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Analysing the impact of field conditions, pitch features, and opponent
strength on cricket performance: A machine learning approach
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Abstract:

Cricket, a sport that is beloved worldwide, requires a combination of expertise, and strategic intelligence.
This exposition explores the study of cricket performance, specifically examining how factors such as playing
circumstances, pitch dynamics, and the qualities of opponents affect the effectiveness of bowlers and the skill of
hitters. The study tries to discover underlying patterns and relationships between these characteristics and player
success by using rigorous statistical analysis and other machine learning techniques. Assessment criteria, including
accuracy, mean absolute error (MAE), root mean square error (RMSE), and R2 scores, are used to measure the
prediction effectiveness of the models. The findings highlight the significant influence of the quality of opponents,
the features of the pitches, and the circumstances of the field on the performance of players. In addition, the analysis
clarifies the predictive ability of several machine learning algorithms, highlighting Random Forest, XGBoost, and
LightGBM as the most precise models. These discoveries provide useful knowledge for academics, educators, and
cricket enthusiasts, enabling a better understanding of the various factors that influence player performance and
promoting informed strategy discussions.

Keywords: cricket analytics, machine learning, player performance analysis, prediction analysis, statistical modelling.
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way for the emergence of new cricketing powerhouses
[1-3]. The dawn of the 20" century ushered in a new era
for cricket, characterised by technological advancements,
commercialisation, and globalisation. The advent of radio
broadcasts, followed by television coverage, brought cricket
into the homes of millions, transforming it from a local
pastime into a mass entertainment spectacle. The inaugural
Cricket World Cup in 1975 marked a watershed moment
in the sport’s history, signalling its transition into a global
sporting phenomenon [1-3].

1. Introduction

Cricket, often referred to as a gentleman’s game, has
captivated millions of fans worldwide through its unique
blend of skill, strategy, and tradition. Originating in the 13th
century, cricket’s evolution from a rustic pastime to a global
spectacle mirrors the broader growth of modern sports [1-3].
The transformation of cricket from a quaint English activity
to an international phenomenon occurred over centuries,
marked by significant milestones and innovations. A pivotal
moment in this evolution was the formalisation of cricket’s
rules and regulations, which began in the 17" century and
culminated in the establishment of the Marylebone cricket
club (MCC) in 1787. The MCC’s codification of cricket laws

provided a standardised framework for the governance of the from batting 'ave?re;lges t‘;l bowling st?ke rates, 1n siarclh of
game, laying the foundation for its widespread popularity patterns aI,ld Insights. The adv.ent 0 cqmputer technology
[4] revolutionised cricket analysis, enabling researchers to

process vast amounts of data and uncover hidden trends [5].

As cricket’s popularity grew, so too did the scrutiny
of player performance and team strategies. Analysts and
statisticians began examining every aspect of the game,

The 19" century saw the proliferation of cricket across
the British Empire, as colonial administrators and military
personnel introduced the sport to distant regions. Cricket
became a symbol of British cultural influence, serving
as a means of social integration and colonial identity.
Its spread to countries such as India, Australia, and the
West Indies facilitated cultural exchange and paved the
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Of particular interest in cricket analysis is the prediction
of player performance, which involves assessing various
factors that influence individual and team outcomes.
Elements such as pitch conditions, weather, opposition
strength, and player form play crucial roles in determining
match results. Historically, cricket pundits relied on intuition
and experience to forecast outcomes, but the introduction of

Technology and Engineering
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statistical modelling and machine learning has transformed
predictive methodologies [6, 7].

Statistical tests, including hypothesis testing and
regression analysis, form the foundation of cricket
performance prediction. Researchers utilise historical data to
identify correlations between different variables and develop
predictive models capable of forecasting match results with
a high degree of accuracy. Machine learning algorithms,
such as random forests, support vector machines, and
neural networks, have emerged as powerful tools in cricket
prediction, capable of processing complex data sets and
generating accurate forecasts [8-10].

This exposition explores the intricate domain of cricket
performance to identify the numerous factors that contribute
to player success on the field. By employing advanced
machine learning methods and rigorous statistical analysis,
we examine various aspects of player performance to gain a
deeper understanding of their impact on the game. Our focus
includes, but is not limited to, batting averages, bowling
strike rates, fielding ability, pitch conditions, weather, match
context, and opposition strength. Through a comprehensive
analysis of these elements, we aim to elucidate the complex
relationship between match dynamics, environmental
factors, and individual capabilities.

Our study seeks to contribute to the ongoing discourse
on cricket performance evaluation by offering an enhanced
understanding of player effectiveness. Machine learning
and rigorous statistical analysis have the potential to
uncover complex patterns and relationships within
large data sets, making them invaluable tools in cricket
research. By systematically analysing player performance,
pitch dynamics, and playing conditions, these analytical
approaches enable researchers to identify key factors and
their influence on match outcomes. Statistical techniques
allow for the measurement of relationships between variables
such as pitch conditions, weather, and opposition strength,
revealing the intricate interactions at play.

