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TOM TAT

Nghién ciru di tin dung thanh cong vo tom dé chiét tach chitosan bang quy trinh deacetyl hoa hai budc voi
d6 deacetyl hoa cao (91,48%). Hon nira, chitosan dugc gén céc nhém chirc wa nude dé tao thanh O-carboxymethyl
chitosan (O-CMCS), nham tang d6 tan ctia vét liéu trong moi truong trung tinh va kiém. Tiép theo 1a ghép dan xuat
chitosan véi axit acrylic (AA) dé tao ra vt liéu polyme siéu hap thu tir O-CMCS (O-CMCS-SAP). Cac thong s6
t6i uru dé tong hop vat lidu 1a nong do kali persufate 2%, ty 16 O-CMCS:AA 14 1:8 va nong do glutaraldehyde 2%,
tao ra vat liu SAP v6i kha ning hap phu tdi da 13 658,16 g/g sau 15 ngay ngdm trong nudc. Kha ning phéan huy
sinh hoc sau bbn tuan thir nghiém va giit nudc dé cung cap cho ciy trong qua trinh sinh trurong 1a diém manh cua
vat liéu O-CMCS-SAP. Ngoai ra, nghién ctru da thanh cong trong viéc phan tich sy hinh thanh va sinh truong cta
hai cay 6t gibng nhau, nhung khac nhau ¢ viée c6 va khong co sir dung O-CMCS-SAP. Cay 6t str dung O-CMCS-
SAP c6 kha ning sinh truéng va phat trién cao hon nhiéu so vdi cdy khong sir dung O-CMCS-SAP. Sau tam tun
thir nghiém, nhimg cay khong duoc tudi nude cho thay 1a héo va phat trién cuc ky thap. Dua trén tit ca cac phat
hién thuc nghiém, vat liéu O-CMCS-SAP di dugc tong hop thanh céng va c6 tiém ning dwoc timg dung dé cai tao
dat kho can.

Tir khéa: Vit liéu siéu hdp thu, dan xudt chitosan, truong né, giik nudc.

*Tac gia lién hé chinh.
Email: clnhanh@ctu.edu.vn
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ABSTRACT

The study successfully utilized shrimp shells to extract chitosan using a two-step deacetylation process with
a high degree of deacetylation (91.48%). Furthermore, chitosan is attached with hydrophilic functional groups
to form O-carboxymethyl chitosan (O-CMCS), to increase the solubility of the material in neutral and alkaline
environments. The chitosan derivative was grafted with acrylic acid (AA) to produce a superabsorbent polymer
(SAP) material from O-CMCS (O-CMCS-SAP). The ideal conditions for the material's synthesis were a 2%
glutaraldehyde concentration, a 1:8 O-CMCS:AA ratio, and a 2% potassium persulfate concentration that created
SAP material had a maximum adsorption capacity of 658.16 g/g after a 15-day immersion in water. The ability
to biodegrade after four weeks of testing and retain water to provide plants during growth were the strengths of
the O-CMCS-SAP material. Furthermore, the study effectively examined the same two chili plants developed
and changed in the presence and absence of O-CMCS-SAP. Compared to plants lacking O-CMCS-SAP, the chili
plants with O-CMCS-SAP grew and developed significantly more. Following eight weeks of testing, the water-
deficient plants had wilting leaves and remarkably slow development. The O-CMCS-SAP material was effectively
synthesized and may be used to enhance arid soil, according to all experimental results.

Keywords: Superabsorbent materials, chitosan derivatives, swelling, water retention.

INTRODUCTION research in Vietnam and are gradually being

Superabsorbent polymers (SAP) are a kind commercialized. However, modified starch -

of three-dimensional crosslinked hydrophilic which may compete with human and animal

polymers, which can absorb and retain large
amounts of water up to several hundred times
their own weight.! Because of their excellent
properties, SAP are widely used in various fields,
such as hygiene product, agriculture, construction
industry, petroleum industry, adsorption and
materials for controlled release devices.?
SAP are currently the subject of extensive

*Corresponding author.
Email: clnhanh@ctu.edu.vn

https://doi.org/10.52111/qnjs.2025.19501

food sources - is the primary basic material
used by the majority of authors. Khoi et al.
successfully created the SAP for soil (AMS-1).
The product known as AMS-1 is made by
grafting acrylic acid into cassava starch, which
has a unique capacity to store and absorb water.
AMS-1 is a fine, ivory-white powder that will
swell 400 times its actual weight when exposed

6 | Quy Nhon University Journal of Science, 2025, 19(5), 5-23
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to water. It can be stored in soil for 10 to 12
months. AMS-1 has a wide range of uses in
agricultural production, including helping to
improve the physical and chemical properties of
soil and acting as a moisture-retaining agent on
hillsides where water readily drains away or on
dry, sandy soils. Apart from its ability to absorb
water, AMS-1 can also absorb other solutions,
such as saline and urine.?

Furthermore, Lac Trung Company
produced the superior product known as
superabsorbent polymer (SAM-1) in 2006. The
product is the end product of the polymerization
of modified cassava starch and acrylic acid.
Each tiny moisture-retaining particle can absorb
up to 350400 g/g of water and then gradually
release it to provide moisture for the plant during
times when there is no rain or irrigation water.
The primary ingredient is cassava starch, and
chemical technology is used to create a type of
polymer that has the ability to absorb and retain
water. Watering will be much decreased after 30
to 45 days when the particles will release all of
the water, the moisture-retaining particles will
revert to their initial size, and they will continue
to collect water when it rains or is watered.
Moisture-retaining particles should be used for
six to eighteen months before being replaced.
Utilizing the product has been shown to reduce
plant mortality by over 100%, lower plant care
expenses by up to 80%, transport crops across
great distances, and harvest crops 20% earlier
than planned.*

Sutradharetal. synthesized superabsorbent
polymers in 2015 by combining gamma
radiation with carboxymethylated cellulose
(CMC) and acrylic acid (AA). In particular,
the author synthesized by copolymerizing
carboxymethylated cellulose and acrylic acid
and then irradiating it with Co-60. Due to the
extremely high energy of the gamma irradiation
source, initiators, catalysts, and cross-linking
agents are not required in the synthesis technique.
At the same time, a radiation dose of 5 kGy
was shown to have the maximum adsorption

capability. According to experimental results,
the product's high water retention capacity had
a favorable impact on the germination of okra
and wheat seeds as well as the growth of young
plants. Thus, it can be said that CMC/AA, which
has a lot of great qualities, can be employed as
a regulator in agriculture, particularly in desert
and arid areas.’

A superabsorbent water gel (CHCAUR)
was created by Narayanan et al. using urea, citric
acid, and chitosan. A superabsorbent material
was developed from renewable resources such
as chitosan, citric acid and urea by hydrothermal
method. The maximum adsorption was about
1250 g/g in distilled water and 210 g/g in 0.1%
sodium chloride solution. It is demonstrated
that the water absorption mechanism results
from the electrostatic attraction of water for
ionic bonding, the presence of pores, and the
undulating surface caused by the development
of nanofibers. It was demonstrated that
physical bonds, such as electrochemical bonds,
macropores, and morphological characteristics,
are the source of the water absorption. It was
found that CHCAUR had a very high chitosan
content and a low urea/citric acid content,
making it highly biodegradable in soil. With
a significant and regulated water output, the
product was employed to supply nutrients to the
soil. CHCAUR was also shown to dramatically
lower the rate of water evaporation when applied
to soil.®

In 2018, Neamjan et al. reported on the
biodegradable superabsorbent polymer based
on cellulose from sugarcane bagasse (SCB)
for water resource management, horticulture
and other products in agricultural applications.
Specifically, the superabsorbent polymer was
prepared by polymerizing SCB monomer
and AA in the presence of N, N-methylene-
bisacrylamide as a cross-linker using twin screw
extruder and using ammonium persulfate/sodium
sulfite (APS/SS) as a pair initiator in an enhanced
redox system because SS is a reducing agent that
can enhance the polymerization reaction. The

https://doi.org/10.52111/qnjs.2025.19501
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results indicated that the soil moisture retention
capacity could be enhanced by applying
SCB superabsorbent polymer. Therefore, the
superabsorbent polymers prepared in this study
have the potential to be used as a water source
in agriculture.’

According to Yassine et al., the extracted
cellulose in superabsorbent materials with high
water absorption capabilities was oxidized by
sodium periodate in a controlled manner to
produce cellulose dialdehyde with a regulated
aldehyde Using  N,N-methylene-
bis-acrylamide as a cross-linking agent and

content.

potassium persulfate as an initiator, the cellulosic
materials were mixed with a suspension of
acrylic and itaconic acids to create composite
hybrid hydrogels through radical chain
polymerization in water. Notably, dialdehyde
cellulose has the potential to improve the
hydrogel's swelling and water retention ability
because of its strong polarity, low crystallinity
index, and hydrophilicity. With a dialdehyde
cellulose content of 5%wt, synthesized materials
demonstrated a water absorption capacity of up

to 1240+60 g.g'.?

One of the mostimportantissues of concern
today in the agricultural sector is watering plants
during the drought season while still ensuring
that enough water is provided for the plants
during their growth and development, avoiding
waterlogging due to over-watering or reducing
the mortality rate of plants during the dry season,
etc. To help solve this problem, a new material
has been researched and widely applied by many
researchers in many places around the world,
which is superabsorbent polymer (SAP). This
material is widely used in agriculture, sanitary
napkins, medicine, and other fields because
it can absorb and retain a lot of water in its
structure - many times more than its dry weight.
In the agricultural sector, SAP application can
lower plant mortality rates from dehydration,
reduce care, watering frequency, water amount,
pesticide residues, pre-season harvesting, etc.
Nonetheless, modified starch and acrylic acid

https://doi.org/10.52111/qnjs.2025.19501

provide the majority of the produced SAP.>!°
However, the use of starch to synthesize SAP
results in a very serious waste of food sources,
a source of nutrition for both humans and
animals, as well as intense competition between
humans and animals for food sources. This is
because starch is still an important food source,
both for humans and animals. Therefore, in this
study, we extract chitosan for SAP manufacture
utilizing shrimp shells for by-product utilization,
instead of starch.!" The primary drawback of
CS is its poor solubility in neutral and alkaline
pH environments. For this reason, in this study,
we modify CS and produce CS derivatives (by
adding hydrophilic groups to the CS structure to
make CS more soluble in an environment with
a pH greater than 6.5) in order to synthesize
SAP. Since SAP materials are made from natural
raw materials, such as seafood waste, they are
highly biodegradable, environmentally benign
more than SAP materials derived from synthesis
polymer liked polyacrylic acid and polyvinyl
alcohol,'>"* and satisfy the “green chemistry”
standards that our nation is striving for in the
future while creating new materials. Research on
the synthesis of biodegradable superabsorbent
polymer (SAP) from chitosan derivatives and its
application in agriculture based on the following
steps: synthesis of SAP material, analysis of
adsorption-influencing factors, analysis of
adsorption and desorption capacity, and analysis
of the product's biodegradability over time in a
soil environment.

2. MATERIALS AND METHODS
2.1. Materials

Fresh shrimp shells are gathered from the Chau
Thanh District of Kien Giang Province's Bright
Star Seafood Company Limited. Following
gathering, the shrimp shells undergo numerous
water washes to clean them before being dried
and used.

Sodium hydroxide (NaOH, 99%),
oxalic acid (C H,O,, 99.6%), hydrochloric acid

27274

(HCI), potassium persulfate (K S O,), acetic

8 | Quy Nhon University Journal of Science, 2025, 19(5), 5-23
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acid (CH,COOH, 99.5%), chloroacetic acid
(CICH,COOH), acrylic acid (CH,=CHCOOH,
99.5%), and glutaraldehyde (C,HO,, 50%),
KMnO,, 2-propanol (99.5%), and ethanol
(C,H,OH, 99%) were acquired from Xilong,
China. All other chemicals were of reagent
grades or higher and used as received.

2.2. Preparation of chitosan derivatives from
shrimp shells by chemical method

The chemical process of creating chitosan
derivatives from shrimp shells was carried

Shrimp shell Deproteinization

First deacetylated

Second deacetylated
chitosan chitosan

Figure 1. Chitosan preparation using shrimp shells.

The shrimp shells were initially collected at
Seafood Company, the shrimp shells were
refrigerated with ice while being transported.
After processing, the shrimp shells were cleaned
to get rid of any remaining shrimp meat, debris,
and contaminants. To preserve the shrimp
shells for the upcoming tests, they were then
dried. Following first treatment, the shrimp
shells were soaked in a 2M NaOH solution for
two days in order to separate the protein and
fat. At this point, alkali at pH 11-12 and room
temperature degraded the protein to produce
soluble free amines that were simple to remove
after the shrimp shells were cleaned with water.
Following multiple water washes, the product
was ultimately cleaned with distilled water until
its neutral pH reached. The shrimp shells were
then demineralized using a 1M HCI solution for
48 hours at room temperature in order to extract

Demineralization

out in two stages. Chitosan was first extracted
from shrimp shells using a chemical process
that involved two rounds of deacetylation. This
was followed by the production of chitosan
derivatives using O-carboxymethyl. The
synthesis of chitosan from shrimp shells was
based on the optimal parameters of the synthesis
process of Kurniasih et al. and several steps were
modified to fit Vietnamese research settings.'

The synthesis diagram is presented specifically

in Figure 1.

First bleaching

Deacetylation Chitin

calcium and a few other minerals. Crude chitin
was treated with 1% oxalic acid and 1% KMnO,
oxidant for 15 minutes at room temperature
in order to eliminate the pale pink astaxanthin
color. Lastly, a 48% NaOH solution was used
to deacetylate crude chitin (-NHCOCH,) to
chitosan (-NH,) for 48 hours atroom temperature.
To produce chitosan with a larger degree of
deacetylation, the deacetylation step was carried
out again, but at a higher temperature (80°C).
Chitosan was dried for 12 hours at 50°C in order
to preserve it.

The degree of deacetylation of the
obtained chitosan was determined by acid-base
titration method.”® A 0.1 g crude chitosan sample
was dissolved in 30 mL of 0.1 M HCI at room
temperature, and 5-6 drops of methyl red were
added. The solution was then titrated with 0.1 M
NaOH, and the titration was stopped when

https://doi.org/10.52111/qnjs.2025.19501
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the solution turned orange. The DDA of crude
chitosan was calculated based on the number of
mL of 0.1 M NaOH used during the titration.
The degree of deacetylation was calculated
according to the formula (1):

(CVi = GV2)

Deacetylation (%) = M x 0.0994

x 100 (1)

Where C, was concentration of HCI
solution used to dissolve chitosan (M), C, was
concentration of NaOH solution used for titration
(M), V, was volume of HCI solution (mL), V,
was volume of NaOH solution used in titration
(mL), M was mass of crude chitosan sample (g).

The method of Mohamed et al. provides
the basis for the synthesis of O-carboxymethyl
chitosan (O-CMCS),'® which has high solubility
in neutral and alkaline pH by attaching
hydroxyl groups to the chitosan structure.

However, certain variables have been modified
to suit Vietnam. Figure 2 specifically displays
the O-CMCS synthesis diagram. First, in a three-
necked flask, 100 mL of 20% NaOH solution
was mixed with 10 g of second deacetylated
chitosan (CS-DD2) and stirred for 15 minutes.
The carboxymethylation process was then
carried out by adding 15 g of monochloroacetic
acid and 20 mL of 2-propanol dropwise to
the alkalized liquid and keeping the reaction
at 40°C for two hours. 10% acetic acid was
used to neutralize the liquid after two hours,
bringing its pH down to 7. After removing
insoluble substances with 70% EtOH, the
product was washed with absolute EtOH.
Finally, the O-CMCS product was then dried at
50°C. Environmentally harmful chemicals used
in the extraction and modification of chitosan
such as strong base and acid are reused and then
neutralized before disposal.

A 4

5 g chitosan (&

100 ml NaOH 20%

15 g monochloroacetic acid +
20 ml 2-propanol

/ Stir for 2 hina 3- \
-

\ necked flask at 40 °C )

Acetic acid 10%

| Filter and wash with ethanol 70% |

I Wash with ethanol absolute |

I

O-carboxymethyl chitosan
(O-CMCS)

Figure 2. Synthesis diagram of O-CMCS synthesis from chitosan.

2.3. Synthesis of O-CMCS-SAP material from
O-CMCS

Superabsorbent polymer (SAP) was synthesized
from chitosan derivative (O-CMCS) in a 250 mL
glass beaker that was submerged in silicone
oil and had a magnetic stirrer that was heated
to 60 - 70 °C throughout the reaction. The
experiment was carried out by dispersing 1 g of
O-carboxymethyl chitosan (O-CMCS), which
was synthesized in the previous step, evenly
in distilled water. Next, the initiator (K,S,0,),
monomer (CH,CHCOOH), and cross-linker

https://doi.org/10.52111/qnjs.2025.19501

(glutaraldehyde) were added one after the other
while being continuously stirred on a heated
magnetic stirrer for a predetermined amount of
time. The reaction mixture from the previous step
was then allowed to cool to room temperature
and neutralized with 3% NaOH to reach neutral
pH. Methanol was then added while stirring.
Following the completion of the reaction, the
product is crushed and dried for 48 hours at
50°C. At this point, O-CMCS-SAP material is
obtained. In particular, Figure 3 displays the
material synthesis diagram.

10 | Quy Nhon University Journal of Science, 2025, 19(5), 5-23
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[ 1 g carboxymethyl chitosan (O-CMCS) |

l 50 mL deionized water |<—

!

| Potassium persulfate |

Acrylic acid

Glutaraldehyde

NaOH solution
]

| 500 mL methanol |

‘

OCMCS-SAP

Figure 3. Synthesis diagram of O-CMCS-SAP.

2.4. Characterizations

The surface images of the samples, including
first deacetylated chitosan, second deacetylated
chitosan, O-carboxymethyl chitosan, and
superabsorbent materials from O-carboxymethyl
chitosan, were observed using an optical
microscope (Nikon EPIPHOT 200, Japan)
and a scanning electron microscope (SEM,
S-4800, Hitachi, Japan). The chemical structure
of the investigated samples was investigated
using Fourier-transform infrared spectroscopy
(FTIR, Nicolet 6700, Thermo Scientific, USA).
The scanning was performed 32 times under
the condition of the wave number of 4000-
400 cm™' and the resolution of 4 cm-'. The
crystallographic  structure was determined
using X-ray diffraction (XRD, Empyrean,
PANalytical). The material's thermal stability
was assessed using thermogravimetric analysis
(TGA, Q500 V20.10), which determined the
material's temperature range of 50 to 600°C in
an inert nitrogen environment at a rate of 5°C
per minute.

2.5. Evaluation of water absorption and
desorption

The water absorption ability of O-CMCS-
SAP was evaluated as previous study, with a

_ “The reaction was carried out |
under continuous stirring and !

~
\—

Rt P

OCMCS-SAP before drying

OCMCS-SAP after drying

minor modification. A certain amount of SAP
material was dried to consistent mass and then
immersed in distilled water at room temperature.
Everyday within first 30 days, the samples were
taken and removed water on the surface for
absorption quantitation, the absorbency (g/g) of
material was calculated by applying formula (2),
considering the mass variation before and after
immersion in water:

Absorbency (g/g) = SWOI:: — nitial (2)
initia

where m_. and m__ —are the weights of SAP

material in initial and swollen states, respectively.

The O-CMCS-SAP material in the
maximum water absorption state was investigated
desorption property which occurred within 30
days, and the implementation process that was
similar to adsorption section. The desorption
percentage was computed as the following
formula (3):

Mpax —

m
Desorption (%) = 4y 100 3)

max

where m__and m, ~are the weights of SAP
material in initial and swollen states, respectively.

2.6. Biodegradation study by soil-burial method

To examine the biodegradability of O-CMCS-
SAP material, soil burial test was carried out on

https://doi.org/10.52111/qnjs.2025.19501
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a laboratory scale. The dried and swollen states
of samples were buried in the soil (included arid
soil and 28% humid soil) and thus subjected
to the action of microorganisms. Everyweek,
the samples were taken out and the soil on the
surface is removed to determine the mass. The
weight loss of the samples indicates the amount
of biodegradation in soil environment.

2.7. Application of O-CMCS-SAP material on
agriculture

To demonstrate the applicability of O-CMCS-
SAP material in agriculture, they were tested on
commercial chili plants. Two chili plants were
prepared, then a certain amount of SAP material
was added to the soil of one plant by burying
it near the roots of the plant, and the soil of the
other plant was not mixed with SAP material and
used for comparison. They were monitored for
growth by observing their morphology.

3. RESULTS AND DISCUSSION

The chitosan samples that were deacetylated
once (CS-DD1) and twice (CS-DD2) had clear
color variations, as seen in Figures 4a and 4b.
The CS-DD2 product was bright white, whereas
the CS-DD1 product was ivory yellow. Both
products shared the trait of being odorless.
Through the acid-base titration method, the
deacetylation degree of CS-DD1 sample was
79.68% and the deacetylation degree of CS-DD2
sample was 91.48%, which were much higher
than those of CS-DD1 sample. The extraction
process with two deacetylation steps achieved
an overall extraction efficiency of chitosan from
shrimp shells of 53.28%.

(a) (b)
Figure 4. CS-DD1 (a) and CS-DD2 (b).

https://doi.org/10.52111/qnjs.2025.19501

3.1. Investigation results of factors affecting
the adsorption capacity of O-CMCS-SAP

3.1.1. Effect of potassium persulfate (KPS)
concentration

By adjusting the KPS concentration from 1
to 2.5% while maintaining the same reaction
temperature (60 - 70°C), O-CMCS:AAratio (1:6),
and glutaradehyde concentration of 1.5%, the
impact of KPS concentration on water adsorption
was examined. In Figure 5, the water adsorption
outcomes of four samples with varying KPS
concentrations are explicitly displayed.

250

[ ]
235
[ ]
200 207
c
&
= 150 -
S 125
2 ]
s 98
2100 o
<
50 -
1.0 1.5 2.0 2.5

KPS concentration (%)
Figure 5. Results of the influence of KPS concentration
on water adsorption of O-CMCS-SAP.

The impact of the initiator (KPS) on the
polymer's swelling was depicted in Figure 5. As
the KPS concentration rose from 1 to 2.5%, the
swelling ratio of the polymer in distilled water
changed. This was because the higher KPS
concentration (1 - 2%) led to a greater number
of radical formation, and more polymer chains
were created that was efficient in holding water
molecules resulted in higher water adsorption.
As Figure 5 illustrates, a KPS concentration
of 2% was appropriate for the development
of extremely inflated products. The material's
adsorption capacity in distilled water, however,
decreased as the KPS concentration was raised
further because more free radicals would
promote the reaction termination step through
the combination of free radicals. Furthermore,
the shorter kinetic chain length due to excessive
initiation causing the polymer network to

12 | Quy Nhon University Journal of Science, 2025, 19(5), 5-23
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become loose, less cross-linked and less able to
absorb water.

3.1.2. The effect of O-CMCS:AA ratio

The results of the water adsorption of four
samples are shown in Figure 6 specifically. The
effect of acid acrylice (AA) on water adsorption
was investigated by changing the O-CMCS:AA
ratio from 1:2 to 1:10 while maintaining the
parameters such as reaction temperature 60 - 70°C,
KPS concentration of 2%, and glutaradehyde
concentration of 1.5%. Since AA is the primary
water adsorption group, more AA molecules
will be grafted into the O-CMCS structure as
the AA ratio rises. This will boost the material's
water adsorption and make O-CMCS-SAP more
hydrophilic. However, increasing the O-CMCS-
SAP:AAratio to 1:10 only increases the material's
water adsorption by 5% (insignificant), hence the
O-CMCS-SAP ratio of 1:8 is the best option for
creating a material with high water adsorption
while remaining economical. On the other hand,
increasing the AA concentration too high reduces
the material's swelling ratio because increasing
the AA concentration raises the viscosity of
the product and inhibits the mobility of free
radicals, lowering the ability to absorb water."*!”
Furthermore, excess AA that was not fully
incorporated into the O-CMC network could
polymerize independently, forming separate
poly(acrylic acid) segments or inert gels without
superabsorbent function.

260 - 255 +260
*

180 4

Adsorption (g/g)

160 4

140 4

120 T T T T
1:4 1:6 1:8 1:10

Ratio of O-CMCS:AA
Figure 6. Results on the effect of AA concentration

on water adsorption.

3.1.3. Effects of glutaraldehyde concentration

The effect of glutaradehyde concentration on
water adsorption was investigated by increasing
the glutaradehyde concentration from 1 to 3%
while maintaining the parameters such as reaction
temperature 60 - 70°C, KPS concentration 2%,
and O-CMCS:AA ratio 1:8. The water adsorption
results of 5 samples are shown specifically in
Figure 7. When the amount of cross-linking
agent (glutaradehyde) is insufficient, the swelling
ratio of O-CMCS-SAP is low, as the low cross-
linking density cannot sustain the adsorbed
water. Simultaneously, the material's capacity to
adsorb water steadily increases as the amount of
glutaradehyde grows due to the flexible network
creation facilitated good water retention, and the
swelling ratio achieves its maximum value when
the glutaradehyde concentration approaches
2%. Because excessive cross-linking produces
a dense network structure that results in poor
water adsorption, the material's absorption
capacity falls as cross-linking increases. This
indicates that 2% glutaradehyde is appropriate
for producing a product with a high water
absorption rate.

350
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—~ 2504 234
g . 213
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= 200
2
R
=
£ 150
- 102
< 100] e
50 -
() T T T T T
1.0 1.5 2.0 2.5 3.0

Glutaradehyde concentration (%)
Figure 7. Results on the effect of glutaradehyde

concentration on water adsorption.

3.2.Investigation of adsorption and desorption
capacity of O-CMCS-SAP materials

The investigation into the water absorption of
O-CMCS-SAP material lasted for 30 days at
room temperature (~30°C) and the material was
utilized in powder form. The findings of the
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material's water absorption ability are shown in
particular in Figure 8.
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Figure 8. Results on water absorption capacity of
O-CMCS-SAP material in 30 days.

After five days, the material's water absorption
capacity grew steadily from 202.2 g/g to 326.16
g/g, and after ten days, it reached 505.66 g/g.
Nevertheless, the material's capacity to absorb
water rose further, reaching a very high 658.16
g/g when the duration was extended to 15 days.
This is because, as survey time increases, SO
do the hydrogen bonding and Van der Waals
(collision) forces between water molecules and
the super adsorbent. The water absorption trend,
however, declined dramatically after 15 days,
as evidenced by the material's water absorption
capacity dropping to 639.5 g/g on day 20,
continuing to decline accordingly on day 25, and
reaching only roughly 560.92 g/g on day 30. The
primary cause of inadequate water absorption
is the material's degradation during 15 days of
swelling, which is regarded as the adsorption
release period if it lasts for 15 days or longer and
occurs after the material has attained the ideal
adsorption condition.

Following the examination of the material's
water adsorption capacity, a 30-day test of the
material's water desorption capability was also
conducted, as shown in Figure 9. In particular,
the material only discharged only 2.4% of its
water content in the first five days, but over time,
this percentage grew steadily. The material's

https://doi.org/10.52111/qnjs.2025.19501

adsorption release trend significantly increased
starting on day 15. The material usually released
approximately 85.5% on day 16, and then
started to leak substantially (~78%) on day 17.
This is because evaporation on the material's
surface over time and osmotic pressure differ.
The material saw a strong adsorption release
phase from day 25 to day 30, and as the graph
illustrates, after 30 days, the material achieved an
adsorption release of roughly 49.5% (relatively
lower than the initial weight).
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Figure 9. Material desorption test graph after 30 days.

3.3. Physicochemical characteristics

The characteristics of the shape and surface
structure of CS-DD1, CS-DD2, O-CMCS, and
O-CMCS-SAP samples were observed with an
optical microscope at 50x magnification, shown
in Figure 10. Because the fibers contracted,
the surface morphology of CS-DD1 showed
numerous pores in Figure 10a; however, because
these pores were rather narrow, the material was
unable to achieve its super water adsorption
objective. Following the second DD with 48%
NaOH (80 °C), the CS-DD2 sample's surface
morphology is shown in Figure 10b. The initial
fibers started to straighten and were easily visible
when the surface ofthe CS-DD2 sample displayed
an image of long, straight fibers. The surface
morphology of the CS derivative (O-CMCS) is
vividly displayed in Figure 10c. In comparison
to the CS-DD2 sample, the O-CMCS surface
no longer contains dense fibers like CS-DD2,
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but instead has sparser fibers. Additionally, the
network connection has expanded, making it
easier for water to enter the structure. Because
the original structure of CS was destroyed when
it was modified with monochloroacetic acid
(MA), the network structure expanded when the
fibers became sparser. These expanded network
holes are crucial for the adsorption of water
into the polymer structure, demonstrating that
O-CMCS is a potential source of raw materials
for the synthesis of SAP.

Figure 10. Optical microscope images of CS-DDI
(a), CS-DD2 (b), O-CMCS (c), O-CMCS-SAP (d),
and OCMCS-SAP after 3 days of swelling (¢).

The O-CMCS-SAP
morphology before and after swelling is

material's

depicted in Figures 10d and 10e. Despite their
spherical form and relatively modest size
(d, =96 £0.06 pm), the resulting O-CMCS-SAP
particles exhibit polydispersity, as seen in Figure
10d. But after swelling for three days (d, =373 +
0.03 um), the O-CMCS-SAP particles in Figure
10e had a diameter that is four times greater
than the original particles. After reaching the
adsorption state (276.5 g/g), the material particles

swelled; however, this is not the material's ideal
adsorption state, thus the microparticles will
keep growing until the material reaches the ideal
adsorption state (15 days of swelling). Optical
microscope results showed that the network
structure expanded with each stage of production,
resulting in a more hydrophilic material. The
substance usually had a lot of water after three
days of swelling, which resulted in the formation
of spherical microparticles. These microparticles
are in charge of giving the plant water as it grows
and develops.

A scanning electron microscope was then
used to examine the OCMCS-SAP material's
shape and surface structure both before and
after swelling (Figure 11). The OCMCS-SAP
particles' surface first developed pores, but in
certain places, agglomeration was noticed as a
result of overheating during the drying process.
After three days of swelling, the material's
surface (Figure 11b) changed morphologically
as the original pores progressively grew larger.
The surface morphology of the material seen
was more distinct than in the optical microscopy
image, and the presence of pores in the product
following adsorption showed that the synthesized
material particles were successful and that these
pores were crucial in absorbing water to supply
water for plants.

(a) (b)

Figure 11. SEM images of (a) O-CMCS-SAP and (b)
OCMCS-SAP after 3 days of swelling.

Figure 12 illustrates the differences in
the functional groups of the newly synthesized
materials based on the infrared spectra of the CS,
O-CMCS, and O-CMCS-SAP samples after they

were dried.
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Figure 12. FTIR spectra of CS-DD1, CS-DD2, O-CMCS, and O-CMCS-SAP samples.

Characteristic vibrations in the FTIR
spectrum of CS include O-H and N-H stretching
vibrations in the 3350-3450 cm range and
deformation vibrations of the fatty chain C-H
bonds in the 2920-2860 c¢cm, 1420 cm’, and
1380 cm’!' ranges, respectively. In-plane N-H
bending vibrations are responsible for the
formation of high intensity peaks at 1640 cm’!
on CS-DDI and 1635 cm™ on CS-DD2, which
is the distinctive peak of polysaccharide on CS.
The ether and cyclic glycoside linkages in the
CS structure are simultaneously visible in the
absorption in the 1000-1300 cm™' range.'®

The FTIR spectrum of O-CMCS shows
the appearance of new peaks with high intensity
at wave numbers 1604 cm™ and 1402 cm™', these
bands appear corresponding to the stretching
vibration of the C=0 bond and the -CH,COOH
vibration, through which we can confirm the
appearance of the carboxymethyl group. In
addition, the peak 1380 cm™ no longer appears in
the spectrum of the CS derivative, which proves
that the C-H bond was partially removed when
CS reacted with MA."

https://doi.org/10.52111/qnjs.2025.19501

An additional carboxymethyl chitosan
main chain is present in the superabsorbent
polymer product's structure, as indicated by the
peak in the 1541 cm™ region of the O-CMCS-
SAP FTIR spectrum. When it appears at the
peak of 1395 cm™, this distinctive band, which is
associated with the asymmetric stretching of the
carboxylate anion group, is likewise extremely
intense. Additionally, there are no odd peaks
in the superabsorbent material's FTIR spectra.
The O-CMCS-SAP product was successfully
created when the polymer's AA was grafted onto
O-CMCS when glutaraldehyde was present,
according to the FTIR data."’

X-ray diffraction was used to examine
the XRD structures of CS-DD2, CS derivatives,
and superadsorbed products (Figure 13). Three
primary strong diffraction peaks at 26=10.1°,
20.02°, and 22° with high intensity were visible
in the XRD analysis results of CS, as illustrated
in Figure 8, suggesting that the produced CS
had high crystallinity. The production of
many hydrogen bonds in the crystal lattice,
which resulted in high CS hardness and the
development of crystalline areas, was the
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cause of the high crystallinity of CS. However,
following chemical modification, the diffraction
peak of the CS derivative (O-CMCS) displayed
a decrease in the characteristic peak. This
was because the carboxymethyl groups were
introduced, increasing the distance between
molecular chains and destroying the original
structure. Additionally, the number of hydrogen
bonds decreased, resulting in an amorphous
structure of O-CMCS.?! The amount of acrylic
acid grafted on the CS derivative structure
results in a decrease in crystallinity, which is
especially noticeable in the XRD pattern of the
superabsorbent product (O-CMCS-SAP) when
compared to the CS and O-CMCS samples.
According to the three materials' XRD data,
CS has the highest crystallinity, as seen by

the distinctive, highly intense peaks on CS.
O-CMCS, which has monochloroacetic acid
(MA) grafted onto it, has a lesser crystallinity
following chemical transformation. Last but not
least, the O-CMCS-SAP material sample exhibits
the lowest crystallinity,”> demonstrating the
amorphous structure of the composite material
and its high water adsorption capacity as a result
of its pores. The success of the synthesized
material was demonstrated by the XRD analysis
of three samples, CS-DD2, O-CMCS, and
O-CMCS-SAP, as shown in Figure 13. The
appearance of distinctive peaks in CS and the
decrease in crystallinity following chemical
transformation, which results in the material
having an amorphous structure, demonstrate the
success of the synthesis.

OCMCS-SAP

Intensity (a.u)

10 20 30

40 50 60

20 (degrees)

Figure 13. XRD spectra of CS-DD2, O-CMCS, and O-CMCS-SAP.

Thermogravimetric analysis (TGA) was
used to analyze the material samples for thermal
stability, and Figure 14 displays the mass loss of
the material over various temperature ranges.

A two-stage decomposition mechanism
illustrates the thermal breakdown of CS (Figure
14a). Around 100°C is the first stage; the mass
loss of 13.12% in this temperature range is
associated with the physical adsorption loss
of water molecules. At 260-345°C, the second

stage of decrease takes place about 38.53%, and
at 304°C, the rate of thermal breakdown peaks.
The decomposition of the main chain of CS
with rising temperature-that is, the oxidation,
combustion, and decomposition of deoxidized
CS units-could be the cause of this mass loss
(46.81%)."

The thermal breakdown for the O-CMCS
TGA diagram primarily occurred in three
stages, at 170°C (9.17%), 293°C (33.58%)),
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and 530°C (57.25%) (Figure 14b). Because the
initial thermal decomposition of O-CMCS was
at 170°C, the second thermal decomposition
interval peaked at 292°C lower than that of CS,
and the third thermal decomposition interval
reached 530°C, the temperature of the derivative
was therefore worse than the decomposition
temperature of CS when comparing the TGA
diagrams of CS and O-CMCS. It was explained
that the original crystal structure of CS was
destroyed and the thermal stability of O-CMCS
was decreased as a result of the high temperature
and alkali breaking the macromolecular chains
of CS during the carboxymethylation process.?

Figure 14c displays the results of the
thermogravimetric study of the O-CMCS-based
superabsorbent polymer (O-CMCS-SAP). There
were four spots of thermal deterioration found.
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Due to the loss of water in the O-CMCS-SAP,
the weight loss of 12.35% below 220°C (peaking
at 195°C) was the initial step. The breakdown
of the polymer's internal groups and branches
following graft polymerization resulted in the
second stage, which took place between 220°C
and 300°C (peaking at 260°C), and the reduction
of 20.24%. The third stage was brought on by
the breakdown of the carboxymethyl group in
the graft copolymer between 300°C and 440°C
(peaking at 402°C, 40.64%). The weight loss at
this high temperature range suggested that this
was the temperature range for polymer chain
degradation, as the final reduction stage took
place above 440°C (peaking at 483°C, 26.77%).
The chitosan-derived grafted superabsorbent
(O-CMCS) was shown to have a comparatively
high degradation temperature based on the
results of thermogravimetric analysis (TGA).
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Figure 14. TGA results of CS-DD2, O-CMCS, and O-CMCS-SAP.

https://doi.org/10.52111/qnjs.2025.19501

18 | Quy Nhon University Journal of Science, 2025, 19(5), 5-23



QUY NHON UNIVERSITY

TN SCIENCE

3.4. Examination of OCMCS-SAP's bio-
degradability over time in a soil setting

In the soil environment, O-CMCS-SAP's
bio-degradability over certain time intervals
throughout four weeks is shown in Figure 15
and Table 1. As demonstrated throughout the
course of the four weeks of the study, the mass
of O-CMCS-SAP samples generally tends
to increase slightly in the first week and after
decrease significantly to the end of experiment
for both unadsorbed and adsorbed states. The
reason for this was that the modified chitosan
has many functional groups and they easily
associated with ions presented soil such as Ca?",
Mg*, PO4*. However, after the first week, the
material was reduced more appreciably. This
is because of the influence of the soil's micro-

organisms and the temperature environment.

After 1 week

After 2 weeks
(b)

Before swelling

After swelling

These elements have helped to create the
conditions necessary for the substance to break
down in the soil. The biodegradability of the
material rose more than it had during the survey
weeks. In particular, the dried sample began
to decompose in the second week, and lost
35% compared to its initial mass at the end
of the test, but the swollen sample started the
biodegradation cycle in the second week and
decomposed roughly 24% of its starting mass
(5 g) by the fourth week. Even though the arid
soil survey period was brief, it was sufficient for
the material to continue biodegrading in an arid
environment while still guaranteeing the ability
to supply water to plants under challenging
environmental circumstances. This is seen by
the material's mass not declining too rapidly
over time.

After 3 weeks After 4 weeks

Figure 15. O-CMCS-SAP samples in dry soil for biodegradation before and after swelling at different time intervals.

Table 1. Experimental results of biodegradability of O-CMCS-SAP on dry soil before and after adsorption at

different time intervals.

After 1 week

After 2 weeks

Initial mass (g) 0.20
Final mass (g) 0.23
Biodegradability (%) -

5.0

After 3 weeks After 4 weeks
for O-CMCS-SAP sample before adsorption

0.20 0.20 0.20
0.21 0.18 0.13

10 35

for O-CMCS-SAP sample after adsorption

Initial mass (g) 5.0 5.0 5.0
Final mass (g) 53 4.5 3.8
Biodegradation (%) - 7.55 10 24
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The moist soil sample (humidity of
28%) was also surveyed for four weeks, just
like the dry soil sample. Figure 16 displays the
experimental soil samples, and Table 2 illustrates
that its biodegrability. Similar to the infertile soil
experiment, the material showed a mass increase
during the first 2 weeks followed by a rapid mass
loss until the forth week of the experiment. The dry
material's tendency to increase in mass when in a
humid environment with water present is caused
by the material absorbing a certain amount of
water into its structure. In contrast, the dry sample
in the waterless soil environment as previously
analyzed does not exhibit this phenomenon.
The expanded sample also demonstrated the
ability to bind to mineral components in moist
soil owning to the active groups. It can be seen
that O-CMCS-SAP material not only has the
ability to absorb/release water but also the ability
to load/deliver nutrients to provide for plants.
The soil with pH between 6 - 7 was a suitable
environment for microorganisms and enzymes

After 1 week

—

Before swelling

After swelling

After 2 weeks

to grow that is appropriate for biodegradation
of material increases with time.
they are also susceptible to inactivation and
reduced performance in alkaline environments
when compared to SAP materials derived from
synthetic polymers.?* For moist or even dry soil,
the material after adsorption is therefore fully
biodegradable, but the initial particles prior to
adsorption are still biodegradable but require
more time.

However,

The findings of the study have shown
that O-CMCS-SAP material has better benefits
than synthetic superabsorbent materials.>*
Despite the short survey period, it is sufficient to
determine the material's gradual mass decrease.
The fact that they degrade but not too quickly
and that they still retain some water in their
structure shows that even though the material
is breaking down over time, it still guarantees
the plant's access to water during its growth and
development phase.

After 3 weeks After 4 weeks

()

Figure 16. O-CMCS-SAP samples in moist soil (humidity 28%) for biodegradation before and after swelling at

different time intervals.

Table 2. Experimental results of biodegradability of O-CMCS-SAP on moist soil (humidity 28%) before and after

adsorption at different time intervals.

