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Editorial Note

The Journal of Applied Research on Science and Technology (JARST) is an academic journal prepared
by Institute of Research and Development, Rajamangala University of Technology Thanyaburi (RMUTT). The
JARST aims to disseminate and share knowledge and ideas in the form of high-quality articles related General
Engineering, General Materials Science, General Agricultural and Biological Sciences, General Computer Science,
and General Mathematics to researchers, academics, faculty members and students both national and international.

This journal published eight research articles. Each of the research articles presented interesting
concepts such as Water pollution influencing contamination of Vibrio bacteria in the coastal aquaculture area
of Chanthaburi and Trat Provinces, Enhancing torrefaction process efficiency for biochar production from filter
cake residue in the sugar industry, The development of real-time energy monitoring system using IoT base,
A study on the behavior of pulling power and flammability of mold walls mixed with high-density
polyethylene plastic waste, The fabrication of wood alternative material from cassava rhizome and cassava
peel pulp, Phytochemical screening and toxicity assessment of compounds isolated from the leaves of
Mangifera indica L. for the control of Spodoptera litura(Lepidoptera; Noctuidae), Synthesis of biocompatible
hydroxyapatite from quail eggshell, oyster shell, and periwinkle snail shell and Characterization and
bioactive protein hydrolysates from two-spotted cricket ( Gryl/lus bimaculatus De Geer) and short-tail
cricket (Brachytrupes portentosus Lichtenstein). Therefore, this journal is a channel disseminating the
knowledge areas of physical sciences and life sciences which related persons could apply it for further
benefits.

Lastly, the editorial team would like to considerably thank you for supporting and pushing forward this
journal to occur and well accomplish. We are hopeful of your good cooperation and continuing support in the
future.

Editorial Team
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ABSTRACT

Since 1982, the Eastern coastal area of Thailand has been developed from the Eastern Seaboard Project (ESP) to
the Eastern Economic Corridor (EEC). The marine ecosystem of Chanthaburi and Trat Provinces was polluted
by anthropogenic activities such as agriculture, transportation, tourism, fisheries, and urban communities.
This study aims to investigate the marine environmental quality and the contamination of the Vibriobacteria
(V. cholerae, V. parahaemolyticus and V. vulnificus) in the coastal aquaculture area of Chantaburi and Trat
Provinces. Environmental sampling areas were designated at seven stations eastward from Tamai to Klongyai
districts (about 150 km long stretch). The physicochemical parameters, including temperature, salinity, conductivity,
pH, dissolved oxygen (DO), NHs, and major anions e.g. NOy, PO4>- of seawater samples were measured at
designated stations. Marine samples, including cockles (Anadara granosa), mussels ( Perna viridis), oysters
(Saccostrea cucullata) and white shrimp (Litopenaeus vannamei) were collected from aquaculture areas located
in the estuarine ecosystem with simple random sampling. Our studies revealed that major inorganic substance
concentrations followed this consequence order PO4>- > NH; >NO,". The physicochemical properties indicated
that seawater quality has been varied within the marine quality standard class III for aquaculture. The prevalence
of V. parahaemolyticusand V. vulnificus showed in all bivalve samples were detected at 0.36 to 4.30 MPN/g and
below the detection limit (0.3 MPN/g), respectively, whereas V. cholerae was not detected. This study also
concluded that the periods of environmental sampling did not significantly influence the seawater quality and
the level of Vibriocontamination. However, the difference of infection rates for V. parahaemolyticusand V.
vulnificus depended on the marine species.

Keywords: Water pollution, Vibrio bacteria, Coastal aquaculture area

INTRODUCTION problem in Thailand and a major cause of gastroenteritis,
particularly from traditional consumption of raw or
undercooked seafood. Most of these patients are
affected by V. parahaemolyticus and V. cholerae and
to a lesser extent by V. vulnificus [5]. Vibrios belong
to the microbiota of infectious bivalves, which can
concentrate bacteria in their edible tissues and body
fluids, including the hemolymph [6]. The aquacultural
harvests from the Gulf of Thailand were more

Vibrio is a Gram-negative bacteria, typically with
lipopolysaccharide in the outer membrane, that belongs
to the Proteobacteria phylum, Gammaproteobacteria
class, the most diverse class of Gram-negative bacteria.
The Vibrionaceae family comprises aquatic bacteria
that mostly thrive in warm waters and tolerate various
salinity levels, including freshwater, brackish, and marine

waters [1]. contaminated than Vibrio, while bivalves and white

Novyadays, the glqbgl aquaculture sector has shrimps showed a high frequency of contamination
grown continuously, and it is currently an important [7-9]

contributor to aquatic animal protein for human
consumption [2]. The Thai government has to decide
how they will control their national aquaculture
production. Multiple bivalve species are economically
important both natural and farmed populations, while
white shrimp are produced mainly for export [3, 4].
Foodborne infections with the genus Vibrioare a serious

The marine mollusks showed a great correlation
to environmental variability investigation in the coastal
areas and river mouth ecosystems [10]. Bivalve
molluscs as bioindicator organisms have been used
to assess pollution levels in the aquatic environment
[11]. The bivalve species, including oysters (Saccostrea
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cucullata), mussels ( Perna viridis), and cockles (Anadara
granosa) are abundance species and commercial
seafood in the Eastern part of Thailand [7, 12]. Whereas
the white shrimp (Litopenaeus vannamei) is used to
focus on the potential Vibriodisease, due to Vibriois
recognized as a major cause of seafood-borne illness
[13, 14].

Coastal water pollution is an increasingly
significant environmental effect and public health
illness [15]. Untreated wastewater and urban runoff
are the principal sources of marine pollution [16]. These
pollutants can inhibit the growth, reproduction, and
survival of flora and fauna, leading to a decline in
biodiversity. Physicochemical parameters are a limiting
factor in the marine ecosystem and the most important
environmental variable [17]. The various physicochemical
measurements carried out in the coastal seawaters
reveal the relationships between environmental quality
and intensive anthropogenic activities [18, 19]. Hence,
the physicochemical properties of seawater, including
temperature, salinity, conductivity, pH, dissolved oxygen
(DO), ammonia (NH3), and major anions (NOy", PO4*)
are fundamental indicators for the assessment of
changing the marine environment and reflecting land
use development. Numerous indices regarding seawater
quality and pollution status were conducted in Thailand,
while the operation of these parameters was followed
by a manual seawater sampling and analysis of PCD
Thailand and international standards [20, 21].

The inner eastern coastal area of Thailand is
the most important coastal aquaculture area and is a
central source of recreation, as well as travel destinations,
conservation areas, and comfort zones. In recent years,
Thailand’s Special Economic Zone (SEZ) was approved
by the Thai government in 2015, covering the Chanthaburi
and Trat coastal areas [22]. These marine zones have

\ AND TEGHNOLGY

seen significant spatial development in the past decade.
As aresult, they have transformed into important shrimp
farming areas, tourism hotspots, and urban communities.
Several reports indicated that anthropogenic activities as
a source of water pollution are fed back into the marine
ecosystem [23-26].

Here, we designed an analysis of water pollution
influencing contamination and abundance of Vibrio
bacteria by collecting marine samples along the
Chanthaburi and Trat coastal areas from 2014 to 2022.
Precisely, we determined the correlation between
water quality parameters and the infection of Vibrio
in commercial marine seafood with the statistical data.

MATERIALS AND METHODS
Environmental sampling station

The eastern coastal areas cover two provinces,
namely Chanthaburi and Trat Provinces, which were
considered the locations for the marine sampling
(Figure 1). The seawater samples were selected to
represent environmental quality at designated stations.
All study sites were recorded by Global Positioning
System (GPS) (SD = 5 m) as shown in Table 1.

Three bivalve species, including cockles (Anadara
granosa), mussels (Perna viridis), and oysters ( Saccostrea
cucullata), as well as white shrimps (Litopenaeus
vannamei) were collected from coastal aquaculture
areas using simple random sampling. The surface
seawater samples were collected at a depth of 100 cm
using a vertical sampling procedure for physicochemical
analysis.

All species samples were dredged and cleaned
with seawater and stored in 4.0 °C iceboxes to the
medical laboratory within 24 hours after collection.
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Figure 1 The map of sampling stations along the coastal area of Chanthaburi and Trat Provinces.
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Table 1 Use details of the sampling stations.

Stations Latitude Longitude Description
Chanthaburi coastal areas
Tha Mai (A) 12.621421°  102.004851° Tourism landmarks and fisheries
Mueang Chanthaburi (B)  12.606965°  102.104579° Several anthropogenic activities
(Urban community, transportation and
oxidation pond treatment)
Laem Sing (C) 12.481633°  102.073803° Aquaculture in river mouth areas
Khlung (D) 12.454718°  102.221408°  Agriculture, homestay and fisheries
Trat coastal areas
Mueang Trat (E) 12.243642° 102.515117° Urban community, disposal site and
fisheries
Laem Ngop (F) 12.225371° 102.369298"  Eco-tourism and fisheries
Khlong Yai (G) 12.200052°  102.296142° Border trade and fisheries

Table 2 The vulnerability assessment of the coastal marine ecosystem of Chanthaburi and Trat Provinces.

Variables Chanthaburi Trat
Habitat
In-shore shallow Seawater Low Low to Middle
Sandy beaches Low Middle
Rocky beaches Low Middle
Inter-tidal mudflats Middle Middle to High
Estuaries Very high Very high
Seagrass beds Loss Loss
Mangroves Very high Very high
Selected species
Cetaceans (3 species) Very high Very high
Dugong Loss Loss
Migratory shorebirds Low Low
Red-backed sea eagle Low to Middle Low to Middle

Source: Modification from [34].

Physicochemical measurement

The physicochemical properties were recorded
in situ in each station using the electrochemical analyzer
(Consort C 932) and salinometer which were calibrated
before use. Dissolved Oxygen (DO) is measured by
azide modification of the Winkler's titration [20]. Direct
nesslerization was performed for NH; detection, whereas
the colorimetric technique was used to determine
nitrite (NO>") and phosphate (PO4*) [27, 28].

Bacteriological analysis

Marine samples were prepared by rinsing and
scrubbing them under running deionized water to
remove debris from the shell, and they were opened
using a sterile knife. The edible tissues in an equal
amount of phosphate-buffered saline (PBS; pH 7.4) were
homogenized in a sterile blender for 90 s [29].

The observation of Vibrio contamination was
prepared following methods outlined in the Bacteriological
Analytical Manual (BAM) for food sampling/preparation
[30]. V. cholerae, V. parahaemolyticus, and V. vulnificus

were isolated from marine species by cultured in
alkaline peptone water (APW) and thiosulfate citrate
bile sucrose (TCBS), which was modified from BAM
[31]. Each APW culture sample was sub-cultured on
TCBS agar and incubated at 35°C for 18 - 24 hours to
observe fermentative colonies. Vibrio densities in
contaminated samples were calculated using the
scored MPN table, and each dilution was measured
in triplicate [32].

Data analysis and quality control

A prevalence of Vibrio for each of the four
species was tested for significant differences by
analysis of Chi-square; p < 0.05 was accepted for
significant value. The influence of time on study periods
and the physicochemical parameters of seawaters
were analyzed using one-way analysis of variance
(ANOVA) with p < 0.05 was classified as statistically
significant. Post hoc comparisons, LSD (Least Significant
Difference) were applied to report differences among
the sampling periods; p < 0.05 was accepted as a
significant value. The statistical inferences for hypothesis

©2024 Institute of Research and Development, RMUTT, Thailand
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tests were confirmed with a 5% significance level. All
statistical analyses were performed using SPSS 18.0
software (Serial N0.5083337). The quality control
procedures were implemented through rigorous
standardization by the PCD (Pollution Control
Department), in accordance with seawater analysis
guidelines.

RESULTS AND DISCUSSION

Land use of coastal area of Chanthaburi and Trat
Provinces

The eastern coastal region of Thailand has been
an important part of the country's economic development.
The real gross regional product (GRP) of the eastern region
increased significantly from around 500,000 THB in 1994
to 1.7 million THB in 2018 [33]. The terrestrial area of
Chanthaburi and Trat Provinces is the most agricultural
landscape. It covers more than 60 percent of the total
land use. The agricultural areas are a mixture of many
kinds of tropical fruits known for their tasteful flavor.
The coastal areas of Chanthaburi and Trat Provinces are
affected by four major river basins, including the Wang-
Ta-Nord, Chanthaburi, Welu, and Trat river basins, as
shown in Table 2. Land use activities from the river
basins during heavy rainfall may also significantly affect
the marine coastal area and the dynamic of Vibrio spp.
abundance [35].

Physicochemical parameters

The physicochemical parameters are used to
determine environmental quality along the coastal

\ AND TEGHNOLGY

areas of Chanthaburi and Trat Provinces. Table 3
reported the annual average of physicochemical
properties from 2014, 2018 and 2022. The variation in
seawater quality was elucidated with a Box plot diagram
based on the minimum, maximum, first, median, and
third quartile (Figure 2). The seawater quality monitoring
in study sites could be categorized as a marine water
quality standard class IIl. Additionally, the investigation
of seawater samples revealed that the environmental
quality of study areas was unpolluted.
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Figure 2 Box plot of physicochemical parameters of
seawater samples (A: Temperature; B: Salinity;
C: Conductivity; D: pH; E: Dissolved Oxygen
(DO); F: Ammonia-Nitrogen; G: Nitrite-
Nitrogen and H: Phosphate-Phosphorus).

Table 3 Seawater quality along the coastal areas of Chanthaburi and Trat Provinces, Thailand of 2014, 2018 and 2022.

Physicochemical parameters Year 2014 Year 2018 Year 2022 Criterion*

Temperature (°C) 29-33 30-34 28-34 a
31.14+1.57 32.14+1.35 30.86+2.19

Salinity (g/L) 8-13 9-14 9-16 b
10.29 £ 1.70 11.71 £1.98 12.71 £2.50

Conductivity (uS/cm) 18.39-32.45 23.54 - 40.26 19.55 - 40.11 -
2483 £5.14 33.90+5.44 32.10 £ 6.96

pH 7.04-8.11 7.09 - 8.95 7.36 - 8.09 7.0-8.5
7.43 £0.37 7.66 £ 0.65 7.75+0.34

Dissolved Oxygen (mg/L) 5.32-7.09 6.08 -7.65 6.05-7.11 >4
6.24 £ 0.65 6.72 £ 0.55 6.55+0.44

Ammonia-Nitrogen (ug/L) 5.83-10.18 6.78 -20.12 9.17-13.47 <70
8.05+1.68 11.34 £+ 4.28 11.29£1.48

Nitrite-Nitrogen (ug/L) 7.15-18.21 6.32-12.13 8.09-11.37 55¢
10.67 £4.44 8.87+1.89 9.39+1.23

Phosphate-Phosphorus (ug/L) 10.46 - 25.32 9.64 - 20.23 8.31-19.56 <45
15.61 £5.17 13.09 £ 3.90 13.91 £4.39

*The announcement of the National Environment Board No.27 (B.E. 2549) regarding the specification of the

standard of seawater
a - Naturally but changing by no more than 1 °C

b - Changing no more than 10 percent of the lowest value
¢ - AMEQC (ASEAN Marine Environmental Quality Criteria)
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The statistical comparison did not reveal a
significant difference between the seawater quality
and the sampling periods (p > 0.05), except for
conductivity. Multiple comparisons (LSD) revealed a
significant difference in conductivity values across
the study periods period (p < 0.05). The conductivity
variation in seawater is affected by the presence of
inorganic dissolved solids such as chloride, nitrate,
phosphate, and other anions. Mostly, essential nutrients
enter the marine environment through urban rinsing,
irrigation drainage, and agricultural runoff, while the
high nutrient levels in seawater may lead to
phytoplankton abundance and eutrophication [36].
In this study, the sampling sites revealed the degree
of variation in terrestrial water pollution, which is
frequently observed in estuarine coastal areas due
to locally accumulated contaminants from domestic
wastewater, fertilizer usage in orchards, and natural
watershed erosion. A septic tank with an anaerobic
filter was recommended for practice in solving water
pollution problems in urban areas [37]. Conversely,

nanomaterials, biosolids, and electrobiological techniques
have efficiently removed nutrients from agricultural
wastewater [38, 39].

Contamination of Vibrio bacteria

The contamination of Vibrio spp. was
investigated in the marine samples collected along
the coastal aquaculture area of Chanthaburi and Trat
Provinces, which produced seafood products for
Thailand's domestic consumption and also exported.
The results showed the infection of I/ parahaemolyticus
in all marine species, but V. cholerae was not detected,
except in three bivalve species that were contaminated
with V. vulnificus (Table 4; Figure 3). However, abundance
of Vibriospecies was below the seafood safety standard
for fishery products, indicating no potential risks for
human consumption. The main contaminated source
of Vibriobacteria is the discharge from untreated
wastewater, urban sewage and infectious leachate,
especially during extremely heavy rainfall, which are
very threatening to the downstream ecosystem [19].

Percent of Vibrio spp. found in marine bioindicators

2014 2018 2022
Cockles
Mussels
V. cholerae Not deteceted
QOysters
White shrimps
Cockles . ......... @ .
Mussels . --------- . ......... ..
V. parahaemolyticus ' : :
Oysters . -------- -. ......... ‘
White shrimps . .......... - — .’
Cockles 5 ----------- é ........... ’
V. vulnificus Mussels E --------- ? ............ ,
Oysters O---------- o ®
White shrimps Not deteceted

‘100% ‘75% 500 o 25%

Figure 3 Distribution of Vibrio contamination in marine samples along the coastal areas of Chanthaburi and

Trat Provinces from 2014 to 2022.
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Table 4 Contamination of Vibriospp. (MPN/g)in 25 g samples of marine species along the coastal aquaculture
areas of Chanthaburi and Trat Provinces (7 stations) from 2014 to 2022 (11= 63).

V. cholerae V. parahaemolyticus V. vulnificus
Species Prevalence MPN/g Prevalence MPN/g Prevalence MPN/g
(percent) (percent) (percent)

Cockles - n.d. 55.56 0.36-1.25 25.40 <03
Mussels - n.d. 63.49 0.74-2.80 15.87 <03
Oysters - n.d. 73.02 0.36-4.30 36.51 <03
White shrimps - n.d. 47.62 <0.3-3.0 - n.d.
Safety levels* n.d. <30/g (MPN) <30/g (MPN)

n.d. - not detected

*FDA and EPA safety levels of fishery products in regulation and guidance.

Table 5 Growth characteristics of V. parahaemolyticusin the marine environment

Variables Optimum Range
Temperature (°C) 37 5-43

pH 7.8 -8.6 4.8-11

NacCl (%) 1.5-3.0 0.5-10
Water Activity (WA) 0.981 0.940 - 0.996
Atmosphere (O, consumption) Aerobic Aerobic-Anaerobic

Source: Modification from International Commission for Microbiological Specifications for Foods

The study found a high abundance of V.
parahaemolyticus in all marine samples. The chi-
square test showed a significant difference in the
prevalence of V., parahaemolyticusin the marine species
(p <0.05),and the sampling periods were not a significant
difference (p > 0.05). V. parahaemolyticusis commonly
found in coastal areas and estuarine ecosystems, and
it has been isolated in various marine animals [40]. V/
parahaemolyticus is a mildly halophilic, mesophilic
microorganism, and its general growth characteristics
are shown in Table 5. Hence, the physicochemical
variation can play an important role in the significant
contamination of V. parahaemolyticus in marine
habitats [41-44].

The contamination of V. vulnificuswas detected
in all samples of bivalves at below detection limit
(0.3 MPN/g) but was not found in the white shrimp
samples during the study periods (Table 4). The
statistical analysis revealed a notable disparity in the
infection levels of V. vulnificusin bivalve samples, with
a significance level of p < 0.05. A microbiological
survey concerned the levels of pathogenic V. vulnificus
in marine bivalves across various global locations. The
reporting indicated infection rates of 17.2% in oysters
and 8.0% in mussels [45, 46]. The prevalence rate of
V. vulnificus contamination is commonly observed in
shellfish maturity within coastal areas, but in this study,
V. vulnificus was not detected in the white shrimp
samples. The confirmation of V. vulnificus appeared
to have the same disease symptoms as naturally infected
shrimp. However, the circulating hemocytes of Litopenaets
vannamei play a crucial role in self-purification and
activate several Vibriopathogens [47]. Furthermore,
physicochemical parameters, such as salinity and

temperature, influence the occurrence of V. vulnificus,
while the natural depuration pond was prepared to
decrease Vibrio contamination [48, 49].

CONCLUSIONS

The present study concludes that physicochemical
parameters were within the seawater permissible
standard at all sampling stations in the coastal aquaculture
area of Chanthaburi and Trat Provinces. The major land
use concerns that have polluted the marine coastal
area from anthropogenic activities such as recreational
renovation, aquaculture, and infrastructure improvement.
V. parahaemolyticusis an abundant species in the
aquaculture area and is commonly isolated from
edible bivalves and white shrimp tissues. However,
V. parahaemolyticus densities also included the
permissible limit. The depuration processes were
recommended to decontaminate the cultivated fishery
products.
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ABSTRACT

The torrefaction process is a promising technique for enhancing the quality of solid biomass fuels. This study
investigates the effects of torrefaction on biochar produced from filter cake residue, a byproduct of the sugar
industry. The primary objectives were to evaluate the impact of process parameters on biochar properties and
identify optimal conditions for maximizing the higher heating value (HHV). Filter cake residue was subjected
to torrefaction at temperatures ranging from 220-340°C under an inert atmosphere. The influence of particle size
(20, 60, and 100 mesh), nitrogen flow rate (20-30 ml/min), temperature (220-340°C), and residence time (30-
90 min) on biochar properties was examined using response surface methodology. Proximate analysis
revealed that torrefaction significantly reduced moisture, volatile matter, and ash content while increasing
fixed carbon content. The maximum HHYV of 21.9571 M]/kg was achieved at a particle size of 20 mesh, nitrogen
flow rate of 25 ml/min, temperature of 340°C, and residence time of 60 min. The experimental results agreed with
predicted values from the developed models, with an average error of 3.64%. Optimal torrefaction conditions were
determined to be a particle size of 21.77 mesh, nitrogen flow rate of 22.50 ml/min, temperature of 311.13°C,
and residence time of 42.58 min, yielding a maximum HHV of 18.4853 M]/kg. These findings demonstrate the
potential of torrefaction for upgrading filter cake residue into a high-quality solid biofuel, providing a sustainable
solution for waste utilization in the sugar industry.

Keywords. Biomass, Torrefaction process, Filter cake residue

INTRODUCTION conditions. In this way, biochar with various properties
suitable for use as fuel is obtained. An ideal biochar
possesses a high heating value (HHV)and meets other
standard criteria. However, the production of biochar
from biomass is not yet fully efficient. Factors such as
temperature and time during torrefaction result in
heat loss and insufficient product yield. Consequently,
extensive expenses are incurred [3]. Hence, this research
addresses this issue by determining the most suitable
conditions for producing biochar from filter cake
residue, a type of biomass.

This study investigates the effects of the
torrefaction process on biofuel produced from filter
cake residue and identifies the most suitable conditions.
. > The study examines the influence of variables affecting
boost research and development in alternative energy the torrefaction process, including biomass particle

de'r ived from blorpass, allgmng with Thailand's size, nitrogen gas flow rate, temperature, and torrefaction
Thirteenth economic and societal development plan time [4-7]

(2023-2027)[2].
' Biochar, a‘carbon—rlch material produced from MATERIALS AND METHODS

biomass or organic substances from natural decay or

agricultural waste, is generated through a controlled  Material preparation

pyrolysis process at low oxygen levels. This process

is called pyrolysis under anaerobic or limited oxygen

Biomass is considered a highly significant energy
source because it is a natural energy reservoir that can
be utilized for energy production without contributing
to the greenhouse effect. This is attributed to the fact
that carbon dioxide generated during combustion is
utilized for photosynthesis in plant growth, leading to
cyclic carbon circulation without substantial atmospheric
release. Moreover, biomass fuel is cost-effective as it
can be produced domestically sustainably, reducing the
need to import and generate local income[1]. Recognizing
these advantages, the government acknowledges the
importance and benefits of biomass energy. Thailand
has formulated policies to promote energy security to

The biomass material used in this research is
filter cake residue obtained from a sugar factory.
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Figure 1(a)shows the raw material of filter cake residue
used in the research. The material was dried under
sunlight for 2 days, as shown in Figure 1(b). It was
ground to fine particles and sieved through three sizes
of(a) 20, (b)60, and (c) 100 mesh, as shown in Figure
2. All three-size powders were put into ziplock bags
for further analysis under the torrefaction process.
However, the proximate composition of the sample,
that is, volatile matter, moisture, fixed carbon, and ash,
was determined. The samples used were raw filter cake
residue and filter cake residue after the torrefaction
process.

('ei) Raw material (b) After drying |
Figure 1 Filter cake residue: (a) raw material and (b)

\ AND TEGHNOLGY

sizes of (a) 20, (b) 60, and (c) 100 mesh.

Experimental design using design expert program

In the torrefaction process, the independent
variables for the experiments include biomass particle
size (mesh), nitrogen gas flow rate (ml/min), temperature
(°C), and time (min). The dependent variable is biomass's
higher heating value (HHV) in M]/kg.

In this work, the Box-Behnken design (BBD)
method using the Design Expert V.13.0 program was
employed for statistical analysis and prediction of
the experimental outcomes. The study focused on the
influence of 3 levels (minimum, mean, maximum) of
4 variables (X1, Xz, X3, X4) as presented in Table 1,

after drying. under the conditions specified in Table 2.
Table 1 Experimental design by BBD method.

Parameter Symbol Unit Min. Mean Max.

Particle size Xi mesh 20 60 100

N> flow rate Xz MI/min 20 25 30

Temperature X3 °C 220 280 340

Time X4 min 30 60 90

High heating value Y4 M]/kg - - -

Table 2 Conditions of torrefaction process.

Run No. Particle size (mesh) Flow N> (ml/min) Temperature (°C) Time(min) HHV(M]/kg)
1 60 20 340 60 18.3352
2 60 20 280 30 16.6152
3 20 25 280 30 19.6237
4 60 20 280 90 16.4797
5 100 25 280 90 16.7569
6 60 30 340 60 20.2209
7 100 25 280 30 16.8694
8 20 25 220 60 18.7078
9 60 30 280 90 18.1508
10 100 25 220 60 16.5795
11 100 25 340 60 18.5945
12 60 25 220 30 16.7533
13 20 30 280 60 20.5835
14 60 25 340 90 19.4425
15 60 25 220 90 16.6551
16 60 25 280 60 16.5356
17 60 25 280 60 17.5356
18 60 30 280 30 18.2773
19 100 30 280 60 17.2832
20 100 20 280 60 16.1719
21 20 25 280 90 19.4872
22 60 25 280 60 17.8356
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Run No. Particle size (mesh) Flow N>(ml/min) Temperature (°C) Time(min) HHV (M]/kg)
23 60 25 280 60 17.3412
24 60 25 280 60 17.2914
25 60 20 220 60 15.9001
26 20 20 280 60 17.8521
27 20 25 340 60 21.9571
28 60 30 220 60 17.3487
29 60 25 340 30 19.3419

nit

' l!!(fﬂn,dc_rl_sing

-l

Furnace

Filter cake residue

Mass flow
controller

Furnace

N, Condensing
unit

Figure 3 Shows (a)a photograph and (b) a schematic diagram of the experimental setup of the torrefaction process.