Machine learning models, by leveraging historical data,
provide powerful methods for modelling and predicting
player success. These models can account for complex
interdependencies among variables and incorporate
nonlinear interactions, resulting in more accurate and robust
performance forecasts. Overall, the integration of machine
learning and statistical analysis in cricket research enhances
our understanding of the multiple factors influencing player
performance and match outcomes.

The prediction efficacy of the models created in
this study is evaluated using several criteria, including
R-squared (R?) score analysis, mean absolute error (MAE),
root mean squared error (RMSE), and mean squared error
(MSE). RMSE and MAE provide insight into the accuracy
of the model by measuring the average difference between
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predicted and actual values. MSE, by averaging the squares
of the errors, reflects the overall variability in the prediction
errors. Additionally, R? score analysis assesses the
proportion of variance in the dependent variable explained
by the independent variables. These evaluation criteria
are considered significant as they provide comprehensive
metrics for assessing the performance of predictive models,
taking into account various aspects of predictive accuracy
and reliability.

Through a detailed evaluation, researchers can determine
how well their models capture performance variations
based on different factors, allowing for informed decisions
regarding model selection and improvement. Our study
presents several new insights into the influence of factors such
as opponents, pitch characteristics, and ground conditions.
Specifically, we demonstrate that the calibre of opponents
significantly impacts player performance, with stronger
teams posing greater challenges to individual players. It is
crucial to analyse a batsman’s performance variation across
different pitches, venues, and against varying opposition
teams.

This study utilises data from Indian players, incorporating
pitch data available from the pitch report. Variables such as
the quality of opposition, venue, and pitch characteristics
significantly influence player performance. Cricket matches
are played on a wide range of surfaces, including grassy,
flat, hard, plain, and soft pitches, each presenting different
opportunities and challenges for players [11]. The various
types of pitches are described below:

Grassy pitch: A pitch with substantial grass cover,
benefiting fast bowlers as the ball tends to bounce and seam
more on such surfaces.

Flat pitch: A level pitch with minimal grass or cracks,
typically offering favourable conditions for batting with
little assistance to bowlers.

Hard pitch: A compacted surface that increases ball
speed and bounce, enabling batsmen to play with greater
power and precision.

Plain pitch: A surface devoid of significant variations,
presenting a neutral playing field.

Soft pitch: A softer, less compacted surface where the
ball tends to slow down and lose speed, making shot-making
more difficult.

By analysing how batsmen perform on different types
of surfaces, we gain valuable insights into their versatility,
shot-making abilities, and capacity for game-changing
adjustments. This understanding is essential for enhancing
player selection, game strategy, and training methods. The
integration of statistical analysis with knowledge of pitch
properties provides a deeper comprehension of cricket,
facilitating more informed decision-making.

SEPTEMBER 2024 « VOLUME 66 NUMBER 3
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Cricket player performance is influenced by a myriad
of factors, both intrinsic and extrinsic. In addition to
technical skills and athleticism, psychological factors
such as confidence, concentration, and temperament play
a significant role in determining performance. Moreover,
external factors, including pitch conditions, weather, and
match context, profoundly impact player outcomes [12, 13].
One-day internationals (ODIs), test matches, and twenty-20
internationals (T20Is) represent the three primary formats
of modern cricket, each characterised by unique challenges.
ODIs are known for limited overs and high-scoring matches,
while Test cricket is renowned for its strategic depth and
endurance. T20 cricket, on the other hand, is fast-paced and
explosive, appealing to a younger, more dynamic audience
[14-16].

In recent years, cricket analytics has undergone a
paradigm shift with the advent of advanced metrics and
data-driven decision-making. Analysts now employ
sophisticated statistical models and machine learning
algorithms to assess player performance, optimise team
strategies, and predict match outcomes. These tools enable
coaches, players, and administrators to make informed
decisions based on objective data and empirical evidence
[17, 18]. The application of predictive analytics in cricket
extends beyond match outcomes to player selection, talent
identification, and performance evaluation. By leveraging
historical data and advanced modelling techniques, teams
can identify emerging talent, optimise player combinations,
and maximise their chances of success on the field. Predictive
analytics also allows teams to adapt their strategies in real-
time, responding to evolving match conditions and opponent
tactics [19-21].

The future of cricket analytics holds immense promise,
with ongoing advancements in technology and data
science driving innovation and insight. As cricket becomes
increasingly globalised and commercialised, the demand
for sophisticated analytical solutions will continue to grow,
presenting new opportunities and challenges for researchers,
analysts, and practitioners [22, 23]. Cricket analytics
represents a fascinating intersection of sport, statistics, and
technology, with the potential to revolutionise the way the
game is played, coached, and experienced. By harnessing the
power of data and analytics, cricket stakeholders can unlock
new insights, optimise performance, and enhance the overall
quality of the sport. As the game continues to evolve in the
21st century, analytics will play an increasingly integral role
in shaping its future trajectory and success [18, 24, 25].

