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Ché tao mang sgi nano 16i/vé tu chitosan,
carrageenan, polyvinyl alcohol, va curcumin
bang phuong phap quay dién déng truc hai I6p

Cao Luu Ngoc Hanh*, Nguyén Thi Bich Thuyén, Lwong Huynh Vi Thanh,
Ding Huynh Giao, Ngo Truwong Ngoc Mai, Nguyén Tuong Vy

Khoa Ky thudt Hoa hoc, Truong Pai hoc Can Tho, Viét Nam

Ngay nhdn bai: 19/12/2024; Ngay swa bai: 28/01/2025;
Ngady nhdn dang: 20/02/2025; Ngdy xudt ban: 28/06/2025

TOM TAT

Phuong phap quay dién dong truc di dugc sir dung dé ché tao thanh cong mang soi nano 15i/vo lam tir
chitosan (CS), carrageenan (CG), polyvinyl alcohol (PVA), va curcumin (CCM). Céc yéu t6 anh hudng dén qua
trinh ché tao soi da dwoc kham phé, bao gdm ty 1é PVA/CS/CG la 8:1:1, ndong do CG 1a 0,5%, khoang cach tir
dau kim dén chit nén 12 15 cm, dién apla 18 kV va tde do dong chay 1a 0,1/0,1 mL/h. Cac s¢i nano thu dugc cho
thiy cu triic 16i/v6 rd rang (dwoc quan sat thong qua anh TEM), véi phan b duong kinh dong déu trong pham vi
100-600 nm, tap trung nhiéu nhét trong pham vi 100-300 nm vé duong kinh trung binh 14 274,35 + 19,57 nm. Dir
liu FTIR cho thiy mang soi PVA/CCM@PVA/CS/CG chira cac nhém chirc ning dic trung cua CG va CCM. Két
qua giai phong CCM trong mang soi chimg minh rang lwong CCM dugc giai phong nhanh trong vong 6 gio dau
tién. Bat dau tir 12 gio, lugng CCM duoc giai phong c6 xu hudng giam tdc va dan 6n dinh; dén 96 gio, ham lugng
CCM duoc giai phong da dat 83,96%. Két qua nghién ciru nay chirng minh tiém ning sir dung mang nano soi PVA/
CCM@PVA/CS/CG trong qué trinh lanh vét thwong ho.

Twr khéa: Mang soi nano, cau truc l6i/vo, chita lanh vét thuong, chitosan, carrageenan.

*Tdc gia lién hé chinh.
Email: clnhanh@ctu.edu.vn
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Tap chi Khoa hoc Truong Dai hoc Quy Nhon, 2025, 19(3), 5-18 | 5



QUY NHON UNIVERSITY

I SCIENCE

Fabrication of core/shell nanofiber membrane
from chitosan, carrageenan, polyvinyl alcohol,
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ABSTRACT

Coaxial electrospinning was used to successfully construct a core/shell nanofiber membrane made from
chitosan (CS), carrageenan (CG), polyvinyl alcohol (PVA), and curcumin (CCM). Factors influencing fiber
fabrication were explored, including the PVA/CS/CG ratio of 8:1:1, CG concentration of 0.5%, distance from the
needle tip to the substrate to 15 cm, voltage of 18 kV, and flow rate of 0.1/0.1 mL/h. The obtained nanofibers show
a distinct core/shell structure (observed by TEM image), with a uniform diameter distribution in the range of 100-
600 nm, most concentrated in the range of 100-300 nm, and an average diameter of 274.35 £ 19.57 nm. The FTIR
data show that the PVA/CCM@PVA/CS/CG fiber membrane contains CG and CCM-specific functional groups.
The results of CCM release in the fiber membrane demonstrate that the amount of CCM released is rapid within the
first 6 hours. Beginning at 12 hours, the amount of CCM released tends to decelerate and progressively stabilize,
and by 96 hours, the CCM content released has reached 83.96%. This finding demonstrates the possible use of a
PVA/CCM@PVA/CS/CG nanofiber membrane in open wound healing.

Keywords: Nanofiber membrane, core/shell structure, wound healing, chitosan, carrageenan.

1. INTRODUCTION dressing can save time and money. Furthermore,

o ) recent research have indicated that nanomaterials
The majority of the body's structure is made up

of skin, which serves as the primary protective
barrier that keeps hazardous substances out.
Healthy skin regulates body temperature and
keeps substances in balance. However, the skin
is extremely sensitive, experiencing both light
touches and heavy blows. Damage to the skin
affects all skin functions. The speed with which

are becoming increasingly popular, with one
example being wound dressings made of
nanofiber membranes. Nanofibers offer several
essential properties, including a tiny diameter,
controllable pore size, a high surface area to
volume ratio, and controlled drug release rate
and time by altering the fiber structure and
morphological size, resulting in excellent wound

the wound heals is determined by its severity.!

Wound dressings play an important role
in the therapy phase; selecting the proper wound

*Corresponding author.
Email: clnhanh@ctu.edu.vn
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healing. As a result, nanofibers are perfect
for medical applications, particularly in the
fabrication of wound dressings.**

6 | Quy Nhon University Journal of Science, 2025, 19(3), 5-18
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Many research initiatives have been
carried out to fabricate chitosan (CS) nanofibers
using the electrospinning process. Dhurai et
al.’ used electrospinning to create nanofibers
from polylactic acid (PLA) and CS that
included curcumin (CCM) as a medicine. In
this investigation, the CS/PLA ratio was 5.5%
(w/v), CCM was 11% (w/v), and the voltage
applied was 20 kV. SEM examination revealed
that the average fiber diameter was 66 nm. CCM
incorporated onto CS/PLA nanofilm improved
antioxidant capacity while being toxicity-free.’
In 2017, Goonoo et al. electrospun nanofibers
from kappa-carrageenan (k-CG) and fucoidan
with poly(ester-ether) polydioxanone at varying
ratios and solvents. The fiber mats were employed
for cell culture research and tissue engineering.®
In 2020, Madruga et al. investigated and
developed biocompatible nanofibers made from
a combination of polyvinyl alcohol (PVA) and
(CMKC).
The aqueous solution had ratios of 1:0, 1:0.25,
1:0.4, 1:0.5, and 1:0.75 (w/w PVA:CMKC).
They employed a 15 kV electric field in the
electrospinning process, a 15 cm distance from

carboxymethyl-kappa-carrageenan

the tip to the collector, and a 1 mL/h pump rate to
produce nanofibers with a diameter of less than
300 nm. CMKC is anticoagulant and antibacterial
against Escherichia coli and Staphylococcus
aureus, as well as effective at absorbing fluids and
retaining moisture. The combination of CMKC
enhances cytocompatibility, biodegradability,
and cell proliferation.” Gouda et al. effectively
manufactured nanofiber membranes  for
wound healing and skin regeneration using
electrospinning of PVA, iota-carrageenan (1-CG),
and graphene oxide. The combination of
graphene oxide and nanofibers enhances skin
regeneration. Graphene-based materials have
several functions, including a large surface area,
protein adsorption capacity, and antibacterial
qualities, hence they are utilized as wound

dressings to prevent infection in diverse wounds.

Many studies have shown that a tiny quantity
of graphene oxide improves the attributes of
polymer membranes, including mechanical
strength, wound healing speed, and tissue
regeneration. The membranes were examined for
Escherichia coli and Staphylococcus infection.
The results revealed that the membranes have
good wound healing, reduce scar formation,
and are antibacterial. Biopolymer-based
electrospun nanofibers are extremely useful
for biomedical applications.® In 2022, Vargas-
Osorio et al. created electrospun nanofibers from
polycaprolactone (PCL), CS, and k-CG utilizing
a safe solvent mixture of formic and acetic acid.
The interactions of positively and negatively
charged hydrophilic polysaccharides resulted in
high polymer stability. All fiber mats exhibited
morphological traits that indicated an average
fiber diameter at the nanoscale. Investigations on
living cells revealed no harmful effects; the cells

multiplied and spread over time.’

In this study, a PVA/CCM@PVA/CS/
CG nanofibrous membrane was electrospun to
promote wound dressing orientation. Coaxial
electrospinning was employed as a simple,
one-step method for manufacturing uniformly
shaped polymer fibers with core-shell structure.
PVA is a promising synthetic polymer for
wound dressing applications because to its
biocompatibility, strong tensile and hydrophilic
qualities, and fiber forming capabilities.”!? CS
is a positively charged biopolymer produced via
deacetylation of chitin."”® CS is biodegradable,
biocompatible, bactericidal, hemostatic, and has
minimal toxicity, making it useful in a variety
of medical applications.'*® CG is an anionic
sulfated polysaccharide composed of galactose
and anhydrogalactose units linked by glycoside
linkages.! CG is a stabilizer, thickener, and
gelling agent having numerous desired qualities
in biological applications such as antiviral,
anticancer, and immunomodulatory actions."’
The combination of two oppositely charged

https://doi.org/10.52111/qnjs.2025.19301
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polymers, CS and CG, was designed to optimize
the nanofiber production process.'® In addition,
CCM was added to boost the membrane's
antibacterial capabilities and expedite wound
healing on the skin.'"%!

2. EXPERIMENT
2.1. Chemicals

The chemicals used in this work include chitosan
(CS, 92% deacetylation, Viet Nam), carrageenan
(CG, Kappa-CG, Philippines), polyvinyl alcohol
(PVA, 99.5%, hydrolysis degree 87 — 89%,
Shanghai Zhanyun Chemical Co., China),
curcumin (CCM, >90%, Viet Nam), acetic
acid (AA, 90%, Xilong, China), ethanol (95%,
Chemsol, Viet Nam), phosphate buffered saline
(PBS, Himedia, India), Tween 20 (Guangdong,
China). All other materials and reagents applied
in this work were of analytical grade unless
otherwise noted.

Figure 1. Flow chart of shell solution preparation process.

2.2.2. The core mixture preparation

Figure 2 depicts the processes for preparing
a PVA/CCM mixture. 15%
homogenous PVA solution, mix 15 g of PVA
with 100 mL of distilled water in a glass beaker
and stir with a magnetic stirrer at 80°C for 24

To create a

https://doi.org/10.52111/qnjs.2025.19301
8

2.2. Synthesis of PVA/CCM@PVA/CS/CG
nanofiber membrane

2.2.1. The shell mixture preparation

The steps to prepare CS/PVA/CCM mixture
are shown in Figure 1. Firstly, to prepare a
homogenous 15% PVA solution, 15 g of PVA
was mixed with 100 mL of distilled water in a
glass beaker and swirled on a magnetic stirrer at
80°C for 24 hours. To make a 6% CS solution,
6 g of CS was added to a glass beaker holding
100 mL of 20% AA and stirred on a magnetic
stirrer at room temperature for 24 hours. A 0.5%
CG solution was obtained by adding 0.5 g of CG
to a glass beaker holding 100 mL of distilled
water and stirring on a magnetic stirrer at 80°C
for 2 hours. Finally, the PVA/CS/CG shell
solution was prepared by combining PVA, CS,
and CG solutions in various ratios (7:2:1, 7:1:2,
and 8:1:1) and stirring for 1 hour to produce a

homogenous mixture.?*2

15 g PVA ————
T=80°C " PVA solution
t=24h 15%
100 mL DI water
PVA/CS/CG
6 g CS Room lemperamre CS SOlutiOﬂ Room lt:mpcralurc rn;x2tL11rc
100 mL AA t=24h 6% t=1h ’ 7:1:2
solution 20% 8:1:1 |
0,5gCG —
T =80°C N CG solution
t=2h 0,5%
100 mL DI water

hours. Next, add 0.09 g of CCM to 30 mL of
ethanol and stir for 1 hour at room temperature
to create a CCM solution. The core solution was
created by mixing the PVA and CCM solutions
in an 8:2 ratio and stirring on a magnetic stirrer
at room temperature for 1 hour.?*?

| Quy Nhon University Journal of Science, 2025, 19(3), 5-18
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[ 15 g PVA

[ 100 mL DI water

Room temperature

[ 0,09 g CCM

[ 30 mL ethanol

Figure 2. Flow chart of core solution preparation process.

2.2.3. Nanofiber membrane processing by
coaxial electrospinning

The prepared core and shell solutions were
injected into two 1 mL syringes, each attached
to a double-layer concentric needle, and then
placed in the electrospinning equipment. The
concentric needles included an outer tube with
an inner diameter of 1.01 mm and an outside
diameter of 1.49 mm, as well as an inner tube
with an inner diameter of 0.41 mm and an outer
diameter of 0.72 mm. The sample collection
board was protected with aluminum foil and a
voltage generator.**?* During the electrospinning
process, the parameters were set with the sample
injection flow rate at 0.1/0.1 mL/h, 0.2/0.2
mL/h, the voltage at 17 kV, 18 kV, 19 kV, and
the distance from the needle tip to the sample
collection was 14 ¢cm, 15 cm, and 16 cm.

2.3. Characterisation

2.3.1. The morphology, diameter, and size
distribution of nanofibers

During the pre-tests, the diameter of the
nanofibers was measured using an optical
microscope (Nikon EPIPHOT 200, Japan). The
nanofibers accumulated immediately on the
aluminum layer and were seen using a Hitachi
S-4800 scanning electron microscope made in

PVA solution

CCM solution

Room temperature

PVA:CCM = 8:2
mixture

Japan. To better their observation, the nanofibers
were sputter-coated with a platinum coating
before being measured. The average fiber size
and fiber size distribution were calculated using
ImageJ software and SEM image data. The core/
shell structure of the membranes was examined
using TEM (JEM-1400 Flash Jeol, Japan) in a
vacuum environment. A drop of diluted sample
was placed on a cellulose stub for observation.

2.3.2. Fourier transform infrared spectroscopy
(FTIR)

The PVA/CCM@PVA/CS/CG
membrane's specific functional groups were

nanofibrous

described using an FTIR instrument (Nicolet
6700, Thermo, USA). The FTIR spectra was
obtained under nitrogen flow with a total of 32
scans and a 4 cm! resolution in the 4000-400 cm’!
wavenumber band.

2.3.3. Survey of curcumin content in fiber
membrane

Establishing a standard curve for quantifying
curcumin in ethanol solution

Weigh precisely 0.005 g of curcumin
standard in a 100 mL volumetric flask containing
ethanol solution. Pipet exactly 1 mL, 2 mL, 3 mL,
4 mL, and 5 mL of this standard solution into a
25 mL volumetric flask, filling to the mark with

https://doi.org/10.52111/qnjs.2025.19301
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the same solvent. The equivalent concentrations
for the five solutions above are 0.002; 0.004;
0.006; 0.008; and 0.01 mg/mL, respectively.
The absorbance of solution A is measured at the
wavelength A_ . A graph is created using the
measured values to show the connection between
A and C, which yields the linear equation of
A in relation to C. The equation above is used
to calculate the concentration of CCM in the
sample at the following stages.?>%

Determination of curcumin content of nanofiber
membranes in ethanol solution

First, 0.005 g of the nanofiber membrane
was cleaned with alcohol to remove any CCM
that had adhered to the membrane's surface. The
membrane was then placed in a glass beaker
holding 10 mL of ethanol solution. The beaker
was sonicated at predefined time intervals (15,
30, 45, and 60 minutes). At these time points,
2 mL of the sample was removed for analysis,
and 2 mL of fresh ethanol was added. The 2 mL
of extracted material was combined with 8§ mL
of ethanol before UV-Vis analysis to quantify the
amount of CCM released.

2.3.4. Investigation of curcumin release process

Establishing a standard curve for quantifying
curcumin in buffer solution

Weigh exactly 0.005 g of curcumin
standard in a 100 mL volumetric flask containing
a 4:1 mixture of ethanol solution and PBS buffer
solution. Pipette exactly 1 mL, 2 mL, 3 mL, 4
mL, and 5 mL of this standard solution into a
25 mL volumetric flask, filling to the mark with
the same solvent. The equivalent concentrations
for the five solutions above are 0.002; 0.004;
0.006; 0.008; and 0.01 mg/mL, respectively.
The absorbance of these solutions is measured
at the maximum wavelength (A_ ). A graph is
created using the measured values to show the
connection between A and C, which yields the
linear equation of A in relation to C. The equation
above is used to calculate the concentration of
CCM in the sample at each stage. The amount

https://doi.org/10.52111/qnjs.2025.19301

of CCM released for each survey period can be
calculated using the standard curve equation
described above.

Experimental release of curcumin in buffer solution

To imitate the animal serum environment,
0.005 g of nanofiber membrane was cleaned with
alcohol before being placed in a glass beaker
with 10 mL of PBS solution (pH 7.4) and 1% tween
20. The beakers were kept at a temperature of
37+ 1°C using a thermostat. Next, at certain time
intervals (5 minutes, 10 minutes, 15 minutes,
30 minutes, 1 hour, 2 hours, 3 hours, 4 hours,
6 hours, 12 hours, 24 hours, 48 hours, 72 hours,
and 96 hours), 2 mL of sample was removed
for analysis and 2 mL of new buffer was added.
2 mL of the analyzed sample was mixed with
8 mL of ethanol solution before being analyzed
using a UV-Vis spectrometer to determine
the amount of released CCM. Therefore, the
percentage of CCM drug released from the fiber
membrane can be calculated.?

3. RESULTS AND DISCUSSION

3.1. Results on the influence of some factors
on the electrospinning process

3.1.1. Effect of PVA/CS/CG ratio

PVA, CS, and CG solutions were made and
combined in the following ratios: 7:2:1, 7:1:2,
and 8:1:1 to study the effect of the PVA/CS/
CG ratio. Figure 3 depicts the survey results
as observed via an optical microscope. The
results demonstrate that in Figure 3a, there are
many individual particles and fiber particles,
but no full fibers are created. When the CG
ratio is increased in the solution in Figure 3b, it
is noted that there are less individual particles,
more fiber particles, and fibers without particles;
however, these fibers are not continuous but
rather fractured. Furthermore, the PVA ratio
utilized in the -electrospinning solution is
insufficient to draw full fibers, so adding more
CG to the fiber does not result in continuous
formation. In Figure 3c, the PVA ratio is raised,
and no more particles or fiber particles occur;

10 | Quy Nhon University Journal of Science, 2025, 19(3), 5-18
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instead, the fiber is created continuously and
without breaking. The addition more amount
of CG (ratios of 7:1:2 and 7:2:1) increases the
conductivity of electrospun solutions?’, resulting
in stronger repulsive forces between the charged
polymer groups, which enhances the elongation
forces during eletrospinning, resulting in
thinner fiber with breaking formation. These
findings indicate that the 8:1:1 PVA/CS/CG ratio
produces a desirable fiber morphology, making
it the optimized proportion for incorporating CG
into the nanofiber system.

Figure 3. Optical microscope images of polymer
fibers corresponding to PVA:CS:CG ratios of (a)
7:2:1,(b) 7:1:2, and (c) 8:1:1.

3.1.2. Effect of carrageenan concentration

Optical microscopy photos (Figure 4) reveal
that CG at a concentration of 0.3% forms
fibrils, however the fibrils are intermingled with
particles, resulting in the creation of granular
fibers. When the CG concentration is increased to
0.5%, the resulting fibers are more homogeneous,
straight, and continuous. At a CG concentration
of 0.7%, the fibers generated have a smaller
diameter due to enhanced conductivity in the
solution; however, the fibers are not continuous
and are fragmented into pieces, resulting in
granular fibers. Chitosan is a polycation, which
can form ion complexes with a variety of natural
or manufactured anions, including the polymer
carrageenan. Because the presence of amino
groups in the CS structure increases the surface

tension of the solution, the use of two types of
polymers with opposite charges has resulted
in positive charges in the CS structure and
negative charges in the CG structure interacting
with each other, and at a CG concentration of
0.5%, these charges are neutralized, resulting in
straight and smooth nanofibers. Therefore, the
electrospinning process uses a CG concentration
of 0.5%.

r ; 0

Figure 4. Optical microscope images of polymer
fibers corresponding to CG concentrations: (a) 0.3%,
(b) 0.5%, and (c) 0.7%.

3.1.3. Effect of sampling distance

Figure 5 depicts the optical microscope results,
which demonstrate clear changes in the fibers
at distances of 14 c¢m, 15 c¢m, and 16 cm. At
a distance of 14 cm, the fibers generated are
relatively big, discontinuous, and frequently
curved. When the distance between the nozzle
tip and the sample collector is increased to 15
or 16 cm, the fiber size decreases. This can be
explained by the fact that at a greater distance,
the solvent has more time to evaporate, resulting
in fibers with smaller diameter. The longer the
distance, the more evenly distributed the fibers
on the sample collector. Furthermore, particles
will be created at both too close and too far away
distances. The fibers have generally consistent
diameters, are straight, and continuous over
a distance of 15 cm, therefore this is the ideal

distance for the electrospinning process.

https://doi.org/10.52111/qnjs.2025.19301

Quy Nhon University Journal of Science, 2025, 19(3), 5-18 | 11



QUY NHON UNIVERSITY
JOURNAL OF

SCIENCE

| & &£
. |

-
C

Figure 5. Optical microscope images of polymer
fibers corresponding to fiber forming distances of:
(a) 14 cm, (b) 15 cm, and (c) 16 cm.

3.1.4. Effect of applied voltage

Voltage is critical in the electrospinning
process because it regulates the electric field
intensity between the needle tip and the sample
collection. Figure 6 illustrates how wvoltage
affects the electrospinning process for voltage
values of 17 kV, 18 kV, and 19 kV. In general,
fiber size reduces as voltage increases; at 17 kV,
the fibers generated have a rather wide diameter,
are irregular, and tend to cling together. This is
because, at low voltage, the primary droplet's
electrostatic repulsion is insufficient to overcome
the solution's surface tension. Furthermore, at
low voltage values, the solvent in the solution
evaporates slowly, preventing the fibers from
drying before reaching the sample collector.
When the voltage is increased to 18 kV, the
fibers form with a reasonably homogeneous
and smaller diameter, and they are straight and
continuous. When the voltage was increased
to 19 kV, the fiber diameter reduced, but it
was fractured and not uniform. Because of the
high voltage, the solvent molecules rubbed
fast, causing the solution to dry quickly at the
primary drop at the nozzle tip. The dry main drop
interrupted the electrospinning process, causing
the fibers to break and bend, perhaps leading
to a complete cessation of the electrospinning
process.

https://doi.org/10.52111/qnjs.2025.19301

Figure 6. Optical microscope images of polymer
fibers corresponding to the voltages: (a) 17 kV, (b) 18kV,
and (¢) 19 kV.

3.1.5. Effect of injection flow

Figure 7 depicts the results of the inquiry into the
effect of injection flow rate on the electrospinning
process. It was discovered that when the
injection flow rate was 0.1/0.1 mL/h, the fibers
developed constantly. When the injection flow
rate was increased to 0.2/0.2 mL/h, the fibers
condensed and bent, forming beads. Because of
the increased injection flow rate, more solution
was pushed out, leaving insufficient time for the
solvent to evaporate, resulting in the primary
droplet at the injection tip progressively growing
larger over time and eventually dripping down to
the sample collector. Droplet dripping interrupts
the electrospinning process, resulting in fibers
with irregular diameters and even beads. As a
result, the flow rate used for the electrospinning

operation was 0.1/0.1 mL/h.

Figure 7. Optical microscope images of polymer
fibers corresponding to injection flow rates of:
(a) 0.1/0.1 mL/h and (b) 0.2/0.2 mL/h.

12 | Quy Nhon University Journal of Science, 2025, 19(3), 5-18
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3.2. Physiochemical characteristics of nanofiber
membrane

3.2.1. Fiber morphology results by SEM and
TEM analysis

Figure 8 depicts a SEM picture of the PVA/
CCM@PVA/CS/CG membrane under optimum
circumstances. The PVA/CS/CG ratio is 8:1:1,
the CG concentration is 0.5%, the distance
between the needle tip and the sample collector is
15 cm, the electrospinning voltage is 18 kV, and
the spray flow rate is 0.1/0.1 mL per hour. The
SEM image results demonstrate that there are
no particles on the fiber surface, indicating that
the substances have completely dissolved and
the polymer solution mixture is homogeneous.
Moreover, the TEM images revealed obvious
core-shell structure of the nanofibers, with a light
shell layer coating around the dark core. The core/
shell structure of nanofiber structures aids in the
controlled release of healing agents (curcumin),
promoting effective wound healing compared

to single-layer nanofibers.  Additionally,
Image] software is used to determine the size
of the fibers in the SEM picture, and a fiber
diameter distribution chart is created from this
information. The graph illustrates the distribution
of fiber diameter, which is in the range of
100 - 600 nm, with the highest concentration
in the range of 100 - 300 nm and an average
diameter of 274.35 £ 19.57 nm. In addition,
when compared with the nanofibers prepared
by Cao-Luu et al. (2024), the PVA/CCM@PVA/
CS/CC fiber has an average diameter of 301.55 +
76.77 nm, indicating that the PVA/CCM@PVA/
CS/CG nanofiber has a smaller diameter.?> The
combination of two types of charged polymers
helps increase the conductivity of the solution,
contributing to the fiber diameter reduction. This
has demonstrated the efficiency of combining
two types of polymers with opposite charges
to produce nanofibers using the electrospinning

technique.?

D=27435 £ 19.57 nom

Fiber diameter (nm)

Figure 8. Morphology of nanofiber membranes through (a) SEM image, (b) TEM image, and (c) fiber diameter

distribution histogram.

3.2.2. FTIR results of the nanofiber membrane

The chemical properties of PVA/CCM@
CS/PVA/CC nanofibrous membrane were
determined using FTIR analysis, which revealed
interactions between functional groups present
in the nanofibers (Figure 9). The absorption
peak at 3505 cm?! in CCM's FTIR spectrum
corresponds to the stretching vibration of (O-H).
The range from 3100 to 2800 cm™!' corresponds
to the stretching vibration of (C-H), specifically
the asymmetric stretching vibration of (C-H) in

(-CH,-), as demonstrated by the peak at 2945
cm’. The peak at 1626 cm™ arises owing to
the stretching vibration of (C=0) and (C=C),
whereas the peak at 1603 cm! is due to the
stretching vibration of (C=C) and the benzene
ring. The peak at 1508 cm™ corresponds to a
stretching vibration within the benzene ring.
The peaks at 1427 cm™ and 1377 cm™! represent
the bending and stretching vibrations of (C-H),
respectively. The peaks at 1275 em™!, 1152 cm’!,
1026 cm™, 961 cm!, and 856 cm™ represent the
stretching vibration of (C-0O).

https://doi.org/10.52111/qnjs.2025.19301
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Figure 9. FTIR spectra of (a) CCM, (b) CG, (c) PVA/CS/CG, and (d) PVA/CCM@PVA/CS/CG.

The FTIR spectrum of CG displays a
large region in the range of 3600-3100 cm’,
with the peak at 3391 cm’ representing the
stretching vibration of (O-H) from the hydroxyl
group of the polysaccharide, which corresponds
to the hydrophilic nature. The spectra reveals
a peak at 2903 cm™', which corresponds to the
symmetric stretching vibration of C-H. The
1636 cm™ peak corresponds to the stretching
of (C=0) and (C=C). The characteristic peak at
1375 cm™ is caused by the stretching vibration
of (C-H), whilst the high absorption peak at
1224 cm™ is caused by the presence of (S=0)
bonds in the sulfate ester groups. The CG
spectrum displays a strong absorption peak in the
range of 1020 - 1050 cm™!, which is characteristic
of polysaccharides, with the peak at 1035 cm™!
corresponding to the stretching vibration of
(C-O). The peak at 922 cm™ represents the
(C-O-C) bond of 3,6-anhydro-D-galactose. The
signal at 841 cm™ indicates the presence of
(C-0-S0,-)-D-galactose-4-sulfate. This shows
the presence of k-CG.

The FTIR spectrum of the PVA/CS/
CG film shows a peak at 3356 cm’, which
corresponds to the stretching vibration of two

https://doi.org/10.52111/qnjs.2025.19301

groups: hydroxyl (O-H) in PVA, CS, and CG and
amino group (N-H) in CS. They have changed
to lower wavenumbers, indicating that cross-
linking has occurred between the groupings.
The absorption peak at 2908 cm™! corresponds
to the symmetric stretching vibration of (C-H)
in (-CH,-). The peak at 1734 cm™' represents the
stretching vibration of the (C=0) group in amide [;
its appearance is related to bond overlap when
compared to the peak at 1626 cm™ (C=0) group
of CCM and the peak at 1636 cm (C=0) of
CG. The peak at 1653 cm™ corresponds to the
stretching vibration of the (C=0) group in amide I,
while the bending vibration (N-H) of the N
acetyl group in amide II has a characteristic peak
at 1558 cm! associated with CS. The peak at
1375 cm™ indicates the stretching vibration of
(C-H), whereas the peak at 1224 cm™ in the CG
spectrum moves to the peak at 1249 cm™', which
corresponds to the (S=0O) bond in the sulfate
ester groups. The peak at 1089 cm™ is caused by
the stretching of the (C-O) bond and the bending
of the (O-H); also, this peak demonstrates the
merging and overlap of the (C-O) bond when
compared to the peak at 1035 cm?! (of CG).
Furthermore, the signal at 1089 cm™! corresponds
to the free amino groups at the C2 position of

14 | Quy Nhon University Journal of Science, 2025, 19(3), 5-18
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glucosamine. The peaks at 922 cm™! and 841
cm’! that correspond to the (C-O-C) bond and
the presence of (C-O-SO,-) in CG shifted to the
peaks at 945 cm! and 844 cm™.

The peak 3317 cm™ in the FTIR spectrum
of the PVA/CCM@PVA/CS/CG film is the
merger of the peaks 3505 cm™ (in CCM), 3391
cm! (in CG), and 3356 cm? (in PVA/CS/CG
film), which is caused by the stretching of the
(O-H in PVA, CS, and CG) and amino groups
(N-H in CS). The peak 2910 cm!, which has
shifted from the peak 2908 cm™ in PVA/CS/CG,
is a merger of the peaks 2945 cm™ (in CCM) and
2903 cm! in CG, both of which are indicative
of the stretching vibration of (C-H). The amide
group shifts the peak 1653 cm' (of the PVA/
CS/CG membrane) to 1655 cm™!, and the peak
1558 cm! shifts to 1560 cm’. Furthermore,
the 1427 cm™! peaks, which correspond to the
bending vibration of (C-H) in (-CH,), migrated
to 1431 cm! and 1375 cm™. The peaks 1427 cm'!
and 1377 cm! in CCM, as well as the peak
1375 em! in CG, merged to form the peak
1375 cm! characteristic of the alkane group
(C-H). The change in intensity of this band is
caused by PVA and CG's tendency to bind with
water and hydroxyl groups present in CS and
CCM, resulting in the shift of these peaks. The
PVA/CS/CG membrane's peaks at 1249 cm™! and
1089 cm™ changed to 1252 cm™ and 1092 cm!,

respectively. The typical peaks for the presence
of CG in the PVA/CS/CG membrane were
945 cm™!' and 844 cm’', which were shifted to
947 cm?! and 850 cm”, respectively, and the
shifts of these peaks were likewise connected
to the CCM (C-O) groups. The movements of
the hydroxyl, amide, and sulfate groups revealed
bond overlap and the development of polyanion-
cation complexes.

FTIR research revealed a successful
combination of PVA, CS, CG, and CCM in the
electrospinning process for fiber membranes.
The spectrum revealed the presence of specific
functional groups in the fiber membranes,
particularly CG's sulfate group. These findings
demonstrated the creation of nanofibers between
two polysaccharides with opposing charges, CS
and CG.

3.3.Results of CCM contentin fiber membrane

3.3.1. Establish the CCM standard curve in
ethanol solution

First, the maximum absorption spectrum of CCM
in ethanol was set to estimate the maximum
absorption wavelength of CCM, and then create
the absorption standard curve for CCM. The
UV-Vis spectrum data indicate that CCM's
maximum absorption wavelength in ethanol
solution is 426 nm.

Table 1. Absorption of CCM in ethanol solution with different concentrations.

CCM content (mg/L) Absorbance Absorbance
in ethanol solution in PBS buffer solution

0 0 0

2 0.2736 0.2741
4 0.6098 0.6727
6 0.8557 0.9257
8 1.1878 1.2585
10 1.5112 1.5896

https://doi.org/10.52111/qnjs.2025.19301
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Figure 10. Standard curve of CCM (a) in ethanol solution, and (b) in PBS buffer solution.

Based on the results in Table 1, a CCM
standard curve in ethanol solution was created
and shown in Figure 10.

The standard equation for CCM in
ethanol solution is y = 0.1506x - 0.0135, where
y is the absorbance and x is the CCM content
(mg/L). This equation is used to calculate the
CCM content released based on the ultrasonic
time. Results of the ultrasonic time survey to
determine the curcumin content.

0.70

0.6502 0.6523

g
= vies 0.6205
oo
g
= 0.60
2 0.5657
E
= 055
=
w
~
2
S 050
=
8 0.45
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Time (mins)
Figure 11. Ultrasonic time survey chart for

determining CCM content.

The CCM content released at varied
ultrasonication durations of 15, 30, 45, and 60
minutes was estimated using the UV-Vis analysis
results and the standard curve equation, and is
shown in Figure 11. The results showed that the
CCM content released was 0.5657 mg within the
first 15 minutes and 0.6205 mg after 30 minutes.
When the period was extended to 45 minutes,
the CCM content released was 0.6502 mg. There
was no substantial difference in the CCM content

https://doi.org/10.52111/qnjs.2025.19301

released at 45 and 60 minutes. As a result, the best
time for ultrasonic testing was 60 minutes.

3.4. Results of curcumin release process

Establish the standard curve equation for
curcumin in buffer solution.

the UV-Vis
maximum

According to spectrum
measurements, the absorption
wavelength of CCM in buffer solution is
426 nm. The standard curve equation for CCM
in buffer solution is y = 0.1593x - 0.01, where
y is absorbance and x is the CCM concentration
in ethanol solution (mg/L). The standard curve
equation can be used to compute the CCM
content released throughout the in vitro process,
as well as the percentage of CCM released
with time.

Curcumin release results

Table 2 and Figure 12 show the results of
the CCM release process in the buffer solution of
the PVA/CCM@PVA/CS/CG fiber membrane.
Because PVA, CS, and CG can all absorb water,
causing the fibers to inflate, the solution from
the release media quickly reaches the core of
the fiber, resulting in fast diffusion of CCM
molecules within the first 6 hours after placing
the membrane in the release medium. Starting
at 12 hours, the amount of CCM released tends
to slow and eventually settle. By 96 hours,
83.96% of the CCM content has been released.
CCM released early in the process aids in anti-
inflammation, whereas CCM released later aids
in anti-oxidation and wound healing.
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Table 2. Percentage of CCM released in buffer solution.

Time (hours) Percentage of CCM released

0.08 18.48 £ 1.92
0.17 24.99 +2.47
0.25 31.60 +2.34
0.50 4146 +£2.26
1 51.19£2.09
2 62.26 = 1.01
3 72.12 + 1.48
6 77.56 £1.43
12 78.83 £2.19
24 81.54£2.29
48 82.55+2.16
72 83.89 +2.26
96 83.96 £2.29

8
°

CCM release content (%)
2
£

0 008 017 025 05 1 2 3 6 12 24 48 72 9%

Release time (hours)

Figure 12. CCM release results of PVA/CCM@PVA/
CS/CG fibers in 96 hours.

4. CONCLUSION

PVA/CCM@PVA/CS/CG nanofiber membranes
were produced using the following optimum
ratios: The PVA:CS:CG ratio was 8:1:1, the CG
concentration was 0.5%, the distance between
the needle tip and the sample collector was
15 cm, the electrospinning voltage was set at
18 kV, and the spray flow was 0.1/0.1 mL/h.
The produced fibers were relatively consistent in
size, with diameters ranging from 100 to 300 nm
and an average diameter of 274.35 + 19.57 nm.
The FTIR data revealed the presence of PVA,
CS, CG, and CCM in the fiber membrane, as
well as the fact that the connection between CG
and CS and the structure of CCM did not change
during the electrospinning process used to create
nanofiber membranes. The drug release data
showed that CCM was released in substantial
levels in the first 6 hours, then steadily dropped

after 12 hours, and by 96 hours, the amount of
CCM released was 83.96%.
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TOM TAT

Hién nay, cac dap ngan min chu yéu st dung co ciu quay tay truc vit me bang tay hodc sir dung dong co
dién dé van hanh nang ha, & cac phuong phap nay cé nhiéu han ché nhu phu thudc tinh chu quan con ngudi, qua
trinh dong mé khong phu hop, dé gay bién dang truc chinh dan dén hong céc co cu hop sb vit me. Dé khic phuc
van d& trén, giai phap sir dung xi lanh thuy luc dd duogc tic gia dé xudt trong bai bao nay. Dya trén céc sb liéu thuc
té, tac gia da thiét k& hé thong van hanh dong mé cac ddp ngin man tai tinh Binh Dinh bang hé thong thuy luc. Két
qua md phong cho thiy hé thong vira bao dam vé mit k¥ thuat vira hiéu qua tinh kinh té, khic phuc cac han ché
van hanh trudc day. Giai phap nay khong chi cai thién chat lwong van hanh ma con mo ra kha ning tmg dung cong
nghé mai dé tu dong hod va gidm sat tir xa trong qua trinh van hanh cho cac dap thuy lgi tuong tu.

Tw khoa: Ddp ngan man, thuy luc, vit me, dap thuy loi, Binh Dinh.
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ABSTRACT

Currently, the majority of saltwater barrier dams use manual ball screw mechanisms or electric motors for

dam gate raising and lowering operations. These methods have several limitations, such as dependence on human

subjectivity, improper dam gate raising and lowering processes, and the risk of main shaft deformation, leading

to damage to the ball screw gearbox mechanisms. To address these issues, the use of hydraulic cylinders has been

proposed by the author in this paper. Based on actual data, the author has designed a hydraulic system for operating

the dam gate raising and lowering of saltwater barrier dams in Binh Dinh province. Simulation results demonstrate

that the system not only meets technical requirements but is also economically efficient, overcoming previous

operational limitations. This solution not only improves operational quality but also paves the way for adopting

new technologies to automate and enable remote monitoring during the operation of similar irrigation dams.

Keywords: Saltwater barrier dams, hydraulic, ball screw, irrigation dams, Binh Dinh.

1. INTRODUCTION

The coastal area of Binh Dinh frequently faces
challenges such as flooding and saltwater
intrusion, which have a severe impact on
freshwater resources, agricultural production,
and the livelihoods of local residents. To address
saltwater intrusion, saltwater barrier dams have
been constructed. However, water regulation
still largely depends on human control and tidal
fluctuations along the coast, leading to difficulties
in efficient management and operation. This
results in frequent flooding and saltwater
contamination in the inland areas of Binh Dinh's
coastal region. The saltwater barrier gates

*Corresponding author.
Email: dovancan@gnu.edu.vn

https://doi.org/10.52111/qn;js.2025.19302

typically have the following characteristics: they
are not large in size, the lifting load is moderate,
and they are not subjected to the high pressures
found in hydropower dams. The water level
difference between the inside and outside of the
gates usually fluctuates by a few meters, they
handle large flow rates, and the flow currents are
slow. These gates require high water-tightness,
timely operation to prevent flooding and
saltwater intrusion into the inland areas, and are
exposed to harsh weather conditions. They are
located far from residential areas, and the dam
gate raising and lowering times vary according
to tides and seasonal needs.
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Binh Dinh province currently manages
39 gates on embankments, 11 dams on
embankments, 17 spillways on embankments,
and 12 saltwater barrier dams.!

Currently, the most common method
for opening and closing dam gates is manual
operation due to the lack of electricity at the
17 spillways on the East Embankment (Figure
1a); the use of manual ball screw mechanisms at
saltwater barrier gates (Figure 1b); or motorized
control for opening and closing atsaltwater barrier
dams (Figure 1c, Lai Giang dam); and the use of
winches, pulleys, and hoists (Figure 1d, Ha Gach
dam). According to the report from the Institute
of Irrigation Management and Economics, most
saltwater barrier dams in Binh Dinh province
use two lifting solutions: hoists and pulleys, and
ball screw mechanisms. With pulleys, there are
difficulties in pressure difference when lowering
the dam. The ball screw mechanism allows for
manual or motorized operation to raise or lower
the dam gates. This is a simple and cost-effective
drive mechanism. The ball screw mechanism is
easy to integrate into gate operation systems,
with a compact design and minimal installation

space requirements.

Figure 1. The manual lifting and lowering operating

mechanism is through a Vitme.

Although  ball
advantages, they also have certain limitations,
such as being prone to wear, requiring frequent
lubrication, operating slowly, and being difficult
to apply for dams with significant water level
differences or requiring rapid raising and
lowering. They are also susceptible to overloading
during improper operation, often resulting in shaft
bending and joint damage. Therefore, ball screws
are typically used for smaller structures, such as
field sluice gates, and they are expected to be
replaced by more modern systems in the future.

screws have many

In the document automatic flap gates
operate based on the principle of changes in
upstream water pressure and the equivalent
stiffness of the spring system F=f(Kx). When the
moment generated by hydrodynamic pressure,
combined with the gate's own weight and the
friction at the pivot, exceeds the stiffness of the
spring system, the gate will open to a state of
equilibrium with the compressive (or tensile)
force of the spring system.?

If the pressure remains unchanged and
the compressive (or tensile) force of the spring
system remains constant, the gate's opening angle
will also remain unchanged. When the moment
caused by hydrodynamic pressure continues to
exceed the compressive (or tensile) force of the
spring system, the gate will fully open (reaching
a horizontal position). Conversely, when the
compressive (or tensile) force of the spring
system surpasses the moment generated by
hydrodynamic pressure, the gate's weight, and
frictional force, the gate will automatically close
(returning to a vertical position).

Figure 2. Structure of automatic flap valve.?
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This system is only suitable for dams
designed for automatic flood discharge, it is not
suitable for saltwater barrier dams. The hydraulic
solution is also proposed in the article, featuring
a system of cylinders arranged in a rather
complex manner, which reduces the reliability of
the operation process.’ The curved gate principle
used in this system is suitable for hydropower
dams that require very high lifting forces.

Smart dam gate raising and lowering
control monitoring solution is included in the
application.* This dam system helps increase
the accuracy of the dam gates opening and
closing system which in turn helps the economy
and saves lives. It also reduces the chances of
human error.

The operation of opening and closing dam
gates using pulleys is commonly applied to gates
with significant weight, slow flow rates, and
low water level differences, making them easy
to operate.” However, this method is unsuitable
when dealing with strong water currents, as
gravity alone is insufficient to overcome the
resistance pressure of the water to achieve full
closure.

The radial gate mechanism controlled by a
hydraulic system is typically used in hydropower
dams with steep water gradients, high water
pressure, and complex control systems. These
mechanisms are commonly employed in dams
with significant water level differences but are
not suitable for saltwater barrier dams.%’

Hydraulic cylinders can generate very
high thrust with stable pressure, making them
suitable for applications that require large forces,
such as opening and closing dam gate valves.
The hydraulic system can adjust the oil flow to
control the opening and closing speed flexibly.
It is less affected by friction compared to the
screw-nut system, helping to extend operational
lifespan. Hydraulic cylinders can operate stably
in wet conditions and are more resistant to
corrosion. While hydraulic cylinders have a
high initial investment cost, their low operating

https://doi.org/10.52111/qn;js.2025.19302

costs are beneficial for long-term operations,
such as dam operations. Due to their low friction
coefficient, high efficiency, and lower energy
consumption compared to the screw-nut system,
hydraulic cylinders experience less wear and
tear, offering higher durability and reducing
component replacement costs.

2. IMPLEMENTATION CONTENT
2.1. Structural design criteria

All the saltwater barrier dams currently in use
in Binh Dinh province are of the vertical panel
type; therefore, the calculation of the force
distribution on the gates is based on this design.
The load case considered when structurally
analyzing the dam gate is that of the hydrostatic
pressure, with two edges simply supported. In
particular the case when the gate is fully closed
and there is no flow.!

P
Pt

Figure 3. The structurally idealized gate; W is
uniform distributed load [N/m]; W linearly varying
load [N/m]; Girder reaction force [N].

There are many methods of defining the
deflection of a beam due to bending. However,
the method chosen for calculating deflection
is Castaglianos theorem which is a relatively
simple way of determining beam deflection.
Castigliano’s theorem is defined in equation (1).

52U

oF,

Where U is the strain energy, and F', is
the force in the direction of the displacement.
Strain energy due to bending can be defined in
equation (2)

(M
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Where M is the equation of bending
moment along the beam, E is the elastic
modulus, I is the second moment of area and L
is the length of the beam. Equation (2) can be
combined with equation (1) to form an equation
for Castagliano’s theorem for bending, as seen
in equation (3)

£ oM
S =|—| M=—
S

A method used to determine the deflection
at a point where a force Fi is not present is to
introduce a fictitious force Fs at i. This force
can be set to zero after calculating the partial

derivative aﬁ
OF;

The vertical stiffeners will be analyzed
first. They are idealized as beams supported
at the positions of the main girders. Since the
number of main girders often exceeds two, the
vertical stiffeners will in those cases be statically
indeterminate. The superposition method can
be utilized to simplify the indeterminate system
into a determinate one. To achieve this the
vertical stiffener can be idealized as a beam with
two supports and point loads equal to the support
reactions in the redundant supports (n>2). The
deflection of the main girders is simpler to find,
since it is idealized as a simply supported beam
under uniformly distributed load, see Figure 3.
This is a common standard load/support case
where the deflection at point x along the beam
can be defined in equation

Wny(W3 —2my° +y3)

S(v) =
) YT @)

Thus, the option of selecting vertical

steel gates with reinforced frames is suitable for
installation in saltwater barrier dams.

2.2. Calculation of forces acting on the dam gate

The forces acting on the dam gate include weight
F,, hydrodynamic force F)4, sediment force F,,

wave force F,, friction force F,,, and reaction
force F, ... These forces are categorized into two
directions: vertical and horizontal. 3

Gate valve opens
and closes

Figure 4. Door system to prevent salinity.
Z‘F;c :E1d+Fw+‘F;+Fms_x
ZF; :Fm_El_Fms_y

Neglecting minor impacts on the dam
gate, equation (5) is rewritten as:

ZF;zF;ld_x
2F=F,—F -y

In a static state, gravity and the reaction
force are balanced, with only water pressure

®)

(6)

acting on the dam gate. This value depends on
the pressure difference between the water levels
inside and outside the gate. Thus, to calculate the
lifting force required for the hydraulic dam gate,
two main forces must be overcome:

- The weight of the dam gate is G(kg),
which is converted to gravitational force in the
vertical direction as:

F =Gg (7
Where:

F_: Gravitational force (N)

G: Weight of the dam gate (kg)

g: Acceleration due to gravity (9.81 m/s?)

- The frictional force between the gate and
the dam wall depends on the normal (contact)
force between the gate and the wall, as well as
the coefficient of friction f, which is determined
by the materials used for the gate and the dam
wall. The frictional force can be calculated as:

https://doi.org/10.52111/qnjs.2025.19302
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F =fN (8)

ms

Where:
F . Frictional force (N)

f: Coefficient of friction (depends on the
materials)

N : Normal force (N), which is the contact
force between the gate and the dam wall.

N=pgHA 9)

p : Density of water (typically around
1000 kg/m?

H : Water level difference

A : Area of the gate surface in contact with
the water.

Thus, the total lifting force acting on the
dam gate is:

Y F=F, +F,, (10)

2.3. Propose a solution using hydraulic cylinders

There are several solutions when implementing
the lifting and lowering of the dam gate using
hydraulics: Hydraulic Cylinder System, Cable-
Operated Hydraulic System, Hydraulic Screw
System, etc. For saltwater barrier dams, which
typically have low water levels and require
frequent operation of opening and closing,
the solution of choosing a Hydraulic Cylinder
System is suitable.’

ylinder

e

/P\stnn

1
RN e

b AL

Figure 5. The opening and closing system of the
salinity prevention dam is hydraulic.

https://doi.org/10.52111/qn;js.2025.19302

The relevant quantities include weight
F (N), water pressure F (N), frictional force
F (N), operating speed v(m/s), lifting stroke
L(m), hydraulic P(bar), piston
diameter D(m), and cross-sectional area of the
piston s(m?). The lifting force of the cylinder is
determined by the formula.

2
LZ2ENN (11)

pressure

F=Ps=P.

The L/D ratio should not exceed 20 to
avoid the phenomenon of bending or deflection
of the piston. The required hydraulic oil flow
rate Q(m?/s) to operate the cylinder.

O=vs (12)
Where:
s : Piston cross-sectional area (m?)