In this work, the Box-Behnken design (BBD)
method using the Design Expert V.13.0 program was
employed for statistical analysis and prediction of
the experimental outcomes. The study focused on the
influence of 3 levels (minimum, mean, maximum) of
4 variables (X1, X2, X3, X4) as presented in Table 1,
under the conditions specified in Table 2.

It is seen from Table 2 that the maximum HHV
of 21.9571 M]J/kg was obtained from run no. 27, where
particle size, N flow rate, temperature, and time were
20 mesh, 25 ml/min, 280°C and 30 min, respectively.
The HHVs obtained from the design model were then
compared with those of the experimental torrefaction
process, as described in the next Section.

Torrefaction process

Figure 3 shows the schematic diagram of the
torrefaction experiment. The reactor for loading filter
cake residue was made of cylindrical stainless steel with
alength of 160 mm and a diameter of 54.6 mm. It was
placed inside a horizontal tube furnace with a length
of 120 cm (Vacuum 1,400 degree Tube Furnace, Model
PN:SK2-7-14PD3). The sample temperature was measured
using 4 thermocouples introduced through the top
flange of the reactor. A temperature controller of the
furnace controlled the temperature.

About 20 g of filter cake residue sample was
uniformly distributed inside the sample basket and
placed in the uniform heated zone of the reactor prior
to the experiment. The reactor lid was closed, and a
mass flow controller controlled nitrogen gas flow into
the reactor. The nitrogen flow rate was maintained
for 30 min to remove the air from the reactor chamber
and ensure inert condition. The sample was heated

from the room to the desired temperature with a rate
of 10°C min! under a nitrogen atmosphere. The gas
leaving the torrefaction reactor was cooled by a
condensing unit using two lines of the condenser ice
bath, where most of the tar and water were collected. To
compare the HHVs obtained from the design model,
as shown in Table 2, with those obtained from the
experimental torrefaction process, we conducted the
experiments at 4 conditions, including run no. 27
(maximum HHV of 21.9571 MJ/kg), run no.25 (minimum
HHV of 15.9001 M]J/kg), run no. 13 and run no.19.

Measurement of Higher Heating Value (HHV)

The heating value indicates the amount of
energy released during fuel combustion (biomass) per
unit weight in the form of heat. The heating value of
each fuel type varies depending on the characteristics
and components of the biomass. Higher heating value
(HHV) refers to the heat energy released from the
complete combustion of fuel (Gross calorific value),
including the latent heat of vaporization of water.

Generally, the higher heating value from
biomass is analyzed using a Bomb calorimeter, which
measures the heat energy from burning samples in the
calorimeter. It operates on the principle that the energy
accumulated in the chemical bonds of the substance
is released when the substance is burned, known as the
heat of combustion. In the Bomb calorimeter, biomass
combustion causes a temperature change. Then, the
higher heating value is determined as the heat released
during combustion from initial to final temperatures
as described by the equation:

HHV:M
m
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where AT is the increased temperature (°C), W is the
energy equivalent (EE) of Bomb calorimeter (cal/°C)
and m is the weight of the sample (g).In this work, the
Bomb calorimeter manufactured by IKA was designed
for scientists. The Model Calorimeter C1 was used to
measure the high heating value of the combustion of
biomass filter cake. It consisted of the calorimeter,
combustion chamber, and chiller.

RESULTS AND DISCUSSION

Table 3 shows the proximate analysis of raw
filter cake residue and torrefied filter cake residue after
the torrefaction process of run no.27 (particle size, N,
flow rate, temperature, and time were 20 mesh, 25
ml/min, 280°C and 30 min, respectively). Raw filter cake
residue has a very high amount of volatile matter and
high moisture content, resulting in its low heating value.
In addition, the raw filter cake has low carbon that
carbon, which also results in its low heating value. For

\ AND TEGHNOLGY

torrefied filter cake residue, the volatile matter decreased
from 72.76 to 51.70%, and the ash decreased from 2.15
to 1.81%, while the fixed carbon increased from 15.40
to 38.74%, increasing the heating value.

Table 3 Proximate analysis (wt%, d.b.).

Proximate Before After
composition  torrefaction torrefaction
Volatile matter 72.76 51.70
Moisture 9.69 7.75
Fixed carbon 15.40 38.74
Ash 2.15 1.81

The experimental torrefaction process was
conducted for 4 biomass samples of run nos. 27, 13,
19, and 25 as described in Section Measurement of
Higher Heating Value (HHV). The results of those samples
on HHVs are given in Table 4. The average difference
value of HHV between the simulation model and
experiment was 3.64%.

Table 4 Torrefaction process experiment at 4 conditions.

Particle size

N.flow rate Temperature

Time HHV (MJ/kg) HHV (M]/kg)

Run No. (mesh) (ml/min) (°C) (min) Simulation Experiment Error
27 20 25 340 60 21.9571 20.7453 5.52
13 20 30 280 60 20.5835 19.9954 2.86
19 100 30 280 60 17.2832 16.9853 1.72
25 60 20 220 60 15.9001 15.1872 448

- f )
20 100 20 30
AX1 : Particle size = 21.7702 B:X2 : Flow N2 = 22,4988
(a) Particle size (X1) (b) N2 flow rate (X>)
@ @
220 340 30 S0
C:X3 : Temperature = 311.133 D:¥4: Time = 42,5762
(c) Temperature (X3) (d) Time (X4)
15.9001 21.9571
¥1: HHV = 18.4853

(d) Higher Heating Value (Y1)

Desirability = 1.000
Solution 1 out of 100
Figure 4 Optimal conditions for the torrefaction process of filter cake residue.
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To find the optimum point for the torrefaction
process of filter cake residue in this work, by using the
Design Expert v13.0 program, the most suitable conditions
for the process were obtained, as shown in Figure 4.
That is: a) particle size (X;) was 21.7702 mesh, b) N,
flow rate (X») was 22.4988 mL/min, c) temperature
(X3)was 311.1330°C,and d) time (X4) was 42.5762 min
and gave the maximum HHV of 18.4853 M]J/kg.

CONCLUSIONS

This study investigated the torrefaction process
to enhance the fuel properties of filter cake residue, a
waste biomass material from the sugar industry. The
raw filter cake was sun-dried, ground, and sieved to
obtain three particle sizes: 20, 60, and 100 mesh. Design
Expert v.13.0 software was employed to design the
experiments and analyze the results. The influence of
four independent variables, namely particle size (X1),
N2 flow rate (X2), temperature (X3), and residence time
(X4), on the higher heating value (HHV) of the torrefied
biomass was examined. Proximate analysis revealed
that torrefaction significantly altered the composition
of the filter cake residue. Volatile matter, moisture,
and ash contents decreased while fixed carbon content
increased, resulting in an overall improvement in the
heating value of the biomass. The experimental HHV
values agreed with the predicted values, with an average
deviation of 3.64%.

Response surface methodology was employed
to identify the optimal torrefaction conditions for
maximizing the HHV of the torrefied filter cake. The
optimal parameters were determined to be a particle
size of 21.77 mesh, N2 flow rate of 22.50 ml/min,
temperature of 311.13°C, and residence time of 42.58
min. Under these conditions, a maximum HHV of
18.4853 M]/kg was predicted. The findings of this
study demonstrate the potential of torrefaction as an
effective technique for upgrading the fuel properties
of filter cake residue. A high-quality solid biofuel can
be produced from this abundant waste biomass by
optimizing the process parameters. Using filter cake
residue for biofuel production provides a sustainable
solution for waste management in the sugar industry
and contributes to developing renewable energy
sources.

Further research is recommended to investigate
the feasibility of scaling up the torrefaction process
and to assess the techno-economic and environmental
aspects of utilizing torrefied filter cake as a biofuel.
Additionally, the properties and performance of the
torrefied biomass in various combustion systems should
be evaluated to ensure its suitability as a fuel substitute.
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ABSTRACT

This paper aims to develop a real-time energy monitoring system based on smart metering to enhance energy
efficiency in the single-phase residential sector. Based on the concept of low-cost IoT devices, this intelligent
meter system is designed to monitor household energy consumption. It provides real-time information on a
graphical Node-RED Dashboard, making it easy for households to track and manage their energy usage. The
hardware of the power metering system included the Node MCU ESP8266, the PZEM-004T, and a cloud server
built on the Raspberry Pi for storing electricity consumption data by using Node-RED to connect devices via an
application programming interface system. This system can help analyze the electricity consumption behavior
in the residential sector. It is a guideline for selecting the electricity rate between the TOD and TOU rates. The
results found that in the electrical energy measurements of households 1 and 2, the mean deviations were
0.8758% and 0.5523%, respectively. The electricity cost-saving results when changing the electricity tariff
from the TOD rate of households 1 and 2 to the TOU rate. It was found that electricity costs can be saved by
0.2807% and 1.0936%, respectively. The most critical variable is electricity consumption during peak periods.
In the case study of household 1, if the electricity consumption during the peak period is less than 13%, it will
be appropriate to select the Time of Use rate.In household 2, if there is electricity consumption during the peak
period, less than 38% would be appropriate to choose the type of electricity user with a TOU rate.

Keywords: Energy monitoring system, Node-RED, IoT base, Residential sector, Smart metering

INTRODUCTION their electricity usage behavior in line with the time of
use tariff, a government policy that encourages reducing
peak demand and saving energy.

The Time of Use (TOU) tariff is a pricing structure
for electricity consumption where electricity costs vary
depending on the time of day. Instead of a flat rate for
electricity throughout the day, TOU tariffs divide the
day into different time blocks, typically categorized as
on-peak and off-peak. Besides, the Time of Day (TOD)
tariff is another term used to describe a pricing structure
for electricity consumption, like the TOU tariff. Under
a TOD rate, the cost of electricity varies depending on
the time of day when it is consumed. Like TOU rates,
TOD rates typically divide the day into different periods,
such as on-peak and off-peak, each with its corresponding
electricity rate. Peak Period: This is when electricity
demand is highest, usually during daytime hours when
businesses are operational and household energy usage
is at its peak. Electricity rates during peak periods are
typically higher, reflecting the higher cost of supplying
electricity during high demand. Off-peak Period: This
is when electricity demand is lowest, often during
late-night or early morning hours when businesses are

Electricity is a critical factor in life and tends
to use more energy. Due to the country's economic
growth, it is growing steadily. Whether in the household,
commercial, industry, transport, or agriculture sectors.
Electric power is essential to various activities, including
driving the country's economy, and all of these rely
on electricity as the main factor. It is expected that the
energy demand will continue to increase in the future.
Efficient and sustainable energy use is an essential goal
for both the public and private sectors. Many agencies
have been continuously campaigning, especially the
energy-saving efforts of the household sector. However,
arousing public consciousness can save energy to a
certain extent. Suppose technology is developed as a
tool to help measure electrical energy. In that case, it
can show the behavior of consumers using electricity
daily to bring information to analyze the energy-saving
results of each household. Each household will have
different periods of electricity consumption. Some
households may use less electricity during the day but
more at night. It may give power users a way to adjust
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closed, and overall energy consumption is reduced.
Electricity rates during off-peak periods are usually
lower to incentivize consumers to shift their energy
usage away from peak times. The goal of TOD tariffs,
like TOU tariffs, is to encourage consumers to adjust
their electricity usage patterns to periods of lower
demand, thereby helping to balance electricity supply
and demand, reduce strain on the grid during peak
periods, and potentially lower overall energy costs for
consumers and utilities. The TOU tariff varies according
to the time of use. The study was based on the electricity
tariff rate (2023) of the Provincial Electricity Authority
(PEA)[1]. Electricity rates during the day and night
will be different. The TOU tariff varies according to the
time of use. The study was based on the electricity tariff
rate (2023) of the Provincial Electricity Authority (PEA)
[1]. Electricity rates during the day and night will be
different. The cost of electricity will be expensive during
the period when the system has a high demand for
electricity (on-peak) between 09.00 a.m. and 10.00 p.m.
on working days (Monday-Friday), with an electricity
rate of 5.1135 baht per unit (in the case of a voltage
of 22-33 kV). The electricity rate equals 5.7982 baht
per unit (in the case of a voltage lower than 22 kV)
because electricity has to operate power plants that
use all fuel types. Both cheap and expensive to produce
enough electricity to meet demand, But when the system
has low electricity demand (off-peak) between 10:00
p.m. and 9:00 a.m. on weekdays (Monday-Friday) and
during the time between 00.00-24.00 on Saturday-
Sunday, National Labor Day standard public holidays
(excluding plowing day and substitution holidays) with
an electricity rate of 2.6037 baht per unit (in the case
of voltage 22-33 kV)and an electricity rate of 2.6369
baht per unit (in the case of voltage below 22 kV).
Electricity costs will be cheaper because the utilities
can operate power plants that use cheap fuel. The
standard electricity tariff is calculated as a progressive
rate; the more electricity used, the more expensive
it will be.If comparing the standard electricity rate with
the TOU electricity rate during the off-peak period,
there will be a difference of about 40%, which means
that the TOU electricity rate during the off-peak period
is about 40% cheaper than the standard electricity rate.
The possibility of an energy-saving effect and efficient
energy use will result in the most value for the user.
The electricity cost-saving chart changes from time
of day (TOD) to time of use (TOU). It was based on the
electricity tariff rate (2015) of the Provincial Electricity
Authority (PEA). The customer can use this chart as a
guideline to change the TOU rate by analyzing their
electrical usage behavior parameter. The chart is plotted
to evaluate the percentage of energy savings [2].
Nowadays, communication technology is more advanced
and has been applied to various applications based on
the IoT concept.It creates a network of connections
between various devices via the wireless internet.
The adoption of the IoT system is an additional function

of energy management. It is one way to increase energy
efficiency. We present a cutting-edge, real-time, low-
cost, internet-of-things energy monitoring system
developed in this work. The design and development
of electrical energy monitoring systems are of various
types, such as the IoT-based Smart Energy Meter for Home
Appliances designed using an Arduino microcontroller.
This innovative smart meter automatically measures
energy consumption and calculates the bill with the
help of IoT and GSM techniques. The energy consumption
units are measured from the user's location to calculate
the bill. The generated bill is sent to the user's smartphone
through SMS [3]. They proposed electrical energy
measurement and monitoring for an IoT home electrical
load. The electrical energy measurement and monitoring
application used an IoT system based on an ESP8266
microcontroller and a low-cost PZEM-004T current
sensor. It measured such parameters by connecting
it with a Node MCU ESP8266 unit, a board with built-
in Wi-Fi capability. Electrical energy was displayed on
a smartphone with the Blynk application, and the data
was saved to a cloud system. Abnormal high-energy
alerts were sent on a LINE application [4]. The IoT is
based on intelligent energy meters for smart grids. The
power meter is connected to the ESP8266 12E via an
optocoupler. The system also has an OLED display.
ULN2003 is used in the driver cycle to relay and shift
loads. The current sensor is also installed to detect
power theft [5]. An intelligent energy meter monitoring
system. It consists of an Arduino, an energy meter, a
WIFI module, a relay, and a transformer. An energy
meter measures the live current, voltage, and power.
The microcontroller reads these parameters and sends
them to the cloud. Node MCU is a Wi-Fi device that has
a microcontroller in it. This paper measures
electricity consumption in home appliances and
automatically generates its bill using IoT [6]. A
prototype of an advanced meter based on the
ESP8266 module with two-way communication over
the MQTT protocol [7]. The intelligent energy
monitoring systems for energy savings consist of the
ZigBee module (IEEE 802.15.4), ESP-12 module,
Blynk app, and cloud computing for interfacing the
information between the meters and the consumer
[8]. Schneider Industry installed an IoT-based energy
monitoring system. It can read different electrical
parameters. The computing system uses Raspbian, an
open-source Linux-based operating system [9]. The
hardware included PZEM-004T modules with non-
invasive current transformer sensors, Arduino
WeMos, and an ESP8266 microcontroller. The software
unit, an algorithm using Matlab software, is developed
to send measurement data to the ThingSpeak cloud.
The proposed system can monitor and analyze the PQ
parameters in real time, including frequency, root mean
square (RMS)voltage, RMS current, active power, and
the power factor of a low-voltage load [ 10]. The hardware
included a Raspberry Pi 3, an Arduino Uno board, and
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an ESP8266 Wemos D1 mini to communicate with the
PZEM-004T via RS-232. The software included Android
Studio and the Raspbian operating system [11]. The
hardware included the NodeMCU and sensor PZEM-
004T microcontroller. The software included the
ThingSpeak cloud server [12]and the Blynk application
[13]. The controller, NB-IoT connection module, and
cloud are the three main components of an I0T-based
innovative energy meter system [14]. An energy
consumption monitoring system based on IoT for
residential rooftops uses the ESP8266 controller chipset
to build the sensing peripheral node, which controls
arelay and a PZEM-004T current sensor [15]. Besides,
the energy is measured, and a product arrangement
is given to create a bill for energy consumption and
implement it in LabVIEW software. An I0T-based
platform is created to monitor the metering infrastructure
in real-time [16] remotely. Overall, Energy monitoring
systems promote energy-conscious behavior by raising
awareness of energy usage habits. Homeowners can
visualize their energy consumption data, set energy-
saving goals, reduce energy waste, and contribute to
a more sustainable future.

The primary objective of our research is to
enhance energy efficiency in the residential sector by
developing a household energy monitoring system.
This system, which displays real-time information on
a graphical Node-RED Dashboard, is connected to a
cloud server on the Raspberry Pi for storing electricity
consumption data. The system uses Node-RED to
connect devices via APIs (Application Programming
Interface)system, and the electrical data obtained
from the electrical energy measurement system is
used to analyze the variables on the behavior of
electricity consumption of each household. This analysis
is a guideline for selecting the electricity rate between
the TOD and TOU rates. Using the relationship equation
of the base electricity rate and the variables on electricity
consumption behavior, we can calculate the result of
saving electricity bills when changing the electricity
tariff from the TOD to the TOU rate. The research
materials and methods, results and discussions, and
conclusions are presented in the following sections.

MATERIALS AND METHODS

This paper aims to 1) develop an energy
monitoring system for the residential sector. The
data were real-time on a graphic with a Node-RED
Dashboard, 2)Building a cloud server on the Raspberry
Pi for storing electricity consumption data by using
Node-RED to connect devices through Application
Programming Interface (APIs, and 3) analyzing variables
on electricity consumption behavior in the household.
It will guide the selection of electricity tariffs between
the TOD and TOU rates.

\ AND TEGHNOLGY

The functional structure design of the real-time
electrical energy monitoring system consists of three
parts.

A. The design of a real-time electrical energy monitoring
system

The real-time data display system is designed
with a Node-RED Dashboard on the graphic.The purpose
of MQTT is to make our systems send and receive data
more efficiently, including wasting the device's energy.
In the IOT system, we want to send real-time data and
want our devices to use only a little energy unnecessarily.
The hardware includes a microcontroller and electrical
data measurement sensors such as voltage, current,
power, energy, frequency, and power factor. The
microcontroller will receive various values from the
sensor, which processes and transmits data to Node-
Red over a wireless Internet network. Display graphical
data on the Node-RED Dashboard and use the data to
analyze the variables affecting the electricity consumption
behavior of each household. To be a guideline for
selecting the electricity tariff between the standard
rate and the time of use (TOU) rate. The working process
of the system as shown in Figure 1.

Utility =
Ac 220V, |

mosauitto

P S —

[ ol | m%

'Node-RED |

,q__________

v

Figure 1The proposed real-time electrical energy
monitoring system design with Node-RED
Dashboard.
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B. The creating a cloud server on Raspberry Pi

The creation of a cloud server on Raspberry Pi
for storing electricity consumption data using Node-
RED connects devices via APIs, as shown in Figure 2.

]

Node-RED

Figure 2 Node-RED uses the cloud server on Raspberry
Pi.

Figure 3 Installation of the proposed system for the
experiment.

Data protection protocols and measures can be
implemented to ensure user information confidentiality
in energy monitoring systems. Encryption: All data
transmitted between the energy monitoring system
and any external devices or servers should be encrypted
using robust encryption algorithms. This prevents
unauthorized access to the data during transmission.
Access Control: Implement access control mechanisms
to restrict access to sensitive user information. Only
authorized users should have access to the data, and
different access privileges can be assigned based on
roles and responsibilities.

C. The installing an electrical energy metering system
for the experiment

The hardware includes NodeMCU ESP8266-V3
and AC Digital Power Energy Meter Module PZEM-
004T. The software consists of storing and displaying

data with the cloud server on Raspberry Pi using Node-
RED. The real-time data of power measurement can
be transmitted via a wireless system of devices based
on the smart meter concept, as shown in Figure 3.

D. The analysis of electricity cost savings

The relationship equation of the base electricity
cost with the behavioral variables of electricity usage
type 1 residential house considered the TOD of the
group of electrical energy consumers not exceeding
150 units per month as in equation (1).

Baserop = 2.3488 + 0.6394 — (ﬁ) (1)
+0.2523 — ( 63075 )
kWhTotal
+0.3832 — (13 4120)
kWhTotal
+0.0934 — ( 93400 )
kWhTotal
+0.5047 — (75 7050)
kWhTotal
+0.1999 — (—79'9600)
kWhTotal

The group of electrical energy consumers exceeds
150 units per month, as shown in equation (2).

Baserop = 3.2484 + 0.9734 — (%T"tl) (2)

79.96
+0.1999 — (kWhTotal)
The time of use rate (TOU) with a voltage of
22-33 kV, as in equation (3), and a voltage lower than
22 kV, as in equation (4).

Baseroy = 2.6037 + 2.5098 (%Pkl) 3)
Tota

Baseroy = 2.6369 +3.1613 (%Pkl) (@)
Tota

According to the equation for saving electricity
costs from TOD rates to change TOU rates for electricity
tariff type 1 residential home can be created, as in
equation (5).

__ Basergp—Baserouy

x 100 (5)

BaseTop

The result of saving electricity costs found that
changing the electricity consumption rate depends on
the variables of electricity consumption behavior that
differ according to the type of electricity users. The
electricity consumers who want to change their
electricity usage rate can analyze their electricity
consumption behavior and calculate the result from
equation (5).It will inform us of the savings in electricity
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costs when changing to the TOU rate. kWhpeax is the
electricity consumed for the whole month during the
peak period (kWh). kWhroa is the total electricity
consumed for the whole month (kWh). Baseropis the
base electricity cost per unit of TOD rate (Baht/kWh).
Baserou is the base electricity cost per unit of TOU
rate (Baht/kWh), and ¢ is the percentage of saving
electricity costs. The calculation of the error between a
measurement from a clamp meter and the proposed
system for the experiment. The results were displayed
and compared to determine the percentage difference,
as in equation (6) [2].

Measuringgreq;—Measuringg
cat_ X2 % 100 (6)
Measuringgreqi

Error =

RESULTS AND DISCUSSION

Energy management in the residential sector
involves various practices and technologies to optimize
energy usage, reduce energy waste, and promote energy
efficiency in homes. A vital component is using Home
Energy Management Systems (HEMS). These systems,
integrated with our IoT-based energy monitoring
system, utilize smart devices, sensors, and software
to monitor and control energy usage in real-time. By
providing insights into energy consumption patterns,
HEMS enables homeowners to make informed decisions
that can significantly reduce energy waste, thereby
promoting energy efficiency in the residential sector.
This section presents the results obtained from the
proposed system for the experiment with an electrical
energy metering system, including Node MCU ESP8266
and AC Digital Power Energy Meter Module PZEM-004T
that power energy meter module. It is utilized for voltage
(V), current (A), power (W), energy (kWh), frequency
(Hz), and power factor measurement of household
electricity.

\ AND TEGHNOLGY

A. The results of the voltage and current measurement

There were two households in the experiment.
The energy monitoring system is tested with a
randomized measurement process for voltage and
current values that test 30 cycles simultaneously. As
shown in Table 1, the energy monitoring system tested
the household 1.1t can store the voltage and current
values using an AC digital power energy meter module
PZEM-004T and the CM4372 AC/DC clamp meter every
15 minutes. The minimum and maximum voltages were
measured with the PZEM-004T module. They were
224.1V and 235.4 V, respectively, while the CM4372
clamp meter measured voltages 222 V and 236V,
respectively. Moreover, the minimum and maximum
current measured with the AC digital power energy
meter module PZEM-004T were 1.06 A and 7.85 A,
respectively, while the minimum and maximum current
measured with the CM4372 AC/DC clamp meter were
1.05 A and 8.5 A, respectively. As shown in Table 2, the
household 2 was tested by the energy monitoring
system. It can store the voltage and current values
using an AC digital power energy meter module PZEM-
004T and the CM4372 AC/DC clamp meter every 15
minutes. The minimum and maximum voltages were
measured with the PZEM-004T module. They were
225.6 V and 235.4 V, respectively, while the CM4372
clamp meter measured voltages 227 V and 234V,
respectively. Moreover, the minimum and maximum
current measured with the AC digital power energy
meter module PZEM-004T were 5.26 A and 15.89 A,
respectively, while the minimum and maximum current
measured with the CM4372 AC/DC clamp meter were
5.6 Aand 16.25 A, respectively. The results illustrated
that both measuring tools were highly reliable.

Table 1 The voltage and current measurement of household 1.