After 1 week After 2 weeks After 3 weeks After 4 weeks
for O-CMCS-SAP sample before adsorption
Initial mass (g) 0.20 0.20 0.20 0.20
Final mass (g) 2.20 2.32 2.26 1.74
Biodegrability (%) - - 2.59 25
for O-CMCS-SAP sample after adsorption
Initial mass (g) 5.00 5.00 5.00 5.00
Final mass (g) 5.50 5.20 4.84 3.87
Biodegradability (%) - - 3.2 22.6
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3.5. Comparison of growth between two plants
with and without O-CMCS-SAP materials

The growth of two identical chili plants was
compared over time with and without O-CMCS-
SAP. O-CMCS-SAP particles were dissolved in
water and used to water the first plant (Figure 17a),

which was left unwatered for the duration of the
study. During the first 10 days, the second chili
plant (Figure 17b) received merely watering
and was not treated with O-CMCS-SAP. The
observed growth of the two plants is shown in
Figure 17.

Figure 17. The distinction between two plants that (a) with and (b) without O-CMCS-SAP.

The initial weeks of observation showed no
discernible change. In the two chili plants from
the fourth week, the development was more
noticeable. In comparison to the second chili
plant (Figure 17b), the original chili plant (Figure
17a) grew taller, produced more fruits, and
had more leaves. In contrast, the second plant
(Figure 17b) did not grow taller and produced
relatively few fruits. The results were more
accurate by weeks five and six when the first
chili plant produced a lot of fruit and continued
to expand as the number of leaves increased. In
contrast, the second chili plant produced nearly
no fruit since it was not receiving enough water
to grow and its leaves were wilting. The second
plant was in danger of dying if it was not given
water by the eighth week, even though the first
plant was still growing and developing rapidly.
The O-CMCS-SAP superabsorbent material's
ability to adsorb and desorb water for over eight
weeks was validated in this experiment, which
helped to alleviate the issue of dry soil planting

areas and cut down on irrigation frequency.
Additionally, study could be expanded to include
the adsorption of other nutrients for plants.

4. CONCLUSIONS

The study has successfully utilized by-products in
the seafood processing industry (shrimp head and
body shells), which are prone to environmental
pollution, to manufacture chitosan using a two-
step deacetylation procedure with a high level
of deacetylation. The first deacetylated chitosan
had a deacetylation rate of 79.68%, whereas
the second deacetylated chitosan had a high
deacetylation rate of up to 91.48%. Moreover,
the study successfully overcomes chitosan's
poor solubility in neutral and alkaline pH
environments by attaching functional groups to
the main chain of chitosan, increasing chitosan's
solubility in pH>6.5 environments, and then
grafting the chitosan derivative with acrylic
acid (AA) to create a superabsorbent polymer
chitosan

material from  O-carboxymethyl
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(O-CMCS-SAP). When O-CMCS-SAP material
was synthesized from O-carboxymethyl and
acrylic acid in the presence of the cross-linking
agent glutaraldehyde, it attained a maximum
adsorption capacity of 658.16 g/g after 15 days of
immersion in water. Simultaneously, the optimal
parameters for synthesizing materials with
optimal adsorption capability were 2% potassium
persufate concentration, an O-CMCS:AA ratio
of 1:8, and 2% glutaraldehyde concentration.

The capacity to biodegrade (as shown by
four weeks of testing) and retain water to supply
the plant during its growth is a key benefit
of the superabsorbent material made from
O-carboxymethyl chitosan. Additionally, the
study was successful in analyzing the formation
and growth of two identical chili plants. Because
the plants grew taller and produced more fruit,
the results demonstrated that the chili plants
utilizing O-CMCS-SAP had much higher growth
and development than those not using O-CMCS-
SAP. After eight weeks of testing, the unwatered
plants showed wilting leaves and extremely low
development. Based on all of the experimental
findings, the O-CMCS-SAP material has been
successfully synthesized and has the potential to
be applied to improve arid lands.
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TOM TAT

Bai bao nay nghién ctru qué trinh chuyén dbi tir FinFETs sang Transistor Bao Quanh Cong (Gate-All-
Around Field-Effect Transistors - GAAFETSs) nhu mot budc tién chién lugc cho cac nat cong nghé CMOS vuot
ngudng 3 nm, voi trong tdm la cac cai tién hiéu suét, thach thtrc ché tao va chién luge tich hop. Chung t6i thuc hién
phan tich so sanh cac kién tric transistor tién tién - bao gom FinFET 3 nm cia TSMC, GAAFET dang tdm nano 3
nm ctia Samsung (MBCFET™), va RibbonFET 20A sip ra mit cua Intel — nham lam ndi bat kha nang diéu khién
dién truong va dong dan vuot trdi cia GAAFETS. Vai tro clia cac vat lidu tién tién nhu SiGe, cac hop chét I11-V,
va chat ban dan hai chiéu (vi du: MoS- don 16p va WSe-) duoc phan tich trong bbi canh mé rong kha nang thu nho
xudng dudi 1 nm, dic biét 1a voi kha nang giam thiéu hiéu tmg kénh ngén. Ching t6i ciing xem xét cac thach thirc
ché tao chinh lién quan dén cong nghé duéi 3 nm, bao gdm giGi han cua quang khic EUV, nhu cau kiém soat quy
trinh & cap nguyén tir va chi phi san xuat leo thang. Bén canh d6, cac k¥ thuat tich hop di thé nhur thiét ké chiplet
va xép chdng 3D dugc dé xuat nhu nhitng cach tiép can bd sung dé duy tri xu huéng cai thién hiéu suat. Cudi cung,
chiing t6i thao luan vé cac kién tric thiét bi sau GAAFET day trién vong - bao gdm CFETs (Transistor bd sung) va
VTFETs (Transistor truyén doc) - nhdn manh nhu ciu d6i méi lién nganh dé duy tri quy dao cta dinh luat Moore.
Nhiing Kkét qua thu dugc cung cép mot goc nhin toan dién vé viéc thu nho thiét bi ban dan trong thoi dai “<3 nm”,
v6i sy can bang gitra hidu sudt, hiéu qua ning lugng va kha ning san xuat.

Tw khoa: GAAFET, FinFET, vat lieu hai chiéu, quang khdc EUV, dinh luat Moore.

*Tac gia lién hé chinh.
Email: huynhcongtu@qgnu.edu.vn
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ABSTRACT

This paper investigates the transition from FinFETs to Gate-All-Around Field-Effect Transistors (GAAFETs)
as a strategic advancement for CMOS technology nodes beyond 3 nm, with a focus on performance enhancements,
fabrication challenges, and integration strategies. We conduct a comparative analysis of state-of-the-art transistor
architectures-namely TSMC’s 3 nm FinFET, Samsung’s 3 nm nanosheet GAAFET (MBCFET™), and Intel’s
upcoming 20A RibbonFET-to highlight the superior electrostatic control and drive current offered by GAAFETs.
The role of emerging materials such as SiGe, III-V compounds, and two-dimensional (2D) semiconductors
(e.g., monolayer MoS, and WSe,) is examined in the context of extending transistor scaling into the sub-1 nm
regime, particularly with respect to their potential to mitigate short-channel effects. We further address key
fabrication challenges associated with sub-3 nm technologies, including the limitations of extreme ultraviolet
(EUV) lithography, the need for atomic-scale process control, and escalating production costs. In addition, we
explore heterogeneous integration techniques, such as chiplet-based design and 3D stacking, as complementary
approaches to sustain performance scaling. Finally, we discuss prospective post-GAAFET device architectures-
including Complementary FETs (CFETs) and Vertical Transport FETs (VTFETs-emphasizing the necessity of
cross-disciplinary innovation to uphold the trajectory of Moore’s Law. The findings present a comprehensive
perspective on semiconductor scaling in the “<3 nm” era, balancing trade-offs between performance, energy
efficiency, and manufacturability.

Keywords: GAAFET, FinFET, 2D materials, EUV lithography, Moore'’s law.

1. INTRODUCTION Field-Effect Transistor (FinFET) marked a

For several decades, CMOS technology scaling pivotal transformation in transistor architecture,

followed a consistent trajectory of planar
transistor miniaturization. However, by the
22-20 nm technology node around 2011, planar
MOSFETs began to encounter severe short-
channel effects and increasing leakage currents,
which ultimately limited further downscaling.'*
The introduction of the tri-dimensional Fin

*Corresponding author.
Email: huynhcongtu@qnu.edu.vn
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restoring electrostatic control and enabling
continued scaling. Intel commercialized the first
FinFET at the 22 nm node in 2012, followed by
major foundries such as TSMC and Samsung at
the 16/14 nm nodes.>* In a FinFET, the channel
adopts a vertical fin structure, and the gate wraps
around three sides of the fin, unlike planar FETs
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where the gate contacts only one side. This
geometry significantly enhances gate control
over the channel, reducing off-state leakage
and facilitating transistor scaling down to the
10 nm, 7 nm, and 5 nm nodes while maintaining
sufficient drive current and energy efficiency.’

As FinFETs approach gate lengths of
approximately 5 nm, their inherent physical
limitations have become more pronounced.
The requirement for a minimum fin width and
spacing imposes a quantized and non-continuous
channel width, thereby restricting fine-grained
width control and drive-current tuning at ultra-
scaled dimensions. Moreover, ultra-narrow fins
are more susceptible to performance degradation
due to increased series resistance and process
variability. While multiple fins can be used
in parallel to boost drive current, practical
constraints on fin count and layout density limit
the extent to which this can be scaled. These
factors collectively lead to diminishing returns
in performance and rising leakage as FinFETs
are extended beyond the ~5 nm threshold.>¢
Consequently, the FinFET architecture is
approaching a fundamental scaling barrier,
prompting the development of new transistor
structures capable of sustaining Moore’s Law
into the sub-3 nm regime.”®

Gate-All-Around Field-Effect Transistors
(GAAFETs) — realized in practice through
nanosheet or nanowire architectures — have
emerged as the leading candidates for next-
generation nodes at 3 nm, 2 nm, and beyond.*’
In a GAAFET, the gate completely surrounds
the semiconductor channel on all four
sides, offering superior electrostatic control
compared to FinFETs, which only provide tri-
gate coverage. This fully-surrounding gate
configuration eliminates exposed channel
regions that contribute to leakage in FinFETs.
Figure 1 illustrates this structural progression:
from planar FETs (gate on one side), to FinFETs
(three-sided gate), to GAAFETs (fully wrapped
gate). By eliminating the open top of the channel
found in FinFETs, GAAFETs more effectively

suppress short-channel effects, resulting in
sharper transistor switching and significantly
reduced off-state leakage.

FinFET structure

l/ Drain

Planar structure

Gate
= Gate

=

Drain
Source
Source

Drain

Source

GAA structure

Figure 1. Schematic comparison of transistor
architectures: (top-left) planar MOSFET with single-
side gate control; (top-right) FInFET with tri-gate
coverage; (bottom) gate-all-around (GAA) nanosheet
FET in which the metal gate fully surrounds stacked
Si/SiGe channels, enabling superior electrostatic
control at sub-3 nm nodes. All renderings are to scale
for a 16 nm gate length and ~45 nm fin/nanosheet
height.

Another key advantage of nanosheet-based
GAAFETs is their ability to continuously and
independently adjust channel width. In FinFETs,
the effective channel width is quantized, as it
can only be increased in discrete steps by adding
additional fins. In contrast, GAAFETSs allow for
the stacking of multiple horizontal nanosheet
channels, each with customizable width. This
architecture enables circuit designers to finely
tune drive strength by selecting the number and
dimensions of nanosheets.!®!! Such flexibility
allows for optimal balancing of performance
and power consumption at the individual device
level. Unlike FinFETs-where an intermediate
configuration (e.g., 2.5 fins) is physically
unattainable — GAAFETs eliminate this
granularity constraint, simplifying standard cell
library design and potentially improving circuit
density and operating speed.

Initial findings from both academia and
industry indicate that GAAFETs outperform
FinFETs in advanced technology nodes. For

https://doi.org/10.52111/qnjs.2025.19502
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example, CEA-Leti demonstrated a seven-layer
stacked nanosheet GAAFET with nearly 3%
higher drive current compared to a conventional
counterpart, emphasizing the
benefits of wider effective channel widths
through vertical stacking.'” Likewise, Samsung
Electronics reported that its first-generation
3 nm GAA process (MBCFET™) achieved up
to 45% reduction in power consumption and
a 23% increase in performance compared to
its 5 nm FinFET process.” These substantial
improvements, however, come at the cost of
increased fabrication complexity. Stacking

two-layer

nanosheets requires extremely precise atomic-
level process control, advanced etching
techniques, and in some cases the integration
of alternative channel materials such as SiGe
to apply strain or engineer specific shapes. As
a result, while GAAFETs offer clear scaling
advantages, they also present initial challenges
in terms of cost and manufacturability.
Nevertheless, the transition to GAAFETSs is
widely regarded as essential for maintaining
scaling momentum.

In parallel with structural innovations,
researchers are exploring new channel materials
to further extend transistor scaling. Silicon, long
the cornerstone of the semiconductor industry,
faces intrinsic physical limitations at atomic
scales, including mobility degradation and
quantum confinement effects. Two-dimensional
(2D) semiconductors — such as monolayer
transition metal dichalcogenides (TMDs) like
MoS, and WSe, - have emerged as promising
alternatives due to their atomically thin nature,
excellent electrostatics, and favorable carrier
mobilities. These materials lack dangling
bonds on their surfaces, enabling near-ideal
interfaces with gate dielectrics even at sub-
nanometer thicknesses.'* As a result, they offer
a viable pathway for scaling gate lengths below
5 nm without incurring severe short-channel
effects as observed in silicon-based transistors.
Experimental 2D-FETs have demonstrated
high on/off ratios and low leakage currents at

https://doi.org/10.52111/qn;js.2025.19502

channel lengths as short as ~1 nm, indicating
their potential to extend Moore’s Law beyond
the material limitations of silicon.'* However,
achieving large-scale, reliable integration of 2D
materials into mainstream fabrication processes
remains a significant challenge, as further
discussed in Section 4.

In addition to device-level advancements,
system-level innovations are being pursued to
complement and extend the benefits of transistor
scaling. As conventional scaling becomes
increasingly difficult and cost-prohibitive,
heterogeneous integration techniques — such as
chiplet-based architectures and 3D stacking —
are gaining traction."”” These strategies aim to
improve overall system performance through
advanced packaging, for example by dividing a
system-on-chip into multiple function-specific
chiplets that can be fabricated at optimal
nodes and then interconnected, or by vertically
integrating logic and memory dies to minimize
interconnect delay and energy loss. Even
as transistor scaling slows, such integration
techniques offer a viable path toward continued
performance and efficiency gains.

This paper provides a comprehensive
analysis of GAAFET technology and its role
in sub-3 nm semiconductor scaling. The key
contributions of this work include:

e Comparative evaluation of FinFETs and
GAAFETs: We assess performance parameters
(e.g., drive current, transconductance), leakage
control (e.g., subthreshold swing, DIBL), and
design flexibility to highlight the advantages of
GAAFETs at advanced nodes.

e Industry case studies: We examine
leading-edge 3 nm processes from TSMC
(FinFET) and Samsung (GAAFET), and evaluate
Intel’s roadmap to 2 nm with RibbonFET,
focusing on reported gains in power and
performance.

e Exploration of 2D materials: We
investigate the potential of 2D semiconductors
to support scaling into the sub-1 nm regime,
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discussing their benefits and the technical
barriers to mass production.

e Fabrication and integration challenges:
We analyze key manufacturing constraints at
advanced nodes, including EUV lithography
limitations, atomic-level variability, and
rising wafer costs, and explore heterogeneous

integration as a complementary strategy.

e Prospects for future architectures: We
consider emerging options beyond GAAFETs-
such as Complementary FETs (CFETs) and
Vertical Transport FETs (VTFETs-and emphasize
the need for cross-disciplinary research spanning
materials, processing, and circuit design to
realize next-generation devices.

By addressing these dimensions, this
study outlines a strategic roadmap for innovation
in semiconductor technologies beyond the 3 nm
node, emphasizing how performance, energy
efficiency, and manufacturability trade-offs can
be effectively navigated over the coming decade.

2. COMPARATIVE ANALYSIS OF FINFETS
AND GAAFETS

The transition from FinFETs to GAAFETs is
fundamentally motivated by the latter’s superior
electrostatic control and enhanced design
flexibility. This section presents a detailed
comparison between FinFET and GAAFET
devices across key performance metrics to
quantitatively assess these advancements.

2.1. Performance enhancements and

electrostatic control
Drive current (ion) and width scaling:

FinFETs facilitated sub-10 nm technology
scaling primarily due to their improved gate
control compared to planar FETs. However,
their drive current capability becomes limited
near the 5 nm node due to the quantized nature
of channel width imposed by fin geometry.>
A FinFET’s effective width is approximated as
twice the fin height plus the top width, multiplied
by the number of fins. This discrete quantization

restricts designers to increase drive current only
in fixed increments by adding fins. Figure 2
provides a 3D depiction and cross-sectional
comparison of the GAAFET structure.

In contrast, GAAFETSs enable continuous
width scaling. Through the stacking of multiple
nanosheets, the effective channel width — and
consequently lon — can be finely tuned to meet
performance demands."! Empirical studies
have demonstrated that multi-stack GAAFETSs
can deliver up to a 3x increase in drive current
compared to equivalent single- or dual-fin
FinFETs, owing to their broader -effective
channels.!? This directly translates to enhanced
switching speeds and greater current-driving
capability in logic cells.

Figure 2. GAAFET nanosheet FET schematics: (a)
3D perspective showing n-type source/channel/drain
regions, Si_fin width W;, and height H,, HfO, gate-
oxide of thickness to, surrounding the Si , metal gate,
and source/drain extensions L¢/p. (b) Top-view cross-
section illustrating concentric layers — Si. (yellow),
SiO, liner (green), HfO, gate-oxide (orange, tou + tox
= t,), and metal gate (blue). (c) Side cross-section
perpendicular to the fin, showing channel region
(L), source/drain doping (Ns/p), and gate stack. All
dimensions (Lg, Ls/D, Wh, Hp, to) require atomic-
scale (+0.2 nm) control at sub-3 nm nodes.

Transconductance (g,,) and gate control:

Transconductance (g,, = 0l /0V.) quantifies
the gate’s ability to modulate channel charge.
Thanks to their gate-all-around structure,

https://doi.org/10.52111/qnjs.2025.19502
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GAAFETs achieve stronger gate-channel
coupling capacitance and reduced charge
sharing, resulting in significantly higher g than
FinFETs at equivalent dimensions.'® With the
gate enveloping the channel from all sides, even
small variations in gate voltage induce greater
charge modulation. Higherg notonly improves
digital switching speed but also benefits analog
and RF applications by delivering higher
gain and bandwidth. Specifically, recent 3 nm
GAAFET simulations using the GT3 open-
source PDK indicate marked improvements in
drive current and subthreshold swing compared
to junctionless transistor designs, further
confirming GAAFET’s advantages at extreme
scaling.'”'® Complementing these findings,
TCAD work at the projected 2 nm node
shows that both lateral- and vertical-nanosheet
GAAFETs maintain superior I /I . and short-
channel control over equivalent nanowire and
FinFET geometries, even when effective widths
are swept from 18 nm to 54 nm."

Subthreshold swing (SS) and off-state leakage
a,):

Subthreshold swing (SS) reflects the steepness
of the transition from off to on state and is
defined as the gate voltage required to change
the drain current by one order of magnitude.
The ideal thermal limit is ~60 mV/dec at
room temperature. FinFETs at advanced nodes
typically exhibit SS values in the 70 - 80 mV/
dec range due to partial leakage from the fin top.
In contrast, GAAFETs approach the theoretical
limit more closely due to complete channel
encapsulation.'® Practically, GAAFETs can
reduce I . by 30 - 50% compared to FinFETs
at similar gate lengths and voltages.*® This
significant leakage reduction supports operation
at lower threshold and supply voltages,
contributing to lower static power consumption
and improved energy efficiency.?!

In Table 1, we summarize the adoption
timelines and reported performance/power
improvements of FinFET and GAAFET

https://doi.org/10.52111/qn;js.2025.19502

technologies across leading manufacturers,
illustrating how GAAFETs deliver superior
electrostatics and power scaling at the 5 nm,
3 nm, and upcoming 2 nm nodes.

Table 1. Comparison of FinFET and GAAFET

adoption across leading semiconductor manufacturers.

Performance

Transistor Production
Company | Technology Architecture & P(?wer Timeline
Gains
+10 - 15%
N3 performance,
TSMC FinFET -25-30% 2022 -2023
(3 nm)
power
(vs. 5 nm)

-45% power, | Early
+23% production

GAAFET .
Samsung | 3 nm performance, | in 2022,
(MBCFET™) )
-16% area high volume
(vs. 5 nm) in 2024
2024
Expected )
20 GAAFET benefits of (production),
1
Inte , RO 205
(~2nm) | (RibbonFET) | nanosheet .
) (commercial
stacking
launch)
+45%
GAAFET 2021
2nm performance,
IBM (Nanosheet (research
(prototype) -75% power
FET) phase)
(vs. 7 nm)

Drain-induced barrier lowering (DIBL) and
short-channel effects:

DIBL measures the reduction in threshold
voltage as the drain voltage increases — a critical
indicator of short-channel control. GAAFETSs,
with their fully surrounding gate, exhibit superior
electrostatic confinement, thereby minimizing the
influence of drain electric fields. Consequently,
GAAFETs achieve substantially lower DIBL
than FinFETs at the same channel length.!?
Lower DIBL ensures robust device operation at
reduced supply voltages and mitigates premature
conduction due to drain bias, which is crucial for
ultra-low-power designs. In contrast, FinFETs
exhibit worsening SS and DIBL performance as
channel lengths shrink near 5 nm.$
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Table 1 summarizes key performance GAAFETs address this by fully enclosing

parameters, demonstrating that GAAFETs
outperform FinFETs in terms of [ , g , SS, and
DIBL at equivalent technology nodes. These
improvements stem directly from the gate-all-
around architecture, establishing GAAFETs as
the preferred option for 5 nm, 3 nm, and beyond.

FnFET
i NG
= LNW
-+ VNS
—— VNW

Figure 3. Radar chart comparing normalized
performance metrics of FinFET and various
GAAFET configurations at the 3 nm node: long
nanosheet (LNS), long nanowire (LNW), vertical
nanosheet (VNS), and vertical nanowire (VNW).
Metrics include threshold voltage (V,), on-current
(), off-current (I ), subthreshold swing (SS), and
DIBL, each scaled between 0 (worst) and 1 (best) for

fair comparison.'”
2.2. Leakage reduction and power efficiency

As technology nodes scale down, leakage
current becomes a dominant factor in overall
power consumption. FinFETs reduced leakage
relative to planar FETs by introducing tri-gate
control, but the top of the fin remains partially
exposed. At nanoscale dimensions, this exposes
the channel to fringe fields that can induce
parasitic conduction - even when the device is
off.? Figure 3 highlights the comparative plot of
Ton, SS, and DIBL for FInFET vs. GAAFET.

the channel. With gate coverage on all sides,
electrostatic control becomes more uniform,
eliminating weak leakage paths. Experimental
results at 3 - 5 nm nodes show that GAAFETs
can reduce subthreshold leakage (I ;) by
approximately 30 - 50% compared to FinFETs
under equivalent bias and geometry conditions. !
This translates to significantly lower standby
power in digital systems and improved energy
efficiency, especially in battery-powered and

ultra-low-power applications.

Moreover, better subthreshold slope
and reduced DIBL in GAAFETs enable lower
threshold voltages and supply voltages without
sacrificing switching behavior. Since dynamic
power scales with CV?3f, the ability to lower
V,, while maintaining performance directly
improves energy efficiency. For instance,
Samsung’s migration to GAAFETs at 3 nm
allowed operation at reduced V., yielding up to

dd’
45% total power reduction.'

In summary, GAAFETs offer substantial
improvements in leakage control, enabling
lower-voltage operation and reduced active and
standby power. The ability to continuously scale
nanosheet width further enhances efficiency and
tuning capability compared to the quantized
nature of FinFET fins. These attributes make
GAAFETs especially well-suited for next-
generation low-power and high-density logic

circuits.?!

2.3. Design flexibility and integration
considerations

A frequently underappreciated advantage of
GAAFETs lies in their design scalability. In
FinFET-based standard cell libraries, drive
strength is quantized by the number of fins per
transistor. For example, scaling from a 2-fin to
a 3-fin inverter results in a 50% width increase

https://doi.org/10.52111/qnjs.2025.19502
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and a proportional jump in capacitance. This
granularity can complicate timing and power
optimization,'” and necessitates creating and
validating multiple variants (so-called FinFET
binning), increasing design and verification
overhead.

In contrast, GAAFETS provide continuous
sizing flexibility. Designers can adjust the width
of each nanosheet or the number of sheets
lithographically to achieve the desired drive
strength.!! This allows library cells to be defined
in finer width increments, reducing the number
of distinct cells and enabling more precise
timing/power trade-offs. For example, a designer
could target a transistor width equivalent to 2.4
fins rather than being constrained to discrete
integers. This granularity supports improved
power distribution and timing closure in VLSI
implementation.

From an integration standpoint, however,
GAAFETs introduce new challenges. Their 3D
stacked architecture requires careful routing and
contact placement. Design rules may impose
constraints on device placement to maintain
nanosheet alignment or gate pattern uniformity.
Furthermore, process modifications such as
the use of SiGe for nanosheet release, or novel
spacer and dielectric materials, must be co-
optimized with physical design rules to ensure
manufacturability and yield.

GAAFETs
performance, better power efficiency, and

deliver superior device
enhanced design scalability compared to
FinFETs. While their fabrication demands more
complex integration efforts, their benefits are
substantial enough to justify the industry-wide
shift to GAAFETs at the 3 nm node and beyond.
Table 3 provides a qualitative overview of
technology readiness: FInFETs remain viable at
7 nm and 5 nm, but beyond this, GAAFETs offer
a clear advantage in sustaining Moore’s Law
through improved electrostatics, power scaling,

and layout flexibility.

https://doi.org/10.52111/qn;js.2025.19502

Table 2. Estimated cost and yield comparison between
FinFET and GAAFET platforms at the 3 nm node.

Metric FinFET GAAFET
(N3) (SF3E/20A)

Mask Count 78 88
High-NA EUV No Partial
usage

Yield (first year) 70% 55%
Cost per cm? $18.2 $23.7
Cost per logic gate 0.85 p$ 1.12 p$

2.4. Cost-benefit analysis for commercial
implementation

While GAAFETs promise better electrostatic
control and scaling, their manufacturing
complexity leads to trade-offs in cost and yield.
Das et al.® report that MBCFET/GAAFET
integration typically requires more photomasks
than FinFET - roughly 88 vs. 78 masks at a
given node - implying higher capital expenses.
Scognamiglio et al.'® additionally confirm that
process steps for advanced fin/stack alignment
further increase fabrication time. Although
detailed cost figures vary by foundry, the
consensus is that initial GAAFET yield (~55 %)
lags behind FinFET (~70 %) as reported by Ma
et al.** Nevertheless, long-term gains in power
efficiency and logic density - particularly when
leveraging stress-engineered Si/SiGe channels® -
may offset these upfront costs within one or
two technology generations. Table 2 compares
key metrics between FinFET and GAAFET
technologies, including mask count, EUV
exposure steps, and yield rates.

3.3NM AND 2 NM NODE DEPLOYMENTS
BY INDUSTRY LEADERS

To contextualize the FinFET versus GAAFET
transition, we examine the strategies adopted by
leading foundries at the 3 nm and 2 nm technology
nodes. Table 3 compares the architectural choices
of TSMC, Samsung, Intel, and IBM, alongside
reported improvements in performance, power,
and area. Figure 4 illustrates scaling trends in
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technology nodes and device density. Figure 5
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TSMC N3 (~3 nm, 2022 - 2023):

TSMC chose to retain FinFETs for its
first-generation 3 nm node, branded as N3.
By extensively optimizing fin dimensions and
fabrication processes, TSMC achieved a reported
10 - 15% improvement in performance at iso-
power, or a 25 - 30% reduction in power at iso-
performance, relative to its 5 nm (N5) process.”!
The decision to stay with FinFETs was driven by
the ability to meet performance targets without
altering the device architecture, thereby leveraging
the existing FinFET manufacturing infrastructure
and mitigating risks associated with adopting a
new device type. However, N3 is widely expected
to be TSMC’s final FinFET node for high-
performance logic. According to the company’s
roadmap, it plans to transition to nanosheet-based
transistors at the 2 nm generation (referred to as
N2), with a projected rollout around 2025.

technology into commercial production. At the
3 nm node, Samsung deployed its Multi-Bridge
Channel FET (MBCFET™) architecture, based
on horizontally stacked silicon nanosheets.
Initial chip production on the 3 nm GAA
process began in 2022. The company reported
substantial improvements over its 5 nm FinFET
process, including up to a 45% reduction in
power consumption, 23% performance gain,
and 16% area reduction.” These gains stem
from both architectural advancements and
process improvements. By 2024, Samsung
aims to scale this technology for high-volume
manufacturing and is concurrently developing
a second-generation 3 nm GAAFET with
anticipated performance gains of up to 30%
and power savings of 50% relative to 5 nm.
Samsung’s early adoption has allowed it to
gain a first-mover advantage in refining GAA
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processes, though initial challenges such as
yield optimization and ecosystem maturity
remain.

Comparison of Power Reduction Claims Among Manufacturers

TSMC N3 Samsung 3 nm Intel 204 IBM 2 nm

(research)
Figure 5. Claimed power reduction for 3 nm and 2
nm nodes by major manufacturers (TSMC, Samsung,
Intel, IBM).

Intel 204 (~2 nm, 2024):

Intel plan to introduce its RibbonFET
architecture - a proprietary implementation
of nanosheet GAAFETs - at the “20A” node
(20 Angstroms, approximately equivalent to
2 nm). RibbonFET will be paired with Intel’s
backside power delivery network technology,
PowerVia.** According to Intel, RibbonFET
is expected to deliver a 15% improvement in
energy efficiency compared to Intel 4, either
through higher performance at the same power
or lower power at the same performance level.”’
The architecture involves stacking multiple
horizontal nanoribbons for both PMOS and
NMOS transistors and is central to Intel’s goal
of regaining leadership in process performance.
Intel’s 20A timeline aligns with TSMC’s N2
roadmap, with early risk production reported in
2024 and commercial product release targeted for
2025. Intel’s adoption of GAAFET technology
reinforces the growing consensus that gate-all-
around transistors are essential at the 2 nm node
and beyond.?®

IBM 2 nm GAAFET prototype (2021):

In 2021, IBM - working in collaboration
with research partners - demonstrated a 2 nm test
chip fabricated using nanosheet GAAFETs.”

https://doi.org/10.52111/qn;js.2025.19502

The prototype contained 50 billion transistors
on a compact chip footprint and showcased
significant performance and efficiency potential:
up to 45% performance improvement or 75%
power savings relative to a 7 nm baseline.*
While not intended for commercial deployment,
the demonstration used a 300 mm wafer
fabrication platform and featured gate lengths
in the 12 - 14 nm range with vertically stacked
nanosheets. IBM’s prototype served as a key
proof-of-concept for the feasibility of nanosheet
transistors at extremely scaled dimensions,
boosting industry confidence in GAAFET
adoption.

TSMC’s
leveraged approach and Samsung’s aggressive
early  GAAFET highlight
contrasting risk strategies. Intel’s plan solidifies

cautious, infrastructure-

deployment

the view that GAAFETSs are essential for scaling
to 2 nm. IBM’s research, though exploratory,
helped validate the technical path that others
are now commercializing. Beyond these four
leaders, other foundries such as GlobalFoundries
and SMIC are also investigating GAAFETSs,
though they remain behind in advanced node
implementation.

Overall, the semiconductor industry has
converged on a clear consensus: GAAFETs
are the dominant transistor architecture for the
3 nm and 2 nm nodes. By the mid-2020s, all
major vendors are expected to incorporate some
form of gate-all-around architecture into their
manufacturing processes.

4. POTENTIAL OF 2D MATERIALS FOR
POST-3 NM TRANSISTOR SCALING

While silicon-based gate-all-around field-effect
transistors (GAAFETSs) are expected to sustain
Moore’s Law down to approximately 2 nm
technology nodes, extending transistor scaling
beyond this limit likely necessitates novel
channel materials. Among the most promising
candidates are two-dimensional (2D) materials -
crystalline structures only a few atoms thick -
which have garnered substantial attention as
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channels for sub-1 nm transistor technologies.
Transition metal dichalcogenides (TMDs),
such as molybdenum disulfide (MoS)) and
tungsten diselenide (WSe)), are the most
extensively studied representatives of this
material class. These materials naturally form
layered monolayers ~0.7 nm thick, while
retaining semiconducting properties, including
appropriate bandgaps (~1.8 eV for monolayer
MoS).

A key advantage of monolayer 2D
semiconductors lies in their exceptional
electrostatic control. Because the channel
comprises a single atomic layer, the gate can
modulate all carriers directly, eliminating
deep-channel effects. This enables ultra-short
gate lengths with strong suppression of short-
channel effects. For instance, monolayer MoS,
FETs have demonstrated operation at 1 nm
gate lengths using carbon nanotube gates, with
acceptable on/off current ratios — performance
metrics unachievable with bulk silicon due to
leakage currents at such scales.'

Another intrinsic benefit is the absence
of surface dangling bonds. Both surfaces of
a monolayer are naturally passivated, which
facilitates atomically clean interfaces with gate
dielectrics. In contrast to silicon, which requires
careful thermal oxidation to minimize interface
traps, 2D semiconductors can sustain steep
subthreshold swings close to the thermionic limit
(~60 mV/dec) even at short channel lengths.?!
High-performance MoS, transistors, for example,
have demonstrated subthreshold swings around
70 mV/dec, and theoretical studies suggest that
values below 60 mV/dec may be achievable
using advanced gating methods.?

Although atomic in thickness, 2D
materials exhibit moderate to high carrier
mobilities. While silicon mobility declines
rapidly at ultra-thin dimensions due to surface
roughness and quantum confinement, monolayer
MoS, devices have exhibited room-temperature
electron mobilities of ~200 cm?/V's in short-

channel configurations.”> While this is lower
than bulk silicon, the robustness of MoS, at
the atomic scale is significant. Moreover, other
2D materials such as black phosphorus and
heterostructured TMDs may offer even higher
mobilities. Importantly, 2D semiconductors
can often tolerate stronger electrostatic doping
and gating fields, providing more flexibility for
threshold voltage tuning.

Integration with advanced device architectures

2D semiconductors are being explored
not only for planar FETs but also in GAAFET
configurations.** For example, researchers have
implemented monolayer MoS, and WSe, within
GAA structures, where the gate completely
wraps around the 2D channel encapsulated by
insulators. Recent demonstrations have achieved
record-high drive currents (Ion =~ 90 uA/pm) and
subthreshold swings as low as 85 mV/dec, even
at extremely short gate lengths.”> While these
results still trail behind those of silicon-based
GAAFETs, improvements are accelerating.
Furthermore, the vertical stackability of 2D
materials opens pathways toward monolithic
3D integration, including complementary FET
(CFET) architectures - such as stacking a p-type
WSe, FET atop an n-type MoS, FET.

Challenges for scalable manufacturing

Despite  their
challenges must be overcome to integrate 2D

promise,  significant
materials into high-volume semiconductor
manufacturing.

Wafer-scale synthesis:

Current  approaches for producing
high-quality 2D layers - such as mechanical
exfoliation or small-scale chemical vapor
deposition (CVD) - are inadequate for industrial
adoption. For CMOS fabs, it is essential to
develop processes capable of growing uniform
monolayer films across 300 mm wafers.
Techniques like metal-organic CVD (MOCVD)
have shown promise for MoS, and WS,, but

achieving high monolayer uniformity (>99%)
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and low defect densities (<10® cm?) remains a
major challenge.’? Advanced approaches such as
seeded growth, phase-selective deposition, and
surface functionalization are being investigated
to meet these stringent requirements. '

Contact resistance:

Forming low-resistance ohmic contacts to
2D semiconductors is particularly challenging
due to the absence of out-of-plane bonds and
Fermi level pinning, which lead to high Schottky
barriers and contact resistances ranging from
tens to hundreds of kQ-um.'"* One promising
approach involves phase engineering, where
the semiconducting 2H phase of MoS, is locally
converted to a metallic 1T’ phase, improving
band alignment and reducing resistance.’' Other
strategies include edge-contact geometries,
where electrodes contact the exposed edges
of 2D sheets, and the insertion of interfacial
layers such as graphene or metallic TMDs.
Some configurations have achieved <l kQ-pum
contact resistance, though further innovation is
required to match silicon’s performance (~10 -
50 Q-pm). 33

Dielectric integration and thermal stability:

2D semiconductors must be compatible
with high-k gate dielectrics like HfO, and
withstand backend-of-line (BEOL) thermal
budgets (~400 °C). Although their dangling-
bond-free surfaces enable low interface trap
densities, defects can form during dielectric
deposition, especially with plasma-assisted
atomic layer deposition (ALD). Researchers are
exploring gentler deposition methods, including
surface pre-functionalization to initiate uniform
nucleation without channel damage. Ensuring
long-term stability in mobility and threshold
voltage under thermal and electrical stress
remains a critical area of investigation.*!

2D semiconductors represent a compelling
solution for extending transistor scaling into
the angstrom regime, potentially mitigating the
electrostatic and physical limitations of bulk

https://doi.org/10.52111/qn;js.2025.19502

silicon. While integration into mainstream
CMOS requires substantial advances in
materials science, device engineering, and
process technology, progress is steady. Each
year brings improvements in device performance
metrics -including current drive, subthreshold
swing, and contact resistance — as well as better
methods for large-area monolayer synthesis.
Within the next 5-10 years, it is plausible that
2D FETs may be deployed in niche low-power
applications or 3D-stacked logic architectures.
Section 5 will examine how these advances
align with broader fabrication and system-level
integration challenges.

5. FABRICATION CHALLENGES AND
HETEROGENEOUS INTEGRATION
STRATEGIES

As semiconductor scaling advances toward the
3 nm, 2 nm, and sub-2 nm nodes, fabrication
challenges have become as significant as
innovations in device architecture. This section
highlights key manufacturing obstacles at these
advanced nodes and explores heterogeneous
integration strategies that complement traditional
scaling.

EUV lithography limitations

The introduction of extreme ultraviolet
(EUV) lithography at the ~7 nm node has
enabled further miniaturization. However,
despite operating at a 13.5 nm wavelength, EUV
systems face fundamental resolution limits for
features below 3 nm. While high-numerical-
aperture (high-NA) EUV is expected to extend
patterning capabilities, sub-3 nm features often
still require multiple-patterning techniques
to define nanosheets, fins, and tightly spaced
interconnects.

Each additional patterning step increases
complexity, variability, and cost. Moreover,
stochastic effects inherent to EUV-such as photon
shot noise and resist bridging-introduce random
defects at the nanometer scale. As a result, the
industry is investing in resist development, anti-

36 | Quy Nhon University Journal of Science, 2025, 19(5), 25-41



QUY NHON UNIVERSITY

TN SCIENCE

collapse formulations, and restrictive design rules
to maintain pattern fidelity. The deployment of
EUV and multi-patterning technologies has also
led to a sharp rise in wafer costs, making the
economic feasibility of advanced nodes a critical
concern.

Process variability and control

At  these atomic-scale

control is essential. In gate-all-around FETs

dimensions,

(GAAFETs), variations in nanosheet or gate
dielectric thickness across the wafer-on the order
of fractions of a nanometer-can cause substantial
shifts in threshold voltage and leakage current.
Ma et al.* specifically identified that even minor
variations in source/drain height substantially
affect device characteristics, underscoring the
critical need for rigorous atomic-scale process
control at sub-3 nm nodes. Additionally, Zhu
et al.> have shown that stress-induced mobility
enhancement through Si/SiGe hybrid-channel
integration can yield substantial performance
gains, further highlighting strain engineering
as crucial for sub-3 nm transistor optimisation.
To meet these tolerances, advanced process
techniques such as atomic layer deposition
(ALD) and atomic layer etching (ALE) are
employed.

Equally critical is metrology: in-line
measurement of sub-nanometer features is non-
trivial. Tools like spectroscopic ellipsometry,
CD-SEM, and cross-sectional TEM are often
used, but typically limited to test structures.
Furthermore, classical ion implantation is being
replaced due to wvariability at small scales.
Instead, threshold tuning is achieved via in-situ
doped epitaxial source/drain regions or through
work-function modulation of gate metals.

Thermal and Power Density Constraints

Even though individual transistors become
more energy-efficient, increasing transistor
density drives up overall power density. Thermal
management becomes more challenging as
billions of transistors are densely integrated on a

single die. Power delivery architecture is critical
to mitigating thermal hotspots and IR drop.

Intel’s PowerVia architecture exemplifies
innovation in this area. By delivering power from
the backside of the wafer in conjunction with
RibbonFET technology, PowerVia improves
IR drop, reduces front-side routing congestion,
and enhances thermal uniformity. Nevertheless,
design constraints such as “dark silicon” - where
not all transistors can be activated simultaneously
due to thermal limitations - remain a concern.

Cost and yield considerations

Historically, cost per transistor declined
with each successive node. However, at 5 nm and
beyond, this trend has slowed or even reversed."
EUV lithography, increased process complexity,
and reduced yield have significantly raised wafer
costs, particularly at 3 nm. These cost pressures
are driving a paradigm shift toward chiplet-
based architectures.

Rather than producing a single monolithic
die at the latest node, designers can partition
functionality into smaller chiplets. Critical logic
blocks can be fabricated at 3 nm, while less
performance-sensitive blocks such as I/O and
analog functions are implemented on mature
nodes like 14 nm. These chiplets are then
integrated via advanced packaging techniques,
optimizing overall performance, yield, and
cost."?

