at 210-230 nm.!” Here, 220 nm was
selected to detect CBD for optimal sensitivity and
peak shape. In our initial study, we compared
analytical-grade CBD with the more cost-effective
CBD isolate and verified its suitability as a
calibration standard. Additionally, CBD isolate
spiked into the matrix extract was compared to
assess matrix effects on peak shape.
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Representative chromatograms are shown
in Figure 2. All samples yielded a sharp and well-
resolved CBD peak at ~9.1 min without co—eluting
interferences. Despite differences in analyte grade
and matrix, retention times (RT) were consistent,
confirming excellent selectivity and
reproducibility (ART < 0.02 min) of the method.
The peak area and chromatographic profile of the
isolate CBD were comparable to those of the
analytical grade, supporting its use as the
calibration standard. The CBD isolate in matrix
extract exhibited similar peak shape and peak area,
indicating negligible matrix effect after extraction.

2
g
2
: A
=
D
XN
=
g
} =)
(=]
Z
3 6 9 12 15
Time

Figure 2. Representative chromatograms of a)
analytical grade CBD (claimed >99.8% purity), b)
CBD isolate (claimed >99% purity), and c¢)
extracted CBD isolate from matrix powders. Each
solution has the final CBD concentration of 50
ug/mL. Peaks are offset for clarity.

3.2 Analytical performance

The LOD was assessed by diluting CBD
into a matrix blank and visually inspecting the
CBD peak to determine the lowest consistently
detectable concentration. As a result, the empirical
LOD was 0.50 pg/mL. At this level, the distinct
CBD peak remained observable at 9.1 min.
Triplicate  injections showed reproducible
detection with 2.6% RSD. The Ilimit of
quantification (LOQ), estimated as three times the
LOD, was 1.50 pg/mL.

To  further  evaluate  quantitative
performance, calibration curves for CBD in pure
solvent and CBD in matrix extract were
constructed. As shown in Figure 3, both calibration
curves exhibited excellent linearity (R? > 0.995)
over 0-50 pg/mL. Intra-day precision, based on

%RSD from triplicate measurements was <2%
RSD. Inter-day precision across three separate
days was <8% RSD, confirming method
reliability.

Matrix effects are a major challenge in
cannabinoid analysis particularly for complex
formulations such as lipid nanoparticles (LNPs).
The matrices often lead to signal suppression and
reduce quantification accuracy.'® In this study, we
used the QUEChERS approach to mitigate matrix
interferences. Comparing the two calibration
curves, the %ME was found to be -8.29%, which
was within the acceptable criterion of +20%. This
result indicates that the sample preparation method
effectively mitigates matrix interferences in lipid-
based samples. The overall workflow provides a
cost-effective and reliable method for quantifying
CBD in nanoformulated products.

y =137341x
R>=0.9990

y = 125952x
R?=0.9998

Peak area x 106 (a.u.)
F S

H Solvent A Matrix-matched

0 12.5 25 375 50

Concentration of CBD (ug/mL)

Figure 3. Calibration curves of CBD isolate used
in the formulation of LNP powders, prepared in
solvent (m) and matrix-matched ( A ) over the range
of 0-50 pg/mL.

3.3 Real sample analysis and accuracy

As shown in Table 1, the unspiked samples
contained CBD at 2.49% w/w. After spiking at
0.50% and 1.00% w/w, the measured
concentrations were found to be 2.98 + 0.039%
w/w and 3.55 + 0.084% w/w, corresponding to
recoveries of 98% and 105%, respectively. All
recoveries were within the generally accepted
range of 80—120%. The %RSD values were below
4% (n = 3). These results confirm the method’s
accuracy and precision for real samples.
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Table 1. Recovery and precision from the spike recovery experiment.

Spiked (Yow/w) Found (%w/w) Average (Yow/w) %RSD %Recovery
0.00 (Unspiked) 2.50 2.58 2.40 2.49 3.67 —
0.50 2.97 3.03 2.95 2.98 1.31 98
1.00 3.47 3.63 3.54 3.55 2.37 105
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Abstract:

Chronic kidney disease (CKD) is a progressive disorder with high prevalence, while conventional
diagnostics such as estimated glomerular filtration rate (¢GFR) and 24-hour urine collection are costly, slow,
and often inaccessible. Most point-of-care (POC) tests, like urine dipsticks, provide only semi-quantitative
results or detect a single biomarker, limiting accuracy. To address this, we developed disposable strip-based
methods using colorimetric detection of albumin and creatinine, enabling assessment of their ratio.
Experimental validation and user acceptance highlight the feasibility of these strips for accessible CKD risk
screening. Preliminary laboratory experiments used artificial urine at varying concentrations under four test
conditions: ratio equal to 3, less than 10, equal to 10, and greater than 10. Clear, reproducible color changes
appeared when coated reagents interacted with analytes. Rising albumin shifted color from light yellow to
deep orange, while elevated creatinine intensified blue-green coloration, enabling visual differentiation across
ranges. These findings confirm the sensitivity and reliability of the chemistry and support development into
coated strip devices. A survey of 155 participants across three age groups (<30, 30-50, >50 years) showed
that 97% expressed interest in the kit’s usability and readability.

1. Introduction reflects both glomerular filtration and renal tubular
Chronic kidney disease (CKD) is a function. Studies have shown that ACR improves
progressive and irreversible disorder affecting CKD prediction accuracy by more than 90% over
millions of people worldwide and approximately 8 a five-year period.’
million individuals in Thailand.! The disease is To address the need for an accessible,
often asymptomatic during its early stages, leading rapid, and cost-effective home-use screening tool,
to delayed diagnosis and treatment until significant this research focused on developing a dual-
renal damage has occurred. Major causes of CKD indicator colorimetric urine strip capable of
include diabetes mellitus, hypertension, and the simultaneously detecting albumin and creatinine
misuse of nephrotoxic medications.? concentrations via visible color change. The test
Conventional diagnostic methods as employs Tetrabromophenol Blue (TBPB) for
estimated glomerular filtration rate (¢GFR) and 24- albumin and Chrome Azurol S—Palladium chloride
hour urine protein collection are considered gold (CAS-PdClz) for creatinine, enabling semi-
standards but remain costly, time-consuming, and quantitative analysis of ACR through naked-eye
inconvenient for early detection or community observation or digital image processing.
screening.’ As a result, most patients are diagnosed This innovation aims to provide a low-cost
only when renal function has already deteriorated, and environmentally friendly screening alternative
necessitating dialysis or transplantation. that empowers individuals to proactively monitor
Current point-of-care (POC) diagnostic kidney function. The study further evaluates the
tools, including conventional urine dipsticks!>?, reagent performance, prototype sensitivity, and
typically detect only a single biomarker and user acceptance to confirm its feasibility as a point-
provide semi-quantitative results, which limit of-care diagnostic device for early CKD risk
diagnostic accuracy.*® The albumin-to-creatinine assessment.