Power Energy Meter The CM4372 AC/DC Power Energy Meter The CM4372 AC/DC
No. Module PZEM-004T Clamp Meter No. Module PZEM-004T Clamp Meter
\Y I \Y I \Y, I \' I
1 2343 435 233 410 16 2345 1.25 233 1.2
2 230.1 1.08 228 1.05 17 2329 1.15 234 1.1
3 228.9 1.35 226 1.24 18 233.7 1.37 234 1.2
4 227.8 432 224 410 19 234.2 1.18 234 1.1
5 2273 1.36 229 1.30 20 2354 1.36 236 1.2
6 230.7 1.60 231 1.50 21 230.6 1.24 231 1.1
7 224.1 5.42 222 5.80 22 229.7 1.25 230 1.1
8 230.7 1.23 231 1.30 23 228.5 3.89 229 3.7
9 234.9 1.06 236 1.15 24 229.1 1.30 230 1.2
10 2334 1.85 233 1.70 25 2283 3.54 229 32
11 232.7 1.51 231 1.61 26 230.5 7.85 232 8.5
12 231.2 1.14 230 1.13 27 2314 2.14 230 1.9
13 230.8 1.53 231 1.40 28 235.1 3.76 234 34
14 231.6 1.84 232 1.70 29 234.8 5.40 233 5.1
15 230.2 1.28 229 1.20 30 228.5 1.26 229 1.1
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Table 2 The voltage and current measurement of household 2.
Power Energy Meter The CM4372 AC/DC Power Energy Meter ~ The CM4372 AC/DC
No. Module PZEM-004T Clamp Meter No. Module PZEM-004T Clamp Meter
Vv I Vv I \') I Vv I
1 230.8 12.24 231 11.86 16 230.7 6.42 230 7.8
2 2314 10.95 229 11.74 17 2283 13.43 229 14.6
3 225.6 7.46 227 8.31 18 230.5 9.88 232 11.3
4 227.8 9.76 228 10.87 19 2309 11.25 233 12.5
5 232.6 13.85 234 14.10 20 2314 8.47 229 7.6
6 228.9 15.02 230 14.50 21 230.7 6.65 228 7.3
7 231.2 10.14 231 11.30 22 2284 14.73 230 15.2
8 230.5 8.36 228 8.90 23 234.1 948 232 10.3
9 228.3 5.26 230 5.60 24 228.5 13.96 230 14.4
10 233.7 11.78 231 13.20 25 230.8 15.14 232 15.5
11 227.8 6.75 230 740 26 233.7 10.65 234 114
12 230.6 13.56 233 13.20 27 2334 14.89 230 15.6
13 229.2 10.32 232 12.50 28 228.8 7.32 230 8.1
14 234.5 15.89 233 16.25 29 230.1 6.58 232 7.5
15 2339 741 230 8.60 30 229.5 13.67 233 14.3
240 240
238 ---@--- Experiment —e—— Measurement 238 ---@--- Experiment —e— Measurement
236 236
S 234 234
g 232 S 232
£ 230 S 230
S s S 228
226 > 26
224 224
222 222
220

220

8 10 12 14 16 18 20 22 24 26 28 30
a)Household 1
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b)Household 2

Figure 4 Comparison of voltage measurements between the developed energy monitoring system of experiment

and measuring instrument.

[N

---@--- Experiment —e—— Measurement

Current (A)
O P N W Hd OO N 0 © O

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

a)Household 1

20
18 ---@--- Experiment
16
~ 14
= 12

10

—@—— Measurement

Current (A

oN &~ O

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

b)Household 2

Figure 5 Comparison of current measurements between the developed energy monitoring system of experiment

and measuring instrument.

The comparison of voltage and current values
measured between the power energy meter module
PZEM-004T of the experiment and the CM4372 AC/DC
clamp meter is shown in Figure 4 and Figure 5.1t was
found that voltage and current measurements can be
made by various factors affecting measurement accuracy,
whether it is surrounding environmental conditions
such as temperature, humidity, or atmospheric pressure.
It can affect measurement error and sensor operation,
which can cause the error. One of the key findings of this

research is the importance of regular sensor maintenance
for ensuring long-term measurement accuracy. The
correct and careful use of current and voltage sensors
can significantly reduce measurement error. However,
it is crucial to emphasize the need for regular updates
and maintenance to keep the sensors performing at
their best, thereby ensuring the long-term accuracy
of the measurements.

Table 3 shows the voltage and current error
percentage compared to the measured value and 30
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data collection systems. Household 1 was found to have
an average voltage error of 0.487 V, and an average
current error of 7.987 A. Household 2 has an average

\ AND TEGHNOLGY

voltage error percentage of 0.773 V and an average
current error percentage of 7.880 A.

Table 3 An error of voltage and current for household 1 and household 2.

Household 1 Household 2 Household 1 Household 2
No. %Error % Error No. % Error % Error
\ I \ I \") I \ I
1 0.56 6.10 0.09 3.20 16 0.64 417 0.30 17.69
2 0.92 2.86 1.05 6.73 17 047 455 0.31 8.01
3 1.28 8.87 0.62 10.23 18 0.13 14.17 0.65 12.57
4 1.70 5.37 0.09 10.21 19 0.09 7.27 0.90 10.00
5 0.74 4.62 0.60 1.77 20 0.25 13.33 1.05 11.45
6 0.13 6.67 0.48 3.59 21 0.17 12.73 1.18 8.90
7 0.95 6.55 0.09 10.27 22 0.13 13.64 0.70 3.09
8 0.13 5.38 1.10 6.07 23 0.22 5.14 0.91 7.96
9 047 7.83 0.74 6.07 24 0.39 8.33 0.65 3.06
10 0.17 8.82 1.17 10.76 25 0.31 10.63 0.52 2.32
11 0.74 6.21 0.96 8.78 26 0.65 7.65 0.13 6.58
12 0.52 0.88 1.03 2.73 27 0.61 12.63 1.48 4.55
13 0.09 9.29 1.21 17.44 28 047 10.59 0.52 9.63
14 0.17 8.24 0.64 2.22 29 0.77 5.88 0.82 12.27
15 0.52 6.67 1.70 13.84 30 0.22 14.55 1.50 441

Table 4 Comparison of electrical energy measurements between the developed energy monitoring system of

experiment and measuring instrument.

Household 1 Household 2
Week Experiment Measurement  Error Week  Experiment Measurement Error
(kWh) (kWh) (%) (kWh) (kWh) (%)
1 37.3000 38.0000 1.8421 1 117.0500 116.0000 0.9051
2 34.2200 34.0000 0.6470 2 104.7500 102.0000 2.6960
3 42.5000 41.0000 3.6585 3 96.4000 97.0000 0.6185
4 32.2500 32.0000 0.7812 4 104.1200 105.0000 0.8380
Total 146.2700 145.0000 0.8758 Total 422.3200 420.0000 0.5523
1 5
0.8758 Household 1 Household 1
08 B Household 2 4 3.6585 W Household 2
Eos 0.5523 83 2.696
S S
Lﬁo_4 uj 2 1.8421
o 1 ﬁ 0.647 061gs 07812 0838
0 1
0 Week1l Week2 Week3 Week4
a) Weekly average b) Monthly average

Figure 6 The error of electrical energy measurements between the experiment and measuring instrument.

B. The results of measuring energy consumption

Each household's monthly electricity consumption
is measured using the electrical energy measurement
system developed for the experiment. To verify the
accuracy of the information and test the system's
performance by measuring the energy value from the
prototype measurement system compared with the
measuring instrument. This test aims to compare the

system's performance to see if it can accurately measure
wireless power with acceptable tolerances. From
Table 4, which shows the monthly electric energy
consumption of household 1, it was found that the
electric energy measured by the developed energy
monitoring system was 146.27 kWh/month, and the
measuring instrument measured it as 145.00 kWh/month.
An error equals 0.8758%. The monthly electric energy
consumption of household 2, it was found that the
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electric energy value measured by the developed energy
monitoring system was 422.32 kWh/month and
measured by the measuring instrument was 420.00

kWh/month. An error equals 0.5523%. The error of
electrical energy measurements between the experiment
and measuring instrument as shown in Figure 6.

Table 5 The result of electricity cost savings in the household sector.

Household KWhrotal KkWhpeak Baserop Baserou KkWhpear/ ()
(KWh) (KWh) (Baht/kWh) (Baht/kWh) KWhrotal (%)
1 145.0000 20.0000 3.0816 3.0729 0.1379 0.2807
2 420.0000 160.0000 3.8837 3.8412 0.3809 1.0936
Table 6 The result of electricity cost savings of electrical energy consumers not exceeding 150 kWh/month.
Electricity KWhrotar KWhpeax Baserop Baserou KkWhpeax/ )
consumption (kWh) (kWh) (Baht/kWh) (Baht/kWh) KWhrotal (%)
<150 80.0000 0.0000 1.9927 2.6369 0.0000 -32.3242
kWh/month 90.0000 0.0000 2.2626 2.6369 0.0000 -16.5409
100.0000 0.0000 2.4785 2.6369 0.0000 -6.3890
110.0000 0.0000 2.6551 2.6369 0.0000 0.6890
120.0000 6.0000 2.8024 2.7949 0.0500 0.2654
130.0000 11.0000 2.9269 2.9043 0.0846 0.7711
140.0000 17.0000 3.0337 3.0207 0.1214 0.4271
149.0000 22.0000 3.1175 3.1036 0.1476 0.4458
Table 7 The result of electricity cost savings of electrical energy consumers exceeding 150 kWh/month.
Electricity KkWhrotal KWhpeak Baserop Baserou KkWhpeax/ ]
consumption (kWh) (kWh) (Baht/kWh) (Baht/kWh) KWhrota (%)
>150 180.0000 25.0000 3.1663 3.0759 0.1388 2.8532
kWh/month 200.0000 35.0000 3.2918 3.1901 0.1750 3.0901
220.0000 50.0000 3.3945 3.3553 0.2272 1.1543
250.0000 65.0000 3.5178 3.4588 0.2600 1.6766
280.0000 85.0000 3.6146 3.5965 0.3035 0.5003
300.0000 95.0000 3.6684 3.6379 0.3166 0.8311
320.0000 105.0000 3.7155 3.6742 0.3281 1.1126
350.0000 125.0000 3.7760 3.7659 0.3571 0.2684
380.0000 140.0000 3.8270 3.8015 0.3684 0.6650
400.0000 150.0000 3.8567 3.8223 0.3750 0.8916
450.0000 180.0000 3.9195 3.9014 0.4000 0.4624
500.0000 210.0000 3.9697 3.9646 0.4200 0.1288
550.0000 235.0000 4.0108 3.9876 0.4272 0.5786
600.0000 265.0000 4.0450 4.0331 0.4416 0.2952
650.0000 270.0000 4.0740 3.9500 0.4153 3.0436
700.0000 280.0000 4.0988 3.9014 0.4000 4.8175

C. The results of the electricity cost savings

The electricity cost savings effect depends on
the amount of electrical units, including the month and
the proportion of electricity usage. The analysis of saving
electricity when changing the TOU rate of household
1. The rate for general households receiving electricity
at 220 volts and using electricity is less than 150
kWh/month.

From Table 5, it was found that it consumed
145 kWh/month. During peak time, 20 kWh/month. The
proportion of electricity consumption (KWhpeax/KWhrota)
is 0.1379.The percentage of electricity costs saved is

0.2807%.1t is possible to reduce electricity bills by
changing to the TOU rate.

The electricity cost analysis is saved when
changing the TOU rate of household 2. The rate for
general households receiving electricity is 220 volts
and uses more than 150 kWh/month. From Table 5, it
was found that it consumed 420 kWh/month. During
peak time, 160 kWh/month. The proportion of electricity
consumption (KWhpea/kWhro) is 0.3809. The percentage
of electricity costs saved is 1.0936%.It is possible to
reduce electricity bills by changing to the TOU rate.

Table 6 shows the results of electricity cost
savings.In the case study of general households receiving
electricity voltage of 220 volts and having electrical
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energy consumers not exceeding 150 kWh/month, if
considering the total monthly electric energy (kWh)
that is in the range of 80 - 100 kWh/month and without
energy consumption Electricity during the peak was
found not to affect saving electricity bills when changing
to the TOU rate. Considering the total monthly electric
energy equal to 110 kWh/month and without using electric
power during the peak period, it was found that the effect
on saving electricity was 0.6890% when changing to the
TOU rate.Considering the total monthly electricity
consumption in the range of 120 - 149 kWh/month,
it was found that electricity costs could be saved. The
electricity consumption during the peak period must
be more than 5 percent of the total electricity.

Table 7 shows the results of electricity cost
savings. In the case study of a typical household receiving
an electricity voltage of 220 V and having electrical energy
consumers exceeding 150 kWh/month, if considering
the total monthly electricity consumption, it is 180
kWh/month, and the electricity consumption in the
peak period is 25 kWh/month. It is about 13% of all
units of electricity. It was found that an effect on saving
electricity equals 2.8532% when changing to the TOU
rate.If the electricity used during the peak period was
less than 13% of all units of electricity, it was found that
the results in an increase in electricity bill savings of
up to 15%.

Electricity cost savings in the household sector
can be achieved through various strategies and practices
to reduce energy consumption and optimize energy
efficiency. Here are some practical ways to save on
electricity costs: 1.Install an energy monitoring system
to track and analyze household energy consumption in
real-time. This visibility helps identify energy-intensive
appliances and behaviors to make informed decisions
to reduce energy use. 2. Time of Use (TOU) Tariffs: If
available, consider switching to a TOU electricity tariff
that offers lower rates during off-peak hours. Adjusting
energy use to take advantage of lower rates can lead to
significant savings, especially for running appliances
and charging electric vehicles. 3. Behavioral Changes:
Adopt energy-saving habits such as turning off lights
when leaving a room, using energy-efficient settings on
appliances, and washing clothes in cold water.
Implementing these strategies can help households
reduce their electricity consumption, lower utility
bills, and contribute to a more sustainable environment
by reducing energy demand.

D. The comparison of electricity bills as TOD and TOU

Considering the total monthly electrical energy
is 700 kwWh/month, and the electrical energy consumption
during the peak is 280 kWh/month or about 40% of
the total electrical unit, it was found that the effect on
saving electricity is 4.8175% when changing to the
TOU rate. Suppose the electricity consumption
during the peak period is less than 40% of the total
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electricity unit. In this case, it will increase electricity
cost savings by up to 35%, as shown in Figure 7.

40 ¢
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30 |

0] 25
20
15
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5
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0% 5% 10% 15% 20% 25% 30% 35% 40%
kWhPeak / k\NhTmaI

Figure 7 The electricity bills saved by electrical energy
consumers are 700 kWh/month.

Table 8 Comparison of electricity bills as TOD and TOU
of electrical energy consumers 700 kWh/month.

TOD TOU Error

kWheeakWhtoat — pop6)  (Baht)  (Baht)
35/700 286922 195648 912.74
70/700 286922 2067.12 802.10
105/700 286922 217777 691.45
140/700 286922 2288.41 580.81
175/700 286922 2399.06 470.16
210/700 286922 250970 359.52
245/700 286922 262035 248.87
280/700 286922 273099 138.23

Table 8 compares electricity bills as TOD and
TOU of 700 kWh/month electrical energy consumers.
Considering the ratio (KWhpea/kKWhrotwt) of 0.1, it means
that kWhpeak is 10% of kWhrotar, the TOD electricity bill
is 2869.22 Baht and the TOU electricity bill is 2067.12
Baht.Therefore, TOU electricity bills are more economical
than TOD electricity bills by 802.10 baht or savings of
about 28%. Considering the ratio (KWhpeax/kKWhrotal)
of 0.2, it means that kWhpea is 20% of kWhrol, the TOD
electricity bill is 2869.22 Baht and the TOU electricity
bill is 2288.41 Baht. Therefore, TOU electricity bills are
more economical than TOD bills by 580.81 baht, or savings
of about 20%. Considering the ratio (kWhpea/kWhrotar)
of 0.3, it means that kWhpeak is 30% of kWhro, the TOD
electricity bill is 2869.22 Baht and the TOU electricity
bill is 2509.70 Baht. Therefore, TOU electricity bills are
more economical than TOD electricity bills by 359.52
baht or savings of about 13%.

E. The display of the real-time data on Node- RED
Dashboard

The software consists of storing and displaying
data with the cloud server on Raspberry Pi by using
Node-RED. The real-time data of power measurement
can be transmitted via a wireless system of devices
based on the IoT concept. Display of the real-time data
on the Node-RED dashboard, including voltage (V),
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current (A), power (W), Electricity consumption (kWh),
frequency (Hz), and power factor, as shown in Figure
8 and Figure 9.

A
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Figure 8 The data is shown in a graphical output
on the dashboard.
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Figure 9 Display of the real-time data on Node-RED.

CONCLUSIONS

To develop a real-time energy monitoring system
based on smart metering to enhance energy efficiency
in the single-phase residential sector. Based on the
concept of low-cost IoT devices, this intelligent meter
system is designed to monitor household energy
consumption. It provides real-time information on a
graphical Node-RED Dashboard, making it easy for
households to track and manage their energy usage.
The research results presented measurements and
recorded voltages and currents. This technique employed
a facile design and development using a simple and
inexpensive IoT configuration. The results found that
the system can measure electrical energy by transmitting
real-time data through a wireless network. That can
store data in the database system and efficiently measure
electrical energy.In the electrical energy measurements
of households 1 and 2, the mean deviations were 0.8758%
and 0.5523 %, respectively. The electricity cost-saving
results when changing the electricity tariff from the
TOD rate of households 1 and 2 to the TOU rate. It was
found that electricity costs can be saved by 0.2807 %and
1.0936 %, respectively. Future research should develop
a system that is more compact and user-friendly.
Moreover, it would allow users to monitor their homes
for theft prevention as if they were bright houses.
Standards for all types of electrical devices in the home
can be developed. Also, over a long period, monitoring

electric power usage can be used to predict future energy
consumption and user behavior.
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ABSTRACT

Currently, materials used in construction have been continuously developed in terms of quality and efficiency,
especially fiber reinforcement in mortar, a form of development used in construction. The development aims to
enhance concrete's tensile properties and performance for higher flexibility. Most plaster walls are ordinary
mortar and have low elasticity, which is a weak point. Therefore, attempts are being made to improve their
properties by using a rigid material as a concrete mixture, namely high-density polyethylene plastic, to increase
its ability to bear tensile force. This study examines the tensile strength and flammability tests of walls plastered
with mortar, with which high-density polyethylene plastic waste is mixed. The tensile strength of mortar plaster
walls mixed with high-density polyethylene plastic is tested by replacing at 2.5%, 5%, and 10% proportions and
cured at 7, 14, and 28 days. By comparing general mortar and high-density polyethylene plastic mortar, it is found
that the general mortar had the highest tensile strength at 28 days of curing. The obtained value is 45 ksc, and
the mortar mixed with polyethylene plastic in the amount of 2.5% at 28 days of curing can withstand the strength
of 45 ksc. In addition, the general mortar can produce the same tensile strength as mortar mixed with high-density
polyethylene plastic. The flammability test shows that general mortar develops red marks after being burned
with fire, while the mortar combined with high-density polyethylene plastic develops black marks. However,
neither type of wall is in flames nor spread.

Keywords: High-density polyethylene plastic waste, Pulling power, Ignition

INTRODUCTION from the recycled plastic production process in the
construction industry. Because plastic is a material
that plays a massive role in our daily lives, the trend
of its use is increasing to replace the use of natural
resources [2]. Reusing plastic waste by forming it
into new products is a prevalent method. The plastic
recycling process begins with separating different
types of plastic from each other because different
types have various properties, such as melting points,
density, hardness, softness, and clarity. When each
type of plastic is separated, it will be squeezed, flattened,
and then bundled into bales to be sent to a plastic
recycling factory. Each type of plastic is crushed into
small pieces and washed in a large pond during this
step. Dust and dirt are removed, and the plastic pieces
11 , . . . are dried in the sun or hot air. The paper or film tag

Today's society is interested in environmental attached to the plastic piece will be blown apart and

consgrvatlcln. V_}/talst%m (;netilr!dustry 1shu'setd to beneftlt enter the process of melting plastic pieces through an
another sector. 1he 1dea for thiS research 1S to use waste oy -y der into strips before cutting them into small

Mortar is made from a cement mixture with fine
sand and water as a binder. It is trendy for constructing
all types of buildings and valuable for plastering the
surface of building walls and covering the surface of
building structures such as beams and columns to
create a neat surface before painting or decorating the
surface with other materials. In addition to the benefits
of covering walls and structures, mortar can be used
for different construction purposes, such as laying bricks
or block walls, and as an adhesive for bonding ceramic
tiles. Mortar has the highest amount of sand as an
ingredient, causing the demand for sand to increase
along with the popularity of mortar used in construction
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pellets and packing them into boxes to go to a plastic
molding factory to make new products. When all
recycled plastic pellets are used and molded into new
products, the new plastic products will have reduced
physical properties. Sometimes, factories mix new
plastic pellets to give the product better properties. This
recycled plastic production process creates waste,
including a large amount of solid waste. In 2017, the
amount of solid waste throughout the country was
27.40 million tons, an increase from 2016, which had
27.06 million tons, accounting for 1.26 percent or
120,000 tons, while the rate of solid waste generation
per person decreased from 1.14 kilograms/person/day
in 2016, to 1.13 kilograms/person/day in 2017. The
correct waste disposal increased from 9.57 million tons
in 2016 to 11.70 million tons in 2017 and increased for
use from 5.80 million tons to 8.52 million tons.

Due to the problems mentioned above, the
researchers, therefore, had an idea to study the behavior
of the tensile strength and flammability of mortar walls
mixed with high-density polyethylene plastic waste
[3]. The purposes are to examine the possibility of using
plastic scraps instead of sand in producing plaster walls
and to form a guideline for managing plastic waste for
engineering benefits. The reason for choosing plastic
waste is to put unused materials to good use and to
manage pollution and the environment, reducing the
amount of plastic waste that is often difficult to
decompose [4].

MATERIALS AND METHODS
Materials used for testing

1. Portland cement type 1
2. Clean water

Table 1 The ratio of mixing mortar and plaster.
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3. Plastic waste: high-density polyethylene
(HDPE) plastic, as shown in Figure 1.

High-density polyethylene (HDPE) has a linear
molecular structure. It is cheap, relatively hard but
stretchable, and easy to mold. Commonly used to make
packaging for cleaning liquids, shampoo, baby powder,
and bags with handles, HDPE does not break easily and
is resistant to chemicals. In addition, containers made
from HDPE also have good properties for preventing
moisture transmission [5, 6]. Therefore, this research
chose to mix HDPE with mortar to reduce water
absorption, increase mortar strength, and help with
sound absorption.

4, fine river sand

5. Brick block size 0.07 x 0.19 x 0.39 m

6. Ready-made cement

2

Figure 1 High-density polyethylene plastic waste.

Test procedure

1. Testing the specific gravity of Type 1 Portland
cement according to ASTM C188 [7].

2. The proportion of mortar, cement, sand, and
water equals 1: 2.75: 0.485. Then, the high-density
polyethylene (HDPE) plastic is mixed in the ratio of
2.5%, 5%, and 10% by weight to replace some amount
of sand, as shown in Table 1.

Sample Cement (g) Sand (g) HDPE waste (g) Water (g)
Mortar Sand 100% 125 344 0 88
Mortar HDPE 2.5% 125 335 9 88
Mortar HDPE 5% 125 327 17 88
Mortar HDPE 10% 125 310 34 88

3. Analyzing the mix size and fineness modulus
of fine aggregate according to ASTM C136 standard [8].

4. Testing the specific gravity value and
absorption of fine aggregate according to ASTM C642
standards [9].

5. Test the flow of mortar (Flow Table) to find
the flow rate of cement mortar and cement paste using
a flow test table with accessories according to ASTM
C230 standards [10].

6. A sample block of mortar was cast to test
its tensile strength using a briquette mold measuring
7.5cm x 2.5 cm x 4.5 cm and 2.5 cm thick according
to the ASTM C190 standard [11], as shown in Figure 2.

Figure 2 Briquette mold.
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7.Density test of mortar mixed with plastic waste

according to the standard test method of ASTM C642. S 110 |

8. Curing 6 mortar blocks of every ratio of each I 188 i =@-Sand
type at the test ages of 7 days, 14 days, and 28 days. 3 80 |

i 5 \ HDPE

9. Comparing the results of the study of a 70 |
mechanical properties with a tensile tester of concrete S 60
test samples at various mixed ratios to find the best E 28
and most appropriate properties. L 3 x

10.Fire test according to the ASTM E119 standard ‘GEJ 20
for plaster mortar walls mixed with High-Density % 10 ‘.j; o
Polyethylene (HDPE) plastic [12]. a O t

10 1 0.1 0.01

Test method

1. Testing the physical properties of cement,
fine sand, and HDPE plastic waste.

1.1 Testing the specific gravity of cement

The specific gravity of cement is the ratio of
the weight of cement to the weight of water with an
equal volume of cement. The specific gravity of Portland
cement has a value of approximately 3.00 to 3.20,
depending on the composition and fineness of the
cement. In general, Portland cement type 1 has a value
of approximately 3.15. The specific gravity of the cement
indicates its composition and fineness [13].

1.2 Analyzing mix size and the fineness
modulus of fine aggregate according to the ASTM (136,
as shown in Figure 3 [14].

Sieve Opening (mm)

Figure 3 Mix size and fineness modulus of fine
aggregate.

1.3 Testing the specific gravity and absorption
of fine aggregate (Specific Gravity and Absorption of
Aggregate) according to the ASTM C642 [15].

1.4 Testing the flow of mortar (Table 2) to find
the flow rate of cement mortar and cement paste using
a flow test table with accessories according to ASTM
C230 standards.

1.5 Density test for mortar mixed with plastic
waste (Table 2) according to the ASTM C642 standard
[16].

Table 2 Density, water absorption, and fluidity values of mortar.

Sample Plastic percentage (%) Density value (g/cm3) water absorption (%) Mortar flow (mm)
Reference 0.00 2.04 +0.09 1.98 101.18 + 0.59
HDPEM2.5 2.50 1.10 +0.05 6.83 104.23 + 2.68
HDPEM5 5.00 1.69 +0.03 7.42 102.16 + 0.57
HDPEM10 10.00 1.65 +0.02 7.91 106.26 +1.93

2. Testing for tensile strength

The American standard test for tensile strength
is the briquette of mortar, which consists of 1 part of
cement and 3 parts of standard sand by weight. The
sample briquette block used for this test is large at
both ends and has a middle cross-section of 1 square
inch. The amount of water used in the mix is calculated
from the normal consistency of that type of cement.

After casting the mold and curing according
to specified standards, testing was done to determine
the tensile strength when the test blocks were of

different ages, namely 7, 14, and 28 days. The tensile
force used in the test must be applied uniformly at a
rate of approximately 265 -285 kg/min. The average
value of the tensile strength obtained must not be less
than the values specified in the standard (which are 10,
20, and 25 kilograms per square centimeter) when
the test bars are 7, 14, and 28 days old, respectively,
as shown in Figure 4 [17].

where

Fc == (1)

Fc = ultimate tensile strength; the unit is kc.
P = tensile force, the units are kg.
A = Cross-sectional area of the sample bar, the unit
is cm?2.
3. Plastered Wall Flammability Test
Combustion is a chemical reaction in which
combustible material oxidizes with oxygen, releasing
heat and converting it to oxide compounds or by-
products. The complete combustion of fuel includes
carbon dioxide and water. Incomplete combustion
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causes wasted fuel and air pollution. Therefore, knowing
the principles of the combustion process and how to
control complete combustion is very important for
energy conservation and environmental protection.
In addition, understanding the causes of heat loss in
various forms of heat systems and equipment, along
with prevention guidelines, will help improve the
system's overall thermal energy efficiency to a higher
level as well.

Firo Testing Avea

T T

PR

Diameter 30 cm

—l

Figure 5 Components of fire testing of plaster walls.

——

Table 3 Procedures for fire testing of plaster walls.

No. Model WOl‘klI.lg .
characteristics
1 =

|

Concrete block brick Laying concrete blocks

design size 1 x 1 meter.

2 D - SJ"

>

Front-back concrete They are plastering the
block plastering front and back concrete
pattern block walls.

3 ] —

-

Finding the intersection Drawing the center
point to find the center of a circle of radius
of the circle. 30 cm.

4

I

Designing'to burn
with a gas torch.