Additionally, machine learning models have been used
to forecast the performance of Indian players, considering
variables such as field conditions, pitch characteristics, and
opponent strengths [12, 13]. Performance metrics such as
precision, accuracy, F1 score, and recall have been employed

SEPTEMBER 2024 ¢ VOLUME 66 NUMBER 3 JRIGUELS Journal of Science,

toevaluate themodels’effectiveness in capturing performance
differences based on these variables. This study investigates
the influence of grounds, pitches, and opposition on the
variability of bowler and batsman performance. The results
reveal significant variations in wicket-taking performance
based on these factors, supporting the alternative hypothesis.
Furthermore, machine learning models demonstrate varying
levels of accuracy and predictive power in forecasting player
performance. Random forest, XGBoost, and LightGBM
exhibit exceptional performance, while SVR and Decision
Tree models show comparatively lower effectiveness. These
findings underscore the importance of considering unique
playing surfaces, pitch conditions, and opponent factors
when evaluating and projecting player performance in
cricket.

Machine learning and artificial intelligence have gained
significant prominence in the railway transportation industry
inrecent years, particularly in predicting train delays. Several
studies have attempted to solve this forecasting problem
using different machine learning models. For example, on
Serbian railways, support vector regression (SVR) was used
to analyse train arrival delays and outperformed artificial
neural networks (ANN) [26]. Statistical analysis has been
utilised to predict running and dwell times [27], employing
global prediction models such as LTS robust linear
regression, regression trees (RT), and random forests (RF).
The k-nearest neighbour (K-NN) and linear regression (LR)
models have been used to determine off-peak and peak-
hour dwell times, respectively [28]. Random forests (RF)
have consistently outperformed extreme learning machines
(ELM) and kernel. Regularised least squares (KRLS)
in predicting train delays [29]. A deep extreme learning
machine-based method for predicting train delays using real-
time data has been presented [30]. Furthermore, methods
based on neural networks such as backpropagation neural
network (BPNN), wavelet neural network (WNN), and
genetic algorithms (GA-BPNN and GA-WNN) have been
employed to predict train arrival times [31]. Researchers
have devised methods to predict running time, dwell time,
train delays, and penalty costs by combining decision trees
(DT) and random forest regression (RF) [32]. In other
studies [33-35], Random forests have also demonstrated
superior performance compared to other methods. Ensemble
methods have been used to predict train delays up to 24
hours in advance [36]. Long short-term memory (LSTM)
networks have shown improved performance over random
forests and neural networks (NN) in predicting train arrival
delays [37]. Gradient boosting regression trees (GBRT) have
outperformed SVR and RF in predicting train delays [38].
A deep learning method called CLF-Net was developed for
estimating train delays on China’s high-speed rail lines by
integrating 3D convolutional neural networks (CNN), LSTM,
and fully connected neural network (FCNN) structures [39].

Technology and Engineering
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These machine learning methods demonstrate significant
promise in improving the accuracy and ease of predicting
train delays.

Significant progress has also been made in predicting
air quality using machine learning techniques over the past
few years. Researchers have investigated various forecasting
algorithms for air pollutants, particularly PM2.5, in cities
around the globe. J. Ma, et al. (2020) [40] predicted PM2.5 at
the Beijing railway station using a spatial ensemble method.
M. Asgari, et al. (2017) [41] employed a Hadoop architecture
with multinomial naive Bayes and logistic regression to
predict Tehran’s air pollution, whereas M.Z. Joharestani, et al.
(2019) [42] identified XGBoost as the most effective algorithm
for predicting Tehran’s air quality using geographical and
satellite data. H. Karimian, et al. (2019) [43] utilised the
Variance Inflation Factor (VIF) method and LSTM to forecast
PM2.5 in Tehran, yielding promising results. In addition,
other studies have investigated various machine learning
models, such as random forest, support vector machine
(SVM), ensemble methods, and deep learning approaches, to
predict air pollutants in cities around the world. The objective
of these efforts is to improve air quality forecasting, thereby
enhancing public health and environmental management. As
researchers continue to investigate and refine these Al-based
techniques, the potential for more precise and effective air
quality forecasts grows. These developments hold promise
for addressing the challenges posed by air pollution and
improving the overall quality of life in communities affected
by poor air quality [40, 44-48].

2. Methods

2.1. Data wrangling

Data wrangling is a systematic method used to acquire,
cleanse, and organise raw data relevant to cricket player
performance. Its purpose is to forecast player success in
the sport by extracting pertinent information from various
sources, including match histories, player statistics, and
match commentary. This acquired data is then cleaned,
processed, and standardised to remove discrepancies and
manage missing values. The resulting wrangled data is
organised and prepared for further analysis, enabling the
creation of prediction models to forecast player performance
in cricket matches. The data for this study were collected
from www.cricinfo.com. Batting contests from 14 January
2005 to 10 July 2017 were considered. Since Sachin Ramesh
Tendulkar was the oldest player at that time, a record of each
batsman’s performance, innings by innings, was compiled,
starting from his debut in an ODI on 18 December 1989.
Bowling matches from 2 January 2000 to 10 July 2017 were
also considered.

The batting parameters encompass several important
components that shed light on a player’s batting performance.