3D heterogeneous integration and emerging
architectures

Beyond 2.5D chiplet integration, three-
dimensional (3D) stacking is emerging as a key
strategy for density scaling. Through-silicon
vias (TSVs) and wafer-to-wafer bonding enable
vertical stacking of dies, such as memory-on-
logic or logic-on-logic configurations.

Ofparticular interest is the Complementary
FET (CFET) architecture, where NMOS and
PMOS transistors are stacked vertically rather
than placed laterally. This configuration doubles
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effective transistor density while maintaining
CMOS functionality. CFETs can be realized by
vertically stacking two GAAFETs using either
silicon nanosheets or 2D materials. While early
demonstrations confirm CFET feasibility, precise
alignment and vertical interconnect formation
remain formidable challenges.

Another novel approach is the Vertical
Transport FET (VTFET), pioneered by IBM and
others. In VTFETs, the current flows vertically
from source to drain, and the gate wraps around
a vertical channel. This configuration offers over
2x density improvements compared to planar
transistors, with potential performance gains.!”

Both CFET and VTFET architectures
are still in the research and development phase
but are being actively explored as potential
successors to GAAFETs when lateral scaling
saturates.

Design-technology co-optimization (dtco) and
system-level gains

The increasing complexity of advanced
design-technology co-
optimization  (DTCO).
understand manufacturing constraints, while
process engineers must provide levers (e.g.,
new devices, layout options) that designers can
exploit. DTCO is critical to extracting maximum
value from each technology generation.

nodes necessitates
Designers  must

Heterogeneous integration is increasingly
viewed as the third pillar of progress, alongside
device scaling and circuit-level innovation.
System-level benefits such as reduced memory
access latency and lower energy per operation
can be achieved by vertically stacking memory
and logic. Similarly, chiplet designs enable
function-specific optimization across different
process nodes, improving both performance-per-
watt and performance-per-dollar.

Scaling to 3 nm and beyond is no longer
just a matter of shrinking transistors. It requires
multidisciplinary innovation across materials
science (e.g., novel channels and dielectrics),
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electrical engineering (e.g., CFETs, VTFETs),
and computer architecture (e.g., chiplet
systems, DTCOQO). Heterogeneous integration
is now a cornerstone strategy for sustaining
Moore’s Law-allowing meaningful system-level
advancements even when traditional transistor
scaling slows. The next section will explore the
broader implications of these developments on
the future of semiconductor technology.

6. CONCLUSION AND OUTLOOK

Transistor scaling has reached a stage where
geometric and material innovations are as
essential as dimensional reduction. Gate-All-
Around FETs (GAAFETs), notably nanosheet
transistors, have demonstrated their viability at
the 3 nm node, delivering improved performance
and energy efficiency. This analysis confirms that
GAAFETs outperform FinFETs in drive current,
electrostatic control, and leakage, validating the
industry’s shift to GAAFETSs for 3 nm and 2 nm
technologies. Early deployments by Samsung
and Intel further affirm GAAFETs as practical
solutions for next-generation CMOS.

Looking ahead, several critical directions
are emerging:

* New materials for scaled channels:
Two-dimensional (2D) semiconductors offer
compelling properties-atomic-scale thickness,
strong gate control, and reduced short-channel
effects-that make them prime candidates for sub-
2 nm technologies. Hybrid stacks, such as CFETs
combining a silicon GAAFET and a 2D FET,
may become a key architecture. High-mobility
III-V compounds and strain-engineered SiGe
are also under exploration for performance-
critical applications like RF or analog blocks.

* Beyond-GAAFET device architectures:
Vertical transport FETs (VTFETs) and
Complementary FETs (CFETs) extend scaling
into the third dimension. VTFETs rotate the
transistor vertically to improve density; CFETs
vertically stack NMOS and PMOS to halve
area. Lab demonstrations show promise,'” but
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challenges in manufacturability and circuit
reliability remain. These devices could succeed
GAAFETs later this decade.

 Heterogeneous integration and system
co-design: As transistor pitch scaling slows,
progress continues through packaging and
architectural co-design-the essence of “More-than-
Moore.” Future systems will leverage 2.5D and
3D integration, combining chiplets across nodes
and technologies (logic, memory, photonics)
within a single package. Success demands cross-
disciplinary collaboration spanning materials,
devices, circuits, and systems.

In summary, the sub-3 nm roadmap
presents formidable challenges, but also vast
potential. GAAFETs have opened a path
forward for near-term scaling, while emerging
materials and 3D device architectures promise
long-term extension. Realizing this future
will require synergy between device physics,
fabrication technology, and system design. With
continued collaboration between academia and
industry, the momentum of Moore’s Law can be
sustained-powering breakthroughs in computing,
communications, and beyond.

Acknowledgment

The author expresses sincere thanks to
colleagues and mentors who provided feedback
and support during the research. No external
funding was used in this study.

REFERENCES

1. M. T. Bohr, I. A. Young. CMOS scaling trends
and beyond, /EEE Micro, 2017, 37, 20 - 29.

2. S. K. Saha. FinFET devices for VLSI circuits
and systems, CRC Press, Boca Raton, 2020.

3. C. H. Lin, B. Greene, S. Narasimha, J. Cai, A.
Bryant, C. Radens, V. Narayanan, B. Linder, H.
Ho,A. Aiyar,etal. High performance 14 nm SOI
FinFET CMOS technology with 0.0174 um?
embedded DRAM and 15 levels of Cu

10.

11.

metallization, [EEE International Electron
Devices Meeting, 2014, 381-383.

S. Y. Wu, C. Y. Lin, M. C. Chiang, J. J.
Liaw, J. Y. Cheng, S. H. Yang, M. Liang,
T. Miyashita, C. H. Tsai, B. C. Hsu, etal. A 16 nm
FinFET CMOS technology for mobile SoC
and computing applications, 2013 I[EEE
International Electron Devices Meeting, 2013,
911-914.

K. Karimi, A. Fardoost, M. Javanmard.
Comprehensive review of FInFET technology:
history, structure, challenges, innovations,
and  emerging  sensing

Micromachines, 2024, 15, 1187.

applications,

H. Wong, K. Kakushima. On the vertically
stacked gate-all-around nanosheet and nanowire

transistor scaling beyond the 5 nm technology
node, Nanomaterials, 2022, 12, 1748.

U. Soma. Transistor evolution: a
comprehensive overview from TFT to TFET
and beyond, Proceedings of the National
Academy of Sciences, India Section A:

Physical Sciences, 2025, 95, 113-125.

R. R. Das, T. R. Rajalekshmi, A. James.
FinFET to GAA MBCFET: a review and
insights, IEEE Access, 2024, 12, 50556-
50577.

W. Hu, F. Li. Scaling beyond 7 nm node: an
overview of gate-all-around FETs, 2021 9
International Symposium on Next Generation
Electronics (ISNE), Changsha, China, 2021.

J. S.Yoon, J. Jeong, S. Lee, R. Back.
Optimization of nanosheet number and width
of multi-stacked nanosheet FETs for sub-7-nm
node system on chip applications, Japanese
Journal of Applied Physics, 2019, 58, 084505.

S. Kim, K. Lee, S. Kim, M. Kim, J. H. Lee,
S. Kim, B. G. Park. Investigation of device
performance for fin angle optimization in
FinFET and gate-all-around FETs for 3 nm-
node and beyond, /IEEE Transaction Electron
Devices, 2022, 69, 2088-2093.

https://doi.org/10.52111/qnjs.2025.19502

Quy Nhon University Journal of Science, 2025, 19(5), 25-41 | 39



QUY NHON UNIVERSITY

JOURNAL OF

12.

13.

14.

15.

16.

17.

18.

SCIENCE

S. Barraud, B. Previtali, C. Vizioz, J. M.
Hartmann, J. Sturm, J. Lassarre, C. Perrot,
P. Rodriguez, V. Loup, A. M. Lucas, et al.
7-Levels-stacked nanosheet GAA transistors
for high performance computing, 2020 IEEE
Symposium on VLSI Technology, Honolulu,
HI, USA, 2020.

J. Jeong, S. H. Lee, S. A. Masuoka, S. Min, S.
Lee, S. Kim, T. Myung, B. Choi, C. W. Sohn, S.
W. Kim, et al. World's first GAA 3 nm foundry
platform technology (SF3) with novel multi-
bridge-channel-FET (MBCFET™) process,
2023 IEEE Symposium on VLSI Technology
and Circuits, Kyoto, Japan, 2023.

K. Maxey, C. H. Naylor, K. P. O’Brien,
A. Penumatcha, A. Oni, C. Mokhtarzadeh,
C.J. Dorow, C. Rogan, B. Holybee, T. Tronic,
et al. 300 mm MOCVD 2D CMOS materials
for more (than) moore scaling, 2022 1EEE
Symposium on VLSI Technology and Circuits,
Honolulu, HI, USA, 2022.

S. Chen, H. Zhang, Z. Ling, J. Zhai, B. Yu.
The survey of 2.5D integrated architecture:
an EDA perspective, Proceedings of the 30th
Asia and South Pacific Design Automation
Conference, Association for Computing
Machinery, New York, USA, 2025.

S. Joung, S. Kim. Leakage performance
improvement in multi-bridge-channel field
effect transistor (MBCFET) by adding core
insulator layer, 2019 International Conference
on Simulation of Semiconductor Processes and
Devices (SISPAD), IEEE, Udine, Italy, 2019.

D. E. Shim, P. Kumar, A. A, Kini, M.
Mallikarjuna, M. N. H. Shazon, A. Naeemi.
GT3: an open-source 3 nm GAAFET PDK
and platform for end-to-end evaluation of
emerging technologies, IEEE Transactions on
Electron Devices, 2025, 72, 1582-1588.

L. Scognamiglio, F. Mo, C. E. Spano, M.
Vacca, G. Piccinini. Simulation study on the
impact of miniaturization in 3 nm node 3D
junctionless transistors, I[EEE Transactions on
Nanotechnology, 2025, 24, 102-109.

https://doi.org/10.52111/qn;js.2025.19502

40 | Quy Nhon University Journal of Science, 2025, 19(5), 25-41

19.

20.

21.

22.

23.

24,

25.

26.

N. Totorica, W. Hu, F. Li. Simulation of
different structured gate-all-around FETs for

2 nm node, Engineering Research Express,
2024, 6(3), 1-11.

L. Abdelaziz, B. Khaled, G. Mustapha.
Comparative analysis of TG FinFET and
GAA FinFET in 3 nm technology node, 2023
27" International Conference on Information
Technology (IT), Zabljak, Montenegro, 2023.

S. Y. Wu, C. H. Chang, M. C. Chiang, C. Y.
Lin, J. J. Liaw, J. Y. Cheng, J. Y. Yeh, H. F.
Chen, S. Y. Chang, K. T. Lai, et al. 4 3 nm
CMOS FinFlex™ platform technology with
enhanced power efficiency and performance
for mobile SoC and high performance
computing applications, 2022 International
Electron Devices Meeting (IEDM), IEEE, San
Francisco, CA, USA, 2022, 2751-2754.

K. Saini, V. Kumar. Comparative analysis of 12
nm gate-all-around vertically stacked nanosheet
field effect tramsistor for high-k gate-oxide
dielectrics, 2024 First International Conference
on Electronics, Communication and Signal
Processing (ICECSP), New Delhi, India, 2024.

D. Wang, X. Sun, T. Liu, K. Chen, J. Yang, C.
Wu, M. Xu, W. Zhang. Investigation of source/
drain recess engineering and its impacts on
FinFET and GAA nanosheet FET at 5 nm
node, Electronics, 2023, 12, 0770.

M. Ma, C. Li, J. Ma, W. Yang, H. Li, H. You,
M. J. Deen. Investigation of source/drain
height variation and its impacts on FinFET
and GAA nanosheet FET, Electronics, 2025,
14, 1091.

C. Zhu, X. Zhu, S. Yu, D. Wei Zhang. Process-
dependent evolution of channel stress and
stress-induced mobility gain in FinFET,
normal GAAFET, and Si/SiGe hybrid
channel GAAFET, IEEE Access, 2025, 13,
21600-21609.

X. Wang, Y. Kim, G.H. Back, K.G. Bannore,
K. Dave, A. Joushaghani, N. Kang, M. Ko,
A.M. Pillai, H.C. Prakash Movva, G. Park,
M. Rahman, S. Subramaniam, V. Vashishtha,



QUY NHON UNIVERSITY

JOURNAL OF

27.

28.

29.

30.

SCIENCE

T. Yang, Z. Guo, E. Karl. 4 0.021 um?
high-density SRAM in Intel-18A-RibbonFET
technology with powervia-backside power
delivery, 2025 TEEE International Solid-State
Circuits Conference (ISSCC), IEEE, San
Francisco, CA, USA, 2025.

A. Agrawal, W. Chakraborty, W. Li, H. Ryu,
B. Markman, S. H. Hoon, R. K. Paul, C. Y.
Huang, S. M. Choi, K. Rho, et al. Silicon
ribbon FET CMOS at 6 nm gate length, 2024
IEEE International Electron Devices Meeting
(IEDM), San Francisco, CA, USA, 2024.

W. Hafez, P. Agnihotri, M. Asoro, M. Aykol,
B. Bains, R. Bambery, M. Bapna, A. Barik,
A. Chatterjee, P. C. Chiu, et al. Intel powervia
technology: backside power delivery for high
density and high-performance computing,
2023 IEEE Symposium on VLSI Technology
and Circuits (VLSI Technology and Circuits),
Kyoto, Japan, 2023.

Y. Chen, V. Sankatali, S. Mishra, J. Ryckaert,
J. Myers, D. Biswas. Thermal implications in
scaling high-performance server 3D chiplet-
based 2.5D SoC from FinFET to nanosheet,
2024 IEEE Computer Society Annual
Symposium on VLSI (ISVLSI), Knoxville,
TN, USA, 2024.

N. Loubet, T. Hook, P. Montanini, C. W.
Yeung, S. Kanakasabapathy, M. Guillom, T.
Yamashita, J. Zhang, X. Miao, J. Wang, et al.
Stacked nanosheet gate-all-around transistor
to enable scaling beyond FinFET, 2017

©NOIS

31.

32.

33.

34.

35.

Symposium on VLSI Technology, Kyoto,
Japan, 2017.

T. Knobloch, B. Uzlu, Y. Yu. Illarionov,
Z. Wang, M. Otto, L. Filipovic, M. Waltl,
D. Neumaier, M. C. Lemme, T. Grasser.
Improving stability in two-dimensional
transistors with amorphous gate oxides by
Fermi-level tuning, Nature Electronics, 2022,

5,356-366.

P. C. Shen, C. Su, Y. Lin, A. S. Chou, C. C.
Cheng, J. H. Park, M. H. Chiu, A. Y. Lu, H. L.
Tang, M. M. Tavakoli, et al. Ultralow contact
resistance between semimetal and monolayer
semiconductors, Nature, 2021, 593, 211-217.

K. Kwak, H. Yoon, S. Hong, B. H. Kang.
Advances in 2D molybdenum disulfide
flexible
electronics, Micromachines, 2024, 15, 1476.

transistors  for and wearable

B.J. Chou, Y. Y. Chung, W. S. Yun, C. F. Hsu,
M.Y.Li, S.K. Su, S. L. Liew, V. D. H. Hou, C.
W. Chen, C. C. Kei, et al. High-performance
monolayer MoS, nanosheet GAA transistor,
Nanotechnology, 2024, 35, 125204.

W. Mortelmans, P. Buragohain, C. Rogan,
A. Kitamura, C. J. Dorow, K. P. O’Brien, R.
Ramamurthy, J. Lux, T. Zhong, S. Harlson,
et al. Record performance in GAA 2D NMOS
and PMOS using monolayer MoS, and WSe,
with scaled contact and gate length, 2024
IEEE Symposium on VLSI Technology and
Circuits (VLSI Technology and Circuits),
Honolulu, HI, USA, 2024.

© 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/qnjs.2025.19502

Quy Nhon University Journal of Science, 2025, 19(5), 25-41 | 41






KHOA HOC

TRUONG DAl HOC QUY NHON

Téng hgp vat liéu Co,0, c6 nguén géc tu ZIF-67 va
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TOM TAT

Trong nghién ctru nay, Co,O, dang tinh thé c¢6 ciu tric x5p duoc tong hop bang cach nung ZIF-67 trong
moi truong khong khi. Déc trung vét ligu Co,O, dugce nghién ciru béng XRD, BET, SEM va EDS. Dién cuc bién
tinh Co,0,-GPE dung phat hién dién hoa acid ascorbic thé hién khoang tuyén tinh tir 2 uM dén 15 pM véi gioi
han phat hién 12 0,48 uM. Két qua do thu hdi dao dong tir 97,82% dén 99,5% dbi vai acid ascorbic xac dinh trong
vién thudc thuong mai.

Tw khéa: Co.O,, ZIF-67, acid ascorbic.
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ABSTRACT

The Co,0, porous crystalline material was synthesized by calcining ZIF-67 sample in air. The Co,0, material
was characterized by XRD, BET, SEM, and EDS. The electrode modified with Co,O, was used to determine
ascorbic acid. The proposed Co,0,-GPE electrode exhibited a linear range of 2 uM to 15 pM with a detection limit

of 0.48 uM. Recovery results, ranging from 97.82% to 99.5% for ascorbic acid in pharmaceutical tablet.

Keywords: Co.,O,, ZIF-67, ascorbic acid.

374

1. INTRODUCTION

Ascorbic acid (AA), the common name
for Vitamin C, is a common multivitamin
component and occurs naturally in various foods.
It is important for a healthy diet and acts as an
antioxidant. However, an overdose of vitamin C
can lead to side effects such as stomach upset,
headache, difficulty sleeping, and skin flushing.'
Therefore, the rapid and accurate determination
of AA has attracted scientific attention.

Many analytical methods exist for
determining ascorbic acid (AA), including
techniques such as spectrofluorometry,®*
chromatography,*¢ spectrophotometry,’*
capillary  zone

electrochemistry.!!:12

electrophoresis,”!®  and

Among these,
electrochemical methods employing modified
electrodes have received considerable interest
owing to their inherent simplicity, high
sensitivity, and economic viability.

Cobalt oxide is a semiconductor with wide
applications in many fields, including catalysis,

*Corresponding author.
Email: ngothanhhien@qnu.edu.vn

https://doi.org/10.52111/qnjs.2025.19503

electrode materials, gas sensing, and drug
delivery.”*'> Numerous studies have explored

the diverse applications of Co.0,; however,

374
its potential use in electrode modification for
pharmaceutical analysis remains relatively
underexplored. To date, various porous
nanostructures of Co,O, have been synthesized,
including spherical, tubular, rod-like, and
flower-like morphologies. Most synthesis
methods utilize cobalt carbonate or hydroxide
salts as precursors, often yielding materials with

relatively low surface areas.'®!”

Recent, the application of metal-organic
frameworks (MOFs; ZIFs) as precursors in the
synthesis of inorganic materials is a growing area
of research.!®> Studies show that heat treatment
of ZIF-67 can pyrolyze their ligands and lead
to the formation of metal oxide nanoparticles.
Therefore, the metal-centered organic framework
material Co (ZIF-67) has appeared as a potential
precursor to synthesize cobalt oxide (Co,0,)
while still inheriting the structural characteristics
of ZIF-67 and improving its catalytic activity.
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In this work, an electrode modified with
the Co,0, porous crystalline material derived
from ZIF-67 is investigated. The obtained
electrode was used for the electrochemical
determination of AA.

2. EXPERIMENT
2.1. Chemicals

2-methylimidazol (2-H , , 98%), ascorbic acid,
graphite powder and parafin oil were received
from Sigma Aldrich. Cobalt nitrate hexahydrate
[Co(NO,),6H,0, 99%] was purchased from
Macklin  (China). Phosphoric acid (H,PO,,
85%), potassium  dihydrogen  phosphate
(KH,PO,, 99%), boric acid (H,BO,, 99%) and
potassium hydroxide (KOH) were received from
Guangdong-Guanghua Co. Ltd (China).

Vitamin C tablet (Vitamin C, 500 mg AA,
from Pharimexco Viet Nam) was purchased from
a local pharmacy. All chemical reagents were
used as received without any further purification.

Britton-Robinson (B-R) buffer solutions
were made using 0.5 M solutions of H,BO,,
H,PO,, and CH,COOH. The pH of the B-R
buffer was adjusted to the desired value with 1 M
KOH or IM H,PO, solutions.

2.2. Apparatus

All electrochemical analyses, including cyclic
voltammetry and square wave voltammetry,
were conducted using a DY2322 potentiostat,
Digi-Ivy, Inc. Austin. A standard three-electrode
cell was employed, consisting of a working
electrode (Co,0,-GPE or bare GPE, 0.07 cm?),
a counter electrode (Pt wire), and a reference
electrode (Ag/AgCl, KCI1_ ).

2.3. Synthesis of Co,0, porous crystalline
material from ZIF-67

The synthesis of ZIF-67 was conducted
according to a previously established method.?

1.455g  of  Co(NO,),6H,0  was
dissolved in 50 mL of ethanol, and 1.64g of
2-methylimidazole (H ;) was dissolved in
50mL of ethanol, resulting in a Co*": H . molar

ratio of 1 : 4. The H__ solution was slowly
added to  Co(NO,), solution under continuous
stirring for 30 minutes at room temperature. The
obtained mixture was allowed to stand at room
temperature for 6 hours without stirring, leading
to the formation of a colloidal dispersion. The
solid product was collected by centrifugation
(4000 rpm, 30 minutes), washed three times with
ethanol, and dried at 80 °C, 12 hours.

The Co,0, was obtained by calcining ZIF-
67 in air at a heating rate of 1 °C-min—1.

2.4. Preparation of Co,0,-GPE modified
electrode

To prepare the Co,0,-GPE modified electrode,
40 mg of graphite powder and 5 mg of Co,0,
powder were thoroughly mixed with 10 pL of
paraffin oil. The resulting paste was then packed
into a Teflon holder, and its surface was smoothed
using paper. To renew the electrode surface, the
outer 2 mm of paste was removed and replaced
with freshly prepared paste.

2.5. Characterization of the Co,0, porous
crystalline material

A Bruker-Axs D8 diffractometer (40 kV, 40 mA)
was used for powder XRD analysis. Textural
properties were determined from nitrogen
adsorption-desorption isotherms at -196 °C with
a Micromeritics Gemini VII 2390 V1.02. Sample
morphology was examined by scanning electron
microscopy (JEOL JSM-6700F, 15 kV, 10 mA),
and elemental composition was analyzed using
EDS with a JSM-5700 LV.

3. RESULTS AND DISCUSSION

3.1. Characterization of the synthesized Co,0,
material

The XRD diffraction pattern of Co,O, sample
are shown in Fig. 1. The X-ray diffraction
pattern exhibited reflections at 20 values of
approximately 31.5°, 36.8°, 38.0°, 44.6°, 55.8°,
59.4°, 65.3° and 77.5°, corresponding to the
(220), (311), (222), (400), (422), (511), (440)
and (533) crystalline planes of the Co,0O, cubic
structure (JCPDS No. 04-043-1003).%
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Figure 1. XRD pattern of the Co,O, porous crystalline
material.

The nitrogen  adsorption-desorption
isotherms were employed to characterize the
specific surface area and pore morphology of the
Co,0, sample. As depicted in Figure 2, the sample
presented a Type IV isotherm, accompanied by
an H3 hysteresis loop, suggesting a mesoporous
structure. The BET surface area was determined
to be 30.43 m’/g, and the pore size distribution
was at 3 nm.
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Figure 2. Nitrogen adsorption—desorption isotherms
(A) and pore size distribution (B) of the Co,0, porous
crystalline material.

Figure 3. SEM image of the Co,0, porous crystalline

material, Inset: SEM image of ZIF-67 material.
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cubic morphology, consistent with the original
ZIF-67 crystal template, characterized by an
internal hollow structure and a surface exhibiting
porosity. However, thermal treatment resulted

in the observation of some collapsed hollow

structures.

0 1 2 3 4 s
Ul Scale 2512 cts Cursor: 15339 keV (B cts)

Figure 4. EDS spectra of the Co,O, porous crystalline

material.

The EDS analysis was conducted on
the Co,0, sample (Figure 4). Cobalt (Co) and
oxygen (O) were confirmed to be present on
the sample's surface based on the results. The
elemental analysis of the Co,0, yielded 41.62%
cobalt and 58.38% oxygen.

A comprehensive
analysis of the Co,O, material, utilizing results
of XRD, SEM, EDS and BET, validated the
successful synthesis of the Co,0, porous
crystalline material.

morpho-structural

3.2. Electrochemical characterization

The electrochemical behavior of ascorbic acid
(AA) was investigated using cyclic voltammetry
(CV) and square wave voltammetry (SWV).

0.04 —— cPE 10 MAr

(‘-\) 32 (B) //\\ ——Coy04GPE# 107U AR

8 / .\
/‘/ \

—— Co30,GPE 1110 “M AN
——GPE #1074 AA

N\

04= S—

04 02 0.0 02 04 0. 0.1 0.0 01 0.2 0.3
E.V EV

Figure 5. Cyclic voltammograms (A) and square
wave voltammograms (B) at GPE and Co,0,-GPE
modified electrode in 0.2 M B-R buffer solution
pH = 4 containing of 10* M AA.
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A peak of AA at 0.08 V was observed in
the CV and SWV curves obtained at both the
bare GPE and the Co,0,-GPE, as illustrated
in Figure 5. The Co,0,-GPE exhibited a lower
peak potential and higher current. The oxidation
peak current for AA at the Co,0,-GPE was
approximately fifteen-fold greater than that
observed at the bare GPE (Figure 5B).

The reaction mechanism of ascorbic acid
onto the Co,0, nanostructure takes place by the
transfer of two electrons and protons, as shown
in Figure 6, and it has been generally represented
in the literature.?” 28

HO

+2e +2H (1)
o

Ascorbic acid Dehydroascorbic Acid

Figure 6. The electro-oxidation reaction of ascorbic

acid.

Co,0, showed catalytic activity for ascorbic
acid electro-oxidation due to its unique redox
properties, containing both Co*" and Co** states.
The catalytic process involves an electrochemical
mechanism: surface Co®" is electrochemically
oxidized to a highly reactive Co*', which then
chemically oxidizes ascorbic acid back to
dehydroascorbic acid, regenerating Co®". This
continuous regeneration ensures sustained
catalytic activity. The porosity of Co,O, derived
from ZIF-67 further enhances its electrocatalytic
performance. Its porous structure provides a
large surface area with numerous active sites and
facilitates efficient mass transport. This structure
also improves the electrode-electrolyte interface
and prevents nanoparticle agglomeration,
significantly increasing the overall reaction rate
and electrode efficiency.**°

3.3. The effect of pH

The square wave voltammetry (SWV) was
employed to examine the impact of pH (within
the range of 3 to 6) on the voltammetric signals
of AA. The pH of the electrolyte significantly
affects the AA oxidation on the modified
electrode. Figure 7 displays the current responses

recorded on the Co,0,-GPE under different pH
conditions.

A substantial increase in peak current was
observed as t__increased from 0 to 90 seconds,
suggesting a corresponding enhancement of AA
accumulation at the electrode surface. Beyond
90 seconds, however, the peak current exhibited
negligible increase, indicative of the electrode
surface approaching adsorption equilibrium.
Based on this observation, 90 seconds was
selected as the optimal t_ .

3.4. Accommulation

The effect of accumulation time (t ) on electrode
response was investigated across a range of 0 to
150 seconds in a 0.2 M B-R buffer (pH 4) with
104 M AA (Figure 8).

ph=d
—— pHss
20 pHst

== . (B)
o @

3 4 5 3
pH

Figure 7. Square wave voltammograms of Co,0,-GPE
in 0.2 M B—R buffer (pH 4) containing 10 M AA (A);
Influence of pH on Ip (B); Plot of Ep vs. pH (C).

50
- -
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-4
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Figure 8. Dependence of L for AA in 0.2M B-R
buffer solution pH 4 on accummulation time.
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3.5. Calibration

The calibration curves for the AA detection with
varying concentrations of AA was constructed
by recording SWV in 0.2 M B-R buffer solution
at pH =4 (Figure 9A). Accordingly, a calibration
curve was shown in Figure 9B. The electrode
exhibited a linear response for AA concentrations
between 2 uM and 15 pM.

Table 1. Summary of electrode performance in this

work and literature.

@

—3 M
—dpM
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B

®) ;

[ TuM
4 < 8
A\ M 2
..’f' \ M &
AN —— 10pM
/IR 12pM 4 .
i \ 15 M 3
[

A 0uM )
/' _ /'\\k\ - .
21 00 01 02 03 04
EV

Figure 9. Square wave voltammograms recorded at
Co,0,-GPE increasing concentration of AA (A) and

the corresponding calibration curve (B).

The resulting linear regression equation was:

1 /MA = (-3.56335 +0.19192) + (1.19706 +
0.02218) [AAJ/UM, (R = 0.99726)

For ascorbic acid (AA) detection, the
Co0,0,-GPE electrode exhibited a 0.48 uM
detection limit and a sensitivity of 1.19, which
are lower compared to some published results
(Table 1).

The continuous regeneration of the
Co?'/Co** redox couple in the investigated
electrode increases the reaction rate, leading a
larger current signal due to enhanced electron
transfer. The resulting improved signal directly
increases the electrode's sensitivity, allowing
for the detection of even minor changes in
analyte concentration. Consequently, the limit of
detection (LOD) decreases, as a superior signal-
to-noise ratio facilitates the reliable detection of

very low analyte concentrations.

https://doi.org/10.52111/qnjs.2025.19503

Detection
Electrode Method o References
limit, pM
CL-TiN/GCE DPV 1.52 31
NiCoO,/C | Amperometry 0.5 32
AgNP-Psi Amperometry 0.83 33
GO-XDA-
DPV 0.6 34
Mn,0O,
rGO/Au/GCE DPV 0.51 35
Co,0,-GPE SWV 0.48 This work

3.6. Long-term stability and reproducibility

To assess the long-term stability, the electrode
was stored at 4 °C in a refrigerator for 7 days,
and the peak oxidation currents of 5uM AA
in a 0.2 M B-R buffer solution were recorded.
Measurements were conducted at various times.
After 7 days of storage, the peak oxidation
current of 5uM AA at the modified electrode
retained 97.1% of its initial activity.

The reproducibility of the electrode's
performance was determined. Three Co,O,-
GPE electrodes were prepared independently
following the same method. The measurements
of their peak oxidation currents at SuM AA
showed consistent results, with a low RSD of
4.93%. This demonstrates that the Co,0,-GPE
electrode has good reproducibility.

4. REAL SAMPLE ANALYSIS

The Co,0,-GPE electrode was used to analyze
AA in Vitamin C tablets (Pharimexco Viet Nam)
via the standard addition method to assess its
applicability. Table 2 summarizes the results,
confirming the electrode's effectiveness for AA
determination in pharmaceuticals The measured
mean AA concentration demonstrated agreement
with the labeled value, and recovery rates ranged
from 97.82% to 99.5%.
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Table 2. Results from the analysis of AA in a real
Vitamin C tablet sample.

Added Found Recovery | RSD
Sample o .
(LM) (LM) (%) (%)
Vitamin C 2.96 + 98.66 +
3 0.85
(500 mg) 0.02 0.84
5. CONCLUSION

The synthesis of Co,0, porous crystalline
material was performed using the ZIF-67 material
as a precursor. The resulting Co,O, possesses an
internal hollow structure and a surface exhibiting
porosity. The modified electrode developed with
Co,0, porous crystalline material offers high
sensitivity and a low detection limit, making
it promising for AA detection. It has also been
successfully used to determine AA in real
samples.
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Ché tao hat nano alginate-chitosan chiia ovalbumin
bing phuong phap phun dién déng truc dé dinh huéng
phan phoi protein
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TOM TAT

Li¢u phap protein da phat trién vuot troi nhu liéu phéap hiéu qua va ddc dao vi nhitng loi ich to 16n cua
ching trong linh vic duge pham. Nghién ctru ndy da phat trién cac hat nano alginate-chitosan (ALG-CHI) chira
ovalbumin (OVA) bang cach str dung dién phun dong truc ma khong cin tac nhén lién két chéo dé cung cip protein
OVA qua duong udng dé dinh huéng liéu phéap protein. Cac thong sd toi uu bao gom dién ap 21 kV, luu luong
0,1/0,2 mL.h"! (13i/v6), khoang cach thu mau 10 cm, ndng do polyme 4 wt% CHI va 0,5 wt% ALG. Cac hat nano
ALG-OVA@CHI thu dugc c6 hinh ciu, bé mat nhin, khong Kkét tu va cau tric 16i - vo duge quan sat théy bé'mg
hinh anh SEM va TEM. Céc hat nano ¢6 dudng kinh thity dong 13 313,0 + 129,9 nm va thé zeta 1a +1,6 mV & pH
trung tinh, dugc do bang thiét bi DLS. Pang chu y 14 cac hat nano ALG-OVA@CHI da bao boc OVA ¢ miic cao
v6i hidu sudt 99,04 + 0,14%, bao vé OVA khéi axit da day va tao diéu kién cho OVA giai phong kéo dai trong
diéu kién dai tring mo phong trong it nhat 8 ngay. Viéc giai phong cac hat nano nay chii yéu duoc kiém soat boi
su khuéch tan cua OVA va su phan hay polyme trong méi truong giai phong, theo co ché van chuyén khong phai
Fickian ctia Korsmeyer-Peppas. Nhitng phat hién nay cho thay thiét ké ALG-OVA@CHI c6 tiém nang trg thanh

mdt cong thirc uong d€ cung cap protein.

Twr khéa: Alginate, chitosan, phun dién déng truc, hat nano, ovalbumin.
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Email: clnhanh@ctu.edu.vn
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ABSTRACT

Protein therapeutics have emerged as effective and unique therapies because of their vast benefits in the
pharmaceutical field. This study developed ovalbumin (OVA) loaded alginate-chitosan (ALG-CHI) nanoparticles
using coaxial electrospray without a cross-linking agent to orally deliver OVA protein for protein therapeutics
orientation. The optimal parameters include a voltage of 21 kV, a flow-rate of 0.1/0.2 mL.h"' (core/shell), a working
distance of 10 cm, polymer concentrations of 4 wt% CHI and 0.5 wt% ALG. The obtained ALG-OVA@CHI
nanoparticles had a spherical shape, smooth surface, no aggregation, and core-shell structure observed by SEM
and TEM images. The nanoparticles had a hydrodynamic diameter of 313.0 + 129.9 nm and a zeta potential of
+1.6 mV at neutral pH, as measured by DLS equipment. Remarkably, the ALG-OVA@CHI nanoparticles highly
encapsulated OVA with 99.04 + 0.14% efficiency, protected it from gastric acid in the stomach, and facilitated
sustained release OVA in the simulated colonic condition for at least 8 days. The release of these nanoparticles
were primarily controlled by the diffusion of OVA and polymer disintegration in the release media, followed the
Korsmeyer-Peppas non-Fickian transport mechanism. These findings suggested that the ALG-OVA@CHI design
had potentials as an oral formulation for protein delivery.

Keywords: Alginate, chitosan, coaxial electrospray, nanoparticle, ovalbumin.

1. INTRODUCTION an existing pathway, iii) providing a novel
function or activity, iv) interfering with a
molecule or organism, and v) delivering a
payload such as a radionuclide, cytotoxic
drug, or protein effector’ Many potentially
fatal diseases, including cancer, cardiovascular
disease, and diabetes, have been effectively
treated by proteins.? Moreover, proteins possess
high specificity, selectivity, potency, and low
toxicity, which are less likely to interfere with

Protein  therapeutics have been rapidly
developed in the pharmaceutical industry due
to their efficacy in both diseases preventions
and treatments by modulating the physiological
or pathological processes of their targets.'”
Proteins' primary pharmacological activities
in therapeutic processes include i) replacing a
deficient or abnormal protein, ii) augmenting

*Corresponding author.
Email: clnhanh@ctu.edu.vn

https://doi.org/10.52111/qn;js.2025.19504
54 | Quy Nhon University Journal of Science, 2025, 19(5), 53-68



QUY NHON UNIVERSITY

TN SCIENCE

normal biological processes and cause adverse
effects.*> Furthermore, macromolecular proteins
have a significantly larger surface area for
molecular binding, allowing access to a much
broader range of protein targets while reducing
the possibility of off-target effects.® Protein
therapeutics are most commonly administered
via parenteral administrations such as injection
or intravenous infusion."” The routes, however,
contain several drawbacks including being
expensive, painful, inconvenient, and requiring
professional healthcare staff. Therefore, there
has recently been a shift toward producing
needle-free biopharmaceuticals such as the oral
protein therapeutics.’

For this reason, developing effective
oral formulations and increasing intact protein
absorption into the intestinal mucosa is currently
a major focus.® Furthermore, the oral route
allows protein treating expression at specific
locations, particularly mucosal sites, resulting
in accurate and long-lasting therapy. However,
direct oral protein delivery faces a number of
challenges, including protein degradation in the
extreme environment of the gastrointestinal tract,
uncontrolled protein release, and ineffective
mucosal permeability, all of which contribute to
comparatively poor performance when compared
to injectable administration.” To enhance the
treatment efficacy, the proteins must be able
to pass through several physicochemical and
biological barriers in the digestive tract, while
also providing adequate drug concentrations at
the disease state. To address these challenges,
biopolymer-based nanoparticles have been
used as protein delivery carriers to stabilize
proteins against external obstacles and improve
the bioavailability of entrapped proteins in the
gastrointestinal tract.*!°

Alginate (ALG) is a natural polyanionic
(due to carboxylic groups) biopolymer that
has been prioritized as a protein carrier due to
its interesting biopharmaceutical properties,
such as pH sensitivity, biocompatibility,

biodegradability, muco-adhesiveness, no

toxicity, and no immunogenicity.'' ALG has been
extensively investigated and used in a variety of
biomedical delivery systems.'*!* However, ALG
has a gel structure that is typically sensitive to
chelating compounds such as phosphate, citrate,
ethylenediaminetetracetic acid (EDTA), and
lactate, as well as anti-gelling cations found
in the gastrointestinal tract.'> As a result, it is
necessary to improve its stability by coating
the ALG nanoparticles with another positively
charged polymer such as chitosan (CHI).

CHI is a biopolymer with beneficial
biological properties such as biocompatibility
with protein antigens, good biodegradability, and
low toxicity.!*!® Moreover, CHI has excellent
mucoadhesive properties due to electrostatic
interactions  between  positively  charged
polymers and negatively charged mucosal
surfaces, as well as advanced penetration ability
across the colonic wall."” CHI is one of the most
promising positively charged coating materials
for improving the stability of encased proteins.
As a result, coating ALG nanoparticles with
CHI (ALG@CHI) could form a polyelectrolyte
complex through ionic interaction, which was
expected to reduce porosity, encapsulated protein
leakage, and increase stability across wide pH
ranges and enzymatic activities.”” Ling et al.
developed ALG-CHI multilayer nanoparticles,
which deliveried protein AvrA, a protein with
dual anti-inflammatory and anti-apoptotic
enzymatic function, for colitis therapy. The
results indicated that the nanoparticles delivered
protein to intestinal epithelia and reduced
inflammation in a murine colitis model.?* Chen et
al. demonstrated effective insulin encapsulation
of pH-sensitive ALG-CHI nanoparticles for
prolong insulin release to diabetic rats orally and

reducing blood glucose levels effectively.?!

In this study, efforts were made to develop
an oral delivery system that loaded ovalbumin
(OVA), a model protein, with CHI and ALG,
resulting in ALG-OVA@CHI nanoparticles. OVA
has been widely utilized in protein therapeutics
research due to its convenient stability at room
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temperature and cost effectiveness.?! From the
viewpoint of protein structure, OVA contain
disulfide links in their molecular chains; as is
known, the disulfide linkages have a remarkable
antioxidation-reduction function> The OVA-
loaded polymeric nanoparticles are fabricated
through the advanced coaxial electrospraying
(CES) method. The CES technique is a simple
one-step method for encapsulating proteins,
which involves applying a high electric field to
the capillary needle. The proteins and organic
solvents flow through the internal capillary
needle, while polymer solutions flow through
the external capillary needle. The high electric
charges in the liquid droplet at the needle tip result
in the formation of nanoparticles via Coulomb
fission.” The advantage of this method is that it is
possible to prepare nanoparticles without the use
of cross-linking agents. Therefore, the produced
nanoparticles can robustly release the OVA
protein in an appropriate environment, supplying
the required dosage, allowing the therapy to take
place quickly within a specific time. Furthermore,
the biodegradable polymeric system can be
safely removed from the body without causing
harm in the long term, whereas the cross-linker
might remain in the body for an extended
period. Besides, compared to other nanoparticle
production methods, the CES method is widely
used for protein nanoparticle preparation because
it reduces protein denaturation by using less
solvent. This method's other advantages include
ease of processing, high drug encapsulation, and a
narrower range of size distribution.”>*® As a result,
CES technology is expected to produce uniform
ALG-OVA@CHI nanoparticles with  high
encapsulation efficiency and controllable release
properties in the gastrointestinal tract.