Burning the walls with
a gas torch.
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4. Procedure for testing the flammability of
plaster walls

4.1 Building a 1 meter x 1 meter concrete block
wall [18].

4.2 Plastering the walls with plaster mortar
mixed with plastic waste in ratios of 0%, 2.5%, 5%, and
10% by weight instead of some sand.

4.3 Measuring in a circle with a diameter of
30 centimeters, as shown in Figure 5.

4.4 Installing gas torch burning equipment
by measuring the plaster mortar wall to a distance of
5 centimeters.

4.5 Burning standard plaster mortar walls and
mortar mixed with 2.5, 5, and 10 percent HDPE plastic
waste by burning and analyzing the flammability of
plaster walls at 30, 60, 90, and 120 seconds.

4.6 Comparing the fire characteristics of a
standard mortar plaster wall with a plaster wall mixed
with HDPE plastic waste. Details are as shown in
Table 3 [19].

RESULTS AND DISCUSSION
Test results and discussion

This experimental study investigates investigate
the possibility of using plastic waste, including high-
density polyethylene (HDPE), for engineering purposes.
The research results were obtained by collecting
relevant information and conducting experiments in
a laboratory.

Test results

1. Tensile strength test results

The tensile strength properties of mortar mixed
with HDPE plastic waste decreased proportionately
with increased plastic waste. This is because HDPE
plastic particles are of various sizes and shapes,
primarily small and delicate. The tensile strength of
HDPEM2.5, HDPEM5, and HDPEM10 are equal to 45 ksc,
42 ksc, and 28 ksc, respectively, by the calculation
formula (1). However, after 28 days, the tensile strength
of HDPEM2.5 containing the lowest HDPE amount
is equivalent to that of standard mortar, as shown in
Table 4 and Figure 6.

From the test results of the tensile strength
of mortar mixed with high-density polyethylene
plastic in various amounts, it was shown that when
comparing the general mortar with the mortar mixed
with polyethylene plastic, the sample of 2.5% plastic
mixed at the age of 28 days, was able to bear a tensile
strength of 45 ksc, which has the same tensile test
value as that of most common mortars. The high-
density polyethylene plastic waste in the amount of
2.5% mixed in place of sand does not reduce its strength
and helps to reduce the amount of sand used.
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Table 4 Examples of tensile strength test averages.

Tensile strength (ksc)

Sample
7 Day 14 Day 28 Day
Mortar Sand 100% 40 42 45
Mortar HDPE 2.5% 33 37 45
Mortar HDPE 5% 35 35 42
Mortar HDPE 10% 21 26 28

Tensile Strength of Mortar

50
40
30
20
10

Mortar Sand Mortar HDPE Mortar HDPE Mortar HDPE
0% 2.5% 5.0% 10.0%

Tensile Strength (Ksc)

BE7 Day =14 Day E28 Day

Figure 6 Tensile strength of plaster mortar mixed with
HDPE plastic waste.

2. Results of the fire test of mortar walls

The flammability test of mortar walls mixed
with high-density polyethylene plastic waste was
performed with a gas torch by burning for 30, 60, and
120seconds. The flammability characteristics of standard
plastered mortar walls with mortar mixed with high-
density polyethylene plastic waste are compared, as
shown in Table 5 [20].

Table 5 Mortar wall flammability test.

Time
Sample 30 60 120
seconds seconds seconds
Mortar Sand
100%

Mortar
HDPE 2.5%

Mortar
HDPE 5%

Mortar
HDPE 10%

The flammability test of the wall of mortar mixed
with high-density polyethylene plastic in quantities
of 2.5%, 5%, and 10%, was done with a burning period

of 30 seconds, 60 seconds, and 120 seconds and with
a 5 cm distance from the fire head to the wall. Images
were taken, indicating that red stains began to appear
during the first 30 seconds of burning. The red stains
would expand only slightly until dark stains appeared.
The higher the ratio of plastic used in place of sand
and the longer the burning time, the more black marks
appeared on the wall. However, there was no evidence
of ignition or flames in the mortar plaster wall mixed
with polyethylene plastic waste in all the ratios.

Discussion

The number of fine particles passing through
sieves 50 and 100 affects fresh concrete's pourability,
make-up, and greasiness (Bleeding), where the small
particles allow the mortar to mix well. Therefore, the
appropriate amount of fine particles is at least 15
percent passing through a No. 50 sieve and at least 5
percent through a No. 100 sieve. An amount greater
than 5 percent of the particles to pass through a No.
200 sieve is not recommended because more water
is used for mixing, and there is a high rate of change
and contraction. The fineness of the aggregate can be
seen from the fineness modulus (Fineness Modulus,
F.M.) value. The fine aggregate suitable for the concrete
mixture is between 2.30 - 3.20, with a lower value
indicating more excellent fineness. According to the
tests and analyses of the mixed sizes of two types of
aggregate, namely sand and HDPE plastic, it is found
that the F.M. values of sand and HDPE plastic are equal
to 2.75 and 2.39, respectively, which are values within
the excellent range [21].

The water absorption value affects the pourability
of the mortar, as the dry aggregate absorbs water from
the mortar mix, causing the mortar to lose some water
and the pouring ability to be lower than designed. On
the other hand, if the moisture content of the aggregate
exceeds the saturation level, the dry surface will
dehydrate the mortar mixture, causing the mortar to
become too watery and making the water-to-cement
ratio (w/c ratio) higher than designed, resulting in a
low strength of the mortar. The experiment suggests
that the water absorption value of the mortar mixed
with HDPE plastic waste is higher than the standard.
The water absorption values of HDPEM2.5, HDPEMS5,
and HDPEM10 are equal to 6.83%, 7.42%, and 7.91%,
respectively, which is higher than standard mortar,
which is equal to 1.98%. It can be seen that there is
higher water absorption when the amount of HDPE
plastic in the mortar increases; this is because the
crushed HDPE plastic particles are small and spherical,
causing the structure of the mortar to be porous despite
the HDPE plastic properties, which have a low water
absorption value. As a result of particle characteristics
and the ability to absorb water, which is a unique
property of each type of plastic, mortar mixed with
HDPE plastic has higher water absorption than standard
mortar [22].

©2024 Institute of Research and Development, RMUTT, Thailand

J Appl Res Sci Tech 2024;23(3):257122

N\

DOI: 10.60101/jarst.2024.257122



https://ird.rmutt.ac.th/
https://doi.org/10.60101/jarst.2024.257122

JOURNAL OF

APPLIED RESEARGH ON SCIENCE

The density of the material affects the strength
and performance of mortar mixed with plastic waste.
This is because the density value decreases in proportion
to the percentage of plastic replacing sand, which in
turn varies with the amount of HDPE plastic waste.
The density value of mortar mixed with HDPE plastic
waste increases proportionally due to the mixed size
of the aggregate, as the aggregate has excellent and
weighty particles. The densities of HDPEM2.5, HDPEM5,
and HDPEM10 are equal to 1.10 g/cm?, 1.69 g/cm?, and
1.65 g/cm?®, respectively, and affect the mortar's strength
properties. The density of mortar mixed with HDPE
plastic waste is noted to be lower than that of standard
mortar [23].

The mortar flow test is the first step in designing
the mix for casting the mortar sample. This gives an
idea of the liquidity of the mixture ratio for use. The
flow rate value in the test aligned with the standard.
It was found that the value went between 100 - 115
percent of the water used, indicating the appropriate
amount of water used in casting the mortar samples.
The appropriate spread rate of the mortar mixed with
HDPE plastic waste was within the specified standards.
The flow spread values of HDPEM?2.5, HDPEM5, and
HDPEM 10 mortars equal 104.23 percent, 102.16 percent,
and 106.29 percent, respectively.

Briquette mold mortar samples mixed with
HDPE plastic waste of size 7.5 cm x 2.5 cm X 4.5 cm,
thickness 2.5 cm, were tested for tensile strength.
Six samples of each type of mixture, at 7, 14, and 28
days of curing, were sampled and tested for the tensile
strength exerted on the cross-sectional area of the mortar
sample. The results suggest that the mortar mixed
with HDPE plastic waste decreases tensile strength
properties because HDPE plastic particles are of mixed
sizes have small particles and acceptable density. From
the tensile strength test at 28 days, the tensile strengths
of HDPEM2.5, HDPEM5, and HDPEM10 were 45 ksc, 42
ksc, and 28 ksc, respectively. It should be noted that the
HDPEM 2.5 mortar at 28 days (45 ksc) has the same
value as standard mortar, showing the efficiency in
supporting lateral loads and the cracking behavior of
the mortar that will be used in construction. Another
facet of the experiment showed that replacing sand
with high-density polyethylene plastic waste could
increase the tensile strength, as shown in Table 4. Still,
it is recommended that the amount not exceed 10% to
comply with the mortar tensile strength standards.
(Cement mortar samples aged 28 days must not be
less than 25 kg/cm? (ksc). The trend indicates that
replacing high-density polyethylene plastic waste
decreases the tensile strength [24].

Comparing the fire characteristics of standard
mortar plaster walls with mortar mixed with HDPE
plastic waste, it was found that the flames on the
standard mortar plaster walls did not change their
original color from the gas torch, but the flame
characteristics of the mortar wall mixed with HDPE

\ AND TEGHNOLGY

plastic waste had a spreading characteristic. The color
of the flame turned orange. This is because the mixture
is explosive and easily creates heat around the walls,
resulting in the color change. As the proportion of
plastic waste increased, the walls got more serious
burns and were left with more black stains on the
surface. Various proportions of sand replacement and
the duration of the fire test at the same distance did
not affect the flammability time or the damage from
burning on the cement surface [25].

CONCLUSIONS

The study's findings indicate that the inclusion
of HDPE plastic waste has an impact on both the
tensile strength and flammability of mortar walls. The
selection of HDPE plastic was based on its high density,
chemical resistance, and heat resistance, which make
it well-suited for the intended uses. The research
suggests the potential for using different types of
plastic waste to further investigate their effects on the
tensile strength and flammability of plastered mortar
walls. This approach aligns with efforts to enhance the
physical and mechanical properties of cement while
promoting environmentally friendly construction
materials by reducing natural sand usage and plastic
waste in the environment.
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ABSTRACT

The increasing demand for wood alternative material in construction and furniture. Corresponds to global efforts
to reduce pressure on forests, necessitating the exploration of alternative materials to wood. The agricultural
industry can not only supply raw materials from non-wood plants but also waste material and byproducts. The
aim of this research was to explore and manufacture wood alternatives using cassava rhizomes and cassava peels,
thereby valorizing agricultural waste. The research methodology involved blending milled rhizomes and cassava
peels with urea-formaldehyde resin followed by a hot-pressing process to form the final product. The samples
size for this study was 450x450x10 mm were made using 6-10 percent urea-formaldehyde resin by weight
of the composite materials aiming to achieve a sheet density about 600 kg/cu-m. Three distinct ratios of
Cassava rhizome to cassava peel pulp were examined as potential wood substitutes. All test results of sample
were compared with the industrial standards outlined in Thai Industrial Standard. The study found that wood
substitutes created from Cassava rhizome and Cassava peel pulp combined with urea-formaldehyde resin could
meet the set standards. Cassava rhizome improves important properties like density, moisture content, thickness
swelling, formaldehyde content, modulus of rupture, and modulus of elasticity according to TIS 876-2547
standards. However, adding peel pulp tends to reduce these qualities. There is no significant change in the density
of the wood-alternative materials. However, a 10% urea formaldehyde content improves the mechanical properties.
The study found that wood substitutes created from Cassava rhizome and Cassava peel pulp combined with
urea-formaldehyde resin could meet the set standards. Moreover, the production cost of these wood substitute
materials was lower than the prevailing market prices. This study disseminates knowledge from research that
utilizes cassava rhizomes and peels to create sheet like wood substitute materials. Using modern methods and
appropriate technologies, cassava rhizomes and peels can be transformed into a diverse range of wood substitute
products, and capable of effectively competing with wood and other materials in the future.

Keywords: Cassava rhizome, Cassava peel pulp, Wood-alternative material

INTRODUCTION the local community through the production of these
materials [4]. However, they generally possess a lower
density compared to wood [5]. This offers the advantage
of producing low-density composites. Therefore, the
use of alternative materials in panel manufacturing
is only feasible to a certain extent in conjunction with
wood. Alternatively, greater quantities of adhesives are
necessary to achieve the desired mechanical strength
level of the panels [1]. Urea-formaldehyde (UF) resin is
widely used as an adhesive in the manufacture of wood-
alternative materials due to its excellent bonding
performance and cost-effectiveness. Products like
particleboard, medium-density fiberboard (MDF), and
hardwood plywood are commonly fabricated with

The demand for wood panels in buildings and
furniture increases and with global concerns over
forest conservation, so worldwide need to find different
materials that can replace wood [1-3, 5-7]. This aligns
with a growing need for living space, driving the demand
for building and furniture materials [2]. With increasing
global demand for environmentally friendly products,
forests are under significant pressure as they are a
primary source of renewable materials [3]. Agricultural
waste materials have the potential to be recycled into
practical natural wood substitutes which can help
generate income and employment opportunities within
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UF resin as a binder, providing them with significant
mechanical strength and durability [6]. The ratio of
urea to formaldehyde in UF resins significantly impacts
the performance and properties of wood alternative
products. A balanced ratio optimizes the adhesive's
durability, water resistance, and mechanical strength
while simultaneously minimizing formaldehyde
emissions [7].

Cassava, or Manihot esculenta, thrives in
tropical and subtropical regions and is cultivated for
its starchy root known as the cassava rhizome. Rich
in starch and carbohydrates, it serves as a crucial food
source for millions globally [8]. The "Cassava peel pulp"
is the waste left after peeling and processing the cassava
root for human or industrial use. It consists of cassava
peels and leftover root parts and is known for its high
fiber and carbohydrate content. Traditionally, people
have used it as animal feed because it is nutritious
[9]. Researchers have recently uncovered new potential
uses for cassava, including biofuel production and as
a raw material for eco-friendly, wood-alternative
products. These discoveries show how important it is
to use all parts of the cassava plant, turning waste into
valuable materials that can help with sustainable
development and protect the environment. Cassava,
scientifically known as Manihot esculenta, holds a
crucial role in Thailand's agriculture. Thailand is the
world's largest exporter of cassava products, making
a significant impact on the global cassava market [10].
The main processing of cassava revolves around its
rhizome, or root, which is rich in starch. This starch
finds wide applications in various industries, including
food, feed, and biofuel production. Due to extensive
cassava processing, Thailand generates a large amount
of cassava peel pulp as a byproduct. In the past, these
peels were considered waste or used as inexpensive
animal feed. However, recently, there is growing
recognition of their potential to be transformed into
valuable products [11]. By utilizing cassava peel pulp,
which is abundant in carbohydrates and fiber, as a raw
material for eco-friendly wood substitutes, Thailand
aligns with the concept of a circular economy. This
approach turns waste into wealth and promotes
environmental sustainability [12]. The diverse uses
of cassava emphasize the importance of this resource,
showcasing the benefits of both economic value
addition and waste management in Thailand's cassava
industry.

This study is focused on the exploration and
fabrication of wood substitute materials from cassava
rhizomes and cassava peel pulp, which includes
conducting physical and chemical properties tests,
studying fiber morphology of samples, physical test
and evaluating their mechanical properties. All observed
properties are associated with the industry standard
TIS 876-2547 [13]. chemical properties. This research
is marking the first venture into this specific field of
study.

MATERIALS AND METHODS

The use of wood and alternative materials,
either alone or blended with wood fibers or chips, in
panel production has been widely researched over
recent decades. These materials have been utilized as
raw inputs in fiberboard or particleboard manufacturing,
often combined with different adhesives in varying
quantities. Panels produced from these combinations
were assessed based on their mechanical and physical
properties, including internal bond strength, modulus
of elasticity, modulus of rupture, thickness swelling,
and water absorption.

Figure 1 Characteristics of wood substitute materials
from rhizomes and cassava peel.

Table 1 The symbols representing the samples tested.

Sample Cassava Cassava Urea
symbol rhizome peel formaldehyde
(%) (%) (%)
R1P0-6 100 0 6
R1P0-8 100 0 8
R1P0-10 100 0 10
ROP1-6 0 100 6
ROP1-8 0 100 8
ROP1-10 0 100 10
R6P4-6 60 40 6
R6P4-8 60 40 8
R6P4-10 60 40 10

Note: R= Cassava rhizome, P = Cassava peel

In research on the development of substitutes
for natural wood from waste materials in casava fields,
there is a study of the types and quantities of adhesives
as well as the conditions required to produce wood
substitute materials. Test methods are available for
evaluating chemical properties, fiber morphology,
and enlarged images of cassava rhizomes and peels.
Additionally, the produced wood-based panels are
tested for density, moisture content, thickness swelling,
modulus of rupture, and modulus of elasticity. It was
tested according to the industrial standard TIS 876-
2547 as well as studying the economic cost of forming
sheets using urea formaldehyde in the amounts of 6,
8, and 10% as the adhesive. The fibers from cassava
rhizome and cassava pulp were evaluated for their
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morphological characteristics following established
standards. Fiber length was measured using the ISO
16065-1 standard, while the coarseness of the fibers
was determined using the ISO 23713 standard. The
produced sheet has a size of 450x450x10 mm, and the
specified sheet density is 600 kg/cu-m. It was tested for
chemical, physical, and mechanical properties according
to the industrial standard TIS 876-2547. The preliminary
molding experiments results showed that using cassava
stock at concentrations below 60% hinders the proper
formation of the workpiece. This is likely due to the
lack of sufficient bonding, which affects the material's
stability and cohesion. The wood substitute used in the
study had 3 mixing ratios: cassava stock: cassava peel
100: 0, 0: 100, and 60: 40. Properties of substitute
materials derived from rhizomes and cassava peels used
as wood alternatives as to shown in Figure 1. Table 1
displays the symbols representing the samples that
were utilized for testing and discussion.

RESULTS AND DISCUSSION

This research is a study of the development
of substitutes for natural wood from waste materials
in casava fields. The wood substitute materials were used
to study the physical and mechanical properties, as

\ AND TEGHNOLGY

well as the economic costs. The research results can be
summarized as follows:

Chemical properties test results

The results of the study on chemical properties
and fiber size of cassava rhizomes and cassava peels.
The study delved into the compositional characteristics
of cassava by examining samples of waste material
sourced from cassava fields, including both rhizomes
and peels.

These samples were dried at 105°C for 24
hours to assess their chemical properties, specifically
the cellulose and lignin content. Following the drying
process, they were finely ground and the cellulose and
lignin were extracted using the detergent method.
Several studies have investigated using cassava waste
like rhizomes and peels to extract cellulose and
nanocellulose.

Widiarto et al. extracted these from cassava
peels, resulting in nanofibers with unique properties
[14]. Pasquini et al. extracted cellulose whiskers from
cassava bagasse a byproduct of cassava starch production
using them to reinforce natural rubber [15]. These
studies show the potential of cassava waste for making
cellulose and nanocellulose useful in various industries.
Table 2 presents the results of the chemical property
tests conducted on rhizomes and cassava peels.

Table 2 Test results of chemical properties of rhizomes and cassava peels.

Chemical Properties Testing method Cassavarhizome Cassava peels
Chemical Properties % as received [16] 5.63 3.69
Ash content % as pulp [17] 24.28 16.35
Acid-insoluble Lignin % as pulp [18] 56.80 35.01
Holocellulose % as pulp [19] 24.56 11.23

The results of the chemical composition of
cassava rhizome and cassava pulp showed that the
cassavarhizome contained 5.63% of ash while the
cassava pulp contained 3.69% of ash. Cassava rhizomes
contained 24.28% of acid-insoluble lignin, while cassava
pulp contained 16.35% of acid-insoluble lignin. Cassava
rhizomes contained 56.80% holocellulose, while cassava
pulp contained 35.01% holocellulose. Cassava rhizomes

contained 24.56% of cellulose, while cassava pulp
contained 11.23% of cellulose.

In conclusion, cassava is a plant that has high
holocellulose, cellulose, and lignin contents suitable
for hot pressing processing due to the amount of the
above 3 substances mixed with the filler (binder). It
will make the wood panels have the strength to hold
together in sheets suitable for forming synthetic wood
sheets used in the general market.

Table 3 Fiber morphology test results of cassava rhizome and cassava peel samples.

Pulp properties Unit Testing method Cassavarhizome Cassava peels

Pulp yield

(Soda pulp AA20% H-factor 1300) % as received - 27.79 13.68
Pulp Reject % as receive - 1.816 0.003
Length-weighted Fiber Length mm [20] 0.659 0.496
Fines % as pulp [20] 4490 73.60
Fiber width pm [20] 35.25 35.15
Fiber coarseness Mg/m [21] 0.133 0.701
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Fiber morphology test results of cassava rhizome and
cassava peel samples

The fibers from cassava rhizome and cassava
pulp were analyzed for fiber morphology, utilizing
specific standards. The ISO 16065-1 standard was

employed to measure fiber length [20], while the ISO
23713 standard was used to gauge the coarseness of
the fiber length [21]. Table 3 exposed test results reveal
the fibrous morphology of samples derived from cassava
rhizomes and cassava peels.

Figure 2 Enlarged images of cassava rhizome pulp: (a) at 4x magnification, (b) at 10x magnification, (c) at 20x

magnification.

()

7 ; ®

. W

Figure 3 Enlarged images of cassava peel pulp: (a) at 4x magnification, (b) at 10x magnification, (c) at 20x

magnification.

Based on analysis with ISO 16065-1, which is
a standard for measuring fiber length found that
cassava rhizome contained fiber length at 0.659 mm,
while cassava peel contained fiber length at 0.496 mm.

The analysis of ISO16065-1, which is a standard for
measuring fiber length found that the fines of cassava
rhizome have 44.90%, while the fines of cassava peel
have 73.60%.

©2024 Institute of Research and Development, RMUTT, Thailand

J Appl Res Sci Tech 2024;23(3):255879

5

DOI: 10.60101/jarst.2023.255295



https://ird.rmutt.ac.th/
https://doi.org/10.60101/jarst.2023.255295

JOURNAL OF

APPLIED RESEARGH ON SCIENCE

The analysis of ISO 16065-1, which is a standard
for measuring fiber length found that fiber width of
cassava rhizome is at 35.25 pm, while fiber width of
cassava peel is at 35.15 pm. The analysis of ISO 23713
which is the length measurement of fiber coarseness
found that fiber coarseness of cassava rhizome weighs
0.133 mg/m, while fiber coarseness of cassava peel
weighs 0.701 mg/m. Figure 2 illustrates cassava rhizome
pulp, and Figure 3 demonstrates the pulp of cassava
peel in magnifications of 4, 10, and 20 times.

Physical test results

The produced wood-based panels were tested
for physical properties in terms of density, moisture
content and thickness swelling in accordance with the
standard of flat pressed particleboard industry TIS
876-2547.

Density test results

The density of a fabricated wood-alternative
material refers to its mass per unit volume. These
materials are often designed to mimic the appearance
and function of wood but may be composed of various
substances like plastics, resins, recycled wood fibers,
and other additives. The density of these materials
can vary widely depending on their composition and
the manufacturing process used. The key points related
to the density of wood-alternative materials are
composition, manufacturing process and application-
specific.

In this study, the density test at moisture
content between 6-9% for a sample size 450x450x10
mm, which is the proportion of mass with moisture to
the volume of specimen at moisture content. The samples
are first weighed, and their thickness is measured at
the diagonal intersection point. Measurements of b1
and b2 are taken at two points parallel to the sample's
edge, along lines passing through the center of opposing
edges. Density is then calculated using Equation (1):

(1)

m
b1-b2-t

p =

where
p = density (kg/m?)
m =mass (kg)
t =thickness (m)
b1and b2 =dimension of edges (m)

The adhesive content can pass the specified
standard value, which is the density value of 400-900
kg/cu-m because the property of cassava rhizome and
cassava peel can absorb water well according to the
standard criteria as shown in Figure 4.

Moisture content test results

Moisture content (MC) of wood refers to the
amount of water present in the wood, expressed as
a percentage of the weight of the oven-dry wood.
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Figure 4 Test results pertaining to the densities of
the three distinct sample groups.

It is a critical parameter in many aspects of
wood science, processing, and utilization because the
physical and mechanical properties of wood can change
significantly with variations in moisture content. The
moisture content test measures the weight of moisture
in the sample dimensions 450x450x10 mm relative
to its dry weight. This contains baking the sample in
an oven at 103 + 2°C for 24 hours. The moisture ratio
is calculated using Equation 2.

w= ((mv' ms) / ms) X100 (2)

where
w= moisture content (%)
ms=dry mass (g)
m,=humid mass (g)
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Figure 5 Moisture content between the quantity of
adhesive in each ratio.

Figure 5 shown the wood substitute materials
from cassava rhizome and cassava peel, all ratios pass
the standard criteria, which has a moisture content
value between 4 -1 3%. It was found that the ratio of
cassava rhizome: cassava peel, R1P0-6 (100:0, UF 6%),
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has a highest moisture content, and the ratio of cassava
rhizome: cassava peel, R1P0-8 (100:00, UF 8%) has a
lowest moisture content. It can be determined that
every component of wood-based panels from cassava
rhizome and cassava peel, when physically tested, it
was found that it was in the standard criteria.

Thickness Swelling test results

Thickness Swelling (TS) refers to the increase
in thickness of a material when it absorbs moisture. This
term is often associated with wood-based materials,
such as particleboard, fiberboard, and plywood, but
can also apply to other porous materials.

When these materials come into contact with
water or high humidity, they can absorb the moisture,
causing the individual fibers or particles to expand.
This results in an increase in the thickness of the material,
known as thickness swelling. Thickness swelling can
be a concern in construction and manufacturing, as it
may lead to changes in the dimensions and properties
of the material. It may cause warping, deformation,
and loss of mechanical strength, potentially affecting
the functionality and appearance of the product. In
this study, the Thickness Swelling test was conducted
on an average of 5 samples, which were submerged
in clean water with pH 7 £1, at a temperature of 20 £1
°C and must remain submerged in 25 +5 mm of water
for 24 hours. The percentage of thickness swelling
was determined using Equation 3:

G=L"2 100 (3)
t1
where

G:= thickness swelling 24h (%)

t1 = initial thickness (mm)

t2 = final thickness after 24h (mm)
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18

16
14
12 = = = = == - —— -
8
6
4
2
0
SEEN IR
L

Sample

Thickness swelling content, (%)
=

Figure 6 Thickness swelling result between the amount
of adhesive in each ratio.

The physically of wood-based panels from
cassava rhizome and cassava peel in every component
found that it passed the standard criteria for 4 components
and did not pass the standard criteria for 5 components.

Sheets that contain a minimum of 6% urea-formaldehyde
E2 have higher properties than sheets that use a large
amount of it. High-density test strips had low swelling
and moisture content but had high mechanical properties,
with 10% urea-formaldehyde E2 adhesive having the
highest density as shown in Figure 6. It was found that
four formulations met the specified standards: R1P0-10,
R1P1-6, R1P1-8, and R6P4-10. Generally, increasing the
amount of urea-formaldehyde in the mixture results
in reduced swelling.