Vietnam Journal of Science,
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The “average venue” field provides information about a
player’s performance under various playing conditions by
displaying the average runs the player has scored ata particular
ground or venue. The “ground” feature identifies the location
or stadium where the innings were played. “Day,” “month,”
and “year” provide a chronological reference by indicating
the precise date of the innings. The field “Oppositionteam”
displays the team against which the player competed, offering
insight into their performance against different opponents.
Additional batting characteristics include “innings runs
score,” which shows the player’s overall contribution to
the team’s run total over the course of an innings. “Strike
rate venue” calculates a player’s scoring rate at a particular
location and displays the number of runs scored per 100 balls
faced. “Average opposition” showcases a player’s batting
average against a specific opposition team, highlighting their
performance against different adversaries. “Innings balls
faced” indicates the number of balls faced, representing the
player’s participation in the game, while “50s” denotes the
number of times the player scored between 50 and 99 runs
in an innings. The variables “average yearly” and “strike rate
yearly” provide details on the player’s average runs scored
and batting strike rate per year, respectively, offering an
overview of their consistency over time. The player’s strike
rate against a specific opposition team is displayed in the
“strike rate opposition” field. The term “innings player”
simply denotes the participant in the inning. Finally, “100s”
shows how many times the player scored 100 or more runs in
an inning, demonstrating their ability to convert promising
starts into noteworthy results.

The bowling parameters, on the other hand, provide
insightful data regarding a player’s performance with
the ball. The term “average venue” refers to a player’s
bowling average at a particular location, demonstrating
their effectiveness in taking wickets at various grounds.
“Balls bowled” refers to the total number of balls a player
has bowled during an innings, providing information on
their workload and participation in the match. To evaluate
a player’s performance in limiting the opposition’s scoring,
“runs conceded” displays the total number of runs the player
has allowed. The “average opposition” option displays the
player’s bowling average against a certain opposition team,
providing information about how they performed against
different foes. The “4 wickets” statistic counts how many
times they took four wickets during an innings, showcasing
their ability to take multiple wickets in a single bowling
attempt. The statistic “average yearly” shows the player’s
average annual wicket total, emphasising their consistency
over time. Similar to the batting parameters, “ground”
denotes the location or stadium where the bowling took place,
while “year,” “month,” and “day” provide the precise date
of the bowling performance. The “country” field indicates
the player’s country of birth, while the “bowlingstyle” field
indicates their preferred bowling technique, such as fast or
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spin. “Maidens bowled” displays how many maiden overs
a player has bowled, demonstrating their capacity to apply
pressure consistently and limit runs. The “FF” element
denotes the player’s economy rate, which is computed as
runs allowed per over, providing information about how
well they can limit the opposition’s scoring. “Form” denotes
the bowler’s current performance level, while “5 wickets”
lists the number of innings in which the player claimed five
or more wickets, illustrating their propensity for significant
bowling milestones. Indicating the player’s participation
in the game, “innings number” displays the number of the
innings in which they bowled, and “wickets taken” displays
the total number of wickets they claimed during that innings.
Together, these batting and bowling metrics offer in-depth
statistical data regarding a player’s performance, strengths
and weaknesses, consistency over time, and capacity to
compete against different teams and in varied settings.

The proposed approach for predicting player performance
in cricket using machine learning, as shown in Fig. 1, involves
gathering comprehensive data from reliable databases using
data preprocessing techniques to ensure consistency and
quality.

Data acquisition

| Batsman dataset Bowlers dataset

[ Data pre-processing ]
[ Feature selection and extraction }

! !

{ Test dataset

Train dataset ]

h 4

[ Model learning ]

4.[ Prediction algorithms )‘7

h 4

Forecasting player
performance

Fig. 1. Flow chart for player performance prediction in
cricket.
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In this work, machine learning methods such as random
forest, decision tree, support vector machine (SVM),
XGBoost, AdaBoost, and lightGBM have been demonstrated
to be the most accurate models for forecasting cricket
performance. These algorithms are distinguished by their
ability to handle intricate, nonlinear relationships in the data
and to forecast with high accuracy using past performance
indicators. Random forest is renowned for its ensemble
learning method, combining predictions from several
decision trees to increase accuracy and reduce overfitting.
Decision tree models are valuable for deciphering underlying
trends in cricket performance statistics due to their ease of
interpretation and visualisation. SVMs effectively capture
nonlinear relationships and partition data points into
discrete groups. XGBoost and AdaBoost employ boosting
approaches, iteratively optimising prediction performance;
lightGBM is particularly well-suited for real-time prediction
tasks because of its efficient training speed and memory
usage. These algorithms outperform conventional models
by capturing complex patterns and relationships within
cricket performance data, ultimately producing more precise
forecasts.

Coaches, players, and analysts can also practically
apply this information to optimise training plans, squad
compositions, and game strategies, ultimately enhancing
performance and competitiveness on the field. A better
understanding of the various factors affecting cricket player
performance can lead to more informed strategic discussions
among players, coaches, and analysts. By identifying key
success factors such as pitch conditions, opponent strength,
and match context, stakeholders can tailor their plans
to optimise performance outcomes. Training regimens
designed by coaches can focus on specific skill sets and
prepare players for a variety of playing environments.
Players can utilise insights gained from data analysis to
adjust their game plans and strategies, thereby improving
their adaptability and efficiency on the field. Analysts can
assist management and coaching staff in making informed
decisions and recommendations that will guide team
selections and strategic choices. Ultimately, teams of all skill
levels benefit from a collaborative and data-driven approach
to cricket strategy, fostered by a thorough understanding of
player performance factors.