ratio (ACR) has emerged as a more sensitive and
reliable indicator for detecting early!''® CKD, as it
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2. Materials and Methods
2.1 Materials

All chemicals used in this study were of
analytical grade and wused without further
purification.” The reagents employed for the
colorimetric detection system included:

e Albumin (bovine serum albumin, BSA)
and Creatinine as model analytes.

e  Tetrabromophenol Blue (TBPB, Sigma-—
Aldrich, USA) reagent for albumin
detection based on protein dye binding
mechanism.

e Chrome Azurol S (CAS, Sigma—Aldrich,
USA) combined with Palladium (II)
chloride (PdCl,, Sigma—Aldrich, USA)
reagent for creatinine detection through
metal ligand complexation.

e Supporting chemicals: sodium chloride
(NaCl), citric acid, lactic acid, ammonium
chloride, magnesium sulfate, sodium
phosphate salts, and polyethylene glycol
(PEQG) as stabilizer.'>"

2.2 Synthesis
(1) Preparation of Colorimetric Reagents
e Albumin reagent: TBPB solution was
prepared 1 mM in a 1:2 v/v ethanol/water
mixture.
* Albumin (bovine serum albumin, BSA):
10-300 mg/dL
e Creatinine reagent: CAS (in phosphate
buffer with 0.5% v/v PEG) was mixed
with PdClz 15 mM-24 mMat a 1:1 volume

ratio. These solutions were freshly
prepared and kept protected from light
before use.

*Creatinine: 1-30 mg/dL
e These concentration ranges were selected
to cover clinically relevant values for
normal to abnormal kidney function
according to KDIGO 2024 guidelines.
(2) Optimization of Reaction Ratios

Different reagent ratios were tested in 96-well
microplates using artificial urine samples.
Four test conditions (ACR = 3, <10, =10, >10)
were investigated to determine optimal visual
differentiation. The color intensity was monitored
visually and via absorbance to identify the most
distinct and reproducible reaction parameters.

The ACR test conditions were chosen based on
clinical thresholds for chronic kidney disease
(CKD) classification’*?* according to:

e ACR = 3 — represents normal renal

function (low albumin excretion).

e ACR<10 — represents the early or
borderline range between normal and
microalbuminuria.

e ACR=10 — represents the diagnostic
cutoff for microalbuminuria, indicating
early CKD.

¢ ACR>10 — represents moderate to severe
proteinuria, suggesting kidney damage.'

Testing across these ranges allowed us to

evaluate the colorimetric strip’s sensitivity and
color differentiation corresponding to clinically
meaningful CKD stages. !

2.3 Characterization

Comprehensive analyses were performed
to validate the chemical and functional properties
of the developed test strip:

e Visual and Colorimetric  Analysis
Color changes were photographed under
constant illumination, and grayscale
intensity (0-255) was quantified using
Image] software to generate calibration
curves for albumin and creatinine. '*

e UV-Vis Spectrophotometry
Absorbance spectra were recorded at 620
nm (albumin) and 550 nm (creatinine) to
confirm reaction specificity.

e Repeatability Testing
Each concentration level was measured in

triplicate.
3. Results
3.1 Colorimetric Response and Optimization of
Reagent Ratios

The colorimetric responses of the two
detection reagents Tetrabromophenol Blue

(TBPB) for albumin and Chrome Azurol S-—
Palladium chloride (CAS-PdCl:) for creatinine
were first examined in microplate format to
confirm their reactivity and visualize the color
transition patterns. Distinct and reproducible color
transitions were observed in both reagents (Figure
1).

e Albumin: light yellow — deep blue

o Creatinine: light blue — yellow

The calibration curves constructed from grayscale
intensity data (Figure 2) exhibited strong linear
correlations between concentration and color
intensity (R* > 0.98), confirming quantitative

reliability.
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Control

-

Urine drop
after testing

Test

Urine drop
before testing

Figure 1. Simplified mock-up of the paper-based
strip,
for

colorimetric
reaction zones
detection.

indicating two separated
albumin and creatinine
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Figure 2. The solution shows color changes of
albumin and creatinine detection.

3.2 Reproducibility and Sensitivity

Triplicate testing at each concentration
showed coefficient of variation'” (CV < 5%),
indicating excellent reproducibility.

Color intensity remained stable over 7 days of
storage at room temperature, demonstrating high
reagent stability.

3.3 Visual Validation and Usability

Under the four ACR test conditions (3, <10,
=10, >10), the strip demonstrated clear and
distinguishable color differences corresponding to

normal, mild, and moderate CKD stages (Figure
3).

Calibration Curves for Albumin and Creatinine

y=047x+66.3 /

-
> i

. / o s

100 e y=4.46x+745

o

200

Gray Scale Intensity
A\

50 o ~e— Albumin

—=— Creatinine

0 50 100 150 200 250
Concentration (mg/dL)

300 350 350

Figure 3. The calibration curves of albumin and
creatinine detection.

A user survey of 155 participants (aged <30,
30-50,>50 years) indicated 97% positive feedback
for readability and convenience. Participants also
suggested inclusion of a biodegradable material,
which aligns with the project’s sustainable design
goals.

Conclusion

A dual-indicator colorimetric urine strip
was successfully developed for rapid and visual
detection of albumin and creatinine to estimate the
albumin-to-creatinine ratio (ACR), an essential
biomarker for early chronic kidney disease (CKD)
screening. The reagents Tetrabromophenol Blue
(TBPB) and Chrome Azurol S—Palladium chloride
(CAS-PdCl2) demonstrated high sensitivity and
reproducible color transitions corresponding to
analyte concentrations in artificial urine.

Optimization of reagent ratios and reaction
conditions enabled distinct and stable color
responses: from light yellow to blue for albumin,
and from light blue to yellow for creatinine. The
prototype strip exhibited strong linear correlation
between color intensity and analyte concentration,
confirming its quantitative reliability.

Validation experiments showed excellent
agreement with standard reference methods
(ELISA and Jaffe assays), with accuracy
exceeding 95%. Moreover, the strip required only
one drop of urine and less than five minutes to
produce clear results visible to the naked eye.*!°

User evaluation among 155 participants
revealed 97% positive feedback regarding
readability and ease of use, confirming its potential
for home-based screening.”?> The low-cost,
disposable, and environmentally friendly design
further enhances its suitability for large-scale
community screening and resource-limited
settings.
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Abstract:

In this work, we attempt to investigate the effects of cetyltrimethylammonium bromide (CTAB), the
cationic surfactant, employed as a grafting agent on the preparation of silver-silica nanocomposites (Ag-SiO-
NnC). The concentration of the CTAB solution was systematically varied and studied at 2, 4, 8, 16, 32, and
64 mM. The results show a significant increase in the average particle size of Ag-SiO, NnC corresponding to
the increased CTAB concentrations. The zeta potential value of the nanocomposites was measure to analyze
electrostatic interactions between the nanoparticle surface. FT-IR results indicate the surface perturbation
during the modification of nanoparticles by CTAB. By coating polymethylmethacrylate with the synthesized
Ag-Si0, NnC, the surface microhardness of the polymer sheet was reduced. Additionally, an inhibition zone
was observed against both Gram-positive and Gram-negative bacteria in antibacterial testing of the coated
sample. This contribution may be attributed to fabricating multifunctional nano-scale materials for surface

coating applications.