The power of the pump P, (W) can be
determined using the following formula

p 0P
n

(13)

Where:

n: System efficiency (typically ranging
from 0.8 to 0.9).

With
proposed system for lifting and lowering the

the above characteristics, the
saltwater barrier gate is shown in Figure 6.
The system includes: a oil supply source, an
electric control mechanism, a hydraulic drive
mechanism, and other measuring devices.

Distribution Throttle valve

valve

Safety valve ‘e

‘Water level

\iensnr

/

Figure 6. Hydraulic Cylinder System control diagram.

Oil sources and '

Motor — Control signal

4mmmmp Hydraulic pipe
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2.4. The problem of practical verification

Considering the data of Ha Gach Dam in Phuoc
Thang Commune, Tuy Phuoc District, and
given the diagram shown in Figure 5, the dam
gate is made of sheet steel, with dimensions:
3x3x0.1m3, density y = 7850 kg/m’, lifting speed
v = 0.05m/s, friction coefficient f=0.3, and
efficiency n=0.9.

The weight of the dam gate is calculated as:
F,=Vxyxg=09x7850x9.81=69307 N (14)

Assuming the maximum water level
difference H is 3 meters:

N =pxgxHxA=264870 N (15)
F, =fxN=0.3x264870=79461 N (16)

The force required to lift the dam gate is:
F=F +F =148768N~=14,9 kN (17)

Thus, a hydraulic cylinder with a capacity
of 15 tons should be selected in order to lift
the dam gate under maximum load conditions.
Choose a cylinder with a stroke length L=3m,
and piston diameter D/d=150/250 mm.

The cross-sectional area is:
s=7x0.25"/4=0.049 m’.

The hydraulic pressure on the piston
surface is:

F 14,9

= =304 kbar (18)
s 0.049

The required hydraulic oil flow rate to
operate the cylinder is:

0 = v x s =0.00245 m*/s = 2450 cm*/s (19)

The power of the pump is:
P- o.P _ 0.00245();.;036082 _8265 W (20)
n .

Choose a motor with a maximum
operating power of 11 kW. If the opening and
closing occur when the water levels on both
sides are balanced, the system load will only be
the weight, neglecting the water pressure. The

system has 3 gates operating non-synchronously,
and the operating time for the entire system is:

tZ:3.ti:3.£:180 s (21)
v

With the calculated parameters, the
hydraulic equipment available on the market
fully meets the requirements of the problem. The
calculated power supply for the system is not too
large, so for some saltwater barrier dams without
access to the electrical grid, the solar energy
power system is a suitable solution for operating
the lifting and lowering of the saltwater barriers.

2.5. Simulation results and discussion

The author uses Automation Studio software to
simulate the operation process of the gate-lifting
system using a hydraulic cylinder based on the
parameters provided in the problem above. The
hydraulic system model (Figure 7) includes a
double-acting cylinder with a 3-meter stroke
arranged vertically to lift and lower the gate, a
%, directional control valve, a 300kbar hydraulic
pump, an oil tank, a throttle valve, and a piping

system.
ML2 7 ﬁ\ Al Al
G &
M5 7 Ry i‘ ML 7
) <
M5 ?
i
MLT ? |
Sle TR
TJ

0 bar _T
1
]I_

%h |
ST

Figure 7. Hydraulic circuit model.
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Figure 8. Logic control electrical diagram for the
lifting and lowering of the saltwater barriers.

The electrical control system (Figure 8)
comprises a solenoid coil for lifting (Up) and
lowering (Dn), lift limit A0, lower limit A1, lift-
lower-stop push buttons, and a control circuit
power supply with a voltage of 220 V.

The process of hydraulic flow during the
gate-lowering operation (Figure 9) shows thatata
stroke of L = 2613 mm, the measured pressure in
the pipeline is 2.54 kbar. The directional control
valve is fully open in the lowering position, and
the parameters during the gate-lowering process
fully comply with the design specifications.
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' £
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<
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Figure 9. Hydraulic diagram for the gate lowering
process.
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The time for the piston to lower from
0 to 3000 mm within 2 minutes (Figure 10)
shows that during the startup phase from 0 to 4
seconds, the piston hardly moves. Starting from
the 6" second, the piston must overcome two
factors: inertia, friction, and the accumulation of
hydraulic pressure.

mm
3000 o
3000,00 mm (A= 1342,25Am)
2500
2000
% 1657, 73 mm (A= 1103,34 mm)
c
2 1500
1000
554:41 mm
500 - -
Timer (s)
q 08.75238 - 5520733 (At=46.43495) 01:57.14726 (At=01:01.
i t t {
0000 00:20 01:00 01:20 02:00

Figure 10. Position diagram for gate lowering.

Throughout the motion, the velocity of the
piston is nearly linear, which is consistent with a
first-degree equation in the motion where only
the piston component is involved. If the velocity
varies over time, the piston movement can be
described by a derivative equation:

U dx (22)
piston d t

Where:

v__: Piston velocity over time (m/s)

piston”

x: Position of the piston (m)
t: Time (s)

Throughout the gate-lowering process, the
velocity remains almost constant at 2.41 cm/s?,
corresponding to a load force of 1.52 tons
(Figure 11), which aligns with the calculated
results.

22 1 cm/s
2,0 60
184 o
sl
o 152 1,52 (A= -0,001) |
N & ° P
ot
214 3 20
124 5
- Gl 0 cm/s (A= -2.41 cm/s)
1,0 0 b4 = =
03 -
20 - 3049723 01:59.30561 (At=01:2
T T
01:00 Timer (s) g2:00

Figure 11. Velocity/force diagram for gate lowering.
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In contrast to the gate-lowering process is
the gate-lifting process (Figure 12). It is assumed
that the maximum load and the lifting pressure
are higher than during the lowering process due
to the opposing gravitational force of the gate.
The remaining values are equivalent.

ML2 1,6 bar AD Al
N 3i‘l‘n\l—S 15

imn*snn; t|“*_‘_H
7 sozumn
>I§ K
! -}
% ;_ M-8 100 %
2648,01 bar &

Ly e i L =

s o s s s e e s s e

v

Figure 12. Hydraulic diagram for the gate lifting

process.

The gate-lifting time is 2.5 seconds
(Figure 10), compared to the gate-lowering time
of 2.0 seconds (Figure 13). With this result,
the simulation time is longer than the ideal
theoretical calculation, as it takes into account
the gravitational force during lifting and the
startup time of the piston. During the gate-lifting
process, the piston also moves linearly for most
of the stroke.

MM 2000
3000,00,mm
S \
2000 1810,96 mm, (A= -1189,04 mm)
=
=
2 1500 -
&
1000
500
0'mm (A= -1810,96'mm)
0 12:26.17259 03:33.95095 (At=01:07.77835) 05:05.19775.(&:01:31
s i Timer (s)
03:00 04:00 05:00

Figure 13. Position diagram for gate lifting.

In the simulation diagram of velocity and
force during the gate-lifting process (Figure 14),

similar to the gate-lowering process (Figure 11),
the velocity remains constant at 2.14 cm/s
throughout the stroke, corresponding to a load
force of 1.52 tons. The simulation results are
consistent with the experimental problem above.

8 r
" cm/s

et o 152 (8= 0,001)

£
L

1,5205 - E' 5 ‘
5 & L2 1.2) 0 em/s (A= 2,03 cmy/s)
= L0+ A
152001 o -2.03 cm/s (A= -2,03 cm/s)
5 2 °
1,5195 - -4 -
_6 ~
=100 181350 (At=1:02:32.50789) 1:05:58.32234 (At=01:26

1105100 Timer () 0
Figure 14. Velocity/force diagram for gate lifting.

Thus, during the gate-lifting and gate-
lowering processes, the system parameters
remain nearly unchanged. The only differences
are the time and force, with the lifting force
being greater than the lowering force.

cm/s? 1000 ?
953,65lcm/s”
g 500
F=
s
£
[ 0,4 cm/s” (A= -953,25 cm/s?)
g P
< 0 ot
-500 f  07.43461 09.14228 (At=01.70766)
U u Timer (s)
00:90:07 00:00:08 00:00:09 00:00:10

Figure 15. Piston acceleration process.

Although most of the piston’s stroke
involves linear motion, at certain moments, the
piston’s motion undergoes nonlinear acceleration
(Figure 15). Atthe beginning of the gate-lowering
process, the acceleration is higher compared
to the gate-lifting process, which depends on
the state of the piston, whether in the pushing
or retracting mode. Based on these results, to
increase the lifespan and reduce damage to the
hydraulic systems, it is necessary to reduce the
values associated with the acceleration process

or the piston startup process.
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Figure 16. Flow rate and pressure in/out of the
throttle valve during the gate lowering process.

For the throttle valve and hydraulic piping,
the simulation results show that the pressure
remains relatively stable throughout both the
lifting and lowering processes, indicating that
the system operates stably, ensuring the flow rate
and pressure stay within the allowable range.
Similarly, for the pump, the acceleration process
at the beginning occurs, with the transient period
lasting for 2 seconds. To minimize the transient
process, the author will propose a solution in
another article.

bar 20000 4 €M®/S 30000 |
15000
15000
W 10000
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Figure 17. Flow rate and Pressure of the pump.

3. CONCLUSION
The paper has achieved the following results:

The hydraulic system for lifting and
lowering sluice gates in saltwater barriers in Binh
Dinh province has been studied and designed.

Designing a system based on the actual
data from the Ha Gach Dam demonstrates
the feasibility of implementing the proposed
hydraulic drive system, which is entirely
compatible with the economic criteria and
ensures technical reliability.

https://doi.org/10.52111/qn;js.2025.19302

The simulation results using Automation
Studio, based on actual data, are consistent with
the theory and align with the calculated data
presented above.

In addition to the results of the paper
proposing the use of a hydraulic system for
operating the gate lifting and lowering, the
content also opens up the possibility of using
solar energy to power saltwater barriers that
currently do not have access to the electrical grid.
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TOM TAT

Céc hop chét hiru co d& bay hoi (VOCs), ching han nhu isopropanol (IPA), gdy ra nhiing rui ro dang ké cho
suc khoe va méi truong, lam ndi bat nhu cau vé cac cam bién khi co do nhay cao, chon loc va tiét kiém nang luong.
ZnO 1a mot vat liéu cam bién déiy htra hen do c6 dai cAm rong, do linh dong electron cao va dac tinh hép phu khi
manh. Tuy nhién, cic cam bién ZnO tinh khiét thudng yéu cau nhiét d6 lam viéc cao va thiéu tinh chon loc. Cong
trinh nay nghién ctru cac mang mong ZnO dugc bién tinh bang hat nano Au dé ting cuong nhay IPA dudi bic xa
UV 365 nm. Cac mang ZnO va hat nano Au dugc ling dong bang phuong phap phiin xa. Cac phan tich vé céu tric
va thanh phan dwoc thyc hién bang kinh hién vi dién tir quét phat xa truong (FE-SEM), nhidu xa tia X (XRD) va
phé tan xa nang luong tia X (EDS). Két qua cho théy cac hat nano Au hoat dong nhu céac vi tri xtc tac, cai thi¢n
qué trinh truyén dién tich va qua trinh oxy héa khi, do d6 ting cuong do nhay. Céc hat tai quang sinh do tia UV tao
ra gitip ting hiéu suat ciia cam bién. Cac mang ZnO dugc bién tinh boi cac hat nano Au thé hién kha niang hoi dap
vuot trdi, voi hiéu suét téi wu & mire ham lugng Au vira phai. Hoat dong hd trg ctia tia UV cho phép phat hién IPA
hidu qua ¢ nhiét do thap hon, giam murc tidu thy dién ning. Nhitng phat hién nay gop phan vao viéc thiét ké cac
cam bién VOCs thé hé tiép theo cho cac ing dung trong mdi trudng va cong nghiép.

Tir khéa: Cdam bién khi VOC, ZnO, mdng méng, isopropanol, hat nano Au.
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ABSTRACT

Volatile organic compounds (VOCs), such as isopropanol (IPA), pose significant health and environmental
risks, highlighting the need for highly sensitive, selective, and energy-efficient gas sensors. Zinc oxide (ZnO) is a
promising sensing material due to its wide bandgap, high electron mobility, and strong gas adsorption properties.
However, pristine ZnO sensors often require high operating temperatures and lack selectivity. This study investigates
Au nanoparticle-modified ZnO thin films for enhanced IPA sensing under 365 nm UV illumination. ZnO films
were deposited via RF sputtering, with Au nanoparticles added using DC sputtering. Structural and compositional
analyses were performed using field-emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD),
and energy-dispersive X-ray spectroscopy (EDS). Results show that Au nanoparticles act as catalytic sites,
improving charge transfer and gas oxidation, thereby enhancing sensitivity. UV-generated charge carriers boost
sensor performance. Au-decorated ZnO films exhibit superior response characteristic, with optimal performance
at moderate Au loading. UV-assisted operation enables efficient gas detection at lower temperatures, reducing
power consumption. These findings contribute to the design of next-generation VOC sensors for environmental
and industrial applications.

Keywords: VOCs gas sensing, ZnO, thin film, isopropanol, Au nanoparticles.

1. INTRODUCTION and workplace safety. Among various sensing
materials, zinc oxide (ZnO) stands out due to its
wide bandgap (~3.37 eV), high electron mobility,

and strong adsorption-desorption properties.?

Volatile organic compounds (VOCs), such as
isopropanol (IPA), are widely used in industrial,
medical, and household applications.! However,

prolonged exposure to IPA vapors can cause
serious health risks, including respiratory and
neurological issues, as well as environmental
harm.? Therefore, developing highly sensitive,
selective, and energy-efficient gas sensors for [IPA
detection is essential for air quality monitoring
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Zinc oxide (ZnO) is widely used in gas
sensors due to its unique electronic properties
and strong interaction with gas molecules.*?
Exposure to VOCs causes gas molecules to
adsorb and react on the ZnO surface, altering
charge carrier concentration and changing
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electrical conductivity.® ZnO nanomaterials,
such as nanorods, nanowires, and nanosheets,
show enhanced sensing performance due to
their high surface-area-to-volume ratio, which
promotes gas adsorption.” However, pristine ZnO
sensors often lack selectivity and require high
operating temperatures, necessitating material
modifications for improved performance.®

ZnO-based gas sensors typically operate at
elevated temperatures (200400 °C) to enhance
the adsorption and reaction of gas molecules on
the surface. However, high-temperature operation
not only increases power consumption but also
accelerates material degradation, reducing the
sensor's lifetime.® To address these limitations,
researchers have explored two key strategies to
enhance the gas sensing performance of ZnO
at lower temperatures: (1) surface modification
with noble metal nanoparticles (NPs) and (2)
photoactivation using ultraviolet (UV) light.

Noble metal NPs, such as Au, Ag, and
Pt, act as catalysts to improve the reaction
kinetics of gas molecules, while UV illumination
generates additional charge carriers, enhancing
the sensor response at room temperature.”!'
Gold (Au) nanoparticles, in particular, have been
extensively studied for their excellent catalytic
properties and ability to form Schottky junctions
with ZnO, which modulate charge transport and
improve sensor selectivity.!! The catalytic effect
of Au facilitates the oxidation of IPA molecules
by promoting charge transfer between the gas
and the semiconductor surface, leading to a more
pronounced change in electrical conductivity.'
The incorporation of Au NPs onto ZnO surfaces
significantly enhances gas sensing performance
through  multiple mechanisms.  Previous
studies have demonstrated that Au-modified
ZnO sensors exhibit superior performance in
detecting VOCs such as ethanol, acetone, and
toluene, making Au a promising dopant for [PA
sensing applications. '

UV irradiation is an effective approach
to lower the operating temperature of ZnO gas
sensors by generating photogenerated electron-
hole pairs that participate in gas sensing

reactions.!* The energy of UV photons excites
electrons from the valence band (VB) to the
conduction band (CB) of ZnO, increasing
charge carrier concentration and enhancing gas
adsorption and/or desorption dynamics.'” Studies
have reported that UV-assisted ZnO sensors can
operate efficiently at room temperature, making
them suitable for low power and portable sensing
applications.'®!”

The combination of Au NPs and UV
illumination in ZnO-based gas sensors has
shown a synergistic enhancement in sensing
performance. The catalytic activity of Au NPs
accelerates gas oxidation, while UV-induced
charge carrier generation further amplifies
the sensor response.'® This dual enhancement
mechanism enables the detection of VOCs
with higher sensitivity, lower detection limits,
and improved response/recovery times. Recent
studies have demonstrated that Au-ZnO hybrid
sensors exhibit remarkable performance in
detecting ethanol, formaldehyde, and acetone, but
limited research has focused on IPA detection.!’

In this study, we focus on the fabrication
and characterization of ZnO thin films modified
with Au nanoparticles for IPA sensing under 365
nm UV irradiation. The choice of ZnO thin films,
rather than nanostructured ZnO powders, is
motivated by their superior stability, uniformity,
and compatibility with integrated sensor
devices.?*?! By combining the catalytic activity
of Au nanoparticles with the photoactivation
effect of UV light, we aim to achieve enhanced
sensitivity, lower detection limits, and reduced
operating temperature for IPA detection. The
findings of this study will provide valuable
insights into the design of next-generation gas
sensors for VOCs monitoring in environmental
and industrial applications.

2. EXPERIMENTAL

Substrates integrated with Au electrodes (5 mm %
5 mm % 0.1 mm) underwent sequential ultrasonic
cleaning in acetone, methanol, and deionized
water for 15 minutes each, followed by nitrogen
blow-drying. Subsequently, thin ZnO films
were deposited onto the pre-patterned substrates
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via radio frequency (RF) sputtering of a high-
purity (99.99%) ZnO target using a shadow
mask. The deposition process was conducted
at room temperature under an Ar pressure of
10 mTorr, with an input power of 50 W. To
enhance structural integrity, the ZnO-coated
substrates were thermally oxidized in ambient
air at 400 °C for 1 hour, with a heating rate of
12.5 °C/min. During oxidation, the ZnO films
underwent morphological evolution, exhibiting
agglomeration into dome-like nanoparticles
rather than maintaining planar surfaces.

The ZnO film substrates were further
functionalized with Au nanoparticles via
direct current (DC) sputtering of an Au target
under identical deposition conditions: room
temperature, 10 mTorr Ar pressure, and 50 W
input power. The thicknesses of both the ZnO and
Au layers were meticulously monitored using
a quartz crystal microbalance sensor to ensure
deposition precision. To promote structural
stability and optimize surface dispersion, the
samples were subjected to post-deposition
annealing at 400 °C for 1 hour in ambient air, with
a heating rate of 25 °C/min. It is expected that
this process facilitated the uniform distribution
of Au nanoparticles across the ZnO film surface.

To distinguish the samples, the ZnO
films were labeled as Zn0O25, ZnOS50,
Zn0100, and ZnO150, corresponding to their
nominal thicknesses (monitored by the quartz
microbalance sensor) of 25 nm, 50 nm, 100 nm,
and 150 nm, respectively. After Au sputtering,
the samples were further named based on the Au
layer thickness, such as ZnO25/Au2.5, ZnO50/
Au5, ZnO100/Aul0, and ZnO150/Aul5 for Au
thicknesses of 2.5 nm, 5 nm, 10 nm, and 15 nm.
However, cross-sectional SEM measurements
indicated significant deviations from the
intended thicknesses.

The surface morphology and structural
characteristics of the sensing film were
systematically analyzed using field-emission
scanning electron microscopy (FE-SEM;
HITACHI S-4800), X-ray diffraction (XRD;
Bruker D2, equipped with Cu Ka, A = 1.5406

https://doi.org/10.52111/qnjs.2025.19303

A radiation) and energy-dispersive X-ray
spectroscopy (EDS). The experimental setup
for gas sensing measurements is schematically
depicted in previous works.?*** The sensing
performance was evaluated using a high-
precision micro-ammeter/voltage source
(Keithley 2601B). VOCs, generated through a
bubble evaporator with an air carrier gas, served
as the target analytes. The VOCs concentration
was precisely regulated by diluting the vapor
with dry air at a constant flow rate of 500 sccm
before its introduction into the test chamber.

3. RESULTS AND DISCUSSION

3.1. Morphology, structure, and chemical
composition of the sensing film

The FE-SEM images provide significant insights
into the morphological properties of the ZnO
and Au-decorated ZnO thin films. For the pure
ZnO films (Figure 1), the FE-SEM images
indicate the formation of ZnO nanoparticles,
which agglomerate into dome-shaped particles
during the oxidation process. The size of these
nanoparticles increases with the initial thickness
of the deposited film. This agglomeration is due
to high-temperature annealing, which promotes
grain growth and the coalescence of smaller
particles. While the distribution of nanoparticles
is relatively uniform, certain regions exhibit
denser clustering, potentially affecting the
film's overall homogeneity and surface area.
Furthermore, the measured thicknesses of 160
nm for ZnO100 and 250 nm for ZnO150 (as
shown in the insets of Figure 1) significantly
deviate from their nominal values of 100 nm and
150 nm, respectively. This discrepancy suggests
variations in the sputtering process, such as
differences in deposition rates or post-deposition
oxidation effects. The non-uniform thickness
may impact the electrical and sensing properties
of the films, underscoring the importance of
precise control over deposition parameters.

In the case of Au-decorated ZnO films
(Figure 2), the FE-SEM images demonstrate
the successful deposition of Au nanoparticles
on the ZnO surface. For ZnO100/Au5, the Au
nanoparticles are uniformly distributed with
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smaller sizes, while ZnO100/Aul0 exhibits
larger and more densely packed Au clusters.
The increased Au thickness enhances the surface
coverage, which could improve the catalytic
activity and gas adsorption capabilities of the
material. However, excessive clustering of
Au nanoparticles might reduce the effective
surface area, potentially impacting the sensor's
performance. The presence of ZnO nanoparticles
beneath the Au layer provides a high surface area
substrate, which is beneficial for gas sensing
applications. The interaction between the Au
nanoparticles and the ZnO surface is crucial, as
it can enhance the charge transfer processes and
improve the sensitivity towards volatile organic
compounds (VOCs). These findings underscore
the importance of optimizing both the ZnO
nanoparticle formation and Au thickness and
distribution to achieve enhanced gas sensing
properties.

IMS-NKL 5.0kV 5. 9mm x40.0k SE(M)

ZnO150

.
IMS-NKL 5 5.9mm x40.0k SE(M) 1.00um

Figure 1. Surface FE-SEM images of pure ZnO thin
films: (a) ZnO50, (b) ZnO100, and (c) ZnO150. Insets
show corresponding cross-sectional views.

* 7D 100/AUS

daz
IMS-NKL 5.0kV 6.0mm x10.0k SE

Figure 2. Surface FE-SEM images of Au-decorated
ZnO thin films: (a) ZnO100/Au5 and (b) ZnO100/
Aul0. The insets show corresponding higher-
magnification views.

The EDS spectra presented in Figure
3 confirm the elemental composition of the
Zn0O100/Au2.5, ZnO100/Au5, ZnO100/Aulo,
and ZnO100/Aul5 samples. The spectra exhibit
characteristic peaks corresponding to Zn (zinc),
O (oxygen), and Au (gold), which validate the
successful deposition of gold onto the ZnO
surface. The intensity of the Au peaks increases
progressively with the nominal thickness of the
sputtered gold layer, indicating a systematic
augmentation in gold content. Additionally, a
minor Al (aluminum) signal is detected, which
originates from the substrate.

The inset graph in Figure 3 quantitatively
illustrates the atomic percentage of Au in relation
to the nominal thickness of the deposited layer.
A clear positive correlation is observed, with the
Au content increasing as the nominal thickness
rises from 2.5 nm to 15 nm. The error bars, which
remain relatively small, indicate a high degree of
measurement accuracy and reproducibility. The
consistency between the EDS spectra and the
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atomic percentage data further corroborates the
uniform deposition of gold.

Overall, these findings confirm the
controlled growth of Au layers on ZnO films,
with elemental compositions aligning well
with the expected deposition parameters. The
presence of Zn and O peaks further verifies
the integrity of the underlying ZnO layer. The
data not only substantiate the effectiveness
of the sputtering process but also establish
a foundation for subsequent investigations
into the physicochemical properties of these
nanostructured materials.

Al 35
Au -
.
g 25
- E’ 20
3 @
S Zn 2 1.5
> ; 1.0
2 0.5+
o
L
E O 00~ 25 5.0 75 10.0 125 15.0
Apparent Thickness (nm)
Zn
AU 7h0100/Au15 i
ZnO100/Au10 u 7n
__ZnO100/Au5
—__ZnO100/Au2.5 Au

1 2 3 4 5 6 7 8 9 10
Dispersive Energy (keV)

Figure 3. EDS spectra of the ZnO100/Au2.5,

Zn0O100/Au5, ZnO100/Aul0, and ZnO100/Aul5

samples. The inset shows the atomic percentage of Au

element in the samples versus the nominal thickness.

Figure 4(a) presents the XRD patterns
of ZnO thin films with varying thicknesses
(Zn0O25, 7Zn050, ZnO100, and ZnO150),
revealing the characteristic diffraction peaks
of hexagonal wurtzite ZnO. The predominant
peaks observed at 20 ~ 31.8°, 34.4°, and 36.6°
correspond to the (100), (002), and (101)
crystal planes, respectively, in accordance with
the JCPDS card No. 36-1451. Notably, as the
film thickness increases, the intensity of these
peaks strengthens, indicating an enhancement
in crystallinity. The presence of a minor peak
near 20 = 43.5° is attributed to the sample holder
rather than the film itself.

Figure 4(b) illustrates the XRD spectra of
Zn0100 before and after gold deposition with
varying nominal thicknesses (I nm, 2.5 nm,
5 nm, 10 nm, and 15 nm). The ZnO diffraction

https://doi.org/10.52111/qnjs.2025.19303

peaks remain unchanged, suggesting that the
deposition of Au does not significantly alter the
ZnO crystal structure. However, the emergence
of additional peaks at 20 = 38.2° and 44.4°,
corresponding to the (111) and (200) planes of
face-centered cubic (FCC) Au (JCPDS No. 04-
0784), confirms the successful incorporation
of gold onto the ZnO surface. The intensity of
the Au(111) peak increases progressively with
greater Au thickness, indicating a higher surface
coverage and possible nanoparticle growth.
Importantly, the absence of any noticeable shift
in ZnO peak positions suggests that Au primarily
forms a surface layer rather than diffusing into
the ZnO lattice. These results validate the
controlled deposition of Au on ZnO thin films,
preserving the intrinsic wurtzite structure of
ZnO while introducing a well-defined Au phase.
This structural integrity is crucial for subsequent
investigations into the functional properties of
these Au-ZnO hybrid materials, particularly in
applications.
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Figure 4. XRD patterns of (a) ZnO films with varying
thicknesses and (b) ZnO100 film before and after Au
deposition at different thicknesses. Reference patterns
for ZnO (JCPDS No. 36-1451) and Au (JCPDS No.

04-0784) are shown for comparison.
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3.2. VOC:s sensing performance

The bar chart (Figure 5) shows the ZnO100
sensor's response to various gases at 1000
ppm and 250 °C under dark conditions. The
response of the sensor was defined by the R /R,
ratio, where R is the baseline resistance of the
sensor in dry air and R, is the resistance upon
exposure to VOCs vapor at a given temperature.
In this study, target gases were generated using
a bubble evaporator system, in which dry air
was passed through a glass bubbler containing
the liquid analyte at room temperature.
The saturated vapor was then mixed with a
controlled flow of dry air using calibrated
mass flow controllers to obtain the desired gas
mixture. Based on the physical properties of
the analytes (vapor pressure and density), the
concentrations of the generated gases were
calculated as follows: Toluene: 0.285% (2850
ppm), Acetone: 2.37% (23,700 ppm), Ethanol:
0.583% (5830 ppm), Methanol: 1.275% (12,750
ppm), Isopropanol (IPA): 0.635% (6350 ppm),
CO,: 4% (40,000 ppm), CH,: 4% (40,000 ppm).
These gas concentrations were used in the actual
sensing tests. For comparative purposes, the
response values were normalized to a reference
concentration of 1000 ppm by assuming a near-
linear response in the low-concentration range.
This normalization allows for clearer discussion
of the sensor’s selectivity and sensitivity toward
different analytes, independent of their initially
tested concentrations.

The sensor responds most strongly to
toluene, followed by IPA and ethanol, with
moderate sensitivity to acetone and methanol. In
contrast, CO, and CH, elicit negligible responses,
indicating poor response to non-reactive gases.
The inset graph in Figure 5 reveals the sensor's
dynamic response to toluene, demonstrating
excellent repeatability and stability across
multiple cycles. The fabricated sensors exhibited
n-type behavior of the semiconductor because
of decreasing resistance of the sensor upon
exposure to the reducing VOCs vapor. These
results highlight the sensor's effectiveness in
detecting aromatic and oxygenated VOCs,

particularly toluene and IPA, while showing
selectivity against non-polar gases. This ZnO-
based sensor holds promise for applications in
air quality monitoring and VOC detection.

120

200 1000 Toluene
250C-Toluene

o Kl

> 100 g IsoPropanol

=

o 80 2

o .

3 o

S 60 1 Ethanol

7]

g 40 Acetone

3 4

3 M
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i 20

CO, CH,
04

1 2 3 4 5 6 i
Detected Gases

Figure 5. Response of the ZnO100 sensor to various
VOC:s vapors at 250 °C (relative to 1000 ppm). Inset
shows resistance response to 2854.8 ppm toluene

vapor over three measurement cycles at 250 °C.

The gas sensing performance of the
Zn0O100 sensor toward toluene is significantly
influenced by both operating temperature and UV
365 nm irradiation, as illustrated in Figure 6(a).
In the absence of UV illumination, the sensor's
response gradually increases with temperature.
However, under UV 365 nm irradiation, the
sensor exhibits an enhanced response even
at lower temperatures, demonstrating more
stable and consistent behavior. Notably, at 200
°C, the sensor under UV irradiation achieves a
response comparable to that observed at higher
temperatures in the dark, underscoring the role of
UV illumination in activating surface reactions
and improving sensitivity.

The inset graph in Figure 6(a) provides
further insight into the sensor’s dynamic
behavior at 200 °C. Without UV illumination,
the sensor exhibits a high baseline resistance and
incomplete recovery, as the resistance fails to
return to its initial state after toluene exposure.
This incomplete recovery suggests strong
molecular adsorption on the ZnO surface, with
insufficient thermal energy at 200 °C to facilitate
desorption. Consequently, the sensor experiences
signal drift and performance degradation over
time. In contrast, under UV 365 nm irradiation,
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the sensor demonstrates significantly improved
recovery, with the resistance fully returning to
its initial state after each exposure cycle. This
behavior indicates that UV illumination enhances
the desorption of adsorbed toluene molecules,
due to the generation of photogenerated charge
carriers that accelerate surface reactions. The
increased electron-hole pairs promote the
oxidation of hydrocarbons, effectively resetting
the sensor to its baseline state. Additionally, the
response magnitude (R = 2.65) is notably higher
under UV illumination compared to the dark
condition, further highlighting the role of UV
light in enhancing the sensor's sensitivity and
stability. These findings emphasize the critical
role of UV 365 nm irradiation in improving
the ZnO sensor’s gas sensing performance,
reversibility, and operational efficiency at
moderate temperatures. The combination of UV
activation and optimized working temperature
enables reliable and real-time detection of
toluene, making this approach highly beneficial
for practical gas sensing applications.

Interestingly, as shown in Figure 6(a),
the response of the ZnO sensor at 225 °C under
dark conditions was observed to be higher
than that under UV 365 nm illumination. This
counterintuitive result can be attributed to the
thermal dominance at elevated temperatures,
where thermally activated surface reactions are
already highly efficient, rendering the additional
contribution from UV-generated electron—hole
pairs less significant. Moreover, UV irradiation
may induce desorption of adsorbed oxygen
species or VOC molecules, thereby reducing
the density of reactive species on the surface.
Additionally, UV light at high temperature could
alter the reaction dynamics, possibly forming
intermediate species that do not significantly
contribute to charge transfer. These combined
effects may lead to a decrease in sensing response
under UV illumination at higher operating
temperatures.

Figure 6(b) shows the response of ZnO
sensors with different thicknesses (25—-150 nm)
to toluene at 200 °C under UV 365 nm irradiation.

https://doi.org/10.52111/qnjs.2025.19303

The response increases with thickness up to
100 nm, after which it decreases for the 150
nm sample. This non-monotonic trend can be
attributed to the interplay between surface area
and charge transport characteristics: (1) For
thin films (ZnO25 and ZnO50 have thicknesses
smaller than 90 nm, as estimated by FE-SEM
(see Figure 1)), the limited active surface area
results in lower gas molecule adsorption and,
consequently, a weaker response; (2) For the
optimal thickness (ZnO100 has a thickness of
approximately 160 nm, as estimated by FE-SEM
(see Figure 1)), a balance is achieved between
surface reaction sites and efficient charge
transport, leading to the highest response; (3)
For thicker films (ZnO150 has a thickness of
approximately 250 nm, as estimated by FE-
SEM (see Figure 1)), the increased bulk volume
promotes higher charge carrier recombination
and reduced surface activity, thereby diminishing
sensing performance. A 100 nm ZnO thickness
is identified as the optimal condition under UV
irradiation at 200 °C, striking a balance between
surface reactivity and charge transport efficiency.

The sensing performance of metal oxide
semiconductors depends critically on the
interplay between surface reaction activity and
charge transport efficiency. An optimal sensing
layer morphology allows a balance between
a sufficient number of active surface sites for
gas adsorption and efficient transport of charge
carriers generated during gas—solid interactions.
If the film is too thin, the limited surface area
reduces gas adsorption; if it is too thick or overly
porous, carrier transport is hindered due to
increased scattering and recombination at grain
boundaries and defects, ultimately lowering
the sensor response. Therefore, a moderate
film thickness with a controlled nanostructure
enhances the response by maximizing both
surface reactivity and carrier mobility.*

Moreover, an excessive increase in bulk
volume may lead to enhanced charge carrier
recombination. As charge carriers generated from
surface reactions travel through a thicker matrix,
they are more to recombine before reaching the
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electrode, especially in the presence of crystal
defects or poor connectivity. This recombination
reduces the effective modulation of electrical
resistance and thus the sensing response.'®!7-2423
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Figure 6. (a) Response of the ZnO100 sensor to
2854.8 ppm toluene vapor as a function of operating
temperature under dark conditions (black squares) and
UV365nm irradiation (red circles). The inset shows
the dynamic resistance of ZnO100 sensor at 200°C
in the dark and under UV illumination. (b) Response
of ZnO100 sensors with different thicknesses to
2854.8 ppm toluene vapor at the optimized operating

temperature of 200°C under UV365nm irradiation.

The sensing performance of the ZnO100/
Aul0 sensor toward various volatile organic
compounds (VOCs) under UV 365 nm
irradiation at 200 °C is illustrated in Figures
7(a) and 7(b). In Figure 7(a), the dynamic
resistance curves exhibit a distinct decrease upon
exposure to different VOC vapors, followed by
a gradual recovery when the detected gas flow
is stopped. Notably, the response and recovery
characteristics vary significantly depending on
the target gas. Among the tested VOCs, IPA
induces the most pronounced resistance drop,

followed by toluene, ethanol, methanol, and
acetone, highlighting the sensor's differential
sensitivity. Furthermore, the complete recovery
of resistance to its baseline after gas removal
demonstrates the excellent reversibility of the
Zn0100/Aul0 sensor under UV irradiation, a
critical feature for practical sensing applications.

Figure 7(b) quantifies the sensor's
response, normalized per 1000 ppm of each gas.
The results confirm the dynamic response trend
observed in Figure 7(a), with IPA exhibiting the
highest response, followed by toluene, ethanol,
methanol, and acetone. The significantly
enhanced response toward IPA and toluene
suggests that the ZnO100/AulQ sensor has a
strong affinity for these analytes, due to favorable
surface interactions and catalytic effects induced
by the Au nanoparticles. These findings highlight
the sensor's capability for VOC detection with
high selectivity, high response, and efficient
recovery, making it a promising candidate for
real-world gas sensing applications.
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Figure 7. (a) Resistance response of the ZnO100/
Aul0 sensor to various VOCs and (b) the sensor's
response normalized per 1000 ppm of each gas at
200 °C under UV365nm irradiation.
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The gas sensing characteristics of Au-
modified ZnO sensors toward IPA under UV
365 nm irradiation at 200 °C are illustrated in
Figures 8(a) and 8(b), emphasizing the impact
of Au nanoparticle size and the sensor's response
across varying gas concentrations. Figure 8(a)
depicts the sensor’s response as a function of
the Au nominal thickness (which was measured
in real-time by the sensor throughout the gold
deposition process), revealing that the ZnO100/
AuS sensor achieves the highest response, while
thinner (nominal thickness of 2.5 nm) or thicker
(The nominal thickness exceeds 10 nm) Au
layers significantly diminish performance. This
trend suggests that a 5 nm Au layer represents
the optimal thickness, striking a balance between
catalytic activity and charge transfer efficiency.
Excessively thin Au layers may lack sufficient
catalytic enhancement, whereas thicker layers
are prone to agglomeration, reducing the active
surface area and gas adsorption capacity.
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Figure 8. (a) The sensor’s response as a function of
Au thickness before heat treatment to 9% IPA and
(b) the dynamic response of the optimized ZnO100/
Au5 sensor to different IPA concentrations at 200 °C
under UV 365 nm irradiation. Inset in (b) illustrates
a linear relationship between the sensor response and
IPA concentration.
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Figure 8(b) demonstrates the dynamic
response of the optimized ZnO100/Au5 sensor
to different IPA concentrations (9%, 7.4%, 3.8%,
and 2.9%), with corresponding sensor responses
of R, = 210.5, R, = 1452, R; = 37.8, and
R, = 19.2, respectively. The results reveal a
strong correlation between gas concentration and
sensor response, with higher IPA concentrations
eliciting stronger responses. The consistent
and reversible resistance variations underscore
the sensor's stability and reliability for VOC
detection. Additionally, the inset graph in Figure
8(b) illustrates a linear relationship between
the sensor response and IPA concentration,
with a calculated sensitivity of S = 31.0 + 1.7,
highlighting the sensor's potential for accurate
VOC quantification. The limit of detection (LOD)
can be reasonably estimated by evaluating the
standard deviation (8) and sensitivity (S) from
the linear curve fitting of the sensor's response
versus gas concentration (%). Using the formula
LOD = 3¢/S, with 6 = 1.4 and S = 31.0 = 1.7,
the LOD of sensor to IPA is estimated to be
approximately 0.136%. This suggests that the
sensor is capable of detecting IPA gas at low
concentrations, making it suitable for practical
applications.

3.3. Gas sensing mechanism of Au-decorated
ZnO under UV365 nm illumination

The gas sensing performance of ZnO-based
sensors relies on surface interactions between
the target gas molecules and the semiconductor
material. When ZnO is exposed to VOCs such as
IPA, a series of adsorption, charge transfer, and
reaction processes occur at the sensor surface,
leading to measurable changes in electrical
resistance. However, pristine ZnO often exhibits
limitations in selectivity, response magnitude,
and operating temperature, necessitating material
modifications to enhance its sensing properties.

To address these challenges, Au NPs
and UV 365 nm illumination are employed to
improve sensor performance through Schottky
barrier formation, catalytic effect (spillover),
and localized surface plasmon resonance
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(LSPR) enhancement. The Au NPs act as
electron traps, facilitating charge transfer and
promoting gas-surface interactions, while UV
illumination generates additional charge carriers,
accelerating adsorption-desorption dynamics.
These synergistic effects lead to an enhanced
response, improved selectivity, and reduced
operating temperature compared to conventional
ZnO sensors.

The gas sensing behavior of ZnO/Au
under UV 365 nm illumination is governed
by a series of surface reactions, including UV-
induced charge carrier generation, oxygen
species formation, IPA oxidation, and sensor
recovery dynamics. These processes play a
crucial role in modulating the sensor’s electrical
resistance, enabling sensitive and selective IPA
detection. The detailed mechanistic steps are
outlined below:

Step 1: Role of Gold Nanoparticles (AuNPs)

Au NPs function as electron traps,
extracting electrons from ZnO and inhibiting
their recombination with holes. This process
results in the formation of a Schottky barrier at
the Au-ZnO interface due to the work function
difference (®, =5.1eV,®, =4.2¢eV),* which
induces electron depletion in the ZnO region near
the junction. Consequently, this barrier enhances
charge separation, extends electron lifetime, and
strengthens gas interactions by facilitating more
efficient electron transfer during gas adsorption
and reaction processes:

Au  +e — Au

Step 2: UV Excitation and Charge Generation
When ZnO absorbs UV 365 nm light,

electrons in the VB gain energy and transition to
the CB, creating electron-hole (e, - /") pairs:!3

ZnO+hv(365nm) —>e, +h,

The photogenerated electrons (ep') play
a crucial role in modulating gas adsorption and
reaction dynamics on the sensor surface.

Step 3: Oxygen Adsorption and Formation of
Reactive Oxygen Species

In ambient air, oxygen molecules (O,)
adsorb onto the ZnO/Au surface and capture
free or/and photogenerated electrons, forming
reactive oxygen species that act as active sites
for gas sensing:**’

O,(gas)+e (or/and e,) — O, (ads)
O, +e (or/ande,) —> 20

These oxygen species are highly reactive
and play a key role in oxidizing IPA molecules
upon exposure.

Step 4: Gas Interaction (IPA Oxidation) and

Sensor Response

When IPA molecules interact with O
species on the sensor surface, they undergo
oxidation, releasing electrons back into the ZnO
conduction band. This electron injection reduces
the sensor’s electrical resistance, leading to a
strong sensing response:

C,H,O(IPA)+ 0 —CO, + H,0+e

The magnitude of this resistance change
is directly correlated with the concentration of
IPA molecules, making ZnO/Au an effective [PA
Sensor.

Step 5: Sensor Recovery after Gas Removal

Once the IPA vapor is removed, fresh
oxygen molecules from air re-adsorb onto the
ZnO/Au surface, restoring the baseline resistance
of the sensor:

O,(gas)+e (or/ande,) — O, (ads)

Under UV 365 nm irradiation, this
desorption process is significantly accelerated,
leading to faster recovery times and ensuring
sensor stability over multiple detection cycles.

By leveraging UV-assisted charge carrier
generation, Schottky barrier formation at Au-
ZnO interfaces, and catalytic oxidation processes,
the ZnO/Au sensor achieves high response and
efficient recovery for IPA detection.

https://doi.org/10.52111/qnjs.2025.19303
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The size of Au NPs plays a critical role
in determining the gas sensing performance of
ZnO/Au hybrid sensors, particularly for IPA
detection under UV 365 nm irradiation at 200 °C.
If the Au NPs are small (ZnO100/Au2.5), they
lack the ability to form well-defined Schottky
barriers, resulting in weak electron trapping and
lower sensor response. Conversely, larger Au
NPs (ZnO100/Aul0 and ZnO100/Aul5) tend to
agglomerate, reducing the density of Schottky
junctions and limiting their impact on charge
modulation. At an optimal size (ZnO100/Au5),
Au NPs effectively trap and release electrons,
maximizing the gas-induced resistance change
and ensuring a strong, reversible sensor response.

In addition to Schottky barrier effects,
LSPR enhancement further improves sensor
performance. Under UV 365 nm irradiation, Au
NPs exhibit plasmonic resonance, generating
hot electrons that can be injected into ZnO’s
conduction band. This process increases
free charge carrier concentration, suppresses
recombination, and amplifies surface reactions.
Smaller Au NPs exhibit weak plasmonic effects,
whereas larger particles show broadened and
less intense plasmonic peaks, reducing their
effectiveness. For ZnO100/Au5, Au NPs exhibit
strong LSPR effects, enhancing light absorption,
electron-hole

accelerating separation, and

improving gas adsorption/desorption kinetics.

To gain deeper insight into the sensing
mechanism of ZnO/Au structure - particularly
under UV irradiation and in the presence of
isopropanol (IPA) gas - we propose a model
illustrating the energy band alignment and
surface adsorption processes under various
environmental conditions. These processes are
illustrated in detail in Figure 9, which shows
the corresponding energy band diagrams (top)
and surface adsorption models (bottom) under
each condition, highlighting the role of Au
nanoparticles in enhancing oxygen adsorption
and modulating the sensor response (Figure 9).

Before contact, the difference in work
functions between Au and ZnO leads to a

https://doi.org/10.52111/qnjs.2025.19303

misalignment in their Fermi levels (Figure 9a),
which drives the formation of a Schottky
junction upon contact (Figure 9b). Under dark
conditions in air, charge redistribution occurs
at the ZnO/Au interface, resulting in upward
band bending in ZnO and the formation of a
surface electron depletion layer. Additionally,
Au nanoparticles facilitate the spillover effect,
enhancing the adsorption of oxygen species on
the ZnO surface (Figure 9b). Upon exposure to
UV 365 nm, photogenerated electron—hole pairs
further promote the formation of reactive oxygen
species and narrowing the depletion region and
decreasing the baseline resistance of the sensor
(Figure 9c). When IPA gas is introduced, the
reducing molecules react with the adsorbed
oxygen species, releasing trapped electrons back
into the ZnO conduction band. This reaction
narrows the depletion layer and decreases the
resistance, which serves as the basis for gas
detection (Figure 9d).

(a) Au Zno (b) ZnO/Au in air
E
Evc i T B e N Eyvc
B 5 el Do 4.2eV
Au "~ I
EC
__________ Ec

Erag Erzno Eea Erzno

Ey = E,

wd

Depletion layer

Spillover/

0; O Ol'.}ﬂ 0,0

Substrate

(c) ZnO/Au in air under UV (d) ZnO/Au in (air + C;H;0)

under UV
EVC— E Evc E
\— ve - N Ve
— .
=
£ —_—
E= =
— =
=B N Ec 8= Ep, Ec
5= Brznp | 5= Erzno
= =
=
~ Ev N E,

nm

HTTTTH
0,0:0,0; . 000

Figure 9. Schematic energy band diagrams (top)
and corresponding adsorption models (bottom)
illustrating the interfacial and surface processes in
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the ZnO/Au system under various environmental and
optical conditions: (a) Isolated Au and ZnO before
contact, where the difference in work function @,
@, , results in distinct Fermi levels (£, and E,, );
(b) ZnO/Au heterostructure in air under dark
condition. Upon contact, electrons transfer from
ZnO to Au until Fermi level equilibrium is achieved,
leading to the upward band bending in ZnO and the
formation of a depletion region near the interface.
The presence of Au nanoparticles also facilitates the
spillover effect, enhancing the adsorption of oxygen
species on the ZnO surface; (¢) ZnO/Au structure in
air under UV (365 nm) illumination. UV excitation
generates electron-hole pairs, where photogenerated
holes (4") participate in the formation of additional
surface oxygen species, further narrowing the
depletion layer and decreasing the sensor's baseline
resistance; (d) ZnO/Au structure in a mixed
atmosphere of air and isopropanol (C;HO) under
UV illumination. Adsorbed oxygen species react with
IPA, producing CO, and H,O and releasing trapped
electrons back into the conduction band of ZnO. This
reduces the width of the depletion region and leads to
a measurable decrease in resistance, which serves as
the sensing signal. The energy levels £, , E ., E,, E

FAw’

and E,,  represent the vacuum level, conduction

band minimum, valence band maximum, Fermi level

of Au, and Fermi level of ZnO, respectively.
4. CONCLUSION

This study demonstrates the successful
development of ZnO/Au nanostructured sensors
for highly sensitive and selective IPA detection
under UV365 nm irradiation at 200 °C. The
optimized ZnO100/Au5 exhibits
outstanding gas sensing properties, with a

sensor

response of 210.5 to 9% IPA, a high sensitivity
of 31.0 £ 1.7 (1%), and a low detection limit
(LOD) 0f 0.136% IPA. The superior performance
is attributed to the synergistic effects of Au-
induced Schottky barrier modulation, plasmonic
enhancement, and UV-assisted charge carrier
generation, leading to improved adsorption-
desorption kinetics and accelerated sensor
recovery. Furthermore, the low operating
temperature (200 °C) compared to conventional
ZnO-based sensors (300 — 400 °C) makes this

system more energy-efficient and practical for
real-world applications. Although 200 °C is
not room temperature, it is still considered a
relatively low operating temperature for metal
oxide semiconductor gas sensors, particularly
those based on ZnO. In many conventional
systems, ZnO requires elevated temperatures in
the range of 300 — 450 °C to achieve sufficient
sensitivity to volatile organic compounds
(VOCs) due to the need for thermal activation
of surface reactions.”® The ability of our ZnO-
based sensor to exhibit a stable and enhanced
response to isopropanol and toluene vapors at
200 °C demonstrates a significant improvement
in reducing the thermal budget for sensor
operation. Moreover, the application of UV
irradiation further enhances sensor response and
provides a promising direction for developing
gas sensors capable of room-temperature
operation in future designs. From an application
standpoint, an operating temperature of 200 °C
remains acceptable for a wide range of industrial
and environmental monitoring systems, where
heating elements are integrated and energy
consumption is managed efficiently.” These
findings suggest that our sensor structure has
both scientific value and practical potential in
real-world conditions.