This research also involved conducting a thorough
feature importance analysis to identify the salient player
characteristics dictating performance in cricket. This
entailed initially aggregating all pertinent player metrics,
encompassing both batting and bowling parameters, for
subsequent analysis. Machine learning algorithms such as
random forest, decision trees, and gradient boosting were
then trained using the compiled dataset. Following training,
feature importance scores were computed to quantify

Technology and Engineering
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the contribution of each feature to the model’s predictive
efficacy. These scores were subsequently ranked, with higher
values indicating a greater influence on player performance
prediction. The findings of the feature importance analysis
were then visualised using appropriate data visualisation
techniques to facilitate comprehension and decision-making.
This rigorous analysis provides crucial insights into the
pivotal player characteristics driving performance in cricket,
thereby informing feature selection for model refinement
and directing efforts towards enhancing predictive precision.

2.2. Non-parametric models for predictive modelling

Non-parametric regression techniques such as support
vector regression (SVR), random forest regressor, decision
tree regressor, AdaBoost regressor, extreme gradient
boosting (XGBoost), and light gradient boosting machine
(lightGBM) were employed for predictive modelling.
These models utilise various hyperparameters to optimise
performance and accuracy. Hyperparameter optimisation
techniques were applied to fine-tune model parameters and
enhance predictive capabilities. The performance of each
algorithm was evaluated based on metrics such as accuracy,
root mean square error (RMSE), mean absolute error (MAE),
and coefficient of determination (R?).

Support vector regression (SVR): SVR is a powerful
regression approach that utilises support vector machines
to forecast continuous outcomes. In the context of cricket
player performance, SVR is used to model and predict
various performance measures [20, 49, 50]. SVR functions
by mapping the input features to a higher-dimensional space
and finding a hyperplane that minimises the difference
between expected and actual values. This hyperplane
is adjusted by tuning hyperparameters such as ‘C’ for
regularisation, ‘kernel” for the type of kernel function used,
and ‘epsilon’ for the error margin. For our study, we set C
to 1.0, kernel to ‘rbf” (Radial Basis Function), and epsilon
to 0.1.

Random forest regressor: Random forest regressor is
an ensemble learning technique that integrates multiple
decision trees to produce precise predictions. The final
prediction is derived by averaging the outputs of all the
decision trees, each constructed using a different random
subset of the data [51-53]. In the context of predicting player
performance, the random forest regressor captures intricate
correlations between features and performance measures.
The hyperparameters we adjusted for the random forest
regressor include n_estimators for the number of trees in the
forest, max_depth for the maximum depth of each tree, min_
samples_split for the minimum number of samples required
to split an internal node, and min samples leaf for the
minimum number of samples required to be at a leaf node.
For our analysis, we specified the following parameters:
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n_estimators=100, max_depth=10, min_samples_split=2,
and min_samples_leaf=1.

Decision tree regressor: Decision tree regressor is a
non-parametric regression technique that creates a tree-like
representation of decisions and their outcomes. Each leaf
node of the tree indicates a predicted outcome, and each
internal node represents a decision based on a particular
attribute [54, 55]. In predicting cricket player performance,
the decision tree regressor considers various characteristics.
For the decision tree regressor, we set max_depth for the
maximum depth of the tree, min_samples split for the
minimum number of samples required to split an internal
node, and min_samples_leaf for the minimum number of
samples required to be at a leaf node. For our study, we set
the max_depth parameter to 5, min_samples_split to 2, and
min_samples leafto 1.

AdaBoost regressor: AdaBoost (adaptive boosting)
is an ensemble learning method that combines multiple
weak learners to produce a strong predictive model. In the
context of cricket player performance, AdaBoost is used to
enhance the performance of individual weak models and
increase forecast precision [51, 53, 56]. We adjusted two
hyperparameters for AdaBoost: n_estimators for the number
of weak learners (decision trees) in the ensemble, and
learning_rate for the contribution of each weak learner to
the outcome of the prediction. To determine the best settings
for our study, we experimented with a range of n_estimators
values (50, 100, and 200) and learning_rate values (0.1, 0.5,
and 1.0).

Extreme gradient boosting (XGBoost): Extreme gradient
boosting, or XGBoost, is another ensemble learning technique
that combines multiple weak models to produce a powerful
prediction model. XGBoost is renowned for handling
large datasets and intricate relationships with accuracy
and efficiency [42, 51, 54, 57]. In the context of predicting
player performance, XGBoost captures complex patterns
and interactions within the data. The hyperparameters
n_estimators (number of weak models in the ensemble),
learning_rate (contribution of each weak model), and max_
depth (maximum depth of each weak model) were adjusted.
To find the optimal configuration for our investigation, we
experimented with various values of n_estimators (50, 100,
200), learning_rate (0.1, 0.5, 1.0), and max_depth (3, 6, 9).