2. MATERIALS AND METHODS
2.1. Materials

OVA (78%), phosphate buffer saline (PBS,
pH 7.4) were offered by Himedia, India. CHI
(deacetylation of 92%) was supplied by Cemaco
company, Vietnam. ALG sodium salt (low

https://doi.org/10.52111/qn;js.2025.19504

viscosity, < 200 mPa.s) was purchased from
Shanghai Zhanyun Chemical, China. Acetic acid
(CH,COOH, 99.5%), sodium hydroxide (NaOH,
99%), and hydrochloric acid (HCI, 37%) were
obtained from Xilong, China. All other chemicals
were used without further purification.

2.2. Preparation of the material solutions

The core solutions were prepared by dissolving
accurate amounts of ALG (0.05 g, 0.1 g, and 0.15
g) in 10 mL of distilled water under stirring at 60
rpm for 6 h at room temperature to get 0.5 wt%,
1 wt%, and 1.5 wt% ALG solutions, respectively.
Subsequently, 0.0125 g OVA was added into the
ALG solutions and stirring at 60 rpm for 3 h at
room temperature to attain the homogeneous
core solutions. The 4 wt% CHI shell solution
was obtained by adding 0.4 g CHI into 10 mL of
90% (v/v) acetic acid under agitating at 60 rpm
within 24 h at room temperature.

2.3. Fabrication of
nanoparticles

ALG-OVA@CHI

The ALG-OVA@CHI nanoparticles were
fabricated by a single-step CES method, using
equipment consisted of a high-voltage supply
(GENVOLT 73030, USA), syringe pumps, a
stainless steel capillary needle, 1-mL plastic
syringes, and aluminum nanoparticle collector.

Briefly, the prepared core solutions
(0.0125 g OVA + 0.5 wt%/1 wt%/1.5 wt% ALG)
and shell solution (4 wt% CHI) were injected
into syringes that connected to coaxial capillary
needle. The high voltage (19, 21, and 23 kV)
were applied to the capillary needle tip. The
distance between the needle tip and the collector
(10, 13, and 16 cm) were investigated. The core
and shell solutions flow rate was at 0.1 mL.h"!
and 0.2 mL.h"!, respectively.?” During the CES
process, the droplets moved to collector while
the solvent was allowed to evaporate and the
nanoparticles were acquired at the collector.
Successively, the obtained nanoparticles were
dispersed in absolute ethanol to remove the free
OVA.2 Afterward, centrifugation was conducted
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at 10,000 rpm for 15 min at 5°C to collect the
nanoparticles. The particles were then placed
in petri dishes and left to undergo solvent
evaporation at room temperature, resulting in the
final nanoparticles product.

2.4. Characterizations of physicochemical
properties

Scanning electron nanoscopy (SEM, Hitachi
S-4800, Japan) and an optical nanoscope
(Nikon EPIPHOT 200, Japan) was used to
investigate the shape and surface morphology
of two different types of nanoparticles. Samples
were sputter coated with a conductive layer of
platinum for SEM analysis, then scanned in a
low vacuum chamber with a focused electron
beam at 10 kV and magnifications of 10,000
and 60,000. As the image formed, secondary
electrons emitted by the samples were detected.
Transmission electron nanoscopy (TEM) was
used to investigate the nanostructure of ALG-
OVA@CHI particles on the JEM-1400 Flash
in Jeol, Japan, at an acceleration voltage of
120 kV and magnification of 80,000 in a
vacuum environment. To prepare the sample
for measurement, the nanoparticle suspensions
were diluted in ethanol and placed on a cellulose
net.

The particle size and zeta potential of
both nanoparticles were determined using the
dynamic light scattering (DLS) technique in a
Zetasizer on SZ-100Z2, Horiba, Japan. A 5 mL
sample was prepared in alcohol and measured
at a holder temperature of 25°C and a scattering
angle of 90°. The results were expressed as
mean + standard deviation, with a zeta potential
dimension of mV.

To investigate the chemical structures
and interactions between components in
nanoparticles, a Fourier transform infrared
spectrometer (FTIR Nicolet 6700, Thermo
Fisher Scientific, USA) was used to record FTIR
spectra of samples. The scanning parameters
were a wavelength range of 4000-400 cm™ and
a resolution of 4 cm!. The spectra samples show

their characteristic peaks in the wavenumber
range.

2.5. Determination of OVA encapsulation
efficiency

The encapsulation efficiency of the ALG-OVA@
CHI nanoparticles was assessed by dispersing 10
mg of the particles in 20 mL of distilled water and
executing ultrasonic process for 280 min. Every
40 min, 2 mL of the sample was centrifuged at
10,000 rpm for 3 min at 5°C** to collect the
supernatant and the nanoparticles were re-
dispersed in water to continue the experiment.
From the resulting supernatant, 1 mL was mixed
with 2 mL of Bradford reagent and allowed to
react for 3 min. The concentration of OVA was
determined using UV-Vis spectroscopy method
ata detection wavelength of 595 nm, which based
on the standard curve equation of y = 7.6119x +
0.7886 (R? = 0.9977). Each determination
was conducted in triplicate, the encapsulation
efficiency (H%) was calculated using the
formula (1), and the results were displayed in
term of means + standard deviation (SD).

Ho% = Encapsulated mass of OVA
0T Total mass of OVA

x 100 (1)

2.6. In vitro OVA release test

The release behavior of OVA from ALG-OVA@
CHI nanoparticles was investigated in PBS
solution with different pH values of 1.2 and 7.4,
simulating the gastric and colonic parts of the
digestive tract, respectively.'*? Briefly, 10 mg of
the dried nanoparticle was immersed in 20 mL
release medium, which were incubated at 37+ 1°C
within 8 days. At the predefined time intervals,
1 mL of sample were taken out from the release
solution and centrifuged, then, it was mixed with
2 mL Bradford reagent for protein quantification
at 595 nm.?>*° To the release media, 1 mL of
fresh buffer medium were returned. The amount
of OVA protein released were calculated based
on the calibration curve of y = 7.5107x + 0.7508
(R2=0.9966) forpH 1.2 and y=8.1714x +0.7458
(R2=0.9952) for pH 7.4. All measurements were
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performed in triplicate for reliable data and the
cumulative OVA release was calculated using the
following formula (2):

CVo+vIi' G

e X 100 (2)

Cumulative release (%) =

Where C, C. were the released OVA
concentrations at the time point t and i, VO was
the total volume, V was the withdrawal volume
(I mL), and M, M, were the initial OVA amount
and withdrawal OVA amount at the time point i.

Release kinetic models

The general mathematical models were
employed to evaluate the protein release kinetics,
including the zero-order (3), first-order (4),
Higuchi (5) and Korsmeyer-Peppas (6) kinetic
models.

Zero-order kinetic model: indicates that
the rate of protein release is independent of
the protein concentration in the nanoparticles.
In another words, constant amount of protein
is released in a time-dependent manner. Model
expression:

M, =M, +kt (3)

First-order kinetic model: describes a
release rate proportional to the amount of drug
remaining in the nanoparticles, or the release rate
decreases as the protein concentration decreases
over time. Model expression:

InM=InM_ -kt (4)

Higuchi kinetic model: argues that the
rate of drug release is related directly to the
concentration gradient within the nanoparticles
by expressing the drug release amount as a
square root of a time-dependent process. Model
expression:

1
M, =kgtz ()

https://doi.org/10.52111/qn;js.2025.19504

Korsmeyer-Peppas kinetic model.:
characterizes the mechanism of protein release
from the polymeric nanoparticle systems,
including diffusion, swelling, erosion or a
complex release profile of an initial burst
release followed by a sustained release. Model

expression:

Where M, M, are the initial amount of
OVA and the released OVA at the time point t;
whereas k, k, k,, and k, are the release
constants of the zero-order, first-order, Higuchi
and Korsmeyer-Peppas models, respectively.
In Korsmeyer-Peppas model, the n value is the
release exponent indicative of the mechanism of
transport of the protein through the polymeric
matrix, in which 0 < n < 045, it is Fickian
diffusion, 0.45 < n < 0.89 is non-Fickian
diffusion or abnormal release, and n > 0.9 is
skeleton dissolution mechanism.

3. RESULTS AND DISCUSSIONS

3.1. Factors affecting ALG-OVA@CHI
nanoparticles formation

To find the optimal formulating condition, this
study aimed to comprehend how applied voltage,
ALG concentration, and injector-to-collector
distance affect the morphology and size of the
ALG-OVA@CHI nanoparticles. The examined
parameters included voltage levels (19, 21, and
23 kV), ALG concentrations (0.5 wt%, 0.1 wt%,
and 1.5 wt% w/v), and working distances (10,
13, and 16 cm).

3.1.1. Effect of the applied voltage

The effect of different voltage levels (19, 21, and
23 kV) on the SEM morphology of ALG-OVA@
CS nanoparticles were firstly investigated
(Figure 1). To that end, the Taylor cone plays a
crucial role in the CES process as it enables the
formation of uniform and stable droplets, which
ultimately determine the morphology and size of
the nanoparticles.
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Figure 1. SEM images of ALG-OVA@CHI
nanoparticles and meniscus morphology at different
voltage of 19, 21, and 23 kV.

At 19 kV, the prepared nanoparticles
had a nearly spherical shape but possessed an
uneven size distribution (Figure la). This was
ascribed to the low imposed voltage that leads
to insufficient electrical force to overcome the
hydrodynamic forces, including the viscous
force, the surface tension, and the frictional
force.> The imbalance of these forces caused
the formation of unstable conical meniscus at
the needle tip.** In this case, the CES mode
was considered as the nano-dripping mode,
resulting in heterogeneous nanoparticles.®
Increasing the voltage to 21 kV produced
spherical nanoparticles and smooth surfaces
with relative more uniform size (Figure 1b). It
was attributed to the more balanced forces that
formed a stable Taylor cone. In addition, the
interface between the inner and outer solutions
was obvious during this status, contributing
to the establishment of the stable cone-jet
mode. However, when the voltage was further
increased to 23 kV, the nanoparticles had rough
surfaces and did not achieve a fully spherical

shape (Figure 1c). It was explained that the
surface tension was substantially reduced while
the electric field dominated the hydrodynamic
force, resulting in the stretching of meniscus
tip. Furthermore, the interface was vibratile
and difficult to observe, suggesting that the
pulsed cone-jet regime was created at 23 kV. As
a result, the findings indicated that a voltage of
21 kV was ideal for obtaining ALG-OVA@CHI
nanoparticles with desired properties.

3.1.2. Effect of the ALG concentration

ALG concentration plays an important role
in the protection and sustained release of
proteins by polyelectrolyte complexation with
CHI. The nanoparticles produced at an ALG
concentration of 0.5 wt% had a spherical shape
along with secondary droplets appearance
(Figure 2a), which proved that the Taylor cone
was successfully created at this concentration.
However, undesirable results attained when the
ALG concentrations increased to 1 wt% and 1.5
wt% (Figure 2b, 2c), which yielded sparse-and-
undeveloped nanoparticles.

Table 1. Mean diameter and PDI value of ALG-OVA@
CHI nanoparticles at different ALG concentrations

with the fixed voltage of 21 kV and solution flow rate
0f 0.1/0.2 mL/h (core/shell).

ALG .
. Mean diameter
concentration (nm) PDI
(wt%)
0.5 313.0+129.9 0.202
1 393.5+172.7 0.395
1.5 398.3+195.1 0.022

Athigher ALG concentrations, the solution
become more viscous, and the higher viscosity
leads to the requirement of more energy to
spray the polymer solution from the meniscus.*
Therefore, while the imposed energy was kept
constant, it was inefficiently to transform the
liquid into nanoparticles. Additionally, as the
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ALG concentrations increased, the gravity of
polymer solution boosted up abundantly, thereby
the meniscus tended to be elongated, as in the
case of ALG 1.5 wt%. Moreover, the nanoparticle
sizes were also increased from ~300 nm to
~400 nm, with increasing ALG concentrations
(Table 1). Furthermore, all PDI values exhibit
regular particle size distributions (PDI < 0.3).
Conclusively, to produce particles of a minimum
size range with narrow size distribution, the
ALG concentration of 0.5 wt% was selected for
future experiments.

ALG

SEM image
(Wt%)

Meniscus morphology

(a2

Figure 2. SEM images of ALG-OVA@CHI
nanoparticles and meniscus morphology at different
ALG concentration of 0.5%, 1%, and 1.5%.

3.1.3. Effect of the needle tip-to-collector
distance

Besides the applied voltage and the material
concentration, the
distance is another factor that plays a significant
role in the performance and stability of the
granulation process.’'?” Figure 3 demonstrates
nanoparticles produced at various distance of 10,
13, and 16 cm.

needle tip-to-collector

https://doi.org/10.52111/qn;js.2025.19504

Distance Microscopic image Meniscus morphology

10 cm

13 em

16 cm

Figure 3. Nanoscope images of ALG-OVA@CHI
nanoparticles and meniscus morphology at different

needle tip-to-collector distances of 10, 13, and 16 cm.

When the distance was set at 10 cm, the
nanoparticles acquired spherical morphology
and non-aggregation property, which confirmed
that this distance was adequate to accomplish
complete evaporation of the solvent before
reaching the collector (Figure 3a). At this
distance, the Taylor cone could be kept steady,
forming a steady jet generated at the tip of the
cone. The distance increment to 13 c¢cm and
16 cm has two significant effects on the CES
process. Firstly, the expansion in distance
caused a reduction in collected nanoparticle, as
they dispersed into the surrounding environment
instead of depositing in the grounded collector
plate to form nanoparticles, resulting in a low
electrospraying performance (Figure 3b, 3c).
Secondly, the conical meniscus had an
unconventional morphology that was attributed
to the decreased electric field strength due to a
distance increase between the electrodes (the
electrical field strength is defined as the applied
voltage divided by the distance between the tip
and collector).’* Therefore, it was convinced
that increasing the distance between the injector
and the collector had a direct impact on the
nanoparticle collection efficiency and the

60 | Quy Nhon University Journal of Science, 2025, 19(5), 53-68



QUY NHON UNIVERSITY

TN SCIENCE

stability of the Taylor cone. In summary, the
optimal needle tip-to-collector distance was set
at 10 cm.

3.2. Diameter, zeta potential and structure of
ALG-OVA@CHI nanoparticles

Utilizing the optimal parameter of the applied
voltage of 21 kV, the flow rate of 0.1/0.2 mL.h!
(core/shell), the needle tip-to-collector distance
of 10 cm, and the polymer concentrations
of 4 wt% CHI and 0.5 wt% ALG, the final
ALG-OVA@CHI nanoparticles were further
investigated their physicochemical properties.

Figure 4. SEM and TEM images of ALG-OVA@CHI
nanoparticles.

The interaction of orally administered
nanoparticles with the mucous epithelium in the
intestinal environment is critical for protein delivery.
To ensure mucosal adhesion and penetration
through mucous membranes of ALG-OVA@CHI
nanoparticles, the diameter and zeta potential of
nanoparticles synthesized under optimal conditions
were determined using the DLS technique. For this,
the synthesized nanoparticles had a hydrodynamic
diameter of 313.0 + 12991 nm, which was
appropriate diameter for mucus layer permeation
(less than 500 nm).® Moreover, the particles
possessed a zeta potential of +1.6 mV at pH 7.0,
possibly due to the presence of a polycation CHI
layer coating on the surface of the nanoparticles.
This positively charged property allows for
electrostatic interactions with the negatively
charged mucus on the mucosal wall, which helps
nanoparticles adhering to the mucosal surface and
avoiding mucosal clearance.**** Additionally, the
polydispersity index (PDI) of the nanoparticles
was 0.202, indicating good monodispersity in size
and stable in aqueous circumstances, which are
suitable for biological applications. Furthermore,

SEM image showed nanoparticles possessed
spherical shape with smooth surface, whereas
TEM results showed were generally agglomerated
due to the lack of dispersion medium and absence
of surface steric stabilizers, however, a complete
core-shell structure was observed. In the light core,
ALG could interact with CHI through electrostatic
interactions to form polyelectrolyte complex or
hydrogel structure, and soluble OVA distributed in
spaces of that polymer matrix, thus, when observed
through TEM they seem appear to have a porous
structure. Conversely, only CHI is presented in
the dark shell in a relatively high concentration,
resulting in a substantial entanglement of the
polymer chains and a dense shell creation (Figure 4).
This demonstrated the successful fabrication of a
core-shell ALG-OVA@CHI nanoparticle structure
with the single-step CES technique.

3.3. Chemical characteristics

The FTIR analysis revealed important insights
about the chemical -characteristics and the
interactions between the components in the ALG-
OVA@CHI nanoparticles (Figure 5). The FTIR
spectra of CHI displayed feature peaks at 3453 cm’!,
1624 cm’, 1416 cm™, 1339 cm’!, and 1028 cm’!,
corresponding to the overlapping areas of the O-H
and N-H stretching vibrations, C—H stretching,
N-H bending (amide I, IT), C-N stretching (amide
1) and C-O-C bond, respectively.* In the ALG
spectrum, characteristic peaks at 3479 cm’,
2840 cm™, 1633 cm™, 1358 cm, and 1045 cm’!
represented the —OH group stretching vibrations,
C-H stretching, anti-symmetric, symmetric
stretching of carbonyl groups, and C-O-C
linkage, respectively.** Notably, in the ALG@
CHI nanoparticles, the amide group of the cationic
polymer (ALG) interacts with the carbonyl
group of anionic polymer (ALG), resulting in
the polyelectrolyte complex.”® As a result of the
interactions, the displacement of these groups were
observed with a shift from 1624 cm™ to 1627 cm’!
(amide groups) and from 1358 cm! to 1397 cm'!
(carbonyl groups). Additionally, the absorption
at 1045-1084 cm’, relating to the elongation of
C-0O—C bonds, confirmed the effective interactions
between CHI and ALG in their structure.
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In the ALG-OVA@CHI nanoparticle
spectrum, a broader and intense band centered at
3468 cm! corresponded to stretching vibrations
from the overlapping areas of the O—H bond in
the polymer structures and N—H of amide group
in the protein structures. The peaks observed
at 2921 and 2855 cm™ were due to symmetric
and asymmetric C-H stretching vibrations of
pyranose ring.** Characteristic bands of CHI,
ALG, and OVA were usually seen in the range
1600-1650 cm’!, correlated with N—H bending
(amide I), C-O stretching (carbonyl group) and
C-O stretching (amide I), repestively. Those
bands shifted and overlapped each other, creating
a strong peak at 1609 cm™'. The dissappearance
of the symmetric carbonyl group (signal at 1397
cm™), in comparation to ALG@CHI spectrum,
comfirmed the completely encapsulation of
ALG within CHI nanopaticle. The elongation of
C—O-C linkage was shifted in the ALG-OVA@
CHI nanoparticle, from 1084 cm™ to 1095 cm’!,
which reveals the successfully encapsulation of
OVA protein in the nanoparticle. This result is
also consistent with previous study by Cao et al.*

(a) CHI
1358

3479
(b) ALG

2894
1416
1624 1028

3453
(¢) ALG@CHI

Transmittance (%)

2875

1397
1627

1084
3462

(d) ALG-OVA@CHI

PR
2921 2855
3468 1609

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 5. FTIR spectra of (a) CHI, (b) ALG, (c)
ALG@CHI nanoparticle and (d) ALG-OVA@CHI

nanoparticle.
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3.4. Encapsulation efficiency

The encapsulation efficiency of ALG-OVA@CHI
was determined using UV-Vis measurement as it
directly measures the OVA protein entrapment.
In this experiment, distillated water was used
as medium to disperse the nanoparticles, which
could dissolve OVA completely and had no
interference between protein and Bradford
reagent. The OVA encapsulation efficiency of
the nanoparticles was 99.04 + 0.14% (Figure 6),
which was significantly higher than those in
other reports.’># This result indicated that the
CES technique is an effective method to fabricate
nanoparticles with outstanding
encapsulation efficiency. The reasons for this

core-shell

is that the nanoparticles preparation process
happened in the air phase, not the liquid phase,
thus limiting the diffusion and loss of OVA.
In addition, as previously discussed, the CES
technique could provide highly dispersed and
distributed OVA within CHI and ALG polymer
matrix, leading to a high encapsulation efficiency.
Interestingly, the formation of polyelectrolyte
complex between CHI and ALG in the shell
of the nanoparticles were considered as a self-
assembly cross-linking process, contributing
to the prevention of OVA leakage. The similar
results were observed in the previous studies of
Manosree et al. and Zaeim et al. ¥’

99.04+ 0.14 99.04 = 0.14
100 9493 £ 0.7
87.20 4201

804 68.67 % 3.5
60 4723 + 29

31,76 £5.58
40 >

204

Encapsulation efficiency (%)

0 — T T T T T T T T T T T T T
0 40 80 120 160 200 240 280 320

Time (min)

Figure 6. OVA encapsulation efficiency of ALG-
OVA@CHI nanoparticles.
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3.5. In vitro OVA release results

In this study, OVA protein was encapsulated
within ALG-OVA@CHI nanoparticles, which
were expected to both protect the drug from
degradation in an acidic gastric environment
(pH 1.2) and exhibit sustained OVA release in a
colonic environment (pH 7.4). Furthermore, the
ALG-OVA@CHI design aims to improve the
nanoparticles' colon-targeting characteristics by
using of polycationic CHI coating. Therefore,
the in vitro protein cumulative release behaviors
of ALG-OVA@CHI nanoparticles were
investigated in physiological medium PBS (pH
1.2 and pH 7.4) at 37°C for 8 days (Figure 7).

During the first initial 2 h (i.e., the
expected retention time of the nanoparticles
in the gastric environment), as expected,
the nanoparticles effectively retained OVA
release in both pH 1.2 and pH 7.4 conditions
by limiting protein delivery to less than 30%
(Figure 7a). The complexation of CHI and
ALG at pH 1.2 reduced the burst release
behavior of the nanoparticles. This reduction
was achieved by a decrease in vacant spaces
in the polymer network, which reduced the
swelling of the nanoparticles, hence limiting
protein burst release.* In detail, the protein
highly released within the first 0.5 h (25.53%
for pH 1.2 and 12.02% for pH 7.4), followed
by a stable release until 2 h, reaching 27.51%
for pH 1.2 and 19.37% for pH 7.4. This was
attributed to the free OVA's poor attachment
to the nanoparticles' outermost layer/surface,
resulting in rapid release. On the other hand,
the encapsulated protein was released over an
extended period of time, resulting in a steady
release pattern for OVA. At pH 7.4, the CHI
outer shell was insoluble, resulting in a dense
structure. As a result, the diffusion velocity of
protein out of the carrier decreased, and OVA
content release in pH 7.4 was lower than that
in pH 1.2. Conclusively, the ALG-OVA@CHI

design could retain the drug release and avoid
the drug degradation in an acidic environment,
thereby meeting the study's objective.

The OVA protein release experiment was
extended to 8 days to investigate the long-term
release behavior and predict structural variation
(Figure 7b). To this purpose, the OVA was
steadily released in both pH settings, reaching
maximum values of 91.41% for pH 1.2 and
93.42% for pH 7.4 after 6 days. The gradual
increase in OVA release content was attributed
to the structural variation of nanoparticles that
had been immersed in the release medium
for an extended period of time. In the acidic
condition, the solubility of the CHI layer
increased significantly, causing the CHI shell to
dissolve faster, resulting in strong nanoparticle
degradation. As a consequently, the interaction
between CHI and ALG was weakened and the
repulsion between molecular chains of the
polymer matrix increased, thus, the ALG@CHI
carrier structure could not effectively prevent
OVA diffusion into the release environment.*
Conversely, inalightalkaline environment of pH
7.4, the hydrophilicity of the carriers increased
due to interactions between hydrophilic groups
in polymer structure and water molecules,
causing water to potentially permeate into the
nanoparticles and dissolved OVA, resulting in
an increase in the percentage of cumulative
release. It was also worth noting that the protein
content remaining after the experiments could
be the result of drug interactions with carriers.
In summary, the ALG-OVA@CHI design
was identified as a potential material capable
of inhibiting OVA release in gastric acidic
conditions, exhibiting sustained protein release
in the colonic environment, and increasing
OVA bioavailability in the gastrointestinal tract,
all of which contributed to the development
of controlled release and orally therapeutic
effectiveness.
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Figure 7. In vitro release profile of OVA (a) in initial 2 hours and (b) in 8 days.

Table 2. The kinetic models for the OVA release at different pH of 1.2 and 7.4 within 2 hours and 8 days.

Zero-order First-order Higuchi Korsmeyer-Peppas

R? Kk, R? R? k, R? K, n
pH 2h 04706 10.541 0.4969 0.1278 0.7622 20.499 0.7866 23.150 0.4078
1.2 8day 0.8629 0.4288 0.9683 0.0132 0.9521 5.9453 0.9772 20.482 0.7498
pH 2h  0.8077 9.2479 0.8306 0.1040 0.9103 4.4663 09141 11.918 0.3962
74 8day 09006 04777 09512 0.0143 0.9211 10.831 0.9791 11.634 0.4774

To better understand the releasing process
of OVA, the release kinetic models were studied
by fitting the release data of OVA in physiological
medium PBS (pH 1.2 and pH 7.4) using zero-
order, first order, Higuchi and Korsmeyer-
Peppas models, and the release mechanism
was obtained by the kinetic parameters that
characterized the models. According to the
Table 2, the Korsmeyer-Peppas kinetic model
had reasonably high correlation coefficient (R?),
which was considered to be consistent with the
release mechanism in all stages. The release
of OVA nanoparticles under simulated gastric
condition exhibited higher release rates than
those at simulated colonic environment (k,, at
pH 1.2 >k, at pH 7.4) demonstrating that the
release of OVA from CHI@ALG nanoparticles
was more promoted in an acidic medium, and this

https://doi.org/10.52111/qn;js.2025.19504

assumption was compatible with the experiment
as discussed in previous section. During the first
phase (2 hours), the diffusion exponent (n) of the
Korsmeyer-Peppas model was less than 0.45,
indicating that Fickian diffusion was primarily
controlling OVA release from the ALG-OVA@
CHI nanoparticles. While in the entire release
process (8 hours), the R* coefficient was better
fitted with the
and the n value was in the range of 0.45-0.89
suggesting that the OVA release followed an

Korsmeyer-Peppas model,

anomalous (non-Fickian) transport mechanism,
which involved a combination of diffusion of
OVA and disintegration of polymer matrix.*!
Besides, when calculating first-order release
kinetics, the whole release process had a high R?
value, contributing the decrease of release rates
as the OVA concentration decreased over time
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corresponding to the late state of release profiles.
In conclusion, the delivery system’s flexibility in
different phases of the release process made the
ALG-OVA@CHI nanoparticles as an ideal and
versatile formulation for orally protein delivery
applications.

4. CONCLUSIONS

This study effectively produced an ALG-CHI
nanoparticle encapsulating OVA, a model
protein utilized in protein therapeutics research,
utilizing the CES approach for possible protein
therapies. The optimal CES parameters included
an applied voltage of 21 kV, a flow rate of 0.1/0.2
mL.h!' (core/shell), a needle tip-to-collector
distance of 10 cm, and polymer concentrations
of 4 wt% CHI and 0.5 wt% ALG. The SEM and
TEM images revealed that the ALG-OVA@CHI
nanoparticles had a spherical shape, smooth
surface, and a core-shell structure. The DLS
measurements showed that the nanoparticles had
a hydrodynamic diameter of 313.0 = 129.9 nm.
The FTIR analysis confirmed the interactions
between the nanoparticle components, such
as the formation of a polyelectrolyte complex
between CHI and ALG, as well as the presence
of OVA in the formulation. A notable feature
of the ALG-OVA@CHI nanoparticle was its
encapsulation efficiency OVA reached 99.04
+ 0.14%. Under pH 1.2, the ALG-OVA@CHI
formulation effectively shielded the encased
protein from the acidic environment, while
under pH 7.4, the nanoparticle demonstrated
a sustained release achieving release capacity
of above 90%. Additionally, the OVA protein
release profiles from ALG-CHI nanoparticle
primary relied in the diffusion of OVA and the
dissolution of polymer network, adhering to
the Korsmeyer-Peppas kinetics model. The
development strategy for nanoparticles involved
examing the biochemical properties of the
microparticles, and further in vivo testing to
assess therapeutic efficacy. In conclusion, the
nanostructure of ALG-CHI could be an excellent
candidate for oral OVA delivery, contributing to
the advancement of protein therapeutics.
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TOM TAT

Céc gié tri lich sir cua cong sudt phat dién gi6 thuong duoc sir dung trong hau hét cac mé hinh va phuong
phap du bao dién gi6 trong cac tai liéu. Tuy nhién, cac thong s van hanh c6 thé anh huong dén két qua du béao
chang han nhu tdc do gio, goc pitch, nhiét d6 méi trudng, vi tri nacelle, va hudng gié chwa duoc xem xét trong cac
phuong phap hién tai. Do d6, myc tiéu co ban cta bai bao nay la dé xuit cac mé hinh mang no ron hdi quy ding
cho dy béo cong suat phat dién gié c6 xem xét cic tham sd van hanh nay. Nghién ctru nay xem xét dir liéu cong
suét phat dién gi6 va cac tham sé van hanh twong tng tir may phat tuabin gi6 s6 5 cua 1 trang trai gio. Dit liéu tir
ngdy 01 thang 7 nam 2024 dén 31 thang 7 nim 2024 dwoc thu thap tir hé thong SCADA. Pau tién, m6 hinh mang
no ron tu hdi quy phi tuyén c6 cac diu vao duoc ap dung dé dy bio cong sudt phat dién gio. Thir hai, mo hinh
mang hdi quy 16p dugce sir dung dé du bao cong suét phat dién gi6. Thir ba, mo hinh mang no ron tr& phan tan dugc
ding dé du béo cong suat phat dién gié. Thir tu, mé hinh mang no ron tré thoi gian dugc huén luyén dé ude luong
dién gi6. Cudi cing, cic mé hinh mang no ron hdi quy nay duogc so sanh dé xac dinh mé hinh du béo cong suit
phat dién gio tét hon khi xét theo cac tiéu chi sai sb tuyét dbi trung binh, sai s6 phan trim tuyét déi trung binh va

sai s binh phuong trung binh.

Tir khéa: Dy bdo dién gié, mang no ron tw hoi quy phi tuyén c¢é cdc dau vao, mang no ron hoi quy I6p, mang no

ron tré phan tan, mang no' ron tré thoi gian.

*Tac gia lién hé chinh.
Email: tuanhole@qnu.edu.vn
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ABSTRACT

The historical values of wind power generation are generally utilized in most forecasting models and methods
in the literature. Unfortunately, the operational parameters such as wind speed, pitch angle, ambient temperature,
nacelle position, and wind direction may affect the forecasting results. Therefore, the primary objective of this
paper is to propose recurrent neural network models for wind power generation forecasting considering these
operational parameters. In this study, the wind power generation data and the associated operational parameters
from the wind turbine generator 05 of a wind farm are investigated. The data from July 1%, 2024 to July 31, 2024
is collected from the SCADA system. Firstly, the nonlinear autoregressive neural network with external input
is applied to make the wind power generation prediction. Secondly, the layer recurrent neural network model is
employed to forecast wind power generation. Thirdly, the distributed delay neural network model is implemented
to predict wind power generation. Fourthly, the time delay neural network model is trained to estimate the wind
power. Finally, these recurrent neural network models are compared to determine the better wind power generation

forecasting model in terms of mean absolute error, mean absolute percent error, and root mean square error.

Keywords: Wind power forecasting, nonlinear autoregressive neural network with external input, layer recurrent

neural network, distributed delay neural network, time delay neural network.

1. INTRODUCTION installations by 2030. Actually, wind power

The rapid increase in energy demand has driven generation plays a significant role in electricity

the search for alternative energy sources, in
addition to traditional ones that are depleting
and causing pollution issues. Wind power is a
clean and renewable source. According to the

Global Wind Report 2024 (by Global Wind penetration into the electricity grid, the need for
accurate predictions of wind power generation

supply. However, wind energy integration into
power systems presents inherent unpredictability
because of the intermittent nature of wind
energy.! As wind energy makes significant

Energy Council), it is shown that 2023 recorded
the highest number of new installations in
history for onshore wind (over 100 GW) and the
second highest for offshore wind (11 GW). Wind
energy installations will increase from a level of
117 GW in 2023 to at least 320 GW of annual

becomes critical and urgent.>* To address these
challenges, wind power forecasting (WPF) has
emerged as a valuable solution. Consequently,
numerous WPF models and methods have been
proposed and implemented in the literature.

*Corresponding author.

Email: tuanhole@qnu.edu.vn
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Based on the forecasting time horizon, WPF can
be categorized into ultra short-term, short-term,
medium-term, and long-term. Various types of
forecasting models and methods are developed
for wind power generation time series. The
traditional statistical models and methods are
usually applied by using the previous historical
data to perform a forecast. In WPF, the statistical
models are commonly applied as exponential
smoothing approach,*?
autoregressive moving average (ARMA),”®

autoregressive,®

autoregressive  integrated moving average
(ARIMA).*! Statistical models are more user-
friendly and cost-effective to develop than other
types of models. Statistical methods primarily rely
on historical wind data to forecast the upcoming
few hours, making them suitable for short-term
predictions. While statistical forecasting models
such as ARIMA and exponential smoothing
are simple and interpretable, they suffer from
limitations such as linearity assumptions,
difficulty
variables, and poor scalability to nonlinear or
high-dimensional problems. Besides, artificial
intelligence (Al)-based models are another

incorporating multiple  external

research direction in WPF. Fundamentally, Al-
based models, when adequately trained, have
the potential to outperform traditional statistical
models in forecasting accuracy. Depending on
the structure of neural networks (NNs), various
models are proposed in wind power generation
forecasting. Feed-forward NN models are used
to make the wind power prediction such as
multi-layer perceptron'' and back-propagation
(BP) NN.!2 Another kind of NN model with
feedback known as the recurrent NN (RNN)
model is also widely applied in this research
direction. The RNN model-based WPF methods
are Elman NN,” layer RNN.," nonlinear
autoregressive NN,'* long short-term memory
(LSTM),'¢ bidirectional LSTM,!” gated recurrent
unit,'’® and echo state network.! Deep learning
models such as LSTM, bidirectional LSTM,
gated recurrent unit, and echo state network have
demonstrated improved forecasting performance
compared to earlier NN architectures. Moreover,

support vector machine,” gradient boosting
regression tree algorithms,?! and ensemble
model?? belonging to machine learning are also
implemented in WPF. These machine learning
models have also been shown to outperform NN
models in specific research cases. Other attempts
have been made to combine different models
or methods in various ways to improve the
forecasting results. These include combinations
such as autoregressive fractionally integrated
moving average and least square support vector
machine,”? boosting algorithm and ARMA
model,” hybrid CEEMDAN-EWT deep learning
method,?* and neuro wavelet and LSTM models.?
These combined models have also demonstrated
improved forecasting performance compared
to each individual model. In these existing
studies, most WPF models address the wind
power generation time series data issues without
taking the operational parameters into account.
These operating parameters have a direct impact
on the power output of wind turbines in real-
world conditions; therefore, they influence the
accuracy of forecasting results. Some significant
operational parameters can be considered wind
speed, pitch angle, ambient temperature, nacelle
position, and wind direction. Therefore, in this
paper, one of the six turbines of a wind farm,
located on the south-central coast, Vietnam
with a 114-metre height and a 132-metre rotor
is considered. These operational parameters
and wind power generation time series data
are collected at 10-minute intervals from the
SCADA system. The dataset spans from July
01+, 2024 to July 31%, 2024. This data is divided
into three different case studies. Subsequently,
numerous RNN models are proposed for
wind power forecasting, including nonlinear
autoregressive NN with external input (Narxnet),
layer RNN (Layrecnet), distributed delay NN
(Distdelaynet), and time delay neural network
(Timedelaynet). These models incorporate
both operational parameters and wind power
generation data. To evaluate the performance
of WPF models, evaluation criteria such as
mean absolute error (MAE), mean absolute
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percent error (MAPE), and root mean square
error (RMSE) are employed. Based on the final
results, the most effective forecasting model
can be determined. An overview of wind power
generation forecasting using RNN models can
be represented in Figure 1.

Operating parameters
(wind speed, pitch angle, ambient temperature,
nacelle position, wind direction)

Wind power generation

NARXNET | LAYRECNET | |DISTDELAYNET| | TIMEDELAYNET |

Better forecasting model

Figure 1. Overview of wind power generation

forecasting using RNN models.
2. METHODOLOGY

2.1. Nonlinear autoregressive neural network
with external input

Narxnet is a nonlinear autoregressive model with
exogenous inputs commonly used in time series
modeling. Narxnet is first formally proposed
and popularized in the mid-1990s by Lin et
al*® In this model, the current value of a time
series depends on both past values of the same
series and current and past values of exogenous
series. The Narxnet model, applied to time series
forecasting, can be mathematically represented
as follows:

yt :f(yt—l5yt—2,"‘,xtaxt_laxt_ZD'“) (1)

where f"denotes an unknown nonlinear function
(i.e., transfer function or activation function), y,
denotes the predicted value of the time series
data of y at a discrete time ¢, and x, denotes the
externally determined variable. The Narxnet
model can be illustrated in Figure 2.

Transfer Transfer
function ( : ) function y(©

Hidden layer

x(t)

y()

Input layer

Output layer

Figure 2. Narxnet model.

https://doi.org/10.52111/qn;js.2025.19505

2.2. Layer recurrent neural network

Layrecnet is another type of RNN models. The
concept of Layrecnet model is proposed by
Schmidhuber.?” In this architecture, the output of
the hidden layer is fed back to the input layer
with delays. As a result, the network is capable
of exhibiting an infinite dynamic response to
time series input data. The Layrecnet model can
be illustrated in Figure 3.

X(t)
Transfer Transfer
9 function ( :> function y®

Input layer

Hidden layer Output layer

Figure 3. Layrecnet model.
2.3. Distributed delay neural network

Distdelaynet is another type of RNN model. The
concept of Distdelaynet model is proposed by
Waibel et al.® The input and hidden layers have a
tap delay line associated with them. Therefore, the
network exhibits a finite dynamic response to time
series input data. The Distdelaynet model can be
illustrated in Figure 4.

Transfer Transfer
" ] b | O F gt

Input layer Hidden layer Output layer

Figure 4. Distdelaynet model.
2.4. Time delay neural network

Timedelaynet is another type of RNN model. The
concept of Distdelaynet model is also proposed by
Waibel et al.®® In this NN model, the input layer
has a tap delay line associated with it. Therefore,
the network exhibits a finite dynamic response to
time series input data. The Timedelaynet model
can be illustrated in Figure 5.

Transfer Transfer
x(t) 9 function _>@_' function >y

Input layer Hidden layer

Output layer

Figure 5. Timedelaynet model.
2.5. Transfer function

In NN models, transfer functions (also known
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as activation functions) play a crucial role in
introducing nonlinearity and determining the
output of each neuron. Commonly, three types of
transfer functions are employed, each serving a
specific purpose within the network architecture:

Linear (i.e., purelin):

f=x. (1)
Hyperbolic tangent sigmoid (i.e., tansig):

. 2

1+e—2x ) ( )
Log-sigmoid (i.e., logsig):
1

f=— 3)
I+e

2.6. Training algorithm

The training process of a NN begins with the
random initialization of connection weights,
which serve as the adjustable parameters
controlling how input signals are transformed
through the network layers. These weights
are then iteratively updated to minimize a
predefined cost (or loss) function, which
quantifies the discrepancy between the network's
predicted output and the actual target value.”
This minimization is typically performed using
gradient-based optimization algorithms that
adjust the weights in the direction that reduces
the error.

Several well-established training algorithms are
employed for this purpose, each with distinct
convergence characteristics and computational
requirements:

» Resilient BP (i.e, trainrp): Focuses on the
sign of the gradient rather than its magnitude to
achieve stable convergence, especially in noisy
or flat error surfaces.

» Bayesian regularization BP (i.e, trainbr):
Incorporates a regularization term into the cost
function to prevent overfitting by balancing
model complexity and data fitting.

» BFGS quasi-Newton BP (i.e., trainbfg):
Utilizes second-order derivative approximations
to speed up convergence, particularly effective
in medium-sized networks.

» Levenberg-Marquardt BP (i.e., trainlm):
Combines the advantages of the Gauss—Newton
algorithm and gradient descent, offering fast
convergence and high accuracy for smaller
datasets or networks.

The choice of training algorithm can significantly
affect the learning efficiency, generalization
ability, and computational cost of the neural
network model.

2.7. Evaluation criteria

In this study, three evaluation criteria are
employed to assess the performance of the
forecasting models. These criteria are widely
adopted in time series forecasting tasks, as they
provide comprehensive insights into prediction
accuracy and error distribution. Specifically, the
evaluation metrics used are as follows:

MAE:
1 n
MAE = Z|A, ~F| (4)
t=1

n

where 4 is the actual value, F is the forecasted
value, and » is the number of observations.