Given these promising results, ZnO/Au
hybrid sensors hold significant potential for real-
time VOCs monitoring in various industries,
including environmental air quality control,
workplace safety, and smart sensor networks
for industrial emissions monitoring. The ability
to achieve high selectivity and sensitivity at
relatively low temperatures positions these
sensors as viable candidates for integration into
portable and wearable gas detection devices.

However, a notable limitation of the
current sensor is its relatively long response and
recovery times, which may affect its real-time
detection capability in dynamic environments.
This delay in sensor reaction could be attributed
to slow desorption kinetics of IPA molecules on
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the ZnO/Au surface, even under UV irradiation.
To address this challenge, future studies should
focus on optimizing surface functionalization,
tuning Au nanoparticle morphology, and
exploring alternative catalytic materials to
accelerate the gas adsorption-desorption process.
Additionally, modifying ZnO with advanced
nanostructured materials such as metal-organic
frameworks (MOFs), 2D materials (graphene,
MXenes), or heterostructures with p-type oxides
could further enhance sensor performance
by reducing response/recovery times while
maintaining high sensitivity and selectivity.

For future research, several directions
could further enhance the applicability of
this sensor platform. First, optimizing the
morphology and surface functionalization of
ZnO/Aunanostructures could improve selectivity
toward specific VOCs, such as toluene, acetone,
and formaldehyde, which are critical pollutants
in indoor air quality assessment. Second,
with flexible
substrates and wireless communication modules

integrating ZnO/Au sensors
could pave the way for next-generation loT-
based VOC sensing platforms. Third, exploring
alternative noble metal catalysts (e.g., Pt, Pd,
Ag) and multi-metallic hybrid nanostructures
could provide further enhancements in sensor
stability, lower detection limits, and multi-gas
sensing capabilities.

Overall, this work provides a strong
foundation for the design and application of
advanced ZnO/Au-based gas sensors, offering a
scalable, energy-efficient, and highly responsive
solution for VOC detection. With continued
optimization and material innovation, these
sensors could play a crucial role in future smart
sensing technologies for environmental and
industrial applications.
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Hiéu biét sau sic hon vé do bén va dic trung
cula cac lién két hydrogen O/C¢p,-H---Z trong cac hé phtic
tuong tac gilia dan xuat cta chalcogenoaldehyde acid
va formamide
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TOM TAT

Céc cdu triic bén ciia céc phirc tuong tac gitta RCZOH va NH,CHZ, v6i R =H, F, CH, vaZ=0, S, Se
va Te dd duoc tim thiy trong nghién ctru nay. D6 bén cua cac lién két hydrogen O/Csp2-H:Z c6 xu hudng giam
dan khi Z 1an Iuot 13 O, S, Se, va Te. Su chuyén doi do tan s6 dao dong hoa tri ciia lién két O-H trong céc lién két
hydrogen O-H:+O 16n hon so véi cac lién két hydrogen O-H:+S/Se/Te, trong d6 sy chuyén doi d6 O-H rit 16n dat
dén 958,0 cm! duogc phat hién ¢ cac lién két hydrogen O-H:--O. Mtrc d6 chuyén doi d6 O-H cang tang khi nhom
thé Z trong RCZOH di tir O dén Te va R chuyén tir nhém day electron CH, sang nhom thé hit electron F. Déng chti
¥, su chuyén doi xanh dang ké ctia Cspo-H 1én dén 104,9 cm trong lién két hydrogen khong ¢6 dién Cypo-H-O da
duogc quan sat thdy. Tan s6 dao dong hoa tri cua Csp2-H trong cac lién két hydrogen Cspz-H"-S/ Se/Te ¢6 xu hudng di
tr chuyén doi xanh sang chuyén doi d6 khi nhom thé Z trong NH,CHZ déan dugc thay the tir O dén Te. Déc bigt, ai
luc proton tai phan tir nhan proton Z va d¢ phén cuc cua phan tir cho proton O/Cspo-H cang ting thi mirc d6 chuyén
doi do cua O/Cspz-H cang 10 rét va nguoc lai.

Tir khéa: Lién két hydrogen cé dién, lién két hydrogen khong cé dién, chuyén doi do, chuyén doi xanh, NBO.
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ABSTRACT

Forty-eigth stable structures of complexes were identified for interaction of RCZOH and NH,CHZ, with
R=H, F, CH, and Z= O, S, Se, Te. Strength of O/Csp>-H-~-Z hydrogen bonds decreases in the order of the Z
acceptors: O > S > Se > Te. The O-H stretching frequency’s red shifts of the O-H---O hydrogen bonds are larger
than those of the O-H---S/Se/Te ones, in which the significant O-H red shift of 958.0 cm™ is detected in the O-H--O
ones. There is an increase in the O-H red shift as Z in the RCZOH goes from O to Te, and R changes from the
electron-donating CH, group to the electron-withdrawing F substituent. Remarkably, a substantial blue shift of the
Csp2-H up to 104.9 cm™! in the nonconventional Cgpo-H-*O hydrogen bond is found, and an obvious trend from
blue shift to red shift of Csp2-H stretching frequencies in the Cspo-H:--S/Se/Te hydrogen bonds is also detected as
Z in the NH,CHZ varying from the O to Te substituent. It is noteworthy that the proton affinity at the Z proton
acceptors and the polarity of the O/Cgp2-H proton donors increase along with the enhancement of the O/Cgp2-H red

shift, and vice versa.

Keywords: Conventional hydrogen bonds, nonconventional hydrogen bonds, red shift, blue shift, NBO.

1. INTRODUCTION conventional, and nonconventional hydrogen
bonds. Therein, the A and B atoms in the

Hydrogen bond is one of the noncovalent _ .
conventional hydrogen bonds often possess high

interactions, playing essential roles in chemistry,
physics, and biological systems such as DNA,
RNA, or protein.'? The importance of hydrogen
bonds especially appears in biochemical

electronegativity or electron-rich regions. This
type of hydrogen bonds is usually characterised
by a stretching frequency red shift of the proton
reactions, supermolecule synthesis, and crystal donor, which is displayed by an in'crease in j[he
design.>* Therefore, a thorough understanding A-H bond length and a decrease of its stretching
of hydrogen bonds can expand their application

in various fields of life.

frequency.*® By contrast, either or both A and
B in the nonconventional hydrogen bonds

have low electronegativity or lower electron
Up to now, the A-H-B hydrogen

bonds have had two main types, including

density regions.>® Notably, the nonconventional
hydrogen bonds not only show the attributes of

*Corresponding author.

Email: nguyentientrung@gqnu.edu.vn
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the red shift but also present the blue shift of
stretching frequency, named the blue-shifting
hydrogen bonds. The blue-shifting hydrogen
bond is associated with a contraction of the
proton donor bond length and an enhancement
of its stretching frequency. "#

The nature of hydrogen bonds, especially
the blue-shifting ones, has been investigated both
by experimental and theoretical methods. %710
Therein, some studies showed that attaching
either electron-donating or electron-withdrawing
groups to the C-H proton donors may change the
electron density of the C-H bond, "1 affecting
the strength and characteristics of hydrogen
bonds. Noted that the blue shifts of the C,.-H
bonds are very large and even surpass those
of the Csp3—H bonds.!"!* Indeed, the increase in
the C,.-H bond’s stretching frequency of the
nonconventional CSPZ—H---O/ S hydrogen bonds in
the range of 81 — 96 cm™ was reported for the
complexes of HCOOH with XCHZ (X=H, F, Cl,
Br, CH,, NH,; Z= O, S)." Besides, a huge blue
shift of the C,.-H bond up to 104.5 cm™ was
obtained in the FCOOH-CH,CHO complex."
The characteristics of nonconventional O
H--Se/Te, and O-H--Se/Te hydrogen bonds
were also investigated in some recent studies.
For instance, the nonconventional Cspz—H---Se/
Te and O-H--Se/Te hydrogen bonds were
found by Cuc ef al in XCHZ--nH,O (X= H,
F, Cl, Br, CH,; Z= O, S, Se, Te; n = 1-3) and
XCHOnH,Z (X=H, F, CI, Br, CH;; Z= O, S,
Se, Te; n = 1-2) complexes.'®!” It is interesting
that these nonconventional hydrogen bonds
are characterized by the red shifts. Likewise,
Quyen et al had observed the red shifts of the
Cspz—H---Se/Te hydrogen bonds in the dimer of
chalcogenoaldehyde derivatives and complexes
of XCHZ--RCZOH (X= H, F; R=H, F, C],
Br, CH,, NH; Z= O, S, Se, Te) recently.'s"
These reports pave the way for more studies
on the stability and nature of nonconventional
hydrogen bonds with heavy chalcogen atoms

playing as proton acceptors. Specially, Mishra
et al discovered the existence and red shifts of
nonconventional N-H---Seand O-H---Sehydrogen
bonds both experimentally and computationally
in the interactions of indole---dimethyl selenide,
and phenol--dimethyl selenide.”* Therefore,
it is necessary to investigate the hydrogen
bonds containing chalcogen atoms in various
complexes to provide fundamental knowledge
to exploit their applications in other fields.

Remarkably, Trung et a/ suggested that the
strength and characteristics of nonconventional
C-H-Z hydrogen bonds involve the inherent
properties of the C-H proton donor, and the Z
proton acceptor. In particular, the C-H stretching
frequency’s shift of these nonconventional
hydrogen bonds can be predicted thanks to
polarity of the proton donors, and proton affinity
of the proton acceptors.??* This model has
provided a quick sign to detect characteristics of
the hydrogen bonds. These observations lead to an
idea of studying the interaction and characteristics
of conventional and nonconventional hydrogen
bonds in complexes between NH,CHZ and
RCZOH with R=H, F, CH,; Z= O, S, Se, Te by
using quantum computational approach in order
to have a more obvious understanding of origin
of nonconventional hydrogen bonds. In addition,
the system is chosen for investigation because
as mentioned above some chalcogenoaldehydes
substituted by
and carboxylic acids replaced by -electron-

electron-donating  group

withdrawing one cause a blue shift of C-H bond
involving in the hydrogen bond. Furthermore,
studying different R and Z substituents can help
to clarify their impact on the inherent properties
of proton donors and proton acceptors which
could be considered as one of the reasons for
the various characteristics of nonconventional
hydrogen bonds. The strength and nature of
nonconventional O-H---Se/Te, and CSPZ—H---Z
(Z= 0O, S, Se, Te) hydrogen bonds are also
highlighted in the present work.
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2. COMPUTATIONAL METHODS

The geometrical structures of the monomers
and investigated complexes were optimized
using the second-order perturbation theoretical
method (MP2)* with the pseudopotential basis
set aug-cc-pVDZ-PP for Te,* and full-electron
Pople basis set 6-311++G(3df,2pd) for the
other atoms through the Gaussian 16 program.?’
The infrared spectra for both complexes and
monomers were then calculated at the same level
of theory. Interaction energies of the complexes
were computed as the following expression:

AE'=(E+ZPE)  —~Y(E+ZPE)  +BSSE

complex monomer

In which the single-point energy of the
complex and monomer (E), and the basis set
superposition error (BSSE) correction were
calculated using couple cluster CCSD(T) method.
The zero-point vibrational energies (ZPE) were
obtained at the optimized geometries of the
molecule. The deprotonation enthalpy (DPE)
and the proton affinity (PA) were respectively
computed for the proton donors Cspz/O—H and
the proton acceptors Z in the monomers using
CCSD(T) method in combination with the
6-311++G(3df,2pd) basis set, except the aug-
cc-pVDZ-PP applied for the Te atom. These
parameters will be used to evaluate polarity of
the proton donors CSPZ/O-H and proton affinity of
the proton acceptors Z in the isolated monomers.

Moreover, the formation and strength of
hydrogen bonds in complexes were determined
by the AIMall program?*?° using MP2 method
with the aug-cc-pVDZ-PP basis set for Te atom,
and the 6-311++G(3df,2pd) for the remaining
atoms. This analysis showed the bond critical

(a)

points (BCPs) which could explicitly prove
the existence of hydrogen bonds. Some typical
parameters at BCPs such as electron density p(r),
Laplacian electron density V2p(r), and potential
energy density V(r) were collected to evaluate
for the strength of hydrogen bonds on the basis of
the emprical formula: E, , = 0.5V(r),” with E_,
being the energy of individual hydrogen bonds.
Natural bond orbital (NBO) analysis ' was also
applied utilizing the same level of theory as for
the AIM analysis. The NBO analysis provides
data on intermolecular electron density transfer
between two monomers, changes in electron
density of a specific orbital and atomic charges.

3. RESULTS AND DISCUSSION
3.1. Geometrical structures and AIM analysis

Interaction of RCZOH with NH,CHZ (with R=
H, F, CH;; Z= O, S, Se, Te) induces 48 stable
complexes with the similar structures shown in
Figure la. These structures are symbolized as
RZ2-77, with R being H, F, and CH,; Z2 and
Z7 being O, S, Se, and Te atoms in the RCZOH
and NH,CHZ monomers, respectively. All the
complexes are stabilized by two intermolecular
interactions O-H-+Z7 and CSPZ—H---ZZ. The
topological features obtained from the AIM
analysis point out the presence of bond critical
points (BCPs) between H and Z atoms, and ring
critical point (RCP) in complexes as displayed
in Figure 1b. The intermolecular distances of
H--O, H---S, H--Se, and H--Te contacts are
smaller than their sum of Van der Waals radii,
affirming the existence of the O-H-Z7 and C_,-
H--Z2 interactions and ring-shaped structures
following the complexation.

Figure 1. (a) The stable geometrical structures and (b) their topological analysis of RCZOH-"NH,CHZ complexes,

with R=H, F, CH,; Z= O, S, Se, Te.
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The data from AIM analysis in Tables
Sla, and S1b of Supporting Information (SI)
showed the values of electron density (p(r))
and Laplacian of electron density (V2p(r)) at
the BCPs of the O-H--Z7 interactions being
0.022—0.068 auand 0.026 —0.109 au, respectively.
The p(r) and V?p(r) values for the CHZ2
interactions are 0.009-0.017 au, and 0.021 —
0.063 au, respectively, which are smaller than
those of the O-H---Z7 contacts. In general, these
parameters belong to the range of the hydrogen
bond formation.’> Accordingly, the O-H--Z7,
and Cspz-H---ZZ intermolecular interactions
in the investigated complexes are tentatively
assumed as hydrogen bonds, and the formers
are much more stable than the latters. This is
evidenced by the much more negative E,_,
values of the O-H---Z7 hydrogen bonds (-16.0
to -101.3 kJ.mol"') compared to the C,,-H~Z2
ones (-5.3 to -16.4 kJ.mol!) (¢f. Tables Sla, and
1b). The negative values of the local electron
energy density (H(r)) at BCPs of the O-H--Z7
reflect their partially covalent character
(c¢f. Table S1b). The larger strength of O-H:-Z
relative to C,HZ was also suggested in the
RCZOH--CH,CHZ (R=H, F, CH,; Z= O, S)
and RCZOH-FCHZ (R=H, F, Cl, Br, CH,, NH,;;
7=0,8S, Se, Te) complexes.'® The energies of the
individual CSPZ—H---O/ S and O-H--O/S hydrogen
bonds calculated at MP2/6-311++G(3df,2pd)
in the RCZOH--CH,CHZ complexes were
indeed in the ranges of -6.4 + -13.5 kJ.mol",
and -23.9 + -71.8 kJ.mol", respectively.!* This
indicates that replacement of the CH, group in
the CH,CHZ with a group that exerts a stronger
electron-donating conjugation effect, such as
NH,, induces an increase in the strength of the
O/CSPZ—H---Z hydrogen bonds.

For the nonconventional CSPZ-H---Z2
hydrogen bonds, their strength decrease in the
order of Z2 substituents O >> S > Se > Te upon
fixing R and Z7 groups. This order agrees well
with the less negative of E,, when Z2 goes
from O to S to Se and then to Te (cf. Table
Sla). Indeed, the E , values of Cspz-H~--S2/ Se2/
Te2 range from -5.3 to -9.7 kJ.mol!, which are
less negative than those of Cspz-H-uOZ (from
-11.2 to -16.4 kJ.mol"). A similar observation
was also obtained in the studies of Quyen et
al,'® and An et al."” This result emphasizes the
importance of the oxygen compared to sulfur,
selenium, and tellurium as Z2 in the stability
of the nonconventional Csz‘H”'Z2 hydrogen
bonds. In contrast, for the same R and Z2, the
strength of CyHZ2 tends to increase along
with the shortening in intermolecular distance
H-Z2 when Z7 turns from O via S via Se and
then Te (cf. Figure S1a). The similar observation
was found in the complexes of CYHNH, with
XH (Y= 0, S, Se, Te; X=F, HO, NH,))."” It is
noteworthy that the DPE values of the C,-H
bonds in the monomers decrease in the order
NH,CHO > NH,CHS > NH,CHSe > NH,CHTe
(cf. Table 1), implying the polarity of C,-H
bonds in the NH,CHZ increase in the sequence
of Z7 substituents O < S < Se < Te. Figure Sla
also reflects the weakening of CoH 22
hydrogen bonds in the order CH,Z2-Z7 >
HZ2-777 > ¥Z72-777 with Z2 and Z7 being O, S
and Se, whereas the strength of CyHTe2
in the HTe2-O7, FTe2-0O7, and CH,Te2-O7
are almost similar. This comparison suggests
that for the same Z2 and Z7, the stronger
CSpZ-H"-ZZ hydrogen bonds are obtained for
R being the electron-donating CH, substituent

than the electron-withdrawing F one.
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Table 1. Deprotonation enthalpy (DPE) of O/C,,,” H bond, and proton affinity at proton acceptors Z in NH,CHZ
and RCZOH monomers with R=H, F, CH;; Z= O, S, Se, Te.

PA(Z DPE(O/C-H PA(Z DPE(O/C-H
Monomer (kJ.n(loi") (kJ(.mol'l) ’ Monomer (kJ.nfm:-I) (kJ(.mol") :
CH,COOH 823.7 1495.1 FCOOH 736.9 1406.9
CH,CSOH 840.6 1433.0 FCSOH 780.8 1351.6
CH,CSeOH 840.0 1406.0 FCSeOH 785.5 1327.1
CH,CTeOH 864.9 1382.0 FCTeOH 825.6 1302.4
HCOOH 780.1 1480.4 NH,CHO 873.2 1668.4
HCSOH 805.8 1421.4 NH,CHS 888.3 1625.3
HCSeOH 806.2 1396.5 NH,CHSe 882.8 1605.4
HCTeOH 839.0 1374.2 NH,CHTe 909.6 1587.8

Regarding the O-H:--Z7 hydrogen bonds,
for the same R and Z2, their strength decreases
in the order of the Z7 groups: O > S > Se > Te.
This result agrees with the observations
of Biswal er al, and Das et al in previous
reports.**** The atomic charges at the Z7 atoms
in the investigated complexes become less
negative when Z7 goes from O to Te (cf. Table
S2), leading to a descending in the electrostatic
attraction of H4---Z7 in the sequence H4---O7 >
H4---S7 > H4--Se7 > H4---Te7. This tendency is
one of the reasons for the superior strength of
O-H--O7 relative to O-H---S7/Se7/Te7. For the
same R and Z7, the O-H:~Z7 hydrogen bonds
experience an enhancement in their strength
when Z2 varies from O to S, to Se, and then
to Te. This observation is consistent with the
increase of O-H polarity in the order RCOOH <
RCSOH < RCSeOH < RCTeOH (cf. Table 1).
Thus, the polarity of O-H bonds and the strength
of O-H---Z7 hydrogen bonds are affected by the
77 atom in the RCZOH monomers, in which,
Te7 is more influential than O7, S7 or Se7.
Notably, the strength of O-H--Z7 goes down
when R changes from F to H and then CH,, being
opposite to the tendency observed for C,,-H~Z2
hydrogen bonds (cf. Figures Sla, and S1b). This
is reasonable because F surpasses CH, group in
raising the polarity of O-H bonds (cf. Table 1)
and the electrostatic attraction between H4 and
Z7. Consequently, the -electron-withdrawing
substituent (F) induces stronger O-H--Z7
hydrogen bonds than the electron-donating

https://doi.org/10.52111/qn;js.2025.19304

one (CH,). This effect was also reflected in the
complexes of XCHZ--RCZOH (with X= H, F;
R=H, F, Cl, Br, CH,, NH,; Z= O, Se, Se, Te)."*

3.2. Interaction energy

The interaction energies corrected by both
ZPE and BSSE (denoted by AE") of RZ2-Z7
complexes are calculated at the CCSD(T)/6-
311++G(3df,2pd)//MP26-311++G(3df,2pd)
level of theory (except the aug-cc-pVDZ-
PP basis set used for Te atom) to evaluate the
stability of investigated complexes. The data in
Table 2 shows the negative interaction energies
of complexes ranging from -30.9 to -73.8
kJ.mol", indicating their certain stability on their
potential energy surfaces.

For the same R and Z2, the individual
interaction energies of RZ2-07, RZ2-S7, RZ2-
Se7, and RZ2-Te7 are in the ranges -44.5 +
-73.8 kJ.mol!, -34.8 + -55.5 kJ.mol!, -32.9 +
-55.8 kJ.mol!, and -31.3 = -47.0 kJ.mol",
respectively. These values indicates that the
stability of RZ2-Z7 complexes decreases in
the order of Z7 substituents: O > S > Se > Te,
which is consistent with the lowering strength of
O-H--Z7 in the sequence: O-H:--O7 >> O-H--S7
> O-H--Se7 > O-H:--Te7 as resulted from the
AIM analysis. This observation emphasizes a
predominant influence of the oxygen compared
to sulfur, selenium, or tellurium as Z7 on the
stability of RZ2-Z7. Besides, the superior role
of the O-H-Z7 hydrogen bonds relative to
C,-H~Z2 in stabilizing complexes is noticed.
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Table 2. Interaction energies corrected by both ZPE and BSSE (AE*, kJ.mol") of complexes between NH,CHZ
and RCZOH (R =H, F, CH,; Z= 0, S, Se, Te) at CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(3df,2pd) ) level
of theory (except the aug-cc-pVDZ-PP basis set used for Te atom).

Complex AE* Complex AE* Complex AE* Complex AE*

CH,02-07 -44.5  CH,02-S7 -36.7  CH,02-Se7 -35.3  CH,02-Te7 -43.5
CH,S2-07 -44.7  CH,S2-S7 -34.8  CH,S2-Se7 -329  CH,S2-Te7 -40.1
CH,Se2-07 -46.3  CH,Se2-S7 -35.7  CH,Se2-Se7 -34.2  CH,Se2-Te7 -42.2
CH,Te2-07 -553  CH,Te2-S7 -442  CH,Te2-Se7 -45.0  CH,Te2-Te7 -31.3
HO2-07 -46.3  HO2-S7 -374  HO2-Se7 -35.8  HO2-Te7 -40.2
HS2-07 -47.6  HS2-S7 -35.1 HS2-Se7 -33.1 HS2-Te7 -36.6
HSe2-07 -47.2  HSe2-S7 -36.2  HSe2-Se7 -34.5  HSe2-Te7 -38.9
HTe2-07 -55.2  HTe2-S7 -44.1 HTe2-Se7 -44.8  HTe2-Te7 -30.9
FO2-07 -58.9  FO2-S7 -46.1 FO2-Se7 -44.6  FO2-Te7 -47.0
FS2-07 -60.0  FS2-S7 442 FS2-Se7 423 FS2-Te7 -43.6
FSe2-07 -63.2  FSe2-S7 -46.0  FSe2-Se7 -44.3  FSe2-Te7 -46.3
FTe2-O7 -73.8  FTe2-S7 -55.5  FTe2-Se7 -55.8  FTe2-Te7 -40.7

For the same R and Z7, the more negative
interaction energies of RZ2-07, RZ2-S7, and
RZ2-Se7 are observed for the Z2 being the Te
atom rather than the O, S, and Se (cf. Table 2),
in line with the decreasing strength of O-H---Z7
hydrogen bonds when Z2 goes from Te to O.
However, an opposite trend is obtained for RZ2-
Te7 complexes, in which, RO2-Te7 is more
stable than RSe2-Te7, RS2-Te7, and RTe2-Te7
(cf- Table 2).

Fixing Z2 and Z7, the interaction energies
of FZ2-Z7 are more negative than those of
HZ2-777 and CH,Z2-Z7. Indeed, the AE" values
range from -40.7 to -73.8 kJ.mol! for FZ2-Z7,
from -30.9 to -55.2 kJ.mol"' for HZ2-Z7, and
from -31.3 to -55.3 kl.mol' for CH,Z2-Z7
(c¢f. Table 2). This implies that replacing R in
the RCZOH with F can strengthen the stability
of RZ2-7Z7 more than CH, which is also
consistent with the larger strength of O-H--Z7
hydrogen bonds in FZ2-Z7 compared to that of
CH,Z2-777. Therefore, this observation affirms
the crucial role of O-H:-Z7 hydorgen bonds in
the stability of the investigated complexes.

3.3. NBO analysis

To evaluate the electron density transfer between
monomers upon the complexation, the NBO
analysis is performed and the selected data are
gathered in Tables 3a, and 3b. The total electron
density transfer (EDT) of NH,CHZ monomers
ranging from 0.036 to 0.091 indicates electron
density transferring mainly from NH,CHZ to

RCZOH. This is proven by the intermolecular
hyperconjugative energy (E, ) of electron
transter from nonbonding orbital n(Z7) to
6'(O-H) antibonding orbital (ca. 85.3-252.0
kJ.mol"') surpasses that from n(22) to 6"(C_,-H)
(ca. 6.8-21.2 kJ.mol"), confirming the larger
strength of O-H-*Z7 compared to that of Coom

H---Z2 hydrogen bonds.

For the same R and Z7, the E,  values
of the electron density transfer from n(Z2)
to 0*(CSP2—H) increase in the order of the Z2
substituents: O < S < Se < Te (¢f. Tables 3a, and
3b), which is in a consistent with the enhancement
of proton affinity at Z2 in the order RCOOH <
RCSOH < RCSeOH < RCTeOH (¢f. Table 1).
This order is opposite to the strength tendency
of C,-H~Z2 hydrogen bonds. Therefore, the
higher strength of C,,-H~02 compared to
C,,,-H"S2/Se2/Te2 hydrogen bonds is primarily
determined by the electrostatic attraction rather
than the intermolecular electron density transfer.
The outstanding contribution of electrostatic
attraction compared to the
electron density transfer on the strength of
C,,HZ hydrogen bonds was also pointed
out in the XCHZ--RCZOH complexes (with
X=H, F; R=H, F, Cl, Br, CH,, NH,; Z= O, S, Se,
Te) by Quyen et al.'® When fixing R and Z2, the
E, ., values of the nonconventional CSPZ—H---Z2
hydrogen bonds go up as Z7 varies from O to Te,
which is in line with the strength of CyH 22
hydrogen bonds.

intermolecular
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Table 3a. Data from NBO analysis of RZ2-Z7 complexes with R=H, F, CH,; Z= O, S.

EDT® E AE__®  Ag'(C./O-H)

Complex Hydrogen bond (Electron)  (k J.ri:lte(;l“) (kJ.lrnntr:)l") (Elescptzron) A%s(C,,,)
cworor (S 006 S S U s
cusror (TS 00Ty 0 Goms s
CH,Se2-07 gz:gj:’_f)ef 0.039 11537‘_50 '3‘;4 _(?_ 'Oofj 19 ;i
cwreor (T ew SN 08 o sk
Hozor  (MUEToow WL 00 Gohe
HS2-07 821;3227 0.039 11526%0 3 13.56 -88)2363 ;431
msa07 (RS ew Y s s
T v G v e S
FO2-07 oo 002 s o540 50
FS2-07 gzijz% 0.055 2111f ,56 3 19.63 -(()).5)6()(?2() ;i
AT P 1 e O AR o o
FT07  Glheor % 590 a5 oo se
CHOXST  lheesr ™ he  ua oose g
cusest TS 00 S0 Goed s
CH,Se2-87 gigiiff 0.053 11493.33 _;.663 8:824112 ;;
CH,Te2-S7 Siﬂigz 0.057 12418.25 _1;3.6 8:8(6)2(7) ;Z
HO2-87 giﬂjé}z 0.055 11245.52 _;.942 _(%)SO ;39 411:;
HS2-87 giﬁiﬁ 0.055 11483;.25 _11()6.3 8:82411? ;:j
st MU o 0% TS Goes se
HTe2-S7 giﬁig 0.059 12516,12 :3515 8:822? ;;
R R v S
FLST he 0Bk e oo s
e Sy SR v S
e L O S ¢

(a) The total electron density transfer from NH,CHZ to RCZOH
(b) The total intramolecular electron density transfer to the c*(Csz/O-H) orbitals

https://doi.org/10.52111/qn;js.2025.19304
54 | Quy Nhon University Journal of Science, 2025, 19(3), 47-60



QUY NHON UNIVERSITY
AT\ SCIENCE

Table 3b. Data from NBO analysis of RZ2-R7 complexes, with R=H, F, CH,; Z= Se, Te.

Complex Hydrogen bond (E]ile)crtrrz)n) (kJE.xi:;zl-l) (ﬁflﬁo;b:) A(Z;:(E‘c"iﬁ)}l) A%s(Cyn)
CHOMST  olwsa 0% o 4y oo s
i X T v N
CHSST  olwesa % o) a1 oomr s
CHTseT  (Tee 000 S s e s
HO2-Se7 8_21:13237 0.051 111461) _15.631 _(()).3)5():61 élt;
HSIST oes % b dis  osee sy
HSe2-Se7 8_2,__1:13:-.23 0.057 11389"30 '11i 78 g:ggig ;Z
e ey v
FOST ovwesa O ueh o3 oo s
e e e e R vty SR
PSS USS oo 80 T S e
Fasa om0 00 T8 e es
cmortr (TR oo 8 Y Tl
ST oimg ™ s es oo )
e o A vives
CHISTT  Uing 09w o sy
wormer (TR e T e
e m oo DY e s
Mt (S oo B0 0 e se
e om0 L e coms 56
FO2-Te7 82;3%27 0.071 11302.71 15147 -35)700346 ;?
oS B TR S vic: S
Pty (MERS e D0 Tee om0
Frets e 00 0% e oo e

(a) The total electron density transfer from NH,CHZ to RCZOH
(b) The total intramolecular electron density transfer to the c*(Csz/O-H) orbitals
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Remarkably, Tables 3a, and 3b also figure
out that the change in the electron density of
the 0*(Csp2-H) antibonding orbital (AG*(Csz-H))
become less negative as Z7 goes from O to S to Se
and then Te. Therein, the decrease in the electron
density at the G*(CSPZ—H) hits bottom when Z7 is
O atom, which is explained by the intramolecular
hyperconjugative energy (E,_ ) from n(O7)
to 0*(Csp2-H) overcoming the intermolecular
hyperconjugative energy of electron density
transfer from n(02) to 0*(Csp2-H), resulting in
a rearrangement of electron density throughout
RO2-07. Therefore, an increase in occupation
of cs*(Csz—H) orbital causes a lengthening of
the C,,-H bond length and a decrease their
stretching frequencies upon complexation. In
other words, the stretching frequency of C,H
in the nonconventional C_,-H~Z2 hydrogen
bonds tends to turn from blue shift to red shift
as Z7 changes from O to Te. For the same Z2
and Z7, the intermolecular transfer of electron
density fromn(Z2) to 6*(CSPZ—H) orbital witnesses
an increase according to the substitution of R
as the following order: F < H < CH,. This is
consistent with the increase in the proton affinity
at Z2 in RCZOH in the order of R: F <H < CH,
(cf Table 1). This implies that the intermolecular
electron density transfer from n(Z2) to c*(Cspz—H)
orbital can be promoted when R varies from an
electron-withdrawing group (F) to an electron-
donating one (CH,). When Z2 and Z7 are
fixed, the lessening in occupation at 0*(Csp2—H)
becomes more pronounced as R changes from
H to CH, and then F (¢f. Tables 3a, and 3b).
This trend suggests that the characteristic of the
nonconventional C_,-H-+Z2 hydrogen bonds
shifts gradually from red shift to blue shift when
R transitions from an electron-donating group to
an electron-withdrawing one.

Regarding the O-H---Z7 hydrogen bonds,
there is an increase in the intermolecular
electron density transfer from n(Z7) to ¢"(O-H)
orbitals when Z2 is replaced by O, S, Se, and
Te, respectively. In contrast, for the same R and
72, the E,  values of O-H:Z7 hydrogen bonds
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decrease in the sequence of Z7 substituents:
O > S > Se > Te. These results agree with the
strength tendency of O-H---Z7 as found in AIM
analysis. Thus, the intermolecular electron
density transfer also affects the strength of
O-H---Z7.

It is noted that that the increase in the
electron density at o"(O-H) in complexes
compared to the corresponding monomers
(Ac*(O-H)) (ca. 0.0388-0.0969 ¢) lengthens the
O-H bond length and decreases its stretching
frequency, which can induce the red shift of
O-H:--Z7 hydrogen bonds. For the same Z2 and
77, the changing of R from CH, via H via F
results in an improvement in the electron density
transfer from n(Z7) to the 6°(O-H) orbitals, and
an increase in the Ac"(O-H) values (cf. Tables
3a, and 3b). Therefore, the larger strength and
red shift of O-H-*Z7 hydrogen bonds are gained
for R being the electron-withdrawing group (F).

3.4. Changes in bond length and stretching
frequency of the O-H and CSPZ-H

The change in the bond length (Ar) and stretching
frequency (Av) of the O-H and Csz'H bonds
in the RZ2-Z7 complexes compared to the
corresponding monomers are collected in Tables
S3a, and S3b and Figures 2a, and 2b.

The results show the elongation of the O-H
bond length and the decrease of its stretching
frequency in O-H---Z7 hydrogen bonds following
the complexation. Indeed, Ar(O-H) and Av(O-H)
values range from 0.0180 to 0.0482 A, and
from -385.0 to -958.0 cm’!, respectively. This
validates the red shift of O-H-+Z7 hydrogen
bonds as predicted in the NBO analysis above.
For the same R and Z2, Av(O-H) values in the
RZ2-0O7 are more negative than those in the
RZ2-S7, RZ2-Se7, and RZ2-Te7 (c¢f. Figure 2a),
implying a larger red shift of O-H--O7 hydrogen
bonds compared to O-H:--S/Se/Te ones. This is
in line with the larger intermolecular electron
density transfer from n(O7) to ¢"(O-H) than from
n(S7/Se7/Te7) to 6*(O-H) orbitals (cf- Tables 3a,
and 3b).
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This observation, however, differs from
the result collected in the complexes of RCZOH
with FCHZ. Therein, the O-H red shift of
O-H:--O hydrogen bonds in the FCHO--*RCOOH
was less than that of O-H---S hydrogen bonds in
the FCHS---RCSOH.'® Besides, the O-H red shift
increases significantly as the F atom in FCHZ
monomer is substituted by the NH, group. This
is due to a strong electron-donating group such
as NH, surging the electron density at the Z sites
in NH,CHZ. As a result, the Z sites in NH,CHZ
exhibit a higher proton affinity compared to those
in FCHZ, and the intermolecular electron density
transfers from n(Z) to ¢*(O-H) orbital in the
RCZOH-NH,CHZ are larger than those in the
RCZOH:--FCHZ. Notably, thered shiftof O-H---Z
hydrogen bonds in the RCZOH--NH,CHZ
complexes is even more significant than that
in the RCZOH-CH,CHZ." This substantially
large shift affirms the outstanding influence of
a strong electron-donating substituent (NH,) in
NH,CHZ on the O-H red shift. Figure 2a points
out that for the same R and Z7, the O-H red shift
in investigated complexes increases in the order
of Z2: O < S < Se < Te. This agrees well with
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the rise in the occupation at the 6"(O-H) orbitals
(cf- Tables 3a, and 3b) and the polarity of O-H
bond in RCZOH (c¢f. Table 1) when Z2 shifts
from O to S to Se and then Te. In the case of fixing
72 and Z7, the red shift of O-H--Z7 hydrogen
bonds witness a decline in the sequence FZ2-7Z7
> HZ2-7Z7 > CH,Z2-777 (cf. Figure 2a), being
consistent with the decrease in the E,  values
of O-H-Z7 hydrogen bonds when R changes
from F to CH, (cf. Tables 3a, and 3b). This
trend emphasizes the more dominant role of
the electron-withdrawing group (F) relative to
the electron-donating one (CH,) in promoting
the O-H red shift. Such observation was once
determined in the interaction between XCHZ
and YCOOH, where X= H, CH,, NH,, and
Y=H, F, Cl, Br, CH,, NH, calculated at the same
level of theory.* The polarity of the O-H bonds
in FCZOH is also better than that in HCZOH
and CH,CZOH (cf. Table 1). Accordingly, the
red shift of O-H--*Z7 hydrogen bonds is closely
related to the increase in the polarity of the O-H
bond in the RCZOH monomers, and the strong
intermolecular electron density transfer from
n(Z7) to ¢"(O-H) orbitals upon complexation.
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Figure 2. (a) Change in the stretching frequency of the O-H bond in the RZ2-Z7 complexes compared to the
RCZOH monomers, with R=H, F, CH,; Z (22, Z7) = O, S, Se, Te. (b) Change in the stretching frequency of the
Cspz-H in the RZ2-Z7 complexes compared to the NH,CHZ monomers, with R=H, F, CH,; Z (22, Z7)= 0, S, Se, Te.
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On the other hand, Figure 2b shows that
for the same R and Z7, the stretching frequency
of C,H involving nonconventional C-H02
hydrogen bonds increases during the formation
of RO2-Z7 complexes (AV(CSPZ_H) =2.7-104.9
cm™), indicating the C_-H blue shift in C_ -
H--O2 hydrogen bonds. This blue shift can be
attributed to a reduction of the electron density
at the cs*(Cspz-H) orbital following the RO2-Z.7
complexation (c¢f- Tables 3a, and 3b) that leads to
a contraction in the bond length and an increase
in the stretching frequency of the C,.-H bond
in the C-H-O2. When Z2 is replaced with
S, Se, and Te, the Cspz-H stretching frequencies
in C_-H-82/Se2/Te2 hydrogen bonds in
most complexes tend to be red-shifted, except
for RS2-07, RS2-S7, RSe2-07, RSe2-S7,
RTe2-O7, and RTe2-S7. Therefore, the Cspz-H
stretching frequencies of C_-H-~Z2 hydrogen
bonds turn from blue- to red shift as Z2 varies
from O to S to Se and then Te. This tendency
is proportional to the enhancement of the proton
affinity at Z2 in the order O < S < Se < Te
(cf- Table 1). For the same R and Z2, there
is a growth in the C_-H red shift upon the
substitution of Z7 from O to Te which accords
with therise in the C_ -H polarity of the NH,CHZ
monomers in the order NH,CHO < NH,CHS <
NH,CHSe < NH,CHTe (c¢f. Table 1). Therefore,
the C,-H red shift in CyH 22 is closely
related to the increase in the proton affinity at
the Z sites and the polarity of the Csz‘H donor
fragment. This observation was also suggested
in some previous reports.!>1%1°2* When fixing 72
and Z7, the magnitude of the Cspz—H blue shift in
CyH 02 significantly increases in the order of
the R substituents: CH, < H <F, corresponding
to the decrease in the proton affinity at Z site
according to the trend above. Hence, the blue
shift of C_-H bond can be observed along with
the decline in the proton affinity at the proton
acceptor Z. In comparison with the complexes of
the RCZOH with the CH,/FCHZ, the blue shift
of Csz'H”'O is presented more obvious when an
electron-donating atom (F) or a weaker electron-
donating group (CH,) in the chalcogenoaldehyde
derivatives is replaced with a strong electron-

https://doi.org/10.52111/qn;js.2025.19304

donating substituent (NH,)."> '* This trend relates
to the decrease in the polarity of the C,,,-H bonds
in the order of chalcogenoaldehyde derivatives:
FCHZ > CH,CHZ > NH,CHZ. Besides, the
C,,,-H stretching-frequencies in C_ -H--S2/Se2/
Te2 hydrogen bonds turn from red shift to blue
shift when R changes from H to CH, and then F.
This observation suggests that the electron-
donating group can urge forward the red shift
of C ,-H~Z hydrogen bonds more than the
electron-withdrawing one.

4. CONCLUSIONS

There are 48 stable complexes formed between
RCZOH and NH,CHZ (RZ2-Z7) (with R= H,
F, CH,; Z= O, S, Se, Te) whose structures are
stabilized by O-H'Z7 and C_-H--Z2 hydrogen
bonds, in which the formers play a predominant
role in the stability of the complexes. The
increase in the stability of RZ2-Z7 is observed
when R changes from the electron-donating CH,
group to the electron-withdrawing F one, and
72 turnes from O to Te. For Z7 being O, S, and
Se, RTe2-Z7 is higher in stability than RS2-Z.7,
RSe2-Z7, and RO2-Z7 while the RO2-Te7 is
more stable than the RSe2-Te7, RS2-Te7, and
RTe2-Te7.

The strength of O-H---Z7 hydrogen bonds
(ca. -16.0 + -101.3 kJ.mol!) is larger than those
of C,,,-H+Z2 ones (ca. -5.3 + -16,4 kJ.mol™").
The O-H stretching frequencies in the O-H--Z7
are characterised by the red shift. The strength
and the red shift of O-H:-Z7 decrease in the
order of Z7 substituents: O > S > Se > Te. In
contrast, the change of Z2 from O to Te, and R
from CH, to F leads to an increase in the O-H red
shift. Remarkably, the O-H red shift agrees well
with the rise in the O-H polarity, and the proton
affinity at the proton acceptors Z. The very
strong intermolecular transfer of electron density
from n(Z7) to ¢"(O-H) orbitals also contributes
significantly to the strength and the red shift of
O-H:--Z7 hydrogen bonds.

Thenonconventional CSPZ-H- --Z2hydrogen
bonds experience a decrease in their stability as
72 in RCZOH goes from O to Te, and R changes
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from CH, to F. The substitution of the O atom
in NH,CHZ with S, Se, and Te results in the
larger strength of C_ -H'+Z2 hydrogen bonds. In
addition, the stretching frequencies of the C,,-H
bond turn from blue shift to red shift as Z2 and
Z7 vary from O to Te, in which the C_,-H blue
shift of C_-H-O2 reaching 104.9 cm”. The
magnitude of the C_-H red shift becomes more
obvious when R goes from F to CH, substitution.
The increase in the CSPZ—H stretching frequencies
occurs along with the decrease in both the proton
affinity at Z2 sites and the polarity of C,.-H
bonds, and vice versa. Interestingly, this work
highlights the remarkable impact of NH, relative
to CH,/F substitute in chalcogenoaldehydes on
the increase in the stretching frequency O-H red-
and C,-H blue shift involving hydrogen bond.

Acknowledgements

This research is funded by Vietnam
Ministry of Education and Training (MOET)
under grant number B2024-DON-01.

REFERENCES

1. J. K. M. Sanders. Book review: chemistry
beyond the molecule: supramolecular chemistry.
Concepts and perspectives. By J.-M. Lehn,
Angewandte Chemie International Edition in
English, 1995, 34(22), 2563.

2. G. A. Jeffrey, W. Saenger. Hydrogen bonding
in  biological structures, Springer Berlin

Heidelberg, Berlin, 1991.

3. J. N. H. Reek, B. D. Bruin, S. Pullen, T. J.
Mooibroek, A. M. Kluwer, X. Caumes. Transition
metal catalysis controlled by hydrogen bonding
in the second coordination sphere, Chemical
Reviews, 2022, 122(14), 12308-12369.

4. S. J. Grabowski. Hydrogen bonding: new
insights, Vol 3, Springer, USA, 2006.

5. L. Sobezyk, S. J. Grabowski, T. M. Krygowski.
Interrelation between H-Bond and Pi-Electron
delocalization, Chemical 2005,
105(10), 3513-3560.

6. X. Chang, Y. Zhang, X. Weng, P. Su, W. Wu,
Y. Mo. Red-shifting versus blue shift hydrogen
bonds: perspective from ab initio valence bond
theory, The Journal of Physical Chemistry A,
2016, 120(17), 2749-2756.

Reviews,

10.

11.

12.

13.

14.

15.

16.

P. Hobza, Z. Havlas. Blue shift hydrogen bonds,
Chemical Reviews, 2000, 100(11), 4253-4264.

B. J. V. D. Veken, W. A. Herrebout, R. Szostak,
D. N. Shchepkin, Z. Havlas, P. Hobza. The
Nature of improper, blue shift hydrogen bonding
verified experimentally, Journal of the American
Chemical Society, 2001, 123(49), 12290-12293.

L. Pejov, K. Hermansson. On the nature of
blueshifting hydrogen bonds: Ab initio and
density functional studies of several fluoroform
complexes, The Journal of Chemical Physics,
2003, /79(1), 313-324.

Y. Mo, C. Wang, L. Guan, B. Braida, P. C.
Hiberty, W. Wu. On the nature of blueshifting
hydrogen bonds, Chemistry - A European
Journal, 2014, 20(27), 8444-8452.

N. T. Trung, P. N. Khanh, A. J. P. Carvalho, M.
T. Nguyen. Remarkable shifts of C,-H and O-H
stretching frequencies and stability of complexes
of formic acid with formaldehydes and
thioformaldehydes, Journal of Computational
Chemistry, 2019, 40(13), 1387-1400.

S. Bedoura, H. W. Xi, K. H. Lim. Hydrogen
bond nature in formamide (CYHNH, - XH;
Y= 0, S, Se, Te; X= F, HO, NH,) complexes
at their ground and low-lying excited states,
Journal of Physical Organic Chemistry, 2014,
27(3), 226-236.

A. K. Chandra, T. Z. Huyskens. Theoretical
investigation of the cooperativity in
CH,CHO---2H,0, CH,FCHO'--2H,0, and
CH,CFO---2H,0 systems, Journal of Atomic
and Molecular Physics, 2012, 2012(1), 754879.

A. Karpfen, E. S. Kryachko. Blue-shifted
A—-H stretching modes and cooperative
hydrogen bonding. 1. complexes of substituted
formaldehyde with cyclic hydrogen fluoride
and water clusters, The Journal of Physical
Chemistry A, 2007, 111(33), 8177-8187.

N. T. An, N. T. Duong, N. N. Tri, N. T. Trung.
Role of O—H--O/S conventional hydrogen bonds
in considerable C,,H blue-shift in the binary
systems of acetaldehyde and thioacetaldehyde
with substituted carboxylic and thiocarboxylic
acids, RSC Advances, 2022, 12(54),35309-35319.

N. T. T. Cuc, N. T. An, V. T. Ngan, A. K.
Chandra, N. T. Trung. Importance of water and
intramolecular interaction governs substantial
blue shift of C_-H stretching frequency in

https://doi.org/10.52111/qnjs.2025.19304

Quy Nhon University Journal of Science, 2025, 19(3), 47-60 | 59



QUY NHON UNIVERSITY

JOURNAL OF

17.

18.

19.

20.

21.

22.

23.

24.

SCIENCE

complexes between chalcogenoaldehydes and
water, RSC Advances, 2022, 12(4), 1998-2008.

N. T. T. Cuc, C. T. D. Phan, N. T. A. Nhung, M.
T. Nguyen, N. T. Trung, V. T. Ngan. Theoretical
aspects of nonconventional hydrogen bonds
in the complexes of aldehydes and hydrogen
chalcogenides, The Journal of Physical
Chemistry A, 2021, 125(48), 10291-10302.

L. T. T. Quyen, N. T. Trung. Noticeable
characteristics of conventional and
nonconventional hydrogen bonds in the
binary systems of chalcogenoaldehyde and
chalcogenocarboxylic acid derivatives, RSC
Advances, 2024, 14(54), 40018-40030.

L.T.T. Quyen, B.N. Tung, P. N. Thach, N. N. Tri,
N. T. Trung. Characteristics of nonconventional
hydrogen bonds and stability of dimers of
chalcogenoaldehyde derivatives: a noticeable
role of oxygen compared to other chalcogens,
RSC Advances, 2024, 14(20), 14114-14125.