Light gradient boosting machine (Light GMB):
LightGBM is a gradient-boosting framework that employs a
tree-based learning technique. It is designed to be efficient in
terms of memory and training speed, making it suitable for
large datasets. In the context of cricket player performance,
LightGBM effectively captures complex relationships
between features and performance measures [49, 51,
58, 59]. We modified the following hyperparameters for
LightGBM: num_leaves for the maximum number of leaves
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in a tree, learning_rate for the contribution of each tree, and
n_estimators for the total number of trees in the ensemble.
To determine the best parameters for our study, we tried a
variety of num_leaves (31, 50, 100), learning_rate (0.05,
0.1, 0.2), and n_estimators (100, 200, 300) values.

By adjusting these hyperparameters, we aimed to identify
the optimal configuration for each algorithm, resulting in
better performance and more precise forecasts of cricket
player performance. The chosen hyperparameter values
were based on experimentation and empirical data from
prior research, considering the trade-off between model
complexity and performance.

The aggregation of comprehensive cricket player data
from reliable sources included match statistics, player
profiles, and performance metrics. This raw data underwent
meticulous preprocessing steps to ensure consistency,
integrity, and suitability for analysis. Feature engineering
techniques were then applied to extract relevant information
from the dataset, transforming raw attributes into meaningful
predictors of player performance. Subsequently, machine
learning models-including random forest, decision trees,
and gradient boosting-were trained using the pre-processed
dataset to predict player performance. Model performance
was rigorously evaluated using appropriate metrics.
Moreover, cross-validation techniques were employed
to assess model generalisation and mitigate overfitting.
The predictive models were then fine-tuned through
hyperparameter optimisation to enhance their predictive
efficacy. Finally, the performance of the optimised models
was assessed on unseen data to gauge their real-world
applicability and effectiveness. This systematic approach
ensures the development of accurate predictive models
capable of providing valuable insights into cricket player
performance for stakeholders such as team management,
selectors, and strategists.

3. Results

An analysis of batsman and bowlers performance
variability: ground, pitch, and opposition. In this study, we
aim to investigate the variability in the performance of both
batsmen and bowlers concerning different grounds, pitches,
and opposition teams. The null hypothesis suggests that there
is no significant difference in the performance metrics across
various conditions, while the alternative hypothesis argues
for the presence of substantial disparities based on these
factors. Statistical tests were conducted, yielding p-values
to assess the significance of these differences. A p-value less
than 0.05 indicates rejection of the null hypothesis, implying
significant variations in performance. Figs. 2 and 3 illustrate
the statistical test results for both bowler and batsman
performance across different conditions, respectively.
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Fig. 2. Statistical test for bowler performance on different
grounds, pitches, and against different opposition.
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Fig. 3. Statistical test for batsman performance on different
grounds, pitches, and against different opposition.

Table 1 presents the performance metrics of various
machine learning algorithms used for forecasting bowler
performance. These algorithms include decision tree,
random forest, SVR (support vector regression), AdaBoost,
LightGBM, and XGB (extreme gradient boosting). Each
algorithm’s accuracy, RMSE, MAE, and R?* score are
provided, offering insights into their effectiveness in
predicting player performance.

The findings indicate that while decision tree and
random forest algorithms provide reasonable accuracy in
predicting bowling performance, random forest outperforms
the decision tree in terms of RMSE, MAE, and R? score.
Conversely, SVR’s negative R? score suggests it fails to
capture the underlying patterns in the data, resulting in
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subpar performance. AdaBoost, LightGBM, and XGB
demonstrate superior predictive power with higher
accuracies and R? scores, making them more suitable for
accurately forecasting bowling performance.

Table 1. Model performance metrics for bowler.

Model Accuracy RMSE MAE R*
Decision tree 0.852075 0.305931  0.147925 0.542835
Random forest 0.919707 0.187015  0.080293 0.829165
SVR 0.738119 0.459590  0.261881 -0.031732
Adaboost 0.821608 0.318849  0.178392 0.503412
LightGBM 0.984394 0.067300  0.015606 0.977876
XGB 0.995257  0.018557  0.004743 0.998332

Similarly, Table 2 presents the performance metrics
of machine learning algorithms for forecasting batsman
performance. The algorithms and metrics are consistent
with those used for bowler performance analysis.

Table 2. Model performance metrics for batsman.

Algorithm Accuracy RMSE MAE R?* Score
Decision tree 0.735 0.473 0.265 0.831
Random forest 0.813 0.342 0.187 0.912
SVR 0.278 1.146 0.722 0.011
Adaboost 0.706 0.502 0.294 0.810
XGB 0.953 0.178 0.047 0.976
LightGBM 0.931 0.193 0.069 0.972

The results, as shown in Table 1 that the decision tree
algorithm achieves an accuracy of 85.2%, with an RMSE
of 0.3059 and an MAE of 0.1479. However, its R? score
indicates that it can only explain 54.3% of the variance
in bowling performance. In contrast, the Random Forest
algorithm performs better in terms of accuracy (91.9%),
RMSE (0.1870), MAE (0.0803), and R? score (82.9%).
The SVR algorithm demonstrates poorer performance with
an accuracy of 27.8% and a very low R? score, suggesting
a lack of fit to the data. Adaboost, lightGBM, and XGB
exhibit even higher accuracy and better predictive power,
with XGB performing exceptionally well with an accuracy
0f 93.1% and an outstanding R? score of 97.2.