WAPE:
ZlAr —F,|
WAPE == )
D4
t=1
RMSE:

posE= LS (4-RY . ()

3. CASE STUDIES

The time-series data from the wind turbine no. 05
(3.5 MW, 114-meter hub height, 132-meter rotor
diameter) in a wind farm were collected from July
01+, 2024 to July 31%, 2024 (i.e., case study 3)
with 10-minute intervals. Two investigated
sub-periods during this timeframe are from July
01%, 2024 to July 07", 2024 (i.e., case study 1)
and from July 25%, 2024 to July 31%, 2024 (i.e.,
case study 2). The total number of observations
in the three case studies is provided in Table 1.
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Table 1. Number of observations. The wind speed, pitch angle, ambient
temperature, nacelle position, and wind
Case Case Case
Data study 1 | study 2 | study 3 direction from July 01%, 2024 to July 31%, 2024
Number of are illustrated in Figures 6, 7, 8, 9, and 10,
Hmber o 1008 | 1008 | 4464 tivel
observations respecuvely.
18 T T T
16 — -
14+ -
12— —
g 10 — M —
=
6 |
4
2L |
00 5(‘)0 10|00 15|00 ZOIOO 25‘00 30‘00 35[00 40‘00 4500

Number of observations

Figure 6. Wind speed.
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Figure 7. Pitch angle.
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Figure 8. Ambient temperature.
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Figure 9. Nacelle position.
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Figure 10. Wind direction.
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All the recurrent NN models with one hidden layer
have been implemented. Moreover, these models,
each configured with one feedback delay in their
respective structures, are coded and trained in
Matlab software. The transfer function, training
algorithms, and number of hidden neurons of all
the trained Narxnet, Layrecnet, Distdelaynet, and
Timedelaynet models for case studies 1, 2, and 3
are represented in Tables 2, 3, and 4, respectively.

Table 2. Information of the recurrent NN models in

case study 1.

Model Trans.fer Tran?mg Hidden
function | algorithm | neurons

Narxnet Tansig Trainbr |47

Layrecnet Tansig Trainbr |30

Distdelaynet Tansig Trainbr | 143

Timedelaynet Logsig Trainbr |253

Table 3. Information of the recurrent NN models in

case study 2.

Transfer | Training | Hidden
Model . .

function | algorithm | neurons
Narxnet Logsig Trainbr |21
Layrecnet Tansig Trainbr |79
Distdelaynet Tansig Trainlm |232
Timedelaynet Tansig Trainbr |301

Table 4. Information of the recurrent NN models in

case study 3.

oat | ot | trag [ fidde
Narxnet Tansig Trainlm |32
Layrecnet Tansig | Trainbr 48

Distdelaynet Logsig Trainlm |372

Timedelaynet Tansig Trainbr |180

The performance evaluation results of all RNN
forecasting models across the three case studies
are presented in Tables 5, 6, and 7, respectively.
These tables provide a
comparison based on multiple error metrics,
allowing for a thorough assessment of each
model's forecasting accuracy and consistency

comprehensive

under varying data conditions. By analyzing
these evaluation values, the relative effectiveness
of each RNN architecture can be quantitatively
compared across different time periods.

Table 5. Evaluation criteria of the proposed

forecasting models in case study 1.

Model MAE | WAPE(%) | RMSE

Narxnet 56.0914 | 22.3584 | 87.4324
Layrecnet 18.6198 7.4220 | 24.9867
Distdelaynet 659784 | 26.2994 |130.9846
Timedelaynet 49.9778 | 19.9215 | 98.3547

Table 6. Evaluation criteria of the proposed

forecasting models in case study 2.

Model MAE | WAPE(%) | RMSE

Narxnet 269.7987 | 17.0885 |382.9613
Layrecnet 80.9957 5.1301 | 104.7831
Distdelaynet 341.8460 | 21.6519 [490.9236
Timedelaynet | 207.4276 | 13.1381 |289.5628

Table 7. Evaluation criteria of the proposed

forecasting models in case study 3.

Model MAE | WAPE(%) | RMSE

Narxnet 168.6443 | 18.3242 |263.3885
Layrecnet 41.3159 4.4892 58.1676
Distdelaynet 248.0907 | 26.9565 |388.8692
Timedelaynet | 164.6041 | 17.8852 |256.3703
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Based on the results presented in Table 5, the
Narxnet model yields improved forecasting
performance over the Distdelaynet model, with
lower error values across all three metrics (MAE
=56.0914, WAPE = 22.3584%, RMSE = 87.4324
vs. MAE = 65.9784, WAPE = 26.2994%, RMSE
130.9846). Furthermore, the Timedelaynet
model demonstrates superior predictive accuracy
compared to Narxnet, achieving a lower MAE
of 49.9778, WAPE of 19.9215%, and RMSE of
98.3547. Among all models, the Layrecnet model
achieves the best performance in this case study,
with significantly lower errors (MAE = 18.6198,
WAPE = 7.4220%, RMSE = 24.9867), indicating
its strong capability in capturing the temporal
dynamics of wind power data.

Similarly, Table 6 shows that the Layrecnet
model (MAE = 80.9957, WAPE = 5.1301%,
RMSE = 104.7831) continues to outperform
the Timedelaynet (MAE = 207.4276, WAPE =
13.1381%, RMSE = 289.5628), Narxnet (MAE =
269.7987, WAPE=17.0885%, RMSE =382.9613),

and Distdelaynet models (MAE 341.8460,
WAPE = 21.6519%, RMSE = 490.9236), further
confirming its robustness across different time
periods.

In Table 7, the evaluation results also confirm the
superiority of the Layrecnet model in the third case
study. It achieves the lowest error values (MAE =
41.3159, WAPE = 4.4892%, RMSE = 58.1676),
outperforming Timedelaynet (MAE = 164.6041,
WAPE = 17.8852%, RMSE = 256.3703), Narxnet
(MAE = 168.6443, WAPE = 18.3242%, RMSE =
263.3885), and Distdelaynet (MAE = 248.0907,
WAPE =26.9565%, RMSE = 388.8692).

Figures 11, 12, and 13 illustrate the comparison
between the actual wind power generation data and
the forecasting results from the four models across

case studies 1, 2, and 3, respectively. The actual
wind power values are shown as solid blue lines,
while the predicted values generated by the Narxnet,
Layrecnet, Distdelaynet, and Timedelaynet models
are represented by dashed lines in red, blue, purple,
and light blue, respectively.
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Figure 11. The forecasted results of wind power generation in case study 1.
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https://doi.org/10.52111/qnjs.2025.19505

Quy Nhon University Journal of Science, 2025, 19(5), 69-80 | 77



QUY NHON UNIVERSITY

I SCIENCE

4000

3500

3000

2500

2000 (||

1500 (f}

|
1000 (i}

Active power (kW)

500

-500 —

-1000 —

Actual values '
Forecasted values using narxnet =
- -Forecasted values using layrecnet
Forecasted values using distdelaynet
values using -

0 500 1000 1500 2000
Number of observations

2500

1
3000 3500 4000 4500

Figure 13. The forecasted results of wind power generation in case study 3.

4. CONCLUSION

In this paper, operational parameters such as
wind speed, pitch angle, ambient temperature,
nacelle position, and wind direction are taken into
account for wind power generation forecasting.
A wind farm comprising six turbines, each with a
capacity of 3.5 MW, a hub height of 114 meters,
and a rotor diameter of 132 meters, is considered.
The time series data of turbine no. 05 from July
01%, 2024 to July 31*, 2024 is collected. Several
RNN
Layrecnet, Distdelaynet, and Timedelaynet are

architectures consisting of Narxnet,
proposed as alternative approaches for wind
power generation forecasting. Among these
models, the Layrecnet model demonstrates
superior performance WPF results compared to
these other models in terms of MAE, WAPE, and
RMSE. For further study, the optimal structures
of these models can be identified to provide
better solutions. Moreover, to improve model
reliability, anomalous data points and outliers
are identified and filtered out prior to training the
forecasting models.
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Nghién clu dnh hudng cla banh men thuan ching
dén chat lugng san pham com rugu
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TOM TAT

Nghién ciru nay tép trung sir dung cac ching vi sinh vat thuan ching cho vao banh men nham cai tién chat
luong san pham com ruou tai huyén Go Quao, tinh Kién Giang. Banh men chira cac vi sinh vat quan trong nhu
nam men, nam mdc va vi khuén lactic, dong vai tro quyét dinh trong qua trinh 1én men chuyén héa tinh bot thanh
ethanol va tao huong vi ddc trung. Qua khao nghiém véi cac néng d6 banh men thuan chung (0,4%, 0,6%, 0,8%),
két qua cho thiy nong d6 0,4% mang lai san phadm com rugu ¢ chat lugng cam quan tot nhat, dong thoi duy tri cac
chi tiéu hoa Iy nhu d6 4m, pH, va ham luong acid lactic & mirc pht hop, ham lugng ethanol cao (khoang 10% v/v),
Ngoai ra, nghién ciru con khao sat thoi gian 1én men trong vong 2 dén 4 ngay, cho thiy qua trinh 1én men t&i uu
trong 3 ngay, khi cac chi tiéu nhu pH, d9 con va acid lactic on dinh, tao méi truong 1én men 1y tuong dong thoi
dam bao chét luong san pham, dong thoi khong phat hién cac chét gay hai nhu methanol va furfurol. Nghién ctru
g6p phan xdy dung co s¢ khoa hoc cho viée tmg dung banh men thuan chung, nang cao tinh 6n dinh va chit luong
com rugu truyén thong, ddng thai hd trg bao ton va phat trién nghé 1am banh men truyén thong dia phuong.

Twr khéa: Com ruou, Go Quao, nam men, nam moc, vi khuan lactic.

*Tac gia lién hé chinh.
Email: hvqcanh@vnkgu.edu.vn
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ABSTRACT

This study aimed to evaluate the impact of using pure microbial strains in fermentation starter (banh men)
on the sensory, physicochemical, and microbiological quality of traditional fermented glutinous rice (com ruou)
produced in Go Quao District, Kien Giang Province. Traditional banh men harbors essential microorganisms,
including yeasts, molds, and lactic acid bacteria, which are responsible for the conversion of starch into alcohol and
the development of characteristic flavors during fermentation. The study was conducted using pure fermentation
starter (banh men) at concentrations of 0.4%, 0.6%, and 0.8%, with 0.4% yielding the most favorable sensory
attributes while maintaining desirable physicochemical parameters such as moisture content, pH, lactic acid levels,
and a high alcohol concentration (10.2% v/v). Fermentation time was also evaluated over a period of 2 to 4 days,
with results indicating that optimal fermentation occurred after 3 days, when key indicators such as pH, alcohol, and
lactic acid stabilized. Importantly, no harmful by-products such as methanol or furfural were detected. This study
contributes to establishing a scientific basis for the application of pure fermentation starter in order to improve the
stability and quality of traditional fermented glutinous rice (com ruou), while also supporting the preservation and
development of the local starter culture production craft.

Keywords: Fermented glutinous rice, Go Quao, yeast, mold, lactic acid bacteria.

1. INTRODUCTION mixing various medicinal herbs with rice flour

Fermented foods constitute an important part of and allowing the mixture to forment under

the culinary culture of many countries, including natural -conditions. This process creates a

Vietnam. Among them, traditional fermented favorable environment for the growth of diverse

. . . . microorganisms, the most important of which are
glutinous rice (com ruou) is a representative

product closely associated with the daily life of yeast species (e.g., Saccharomyces cerevisiae),

the people. The production process of traditional molds (Aspergillus, Rhizopus, etc.), and lactic

acid bacteria (including both lactic and acetic

fermented glutinous rice is influenced by starter ] ]
acid bacteria).

cakes, which contain molds, yeasts, and lactic

acid bacteria. These microorganisms initiate and
sustain the transformation of starch into alcohol,
while also contributing to the characteristic
flavor of traditional fermented glutinous rice.

Starter cakes are typically produced
using traditional methods, which involve

*Corresponding author.

Email: hvqcanh@vnkgu.edu.vn
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However, since the traditional production
of starter cakes relies heavily on folk experience
and lacks scientific and technical control,
fermentation efficiency is often inconsistent,
alcohol yield is low, and contamination risk
is high. This underscores the urgent need for
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research and improvement in the production
process.

Previous studies have demonstrated
significant potential in isolating and applying
indigenous  microorganisms  from  starter
cakes. Specifically, Ngo Thi Phuong Dung
developed and applied defined starter cultures
in the fermentation of black glutinous fermented
glutinous rice, using Amylomyces rouxii and
Saccharomyces cerevisiae as inoculum strains
in the production of defined fermented glutinous
rice starter.! Similarly, Nguyen Van Hue
investigated the antioxidant and antibacterial
properties of plant leaf extracts and applied
them in the production of herbal starter cakes
for fermented glutinous rice fermentation.” His
findings showed that fermented glutinous rice
produced with lab-made starter cakes containing
leaf extract had alcohol concentrations
comparable to wine fermented using traditional
starter cakes obtained from local producers in

Da Ban commune.

In addition, Doan Thi Kieu Tien and
colleagues isolated Saccharomyces cerevisiae
from Giac fruit wine (Antidesma bunius) and
assessed its fermentation performance and
storage conditions for Giac fruit wine.> However,
practical application studies of these strains
under production conditions remain limited.

In the Mekong Delta region, which
boasts a rich culinary culture and abundant
agricultural resources, traditional starter cake
villages are facing multiple challenges-from
the loss of traditional knowledge to the pressure
of competition from industrial products. In
this context, conducting scientific research to
evaluate and standardize starter cake production
processes is a necessary direction. Such efforts
not only help preserve and develop traditional
crafts but also enhance product value, meeting
the increasing demands for food safety and
product quality.

From the issues outlined above, this study
aims to investigate the production process of

fermented glutinous rice using isolated starter
cultures, with key objectives including the
application of selected microbial strains in
a pilot fermentation process and evaluation
of fermentation performance using local raw
materials

2. MATERIALS AND METHOD
2.1. Materials and chemicals

Glutinous rice was procured from Vinh
Tuy commune, Go Quao district, Kien Giang
province.

Pure fermentation starters (banh men)
were produced in the laboratory of Kien Giang
University with the following microbial densities:
molds at 107 CFU/g, yeasts at 107 CFU/g, and
lactic acid bacteriaat 10® CFU/g. Microorganisms
present in the starter culture were isolated from
traditional fermentation starters collected in Go
Quao district, Kien Giang province. Molecular
identification techniques revealed the presence
of the yeast Saccharomyces cerevisiae, the
filamentous fungus Rhizopus oryzae, and lactic
acid bacterium Lactiplantibacillus plantarum.
These strains were preserved and propagated
in the Microbiology Laboratory of Kien Giang
University.

Chemicals:  3.5-Dinitrosalicylic  acid
(China), NaOH 0.1N (Cemaco, Vietnam).

Culture media used for microbial
propagation: YPD (Yeast extract Peptone
Dextrose) medium, PDA (Potato Dextrose Agar)
medium, MRS Broth medium, and wvarious
synthetic media from Himedia (India).

2.2. Methods

+ Moisture (% w/w): 10 g of fermented
glutinous rice was determined for moisture
content using a moisture balancer MOC-63u
(Shimadzu, Japan).

+ Brix: 10 mL of water and fermented glutinous
rice mixture, then measure Brix with Master-3T
refractometer (Atago, Japaen).

+ The pH value: Using 10 mL of water

https://doi.org/10.52111/qnjs.2025.19506
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and fermented glutinous rice mixture, dip the
electrode of the pH meter MI150 MARTINI
(Romania) into the solution to determine the pH.

+ Alcohol content (% v/v): Determine alcohol
content by alcohol recovery distillation method,
using alcohol distillation kit 2505200 (Witeg,
Germany), then measure alcohol concentration
CHG-3C33 (China) and convert to 20°C.*

+ Titratable acidity (as %lactic acid) (mg/
mL): Put 10 mL of water and fermented glutinous
rice mixture into a test tube. Add 20 mL of
distilled water. Add 1-2 drops of phenoltaphlein.
Shake well to mix the substances evenly. Titrate
the solution with 0.1N NaOH until the solution
turns pink, then stop.’

Lactic acid concentration is calculated in degrees
Therner:

°T=V_  *10

NaOH

% acid lactic (mg/mL) = °T * 0.009

In which: °T: degrees Therner, 1 °T corresponds
to 9 mg of lactic acid. V. : volume of 0.IN
NaOH consumed (mL)

Formula for calculating lactic acid concentration
(mg/mL) =V *10*0.009

+ Methanol content (%) Using gas
chromatography method according to TCVN
8010:2009

+ Furfurol content (%) Using  gas
chromatography method according to TCVN
7886:2009

- The density of yeast, mold and lactic acid
bacteria density by live count method on culture
media:

The fermented glutinous rice samples
were homogenized by placing 10 g of sample
in a stomacher bag containing 90 mL of 0.85%
NaCl solution, and the sample was ground for
1 min at 260 rpm. The samples were diluted to
the appropriate concentration.

+ Determining the density of yeast: 0.1 mL
of the diluted sample at a dilution of 10 was

https://doi.org/10.52111/qn;js.2025.19506

spread on plates containing YPD agar and
incubated in a UNI110 incubator (Memmert,
Germany) at 30 °C for about 48 h.6

+ Determining the density of mold: 0.1 mL
of the diluted sample at a dilution of 10 was
spread on plates containing PDA and incubated
in a UN110 incubator (Memmert, Germany) at
37 °C for about 72 h.7

+ Determining the density of lactic acid
bacteria (LAB): 0.1 mL of the diluted sample
at a dilution of 10° was spread on plates
containing MRS agar and incubated in a UN110
incubator (Memmert, Germany) at 37 °C for
about 48 h.8

Formula for calculating density: CFU/g =
laxnx 10 In which a: Number of colonies in 0.1 mL
of sample; n: dilution.

+ Sensory evaluation: The numerical
rating scale method was applied according to
Vietnamese Standard TCVN 3215-79. The
fermented glutinous rice samples were evaluated
by a panel of 10 assessors, including lecturers
and students from the Faculty of Food Science
and Health. The evaluation was conducted
using a 20-scores scale (0-20 scores) based on
the following criteria: color, aroma, sweetness,
mild sourness, and softness. Each attribute was
equally weighted. The final result was calculated

as the average score given by all panelists.
2.3. Data analysis

The results were processed and graphed using
Microsoft Excel 2013 software (Microsoft
Corporation, USA). The data were processed
and statistically analyzed using Statgraphics
Centurion XIX software (Statpoint Technologies
Inc., USA).

3. RESULTS AND DISCUSSION

Sticky rice was finely ground and dried at 100°C
for 24 hours to reduce moisture content and
stabilize the raw material. The rice flour was then
mixed with a microbial consortium consisting
of mold, yeast, and lactic acid bacteria. These
microorganisms were previously propagated in
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suitable media: yeast in YPD, mold in PDA, and
lactic acid bacteria in MRS broth, each incubated
at 30°C for 24 hours.

After mixing the rice flour with the
microbial cultures, sterilized water was added
to achieve the desired moisture content. The
mixture was thoroughly blended and formed into
pellets. These pellets were incubated at 30°C for
24 hours to increase the microbial population.
Following incubation, the fermented mass was
dried at 42°C until the moisture content reached
approximately 15%.

Traditional Fermented glutinous rice (Com ruou)
Production Process (for reference):

Sticky rice — First wash — Drained —
First steaming (30 min) — Cooled — Second
wash — Second steaming (30 min) — Cooled
— Shaped into balls (hands moistened with
salt water, salt/water ratio = 1:4) — Starter
preparation — Starter ground finely — Evenly
sprinkled over rice balls — Wrapped in banana
leaves — Fermented in a plastic basket covered
with PE film at room temperature — Collected
fermented glutinous rice and extract. The final
fermented glutinous rice product (com ruou) was

analyzed for various quality parameters, and the
specific results are presented as follows:

3.1. Effect of the proportion of pure
fermentation starters on the quality of
fermented glutinous rice (Com ruou)

To evaluate the quality of com ruou using
isolated fermentation starters at three different
concentrations - 0.4%, 0.6%, and 0.8% (w/w
based on cooked glutinous rice) - a traditional
local production method was followed. The
procedure included washing the rice, steaming
twice (30 minutes each), cooling, shaping into
balls with hands moistened in saltwater (ratio
1:4), sprinkling with finely ground fermentation
starter, and fermenting the rice balls wrapped
in banana leaves and placed in PE bags for 3
days to collect the sweet liquid extract. After
fermentation, the samples were transported to the
laboratory at Kien Giang University for quality
analysis. The parameters assessed included pH,
Brix value, alcohol content, mold, yeast and lactic
acid bacteria counts, as well as sensory evaluation.
The results aim to improve product quality and
consistency for future commercialization. The
findings are presented in Table 1.

Table 1. Effect of pure fermentation starters on the quality of fermented glutinous rice.

Concentration Moisture pH Brix Alcohol Titratable
(% wiw) acidity (mg/ml)
0.4% 475+ 1.8 3.98°+0.06  40.33°+0.57 102°+04 0.75°£0.05
0.6% 448+ 0.72  3.71*£0.04 31.67°+0.3 94+0.2 0.98°+0.02
0.8% 43.76*+0.76  3.91°+0.08 32.67°+0.5  8.8*+0.2 0.89°+0.1

Data are the mean values of triplicates. In the same column, different letters (a, b) indicate statistically

significant differences at the 95% confidence level (statistical significance level p < 0.05).

Based on Table 1, the concentration of the
isolated starter culture significantly influenced
the moisture content of the fermented glutinous

rice. Increasing the starter culture concentration
from 0.4% to 0.6% and 0.8% resulted in a
corresponding decrease in moisture content

https://doi.org/10.52111/qnjs.2025.19506
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from 47.5% to 44.8% and 43.76%, respectively.
The 0.4% sample exhibited the highest moisture
content, which was statistically significantly
different from the other two samples, while no
significant difference was observed between the
0.6% and 0.8% samples. The moisture content
of all samples ranged from 43% to 47% w/w.
Moisture content reflects the water content in
the food matrix, affecting quality, stability, and
shelf life.” Overall, the fermented glutinous rice
in this study had moisture content below 50%,
lower than that reported for Khao-Mak (50.76 -
53.04%).!%!" Table 1 also shows that the total
soluble solids (TSS) of the finished fermented
glutinous rice ranged from 31 to 40 °Brix.
During fermentation, microorganisms secrete
enzymes that metabolize starch into sugars,
alcohol, and acids.">'3 In the initial phase,
molds produce enzymes that degrade starch
into soluble sugars. However, as fermentation
progresses, the total soluble solids decrease due
to the utilization of sugars as substrates by yeasts
and other microorganisms.’ A similar decreasing
trend has been observed during the production
of Jiu Niang.!*

Alcohol content of the fermented
glutinous rice samples ranged from 8% to 10%
v/v, with statistically significant differences
observed among them. Saccharification by molds
and alcoholic fermentation by yeasts convert
glucose into alcohol.” A small amount of alcohol
can also be produced by lactic acid bacteria
during fermentation at temperatures above
30 °C in the presence of maltose.!> Compared to
previous studies, alcohol levels reported here are
relatively high. For example, Khao-Mak from
Thailand reached only 2.15 - 2.58% v/v after
3 days of fermentation,'® while other studies
reported alcohol concentrations below 0.5% v/v
at day 3, gradually increasing to 1 - 2% v/v by
day 7.'® This discrepancy may be attributed to
differences in raw materials.'®

The lactic acid content in the fermented
glutinous rice samples ranged from 0.75 to 0.98
mg/mL. An inverse correlation was observed

https://doi.org/10.52111/qn;js.2025.19506

between alcohol and lactic acid concentrations:
alcohol accumulation inhibits acid production,
thereby helping to control acidity and reduce
spoilage.”” The 0.4% starter culture sample
exhibited the lowest lactic acid concentration
(0.75 mg/mL), whereas the 0.6% sample had the
highest (0.98 mg/mL), similar to the lactic acid
content reported in Khao-Mak fermentation after
3 days.? Jiu Niang also contains various organic
acids, primarily lactic acid, along with malic,
fumaric, acetic, tartaric, citric, and succinic
acids, with total concentrations increasing over
time and slightly decreasing after 60 hours.'* This
phenomenon is related to the complex activity of
the microbial community in the starter culture or
possible contamination. !’

pH values of fermented glutinous rice
samples in this study ranged from 3.71 to 3.98,
reflecting the level of organic acid accumulation
during fermentation. There was an inverse
relationship between pH and titratable acidity.
as lactic acid, produced by lactic acid bacteria,
accumulated, the pH decreased. Although the
pH variations were relatively small, even slight
changes could significantly affect the sensory
attributes and stability of the final product. This
reflects the relationship between pH and the
ionization strength of acids. In the case of Khao-
Mak made from black rice, the pH decreased from
6.00 to 4.00—4.27 after 3 days of fermentation.'®
Yeasts and molds participate in the conversion
of sugars into alcohol and acids, contributing to
the pH reduction and creating an antimicrobial
environment that ensures food safety.!” Overall,
the quality of fermented glutinous rice varies
depending on the source of the starter culture,
traditional processing methods, environmental
conditions, and fermentation duration.

In addition to physicochemical parameters
such as moisture content, pH, acid concentration,
Brix value, and alcohol content, the fermented
glutinous rice product was also subjected
to sensory evaluation to assess consumer
preference. The results of the sensory evaluation
are presented in Table 2.
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Table 2. Effect of pure fermentation starters concentration on the sensory quality of fermented glutinous rice

product.
Concentration Average Sensory Scores Methanol (%) Furfurol (%)
0.4% 18.41°+0.27 ND ND
0.6% 16.412*+0.34 ND ND
0.8% 16.02+0.25 ND ND

Note: “ND: no detected”; Data are the mean values of triplicates. In the same column, different letters

(a, b) indicate statistically significant differences at the 95% confidence level (statistical significance

level p < 0.05).

The average sensory score at a starter
culture concentration of 0.4% was 18.41 £ 0.27,
which was statistically significantly different
from those at 0.6% (16.41 £ 0.34) and 0.8%
(16.00 + 0.25). No significant difference was
observed between the sensory scores of the 0.6%
and 0.8% samples. These results indicate that the
product achieved the highest sensory acceptance
at a starter culture concentration of 0.4%.

Moreover, the analysis showed that two
undesirable compounds, methanol and furfurol,
were not detected in the fermented glutinous
rice product. These compounds are known to

cause headaches and have neurotoxic effects
on consumers. Therefore, the absence of these
substances in the experimental samples is highly
significant for future commercialization.

In  addition to  physicochemical

and sensory parameters, microbiological
characteristics of the fermented glutinous
rice samples were also analyzed, including
determining the density of molds, yeasts, and
lactic acid bacteria. This provided an overview
of the microbial populations present in the
product. The results of microbial enumeration

are presented in Table 3.

Table 3. Effect of pure fermentation starters concentration on microbial population in the product.

. Molds Yeasts Lactic acid bacteria
Concentration
(Log,, CFU/g) (Log,, CFU/g) (Log,, CFU/g)
0.4% 7.27¢+0.02 7.28¢£0.01 8.22*+0.01
0.6% 6.222£0.02 7.27°+0.01 8.27°+0.02
0.8% 6.92°+0.01 7.202£0.01 8.24+0.01

Data are the mean values of triplicates. In the same column, different letters (a, b) indicate statistically
significant differences at the 95% confidence level (statistical significance level p < 0.05).

The analysis results presented in Table 3
indicate that the fermented glutinous rice sample
with 0.4% isolated starter culture had the highest
yeast and mold counts, at 7.27 log , CFU/g and
7.28 log,, CFU/g, respectively, while the lowest
counts were observed in the 0.6% sample, with
yeast and mold counts of 6.22 log,, CFU/g and
7.27 log,, CFU/g, respectively. These findings

confirm the presence of both molds and yeasts in
the fermented glutinous rice samples. These two
groups of microorganisms play key roles and
exhibit principal activities during saccharification
and alcoholic fermentation processes.!**

Khao-Mak
fermentation® reported comparable results, where
at the end of the fermentation period (day 3),

Similarly, a study on
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total mold and yeast counts were 7.00 x 102
CFU/g and 5.40 x 10° CFU/g, respectively."
Additionally, lactic acid bacteria were also
detected. Besides molds, certain bacteria are
capable of producing enzymes that hydrolyze
starch in raw materials into sugars, which yeasts
can subsequently utilize for alcohol production.?!

For this reason, research on the production
of Tapai-a traditional Indonesian product similar
to Vietnamese fermented glutinous rice has
explored supplementation with Lactobacillus
plantarum strains alongside starter cultures.
The results demonstrated that Tapai fermented

with L. plantarum exhibited slightly different
characteristics compared to traditional Tapai and
received higher acceptance scores from sensory
panelists.*

3.2. Effect of fermentation time on the quality
of fermented glutinous rice

The fermentation process of fermented
glutinous rice exhibited significant changes in
physicochemical parameters over time. Table 4
presents data on Brix value, pH, alcohol content,
and sensory scores at fermentation time of 2, 3,

and 4 days.

Table 4. Effect of fermentation time on the quality of fermented glutinous rice.

Parameter Fermentation Time (days)

2 3 4
Brix (°Brix) 39.4°+£0.52 38.1°+0.26 35.62+0.2
pH 3.822£0.02 4.05¢+£0.04 3.91°+£0.01
Alcohol (% v/v) 8.02+0.2 10.67°+0.58 11.02°+0.57
Sensory Evaluation (Scores) 14.502£0.32 17.44°£0.14 16.25°+0.26
Moisture (% w/w) 4432+ 0.67 47.5°+0.05 49.2¢+£0.22
Titratable acidity (mg/mL) 0.87*+0.05 0.99 * +0.01 1.05°+0.05
Methanol (%) ND ND ND
Furfurol (%) ND ND ND

Note: “ND: no detected”; Data are the mean values of triplicates. In the same row, different letters
(a, b) indicate statistically significant differences at the 95% confidence level (statistical significance

level p < 0.05).

The study results demonstrated that
fermentation time significantly influenced the
physicochemical and sensory parameters of the
product. The Brix value gradually decreased from
39.4 °Brix on day 2 to 38.1 °Brix on day 3 and
further to 35.6 °Brix on day 4. This reduction was
statistically significant and reflects the conversion
of sugars into alcohol and other by-products.
The pH of the samples showed fluctuations,
with a slight increase from 3.82 to 4.05 on day 3,
followed by a decrease to 3.91 on day 4. These
changes may be associated with the formation and
degradation of organic acids during fermentation,
although the pH remained within the weak acid
range appropriate for fermented food products.

Alcohol content in the product increased
from 8.0% on day 2 to 10.67% on day 3, reaching
11.02% on day 4. The difference between day 2

https://doi.org/10.52111/qn;js.2025.19506

and the subsequent time points was statistically
significant; however, the variation between days
3 and 4 was not significant, indicating that the rate
of alcohol biosynthesis peaked around day 3. The
sensory score rose sharply from 14.50 on day 2
to 17.44 on day 3, followed by a slight decrease
to 16.25 on day 4. The sample fermented for 3
days was rated as having the best sensory quality,
reflecting a balanced combination of flavor,
alcohol content, and acidity.

The moisture content of the product
gradually increased over time, from 44.3% to
49.2%, reflecting the breakdown and dissolution
of compounds during raw material hydrolysis.
Concurrently, the total acid content also showed
a slight increase from 0.87 to 1.05 mg/mL,
consistent with the accumulation of organic
acids due to microbial activity. Notably, neither
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malcohol nor furfural was detected in any of the
samples, confirming the safety of the fermentation
process.

In addition to physicochemical and
sensory parameters, microbiological indicators
of the fermented glutinous rice samples were also

analyzed, including the enumeration of molds,
yeasts, and lactic acid bacteria. This provided an
overall overview of the microbial populations
present in the fermented glutinous rice product.
The results of the microbial counts are presented
in Table 5.

Table 5. Effect of fermentation time on microbial population in the product.

Fermentation Time Molds Yeasts Lactic acid bacteria
(days) (Log,, CFU/g) (Log,, CFU/g) (Log,, CFU/g)

2 7.01 ©+0.05 7.03°+0.01 8.142+£0.01

3 6.13°+0.03 7.15°+£0.01 8.23°+0.02

4 5.922+£0.02 7.62+0.01 8.34°+£0.01

Data are the mean values of triplicates. In the same row, different letters (a, b) indicate statistically

significant differences at the 95% confidence level (statistical significance level p < 0.05).

During the fermentation process,
significant changes in the population densities of
microbial groups were observed over time. The
mold count gradually decreased from 7.01 log,
CFU/g on day 2 to 6.13 log,, CFU/g on day 3,
reaching the lowest level of 5.92 log, , CFU/g on
day 4. This reduction was statistically significant,
as indicated by different letter notations on
the mean values (p < 0.05). In contrast, yeast
populations increased significantly over time,
from 7.03 log,, CFU/g on day 2 to 7.15 log ,
CFU/g on day 3 and 7.60 log;o CFU/g on day 4,
with the increase also showing statistical
significance. Similarly, lactic acid bacteria
exhibited strong growth trends, with counts
rising from 8.14 log , CFU/g to 8.23 and 8.34
log,, CFU/g on days 2, 3, and 4, respectively.
Mean values with different letter notations
confirmed significant differences between days

(p <0.05).

These results indicate that the fermentation
process created favorable conditions for
the proliferation of yeasts and lactic acid
bacteria-two beneficial microbial groups-while
substantially inhibiting mold growth, thereby
contributing to the quality and microbiological

safety of the product. This trend aligns with
international reports on alcoholic fermentation.
According to Fleet,” during wine fermentation,
Saccharomyces cerevisiae is the dominant yeast
species, which grows vigorously and produces
a harsh environment (alcohol and low pH) that
suppresses undesirable microorganisms such
as molds and aerobic bacteria. Yoon similarly
reported approximately 4.6 x 107 CFU/mL
of Saccharomyces cerevisiae present in
fermented glutinous rice water after 48 hours of
fermentation.?

Collectively, these findings suggest that a
fermentation period of 3 days is optimal, yielding
high alcohol content, favorable sensory qualities,
and satisfactory safety parameters. This duration
is recommended for practical application to
maximize product quality and food safety.

Thus, the optimal fermentation time for
fermented glutinous rice is 3 days using a 0.4%
starter culture concentration, ensuring ideal
quality parameters such as pH, Brix, alcohol
concentration, acid content, and counts of molds,
yeasts, and lactic acid bacteria. Additionally,
the final product received positive sensory
evaluations from consumers.
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ABSTRACT

In this paper, we examine the conditions under which a Zygmund-type space Z,, where w
is a normal weight on the unit ball B of C™, becomes a small space that is boundary regular
and invariant under automorphisms. These results are then applied to analyze the relationship
between the boundedness and compactness of weighted composition operators Wy, ., defined by
f =1 (f o), acting from the Bloch-type space B, to the Zygmund-type space Z,, as well as
from Z,, into itself.

Keywords: Bloch spaces, Zygmund spaces, weighted composition operators, boundedness, com-

pactness

1. INTRODUCTION Let D denote the unit disk of C. If f €
H (D) satisfies sup,cp(1 — |2[2)]f"(2)] < o

Given a natural number n, let us consider the ) i
then f is said to belong to the Zygmund

open unit ball B in C" and H (B) the space of
all holomorphic functions in B. The vectors
€1 = (1,0,...,0), €y = (0,1,0,...,0),...,
en, = (0,...,0,1) form the standard basis for
Cc".

Throughout this paper, for any z =

space. In this definition, 1 — |z|? acts as a
weight function, which was later generalized
to (1 — |z]?)® for all a > 0.

A positive continuous function w defined
on the interval [0,1) is said to be normal
if there exist constants 0 < 6 < 1 and

(21,...,2n) and w = (wy,...,wy,) in C",
we use (z,w) = >, 2, Wk, to denote their 0 <a<b<oosuch that
standard inner product, and write |z| = w(t) is decreasing on [4, 1),
Vi{z,2) = \/]21]2 + -+ + |2a]? for the corre- (1—t) (W)
sponding Euclidean norm. im w(t) =0,
For f € H(B), let ot ! (1—_’5)“ -
P P —— 3 1s increasing on [4, 1),
VI = (5o 5 (2), LR W)
Rf(z) = (Vf(2),2), =€B. T
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If we say that a function w : B — [0,00) is
normal, we also assume that it is radial, that
is, w(z) = w(|#|) for every z € B. Strictly pos-
itive continuous functions on B are referred to

as weights.

We define Bloch-type space B,
Zygmund-type space Z,, respectively, as fol-
lows:

Bo={/ € HB): |fl. <o},
Z,={feH®): ||fl.z, < oo},
where

1flls5. = sup w(2)|(Rf)(2)];

z€B,

1f sz, = sup w(z)[V(Rf)(z)]
z€B,,
are seminorms on B, and Z,, respectively.
The spaces B, Z, are endowed with Banach
space structures via the norm

1fll5, = [£O) + [ flls5.
[fllz. = O]+ 1 Fllsz.-

The space Z, generalizes the classical
Zygmund space, which was introduced in the
paper.!

Define S(B) as the set of holomorphic
self-maps of B. Given ¢ € H(B) and ¢ €
S(B), the weighted composition operator
Wy, E — Fis defined by

Wyo(f)=v-(foyp), forfekFE,

where E and F' are Banach spaces consisting
of holomorphic functions on B. It may be re-
garded as a generalization of multiplication
and composition operators.

The theory of composition operators,
both weighted and unweighted, has its ori-
gins in the previous century. The bounded-
ness, compactness, essential norm, and spec-
tral properties are always the highlights of
research of composition operators. Book 2 is
a good reference for studying the composition
operators on classical spaces of analytic func-
tions. Furthermore, the theory relies on the

theory of analytic functions on the unit disk,
which provides a convenient foundation.

Composition operators mapping into the
classical Zygmund were studied in the pa-
pers.3~¥ Many scholars have discussed simi-
lar problems (see in the papers,'9~17 etc.)

However, for abstract normal weight es-
pecially in high dimensions, when investigat-
ing and using the properties (for example,
discussing weighted /unweighted composition
operator of the Zygmund type space, we of-
ten encounter some obstacles. This partly ex-
plains why the boundedness and compact-
ness criteria for Wy, ,, between Zygmund-type
spaces (normal weight cases) have not been
extensively investigated to date. In order to
overcome these obstacles, we need a variety
of means or techniques.

Motivated by the above-mentioned dis-
cussions and the previous investigations, the
purpose of this paper is to uncover additional
characteristics of Zygmund-type spaces and
serve them as technical tools to solve the
problem of the relationship between the
boundedness, compactness of weighted com-
position operators from a Bloch-type space
B, into the Zygmund-type space Z,, and from
Z,, into itself.

Section 2 provides a sufficient condition
on the normal weight w ensuring that Z, is
an automorphism invariant boundary regu-
lar small space. A key motivation for this
section comes from a result of Shapiro '8
(and Theorem 4.5 in the paper 2), which as-
serts that [|¢||ec < 1 is a necessary condi-
tion for Cy, to be compact on any “suitably
small” Banach space. According to Shapiro,'®
four axioms must be satisfied for a space
to qualify as appropriately small. Among
these, two axioms are fundamental, concern-
ing norm naturality and space nontrivial-
ity, while the other two regulate the size of
the spaces. Specifically, the boundary regu-
larity axiom makes the spaces small by en-

suring continuous boundary extension, and
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the automorphism-invariance axiom prevents
them from being excessively small. For fur-
ther details, refer to paper '® or paper.?

Building on the results obtained in the
previous section, Section 3 establishes the
connections between the boundedness and
compactness of weighted composition oper-
ators acting from B, to Z,, and those acting
on Z,, itself.

In this paper, we use the notation a < b
to denote that a < Cb, and a =< b to indi-
cate that C~1b < a < Cb, where C > 0 is
an inessential constant, with all quantities a
and b assumed to be non-negative.

2. A CHARACTERIZATION OF
ZYGMUND-TYPE SPACES

This section is devoted to the study of the
properties “small” and “automorphism in-
variant boundary regular” of the Zygmund-
type spaces which will be necessary in estab-
lishing one of our main result.

For a normal weight w on B we use there
certain quantities, which will be used in this
work:

HOES) - —t
12(z) = /O|Z| (/Ot w‘iz))dt, zeB.

Remark 2.1. Since w is positive and contin-

uous, it follows that my, s := minyeg 5 w(t) > 0.
In addition, by (W7), w is strictly decreas-
ing on [4,1), so max,c(g1)w(t) = M, < oo.
Consequently, one can easily verify that

M.,

my.s

w(2)IL(z) < Ry =96 +1-0 <00 (2.1)

and, hence,
w(2)I*(2) < |2|R, < Ry < 00 (2.2)

for every z € B\ {0}.

https://doi.org/10.52111/qn;js.2025.19507

Proposition 2.1 (!7). For every normal
weight w on B we have

2,= 28 ={f e H®): ||f|z5 < o}
—2Y = {rcH®): ||f|zy <o}

and || - ||z, = || lzz = [| - | zy, where

2\ 3
) ) ,
1£lz5 = 1£(O)] + sup w(2)|[RP f(2)],

£l zy = |£(0)| + sup w(2)|[V® f(2)],

ZGBTL

for every f € Z,,.

In this paper, let us write simply we de-
note Z,, for the complex (Z,, || - [|zz).

Lemma 2.2. Let w be a normal weight on B.
Then there exists C' > 0 such that for every
f € Z, and every z € B,

[Rf()| < CLy()| fl 2.,
IVf(2)] < O+ L)) fllz.5

and

fI < 1O+ CLEAfllz (24)

Proof. The estimate (2.3) follows from
which says there is C' > 0 such that for every
f € B, and for all z € B,

f(2)] < C(1+ Ly(2)) I f]I..- (2.5)
Then by (2.3) and (2.5) again we obtain
(2.4). O

Note that, in fact, by using (2.5) the es-
timate for |V f(z)] in (2.3) can be replced by

V()] S (L4 I(2) IVFO) + I5(2) | /|| 2,
(2.6)

Now, by Aut(B), we denote the auto-
morphism group of B that consists of all bi-
holomorphic mappings of B. It is well known
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that a mapping ¢ € Aut(B) is a unitary
transformation of C™ if and only if ¢(0) =0
(see 2°). For any o € B\ {0}, we define

a— Py(2) — $aQa(2)
«a = ) Ba
O T
(2.7)
where s, = /1 —|a]?, Pu(z) = <|a|2>a and
Qu(z) =2z — (mﬁ)a for all z € B.
For o = 0, we simply set p,(z) = —=z.