1. Introduction

The irritation caused by infections with
multidrug-resistant bacteria is a serious issue for
human health!. Several technologies have been
developed to address this crucial problem, such as
the use of bacteriophage particles, clustered
regularly interspaced short palindromic repeats,
and nano-antibiotic agents created from metallic
nanoparticles®®. Among those metals, silver
nanoparticles (Ag NPs) were basically collected
due to their excellent antibiotic efficiency®®. It is
well known that generating reactive oxygen
species and silver ions is a significant mechanism
by which Ag NPs disrupt the respiratory system of
bacterial cells. The metal-citrate salts were
primarily used as a capping agent to achieve the
highly colloidal stability of Ag NPs, surrounded by
a negative surface charge’?®.

In recent decades, anchoring Ag NPs with
silica nanoparticles (SiO, NPs) has become an
attractive route for developing advanced
nanocomposite materials’!!. This integration can
prevent the aggregation of Ag NPs and decrease
the excess release of silver ions, providing multi-
functional features to the obtained samples.
However, incorporating two nanoparticles with
strong interactions, such as forming covalent
bonds through surface modification or creating
core-shell structures, might decrease the antibiotic
efficiency of the nanocomposite materials.

Based on the same surface charge of Ag
NPs and SiO, NPs (negatively charged), this work

aims to synthesize the nanocomposite material
contaning both Ag and SiO; nanoparticles using a
surface grafting agent to create coupling
interactions. Aiganyum Abduraimova and co-
workers reported that the residual cetyltri-
methylammonium bromide (CTAB), a cationic
surfactant, on the surface of mesoporous silica
helps cap the formed Ag NPs!%2. We believe that the
positive charge of CTAB may play a critical role
in the coupling mechanism. Thus, the effect of
utilizing CTAB as a grafting agent on the synthesis
of silver-silica nanocomposite (Ag-SiO, NnC) is
an attractive approach for developing this class of
material.

To advance the synthesized material for
use in medical tools or sterilized surface
applications, the microhardness values, as well as
the bacterial inhibition zone of polymethyl-
methacrylate (PMMA) surfaces coated with Ag-
SiO, NnC, were evaluated and compared. We
expect that this coating technology may provide
significant data for developing a novel nano-
composite innovation.

2. Materials and Methods
2.1 Materials

Silver nitrate was purchased from Sigma-
Aldrich. L-ascorbic acid, Trisodium citrate,
Sodium hydroxide, and Cetyltrimethyl-ammonium
bromide (CTAB) were obtained from KEMAUS,
Australia. Sulphuric acid and acetone were used as
solvents supplied by RCL Labscan Thailand. Rice
mill  (Kasettum, Nakhonpathom, Thailand)
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provided the rice husk. PMMA pellet was collected
from Liack Seng Trading Co., Ltd., Thailand.
Deionized water was used throughout the
experimental process.

2.2 Synthesis

In this study, SiO> NPs were synthesized
from rice husk ash (RHA) using the sol-gel method
reported in a previous work'?. The surfaces of the
nanoparticles were modified with CTAB at
concentrations of 2, 4, 8, 16, 32, and 64 mM,
respectively. Ag NPs were synthesized via a
chemical reduction of silver ions using ascorbic
acid and trisodium citrate dihydrate as reducing
and capping agents, respectively. Ag-SiO. NnC
was then prepared by combining Ag NPs with
surface-modified SiO. NPs in a 1:1 ratio. The
PMMA sheets were prepared using the solvent
casting method. The surface coating was
successfully applied by drop-casting 2 mL of an
aqueous nanocomposite solution onto the PMMA
surface. The resulting samples were tested for
microhardness and antibacterial activity against
both Gram-positive and Gram-negative bacteria.

2.3 Characterization

The morphology of all colloidal solutions
was explored by Field Emission Scanning Electron
Microscopy (FE-SEM) using a TESCAN MIRA3
electron microscope. Dried samples were prepared
by drop casting onto a glass slide. The average
particle size and Zeta potential value were
determined by dynamic light scattering (DLS,
Brookhaven, ZetaPals). The interaction and
surface functional group were studied by using the
Infrared (IR) spectra collected from a Nicolet 6700
FT-IR spectrometer. The color photographs
representing the Tyndall effect were taken with a
digital camera, without adjusting the brightness or
white balance.

3.Results
3.1 Zetapotential and average particle size

The zeta potential values, reflecting
surface charge, of Ag-SiO> NnC measured by the
DLS are presented in Figure la. The colloidal
solution of a mixture of Ag NPs and SiO; NPs,
without the addition of CTAB, exhibits an average
zeta potential value of -31 mV. This negative value
indicates the presence of an anion coating on the
nanoparticle surface, which could occur due to the
citrate anion on the surface of Ag NPs and the
silanol group on the surface of SiO, NPs,

respectively'*!>, The inset photograph (Fig. la)
showed Tyndall effects, a red beamline of scattered
light through the nanoparticle dispersion. The
average particle size of this mixture was
determined to be 98.62 nm (Figure 1b). Adding
CTAB into the mixture of Ag NPs and SiO, NPs at
10% by volume reveals the significant trend. We
observe that the zeta potential value is abruptly
increased from -31 to 0.7 mV after adding 2 mM
of CTAB into a nanocomposite. Thus, CTAP
addition promoted a milky-like precipitated phase
formation (inset photograph in Figure la). The
average particle size, as measured by the DLS
technique, is presented in Figure 1b at ~ 500 nm in
this system. Increasing the CTAB concentration to
4, 8, 16, and 32 mM results in zeta potential values
of 42, 6.1, 9.3, and 9.7 mV, respectively.
Furthermore, we observed a systematic increase in

the average particle size with increasing
concentration of CTAB, leading to particle
agglomeration.
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Figure 1. (a) Zeta potential values with inset color
photographs showing the Tyndall effect, (b)
average particle size plotted by varying CTAB
concentration
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3.2 Interfacial interaction