Mechanical properties test results

The produced wood- based panels were tested
for mechanical properties, Modulus of rupture (MOR),
Modulus of elasticity (MOE), Tensile strength perpendicular
to the surface value, and Formaldehyde content in
accordance with the standard of flat pressed particleboard
industry TIS 876 -2547.

Modulus of rupture and modulus of elasticity

The Modulus of Rupture is a measure of a
material's tensile strength. It represents the maximum
stress that a material can withstand before failure in
bending. The Modulus of Elasticity, also known as
Young's Modulus, describes how a material deforms
under stress. It's a measure of the material's stiffness
in the elastic region (i.e., the range where deformation
is reversible). MOR is related to the material's strength,
specifically its resistance to bending until failure. MOE,
on the other hand, is related to the material's stiffness
and its ability to resist deformation within the elastic
range.

In static bending tests for determining modulus
of elasticity (MOE) and modulus of rupture (MOR),
rectangular samples with a width (b) of 50 + 1 mm are
utilized. The length (/;) equals 20 times the nominal
thickness plus 50 mm. Specimens are conditioned until
reaching a constant weight at a relative moisture of
(65 £ 5) % and a temperature of 20 + 2 °C. Constant
weight is attained when two consecutive weighing,
separated by at least 24 hours, show a difference of
no more than 0.1% from the initial sample weight.

Modulus of elasticity in bending strength (MOE)
is then computed using Equation 4, with the mean
value derived from samples taken from the same panel.

MOE = (/3 - (F2 - F1))/(4-b-£- (a2 -al)) (4)

/1= distance between the support centers (mm);

b=sample width (mm)

t=sample thickness (mm)

F2 - F1 =force increase, Newton, in the rectilinear
section of the force-arrow curve,

where F1 should be about 10% and F2 about
40% of the rupture force;
a2 - al=increase of corresponding arrow F2 - F1.
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The MOR value of each sample, given in N/mm?,
is calculated by Equation 5. Each set of samples taken
from the same panel gives the mean value to MOR:

MOR = (3’Fmax' ]1)/(2btz) (5)

Fmax = Rupture force (N)

/7= distance between support centers (mm)
b=sample width (mm)

t=sample thickness (mm)

Figure 7 illustrates the variation in Modulus
of Rupture and Modulus of Elasticity of a sample with
different urea formaldehyde content levels. The black
curve represents the sample containing pure cassava

22

—{1— Cassava rhizome 100%
20 4 —"—Cassava thizome 60%

: Cassava peel 40%

18 4 —3—Cassava peel 100%

Modulus of rupture (MOR), (MPa)

OIIIII
6 7 8 9 10

Urea formaldehyde content, (%6)

(a)

\ AND TEGHNOLGY

rhizome, the red curve illustrates the sample containing
pure cassava peel, and the blue curve depicts a mixture
of 6 parts cassava rhizome to 4 parts cassava peel. The
sample with pure cassava rhizome exhibited the
highest MOR and MOE values, in contrast to the sample
containing pure Cassava peel, which had the lowest
values. Cassava rhizome used as a pure material with
10% urea formaldehyde is the only ingredient that
meets the criteria specified in TIS 876-2547.

The modulus of rupture and modulus of
elasticity are higher when cassava rhizome is the
primary ingredient. In contrast, using cassava peel as
a composite material yields lower test results.
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Figure 7 The sample with different urea formaldehyde content levels: (a) Variation in Modulus of Rupture

(MOR), (b) Modulus of Elasticity (MOE).
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Figure 8 Tensile strength of samples varied in relation

Tensile strength test results

The dumbbell-shaped specimens were prepared
following ASTM D3500 [22] standards, with dimensions
set at a length of 400 mm, a width of 48 mm, and a
narrowed middle section width of 25 mm to ensure
typical tensile failure mode occurrence.

Tensile strength and urea-formaldehyde (UF)
content are vital factors in the fabrication of wood-
alternative materials. Tensile strength refers to the
ability of the material to withstand pulling or stretching
forces without breaking. UF resin is a common adhesive
used in the production of wood-alternative products
like particleboard and medium-density fiberboard
(MDF). Urea-formaldehyde resin offers strong bonding
properties, making it suitable for binding wood fibers
and other lignocellulosic materials together.

Figure 8 exposed the tensile strength of the
samples varied in correlation with the urea-formaldehyde
content. The fabrication of wood-alternative materials

to urea formaldehyde content.
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utilizing pure cassava rhizome resulted in the highest
tensile strength. This was followed by a mixture
comprising 6 parts cassava rhizomes to 4 parts cassava
peel, with pure cassava peel exhibiting the lowest
tensile strength among the tested compositions. The
research findings align with studies on agricultural
materials combined with formaldehyde [23 -25].

The tensile strength of wood-alternative
materials fabricated from cassava rhizome and cassava
peel is determined by Equations 6 to 8:

ouw=0.0325u+ 0.5933 (6)
Gup=0.085u-0.07 (7)
ow=0.005u+ 0.24 (8)

where

owris tensile strength of materials from pure
cassava rhizome.

oupis tensile strength of materials from a mixture
comprising 6 parts cassava rhizomes to 4 parts cassava
peel.

owls tensile strength from pure cassava peel.

u is urea formaldehyde content (6% < #=10%)

Table 4 Formaldehyde content test results.

Property Unit Testing Result
Formaldehyde Mg/100g 15.76
Emission (After ODB

corrective 6.5%MC.)

Table 5 Criteria and methods formaldehyde quantity.

Quality Criteria Methods
level
1 Not over 8 mg/100g [26]
Not over 0.5 mg/1 (EO) [27]
Over 0.5 mg/1 - 1.5g/1 (E1) [27]

2 Over 8 mg/100g-30mg/100¢g [26]
Over 1.5 mg/1 - 5.0 mg/1 (E2) [27]

Note: EO E1 E2 means Formaldehyde Emission quantity
Source: The industrial standard TIS. 876-2547

Formaldehyde content test results

In this research, the sheet material was tested
for formaldehyde content by using 10% of urea-
formaldehyde E2 at a sheet thickness of 10 mm and
a specified density of 600 kg/cu-m in accordance with
the standard of flat pressed. The formaldehyde
content test generated a result of 15.76 mg/100g, as
presented in Table 4. The testing method for
formaldehyde content used in this research is
outlined in Table 5. When compared with criteria
and formaldehyde content test method by using the
Perforator by BS EN 120 found that wood-based
panels at the ratio of cassava rhizome: cassava peel
R1P0-10 had met the standard of flat pressed
particleboard industry TIS 876 -2547. The test result

showed that the formaldehyde content of wood-
based panels at the ratio of cassava rhizomes: cassava
peel R1P0-10 is in the 2nd quality level with a criteria
of formaldehyde content which is over 8 mg/100 g to
30 mg/100 g using Perforator by BS EN 120.

Results of studies on economic costs

Based on the cost estimate from an economic
analysis of the production of wood- based panels from
cassava rhizome and cassava peel the ratio of cassava
rhizome: cassava peel as 100:0, UF 10% which is a mixture
ratio that meets physical and mechanical properties
according to industrial standard. The economic cost
analysis consists of the cost of tools and equipment,
chemicals and raw materials, electricity, labor and other
materials used in the production of wood-based panels
from cassava rhizome and cassava peel with a width
of 450 mm, a length of 450 mm and a thickness of 10 mm.
The total cost of producing wood-based panels of this
study concluded that wood-based panels from cassava
rhizome and cassava peel using urea formaldehyde is
42.68 baht/sheet, which was lower than the market
price when compared to the price of construction
materials.

Table 6 Cost of manufacturing tools and equipment
for Cassava Rhizome and Peel Pulp Wood-Alternative
Material.

Manufacturing tools and Price

equipment (Thai baht)

1. Hydraulic hot press equipment 85,000

2. Hot press assembly machinery set 30,000

3. Biomass shredding device 45,000

4, Grinder for cassava rhizomes and 4,500

peels

5. Equipment for mixing and 20,000
spraying glue

6. Circular saw table 15,000

7. Air pump 8,000

8. Balance 4,500

9. Urea-formaldehyde adhesive e2 2,000

10. Other 2,000

Total cost price 216,000

Note: All of the price is the purchasing price in 2022,

Table 6 illustrates that the production cost of
wood substitute panels made from cassava rhizomes
and bark is significant, involving an initial investment
of around 216,000 baht. With a lifespan of 10 years,
there are also enduring maintenance expenses amounting
to 25,000 baht annually.

CONCLUSION

Agricultural waste materials offer a sustainable
alternative for wood-based panel production, as they
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originate from renewable sources and can replace wood
chips and fibers partially or entirely. These materials
share physical and mechanical properties similar to
wood, which facilitates their integration into industrial
manufacturing processes for wood panels. Their
compatibility with traditional methods provides a
practical solution for reducing reliance on wood resources
while promoting environmentally friendly practices.

This paper details the fabrication of wood-
alternative material using pure cassava rhizome, pure
cassava peel pulp, and a blend of cassava rhizome with
cassava peel pulp, all bound together with urea
formaldehyde. The test results demonstrated that the
mixture R1P0-10, consisting solely of cassava rhizome
with 10% urea formaldehyde as a binder, successfully
met the standards of the TIS 876-2547 test. The
characteristics of the sample boards can be summarized
as follows.

1. Cassavarhizome contributes to enhancing
the desirable properties in accordance with TIS 876-
2547, while cassava peel pulp tends to reduce those
properties.

2. In the range of 6-10% urea formaldehyde
content, there is no noticeable increase or decrease in
the sample density of the wood-alternative materials.
However, when the urea formaldehyde content reaches
10%, it leads to an enhancement in the mechanical
properties of the product. This observation underscores
the importance of optimizing the urea formaldehyde
concentration to achieve desired structural characteristics
in the fabrication of wood-alternative materials.

3. In this study, it was discovered that pure
cassava peel is a material that does not enhance tensile
strength to meet the standard. Therefore, this material
should be discarded prior to the fabrication of artificial
wood panels.

Therefore, composites made from cassava
rhizome should present a highly competitive alternative
to traditional wood-based composites, potentially
becoming a significant agricultural product in the
future. Cassava rhizome is a wood substitute and an
agricultural waste. It has properties similar to natural
wood but has not yet been used in industrial
applications. Its utilization could help reduce waste
and decrease pollution from incineration.
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ABSTRACT

This study aimed to analyze the phytochemical composition and antioxidative capabilities of mango leaves
(Mangifera indica L., Nam Dok Mai), indigenous to Sa Kaeo Province, Thailand. Various solvents with differing
polarities, including n-hexane, DCM, ethyl acetate, and MeOH, were utilized for leaf extraction. The findings
revealed the existence of eight groups of phytochemical compounds: alkaloids, flavonoids, coumarins, saponins,
tannins, terpenoids, steroids, and cardiac glycosides. The MeOH crude extract exhibited the highest concentration
of total phenolic compounds at 409.88 +0.02 mg GAE/g. Furthermore, the MeOH crude extract demonstrated
the strongest antioxidant activity, with an ICso value of 0.52 +0.02 pg/ml, as determined by the DPPH method.
High-performance liquid chromatography (HPLC) was employed to identify gallic acid and mangiferin in the
MeOH crude extract. Laboratory tests were conducted using the topical application method to evaluate the
toxicity of the M. indica leaf crude extract on 2nd instar Spodoptera litura larvae. The MeOH crude extract
exhibited high efficacy, with an LDsp value of 10.58 pg per larvae within 24 hours. Gallic acid and mangiferin
were identified as the primary active ingredients, with LCDso values of 1.19 pg per larvae and 1.90 pg per larvae,
respectively, within 24 hours. Additionally, the impact on detoxification enzymes (24 hours post-treatment)
was assessed in surviving 2nd instar S, /ituralarvae using the topical application method. The MeOH extract
treatment resulted in 1.31-fold inhibition of carboxylesterase (CE), 1.31-fold inhibition of glutathione-5$-
transferase (GST), and 1.32-fold inhibition of acetylcholinesterase (AChE).

Keywords: Spodoptera litura, Mangifera indica, Phytochemicals, Biocides, Detoxification enzymes

INTRODUCTION

The tobacco caterpillar, Spodoptera litura
(Lepidoptera: Noctuidae), is a destructive insect that
causes damage to more than 180 agricultural crops,
including cotton, maize, sunflower, rice, cereal, and
vegetables [1, 2]. Currently, conventional insecticides
such as organophosphates, carbamates, deltamethrin,
cypermethrin, chlorpyrifos, and prophenofos are being
utilized to manage herbivorous insects like S, /itura.
However, the prolonged use of these insecticides

can lead to the development of resistance in insects.
Additionally, using these chemicals poses risks to
the ecosystem and non-target organisms. Therefore,
developing natural insecticides promptly and reducing
chemical contamination in the environment is crucial
to exploring new strategic approaches for monitoring
this insect.

Plant-derived phytochemicals, including extracts
from Piper ribesioides, and Acorus calamus, as well
as allelochemicals such as pinocembrin, pinostrobin,
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methyl cinnamate, chrysin, pachypophyllin, and
galangin, have been used to prevent lepidopteran
insects such as Spodoptera exigua and S./itura[3-5].
Furthermore, plants possess a variety of secondary
metabolites, such as alkaloids, phenolics, terpenoids,
and polyacetates, which serve as biological defenses
against herbivorous insects. These compounds exhibit
arange of activities, including repelling insects, acting
as antitumor agents, attracting food sources, and
displaying antimicrobial properties [6].

Mango, scientifically known as Mangifera
indica L., is a popular fruit that is widely cultivated
in subtropical and tropical regions, including Thailand.
In fact, Thailand is one of the world's top five exporters
of the fresh mango variety Nam Dok Mai [7]. The leaves
of M. indicahave also been found to contain various
secondary substances, such as phenolic acids, flavonoids,
terpenoids, and carotenoids [8]. These extracts from
M. indica have shown potential biological activities,
including anti-allergic, antidiabetic, and antioxidant
properties [9 -10]. This study is the first to investigate
the properties of S. /ituralarvae in Thailand, a major
agricultural center known for its mango production
and export. However, the production of mangoes also
generates agro-industrial waste in the form of mango
leaves and unripe fruits. Hence, the objective of this
study is two-fold: to explore the potential utilization
of mango waste as a biopesticide and to assess the
larval eradication capabilities of M. indicaextract and
its allelochemicals against S. /ituralarvae through
acute toxicity tests. Additionally, the study aims to
examine the biochemical reactions triggered by the M.
indicaextract, particularly the activity of detoxification
enzymes and neuronal enzymes such as carboxylesterase,
glutathione-S$-transferase, and acetylcholinesterase.

OH
HO 0] OH
o I
HO OH
OH OH O
(a)
(0]
HO
OH
HO
OH
(b)
Figure 1 Chemical Structures of (a) Mangiferin and
(b) Gallic Acid.

Mangiferin (figure 1a) is a major component
found in many species of mangoes. It is a phytochemical
that has been found to have various biological activities,
including anti-inflammatory, anti-oxidative, immune-
modulatory, anti-obesity, anti-bacterial, anti-viral, anti-
depression, and anti-diabetic properties [11-14].It also

modulates the expression of key enzymes involved in
inhibiting lipolysis and promoting-fatty acid oxidation
in the liver [15, 16]. Additionally, mangiferin has shown
larvicidal activity against Culex pipiensL [17].

Gallic acid (figure 1b) is a well-known polyphenol
with antioxidant potential, making it an effective
bioactive element in treating gastrointestinal diseases
and oral health problems [18]. Furthermore, gallic acid
exhibits the same larvicidal activity against Culex pipiens
L. as mangiferin [19].

MATERIALS AND METHODS
Plant extraction

The leaves of M. indicawere washed and dried
in the shade. These samples were collected from Sa
Kaeo province, Thailand in June 2022. A hot-air oven
(Memmert UM300 oven) was used to dry the samples.
Subsequently, a commercial blender (Zhejiang HC-
2000Y) was used to powder the dried samples. A total
of 257 g of M. indicaleaf powder was obtained. For
extraction, maceration was performed using different
organic solvents (72-hexane, dichloromethane (DCM),
ethyl acetate, and methanol (MeOH)) in a sequential
7-day process. Each extract was filtered through a
suction filter connected to a vacuum pump. The resulting
solutions were concentrated using a rotary evaporator
(BUCHIR-215). The percentage yield of each extract was
calculated. The crude plant extracts were then stored
at 4°C until further use in phytochemical detection and
biological assays.

Phytochemical screening

This study aims to identify the phytochemicals
in Nam Dok Mai mangoes from Sa Kaeo and compare
them with those cultivated in other regions.

Alkaloids: 0.20 g of crude extract was dissolved
in 1 mL of a 10% ammonia solution and then extracted
with 3 mL of DCM. The DCM was evaporated until it
became dry, and the remaining residue was dissolved
in 3 mL of diluted H,SO4. Mayer's reagent was added to
the test tube, and the presence of alkaloids was indicated
by observing an opalescent or yellow precipitate [18].

Flavonoids: A crude extract weighing 0.20 g
was dissolved in 1 mL of 50% MeOH by heating. Then,
magnesium metal and 5-6 drops of concentrated HCI
were added to the solution. In this experiment, red
represents flavanols, while orange represents flavone
[18].

Anthraquinone: A total of 0.20 g of crude extract
was dissolved in 4 mL of DCM and then heated in a
steam bath for 5 minutes. The hot extract was filtered
and allowed to cool. Afterward, an equivalent volume
of 10% ammonia solution was added to the filtrate.
When shaken, the upper aqueous layer turned a bright
pink color, indicating the presence of anthraquinone
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Coumarins: A test tube with 0.2 g of crude
extract was covered with filter paper. Then, a drop of
10% NaOH was added to the paper, and the mixture
was heated in a water bath for 5 minutes. Next, the
filter paper was examined under a 365 nm UV light,
revealing a greenish-blue spot. This observation confirms
the presence of coumarins [18].

Saponins: The crude extract (0.2 g) was vigorously
shaken with 10 mL of deionized water for 5 minutes
until it foamed. If the foam remains in the test tube
after resting for 10 minutes, it indicates the presence
of saponins [18].

Tannins: A few drops of a 5% FeCls solution
were added to the 0.2 g of crude extract. The presence
of a green color indicated the presence of gallotannins
[18].

Terpenoids: The crude extract weighing 0.2 g
was mixed with 2 mL of DCM. Then, 3 mL of concentrated
H,SO4 was added to create a layered effect. The appearance
of a red-brown color at the interface confirmed the
presence of terpenoids [18].

Steroids: A total of 0.2 g of crude extract was
dissolved in 5 mL of DCM. Then, 1 mL of acetic anhydride
was added to the mixture. Next, 1 mL of concentrated
H»S04 was carefully added to the side of the test tube,
forming a distinct layer. The presence of steroids was
indicated by the green color observed at the bottom
of the test tube [18].

Cardiac Glycosides: A brown ring appeared
between layers when a solution of glacial acetic acid
(4.0 mL) containing 1 drop of 2.0% FeCl; was mixed
with 0.2 g of crude extract and 1 mL of concentrated
H»S04. This brown ring represents the presence of
cardiac steroidal glycosides [18].

The contents of total phenolics, total flavonoids, and
total tannin determination

The Folin-Ciocalteu method was used to
determine the total content. A 0.02 mL portion of a
2.0 mg/mL extract solution was combined with 0.2
mL Folin-Ciocalteu reagent and 2.0 mL of distilled
water. After 3 minutes, 1.0 mL of sodium carbonate
was added. The mixture was then incubated at room
temperature for 20 minutes. The absorbance at 765
nm was measured using a microplate reader. The
total phenolic content was calculated using a gallic
acid standard curve. A stock standard solution of gallic

\ AND TEGHNOLGY

acid at a concentration of 1.0 mg/mL was prepared by
dissolving gallic acid in distilled water. The results were
reported as milligrams of gallic acid equivalent (mg GAE)
per gram of extract [20].

The total flavonoid content of the extracts was
determined using a modified version of the method
described by Arvouet-Grand, Vennat, Pourrat, and
Legret. Quercetin was prepared in MeOH to create the
standard solutions. To measure the flavonoid content,
1.0 mL of sample (1.0 mg/mL)was mixed with 1 mL
of 2% AICl; in MeOH. The mixture was then incubated
at room temperature for 10 minutes. The absorbance
was measured at 415 nm using a microplate reader, with
a blank sample consisting of 1 mL sample solution
mixed with 1 mL of MeOH without AlCls. A calibration
line was created by plotting the absorbance against
the quercetin concentration. The flavonoid content is
expressed as quercetin equivalents (mg QE) per gram
of extract [20].

Tannins were determined using the Folin-Denis
method. An extract of approximately 0.1 mL was added
to a volumetric flask with a total volume of 10.0 mL.
This flask contained 7.5 mL of distilled water, 0.5 mL
of Folin-Denis reagent, and 1.0 mL of 35% Na»COs. The
mixture was then diluted to a final volume of 10.0 mL
with distilled water. After shaking the mixture, it was
left at room temperature for 30 minutes. A standard
solution of tannic acid was prepared in the same manner.
The absorbance of both the assay and standard solution
was measured at 700 nm against a blank using a
microplate reader. The tannin content is as milligrams
of tannic acid equivalent (mg TAE) per gram of the
extract [20].

DPPH radical-scavenging activity

To evaluate the antioxidant activity of 2,2-
diphenyl-1-picryl-hydrazyl (DPPH), we employed it
as a free radical. Different concentrations of DPPH were
prepared to ascertain ICso. The total volume in each well
of the 96-well plate was 100 pL, comprising 90.0 pL
of the DPPH solution and 10.0 pL of the crude extract
solution. Using a microplate reader, the mixture was
thoroughly blended and incubated at 37°C for 30
minutes to measure the absorbance at 517 nm. A negative
control using a DPPH solution and a reference standard
using Trolox were implemented. The DPPH scavenging
activity percentage was calculated using equation (1).

(Absorbance of control - Absorbance of sample)x 100

Inhibition (%) =

where the absorbance of the control represents the
overall radical activity without an inhibitor, while
the absorbance of the sample reflects the activity
found in the sample extract [21].

HPLC analysis of gallic acid and mangiferin

The HPLC analysis of M. indicaleaf extracts
was characterized and identified using reverse phase

Absorbance of control

(1)

HPLC (HPLC 1100 Agilent). The separation was conducted
on a Varian column (250 x 4.6 mm) with a Cis guard
column. Elution was performed on an isocratic system
using a mixture of acetonitrile in 0.2% orthophosphoric
acid (10:90, v/v). The flow rate was set at 1.2 mL/min,
and the temperature was maintained at 40°C. The
diode array detector was set to a wavelength of 242
nm, and the injection volume was 10 pL.
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Insect maintains

S.litura larval egg colonies were obtained
from the National Center for Genetic Engineering and
Biotechnology, Bangkok. The colonies were maintained
in controlled laboratory conditions at 26 +2°C, with a
relative humidity of 60% to 75% and a photoperiod of
14 hours of light to 10 hours of darkness until the larvae
hatched. Subsequently, the larvae were transferred to
a new plastic box (25 x 15 cm) and were fed a modified
artificial diet based on Pengsook [3]. This diet included
commercial green bean powder (100 g; Raithip®),
agar (10 g), ascorbic acid (1 g), sorbic acid (1 g)
methylparaben (1.5 g), yeast (8.0 g), mixed vitamins
(15 mL), formaldehyde (1 mL), and distilled water
(600 mL). Pupae were then transferred to a net cage
(45 x 40 cm, 45 cm high) for adult emergence, with wax
paper sheets provided for moth oviposition. The adults
were fed honey solutions consisting of a 30% sugar
solution via cotton swabs. Daily, the egg colonies were
collected and briefly immersed in a 10% formaldehyde
solution (for 10 seconds) to prevent bacterial infection.

Larval bioassay

The isolated compounds, mangiferin, and gallic
acid, were utilized in this study. Leaf extract and active
ingredients from M. indicawere prepared using acetone.
The solutions were applied topically to the 2" instar
S. lituralarvae at a rate of 2 pL per larva, with larvae
prepared in three replicates (n = 90). The larvae were
transferred to a petri dish containing an artificial diet
after exposure. The treated insects were maintained
under laboratory conditions as described above. The
acute toxicity of the compounds was assessed after
24 and 48 hours. Mortality was determined based on
LDsp values using the STATPLUS program (Probit
Analysis, version 2019).

Detoxification enzyme analysis

Enzyme source: The enzyme source was
prepared from S. /ituralarvae that survived for 24
hours. Nobsathian outlined the procedure for extracting
the enzymes [22]. The larvae were homogenized in a
microtube with a phosphate buffer (100 mM, pH 7.2)
and triton x-100 (0.5%). After homogenization, the
mixture was centrifuged at 12,000 rpm (4°C) for 15
minutes. The resulting supernatants were collected
and stored at -20°C for biochemical assays.

General Esterase: Carboxylesterase (CE) activity
was determined using a modified procedure based
on the method described by Nobsathian [22] and
Kumrungsee [23]. To begin, 50 uL samples of the
enzyme were collected from the enzyme source and
pre-incubated at 30°C for 30 minutes. A substrate
homogenate was then prepared: para nitrophenyl
acetate (10 mM, 50 uL) and phosphate buffer (50 mM,
3.0 mL). Next, the enzyme-substrate mixture was
transferred to the 96-well microreader plates. CE

activity was measured at 400 nm for 3 minutes at 25°C.
The enzyme activity was assessed in triplicates.

Glutathione-S-transferase (GST): To prepare
GST, an enzyme solution (20 uL) was collected. The
substrate solution consisted of 0.1 M phosphate buffer
(pH 7.2, 1150 pL) with the addition of 1-chloro-2,4-
dinitrobenzene (150 mM, 10 pL). The homogenized
enzyme and substrate were mixed well. The enzyme
activity was measured using a microplate reader in
kinetic mode at an absorbance of 340 nm, at a temperature
of 25°C for a duration of 3 minutes. Three biological
replicates were analyzed.

Acetylcholinesterase (AChE): AChE activity was
determined using the modified Ellman procedure [24].
The homogeneous substrate consisted of 100 mM
phosphate buffer (pH 7.2; 50 uL), 5,5'-dithiobis (2-
nitrobenzoic acid) with 0.1 M ethylenediamine tetraacetic
acid and 100 mM acetylthiocholine-iodide. The enzyme
solution was collected from the enzyme source and
preincubated at 30°C for 30 minutes. The enzyme and
substrate mixture solutions were homogenized, and
the AChE reaction was measured at a wavelength of
412 nm. The enzyme activity was calculated using an
extinction coefficient of 1.36 x 10 M-! cm™'. Three
biological replicates were performed.

RESULTS AND DISCUSSION
Plant extracts

M. indicaleaves were extracted using organic
solvents in the following sequence: n-hexane, DCM,
ethyl acetate, and MeOH. The extract with the highest
amount was obtained using MeOH. The percentages
of yield and their corresponding characteristics are
listed in Table 1.