K. K. Mishra, S. K. Singh, P. Ghosh, D. Ghosh,
A. Das. The nature of selenium hydrogen
bonding: gas phase spectroscopy and quantum
chemistry calculations, Physical Chemistry
Chemical Physics, 2017, 19(35), 24179-24187.

H. Q. Dai, N. N. Tri, N. T. T. Trang, N. T. Trung.
Remarkable effects of substitution on stability
of complexes and origin of the C-H:--O(N)
hydrogen bonds formed between acetone’s
derivative and CO,, XCN (X = F, CI, Br), RSC
Advances, 2014, 4(27), 13901-13908.

N. T. H. Man, P. L. Nhan, V. Vo, D. T. Quang,
N. T. Trung. An insight into C-H---N hydrogen
bond and stability of the complexes formed
by trihalomethanes with ammonia and its
monohalogenated derivatives, International
Journal of Quantum Chemistry, 2017, 117(6),
€25338.

N. N. Tri, N. T. H. Man, N. L. Tuan, N. T. T.
Trang, D. T. Quang, N. T. Trung. Structure,
stability and interactions in the complexes of
carbonyls with cyanides, Theoretical Chemistry
Accounts, 2016, 136(1), 10.

N. T. An, V. T. Ngan, N. T. Trung. Profound
importance of the conventional O-H:---O

©NOIS

© 2025 by the authors. This Open Access Atticle is licensed under the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC 4.0) license (https://creativecommons.org/licenses/by-nc/4.0/).

https://doi.org/10.52111/qn;js.2025.19304
60 | Quy Nhon University Journal of Science, 2025, 19(3), 47-60

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

hydrogen bond versus a considerable blue shift
of the C,,H bond in complexes of substituted
carbonyls and carboxyls, Physical Chemistry
Chemical Physics, 2024, 26(34), 22775-22789.

M. H. Gordon, J. A. Pople, M. J. Frisch. MP2
energy evaluation by direct methods, Chemical
Physics Letters, 1988, 153(6), 503-506.

K. A. Peterson, D. Figgen, E. Goll, H. Stoll,
M. Dolg. Systematically convergent basis sets
with relativistic pseudopotentials. II. Small-core
pseudopotentials and correlation consistent basis
sets for the post-d group 16-18 elements, The
Journal of Chemical Physics, 2003, 119(21),
11113-11123.

M. J. Frisch. Gaussian 16/Gaussian, Published
online, 2016.

R. F. W. Bader. A quantum theory of molecular
structure and its applications, Chemical Reviews,
1991, 91(5), 893-928.

R. F. W. Bader. Atoms in molecules, Accounts of
Chemical Research, 1985, 18(1), 9-15.

E. Espinosa, E. Molins, C. Lecomte. Hydrogen
bond strengths revealed by topological analyses
of experimentally observed electron densities,
Chemical Physics Letters, 1998, 285(3), 170-173.

E. D. Glendening, C. R. Landis, F. Weinhold.
Natural bond orbital methods, WIREs
Computational Molecular Science, 2012, 2(1),
1-42.

U. Koch, P. L. A. Popelier. Characterization
of C-H--O hydrogen bonds on the basis of
the charge density, The Journal of Physical
Chemistry, 1995, 99(24), 9747-9754.

S. Bhattacharyya, A. Bhattacherjee, P. R.
Shirhatti, S. Wategaonkar. O—H--S Hydrogen
Bonds Conform to the Acid-Base Formalism,
The Journal of Physical Chemistry A, 2013,
117(34), 8238-8250.

B. Das, A. Chakraborty, S. Chakraborty. Effect
of ionic charge on O-H---Se hydrogen bond:

a computational study, Computational and
Theoretical Chemistry, 2017, 1102, 127-138.



QUY NHON UNIVERSITY
AT\ SCIENCE

Supporting information

An insight into stability and characteristics
of O/C,,»-H---Z hydrogen bonds in the binary systems
of chalcogenocarboxylic acid and formamide derivatives

Le Thi Tu Quyen,' Bui Duc Ai,! Tran Manh Trung,!
Pham Ngoc Thach,"* Nguyen Tien Trung'>*

'Laborabory of Computational Chemistry and Modelling, Quy Nhon University, Vietnam
’Faculty of Natural Sciences, Quy Nhon University, Vietnam

*Corresponding author. Email: nguyentientrung@gqnu.edu.vn

Table 1a. The H6--Z2 interaction distance (r.,,),
individual energies (E, ;) of the nonconventional CyHZ2 hydrogen bonds in NH,CHZ--RCZOH complexes

(with R=H, F, CH,; Z= 0, S, Se, Te).

selected parameters at BCPs of H6:Z2 interactions, and

Complex ooz p(r) V¥(p) H(r) E,,
A) (au) (au) (au) (kJ.mol?)
CH,02-07 2.29 0.014 0.050 0.0015 -12.4
CH,S2-07 2.78 0.011 0.030 0.0009 -7.3
CH,Se2-07 2.90 0.010 0.026 0.0008 -6.4
CH,Te2-O7 3.08 0.009 0.022 0.0006 -54
HO2-0O7 2.31 0.014 0.048 0.0014 -11.9
HS2-07 2.79 0.011 0.029 0.0009 -7.1
HSe2-07 291 0.010 0.026 0.0008 -6.2
HTe2-0O7 3.08 0.009 0.021 0.0006 5.3
FO2-0O7 2.34 0.013 0.045 0.0014 -11.2
FS2-07 2.80 0.010 0.029 0.0010 -7.0
FSe2-0O7 2.90 0.011 0.026 0.0009 -6.3
FTe2-0O7 3.06 0.010 0.022 0.0007 -5.6
CH,02-S7 2.17 0.017 0.061 0.0016 -15.8
CH,S2-87 2.65 0.013 0.034 0.0008 93
CH,Se2-S7 2.77 0.012 0.030 0.0007 -8.1
CH,Te2-S7 2.95 0.012 0.025 0.0005 -6.7
HO2-S7 2.19 0.016 0.059 0.0016 -15.2
HS2-S7 2.66 0.013 0.034 0.0008 9.1
HSe2-S7 2.78 0.012 0.030 0.0007 -8.1
HTe2-S7 2.96 0.011 0.024 0.0005 -6.6
FO2-S7 2.22 0.015 0.056 0.0017 -13.9
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Complex L p(r) Vi(p) H(r) Es
A) (au) (au) (au) (kJ.mol")
FS2-S7 2.68 0.012 0.033 0.0009 -8.6
FSe2-S7 2.79 0.012 0.030 0.0008 -7.6
FTe2-S7 2.95 0.011 0.025 0.0006 -6.6
CH,02-Se7 2.15 0.017 0.063 0.0017 -16.3
CH,S2-Se7 2.65 0.013 0.035 0.0007 -9.5
CH,Se2-Se7 2.76 0.013 0.030 0.0007 -8.2
CH,Te2-Se7 2.94 0.012 0.025 0.0005 -6.9
HO2-Se7 2.17 0.017 0.060 0.0016 -15.6
HS2-Se7 2.65 0.013 0.034 0.0007 9.3
HSe2—-Se7 2.77 0.012 0.032 0.0006 -8.3
HTe2—-Se7 2.94 0.012 0.025 0.0005 -6.9
FO2-Se7 2.20 0.015 0.057 0.0018 -14.2
FS2-Se7 2.68 0.012 0.033 0.0009 -8.7
FSe2—-Se7 2.78 0.012 0.030 0.0008 -7.7
FTe2-Se7 2.94 0.012 0.025 0.0006 -6.8
CH,02-Te7 2.15 0.017 0.063 0.0017 -16.4
CH,S2-Te7 2.63 0.013 0.035 0.0007 -9.7
CH,Se2-Te7 2.72 0.013 0.032 0.0007 -8.9
CH,Te2-Te7 2.93 0.012 0.025 0.0005 -7.0
HO2-Te7 2.17 0.017 0.061 0.0016 -15.7
HS2-Te7 2.64 0.013 0.034 0.0007 -9.5
HSe2-Te7 2.73 0.013 0.032 0.0007 -8.7
HTe2-Te7 2.94 0.012 0.025 0.0005 -6.9
FO2-Te7 2.20 0.015 0.058 0.0018 -14.1
FS2-Te7 2.67 0.012 0.034 0.0009 -8.8
FSe2-Te7 2.75 0.0123 0.031 0.0008 -8.2
FTe2-Te7 2.94 0.011 0.025 0.0006 -6.7

Table 1b. The H4---Z7 interaction distance (r,,,.,,), selected parameters at BCPs of H4--Z7 interactions,
and individual energies (E,,) of the O-H-Z7 hydrogen bonds in NH,CHZ---RCZOH complexes (with
R=H, F,CH,; Z= O, S, Se, Te).

Complex T he-72 p(r) Vi(p) H(r) E;
A) (au) (au) (au) (kJ.mol")
CH,02-07 1.689 0.047 0.102 -0.011 -61.8
CH,S2-07 1.655 0.050 0.106 -0.013 -68.1
CH,Se2-07 1.638 0.052 0.108 -0.014 -71.8
CH,Te2-O7 1.627 0.053 0.109 -0.015 -74.2
HO2-07 1.668 0.049 0.103 -0.012 -66.2
HS2-07 1.640 0.052 0.106 -0.014 -71.7
HSe2-07 1.626 0.054 0.107 -0.015 -75.0
HTe2-07 1.622 0.054 0.109 -0.015 -75.7
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Complex Chez2 p(r) Vi(p) H(r) E;
A) (au) (au) (au) (kJ.mol")

FO2-07 1.605 0.057 0.108 -0.018 -81.4
FS2-07 1.571 0.062 0.109 -0.021 -89.9
FSe2-07 1.550 0.065 0.109 -0.023 -95.9
FTe2-0O7 1.533 0.068 0.109 -0.025 -101.3
CH,02-57 2.216 0.029 0.046 -0.005 -27.0
CH,S2-87 2.192 0.031 0.046 -0.005 -28.8
CH,Se2-S7 2.176 0.032 0.046 -0.006 -30.1
CH,Te2-S7 2.169 0.032 0.046 -0.006 -30.8
HO2-S7 2.193 0.031 0.045 -0.005 -28.9
HS2-S7 2.173 0.032 0.045 -0.006 -30.5
HSe2-S7 2.159 0.033 0.045 -0.006 -30.1
HTe2-S7 2.156 0.033 0.045 -0.007 -31.9
FO2-S7 2.129 0.035 0.044 -0.008 -34.5
FS2-S7 2.109 0.037 0.042 -0.009 -36.3
FSe2-S7 2.094 0.038 0.041 -0.009 -37.9
FTe2-S7 2.085 0.039 0.040 -0.010 -38.9
CH,02-Se7 2.358 0.025 0.039 -0.003 -21.6
CH,S2-Se7 2.331 0.027 0.039 -0.004 -23.2
CH,Se2—-Se7 2.315 0.028 0.038 -0.004 -24.3
CH,Te2-Se7 2.278 0.030 0.039 -0.005 -26.8
HO2-Se7 2.334 0.027 0.039 -0.004 -23.2
HS2-Se7 2.312 0.028 0.038 -0.005 -24.6
HSe2-Se7 2.298 0.030 0.038 -0.005 -26.0
HTe2-Se7 2.267 0.031 0.038 -0.006 -27.7
FO2-Se7 2.269 0.031 0.037 -0.006 -27.8
FS2-Se7 2.249 0.032 0.036 -0.007 -29.3
FSe2—-Se7 2.234 0.033 0.035 -0.007 -30.5
FTe2-Se7 2.199 0.036 0.034 -0.008 -33.3
CH,02-Te7 2.562 0.022 0.030 -0.002 -16.0
CH,S2-Te7 2.524 0.024 0.030 -0.003 -17.8
CH,Se2-Te7 2.501 0.025 0.030 -0.003 -18.9
CH,Te2-Te7 2.490 0.026 0.030 -0.004 -19.5
HO2-Te7 2.539 0.023 0.030 -0.003 -17.1
HS2-Te7 2.509 0.025 0.030 -0.003 -18.6
HSe2-Te7 2.486 0.026 0.029 -0.004 -19.8
HTe2-Te7 2.480 0.026 0.029 -0.004 -20.1
FO2-Te7 2.463 0.027 0.029 -0.004 -21.1
FS2-Te7 2.435 0.029 0.028 -0.005 -22.8
FSe2-Te7 2.416 0.030 0.026 -0.006 -24.0
CH,02-Te7 2.406 0.031 0.026 -0.006 -24.6
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Table S2. NBO charge at H4, H6, Z2, and Z7 atoms in RZ2-Z7 complexes with R=H, F, CH,; Z2(Z7) = O, S, Se, Te.

CH30-O CH3S-O CHsse-O CH3Te-O CH3O-Se CHss-Se CH3Se-Se CH3Te-Se

q(H4) 0540 0547 0551 0.554 q(H4) 0517 0.524 0.528 0.528
qQZ7 0770  -0.770  -0.773  -0.776 qZ7) -0231  -0215  -0214  -0.204
qH6)  0.149  0.138  0.140 0.140  q(H6) 0213 0.201 0.201 0.202
qZ2) 0762  -0264 -0238  -0.166 qZ2) -0.759  -0245 0215  -0.139

HO-O HS-O HSe-O HTe-O HO-Se HS-Se HSe-Se  HTe-Se

qH4)  0.541 0.545 0.549 0.553 q(H4) 0.515 0.520 0.523 0.522
qZ7)  -0.772 -0.771 -0.774 -0.777  q(Z7) -0.227 -0.211 -0.170 -0.201
qHe6)  0.147 0.138 0.139 0.138 q(He) 0.211 0.199 0.173 0.200
q(Z2) -0.748 -0.254 -0.225 -0.147  q(Z2) -0.744 -0.233 -0.128 -0.119

FO-O FS-O FSe-O FTe-O FO-Se FS-Se FSe-Se FTe-Se

qH4)  0.552 0.559 0.562 0.566 q(H4) 0.524 0.531 0.534 0.532
qZ7)  -0.775 -0.774 -0.776 -0.780  q(Z7) -0.216 -0.200 -0.199 -0.189
qHe)  0.147 0.140 0.143 0.145 q(He) 0.208 0.198 0.200 0.202
qZ2) -0.751 -0.275 -0.254 -0.195  q(Z2) -0.747 -0.252 -0.226 -0.161

CHSO-S CH3S-S CHsse-S CHSTe-S CH30-Te CHSS-Te CHSSe-Te CHSTe-Te

qH4) 0516 0.524 0.527 0.529 q(H4) 0.516 0.523 0.526 0.528
qZ7)  -0.259 -0.246 -0.246 -0.246  q(Z7) -0.160 -0.137 -0.135 -0.133
qHe)  0.211 0.199 0.200 0.199 q(He) 0.210 0.197 0.198 0.198
q(Z2) -0.759 -0.246 -0.215 -0.138  q(Z2) -0.760 -0.244 -0.207 -0.135

HO-S HS-S HSe-S HTe-S HO-Te HS-Te HSe-Te  HTe-Te

qH4) 0515 0.519 0.522 0.524 q(H4) 0.514 0.518 0.520 0.522
qZ7)  -0.256 -0.243 -0.243 -0.244  q(Z7) -0.154 -0.132 -0.130 -0.129
qHe6)  0.210 0.197 0.198 0.197 q(He) 0.208 0.195 0.196 0.196
q(Z2) -0.743 -0.234 -0.202 -0.119  q(Z2) -0.744 -0.231 -0.193 -0.115

FO-S FS-S FSe-S FTe-S FO-Te FS-Te FSe-Te FTe-Te

qH4) 0522 0530 0532 0.533  q(H4)  0.523 0.530 0.531 0.532
qQZ7) -0247  -0234 0234  -0235 qZ7) 0138  -0.115  -0.113  -0.112
qH6) 0207  0.197  0.199 0200 q(H6)  0.204 0.194 0.196 0.197
qZ2) -0.746  -0253  -0227  -0.161 q(Z2) -0.747  -0251  -0218  -0.157
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Table S3a. The change in the bond length (Ar, A) and stretching frequency (Av, cm™) of C,,-H and O-H bonds in
the RZ2-Z7 complexes compared to their corresponding monomers, with R=H, F, CH3;Z2: 0O,S,Se, Te; Z7=0, S.

CH,02-07 CH,S2-07 CH,Se2-07 CH,Te2-07
Ar(C,,-H) -0.0060 -0.0059 -0.0060 -0.0063
AV(C,,,-H) 84 74.3 723 74.0
Ar(O-H) 0.0256 0.0273 0.0291 0.0300
Av(O-H) -517 -550 -584 -599
HO2-07 HS2-07 HSe2-07 HTe2-07
Ar(C,,-H) -0.0059 -0.0059 -0.0058 -0.0060
AV(C,,,-H) 83.9 71.9 64.1 63.4
Ar(O-H) 0.0283 0.0295 0.0311 0.0311
Av(O-H) -566 -604 -620 -622
F0O2-07 FS2-07 FSe2-07 FTe2-07
Ar(C,,-H) -0.0069 -0.0071 -0.0072 -0.0075
AV(C,,,-H) 104.9 92.9 91.9 91.1
Ar(O-H) 0.0368 0.0411 0.0447 0.0482
AV(O-H) 2742 -827 -895 -958
CH,02-S7 CH,S2-S7 CH,Se2-S7 CH,Te2-S7
Ar(C,,-H) -0.0005 -0.0002 0.0000 -0.0002
AV(C,,,-H) 18.1 33 2.8 -6.0
Ar(O-H) 0.0202 0.0212 0.0225 0.0231
Av(O-H) 421 -441 -467 477
HO2-S7 HS2-S7 HSe2-S7 HTe2-S7
Ar(C,,-H) -0.0006 -0.0002 0.0001 -0.0001
AV(C,,-H) 19.4 23 4.3 -8.0
Ar(O-H) 0.0224 0.0231 0.0244 0.0247
AV(O-H) -464 477 -500 -504
FO2-S7 FS2-87 FSe2-S7 FTe2-S7
Ar(C,,-H) -0.0019 -0.0016 -0.0013 -0.0013
AV(C,,,-H) 37.5 222 14.9 8.5
Ar(O-H) 0.0288 0.0308 0.0328 0.0346
Av(O-H) -595 -642 -683 717
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Table S3b. The change in the bond length (Ar, A) and stretching frequency (Av, cm™) of C,.-H and O-H bonds in the
RZ2-77 complexes compared to their corresponding monomers, with R=H, F, CHS;Z2= 0O, S, Se, Te; Z7= Se, Te.

CH,02-Se7 CH,S2-Se7 CH,Se2-Se7 CH,Te2-Se7
Ar(C,,-H) 0.0004 0.0007 0.0009 0.0009
Av(C,,-H) 6.3 -9.5 -15.9 -21.8
Ar(O-H) 0.0190 0.0201 0.0214 0.0233
Av(O-H) -398 -419 -445 -481
HO2-Se7 HS2-Se7 HSe2-Se7 HTe2-Se7
Ar(C, ,-H) 0.0002 0.0007 0.0010 0.0010
Av(C,,-H) 8.1 -10.1 -16.7 -23.1
Ar(O-H) 0.0212 0.0219 0.0232 0.0247
Av(O-H) -440 -454 -477 -503
FO2-Se7 FS2-Se7 FSe2-Se7 FTe2-Se7
Ar(C,,-H) -0.0011 -0.0006 -0.0003 -0.0001
Av(C,,-H) 26.1 9.3 3.0 =73
Ar(O-H) 0.0272 0.0290 0.0310 0.0341
Av(O-H) -563 -608 -649 =706
CH,02-Te7 CH,S2-Te7 CH,Se2-Te7 CH,Te2-Te7
Ar(C,,-H) 0.0009 0.0013 0.0018 0.0017
Av(C,,-H) -0.7 -18.2 -28.1 -32.8
Ar(O-H) 0.0180 0.0196 0.0214 0.0220
Av(O-H) -385 -419 -455 -467
HO2-Te7 HS2-Te7 HSe2-Te7 HTe2-Te7
Ar(C,,-H) 0.0006 0.0013 0.0018 0.0018
Av(C,,-H) 2.7 -18.3 -28.6 -33.6
Ar(O-H) 0.0200 0.0212 0.0232 0.0234
Av(O-H) -426 -450 -488 -491
FO2-Te7 FS2-Te7 FSe2-Te7 FTe2-Te7
Ar(C,,-H) -0.0005 0.0001 0.0006 0.0008
Av(C,,-H) 18.7 -0.1 -8.8 -18.5
Ar(O-H) 0.0264 0.0288 0.0312 0.0327
Av(O-H) -560 -614 -666 -694
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Phan tich va xay dung danh muc tuong tac thudc tim mach
G bénh nhan ngoai tri tai Trung tam Y té€ huyén Long My,
tinh Hau Giang, nam 2023
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TOM TAT

Tuong tac thudc-thude 1a cac bién ¢ bit loi thuong xay ra trong thuc hanh 1am sang. Pang chu ¥, ty 16
twong tac thude lién quan dén thude tim mach dwoc ghi nhan cao hon so véi cac loai thude khac. Twong tac thude
c6 thé dan dén cac hau qua nghiém trong, bao gom ting ddc tinh, giam hiéu qua diéu tri, cling nhu 1am ting nguy
co nhap vién va tir vong. Muc tiéu ctia nghién ctru nay 1a danh gia ty 18, mic d6 nghiém trong, co ché dugc 1y cua
tuong tac cta thudc tim mach véi cac thude khac va xay dung danh sach cac tuong tac thudc tim mach tai bénh
nhan ngoai trii Trung tim Y té Long My, Hau Giang, trong nam 2023. Chung t6i di tién hanh mot nghién ciru
ct ngang, hdi ctru trén tht ca cac don thude lién quan dén tim mach tai bénh nhan ngoai tra Trung tam Y té Long
My¥, Hau Giang tir ngay 01 thang 01 nim 2023 dén hét ngay 31 thang 03 nam 2023. Tiéu chi danh gia tvong tac
thudc duoc thuc hién dya trén ba co so dit lidu: Drugs.com (www.drugs.com/drug_interactions.html), Medscape
(reference.medscape.com/drug-interactionchecker), va Micromedex (www.micromedexsolutions.com). Nghién
ctru d4 xdy dung thanh cong danh sach gdm 23 cidp twong tac thude lién quan dén thude tim mach co ¥ nghia 1am
sang, tao nén tang cho cac can thi¢p 1am sang trong tuwong lai nham giam thiéu cac twong tac thude, dic biét 1a ngan
ngtra cac truong hop ¢é mie do nghiém trong cao.

Tir khéa: Twong tic thudc, thube tim mach, bénh nhdn ngoai trii, Trung tam y té huyén Long M5.

*Tac gia lién hé chinh.
Email: thkngoc@ctu.edu.vn
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Tap chi Khoa hoc Truong Dai hoc Quy Nhon, 2025, 19(3), 61-74 | 61



QUY NHON UNIVERSITY
R\ SCIENCE

Assessment of cardiovascular drug-drug interactions
and development of a drug-drug interactions list among
outpatients at Long My Health Center, Hau Giang, in 2023

Cao Phuoc Thang', Truong Huynh Kim Ngoc'*, Quach Thi Hong Dung’,
Nguyen Thi Anh Thu?, Nguyen Thi Ngoc Tram'

'Department of Health Sciences, Can Tho University, Viet Nam
’Long My Health Center, Hau Giang, Viet Nam

Received: 18/01/2025,; Revised: 12/04/2025;
Accepted: 07/05/2025; Published: 28/06/2025

ABSTRACT

Drug-drug interactions (DDIs) are adverse events that frequently occur in clinical practice. Notably, the
incidence of cardiovascular DDIs has been observed to be higher compared to other drugs. DDIs may result
in severe outcomes, including increased toxicity, diminished therapeutic efficacy, and an elevated risk of
hospitalization and mortality. The purpose of this research was to assess the prevalence, severity, pharmacological
mechanisms of cardiovascular DDIs and develop a cardiovascular DDIs list among outpatients at Long My Health
Center, Hau Giang, in 2023. We conducted a cross-sectional, retrospective study of all cardiovascular prescriptions
among outpatients at Long My Health Center, Hau Giang from January 1%, 2023, to March 31%, 2023. Criteria for
evaluating DDIs involve using three databases: drugs.com (www.drugs.com/drug_interactions.html), medscape
(reference.medscape.com/drug-interactionchecker), and micromedex (www.micromedexsolutions.com). The
study has successfully built a practical list of clinically significant cardiovascular DDIs using three databases,
including 23 pairs, which will be the foundation for future clinical interventions aimed at minimizing the prevalent
drug interactions, especially to prevent the occurrence of major severity.

Keywords: Drug-drug interactions, cardiovascular medicines, outpatients, Long My health center, Hau Giang.

1. INTRODUCTION has been observed to be higher compared to other
3 o .

Drug-drug interactions (DDIs) refer to drugs. Indeed, chryc@ns frequently prescribe

cardiovascular medications to the elderly, who

alterations in the concentration of medications
typically have multiple comorbidities that
required complex drug regimens, known as
polypharmacy, which could increase the risk of
DDIs.** DDIs are preventable clinical events

that can be mitigated through the utilization

in the bloodstream due to the concurrent
presence of additional pharmaceuticals, which
could potentially impact therapeutic efficacy
or elevate adverse events. DDIs may result in
severe outcomes, including increased toxicity,

diminished therapeutic efficacy, and an elevated of popular medication interaction monitoring

risk of hospitalization and mortality.! DDIs are databases, including Drug Interaction Checker,
events that frequently occur in clinical practice.? Medscape Drug Interaction Checker, and
Notably, the incidence of cardiovascular DDIs Micromedex  Drug  Interaction  Checker.

*Corresponding author.
Email: thkngoc@ctu.edu.vn
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Assessment of the prevalence, mechanism, and
severity of cardiovascular DDIs may inform
clinical pharmacological strategies to reduce the
rate of DDIs in the future.

Consequently, this study was conducted to
identify cardiovascular DDIs among outpatients
at Long My Health Center, Hau Giang, Vietnam
and thereby develop a list of clinically relevant
cardiovascular DDIs.

2. METHODS
2.1. Method

Cross-sectional, retrospective study of all
cardiovascular prescriptions among outpatients
from January 1%, 2023, to March 31%, 2023,
satisfying the inclusion and exclusion criteria.®

* Inclusion criteria: Prescriptions,

including cardiovascular medication.
* Exclusion criteria:

+The prescription only has one

medication.

+The prescription contains two drugs,
of which one is a functional food or an external
drug or an herbal medicinal product.

2.2. Assessment criteria
2.2.1. Drug interaction checker databases

Lookup  drug interactions based on

comprehensive, professional websites, including:

* Drug Interaction Checker-DI (https:/
www.drugs.com/drug_interactions.html),

* Medscape Drug Interaction Checker-
MDI (https://reference.medscape.com/drug-
interactionchecker),

* Micromedex Drug Interaction Checker-
MMDI (https://www.micromedexsolutions.com/
micromedex?2/librarian/).

This study recorded interactions between
cardiovascular medications and other drugs.

2.2.2. Assessment criteria of clinically relevant
drug interactions

According to the European Medicines Agency,
a clinically relevant drug interaction is one

that results in therapeutic or toxic changes that
require dose adjustment or medical intervention.’
Therefore, this study recorded interactions
between cardiovascular medications and other
drugs documented in the three aforementioned
databases with a moderate to severe interactive
severity.

2.2.3. Development a list of clinically relevant
drug interactions

Identify clinically relevant drug interactions that
were reported in at least two of the three above
databases with a moderate to major severity or in
at least one database with a major severity.

2.2.4. Data analysis

Data were analyzed using SPSS (version 16.0)
software and expressed in percentage.

3. RESULTS AND DISCUSSION

During the 3-month study period, 468
prescriptions that met both inclusion and
exclusion criteria were utilized for this study.

3.1. Demographic characteristics

The 468 prescriptions of the study population
had nearly equal proportions of male and
female participants. The mean age of included
patients was 64.5+ 12.0 years, and those aged
60 years and older accounted for the highest
proportion (63.7%). There were seven types
of cardiovascular diseases diagnosed among
patients, of which hypertension had the highest
rate (87.4%), followed by dyslipidemia (12.6%);
angina pectoris and cardiomyopathy had
almost the same rates (7.26% versus 6.62%);
the remaining ones, such as old myocardial
infarction, acute myocardial infarction and heart
failure, constituted approximately 1%. This study
was similar the reseach conducted by Sharma S.
et al. with hypertension being the most prevalent
condition. The research at Phulbari Hospital,
Pokhara, Nepal, regarding cardiovascular drug
interactions in outpatients revealed that over fifty
percent of patients with cardiovascular disease
presented with hypertension.® Table 1 following
described patient characteristics.

https://doi.org/10.52111/qnjs.2025.19305
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3.2. Characteristics of cardiovascular
medications

The average number of medications prescribed
per patient was 4.76 £ 1.60 medications. A total
of 256 (54.7%) of patients were prescribed
five or more (known as polypharmacy).
Polypharmacy is prevalent among the elderly
due to the presence of multimorbidity. Notably,
polypharmacy increases the risk of appearing
drug interactions, which can increase the hazard
ofhospitalization and death if the drug interaction
is contraindicated.** This study found that more
than half of patients were received polypharmacy
during treatment. The most frequently prescribed
cardiovascular medication in this study was
calcium channel blockers (60.5%), followed by
angiotensin II receptor blockers-ARBs (roughly
20%); the statin and diuretic groups were
approximately equivalent (around 13%); the
remaining pharmaceuticals, such as angiotensin-
converting enzyme inhibitors (ACEls), organic
nitrates, and B-blockers, comprised about 10%.
Table 2 following showed numbers and classes
of cardiovascular medications.

Table 1. Patient characteristics.

N=468 (%)
Gender
Females 229 (48.9)
Males 239 (51.1)
Age (years)
<40 14 (3.00)
41-60 156 (33.3)
>60 298 (63.7)
Mean + SD 64.5+12.0
Types of cardiovascular
diseases
Hypertension 409 (87.4)
Dyslipidemia 59 (12.6)
Angina pectoris 34 (7.26)
Cardiomyopathy 31(6.62)
Old myocardial infarction 8 (1.71)
Acute myocardial infarction 1(0.21)
Heart failure 1(0.21)

https://doi.org/10.52111/qn;js.2025.19305

Table 2. Number and classes of cardiovascular

medications.

N=468 (%)
Number of medications
<4 212 (45.3)
>5 256 (54.7)
5-7 235 (50.2)
8-10 21 (4.50)
Mean + SD 4.76 £ 1.60
Classes of cardiovascular
medications
Calcium channel blockers (CCBs) 283 (60.5)
l(AAni;):;ensin II receptor blockers 92 (19.6)
Statin 64 (13.7)
Diuretics 62 (13.2)
o T
Organic nitrates 10 (2.14)
B-blockers 9(1.92)

Amlodipine was the only medication that
belonged to calcium channel blockers (CCBs).
ARBshad twomedications prescribed frequently:
Telmisartan and irbesartan. Atorvastatin and
rosuvastatin - were anti-dyslipidemia drugs
prescribed among the patients. In the diuretics,
hydrochlorothiazide was documented to have
the highest rate. Table 3 following indicated
cardiovascular medications.

Table 3. Cardiovascular medications.

Cardiovascular medications N=468 (%)
CCBs 283 (60.5)
Amlodipin 283 (60.5)
ARBs 96 (20.5)
Telmisartan 52 (11.1)
Irbesartan 43 (9.18)
Candesartan 1(0.22)
Statin 64 (13.68)
Atorvastatin 36 (7.69)
Rosuvastatin 28 (5.99)
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Diuretics 62 (13.2)
Hydrochlorothiazide 58 (12.4)
Furosemide 4 (0.80)
ACEIs 21 (4.49)
Perindopril 14 (2.99)
Enalapril 4 (0.85)
Captopril 3 (0.65)
Organic nitrates 10 (2.14)
Isosorbide mononitrate 10 (2.14)
p-blockers 9 (1.92)
Bisoprolol 5 (1.06)
Atenolol 4 (0.86)

3.3. Characteristics of DDIs
3.3.1. Prevalence of DDIs

In DI database, approximately half of
prescriptions (n=468) were recorded DDIs; the
number of DDIs in the MDI and MMDI was
equivalent to one-thirds of prescriptions. The
findings of our study regarding the prevalence
of drug interactions in prescriptions were closely
proportional to those of a survey conducted in
Puducherry, India, which reported that 48% of
prescriptions for outpatients with hypertension
contained drug interactions.’ Figure 1 illustrated
the frequency of DDIs in three databases.

3.3.2. Frequency of pair of interacting drugs

The total number of drug interaction pairs in the
three databases DI, MDI, and MMDI were 338,
194, and 188 pairs, respectively.

Approximately one-third of prescriptions
with one pair of DDI were recorded in all
three databases. In DI, there were 12.2% of
prescriptions that had two pairs of DDIs per
prescription; in MDI and MMDI, both were
below 3%. The percentage of prescriptions with
4 or more pairs was quite low, it was below 1%
across all 3 databases. Table 4 demonstrated
frequency of number of drug interactions pairs.

Prevalence of pairs of DDIs per
prescription

100
90
80
70
. 60
X 50
40
30
20
10
0

DI MDI MMDI

Databases
m DDIs Non-DDIs

Figure 1. The prevalence of drug interaction pairs per
prescription.

Table 4. The prevalence of the number of drug
interaction pairs per prescription.

Number N=468 (%)
of drug
. . DI MDI MMDI
interaction
pairs
1 146 (31.2) 142(30.3) 145(31)
2 57(12.2)  12(2.56) 12 (2.56)
3 12 (2.56) 4(0.85) 3(0.64)
4 4(0.85) 4(0.85) 1(0.21)
5 2(0.43) - -
6 - - 1(0.21)
7 - - -
8 2(0.43) - -

3.3.3. Pharmacological mechanism of DDIs

In all 3 databases, the pharmacodynamic
mechanism accounted for a higher proportion
than the pharmacokinetic mechanism. In which
the pharmacodynamic mechanism was higher
than 83% among the pairs of interacting drugs,
the pharmacokinetic mechanism was lower than
17%. A study was conducted in Ethiopia that also
indicated that pharmacodynamic mechanism
interactions were predominant (73.1%).> The

https://doi.org/10.52111/qnjs.2025.19305
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drug interaction pairs based on pharmacodynamic
mechanisms estimated for the majority, including:
amlodipine-methocarbamol, amlodipine-
methylprednisolone, amlodipine-metformin, and
hydrochlorothiazide-metformin. Most of these
drug interaction pairs involve antagonistic effects.
Specifically, methylprednisolone increases salt
and water retention and raises sympathetic
receptor expression, leading to hypertension.
Therefore, methylprednisolone can reduce the
antihypertensive effect of amlodipine. Figure 2
showed the pharmacological mechanism of DDIs.

The rate of pharmacological mechanism

of DDIs
86,2
13,8I

100 86.1
DI MMDI

(%)

(=]

83,7
80
60
40
) 16,3 13,9
., B L]
DI M

Databases

B Pharmacokinetics M Pharmacodynamics

Figure 2. The rate of pharmacological mechanism of
DDIs.

3.3.4. Clinically relevant DDIs

Of the 338 drug interaction pairs in DI,
324 pairs were clinically significant. There were
133 and 182 clinically relevant pairs among 194
and 188 pairs in MDI and MMDI, respectively.
A study performed on cardiac patients at Ayub
Teaching Hospital, Abbottabad, Pakistan, found
a high incidence of clinically significant drug
interactions of 84.5%.'"°

The most clinically relevant DDI was
moderate interactions, accounting for 91.1% of
all interactive pairs in DI. Similarly, moderate
DDI constituted 68.5% and 87.7% in MDI
and MMDI, respectively. Major interactions
were 4.73%, 4.12%, and 9.04% in DI, MDI,
MMDI, respectively. A study conducted among
outpatients similarly demonstrated these results
of our study.! Figure 3 signified the severity of
clinically relevant DDIs.

https://doi.org/10.52111/qn;js.2025.19305

The severity of DDIs

100 91,1 87,7
80 68,5
60
S 40
20 473 4,12 2,04
0 | | -
DI MDI MMDI

Databases
B Moderate ® Major

Figure 3. The frequency of clinically relevant drug
interactions.

3.3.5. Pharmaceutical pairs of clinically relevant
DDIs

Within the DI database, three clinically
relevant drug interaction pairs, all of those
were moderate in severity, were identified
as having the highest prevalence among
the total prescriptions analyzed (n=468),
namely amlodipine-methocarbamol, amlodipine-
methylprednisolone, and hydrochlorothiazide-
metformin, with corresponding proportions
of 12.8%, 10.5%, and 8.55%, respectively.
There were 3.41% of all prescriptions with
major level, including the interactions involving
clopidogrel (with rosuvastatin, esomeprazole,
and omeprazole), irbesartan-methocarbamol,
notably the drug interaction pairs between
ACEIs with ARBs. Table 5 demonstrated the
most frequent clinically relevant drug interaction
pairs; lookup the DI website.

For the MDI database, amlodipine-
metformin was the most frequent drug interaction
pair (roughly 18% of all prescriptions), with
moderate in severity. Major drug interactions
accounted for 1.71%, including interaction
involving clopidogrel (with esomeprazole and
omeprazole), celecoxib (with enalapril and
captopril), and ACEIs-ARBs. Table 6 presented
the details of clinically relevant DDI pairs on
the MDI.
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According to the MMDI website,
amlodipine-metformin exhibited the highest
proportion of clinically significant drug
interactions, accounting for nearly 18%. A
similar result was observed when this interaction
was analyzed using the MDI database.
Hydrochlorothiazide-metformin ranked second
(8.55%). In addition, both of these interactions
were classified as having moderate severity.
The major drug interaction pairs with 3.63%
included hydrochlorothiazide (interacting with
tenoxicam, etoricoxib, and etodolac), clopidogrel
(interacting with esomeprazole, omeprazole,
diclofenac, and etoricoxib), rosuvastatin-
antacids, and ACEIs-ARBs. Table 7 provided a
comprehensive overview of clinically significant
DDI pairs identified on the MMDI.

Amlodipine was the drug with the
highest incidence of drug interactions across all
three databases, which may be attributed to its
highest frequency prescription. All identified
drug interactions involving amlodipine were
classified as moderate in severity. For major
severity, clopidogrel-PPIs (such as omeprazole,
esomeprazole), and ACEIs-ARBs pairs were
consistently identified across all three databases.
For clopidogrel-PPIs, these interactions
have been regularly discussed among the
medical experts. Mechanistically, PPIs inhibit
the CYP2C19 isoform, a crucial enzyme
responsible for biotransformation clopidogrel
into its active metabolite, thereby potentially
reducing its antiplatelet efficacy. Multiple
studies have reported that the concomitant use
of PPIs and clopidogrel may elevate the risk of
adverse cardiovascular events.”>'* However,
the prescription of PPIs in patients receiving

clopidogrel is sometimes necessary, especially
for those at high risk of gastrointestinal bleeding
(e.g., patients over 75 years of age, those with a
history of gastrointestinal bleeding, those taking
NSAIDs, and so forth). This combination has the
benefit of preventing the risk of gastrointestinal
bleeding but the disadvantage of increasing the
adverse cardiovascular events. Therefore, the
additional prescription of PPIs should be tailored,
only prescribed when the patient is at high risk
of gastrointestinal bleeding, and another drug
in the PPI group, such as pantoprazole, should
be chosen.”” For ACEIs-ARBs, the concurrent
use of both may result in increased risk of
adverse events including hypotension, syncope,
hyperkalemia, changes in renal function, acute
renal failure. The concomitant use of those
should therefore be avoided.

3.4. Development a list of clinically relevant
drug interactions

The drug interaction list was developed utilizing
data from three aforementioned databases.
This list serves as a foundation for clinical
interventions aimed at improving outcomes
related to drug interactions in the future. To ensure
practicality, the study included interaction pairs
that achieved a consensus of at least two-thirds
of the databases with a classification of moderate
or those with major severity in each database.
This list provides comprehensive information
on drug interaction pairs, including warn
patients, clinical management strategies, levels
of consensus, and severity classifications. Table
8 showed a comprehensive list of clinically
relevant cardiovascular drug-drug interactions
across the three databases.

Table 5. Pharmaceutical pairs of clinically relevant DDI in DI database.

Pharmaceutical pairs of clinically

relevant DDI Interactive level Frequency Percentage (%)
Amlodipine-methocarbamol Moderate 60 12.8
Amlodipine-methylprednisolone Moderate 49 10.5
Hydrochlorothiazide-metformin Moderate 40 8.55
Amlodipine-atorvastatin Moderate 14 2.99

https://doi.org/10.52111/qnjs.2025.19305
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Pharmaceutical pairs of clinically

Interactive level

Frequency

Percentage (%)

relevant DDI
Amlodipine-calcium carbonate Moderate 14 2.99
Hydrochlorothiazide-esomeprazole Moderate 11 2.35
Atorvastatin-esomeprazole Moderate 10 2.14
Atorvastatin-clopidogrel Moderate 9 1.92
Amlodipine-etodolac Moderate 9 1.92
Perindopril-metformin Moderate 7 1.49
Irbesartan-celecoxib Moderate 6 1.28
Hydrochlorothiazide-methocarbamol Moderate 5 1.07
Hydrochlorothiazide-bisoprolol Moderate 5 1.07
Hydrochlorothiazide-lansoprazole Moderate 5 1.07
Hydrochlorothiazide-magnesium hydroxide Moderate 5 1.07
Rosuvastatin-Aluminum hydroxide Moderate 5 1.07
Others @ Moderate 54 11.5
Irbesartan-methocarbamol Major 7 1.49
Clopidogrel-rosuvastatin Major 3 0.64
Clopidogrel-esomeprazole Major 3 0.64
Clopidogrel-omeprazole Major 1 0.21
Irbesartan-enalapril Major 1 0.21
Telmisartan-perindopril Major 1 0.21

(*) others included drug interaction pairs that had prevalence less than 1.00 percent.

Table 6. Pharmaceutical pairs of clinically relevant DDI in MDI database.

Pharmaceutical pairs of clinically

relevant DDIs Interactive level Frequency Percentage (%)
Amlodipine-metformin Moderate 84 17.9
Perindopril-metformin Moderate 7 1.50
Irbesartan-celecoxib Moderate 6 1.28
Others © Moderate 28 5.98
Clopidogrel-esomeprazole Major 3 0.64
Clopidogrel-omeprazole Major 1 0.21
Irbesartan-enalapril Major 1 0.21
Telmisartan-perindopril Major | 0.21
Enalapril-celecoxib Major 1 0.21
Captopril-celecoxib Major 1 0.21

(*) others included drug interaction pairs that had prevalence less than 1.00 percent.

https://doi.org/10.52111/qn;js.2025.19305
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Table 7. Pharmaceutical pairs of clinically relevant DDI in MMDI database.

Pharmaceutical pairs of clinically

relevant DDIs Interactive level Frequency Percentage (%)
Amlodipine-metformin Moderate 84 17.95
Hydrochlorothiazide-metformin Moderate 40 8.55
Clopidogrel-atorvastatin Moderate 9 1.92
Perindopril-metformin Moderate 7 1.50
Irbesartan-celecoxib Moderate 6 1.28
Others ) Moderate 19 4.06
Hydrochlorothiazide-tenoxicam Major 3 0.64
Rosuvastatin-antacid Major 3 0.64
Clopidogrel-esomeprazole Major 3 0.64
Clopidogrel-omeprazole Major 1 0.21
Hydrochlorothiazide-etoricoxib Major 2 0.43
Hydrochlorothiazide-etodolac Major 1 0.21
Telmisartan-perindopril Major 1 0.21
Irbesartan-enalapril Major 1 0.21
Clopidogrel-diclofenac Major 1 0.21
Clopidogrel-etoricoxib Major 1 0.21

(*) others included drug interaction pairs that had prevalence less than 1.00 percent.

Table 8. A comprehensive list of clinically relevant of cardiovascular DDIs across the three databases.

Drug-drug Databases Warnings Clinical management
interactions DI MDI MMDI
Clopidogrel- Major Major Major Concurrent use Consider the use of
omeprazole/ of clopidogrel alternative medications:
esomeprazole and omeprazole/ Rabeprazole (given 4
esomeprazole may hours after clopidogrel),
result in reduced lansoprazole,
clopidogrel's active dexlansoprazole, and
metabolite exposure ranitidine.
and reduced antiplatelet
activity.
Irbesartan- Major Major Major Concurrent use of Concomitant use should
enalapril ACEIs and ARBs may generally be avoided;
Telmisartan- result in increased risk however, should
. . of adverse events (ie, coadministration be
perindopril

hypotension, syncope,
hyperkalemia, changes
in renal function, acute
renal failure).

necessary, closely monitor
blood pressure, renal
function, and electrolytes.

https://doi.org/10.52111/qnjs.2025.19305
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Drug-drug Databases Warnings Clinical management
interactions DI MDI MMDI
Hydrochlorothia- Moderate Moderate Major Concurrent use of During concomitant use
zide-etodolac NSAIDs and thiazide of NSAIDs and diuretics,
diuretics may result monitor for signs of
in reduced diuretic worsening renal function
effectiveness and and assure diuretic efficacy,
possible nephrotoxicity.  including appropriate
effects on blood pressure.
Clopidogrel- Moderate Moderate Major Concurrent use of Use caution and monitor
diclofenac antiplatelet agents and the patient for signs of
NSAIDS may result bleeding with concomitant
in an increased risk of use of antiplatelet agents
bleeding. and NSAIDs.
Rosuvastatin-alu- Moderate Moderate Major Concurrent use of In patients taking antacids,
minum hydroxide rosuvastatin and administer rosuvastatin
antacids may result in at least 2 hours after the
reduced rosuvastatin antacid.
exposure and reduced
efficacy of rosuvastatin.
Captopril/enala-  Moderate ~ Major Moderate  Concurrent use When concomitant use
pril-celecoxib of ACEIs/ARBs is required, determine
and NSAIDs may the need to monitor renal
Irbesartan-celecox- Moderate Moderate Moderate . . e
result in reduced function at initiation of
ib/etodolac . . .
antihypertensive effect ~ treatment, monitor for
and renal dysfunction antihypertensive efficacy,
and/or increased blood  and assess renal function
pressure. periodically for signs
of renal deterioration
or failure, especially in
patients who are elderly,
during treatment initiation,
in the volume-depleted,
or those with preexisting
renal dysfunction. Ensure
that patients are adequately
hydrated.
Enalapril/perindo- Moderate Moderate Moderate Concurrent use of If concomitant use

pril-metformin

ACEIs and antidiabetic
agents may result in

an increased risk of
hypoglycemia.

is required, conduct
more frequent glucose
monitoring, both during
treatment and after
withdrawal of an ACE
inhibitor.
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Drug-drug Databases Warnings Clinical management
interactions DI MDI MMDI
Atenolol-diclof-  Moderate Moderate Moderate Concurrent use of beta Monitor blood pressure
enac blocker and NSAIDs when coadministration is
may result in reduced required.
antihypertensive effect.
Irbesartan-metho-  Major ~ Moderate None Concurrent use Close monitoring
carbamol of irbesartan and for development of
methocarbamol may hypotension is advised
result in increased during coadministration of
hypotension. these agents
Clopidogrel- Moderate Moderate None Concurrent use of Consider the use of
pantoprazole clopidogrel and alternative medications:
pantoprazole may result  Rabeprazole (given 4
in reduced clopidogrel's  hours after clopidogrel),
active metabolite lansoprazole,
exposure and reduced dexlansoprazole, and
antiplatelet activity. ranitidine.
Bisoprolol- Moderate Moderate None Additive reductions Close clinical monitoring
amlodipine in heart rate, cardiac of patient hemodynamic
conduction, and cardiac  response and tolerance
contractility may occur
when CCBs are used
concomitantly with beta
blockers, particularly in
patients with ventricular
or conduction
abnormalities.
Bisoprolol- Moderate Moderate None Diuretics and Monitoring of serum
furosemide beta-blockers may potassium levels, blood
increase the risk of pressure, and blood glucose
hyperglycemia and is recommended during
hypertriglyceridemia in ~ coadministration.
some patients.
Hydrochlorothia- Moderate Moderate None The combination of Dosages should be titrated

zide-furosemide

a thiazide and loop
diuretic may produce
additive or synergistic
effects on diuresis and
excretion of electrolytes
including sodium,
potassium, magnesium,
and chloride.

slowly and carefully, and
electrolytes, fluid status,
blood pressure, and
renal function should be
monitored regularly.
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Drug-drug Databases Warnings Clinical management
interactions DI MDI MMDI
Hydrochlorothia- Moderate ~ None Moderate  Concurrent use of ACE]  Before starting ACEI
zide-perindopril and thiazide diuretics therapy, decreasing or
may result in reduction  discontinuing the diuretic
of blood pressure. or increasing salt intake
may minimize the risk of
hypotensive effects. If these
measures are not possible,
reduce the ACE inhibitor
starting dose.
Telmisartan- Moderate ~ None Moderate  Concurrent use When concomitant use
etodolac of ACEIs/ARBs is required, determine
and NSAIDs may the need to monitor renal
result in reduced function at initiation of
antihypertensive effect ~ treatment, monitor for
and renal dysfunction antihypertensive efficacy,
and/or increased blood  and assess renal function
pressure. periodically for signs
of renal deterioration
or failure, especially in
patients who are elderly,
during treatment initiation,
in the volume-depleted,
or those with preexisting
renal dysfunction. Ensure
that patients are adequately
hydrated.
Clopidogrel- Moderate ~ None Moderate  Concurrent use of If a patient develops high
atorvastatin clopidogrel and on-treatment platelet
CYP3A4 metabolized reactivity during treatment
statins may result in with clopidogrel and a
decreased formation statin metabolized by
of clopidogrel active CYP3AA4 (ie, atorvastatin,
metabolites resulting lovastatin, or simvastatin),
in high on-treatment discontinue the statin and
platelet reactivity. substitute a statin that
is not metabolized by
CYP3AA4 (ie, pravastatin or
rosuvastatin).
Amlodipin- None  Moderate Moderate Concurrent use Observe the patients for
metformin of metformin and loss of blood glucose

CCBs may result

in an increased risk
of hyperglycemia
and potential loss of
glycemic control.

control when such drugs are
administered to a patient
receiving metformin. When
such drugs are withdrawn
from a patient receiving
metformin, the patient
should be observed closely
for hypoglycemia.
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4. CONCLUSION

The study has built a quietly comprehensive list
of clinically significant drug interactions using
three databases, which will be the foundation
for future clinical interventions aimed at
minimizing the prevalent drug interactions,
especially to prevent the occurrence of major
drug interactions. In the future, we will intervene
clinically by implementing workshops and then
re-evaluate the effectiveness of the intervention

in subsequent studies.