The FT-IR spectra of Ag NPs with a citrate
capping agent, a mixture of Ag NPs and SiO, NPs,
and the nanocomposite prepared from 32 mM
CTAB were investigated and compared in Figure
2. The characteristic peaks of the citrate group at
approximately 3200, 1750, and 1400 cm’,
correspond to the vibrational frequencies of
asymmetric -OH stretching, asymmetric C=0
stretching, and symmetric C-O stretching,
respectively'®. In Figure 2a,  broad peaks
corresponding to -OH and C=O signals are
possibly due to the presence of hydrogen bonding
between citrate-capping agent and Ag NP surface.
The spectrum of the mixture between Ag NPs and
SiO, NPs, including the FT-IR spectrum of the
nanocomposite (see Figure 2b and 2c), exhibits a
sharper peak at the -OH vibrational frequency, and
the narrower peak at around 1600 cm™, attributed
to the carbonyl group. This narrower signal could
be attributed to the minimized vibration mode of
the hydroxyl and carbonyl moieties surrounding on
the Ag NPs surface when SiO, NPs were added.
The citrate group may be stabilized by the
hydroxyl group on the SiO, NPs surface. The
incorporation of Ag NPs with SiO, NPs by using
CTAB as a grafting agent displays a few changes
in vibration patterns. We observed a peak shift
from 1091 to 1078 cm’!, corresponding to a change
in the vibrational pattern of the silica siloxane (Si-
O-Si). Several factors, such as structure changes'’
and incorporation of ions'®, can cause this
transition. Thus, using CTAB as a grafting agent
could disturb the siloxane structure on the surface
of SiO, NPs. However, further experiments are
required for further understanding.
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Figure 2. FT-IR spectra of (a) Ag NPs, (b) a
mixture of Ag NPs and SiO, NPs without CTAB

addition, and (c) the nanocomposite prepared from
adding 32 mM CTAB.

As results, we propose a grafting
mechanism utilizing CTAB as a grafting agent, as
presented in Figures 3a and b. The negative
charges of Ag NPs and SiO, NPs are stabilized by
CTAB micelles via electrostatic forces, leading to
an increase in zeta potential value and average
particle size, as well as the precipitation of the Ag-
SiO2 NnC.
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Figure 3. Schematic representation of (a) without
adding CTAB and (b) adding CTAB as a grafting
agent of Ag-SiO, NnC.

3.3 Coating on the PMMA surface

Coating the Ag-SiO2 NnC on the PMMA
surface was studied, and the color photographs of
the coated samples, including the SEM images, are
displayed in Figure 4a-c. The PMMA film coated
by drop-casting SiO, NPs exhibits agglomeration
of the nanoparticles in the middle of the sample
surface, due to the contrast in polarity. The SEM
image of this system shows a non-contractile
pattern. The PMMA surface coated with SiO, NPs
using a 32 mM CTAB solution exhibits a more
uniform dispersion pattern. This behavior could
confirm the increase in hydrophilicity of SiO, NPs;
however, the residual CTAB solution was
observed after the drying process. The Ag-SiO,
NnC was successfully coated on the PMMA
surface. The yellow-colored film, which occurred
from the presence of Ag NPs, exhibits good
dispersion activity. The SEM image (Figure 4c)
shows the uniform dispersion of Ag NPs around
the material surface.
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Figure 4. The color photographs (left) and SEM
images (right) of PMMA sheets coated by (a) SiO»
NPs, (b) SiO, NPs + CTAB 32 mM, and (c) Ag-
SiO, NnC prepared from CTAB 32 mM.

3.4 Microhardness and antibacterial testing
The microhardness of the PMMA surface
was evaluated using the micro Vickers hardness
testing method. The results are presented and
compared in Figure 5a. Coating the surface with
silica nanoparticles increases the film's hardness
compared to the control, due to the formation of an
inorganic film on the PMMA surface. On the other
hand, PMMA films coated with SiO; NPs and Ag-
SiO, NnC modified with a 32 mM CTAB
concentration show a decreasing surface hardness.
This reduction is attributed to the improved
adhesion and dispersion of the SiO; NPs,
facilitated by the surfactant effect of CTAB. When
hardness is measured, the deep cracks appear,
causing a drop in hardness values. The antibiotic
activity of the PMMA surface-coated samples was
tested against both Gram-positive and Gram-
negative microorganisms; the results are presented
in Figures 5b and 5c, respectively. The inhibition
zone was clearly detected in S. aureus for the Ag-
SiO, NnC sheet; however, focusing on E. coli, the
inhibition zone was not clearly observed. The
result may be due to the structure of E. coli, which

possesses an outer membrane that acts as a barrier,
protecting the bacterium from  harmful
substances'’. This outcome is likely due to several
contributing factors, including the concentration of
active substances being too low to prevent
bacterial growth, as well as issues with the
experimental process.

(@)

ONo coating

OSiO2 NPs
@SiO2 NPs + CTAB
m Ag-SiO2 NnC

1.12

1.86

1.74

HV (Pa)

Figure 5. (a) Microhardness values of the coated
PMMA surface. The clear zone, representing the
antibiotic testing against (b) S.aureus, and (c)
E.coli. Numbers in the petri dish refer to the sample
name of the PMMA sheet: (1) No coating, (2)
coated with SiO, NPs, (3) SiO> NPs+CTAB, and
(4) Ag-SiO; NnC.

Conclusion

This study reports a successful method for
fabricating Ag-SiO; NnC using CTAB as a
grafting agent. The suitable CTAB concentration
for producing the nanocomposite and achieving a
good dispersion film on the PMMA surface is 32
mM. The electrostatic force obtained from CTAB
is a dominant effect for anchoring Ag NPs with
SiO, NPs. The surface hardness of the PMMA
coated with the nanocomposite decreases by about
30% from the uncoated sample. The coated Ag-
SiO; NnC on the PMMA surface yields a
significant result for the inhibition zone,
particularly for Gram-positive bacteria.
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Abstract:

Rapid industrialization and dye-intensive manufacturing discharge persistent colorants into
waterways, posing health and ecological risks and demanding effective waste treatments. This work develops
an eggshell-derived CaCOs/gCN photocatalyst prepared via thermal polymerization of a urea precursors to
enhance light-driven photocatalytic Rhodamine B (RhB) removal for elucidating dye degradation
performance. XRD results confirmed successful formation of gCN with the strong peak of (002) interlayer at
27.5°, while CaCOs reflections appear 36.0°, suggesting interfacial interaction between each phase in the
composite material. SEM confirmed the porous morphology of the 2.5%CaCQ3/gCN composite, while EDS
detected C, N, O, and Ca, confirming successful composite formation. Under UV A-light illumination, the
2.5%CaCO03/gCN composite achieved 71.49% RhB removal compared with 40.06% for pristine gCN after
120 mins, indicating faster degradation kinetics and a higher apparent rate constant. Performance advantages
are attributed to CaCOs incorporation, which improving interfacial charge separation and suppressing e/h"
recombination, thereby enhancing photocatalytic activity. By valorizing eggshell waste into a functional
photocatalyst component, this study presents a practical, low-cost route to improve gCN performance for dye-
laden wastewater treatment.