Phytochemical screening

The preliminary phytochemical examination
of M. indicaleaf extracts was conducted using various
solvents, as shown in Table 2. The results revealed the
presence of flavonoids, coumarins, tannins, terpenoids,
steroids, and cardiac glycosides in the whole-leaf extract.
However, alkaloids and saponins were only found in
the MeOH extract. Notably, anthraquinones were not
found in any leaf extracts.

The variation in the phytochemical constituents
of different extracts may be due to the use of different
extraction solvents. This can affect the extraction of
various bioactive compounds. An examination of the
phytochemicals in M. indicaextract reveals the presence
of pharmacological constituents such as tannins, saponins,
cardiac glycosides, flavonoids, steroids, and alkaloids.
This research supports previous findings by Pintu [25],
who also found tannins, alkaloids, steroids, glycosides,
and flavonoids in M. indicaleaf extract. However, this
research differs from the finding of Olasehinde [26],
who reported that steroids were not present in the leaf
extracts obtained using water and ethanol. The content

©2024 Institute of Research and Development, RMUTT, Thailand

J Appl Res Sci Tech 2024;23(3):255634

5

DOI: 10.60101/jarst.2024.255634



https://ird.rmutt.ac.th/
https://doi.org/10.60101/jarst.2024.255634

JOURNAL OF

APPLIED RESEARGH ON SCIENCE

of plant compounds in mango cultivars can vary
depending on factors such as acid synthesis, degradation,
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utilization, partitioning, and external factors like
temperature, light, fertilization, and water supply [27].

Table 1 Characteristic of M. indicaleaf extracts and yield obtained from organic solvents through maceration.

Solvents used for extraction Characteristics Yield? of crude extract (%w/w)
n-hexane Dark green and sticky 2.0241
DCM Dark green and sticky 3.0600
Ethyl acetate Dark green and sticky 2.9662
MeOH Dark green and sticky 4.0084

¥Yield of extracts was calculated as W/Wy x 100 (W = Total weight of dried extract; Wy = Weight of the specimen

of M. indical. leaf after extractions).

Table 2 Preliminary Phytochemical Screening of M. indica leaf extracts.

Phytochemical Solvent extract?
constituents n-hexane DCM Ethyl acetate MeOH
Alkaloids - - -
Flavonoids + + +
Anthraquinones - - _
Coumarins + + + +
Saponins - - - +
Tannins + + + +
Terpenoids + + + +
Steroids + + + +
Cardiac Glycosides - - + +

3 (+): presence, (-): absence of phytochemical

Table 3 Contents of total phenolics, total flavonoids and total tannins in leaf extracts of M. indica.

Extracts Total phenolics Total flavonoids Total tannins
(mg GAE/g) (mg QE/g) (mg TAE/g)
n-hexane 9.63+0.00? 250.93+0.08? 7.82+0.00°
DCM 22.59+0.00° 284.24+0.03P 18.46+0.00?
Ethyl acetate 150.95+0.02¢ 172.21+0.02¢ 123.76+0.02°
MeOH 409.88+0.02¢ 158.77+0.03¢ 336.34+0.02¢

Values (averages of three replicates) labeled with different letters indicate significant differences at p < 0.05.

Determination of total phenolics, total flavonoids and
total tannins content

The total phenolic content was determined
using the Folin-Ciocalteu method, which involves
quantification of a blue chromophore formed through
UV-Vis spectrophotometry at 765 nm. The results in
Table 3 indicate the phenolic content in various extraction
solvents. The content was expressed as milligrams of
gallic acid equivalent per gram of extract (mg GAE/g).
The total phenolic content ranged from 9.63 to 409.88
mg GAE/g in leaves, with the highest value observed
in MeOH leaf extract (409.88+0.02 mg GAE/g), while
the lowest content was found in the leaf extract using
n-hexane (9.63+0.00 mg GAE/g).

The total flavonoid content was measured using
aluminum chloride, based on forming acid-stabilized
complexes between flavonoids and aluminum chloride,

with an absorption peak at 415 nm. The total flavonoid
content was expressed in milligrams of quercetin
equivalents per gram of extract (mg QE/g). As shown
in Table 3, the total flavonoid content ranged from
158.77 t0 284.24 mg QE/g. The DCM leaf extract found
the highest content of 284.24((0.03 mg QE/g), while
the lowest content of 158.77+0.03 mg QE/g was found
in the MeOH leaf extract.

Total tannin content was determined using
Folin-Denis with sodium carbonate. The Folin-Denis
reagent reacts with tannins, forming a mixture of blue
oxides that can be measured using UV-VIS spectro-
photometry at an absorption peak of 700 nm. The total
tannins were expressed in milligrams of tannic acid
equivalent per gram of extract (mg TAE/g). As shown
in Table 3, the total tannin content ranged from 7.82
to 336.34 mg GAE/g. The MeOH leaf extract had the
highest tannin content extract (336.34+0.02mg TAE/g),
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while the n-hexane leaf extract had the lowest (7.82  reduction, which can be measured at 520 nm using
+0.00 mg TAE/g). UV-VIS Spectrophotometry. The concentration of each
extract required to inhibit 50% of the DPPH radicals
(ICs0) was determined and compared to the antioxidant

The antioxidant activities of M. indicaextract  standard (Trolox). The results presented in Table 4
were assessed using the DPPH assay. This DPPH method =~ demonstrate that the MeOH extraction exhibited the
is based on the reduction of purple DPPH radicals  highest antioxidant activity (0.52+0.02 png/mL), followed
through electron acceptance from antioxidants, resulting by ethyl acetate (13.84+0.10 ng/mL), DCM (184.52
in the formation of reduced DPPH (DPPH-H). The color ~ #0.03 pg/mL) and n7-hexane (1141.41 £0.01 pg/mL),
of the solution changes from purple to yellow upon  respectively.

DPPH radical-scavenging activity

Table 4 Scavenging activity expresses as median inhibitory concentration (ICso), in the DPPH test with leaf extracts
of M. indica.

Extract DPPH radical scavenging assay; ICso (ug/mL)
n-hexane 1141.41+0.01¢
DCM 184.52+ 0.03¢
Ethyl acetate 13.84+0.10°
MeOH 0.52+0.02?

Values (averages of three replicates) labeled with different letters indicate significant differences at p< 0.05.
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Figure 2 (a) HPLC chromatogram of standard of gallic acid and (b) mangiferin.
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Figure 4 HPLC chromatogram of crude M. indicaleaf MeOH extract.

According to Fitmawati [28], the wild mango
demonstrated the highest antioxidant activity in terms
of total antioxidant activity of mangoes by DPPH assay.
In this study, the MeOH leaf extract of the wild mango
exhibited the highest antioxidant activity (0.52+0.02
pg/mL). Additionally, Fitmawati found that the wild

—
725 30

mango displayed significant antioxidants in both its
leaf (0.88 pg/mL) and bark (33.24 pg/mL).

HPLC analysis of gallic acid and mangiferin content

The chromatogram in Figure 2 demonstrates
the elution of gallic acid at 4.88 minutes and mangiferin
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at 29.19 minutes. Both gallic acid and mangiferin showed
a linear response within the 100-500 mg/L concentration
range. The linearity was confirmed with a correlation
coefficient (R?) of 0.9915 and 0.9997 for gallic acid and
mangiferin, respectively. The calibration curve can be
seen in Figure 3. Figure 4 presents the chromatograms
of gallic acid and mangiferin contents in the MeOH
extract. The analysis of the crude extracts revealed

several peaks with different retention times (R;) and
peak areas. Two peaks were observed at approximately
4.9 and 28 minutes, which correspond closely to the
standard gallic acid and mangiferin peaks, respectively.
Consequently, the HPLC analysis results indicated that
the MeOH extract contained 8.9978 mg/g of gallic acid
and 188.0275 of mangiferin, as shown in Table 5.

Table 5 HPLC analysis of gallic acid and mangiferin content in the crude leaf extract MeOH fraction from M, indlica.

Retention time (R;)

Compound Area (mAU*s) Content (mg/g)
Standard MeOH fraction

Gallic acid 4.878 4.892 899.95129 8.9978

Mangiferin 29.191 29.309 20933.60 188.0275

Table 6 The insecticidal properties of M.indica leaf extract and isolated compounds after treatment with 2

S.litura at 24 and 48 hours h via topical.

Compound Time (h) (ug]}]c):; 252 (t(;?cglg; Chi square P-value
n-hexane extract 24 21.53 12.49-62.65 1.05 0.79
48 0.86 0.80-1.40 2.87 0.41
DCM extract 24 11.10 4.65-55.09 15.88 0.00
48 0.69 0.41-0.98 7.43 0.06
Ethyl acetate extract 24 11.79 9.56-15.29 2.62 0.45
48 6.63 5.34-8.42 0.74 0.86
24 10.58 7.26-18.71 0.96 0.81
MeOH extract 48 0.88 0.49-1.28 3.19 0.36
Mangiferin 24 1.90 0.96-7.41 0.76 0.94
48 0.77 0.30-2.18 0.54 0.97
Callic acid 24 119 0.36-3.90 0.79 0.94
48 0.55 0.22-1.21 0.39 0.98

3LDso: Lethal Dosage means the compound kills 50% of the exposed larvae, expressed in pg/cm?
bLower Confidence Limit-Upper Confidence Limit (ng/cm?)

Acute toxicity

The larvicidal killing potential of the M. indica
leaf extracts was determined by applying them
topically and measuring the LDsg after 24 hours. The
MeOH extract had the highest LDso of 10.58 ng per
larvae, followed by DCM, ethyl acetate, and n-hexane.
The specific LDsg values can be found in Table 6.

This study found that gallic acid and mangiferin,
when isolated, showed LDsg values of less than 2 ug
per larvae at 24 and 48 hours after topical application.
These results suggest these substances may have highly
toxic and larvicidal properties when applied topically.
A previous study also reported that Alpinia galanga,
a plant extract, effectively controlled S. /ituralarvae
with LDsg values of 1.68 and 1.25 pg per larvae after
24 and 48 hours [3]. Moreover, a previous report
highlighted the insecticidal efficacy of gallic acid in
inhibiting the growth of the oriental fruit fly, Bactrocera
dorsalis [29].

Impact on detoxification enzyme activity general esterase
The extract from M. indicaleaves showed
inhibition of MeOH (1.31-fold), followed by the n-
hexane extract (0.98-fold), DCM, and ethyl acetate
extracts (both 0.91-fold) against S. /itura. Additionally,
mangiferin and gallic acid exhibited 2.56-fold and 1.27-
fold inhibition of CE activity, respectively (Table 7).

Glutathione-S-Transferase (GST)

After exposure to insects, the enzyme reaction
was inhibited 1.23-fold by the MeOH extract. Mangiferin
exhibited the highest inhibitory activity, with a 1.28-
fold increase. However, the n-hexane extract caused a
0.94-fold increase in GST levels, which varied (Table 7).

Acetylcholinesterase (AChE)

The leaf extract of M. /ndicain MeOH showed
a 1.31-fold inhibition of AChE, while gallic acid exhibited
the highest inhibitory activity with 3.98-fold increase.
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However, the n-hexane extract caused a 0.99-fold
increase in the AChE reaction (Table 7).
Conventional pesticides leave residues in the
environment, soil, air, and water, and they negatively
impact insect development through detoxification
enzymes. However, botanical insecticides offer a safer
alternative [30]. Plant extracts, including secondary
metabolites, play a crucial role in controlling growth,
exterminating larvae, and preventing insect feeding
[5]. The metabolism of detoxification enzymes relies
on xenobiotic compounds' hydrophilicity and catalytic
activity, leading to their elimination through the

\ AND TEGHNOLGY

excretory system. Insects possess cytochrome P450
mono-oxygenase (P450s), a versatile agent for detoxifying
foreign compounds such as allelochemicals, common
pesticides, and pollutants. Other foreign enzymes like
glutathione-S-transferase (GST), carboxylase (CE), and
acetylcholinesterase Ares (AChE) also play a significant
role as key metabolites, inducing or neutralizing plant
toxins [31-33]. Although the MeOH extract, which
contains mangiferin and gallic acid, was isolated in
the present phytochemical study, these compounds
inhibited CE levels in S, /itura.

Table 7 Detoxification enzyme reactions after M. indica leaf extracts and allelochemical application on 24

instar S. /ituralarvae after 24 hours.

Carboxylesterase Glutathione- Acetylcholinesterase
Compound S-transferase
reaction? CF® reaction? CF® reaction? CF®
Control 0.0563¢ - 0.2529 be - 0.1916¢ -

n-hexane extract 0.0572¢ 0.98 0.2680 ¢ 0.94 0.1940¢ 0.99
DCM extract 0.0620°¢ 0.91 0.22752b¢ 1.11 0.1740¢ 1.10
Ethyl acetate extract 0.0621°¢ 0.91 0.2276 2 1.10 0.1540P¢ 1.24
MeOH extract 0.0430?2 1.31 0.2063 @ 1.23 0.14574 1.32
Mangiferin 0.0220° 2.56 0.19742b 1.28 0.17412 1.10
Gallic acid 0.0445P 1.27 0.2085% 1.21 0.0482° 3.98

aMean values within a column followed by the same letter were not significantly different (< 0.05) by Tukey's
test. Carboxylesterase (CE) measured as p-nitrophenol/min/mg esterase in nM. Glutathione-S$-transferase
(GST) measured as glutathione conjugated product/min/mg in nM. Acetylcholinesterase (AChE) measured
as ptM/min/mg of protein.

bCorrection factor (CF) of detoxification enzyme activities calculated as enzyme activity in controls / enzyme

activity in treatments.

In contrast, the extracts of 7~-hexane, DCM, and
ethyl acetate induce the activity of CE in S. ituraby 0.91
to 0.98-fold after exposure. CE is a hydrolase enzyme
that is widely distributed in organisms, including bacteria
and animals. It hydrolyzes water-soluble small molecules
of ester and acylglycerol bonds in insects, making it
an important detoxification enzyme involved in the
development of insecticides [34, 35]. Similarly, the
MeOH extract and its isolated compounds inhibit the
levels of GST in S, /itura. GST is an enzyme found in the
metabolism of both eukaryotes and prokaryotes, and
itisinvolved in the processing of endogenous and
foreign substances. Although this study demonstrates
that other parts of M. indicainduce GST activity in .
litura after exposure, it remains unclear whether M,
indica itself induces GST activity. GST also catalyzes
glutathione peroxidase and plays a role in regulating
cellular mechanisms [36]. Almost all fractions of M.
indica, except the n-hexane extract, exhibit larvicidal
properties by inhibiting the AChE reaction in S, /itura.
AChE is an essential enzyme in both vertebrates and
invertebrates and is used in biochemical sensors to
induce the AChE pathway or recurrent excitation. ChE
inhibitors are useful for treating neurological symptoms

caused by acetylcholine (Ach) deficiency. However,
it is necessary to have an inducer of AChE inhibition
in order to block inappropriate Ach neurotransmitters
[36]. Therefore, pest strategies need to be economically
and ecologically addressed in order to reduce the
harm caused by conventional chemical compounds.
Plant extracts contain allelochemicals and active
metabolites, which are toxic compounds that protect
plants against herbivorous organisms. This indicates
that phytochemicals can be applied to insects and have
a phytochemical effect that is effective against specific
or multiple target sites through a biochemical pathway.

CONCLUSIONS

This study aimed to analyze the phytochemical
composition and antioxidative capabilities of mango
leaves (M. indical., Nam Dok Mai), indigenous to Sa
Kaeo Province, Thailand. Leaf extraction was performed
using different solvents with varying polarities: 7-
hexane, DCM, ethyl acetate, and MeOH. The results
revealed the presence of eight groups of phytochemical
compounds: alkaloids, flavonoids, coumarins, saponins,
tannins, terpenoids, steroids, and cardiac glycosides.
The MeOH crude extract exhibited the highest
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concentration of total phenolic compounds at 409.88
+0.02 mg GAE/g. Moreover, the MeOH crude extract
demonstrated the strongest antioxidant activity
with an ICsg value of 0.52 +0.02 ng/ml, as determined
by the DPPH method. High-performance liquid
chromatography (HPLC) was employed to identify
gallic acid and mangiferin in the MeOH crude extract.
To assess the toxicity of the M. indicaleaf crude extract
on 2nd instar S. /ituralarvae, laboratory tests were
conducted using the topical application method. The
MeOH crude extract exhibited high efficacy, with an
LDsg value of 10.58 pg per larvae within 24 hours. Gallic
acid and mangiferin were identified as the primary
active ingredients, with LCDsg values of 1.19 pg per
larvae and 1.90 pg per larvae, respectively, within 24
hours. Additionally, using the topical application method,
the impact on detoxification enzymes (24 hours post-
treatment) was evaluated in surviving 2nd instar S,
lituralarvae. The MeOH extract treatment resulted in
a 1.31-fold inhibition of carboxylesterase (CE), a 1.31-
fold inhibition of glutathione-S-transferase (GST), and
a 1.32-fold inhibition of acetyl-cholinesterase (AChE).

Mango leaves contain beneficial substances
that can effectively 2nd instar . /ifuralarvae. This makes
them a potential source for developing insecticide
products. Furthermore, it is recommended that other
active botanical compounds found in M. indica for their
insecticidal properties be investigated further in the
future.
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ABSTRACT

This study focuses on the synthesis of hydroxyapatite (HA, Ca1o(PO4)s(OH)) from calcium carbonate (CaCOs)-rich
quail eggshells, oyster shells, and periwinkle snail shells (Filopaludina bengalensis) through the use of the wet
precipitation method. The methodology involved calcining the shell waste to convert CaCOs to calcium oxide (CaO),
undergoing hydration, and reacting with phosphoric acid (HsPOa) to synthesize HA. The results indicated that
periwinkle snail shells had the highest percent yield of HA at 92.12%, followed closely by quail eggshells at
92.01%, and oyster shells at 73.65%. For producing CaO, oyster shells provided the highest percent yield of CaO
at 103.72%, followed by quail eggshells at 98.6% and periwinkle snail shells at 92.09%. The synthesized HA
exhibited high biocompatibility, which is crucial for its potential applications in medical fields such as bone
replacement and regeneration. The X-ray diffraction (XRD) analysis confirmed the successful synthesis of high-
quality HA, with characteristic peaks indicative of excellent crystallinity and purity and near identicality to the
standard XRD pattern of HA of ICDD 9-432 and the XRD pattern of successfully synthesized HA in other studies,
indicating high biocompatibility. The research highlights the potential of recycling food waste, specifically
shell waste, into valuable biomaterials. This not only addresses environmental concerns but also supports
sustainable practices in the food industry. Moreover, the study contributes to advancements in biomaterials
for medical applications, emphasizing the viability of utilizing organic waste for high-value products. By
transforming food waste into useful medical materials, this research offers promising solutions for waste
management and resource utilization, particularly within Thailand's ecological and industrial framework.

Keywords.: Hydroxyapatite synthesis, Seashells, Calcium carbonate, X-ray diffraction, Calcium oxide

INTRODUCTION

It is estimated that a third of human-produced

One solution is to utilize these shells, particularly
eggshells, as an alternative source of biocompatible

foods are wasted globally, which accounts for around
1.3 billion tons of food wasted annually [1]. The average
human wastes 65 kg of food on average per year, with
dairy and eggs contributing to 7% of total food waste
weight, leading to the wasting of essential nutrients
such as calcium, choline, riboflavin, zinc, and vitamin
B12 [2].

In Thailand, eggs are a prevalent food source,
with more than 15,000 million eggs being consumed
per year. The estimated waste generated from the
eggshells is around 90,000 tons per year [3]. Similarly,
oyster shells generate a staggering 18.86 million tons
of waste globally [4]. Shell waste produced from the
rapidly increasing production and consumption of
eggs and oysters is posing serious environmental threats
in countless countries around the world, which require
immediate action. It is suggested that these shell
wastes be efficiently recycled and transformed into
practical materials for sustainable advancement [5].

material to synthesize substitutive substances and
materials in the medical field, since these shells are
rich in valuable minerals such as calcium [6]. Eggshells
and oyster shells contain high contents of calcium
carbonate (CaCOs), with eggshells at 93-97% and oyster
shells at approximately 96% [7-9].

Quail eggs were selected for this study due
to their substantial consumption and production in
Thailand. In 2016, a particular supermarket franchise
in Thailand reported a monthly consumption of
350,000 quail eggs, while the production of quail eggs
for international export was approximately 125,000,000
eggs per year [10]. Quail shells consist of 96% or more
CaCOs [11], which is considered a sufficient amount
for hydroxyapatite synthesis [12]. Similarly, oyster
shells were chosen due to their substantial CaCOs3
content and their high production and consumption
rates in Thailand [9]. Oysters are a popular food widely
consumed in Thailand, with the marine shellfish culture
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statistics survey by the Department of Fisheries, Ministry
of Agriculture and Cooperatives reporting a production
of 17,903.26 Tons of oysters with a total commercial
value of over 749 million baht in the 2019 Department
of Fisheries [13]. Additionally, periwinkle snail shells
(Filopaludina bengalensis) contain 96% CaCOs [14]. In
summary, these three materials (quail eggs, oyster shells,
and periwinkle snail shells) were selected due to their
high demand and popularity of consumption in Thailand,
as well as the presence of CaCOs in their shells, making
them suitable for hydroxyapatite synthesis. Furthermore,
producing hydroxyapatite from these shell wastes
contributes to reducing household and industrial waste
from food shells, as they are currently not efficiently
utilized to their maximum capacity.

CaCO0s is the least expensive variation and the
most common type of calcium. For medical uses and
applications, CaCOs is generally used as a supplement
or fundamental material for creating other commercial
or medical consumables [15]. With more sophisticated
materials and procedures, the compound CaCOs found
in eggshells and snail shells is also popularly used as a
calcium precursor in the methodology of the synthesis
and production of HA, which is a proficient material for
various medical and dental applications such as bone
replacement, bone regeneration, and therapy [6].

Hydroxyapatite (HA) is an inorganic material
that contains calcium (Ca), phosphate (PO43-), and
hydroxide (OH-) in its standard apatite lattice structure
with the chemical formula structure of Caio(PO4)s(OH),
[16]. It is a key component of human bone, which
comprises approximately 60% HA, 30% proteins, and
10% water, respectively [17]. HA is a biocompatible
ceramic with no toxicity, and numerous studies have
demonstrated its similarities in composition, bioactivity,
biocompatibility, osteoconductive, and chemical stability
to the inorganic components of human bones and
teeth [18, 19]. These close analogies to organic bone
components have led to the development and production
of synthetic HA via various methods. HA has the
unique property of biologically interacting with
organic materials, including chemically bonding
with living tissues [16]. Due to its biocompatibility
and osteoconductive nature, HA is widely used in
orthopedics, dentistry, maxillofacial surgery, and
orthopedic surgery. It is typically employed as a bone
tissue replacement, for bone defect restoration, and
as a coating substance for metallic implants [20].
Given its numerous applications and variations, synthetic
hydroxyapatite can be manufactured utilizing different
techniques and methodologies. A variety of methods
may be employed for the synthesis of synthetic
hydroxyapatite, such as high-temperature processes
(combustion and pyrolysis), wet methods (chemical
precipitation, hydrolysis, sol-gel, hydrothermal, emulsion,
and sonochemical), and dry methods (solid-state and
mechanochemical) [21].

\ AND TEGHNOLGY

Saeri et al. [22] proposed the precipitation
method due to its simplicity, with water being the
sole by-product. This method involves the process of
sintering, which can have a substantial influence on
the morphology and size of the synthesized HA. Saeri
et al. [22] also used field emission electron microscopy
(FESEM), XRD, and Raman spectroscopy methods to
verify and examine as well as show the morphology
and size of particles that the samples produced after
each step.

Azis et al. [23] conducted a similar study on the
synthesis of hydroxyapatite from duck eggshells by
using a similar method, which was the precipitation
method. In their study, the duck eggshells were
converted into precipitate calcium carbonate (PCC) by
undergoing calcination, hydration, and carbonation.
Then, it was added with (NH4),HPO4 in various Ca/P
molar ratios (1.67, 1.77, 1.87) and stirring speeds (200,
250,300 rpm) in a basic environment of pH 10-11. The
most proficient conditions are the molar ratio of 1.77
and a stirring speed of 200 rpm. Then, the characteristics
of the synthesized hydroxyapatite were analyzed by
X-ray Diffraction (XRD).

Kareem & Eyiler (2024) [24] characterize the
wet precipitation method as low cost, low operating
temperature, enabling control of the morphology and
the mean size of the powder, as well as not requiring an
organic solvent, which is why the method was selected
and used.

Regarding the feasibility, Ibrahim et al. [25]
state that HA does not only offer economic benefits but
also contributes to global waste management processes.
They also found that HA has economic gain to be had
via using HA in biodiesel production, which would
reduce the cost in various departments of production.

This study focuses on the synthesis of HA
utilizing three distinct organic sources: quail eggshells,
oyster shells, and the periwinkle snail shells taxonomically
classified as Filopaludina bengalensis. The research
methodology employs a wet precipitation technique
for HA production due to its balance of simplicity, cost-
effectiveness, environmental friendliness, the production
of high-quality HA, and profound scalability for potential
industrial-scale production, encompassing a series
of processes from initial shell preparation to final
product obtainment [26]. The primary objective of this
study is to synthesize and conduct a comparative
analysis of HA derived from these three shell types,
evaluating their respective compositions and properties
in relation to human osseous tissue. By ascertaining
which shell source yields HA most analogous to human
bone, this research endeavor contributes to potential
advancements in the medical industry, with particular
emphasis on the field of biomaterials. This study
investigates the synthesis of HA from the three
understudied materials, proposing potential uses for
these materials which contain abundant availability
and high cost-effectiveness while maintaining the
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essential properties of high crystallinity and
biocompatibility, as alternatives compared to the
conventional methods. Moreover, this study explores
the viability of repurposing food waste byproducts
in Thailand, specifically concentrating on shells from
consumed aquatic species. This approach not only
addresses waste management concerns but also aligns
with sustainable practices in the Thai food industry.
Through comprehensive analysis and comparison, this
research aims to enhance the current understanding
of biomaterial synthesis while concurrently promoting
environmental sustainability. The findings may
potentially facilitate innovative applications in medical
science and offer valuable insights into the efficient
utilization of organic waste materials within the context
of Thailand's unique ecological and industrial landscape.

This study offers a novel approach and valuable
contribution to the field of hydroxyapatite synthesis
by utilizing three specific types of shells (quail eggshells,
oyster shells, and periwinkle snail shells) studied
together. The combination of these shells has not been
extensively explored in research before, providing a
new perspective on hydroxyapatite synthesis and
valorizing shell waste into usable biomaterials for
potential biomedical applications with low-cost and
accessible materials. Moreover, this research contributes
to the growing knowledge of quail eggshells, oyster

K2 N

Removing the Wash and brush the
interior content shells

140 mesh
0.106 mm
diameter sieve

Store in air-sealed
container with
silica gel

Figure 2 Diagram of preparation of CaO Precursor.
CaOo precursor preparation

Prior to all the steps that require operating
on the laboratory bench or table, the surfaces of the
operating areas were sterilized with ethanol. Figure 2.
shows the process of preparing CaO precursor, initiating
with the contents of quail eggshells, periwinkle snail
shells, and oyster shells being extracted. The shells were
then thoroughly washed, brushed, and cleansed of
dirt and membrane. These three shell materials were

shells, and periwinkle snail shells, highlighting their
potential usability in hydroxyapatite synthesis.