This is a retrospective cross-sectional
study, which included prescriptions collected at
a single time point, without taking into account
laboratory data or clinical interpretations by
physicians. These limitations may have led to
overestimation of the findings.
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TRUONG PAI HOC QUY NHON

Phat trién va dic trung vat liéu composite bentonite -
than hoat tinh ti v6 trau nham tang cuéng kha nang
hap phu khi H,S

D5 Hong Hanh', Ha Xuén Pat!, Huynh Tién Chirc!, Nguyén Vin Nghia?,
Hoang Nhat Hiéu?, Nguyén Minh Vwong>*

ISinh vién Khoa Su pham, Truong Dai hoc Quy Nhon, Viét Nam
’Khoa Khoa hoc Ty nhién, Truong Dai hoc Quy Nhon, Viét Nam

Ngay nhan bai: 24/03/2025; Ngay swa bai: 09/04/2025;
Ngady nhdn dang: 11/04/2025; Ngay xudt ban: 28/06/2025

TOM TAT

Hydro sulfua (H,S) Ia tap chat chinh trong biogas can dugc loai bo hiéu qua dé ngan ngira an mon va 6
nhiém moi trudng. Nghién ciru nay d4anh gia qua trinh tong hop va kha nang hip phu H,S cua vat li¢u composite
giita bentonite va carbon hoat tinh tir vo triu (SRH@Ben). Cac vat liéu composite dugc ché tao dudi cac didu kién
hoat héa nhiét va hoa hoc khac nhau, dong thoi duoc phan tich dic trung vé cAu triic, hinh thai va thanh phan hoa
hoc bang phwong phap hién vi quang hoc, kinh hién vi dién tr quét phat xa truong (FE-SEM), phé tan xa ning
lugng tia X (EDS) va nhiéu xa tia X (XRD). Két qua cho thay nhiét d6 hoat héa va ham luong v6 triu anh huong
dang ké dén kha ning hap phy, trong d6 mau tdi wu (SRH@Ben 50%-450°C) dat dung luong hip phu H,S la
2,23 mg/g. Qué trinh hoat héa hoa hoc bang KOH tiép tuc cai thién dung luong hap phu 1én 2,34 mg/g nhd ting
cuong do xp va nhém chire bé mat. Phan tich so sanh cho thay vat liéu SRH@Ben c6 hiéu suat hap phu vuot troi
so voi vat lidu hap phu gdc carbon thuong mai (1,18 mg/g) va dat hiéu qua twong dwong vé6i vat liéu gbe oxit sit
(2,46 mg/g). Két qua nay khang dinh tiém nang ctia SRH@Ben nhu mét giai phap hép phu H,S chi phi thap va bén
viing cho qua trinh lam sach biogas.

Tw khoa: H S, bentonit, triu, vat lieu composite, kha nang htfp phu.

*Tac gia lién hé chinh.
Email: nguyenminhvuong@gqnu.edu.vn
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ABSTRACT

Hydrogen sulfide (H,S) is a major impurity in biogas that must be efficiently removed to prevent corrosion
and environmental pollution. This study investigates the synthesis and adsorption performance of bentonite-rice
husk activated carbon (SRH@Ben) composites for H,S removal. The composites were prepared under varying
thermal and chemical activation conditions, and their structural, morphological, and chemical properties were
characterized using optical microscopy, field-emission scanning electron microscopy (FE-SEM), Energy-
Dispersive X-ray Spectroscopy (EDS) and X-ray diffraction (XRD). The results indicate that both activation
temperature and rice husk content significantly influence adsorption capacity, with the optimal composite (SRH@
Ben 50%-450°C) achieving an H,S adsorption capacity of 2.23 mg/g. Further chemical activation with KOH
enhanced the adsorption capacity to 2.34 mg/g due to increased porosity and surface functionality. Comparative
analysis demonstrated that SRH@Ben composites outperformed commercial carbon-based adsorbents (1.18
mg/g) and exhibited comparable efficiency to iron oxide-based materials (2.46 mg/g). These findings highlight the
potential of SRH@Ben composites as a cost-effective and sustainable alternative for biogas purification.

Keywords: HS, bentonite, rice husk, composites, adsorption capacity.

have been developed, including chemical
scrubbing, catalytic oxidation, and biological
filtration. However, these methods often
suffer from high operational costs, complex
maintenance, and secondary waste generation.
Adsorption-based methods, particularly those
utilizing low-cost, biomass-derived materials,

1. INTRODUCTION

Hydrogen sulfide (H,S) is a major contaminant
in biogas, posing serious environmental
and operational challenges. Even at low
concentrations, H,S is highly toxic and corrosive,
leading to severe damage to pipelines, gas storage

systems, and energy conversion units such as have gained significant attention due to their

cost-effectiveness, ease of operation, and
environmental sustainability.? Activated carbon

internal combustion engines and fuel cells.!
Moreover, the emission of H,S contributes to air

pollution and acid rain formation, necessitating
its effective removal from biogas before
utilization. Various H,S removal techniques

*Corresponding author.

Email: nguyenminhvuong@gqnu.edu.vn
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(AC) is widely employed in H,S adsorption
due to its high surface area, well-developed
porosity, and tunable surface chemistry.> Among
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biomass-based precursors, rice husk-derived
activated carbon (RHAC) is of particular interest
due to its abundance, renewability, and ease of
modification.

Rice husk-derived activated carbon has
demonstrated excellent adsorption properties,
attributed to its unique pore structure and
ease of surface modification.* However, while
activated carbon offers significant adsorption
potential, its efficiency can be further improved
by incorporating other materials that provide
additional functional sites and structural
stability. In one study, biochar produced from
rice hulls through pyrolysis at 500°C exhibited
a notable H,S adsorption capacity of 382.7
mg/g. The adsorption kinetics aligned with the
Yoon-Nelson model, suggesting a consistent
mass transfer mechanism during the adsorption
process.” Another investigation synthesized a
triethylenetetramine (TETA)-grafted activated
rice husk ash (TRI-A-RHA) to assess its efficacy
in removing CO, and H,S from biogas. The
modified material demonstrated adsorption
capacities of approximately 0.34 mmol/g
for CO, and 0.14 mmol/g for H,S at room
temperature, attributed to its high surface area
and effective amine functionalization.® These
studies underscore the potential of rice husk-
derived activated carbon as a cost-effective
and efficient material for H,S adsorption in
biogas applications. Modifications such as
amine grafting, hydrogel composite formation,
and optimization of pyrolysis conditions can
significantly enhance adsorption performance,
offering valuable insights for developing
sustainable biogas purification technologies.

Bentonite, a naturally occurring clay
mineral, has been extensively studied for gas and
liquid adsorption due to its high cation exchange
capacity, layered structure, and strong affinity
for polar molecules.”® Bentonite based materials
have been extensively studied for their potential
in adsorbing hydrogen sulfide (H,S) from biogas.
Recent research has focused on enhancing the
adsorption capacity of bentonite through various
modifications. One study employed molecular
simulations to investigate the adsorption of H,S

onto bentonite doped with cations such as Li",
Na®, and K*. The findings indicated that these
doped bentonites exhibit selectivity towards
H,S, suggesting their suitability for natural gas
sweetening applications.® Another investigation
explored the modification of bentonite using
carbide slag, followed by high-temperature
activation. The results demonstrated that the
carbide slag-modified bentonite achieved a
breakthrough adsorption capacity of 0.92 mg/g,
significantly outperforming unmodified bentonite,
which had a capacity of 0.06 mg/g. The enhanced
performance is attributed to the active groups
formed upon introducing Ca(OH), from the
carbide slag.’ Collectively, these studies highlight
that doping bentonite with specific cations or
modifying it with industrial by-products like
carbide slag can substantially improve its H, S
adsorption capabilities, making it a promising
material for biogas purification.

Rice husk-derived activated carbon
(RHAC) and bentonite are promising, cost-
effective, and sustainable adsorbents for H,S
removal. RHAC provides high surface area
and porosity, while bentonite offers structural
stability and ion-exchange capacity. However,
both materials have limitations. RHAC
suffers from limited chemical stability, low
affinity for acidic gases, rapid saturation, poor
regeneration, moisture sensitivity, and sulfur
deposition, reducing its long-term effectiveness.
Similarly, bentonite has low surface area, limited
adsorption capacity, susceptibility to moisture,
mechanical instability, slow kinetics, and
weak H,S affinity, requiring modifications for
improved performance.

To overcome these limitations, researchers
have developed bentonite-activated carbon
composites, which enhance adsorption capacity,
improvemechanicalstrength,andreduce moisture
sensitivity by combining the high porosity of
activated carbon with the structural stability of
bentonite.!° Moreover, the modification of these
materials through chemical activation or metal
impregnation can significantly improve their
selectivity and capacity for H,S removal.'*"
Investigating the adsorption behavior of
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H,S on this composite can provide valuable
insights into optimizing adsorbent performance
for practical applications in air purification,
biogas upgrading, and industrial gas treatment.
Therefore, this study aims to: (1) Synthesize
and characterize bentonite-rice husk activated
carbon (SRH@Ben) composites under varying
thermal and chemical activation conditions; (2)
Evaluate their H,S adsorption capacity through
breakthrough curve analysis and (3) Compare
their performance with commercial adsorbents
to assess their practical applicability. The
findings of this research will provide valuable
insights into the development of cost-effective
and environmentally sustainable adsorbents for
biogas purification and industrial gas treatment
applications.

2. EXPERIMENTAL
2.1. Materials

Commercial bentonite powder (AL,O, 4Si0,-H,0),
sourced from India, was procured from Viet My
Binh Dinh Co., Ltd. (655 Hung Vuong, Nhon
Phu, Quy Nhon, Binh Dinh, Vietnam). Potassium
hydroxide (KOH, 85 %), manufactured by
Xilong, was imported from China. Finely milled
rice husk, with a particle size of less than 1 mm, was
obtained from a local rice milling facility located
in Quang Hy Hamlet, Phuoc Loc Commune, Tuy
Phuoc District, Binh Dinh, Vietnam. In addition,
large rice husks (1-3 mm particle size) and rice
bran were also collected from the same facility
for comparative purposes.

2.2. Material fabrication

A total of 350 mL of distilled water was
introduced into 200 g of a bentonite-milled
rice husk mixture, with the proportions of
the components varied systematically. The
mixture was homogenized through continuous
mechanical mixing for 15 minutes. The resulting
bentonite/rice husk composite was subsequently
molded into cylindrical pellets, each measuring
approximately 6 mm in diameter and 1.5 cm in
height. To evaluate the compressive strength
of the SRH@Ben composite pellets, a uniaxial
compression test was conducted using a manual
cylindrical piston with a 2 cm diameter. The

https://doi.org/10.52111/qn;js.2025.19306

pellets, shaped as cylinders with a diameter
of 0.6 cm and a height of 1.5 cm, were placed
centrally beneath the piston. The applied force
was gradually increased until a compressive
stress of approximately 2 MPa was reached,
which is sufficient for assessing the mechanical
integrity of the pellet without inducing
premature fracture. These pellets were initially
air-dried under natural sunlight for a period of
2 days and 3 nights, followed by oven-drying
at 90 °C for 12 hours. The dried composite was
then subjected to anaerobic pyrolysis at 450 °C
for 1.5 hours using a loosely covered ceramic
crucible, which allowed the release of gaseous
byproducts and prevented pressure buildup
during the carbonization process. The pyrolysis
was conducted in a Nabertherm LT3/12/B180
muffle furnace with a heating rate of 15 °C/min.
Notably, no inert carrier gas such as nitrogen
(N,) or vacuum system was employed, in order
to reduce operational complexity and cost. The
final product was designated as SRH@Ben (SRH
= Small Rice Husk, Ben = Bentonite). Following
the same procedure, composite materials were
fabricated using bentonite combined with larger
rice husk (1-3 mm particle size) and rice bran.
These samples were labeled as LRH@Ben and
Bran@Ben, respectively. To optimize the H,S
adsorption capacity, the SRH@Ben composite
was further activated by treatment with 0.15
M KOH at 90 °C for 1 hour. After activation,
the material was dried at 90°C and underwent
anaerobic pyrolysis at 650 °C for 30 minutes.

2.3. Characterization and gas adsorption
measurements

The surface morphology, chemical composition,
and structural properties of the synthesized
materials were comprehensively characterized
using optical imaging, field-emission scanning
electron microscopy (FE-SEM; HITACHI
S-4800), Energy-Dispersive X-ray Spectroscopy
(EDS) and X-ray diffraction (XRD; Bruker D2,
equipped with Cu Ka radiation). A schematic
representation of the experimental setup for
H,S gas adsorption measurements is provided
in Figure 1. The H,S gas concentration was
precisely regulated using mass flow controllers
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(MFCs), with a certified H,S gas cylinder
(10,000 ppm, diluted in nitrogen) and high-
purity N, (99.99 %) serving as the carrier gas.
The H,S concentration was quantified before and
after passage through the filtration column using
a Driager X-8000 multi-gas detector.

Dréger X-8000
multi-gas detector

Gas capture research system

Figure 1. Experimental setup for H,S gas adsorption
study. The system comprises standard gas cylinders
for controlled gas supply, mass flow controllers
(MFCs) for precise gas flow regulation, an adsorption
column containing the tested sorbents, and a Dréger
X-8000 multi-gas detector for real-time monitoring

of H,S concentration at the outlet.
3. RESULTS

3.1. Morphology, structure, and chemical
composition of composite materials

The optical images (Figure 2 and 3) provide a
comparative analysis of SRH@Ben composites
with varying rice husk (SRH) content subjected
to different thermal treatments under anaerobic
conditions. In the Figure 2, samples containing
30 % SRH were thermally treated at 400 °C,
450 °C, and 500 °C. Notably, the material
undergoes significant morphological and color
changes as the temperature increases.

Figure 2a shows the surface morphology
of the SRH@Ben 30 % composite material
after anaerobic pyrolysis at 350 °C. The
sample exhibits a relatively rough surface
with minimal shrinkage or structural damage,
indicating that the temperature was sufficient to
initiate carbonization without causing thermal
degradation. The dark color suggests the
beginning stages of carbon formation. However,
the structure remains partially preserved, and
no significant cracking or pore development
is observed at this stage, implying that further
increases in temperature may enhance the

porosity and carbon content of the material. The
sample treated at 400 °C (Figure 2b) exhibits a
dark and compact appearance, while the sample
treated at 450 °C (Figure 2c¢) retains a similar
structure but displays a more developed texture.
At 500 °C (Figure 2d), the surface becomes
rougher and more porous, indicating potential
structural degradation at elevated temperatures.
In contrast, the pure bentonite sample treated
at 450 °C (Figure 2e) demonstrates a distinctly
different morphology, characterized by a lighter
color and a denser structure.

SRH@Ben 30 % - 350 °C

SRH@Ben 30 % - 400 °C

SRH@Ben 30 % - 450°C

W
o — ' Y 2
S E,@B,en 3(7)'*;/;200 .

S

Ben — 450 <C

Figure 2. Optical images of SRH@Ben composites
with 30 % rice husk content treated under anaerobic
conditions at different temperatures: (a) 350 °C (b)
400 °C, (c) 450 °C, (d) 500 °C. Image (e¢) shows the
pure bentonite sample treated at 450 °C.
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SRH@Ben 10 % - 450 °C—

SRH@Ben 20 % - 450 °C

SRH@Ben 50 % - 450 °C

Figure 3. Optical images of SRH@Ben composites
with varying rice husk content treated at 450 °C:
(a) 10 %, (b) 20%, (c) 30 %, (d) 40 %, (e) 50 %.
Image (f) represents the SRH@Ben 50 % sample
before thermal treatment.

Figure 3 illustrates the effect of SRH
content on the composite structure at a fixed
temperature of 450 °C. As the SRH ratio
increases from 10 % to 50 % (Figures 3a-¢), the

https://doi.org/10.52111/qn;js.2025.19306

material progressively darkens and develops a
more compact texture, likely due to enhanced
carbonization. The SRH@Ben 50 % sample
treated at 450 °C (Figure 3e) exhibits the most
uniform and dense structure, consistent with
its highest H,S adsorption efficiency observed
in the study. Importantly, the non-thermally
treated SRH@Ben 50 % sample (Figure 3f)
appears significantly lighter in color with a more
fibrous structure, underscoring the substantial
transformation induced by thermal treatment.
These observations demonstrate that both the
thermal treatment temperature and the SRH
content critically influence the final morphology
and textural properties of the composite
materials, which in turn directly affect their
adsorption performance.

The SEM images provide a comparative
analysis ofthe morphological evolution of SRH@
Ben composites subjected to different thermal
treatments under anaerobic conditions. At 350 °C
(Figure 4a), the material exhibits a relatively
compact and smooth surface with minimal
porosity, indicating that thermal decomposition
has not yet progressed significantly. As the
temperature increases to 400 °C (Figure 4b),
surface roughness becomes more pronounced,
accompanied by the emergence of microvoids,
suggesting the onset of structural modification
and partial volatilization of organic components.

At 450 °C (Figure 4c), the material
displays a well-developed porous structure
with enhanced surface roughness, indicative of
effective carbonization and increased surface
area. The formation of interconnected pore
networks at this temperature likely facilitates
improved  adsorption  capacity, = making
this condition optimal for gas adsorption
applications. However, at 500 °C (Figure 4d),
noticeable structural degradation is observed,
with the material exhibiting a more fragmented
and brittle morphology. The excessive thermal
treatment may have led to the collapse of
microporous structures and potential carbon
burnout, reducing its mechanical integrity and
adsorption efficiency.
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transformations observed in the SEM images
highlight the critical role of thermal treatment
in tailoring the physicochemical properties
of the composite. 450 °C appears to be the
optimal temperature, striking a balance between
structural stability and porosity enhancement,
thereby maximizing the material’s suitability
for gas adsorption applications such as H,S
removal. Conversely, excessive heating at 500 °C
may lead to undesirable material degradation,
compromising its functional performance.

50.0um

Figure 4. SEM images of SRH@Ben composites
with 30 % rice husk treated at different temperatures:
(a) 350 °C, (b) 400 °C, (c) 450 °C, and (d) 500 °C.
The inset images display higher magnification views
(x10.0k) of each sample.

IMS-NKL 5.0kV 6.2mm x1.00k SE(M)

IMS-NKL 5.0kV 6.4mm x1.00k SE(M)

Figure 5. SEM images of SRH@Ben composites
treated at 450 °C with varying rice husk contents: (a)
10 %, (b) 20 %, (c) 40 %, and (d) 50 %. The inset
images (magnified at x10.0k) provide a closer view
of the surface morphology.

The SEM images illustrate the influence
of rice husk content on the morphological
of SRH@Ben
pyrolyzed at 450 °C. At a low rice husk content
(10 %, Figure 5a), the surface appears relatively

characteristics composites
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compact with limited porosity. The material
maintains a somewhat dense structure, indicative
of incomplete structural transformation and
insufficient development of porous networks.

As the rice husk content increases to
20 % (Figure 5b), a noticeable change in
morphology is observed, with the emergence
of microvoids and enhanced surface roughness.
This suggests a higher degree of decomposition
and carbonization, leading to an increase in
available adsorption sites. At 40 % rice husk
content (Figure 5c), the porous structure
becomes more pronounced, characterized by
a well-interconnected network of micro- and
mesopores. This transformation significantly
enhances the material’s surface area, which is
beneficial for adsorption-based applications,
particularly in gas capture.

At the highest rice husk content of 50 %
(Figure 5d), the composite exhibits the most
developed porous structure, with an intricate
network of wrinkles and voids. The increased
textural complexity suggests an optimal balance
between carbonization and porosity formation,
enhancing the material’s adsorption potential.
However, excessive porosity may compromise
mechanical stability, making the material more
fragile under certain operational conditions.

Overall, the 40-50 % rice husk content
range appears to be optimal for achieving a well-
structured porous network while maintaining
material integrity. This suggests that a higher
proportion of biomass precursor facilitates
effective  porosity development, thereby
improving the composite's adsorption capacity,
particularly for applications such as H S gas
removal.

The EDS results in Figure 6 provide
insights into the elemental composition of
SRH@Ben composites and its variation
with processing conditions. In Figure 6a, the
elemental composition of SRH@Ben 30 %
composite subjected to anaerobic pyrolysis at
350 °C, 400 °C, 450 °C, and 500 °C is shown.
The major detected elements include C, O, N,
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Al Si, Na, Mg, Ca, and Fe. Figure 6b illustrates
the effect of rice husk content (10 %, 20 %, 30 %,
40 %, and 50 %) on the elemental composition
of SRH@Ben composites pyrolyzed at 450 °C.
To enhance the reliability of the analysis, EDS
measurements were conducted at three distinct
locations on each sample. The average atomic
percentages of key elements (C, O, N, Al, and
Si) were calculated and are presented in Figures
6¢ and 6d.

In Figure 6¢, the elemental composition
of SRH@Ben (30 % rice husk) is analyzed
as a function of carbonization temperature
(350-500 °C). Oxygen (O) remains the dominant
element, with its content increasing slightly with
temperature before stabilizing around 450 °C.
This trend suggests the progressive oxidation
of carbonaceous species or the retention of
oxygenated functional groups. In contrast,
the carbon (C) content decreases slightly with
increasing temperature, likely due to thermal
decomposition and gasification processes. The
nitrogen (N) content remains relatively stable,
indicating minimal nitrogen loss within the
investigated temperature range. Silicon (Si) and
aluminum (Al), originating from the bentonite
structure, are present in minor quantities, with
their concentrations remaining nearly unchanged
across the temperature range. These results suggest
that450 °Cis an optimal carbonization temperature,
as it maintains a balanced elemental composition
favorable for adsorption applications.

Figure 6d examines the influence of
varying rice husk content (10-50 %) at a fixed
carbonization temperature of 450 °C. The
oxygen content shows a decreasing trend as the
rice husk percentage increases, which can be
attributed to the higher degree of carbonization
of organic matter. Conversely, the carbon
content increases with higher rice husk content,
consistent with the expectation that a greater
amount of organic precursor leads to enhanced
carbon deposition. The concentrations of Si and
Al remain relatively stable, confirming that the
bentonite matrix is not significantly affected
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by the rice husk content. The final sample in
Figure 4d represents SRH@Ben with 50 %
rice husk, which was activated using a 0.15 M
KOH solution followed by thermal treatment at
650 °C for 30 minutes. This sample exhibits a
notable change in elemental composition, with a
significant increase in potassium (K) content. The
higher K concentration indicates the successful
incorporation of KOH-derived residues into
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E A ” Na ,“ € Fe
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the material, which can enhance porosity and
catalytic properties. Additionally, the oxygen
content increases slightly compared to non-
activated samples, likely due to the formation of
oxygen-containing surface functionalities during
activation. The enhanced porosity and modified
surface chemistry of this KOH-activated sample
suggest its potential for improved adsorption and
catalytic performance.
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Figure 6. EDS spectra and atomic composition of SRH@Ben composites: (a) EDS spectra of SRH@Ben 30 %
pyrolyzed at different temperatures (350, 400, 450, and 500 °C), (b) EDS spectra of SRH@Ben composites with
varying rice husk content (10-50 wt%) pyrolyzed at 450 °C, (c) Atomic percentages of main elements (C, N, O, Al,

Si) as a function of pyrolysis temperature for SRH@Ben 30 % and (d) Atomic percentages of elements (C, N, O,

Al, Si, K) as a function of rice husk content for composites pyrolyzed at 450 °C.

Overall, these results demonstrate
the significant influence of carbonization
temperature, rice husk content, and chemical
activation on the structural and elemental
composition of SRH@Ben composites. These
parameters can be systematically tailored to
optimize the material for specific adsorption or
catalytic applications.

The XRD patterns presented in Figure 7
provide insights into the structural evolution

of SRH@Ben composites as a function of rice
husk content and carbonization temperature.
Figure 7a illustrates the XRD spectra of SRH@
Ben samples with varying rice husk content
(10-50 %) carbonized at 450 °C. The broad
diffraction humps centered around 20-30° (20)
indicate the presence of amorphous silica and/
or carbon, primarily derived from the rice husk
phase. As the rice husk content increases, the
intensity of this amorphous peak becomes more
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pronounced, suggesting a higher concentration
of silica within the composite. Notably, the
absence of sharp crystalline peaks in the XRD
patterns confirms the predominantly amorphous
nature of the materials. Minor variations in peak
intensity across different compositions indicate
that the structural integrity of the bentonite
matrix remains largely unaffected by the
increasing rice husk content. The characteristic
peaks at diffraction angle, 206 = 20.7°, 26.5°,
36.3°corresponds to the planes (110), (210) and
(124) of the bentonite material. These XRD
patterns are in good agreement with the standard
JCPDS file (card no.01-088-0891).

Figure 7b depicts the XRD patterns of
SRH@Ben composites with 30 % rice husk,
subjected to anaerobic treatment at temperatures
ranging from 350 °C to 500 °C. A progressive
increase in the intensity of the broad peak around
20-30° (20) is observed with rising temperature,
further confirming the presence of amorphous
silica and/or carbon structures. The gradual
disappearance of minor crystalline features
at higher temperatures suggests enhanced
decomposition of organic matter and structural
reorganization of silica phases. Despite these
changes, the overall amorphous nature of the
samples remains consistent, underscoring the
thermal stability of the composite framework.
These results demonstrate that SRH@Ben
composites exhibit predominantly amorphous
characteristics due to the incorporation of rice
husk-derived silica and bentonite. The extent
of amorphous phase formation is influenced
by both rice husk content and processing
temperature, with higher rice husk content and
elevated temperatures promoting increased
silica enrichment. Importantly, the structural
integrity of the bentonite matrix remains intact,
making these composites promising candidates
for adsorption and catalytic applications that
require high-surface-area amorphous materials.
The characteristic peaks at diffraction angle,
20 =26.5°, 36.3°corresponds to the planes (210)
and (124) of the bentonite material.
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Figure 7. XRD patterns of SRH@Ben composites:
(a) Effect of rice husk content (10-50 %) at 450 °C;
(b) Effect of carbonization temperature (350-500 °C)
on SRH@Ben with 30 % rice husk.

The H,S adsorption performance of the
synthesized materials is systematically evaluated
in Figure 6, which illustrates the temporal
variation of H,S outlet concentration under
different experimental conditions.

In Figure 8a, the H,S outlet concentration
profiles are compared for various composites,
including Bran@Ben 30 %, LRH@Ben 30 %,
SRH@Ben 30 %, and pure bentonite (Ben),
treated at 400 °C and 450 °C. The "Free" curve,
representing the control experiment without
any adsorbent, shows a rapid increase in H,S
concentration, reaching saturation within a short
time. In contrast, all composite materials exhibit
significantly lower H,S outlet concentrations,
indicating effective adsorption capabilities.
Among the tested samples, SRH@Ben treated
at 450 °C demonstrates the lowest H,S outlet
concentration, suggesting superior adsorption
efficiency. This can be attributed to its optimized
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structural and textural properties, which enhance
active site availability for H,S capture. Notably,
the adsorption performance of Bran@Ben and
LRH@Ben composites is also commendable,
though slightly inferior to SRH@Ben, likely due
to differences in porosity and surface chemistry.
Pure bentonite (Ben) treated at both 400 °C and
450 °C shows significantly higher H,S outlet
concentrations, reaching saturation quickly.
This indicates that pure bentonite has limited
adsorption capacity compared to the composites,
highlighting the importance of incorporating rice
husk-derived components to enhance adsorption
performance.
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Figure 8. H S outlet concentration profiles over time
for (a) different composites (Bran@Ben 30 %, LRH@
Ben 30 %, SRH@Ben 30 %, and pure bentonite)
thermally treated at 400 °C and 450 °C, and (b) SRH@
Ben 30 % composites subjected to carbonization at
varying temperatures (350 °C to 500 °C).

Figure 8b further investigates the impact
of carbonization temperature on SRH@Ben
30 %. The results reveal that increasing the
carbonization temperature from 350 °C to 450 °C
markedly enhances H,S removal efficiency,
likely due to the improved porosity and active

site availability. However, at 500°C, a slight
decline in performance is observed, possibly
due to excessive thermal degradation leading
to reduced surface functionality. Notably,
SRH@Ben450 °C outperforms other samples,
reinforcing the optimal thermal activation
conditions for maximizing H,S adsorption
efficiency. These findings underscore the
critical role of thermal treatment in tuning the
physicochemical properties of the adsorbents for
effective gas removal applications.

The H,S adsorption performance, as
illustrated in Figure 9 (using 5 g of material
for each sample), offers critical insights into
the impact of rice husk content and chemical
activation on adsorption efficiency, along with
a comparative evaluation against commercial
adsorbents. Figure 9(a) highlights the effect of
varying rice husk content on the H,S adsorption
performance of SRH@Ben composites. Among
the tested samples, SRH@Ben 50 % exhibits
the most efficient H,S removal, maintaining the
lowest outlet concentration over an extended
duration. This superior adsorption performance
can be attributed to the increased presence of
carbonaceous material, which enhances pore
development and active surface sites, leading
to improved gas capture capability. In contrast,
composites with lower rice husk content
(10-20 %) show a rapid breakthrough, indicating
limited adsorption capacity due to insufficient
carbon content and surface area.

Notably, rice husk content beyond 50 %
was not investigated in this study due to
mechanical limitations in pellet formation.
At higher rice husk ratios, the structural
integrity of the composite pellets significantly
deteriorates, making them prone to breakage
and fragmentation. This mechanical instability
compromises practical applicability, as fragile
pellets would result in increased pressure drop
and handling difficulties in industrial adsorption
systems. Therefore, the 50 % rice husk composite
was identified as the optimal formulation,
balancing enhanced adsorption efficiency with
sufficient mechanical strength for real-world
applications.
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Figure 9(b) compares the optimal
composite, SRH@Ben 50 % - 450 °C, with its
KOH-activated counterpart (0.15 M) and two
commercial adsorbents: a carbon-based pellet
(Com. Pellet C) and an iron oxide-based pellet
(Com. Pellet FOy). The activation with KOH
further improves H,S adsorption, as evidenced by
alower breakthrough concentration and prolonged
retention time, likely due to enhanced surface area
and active functional groups. Comparatively, the
commercial carbon pellet exhibits significantly
weaker performance, with rapid saturation,
while the iron oxide pellet demonstrates superior
efficiency, approaching the adsorption behavior
of the optimized SRH@Ben 50 % - 450 °C
-KOH sample. These findings underscore the
efficacy of tailored bentonite-carbon composites
in H,S removal applications, with potential
competitiveness against commercial adsorbents.
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Figure 9. H,S adsorption performance of SRH@Ben
composites: (a) Effect of rice husk content (10-50 %)
on H,S breakthrough behavior; (b) Comparison of
the optimized SRH@Ben 50 % - 450 °C composite,
with and without KOH activation, against commercial
adsorbents (carbon-based and iron oxide-based pellets).
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The adsorption capacity (Cs) is one of
the key factors for evaluating the adsorption
performance of the filter material. The
H,S adsorption capacity is determined by
integrating the area above the breakthrough
curve, considering the inlet H,S concentration,
adsorbent mass, and flow rate. It is calculated
using the following equation:'?

M FP %
s CSin J. 1 _ CSout t
ma 0 CSin

where: C, is the H,S adsorption capacity (mg/g);

C. =107

M _ is the molecular weight of sulfur (32 g/mol);
m is the mass of the adsorbent (g); C, 1is the
inlet H,S concentration (108 ppm = 150.538 mg/
m?); C, istheoutlet H S concentration (mg/m?);
F is the total gas flow rate (0.2 L/min); and ¢, is
the adsorption time until the outlet concentration
exceeds the breakthrough point (min). In this
study, the H,S capture capacity is evaluated at
¢t=35 minutes to facilitate a comparative analysis
of the performance of different samples.

The H,S adsorption capacities of the
synthesized materials, measured at 7= 35 minutes,
are presented in the Figure 10. The results reveal
significant variations in performance among
the tested samples, highlighting the influence
of composition and activation on adsorption
efficiency.

The SRH@Ben 50 % sample treated at
450 °C demonstrates an H,S adsorption capacity
of 2.23 mg/g, reflecting moderate performance.
This is attributed to its optimized rice husk
content and carbonization temperature, which
enhance porosity and active site availability.
Further improvement is observed in the
SRH@Ben 50% sample activated with KOH,
which achieves a capacity of 2.34 mg/g. This
enhancement is likely due to the chemical
activation process, which increases surface area
and introduces functional groups that facilitate
H,S capture.
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Figure 10. H S adsorption capacity (mg/g) of various
materials, including SRH@Ben composites and
commercial pellets, measured after 35 minutes of
adsorption using 5 g of material for each sample.
Note: Due to the time-consuming nature and
complexity of the H,S adsorption measurements-
requiring separate sample preparation, and precise
quantification for each run-replicate experiments
were not performed in this study. However, strict
control of experimental conditions and careful
instrument calibration were employed to ensure the
reliability of the results. Further studies involving
replicate measurements are planned to assess the
statistical variations in adsorption performance.

When compared to commercial pellets,
the synthesized SRH@Ben samples exhibit
significantly = superior  performance. The
commercial pellet Com.Pellets (C) shows a
notably lower adsorption capacity of 1.18
mg/g, less than half that of the SRH@Ben
materials. This stark difference underscores
the effectiveness of the tailored composition
and activation processes used in the fabrication
of SRH@Ben composites. Additionally, the
adsorption capacity of the SRH@Ben samples
is comparable to that of the commercial pellet
Com.Pellets (Fe O ), which achieves 2.46 mg/g.
This indicates that the synthesized materials are
not only highly efficient but also competitive
with commercially available alternatives.

The superior performance of the SRH@
Ben samples can be linked to their enhanced
structural  properties, such as increased
porosity and the presence of oxygen-containing
functional groups, which are critical for H,S

adsorption. These findings highlight the potential

of the synthesized materials as cost-effective and
sustainable solutions for H,S capture, offering
performance that rivals or exceeds that of
commercial products.

4. DISCUSSION

4.1. Effect of thermal treatment and rice husk
content on adsorption performance

The adsorption performance of the SRH@Ben
composites was strongly influenced by thermal
treatment temperature and rice husk content,
as evidenced by the breakthrough curves and
adsorption capacity measurements. The optimal
composite, SRH@Ben 50% - 450 °C, exhibited
the highest H,S adsorption capacity (2.23 mg/g),
which can be attributed to a well-developed
porous structure and enhanced surface reactivity.
Increasing the carbonization temperature from
350 °C to 450 °C led to an improvement in
adsorption performance due to the removal of
volatile organic compounds and the formation
of micropores and mesopores. However, at
500°C, a slight decline in adsorption capacity
was observed, likely due to excessive structural
degradation and reduced surface functionalities.

Similarly, the increase in rice husk content
(10-50%) resulted in enhanced adsorption
performance, with the highestefficiency observed
at 50% rice husk content. This is likely due to the
increased carbon content, which contributes to
a higher surface area and greater availability of
active sites for H,S adsorption. However, further
increasing the rice husk content beyond 50%
was not explored in this study due to structural
instability, as composites with higher rice husk
content tend to be mechanically weaker and
more prone to disintegration during handling
and testing.

4.2. Mechanism of H,S adsorption on SRH@
Ben composites

The adsorption of H,S onto SRH@Ben
composites is governed by a combination of
physisorption, chemisorption, and catalytic
oxidation mechanisms, facilitated by the
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structural and chemical properties of both
activated carbon (from rice husk) and bentonite.

4.2.1. Physisorption via porous structure

The well-developed pore structure of the
carbonized rice husk phase provides a high
surface area and multiple adsorption sites for
H,S molecules. The presence of micropores
enhances van der Waals interactions, allowing
gas molecules to be retained within the porous
network. Additionally, mesopores play a critical
role in gas diffusion, facilitating the accessibility
of active sites within the material. The increase in
adsorption capacity after KOH activation (from
2.23 mg/g to 2.34 mg/g) further supports this,
as KOH treatment is known to enhance porosity
and improve the dispersion of functional groups
on the adsorbent surface.

4.2.2. Chemisorption via functional groups

The interaction between H,S and SRH@Ben
composites is also influenced by the oxygen-
containing functional groups present on the
activated carbon surface, such as carboxyl
(-COOH), hydroxyl (-OH), and carbonyl (-C=0)
groups. These functional groups can react with
H,S, forming surface-bound sulfur species
(e.g., elemental sulfur or polysulfides), thereby
enhancing adsorption efficiency. The presence
of bentonite further contributes to adsorption
through its hydrophilic nature and cation
exchange capacity, which facilitates the trapping
of H,S molecules via electrostatic interactions.

4.2.3. Catalytic oxidation and sulfur deposition

A portion of the adsorbed H_S is likely oxidized
into elemental sulfur (S) or sulfate (SO,*") under
ambient conditions. The presence of metal
oxides in bentonite may serve as catalytic sites,
accelerating this oxidation process. The sulfur
species formed during adsorption may block
adsorption sites over time, leading to gradual
saturation. This explains why, after extended
adsorption cycles, a reduction in breakthrough
time was observed, indicating progressive
deactivation of adsorption sites due to sulfur
deposition.

https://doi.org/10.52111/qn;js.2025.19306

4.3. Comparison with commercial adsorbents

To evaluate the practical applicability of SRH@
Ben composites, their adsorption performance
was compared with commercial adsorbents,
including carbon-based (Com. Pellet C) and iron
oxide-based (Com. Pellet FXOy) materials. The
results indicate that: (1) SRH@Ben 50 % - 450 °C
(2.23 mg/g) outperformed commercial carbon-
based adsorbents (1.18 mg/g), demonstrating the
superior adsorption efficiency of the composite
material; (2) KOH-activated SRH@Ben (2.34
mg/g) exhibited adsorption capacity comparable
to iron oxide-based adsorbents (2.46 mg/g),
suggesting that the composite material is a
viable alternative to more expensive commercial
sorbents.

These findings emphasize that the
synergy between bentonite and activated carbon
significantly enhances H,S removal efficiency,
making SRH@Ben a cost-effective and
sustainable solution for biogas purification.

5. CONCLUSION

In conclusion, this study demonstrates the
successful synthesis and optimization of SRH@
Ben composites for H,S adsorption, highlighting
the critical role of tailored composition, thermal
treatment, and chemical activation in enhancing
adsorption performance. The SRH@Ben 50 % -
450 °C composite, with its uniform and dense
structure, achieved an H,S adsorption capacity
of 2.23 mg/g, which increased to 2.34 mg/g after
KOH activation. These values are more than
double that of the commercial carbon-based
pellet (1.18 mg/g) and comparable to the iron
oxide-based pellet (2.46 mg/g), underscoring
the superior performance of the synthesized
materials. The enhanced adsorption capacity
is attributed to the optimized porosity, surface
area, and functional groups introduced through
thermal and chemical activation. These findings
position SRH@Ben composites as cost-effective,
sustainable, and highly efficient alternatives
for H,S capture, with significant potential for
industrial applications. Future work will focus
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on scaling up production and evaluating long-

term performance under real-world conditions.
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TOM TAT

Nghién ctru ndy tao ra chat hip phu dang hat than thién méi trudng c6 ngudn gbc tir b ca phé dung cho xir
Iy nudc thai. Than hoat tinh (AC) dugc tong hop tir ba ca phé va két hop vai chitosan (CS) va alginate (AL) dé tao
thanh vt liéu composite, CAA, nhim ting cudng kha ning loai bé thubc nhuém. Qua trinh téng hop dugc tdi wu
hoa bang cach diéu chinh cac tham sb chinh, bao gom khdi lugng AC, nong d6 NaOH va thoi gian ngam, dé tdi
uu hoa hiéu qua héip phu. Hiéu nang cua vat li¢u dugc danh gia bing cach st dung thude nhudém Malachite xanh
(MG) 1am chat 6 nhiém mé hinh. Céc déc trung ciu tric va héa hoc, bao gdm phan tich nhiét trong lwong (TGA)
va quang phd hdong ngoai bién d6i Fourier (FT-IR), xac nhan sy tong hop thanh cong ciia chat hap phu composite.
Kinh hién vi dién tir quét (SEM) cho thdy phan b kich thudc hat dong déu, bé mit tho va cau tric xdp phat trién
t6t. V6i dién tich bé mit riéng 1a 11,231 m?/g va céu tric mao quan c6 duong kinh 15 12,887 A, chét hip phu nay
cho thay tiém nidng manh mé trong xur Iy nudc thai. Nhimng phat hién nay cing c¢d viéc st dung than hoat tinh tir
ba ca phé nhu mot giai phap bén vimg va tiét kiém chi phi dé loai bo cac chat 6 nhidém hitu co, dic biét 14 thude

nhudm, tir nudc thai.

Tir khoa: Than hoat tinh, hdp phu, chdt hap phu dang hat, malachite xanh, ba ca phé.
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ABSTRACT

This study discovers the development of an eco-friendly granular adsorbent derived from spent coffee
grounds for wastewater treatment. Activated carbon (AC) was synthesized from spent coffee grounds and combined
with chitosan (CS) and sodium alginate (AL) to form a composite material, CAA, for enhanced dye removal.
The synthesis process was optimized by adjusting key parameters, including AC mass, NaOH concentration, and
soaking time, to maximize adsorption efficiency. The effectiveness of the material was evaluated using Malachite
Green (MG) dye as a model pollutant. Comprehensive structural and chemical characterizations, including
thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FT-IR), confirmed the successful
formation of the composite adsorbent. Scanning electron microscopy (SEM) revealed a uniform particle size
distribution, rough surface morphology, and well-developed porous structure. With a specific surface area of
11.231 m?/g and a mesoporous structure featuring a pore diameter of 12.887 A, the adsorbent demonstrates strong
potential for wastewater treatment. These findings highlight the promising use of coffee-ground-derived activated
carbon as a sustainable and cost-effective solution for the removal of organic pollutants, specifically dyes, from
wastewater.

Keywords: Activated carbon, adsorption, granular adsorbent, malachite green, spend coffee grounds.

1. INTRODUCTION The growing focus on circular economy

L . rinciples highlights the vital role of agricultural
As sustainability, resource efficiency, and P p' & g ] g' o
C ) ) i wastes inadvancing environmental sustainability.
economic viability continue to gain prominence, .
] i i . Among these agricultural by-products, spent
agricultural by-products are increasingly being ..
coffee grounds have emerged as a promising

utilized across various industries, offering raw material for the production of activated

innovative solutions to waste management carbon (AC), a highly effective adsorbent for
challenges while promoting environmentally environmental remediation, particularly in

friendly alternatives to conventional materials.' wastewater treatment.2
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Water pollution caused by synthetic dyes
from industries such as textiles, leather, and
paper manufacturing remains one of the most
pressing environmental concerns. These dyes,
often toxic, persistent, and non-biodegradable,
pose a significant threat to aquatic ecosystems
by blocking light penetration, disrupting
photosynthesis, and depleting oxygen levels
in water.> Furthermore, many synthetic dyes
contain carcinogenic and mutagenic compounds
that can bioaccumulate in aquatic organisms,
causing long-term ecological and health risks.
Traditional methods, including photocatalysis,
biodegradation, filtration,
electrochemical oxidation, and coagulation, have

membrane

been developed to address this issue, but each
method comes with its own set of limitations,
such as high energy demands, chemical usage,
and slow processing times.*

Among these treatment methods,
adsorption using activated carbon has proven to
be one of the most effective, offering advantages
like simplicity, high efficiency, low energy
consumption, and the ability to remove a wide
range of organic pollutants, including dyes.’
However, the use of powdered or fine-grained
activated carbon (AC) presents challenges in
terms of recovery, reusability, and mechanical
stability, limiting its widespread application in
large-scale wastewater treatment.®

In response to these challenges, this study
introduces an innovative solution by developing
eco-friendly granular adsorbents derived from
spent coffee grounds. By integrating activated
carbon with biopolymers such as chitosan (CS)
and sodium alginate (AL), this study enhances
the adsorbent’s structural stability and efficiency
in dye removal. Chitosan, a biodegradable and
non-toxic biopolymer, and sodium alginate,
known for its gel-forming capabilities and high
water stability, offer valuable functional groups
that further improve the adsorptive properties of
the material.” This approach not only provides
a sustainable method for coffee ground waste
utilization but also contributes to an effective,

environmentally friendly solution for wastewater
treatment and the removal of organic pollutants.

2. Material and methods
2.1. Materials

In this study, spent coffee grounds were collected
from Trung Nguyen coffee shops in Can Tho
City, providing an abundant, sustainable raw
material for the production of activated carbon.
The chemicals used in the synthesis process
included phosphoric acid, sodium hydroxide,
sulfuric acid, acetic acid, and potassium chloride,
all sourced from Xilong Scientific Co., Ltd.,
which played a crucial role in optimizing the
activation and composite formation. Chitosan
powder, a biodegradable and eco-friendly
biopolymer, was supplied by S-Green Co., Jsc,
while sodium alginate, known for its gel-forming
properties and water stability, was obtained from
Shanghai Zhanyun. Together, these materials
were combined to create a granular composite
adsorbent that integrates the sustainability
of spent coffee grounds with the enhancing
properties of natural biopolymers, paving the
way for an efficient, eco-friendly solution to
wastewater treatment.

2.2. Preparation of activated carbon from
coffee grounds

The spent coffee grounds were carefully collected,
washed with distilled water to remove surface
impurities, and then dried at 50 °C to prepare
them for further processing. After drying, the
moisture content and mass of the coffee grounds
were accurately measured using a moisture
analyzer to ensure consistency. The dried
grounds were then subjected to carbonization
at 850 °C for 1 h in an oven, transforming
them into raw activated carbon. To enhance the
adsorptive properties, the resulting carbon was
activated by soaking in a 1 M phosphoric acid
(H,PO,) solution at a ratio of 1:10 (w/v) for 2 h
at room temperature. This activation process
allowed the formation of a highly porous
structure, ideal for pollutant adsorption. After
activation, the carbon was meticulously washed
with distilled water through ultrasonic waves

https://doi.org/10.52111/qnjs.2025.19307
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to remove any residual chemicals, continuing
until a neutral pH was achieved. Finally, the
activated carbon (AC) was dried, ground, and
sieved to obtain fine particles with a diameter
of less than 80 um, ensuring its suitability for
effective wastewater treatment and adsorption
applications. This process not only transforms
spent coffee grounds into a valuable resource
but also highlights the potential of sustainable
materials for environmental remediation.