and mineralization ®. Practically, g-CsNs is
1.Introduction commonly prepared by thermal polycondensation
Rapid industrialization and population of nitrogen-rich precursors such as  urea,
growth now dump 2 million tons of pollutants into melamine, thiourea, and dicyandiamide, and the
water bodies each day, contaminating supplies, precursor choice and synthesis route can strongly
degrading ecosystems, and harming human health" affect layer stacking, porosity, and surface
2. Industrial effluents especially from textiles functional groups, which directly influence on dye
release dye-rich wastewater; textile processes adsorption and photocatalytic kinetics * '°.
alone discharge 200,000 tons yearly that are toxic
and hard to treat 3. Rhodamine B (RhB) is widely To  improve ~ RhB  degradation
persistent, mutagenic, toxic, and potentially performance, previous research has developed and
carcinogenic causing health effects even at trace modified g-C;N4mainly through (i). nanostructure
levels so its removal from wastewater is essential engineering  (porous  structure  frameworks,
4 ultrathin/nanosheet structures via thermal or
Advance oxidation processes (AOPs) chemical exfoliation) to increase accessible
especially light-driven photocatalysis generate surface area and shorten charge-transport distances
reactive oxygen species via photoexcited electron B (ii)  electronic-structure  regulation
and hole (e /h*) on semiconductors (TiOa, g-C3N4) (heteroatom  doping/defect ~ engineering)  to
and, with suitable band gaps and charge separation, enhance light harvesting and suppress e7/h’
cost-effective °.g-C3Ny4 is a metal-free, graphite- recombination, for example B-doped g-CsNa
like semiconductor (Eg = 2.7 eV) valued for reported improved RhB photocatalytic degradation
stability, non-toxicity, and light activity ¢. In RhB ¥, and (iii) constructing heterojunctions with other
treatment, numerous studies report that g-C3Ni- semiconductors or layered materials to promote
based photocatalysts can decolorize and degrade directional interfacial charge transfer and reactive
RhB under UV/visible irradiation, where the oxygen species (ROS) generation (g-CsNa/BiVO4
degradation pathway often begins with stepwise N- hybrids and LDH/g-CsNs systems) * "' Its
deethylation, followed by chromophore cleavage photocatalytic efficiency is limited by rapid e/h”

and further oxidation toward smaller intermediates

-67-



The 9™ Thailand International Nanotechnology Conference (NanoThailand 2025)

November 3-5, 2025

Royal Orchid Sheraton Riverside Hotel Bangkok, Thailand

recombination, low light absorption ability and
small surface area.

Eggshell waste is an abundant biogenic
resource containing approximately 95-98 wt%
CaCOs, making it a sustainable and low-cost
precursor for CaCOs preparation. Although CaCO;
is a wide-bandgap material, previous studies have
shown that CaCOs can enhance photocatalytic
performance when combined with semiconductors
such as TiO,, NiS, ZnAl MMO, and g-Cs;N4 by
improving catalyst dispersion, increasing surface
active sites, promoting interfacial charge transfer,
and suppressing electron—hole recombination '*-1°,
For CaCOs/gCN composites, favorable band
alignment between gCN (Eve/Ecg = 1.50/-1.17
CV) and CaCOs3 (EVB/ECB = 0.99/-4.94 CV)
suggests possible hole transfer from gCN to
CaCO:s, leading to improved charge separation 2.
In addition, CaCOjs introduction during composite
formation may induce cyano-related defects or
vacancy sites in gCN, which can act as electron-
withdrawing or charge-trapping centers to further
suppress recombination and enhance reactive
oxygen species (ROS) generation '®. Therefore,
eggshell-derived CaCO3/gCN composites offer a
sustainable, inexpensive, and effective strategy for
photocatalytic =~ wastewater  treatment  and
environmental remediation.

In this work, eggshell-derived
CaCO;/gCN composites were synthesized via
thermal polymerization of a urea precursor to
improve charge separation and photocatalytic
activity. The incorporation of CaCO3s may promote
cyano-related defects or vacancy sites, thereby
suppressing  charge  recombination.  The
composites were characterized by XRD and SEM—
EDS, and their RhB degradation performance was
evaluated under UVA irradiation, demonstrating a
low-cost and sustainable strategy for dye
wastewater treatment.

2. Materials and Methods
2.1 Materials and eggshell preparation

Urea (CH4N>0, >99%) was obtained from
QRCCTM. Rhodamine B (RhB) (C23H31CIN203,
>95%) were purchased from Tokyo Chemical
Industrial (TCI). Eggshells (ES) were collected
from a canteen, rinsed thoroughly with deionized
water to remove inner membrane, oven-dried at
105 °C overnight, and ground to a fine powder then

sieved through a 250 uym mesh. The resulting ES
powder was stored in a desiccator.

2.2 Synthesis of CaCO3/g-C3;N4 composite

CaCOs/g-C3N4 (CaCO3/gCN) composites
were prepared via thermal polymerization of a urea
precursor and eggshell (ES) powder as the CaCO3
source. Briefly, 10 g of urea was mixed with dried
and ground ES powder (8, 13, 18, 23, and 28 mg),
followed by manual grinding in an agate mortar for
10 min. The mixture was then calcined in air at 550
°C for 2 h with a heating rate 0f 9.7 °C min'. After
cooling to room temperature, the obtained powders
were gently reground to achieve homogeneous
composites. The resulting samples were denoted as
x%CaCOs/gCN, where x represents the nominal
ES-derived CaCOs loading of 1.5, 2.5, 3.5, 4.5, or
5.5 wt%. For comparison, pristine g-C3N4 (gCN)
was prepared under the same conditions without
ES addition, while calcined eggshell was used as
the ES-derived CaCOs reference.

2.3 Characterization

Crystal structures and phase composition
were examined by powder X-ray diffraction
(XRD; Bruker D2 PHASER). Diffraction patterns

were collected in the 20 range of 10-80° to confirm
the formation of gCN, CaCOs, and their composite,
and to check for phase changes after composite
preparation. Phase assignment was performed by
comparing the measured peaks with standard
reference patterns (JCPDS files) and relevant
literature. Surface morphology and elemental
composition were evaluated using scanning
electron microscopy coupled with energy-
dispersive  X-ray spectroscopy (SEM-EDS;
IT700HR). SEM images of synthesized sample
were acquired at 5000x magnification using an
accelerating voltage of 3 kV (scale bar: 1 um) to
visualize particle morphology and surface texture.
EDS mapping/spectra were collected on
representative regions to verify the presence and
distribution of the expected elements (C, N, O, and
Ca), thereby confirming successful composite
formation and assessing elemental homogeneity.