MATERIALS AND METHODS
Materials

Quail eggshell, oyster shell, and periwinkle
snail shell waste were procured from a supermarket in
Bangkok, Khlong Toei market, as shown in Figure 1.
Other materials also include distilled water, laboratory-
grade H3PO4 from RCI Labscan Limited, laboratory-
grade ethanol (95%), weighing machine, VELP ARECT.
heating magnetic stirrer, SH-2 magnetic stirrer, Whatman
filter paper No. 1, AS29 Oilless vacuum pump, and
calcination furnace.

(a) (b) (c)
Figure 1 (a) Quail eggshell, (b) oyster shell, (c)
periwinkle snail shell.

-:v{

Dry under the sun for 3 Ground into fine powder
days of raw material

»

v

Calcined at 950°C 20g of raw material

for 3 hours

subsequently sun-dried for 3 days. After drying, the
shells were ground into 20 g of fine powder of raw
material using a mortar and were calcined in a furnace
at 950°C for 3 hours. This sintering process transformed
the raw material powder with CaCOs from the shell
waste into CaO, serving as a calcium precursor, as
represented by Eq. (1):

CaC03(S) + heat — CaO(S) + COz(g) (1)
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The samples were then sieved through a 140-
mesh screen with an aperture of 0.106 mm. Finally,
they were weighed and stored in a container with silica

»

Weigh CaO Mix in 30 ml distilled water
at 300 rpm for 30mins
Ty T
- 3
= | _ 14 &«
- S

Calcined at 900°C
for 3 hrs

Synthesized
Hydroxyapatite

Add 10 ml of H3PO4
Stir at 300 rpm 60°C for 3
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gel to absorb moisture and prevent phase alteration
of the substance.

ToE

Filter and remove water with Whatman filter
No. 1
and AS29 Oilless vacuum pump

»

7

hrs

M

Crush and grind Seperate precipitate

onto petri dish

Figure 3 Illustration of hydroxyapatite synthesis process.

Synthesis of hydroxyapatite

Figure 3 demonstrates the process of Then, the
CaO precursor, approximately 10 g, was weighed in
the laboratory using an analytical balance. Each sample
was then mixed with 30 mL of distilled water and
stirred using a magnetic stirrer for 30 minutes at 300 rpm.
The CaO reacted with distilled water to form calcium
hydroxide, Ca(OH),, according to Eq. (2):

10Ca(0H)(aq) + 6H3PO4qy —

After cooling, the solution was filtered using
airtight connection to a flask. The flask was connected
to an AS29 oil-free vacuum pump to remove the
water content, leaving hydroxyapatite as the residue
or the precipitate. The HA precipitate was carefully
removed from the filter paper onto a petri dish, and
it was crushed and grinded into fine powder before
being sintered in a furnace at the temperature of
900°C for 3 hours.

Characterization of hydroxyapatite

The crystal structure of hydroxyapatite powder
was characterized by X-ray diffraction, as 1 g of HA
samples from the three types of shell were analyzed
by the EMPYREAN PANalytical X-ray diffractometer - SC
with the XRD patterns recorded in the 26 range 5° - 90°.

RESULTS AND DISCUSSION

Calculate the amount yielded according to calculations
made

Before commencing the laboratory experiment,
chemical equilibrium equations were developed to

(2)

The precipitation method was conducted by
adding 10 mL of H3PO4 to each solution of Ca(OH),.
Each mixture was then stirred at 300 rpm and 60°C
for 3 hours. Its pH was measured with litmus paper.
The reaction can be represented by Eq. (3):

CaO(S) + Hzo(l) d Ca(OH)z(aq)

Cay0(P04)6(0OH), sy + 18H,0(p (3)

determine the theoretical quantities of reactants
(CaC0s), intermediates (CaO and Ca(OH),), and the
expected yield of the product (HA). In this study, the
process began by preparing 20 g of crushed, fine
powder of the raw material of three different shell
types: quail eggshells, oyster shells, and periwinkle
snail shells. However, the raw material of the three shell
types contains approximately 96% calcium carbonate
(CaCo0s) [9, 11, 13]. Thus, 20 g of raw material is
equivalent to 19.2 g of CaCOs, which represents the
actual starting material for the whole process of the
synthesis of HA. In each step of the chemical reactions,
the theoretical yield of the producing essential compounds
(Ca0, Ca(OH)y, and Ca1o(PO4)s(OH)2) will be calculated
and elucidated.

Decomposition of calcium carbonate (CaCO3)

The process began with the calcination of
eggshell, oyster shell, and periwinkle snail shell to
eliminate organic compounds from the shell waste
and to convert calcium carbonate (CaCOs) to calcium
oxide (Ca0). The molar mass of CaCOs is 100 g/mol, while
the molar mass of CaO is 56 g/mol. According to Eq.
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(4), the moles of a compound are defined by the mass
of the compound divided by the molar mass of the
compound. Since the process in this study starts with
19.2 g of CaCOs, to calculate the moles of CaCOs,
divide 19.2 g of CaCO3 by 100 g/mol of CaCOs3, which
equals 0.192 mol of CaCO:s.

m (mass)

(4)

According to Eq. (1), the reaction shows a 1:1
stoichiometric ratio between CaCO3 and CaO; therefore,
0.192 mol of CaCOs3 produces 0.192 mol Ca0. According
to Eq. (5), the mass of the substance can be calculated
by multiplying the moles of the compound by the molar
mass of the compound. To calculate the mass of CaO
produced, multiply 0.192 mol CaO by 56 g/mol of CaO,
which equals 10.75 g of Ca0. In short, 19.2 g of CaCO3
will theoretically yield 10.75 g of CaO from the
decomposition of CaCOs during the calcination process.

n (moles) = —————
( ) M (molar mass)

m (mass) = n(moles) X M(molar mass) (5)

In this stage, the percent yield of CaO from
the sintering process at the temperature of 950°C for
3 hours is shown in Table 1. The major changes in this
process include the color transformation and mass
reduction. For the former occurrence, there are color
changes of the quail eggshell from brown to white,
oyster shells from gray to white, and periwinkle shells
from brown to cream white, in which all of the color
alterations represent the organic decomposition in
each sample. For the latter occurrence, it is apparent
that the results of the production of CaO from the
calcination process is relatively efficient, as the percent
yield of CaO for quail eggshell, oyster shell, and periwinkle
shell were 98.6, 103.72 and 92.09 percent which is
calculated from the following Eq. (6).

Experimental mass

Percent yield = x 100 (6)

Theoretical mass

The slight mass reduction can be due to the
release of carbon and organic compounds during the
sintering process, which causes the compounds to
shrink [27]. The CaO production from oyster shells
has the highest percent yield as a result of the oyster's
prominent crystalline structures and the natural shell's
content of CaC03[28, 29]. However, the mass of CaO
and thus the experimental yield of CaO from oyster
shells are slightly higher than the theoretical yield.
The excessive amount of such can be due to the rare
impurities presented in the oyster shells, which were
not removed during the calcination. As a result, the
resulting mass of the sintered CaO also contains the
mass of other compounds, which suggests that higher
temperatures and periods of calcination, such as
1000°C for 10 h or 1200°C for 1 h, are required [30]. Due
to the limitation of the capability of the calcinating
machine, which reaches the highest temperature of
only 950°C, the impurities remain, which causes the

excessive mass and experimental yield of CaO from
the oyster shells. Another explanation is that there
were experimental errors, such as the inaccuracy of
the weighing instrument, which led to plausibly false
data and abnormal results. Nonetheless, these CaO
compounds will be the fundamental materials for
producing hydroxyapatite compounds via the precipitation
method.

Hydration of calcium oxide (Ca0O)

In this reaction, the formation of calcium
hydroxide (Ca(OH)2) occurs from the dissolution of
calcium oxide (CaO) in 30 ml distilled water (H>O) and
stirred at 300 rpm for 30 minutes. CaO was the limiting
reactant, while distilled water is the excess reactant.

According to Eq. (2), the reaction shows a 1:1
stoichiometric ratio between CaO and Ca(OH )y, therefore,
0.192 mol Ca0 produces 0.192 mol Ca(OH),. The molar
mass of Ca(OH), is 74 g/mol. Using Eq. (5), the mass of
Ca(OH), produced is calculated by multiplying 0.192
mol of Ca(OH), by 74 g/mol of Ca(OH);, which equals
14.21 g of Ca(OH),, This indicates that the mixture of 10.75
g of Ca0, previously produced from the decomposition
of 19.2 g of CaCOs, and 30 ml distilled water will
subsequently yield 14.21 g of Ca(OH),.

Synthesis of hydroxyapatite (Ca,o(PO, )s(OH),)

In the final stage of the synthesis of hydroxyapatite,
the hydroxyapatite compound is the product of the
precipitation method between Ca(OH), and phosphoric
acid, a phosphorus precursor selected because of its
cost-effectiveness with the production of water as the
sole by-product of the reaction, with a mixing duration
of 3 hours.

According to Eq. (3), the stoichiometry indicates
that 10 mol of Ca(OH); react with 6 mol of H3PO4 to
produce 1 mol of HA and 18 mol of H,0. Stoichiometrically,
if 10 mol of Ca(OH), requires 6 mol of H3PO4, then
0.115 mol of H3PO4 should be used, as 0.192 mol of
Ca(OH); is cross multiplied with 6 mol of H3PO4 and
divided by 10 mol of Ca(OH),. Therefore, 11.27 g of
H3PO4 (calculated from 0.115 mol H3PO4 x 98 g/mol
HsPO4) or 6.98 ml of H3PO4 (the density of the H3PO4
used in this study is 1.685 g/ml) should be used.
However, as Ca(OH), is designated as the limiting reactant
while H3POy4 is designated as the excess reactant, the
amount of H3PO4used in this study is 10 ml, which does
not affect the result or the property of the synthesized
HA as the pH level is being regulated and the solution
remained basic, as confirmed by using litmus paper,
despite the addition of the excess H3PO..

Onto the calculation of HA theoretical yield.
Firstly, moles of HA must be determined. According
to Eq. (3), the reaction shows a 10:1 stoichiometric
ratio between Ca(OH), and HA; therefore, 0.192 mol
of Ca(OH); produces 0.0192 mol of HA, calculated
from cross-multiplying 0.192 mol Ca(OH), with 1 mol
HA and being divided by 10 mol Ca(OH).. As the molar
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mass of HA (Ca10(PO4)s(OH)2) is 1004 g/mol, using Eq.
(5), the mass of HA produced can be determined by
multiplying 0.0192 mol HA by 1004 g/mol HA, which
equals 19.28 g of HA. Ultimately, this indicates that
the mixture of previously produced 14.21 g Ca(OH);
and 10 ml H3PO4 will theoretically yield 19.28 g of HA,
which originated from the initial substance of 20 g of
raw material of the shell waste or 19.2 g of CaCOs.
Table 1 demonstrates the quantified relationship
between the final product of the HA solid compound,
the initial starting compound of CaCOs, and the
intermediate compound of CaO for better effectiveness
of comparison of different masses of products, as well
as the percent yield of the resulting HA compounds.
Comparing the experimental yield of HA to the
theoretical yield of HA, it is perceptible that there are
losses of compound mass in the process of hydration and
synthesis of HA. For quail eggshell and periwinkle
shell, the percent yield of HA is slightly lower than the
percent yield of CaO, signifying that there is slight
weight loss during the transformation from CaO to
Ca(OH)2 or the transformation from Ca(OH)2 to HA,
in which the slight reduction will be explained later on.
More importantly, for oyster shells, the percent yield
of HA is markedly lower than its percent yield of CaO,
signifying a lot more weight loss compared to the
other two groups. This is due to the difference in the
crystallinity in the shell types and the calcium-deficient
structure in oyster shell composition [31]. To elucidate,

\ AND TEGHNOLGY

the crystal structure of calcium carbonate (CaCOs) in
the three shell types has two main crystalline forms:
calcite and aragonite. The shells of periwinkle snail
quail eggs contain only 10% or less aragonite and 90%,
and their main crystal structure is 90% or almost pure
calcite in periwinkle snail shells and quail eggshells,
respectively [11, 32]. Meanwhile, the composition of
the crystal structure of CaCOs in the oyster shells is
different, as it contains 72.3% calcite and 27.7% aragonite
[33]. Aragonite is less stable and more soluble compared
to calcite, in which its higher solubility and less ordered
structure, when mixed with distilled water during the
hydration and H3PO4 during the synthesis, can contribute
to a calcium-deficient structure. As the composition of
the oyster shells contains more aragonite, the larger
portion of the crystalline structure in the oyster shell
group with higher solubility and less stability can
immensely affect and reduce the final mass and
experimental yield of the synthesized HA product from
the oyster shells, compared to the periwinkle snail
shells and egg shells [34, 35].

Moreover, the weight loss in all shell types can
be caused by the loss of HA compounds during the
process of separating, grinding, and purifying HA
precipitates after they were filtered. Nevertheless, the
efficiency of production of HA compounds for all types
of shell is greater than 50%, which marks the valuable
success of the hydroxyapatite synthesis. [36, 37].

Table 1 Mass and percentage yield of CaO and HA from different CaCOs; sources.

Mass (g) Percent Yield
Sample Type CaCO;  Ca0 HA Ca0 HA
Theoretical Value 19.2 10.75 19.28 100 100
Quail eggshell 19.2 10.6 17.74 98.6 92.01
Oyster snail shell 19.2 11.15 14.2 103.72 73.65
Periwinkle shell 19.2 9.9 17.76 92.09 92.12

Overall, the entire process of the production
of synthesized hydroxyapatite is derived from the
initial compound of CaCOs. For all types of shells, the
initial quantity was 20 g of raw material or 19.2 g of
CaCOs, and the theoretical yield of synthesized HA
compound was 19.28 g. The experimental yield of HA
compounds was 17.74 g for quail eggshell, 14.20 g for
oyster shell, and 17.76 g for periwinkle shell, as
represented in Table 1. Regarding percent yield of HA,
calculated from Eq. (6), the periwinkle shell had the
highest percentage yield of 92.12%, followed by the
quail eggshell with a slightly lower percent yield of
92.01%; meanwhile, the oyster shell had a considerably
lower percent yield of 73.65% compared to the other
two sample types. Quail eggshell and oyster snail shell
have marginally lower percent yield compared to the
experimental yield, while CaO has drastically lower
percent yield. The lower experimental yield of all

samples was affected by the experimental errors during
different processes of separation and purification of
the solutions, where CaCOs, Ca0, and HA compounds
may be lost throughout various procedures, mainly
during the separation of HA precipitate from the filter
paper, as accumulation of leftover HA compound on the
filter paper can account for the considerable amount of
weight loss and yield difference.

In addition, the reasons for the dramatic
difference in percent yield in CaO are possibly due to
similar reasons as to the weight loss and HA production
efficiency from various CaO sample sources [27, 36].

Thermal analysis

Figure 4 reveals the exothermic nature of the
reactions involving oyster shells, periwinkle snail
shells, and quail eggshells during the synthesis process.
These images provide valuable insights into the heat
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release patterns and maximum temperatures reached
for each material. Oyster shells exhibited the lowest
peak temperature (42.6°C), suggesting a more moderate
heat release during the reaction. Quail eggshells showed
an intermediate thermal profile, reaching a maximum
of 45.5°C. Periwinkle snails demonstrated the highest
exothermic activity, with temperatures peaking at
51.7°C.

The varying thermal profiles can be attributed
to differences in the chemical composition and
structural characteristics of each shell type. Oyster
shells, primarily composed of calcium carbonate in
the form of calcite, tend to have a more stable crystal
structure, which may contribute to their lower heat
release [37]. In contrast, quail eggshells, while also rich
in calcium carbonate, typically contain a higher proportion
of organic matter and a more porous structure, potentially
leading to more rapid decomposition and higher heat
generation during the reaction [38].

The higher exothermic activity observed in
periwinkle snail shells could result in faster reaction
rates and potentially affect the crystallinity and particle
size of the resulting hydroxyapatite. This increased
thermal energy might promote better crystallization
and could influence the final product's properties [39].

(a) (b) (c)
Figure 4 Thermal images showing the exothermic
reaction during hydroxyapatite synthesis
from different shell sources: (a) quail eggshell,
(b) oyster shell, and (c) periwinkle shell.

XRD characterization

Figure 5 illustrates the XRD patterns of the
calcium oxide (CaO) samples, which were gathered from
calcined quail eggshells, oyster shells, and periwinkle
snail shells. Typical characteristic peaks of CaO can
be observed at 26 values of approximately 37.4° and
53.8°, and all three samples exhibit pronounced
peaks at these positions. The calcination process was
conducted at 950°C for 3 hours and successfully
converted CaCOs to CaO across all shell types. Subtle
variations in peak intensities among the three sources
suggest slight differences in crystallinity or purity.

The characterization of the CaO samples closely
aligns with the findings and results reported by
Meshkatalsadat (2023) [40], who observed diffraction
peaks (20) at approximately 32°, 37°, 53°, 64°, and
67°. This correlation further confirms the successful

conversion of CaCOs to CaO during the calcination process.

In a similar study, Rujitanapanich et al. (2014)
[41] reported XRD patterns for CaO obtained from
oyster shells after being calcined at 1200°C for 2 hours.
Their analysis revealed prominent CaO peaks at 37.4°
and 53.8°, which closely correspond to the findings of
the present study. This consistency across different
research efforts highlights the reliability of the calcination
method employed in this investigation for producing
high-quality CaO precursors from various shell sources.

Oysters shells-Ca0
Winkle shells-Ca0O
20000 Quail egg shells-Ca0

15000

Intensity (a.u.)

10000

5000

20 40 60 80
2Theta (Degree)

Figure 5 XRD patterns of CaO precursors.

Figure 6 illustrates the XRD patterns of HA
synthesized from three distinct sources: quail eggshells,
oyster shells, and periwinkle snail shells. Prominent HA
peaks can be seen at 26 values of approximately 25.9°,
31.8°,32.2°,32.9° 34.1°, 39.8° 46.7°, and 49.5°. The
intensity peak of the XRD diffraction pattern of the
synthesized HA from the three shell types is compared
and closely resembles the standard XRD pattern of HA
based on ICDD 9-432, which authenticates the high
crystallinity and phase purity of the synthesized HA.
The well-defined nature and high intensity of these
peaks are indicative of the synthesized HA's excellent
crystallinity. Moreover, the absence of significant
extraneous peaks suggests a high degree of phase
purity in the synthesized HA samples. These results
demonstrate the successful synthesis of high-quality
HA from the three different shell sources, with diffraction
patterns that closely align with established standards
for pure HA. The confirmation of the successful and high
quality of the synthesized HA also suggests excellent
biocompatibility and bioactivity, which are crucial
for successful integration with human bone tissue. The
HA obtained from the three shell sources closely mimics
the mineral composition of natural bone, verifying that
they contain the properties of osteoconductive and
possible cell attachment, which are essential for bone
regeneration applications. Moreover, the high crystallinity
and purity of the synthesized HA ensure that it
maintains structural integrity for supporting new bone
growth, making it highly suitable and useful for
usage in orthopedic and dental applications, in which
osseointegration is important. This enhances the
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material's clinical performance in bone grafts and
implants, highlighting its suitability for medical
applications where bone regeneration is required [42].

Regarding the difference in the degree of
crystallinity, the difference could be attributed to
many different factors in the process that we used in
the synthesis of HA. The difference in raw material
is one possible explanation that could influence the
crystallinity due to the variations in the mineral
composition's organic content as well as impurities
found in the raw material. Another possibility could be
attributed to the conditions under which the HA was
synthesized as well as post-synthesis treatment with
factors such as temperature, pH, and concentration
of reactants possibly affecting the crystallinity.

In a similar study, Shahabi et al. (2014) [43]
reported that the standard XRD pattern based on
ICDD 9-432 closely matches the XRD pattern of their
HA samples, which also closely match the XRD pattern
of the synthesized HA samples for further confirmation
of the successful synthesis.

Venkatesan and Kim (2010) [44] investigated
HA synthesis from fish bones. Their XRD results also
revealed typical HA diffraction patterns similar to those
observed in the present study, further corroborating
the successful synthesis of HA from marine biowaste
materials.

Oysters shells-HA

6000 Winkle shells-HA
Quail egg shells-HA
5000 \\\-\wmbwﬁ,.\ _'r.-,.,\ .
Mear AN D AP e s o T W Y—
E 4000
=
‘@
c 3000 I
g \wwu"w T RIS
2000
1000
0 10 20 30 40 50 60 70 80

2Theta (Degree)
Figure 6 XRD patterns of synthesized hydroxyapatite
(HA).

CONCLUSIONS

This study successfully produces synthesized
HA from quail eggshells, oyster shells, and periwinkle
snail shells using a wet precipitation technique, with
periwinkle shell containing the highest percentage
yield of producing HA compounds of 92.12%, followed
by quail eggshell at 92.01%, respectively.

The oyster shell has a relatively lower percentage
yield of 73.65% due to weight loss during the procedure
of separation and purification of the HA compound as
well as a crystallinity difference, particularly the greater
prevalence of aragonite in the oyster shells. The XRD
results for both CaO precursors and synthesized HA

\ AND TEGHNOLGY

aligned with previous studies, which verifies the
reliability and credibility of the study's methodology.
As the CaO precursors showed characteristic peaks
at 26 values of approximately 37.4° and 53.8°, they
confirm the successful transformation of calcium
carbonate to calcium oxide. Moreover, the synthesized
HA compound revealed peaks at 26 values of
approximately 25.9°,31.8°,32.2°,32.9°, 34.1°, 39.8°,
46.7°, and 49.5°, which indicate the high properties
of crystallinity and purity of the HA compound.

The successful synthesis of high-quality HA
from these shell sources demonstrates high crystallinity,
phase purity, excellent biocompatibility, bioactivity,
and osteoconductive property of the synthesized
HA, which are essential for integration with human
body tissues, foundation of bone growth, and bone
regeneration applications. This suggests its suitability
for orthopedic, dental, and medical applications due
to its clinical effectiveness in bone grafts and implants.

Additionally, the environmentally friendly
approach of repurposing waste shells aligns with the
growing emphasis on sustainability in healthcare,
potentially influencing the next generation of
biomaterial development. The findings of this study
open up the possibilities and pathways for further
research into tailored HA composites, promoting
innovations that improve patient outcomes while
reducing environmental impact, thus bridging the
gap between sustainable practices and advanced
medical technologies.

The findings contribute to the potential
development of recycling food waste in Thailand
while addressing the waste management issues and
aligning with sustainable practices in the food industry.

Future research could focus on optimizing
large-scale production, exploring additional applications,
and investigating the economic feasibility for industrial
implementation. In the medical field, further studies
could address the development of advanced, sustainable
biomaterials or products such as bone scaffolds and
coatings for medical implants to maximize the cost-
effectiveness and environmental benefits of HA
synthesized from shell waste.

Several key areas can be explored in future
analysis to enhance the characterization of hydroxyapatite
(HA) synthesized from quail eggs, oyster shells, and
periwinkle shells. We could evaluate the mechanical
properties, including compressive strength and fracture
toughness, to ensure suitability for load-bearing
applications. Biocompatibility could be assessed through
in vitro cell viability assays and in vivo studies. Surface
characterization could be conducted using SEM and
AFM to analyze morphology and porosity. Chemical
composition and purity could be verified with FTIR and
ICP-OES, focusing on the Ca/P ratio and impurities.
Thermal stability could be examined with TGA and
DSC, while long-term stability and degradation could
be tested in simulated body fluids. Additionally, process
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optimization and cost analysis could be performed to
facilitate large-scale production. Comparative studies
with commercial HA and exploration of alternative
synthesis methods could also be undertaken to benchmark
performance and refine material properties.
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ABSTRACT

The two-spotted cricket ( Gryllus bimaculatus) and short-tail cricket (Brachytrupes portentosus) are economically
significant edible insects in Thailand, boasting up to 60% protein content. This study investigates the effects
of different types of proteases on the production of protein hydrolysates and biological activities from two cricket
species, divided into 4 groups based on extraction and digestion methods as proteins extracted by heat at
100°C, proteins digested with the protease SD-AY 10, pepsin, and a combination of protease SD-AY 10 and
pepsin. None of the 4 protein groups inhibited pathogenic £. coli, Salmonella enteritidis, and Salmonella
typhimurium. The total antioxidant capacity (TAC) assessment showed that proteins from G. bimaculatus
digested with SD-AY 10 had a significantly higher antioxidant level (5.5 nmol/ul), while proteins from A.
portentosus digested with pepsin had a similarly high antioxidant level (5.59 nmol/ul), both significantly
higher than other groups (p<0.05). Proteins from both crickets digested by enzymes were safe for RAW 246.7
macrophage cells at concentrations from 1.56 to 25% (v/v) and effectively inhibited nitric oxide production.
Protein hydrolysates from G. bimaculatus and B. portentosus inhibited nitric oxide production at a concentration
of 25% (v/v) equivalent to [B-glucan. Phagocytic activity was also observed in protein hydrolysates from both
cricket species, stimulating RAW 246.7 cells at concentrations of 1.56-25% (v/v). However, protein hydrolysate
from B. portentosus, digested with pepsin at a concentration of 1.56-12.5% (v/v) showed higher phagocytic
activity values (152.52-163.86%) compared to 3-glucan (149.18%). The results showed that protein hydrolysates
from two cricket species, digested by enzymes, exhibited antioxidant activity, inhibited nitric oxide production,
are safe for cells, and hold potential as future supplements for human food and animal feed additives.

Keywords: Edible insects, Protein hydrolysates, Bioactive compound

INTRODUCTION Edible insects are an emerging source of
protein, and scientists are interested in using insect
proteins to create functional foods and nutritional
supplements such as protein extracts, protein
hydrolysates, and peptides. These substances can
exhibit biological activity including antioxidants,
anti-diabetic agents, anti-hypertensive agents, anti-
cancer agents, as well as pathogen inhibitors, immune
stimulants, and growth promoters [4]. The production
of protein hydrolysates and peptides is primarily
through protease hydrolysis processes such as alcalase,
pepsin, papain, bromelain, trypsin, chymotrypsin,
neutral protease, and proteinase-k [5-8]. Enzymes
utilized in the process of protein digestion to produce
protein hydrolysate may yield different biologically
active substances depending on the protein source,
despite being the same type of enzyme. Zielinska et al.
[9] studied the antioxidant and anti-inflammatory
effects of using enzymes in the gastrointestinal
tract to digest proteins from three species of edible
insects: Gryllodes sigillatus, Tenebrio molitor, and

Population growth and global warming have
significantly impacted food security. As protein sources
may become insufficient to meet rising demand,
prompting scientists to explore edible insects as an
alternative protein source for humans and animals
over the past decade. Edible insects have been
investigated in various fields including breeding, food
research, safety, storage, and packaging [1]. Thailand's
high biodiversity provides up to 300 species of edible
insects. The widespread consumption of insects began
with the outbreak of the Patanga locust in 1978, which
caused severe damage to agricultural crops, leading
to a change from natural harvesting to insect farming
practices [2]. Consequently, Thailand has witnessed
a substantial expansion in its insect-related export
market, encompassing a wide array of products such
as fresh and frozen insects and processed forms such
as fried, roasted, insect powder, protein shakes, and
bars, with an estimated annual value of 28.57 million
USD [3].
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Schistocerca gregaria. Different types of enzymes,
when digesting the same protein, can produce varying
antioxidant activities. This variation results from
differences in protein size and the number of positive
and negative charges in the structure, which affect
the biological activity [10], which is important for
applications in the food, cosmetics, health products,
and animal dietary supplement industries.