2.3. Synthesis of composite bead adsorbent
on activated carbon base derived from coffee
grounds

In this study, an eco-friendly granular composite
adsorbent was developed by combining activated
carbon (AC) derived from spent coffee grounds
with biopolymers, chitosan (CS) and sodium
alginate (AL), through a gel-ion self-association
method. To begin, a CS solution was prepared
by dissolving 1 gram of chitosan in 25 mL of
2% (v/v) acetic acid, creating a smooth gel. AC
was then added to the chitosan solution at a
specified mass ratio and stirred until a uniform
dispersion was achieved. To form the granular
composite adsorbent, the CS-AC suspension
was carefully dispensed through a syringe into
a sodium hydroxide (NaOH) solution, where
the chitosan was rapidly condensed, shaping
the material into granular particles within a set
time. The adsorbent particles were then filtered,
washed with distilled water, and adjusted to a
near-neutral pH.

Next, the CS-AC
functionalized by soaking it in a 2% (W/v)
sodium alginate (AL) solution for 2 hours then
continue to soak in 2.5% (w/v) CaCl, solution

adsorbent  was

for 2 hours at room temperature, shaking at
100 rpm, allowing the AL to bind with the
material, further enhancing its adsorptive
properties. After filtration and washing to neutral
pH, the composite adsorbent was dried under
vacuum conditions (600 mbar, 60 °C) for 5 h to
obtain the final granular adsorbent material—
CAA—designed for the effective adsorption of
organic dyes from aqueous solutions.

https://doi.org/10.52111/qn;js.2025.19307

The synthesis process of the CAA

composite adsorbent was optimized by
investigating the adsorption of Malachite Green
(MG) dye under controlled conditions: an initial
concentration of 20 ppm, adsorbent mass of
0.2 g, dye solution volume of 25 mL, contact
time of 24 h, and shaking speed of 150 rpm. The
dye concentration at equilibrium was measured
using UV-Vis molecular absorption spectroscopy
at the maximum absorption wavelength of
617 nm. The adsorption capacity (q, mg/g) and
the removal efficiency (%) of MG were calculated
to evaluate the effectiveness of the adsorbent via
equation (1) and (2), demonstrating the potential
of this eco-friendly composite material as a
sustainable solution for wastewater treatment

and organic dye removal.

(o) 0
H= (’“‘c—c ). 100 ©)

where, C (mg/L) is the initial concentration and
C, (mg/L) is the concentration at equilibrium. V
(L) is the volume of the solution and m (g) is the
mass of the adsorbent.

2.4. The characteristic properties of synthetic
granular adsorbent materials

To fully wunderstand the properties and
performance of the developed eco-friendly
granular composite adsorbent (CAA), a
comprehensive set of characterization techniques
was employed. The surface morphology of
the composite material was analyzed using
the Scanning Electron Microscope (SEM)
by Horiba. This provided detailed insights
into the structural features, including particle
size distribution, surface roughness, and pore
development, essential for understanding the
material's potential in pollutant adsorption.
Thermogravimetric (TGA) was
conducted to evaluate the thermal stability and
mass changes of the adsorbent during processes
such as decomposition, oxidation, and reduction.
The analysis was carried out in a nitrogen
atmosphere using the TGA-DSC3+ system

analysis
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(Mettler Toledo), with temperatures ranging
from 25 °C to 1000 °C and a heating rate of
5 °C/min, providing valuable information on the
material’s thermal behavior.

The specific surface area and porosity of
the composite adsorbent were measured using the
Brunauer-Emmett-Teller (BET) method, based
on nitrogen adsorption-desorption isotherms,
with the 201 A apparatus from Porous Materials-
America. These measurements are critical for
understanding the material’s capacity to adsorb
pollutants, as a higher surface area and well-
developed pores enhance its efficiency. Lastly,
the point of zero charge (pH,,.) of the composite
adsorbent was determined to understand
its surface charge behavior in different pH
environments. A 0.2 g sample of the AC-CS
material was immersed in 25 mL of 0.1 M KCl
solution in a 250 mL Erlenmeyer flask, and the pH
was adjusted from 2 to 12 using 0.1 M NaOH and
0.1 M HCI. After 24 h, the final pH was recorded,
and the pH  value was determined graphically,
providing further insights into the material's
interaction with pollutants in wastewater.

Through these characterizations, this
work was able to comprehensively evaluate the
eco-friendly granular composite adsorbent’s
structural, thermal, and chemical properties,
confirming its potential as an effective and
sustainable solution for wastewater treatment
and organic dye removal.

3. RESULT AND DISCUSSION

3.1. Parameters influencing the synthesis of
granular adsorbent CAA

3.1.1. Influence of activated carbon (AC) content

The effect of activated carbon (AC) content on the
fabrication and performance of the eco-friendly
granular composite adsorbent is highlighted in
Figure 1. The experimental results reveal that
the AC content plays a crucial role in both the
adsorption capacity and structural integrity of
the composite material, directly influencing
its effectiveness in removing Malachite Green
(MG) dye from aqueous solutions.

As the AC mass increased from 1 gto 5 g,
the adsorption efficiency of the composite
material significantly improved, with removal
efficiencies of 63.40+3.51%, 66.25+£2.37%,
77.65+3.45%, 78.55+4.89%, and 80.15+2.88%,
respectively (Figure 1B). This trend demonstrates
aclear correlation between the AC content and the
material's ability to remove MG dye, suggesting
that a higher concentration of AC enhances the
adsorption capacity. The functional groups of
AC, particularly -OH and —COOH groups, are
key contributors to this improved performance.®
The —OH groups facilitate the swelling of the
material through hydrogen bonding with the
nitrogen and oxygen atoms in MG molecules,
while the -COOH groups ionize to form —COO",
which further strengthens ionic interactions,
attracting the oppositely charged regions of the
dye molecules.®

However, the AC content also significantly
impacts the granulation process of the composite
adsorbent. As shown in Figure 1A, when the AC
content was below 3 g, the resulting droplets
failed to form stable, well-structured granules.
These fragile formations lacked the mechanical
strength required to withstand external forces
during the granulation process, leading to
structurally weak adsorbents that were unsuitable
for practical applications. Hence, achieving
an optimal balance of AC content is essential
to ensure both high adsorption efficiency and
robust structural stability.

"Adsorption efficiency (%)
Adsorption capacity (mg/g)

Figure 1. Influence of activated carbon (AC) content
on the formation of adsorbent (A) and the removal
ability of Malachite Green (B).

3.1.2. Influence of NaOH

In this study, NaOH solution was employed as
the solvent for preparing the eco-friendly CAA
granular adsorbents, utilizing a phase inversion
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process to achieve stable granule formation. The
phase inversion technique involves transforming
CS from its gel phase back into a solid state
through the modification of its glycosidic bonds.’
This process occurs in two critical stages:
gelation, where a gel structure is formed, and
precipitation, where the structure solidifies. The
precipitation is driven by an acid-base reaction,
which begins when CS is dissolved in a 2%
(v/v) acetic acid solution. In this acidic medium,
the amine groups (-NH,) on the CS molecules
accept protons, forming positively charged
ammonium groups (-NH,"). This protonation
increases chitosan’s polarity and solubility in
water, allowing it to remain in solution.

The precipitation process is initiated when
the CS-AC mixture is introduced into the NaOH
solution. At the interface between the liquid
droplets and the NaOH solution, the hydroxide
ions (OH") neutralize the ammonium groups
(-NH,"), reducing the polarity of the CS."
This rapid neutralization triggers chitosan’s
precipitation, initially forming a gel layer on the
particle surface. Over time, the excess hydroxide
ions further facilitate the transition from the gel
phase to a solid precipitate, ultimately resulting
in mechanically stable, granular adsorbents. !

The impact of NaOH concentration on the
synthesis of CAA granules is depicted in Figure
2A. As the NaOH concentration increased, the
stability of the precipitation process improved,
resulting in more uniform-sized particles
with a stable surface. This enhanced stability
was observed to be beneficial for creating
well-formed granules, ideal for practical
applications. However, an excessively high
NaOH concentration posed a challenge: it could
completely neutralize the cations on the particle
surface, disrupting electrostatic interactions. This
disruption hindered the subsequent immersion in
the sodium alginate solution, negatively affecting
the material’s adsorption capacity.'!

Figure 2B at a NaOH concentration of
1.25 M, the granule formation process is rapid,
but the adsorption efficiency is limited, reaching

https://doi.org/10.52111/qn;js.2025.19307

only 62.55+4.51%. As the NaOH concentration
decreases, the MG adsorption efficiency
increases. At NaOH concentrations of 0.25 M,
0.5 M, and 0.75 M, the adsorption results were
similar; however, granules formed at 0.75 M
NaOH exhibited more uniformity and durability
compared to those formed at 0.25 M and 0.5 M
concentrations. Therefore, a NaOH concentration
of 0.75 M was selected for synthesising the
granules for subsequent investigations.

Adsorption capacity (mgig)

Figure 2. Influence of NaOH concentration on the
formation of adsorbent (A) and the removal ability of
Malachite Green (B).

3.1.3. Influence of soaking time in NaOH

Figure 3 demonstrates the effect of soaking time
in a 0.75 M NaOH solution on the adsorption
efficiency of MG dye by the eco-friendly
granular adsorbent. As the soaking time increased
from 30 to 150 min, a noticeable decrease in
MG adsorption efficiency was observed. The
adsorbent soaked for 30 min exhibited the
highest adsorption efficiency at 83.10%0.73%,
but the granules were poorly shaped and fragile,
making them prone to mechanical breakage. This
highlights the challenge of balancing effective
adsorption with the mechanical stability of the
granules.

Based on the adsorption data, the optimal
soaking time was found to be 60 min, where
a balanced combination of high adsorption
efficiency (77.20+£1.05%) and well-formed
granules was achieved. The granules produced
at this soaking time exhibited good structural
integrity, making them suitable for practical
applications while maintaining relatively high
dye removal performance. As the soaking time
was extended beyond 60 min, the adsorption
efficiency gradually decreased. Specifically, at
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90 min, the efficiency dropped to 74.15+1.35%,
and by 150 min, it reached 68.85+1.72%. This
decline in adsorption performance can likely
be attributed to the over-modification of the
material's structure or degradation of adsorption
sites as a result of prolonged exposure to the
NaOH solution.'> Prolonged soaking could also
lead to a loss of functional groups essential for
dye removal due to chitosan is susceptible to
glycosidic bond cleavage and denaturation of
amino groups -NH,, leading to a decrease in the
number of adsorption sites, further diminishing
the material's efficiency'.

These findings emphasize that while
NaOH treatment is crucial for enhancing the
adsorption capacity of the adsorbent, excessive
soaking can have detrimental effects. Therefore,
a soaking time of 60 min is considered optimal,
providing the ideal balance between adsorption
performance and structural stability. This soaking
time was selected as the standard condition
for all subsequent experiments, ensuring the
production of an efficient and durable adsorbent
material for wastewater treatment applications.

100 - T T T T 5

[ Adsorption efficiency (%)
83.1 —m— Adsorption capacity (mg/g)

1167

68.85

Adsorption efficiency (%)
Adsorption capacity (mg/g)

30 60 90 120 150
Time (minutes)

Figure 3. Influence of soaking time in NaOH on the

removal ability of Malachite Green.

3.2. The characteristic properties of synthetic
granular adsorbent materials

3.2.1. Surface morphology of CAA granular
adsorbent

The surface morphology and internal structure
of the eco-friendly CAA adsorbent particles

were thoroughly examined using scanning
electron microscopy (SEM). The images
presented in Figure 4A and 4B, captured at
different resolutions, reveal the highly porous
internal structure of the adsorbent. The material,
composed of AC integrated with CS and AL,
demonstrates well-developed capillary pores
ranging from 13 to 18 um in size (Figure 4E).
These uniform pores suggest that the adsorbent
has an excellent capacity to adsorb and store
molecules, which is crucial for its effectiveness
in dye removal during wastewater treatment.

Further examination of the surface
morphology in Figure 4C and 4D shows a
distinctive combination of concave and convex
surface features. The surface is characterized
by grooves, cracks, and blocks of varying sizes,
which not only contribute to the material’s
mechanical stability but also increase the surface
area available for adsorption. These structural
features, along with the porous capillary
system, provide additional surface roughness
and fractures, creating multiple potential
adsorption sites for contaminants.'* This unique
surface architecture is expected to enhance
the adsorbent's overall capacity to capture and
retain organic pollutants, such as MG dye, from
aqueous solutions.

Additionally, the white areas observed
on the particle surface are likely a result of the
AL component, formed after the cross-linking
process. This suggests that the AL polymer
plays a key role in the structural integrity and
functionality of the adsorbent, likely contributing
to its stability and enhancing its ability to interact
with pollutants.

The SEM
exceptional design of the CAA adsorbent, which
combines a porous internal structure with a rough

analysis  highlights the

and varied surface morphology. This makes
the material highly effective for wastewater
treatment applications, capable of adsorbing a
wide range of contaminants while maintaining
the necessary physical strength and stability for
practical use.
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Figure 4. Internal morphology of granular adsorbent
material at different magnifications X1,000 (A),
X2,000 (B); External surface morphology of the
material at different magnifications X10,000 (C),
X50,000 (D); Digital image of granular adsorbent

material (E).

3.2.2. Thermogravimetric analysis (TGA)

The thermal stability of the granular adsorbent,
was assessed through thermogravimetric analysis
(TGA) and differential thermogravimetric
(DTG) curves, as shown in Figure 5A. The
thermal decomposition behavior of the AC,
produced by a mechanical method, activated at
850 °C, and further treated with H,PO,, reveals
three distinct stages of mass loss, each indicative
of different material properties.

The first stage, occurring between 29 °C
and 100 °C, is associated with the evaporation of
both physical and chemically bound water and
the decomposition of volatile organic materials.
This phase results in a relatively small mass
loss of 5.2%.!" The peak observed at 82.76 °C
in the differential scanning calorimetry (DSC)
curve confirms the exothermic nature of water
evaporation, highlighting the removal of
moisture from the carbonized material.

The second stage, between approximately
200 °C and 410 °C, is marked by the decomposition

https://doi.org/10.52111/qn;js.2025.19307

of hemicellulose, followed by the breakdown
of cellulose at around 455 °C, accompanied by
the degradation of the carbon skeleton.'> This
stage represents the most significant mass loss
of 56.6%, highlighting the breakdown of the
organic components in the material. The peak
at 284.54 °C in the DSC curve emphasizes
the endothermic nature of this decomposition
process. As the material undergoes pyrolysis,
the carbon structure begins to form, and volatile
organic components are released.

The third stage, occurring between 500 °C
and 600 °C, reflects the decomposition of the
amorphous cellulose regions, oxidation of the
cellulose carbon skeleton, and breakdown of
lignin in the sample.”” This stage produces
carbon gases such as CO and CO,, as the high
molecular weight compounds dissociate into
lower molecular weight fragments. The DSC
peak at 812.13 °C further corroborates the
breakdown of hemicellulose and cellulose
during pyrolysis, with the slow degradation of
lignin evident in the extended tail of the DTG
curve. This suggests passive pyrolysis beyond
550 °C, where slight volatilization occurs as
C—C and C-H bonds are cleaved, contributing to
the thermal carbonization of the biomass.'*

The thermal analysis of the composite
granular adsorbent (CAA) is presented in
Figure 5B, where the first stage, occurring
between 25 °C and 185 °C, corresponds to initial
mass loss due to both physical and chemical
dehydration. During this phase, the vitrification
transition of CS leads to a significant mass
reduction of 12.86%, as indicated by the DSC
peak at 121.5 °C, which confirms the exothermic
phase change of the CS.

In the subsequent stages, CS and AL are
progressively decomposed. This stage, occurring
between 200 °C and 400 °C, results in the
breakdown of AL and the formation of CaCO,,
which is typical of the cross-linking process
involving sodium alginate. The combined
thermal behavior of all CS, AL, and AC is
reflected in the DTG curve, showing the distinct
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contributions of each component to the thermal
stability and structural integrity of the CAA.

These findings underscore the complex
thermal behavior of the CAA adsorbent,
revealing the critical role of each component
in determining the material's stability. The
combination of AC derived from spent coffee
grounds with biodegradable biopolymers
like CS and AL results in a highly stable,
environmentally friendly adsorbent, ideal for
wastewater treatment applications. The thermal
analysis further supports the feasibility of this
material for practical use, demonstrating its
robust structure and thermal resilience even
under harsh conditions.
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Figure 5. TGA/DTG and DSC diagrams of AC
derived from coffee grounds (A) and CAA granular
adsorbent (B).

3.2.3. Fourier
spectroscopy

Transform-infrared (FT-1IR)

Fourier transform infrared (FT-IR) spectroscopy
wasemployedtoanalyzethe functional groupsand
chemical changes in the material before and after

treatment. The FT-IR spectrum of AL exhibited
characteristic peaks at 1333 cm! and 1032 cm™!,
corresponding to the C-H stretching vibration of
glucose and the C-O stretching vibration of ether
and alcohol groups, respectively, 2824 cm!
represents the aliphatic C—H stretching vibration
(—~CH,~, -CH~) characteristic of the polyuronic
backbone of alginate, 2482 cm™ the presence
of this peak indicates that the alginate has been
acidified and is typical of alginate's chemical
structure.'® These functional groups play an
essential role in the adsorption process by
providing active sites for interactions with
pollutants.

The FT-IR spectrum of CS, a key
component in the composite adsorbent, displayed
a prominent peak at 3577 cm™, corresponding to
the N-H stretching vibration of the amino group,
and another peak at 1635.3 cm™ related to the
N-H bending vibration of the primary amide
group within the CS."7 These functional groups
are crucial for the adsorption of pollutants, such
as MG, through electrostatic and hydrogen
bonding interactions.

The AC spectrum displayed peaks at
1635 cm™ and 1385 c¢cm™!, which are indicative
of C=0 bonds found in carboxyl and aromatic
groups on the AC surface. These peaks suggest
that the carbonization process introduces
oxygen-containing functional groups, which
are key to enhancing the adsorbent's ability to
interact with organic pollutants in wastewater.

When comparing the FT-IR spectra of the
CAA granular adsorbent, common functional
groups such as O-H at 3420 cm™', 3449 cm™,
and 3452 c¢cm™, along with —COO, C=0, and
C-0O at 1647 cm™, 1541 cm™, and 1601 cm™,
were observed in all materials."® These peaks
are indicative of the successful incorporation of
various components, including CS, AL, and AC,
into the final composite material. The presence
of these functional groups demonstrates the
material’s potential to interact with pollutants,
particularly organic dyes like MG.

A small peak at 534 cm™ attributed to
the vibration of the Ca—O bond, confirming
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the formation of the gel network through ionic
bonding between Ca** and the carboxylate
group of alginate.!” Moreover, the C-H bond at
1457 cm™ suggests the formation of hydrogen
bonds between the functional groups, particularly
between CS and AC, which further enhances the
material’s stability and adsorption capacity.”

Since MG is a positively charged ion in
aqueous solutions, it interacts electrostatically
with the negatively charged functional groups
on the adsorbent, particularly -COO and O-H.*!
These functional groups act as adsorption sites,
facilitating the effective removal of MG from
wastewater. The FT-IR analysis confirms the key
role of the functional groups in enhancing the
material’s adsorption efficiency, which is critical
for wastewater treatment applications.

Briefly, the FT-IR spectra of the CAA
granular adsorbent demonstrate the successful
incorporation of CS, AL, and AC from spent
coffee grounds, which contribute to the material's
ability to effectively adsorb organic dyes like
MG. The presence of multiple functional groups,
including hydroxyl, carboxyl, and amino groups,
underscores the material’s potential as an eco-
friendly and efficient adsorbent for wastewater
treatment.
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Figure 6. Fourier Transform-infrared (FT-IR)
spectroscopy result of AL (A), CS (B), AC (C), The
CAA granular adsorbent (D).
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3.2.4. Adsorption/desorption N, isotherm (BET
equation)

The specific surface area of the CAA granular
adsorbent, derived from spent coffee grounds and
AC using the BET (Brunauer-Emmett-Teller),
BJH (Barrett-Joyner—Halenda) method, was
analyzed to assess its potential for wastewater
treatment applications. Nitrogen adsorption-
desorption isotherms were used to evaluate the
material’s pore characteristics and adsorption
capacity. The BET analysis revealed that the
AC derived from spent coffee grounds exhibited
a significantly higher adsorption compared to
desorption, as shown in Figure 7. The surface area
of the activated material was measured at 300.842
m?%g, indicating that the material possesses a
relatively large surface area. This value is notably
higher than many other adsorbents reported
in previous studies, suggesting the material’s
superior adsorption potential.

The pore diameter of the AC was found
to be 10.628 A, placing the material within the
micropore category. This observation aligns with
the SEM analysis, which showed the presence
of a highly porous structure. The high surface
area and micropore distribution are crucial for
efficient adsorption, as they provide numerous
sites for pollutant molecules to interact with
the adsorbent. These findings highlight that the
material’s high adsorption capacity reinforced by
the [IUPAC-type I adsorption isotherms is largely
attributed to the large surface area created during
the activation process.?

In contrast, the CAA granular adsorbent,
prepared by incorporating CS and AL, showed a
decrease in specific surface area to 11.231 m%g
compared to the raw AC. However, the pore
diameter increased to 12.887 A. This shift in
pore characteristics is likely due to the formation
of a granular structure during the condensation
of CS, which encapsulated the AC. While the
surface area decreased, the enlarged pores still
ensured effective adsorption, indicating that
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the granular structure maintained sufficient
adsorption sites for molecules.

Despite the increased pore size, the
granular adsorbent still demonstrated significant
adsorption potential. The 12.887 A pore
diameter is slightly larger than the size of MG
dye molecules, which range from 0.8 to 1.58 nm.
This suggests that the material can still effectively
adsorb MG molecules, although the larger pore
size might slightly hinder the diffusion of the
dye into the adsorbent’s structure. However, this
slower diffusion is balanced by the material's
long-term adsorption efficiency, as evidenced by
the Type IV adsorption isotherm, which showed
a relatively large pressure hysteresis region. This
hysteresis is indicative of efficient adsorption,
even for larger molecules, over an extended
period.”

In brief, the BET analysis underscores
the effectiveness of the activated carbon
derived from spent coffee grounds and the CAA
composite in wastewater treatment applications.
The combination of a high surface area,
microporosity, and a well-structured granular
form makes this material an ideal candidate
for adsorbing organic pollutants like MG from
aqueous solutions.
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Figure 7. Adsorption/Desorption N, isotherm (BET
equation) of CAA granular adsorbent (A); AC (B).

3.2.5. Point of zero charge of the CAA granular
adsorbent

Understanding the point of zero charge (pH,,)
is crucial for optimizing adsorption processes,
especially in industrial and environmental

applications like wastewater treatment. The

pH , represents the pH at which the adsorbent
surface carries no net charge, meaning it neither
attracts nor repels charged species from the
solution. Below this pH, the adsorbent surface
tends to be positively charged, while above it,
the surface becomes negatively charged.'® This
property plays a significant role in how the
material interacts with different pollutants in
aqueous solutions.

In this study, the pH of the CAA
adsorbent was determined to be 7.52, as shown
in Figure 8. This isoelectric point, where the
surface charge is neutral, marks a key threshold
in the material's ability to adsorb different ions.
Specifically, below a pH of 7.52, the material’s
surface is positively charged, making it more
likely to attract anions. Conversely, when the pH
rises above 7.52, the surface becomes negatively
charged, favoring the adsorption of cations.

This finding is particularly significant
for wastewater treatment applications. For
example, the adsorption of MG, a cationic dye,
is enhanced at pH values above 7.52, where the
negative charge on the CAA surface attracts
the positively charged dye molecules. This
interaction promotes efficient adsorption of the
dye, demonstrating how the pH . plays a vital
role in optimizing the removal of contaminants
from wastewater.

The ability of the CAA material to
efficiently adsorb both anions and cations at
varying pH levels highlights its versatility as an
eco-friendly adsorbent for wastewater treatment.
By adjusting the pH ofthe solution, the adsorption
efficiency of the material can be fine-tuned
to target specific pollutants, providing a more
adaptable and effective solution for real-world
environmental applications. This underscores the
significant impact of surface charge dynamics
on the material’s adsorption properties and
its potential for treating wastewater in an eco-
friendly and sustainable manner.
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Figure 8. pH of granular adsorbent CAA.

The results presented in Figure 9 show
that the adsorption efficiency and adsorption
capacity increased significantly when the pH of
the medium increased from 6 to 8.
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Figure 9. Effect of pH on the adsorption capacity of
MG dye from aqueous solution of CAA adsorbent.

Specifically, the adsorption efficiency
increased from 68.77% to 94.13%, while the
adsorption capacity increased from 1.72 mg/g to
2.35 mg/g. The pHpzc value was determined to
be 7.52. The change in the surface properties of
the material with pH can explain the mechanism
of increased adsorption through both the surface
charge and the protonation state of the active
functional groups. AtpH lower than the isoelectric
point (pH < 7.52), the material surface is mainly
positively charged because the functional
groups such as the amine (-NH,) of chitosan are
protonated to -NH,". As pH increases, the -NH,"
groups are gradually deprotonated back to —-NH,

https://doi.org/10.52111/qn;js.2025.19307

(pKa = 6.3-6.5), reducing the positive surface
charge and increasing the ability to adsorb
cations through coordination interactions or ion
exchange.? At the same time, the -COOH groups
on alginate and -OH groups on activated carbon
begin to be deprotonated at pH > 4-5 (pKa of
-COOH = 3.5-4.5; pKa of -OH = 9-10), resulting
in an increasingly negative surface charge at
pH > 7.5.2* This facilitates the interaction with
positively charged dye ions in solution.

4. CONCLUSION

This study successfully developed an eco-
friendly granular adsorbent, CAA, by combining
AC from spent coffee grounds with CS and AL.
The adsorbent features a uniform size, rough
surface, and well-developed capillary system,
enhancing its adsorption potential. AC, prepared
at 850 °C, showed a high degree of aromatic
condensation, improving adsorption yield.
The synthesis process was optimized with 3 g
of AC, 0.75 M NaOH solution, 2% (w/v) AL
concentration, and a 2-hour soaking period. FT-IR
analysis confirmed successful integration of the
components. The final adsorbent had an average
diameter of 1.05+0.04 mm, specific surface area
of 11.231 m?/g, and a pore diameter of 12.887 A,
making it ideal for dye removal. With a pH_,. of
7.52, the CAA adsorbent demonstrates excellent
potential for selectively adsorbing cationic
dyes, such as MG, from wastewater. This study
showcases the material's effectiveness and
sustainability, offering a promising solution for
environmentally-friendly wastewater treatment.
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Danh gia kha nang déi khang ctia nam Trichoderma spp.
vGi ndm Colletotrichum spp. gay bénh than thu
trén 6t chi thién trong diéu kién in vitro
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TOM TAT

Colletotrichum 1amdt chi nAm gay bénh thyc vét quan trong, 1ay nhiém cho nhiéu loai cay chi. Colletotrichum
spp. gdy ra bénh than thu, dan dén ton that kinh té nghiém trong trong nong nghiép. Trichoderma spp. 1a mot loai
nam dat phé bién ¢6 hoat tinh ddi khang voi nhiéu loai mam bénh thyuc vat, bao gém Colletotrichum spp., tic nhan
gdy bénh than thu trén 6t. Bé xac dinh Trichoderma spp. c6 hoat tinh dbi khang cao v&i bénh than thw, ba mau
dét da dugc thu thap tir cac viung tré)ng 6t chi thién tai huyén Phu My. Duya trén cac dac diém hinh thai, bén ching
Trichoderma spp. da dugc phan l4p va hai ching c6 hoat tinh dbi khang cao véi bénh than thu da dugc chon. Trong
s6 d6, Tr.1 va Tr.2 thé hién chi s6 dbi khang cao 1an luot 1a 74,78% va 85,44%, trong diéu kién in vitro. Phéan tich
trinh tu ITS xac dinh Tr.1 1a 7. viride va Tr.2 1a T. asperellum. Hai ching d6i khang nay c6 tiém nang day hira hen
trong viéc kiém soat sinh hoc bénh than thu & &t chi thién.

Tir khéa: Doi khdng, bénh than thi, tac nhan gdy bénh nam, Colletotrichum indemuthianum, Trichoderma.
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ABSTRACT

Colletotrichum is an important genus of plant-pathogenic fungi that infects a wide range of host plants.

Colletotrichum spp. causes diseases such as anthracnose, leading to significant economic losses in agriculture.

Trichoderma spp. is a common soil fungus with antagonistic activity against various plant pathogens, including

Colletotrichum spp., the causal agent of anthracnose in chili pepper. To identify Trichoderma spp. with high

antagonistic activity against anthracnose, three soil samples were collected from skyward pointing chili pepper

growing areas in Phu My District. Based on morphological characteristics, four Trichoderma spp. strains were

isolated, and two strains with high antagonistic activity against anthracnose were selected. Among them, Tr.1

and Tr.2, exhibited high antagonistic indices of 74,78% and 85,44%, respectively, under in vitro conditions.

ITS sequence analysis identified Tr.1 as 7. viride and Tr.2 as T. asperellum. These two antagonistic strains hold

promising potential for biological control of anthracnose in skyward pointing chili pepper.

Keywords: Antagonistics, anthracnose, fungal pathogens, Colletotrichum indemuthianum, Trichoderma.

1. INTRODUCTION

Chili peppers (Capsicum frutescens L. var.
fasciculatum (Sturt) Bailey), belonging to the
Solanaceae family, are one of the most important
and widely grown spice plants in the world."?
Vietnam's chili growing areas span the country,
from North to South, covering approximately
50.000 hectares.® Of which, Binh Dinh province
(Phu My, Phu Cat, and Tay Son districts) is the
largest producer. However, fungal diseases,
particularly anthracnose, significantly impact
yields and cause substantial economic losses.*
Anthracnose is characterized by small, round

*Corresponding author.

Email: nguyenthitho@gnu.edu.vn

https://doi.org/10.52111/qn;js.2025.19308

spots initially appearing on chili pepper leaves
and fruits. These spots progress, causing infected
areas to become sunken and dry.’ The disease
is caused by various Colletotrichum species.
Previous studies believed that at least five
species have been associated with anthracnose
in peppers, including C. gloeosporioides, C.
acutatum, C. coccoides, C. dematium, and C.
truncatum.®

Chemical control of chili anthracnose
presents significant drawbacks.”  Pesticide
use contributes to environmental pollution,

poses risks to human health, and drives the
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development of pesticide-resistant fungal
strains. Consequently, alternative and sustainable
methods such as biological control have been
studied and applied for creating a safer and
cleaner agricultural system. Antagonists (also
known as biological control agents) are often
soil microorganisms. They can suppress fungal
pathogens through various mechanisms including
competition, antibiosis (antibiotic production),
and parasitism.® Trichoderma spp., for example,
is a well-established antagonist of soilborne
pathogens, including C. truncatum, a causative
agent of chili anthracnose.’ Trichoderma-based
biocontrol agents are increasingly utilized
globally as a safer and more environmentally
alternative to chemical pesticides.!”

T. viride shows the strongest potentials for
inhibiting mycelial growth and spore germination
of C. lindemuthianum.' T. asperellum, in dual-
culture studies, effectively inhibited various
filamentous fungal pathogens. Furthermore, 7.
asperellum exhibits plant growth-promoting
properties, including [AA production, phosphate
solubilization, and positive impacts on seed
germination, root and leaf development.!?

This study aims to: (1) isolate and identify
Trichoderma spp. species from skyward pointing
chili pepper soil samples in Phu My, Binh
Dinh; (2) select Trichoderma spp. strains with
antagonistic activities against skyward pointing
chili peppers’ anthracnose.

2. MATERIALS AND METHODS
2.1. Materials

Pathogenic fungal samples on chili fruits and
soil samples from chili-growing areas in My
Cat Commune, Phu My District, Binh Dinh
Province.

Isolation of Trichoderma fungi from soil
samples collected in chili-growing areas in My
Cat Commune, Phu My District, Binh Dinh
Province.

Fungal culture medium: Potato Dextrose
Agar (PDA) medium.

Essential chemicals and materials for
the research: Agar, glucose, petri dishes, test
tubes, sample cutting knives, forceps, alcohol
lamp, measuring cylinders, filter paper, glass
slides, cover slips, pots, jars, inoculating loops,
drying oven, autoclave, refrigerator, incubator,
biosafety cabinet and microscope.

2.2. Methods
2.2.1. Sample collection method
- Soil sample collection method

Soil samples were collected from the
rhizosphere of healthy skyward pointing chili
pepper plants in three communes (My Cat, My
Tai, and My Trinh), Phu My, Binh Dinh.

Three soil samples (500g each) were
collected and stored in sterile bags, and
transported to the laboratory for analysis within
one day (maximum one week at 2-4°C)."3

- Collection of pathogenic fungal samples
of skyward pointing chili peppers

Pathogenic fungal samples of chili fruits
were collected at growing areas from My Cat
commune. They were similarly stored and
transported to the laboratory for analysis within
one day (maximum one week at 2-4°C).

2.2.2. Isolation methods
Isolation pathogenic fungi

Diseased chili fruits were thoroughly
washed under running tap water. Small tissue
pieces (0,5-1 cm), excised from the border
between healthy and diseased tissue using a
sterile blade, were surface-sterilized in NaCl
0,9% for one minute and rinsed with sterile
distilled water. Sterilized tissue pieces were
inoculated onto PDA (Potato Dextrose Agar)
plates and incubated at 28 + 2°C for 48 hours.
Putative Colletotrichum colonies on PDA were
purified, and pure cultures were stored at 4°C for
further analysis.!*

- Isolation Trichoderma

One gram of soil from each sample was
suspended in NaCl 0,9% and serially diluted to

https://doi.org/10.52111/qnjs.2025.19308
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10°. 0,1 ml of the 10, 107, 10 dilutions were
spread onto PDA plates and incubated at 28 +
2°C for 48 hours. Putative Trichoderma colonies
on PDA were purified, and pure cultures were
stored at 4 °C for further analysis.'

2.2.3. Morphological identification method

Fungal colonies from the third generation of
isolation were subcultured onto fresh PDA plates
and incubated at 28°C + 2°C for three days.
Colony morphology was assessed daily, while
spore and hyphal structures were examined
using an optical microscope. The morphological
characteristics were then compared with
reference descriptions from previous for

identification.!¢
2.2.4. Molecular identification method

Molecular identification method of fungi:
Ribosomal RNA barcode gene region was
used for identification. Total DNA was
extracted from purified fungal samples
by CTAB method."” Primer pair ITSI
(5’-TCCGTAGGTGAACCTGCGG-3’, forward)
and ITS4 (5’-TCCTCCGCTTATTGATATGC-3,
reverse) were used to amplify the ITS region
by PCR technique (2,5 pL PCR bufter; 0,5 pL
total DNA; 0,5 uL dNTP; 1 pL each primer and
0,2 uL Taq polymerase).'® The thermal cycling
conditions included an initial denaturation
at 94°C for 3 min, followed by 35 cycles of
denaturation at 94°C for 30 s, annealing at 52°C
for 30 s, and extension at 72°C for 45 s, with
a final extension at 72°C for 5 min. The PCR
product was purified using PureLink Quick Gel
Extraction Kit (Invitrogen, USA) for 2-way
direct sequencing (NK Biotek Laboratory, Ho
Chi Minh City, Vietnam).

2.2.5. Sequence Analysis

Sequencing data were analyzed using the
BLAST algorithm available in the National
Center for Biotechnology Information (NCBI)
nucleic acid database. Phylogenetic relationships

https://doi.org/10.52111/qn;js.2025.19308

were inferred using the Neighbor-Joining (NJ)
method with the maximum composite likelihood
substitution model in MEGA 7.0.'® Tree
reliability was assessed through 1000 bootstrap
(BS) replicates.

2.2.6. Method for testing Trichoderma spp.
antagonism against Colletotrichum spp. causing

anthracnose in vitro.

- A symmetrical inoculation method was
used on Petri dishes under laboratory conditions,
employing two treatments:

+ Control (Ctrl): Colletotrichum spp.
inoculation only

+ Experiment (Ex): Simultaneous

inoculation of  Trichoderma spp. and

Colletotrichum spp.

- Fungal strains were inoculated onto PDA
at 28 £ 2°C. Colony diameter and growth were
monitored."

':Rn:'rri —Rg }_I:REI_RD:I X100
(Reery—Rp)

Antagonistic ratio=
In which:
Antagonistic ratio (T)

R :radius of the pathogenic fungal colony
on the control plate; R_: radius of the pathogenic
fungal colony on the treatment plates; R : radius
of the initial fungal inoculum (3 mm).

Antagonistic efficiency (H):
* 75%: very high antagonism
* 60-75%: high antagonism
* 50-60%: medium antagonism
* <50%: low antagonism
2.2.7. Data collection and processing methods

The reported data are the average values of
3 experimental repetitions. The data were
processed using Statgraphics 19 - X64. The
average values were analyzed by ANOVA using
the Tukey test and the value of p < 0.05 indicates
a statistically significant difference.
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3. RESULT

3.1. Isolation and morphological identification
of anthracnose fungus on chili peppers

The diseased chili samples collected from chili
fields of farmers in My Cat commune, Phu My
District, Binh Dinh Province, were isolated on a
PDA medium. The isolation results are presented
in Figure 1.

The results of morphological observations
showed that the isolated samples were
Colletotrichum spp. with the characteristics of
aerial mycelium growing loosely or close to
the surface of the agar (QCVN 01-160:2014/
BNNPTNT). The fungal colony is concentrically
circular, the upper surface is white then turns gray,
the lower surface is pink-orange to black. The
fungus has septa and branches. The transparent
spores are cylindrical in shape, with two rounded
ends or one rounded end and one pointed end.
On PDA, spores appear after 96 hours. Sclerotia
appear after 7 days.

Based on the morphological assessment
of the isolated samples, we determined that the
agent was Colletotrichum spp., although there
was still not enough evidence to determine the

exact species.

Figure 1. Morphological characteristics of fungal
samples on PGA medium after 7 days, observed
under an Olympus microscope with a magnification
of 60X. (A): front of the mushroom disc, (B): back of

the mushroom disc, (C): Mycelium, (D): Spore shape

Fungal B1

MW879339.1 Collectotrichum lindemuthianum M1

MW081312.1 Daldinia eschscholtzii 3-F24

MZ204059.1 Daldinia eschscholtzii OS03

0OL656089.1 Daldinia eschschltzii Dald

ON927175.1 Daldinia eschscholtzii clir9

Figure 2. Genetic tree of the Fungal B1 isolate with
some samples in the gene bank.

Therefore, the fungal samples were then
identified by PCR technique with the primer pair
ITS1 - ITS4. The results of the species clustering
tree analysis showed that the Fungal B1 isolate
was in the same branch as Collefotrichum
lindemuthianum M1 with a Bootstrap value of
83% (Figure 2), the similarity level of the Fungal
B1 isolate with Colletotrichum lindemuthianum
M1 was 99.62%.

Based on the results of the identification
of the agent causing anthracnose on chili plants
as Colletotrichum lindemuthianum, this source
of isolated samples was used to conduct further
studies.

3.2.Isolation and identification of 7richoderma
spp- Fungi

Soil samples from chili fields were collected
from many locations with different ecological
environments in Phu My district, Binh Dinh, to
isolate Trichoderma spp. The results isolated a
total of 4 fungal strains with typical morphology
of Trichoderma spp. (white, spongy fungal
colonies, forming elliptical/spherical conidia,
smooth surface). After 5 days of culture, the
fungal colonies gradually turned green, forming
many conidia, and the flask was cylindrical in
shape (Figure 3).

https://doi.org/10.52111/qnjs.2025.19308
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Trichoderma 1

Trichoderma 2

Trichoderma 3

Trichoderma 4

and Spore (C) of Trichoderma on PDA. Analysis
performed at 60x.

3.3. Evaluation of antagonistic efficacy
between Trichoderma spp. and anthracnose
fungi on chili plants under in vitro conditions

Next, with the aim of evaluating the antagonistic
ability against Colletotrichum lindemuthianum,
the 4 isolated Trichoderma spp. strains were
cultured symmetrically on both sides on PDA
medium (Figure 4).

The results showed that the 4 Trichoderma
spp. strains all showed the ability to antagonize
the pathogen, with an efficacy of 54.66 - 85.88%
(Table 1). Of which 2 strains of Trichoderma spp.,
Tr.1 and Tr.2, have the strongest antagonistic
effect against Colletotrichum lindemuthianum
causing anthracnose, with an inhibitory effect of
74,78 — 85,88% (Table 1). In previous studies,
Trichoderma spp. have been noted to have good
inhibitory ability against anthracnose pathogens
in chili. Previous studies by other authors showed
that preparations containing Trichoderma spp.
have the ability to significantly limit anthracnose
caused by Colletotrichum spp. on chili plants.2%-22
Spraying the preparation evenly on the plant
combined with spreading the preparation

https://doi.org/10.52111/qn;js.2025.19308

around the base is a feasible measure to limit
anthracnose. Based on this result, 2 strains of
Trichoderma spp., Tr.1 and Tr.2, were selected
for scientific identification in order to potentially
use them in the future to protect the plants.

(3 days)

(5 days)

Trichoderma 1

Trichoderma 2

Trichoderma 3

Trichoderma 4

Control
C. lindemuthianum |

Figure 4. Antagonism of Trichoderma spp. against
C. lindemuthianum on PDA, at 28 °C £2 after 3 days
and 5 days.

The result is consistent with previous
studies on Trichoderma spp. Pham Thi Ly Thu
selected Trichoderma spp. with high antagonistic
activity against fungi causing anthracnose on
mango trees in provinces of the Mekong area.
The result recorded 6 strains Tr.X1, Tr.X2, Tr.X3,
Tr.X4, T1, M2 with the highest antagonistic
activity from 77,76-86,25% in vitro.”® Nguyen
Anh Dung examed the antagonistic ability of
14 Trichoderma strains isolated on agricultural
land with the ability to antagonize the Corticium
samonicolor fungus on rubber trees.” In addition,
Aisha Saleh Alwadai isolated 48 Trichoderma
spp. from the soil samples having antagonist
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potential against the tested plant pathogenic
fungi. There were three strains with highly
effective in reducing the growth of tested plant
pathogenic fungi. Trichoderma A (1) 2.1 T was
highly effective against F. oxysporum (82%),
Trichoderma A (6) 2.2 T prevented the maximal
growth of H. rostratum (77%) according to the
dual culture data.?*

Table 1. Antagonistic efficiency between Trichoderma
spp. and C. lindemuthianum on PDA, at 28 °C +2.

Tr. 3 days 5 days
T (%) H T (%) H

Tr. 1| 57,22+ | Medium | 74,78 + High
11,128 4,51°

Tr.2 | 58,61 £ | Medium | 85,44+ | Very high
7,67 5,25¢

Tr.3 | 55,04+ | Medium | 58,40+ | Medium
7,73% 2,17

Tr.4 | 58,62+ | Medium | 54,66+ | Medium
7,16 2,342

Note: Numbers in the same column followed by one
or more identical letters are not significantly different
by Duncan's test.

3.4. Identification of 7Trichoderma spp. fungi
antagonistic to anthracnose pathogens in chili
plants

To identify the Trichoderma spp. molecularly,
this study sequenced the ITS region of the fungal
strains and constructed a phylogenetic tree with
known data on Trichoderma species based on
the GeneBank database.

The results showed that the Tr.1 strain
belonged to the Trichoderma viride T-VT-15
species with a similarity level of ITS sequence
reaching 100% and a Bootstrap value of 35%,
while the Tr.2 strain belonged to the Trichoderma
asperellum 7228 species with a similarity level
of ITS sequence reaching 100% and a Bootstrap
value of 100% (Figure 5).

Previous studies have shown that the
antagonistic ability of 7richoderma spp. against
pathogens is explained by the exogenous cellulase,

protease and chitinase production properties to
destroy the cell wall of pathogenic fungi.®

Trichoderma 1
15|_
&0 |— PP564887.1 Trizchoderma viride
0OP420536.1 Trichoderma yunnanense

OM017157.1 Trichoderma asperellum

— OK336355.1 Trichoderma asperellum
62
[— KX538807.1 Trichoderma asperelium

~Trichoderma 2
1WL
{00/ — PO465608.1 Trichoderma asperellum 222-8
100 L — OP782045.1 Trichoderma asperelloides RGO

ON025858.1 Trichoderma asperellum Th1

0OM280454.1 Trichoderma asperellum ETASP

MG266003.1 Trichoderma kKoningopsis T2

Figure 5. Genetic tree of the Trichoderma 1 and 2
with some samples in the gene bank.

4. CONCLUSION

From soil samples collected in chili growing
areas in My Cat commune, Phu My District,
Binh Dinh Province, the study isolated 4 strains
of Trichoderma spp. Under in vitro conditions,
2 out of 4 strains of Trichoderma spp. showed
a strong antagonism against Colletotrichum
lindemuthianum causing anthracnose in chili
plants with an efficacy ranging from 74,78 to
85,88%.

Based on morphological characteristics
and ITS region sequencing, Trichoderma Tr. 1
strain was identified as belonging to the
Trichoderma viride species and Trichoderma
Tr. 2 to the Trichoderma asperellum species.
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The study will continue to test the effectiveness
of using Trichoderma Tr. 1 and Tr. 2 strains to
produce biological products for application in
controlling anthracnose on chili plants.

Acknowledgements

This research is conducted within the
framework of science and technology projects
at institutional level of Quy Nhon University
under the project code T2024.878.49. I would
like to thank Quy Nhon University for creating
favorable conditions for me to use laboratory

equipment during this research.

REFERENCES

1. M. A. Rahman, M. A. Razvy, M. F. Alam.
Antagonistic activities of Trichoderma strains
against chili anthracnose pathogen, International
Journal of Microbiology and Mycology, 2013,
1(1), 7-22.

2. R. Govaerts, E. N. Lughadha, N. Black, R.
Turner, A. Paton. The World Checklist of
Vascular Plants, a continuously updated resource
for exploring global plant diversity, Scientific
Data, 2021, 8, 215.

3. H. T. Ngoc, N. T. L. Thuong. Research on
production of Trichoderma sp. products for
controlling the anthracnose disease caused
by Colletotrichum spp. on chili (Capsicum
frutescens), CTU Journal of Innovation and
Sustainable Development, 2016, 45, 86-92.

4. A S.  Khankhum.
Morphological, pathological and molecular

Sangdee, S. Sachan,
variability of Colletotrichum capsici causing
anthracnose of chilli in the North-east of
Thailand, African Journal of Microbiology
Research, 2011, 5(25), 4368-4372.

5. N. Nantawanit, A. Chanchaichaovivat, B.
Panijpan, P. Ruenwongsa. Induction of defense
response against Colletotrichum capsici in chili
fruit by the yeast Pichi guilliermondii strain
R13, Biological Control, 2010, 52, 145-152.

6. P. P Than, H. Prihastuti, S. Phoulivong, P. W.
Taylor, K. D. Hyde. Chilli anthracnose disease

https://doi.org/10.52111/qn;js.2025.19308

10.

I1.

12.

13.

14.

15.

caused by Colletotrichum species, Journal of
Zhejiang University Science B, 2008, 9(10),
764-778.

L. H. L. Thuy, P. V. Kien. Classification to
species of Colletotrichum isolates, causal agent
of anthracnose disease on mango and durian in
the mekong delta and test for effectiveness of six
fungicides to the fungal species, CTU Journal of
Innovation and Sustainable Development, 2008,

10, 31-40.

N. A. Dung. Antagonism of Trichoderma spp.
against corticium salmonicolor of pink disease
in rubber tree, Thu Dau Mot University Journal
Science, 2016, 2(27), 56-61.

M. Verma, S. K. Brar, R. D. Tyagi, R. Y.
Surampalli, J. R. Valero. Antagonistic fungi,
Trichoderma spp.: panoply of biological control,
Biochemical Engineering Journal, 2007, 37(1),
1-20.

M. N. Bhat, R. Mesta, S. T. Yenjerappa, M. H.
Tatagar. Biological control of Fusarium wilt of
chillies using Trichoderma spp, Indian Journal
of Horticulture, 2016, 73(1), 74.

B. A. Padder, P. N. Sharma. In vitro and in
vivo antagonism of biocontrol agents against
Colletotrichum lindemuthianum causing bean
anthracnose, Archives of Phytopathology and
Plant Proctection, 2011, 44(10), 961-969.

G. J. Samuels, E. Lieckfeldt, H. I. Nirenberg.

Trichoderma asperellum, a new species
with warted conidia, and redescription of T.

viride, Sydowia, 1999, 51(1), 71-88.