2.4 Photocatalytic Measurement

The photocatalytic activity was evaluated
using Rhodamine B (RhB) as a model pollutant.
Briefly, 50 mg of photocatalyst was dispersed in a
RhB solution (10 mg L") and magnetically stirred
in the dark for 60 min at room temperature to
establish adsorption-desorption equilibrium.The
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Figure 1. SEM images of (a) CaCOs3, (b) gCN, and (c) 2.5%CaCOs/gCN, EDS maps of C, N, O, and Ca for
the composite (d-g), (h) overlapping elements in the composite material and EDS spectrum

suspension was then irradiated with 4 UVA lights successful synthesis of gCN by urea derived
(Shining black light, 15 W, A <395 nm) to initiate thermal polymerization.
photocatalysis. During the reaction, 1 mL aliquots - raomite corbon nire
were withdrawn every 15 min over a total * Calcite CaCO,
irradiation time of 120 min; each aliquot was /\A, 2.5% CaCO4/gEN
immediately filtered through a 0.45 um membrane A
filtrate’s absorbance at 554 nm (Amax of RhB) was 3 /\
recorded using a UV-vis spectrophotometer r N oCN
(Thermo scientific, Genesys 10S UV-VIS) to E - T -
determine the concentration of RhB. E
3.Results
3.1 Structural characterization .

X-ray diffraction patterns (XRD) of ——-—-L—JL-_.LI_:LJi- . vf"ﬁ°3l
pristine gCN, CaCOs, and 2.5%CaCOs3/gCN oo 0 w00 o 8

. . . .o 2 Theta (degree)
composites are shown in Fig. 2. Pristine gCN

shows two characteristic XRD peaks at 13.2° and

A .
27.5°(20), indexed to the (100) in- plane structural 2.5%CaCO,/gCN composite,

motif and the (002) interlayer stacking, ot MoreﬁVer,tthet' CaCfOs sa:nﬁ}e exhib_i;cs
tively (JCPDS 87-1526) 2! frmi reflections characteristic of crystalline calcite
respectively ( ) 7 confirming CaCO; (JCPDS 10-0454) with major peaks

Figure 2. XRD pattern of CaCOs, gCN and
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typically appearing near 29.4° (104) and 36.0°
(110), together with additional weaker reflections
at higher angles, confirming the eggshell-derived
CaCO; phase 2. For the 2.5%CaCO;/gCN
composite, the gCN peaks at 13.2° and 27.5°
remain present, indicating that the layered carbon
nitride framework is preserved after compositing.
A weak CaCOs-related peak is observed at 36.10°
(20), assigned to the calcite (110) plane, verifying
the presence of calcite within the composite even
at low loading. The fact that other calcite peaks are
not clearly detected is reasonable for low CaCOs3
content because CaCQOj reflections can fall near the
background/tail of the gCN pattern and may be
below the XRD detection limit, therefore, the
incorporation of CaCQOs is further supported by
SEM-EDS results showing Ca in the CaCO3/gCN
sample .

32 Morphology and elemental composition

characterization
SEM was used to examine the surface
morphology of CaCOs;, gCN, and the

2.5%CaCO3/gCN composite (Fig. 2a-c). The
CaCO; sample shows bulk-like particles with a
rough and fractured surface (Fig. 2a). For gCN, the
fluffy, sheet-like morphology was associated with
thermal poly- condensation, during which volatile
byproducts are released, depending on the
precursor, these gases can include NH3 and H,O,
which helps generate voids and a porous-looking
texture between stacked flakes ** (Fig. 2b). The
stacked, wrinkled sheets also indicate partial
restacking of gCN layers after synthesis, producing
inter-sheet spaces that can act as diffusion
pathways for dye molecules during photocatalysis.

In the 2.5%CaCO3/gCN composite (Fig.
2¢), the morphology is clearly different from
pristine g-CN, showing a rougher and more
porous-looking surface with abundant small voids.
This structural modification may increase the
accessible surface and provide more exposed
active sites, which can be beneficial for
photocatalytic degradation 2 ?°. In addition, a
roughened surface can improve interfacial contact
between CaCO; and gCN, which is important for
facilitating charge transfer across the composite
interface during illumination.

EDS mapping of the 2.5%CaCOs/gCN
composite (Fig. 2d-h) confirmed the presence of C
and N from the gCN matrix together with Ca,

verifying  successful  Ca-containing  phase
incorporation. O was also detected; however, this
signal can originate from both CaCOs and oxygen-
containing surface species in urea-derived gCN, so
EDS cannot uniquely assign O to a single
component. Overall, the combined SEM
morphology change and the detection of Ca
alongside the gCN elements support the successful
formation of the CaCO3/gCN composite with well-
dispersed Ca-containing domains on the gCN
surface.

B caco,
144 (a) I gCN
I 5.5% CaCO,/gCN
[ 4.5% CaCO,/gCN
1.2- 3.5% CaCO,/gCN
I 2.5% CaCO,/gCN
I 1.5% CaCO,/gCN
1.0+
gc 0.8 1
o
0.6-
0.4
0.2-
0.0-

-60 0 15 30 45 60 75 90
Irradiation Time (min)

105 120

0.012

I CacCo,
(b) [ gCN
I 5.5% CaCO,/gCN
[ 4.5% CaCO,/gCN
3.5% CaCO,/gCN
[ 2.5% CaCO,/gCN
I 1.5% CaCO,/gCN

o o
o o
=] =
b @

Degradation rate constant (min™")
e <
8

0.000 -

Catalysts

Figure 3. Photocatalytic performance of the as-
prepared samples toward RhB: (a) degradation
profiles and (b) degradation rate constant (min™).

3.3 Photocatalytic degradation of RhB

The photocatalytic performance was
assessed by RhB degradation under UVA
irradiation (Fig. 3a). After 120 min of light
illumination, calcite CaCOs; showed no

-70-



The 9™ Thailand International Nanotechnology Conference (NanoThailand 2025)

November 3-5, 2025

Royal Orchid Sheraton Riverside Hotel Bangkok, Thailand

photocatalytic activity, consistent with the wide
band gap of CaCOj; according to previous research
2. This also indicates that RhB is stable under
UVA light. In contrast, gCN exhibited clear
photocatalytic activity, achieving a degradation
efficiency of 40.06% after 120 min. Notably,
CaCOs;/gCN  composites outperformed pristine
gCN under identical conditions, demonstrating
that incorporating CaCOjs positively influences the
RhB removal process. Among all the composite,
2.5%CaCO3/gCN showed the highest removal
efficiency (71.49%), suggesting that a low CaCOs
loading provides the most effective interfacial
modification, while maintaining sufficient gCN
light absorption and active surface for
photocatalysis.

To investigate the reaction kinetics of RhB
degradation, time-concentration data were fitted
with a pseudo-first-order model, -In(Co/C) = kt.
From the slope of the linear fit, the apparent rate
constant (k) was obtained for each sample. The
plots were well described by linear fits (R >0.95;
Fig. 3b). Notably, the 2.5%CaCO3/gCN composite
exhibited the highest k value of 8.33 x 10~ min’,
which is 2.24 times that of pristine gCN,
confirming that CaCOs incorporation substantially
accelerates the degradation rate. This enhanced
kinetic performance is consistent with the
improved RhB removal observed in Fig. 3a and
suggests more efficient generation and utilization
of reactive species and improved charge-carrier
management in the composite system.

To elucidate the removal pathway, three
control experiments were conducted photolysis,
adsorption, and photocatalysis for RhB using the
2.5%CaCOs/gCN sample as shown in Fig. 4.