The two-spotted cricket ( Gryllus bimaculatus)
and short-tail cricket ( Brachytrupes portentosus) are
economically important insects cultivated for their
high nutritional value. Protein, fat, and carbohydrate
percentages of G. bimaculatus were 57.02%-70.2%,
13.90%-33.14%, and 13.90%, respectively with B.
portentosus 48.69%-59%, 20.60%-26.15%, and 5.15%,
respectively [8, 11, 12]. Hall et al. [13] studied insect
protein hydrolysates from whole crickets ( Gryllodes
sigillatus) using alcalase for enzymatic hydrolysis to
enhance functional properties. The hydrolysates,
composed of smaller peptides and amino acids, showed
improved solubility, emulsifying, and foaming abilities.
These hydrolysates are widely applied in food products
for their nutritional and functional benefits, contributing
to better texture, stability, and overall product quality.
This research used protease enzymes to produce
protein hydrolysates and investigated the biological
activities of these two species. The knowledge gained
will promote the production of high-value insect
products for use as health enhancers, cosmetics, and
animal health supplements.

MATERIALS AND METHODS
Extraction of soluble proteins from crickets

The extraction process of the two species of
crickets, G. bimaculatus and B. portentosus involved
weighing 50 g of fresh cricket, adding 400 ml of distilled
water, blending thoroughly and then packing the
mixture in a 500 ml glass bottle before sterilization in
an autoclave at 100°C for 30 min. After sterilization,
the precipitate was separated by centrifugation at
a speed of 5000 rpm for 15 min, and the supernatant
was stored at -20°C.

Protein hydrolysate production using enzymes

Three samples of cricket protein hydrolysates
were used.

1. Protein hydrolysates were obtained from
the action of the enzyme SD-NY10 (Amano, Japan) at
a concentration of 300 units/100 ml of soluble protein
extract. The water-soluble protein extract were adjusted
to pH 7 and incubated in a temperature-controlled
bath at 50°C for 8 h. After incubation, the enzyme
reaction was stopped by boiling in water for 10 min
and the samples were stored at -20°C.

2. 100 ml of the extracted soluble protein
were adjusted to pH 3 using 0.5 N hydrochloric acid.
The enzyme pepsin at a concentration of 300 units/100

\ AND TEGHNOLGY

ml of soluble protein extract. (Sigma-Aldrich, Germany)
was then added and the mixture was incubated in a
water bath shaker at 37°C for 2 h. The enzyme reaction
was stopped by boiling the mixture in water for 10 min.

3. Protein hydrolysate samples digested with
the enzyme SD-NY10 were then digested with the
pepsin enzyme, as described above, and stored at -20°C.

Protein analysis

Protein content was measured using the
Bradford assay with ready-made Bradford reagent
(Bio-Rad, USA) diluted with distilled water at a ratio
of 1:4. A 0.5 ml sample was taken to determine the
protein amount, and 5 ml of the diluted Bradford reagent
was added. The mixture was thoroughly mixed, and the
absorbance was measured at a wavelength of 595 nm.
The experiment was repeated three times and compared
with a standard curve of bovine serum albumin at
concentrations of 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2
mg/ml (Sigma-Aldrich, Germany).

Analysis of protein molecular weights by SDS-PAGE

Protein samples from the crickets and standard
protein were transferred on precast acrylamide gels
with continuous concentrations of 4-12% (Invitrogen,
USA) using electricity of 170 volts for 45 min. Protein
bands were fixed on the gel plates with the Fixing
solution for 1 h, stained with Coomassie brilliant blue
for 2 h, and then the stain was washed off with the
Destain solution overnight. The molecular weight of
the sample protein was compared with the standard
band displayed on the gel. The procedure for staining
the gel was adapted from Green and Sambrook [14].

Pathogenic bacterial inhibition by the agar well diffusion
method

The experiment used three bacterial strains:
Escherichia coli TISTR 117, Salmonella typhimurium
TISTR 292, and Sa/monella enteritidis TISTR 2519. The
bacteria were cultured in nutrient broth and incubated
at 37°C for 18-24 h. The bacterial concentrations
were then adjusted to 1x108 CFU/ml using 0.85%
sodium chloride and compared with the McFarland
Standard 0.5. The bacteria were spread on nutrient
agar using the 3-way streaking method. Wells were
created with a No. 3 cork borer, and 100 pl of the
substances from both species of crickets were added
into each well. Each plate was replicated three times
and incubated at 37°C for 18-24 h. The inhibitory
effect was examined by measuring the diameter in
millimeters of the clear zones formed.

Antioxidant activity

The total antioxidant capacity was assessed
using a total antioxidant capacity assay kit (TAC)
from Sigma-Aldrich, Germany, and compared to the
standard Trolox measurements at a wavelength of
570 nm using a microplate reader (Multiskan Go,
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Thermo Scientific, Finland). A critical evaluation
criterion was ensuring that the absorbance value of
the cricket protein sample did not surpass the standard
curve. If this occurred, then sample dilution was
necessary.

Cytotoxicity testing

A RAW 264.7 cell culture (Mouse macrophage
cell line ATCC ® number TIB-71™), ATCC, Virginia,
USA was used.

1. RAW 264.7 cell cultures were prepared
in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum and 1%
antibiotic-antimycotic in a 75 cm? surface area cell
culture flask and incubated at 37°C with 5% CO;
until they reached a density of 80%. The cells were
then dissociated into a single cell suspension and
counted to a concentration of 1x10° cells/ml.
Subsequently, the cells were cultured in a 96-well
culture plate and incubated at 37°C with 5% CO,.

2. The six test samples were prepared as
protein hydrolysates from the two species of cricket.
These test samples were filtered through a 0.22-
micron filter and then diluted in cell culture media
to concentrations of 50, 25, 12.5, 6.25, 3.13, and 1.56%
(v/v). The positive control solution was supplemented
with 10% DMSO in the culture medium, while the
negative control solution was used DMEM. Each
experimental group was replicated three times, and
cells were incubated for 24 h. After incubation, cell
viability was assessed through succinate dehydrogenase
enzyme activity in living cells according to the protocol
in ISO 109935-5. 100 ml of MTT solution (1 mg/ml) were
then added and incubated at 37°C for 2 h. After
incubation, the MTT solution was removed, and 100 puL
of DMSO were added to the cells. The formation of a
purple substance was observed and measured, with
light absorbance value at a wavelength of 570 nm
(ABSs70).

3. The cell survival percentage was calculated
and compared between the test sample and control
groups as follows:

ABSs7( of test sample

Cell viability % = x100

ABS57¢ of the control group

Substances with a cell viability value below
70% were considered cytotoxic.

Stimulating nitric oxide production in the macrophage
cell line

1. The cell line RAW 246.7 was cultured
using the same method as in the cytotoxicity test
but with a cell concentration of 2x10° cells/ml. The
same procedure for testing and protein hydrolysate
extraction from cricket samples was used in the
cytotoxicity study. The positive control for this test was
a lipopolysaccharide solution (L4931) from Escherichia
coli of Sigma-Aldrich, Germany at a concentration

of 1 pg/ml in the culture medium, while the negative
control was a diclofenac solution at a concentration
of 40 pg/ml in the cell culture medium. Each group
was replicated three times.

2. Nitric oxide quantification

The RAW 264.7 cell line was cultured in a
cell culture medium with the test sample, positive,
and negative controls for 24 h. Then, the obtained
cell culture medium was analyzed to measure the
quantity of nitric oxide using a Griess reagent kit
(Thermo Fisher Scientific, USA). The quantity of
nitrite produced by the cells was assessed by the
spectrophotometric analysis of light absorption at a
wavelength of 570 nm and compared with a nitrite
standard. Nitric oxide quantification was calculated
as follows:

ABSs57( of test sample

Nitric oxide (pmol) = the slope value on the standard graph

The method was adapted from Zhang et al. [15].
Phagocytic activity analysis of macrophage cells

The RAW 264.7 cell culture method and test
substances were the same as in the cytotoxicity test,
with 8-glucan at a concentration of 100 pg/ml in
the culture medium used as a positive control. The
negative control group consisted of cells cultured in
Dulbecco's modified Eagle's medium (DMEM). All
experimental groups were replicated three times.
After incubation for 24 h, the cell culture medium was
removed, and 100 pul of neutral red solution (at a
concentration of 0.075% in PBS) was added to each
well and incubated for 3 h at 37°C. After this incubation,
the neutral red solution was removed, the cells were
washed once with PBS pH 7.4, and Destain was added
for 1 h according to the method of Zhang et al. [15].
The absorbance was then measured at a wavelength
of 540 nm to calculate the phagocytic activity as:

Phagocytic activity = (ABSs40 of test sample — ABSs4o
of the negative control unit) x 100

RESULTS AND DISCUSSION

Characterization of protein hydrolysates derived
from two species of cricket

Water-soluble proteins from G. bimaculatus
and B portentosus were extracted using heat at 100°C
for 30 min in an autoclave. The resulting water-soluble
protein yields were 0.84 and 0.92 mg/ml, respectively.
Subsequent enzymatic digestion of the water-
soluble proteins produced three types of peptide
hydrolysates: protein hydrolysates from digestion
with the enzyme SD-AY 10, SD-AY 10 with pepsin, and
pepsin. When different enzymes were used to digest
the water-soluble proteins, the amounts of proteins
digested varied. Peptides digested with SD-AY
10+pepsin from both cricket species had the highest
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protein digestion values of 96-98%, followed by
peptides digested with pepsin at 83-84%. The lowest
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digestion was observed in peptides digested using
the SD-AY 10 enzyme (Table 1).

Table 1 Soluble protein hydrolysates (%) from two cricket species digested with pepsin and SD-AY 10.

Soluble protein hydrolysates (%)

Cricket species - -
SD-AY 10 Pepsin SD-AY 10+Pepsin

G. bimaculatus 37 84 96

B. portentosus 72 83 98
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Figure 1 SDS-PAGE patterns of 5. porren-[osus and G. bimaculatus proteins. A—D=i3roteins from B.
portentosus and a-d protein from G. bimaculatus. A, a = protein extracted with heat 100°C, B b = protein
hydrolysate by SD-AY 10; C c = protein hydrolysate by SD-AY 10+pepsin and D d = protein hydrolysate

by pepsin.

The protein hydrolysate obtained from 5.
portentosus digested with SD-AY 10 had a higher
level of digested protein compared to G. bimaculatus
(Table 1). Different amino acid compositions in the
protein structure impacted the specific binding site
of the enzyme SD-AY 10 for the amino acid serine [16],
leading to limited enzymatic activity. This observation
aligned with Leni et al. [17]. They utilized the enzyme
bromelain for protein digestion from larvae of
Alphitobius diaperinus and Hermetia illucens and
recorded distinct protein digestibility values that
differed by 13.3% and 23.1%, respectively.

Analysis of protein hydrolysate solutions
derived from both cricket species via SDS-PAGE at an
acrylamide gel concentration of 4-12% revealed water-
soluble proteins extracted at 100°C from B. portentosus
with molecular weights of 10, 17, 30, 43, 60, 72, and 95
kDa. The proteins digested with SD-AY 10 exhibited
bands in the molecular weight range of 17 kDa, while
the proteins digested with SD-AY 10+pepsin resulted
in no protein bands on the gel. Proteins digested with
pepsin displayed bands at molecular weights of 43 and
15 kDa. Proteins extracted with heat from G. bimaculatus
showed bands at 10, 17, and 43 kDa, while proteins
digested with the enzyme SN-AY 10 demonstrated a
lighter band at 43 kDa and more intense bands
between 17 and 10 kDa. Proteins digested with SD-AY
10+pepsin and pepsin exhibited analogous outcomes
to those from B. portentosus (Figure 1). Proteins

digested with SD-AY 10+pepsin showed 96-98%
protein digestion (Table 1) with no protein bands on
the gel, suggesting protein digestion to a size of less
than 10 kDa. These findings align with previous
research utilizing endo-proteases such as papain,
bromelain, pepsin, and protease enzymes from
microorganisms, which digested proteins extracted
from water-based edible insect sources, yielding
protein sizes ranging from 10 to 35 kDa [8, 18-20].

Biological activity

1. Effective inhibition of pathogenic
microorganisms

The protein samples derived from G.
bimaculatus and B. portentosus were used to test
the inhibition of pathogens £ coli, S. enteritidis, and S.
typhimurium included heat-extracted soluble protein,
and protein hydrolysates obtained through digestion
with SD-AY 10, SD-AY 10 combined with pepsin, and
pepsin using the agar well diffusion method. Results
indicated that the protein samples from both species
of crickets were unable to inhibit all three species of
pathogens, consistent with results reported by Flores
et al. [20]. They extracted proteins from the edible
insects 7enebrio molitorand Ulomoides dermestoides
digested with protease from Aspergillus oryzae, yielding
peptides with molecular weights ranging from 45 kDa
to less than 10 kDa, which were unable to inhibit
Salmonella spp. Similarly, Sousa et al. [21] found that
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protein hydrolysates of the edible insect Alphitolios
cliperinus, obtained from alcalase digestion, were
unable to inhibit the growth of £ coliand . enteritidis.
These results highlighted that protein hydrolysates
from the 150 insect species studied were ineffective
in inhibiting pathogenic microorganisms.

2. Total antioxidant capacity

The total antioxidant capacity (TAC) assesses
the resistance to free radicals generated within the
body during the process of oxygen metabolism, which
produces reactive oxygen species (ROS) including
hydrogen peroxide (H20-), hydroxyl radical (HO*),
peroxyl radical (ROO*), and superoxide radical (02*)
[22]. This test evaluated the water-soluble protein
extracts and protein hydrolysates from two species
of crickets for their antioxidant efficiency. Compared
to the standard Trolox, G. bimaculatus protein
hydrolysates digested with SD-AY 10 exhibited the
highest antioxidant efficiency at 5.5 nmol/ul,

significantly higher than the other protein solutions
(p<0.05). Conversely, proteins extracted with heat at
100°C demonstrated the lowest efficiency. The heat-
extracted protein exhibited lower antioxidant
activity compared to the enzymatically hydrolyzed
protein, particularly in the case of G. bimaculatus.
According to the SDS-PAGE results, several large proteins
were present, ranging from 43 to 130 kDa. The size of
these proteins influences their antioxidant capacity,
with smaller proteins demonstrating greater antioxidant
activity. This observation aligns with findings that
smaller proteins exhibit stronger antioxidant properties
[23]. For B. portentosus, protein hydrolysates digested
pepsin displayed efficient antioxidant activity, significantly
higher than other protein solutions (p<0.01) with an
efficiency value of 5.59 nm/ul (Figure 2). Consistent
with numerous studies exploring protein digestion
in edible insects using alkaline protease enzymes
and digestive enzymes [20, 21, 24, 25].
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Figure 2 Effect of protein hydrolysates from B. portentosus and G. bimaculatus on total antioxidant capacity
“Significant difference (p<0.05), “significant difference (p<0.01).

The molecular weight of the peptides influenced
the antioxidant properties. The experimental group
digested with a single type of SD-NY10 of G. bimaculatus,
with molecular weights ranging from 10 to 17 kDa,
displayed better antioxidant efficiency than those
utilizing SD-AY 10 with pepsin, which had a molecular
size lower than 10 kDa, consistent with Jang et al. [26]
and Flores et al. [20] within this molecular weight
range. The antioxidant efficiency of peptides depends
on various factors such as amino acid composition,
hydrophilic-hydrophobic properties, polarity of the
structure, enzyme types, and methods used to break
down protein structures into peptides [4, 27].

3. Cytotoxicity

Peptide samples from the two cricket species
were divided into three experimental groups: proteins
digested with SD-AY 10, SD-AY 10+pepsin, and pepsin.
Each experimental group utilized concentrations of
protein solutions such as 1.56, 3.13, 6.25, 12.5, 25, and
50% (v/v) of RAW 264.7 cell culture medium. Results

revealed that peptides within the concentration range
of 1.56-25% (v/v) in all experimental groups exhibited
cell safety, with over 70% cell viability, especially
peptides from each cricket species. When comparing
peptides derived from hydrolysis using three different
enzyme treatments, those from G. bimaculatus
hydrolyzed with SD-AY10 exhibited the highest cell
viability (p<0.01). In contrast, proteins from B.
portentosus digested with pepsin demonstrated
superior safety, with cell survival rates ranging from
104% to 109% (p<0.01). However, cell toxicity was
observed across all experimental groups at a 50%
(v/v) sample concentration, indicating that higher
concentrations of cricket protein hydrolysates
resulted in increased cytotoxicity. These findings are
consistent with those of Riolo et al. [28], who reported
that elevated concentrations of protein hydrolysates
from black soldier fly (Hermetia illucens) were
harmful to fibroblast cells (L-929). (Table 2).
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Table 2 Effect of protein hydrolysates from B. portentosus and G. bimaculatus on the viability of the RAW

264.7 cell line.
Cell viability of RAW 264.7 (%)
Type of protein
%gdrolgsates Samp le o SD-AY 10 SD-AY 10 + pepsin pepsin DMSO 10%
concentration % (v/v) (viv)
treatment

1.56 90.52+0.97F  79.69+0.26°  86.45+2.72P

3.13 87.48+0.87°  75.60+0.46¢  83.63+2.30

, 6.25 86.86+1.29°  76.37+0.86°  82.29+3.08
G. bimaculatus 125 84.79+0.66°  73.09+0.68>  76.47+2.88> 17.1130.09

25 82.69+0.661  73.6840.82°  73.50+2.08

50 61.0041.33*  50.36+0.82¢  53.40+0.51

1.56 88.09+126°  84.36+1.96°  109.36%1.53

3.13 87.08+0.72>  86.80+1.03°  106.68+0.69°

6.25 89.11+0.45"  86.19+1.14°  108.37+1.45?
B, portentosus 125 88.21+1.69  85.89+0.46°  109.67+0.60° 17/-11%0.09

25 85.27+1.50°  79.48+1.06°  104.67+1.423

50 33.8041.23¢  47.06+1.45°  63.34+1.40°

Note: *P“Means within a row with different letters are statistically significant (p<0.01)

Table 3 Effect of protein hydrolysates from B. portentosus and G. bimaculatus on nitric oxide production of

the RAW 264.7 cell line.
Nitric oxide production of the RAW 264.7 cell line
Type of protein Sample .
hydrolysates concentration SD-AY 10 SD-AY 10+ pepsin  pepsin LPS Diclofenac
treatment % (v[v) (1pgfml) (40 pg/ml)
1.56 35.48+0.27° 33.72+0.56° 86.4512.722
3.13 37.23+0.57° 36.02+0.77° 83.63£2.30°
bi y 6.25 33.81+0.70° 32.97+0.51P 82.2943.08? N .
G. bimaculatus 12,5 22.90£0.22°  21.84:033"  76.47+2.88 >402£0.54 15.511.50
25 9.30£0.712 6.89+0.13P 9.43+0.98?
50 - - -
1.56 40.25+1.112 33.74+0.45P 34.60+1.10°
3.13 39.56+0.462 33.30%0.56°¢ 34.75+0.86P
6.25 34.34+0.91° 30.64+0.27° 30.47+0.60°
B. portentosus 12,5 2226:1.00°  19.73:029°  21.01#0.572 S+0220-54 1551£1.50
25 7.66x0.36° 6.73+0.94% 5.94+0.22b
50 - - -

Note: 2PMeans within a row with different letters are statistically significant (p<0.01)

4. Effect of protein hydrolysates on the production
of nitric oxide (NO)

In all the experimental groups, protein
hydrolysates derived from the two cricket species,
at a concentration of 25% (v/v), exhibited a higher
inhibitory effect on nitric oxide production than
diclofenac (anti-inflammatory substance) at 15.51
pmol. The amount of nitric oxide ranged from 5.94 to
9.43 derived from G. bimaculatus hydrolyzed using
SD-AY10+pepsin exhibited significantly reduced
nitric oxide (NO) levels (p<0.01). Similarly, peptides
obtained from B. portentosus hydrolyzed with
pepsin also showed the lowest NO levels (p<0.01).
Notably, at a concentration of 50% (v/v), NO was

In most experimental groups, protein
hydrolysate concentrations ranged from 1.56% to
12.5% (v/v) and demonstrated the ability to trigger
nitric oxide production comparable to the positive
control using LPS (34.02 pmol) as a stimulant, except
for protein from G. bimaculatus digested with pepsin,
which stimulated high levels of nitric oxide production
ranging from 76.47 to 86.45 pmol. Nitric oxide is
considered harmful to cells and classified as a pro-
inflammatory substance. An excessive amount of
nitric oxide stimulates immune cells to produce more
substances that induce cell inflammation [29, 30].
The stimulation and inhibition of nitric oxide production
by protein hydrolysates from both cricket species
depended on various factors including the type of

undetectable (Table 3).
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protein-digesting enzyme, insect species, protein
molecular weight, and testing substance concentration.
The reported of Yoon et al. [31] investigated the use of
the enzyme Flavourzyme/alcalase and a combination
of two enzymes in digesting proteins from the three
insect species: Tenebrio molitor, G. bimaculatus, and
Bombyx mori. The peptides tested had molecular
weights ranging from less than 10 to 15 kDa. The protein
concentration used in nitric oxide production was
tested in RAW 624.7 cells at 0.1, 0.3, and 0.5 mg/ml.
Protein hydrolysate from B. mori with both enzymatic
digestions inhibited nitric oxide production better
than the other two species, with a concentration of
0.5 mg/ml demonstrating the highest inhibitory effect.

5. Effect of peptide hydrolysates on phagocytic
activity

Phagocytic activity measures the response
of white blood cells to the invasion of foreign agents
such as bacteria, viruses, or substances (polysaccharides,
proteins, hydrolysates, and herbal extracts) [29].
White blood cells destroy invaders by releasing pro-
inflammatory substances including reactive oxygen
species, reactive nitrogen species, interleukin-18,
and tumor necrosis factor-a [32]. Thus, measuring

phagocytic activity assesses the ability of white blood
cells to destroy foreign substances when stimulated.
Testing the protein hydrolysates from both cricket
species revealed that at a concentration of 50% (v/v)
in all experimental groups, the protein hydrolysates
exhibited no phagocytic activity, which correlated
with the production of nitric oxide and the cell survival
rate. Notably, analysis of protein hydrolysates from
G. bimaculatus revealed that proteins digested with
pepsin at concentrations ranging from 1.56% to 12.5%
(v/v) exhibited higher phagocytic activity than the
positive control (149.18%), with activity values between
152.52% and 163.86%. Additionally, when comparing
peptides hydrolyzed by the three enzymes, those
treated with pepsin showed the highest phagocytic
activity (p<0.01). Conversely, protein hydrolysates
from B. portentosus at concentrations of 12.5% and 25%
(v/v) showed phagocytic activity between 154.16%
and 158%, exceeding the positive control (Table 4).
Peptides hydrolyzed predominantly by pepsin had the
highest phagocytic activity (p<0.01). These differences
in macrophage activity and nitric oxide (NO) levels
could be due to the distinct peptides generated by each
enzymatic digestion.

Table 4 Effect of protein hydrolysates from B. portentosusand G. bimaculatuson phagocytic activity of the

RAW 264.7 cell line.
Phagocytic activity of the RAW 264.7 cell line
Type of protein Sample R -glucan
hydrolysates  concentration SD-AY 10 SD-AY 10+ pepsin  pepsin (100 pg/ml) control
treatment % (v[v)
1.56 108.16+2.29¢ 141.11+2.52>  156.69+2.882
3.13 138.58+5.44P 139.19+1.36>  159.01+0.752
. 6.25 128.75+4.57¢ 141.59+0.66°>  163.86+2.902
C. bimaculatus 12.5 137.21£3.19°  138.34:0.38"  152.52¢4.912 149.18+2.41 100
25 145.97+1.39° 131.43+0.81>  142.76%5.532
50 - - -
1.56 128.9+71.48  115.05:1.65°  131.192.26°
3.13 137.09+0.242 116.01+0.56¢  130.58+2.77°
6.25 138.92+0.42° 124.82+2.69>  139.02+2.562
B. portentosus 12.5 1502143.41°  130.70+1.12°  154.16+3.322 149-18x241 100
25 136.98+3.78P 123.93+0.92¢ 158.60%3.27°
50 - - -

Note: *P“Means within a row with different letters are statistically significant (p<0.01)

Results demonstrated that protein hydrolysates
or peptides generated through protease digestion
enhanced the phagocytic activity of macrophage cells.
Various factors influenced cell activation including the
molecular weight and concentration of the activating
proteins, as well as their correlation with the cell
survival rate [33-35].

CONCLUSIONS

The protein hydrolysates utilized in this study;,
derived from G. bimaculatus and B. portentosus,
were digested with the enzymes SD-AY 10, pepsin, and

a combination of SD-AY 10 and pepsin. Evaluation
of biological activity revealed that G. bimaculatus
protein digested with SD-AY 10 exhibited the highest
antioxidant activity, while protein hydrolysates
from B. portentosus hydrolyzed with pepsin had the
highest antioxidant activity. Cytotoxicity assessment
conducted on RAW 246.7 macrophages indicated that
protein hydrolysates in all experimental groups were
cell-safe at concentrations ranging from 1.56% to 25%
(v/v). Protein hydrolysates from both cricket species
inhibited nitric oxide production at a concentration of
25% (v[v), exerting anti-inflammatory effects. However,
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concentrations of 1.56% to 6.25% (v/v) stimulated
the immune system and induced phagocytic activity.
Proteins from G. bimaculatus digested with pepsin
exhibited the highest phagocytic activity at concentrations
ranging from 1.56% to 12.5% (v/v), while B. portentosus
proteins digested with pepsin displayed the highest
phagocytic activity at concentrations of 12.5% to 25%
(v/v). Results suggested that protein hydrolysates from
G. bimaculatus and B. portentosus showed significant
biological activity and acted as antioxidants, anti-
inflammatory agent, and immune stimulants. Further
investigations should explore the development of
other novel bioactive compounds derived from
Thailand's biological resources. These compounds
hold promises for applications as pharmaceutical,
cosmetic, and health supplements for both humans and
animals, thereby enhancing the value and economic
potential of insects in the country.
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