N. D. Huy, P. Q. Nguyen, N. T. T Hong, H.
Giang, N. V. Vien, N. T Canh. Isolation and
evaluation of antagonistic ability of trichoderma
asperellum against soil borne plant pathogens,
Vietnam Journal of Agricultural Sciences, 2017,
15(12), 1593-1604.

Y. X. Zhang, J. W. Chen, 1. S. Manawasinghe, Y.
H. Lin, R. S. Jayawardena, E. H. C. McKenzie,
K. D. Hyde, M. M. Xiang. Identification and
characterization of Colletotrichum species
associated with ornamental plants in Southern,

Mycosphere, 2023, 14(2), 262-302.

Y. Elad, I. Chet, Y. Henis. A selective medium for
improving quantitative isolation of Trichoderma

112 | Quy Nhon University Journal of Science, 2025, 19(3), 105-113



QUY NHON UNIVERSITY

JOURNAL OF

16.

17.

18.

19.

20.

SCIENCE

spp. from soil, Phytoparasitica, 1981, 9(1),
59-65.

S. Kumar, G. Stecher, K. Tamura. MEGA7:
molecular evolutionary genetics analysis version
7.0 for larger datasets, Molecular Biology and
Evolution, 2016, 33(7), 1870-1874.

S. Umesha, H. M. Manukumar, S. Raghava. A
rapid method for isolation of genomic DNA
from food-borne fungal pathogens, 3 Biotech,
2016, 6(2), 123.

K. J. Martin, P. T. Rygiewicz. Fungal-specific
PCR primers developed for analysis of the ITS
region of environmental DNA extracts, BMC
Microbiol, 2005, 18, 5-28.

N. Tekiner, R. Kotan, E. Tozlu, F. Dadasoglu.
Determination of some biological control agents
against alternaria fruit rot in quince, Alinteri
Journal of Agricultural Science, 2019, 34(1),
25-31.

K. Soytong, W. Srinon, K. Rattanacherdchai,
Kanokmedhakul. Application of antagonistic
fungi to control anthracnose disease of grape,
Journal of Agricultural Biotechnology, 2005, 1,
33-41.

©NOIS

© 2025 by the authors. This Open Access Article is licensed under the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC 4.0) license (https://creativecommons.org/licenses/by-nc/4.0/).

21

22.

23.

24,

25.

P. P. Than, R. Jeewon, K. D. Hyde, S.
Pongsupasamit, O. Mongkolporn, P. Taylor.
Characterization and  pathogenicity  of

Colletotrichum  species  associated  with
anthracnose on chilli (Capsicum spp.) in Thailand,

Plant Pathology, 2007, 57(3), 1365-1375.

S. Bankole, A. Adebanjo. Biocontrol of brown
blotch of cowpea caused Colletotrichum
truncatum with Trichoderma viride,

Protection, 1996, 15(7), 633-636.

Crop

P. T. L. Thu, L. T. Trung, L. T. M. Dung, H. V.
Cuong, N. D. Thanh, N. T. H Hai. Isolation
and seclection of Trichoderma spp. antagonists
against pathogens causing anthracnose in mango,
Vietnam Journal of Agricultural Sciences, 2021,
19(12), 1617-1627.

A. S. Alwadai, K. Perveen, M. Alwahaibi. The
Isolation and characterization of antagonist
Trichoderma spp. from the Soil of Abha, Saudi
Arabia, Molecules, 2022, 27(8), 2525.

R.G. Sardareh, H. Mohammadi. Characterization
and pathogenicity of fungal trunk pathogens
associated with declining of neem (Azadirachta
indica A. Juss) trees in Iran, Journal of Plant
Pathology, 2020, 102(1), 1159-1171.

https://doi.org/10.52111/qnjs.2025.19308

Quy Nhon University Journal of Science, 2025, 19(3), 105-113 | 113






KHOA HOC

TRUONG DAl HOC QUY NHON

Phuong phap xanh va don gian dé ché tao
graphene oxide tu graphite bang phuong phap
béc tach dién héa
Phan Nguyén Dirc Dwgc*, Phan Nhit Nguyén, Phan Viin Cuong
Bo mon Vit Iy, Khoa Dién - Dién tir, Truong Pai hoc Nha Trang, Viét Nam
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TOM TAT

Trong nghién ciru nay, vét liéu graphene oxide chét lugng cao, kich thudc 16n da duge ché tao tir thanh
graphite bang phuong phéap boc tach dién hoa. Pién cuc graphite dugc sir dung 1a thanh graphite thuong mai gia
ré, dung dich dién ly la (NH,),SO,. Cac diéu kién cua dién ap anh hudng dén chit luong graphene oxide da dugc
kiém tra chi tiét. Dién ap duoc sir dung trong phuong phép boc tach dién hoa dwoc thay ddi tir 4.5 dén 10 V. Cac
dic trung ciia graphene oxide di dugc kiém tra thong qua cac phép do nhu kinh hién vi dién tir quét (SEM), pho
tan sic nang luong tia X (EDX), Phd hép thu hong ngoai (FTIR) va quang phé Raman. Bang phuwong phép than
thién moi truong va don gian, graphene oxide di dwoc ché tao thanh cong véi chit lugng cao, dién tich bé mat
16n va kha ning phan tan tt trong nudc. Vi didu kién thich hop (tir 6 dén 8 V), graphene oxide thu dugc dat
higu suét cao (70%), ty 1¢ sai hong thép véi ty s6 C/O cao (4.3) va I /I thip (0.47), kha nang phan tan tt v6i thé
Zeta =-39.4 mV. Graphene oxide thu dwoc c6 tiém ning tng dung cho xir Iy méi truong va cac vat liéu composite.

Tir khoa: Graphene oxide, béc tach dién hoa, graphite, dién ap khong doi.

*Tac gia lién hé chinh.
Email: duocpnd@ntu.edu.vn
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ABSTRACT

In this work, high-quality graphene oxide with large lateral dimensions was synthesized via a green and
simple electrochemical exfoliation method from graphite rods. The graphite electrode utilized was a commercially
available graphite rod, and the electrolyte mixture consisted of ammonium sulfate (NH,),SO,, which is both a
readily accessible and cost-effective materials. The effects of various potential conditions on the quality of graphene
were examined in detail. Graphene oxide materials were fabricated via an electrochemical exfoliation approach in
ammonium sulfate, employing a constant voltage range of 4.5-10 V. The characteristics of the graphene oxide were
confirmed by Scanning electron microscope (SEM), Energy dispersive X-ray (EDX), Fourier-transform infrared
spectroscopy (FTIR), and Raman spectroscopy. Through this environmentally friendly and straightforward
method, few-layer graphene oxide was successfully produced, exhibiting high quality, large surface areas, and
excellent dispersion in water. At an appropriate voltage (from 6 to 8 V), the graphene oxide demonstrated a high
yield (70%), larger surface areas, a high C/O ratio (4.3), low defect density (I,/,=0.47), and good dispersion in
water (Zeta potential = -39.4 mV). The obtained graphene oxide holds potential for applications in environmental
treatment and composite materials.

Keywords: Graphene oxide, electrochemical exfoliation, graphite, constant voltage.

1. INTRODUCTION Currently, there are two main

Graphene is a single-layer two-dimensional approaches to synthesize graphene: bottom-up

honeycomb lattice of carbon atoms with sp’ and top-down. Bottom-up methods typically

. . e g .
hybridization. Graphene possesses many include chemical vapor deposition’ and organic

. L
remarkable properties such as high electrical synthesis in solution.” Top-down methods are
and thermal conductivity, high mechanical

strength, and high electron mobility.!® Due

referred to as graphite exfoliation methods,
including high energy milling, micromechanical

to its unique propertics, graphene has found cleavage, the Hummer’s method (chemical), and

o . . electrochemical exfoliation.”!® The fabrication
applications in a wide range of fields, such as

. P . - of graphene often faces a significant challenge
corrosion prevention,® composite materials,

supercapacitors and batteries,” sensors,” and in balancing two factors: the yield and the

environmental remediation.s quality of the graphene material. While the

*Corresponding author.

Email: duocpnd@ntu.edu.vn
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chemical vapor deposition (CVD) method can
produce single layer and large area films, it
requires relatively complex conditions such as
high-temperature, inert reaction chambers and
expensive experimental equipment. Mechanical
exfoliation (without chemical modification)
generally high-yield quality but suffers from very
low production efficiency.!! On the other hand,
chemical exfoliation methods for producing
graphene oxide (GO) typically offer high yields
and are commercially viable. However, the
presence of oxygen-containing functional groups
on the large surface area, resulting in a low C/O
ratio, significantly reduces the properties of GO
compared to pristine graphene. This significantly
impacts the potential applications of the obtained
product.

In recent years, the electrochemical
method has emerged as a fast, simple, efficient,
and environmentally friendly technique for
graphene fabrication, attracting significant
attention from scientists. Electrochemical
exfoliation of graphene or GO from graphite
involves applying a negative (cathodic) or
positive (anodic) potential to one end of graphite
electrode, with the other end connected to a
counter electrode, typically platinum or graphite.
Under the influence of the electric field within the
electrolyte solution, positive ions (Li") migrate
and intercalate between the layers of the graphite
cathode, separating the layers to form graphene
(cathodic exfoliation). Conversely, negative ions
(SO4%) can be attracted to the anode to exfoliate
graphite into graphene (anodic exfoliation).
Various forms of graphite materials are used for
electrochemical graphene fabrication, including
graphite sheets, rods, and highly oriented
pyrolytic graphite. Several factors influence the
yield and quality of electrochemically exfoliated
graphene, with four primary factors being (1) the
shape of the graphite electrode, (2) the applied
voltage, (3) the electrolyte solution, and (4) the
reduction method employed after graphene or
GO synthesis.

Graphite electrodes used in
electrochemical exfoliation are typically natural
graphite in the form of foils, rods, or sheets,
as well as highly oriented pyrolytic graphite
(HOPG)."”? Munuera et al. demonstrated that
using graphite foil can reduce the oxidation of
graphene during electrochemical exfoliation
compared to HOPG." Fuertes et al. also
indicated that graphite rods or sheets generally
exhibit lower exfoliation rates than graphite
foils. However, graphite rods produce graphene
material with a thickness of about two layers
and a high C/O ratio (11.7), with graphene sheet
sizes around 1 um." Green et al. showed that
graphite rods can be used to produce high-quality
graphene through electrochemical methods, but
with the drawback of low efficiency when using
a constant voltage."* Chen et al. utilized pencil
cores containing a mixture of graphite and clay
as graphite electrodes. After electrochemical
exfoliation, the obtained graphene material floats
on the surface of the solution while the clay
settles to the bottom, allowing for easy collection
of graphene after synthesis."” Natchanon et al.
also fabricated graphene using pencil lead via an
electrochemical method, resulting in graphene
with low electrical resistance (1.86 kQ).'¢

The quality and yield of graphene
production also depend on the voltage applied
to the graphite electrode, encompassing both
anodic and cathodic exfoliation. Studies have
shown that alternating current (AC) or direct
current (DC) can be used in electrochemical
methods for graphene fabrication. Yang et al.
demonstrated the feasibility of using an AC
source with [TBA.HSO,] as the conductive
medium to obtain graphene that meets both
quality and yield criteria.'” Their results showed
that graphene (1-3 layers) accounted for over 75%
of the obtained product with a high C/O ratio.
Srivastava et al. also employed a constant voltage
with varying values from 2-10 V to evaluate the
quality and yield of graphene in electrochemical
fabrication. The findings indicated that while
higher voltages lead to increased yields, the
quality of graphene decreases due to increased
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defect density and higher oxygen content in the
graphene.'® Eredia et al. further highlighted that
longer electrochemical exfoliation times result
in lower C/O ratios, significantly impacting
the quality of graphene." To enhance graphene
quality, several research groups have introduced
equipment modifications. For instance, Xu et
al. proposed limiting the contact between the
graphite rod and the electrolyte surface during
electrochemical exfoliation by continuously
replenishing the electrolyte solution as the
graphite rod is consumed, this approach yielded
graphene with fewer than three layers and sizes
ranging from 3-5 um. Additionally, other groups
have introduced innovative techniques such as
pressing graphite powder into rods using filter
membranes or combining it with an electric
field to cut graphite layers within the electrolyte
solution for higher efficiency.'**!

The electrolyte solution significantly
influences the quality and yield of graphene
in electrochemical fabrication. The ions in the
electrolyte solution must have a size compatible
with the interlayer spacing in the graphite
structure (0.35 nm). Commonly used electrolytes
include H,SO,, Na,SO,, NaBr, Nal, and KOH,
as their dissociated ions have sizes comparable
to the interlayer spacing of graphite."" After
electrochemical graphene synthesis, the oxygen
content can vary depending on the experimental
conditions, leading to the formation of GO.
While GO exhibits good dispersion in organic
solvents and finds applications in various fields,
it has limitations due to altered physicochemical
properties compared to pristine graphene.
Typically, GO is converted to reduced graphene
oxide (rGO) through thermal reduction at
high temperatures (500 - 800 °C) under suitable
conditions.?>?}

2. EXPERIMENTAL
2.1. Materials

An electrode for fabricating graphene is a cheap,
commercially cylindrical graphite rod (carbon;
99.9%) with a length of 100 mm and a diameter

https://doi.org/10.52111/qn;js.2025.19309

of 10 mm which acts as the positive electrode.
The negative electrode is the other same graphite
rod. The power supply is a programmable
control source (IT6832A) manufactured by
ITECH (Taiwan). This power supply can adjust
the DC voltage from 0 to 32 V and the maximum
current up to 6 A. The programmable source can
be adjusted using buttons or knobs, the voltage
or current values can be held at constant values
or varied arbitrarily with different pulse modes
dependent on time and amplitude. Ammonium
sulfate solution (NH,),SO, was bought from
Sigma Aldrich. Filtration film MCE (Mixed
Cellulose Ester, Advantec) with a pore size of
0.45 um and a diameter of 47 mm.

In this experiment, an electrolyte
solution of (NH,),SO, 0.5 M (200 mL) is placed
in a heat-resistant glass beaker, and constant
voltages are applied, including 4.5 V, 6 V, 8 V,
and 10 V. The samples are labeled as GO4, GO6,
GOS8 and GO10, respectively. Initial temperature
conditions are measured using a thermometer,
indicating a range of 25-27°C, and the currents
are 0.6 A, 1.1 A, 1.9 A, and 2.8 A, respectively
(Table 1).

Table 1. Constant voltages applied with 0.5 M
(NH,),SO, electrolyte solution.

Voltage (V) 4.5 6 8 10
Sign GO4 | GO6 | GO8 | GO10
Initial

26 25 26 27
temperature (°C)

Initial current

(A)

2.2. Characterizations

0.6 1.1 1.9 2.8

The surface morphologies, structure and electro-
physical measurements of the fabricated materials
were investigated using scanning electron
microscopy (SEM, Hitachi S-4800, Japan) with
X-ray energy dispersive spectrometry (EDS),
Raman spectroscopy (Horiba, Japan) with 532 nm
excitation source, Fourier transform infrared
spectroscopy (FTIR) spectroscopy (Bruker,
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Germany) was used to investigate the functional
groups of the nanocomposite, Zeta potential of
nanoparticle samples was investigated by Zeta
potential analyzer (SZ-100, Horiba).

3. RESULT AND DISCUSION

3.1. The efficiency of graphite electrode
exfoliation

The structure of graphite is an arrangement of
graphene sheets through n-n* bonds with a
distance of approximately 0.35 nm between
the layers. Under the influence of a positive
potential, the anions in the electrolyte solution
(SO,*) with a diameter of approximately 0.46 nm
are dissociated and move toward the anode
electrode. Due to the expansion of the electrodes
in the electrolyte solution along with the
appropriate size of SO > ions, these ions can easily
intercalate into the layers of graphite leading to
the electrochemical exfoliation process. Graphite
rod electrodes with a mass of 11.2 g (= 0.1 g)
after being exfoliated in an (NH,),SO, 0.5 M for
2 hours at several voltages of 4.5V, 6V, 8 V, and
10 V are depicted in Figure 1.

Figure 1. Images of the graphite electrode after
erosion at different voltages: (a) 10V, (b) 8 V, (c) 6 V,
and (d)4.5 V.

The results show the extent of graphite
electrode erosion depends on the applied
voltage across the electrodes. With a voltage
of 10 V (Figurela), the mass of the sample
GO10 obtained is 3.36 g and represents the
highest value among the surveyed voltages.
Upon decreasing the voltage to 8 V (Figure 1b),

the mass of the exfoliated GOS8 decreased to
2.69 g. Figure lc, d illustrate the relatively
low levels of electrode erosion for the graphite
electrode corresponding to voltages of 4.5 V and
6 V, yielding 0.45 g (sample GO4) and 0.85 g
(sample GO6), respectively. Thus, as the voltage
increases, the mass of exfoliation also increases
within the same experimental duration. To assess
the efficiency of obtaining GO from graphite,
the solution after electrochemical exfoliation
was filtered, washed, sonicated for 1 hour, and
centrifuged at 5000 rpm for 10 minutes. The
ratio of the mass of the graphene obtained after
centrifugation to the mass of exfoliated graphite
was determined as the efficiency of graphene
synthesis (Table 2).

Table 2. Effect of applied voltage on electrode
exfoliation level and yield.

Voltage 10V 8V 6V 45V
Exfoliated

3.36 2.69 0.85 0.45
mass (g)

Yield (%) 55 61 70 80

Sample sign | GO10 | GO8 | GO6 | GO4

Although GO10 exhibits significant
exfoliation mass, the obtained efficiency is low
(55%) due to the high voltage applied to the
electrolyte solution, which not only generates
small-sized graphene due to intense oxidation
but also results in the presence of a large quantity
of large-sized graphite particles created by the
high voltage. In contrast, with a voltage of 8§ V,
the obtained GOS8 shows an increased efficiency
of 61%, representing a 6% improvement. This
result also demonstrates that GOS8 exhibits more
uniform size due to reduced oxidation compared
to the 10 V. As the voltage is further reduced
to 6 V and 4.5 V, the efficiencies of GO6 and
GO4 increase to 70% and 80%, respectively,
indicating a more uniform size distribution in the
obtained graphene materials.

The mechanism of the electrochemical
exfoliation of graphite rods can be described

https://doi.org/10.52111/qnjs.2025.19309
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as follows: when a sufficiently high voltage is
applied across the electrodes, water reduction
reactions occur at the cathode producing hydroxyl
ions (OHe) that act as strong nucleophiles in the
electrolyte solution. These strong nucleophiles
migrate to the graphite anode and undergo initial
reactions in the vicinity of the graphite rod.
Oxidation occurs in the electrode vicinity, leading
to changes in the charge and expansion of the
graphite layers. This creates favorable conditions
for sulfate ions (SO.*) to intercalate into the
layers of graphite. During this process, water
molecules can also intercalate simultaneously
with the SO} ions. The reduction of sulfate
ions and the auto-oxidation of water produce
gases such as SO,, O,, CO,, etc., observed as
gas bubbles emitted at the electrodes during
the electrochemical exfoliation. At the positive
electrode, the reduction of sulfate ions to form
SO, may exert a force large enough to separate
the graphite layers into thinner sheets, with the
reaction equation taking the form:

02 + 4H* + 4™ > S0, + 2H,0 (1)

During the electrochemical exfoliation
process, under the application of an applied
voltage across the two electrode ends, electrons
flow out from the anode and several reactions take
place, including carboxylation, carbonylation,
and water oxidation. These reactions can be
described as follows: 2*

Cp+ Hy0 = CLOH + H + e~ )
Cy + 2H,0 = C,_,COOH + 3H* + 3¢~ (3)

The reactions can be explained as follows:
when a sufficiently high voltage is applied to
the graphene electrode, hydroxide ions (OHe)
generated from water attack the sp? carbon
bonds in the graphite, leading to the formation
of hydroxyl groups and carboxyl groups.
Additionally, other functional groups such as
epoxy and carbonyl groups may also form during
the electrochemical process.

The oxidation process is associated
with gas bubbling at the negative electrode.

https://doi.org/10.52111/qn;js.2025.19309

The appearance of gas bubbles is due to the
formation of O, gas through the self-oxidation
of water and CO, gas formation through the C-O
bond formation at the electrode, following the
reactions:**

C+2H,0->CO,+4H" +4e~ (4)
2H,0 - 0, + 4H* + 4e~ ®)

The change in electrolyte solution
temperature was monitored during the
electrochemical exfoliation process (Table S1).
The results demonstrate that as the exfoliation
time increases, the solution temperature also
rises. This indicates that the dynamic processes
occurring within the solution continuously move
ions, resulting in an increase in the system's
thermal energy and, consequently, the solution

temperature.

To assess the impact of GO after
exfoliation and immersion in an electrolyte
solution, we also measured the current passing
through the circuit, and the results obtained are
shown in Figure S1. The obtained results indicate
that the current through the circuit with different
constant voltages tends to slightly increase, then
gradually decrease towards the initial value at
the end of the experiment. The detailed analysis
results are presented in Table S2.

3.2. Morphology of graphene

The surface morphology of the GO material
synthesized at constant voltages of 4.5V, 6 V,
8V, and 10 V is illustrated in the SEM image of
Figure 2. The results indicate that at a voltage
of 4.5 V (Figure 2a), the GO4 material exhibits
exfoliation into small layers with relatively
smooth surfaces and considerable thickness,
suggesting minimal oxidation occurred in the
GO4 samples. Upon increasing the voltage to
6 V (Figure 2b), the GO6 sample shows the
formation of thinner layers, larger-sized GO, and
evident folds, indicating that oxidation occurred
during the electro-exfoliation process, signifying
a significant ion intercalation process leading to
the formation of thin layers of graphene with
larger sizes. Upon further increasing the voltage
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to 8 V (Figure 2), the obtained results also
illustrate the exfoliation of the GO8 material into
easily observable thin layers, with a reduction
in the lateral size compared to the 6 V voltage.
This indicates a significant increase in the ion
intercalation into the graphene layers, making
the obtained GOS8 layers thinner. However,
higher voltage also signifies a stronger oxidation
process, making it easier to break the larger
graphene layers into smaller ones. With a voltage
of 10 V (Figure 2d), it is observable that the lateral
size of GO10 is smaller compared to the 6 V and
8 V voltages, displaying fragmentation due to
intense oxidation, signifying significant damage

in the GO10 sample. Thus, a voltage too low
(<6 V) may lead to minimal electrode oxidation
and increased ion insertion rate, resulting in small
lateral size and low efficiency of GO. Conversely,
a voltage too high (>10 V) may induce intense
oxidation and material damage.

Figure 2. SEM images of GO at different applied
voltages: (a) 4.5V, (b) 6V, (c) 8 V,and (d) 10 V.

3.3. Content of oxygen in graphene material

Based on the analysis provided, the 4.5 V voltage
resulted in a non-ideal GO sample, leading
to its exclusion from further studies. Figure 3
illustrates the chemical composition analysis of
graphene at constant voltages of 6 V, 8 V, and
10 V. At 6 V, the GO6 sample exhibited a carbon
content of 80.59%, oxygen content of 18.87%,
and a corresponding C/O ratio of 4.3. This result
reaffirms that the 6 V voltage induced electrode
oxidation, although the degree of oxidation
was not significant, as evidenced by the high

C/O ratio. At 8 V, the GOS8 sample displayed
carbon and oxygen contents of 75.21% and
23.47%, respectively, resulting in a C/O ratio of
3.0. This indicates a substantial increase in the
oxygen content, signifying a stronger oxidation
process. Upon increasing the voltage to 10 V,
the carbon and oxygen contents were 56.00%
and 38.99%, with a corresponding C/O ratio of
1.9. This signifies a high oxygen content in the
sample, indicating an intense oxidation process.
Therefore, as the voltage increases, the oxidation
process becomes more pronounced, leading to
higher oxygen content, indicating an increase in
sample damage.

s 1.16 0.47
100.00

Weight Atomic |

% %
66.67 73.83
29.42 24.46
0.65 0.37
0.50 0.24
2.26 0.94
0.50 0.17

100.00

Weight
56.00
o 38.99
Na 0.39
Si 0.40
S 4.22
100.00

3.4. FTIR analysis

In FTIR analysis, the absorption of infrared
radiation occurs when a photon encounters
a molecule and excites it to a higher energy
state. The excited state generates molecular
bond vibrations (stretching, bending, twisting,
etc.) occurring at different wavelengths (or
frequencies) in the infrared region of the
electromagnetic spectrum. The wavelength
of each absorption peak is determined by the
inherent physicochemical properties of the
corresponding molecules, characterized by
functional groups such as C-H, O-H, C-O, C=0,
etc. FTIR spectroscopy is a powerful tool for
determining the presence of functional groups
in GO, especially oxygen-containing groups,”
recorded in the wavenumber range from 4000-

https://doi.org/10.52111/qnjs.2025.19309
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400 cm™ (Figure 4), and the peak positions are
indicated in Table S3. The FTIR spectrum in
Figure 4a of graphite shows two characteristic
peaks corresponding to OH bonds (3438 cm™)
and C=C bonds (1632 cm™). The stretching
vibration of the O-H functional group appears
due to absorbed water molecules in graphite,
which can be attributed to the electrode strip
being exposed to high humidity conditions
in the laboratory, resulting in a large peak
intensity and width. The characteristic infrared
absorption peak around the position of 1632 cm™!
is confirmed to be the stretching vibration of the
C=C bond in the aromatic ring of carbon atoms
network,? which is indicative of the sp® structure
of the carbon atom network.?’

a) Graphite
2926 1632

E
K
z
‘a
= 3438 1104
£ [ b)6 V
[ 374373141 1409

1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000
Wave number (cm)

Figure 4. FTIR spectroscopy of exfoliated GO under
different voltages.

After the electrochemical exfoliation
process, the presence of an absorption peak
at a wavenumber of 2926 cm’ indicates the
stretching vibration of C-H bonds, which is a
hydrocarbon group inherited from the graphene
rod and thus still present in the graphene samples.
Peaks appearing at wavenumbers of 1104 cm’!
indicate the stretching vibration of C-O bonds,
and 1409 cm™ indicates the stretching vibration
of COO-H and/or CO-H bonds, which are
carboxyl groups 8. This suggests that oxidation
reactions have occurred at the graphite electrode,
leading to the formation of oxygen-containing
functional groups. These functional groups play
an important role in improving the dispersibility
of GO in organic solvents.

https://doi.org/10.52111/qn;js.2025.19309

3.5. Raman spectra

The Raman spectra in the wavenumber range
of 600-3000 cm™! for graphite, GO6, GOS8, and
GO10 samples are shown in Figure 5. The results
indicate that both graphite and GO samples
exhibit three characteristic peaks: D (1335-1345
cm™), G (1578-1589 cm™), and 2D (2646-2703
cm™) related to the graphite lattice structure. The
D peak represents the presence of disordered
carbon and the loss of hexagonal structure in
the graphite lattice. The G peak corresponds to
the ordered structure in the graphite lattice with
sp? hybridization, indicating the high-energy E,
phonon vibration at the Brillouin zone center,
and the I /I ratio reflects the degree of lattice
defects.?” The 2D peak describes the vibration
mode of two second-order phonons and strongly
depends on the excitation laser energy frequency.
Figure Sa illustrates the structure of the graphite
material with characteristic peaks of D, G, and
2D, and an [ /I, ratio of 0.11. Observations
show a slight downshift of the 2D peak towards
lower wavenumbers, confirming the presence of
multilayered graphene in the electrochemically
exfoliated samples.*® With a voltage of 10V, the
structural analysis of the GO10 material reveals
significant defects with an I /I ratio of 0.77
(Figure 5b). With higher voltages, the ions move
at a faster rate, resulting in thinner exfoliated
layers and increased defects. When applying a
voltage of 8 V, the I /I ratio of 0.63 indicates
a significant reduction in the level of defects
within the material. Further reducing the voltage
to 6 V leads to a greater reduction in the level of

defects, with an [ /I . ratio of 0.47.

D 2D

d)6V Io/lg = 0.47
. MD/ s =0.63
Mﬂ =077
a) Graphite J Ip/lg =0.11

1 1 1
1000 1500 2000 2500 3000
Raman shift (cm™)

Figure 5. Raman spectra of graphite and exfoliated

--0| a

-t

GO at different applied voltages.
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Furthermore, the positions of the D, G,
and 2D peaks for the graphite, GO6, GOS8, and
GO10 samples are also evaluated as shown in
Table S4. Observations of increased peak widths
for D and 2D peaks, as well as the downshift and
increased intensity of these peaks, are indicative
of structural changes, defect levels, and the
formation of graphene structures in the obtained
samples.

As the applied voltage across the two
electrode ends increases, the D and 2D peak
spectra become broader and shifted to lower
wavenumbers compared to the graphite material.
Therefore, through Raman spectroscopy analysis,
we can observe a greater degree of material
damage as the voltage increases. Consequently,
the ideal research results for a constant voltage
are determined to be in the range of from 6 to
8 V, with the optimal value being 8 V.

3.6. Effective dispersion of
graphene in water

exfoliated

Zeta potential is used to determine the

dispersibility and stability of colloidal
40 - -39.4 a)

—~~
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(S 305 318
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©
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suspensions and provides information about
the sign and magnitude of the effective surface
charge of graphene sheets. Samples with a
Zeta potential more negative than -30 mV or
more positive than +30 mV are considered
to have good dispersibility and stability in the
environment. If the Zeta potential is more
negative than -45 mV or more positive than
+45 mV, it indicates excellent dispersibility and
long-term stability *'. The GO samples obtained
in this study all show good dispersibility and
stability in water. This stability is attributed to the
negative charges on the surface and edges of the
graphene sheets, resulting from the ionization of
different functional groups present on graphene,
such as C-OH, C-O-C, C=0.

The Zeta potential of GO in water at
different voltages was determined as shown in
Figure 6a. Overall, the GO6, GOS8, and GO10
samples all exhibit good dispersibility in water,
as their respective Zeta potentials are lower
than -30 mV.

9 125
b) Frequency (%)
8 Undersize (%)
100
7
6 175
5
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3
2 425
1 40
0
I 1 1 1 1 -25
0 1000 2000 3000 4000 5000
Size (nm)
7 - - 125
d) Frequency (%)
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50
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Figure 6. Zeta potential and size distributions of GO samples at different applied voltages.
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Detailed evaluations reveal that the Zeta
potential of GO6 is -39.4 mV, which is the
highest value among the samples, indicating
better dispersibility and stability. This can be
explained by the lower applied voltage, resulting
in a smaller current being generated. As a result,
the exfoliation process produces thin graphene
sheets with a larger lateral area, leading to a
higher density of surface charges. For the GOS8
sample, the obtained Zeta potential is around
-34.1 mV, also indicating good dispersibility
in the solution. This suggests that the obtained
graphene sheets are smaller in size due to a
higher applied voltage, but not large enough to
undergo significant oxidation. With a voltage
of 10 V, the GO10 sample shows a reduced
Zeta potential of approximately -31.8 mV. The
lower value indicates a reduction in lateral size
of the graphene sheets due to strong oxidation,
leading to the breaking of C-C bonds between
carbon atoms. Additionally, the number of layers
obtained is relatively thin.

The evaluation results of the size
distribution of graphene in solution at different
constant voltages are shown in Figure 6b, c, d.
Although the measured particle size distribution
does not accurately reflect the thickness or
boundary size of GO in the solution, it reflects
the uniformity level of the graphene as a thin
nano-film material, influenced by its shape when
dispersed in water. For a voltage of 6 V (Figure
6b), the GO6 particle size is concentrated in the
range of 0 to 1000 nm, with no occurrence of
graphene particles larger than 1000 nm. The most
frequent size is at 279 nm, indicating a relatively
even distribution of the obtained graphene
sample. In Figure 6c¢, the size distribution of
GOS8 ranges from 0 to 600 nm, with almost no
graphene particles larger than 600 nm. The most
frequent size is at 172 nm, indicating a uniform
distribution of GO in the solution. Figure 6d
shows that GO10 in the solution has an uneven
size distribution, ranging from 100 to 3000 nm.
Although the size density is concentrated around
172 nm, it also exhibits large-sized GO particles

https://doi.org/10.52111/qn;js.2025.19309

due to changes in the electrical resistance in the
electrolyte solution over prolonged exfoliation
time. This suggests that with a higher applied
voltage, GO10 is exfoliated into thin layers and
smaller sizes, while also producing large-sized
GO particles when the exfoliation time becomes
sufficiently long. On the other hand, at 8 V, a
lower-quality sample like GOS8 can be produced,
but the exfoliation yield is three times higher
compared to the 6 V condition. Therefore, the
appropriate voltage should be selected based
on the quality requirements and the desired
exfoliation yield for further application-oriented
research.

4. CONCLUSION

Graphene oxide materials were fabricated via
an electrochemical exfoliation approach in
ammonium sulfate, using a constant voltage
range of from 4.5 to 10 V. The characteristics
of the graphene were confirmed by SEM, EDX,
FTIR, and Raman spectroscopy. Through this
green and simple method, few-layer graphene
oxide was successfully produced with high
quality, large surface areas, and excellent
dispersion in water. At an appropriate voltage
(from 6 to 8 V), the graphene oxide exhibited
a high yield (70%), larger surface areas, a high
C/O ratio (4.3), low defect density (I/1.=0.47),
and good dispersion in water (Zeta potential =
-39.4 mV). The obtained graphene could be used
as a material for environmental treatment and
composite applications.
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Figure S1. The current change in electrolyte solution.

Table S1. Change of temperature into electrolyte solution in electrochemical exfoliated process (supplementary).

Time
0 min 30 mins 60 mins 90 mins 120 mins
Voltage
45V 26°C 30°C 32C 33°C 33C
6V 25°C 28°C 30°C 32°C 34°C
8V 26°C 33°C 35°%C 39°C 42°C
10V 27°C 43°C 51°C 54°C 55°C

S1
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Table S2. The current change in electrolyte solution.

Time (min.) 45V 6V 8V 10V
0 0.60 1.10 1.90 2.80
10 0.60 1.11 1.92 2.87
20 0.61 1.12 1.98 3.05
30 0.62 1.14 2.07 3.11
40 0.62 1.14 2.19 3.01
50 0.64 1.15 2.29 2.94
60 0.67 1.17 2.36 2.90
70 0.69 1.20 222 2.86
80 0.72 1.26 2.19 2.85
90 0.77 1.24 2.19 2.84
100 0.70 1.23 2.25 2.78
110 0.65 1.20 2.20 2.67
120 0.64 1.14 2.16 2.70

Table S3. Functional groups on graphene.

Functional groups

Wave number (cm')

c=C 1632

- OH 3438

Cc-0 1102

COO-H 1409

C-H 2926

Table S4. The characteristics peaks D, G, 2D of graphite and graphene.

Materials D (cm™) G (cm™) 2D (cm™)
GP 1345 1578 2703
GR-6 1337 1586 2680
GR-8 1339 1589 2657
GR-10 1339 1584 2671

S2
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va hoat tinh quang xtc tac phan hiy dung dich RhB
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TOM TAT

Vat li¢u composite carbon/graphit carbon nitride/polyvinylidene fluoride (C/g-C,N,/PVDF) c6 cAu tric di

thé duoc tong hop thanh cong bing phuwong phap dao pha don gian. Hinh théi, ciu tric va hoat tinh quang xtc tac

cua cac hat C/g-C,N, va mang composite dd dugc danh gia. Nho hiéu tng higp tro gitta carbon va g-C\N, dugc

phan tan trén mang PVDF dong vai tro 1a chat xtc tac da cai thién mot cach dang ké kha nang phan hity chat mau

rhodamine B trong dung dich. Cu thé, vat lieu C/g-C,N,/PVDF thé hién hiéu suét quang xuUc tac cao nhét (H=
89%) so vdi cac vat ligu g-C.N /PVDF (H = 45,92%) sau 160 phut chiéu sang duéi ving anh sang kha kién. Véi
phuong phép dwa vat liéu 1én mang di khic phuc duoc nhirg nhuoc diém vén c6 cua cac loai xtc tic truyén thong

nhu khé thu hdi va kha nang tai sir dung xuc tac voi hiéu sudt thap sau nhidu chu ki. Vi vdy, nghién ctru nay dy

kién s€ dugc mé rdng mot cach trién vong trong linh vuc xuc tac quang.

Twr khoa: Composite, polyvinylidene fluoride, C/g-C,N /PVDF, rhodamine B, chdt xiic tdc quang.
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ABSTRACT

Heterogeneous carbon/graphite carbon nitride/polyvinylidene fluoride (C/g-CN,/PVDF) composite
materials were successfully synthesized by a simple phase inversion method. The morphology, structure, and
photocatalytic activity of C/g-C,N, particles and composite films were evaluated. Thanks to the synergistic effect
between carbon and g-C.N, dispersed on the PVDF membrane acting as a catalyst, the ability to decompose
rhodamine B dye in solution was significantly improved. Specifically, the C/g-C,N,/PVDF material exhibited
the highest photocatalytic efficiency (H = 89%) compared to the g-C,N,/PVDF material (H = 45,92%) after 160
minutes of illumination under visible light. The method of putting materials on the membrane has overcome the
inherent disadvantages of traditional catalysts, such as difficulty in recovery and the ability to reuse the catalyst with
low efficiency after many cycles. Therefore, this study is expected to be prospectively extended in photocatalysis
for the treatment of polluted water.

Keywords: Composite, polyvinylidene fluoride, C/g-C N /PVDF, rhodamine B, photocatalyst.
1. INTRODUCTION Rhodamine B (RhB) is one of the most
Photocatalysis has emerged as one of the most Popular. dyes foT the printing, textile, 2.3.Ild leather
promising green technologies thanks to its industries, which could cause environmental
benefits,

and high efficiency. It has found widespread

pollution if not treated appropriately. Various

environmental cost-effectiveness,

technologies have been explored recently to

applications in environmental management develop effective methods for completely

and energy conversion.'? A crucial aspect of removing pharmaceutical and dye compounds

advancing photocatalytic technology lies in
developing new photocatalysts that efficiently
harness solar energy, addressing the pressing
need for environmental remediation today.

*Corresponding author.

from water.>* Among these, advanced oxidation
processes (AOPs) have been identified as
a promising solution for treating difficult-
to-degrade compounds. AOPs, remarkably

Email: nguyenthilan@gnu.edu.vn, nguyentanlam@gqnu.edu.vn
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heterogeneous photocatalysis, have received
significantdueto their high efficiency inremoving
pharmaceuticals.>®  Photocatalysts  absorb
photons from an external light source to generate
electron-hole pairs, participating in redox
reactions. Among the various photocatalysts,
graphitic carbon nitride (g-C,N,) has emerged as
a promising metal-free, layered material easily
synthesized by thermal condensation using
inexpensive and abundant organic precursors in

soil, such as urea.’

As a narrow band gap semiconductor
(2.7 V), gCN,
physicochemical properties, excellent thermal
stability, and remarkable photoelectron transfer

demonstrates  stable

capabilities. Additionally, it is non-toxic, easy to
store, and can be obtained from various sources.?
Recently, g-C,N, has become an optimal choice
for forming heterostructured materials with wide-
band gap semiconductors. For example, Wang
et al. developed a unique in situ microwave-
assisted synthesis method to fabricate N-TiO,/
g-C,)N, composites, which showed significant
improvements in photocatalytic  activity.’
Similarly, Miranda et al. successfully obtained
g-C.N,/TiO, composites with high photoactivity
by combining hydrothermal and sintering
methods, achieving a final phenol conversion
rate of approximately 90%.'" However, g-C N,
has shortcomings, such as a small specific
surface area and a high recombination rate of
photogenerated electron-hole pairs. To overcome
this drawback, many methods have been applied
to modify g-C,N, such as preparing g-C.N,
in capillary structures and modifying g-C,N,
by doping techniques or grafting with other
semiconductors to composite materials. 12

Polyvinylidene fluoride (PVDF) is widely
used for membrane fabrication due to its high
mechanical strength, chemical resistance,
and thermal stability.">"* Several g-CN,-
PVDF membranes have been developed and
successfully applied in studies aimed at removing
pollutants from water in continuous flow mode,
with photocatalysts serving as self-cleaning

materials that exhibit antifouling properties.!>!®

The main objective of this study is to
modify the surface of PVDF membranes with
g-C.N,. The performance of the modified
membranes was evaluated in the degradation of
Rhodamine B dye.

2. EXPERIMENTAL
2.1. Material synthesis

Chemicals: All chemicals used for material
synthesis  include  potassium  hydroxide
(KOH, 90%), hydrochloric acid (HCIL, 37%),
polyvinylidene fluoride (PVDF), N-Methy-
2-pyrrolidone  (NMP)  urea  (CO(NH,),,
>99%) (Sigma-Aldrich) and rhodamine B
(CH;,CIN,O,) Merck.

287731

2.2. Materials synthesis
2.2.1. Synthesis of g-C\N,

Ten grams of the precursor urea was finely
ground and transferred into a ceramic cup. The
cup was then heated in a furnace at 550 °C
with a heating rate of 10 °C/min under an Ar
atmosphere for one hour. The obtained powder
was washed with water, dried, and ground. The
sample denoted g-C,N,.

2.2.2. Synthesis of C/g-C,N, membrane material

A mixture of urea (15 g) and C' (0.1 g) was
dispersed in a water-alcohol solution (1:1 ratio)
and then subjected to ultrasonic vibration for 30
minutes. The mixture was continuously stirred
at 60 °C until the water and alcohol wholly
evaporated. The resulting solid was ground
and heated in Argon gas at 550 °C for 1 hour.
The product was washed, filtered, and dried at
80 °C for 12 hours to obtain the final product,
C/g-C\N,.

2.2.3. Synthesis of C/g-C,N /PVDF membrane
material

Add 0.1 grams of C/g-C,N, material to a glass
jar with a lid, then add 5 mL of N-Methyl-2-
pyrrolidone (NMP). Sonicate the mixture for
10 minutes, followed by stirring for 30 minutes.
Afterward, continue sonicating for another 20
minutes and stir for 20 minutes. Next, add 0.646
grams of polyvinylidene fluoride (PVDF) and

https://doi.org/10.52111/qnjs.2025.19310
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stir the mixture at 40 °C for 4 hours. Allow the
mixture to stand for 3 hours. Use a stainless
steel knife (250 pm x 15 cm) to evenly roll the
mixture onto a glass surface to form a composite
film. Quickly immerse the glass with the film
into the water to perform the phase inversion
process.!” The resulting product is denoted as
C/g-C,N,/PVDF.

The process for dispersing g-C,N, onto
PVDF polymer is carried out similarly, and the
product obtained is denoted as g-C,\N /PVDF.

2.3. Material characterization

The synthesized materials were characterized
using several techniques. Infrared spectroscopy
IR was performed on a Shimadzu IR Prestige-21.
The crystal phase was analyzed by X-ray
diffraction (XRD) using a Siemens D-500
Bruker system. Scanning electron microscopy
(SEM) and X-ray energy dispersive spectroscopy
(EDS) were conducted using a JSM-7600F
device. Photoluminescence (PL) spectra were
measured on a Hitachi F-7000 instrument with
an excitation wavelength of 360 nm.

2.4. Photocatalytic evaluation

The photocatalytic activity of the obtained
materials was evaluated by the decomposition
of Rhodamine B (RhB) in an aqueous solution
under visible light irradiation. Materials
membrane containing 0.1 g of the photocatalyst
was added to 100 mL of RhB solution with a
concentration of 10 mg/L and stirred in the dark
for 30 minutes to achieve adsorption-desorption
equilibrium. The photocatalytic process was
then initiated under a 30W LED light. Every 20
minutes, 5 mL of the solution was centrifuged
to remove the solid part. The concentration of
RhB in the solution was determined on a UV-Vis
meter (CE-2011) at a wavelength of 553 nm.

3. RESULTS AND DISCUSSION
3.1. Material characteristics

XRD patterns were used to determine the
crystalline phase of g-C,N/PVDF and C/g-
C,N,/PVDF composites, as shown in Figure la.

https://doi.org/10.52111/qn;js.2025.19310
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Figure 1. (a) XRD and (b) FT-IR patterns of PVDF,
g-C.\N,, g-C,N,/PVDF, and C/g-C,\N /PVDF.

4°

PVDF is a semi-crystalline polymer with
two main crystalline phases, a and B.'%! The
results in Figure 1 indicate three characteristic
peaksat 18.5°,20.1>and 26.7°, which are assigned
to the reflection planes of (020), (110), and (021),
corresponding to the a crystalline phase. When
g-C,N, or C/g-C\N, were added to the PVDF
polymer to form g-C,N,/PVDF and C/g-C,\N/
PVDF composites, no significant change was
observed compared to the pure PVDF sample.
The three peaks attributed to the reflections of
PVDF remain at nearly the same position but with
varying intensities. The XRD pattern of g-C\N,
(Figure 1a) shows two characteristic peaks at
27.6° and 13.1° corresponding to the (002) and
(100) reflection planes of graphite-structured
materials.? In addition, the characteristic peak at
27.6° corresponding to the (002) plane of g-C,N,
appears in both the g-C N /PVDF and C/g-C\N /
PVDF samples (Figure la). The peak at 27.6°
corresponding to the (002) plane of g-C,N, is
believed to result from the alternating stacking
of conjugated aromatic units, similar to graphite
structure.*’ The peak at 13.1° of g-C\N, was
not seen in the XRD patterns of g-C,N,/PVDF
and C/g-C\N,/PVDF materials, possibly due
to the small amount of g-C,N, in the sample.
The diffraction peaks of the C/g-C,N,/PVDF
composite are more intense than those of the
g-C,N, sample, likely due to carbon increasing
the intensity of the peaks in this material sample.

FT-IR
characterize the chemical bond characteristics

spectra were employed to

of the samples, and the results are presented
in Figure 1b. The FTIR spectrum of g-C.N,
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shows broad shoulder absorption bands at
3187 cm corresponding to the stretching
vibrational pattern of N-H in the incompletely
condensed amine group or OH of the adsorbed
water. In addition, there are some dominant,
strong bands in the 1100-1700 cm™' region in the
IR spectrum, corresponding to the characteristic
vibrational pattern of CN heteroaromatic rings.
Specifically, the peaks around 1639 cm™ and
1574 cm™ can be attributed to the characteristic
vibrational pattern of C=N bonds, while the
peaks at 1247 cm™! to 1458 cm™! are assigned to
the stretching vibrational pattern of C-N bonds
in conjugated aromatic rings. The bands at
1325 cm™ and 1247 cm™ correspond to the
valence vibrations of the C-N(-C)-C bridging
units with a fully condensed system or C-NH-C
with a partially condensed system. In addition, a
sharp absorption band at 820 cm™ is attributed to
the deformation vibrations of the N-H groups of
the triazine units. 2%

TheFTIR spectrumofthe PVDF membrane
shows that the peak at 763 cm corresponds
to the bending vibration of the CF, group. The
peaks at 794 and 977 cm’! are attributed to the
shaking vibration of the CF, group, while the
peak at 1170 cm™ is associated with the valence
vibration of the CF, group.”** The peak at 1413
cm™ is deemed to be the valence vibration of the
C-H functional group. In addition, the PVDF
sample exhibits peaks at 875, 615, 531, and
490 cm’!, all of which correspond to PVDEF's
a phase crystal structure.”® For the composite
membrane materials g-C\N,/PVDF and C/g-
C,N,/PVDF, the peak appearing at 1639 cm'
is attributed to the valence vibration of the
C=N group.”” The peaks at 2979 and 1411 cm’!
are assigned to the valence and deformation
vibrations of the CH, group, respectively. In
addition, the peak at 1181 cm! vibration is related

to the valence vibration of the CF, group.*®

The SEM images reveal that the surface of
pure PVDF (Figure 2a) exhibits a homogeneous

morphology. In comparison, the SEM image of
g-C,N,/PVDF (Figure 2b) shows numerous voids
between g-C,N, and polymer chains, which are
formed due to the particle distribution during the
sample preparation. The SEM image of the C/g-
C,N,/PVDF composite (Figure 2c) shows that
many small particles are evenly dispersed on
the PVDF substrate. These observations confirm
that the presence of carbon in the composite
sample influences the voids between particles
and polymer chains.?!

Figure 2. FE-SEM images of (a) PVDF, (b) g-C,N,/
PVDF, (c¢) C/g-C,N /PVDF, (d) mapping images of
N, (e) C and (g) F elements.

The EDX spectrum in Figure 3 was used
to identify the elements in the characterized C/g-
C,N,/PVDF composite membrane material.