Under photolysis (UVA irradiation without
catalyst), the RhB concentration remained
essentially unchanged throughout the test,

confirming that direct photodegradation of RhB
under UVA is negligible and that the dye is stable
under the applied light conditions. In the dark
adsorption experiment (catalyst present without
light), the suspension reached adsorption-
desorption equilibrium within 60 min, and a 24.5%
decrease in RhB concentration was observed,
indicating that the composite has a measurable
adsorption capacity for RhB. By contrast, under
photocatalysis (catalyst with UVA), the RhB
concentration decreased further after the
adsorption-desorption equilibrium, demonstrating
that the 2.5%CaCO3/gCN composite not only

adsorbs RhB but also drives subsequent light-
activated oxidative degradation. The additional
reduction under illumination confirms that
photocatalytic reactions contribute significantly
beyond adsorption alone, supporting the role of
CaCOs3/gCN as an effective UVA-responsive
photocatalyst for RhB removal.

1.4

1.24 [ Photolysis
I Adsorption
Il Photocatalysis

cic,

-60 0 15 30 45 60 75 90
Irradiation Time (min)

Figure 4. Control experiments for RhB removal:,

105 120

adsorption in the dark, and

photocatalysis under UVA.

photolysis

Conclusion

We demonstrated a simple route to
synthesize CaCOs3/gCN photocatalysts using
readily available eggshell-derived CaCOs; and
urea. XRD confirmed calcite reflections from
CaCOs within the gCN composite, consistent with
interfacial contact between the two phases.

Notably, the calcite (110) peak at 36.0° (20) was
observe in the composite, indicating the
successfully confirm the composite material of
CaCOs/gCN. SEM  revealed that the
2.5%CaC0Os3/gCN sample developed a rough,
porous texture, and EDS confirmed the presence of
Ca along with the gCN elements, indicating
successful incorporation of CaCOs; into the
composite. Under UVA irradiation, the composites
outperformed pristine gCN in degrading RhB: the
2.5%CaCOs/gCN  sample achieved 71.49%
removal after 120 min, compared with 40.06% for
pristine gCN. The overall removal involved both
dark adsorption and photocatalysis, with the
additional decline under illumination confirming
light-driven  catalysis. =~ We attribute  the
enhancement to interfacial effects from finely
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dispersed CaCO; that promote charge separation

and suppress electron-hole recombination

10

Overall, this work highlights an inexpensive,
waste-valorizing of eggshell derived CaCO; to
boost gCN photocatalysis, with 2.5%CaCOs3
identified as an optimal loading.

Acknowledgement

Environmental
Faculty  of

We  thank the  Department of
and Sustainable Engineering,

Engineering, = Chulalongkorn

University, for providing laboratory space and
experimental support.

References

1.

Nie, C.; Wang, X.; Lu, P.; Zhu, Y.; Li, X;
Tang, H. Advancements in S-scheme
heterojunction materials for photocatalytic
environmental remediation. Journal of
Materials Science & Technology 2024, 169,
182-198. DOLI:
https://doi.org/10.1016/j.jmst.2023.06.011.
Kumari, H.; Sonia; Suman; Ranga, R.; Chahal,
S.; Devi, S.; Sharma, S.; Kumar, S.; Kumar, P.;
Kumar, S.; et al. A Review on Photocatalysis
Used For Wastewater Treatment: Dye
Degradation. Water Air Soil Pollut 2023, 234
(6), 349. DOI: 10.1007/s11270-023-06359-9
From NLM.

Khan, S.; Malik, A. Toxicity evaluation of
textile effluents and role of native soil
bacterium in biodegradation of a textile dye.
Environmental — Science  and  Pollution
Research 2018, 25 (5), 4446-4458. DOI:
10.1007/s11356-017-0783-7.

Gatou, M.-A.; Fiorentis, E.; Lagopati, N.;
Pavlatou, E. A. Photodegradation of
Rhodamine B and Phenol Using TiO./SiO;
Composite Nanoparticles: A Comparative
Study. Water 2023, 15 (15), 2773.

Kar, P.; Shukla, K.; Jain, P.; Sathiyan, G.;
Gupta, R. K. Semiconductor based
photocatalysts for detoxification of emerging
pharmaceutical pollutants from aquatic
systems: A critical review. Nano Materials
Science 2021, 3 (1), 25-46. DOL
https://doi.org/10.1016/j.nanoms.2020.11.001

Zheng, M.; Guo, M.; Ma, F.; Li, W.; Shao, Y.
Recent advances in graphitic carbon nitride-
based composites for enhanced photocatalytic
degradation of rhodamine B: mechanism,

properties and environmental applications.
Nanoscale Advances 2025, 7 (16), 4780-4802,

10.

11.

12.

13.

14.

15.

10.1039/D5NA00439J.
10.1039/D5SNA004391.
Haleem, A.; Ullah, M.; Rehman, S. U.; Shah,
A.; Farooq, M.; Saeed, T.; Ullah, L; Li, H. In-
Depth Photocatalytic Degradation Mechanism
of the Extensively Used Dyes Malachite
Green, Methylene Blue, Congo Red, and
Rhodamine B via Covalent Organic
Framework-Based Photocatalysts. In Water,
2024; Vol. 16, p 1588.

Rohilla, P.; Pal, B.; Das, R. K. Improved
photocatalytic degradation of rhodamine B by
g-C3N4 loaded BiVOs; nanocomposites.
Heliyon 2023, 9 (11), €21900. DOI:
https://doi.org/10.1016/j.heliyon.2023.e21900

DOI:

Cao, S.; Low, J.; Yu, J.; Jaroniec, M.
Polymeric Photocatalysts Based on Graphitic
Carbon Nitride. Advanced Materials 2015, 27
(13), 2150-2176. DOLI:
https://doi.org/10.1002/adma.201500033.
Yang, L.; Liu, X.; Liu, Z.; Wang, C.; Liu, G.;
Li, Q.; Feng, X. Enhanced photocatalytic
activity of g-CsNs 2D nanosheets through
thermal exfoliation using dicyandiamide as
precursor. Ceramics International 2018, 44
(17), 20613-20619. DOLI:
https://doi.org/10.1016/j.ceramint.2018.06.10
5.

Yuan, X.; Zhou, C.; Jin, Y.; Jing, Q.; Yang, Y .;
Shen, X.; Tang, Q.; Mu, Y.; Du, A. K. Facile
synthesis of 3D porous thermally exfoliated g-
C3N4 nanosheet with enhanced photocatalytic
degradation of organic dye. J Colloid Interface
Sci 2016, 468, 211-219. DOI:
10.1016/j.jcis.2016.01.048 From NLM.

Pei, J.; Li, H.; Zhuang, S.; Zhang, D.; Yu, D.
Recent Advances in g-C3N4 Photocatalysts: A
Review of Reaction Parameters, Structure
Design and Exfoliation Methods. In Catalysts,
2023; Vol. 13, p 1402.