Clearly, each ¢, is holomorphic from B into
C™. Tt is also well known that each ¢, is a
homeomorphism of B onto itself, and every
automorphism ¢ of B can be represented as
v = U, with U a unitary transformation
on C™.

Theorem 2.3. Let w be normal weight on B
such that I2(1) < oo. Then the space Z, is
an automorphism invariant boundary regular
small space in the following sense:

(i) All functions in Z,, can be continuously
extended to B,

(ii) All polynomials are contained in Z,,

(iii) Evaluation at every point in B defines
a bounded linear functional,

(iv) For any ¢ € Aut(B) and f € Z,, we
have fop e Z,.

Remark 2.2. Axioms (i) and (iii) ensure
that convergence in the Z,, norm implies con-
vergence in the sup norm; that is, the iden-
tity map from (Z, | - 12.) t0 (Zus | - lln)
is continuous by the closed graph theorem.
Furthermore, using the closed graph theorem
along with axiom (iii), one can show that ax-
iom (iv) ensures that C, is bounded on Z,
for any conformal automorphism ¢ of B.

Proof. 1t is straightforward from the defini-
tions to verify that (ii) and (iii) hold for Z,.
Under the condition I}(1) < co the space Z,,
satisfies (i) (see paper ?).

To verify that (iv) holds, we need to

show that for any conformal automorphism

© = @ U = (o1,...,pn) of B, if f € Z,,
then foy € Z,, where a is a point in B and
U is a unitary transformation of C™. With-
out loss of generality, we can assume that
¢ = @, for some a € B. It follows from
(2. 7) that p; € H(B) for each j = 1,.
Consequently, R(* )cpj is in H(B) and remains
bounded on B for any k € N. Thus,

MS) = sup |Rp(2)] < oo,
z€B, (2 8)
Mg) = squ IR@p(2)| < 0.
zEbnp

Let A € (0,1) be such that |Rp(z)| < 1
and |[R®@(z)| < 1 for |p(2)| < A. There ex-
ists Do > 0 such that

1< DoIl(N), 1< DoI%2(N). (2.9)

Then, thers exists D; > 0 such that

sup  w(p(2))[Reo(2)|(1 + L (0(2)))

[e(2)]<A

< D1 sup w(p(2))|[Re(2)| L ((2)),
lp(2)I<A

sup  w(p(2))|RP(2)| (1 + 13((2)))

lp(2)l<A
<Dy sup w(p(2))|RP (=) 12 ((2)).
lp(2)|<A
(2.10)
Let D = max{Do+1, D;}. For every f € Z,,

by (2.1)—(2.4), (2.10), and a standard calcu-
lation, we have

W(IRO(f 0 4)(2)]
() [IR® f(p(2))p(2)
L ARI)R go(z)\
)
o))"
L 2ARf(p(=))R
w(z)
< Sl
T Cul(2)) (2ARp(2)[(1 + I((2)))

+IRD ()1 + 22(p(2))] 1|2
(2.11)

https://doi.org/10.52111/qnjs.2025.19507

Quy Nhon University Journal of Science, 2025, 19(5), 93-102 | 97



QUY NHON UNIVERSITY

I SCIENCE

w(z)
< el

+OD s wlple))2M) + MP||fllz.
o(z)|=

_ wzﬁ(zg>) [1+CDR.2MD + M |If] 2.

for every z € B.

(i) We begin by considering the case when
a = 0. In this situation, we have |¢(z)| < |z|
for all z € B. Denote

Bs:={ze€B:|p(z)] <}
Since p is decreasing on [§, 1) we have
w(z) < M, ’
w(e(2)) ~ Mg

w(z)
<1l, ze€B\Bs.
nEE) '
Therefore, it follows from (2.11) that
sup w(z)[R? (f 0 9)(2)|

ZeBn

< sup w(z)|RP(f o p)(2)|
2€Bs

+ sup w(Z)\R(Z)(fOSO)(Z)’
2€B,\Bs

S(M“ +1>

my.s

z € Bg;

x (1+ CDR.2MP + MP)) | f] 2. < 0.
(2.12)
Hence, fop e Z,.

(ii) Now, we consider the case a # 0.
Take a v € Aut(B) such that v(0) = a. Then
n = @o~y € Aut(B) and n(0) = 0. By (i),
g = fon € Z,. Note that y~! € Aut(B),
as the above, we have R%)~~1 is bounded
in B for any positive integer k. Then, since

fogp = gony~l as the estimate (2.12) we
have

sup w(z)[R(f o 0)(2)|
z€B,

= sup w(z)|RP (g oy ")(2)]

z€B,,
M,
<
- (ﬂ@wﬁ +_1>

X (1 +CDR,2MY, + Mﬁ)l]) lgllz., < oo.

Consequently, fop € Z,. O

https://doi.org/10.52111/qn;js.2025.19507

Remark 2.3. The condition I2(1) < oo can-
not be omitted. Indeed, consider the weight
function w(t) = (1 —t)? for ¢t € [0,1) which
satisfies I2(1) = oo. It is easy to see that
the function f(z) = In(1 — z), which belongs
to Z,,, does not admit a continuous extension
to D. This means that the condition (i) is not

true for Z,,.

3. A RELATION BETWEEN
WEIGHTED COMPOSITION OPER-
ATORS B, = 2, AND Z, = Z,

In order to conclude the paper we establishes
the relation between the boundedness, com-
pactness of weighted composition operators
from B, into Z,, and from Z, into itself.
Before stating the theorem first let us
note that for each j = 1,...,n the func-
tion id; given by id;(z) = z; belongs to
Z,. Then, in the case v € H*(B) with
|[V]|oo < 1 and Wy, @ Z, = 2, is compact,
Wy o(idj) =1 - pj hence, 8 := 1 - ¢; € Z,,
j=1,...,n. For each m > 1, put

m—1
6" = (67,....00) = [J (o) - o™,
k=0
where ¢ = id, and ¢* := gpo---0¢p for
—_——

k times

k> 1.
Theorem 2.3(i) allows us to assume that
6™ are continuous on B for every m > 0.

Theorem 3.1. Let v € H*(B), ¢ =
(p1,-..,n) € S(B) and v,w be normal
weights on B and I!(1) < co Then the fol-
lowing are equivalent:

(1) Wy, : B, = Z, is compact;
(2) Wy, : B, = 2, is bounded,;
(3) Wy, : 2, — 2, is compact;

(4) Y, ¢ -p; € 2, forevery j =1,...,n and
el < 1.
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To establish the theorem, we first require
several lemmas.

Lemma 3.2. Assume that ¢(0) = 0 and
Wy Zu — 2, is compact. Then [|60™
— 0.

Proof. Without loss of generality we may as-
sume that [|9]s < 1. We have two cases to
consider:

(i) When [¢(0)] = 1, it follows from The-
orem 2.3(i) and the maximum modulus prin-
ciple that v must be identically equal to 1.
Then Wy, , = C,, the composition operator
on Z,, and hence, the lemma follows from
Lemma 2.2 of paper.'8

(ii) Now we assume that [¢(0)] < 1.

We will prove that W, , has spectral ra-
dius o(Wy,,) < 1.

Let A # 0 be a spectral point of Wy, ..
Since Wy, ,, is compact, A must to be an eigen-
value. Let f € Z, be an eigenfunction of
Wy, corresponding to the eigenvalue A. Thus
Wy.o(f) = Af and there is a point a € B
for which f(a) # 0. Denote B := {z € B :
|z| < I%M} Note that, |¢(2)| < |z| for ev-
ery z € B, since otherwise, the composition
operator C, would be an isomorphism. Con-
sequently, by |||l <1, (- C,)(Bz,) is not
relatively compact subset of the unit ball Bz
of Z,,. This means ¢-C, is not a compact op-
erator. This contradicts the compactness of
Wyo- By the Schwarz Lemma, ¢(B®) is rela-
tively compact in B%. Applying the Schwarz
Lemma again to the appropriately normal-
ized restriction of ¢ on ¢(B®), and continuing
this argument, it follows that ¢ (a) — 0 as
m — 00.

Now, since limy, oo [(¢™ (a))| =
|9 (0)] # 1, by using the fact that, if 0 <
am < 1 and {am, }m>1 does not converge to 1
then []°_; an, = 0, we obtain

A" fa) = [Wyel™(f)(a)

as m — oo. Because f(a) # 0 it therefore
must has [A| < 1. The compactness of Wy, o,
ensures that its spectrum consists of 0 along
with at most countably many eigenvalues ac-
cumulating only at 0. Thus, the spectral ra-
dius equals the largest eigenvalue in modulus,
which, as shown above, is strictly less than 1.
It then follows from the spectral radius for-
mula that
lim H[Ww,w]mH”m = 0(Wye) <1,

m—0o0

so in particular, lim,, o [[[Wy,o|™| = 0.
Note that 6}” = [Wy™(id;) € 2., j =
1,...,n. Then,

16511z, = W™ (idy)] 2.,
< [1Wy " llllidjllz, — 0 as m — oo.

On the other hand, Theorem 2.3(i & iii)
shows that Z,, has a topology stronger than
that of the sup norm. Hence, |0~ tends
to zero as m — oo. The lemma is thus
proved. ]

Lemma 3.3. Suppose ¢ € H(B), ¢ € S(B),
and pu, v are normal weights on B. Let X = B,
or Z,. Then Wy , : X — Z, is compact if
and only if, whenever a bounded sequence f;,
in X converges to zero uniformly on compact
subsets of B, it follows that [|[Wy, o (fm)| =z, —0
as m — o0.

The lemma for the case X = B, has been
proven in paper.?! For the case X = Z,, it is
similar to that of X = B, and will therefore
be omitted.

Lemma 3.4. Let v € H(B), ¢ =
(p1,-.-yn) € S(B) and p,v be normal
weights on B. Assume that Wy, , : 2, — Z,
is bounded. Then

sup (=) Ay (2)] < 0,

ZEBTL

sup ju(2)| By (2)] < oo,

ZEIBTL

(3.1)
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Proof. First, choosing fo(z) = 1 € Z,, the
boundedness of Wy, , implies that ¢ € Z,,.
At the same time, for each j € {1,...,n},
by considering f;(z) = z; and g;(2) = 2]2 for
every z = (21,...,%,) € B we can check that
V05,0 - 05 € 2.
Then, since

R®)[p(2)p,(2)]
= R®p(2)p;(2) + 2R (2) Repj (2)
+1(2) RPg;(2)
= RPp(2)p;(2) + Ay, (2),
RO[(2)2(2)]
= ¢;(2) (RP¢(2) 9 (2) + ARy (2) R (2)
+20(2) RP;(2)) + 20(2) (Rg;(2))?
= ¢5(2) [2RO ()05 ()] - Ru(2)]
+ 2By, (2)
(3.2)

for every z € B and every j = 1,...,n we
have

sup u(2)[Ay,p; (2)]
ZE]Bn

<l -gjllz, + ¥z, < oo,

sup 1(2)[ By, (2)]
ZE]B’VL

<19 - @illz, + 20 - wjllz, + ¥z, < oo

for every j = 1,...,n. Consequently, (3.1) is
proved. ]

Proof of Theorem 3.1. Theorem is trivial if
|lcc = 0. Without loss of generality we may
assume that 0 < |||/ < 1, since for orther-
wise we can consider the ||¢||31v instead
of .

(1) = (2): It is obvious.

(2) = (3): Assume that {fpn}m>1 is a
bounded sequence in Z, which converges
to zero uniformly on compact subsets of
B. Then, by the Weierstrass theorem, both
{Rfm}m>1 and {R(Q)fm}mzl converge uni-
formly to zero on compact subsets of B as
well. We will prove that ||f|/s, converges
to zero. Given any £ > 0, since w(t) — 0

https://doi.org/10.52111/qn;js.2025.19507

as t — 1, we can choose p € (4,1) so that
w(|z]) < € whenever ¢ < |z| < 1. In addition,
there exists an integer N such that for all
m > N, we have |f,(0)] < e, |Rfm(2)] < &,
and |R? f,,(2)| < e for all |z| < o. Therefore,
by (2.3),

[fmllB. < |fm(0)] + sup w(z)|Rfm(2)]

z€B,,

< e+ sup w(2)|Rfm(2)]
lz|<e

+ sup w(2)|Rfm(2)]
o<|z|<1

<e+eM,+ sup w(z)’Rfm (i>
o<|z|<1 z

! dt

+ / RO f,,(t2)—
1/(22]) ¢

<e+eM,+esup sup |Rfp(w)l
m2>1|w|=1/2

e
+ 25/ (R, (42)]|2]dt
1212

1
+2 sup w(z)/ IR® f,,(t2)||z|dt
0

o<|z|<1 /2|
<e+4+eM,+esup sup |Rfm(w)
m>1 uw|=1/2
¢ dt
+2elnlz, [
1/2 w(t)
lzl ¢
+2fullz, swp o) [
T < s w(t)

<e+eM,+esup sup |Rfp(w)]
m2>1 |w|=1/2

2z [ el
ml|Z, i ml| Ze,
172 w(t)

<eK forall m>N.

Then, the boundedness of Wy, , implies that
||W1/),so(fm)HZu S W fmlls, — 0 as m — oo.
Therefore, Wy, , is compact by Lemma 3.3.

(3) = (4): Without loss of generality, we
may assume that ||| < 1.

(i) We first consider the case where
©(0) = 0. Suppose, for the sake of contradic-
tion, that ||¢|lcc = 1. Then there is a rotation
¢, z — €z, such that @ := ¢ o ¢ has a fixed
point z5 € B,,. We may choose ( such that
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¥(z9) # 0. Put
~
LTEY

Then, for every m > 1 we obtain that

m—1
@ = ([T ve@") @
k=0
has a fixed point zg, hence, [|(6)™[|s > 1.
It follows from Lemma 3.2 that the operator
W@Z’ and hence, Wy, 5 is cannot be compact.

Note that Wy 5 = Wy, , o C¢ where the
composition operator C¢ is an isomorphism
of Z,. This implies that Wy ., is not com-
pact. This contradicts the hypothesis.

(i) We now consider the case ¢(0) = a # 0.
Let v be the conformal automorphism of
B, taking a to 0, and set n = vy o . It fol-
lows from Theorem 2.3(iv & iii) that C, is
a bounded operator on Z,, hence, Wy, is
compact on Z, because Wy, , = Wy, ,oC,. Fi-
nally, it follows from the case (i) that ||7||ec <1,
and hence, [|¢|o < 1.

(4) = (1): Suppose { fm }m>1 is a bounded
sequence in B, converging uniformly to zero
on compact subsets of B. Using the Cauchy
integral formula again, we see that

sup Ry fm(e(2))| = 0,
L (2)|<A

sup |V502()Z)fm(g0(z))| — 0 asm — oc.
ler(2)[<A

with A = [|¢]|lec < 1, Then, by ¢ € Z,, (3.1)
and a standard calculation, we have

fm)llz.,

0)] + () RO (2)]| fm(0(2)

+ w(2)[Ay o (2)[Rfm(0(2))]

+w(2)[ By (2) [ R fn(0(2))]

< [fm(O)] + 4]l sup
le()I<lielloo

[Wi,e(
< | fm(

~—  ~—

[ fm((2))]
R fm((2))]

IR frn(p(2))]

+ sup w(2)|Ayp(2)]  sup
2€By, lo(2)I<]l¢lloo

+ sup w(z)|By,p(2)|  sup
2€B, le(2)I<]l¢lloo

—0

as m — oo. By Lemma 3.3, Wy , is com-
pact. ]
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Nghién ctu téi uu qua trinh gia téc dong co
khéng dong b ba pha

P46 Vin Can"*, Than Vin Thong', Hoang Vin Hiéu?

'Khoa Ky thudt va Cong nghé, Truong Pai hoc Quy Nhon, Viét Nam
’Hoc vién cao hoc, Khoa Ky thudt va Cong nghé, Truong Dai hoc Quy Nhon, Viét Nam

Ngay nhan bai: 01/05/2025; Ngay sua bai: 05/08/2025;
Ngay nhén dang: 22/08/2025; Ngay xudt ban: 28/10/2025

TOM TAT

Bai bao nay trinh bay nghién ctru ting/giam tdc (gia toc) ciia dong co khong dong b ba pha khi khoi dong
va dimg nhdm néng cao chét lwong hiéu qua truyén dong cho dong co. Dya trén diéu khién téc do va moémen, tac
gia xay dung quy dao ting toc S bac cao nham khic phuc cac han ché cua gia toc tuyén tinh nhu hiéu sut thap,
rung ldc, giat va anh huong dén tudi tho hé thdng. Cac két qua mod phong cho thay ring viée st dung quy dao S
khong chi gitp giam do giat ma con han ché dao ddng mémen, tir d6 cai thién rd rét d6 ém 4i va hiéu suét hé truyén
dong. Ngoai ra, thuat toan xdy dung quy dao S trong gia toc da duoc hién thyc hoa trén phdn mém va cau hinh trén
nén tang phan cimg FPGA. Két qua thir nghiém mé phong phan mém, phan cimg cho thay tin hiéu diéu khién t6c
d6 duoc tao ra véi do phan giai va thoi gian dap tmg cao, phit hop dé tich hop vao cac hé thong truyén dong cta

ddng co khong dong bo.

Tir khéa: Dong co khong dong b, truyén dong, qud trinh gia téc, quy dao S, FPGA.
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ABSTRACT

This paper presents a study on the acceleration and deceleration process of a three phase induction motor
during start up and stop phases, aiming to enhance the dynamic performance of the drive system. Based on torque
and speed control principles, the author proposes the application of a high order S-curve acceleration profile
to overcome the limitations of linear acceleration, such as reduced efficiency, mechanical vibrations, jerks, and
shortened system lifespan. Simulation results demonstrate that the S-curve profile not only reduces jerk but also
minimizes torque oscillations, significantly improving the smoothness and overall performance of the drive
system. Furthermore, the S-curve profile generation algorithm has been implemented in software and deployed
on an FPGA hardware platform. Both software and hardware simulation results confirm that the generated speed

control signals achieve high resolution and fast response, making the solution well suited for integration into

induction motor drive systems.

Keywords: Induction motor, drive system, acceleration process, S-curve profile, FPGA.

1. INTRODUCTION

The acceleration and deceleration process of
a three phase induction motor directly affects
system efficiency, equipment durability, and
the overall lifespan of the drive system. If the
acceleration is too slow, it may overload the
electrical system and delay motion execution;
on the other hand, overly fast acceleration leads
to large mechanical forces, vibrations, and early
wear.! Particularly in elevator applications,
sudden changes in speed can cause discomfort,
loss of balance, or even health concerns for
elderly passengers and children. Therefore,
optimizing the acceleration process not only
improves operational efficiency and system
reliability but also enhances smoothness

*Corresponding author.

Email: dovancan@qnu.edu.vn
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and extends mechanical durability in drive
applications.

One of the key factors influencing
operational quality is the acceleration profile
applied during start and stop phases. Currently,
linear acceleration profiles are commonly used
in inverter based drives; however, they generate
high jerk levels at phase transitions, leading to
load oscillations, reduced mechanical component
lifespan, and degraded user experience.> In
contrast, S-curve acceleration allows for much
smoother motion, making it better suited for
high precision systems such as CNC machines,
elevators, and camera positioning systems.

The application of Field Oriented Control
(FOC) aims to achieve rapid system stabilization
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and minimal tracking error, even under
variations in motor parameters, load conditions,
and external disturbances.” However, the use
of conventional linear acceleration profiles
within FOC often results in high jerk, adversely
affecting the mechanical load despite the fact that
this method remains widely adopted in practice.

FOC and Direct Torque Control (DTC)
are the two most common vector control
strategies used in electric motor drive systems.
FOC employs linear controllers and pulse-width
modulation (PWM) techniques to regulate the
fundamental voltage components applied to the
stator.* In contrast, DTC is a nonlinear control
approach that directly generates voltage vectors
without the need for a modulation unit. Studies*¢
have presented comparative analyses between
these two control strategies. The advantages
and limitations of each method are analyzed
specifically for two types of electric machines:
the induction motor (IM) and the permanent
magnet synchronous motor (PMSM). The
comparisons are based on several evaluation
criteria, including fundamental control
characteristics, dynamic performance, parameter
sensitivity, and implementation complexity.

In paper,” the author proposed a motor
speed control method based on an artificial neural
network incorporating an online learning algorithm,
aimed at compensating for uncertain parameters
and large load variations in the dynamic model
of an AC motor. Simulation results conducted in
MATLAB demonstrated the high control quality
and effectiveness of the proposed method, clearly
reflecting its strong adaptability when using an
online-trained neural network.

Another study®* also introduced a solution
based on a recurrent fuzzy neural network
(RFNN) to address this limitation. Specifically,
a traditional PID controller was combined
with an RFNN-based supervisory controller
to dynamically adjust the system’s feedback
response.'® Simulation results showed that,
under the same set of parameters, the system

exhibited significant overshoot when using only
the PID controller. However, when combined
with the RFNN supervisory layer, the overshoot
phenomenon was completely eliminated.

In studies,''> a novel adaptive control
scheme based on an improved Feedback Error
Learning (FEL) method was proposed to address
the Load Frequency Control problem. The
FEL strategy incorporates both an intelligent
controller and a conventional controller
operating in the feedforward and feedback paths,
respectively. In this scheme, the conventional
feedback controller specifically a PID controller,
plays a crucial role in ensuring global asymptotic
stability of the system. Simultaneously, an
intelligent feedforward controller (INFC) is
employed to learn the inverse dynamics of the
control system. Once the INFC successfully
learns the system inverse, reference signal
tracking can be achieved accurately during
acceleration.

The problem of acceleration based on
S-curve trajectories has been widely investigated,
particularly in stepper and servo motors."*!* In
such systems, abrupt stopping, sudden starting,
or rapid speed changes can cause the rotor to
lose synchronization due to sudden changes in
input pulses or mismatched pulse frequencies.
This may lead to step loss, overshoot, and
positional errors during motion. Additionally,
strong impacts in the mechanical structure may
shorten the system's operational life.

To mitigate these motion errors and
improve motor stability, various control
strategies have been proposed. Experimental
results indicate that gradually reducing the speed
of stepper motors significantly improves motion
stability. However, if the speed is reduced too
much, overall performance is compromised.
Therefore, designing motor controllers that
incorporate  well-defined acceleration and
deceleration phases can significantly enhance
motion efficiency while ensuring smooth
operation of the stepper motor.'>!
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Figure 1. Seven phase S-curve acceleration profile.!”

In addition to servo motors,'® stepper
motors have also been studied for acceleration
control in camera motion applications.” To
ensure accurate camera positioning and maintain
visual continuity during motion, smooth speed
control of the stepper motor is essential.

In elevator drive systems, induction
motors must ensure high stopping accuracy while
providing maximum comfort for passengers.”
Moreover, elevators are characterized by
frequent  start-stop  operations, requiring
specialized braking systems and reliable speed
feedback mechanisms.?! The referenced study
introduces various types of variable-speed drive
systems and how they are applied in electric

elevator systems.

Recently, some researchers have proposed
jerk-reducing drive strategies for elevator
applications.?> However, these studies remain at
a fundamental level and have not yet integrated
with advanced control strategies for stabilizing
both speed and torque.

Thus, previous studies have focused on two
main directions: The first direction investigates
control methods for induction motors, aiming for
speed tracking control that enables the motor speed
to quickly respond to the reference speed, without
yet addressing the impact of jerk on the load.
The second direction explores the acceleration
process using S-curve trajectories, with
consideration for jerk reduction, but primarily
applied to stepper and servo motors in certain

applications such as CNC machines, cameras, etc.

While the aforementioned studies focus
primarily on achieving fast control response
and high tracking accuracy, they often overlook

https://doi.org/10.52111/qn;js.2025.19508

a critical aspect in practical motor drive
applications - the need for a smooth acceleration
process during motor start-up, especially for
induction motors. Most of these methods aim to
minimize steady-state error or adapt to parameter
variations through intelligent control strategies
such as ANN, RFNN, or FEL-based adaptive
schemes. However, they do not adequately
address the issue of jerk reduction, which is
essential for minimizing mechanical vibrations,
reducing wear on mechanical components, and
enhancing ride comfort in applications such
as elevators or precision motion systems. As a
result, despite their effectiveness in dynamic
response and robustness, these approaches
remain limited in improving the mechanical
smoothness and durability of the drive system
during the crucial acceleration phase. FOC for
controlling speed and torque, combined with
high-order S-curve acceleration during startup,
helps optimize operational efficiency, reduce
power consumption, and extend lifespan and is
the chosen solution in this paper.

2. IMPLEMENTATION CONTENT

2.1. Kinematic model of a three phase
induction motor

The electromagnetic model of an induction motor
is commonly represented in the dq reference
frame (rotor flux-oriented), which simplifies
torque and speed control when using an inverter.
The fundamental equations of this model are as

follows:?
. dy,
v, =Ri, + Jr -0y,
. dy,
vq = Rslq + dt _a)el//d (1)
l//d - Ldid +Lmldr
v, = Lqiq +Lmiqr

Where:
i, ,i,: Stator current in the dq axis (A)
v, ,V, : Stator voltages in the dq axis (V)

War W, dg axis flux linkages (Wb)

106 | Quy Nhon University Journal of Science, 2025, 19(5), 103-115



QUY NHON UNIVERSITY

TN SCIENCE

w : Electrical angular speed (rad/s)
R : Stator resistance (£2)
L Inductance (H)

The electromagnetic torque is calculated as
follows:

3 .. ..
M, =5p.Lm.(lqsld, —iyl,.) (2)

The inverter is a device that controls the
voltage and frequency supplied to an induction
motor, enabling precise adjustment of the
motor's rotational speed. In motor drive systems,
accurate speed control is essential to prevent
vibrations during start and stop operations and to
maintain stability under varying load conditions.
In this study, the authors propose a vector
control approach specifically FOC® combined
with the design of an S-curve acceleration
profile to enhance motion smoothness and drive
performance (Figure 2).

w,
w* S- _'ff FOC/DTC | | Induction | @ | Elevator |
curve | + control motor load
Speed
feedbac
k

Figure 2. Speed control model with integrated

S-curve acceleration profile.

2.2. Developing the acceleration/deceleration
algorithm

The jerk equation (3) describes a key factor
affecting the acceleration quality of induction
motors.

da(t)  d*v(1)
dt dr’

Jj()= 3)

The standard form of this trajectory
divides the motion into seven phases, ensuring
a continuous change in acceleration (Figure 1):
Increasing jerk up to j , increasing acceleration
up to a_ ; Reducing jerk back to zero —
maintaining constant velocity; Applying negative

jerk down to - j ; Reducing acceleration back

max’

to zero — preparing to stop.

An S-curve velocity trajectory is twice
differentiable, meaning that both the velocity and
acceleration profiles are continuous functions.
Let v(#) represent an S-curve velocity trajectory
defined over the interval [0, ¢] . Then, for every
t € [0, 1], we have:

v'(t)=v'00)+ jv "(w)dw
! (4)
V(1) = v(0)+ [v'(w)dw

The velocity profile v(f) must also satisfy
certain boundary conditions. Assuming v(0) = v,
and W(T) = v, for computational convenience, the
profile v(¢) can be divided into three segments:

a) Acceleration over the time interval [0, 7],
during which the velocity increases from v to v ,
where ¢ is the acceleration time.

b) Deceleration over the time interval [T — ¢ ,,7],
during which the velocity decreases from v, to v,
where 7, is the deceleration time.

c) Constant velocity over the time interval
(¢,, T — t,), during which the velocity maintains
a fixed value v, .

Given an initial point and a final point with
physical constraints and boundary conditions as
described, we set v =v" in our proposed
S-curve velocity profile to allow acceleration
or deceleration to change as rapidly as possible
when needed. We then seek an optimal value for
v under the constraint of total travel distance
and subject to the conditions v <v <wv_ and
v, <v <wv_ ., which results in solutions for the
acceleration segment, deceleration segment, and
constant velocity segment.

The increasing boundary of the S-shaped
velocity curve is symmetric about its midpoint
(%%) Accordingly, the acceleration phase
over the time interval [0, # ] can be subdivided
into three subregions corresponding to the

previously described stages.
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v(0) = v, v, —V
(5) = - 2 v"mux (vm - v& ) < v'max
v =v, |
h 1
V’(O) =0 v"max , vnmax (vm —v, ) S V'max
v
v'(£,)=0 (6) "
v'(t):v'm,thtSta—t/ 2, v"max(v —vs) <V
t,=4, _ (13)
" O 1<t a Vi — Vs 1t " ( _ ) >
v m?o <I< j V‘ J v max m v.v v max
v'(t)y=1 0, ¢, <1<t,—1, (7) "
" —
_V m?> ta N t/ < t < ta vm" VL b v"max (VYH _VE) - v'max
, Iy S A T (14)
Where v , V' va V" are constants satisfying - "
the conditions: v < v < wv .,V <V v"max e -v) v
and Vnm — vumax . max
. . L , " - <y'
Assuming an initial value v is given, 2 Y i (Vn =Ve) SV (15)
along with the corresponding solutions for fa = Vm‘_ Ve o+ R I (Y .
v

the acceleration (rising) and deceleration
(falling) segments, there are two possible cases
concerning the displacement constraint:

Case 1:

1, T

j v(£)dt + j w(t)dt <1 ®)
0 T-t,;

We have:

vm(T—ta—td)=l—%[(vm+vs)ta+(Vm+ve)td] ©

1 1
T:ta+td+—{l—§[(vm+vs)’a +(, +ve)[d:|} (10)

Vm
Case 2:
1, T
[vyde+ [ v(eye>1 (11)
0 T-t,;

We must reduce the value of v —and
recalculate the acceleration and deceleration
segments to ensure that the displacement
constraint is satisfied. The S-curve velocity
profile can be solved and optimized using the
following binary search method. Given the
maximum velocity v, maximum acceleration
o and maximum jerk j ., with boundary
conditions v(0) = v, v (1) =v,, Lt t, and ¢ the
profile components become functions of v , and
are expressed as follows:

a

https://doi.org/10.52111/qn;js.2025.19508

The algorithm is constructed as follows:**

vﬂl = vIll-’\.\
A"z“m‘n/z
[ !
Calculating
Av =Av/2 t, g tjand t

Vm :VHI+AV vm :"m' Av @
Yes

Figure 3. Flowchart of the S-curve trajectory

calculation algorithm.

Equations (5) to (7) describe the S-curve
velocity trajectory during the acceleration
phase using third-order polynomials, ensuring
continuity of velocity, acceleration, and jerk.
The trajectory is divided into three sub-
phases: increasing jerk, maintaining constant
acceleration, and decreasing jerk. This structure
minimizes mechanical shocks and improves
motion smoothness.

Equations (8) to (11) address two cases
based on displacement constraints. If the peak
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velocity vmv_mvm satisfies the requirement,
the total displacement is computed across the
three motion phases. Otherwise, vmv_mvm
is adjusted, and the segments are recalculated
to meet the constraint. Equations (12) to (15)
define time and distance for each phase based
on the maximum allowable values of velocity,
acceleration, and jerk.

The algorithm in Figure 3 applies a
binary search method to optimize vmv_mvm,
ensuring that the total displacement meets the
required condition. The output is a set of smooth,
continuous trajectory data points suitable for
implementation in digital control systems such
as FPGA.

2.3. Integration of S-curve profile with speed
control

The S-curve profile generates smooth time-
varying references for velocity, position, and
torque. Control strategies such as FOC or DTC
are responsible for accurately executing the
required torque or velocity commands on the
motor. Once the FOC controller is in place, it is
necessary to generate speed or current (torque)
reference signals that precisely follow the
S-curve acceleration profile to control the motor
accordingly.

The velociy profile @ (r) is pre-
generated as a time-base function. It is then
compared with the actual motor speed w,,(¢),
and a speed PI controller is used to regulate the
current specifically, the torque producing current
component i,

@, () =a, +at+ at’ +apt +att+at’ (16)

The coefficients a, are calculated from the

boundary conditions.
(0)=0, o(T) =,

ax 2

0 (0)=0'(T)=0, &"(0)=a"(T)=0

i'(t)=PI[0,,()-a,,®] (17)

The FOC controller is responsible for
converting input signals i;(t) into generated
torque.

Direct generation of the reference torque
T,,(t): The required acceleration is calculated
a(t)= @, (1) from  the
and then the necessary torque is determined

S-curve trajectory,

accordingly.

T,,()=Ja(t) (18)

elt) =0, (1) -, (1) (19)

T, () = K e() + K, [ e(t)dt (20)

T ) =T () 4T, (1) @1)

,-;(z)%%a—&ff) (22)
Where:

p : Number of pole pairs

Y : Rotor flux

The actual torque 7, (or the torque-
producing current component £, ) is continuously
compared with the reference torque 7 e/(t), and i,
is adjusted accordingly to ensure accurate torque
tracking. The S-curve trajectory generator
provides a time-based reference for either speed
or torque. This reference is then used by the
motor control system typically based on FOC
or DTC to ensure the motor follows the desired
S-curve profile with high precision.

3. SIMULATION
DISCUSSION

RESULTS AND

3.1. Simulation parameters

Consider a specific case in which a three-
phase squirrel-cage induction motor is used
for elevator applications and driven through
an inverter-motor drive system. Suppose we
intend to implement the control strategy using a
microcontroller integrated with the inverter.

https://doi.org/10.52111/qnjs.2025.19508
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Table 1. Simulation parameter table.

Parameter Value
Rated voltage 380V
Rated frequency 50 Hz
Rated power 3.7kW
Rated current 7.6 A
Number of poles 4 poles
Rated speed 1445 rpm
Total moment of inertia J 0.045 kg'm?
Stator resistance R, 0.80 Q
Rotor resistance (referred) R2"  0.85 Q
Stator inductance L 0.0055 H
Rotor inductance L, 0.0055H
Magnetizing inductance L 0.140 H

3.2. Linear acceleration

The linear acceleration process is performed
using the motor parameters provided above.

w .

3 Velocity Profile v(t

§ 2000 ‘ Al U

> 1000 |

g o ‘ ‘ ‘ ‘ ‘

g 0 1 2 3 4 5 6
Ny Acceleration Profile a(t)

£ 1000 ‘ : ‘ ‘ ‘

el

L e
8 1000 . . . ! T

< o 1 2 3 4 5 6
“n %10° Jerk Profile j(t)

5 1 T T T

< 0

x

: | [ | | |

- 0 1 2 3 4 5 6

Time (s)

Figure 4. Linear acceleration simulation results.

The simulation results (Figure 4) of the linear
acceleration and deceleration process fora 3.7 kW
induction motor show that: The motor velocity
increases linearly from 0 to its rated speed (1445
rpm) over a 2-second period, remains constant
for another 2 seconds, and then decreases linearly
back to zero in the final 2 seconds.

During the acceleration phase, the angular
acceleration (a) remains constant and positive;
it becomes zero during the constant-speed
phase, and remains constant and negative during
deceleration.

The jerk is approximately zero throughout
the uniform acceleration and deceleration phases,
except at the phase transitions = specifically at

https://doi.org/10.52111/qn;js.2025.19508

the end of acceleration (transition to constant
speed) and the end of constant speed (transition
to deceleration) = where sudden changes in
acceleration produce large spikes in jerk.

The most significant jerk spikes are
observed at the following transition points:

Attime r=¢ =2 seconds: the acceleration
phase ends and transitions into the constant-speed
phase.

At time ¢t =¢ + T, = 4 seconds: the
constant-speed phase ends and transitions into the
deceleration phase.

At these two critical points, the acceleration
abruptly shifts from a positive value during
acceleration to zero at the start of the constant-
speed phase, and from zero to a negative value
at the start of deceleration. As a result, jerk
spikes appear in the plots with extremely high
magnitudes, resembling ideal impulse signals
with almost instantaneous transitions.

This behavior indicates that acceleration
changes instantaneously, with no transitional
smoothing phase. As a consequence, both
the motor and mechanical load are subjected
to significant impulsive forces at the phase
transitions.

These high jerk values cause mechanical
shock on the motor shaft, drivetrain, and gear
mechanisms, increasing the risk of premature
failure. The sharp forces also introduce vibrational
stresses, which reduce the service life of bearings,
gears, and elevator cables. Furthermore, such
impulsive dynamics may excite the mechanical
system's resonant modes, resulting in unwanted
vibrations. From a control perspective, the sudden
demand for current and torque adjustment may
lead to overshoot, thermal stress in the motor, and
even overloading of the inverter system.

3.3. Higher-order acceleration

The velocity trajectory takes the form (16).
Boundary conditions: v(0) = 0, W(7) =v,__(initial,
final velocity), a(0) = 0, a(7) = 0 (initial, final
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acceleration 0), j(0) = 0, j(7) = 0 (initial, final
jerk 0).

Velocity Profile (5th-order S-curve)
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Figure 5. S-curve acceleration for the motor.

The simulation results (Figure 5) of the
acceleration constant speed deceleration process
of'a 3.7 kW motor following a Sth-order S-curve
trajectory demonstrate that the velocity increases
and decreases smoothly and continuously over
time.

In contrast to the constant acceleration
observed in linear profiles, the acceleration here
progressively increases to a maximum value
before smoothly decreasing back to zero.

Jerk does not exhibit sharp spikes as seen
in linear acceleration profiles; instead, it varies
smoothly with mild oscillations during phase
transitions, ensuring higher-order continuity of
the trajectory.
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Figure 6. Comparison between linear acceleration

and S-Curve acceleration.

The simulation results (Figure 6) of the
acceleration, constant speed, and deceleration
phases of a 3.7 kW motor using two control
strategies linear acceleration and 5th-order
S-curve highlight
differences in velocity, acceleration, and jerk

acceleration significant

profiles.

Both methods achieve the target speed
(1445 RPM) within the same total duration.
However, the velocity, acceleration, and jerk
trajectories differ markedly in terms of continuity
and smoothness.

Moment 1: End of acceleration phase
(t = t,) In the case of linear acceleration/
deceleration, the acceleration drops abruptly
from a positive value to zero, resulting in a large
jerk spike at the phase transition. This can cause
mechanical shocks to the system and sudden
inrush currents in the motor. In contrast, the 5th-
order S-curve trajectory allows the acceleration
to gradually decrease to zero before the end of the
acceleration phase. Jerk varies smoothly without
large spikes, leading to a gentle transition with
no vibration or shock.

Moment 2: End of constant-speed phase,
beginning of deceleration (¢ = ¢+ ¢ )
For the linear profile, the acceleration changes
abruptly from zero to a negative value,
producing another large negative jerk spike. This
sudden change may impose unexpected forces
on mechanical components, increasing the risk
of material fatigue or failure. With the S-curve
profile, acceleration decreases smoothly from
zero to its negative peak value. Jerk remains
continuous, ensuring a soft deceleration phase

and improving system durability.

Using linear acceleration, the mechanical
system is subjected to abrupt stress at each
phase transition due to high jerk, leading
to material fatigue and reduced equipment
lifespan. In contrast, the S5th-order S-curve
ensures continuous changes in acceleration and
jerk, distributing forces more evenly throughout
the motion. This reduces mechanical shock,

https://doi.org/10.52111/qnjs.2025.19508

Quy Nhon University Journal of Science, 2025, 19(5), 103-115 [111



QUY NHON UNIVERSITY

I SCIENCE

extends the lifespan of the motor, transmission
components, and mechanical structure, and
significantly enhances system smoothness and
operational stability.

3.4. Integrated speed control with S-curve-
based acceleration profile

S-curve velocity profile: w(f) (rad/s); compute
the angular acceleration a(f) and jerk j(¢);
calculate the reference torque 7(7) based on the
moment of inertia J:

0 200 Veloclty Trackmg (S-curve + Pl + Feedforward)
°
Z100 t i - - -Reference (Scurve)
T 0 —Actual
> 5 6
“a Acceleration Profile
3 200 —== . : :
E o } - B R EE T TR . .- {
o 200 L L L mm =
g _ o 1 2 3 4 5 6
5 Torque Tracking |- - -Feedforward
£10 F/—l\ I I " |——Actual Torque
© 0
=]
= 310 ‘ | ‘ ‘ ;
3 '9 0 1 2 3 4 5 6
£ 02 Speed Tracking Error
T M
T 02 1 I I 1
e 0 1 2 3 4 5 6
@ Time (s)

Figure 7. Torque control combined with S-curve
acceleration

The simulation results (Figure 7)
demonstrate that the combination of S-curve
acceleration trajectory planning and torque
control using a PI controller with feedforward
compensation achieves highly effective speed
regulation. The actual motor speed closely
follows the reference trajectory over time, with
minimal deviation virtually eliminated even at

phase transitions between acceleration, constant

speed, and deceleration.

The motor torque is adjusted smoothly
and continuously thanks to the feedforward
torque component, which compensates based on
the trajectory acceleration. This allows the motor
to respond quickly to required velocity changes
without relying entirely on PI feedback. As a
result, the system achieves not only high tracking
accuracy but also reduces the control burden on
the feedback loop, minimizing overshoot and
oscillation.

Compared to the model using a standalone
PI controller, the addition of feedforward clearly
yields smoother, more precise operation and
significantly shortens the transient response time.
This control strategy is well-suited for high-
performance motion systems requiring precision
and smoothness, such as premium elevators,
industrial robots, or autonomous guided vehicles
(AGVs).