The mapping images in Figures 2 d, e, g,
and Figure 3a confirm the presence of C, F, and
N elements in the C/g-C,N,/PVDF composite.
The results showed that the elements on the
surface membrane were mainly C, F, and N,
with contents of 39.61%, 56.44%, and 3.95%,
respectively, indicating that the membrane
agglomeration was a C/g-C,\N, catalyst.
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Figure 3. (a) EDX spectrum of C/g-C,N,/PVDF and
(b) UV-Vis DRS spectra of g-C,N /PVDF and C/g-
C,N,/PVDF composite membrane.

The UV-Vis spectra of g-C.N,/PVDF and
C/g-C,N,/PVDF composite membrane materials
are shown in Figure 3b.

The results show that g-C.N,/PVDF and
C/g-C,N,/PVDF composite membranes absorb in
the ultraviolet region and extend into the visible.
Compared with the g-C,N,/PVDF sample, the
C/g-C,N,/PVDF composite membrane has a
higher absorption intensity than the g-C\N,/
PVDF in the visible region. This may be due to
the presence of carbon in the composite.

As the activity  of
semiconductor materials is greatly affected by the
recombination rate of photogenerated electron
and hole pairs, the photoluminescence (PL)
spectrum is used to evaluate this recombination
ability. The photoluminescence spectra of PVDF,
g-C\N,/PVDF, and C/g-C,N,/PVDF materials
are presented in Figure 4.

photocatalytic
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Figure 4. PL spectra of PVDF, g-C.N,/PVDF, and
C/g-C,N,/PVDF materials.

PL spectra of PVDF, g-C.N,/PVDF, and
C/g-C,N,/PVDF materials were conducted with
an excitation wavelength of 390 nm. As shown

https://doi.org/10.52111/qn;js.2025.19310

in Figure 4, the C/g-C,N /PVDF and C,N /PVDF
show peaks at 435 and 438 nm, respectively.
However, the C/g-C,N/PVDF composite
membrane material exhibits lower emission
intensity than g-C N /PVDF, which may be due
to the addition of carbon helping improve the
dispersion of the material. No significant PL
intensity is observed across the entire measured
PL spectrum for the PVDF membrane, indicating
its limited adsorption properties. Consequently,
the luminescence intensity is very low and
nearly non-existent. Since PVDF does not have
inherent luminescence, the observed PL shift
is attributed to the excitation effect induced by
adding g-C\N, and carbon.” The PL spectral
results suggest that the recombination rate of
electron-hole pairs in C/g-C,N,/PVDF is lower
than in g-C,N,/PVDF. This enhanced electron
separation in C/g-C,N /PVDF creates favorable
conditions for photogenerated electrons to
diffuse to the catalyst surface, where they
interact with adsorbed H,O or O, molecules to
generate active free radicals, thus improving the
efficiency of pollutant treatment.

3.2. Photocatalytic performance

The results of the photocatalytic evaluation for
PVDF, g-C.N,/PVDF, and C/g-C,N,/PVDF are
shown in Figure 5a.

1.0 » PVDF
(a) 204 + gCNPVOF (b) a
4 ClgCN/PVDF
0.8+
154
064
: 9
i § 1.0
04 g
A
02 T PVOR 05
| ——gc NJPVOF
——CIg-C.NJPVDF
00+ 00
0 20 40 60 80 100 120 140 160 180 O
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Figure 5. (a) RhB decomposition and (b) pseudo-
first-order kinetic model under visible light of g-C,N /

PVDF, C/g-C\N, and C/g-C\N /PVDF materials.

After 160 minutes of illumination, the
RhB decomposition efficiency of the C/g-C N,/
PVDF composite membrane reached 89%,
which was higher than that of C,N,/PVDF, which
achieved efficiencies of 45.92%. For the RhB
solution of the PVDF fiber membrane without
catalyst powder, the concentration remained
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almost unchanged under dark adsorption and
light conditions, and the adsorption of RhB in
the dark was only 2.09%, which also shows
that pure PVDF has no degradation ability for
RhB under natural conditions. After the PVDF
membrane was laminated with g-C\N, or C/g-
C,N, composite, the adsorption capacity of RhB
in the dark was enhanced, which also shows
that part of the g-C,N, or C/g-C,\N, catalyst was
exposed on the membrane, thereby increasing
the dark adsorption of RhB by the composite
membrane. Therefore, the ability to decompose
RhB will increase when exposed to light. This is
consistent with the results discussed in PL and
UV-Vis DRS spectra.

These results highlight the potential of
g-C,N,/PVDF, C/g-CN/PVDF  composite
for practical membrane-based environmental
treatment applications.

Furthermore, Figure 5b presents the fitting
results of the photoreduction kinetic curves
of RhB over different samples using the first-
order reaction kinetics equation of -In(C/C )=kt.
The maximum photoreduction rate constant of
RhB over the C/g-C,N,/PVDF photocatalysis
membrane is 0.0116 min-', which is about 2.6
times that of g-C,N,/PVDF (0.0045 min™). These
results demonstrate that the synergistic effect of
C/g-C\N, and PVDF membrane improves the
photoreduction performance of g-C.N,.*

3.3. Photocatalytic cycle experiment

The photocatalytic stability of the C/g-C.N,/PVDF
composite membrane was analyzed by conducting
a cycle stability experiment (Figure 6).

100
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80
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3

&
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!

20
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Figure 6. Reusability of C/g-C,N /PVDF membrane
materials.

The results showed that the removal rate
of RhB was 89% when the C/g-C,N,/PVDF
composite membrane was used for catalytic
degradation once. After ultrasonic cleaning of the
recovered composite membrane, the degradation
efficiency of RhB was 84.2% (second time) after
160 min of illumination. After repeating twice,
the removal rates of RhB were 82.5% (third
time) and 80.6% (fourth time), respectively.
This shows that the membrane can effectively
photocatalytically degrade RhB and can be
reused through water-washing regeneration.
After regeneration three times, the membrane
maintained a high efficiency, indicating that
the prepared C/g-C,N,/PVDF  membrane
has efficient photocatalytic and excellent
regeneration performance for RhB.

4. CONCLUSION

The phase inversion method successfully
synthesized g-C\N,/PVDF, C/g-C.N,/PVDF
materials. The C/g-C,N,/PVDF composite
membrane exhibits excellent photocatalytic
activity under visible light with an efficiency
of 89% after 160 min of illumination, which
was superior to those of g-C,N/PVDF and
pure PVDF membranes (45.92% and 2.09%,
respectively). At the same time, it has stable
recycling performance. Even after 4t recycling,
the degradation efficiency reaches 80.6%,
indicating that the C/g-C,N,/PVDF composite
membrane has broad application prospects in
the photocatalytic degradation of organic dyes in
wastewater.
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Thiét k& mé hinh du bao chudi thdi gian mé téi uu
dua trén dai so6 gia ta
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TOM TAT

Duy béo chudi thoi gian mo d thu hat duge sy cht ¥ dang ké nho kha nang xir 1y sy khong chéc chin va
thiéu chinh xéac trong dir liéu chudi thoi gian. Cac mé hinh chudi thoi gian mo truyén thdng thuong gip han ché
trong viéc ndm bt cac mdi quan hé phuc tap giira cac bién. Dé giai quyét thach thirc nay, ching t6i dé xuat mot
md hinh tiép cdn méi goi 1a md hinh dy bao chudi thoi gian md dua trén dai s6 gia tir (OHAM). Péu tién, ching
t61 gidi thiéu khai niém vé dai sb gia tir va ing dung cuia chiing trong phan tich chudi thoi gian mo. Sau d6, ching
t6i trinh bay cac budc xay dung mo hinh, bao gdm viée xac dinh cac nhin ngdn ngir trong dai sd gia tir, xdy dung
cac quan hé mo tir dit liéu, chia doan cho khong gian tham chiéu. Tiép d6, chung toi d& xuat mot thuat toan t6i uu
hoa dé tinh chinh cac tham sb cia OHAM, nhim dat dugc hiéu qua du bao tdi wu. Cudi cung la thir nghiém trén
mot s6 bo dir lidu cu thé dé danh gia tinh hiéu qua ciia mo hinh. Két qua thir nghiém cho thdy mé hinh méi dé xuat
it sai s6 hon so véi nhiéu mé hinh khéc.

Tir khéa: Dy bdo, chudi thoi gian mo, dai sé gia tir, tir mo, gid tri ngén ngir.

*Tac gia lién hé chinh.
Email: lexuanviet@gnu.edu.vn
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ABSTRACT

Fuzzy time series forecasting has garnered significant attention due to its ability to handle uncertainty and
imprecision in time series data. Traditional fuzzy time series models often face limitations in capturing complex
relationships between variables. To address this challenge, we propose a novel approach called the Optimal
Hedge-Algebras-based Model (OHAM). First, we introduce the concepts of hedge algebra and its application in
fuzzy time series analysis. Subsequently, we present the model construction steps, including defining linguistic
labels in hedge algebra, constructing fuzzy relations from data, and partitioning the universe of discourse.
Following this, we propose an optimization algorithm to fine-tune the parameters of OHAM, aiming to achieve
optimal forecasting performance. Finally, experiments are conducted on several specific datasets to evaluate the
effectiveness of the model. The experimental results demonstrate that the newly proposed model exhibits better
accuracy than many others.

Keywords: Forecasting, fuzzy time series, hedge algebras, vague words, linguistic terms.

1. INTRODUCTION The hedge-algebras-based forecasting

The proposed hedge algebra by N. C. Ho'* has model utilizes an algebraic structure to capture

. . L L the relationships between historical data and
been tested in various applications, yielding o
iy . future predictions. However, the performance
positive results in problems such as fuzzy ) ) ’
. . . of this model heavily relies on parameter
control, classification, fuzzy clustering, and o . )
. . . calibration. Determining optimal parameters
fuzzy time series forecasting,** among others. . . . .
is a challenging task that requires an efficient

Forecasting plays a crucial role in optimization algorithm.

numerous fields such as finance, weather . .
In this paper, we propose the application

prediction, and stock market analysis.®” In recent of the Artificial Bee Colony (ABC) algorithm to
years, fuzzy time series forecasting models have optimize the parameters of the hedge-algebras-
based forecasting model for fuzzy time series. The
ABC algorithm is a metaheuristic optimization
data. One such model is the hedge-algebras- technique inspired by the foraging behavior of

based forecasting model.® honey bees. It has been successfully applied to

gained attention due to their ability to handle the
uncertainty and vagueness present in real-world

*Corresponding author.

Email: lexuanviet@qnu.edu.vn
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various optimization problems and showcases
robustness and convergence efficiency.

By employing the ABC algorithm,
this research aims to enhance the accuracy
and reliability of the hedge-algebras-based
forecasting model. The ABC algorithm will
efficiently search the parameter space, finding
the optimal combination of parameters for
the model. This process will help in achieving
improved forecast accuracy, reduced error rates,
and enhanced decision-making capabilities in
diverse applications.

To evaluate the proposed approach,
extensive experiments will be conducted using
real-world datasets from different domains.
Comparative analyses will be carried out,
comparing the performance of the optimized
hedge-algebras-based forecasting model with
other well-established optimization techniques.
The results obtained will provide insights into
the effectiveness and efficiency of the ABC
algorithm in parameter optimization for fuzzy
time series forecasting models.

2. PROBLEM OF FUZZY TIME SERIES
FORECASTING

The problem in time series forecasting is to
accurately predict future values or trends based
on historical data. This involves addressing
challenges such as identifying and modeling
trends,
accounting for non-linear relationships and
non-stationarity, and choosing the optimal

handling seasonality and noise,

model and parameters. The goal is to develop
a robust forecasting method that can generalize
well beyond the training data and provide
reliable predictions for effective decision-
making. Overcoming these challenges requires
a combination of statistical techniques, machine
learning algorithms, and domain expertise to
achieve accurate and meaningful forecasts.

Fuzzy time series, a concept derived
from fuzzy set theory, is a powerful tool for
modeling and forecasting time-dependent data
with inherent uncertainty and imprecision.

Unlike traditional time series analysis, which
assumes crisp values, fuzzy time series allows
for the representation of vague and uncertain
information through linguistic terms and
membership functions. By incorporating fuzzy
logic into the modeling process, fuzzy time series
enables the handling of complex data, making
it particularly suitable for real-world scenarios
where uncertainty is prevalent. This approach has
found applications in various domains, including
finance, economics, weather prediction, and
decision-making systems, providing valuable
insights and accurate predictions in situations
where conventional methods may fall short.

The problem is stated as follows: Given n
values y(¢)), ¥(¢,),..., y(t) where ¢, t,, ..., t are
point times. How to predict the next value?

2.1. Some basic definitions

The fuzzy time series model was first proposed
by Q. Song and B. S. Chissom.” Then, it is
improved by S.M Chen'®!! to process some
arithmetic calculations. From that point, they
can get more exact forecasting results. In this
session, we briefly review the concepts of fuzzy
time series as in Q.Song.’

Let U be the universe of discourse, where
U= {ul, U,.., u”}. A fuzzy set defined in the
universe of discourse U can be represented as
follows: A = f (u Yu, + f (u)u, + -+ f (u)u,
where f, denotes the membership function of the
fuzzy set 4, f, : U — [0, 1], and f () denotes
the degree of membership of u, belonging to the
fuzzy set 4, and f,(u) € [0, 1], and 1 <i <n.

Definition 1.° Let Y(¢) (¢=...,0,1,2,...) be
the universe of discourse and be a subset of R.
Assume f(?) (i = 1,2,...) are defined on ¥(7), and
assume that F(?) is a collection of £ (2), £,(?), ...,
then F(¢) is called a fuzzy time series definition
Y (¢=..,0,1,2,...).

Definition 2.° Assume that F(¢) is caused
by F(t—1) only, denoted as F(t — 1) — F(?),
then this relationship can be expressed as
F(¢t) = F(t—1)°R(t,t — 1), where F(t) = F(t — 1)°
R(¢, t—1) is called the first-order model of F(z),

https://doi.org/10.52111/qnjs.2025.19311
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R(#, t — 1) is the fuzzy relationship between
F(t — 1) and F(¢), and “°” is the Max-Min
composition operator.

Definition 3.° Assume that the fuzzified
input data of the i year/month is 4, and the
fuzzified input data of the i+1" year/month is 4,
where 4, and 4, are two fuzzy sets defined in the
universe of discourse U, then the fuzzy logical
relationship can be represented by 4, — 4,
where 4, is called the current state of the fuzzy
logical relationship.

If we have 4, —>Aj],A7, —>Aj2, v A — A

i Jk
then we can write 4, — Aj1 A/.z, - A/‘k

2.2. Rules for calculating output value

Assume that 4, is the value of F(r — 1), the
forecasted output F(¢) be defined as in research: '

If there exists a relation 1-1 within the
group of the relations where A, is on the left of
the rule, suppose that Aj. — A, and the maximum
membership value of A,_occurs at interval u_,
then the output of F(1) is the middle point of u,.

a) If A, = &, that means A; — & and the
maximum membership value of A, occurs at
interval u,, then the output of F(t) is the middle
point of u,.

b) If we have Aj —ALA,,...,A, and the
maximum membership values of A, A, ,..., A_
occur at intervals u,, u,,..., u_respectively, then
the output of F(t) is average of the middle points
m,m,...,m ofu,u,,...,u,thatis (m +m, +
... +m )/n.

3. THE MODEL OF FORECASTING TIME
SERIES BASED ON HEDGE ALGEBRAS

In this section, we provide a brief overview
of the algebraic approach to the semantics of
vague words in natural languages, as explored
in previous studies,'’* and introduce a new
forecasting method based on hedge algebra
theory.

3.1. Algebraic structure of vague term domain

Hedge algebras, denoted as AX = (X, G, C,
H, <), are a mathematical structure to handle

https://doi.org/10.52111/qn;js.2025.19311

uncertainty and vagueness. In hedge algebras,
X represents a set of words .#” is the set of
linguistic hedges or modifiers considered as 1-ary
operations of the algebra AX; C= {0, W, 1} is a
set of special words which are, respectively, the
least, the medium and the greatest elements of X’
and regarded as constants of AX since they are
fixed points; G = {c—, ct} is a set of the primary
or atomic words of the linguistic variable X,
the first one is called the negative word, and the
second, the positive one. G U C is the set of the
generators of the algebra AX that is . #' (G uw C) =
X = C U H(G), the underlying set of AX where
for a subset Z of X, the set .#(Z) denotes the set
of all elements freely generated from the words
inZ. le. #/(Z)={ox:x € Zand ¢ € H*},
where #* is the set of all strings of hedges in ./,
including the empty string €. Note that for ¢ = ¢,
ex = x and, hence, Z < #(Z). In the case
Z = {x} we shall write #(x) instead of A#( {x}).
<is a semantical order relation upon X.

Consider a hedge algebra AX = (X,
G, C, A, <) of an attribute X with numeric
reference interval domain U normalized to be
[0,1], for convenience in a unified presentation
of the quantification of the hedge algebras.
Formally, the numeric semantics of the
words of X can be determined by a so-called
Semantically Quantifying Mapping (SQM),
f: X — [0, 1], defined as follows.

Definition 4.> A mapping f: X — [0, 1] is
said to be an SQM of AX, if we have:

* f'is an order isomorphism, i.e. it is one-
to-one and for Vx,y € X, x <y = f{x) <Ay).

* The image of X under f, f(X), is
topologically dense in the universe [0, 1].

Definition 5.> A function fin: X — [0, 1]
is said to be a fuzziness measure of the hedge
algebra AX associated with the given variable X,

if it satisfies the following axioms, for any x € X
and h € A

o fm(c—) + fm(ct) = 1.
® Ygsjspjzo fmyx) = fm(x).
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o fm(hx) = u(h)fim(x), where u(h) is called for

convenience the fuzziness measure of h as well.
o Forx=hh ,..hc fmx) =fmhh ..

he) = uth)uh, ) ... uth)fmec), c € G =

{c—, ct).
o Setting Yog<j<-1 H(h) =a &
Yisjsp ()= , we have a+ p=
Y—q<j<pj=o u(hy) =1

In the general case, for given values of

the fuzziness parameters of X, we can establish
a recursive expression to compute the SQM v, ,
called the SQM induced by the given fm, as
follows:?

* Un(W) = K = fm(c), vim(c) = Kk — ofm(c’)=
Bfin(c?), vi(c™) = K +afin(c?);

. Ufm'(hjx) = U () + sign(hjx) x
(L 2gney i) + (1 = 0(hyx) ) u(hy) ) fmx)

where

w(hjx) = % [1+ sign(hjx)sign(h,hjx)(B — a)] €
{a,B}, for all j € [—q...p], j # 0, and sign()
function is defined as in research™.

3.2. Converting values between semantic and

reference domains

To convert the values from the reference domain
to the semantic domain of a variable X and vice
versa, we synthesize some transformations as:
Assume that [a, b] is a reference domain of the
variable X, and [a,b ] < [0, 1] is the semantic
domain. The conversion value x from [a, b] to
[a,b ] is called semantization, denoted S(x) and
the conversion value y from [a,b ] to [a,b] is
called desemantization, denoted D(p).

For flexibility in semantization or
desemantization, we add some parameters sp,
dp €[-1, 1] then: S(x) = fx, sp), satisfy 0 <f(x,
sp) <1, fix=a, sp) =0, filx=b, sp) = 1. And,
D(y) =g(y, dp), satisty a <g(y, dp) <b, g(y =0,
dp)=a,g(y =1, dp) =b.

In this paper, we use the functions:
S(x) = fix,sp) = (spxx(1-x)+x)/(b-a) and D(y) =
g, dp)= dp*(1(y, sp)— a)*(b — Ay, sp)(b - a)+
S, sp).

Figure 1 illustrates the hedge algebra AX
= (X, G, C, A, <) with the hedge set H ={Very-V,
More-M, Rather-R, Less-L} and the transfer of
values from the semantic domain to the reference
domain and vice versa.

0 = = W
Level 1 e ;1 () A R g =
22 P Lo : T B o=
- &= ';2‘ 2., i T . e = .
Level 2 « £ “a e
evers H(Ve) — H(Mc) e H(RO) H(Lo)
< = 2
252 S< N<
Level 3 g ¥ } N
N - e _ H(IRC)  HLMRC)  H(RRe) H(VRc) =
Desemantization Semantization
a b

Figure 1. A graph representation of .4 (Z) < -/’ (c’) and transform a value from [0, 1] to [a, b] and vice versa.
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3.3. Hedge-Algebras-based Model (HAM) for
time series forecasting

We consider each reference domain in the
forecasting problem to correspond to a hedge
algebra. Let PAR be a set of parameters,
including the fuzzy measures of the hedges and
the values sp and dp. Given that PAR has been
determined, in this section, we present the fuzzy
time series forecasting algorithm as follows.

Algorithm 1. HAM(PAR)

INPUT:
- nvalues of data {y(¢,), »(¢,),..., ¥(t )} witht, ¢,
..., ¢ are point times.
- System of the parameters of hedge algebras and

sp, dp for semantization and desemantization,
denoted PAR.

OUTPUT: the forecasted value F(t,).

Step 1. Define the discourse U
Put U= [D, ., D, ]| where D = min{y(tl),
Y(t),.... y(t)} and D = max{y(t), y(t,),...,
an

Step 2. Building the intervals upon U by using the
fuzziness model of hedge algebra.
Based on an algebra AX = (X, G, C, A <) we
divide U into k intervals U, U, ..., U, Wrt level |
(see Figure 1). The interval u, is labeled A, i = 1,
2,..., ksatisfying 4, < 4,< ... < A,. We calculate
[, =fmA)xD, -D ) i=1 2 ..,k Sowe
have w, = [,y u,] = D, D, +1,], u,= i,
ch] = [ulc+1’ u2d+fu}]’ o U = [ukd’ ukc] - [u(k-l)
c+1’ ukd+j:de]'

Step 3. Quantifying semantics of the linguistic
values A, Az’ LA
To quantify the semantic ofAI, A, ..., 4, weuse
SOM v, as SA4, = vfm(AI), S4,=v,(4,), ... S4,
= vﬁ"(A - By properties of hedge algebras, it is
clear that SA, < §4, < ... <S4,

Step 4. Constructing the relationships
Suppose that, F(t — 1) is A, F(t) is A/ and F(t) is
caused by F(t — 1). Clearly, we have a relation
between A, and A, denoted A, — A,

Step 5. Grouping relationships
IfAi — Aﬂ, A4, — Ajz,...,

establish the relation by grouping all of them into

4, — Ajm, then we

a unique relation A. - A, A, ..., A, .
i JI j2

Jm

https://doi.org/10.52111/qn;js.2025.19311

Step 6. Calculating output value

From a group of the relations in Step 5, applying
the rules as in Section 2.2 we get the results of
F(1), scilicet: If there is a relation A, — A/ then
Fg) = D(SAJ.) upon u, = [u, u,]. If A, — O then
F() = D(D) upon u, = [u, u ] If 4, — 4,4,
v Ay then F(j) = D(W,, xSA, + W, ,xSA, +... +
VVi,ijSAjk) upon interval [min{uﬂd, Upp - ujkd},

max{uﬂc, U -eor

u/kp} '] where W, is the weights
measured in the ratio number of times of real data
in the interval u, to sum of number of times of real

data in the intervals u., u.., ..., u.,.
r2 JK

Step 7. Return the values F(t),i=1,..., n.

4. THE OPTIMAL HEDGE-ALGEBRAS-
BASED MODEL

In Step 2 of the HAM model above, we assume
that each point at a time will belong to a word
in the hedge algebra AX = (X, G, C, A, <),
C=Aic, '}, H="h, ..., h,, h,.h} with
given parameters u(h,), i, € H. Obviously, all
parameters to be used in HAM containn =p+g+2
parameters, which are ,u(h_q), ,u(h_qﬂ),... u(h_,),
uh),..., ,u(hp), and sp, dp for semantization and
desemantization. So we can present that by the
vector PAR = (x, x,,
x, = y(hwl),... X, = ,u(hp), X =sp,x =dp.
Vector PAR is also an artificial bee in the OHAM
below.

...y X,) where x, = u(h_),

To optimize the parameters, we choose
the fitness function to be the Root Mean Square
Error (RMSE), where a smaller value indicates
better fitness. The root mean squared error can
be expressed as follows:

RMSE = 2T (ve=9)?
\’ n

where y, is the actual data point at time ¢, and y,
is the predicted value at time ¢.

The fitness function can be written:
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Algorithm 2. Fitness(PAR)

INPUT: A system of parameters PAR
represented for a bee; a real dataset {y; }7—;.

OUTPUT: Value of fitness of PAR.

Step 1. Generate language lattice of HA and
quantify those values based on
parameters in PAR.

Step 2. Calculate forecast values ¥, (t=1,...,n)
by HAM(PAR).

Step 3. Set Err = 0.

Step 4. For each real value y; and forecasted

Step 4. Scout Bees' Phase

If an employed bee exhausts its exploration
resources without finding a better solution, it
becomes a scout bee. Scout bees generate a new
random solution to diversify the search space and
prevent the algorithm from getting stuck in local
optima.

Step 5. Memorize the best solution (BestPAR) achieved
so far.

Step 6. Termination

The algorithm will be stopped if a termination
condition is satisfied. If not, go back to Step 2.

value J, at ¢ time, we put: Step 7. Return BestPAR.

Err = Err + (y; — ﬁt)z.

Step 5. RMSE = /%

Step 6. Return value RMSE.

5. EXPERIMENTAL RESULTS

In this section, the proposed approach is applied
to forecast the price of State Bank of India
(SBI) shares at BSE India from April 2008 to
March 2010, the enrollments at the University
of Alabama from years 1971 to 1992, and the
TAIEX Index of November and December 2004.
The result will then be compared with different
published methods. To measure the accuracy of
the forecasting methods, the following metrics
are used for comparison with RMSE.

The model is built as:

Algorithm 3. OHAMY()

INPUT: n values of data {y(¢,), y(t,),..., ¥(¢)} with

t,t, ..., t are point times.

OUTPUT: the best system of parameters for solving
optimization forecast problems.

Step 1. Initialization For each test dataset, we used hedge

Start by randomly initializing a population
of artificial bees, where each bee represents a
potential solution to the optimization problem.

The population size is typically defined
beforehand. and desemantization. The OHAM model was

algebra consisting of four hedge operators:
Very, More, Possible, and Little, along with
two parameters, sp and dp, for semantization

Step 2. Employed Bees' Phase implemented using the ABC optimization

Each employed bee explores a new solution algorithm with a maximum of 3000 iterations,

by adjusting its current position based on
information shared with a randomly selected
neighbor bee. The new solution is generated
by modifying the position using specific search
operators or strategies. After generating the new
solution, the fitness of both the current and new
solutions is evaluated.

Step 3. Onlooker Bees' Phase

and the number of employed and onlooker bees
was set to 50. The optimal parameters obtained
correspond to the experimental datasets: the
SBI price, student enrollment at the University
of Alabama, and the TAIEX stock index, as
presented in Table 1.

Using the RMSE metric to evaluate
Onlooker bees probabilistically choose a solution

to explore based on the fitness values of employed
bees. The better the fitness value, the higher the
probability of being chosen. This phase allows
good solutions to be shared among the population
and improves the overall search process.

forecasting performance, it is evident that the
OHAM model produces less error than other
models (see the last column of Tables 2-4).
Visually, from Figures 2-4, the forecasted
data curves generated by the proposed method
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follow the actual trend more closely compared predictions remain closer to the actual values,
to other models. Notably, at points with large further demonstrating the high adaptability of
amplitude variations, the OHAM model's the proposed model.

Table 1. The optimal parameters obtained by OHAM.

Parameters
. u(Little) u(Possible) u(More) | u(Very) | sp dp
Forecasting problems
SBI 0.316 0.286 0.204 0.194 0.467 | -0.457
Enrollment 0.205 0.213 0.395 0.187 0.066 | -0.167
TAIEX 0.194 0.239 0.149 0.418 0.113 | -0.449

5.1. SBI prices forecasting

Table 2. Results of the forecasting models for SBI data.

Actual Joshi and | Kumar and | Bisht and
Months SBI Chen™ | Huarng® | Pathak and Kumar™ Gangwar'® Kumar® OHAM
Prices (1996) (2001) | Singh' (2011) (2012) (2015) (2016)

April-08 1819.95 - - - - - - -
May-08 1840.00 1900 1855 1770.00 1777.80 1725.98 1877.657 1867.00
June-08 1496.70 1900 1855 1832.50 1865.71 1725.98 1877.657 1583.00
July-08 1567.50 1500 1575 1470.00 1531.50 1512.39 1466.360 1583.00
August-08 1638.90 1500 1505 1570.00 1531.50 1512.39 1466.360 1583.00
September-08 | 1618.00 1600 1610 1670.00 1777.80 1574.35 1533.504 1583.00
October-08 1569.90 1600 1610 1603.33 1531.50 1574.35 1533.504 1583.00
November-08 | 1375.00 1500 1505 1670.00 1531.50 1512.39 1466.360 1366.00
December-08 1325.00 1433 1482 1382.50 1504.23 1305.52 1520.652 1366.00
January-09 1376.40 1433 1365 1332.50 1504.23 1665.90 1520.652 1366.00
February-09 1205.90 1433 1482 1332.50 1504.23 1305.52 1520.652 1192.00
March-09 1132.25 1433 1155 1195.00 1258.23 1294.27 1144.718 1192.00
April-09 1355.00 1300 1365 1145.00 1258.23 1294.27 1322.446 1366.00
May-09 1891.00 1433 1482 1357.50 1504.23 1665.90 1520.652 1867.00
June-09 1935.00 1900 1890 1882.50 1865.71 2006.51 1877.657 1867.00
July-09 1840.00 1900 1890 1970.00 1883.93 2006.51 1895.491 1867.00
August-09 1886.90 1900 1855 1470.00 1865.71 1725.98 1877.657 1867.00
September-09 | 2235.00 1900 1855 1970.00 1865.71 2006.51 1877.657 2259.00
October-09 2500.00 | 2300 2485 2245.00 2142.04 2520.00 2311.382 2498.00
November-09 | 2394.00 | 2300 2415 2470.00 2245.65 2420.00 2374.204 2384.00
December-09 | 2374.75 | 2300 2345 2395.00 2191.75 2365.99 2352.723 2384.00
January-10 2315.25 | 2300 2205 2395.00 2191.75 2365.99 2352.723 2384.00
February-10 2059.95 | 2300 2205 2295.00 2142.04 2020.00 2311.382 2083.00
March-10 2120.05 | 2100 2135 2070.00 1883.93 2120.00 2166.247 2083.00
RMSE 187.26 164.04 205.96 200.17 131.28 179.03 36.50
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Figure 2. Line chart of forecast method results for SBI data.

5.2. Enrollment student forecasting

Table 3. Results of the forecasting models for enrollment student.

Kumar
Actual Song and Chen® | Huarng” Lee and | SC_time [ Cheng Cheng Yoleu et Qiu | Joshi and and Bisht and
data Chissom’ 1996 | (2001) Chou'® | variant'’ | etal.'® et al.” Al (2009) etal.? | Kumar' Gangwar's Kumar® | OHAM
(1993) (2004) | (1994) | (2006) | (2008) (011) | (2012) 2015 (2016)

13055 - - - - - - - - - - - - -
13563 | 14000 | 14000 - 14025 - 14230 | 14242 | 1403135 | 14195 | 14250 - 13595.67 | 13752
13867 | 14000 | 14000 - 14568 - 14230 | 14242 | 1479536 | 14424 | 14246 13693 | 13814.75 | 13752
14696 | 14000 | 14000 | 14000 | 14568 - 14230 | 14242 | 1479536 | 14593 | 14246 13693 | 14929.79 | 14753
15460 | 15500 | 15500 | 15500 | 15654 | 14700 | 15541 | 154743 | 1479536 | 15589 | 15491 14867 | 15541.27 | 15341
15311 | 16000 | 16000 | 15500 | 15654 | 14800 | 15541 | 154743 | 16406.57 | 15645 | 15491 15287 | 15540.62 | 15341
15603 | 16000 | 16000 | 16000 | 15654 | 15400 | 15541 | 154743 | 16406.57 | 15634 | 15491 15376 | 15540.62 | 15341
15861 | 16000 | 16000 | 16000 | 15654 | 15500 | 16196 | 15474.3 | 16406.57 | 16100 | 16345 15376 | 15540.62 | 16040
16807 | 16000 | 16000 | 16000 | 16197 | 15500 | 16196 | 16146.5 | 16406.57 | 16188 | 16345 15376 | 16254.5 | 16879
16919 | 16813 | 16833 | 17500 | 17283 | 16800 | 16196 | 16988.3 | 1731529 | 17077 | 15850 16523 | 17040.41 | 16879
16388 | 16813 | 16833 | 16000 | 17283 | 16200 | 17507 | 16988.3 | 1731529 | 17105 | 15850 16066 | 17040.41 | 16040
15433 | 16789 | 16833 | 16000 | 16197 | 16400 | 16196 | 16146.5 | 1731529 | 16369 | 15850 17519 | 16254.5 | 15341
15497 | 16000 | 16000 | 16000 | 15654 | 16800 | 15541 | 154743 | 16406.57 | 15643 | 15450 16606 | 15540.62 | 15341
15145 | 16000 | 16000 | 15500 | 15654 | 16400 | 15541 | 154743 | 16406.57 | 15648 | 15450 15376 | 15540.62 | 15341
15163 | 16000 | 16000 | 16000 | 15654 | 15500 | 15541 | 154743 | 16406.57 | 15622 | 15491 15376 | 15541.27 | 15341
15984 | 16000 | 16000 | 16000 | 15654 | 15500 | 15541 | 154743 | 16406.57 | 15623 | 15491 15376 | 15541.27 | 16040
16859 | 16000 | 16000 | 16000 | 16197 | 15500 | 16196 | 16146.5 | 16406.57 | 16231 | 16345 15287 | 16254.5 | 16879
18150 | 16813 | 16833 | 17500 | 17283 | 16800 | 17507 | 16988.3 | 1731529 | 17090 | 17950 16523 | 17040.41 | 18283
18970 | 19000 | 19000 | 19000 | 18369 | 19300 | 18872 | 19144 | 1913279 | 18325 | 18961 17519 | 189023 | 19291
19328 | 19000 | 19000 | 19000 | 19454 | 17800 | 18872 | 19144 | 1913279 | 19000 | 18961 19500 | 19357.3 | 19291
19337 | 19000 | 19000 | 19000 | 19454 | 19300 | 18872 | 19144 | 1913279 | 19000 | 18961 19000 | 19168.56 | 19291
18876 - 19000 | 19000 - 19600 | 18872 | 19144 | 19132.79 | 19000 | 18961 19500 | 19168.56 | 19291
RMSE | 650.40 | 880.73 | 638.36 | 476.97 | 501.28 | 511.04 | 478.45 | 805.17 | 511.33 | 433.76 | 493.56 | 428.63 | 178.21

https://doi.org/10.52111/qnjs.2025.19311
Quy Nhon University Journal of Science, 2025, 19(3), 137-148 | 145



QUY NHON UNIVERSITY

I SCIENCE

Enroliment Forecasts Over the Years

uuuuu

18000

15000

14000

13000

1970 1975 1980 1985 1990
Year

Figure 3. Line chart of forecast method results for enrollment student data.

5.3. TAIEX index forecasting

Table 4. Results of the forecasting models for TAIEX index.

Actual Chen’ Loc¢’ Loc¢’
Date Index Forecasted Forecasted Forecasted OHAM
Index!’ Index’ (a) Index?® (b)
2/11/2004 5759.61 5674.81 5743.00 5768.00
3/11/2004 5862.85 5768.14 5852.00 5886.00 5863.00
4/11/2004 5860.73 5854.81 5876.04 5886.00 5863.00
5/11/2004 5931.31 5908.26 5876.04 5934.00 5942.00
8/11/2004 5937.46 5934.81 5912.05 5934.00 5942.00
9/11/2004 5945.2 5943.81 5912.05 5934.00 5942.00
10/11/2004 5948.49 5934.81 5912.05 5978.00 5942.00
11/11/2004 5874.52 5937.12 5912.05 5886.00 5863.00
12/11/2004 5917.16 5908.26 5919.27 5934.00 5903.00
15/11/2004 5906.69 5934.81 5919.27 5934.00 5903.00
16/12/2004 5910.85 5934.81 5919.27 5934.00 5903.00
17/11/2004 6028.68 5937.12 5919.27 5978.00 6038.00
18/11/2004 6049.49 6068.14 5979.18 5978.00 6038.00
19/11/2004 6026.55 6068.14 5979.18 5978.00 6038.00
22/11/2004 5838.42 5976.47 5979.18 5886.00 5833.00
23/11/2004 5851.10 5854.81 5876.04 5886.00 5833.00
24/11/2004 5911.31 5934.85 5876.04 5934.00 5903.00
25/11/2004 5855.24 5934.81 5919.27 5886.00 5863.00
26/11/2004 5778.65 5854.81 5876.04 5768.00 5768.00
29/11/2004 5785.26 5762.12 5797.89 5768.00 5768.00
30/11/2004 5844.76 5762.12 5852.00 5886.00 5833.00
1/12/2004 5798.62 5834.85 5876.04 5768.00 5768.00
2/12/2004 5867.95 5803.26 5797.89 5886.00 5863.00
3/12/2004 5893.27 5854.81 5876.04 5886.00 5903.00
6/12/2004 5919.17 5854.81 5919.27 5934.00 5903.00
7/12/2004 5925.28 5937.12 5912.05 5934.00 5942.00
8/12/2004 5892.51 5876.47 5912.05 5886.00 5903.00
9/12/2004 5913.97 5854.81 5919.27 5934.00 5903.00
10/12/2004 5911.63 5934.81 5919.27 5934.00 5903.00
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13/12/2004 5878.89 5937.12 5919.27 5863.00 5863.00
14/12/2004 5909.65 5854.81 5919.27 5903.00 5903.00
15/12/2004 6002.58 5934.81 5919.27 5994.00 5994.00
16/12/2004 6019.23 6068.14 5979.18 6038.00 6038.00
17/12/2004 6009.32 6062.12 5979.18 5994.00 5994.00
20/12/2004 5985.94 6062.12 5979.18 5994.00 5994.00
21/12/2004 5987.85 5937.12 5979.18 5994.00 5994.00
22/12/2004 6001.52 5934.81 5979.18 5994.00 5994.00
23/12/2004 5997.67 6068.14 5979.18 5994.00 5994.00
24/12/2004 6019.42 5934.81 5979.18 6038.00 6038.00
27/12/2004 5985.94 6068.14 5979.18 5994.00 5994.00
28/12/2004 6000.57 5937.12 5979.18 5994.00 5994.00
29/12/2004 6088.49 6068.14 5979.18 6125.00 6125.00
30/12/2004 6100.86 6062.12 6119.36 6125.00 6125.00
31/12/2004 6139.69 6137.12 6143.57 6125.00 6125.00

RMSE 56.86 48.02 26.88 12.73
A
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Figure 4. Line chart of forecast method results for TAIEX index data.

6. CONCLUSIONS

In this study, we propose a new fuzzy time
series forecasting method using hedge algebra.
We also introduce a segmentation approach for
the reference space based on k-level and the
fuzziness measure of linguistic terms of hedge
algebra.

The effectiveness of this fuzzy time series
forecasting method is demonstrated by applying
it to the benchmark problem of forecasting
the enrollment numbers at the University of
Alabama. The relatively small RMSE value
indicates that the proposed model outperforms
other methods. Moreover, financial time series
exhibit intrinsic characteristics such as relatively

high volatility and frequent fluctuations in
individual time series data over time, making
forecasting more challenging compared to other
types of time series data. Even well-established
time series forecasting methods tend to produce
high forecasting errors. However, the proposed
OHAM model proves to be highly suitable and
effective for forecasting financial time series,
where nonlinearity, intrinsic characteristics, and
fuzziness complicate the forecasting process.

Acknowledgment

This research is conducted within the
framework of science and technology projects at
institutional level of Quy Nhon University under
the project code T2024.849.20.

https://doi.org/10.52111/qnjs.2025.19311

Quy Nhon University Journal of Science, 2025, 19(3), 137-148 | 147



QUY NHON UNIVERSITY

JOURNAL OF

SCIENCE

REFERENCES

1.

10.

N. C. Ho, W. Wechler. Hedge algebras: an
algebraic approach to structures of sets of
linguistic domains of linguistic truth variable,
Fuzzy Sets and Systems, 1990, 35(3), 281-293.

N. C. Ho, W. Wechler. Extended hedge algebras
and their application to Fuzzy logic, Fuzzy Sets
and Systems, 1992, 52, 259-281.

N. C. Ho, N. V. Long. Fuzziness measure
on complete hedge algebras and quantifying
semantics of terms in linear hedge algebras,
Fuzzy Sets and Systems, 2007, 158(4), 452-471.

N. C. Ho, V. N. Lan, L. X. Viet. Optimal
hedge-algebras-based controller: design and
application, Fuzzy Sets and Systems, 2008, 159,
968-989.

N. C. Ho, W. Pedrycz, D. T. Long, T. T. Son.
A genetic design of linguistic terms for fuzzy
rule based classifiers, International Journal of
Approximate Reasoning, 2012, 54, 1-21.

K. Bisht, S. Kumar. Fuzzy time series forecasting
method based on hesitant fuzzy sets, Expert
Systems with Applications, 2016, 64, 557-568.

V. M. Loc, V. H. Dung, P. T. Yen. The context-
aware calculating method in language environment
based on hedge algebras approach to improve
result of forecasting time series, Lecture
Notes of the Institute for Computer Sciences,
Social Informatics and Telecommunications

Engineering, 2017, 217, 110-123.

V. M. Loc, V. H. Dung. Hedge algebra approach
for fuzzy time series to improve result of time
series forecasting, EAI Endorsed Transactions
on Context-aware Systems and Applications,
2018, 4, 1-11.

Q. Song, B. S. Chissom. Fuzzy time series and
its models, Fuzzy Sets and Systems, 1993, 54,
269-277.

S. M. Chen. Forecasting enrollments based on
fuzzy time series, Fuzzy Sets and Systems, 1996,
81,311-319.

©NOIS

© 2025 by the authors. This Open Access Article is licensed under the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC 4.0) license (https://creativecommons.org/licenses/by-nc/4.0/).

https://doi.org/10.52111/qn;js.2025.19311
148 | Quy Nhon University Journal of Science, 2025, 19(3), 137-148

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

S. M. Chen. Forecasting enrollments based on
high order fuzzy time series, Cybernetics and
Systems An International Journal, 2002, 33,
1-16.

K. Huarng. Effective length of intervals to
improve forecasting in fuzzy time series, Fuzzy
Sets and Systems, 2001, 123, 387-394.

H. K. Pathak, P. Singh. A new bandwidth interval
based forecasting method for enrollments using
fuzzy time series, Applied Mathematics, 2011, 2,
504-507.

B. P. Joshi, S. Kumar. Intuitionistic fuzzy sets
based method for fuzzy time series forecasting,
Cybernetics and Systems, 2012, 43, 34-47.

S. Kumar, S. Gangwar. Intuitionistic fuzzy
time series: an approach for handling non-
determinism in time series forecasting, /EEE
Transactions on Fuzzy Systems, 2015, 24(6),
1270-1281.

H. S. Lee, M. T. Chou. Fuzzy forecasting based
on fuzzy time series, International Journal of
Computer Mathematics, 2004, 81, 781-789.

Q. Song, B. S. Chissom. Forecasting enrollments
with fuzzy time series, Part I, Fuzzy Sets and
Systems, 1994, 64, 1-8.

C. Cheng, J. Chang, C. Yeh. Entropy-based and
trapezoid fuzzification based fuzzy time series
approaches for forecasting IT project cost,
Technological Forecasting and Social Change,
2006, 73, 524-542.

C. H. Cheng, G. W. Cheng, J. W. Wang. Multi-
attribute fuzzy time series method based on fuzzy
clustering, Expert Systems With Applications,
2008, 34, 1235-1242.

U. Yolcu, E. Egrioglu, V. R. Uslu, M. A. Basaran,
C. H. Aladag. A new approach for determining
the length of intervals for fuzzy time series,
Applied Soft Computing, 2009, 9, 647-651.

W. Qiu, X. Liu, H. Li. A generalized method for
forecasting based on fuzzy time series, Expert
Systems with Applications, 2011, 38, 10446-
10453.



KHOA HOC TAP 19, SO 3, THANG 06 - 2025

TRUONG PAI HOC QUY NHON ISSN: 1859-0357 E-ISSN: 2815-6242
MUC LUC
1. Ché tao mang s¢i nano 16i/vo tir chitosan, carrageenan, polyvinyl alcohol, va curcumin

bang phuong phéap quay dién dong truc hai 16p
Cao Luu Ngoc Hanh, Nguyén Thi Bich Thuy@‘:n, Lwong Huynh Vi Thanh,

Ping Huynh Giao, Ngo Truwong Ngoc Mai, Nguyén Tuwomng Vy.........c..ccccoovverirererrnrernnnnn. 5
2. Nghién cou thiét ké hé théng thuy lyc nang ha ctra dap ngan man tai tinh Binh Dinh

DO VAR CAN ..ottt 19
3. Naéng cao hiéu suit cam bién khi VOCs ciia mang mong ZnO thong qua bién tinh bé mat

béng hat nano Au va chiéu birc xa UV

Nguyén Hoang Hiép, Nguyén Quynh Tho, Huynh Kim Tién, Nguyén Vin Hoai,

Nguyén Vin Nghia, Nguyén Ngoc Khoa Truwong, Hoang Nhat Hiéu,

NGUYEN MIND VIFOMIG ..ot 31

4. Hiéu biét sau sic hon vé do beén va dc trung cia cac lién két hydrogen O/C_-H-Z
trong cac h¢ phuc tuong tac gitta dan xuat cua chalcogenoaldehyde acid va formamide
Lé Thi T Quyén, Bui Pirc Ai, Trin Manh Trung, Pham Ngoc Thach,
INGUYEI THEN TIUNS ...t 47

5. Phan tich va xay dung danh muc tuong tac thude tim mach & bénh nhan ngoai tra tai
Trung tdm Y t& Huyén Long My, Tinh Hau Giang, nim 2023
Cao Phuéc Thing, Truong Huynh Kim Ngoc, Quach Thi Hong Dung,
Nguyén Thi Anh Thur, Nguyén Thi N0 TIAI.............ccoooiiviieeeieieeieeeeeeeeeees e 61

6. Phat trién va dic trung vat liéu composite bentonite - than hoat tinh tr vd trAu nhim tang
cuong kha nang hap phu khi H,S
P56 Hong Hanh, Ha Xuan Pat, Huynh Tién Chirc, Nguyén Vin Nghia,
Hoang Nhit Hiéu, Nguy&n Minh VIONE .............ocoocooiiviiiiiieeeeeeeeeeeeeeeeeeeeee e 75

7. Chathap phu dang hat than thién moi trudng tir than hoat tinh ngudn gdc b ca phé img dung
xu ly nudc thai
Lwong Huynh Vit Thanh, Lé Thanh Pha, Pinh Vin Phuéc An, Pham Hong Phiic,
Ping Huynh Giao, Nguyén Ngoc Yén, Pham Duy TOAN .............o.cooovvevmcereeeeereeenean. 91

8. Panh gia kha ning dbi khang ctia nAm Trichoderma spp. véi nam Colletotrichum spp.
gy bénh than thu trén 6t chi thién trong diéu kién in vitro
Nguyén Thi Tho, Ngé Hong Dirc, Luu Thi Thity HANG ......o.coooovoivieiieeeeeeeeeee e, 105



KHOA HOC TAP 19, SO 3, THANG 06 - 2025
TRUONG DAI HOC QUY NHON ISSN: 1859-0357 E-ISSN: 2815-6242

10.

11.

Phuong phéap xanh va don gian dé ché tao graphene oxide tir graphite bang phuong phap

boéc tach dién hoa

Phan Nguyén Pirc Dugc, Phan Nhat Nguyén, Phan Vin Cwong...............ccccooovveveennnannn 115
Nghién ctru dic trung cdu tric va hoat tinh quang xtic tac phan hity dung dich RhB ctia

vat li¢u mang C/g-C\N,/PVDF

Nguyén Thi Lan, Trinh Ngoc Pat, Lé Vii Truong Son, Pinh Thanh Khén,

Huynh Vin Nam, DPinh Quéc Viét, Nguyén Minh Vwong, Nguyén Tan Lam,

Nguyén Vin Thiang, Phan Thi Thity Trang............cococoviviviiioieoeeeeeeeeeeeeeeeeeesees 127

Thiét ké mo hinh dy bao chudi thoi gian mo t6i wu dya trén dai s6 gia tir
Lé Xuan Viét, Nguyén Ngoc Diing, P6 Thanh Hau, Tran DPinh Luyén ..................cc.......... 137