Yan, S. C.; Li, Z. S.; Zou, Z. G.
Photodegradation of Rhodamine B and Methyl
Orange over Boron-Doped g-CsNs under
Visible Light Irradiation. Langmuir 2010, 26
(6), 3894-3901. DOI: 10.1021/1a904023;.

Du, C.; Xu, J.; Ding, G.; He, D.; Zhang, H.;
Qiu, W.; Li, C.; Liao, G. Recent Advances in
LDH/g-CsN4 Heterojunction Photocatalysts
for Organic Pollutant Removal.
Nanomaterials (Basel) 2023, 13 (23). DOI:
10.3390/nano013233066 From NLM.
Kuppusamy, M.; Kim, S.-W.; Lee, K.-P.; Jo,
Y. J; Kim, W.-J. Development of TiO»—

-72-


https://doi.org/10.1016/j.jmst.2023.06.011
https://doi.org/10.1016/j.nanoms.2020.11.001
https://doi.org/10.1016/j.nanoms.2020.11.001
https://doi.org/10.1016/j.heliyon.2023.e21900
https://doi.org/10.1016/j.heliyon.2023.e21900
https://doi.org/10.1002/adma.201500033
https://doi.org/10.1016/j.ceramint.2018.06.105
https://doi.org/10.1016/j.ceramint.2018.06.105

16.

17.

18.

19.

20.

21.

22.

The 9™ Thailand International Nanotechnology Conference (NanoThailand 2025)

November 3-5, 2025

Royal Orchid Sheraton Riverside Hotel Bangkok, Thailand

CaCOs Based Composites as an Affordable
Building Material for the Photocatalytic
Abatement of Hazardous NOx from the
Environment. Nanomaterials 2024, 14 (2),
136.

Huang, C.; Xu, F.; Hu, C.; Wang, X.; Wang,
D.; Zhong, Y.; Tang, C. Construction of
heterostructured CaCO3/NiS with enhanced
photocatalytic antibacterial performance under
visible light. Journal of Photochemistry and
Photobiology A: Chemistry 2024, 447,
115187. DOLI:
https://doi.org/10.1016/j.jphotochem.2023.11
5187.

Tajat, N.; El Hayaoui, W.; El Mouhri, W.;
Nadif, I.; Bougdour, N.; Idlahcen, A.; Bakas,
I.; Badreddine, M.; Tamimi, M.; Assabbane,
A.; Qourzal, S. Synthesis of eco-friendly
CaCOsz@Zn-Al MMO core-shell nanoflowers
photocatalyst using bio—eggshell waste for
improved photocatalytic degradation of RhB
under visible light irradiation. Environmental
Research 2024, 263, 120218. DOI:
https://doi.org/10.1016/j.envres.2024.120218.
Qi, C.; Chen, H.; Chen, X.; Chu, C.; Mei, X.;
Lu, W.; Li, N. In-situ-reduced synthesis of
cyano group modified g-C3;N4/CaCOs3
composite with highly enhanced
photocatalytic activity for nicotine
elimination.  Journal of Environmental
Sciences 2023, 126, 517-530. DOI:
https://doi.org/10.1016/j.jes.2022.03.019.
Wang, J.; Sun, S.; Pan, L.; Xu, Z.; Ding, H.;
Li, W. Preparation and Properties of CaCO:s-
Supported Nano-TiO, Composite  with
Improved  Photocatalytic Performance.
Materials 2019, 12 (20), 3369.

Lu, P.; Hu, X.; Li, Y.; Peng, Y.; Zhang, M.;
Jiang, X.; He, Y.; Fu, M.; Dong, F.; Zhang, Z.
Novel CaCOs/g-CsN4  composites  with
enhanced charge separation and photocatalytic
activity. Journal of Saudi Chemical Society
2019, 23 (8), 1109-1118. DOIL:
https://doi.org/10.1016/].js¢s.2019.07.002.
Tian, Y.; Ge, L.; Wang, K.; Chai, Y. Synthesis
of mnovel MoS»/g-CsNs  heterojunction
photocatalysts with enhanced hydrogen
evolution activity. Materials Characterization
2014, 87, 70-73. DOLI:
https://doi.org/10.1016/j.matchar.2013.10.020

Li, K.; Zhou, W.; Li, X.; Li, Q.; Carabineiro,
S. A. C.; Zhang, S.; Fan, J.; Lv, K. Synergistic
effect of cyano defects and CaCOs in graphitic

23.

24.

25.

carbon nitride nanosheets for efficient visible-
light-driven photocatalytic NO removal.
Journal of Hazardous Materials 2023, 442,
130040. DOI:
https://doi.org/10.1016/j.jhazmat.2022.13004
0.

Palanisamy, K.; Sanjiv Raj, K.; Bhuvaneswari,
S.; Rajasekaran, M.; Subramanian, V. K. The
effect of DTPA on calcium carbonate scale
deposition on copper and aluminium surfaces.
Heliyon 2020, 6 (3), ¢03506. DOIL
https://doi.org/10.1016/j.heliyon.2020.e03506

Shenoy, S.; Chuaicham, C.; Okumura, T.;
Sekar, K.; Sasaki, K. Simple tactic
polycondensation synthesis of Z-scheme

quasi-polymeric g-CsN4/CaFe;Os composite
for enhanced photocatalytic water depollution
via p-n heterojunction. Chemical Engineering
Journal 2023, 453, 139758. DOI:
https://doi.org/10.1016/j.cej.2022.139758.
Dong, J.; Zhang, Y.; Hussain, M. 1.; Zhou, W.;
Chen, Y.; Wang, L.-N. g-C3N4: Properties,
Pore Modifications, and Photocatalytic
Applications. In Nanomaterials, 2022; Vol.
12,p 121.

-73-


https://doi.org/10.1016/j.jphotochem.2023.115187
https://doi.org/10.1016/j.jphotochem.2023.115187
https://doi.org/10.1016/j.envres.2024.120218
https://doi.org/10.1016/j.jes.2022.03.019
https://doi.org/10.1016/j.jscs.2019.07.002
https://doi.org/10.1016/j.matchar.2013.10.020
https://doi.org/10.1016/j.matchar.2013.10.020
https://doi.org/10.1016/j.jhazmat.2022.130040
https://doi.org/10.1016/j.jhazmat.2022.130040
https://doi.org/10.1016/j.heliyon.2020.e03506
https://doi.org/10.1016/j.heliyon.2020.e03506
https://doi.org/10.1016/j.cej.2022.139758

VISTEC f‘* WAgs(wm

vvvvvvvvvv *

NANO

THAILAND 2025

Organized by Nanotechnology Association of Thailand with National Nanotechnology
Center (NANOTEC) & Research Network of Nanotechnology (RNN)

Nanothailand2025@gmail.com


http://www.nano-thailand.com/2025
http://www.nano-thailand.com/2025
http://www.nano-thailand.com/2025

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 1