3.5. Simulation of FPGA hardware

implementation

The step out signal generates pulses with a
frequency that varies according to this profile,
specifically: the maximum speed is 1445 RPM
(approximately 151.3 rad/s), acceleration time is 2
seconds, the peak acceleration is around 200 rad/
s%, and the peak jerk is approximately 500 rad/s>.

Parameter value
CLK _PERIOD 20 ns
jerk val 1000
accel ticks 5000
start 1 sau 200 ns

sim_ time 10 ms

20

1000

000

[ L L LU

10 ns

20 ns

Cursor 1 |327ns

Figure 8. S-curve trajectory acceleration process on FPGA output pin.
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The simulation results (Figure 8) show
that the step out signal appears with
gradually increasing frequency, reflecting a
smooth acceleration process characteristic of an
S-curve trajectory.

jerk val (unit: Aacc per clock cycle):
Controls the rate of acceleration change. A
higher value results in faster velocity increase.

accel ticks (number of clock cycles):
Defines the total acceleration time. The larger this
value, the slower and smoother the acceleration
phase becomes.

step out: Output pulse signal with
frequency proportional to motor velocity.
Observation shows that the pulses become

increasingly dense over time consistent with the
expected behavior of S-curve motion.

The simulation confirms that the system
operates stably and without glitches, making it
suitable for motor control applications requiring
high precision and smoothness.

To evaluate the combined effect of
S-curve acceleration/deceleration with speed and
torque control during the initial 2-second period,
the authors performed a scaled simulation in
ModelSim using a 2 ms acceleration phase,
followed by 2 ms of constant speed, and 2 ms of
deceleration. This allows for easier verification
and visualization within the simulation

environment.

L+
ks
ks
ks
k2

Cursor 1 468 ms

N
2.132321468 ms

Figure 9. S-curve-based acceleration integrated with speed control.

The simulation results (Figure 9) confirm
the effectiveness of integrating a Sth-order
S-curve motion profile with a combined PI
and feedforward torque control strategy. The
system achieves smooth velocity transitions,
minimal tracking error, and continuous torque
responses without overshoot or delay. The
use of fixed-point quantization for velocity,
acceleration, and torque signals makes
the control scheme well-suited for FPGA
implementation, enabling real-time processing
and hardware efficiency.

The entire acceleration—deceleration
process over a 4-second interval was accurately
simulated on ModelSim and verified to be stable,
responsive, and glitch-free. This validated model
is ready for deployment in high-precision motion
control applications, such as elevator drives,
industrial automation, and autonomous vehicle

motors using FPGA platforms.

3.6. Hardware Implementation on FPGA

The proposed trigonometric S-curve profile was
implemented on the DE1-SoC board (FPGA model
5CSEMASF31) to validate real-time performance.
A Verilog-based design generates a one-shot PWM
signal, with pulse width modulated via a lookup
table (LUT) stored in a .mif file. A time counter
compares with the LUT output to produce smooth
PWM modulation. The system was tested at the
Chip Design Laboratory, Quy Nhon University,
with the PWM output available on GPIO 0.

=

Figure 10. Experimental results obtained on the
FPGA in the laboratory.
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Compared to paper’ where the control
system applies linear acceleration and shows
significant overshoot, high jerk, and speed ripples
during transient states, our method demonstrates
superior smoothness and dynamic stability. In '
although FOC is implemented, the trajectory
generation is limited to basic ramp profiles,
lacking jerk control, which causes mechanical
stress in high-inertia systems. Meanwhile,?
presents a theoretical multi-segment S-curve
trajectory planner but does not apply it to real-
time motor control or validate it on embedded
platforms.

4. CONCLUSION

This paper has presented an effective approach
for implementing smooth and precise motion
control by integrating a Sth-order S-curve
trajectory with PI-based torque control enhanced
by feedforward compensation. Simulation
results confirm that the proposed method
ensures smooth velocity transitions, continuous
acceleration and jerk profiles, and stable torque
responses, significantly improving motion
quality and system stability.

The control strategy was successfully
modeled and verified in ModelSim, where key
motion parameters such as speed, acceleration,
and torque were quantized using fixed-point
representation. This design choice makes
the solution highly suitable for real-time
implementation on FPGA platforms. The system
demonstrated glitch-free behavior, consistent
pulse generation (step out), and accurate
speed tracking within a compact simulation
window, confirming the feasibility of hardware
deployment.

The main contributions of this work are:

Development of a S5th-order S-curve
motion generator suitable for digital hardware
implementation;

Integration of PI and feedforward speed
control for improved tracking performance and
response smoothness;

https://doi.org/10.52111/qn;js.2025.19508

Verification of real-time behavior using a
hardware-oriented simulation on ModelSim for
optimized FPGA resource utilization.

Overall, the proposed model provides
a practical and scalable foundation for
implementing smooth acceleration and torque
control in embedded motion systems using
FPGA technology
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ABSTRACT

In this paper, we study the analytic domain of free energy function for Ising model, specifically for cases

where only neighboring spins interact. Our study comes from using cluster expansion, a powerful tool in statistical

physics, incorporating new insights from Fernandez and Procacci on its convergence criteria.

Keywords: Ising model, cluster expansion, free energy function.

1. INTRODUCTION

The Ising model is a mathematical representation of
ferromagnetism in statistical mechanics. It consists of
discrete variables that represent the magnetic dipole
moments of atomic “spins”, which can take on one
of two states: +1 or -1. These spins are arranged in
a graph, typically a crystal lattice, where the local
structure repeats periodically in all directions, allow-
ing each spin to interact with its neighbors. One area
of interest for mathematicians and physicists is the
analytical validity of the free energy function in the
Ising model. These issues can be referenced in Friedli
and Velenik’s book. !

The free energy function in mathematics and
physics is defined as the logarithm of the partition
function. Analyzing the properties of the free energy
function is crucial for understanding phase transi-
tions, particularly in the Ising model. This approach is
also applicable to more complex mathematical mod-
els in statistical mechanics, such as the Potts model,
Blume-Capel model, and Curie-Weiss model. To in-
vestigate the analytical properties of the free energy
function, we typically calculate its analytical domain.

*Corresponding author.

Email: nguyentongxuan@gqnu.edu.vn

https://doi.org/10.52111/qn;js.2025.19509

One of the tools used to study the analytical prop-
erties of the free energy function is the cluster expan-
sion technique. The cluster expansion represents a
power series with respect to auxiliary parameters, of-
ten referred to as fugacity. The first application of the
cluster expansion was to examine the pressure func-
tion at equilibrium as a power series based on the den-
sity function derived from the empirical descriptions
of gases and liquids. In the theoretical framework of
fluids, these parameters correspond to pressures de-
termined respectively from the ideal gas law or the
pressure of certain suitable reference components.

This problem is discussed in various references. |2

Cluster expansion has extensive applications in
various fields, including probability theory and im-
proving the bounds on colored graphs. These appli-
cations hinge on representing the partition function
specific to each problem, along with the associated
reference parameters for their characteristics. Further
insights into the applications of cluster expansion can

be found in references. '

A common question that arises in these contexts
is when the free energy function behaves as an ana-
lytic function in relation to the identified parameters.
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One method to improve the analytic range of the free
energy function in the Ising model involves in refin-
ing the convergence criteria of the cluster expansion.

Study on the convergence domain of cluster ex-
pansion began in the late sixties,>° but it did not re-
ceive significant attention until several decades later.
The convergence of cluster expansion has been ex-
amined using various methods, including Kirkwood-
Salzburg equation,’ tree-graph boundaries,” induc-
tion methods,® and partition schemes® (for a com-
parison of these methods, see reference!?). Among
these approaches, the partition scheme has yielded
the most promising results and has been the focus of
several applications and improvements in the paper.’
This work has been expanded upon in various stud-
ies, summarized in reference.? Nevertheless, the ad-
vancements made by Fernandez-Procacci regarding
the convergence criteria remain the most promising
for practical applications.

This paper aims to explore the expansion of the
analytical domain of the free energy function for the
Ising model, building on the advancements made by
Fernandez-Procacci in the convergence domain of
the cluster expansion. Specifically, we will provide
the analytic domain when the external field is not zero
(in reference,! this model is referred to as the Ising
model with a strong field).

2. ISING MODEL IN A STRONG FIELD AND
MAIN RESULTS

To start this section, let us revisit the definition of
distances,

Ao ) o i il = o |
(4,5) = lli —jlloo 121]?;(d|lk gkl (D)

for i,j € 7%, and
d(S,S") = inf{d(k,0) : k € S,L € S}

for S, ' C 7.

We consider the set Q = {—1,1}%". Configu-
rations denote by o = (0;),¢cza. Let us consider a
finite set A C Z%, configurations oy € {—1,1}} :=

) and Hamiltonians with free boundary condition

HAﬁh op) =0 Z f(i,g ala]—hZcrz,
{i,j}eA icA
)
where 5 € R> is the inverse temperature, h € R is
the external field, and the interaction f (-, -) is defined

f6.9) = { .

Consider a configurations opywy- € §2 and Hamilto-

as

otherwise

nians

/BZfZ]UZw]7

i€A
JEAC

HR g (0awae) == HE, .1(T0)

“4)
where the interaction f(-,-) is defined in (3), a con-
figuration opywpe € € includes two parts oy €
{~1,1}* := Qp, and wy. € {~1,1}" which is
usually called a boundary of the system, or configu-
rations are frozen outside of the finite set A, and the
term

6 Z f(iaj)o-iwjv
PiEA
jeAe
refers to the interaction between the internal and ex-
ternal components of the system.

The partition function with free boundary condi-

> e (~HEu(00), ©)

[N N

tion in A is

Z3(B,h) =

the (finite-volume) free energy function (pressure
function) with free boundary condition is

1 @
A log Zy (8, h). (6)

And the partition function with w—boundary condi-

PY(B,h) =

tion in A is

Z?\)(/B7h) = Z 24 (_H‘X;ﬂ,h(a'/\w/v))a

oAE)
(7)

the (finite-volume) free energy function with
w—boundary condition in A is

PY(,h) = Vl\logZX(ﬂ, B ®

https://doi.org/10.52111/qnjs.2025.19509
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The thermodynamic free energy function p” is ob-
tained through the thermodynamic limit

P'(8,h) = lim P{(5,h) ©)

in Fisher sense, where # := @ or w.

We utilize the fact that thermodynamic pressure
is independent of boundary conditions (for reference,
please take a look at Theorem 3.8') and, for the sake
of algebraic convenience, we will focus in this sec-
tion on “plus” boundary conditions: w; = 1 for all
1 € A. The interaction between the inside and outside
of the system can be described as the following term

B Y, owj=8 ), o
ieA, jEA ieA, jEA
lli—jlloc=1 lli—jlloc=1

Note that from this point forward, we will use the
+ notation to represent the plus boundary condition
for all previously mentioned quantities. This includes
the free energy function in a finite domain, partition
functions, and the thermodynamic free energy func-
tion.

To get the presentation of partition function, we
add and subtract 1 to each term in this Hamiltonian
and for each oy € €1y, let us introduce the set

A (op) = {ieA: oy=—-1}. (10
We obtain
HYn(00) == BIErl = h A+ 28 |0:A” (o)

+2h |A (o) (11)
where
0.7 (01) = {{ij}:ieA (on),
§ A (on), i =il =1

and
&n={{i.g} CZ': {i,30A # 2, li—jlloo = 1},

Each o corresponds one-to-one to a term of devia-
tion from the ground state A~ (o5 ) (the configuration

https://doi.org/10.52111/qn;js.2025.19509

with minimal energy), which is the “all +1” config-
uration. As a consequence, the partition function can
be expressed in terms of deviations from the ground
state:

Z3(8,h) = exp(BIExl + hIANZE(8,h), (12)
where the “large field” polymers partition function
ZXE (B, h) is given as

Z§(B.h) = Y exp(—2B|0.A7| - 2h[A7]).
A-CA
From the definition of the distance in (1), let us
declare that two vertices i, j € A~ are connected if
and only if d(i,j) < 1, and we can decompose A~

into maximally connected components (For example,
see Figure 1),

AT=5U..US,
with d(Sy, Si) > 1 for £ # k.

m m Y m
U A\ v A\
o o Y Fan)
o o Y oD
U A\ L U
o] Vai o om0 Fany Fany Y om0 Fany FanY Vai
Ay AV U A\ A\ A\ v A\ A\ A\ AV
o Vai FanY o0 ﬁm o oD Fan) o o Vai
(]
N
)
AV

Figure 1. A configuration of the Ising model. Each
connected component of the shaded area delimits one of
the polymers S, ..., Se.

Before giving an alternative expression of large
field polymers partition function, let us introduce the
definitions of compatible and incompatible objects as
follows:
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Definition 2.1. Let us define S, S’ to be compatible,
and denote S ~ ', if d(S,S’) > 2. Otherwise S,
and S’ are incompatible and we denote S ~ S’
Denote

1 it S~5
S, 8" = :
(5,5 { 0 if Sx9

Since [0 A | =Y 1, [0eSiland [A~] =" |Si],
then the expression of large field polymers partition
function can be rewritten in the following form

Zy(B,h) =1
+Z% Y IT <s.s) Hwﬁhsg

n>1 (S1ye.,Sn)EPY 1<i<j<n
(13)

with
Pr = {S CA: Sisnon-empty and connected of A}
and

wpp(S) = exp(—26]0.S| —2h[S]).  (14)

Forn € N, let C[n] be the set of all connected graphs
on n vertices. For each graph G = (V(G), E(G)),
let V(G) denote the vertex set of the graph G and
E(G) denote the edge set of the graph G.

Theorem 2.1. The pressure with +-boundary condi-
tion in A can be expressed as the following form

1€a] 1
where
log Zi (8, h)
00 1 n
- E ag;(sla aSn) Hwﬂ,h(sl)v
n=1 (S1...8,)€EPR 1=1
(16)

with Ursell function w’ (-) defined as

al (S, 8) = > [ [(SiS;) 1.

GeCln] {i,j}€E(G)
(17)

Expression (16) is well-known as cluster expansion.

Proof. Expression (13) serves as the partition func-
tion for a gas of polymers, which is comprised of sub-
sets of A, as discussed in Fernandez and al. paper. '
Consequently, we can apply the theory developed for
these systems to prove expression (15). For more de-
tails, see references. '!! |

The next theorem establishes a sufficient con-
dition for the existence of the pressure function as
A — 7% in the thermodynamic limit and allows us to
verify the analytic domain of the pressure function.

Denote

Pra = {S czt: 8 #+ & and connected of Zd} ,

and Py — Pga as A — Z°.

Theorem 2.2. [f there exists a > 0 such that

o
Z ’Ak‘ e—2dp k(d=1/dy (1)Y/d—2h k+(2d+1)ak

k=
<e* -1 (18)
with

A = {S € Pga:0€S, ‘S| = k}, (19)

and V(1) denoting the volume of a d-dimensional
sphere of radius 1, then the following hold:

(i.) Consider wgj, = {wg n(S)}sep,,. For S €
Pya, the series |I'| g (wg 1) defined in (24) is conver-
gent. Furthermore,

] (wp,n) < e,

(ii.) The free energy function (15) converges ab-
solutely and uniformly in A, and

pr(Bh)=Bd+h+ Y Y. @0
XCZ4:X>0
where, for each X C 7%, U(-) is defined as follow:
20

(X)
z > altsi

<sl...sn>e7>'Z
S1U---USp=X

Hwﬂh
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Proof. Part (i) of Theorem 2.2 follows from Lemma
4.2, which will be presented in Subsection 4.2 of this
paper.

Part (ii) of Theorem 2.2 is derived from the
Fernandez-Procacci Theorem.” We will omit the de-
tailed proof and refer readers to"!! for further infor-
mation. O

The main purpose of this paper is to identify
the domain of inverse temperature  and the exter-
nal magnetic field h for which the pressure function
p(B, h) is analytic, as stated in the following theorem.

Theorem 2.3. The pressure function p(S3, h) is ana-
Iytic in the domain D with

D = {(B,h) ERxR:B>0; 2 > ¢(a)}

where ¢1 is defined in (47) and a in (50).

3. CLUSTER EXPANSION FOR SUBSET
GASES

Subset gases are specific types of polymer gases that
are frequently utilized in cluster expansion within sta-
tistical mechanics. Their definition requires a count-
able subset, denoted by, V (e.g. Z%) which acts as an
underlying “space”. Polymers are defined as finite,
non-empty subsets of V, represented mathematically
as
={SCV:0 < |f] < oo}

with compatibility relation, denoted by S ~ S’ de-
pending on the models we are working with. For in-
stance, in Section 2, we stated that S ~ S’ if and
only if d(S,S") > 2. In the work of Bissacot, Pro-
cacci and Fernandez, ° it is mentioned that S ~ S’
if and only if S NS’ = @. Polymers can now be
measured through its cardinality, so it makes sense
to talk about large and small polymers. The defini-
tion of the gas is completed by a family of activities
z = {zg € C}gep,. Let us define the partition
function for gas polymers as follow

Z(z)=1 (22)

https://doi.org/10.52111/qn;js.2025.19509

T T sl

n>1 ! (Styeees ePy 1<i<j<n

Using Mayer’s trick (which can be found in'!), we
can derive log Z(z) as the following form

log Z(z)

*Z Z CLZ(Sl,...,Sn)

w1 (S, )EPn

n
[T5s.
i=1

(23)
where a”'(-) is defined in (17).

To study the convergence of cluster expansion,
we typically examine it through the convergence con-
ditions of the formal power series in infinite vol-
ume as below (see’ for a full explanation): For each
S e Py,

ITls(p) =1

an S ey (S Sl ] es.

n=1""(S,.,5,)EP} i=1
(24)

with p € [0, 00)"

We will now examine some convergent condi-
tions of cluster expansion as given in equation (24).
As a consequence of Theorem 2.3.2,!! the cluster ex-
pansion is convergent under Fernandez-Procacci cri-
terion known as the best convergent condition, which
is given in the following theorem.

Theorem 3.1 (Fernandez-Procacci criterion). Sup-
pose that for some & € [0,00)"7 there exists p €
[0, 00)%" such that

Es, ¥ (1) < ps,, foreach So € Py (25)

with

{PEIED SETDY Hus

n>1 (S1,-,5n)€PY
Sgw S, Si~S; 1< j<n

(26)
Then the series |I'| g (&) defined in (24) is convergent.
Furthermore, for each S € Py,

{s|lg (§) < ps-
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To apply the Fernandez-Procacci criterion, for

most of the models, we substitute 11, = §Vea|”f‘
to obtain
n
LYY e ces
n>1 {S1,---,Sn}CPy i=1

SgNS;#8, 8;NS;j=2, 1<i<j<n

27)
From the constraint in the sum, Sp N .S; # &, S; N
S; = @, 1 < i < j < n,this means that each
of the polymers 51, ...,.S, must intersect different
points in Sy to avoid overlapping. Consequently, we
can conclude that: (i) n < |Sp|, and (ii) there are n
different points in Sy touched by S1 U ... U S,. The
selection of these points can be done in (|S°|) ways.
Hence the left-hand side of (27) is less than or equal

to

|Sol

(s >[p o ]

€Sy SePy
[Sol
] . (28)

Sz
This leads us to the following sufficient condition for
27

14 sup Z {ge

2€50 gepy
Sox

sup Z fse“‘s‘ < e —1.

TESyH SePy
Sox

(29)

This condition, in fact, coincides with the known (but
forgotten) Gruber-Kunz condition® except that the
later involves a sharp inequality sign. The condition
is useful for numerous applications including con-
tour ensembles of low-temperature phases, geometri-
cal objects of high-temperature expansions, random
sets of the Fortuin-Kasteleyn representation of the
Potts model,...

4. PROOFS
4.1. Alternative Gruber-Kunz condition

In this section, we will utilize the Fernandez-
Procacchi criterion given in Section 3 along with a
new compatible relation presented in Section 2 to

derive the improvement of Gruber-Kunz condition
which is presented in the following proposition.

Proposition 4.1. [f'there exists a > 0 such that

sup Z wg,h(S)e“”S]l‘ <e'-1 (30)
J,‘GZd rES
SEPyy
with
[Sho= {jez?:d(,8) <1}, 6D
then |U'|g(wgp) converges, for wgy =

{wp 1(S)}sep,,. Furthermore, for every S € Py,
U] (wg,p) <.
Proof. Let us start with following conclusion readily

from Theorem 3.1 that |I'| ¢ (p) converges if for each
SeP,

Y > Hwﬁh ) < )
n>1  (S1...80)€P?,
SwS;, S;~S;, 1<i 7<n
(32)

where we take 15 = wg ,(S)e? ). It is easy to see
that

SxS «=dS,S) <1 Sn[Y] =
with [S]; defined in (31), and
S~S =dSS)>1=5nS =2.

It implies that the left-hand side of convergent condi-
tion (32) can be bounded by

1+ >

n>1 {51,850} CPyq
[S]1NS;#8@, S;NS;=0, 1<i,j<n

Hw,@,h(sz)e (5
=1

(33)
Then we can replace the convergent condition (32)
by

1+ 2. Hwﬂh el

n>1 {S15-:Sn}CPyq
[SI1NS;#8, 5;NS;=2, 1§z,j<n

< ellShl, (34)

By an argument analogous to that used to derive the
Gruber-Kunz condition (29), starting with the con-
straint in the sum, [S];NS; # @, $;NS; =@, 1 <
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i < j < n, this means that each of the polymers
S1,..., Sy must intersect different points in [S]; to
avoid overlapping. Consequently, we can conclude
that: (1) n < |[[S]1|, and (ii) there are n different
points in [S]; touched by S U...US,,. The selection
of these points can be done in (‘ [‘21 ‘) ways. Hence the
left-hand side of (27) is less than or equal to

1+ sup Z w57h(S)e“‘[S]1| < e (3%5)

€L cs

SEPLy

The proof has been completed. U

4.2. Proof of Theorem 2.3

Before proceeding with further calculations, let us
establish a weaker condition for the convergence of
the power series |I'|s(-) in the following lemma.
This condition arises from a bound on the weight
wg p(-)e!5hl as outlined in this lemma, along with
the Gruber-Kunz condition. This bound is particu-
larly useful for estimating the parameters /5 and h.

Lemma 4.2. For each S € Pya,

wgp(S) < e PAVa()/[SIN =D/ =hiS] (36)

with V (1) denoting the volume of a sphere of radius
1, and
edllShl < ga(2d+1)I5] (37)

Furthermore, if there exists a > 0 such that

|Ak’ e_gdﬂ kd=D/dV(1)1/4—2h k+(2d+1)ak

NE

1

IN T
o

@ _q (38)
with

A = {S€Pga: 05, |S| =k}, (39
then |I'| g (wga,1,) converges and
T (wgp) < e,

for each S € Pya.

https://doi.org/10.52111/qn;js.2025.19509

Proof. We observe that
S| < [Shl < 2d+1)[S],  (40)

then the inequality (37) holds.

To prove the inequality (36), we begin with the
fact that the smallest ratio of area to volume is
achieved by a d-dimensional sphere. Denoting the
volume and surface area of a sphere of radius R, re-
spectively,

Va(R) = Vy(1) R
Sd(R) = dVd(l) Rd_l

we obtain

0S| > Sa(R) = dVa(1)Y[Vy(R))- /4
= dVd(l)l/d|Sy(d’1)/d, (41)

As a consequence of inequalities (36), (37), and the
condition (38), we obtain

sup o~ 2610.5|2h|S|+a] S,

€LY s
SeP,y
o
< Z | Ap| e~ 248 KAV (1)1 2h ke (24 1)ak
k=1
<e’-—1 (42)

with Ay, defined in (39). Thus, the alternative Gruber-
Kunz condition is satisfied, completing the proof as
a consequence of Proposition 4.1. ]

The next two lemmas are crucial for determining
the number of elements in A},

Lemma 4.3 (Lemma 3.60"). Let G be connected
graph with n edges. Starting from an arbitrary ver-
tex of G, there is a path in G crossing each edge of
G exactly twice and ending at the starting vertex.

Proof. The proof uses an induction argument. For
n = 1 the result is trivial. Assume that the claim
holds for £ = n — 1 and consider a connected graph
G with n-edges. Let iy be the starting vertex in G
and consider a vertex jo € V(G) such that {ig, jo} €
E(QG). There are two possibilities for E(G)\ {io, jo}:

124 | Quy Nhon University Journal of Science, 2025, 19(5), 117-127



QUY NHON UNIVERSITY

TN SCIENCE

e [tequals F(G) where G is a connected graph.
In this case, the desired path is obtained by concate-
nating {ig, jo} with the path in G starting from j
and satisfying the inductive hypothesis, followed by
the final step {19, jo}-

e [tequals E(G1)UE(G2) where G and G are
each connected but they are mutually disconnected.
The initial site ¢ is a vertex of G and j a vertex of
(9. In this case the desired path is obtained by the fol-
lowing concatenation: First {i, jo}, second the in-
ductive path in Gy starting and ending at jg, third
{i0, jo} again, and fourth the inductive path in Gy
starting and ending at .

Inboth cases, we obtain a path that starts and ends
at 19, with exactly two visits to each edge of G. [

Lemma 4.4. Fork > 1,
Al < (2d)%72 (43)
where Ay, is defined in (39).

Proof. For each set S € Pza such that 0 € S and
|S| = k, there exists a spanning tree that contains
k—1 edges. Consequently, by applying Lemma (4.3),
the number of connected sets with £ elements that in-
clude 0 is bounded above by the number of paths of
length 2k — 2 starting from 0. This quantity is cer-
tainly less than (2d)%~2. O

We now start with the proof of our main result in
this paper. The infinite volume free energy p(/3, h)
inherits the analyticity of the positive series |I'|s(+)
(for more details, see references’!'!). Thus we can
confirm that all values of the external field /h that
meet the condition (38) are sufficient for the analyt-

icity of p(3, h).

Proof of Theorem 2.3. We start with the condition
(38), and apply Lemma 4.4 to obtain

o0

— 1/dj(d=1)/d _
Z ‘-Ak:| e 2dBV (1) 4k 2hk+(2d+1)ak
k=1

< Z(2d)2k72e[72h+(2d+1)a]k
k=1

e(2d+1)a—2h
T 1 (2d)2eCdtDa-2r’ (44)
for h > 0 satisfying

Inequality (44) implies that (38) is valid for A when-
ever there exists a constant a¢ > 0 such that

2d+1)a—2h

(
¢ a
1— (2d)2e(2d+Da—2h sef—1  (46)

It is equivalent to

2h>1n[1+ 4d?(e® — 1] —In(e* —1) +2da+a
= 61(a) @7

and from the condition (45), we have
2h > 21n(2d) + 2da + a := ¢2(a).

Then, for each a > 0,

%h > max[n(a), da(a)] = 1(a).  (49)
For a > 0, we have
In[1+ 4d? (e — 1)] —In(e* —1) > In(4d?).

Thus, for each a > 0, as a consequence of the in-
equality (48), to optimize the domain for the field &,
we can take
2h > min ¢1(a). (49)
a>0

Elementary analysis shows that ¢1(a) has a unique
minimum at

2d+1)(8d2 = 1)+ 1+ VA
8d2(2d + 1) ’

a=I (50)

with
VA = [(2d41)(8d*—1)+1)>—16(2d+1)* (4d* —d?).
Hence,

2h > ¢ (a). (51)

The proof of Theorem 2.3 is completed. 0J
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4.3. Comparison with Friedli and Velenik result

In the last part, we compare our estimations with
the results provided in Friedli and Velenik’s book
which is one of the newest result on this topic. To
describe the latter, let us denote

T](h,d) _ Z(Qd)2k6(2d+172h)k

k
H* = {h:Reh>h} (52)
with
h:=inf{h : n(h,d) < 1,h > 0}.

Friedli and Velenik state that if h € H™T, then the
cluster expansion in the equation (16) converges ab-
solutely. By performing a simple computation, we
can estimate that

2h = In(8d?) + 2d + 1. (53)

As a consequence of inequality (49), plugina = In2
into the function ¢;(a), we have

2h = In(8d?) +2d + 1
> In(4d* +1) +d2In2 +1n2 > min ¢ (a).
a>
(54)

Inequality (54) shows that our estimate is lower than
Friedli and Velenik’s bound' (for more details, see
Figure 2). Let us examine the ratio between our
bound and Friedli and Velenik’s bound ', as defined
below

o ¢1(a)
) = oem®) 1 24+ 1

where ¢ is defined in (47) and @ in (50). In Figure 3,
we observe that the rate R decays exponentially,
approaching zero as d tends to infinity.

https://doi.org/10.52111/qn;js.2025.19509

h-lower bound

0 T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

d-dimension

Figure 2. A comparison with Friedli and Velenik result
(green line presented for Friedli and Velenik’s result and
red line presented for our result).

T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500
d-dimension

Figure 3. The rate between our bound and Friedli and
Velenik bound.
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Thiét ké anten mang tram géc c6 dé Igi cao, muic bip song
bén thap cho hé thong thong tin 5G dai tan duéi 6 GHz

Ping Thi Tir My, Ho Vin Phi, Huynh Nguyén Bao Phuong*
Khoa Ky thudt va Cong nghé, Truong Dai hoc Quy Nhon, Viét Nam

Ngay nhan bai: 05/06/2025; Ngay swa bai: 12/08/2025;
Ngady nhdn dang: 03/09/2025; Ngay xudt ban: 28/10/2025

TOM TAT

Trong bai bdo ndy, mot anten mang c6 do loi cao, mirc biip séng bén thip duoc dé xuat cho tng dung tram gdc
5G dudi 6 GHz hoat dong trong bang tan C. Anten nay dua trén thiét ké ludng cuc dién tir (ME) di dugc diéu chinh,
bao gdm hai tAm kim loai hinh tam gidc, hai tim kim loai hinh chit nhat, cac cot kim loai néi dat, mot ddu do hinh
L, mit phang dat va duong tiép dién vi dai. Phan tir anten don, véi kich thudc tong thé 96 mm x 96 mm x 2,4 mm
(xap xi 1,551, % 1,551 x 0,04\ tai 4,9 GHz), dat bang thong tr& khéng rong tir 4,50 GHz dén 5,06 GHz voi hé s6
phan xa (|S, |) duéi -10 dB, va d¢ loi cuc dai 3,1 dBi. Mot mang tuyén tinh 1x8 phan tir ludng cuc ME dugc phat
trién st dung kich thich déng pha va déng bién. CAu hinh nay mang lai d0 loi cyc dai cao 1a 13,8 dBi; tuy nhién, ciing
dan dén mirc bup song bén kha cao 1a -12,9 dB. Dé giai quyét han ché nay, k¥ thuat giam bién do hinh thang dugc ap
dung cho tiép dién mang. Céc két qua mo6 phong cho thiy anten mang cai thién dang ké mirc bup séng phu, dat dudi
-28 dB trong khi van duy tri d9 loi cao 13,6 dBi.

T khéa: D¢ loi cao, mirc bup song bén, anten mang, thong tin 5G duoi 6 GHz.

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

In this paper, a high-gain and low side-lobe level array antenna is proposed for 5G sub-6 GHz base station
applications operating in the C-band. The antenna is based on a modified magneto-electric (ME) dipole design,
comprising two triangular metallic plates, two rectangular metallic plates, grounded vias, an L-shaped probe, a ground
plane, and a microstrip feed line. A single antenna element, with overall dimensions of 96 mm x 96 mm X 2.4 mm
(approximately 1.55A x 1.55% x 0.04)_ at 4.9 GHz), demonstrates a wide impedance bandwidth ranging from 4.50
GHz to 5.06 GHz with a reflection coefficient (|S,,[) below -10 dB, and achieves a peak gain of 3.1 dBi. A 1x8 linear
array of ME dipole elements is developed using uniform in-phase and equal-amplitude excitation. This configuration
yields a high peak gain of 13.8 dBi; however, it also results in relatively high side-lobe levels, reaching -12.9 dB.
To address this limitation, a trapezoidal amplitude tapering technique is applied to the excitation of the array. The
simulated results indicate a significant improvement, achieving a side-lobe level below -28 dB while maintaining a
high gain of 13.6 dBi.

Keywords: High gain, side-lobe level, array antenna, 5G-sub 6 communications.

1. INTRODUCTION Among various antenna technologies,

With the exponential growth of mobile data magneto-electric (ME) dipole antennas have

traffic and the proliferation of smart devices,
the evolution of cellular communication
technologies toward the fifth generation (5G)
has become indispensable. While millimeter-
wave (mmWave) technologies have garnered

demonstrated significant advantages for base
station applications. Formed by combining
electric and magnetic dipole components, these
antennas offer wide bandwidth, stable gain, and
low cross-polarization levels. Their inherently

attention due to their large bandwidths, the sub-
6 GHz frequency range remains crucial for wide-
area coverage, better penetration, and reliable
connectivity, especially for 5G macro base
station deployments.'~* Consequently, the design
of high-performance antenna arrays suitable for
5G-sub 6 GHz applications has emerged as a
vital research focus.

*Corresponding author.

Email: huynhnguyenbaophuong@gqnu.edu.vn

https://doi.org/10.52111/qn;js.2025.19510

symmetrical structure and differential feeding
make them well-suited for dual-polarized arrays,
which are essential in modern MIMO systems.*¢
In addition, ME dipoles have also been widely
studied for mmWave applications, such as
circularly polarized and wideband aperture-
coupled arrays at 60 GHz, which further highlight
their versatility across different frequency ranges.”
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Recent works have extended ME dipole
designs into planar and low-profile configurations
by leveraging printed circuit board (PCB)
technology to enable mass production and ease
of integration. Arrays composed of ME dipoles
have demonstrated the ability to maintain stable
radiation patterns, support beamforming, and
achieve wide-angle scanning-capabilities that
are essential for dynamic 5G environments.®
However, most studies have predominantly
focused on the mmWave bands, whereas
optimized designs for the sub-6 GHz spectrum
remain relatively underexplored.

In addition to impedance bandwidth and
polarization diversity, two essential performance
indicators for 5G base station antenna arrays
in the sub-6 GHz band are realized gain and
side-lobe level (SLL). High gain ensures
that the antenna can support long-distance
communication and high data throughput,
which are crucial for macrocell coverage and
enhanced user experiences in dense urban
and rural environments. Meanwhile, low SLL
is vital to minimize interference, improve
beamforming precision, and enhance signal-to-
noise ratio in multi-user MIMO systems. Recent
investigations on high-gain base station antenna
arrays for mmWave cellular communications
also demonstrate the importance of carefully
optimizing array architectures to achieve both
high efficiency and practical deployment
feasibility.’

Recent studies have demonstrated
significant improvements in gain performance
of ME dipole arrays designed for sub-6 GHz.
For example, the dual-polarized array achieved a
peak gain 0f'9.2 dBi across a wide operating band
from 3.3 GHz to 4.2 GHz, while maintaining
a compact form factor suitable for 5G base
stations.!” Another study introduced a filtering
ME dipole antenna with enhanced radiation
performance, demonstrating a peak gain of 10.4
dBi and a front-to-back ratio exceeding 20 dB.!
These characteristics make such designs
favorable for sectorized base station deployment.

Furthermore, the control of side-lobe
levels has been a focus in optimizing array

radiation patterns. A 4x4 dual-polarized ME
dipole array was proposed with a side-lobe
suppression of better than —13 dB across the
E-plane and H-plane, ensuring minimal leakage
of radiated power into undesired directions.'? The
incorporation of parasitic elements and advanced
feed networks has also contributed to consistent
low SLLs while retaining high efficiency.'

Maintaining an optimal balance among
gain, SLL, and structural simplicity continues to
present a fundamental trade-off. Consequently,
ongoing research focuses on techniques such
as amplitude tapering, optimization of element
spacing, and ground plane shaping to further
enhance the radiation characteristics of ME
dipole arrays operating in the sub-6 GHz
band.'*!* These innovations are driven by the
need to address practical deployment challenges,
including wind resistance, manufacturing cost-
efficiency, and seamless integration of the array
into compact radome structures. Overall, the
continuous evolution in ME dipole array design
demonstrates promising potential to deliver the
desired electrical and mechanical performance
needed for next-generation 5G sub-6 GHz base
station antennas.

This study presents a high-gain, high-side-
lobe suppression magneto-electric (ME) dipole
antenna designed for 5G-sub 6 GHz applications,
specifically operating at 4.9 GHz within the
C-band spectrum. The antenna is excited using an
L-shaped probe, which effectively stimulates the
ME dipole mode while preserving a low-profile
structure suitable for compact deployments. To
evaluate its performance in practical scenarios,
a 1 x 8 linear antenna array configuration was
implemented and optimized for base station
use. Furthermore, by employing trapezoidal
excitation techniques, the array achieved a
peak gain of 13.6 dBi and exhibited side-
lobe levels below -28 dB, indicating excellent
radiation pattern control and suitability for high-
performance wireless communication systems.

The remainder of the paper is organized
as follows. Section 2 provides detailed designs
and performance simulations for the single ME
dipole antenna. A 1 x § elements linear array

https://doi.org/10.52111/qnjs.2025.19510
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design with in phase equal-magnitude and in
phase tapering-magnitude feeding are given in
Section 3, while some conclusions and future
development of are contained in Section 4.

2. SINGLE ANTENNA DESIGN
2.1. Antenna geometry

The antenna’s geometry is depicted in Fig. 1.
The proposed antenna made up by two dielectric
layers which are FR4 epoxy sheet with a
relative permittivity of 4.4. The ME dipole is
printed on the substrate #1 with a thickness of
1.6 mm and a dimension of W, > W_ . The
antenna consists of four metallic plates, six
metallic posts, an L-shaped probe, and a ground
plane. Plated through-hole technology was used
to create the metallic posts with a diameter of 1.0
mm. A 50 Ohm microstrip line was connected
to the vertical portion of the 1.0 mm diameter
L-shaped probe. The feeding line was printed on
the substrate #2, which has a 0.8 mm thickness.

Metallic plate
X

(b)
Figure 1. Geometry of the proposed antenna: (a) side

view, (b) top view.

https://doi.org/10.52111/qn;js.2025.19510

2.2. Parameter study

To identify the optimal dimensional parameters
of the proposed antenna, it is essential to initially
approximate initial values, including the ME
dipole length and the width W of the 50-ohm
feed line. Subsequently, the resonance frequency
is examined based on these initial values and
then compared to the intended design frequency.
The optimization process is then carried out
by analyzing the dimensional parameters of
the single element antenna. Specifically, each
parameter is varied individually to observe its
effect on the resonant frequency, while keeping
the remaining parameters constant.

Given a specified center resonance
frequency, the length L, of the ME antenna can be
estimated. In practice, the ME antenna’s length
L, is initially approximated as half of the free-
space wavelength at the center design frequency.
Hence, the initial estimate of L, can be readily
computed, yielding a value of approximately
30.6 mm (which corresponds to ~0.5A at
4.9 GHz). The characteristic impedance Z, can
be calculated with given the dimensions of the
microstrip line as paper. '¢

60 [Sh w(,}
In| —+—2 W,
lgye// w, 4h ,—<1
Z,= 1207 wo (D

\/?eff’ Mo 11.393+0.6671n| 20 +1.444

where €, is the relative effective dielectric, w,

is the microstrip line width, and / is the substrate
thickness.

With the characteristic impedance Z, =
50 Q, the feeding line width is calculated as
W =1.49 mm.

ms

Figure 2 presents the simulated |S11|
of a single antenna with calculated L, and W
values. It can be observed that the antenna
operates at a frequency of 4.91 GHz. However,
the impedance matching is not satisfactory. As
can be seen from this figure, the antenna can
broaden its impedance bandwidth thanks to an
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extra resonance. To address this issue, the dipole
feeding probe position, which is defined as O,
will be investigated to optimize the impedance
matching as well as the operating bandwidth of
n79 frequency band (C-band).

The simulated results presented in Figure 3
indicated that the deep resonance of the single
antenna can also be adjusted by changing
the feeding position O. This proves that the
impedance matching of the single antenna can
be optimized by changing the feeding position of
L-shaped probe feed.

0.00
= % 5771
S __-10.00 \
= T
= 98 | Extra
@
1 resonance
o
-20.007
Name X Y
m1_4.9146-19.9880!
-30.00
4.00 425 4.50 475 5.00 525 5.50 575 6.00

Freq [GHz]

Figure 2. Simulated |S, | of single antenna with initial
L,=14.9 mm.

0.00
#s Curve Info
- dB(S(1,1))
-10.00 Setup1 : Sweep)
0='0.5mm' ;
- dB(S(1,1))
=-20.00 Setup1 : Sweep|
< 0="1mm'
a o dB(S(1,1)
9 -30.00 i Setup1 : Sweep
1 O="1.5mm’
i — dB(S(1,1))
-40.00 Setup1 : Sweep)|
O="2mm'
-50.00
400 420 440 460 480 500 520 540 560 580 6.00

Freq [GHz]

Figure 3. Simulated |S
different O.

.| of single antenna for

0.00

-5.00

-10.00 Curve Info

— dB(S(1,1)

Setup1 : Sweep

AT="18.8mm’ W1=27mm’ W2=25mm’
dB(S(1,1))

Setup? : Sweep

AT=18.8mm’ W1=28mm’ W2=25mm’

— dB(S(1,1)

Setup1 : Sweep

AT='18.8mm’ W1="29mm’ W2="25mm’
9B(S(1,1)

Setup! : Sweep

AT="18.8mm’ W1="30mm’ W2="25mm’

(SR
o o
o o
S o

dB(S(1,1))

-25.00

-30.00

-35.00 j j '
400 420 440 460 480 500 520 540 560 580 600

Freq [GHZ]

(a)

0.00

-5.00

Curve Info
— dB(S(1,1))

-10.00

o
o
153

dB(S(1,1))

)
o
o
1S3

|A1="18.8mm’ W1="27mm' W2="24mm’
— aB(s(1,1)

Setup1 : Sweep
|A1="18.8mm’ W1="27mm’ W2="25mm
aB(S(1,1))

-25.00

-30.00

Setup1 : Sweep
|A1="18.8mm’ W1="27mm’ W2="26mm’

-35.00 T
400 420 440 460 480 500 520 540 560 580 6.00

Freq [GHz]

(b)

0.00
-5.00
Curve Info

-10.00 I dB(S(1.1)

\ X Setup : Sweep
-15.00 \ \ / |A1="17mm’ A2="25mm’ W1="27mm’ W2="25mm|

= \ = 9B(S(1,1))

-20.00 \/ \ / Setup? : Sweep
% ) \ \/ A1="18mm’ A2="25mm’ W1=27mm’ W2="25mm’

[, — dB(s(1.1

a 25.00 Selup1( !‘Sweza’p
® 30.00 |A="19mm’ A2="25mm’ W1=27mm’ W2="25mm|

: dB(S(1,1))

Setup’ : Sy
-35.00 1= B0t AZL25m Wi=27mmt Wa=25mn
dB(S(1,1

-40.00 Selum( éwe)e’p

4500 e e e |A1="21mm' A2="25mm’ W1="27mm’ W2="26mm
400 420 440 460 4380 500 520 540 560 580 6.00
Freq [GHz]

(c)

0.00
,{“‘“\\ —
-5.00 N
N\ Curve Info
— dB(S(1,1
_-10.00 seupt - Snesp
= IA1="18 8mm’ A2="23mm’ W1="27mm’ W2="25mm
- aB(s(1,1))
& -15.00 Setup1 : Sweep
o IA1="18.8mm’ A2="24mm’ W1="27mm’ W2="25mm'
° - dB(s(1, 1)
-20.00 Setup1 : Sweep.
IA1="18.8mm’ A2="25mm’ W1="27mm’ W2="25mm
4B(S(1,1))
-25.00 Setup1 : Sweep.
[A1="18 8mm’ A2="26mm’ W1="27mm’ W2="25mm'
-30.00
400 420 440 460 48 500 520 540 560 580 6.00

Freq [GHz]

(d)

Figure 4. Simulated [S, |
different: (a) W, (b) W,,(c) 4,, (d) 4.

of single antenna for

Figure 4 presents the |S11| simulated of
single ME antenna with different value of W,
W,A, and 4, As can be observed at Fig. 4(a)
and 4(b), the center frequency of single antenna
almost did not change when W, W, varied. As
shown in Fig. 4(c), when 4, was increased,
the center frequency of the single antenna was
decreased while this center frequency shifted
slightly when A4, varied as shown in Figure 4(d).
This proves that the center frequency of the
single antenna can be effectively adjusted by
changing the values of 4.

The simulated [S, | of final single antenna
is shown in Fig. 5. It can be seen that the antenna
exhibits a -10 dB impedance bandwidth ranging
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from 4.50 GHz to 5.06 GHz. Fig. 6 presents the
simulated radiation pattern of single antenna in
x-z and y-z plane. It is observed that the antenna
yielded an omnidirectional in both planes with a
peak gain of 3.1 dBi.

0.00

+10.00

dB(S(1,1))

-10.00"

-20.00

30,00+ !
4.00 425 4.50 475 5.00 525 5.50 575 6.00

5 57
01 01
51 60/ heo 3
104/ \ 109
51/ } 151
-20 90" 90 -20
-15 4 L J 154
01 % S /101
51 4120 /120 57 -
0 ~ . 7 04
5 150 7T 150 5

(a) (b)
Figure 6. Simulated radiation pattern of the single

dipole at 4.9 GHz in (a) x-z plane, (b) y-z plane.

The final design parameters of the single antenna
wereasfollows: W, =96 mm, W =27mm, W,=25mm,
A,=18.8mm,A,=23mm, W, =149mm, L =15mm,
Wp= S5mm, g, = 1.0 mm, g,=7.0 mm, O =2 mm, and

p =4.5 mm.
3. ARRAY ANTENNA DESIGN

In this section, we first analyze the performance
of the array by utilizing an in-phase equal-
magnitude feeding network. Subsequently, we
implement an in-phase tapering-magnitude
feeding network to reduce the side-lobe levels
of a 1x8 element array antenna. Both feeding
networks are designed on FR4 epoxy material
with a thickness of 0.8 mm.

3.1. Conventional feeding network

A conventional feeding network consisting of
multiple equal T-junction power dividers is
employed to achieve in-phase, equal-magnitude
excitation for the 1x8 element array antenna. As
illustrated in Figure 7, the 1x8 array exhibits

https://doi.org/10.52111/qn;js.2025.19510

a directional radiation pattern in the y-z plane,
achieving a peak gain of 13.8 dBi. However, as
shown in Figure 8, the array exhibits a relatively
high side-lobe level of —12.9 dB.

20 7

01 -120 120

20- -150 150

-180
Figure 7. Simulated radiation pattern of 1x8 elements
array at 4.9 GHz with an in-phase equal-magnitude

feeding (solid line: co-pol, dashed line: cross-pol).

Name X Y
m1_-12.0000-12.9150] ¢

Normal Gain (dB)

90 -60 -30 0 30 60 90
Theta [deg]

Figure 8. Simulated normal gain of the 1x8 array at
4.9 GHz with an in-phase, equal-magnitude feeding.

3.2. Tapering-magnitude feeding network

In order to reduce the side-lobe, a new magnitude
distribution of the excitation, which is type
trapezoidal distribution, is designed for the 1 x 8
elements linear arrays. The feeding network
is constructed using a cascade of multiple
unequal T-junction power dividers to realize
the desired trapezoidal amplitude excitation.
The design of the unequal T-junctions is based
on impedance transformation principles, in
which the characteristic impedances of the
microstrip transmission lines are carefully
calculated to achieve the desired power division
ratios. Quarter-wavelength transmission line
transformers are employed for impedance
matching between stages. To circumvent
fabrication issues associated with extremely
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narrow microstrip lines-typically required for
high impedance values-each power divider
incorporates a 50 Q to 25 Q transformation
section. Detailed feeding network is illustrated
in Figure 9. The magnitude for each element is
detailed in Table 1.

Port #2 Port #3 Port #4 Port #5 Port #6 Port #7 Port #8 Port#9

Port #1

Figure 9. Feeding network of the trapezoidal

excitation.

Table 1. Tapering-magnitude excitation for 1 x § ME

antenna array.

Element no. | #l #2 | #3 #4 | #5 #6 | #7 | #8

Magnitude | 1 3 6 9 9 6 3 1

TEERRDH
5

Figure 10. Geometry of 1 x 8 elements linear array

fed by in-phase and tapering-magnitude feeding
network.
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Figure 11. Simulated [S, | of of 1x8 elements array.

01 -120 ' 120

-150 150

-180

Figure 12. Simulated radiation pattern simulated of
1x8 array at 4.9 GHz (solid line: co-pol, dashed line:
cross-pol) with an in-phase trapezoidal feeding.

Name X Y i
m1_-14.0000-28.4110|

w N =
g8 _8_3

Normal Gain (dB)

IS
2

-50
-90 -60 -30 0 30 60 90

Theta [deg]
Figure 13. Simulated normal gain of 1x8 elements

array at 4.9 GHz with an in-phase trapezoidal feeding.

Figure 10 shows the 1 x 8 elements
array incorporated with in-phase and tapering-
magnitude feeding network. The array antenna
exhibits a—10 dB bandwidth of 509 MHz, ranging
from 4.50 GHz to 5.09 GHz, as illustrated in
Figure 11. The simulated radiation performance
of the array with the trapezoidal excitation is
given in Figure 12. As can be observed that
the array yielded a gain of 13.6 dBi and a side-
lobe of -28.4 dB. These results indicate that the
1 x 8 elements linear array with the new excitation
yields a lightly lower gain, but a significantly
lower side-lobe in comparison with the array
fed by in-phase equal-magnitude excitation, as
depicted in Figure 13.

4. CONCLUSION

A high-gain, low side-lobe level magneto-
electric (ME) array antenna has been developed
for base station applications operating in the n79
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frequency band (C-band) of the 5G sub-6 GHz
spectrum. The proposed
antenna structure comprises two rectangular

communication

and two triangular metallic radiating elements,
six grounded vias, an L-shaped feeding probe,
a ground plane, and a microstrip line feed. The
single-element antenna achieves an impedance
bandwidth of 11.4% (ranging from 4.50 GHz
to 5.06 GHz) for [S, | < —10 dB, along with a
peak gain of 3.1 dBi. Subsequently, a linear
array consisting of 1x8 elements was designed
using a conventional feeding network based on
multiple equally split T-junctions. This array
configuration achieved a high peak gain of 13.8
dBi but suffered from a relatively high side-
lobe level (SLL) of —12.9 dB. To mitigate this
issue, a modified excitation scheme employing
a trapezoidal amplitude
implemented for the linear ME dipole array.
Simulation results indicate that the revised
configuration achieves a peak gain of 13 dBi and
a significantly reduced side-lobe level, which is
bellow —28 dB.

distribution was
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Téng hdp mang nhua sinh hoc tii cao chiét 1a Ngii trao
dua trén nén tinh bét Khoai lang va khao sat hoat tinh
khang khuan clia san pham

Pham Khinh Nguyén Huén*, Lé Hong Ngoc Bao?,
Nguyén Thi Kiéu Tién, Ha Thi Kim Quy*

Khoa Khoa hoc Tu nhién, Truong Dai hoc Can Tho, Viét Nam

Ngay nhdn bai: 15/04/2025; Ngay suwa bai: 09/08/2025;
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TOM TAT

O nhidm nhya va an toan thuc pham 14 hai thach thic toan cdu doi hoi cac giai phap bén vimg. Nghién
clru nay nham phat trién mang nhya sinh hoc da chirc nang tir tinh bt khoai lang két hop cao chiét 1a Ngii trao
(Vitex negundo L.) ¢6 hoat tinh khang khuan. Qué trinh t6i wu hoa x4c dinh ndng d6 thich hop ciia chit hoa déo
glycerol 12 10% (w/w), két hop vdi 10% cao chiét tao ra mang nhya ¢ dic tinh co-1y phi hop véi do bén kéo dat
4,26 MPa va kha nang tham nudc thip. Phan tich FT-IR va SEM xéc nhén sy két hop thanh cong ciia cao chiét vao
cAu trac phén tir ciia mang, voi bé mat dong nhat khong c6 vét nit. Dac biét, mang nhua thé hién hoat tinh khang
khudn ddi vé6i ca vi khudn Gram duong (Listeria innocua) va Gram am (Escherichia coli O157:H7, Salmonella
enterica) - nhiing tac nhan chinh gay ngé doc thyc phadm. Quan trong hon, hoat tinh khang khuan van duy tri sau
3 thang luu trir, chimg minh tinh 6n dinh dai han ciia san pham. Két qua cua nghién ctru ndy mo ra trién vong ting
dung rong rai cho vat li¢u bao goi thuc phém than thién véi moi truong, cd kha nang kéo dai thoi gian bao quan
thuc phidm va giam thiéu nguy co nhiém khuin. Mang nhya sinh hoc nay khong chi gop phin dwa ra giai phap cho
véan dé 6 nhiém nhia ma con tdn dung dugc ngudn ndng san san co tai dia phuong dé san xuat vat liéu, hudng t6i

muc ti€u phat trién bén viing.

Tir khéa: Mang nhwa sinh hoc, Ngii trdo, chat héa déo glycerol, hoat tinh khang khudn.

*Tac gia lién hé chinh.
Email: htkquy@ctu.edu.vn;
*Pong tac gia dau tién.
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antibacterial activity of the products
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ABSTRACT

Plastic pollution and food safety are global challenges requiring sustainable solutions. This study aimed to
develop a multifunctional bioplastic film from sweet potato starch combined with Vitex negundo L. leaf extract with
antimicrobial properties. Optimization processes determined that 10% (w/w) glycerol plasticizer combined with
10% extract produced films with appropriate physicochemical properties, including tensile strength of 4.26 MPa
and low water absorption. FT-IR and SEM analyses confirmed the successful incorporation of the extract into the
molecular structure of the film, with a homogeneous surface free of cracks. Notably, the bioplastic film exhibited
antimicrobial activity against both Gram-positive (Listeria innocua) and Gram-negative bacteria (Escherichia coli
O157:H7, Salmonella enterica) - key foodborne pathogens. Importantly, this antimicrobial activity was maintained
after three months of storage, demonstrating the long-term stability of the product. The results of this study reveal
extensive potential applications for environmentally friendly food packaging materials capable of extending
food preservation time while reducing contamination risks. This bioplastic film not only contributes to providing
solutions for plastic pollution but also utilizes locally available agricultural resources for material production,

supporting sustainable development goals.

Keywords: Bioplastic films, Vitex negundo L., glycerol as a plasticizer, antibacterial activity.

1. INTRODUCTION oceans, resulting in severe repercussions for

Plastic pollution has emerged as one of the most marine ecosystems and hazards to human health

serious environmental challenges of the 21 via the food chain.* Microplastics have been

century. Since the 1950s, approximately 8.3 detected in many marine organisms, in the air,

. . is
billion tons of plastic have been manufactured, drinking water, and the food daily consume.

with around 60% now considered waste in Besides the threat of plastic pollution, an even

landfills or the natural environment.! Annually, more urgent issue is the dependence of the plastic

an estimated 8 million tons of plastic enter the industry on non-renewable fossil fuels. Today's

*Corresponding author.
Email: htkquy@ctu.edu.vn,
*Co-first authors.
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commercial plastic products from petroleum
cause considerable greenhouse gas emissions.’
The long-term sustainability of the plastic
industry requires alternatives from renewable
and environmentally friendly resources.

Bioplastic films from natural raw materials
have been attracting increasing research interest
as a potential solution for environmental issues
related to traditional plastics.® Bioplastics
originate from renewable materials and are
biodegradable, reducing ecological impact after
disposal.” Among natural raw materials, plant
polysaccharides, especially starch, stand out as
an attractive choice for bioplastic production
due to their abundance, low cost, and complete
biodegradability.'

Sweet potato (lpomoea batatas L.)
starch is a promising polysaccharide source
for bioplastic production. Sweet potatoes are
widely grown in many countries, including
Vietnam. This crop has a high starch content and
is suitable for producing biopolymer materials.
Sweet potato starch has an appropriate amylose/
amylopectin ratio, affecting the physicochemical
properties of the bioplastic films created from
it."" Sweet potato starch has good viscosity and
gelation properties, suitable for producing films
with good mechanical strength.”> However, a
significant limitation of starch-based materials is
their sensitivity to water and limited mechanical
strength compared to synthetic plastics.” To
improve these limited characteristics of starch-
based bioplastic films, many studies have focused
on using various plasticizers and additives such
as glycerol, sorbitol, and chitosan'*' to enhance
the properties of bioplastic films. Another
promising research direction is the development
of bioplastic films with antimicrobial properties
for food packaging applications. Several studies
have proposed the potential of plant extracts or
essential oils in creating antimicrobial bioplastic
films."” However, using plant extracts with
biological activity to enhance the antimicrobial
capability of starch-based plastic films remains
an interesting field for further research.

Vitex negundo L. is a medicinal plant
widely used in traditional medicine in many
Asian countries. V. negundo leaves contain
many  biologically  active = compounds,
such as flavonoids, terpenoids, glycosides,
and alkaloids.!®2°

demonstrated that V. negundo leaf extract has

Several studies have
good antimicrobial (such as Escherichia coli,
Staphylococcus aureus, Klebsiella pneumoniae,
Vibrio  cholerae, Vibrio parahaemolyticus,
Vibrio mimicus, Shigella spp, and Aeromonas
spp) and antioxidant capabilities.?' > Although
there have been many studies on the biological
activity of V. negundo leaves and the potential of
sweet potato starch in bioplastic film production,
the combination of these two materials to create
bioplastic films with antimicrobial potential
remains an area that needs to be researched to
develop environmentally friendly materials
useful for food packaging applications.

2. MATERIALS AND METHODS
2.1. Preparation and extraction of V. negundo

V. negundo leaves were collected in Can Tho
City and identified by Dr. Pham Ha Thanh Tung
(Phenikaa University). After removing damaged
leaves, the leaves were washed, dried, and ground
into powder to obtain the raw material. The
powder was placed in a cloth bag and soaked in
96° EtOH solvent for 72 hours. Then, the extract
was dried with Na, SO, and filtered through
filter paper. The soaking extraction process
was repeated two more times. The extract was
concentrated by rotary evaporation to recover
the solvent, obtaining the EtOH extract.

2.2. Extraction of sweet potato starch

White sweet potatoes purchased from markets
in Can Tho City were washed and ground into
a paste. Then, distilled water was added to the
sweet potato mixture, and a filter cloth was
used to squeeze out the solution containing
starch. The filtered starch solution was held at
room temperature to allow the starch sediment
to settle. After about 5 hours, the water was
removed, obtaining the starch in paste form. The

https://doi.org/10.52111/qn;js.2025.19511

Quy Nhon University Journal of Science, 2025, 19(5), 139-150 (141



QUY NHON UNIVERSITY

I SCIENCE

starch was washed 3 times with water, dried at
40°C, and then finely ground.?

2.3. Preparation of bioplastic films

5.0 g of sweet potato starch was dispersed in 50
mL of distilled water, adding glycerol or sorbitol
at different concentrations (10%, 20%, or 30%
w/w). The mixture was stirred using a heated
magnetic stirrer (Phoenix Instrument RSM-01HP)
for 25 minutes at 75°C until a homogeneous
mixture was obtained. It was then blended with
V. negundo leaf extract at different concentrations
(0%, 10%, 20%, or 30% w/w). This mixture
was poured into the molds and dried at room
temperature for 2 days, then dried at 50°C for 10
minutes. The resulting plastic films were removed
from the molds and stored in sealed containers
with desiccant for subsequent experiments.

2.4. Investigation of sensory, physical, and
chemical properties of bioplastic films

2.4.1. Sensory evaluation and thickness
measurement

A sensory evaluation was conducted regarding the
feeling upon contact and the texture of the plastic
film samples at different extract concentrations.

The thickness of plastic film samples
without extract and with extract at different
concentrations was measured using an electronic
thickness gauge with 0.01 mm accuracy.
Thickness measurements were taken at 5 random
locations on the plastic film sample.

2.4.2. Water absorption measurement

Water absorption measurement was performed
according to the ASTM D570 standard with
modifications to suit the current sample condition
better. Plastic film samples at different extract
concentrations (0, 5, 10, 20, or 30% w/w) were
cut into 2 cm x 2 cm samples, then weighed and
recorded the dry weight before testing. Those
samples were immersed in 20 mL of distilled
water. At specific time points, the samples were
removed and wiped with a dry cloth before the
wet weights were recorded.? The experiment was
repeated 3 times. The percentage of water absorbed
was calculated according to the formula:

https://doi.org/10.52111/qnjs.2025.19511

% Water absorption = (Wet weight - Dry weight)/
Dry weight x100.

2.4.3. Tensile strength measurement

The tensile strength of the plastic film was
determined based on the ASTM D882 standard.
The results were expressed in N.

2.4.4. Fourier-transform infrared spectroscopy
(FT-IR) analysis

The plastic films were analyzed by FT-IR
spectroscopy  using an  FT/IR-4600typeA
instrument, with spectra recorded from 4000 cm’!
to 400 cm™' and 16 scans. The two types of plastic
films were measured as film sheets, and the extract
was measured as a KBr pellet.

2.4.5. SEM Scanning electron microscopy (SEM)
analysis

Scanning electron microscopy (JCM 7000, JOEL,
Japan) was used to analyze the surface morphology
of the bioplastic films.

2.5. Antibacterial activity testing

2.5.1. Evaluation of the antibacterial activity of
V. negundo leaf EtOH extract

The agar well diffusion method is a simple method
widely used to evaluate antibacterial activity.
Similar to the procedure used in the disk diffusion
method, the surface of the agar plate is spread
with bacterial suspension across the entire agar
surface. After the agar plate has been inoculated,
wells with diameters of 8 mm are created using a
sterile tool, and an amount of antimicrobial agent
or extract at the test concentration is introduced
into the wells. Then, the agar plates are incubated
under appropriate conditions depending on the test
microorganism. The antimicrobial agent diffuses
in the agar medium and inhibits the growth of the
test microbial strain.

Preparation: TSB (tryptic soy broth) or
TSA (tryptic soy agar) bacterial culture media
were prepared. The TSB liquid medium was
prepared in deionized water at a ratio of 3% (W/v),
and the TSA medium was supplemented with
1.5% (w/v) agar. Sterilization was performed at
121°C for 20 minutes.
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Procedure: Bacterial strains were cultured
for 24 hours in TSB medium. Then, the bacterial
suspension was transferred to a new liquid
medium tube to achieve a bacterial density of
approximately 0.5 McFarland Units. 100 pL of
bacterial suspension was pipetted onto TSA agar
plates and spread evenly. After the plates were
dried, wells of 8 mm diameter were created,
and 100 pL of extract dissolved in 20% DMSO
was added to each well. Similarly, 100 pL of
tetracycline 0.1 mg/mL (positive control) or 20%
DMSO (negative control) was added.

Results were read after 24 hours of
incubation at 32°C, measuring the inhibition
zones and taking the average value of 3 replicates.
The larger the diameter of the inhibition zone, the
stronger the antibacterial activity, and vice versa.
The diameter of the inhibition zone (DIZ) was
calculated according to the formula:

DIZ (mm)=D-d

Where: D: diameter of the bacterial
inhibition zone, including the diameter of the well
(mm); d: diameter of the well (d = 8 mm).

2.5.2. Investigation of antibacterial activity of
bioplastic films

Media preparation: Soft agar consisting of 3%
TSB (w/v) and 0.5% agar (w/v), sterilized at
121°C for 20 minutes. After sterilization, the soft
agar was maintained at a stable temperature of
50°C before use.

Procedure: 100 pL of bacterial suspension
at a concentration of 0.5 McFarland Units (~ 1.5
x 107 CFU/mL) was added to 4 mL of soft agar
solution, mixed well, and immediately poured

onto a hard agar plate, then waited for the plate
to solidify and dry. The pre-prepared plastic film
samples with a diameter of 10 mm were placed on
the surface of the soft agar. The negative control
was plastic film without extract (sample diameter
10 mm) and plasticized film. The agar plates were
incubated for 24 hours at 32°C and then observed
for the antibacterial ability of the plastic films.

3. RESULTS AND DISCUSSION

3.1. Extraction of V. negundo leaf extract and
sweet potato starch

From 1.0 kg of dry V. negundo leaf powder,
approximately 200 g of extract was obtained
using 96° EtOH solvent maceration, yielding an
extraction efficiency of approximately 20%. To
utilize readily available agricultural resources, we
selected sweet potatoes from local markets as our
starch source in this study. From 10 kg of fresh
sweet potatoes, after extraction, approximately
1.8 kg of sweet potato starch was obtained. The
extraction yield was approximately 18%.

3.2. Optimization of bioplastic film synthesis
conditions

Natural polymers, such as polysaccharides, can
form bioplastic films. However, bioplastic films
synthesized from starch are typically brittle and
easily broken. Hence, plasticizers need to be added
to the film structure to improve the mechanical
properties of the bioplastic films. Glycerol and
sorbitol at different concentrations were selected
as plasticizers in this study to investigate the
appropriate supplementation concentration on the
starch base as a foundation for subsequent studies,
combined with V. negundo leaf extract.

Table 1. Sensory evaluation and thickness of bioplastic films containing glycerol and sorbitol plasticizers.

Sample Sensor
Plasticizer Con’c)entration (%, Wiw) Thickness (mm) Color Texture Evaluatiin
5 0.21 £ 0.06% Brittle Not good
10 0.19+£0.03¢ Flexible Good
Glycerol 15 0.28 £ 0.04% White Flexible Good
20 0.26 £ 0.03% Moist, soft Not good
30 0.33 £ 0.06a Soft, sticky Not good
5 0.24 £ 0.02# Brittle Not good
. 10 0.22 +0.05* . Flexible Good
Sorbitol White .
15 0.25+0.01# Flexible Good
20 0.23 £ 0.04* Moist, soft Not good

Values not sharing the same letter are significantly different (p < 0.05).

https://doi.org/10.52111/qn;js.2025.19511

Quy Nhon University Journal of Science, 2025, 19(5), 139-150 (143



QUY NHON UNIVERSITY

I SCIENCE

Based on the results shown in Table 1, the film
thickness ranged from 0.19 mm to 0.33 mm for
glycerol plasticizer and from 0.22 mm to 0.25 mm
for sorbitol plasticizer. These results demonstrate
that for glycerol plasticizer, as the concentration of
plasticizer increased, the thickness of the film also
increased. Because glycerol can form hydrogen
bonds with water molecules, increasing the volume
of the plastic film, the sample thickness increases
accordingly when the glycerol concentration
increases. Meanwhile, sorbitol primarily forms
hydrogen bonds with polymer chains, forming
fewer bonds with water than glycerol, so
plastic films using sorbitol plasticizers remain
of similar thickness while increasing sorbitol
concentration.”> Besides the hydrogen bonding
interactions, the observed thickness variations
can be attributed to differences in solution
viscosity and homogeneity between plasticizers.
Glycerol exhibits significantly higher viscosity
(~1400 cP) compared to sorbitol (200-300 cP)
at room temperature, resulting in slower solvent
evaporation and reduced solution spreading during
film-making, which leads to thicker films with
greater thickness variation. Therefore, glycerol-
plasticized films demonstrate significant thickness
differences between concentrations (p < 0.05),
whereas sorbitol films maintain consistent
thickness across all concentrations tested.

For bioplastic films containing 5% glycerol
or 5% sorbitol, the products formed were brittle
and easily broken when subjected to external
forces. Films containing 20% and 30% glycerol
or 20% sorbitol had soft textures and were easily
torn. Therefore, films at those concentrations
did not meet the requirements for strength and
flexibility for subsequent further studies.

Films containing 10% and 15% glycerol
or sorbitol could be bent and had appropriate
flexibility; additionally, in terms of sensory
evaluation, the film surface maintained dry
characteristics  upon  contact.  Therefore,
films containing glycerol or sorbitol at these
concentrations met the requirements in terms of
sensory evaluation. However, when considering
the economic aspects of the product, 10% glycerol
or sorbitol concentration was determined to be
more reasonable.

We propose that films with 10% glycerol or
sorbitol are the most suitable for combining with
different concentrations of V. negundo leaf extract
(Table 1). As seen in Table 2, when the extract is
incorporated into the film, the thickness of the
product increases. In addition, a clear difference
can be observed between films using glycerol or
sorbitol as plasticizers when the extract is added.
The film thickness changes significantly when
the extract concentration increases for glycerol
films. However, the difference is insignificant
when combining extract into films containing
sorbitol, although the film thickness increases, as
demonstrated by the statistical results in Table 2.

Based on the sensory evaluations of texture,
strength, and flexibility of the different types of
films, it can be seen that films containing 5% and
10% extract with two kinds of plasticizers (glycerol
or sorbitol) meet the sensory requirements as they
have flexibility when bent and folded, and dry
surface characteristics.

Films containing higher concentrations of
the extract showed unacceptable results during
sensory evaluation due to either too soft texture or
excessively sticky surface characteristics.

Table 2. Sensory Evaluation and thickness of bioplastic films containing 10% glycerol and 10% sorbitol combined

with V. negundo leaf extract.

Sample Thickness Sensory

- Concentration Color Texture )

Plasticizer (mm) Evaluation
(%, W/w)

5 0.16 £0.01° Green Flexible Good

10% G ) 10 0.184 + 0.04° Green Flexible Good
0% Glycero 20 0.23 +£0.03° Green Moist, soft Not good
30 0.36+0.11° Dark green Moist, soft Not good

5 0.22 +0.024 Green Slightly flexible Good

. 10 0.24 +0.04* Green Slightly flexible Good

10% Sorbitol .

20 0.26+£0.014 Green Moist, soft Not good
30 0.23 + 0.02 Dark green Moist, soft Not good

Values not sharing the same letter are significantly different (p < 0.05).
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3.3. Results of physical-chemical properties
investigation of bioplastic films

3.3.1. Water absorption

Films containing 5% and 10% extract
demonstrated the lowest water absorption among
all tested bioplastic films, while those without
extract (containing only 10% glycerol) exhibited
the highest water absorption (Figure 1). The
water absorption manner followed a consistent
pattern: all films absorbed water rapidly during
the first 5 minutes of immersion, followed by
minimal additional absorption from minute 10
to 60, as evidenced by the nearly horizontal curve
relative to the x-axis, indicating that the films
reached water saturation. Despite 60 minutes
of water immersion, all films maintained their
structural integrity, remaining firm and resistant
to tearing or pulling forces.

Similar to glycerol-containing films, the sorbitol-
containing films exhibited strong water absorption
during the first 5 minutes, followed by minimal
absorption from minutes 10 to 60, eventually
reaching saturation (Figure 2). After 60 minutes
of water immersion, all films maintained their
structural integrity, remaining firm and resistant
to tearing or pulling forces. Notably, glycerol-
containing films showed clear differences in water
absorption percentages among formulations,
whereas sorbitol-containing films demonstrated
more uniform water absorption capabilities across
different formulations.

120

100

v v v v

Water absorption percentage (%o)
2

0 ——0% ——5% 10%
—8—20% ——30%
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Time (minute)

Figure 1. Water absorption percentage of bioplastic
films containing 10% glycerol with extract additions
from 0% to 30%.

Taken together, bioplastic films using glycerol
plasticizer supplemented with 5% or 10% extract
had the lowest water absorption percentages,
indicating the potential application of these
products in food preservation.
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Figure 2. Water absorption percentage of bioplastic
films containing 10% sorbitol with extract additions
from 0% to 30%.

3.3.2. Tensile strength

Film samples containing 10% glycerol or sorbitol
with 10% extract addition were tested for tensile
strength using a digital testing device according
to the modified ASTM D882 standard. After two
months of sample storage, sorbitol-containing
films exhibited brittle and easily breakable,
so we did not proceed with tensile strength
measurements for these samples. At the same
time of sample storage, glycerol-containing
films still maintained flexibility and elasticity,
so tensile strength testing was performed. The
results showed that the tensile strength of this
film was 4.26 MPa. Compared with results
from previous studies, bioplastic films from
dialdehyde starch had tensile strengths in the
range of 1.63 MPa to 3.06 MPa?, and bioplastic
films synthesized from sweet potato starch
combined with glycerol plasticizer had a tensile
strength of 2.57 MPa'. It can be seen that the
films synthesized in this study have better tensile
strength than the compared films.

Based on the tensile strength measurement
results, we propose further studies only for the
most suitable bioplastic film containing 10%
glycerol and 10% extract.

3.3.3. Fourier-Transform Infrared Spectroscopy
(FT-IR) analysis

Figure 3 shows the FT-IR spectra of three samples:
the EtOH extract, the bioplastic film containing
10% glycerol, and the bioplastic film containing
10% glycerol supplemented with 10% extract. All
three spectra display corresponding features. In
the wavenumber range of 3500 cm™ to 3000 cm!,
the signals are attributed to hydroxyl (OH)

https://doi.org/10.52111/qn;js.2025.19511
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groups. Vibrations from 3000 cm™ to 2800 cm™!
are assigned to symmetric and asymmetric
stretching vibrations of C-H in the CH, or CH,
groups (sp* hybridization). Besides, the addition
of EtOH extract, which contains many secondary
compounds such as polyphenolics, flavonoids,
terpenoids and alkaloids, may have brought
about small contributions from aromatic C—H
vibrations (~3000 cm™) or additional aliphatic
C-H groups from these compounds, causing a
slight shift in the spectral peak of the extract-
containing bioplastic film. Wavenumbers in 1400
cm” to 1300 cm™ show signals of asymmetric
C-H vibrations in CH, and CH, groups, and
C—O-H bending vibrations. However, notable
differences can be observed among the three
spectra. Specifically, the FT-IR spectra of the
extract and the bioplastic film containing 10%

glycerol supplemented with 10% extract show
signals in the range of 1850 cm™! to 1650 cm,
accounting for the exist of C=0 groups and
potential C=C
structures of secondary compounds, whereas

stretching from aromatic

the spectrum of the bioplastic film containing
only 10% glycerol does not exhibit signals in
this region. The differences are likely due to the
starch-based film without extract lacking C=0
functional groups. At wavenumbers 1300 cm!
to 1000 cm™, strong absorption signals appear,
attributed to C-O groups from starch in both
types of films, while the extract shows only weak
vibrations in this range. Finally, at wavenumbers
700 cm™! to 900 cm™!, characteristic vibrations of
C-O-C groups from starch are observed in both
types of films, while the extract does not clearly
exhibit vibrations in this range."

Extract

Bioplastic film

Bioplastic film + extract

12 89'T09

) 65'189[—&

W66
W 8969

:.3

LW 70995

4000 3500 3000 2500

2000 1500 500
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Figure 3. FTIR spectra of V. negundo leaf EtOH extract (blue), bioplastic film containing 10% glycerol (black),

and bioplastic film containing 10% glycerol with 10% extract addition (red).

3.3.4. Surface morphology analysis by Scanning
Electron Microscopy (SEM)

Observation of the SEM images (Figure 4)
shows that the surface of the glycerol-
plasticized film remains intact when the
extract is added, displaying no evidence of
tears, fractures, or discontinuities on the film
surface.

https://doi.org/10.52111/qnjs.2025.19511

Figure 4. SEM images of bioplastic film containing

10% glycerol (A) at 230x magnification and bioplastic
film containing 10% glycerol with 10% extract (B) at
180% magnification.
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3.4. Antibacterial activity results
3.4.1. Antibacterial activity of the extract

Results in Table 3 and Figure 5 demonstrate
that V. negundo leaf extract at an initial test
concentration of 40 mg/mL showed good
antibacterial activity against Gram-negative
bacteria (E. coli O157:H7, S. enterica serotype
Enteritidis, and Proteus sp.). When the extract
concentration was increased to 80 mg/mL,
the extract exhibited moderate antibacterial
activity against other Gram-positive bacteria
like L. innocua and Gram-negative bacteria
(Campylobacter sp. and Citrobacter freundii).
The extract showed weak or no antibacterial
activity for some bacterial strains such as
S. aureus, S. enterica serotype Typhimurium, and
Shigella sp.. The negative control (20% DMSO)

did not exhibit antibacterial activity, while the
positive control (tetracycline at 0.1 mg/mL)
showed antibacterial activity against almost all
bacterial strains used in this study.

Salmonella enterica -
serotype Enteritidis ¥
7 4 O
Y

E. coli serotype O157:H
~ 2
7

Figure 5. Agar well diffusion results of E. coli
serotype O157:H7 and S. enterica serotype Enteritidis
at different concentrations of V. negundo leaf extract:
(1) 40 mg/mL, (2) 20 mg/mL, (3) 10 mg/mL, (4) 5.0
mg/mL, (5) positive control (tetracycline 0.1 mg/

mL), (6) negative control.

Table 3. Antibacterial activity assessment of V. negundo leaf extract.

Inhibition zone diameter (mm)

Gram Bacteria Extract (mg/mL) Tetracycline
(0.1 mg/mL)
80 40 20 10 5
. Listeria innocua 6.33+3.51° 433+1.16® 3.00+0.00® 2.33+0.58% NT 6.67 +1.53*
Staphylococcus aureus +/ - - - NT +/—
Campylobacter sp. 7.00 £1.41*  4.00+£0.00°® 2.50+0.71* 0.50+0.71° NT 6.52 +£1.03¢
Citrobacter 4334058 0.67+1.15 033+0.58 033£058  NT  2233+4.93
freundii
E. coli serotype
33+321* 13.67+5.13% 3.00+1.73° 1.33+£0.58° 13.67+£2.89°
0157-17 NT 2233 +£3.21* 13.67+5.13> 3.00+1.73¢ 1.33+0.58 13.67 +2.89
Proteus sp. NT 10.67 £1.53* 6.33+1.16® 2.67+0.57° NT 4.33+£2.01%
©) Salmonella
enterica serotype NT 170£1.00* 5.00+£2.65 333+£1.53° 3.00+£1.00° 13.67<+1.16
Enteritidis
Salmonella
enterica serotype +/— - - - NT 15.85+1.69
Typhimurium
Shigella sp. +/— - - - NT 20.53 +£2.74

Note: (-) No inhibition zone observed, (+/—) Weak antimicrobial activity or no clear inhibition zone observed,

(NT) concentration not tested for activity. In the row, values not sharing the same letter are significantly different

(p < 0.05).

3.4.2. Antibacterial activity of bioplastic films

Results in Table 4 show that bioplastic film
containing 1 0%extractdemonstratedantibacterial

activity against all three test bacterial strains
s(L. innocua, E. coli serotype O157:H7, and S.
enterica serotype Enteritidis) as evidenced by
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reduced bacterial growth on the agar surface,
particularly exhibiting good antibacterial activity
against L. innocua and S. enterica serotype
Enteritidis. Films containing 5% extract showed
good antibacterial results against S. enterica
serotype  Enteritidis while demonstrating

moderate antibacterial activity against the other

two bacterial strains.

Film samples stored for 3 months before testing
still maintained antibacterial activity against the
test bacterial strains. Negative controls (films
without extract and plasticized films) showed
no antibacterial activity against all four test
bacterial strains.

Table 4. Antibacterial activity assessment of bioplastic films containing extract.

. Bioplastic films containing Films after 3 months Plasticized
Bacteria
extract of storage film
0% 5% 10% 0% 10%
L. innocua - + ++ - + -
E. coli serotype O157:H7 - +/— + - +/- -
S. enterica serotype Enteritidis - ++ ++ - + -

Note: (++) Good antimicrobial activity, (+) Fairly good antimicrobial activity, (+/—) Weak antimicrobial activity,

(-) No antimicrobial activity.

Bioplastic films from sweet potato starch
combined with V. negundo leaf extract
have demonstrated significant potential in
simultaneously addressing two issues: plastic
pollution and food preservation. FT-IR analysis
results indicate effective incorporation of
the extract into the film structure through the
appearance of characteristic signals for C=0
groups (1850 cm™ to 1650 cm™) in the extract-
containing film, while these signals are absent in
the starch-only film. These results confirm that
the extract is not merely physically dispersed but
also chemically interacts with the starch matrix,
explaining the stability and ability to maintain
antibacterial activity after prolonged storage.”’
SEM images show homogeneous film surfaces
without cracks when the extract is added,
ensuring the structural integrity necessary for
packaging applications.

Regarding antibacterial activity, films containing
the extract demonstrated effective inhibition
against both L. innocua (Gram-positive) and E.
coli O157:H7 and S. enterica (Gram-negative).
These three bacteria are dangerous foodborne
pathogens, particularly E. coli O157:H7 and S.
enterica, which are common causes of severe
food poisoning.?® The antibacterial effect may be
related to flavonoids, terpenoids, and alkaloids in
V. negundo leaves, allowing the film to gradually
release these compounds, creating a protective
barrier for food.

https://doi.org/10.52111/qnjs.2025.19511

The low water absorption capacity of the
extract-containing films (as demonstrated in
previous experiments) is an important property
that helps overcome the major limitation of
traditional starch-based bioplastics. The reduced
water uptake can be explained by polyphenolic
and terpenoid compounds in the extract forming
bonds with hydroxyl groups in starch, limiting
their interaction with water.”

The potential applications of antimicrobial
bioplastic films from this research could extend
beyond food packaging to other fields such as
agriculture (seed coating, fertilizer coating) and
healthcare (antimicrobial bandages). Youssef
and El-Sayed (2018) reported that antimicrobial
packaging materials can extend the shelf life
of fresh food by 25% to 50%, reducing food
waste and enhancing food safety.’*® However, for
commercialization, further research is needed
on large-scale production, durability under
real conditions, as well as biological safety
assessment when in direct contact with food.*!

3. CONCLUSION

The research has successfully synthesized
biodegradable polymeric films from sweet
potato starch incorporated with V. negundo
leaf extract, exhibiting prominent antimicrobial
properties. The biopolymeric matrix containing
10% glycerol and 10% V. negundo leaf extract
demonstrated an optimal equilibrium between
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mechanical characteristics (tensile strength

of 426 MPa) and aqueous stability. Fourier
Transform Infrared Spectroscopy (FT-IR) and
Scanning Electron Microscopy (SEM) analyses
confirmed the successful molecular integration
of starch, glycerol, and phytoextract within
the film's supramolecular structure. Notably,
the biopolymeric film exhibited efficacious
antimicrobial activity against both Gram-
positive (L. innocua) and Gram-negative (E. coli
0157, S. enterica) bacterial strains - common
foodborne pathogens associated with food
deterioration and foodborne illness. Significantly,
this antimicrobial efficacy persisted after a three-
month storage period, exhibiting the long-term
stability of the bioactive compounds within the
polymeric matrix.

The experimental outcomes elucidate the
potential applications of these antimicrobial
biopolymeric  films in  environmentally
sustainable =~ food  packaging  solutions,
simultaneously addressing the critical issue of
plastic pollution. Subsequent investigations
should focus on practical food preservation trials,
elucidation of the antimicrobial mechanisms at
the molecular level, and process optimization for
commercial-scale implementation.
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