For further analysis, we utilised various machine learning
models to forecast batsman and bowler performance,
considering factors such as field conditions, pitch type, and
opposition team. By evaluating the predictive power of
these models using performance metrics such as accuracy,
precision, recall, and F1 score, we could determine how
effectively they represent differences in performance based
on these variables. The results supported the alternative
hypothesis, indicating significant differences in performance
across different conditions.

Vietnam Journal of Science,

Technology and Engineering

-
gy
. ard
. iin
L)

Average Huew

ig. 4. Runs scored by batsman on different grounds and pitches.

i Rees oo
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Fig. 6. Wickets taken by bowlers on different grounds and pitches.
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Fig. 7. Wickets taken
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by bowlers against different

Figures 4 and 5 display the runs scored by batsmen on
different grounds and pitches, and against different opposition
teams and on various pitches, respectively. Similarly, Figs.
6 and 7 illustrate the wickets taken by bowlers on different
grounds and pitches, and against different opposition teams
and on various pitches, respectively. These figures further

Actual vs. predicted runs (adaboost)

Actual vs. predicted runs (XGBoost)

emphasise the impact of ground conditions, pitch types, and
opposition teams on batsman and bowler performance.

In summary, our analysis demonstrates significant
variability in player performance concerning different ground
conditions, pitch types, and opposition teams. Machine
learning algorithms, particularly random forest, XGB, and
lightGBM, prove to be effective tools for forecasting player
performance under diverse conditions. Understanding and
accounting for these factors are essential for comprehensive
player performance analysis and prediction.

4. Discussion

The investigation focused on evaluating the efficacy of
various machine learning algorithms in predicting batter
performance based on factors such as ground conditions,
pitch characteristics, and opposition teams. The outcomes of
both statistical analyses and machine learning models offer
valuable insights into the significance of these variables and
the accuracy of the algorithms employed. The results of the
statistical tests revealed significant variations in the average
runs scored on different grounds and pitches, indicating
the substantial influence of venue and pitch properties on a
batsman’s scoring potential. Figs. 8 and 9 illustrate the actual
and predicted runs and wickets for different algorithms,
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Fig. 8. Actual vs. predicted runs for different algorithms.
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Fig. 9. Actual vs. predicted wickets for different algorithms.

underscoring the importance of considering these variables
when assessing and forecasting batter performance.

Several machine learning techniques, including decision
tree, random forest, support vector regressor (SVR),
AdaBoost, XGBoost, and lightGBM, were employed to
further analyse and validate these findings. The performance
of these algorithms as predictors was evaluated based on
metrics such as accuracy, root mean square error (RMSE),
mean absolute error (MAE), and R-squared (R?) scores. The
decision tree algorithm achieved an accuracy score of 73.5%,
indicating its ability to accurately forecast the outcome
of batsman performance in 73.5% of cases. However, the
RMSE and MAE values were relatively high, suggesting a
significant level of prediction error. The decision tree method
accounted for 83.1% of the variance in batting performance,
as evidenced by an R? score of 0.831. In comparison, the
random forest demonstrated superior performance with
an accuracy of 81.3% and lower RMSE and MAE values
than the decision tree method. Notably, the random forest
algorithm explained approximately 91.2% of the variance in
batting performance, as indicated by an R? score of 0.912.
These results highlight the superior predictive accuracy of
the random forest algorithm compared to the decision tree
method.
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The selection of machine learning algorithms for
this study was based on their proven success in handling
regression tasks and their ability to capture complex
relationships in data. The random forest regressor, known
for its ensemble approach, was expected to perform well
due to its capability to capture intricate interactions between
features. Conversely, the decision tree regressor, despite its
simpler model structure, was anticipated to excel in predicting
performance based on various factors. The SVR algorithm,
specifically designed for regression tasks, was evaluated
based on its ability to handle non-linear relationships
effectively. Similarly, AdaBoost, XGBoost, and lightGBM,
renowned for their boosting techniques, were expected to
exhibit comparable accuracy and predictive capabilities.
Through statistical analysis and comparison of performance
metrics, including accuracy, RMSE, MAE, and R? scores, this
study aimed to demonstrate the significant impact of ground
conditions, pitch characteristics, and opposition teams on
batsman performance. By elucidating these differences and
their implications, the study sought to provide insights into
the most effective methods for predicting performance in
diverse cricketing scenarios.
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5. Conclusions

This study underscores the pivotal role played by
contextual factors such as the playing field, pitch conditions,
and the quality of opposition teams in accurately predicting
cricket player performance. We conducted an evaluation of
various machine learning algorithms, including decision
tree, random forest, SVR, AdaBoost, XGBoost, and
lightGBM. Notably, random forest emerged as the most
promising model, achieving an impressive accuracy of
81.3%. Moreover, it effectively explained 91.2% of the
variance in batting performance. This superiority over the
decision tree model, which exhibited an accuracy rate of
73.5%, was further substantiated by its smaller RMSE
and MAE values, indicating fewer prediction errors.
The potential applications of sports analytics and data
science extend beyond cricket, with these models offering
valuable insights for other sports as well. The outcomes of
this study lay a strong foundation for the development of
more intricate prediction models and data-driven insights,
benefiting cricket players, teams, and enthusiasts alike.
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Abstract:

Securing combat equipment for urgent special missions, such as rescue, fire protection, chemical prevention, and
military operations, is crucial in technical logistics. Rapid preparation and mobilisation of forces in response to the
reality of the tasks are essential. A software system that stores a complete database of equipment, human resources,
and navigation maps is required. This article explores the application of Open Source WebGIS technologies, such
as Geoserver, PostGIS, OpenLayer, GraphHopper, and Python, in experimentally building management software
for searching equipment, units, and navigation. It supports decision-making by allowing users to select the optimal
response plan based on digital maps. The software integrates spatial analysis and routing techniques to locate units
with suitable equipment, either nearest or within a specified radius. Users can thereby determine the optimal route
from the selected unit to the mobilisation site. Testing with fire prevention data in Hanoi city showed that the search
results for the optimal route are precisely equivalent to those provided by current Google Maps. This research has
initially mastered data and technology to proactively update and manage data in areas lacking industry-specific

information that existing software does not cover.

Keywords: decision support, equipment, search and rescue, spatial analysis, WebGIS.

Classification numbers: 1.2, 1.3, 4.1

1. Introduction

The Department of Defense of Canada defines search and
rescue (SAR) as the search for and provision of assistance
to persons or vehicles in or at risk of impending distress
[1]. The logistics component of disaster preparedness is
complex, encompassing the management of entire supply
networks. Logistics assurance is defined as the process of
planning, implementing, and controlling the storage and
movement of goods, materials, personnel, and facilities
to most effectively and cost-efficiently support search and
rescue operations [2]. Various vehicles, such as helicopters,
cars transporting relief goods, ambulances evacuating
casualties, and specialised vehicles for different fields
(chemical equipment, fire trucks, excavators, bulldozers),
are categorised as rescue equipment. These facilities need
management through software that links equipment data to
the spatial data of the unit, enabling commanders to swiftly
draft rescue plans, choose optimal manoeuvring routes,
designate rescue vehicle parking areas, and identify suitable
medical facilities.

A geographic information system (GIS) is a computer-
based system that supports the collection, storage, retrieval,
mapping, analysis, and distribution of geospatial data for
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; Crossref

Similarity Check
Powerad by iThenticate

Q0o

SEPTEMBER 2024 ¢ VOLUME 66 NUMBER 3 JRIGUELS Journal of Science,

decision support [3, 4]. Geospatial data represent natural
earth objects like roads, fire stations, and parks. GIS
applications visualise this data, enabling easy analysis of
relationships and patterns [4]. Decisions on site selection,
network routing, relief item location, and service coverage
are based on this data [5]. The determination of optimal
locations in GIS involves spatial analysis to compare
attribute data across locations and identify the most suitable
spatial position [4]. Recent advances have seen GIS-based
systems widely applied across various fields, utilising spatial
analysis techniques and road network analyses to optimise
rescue mission responses. Notably, routing systems aid
rescue crews in navigating efficiently from base stations to
disaster sites, crucial in complex urban environments where
factors like road length and speed impact route optimisation
[6]. Currently, various algorithms, such as Dijkstra, A*,
K-mean, Bellman-Ford, and Floyd-Warshall, are embedded
in routing support tools like GraphHopper, Pgrouting,
OSRM, Valhalla, and Openrouteservice to determine the
optimal paths [7, 8].

Additionally,road network analysisto identify the optimal
route is critical within a spatial decision support system,
particularly for emergency response in rescue missions. A
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routing system that facilitates navigation between origin
and destination points enables rescue teams to travel from
base stations to disaster sites with maximum efficiency.
In densely populated urban areas, complex road networks
present specific challenges, where factors like road length
and traffic speed significantly influence route optimisation
[6]. Presently, several algorithms, including Dijkstra, A*,
K-mean, Bellman-Ford, and Floyd-Warshall, have been
integrated into routing support tools such as GraphHopper,
Pgrouting, OSRM, Valhalla, and Openrouteservice, to
compute the most efficient paths [7, 8].

4 Y e
landmark algorithm with -

¢
- Unidirectional A* with :
Jonly ~300 visited nodes

“Bidirectional A* with
| 50K visited nodes

~25K visited hlodes

Fig. 1. GraphHopper’s path finding algorithm improvement
results [9].

GraphHopper stands out as an open-source, fast, and
efficient routing library implementing multiple routing
algorithms (unidirectional Dijkstra, one-to-many Dijkstra,
and uni-and bidirectional A*, CH - Contraction Hierarchies)
[9]. It offers options for routing, like the fastest or shortest
route for pedestrians, motorbikes, and cars [ 10]. Particularly,
GraphHopper boasts a faster and more accurate processing
speed than other technologies. Its landmark algorithm,
an enhancement using A* with a new heuristic based on
landmarks and the triangle inequality for goal direction,
exemplifies this [9]. Additionally, GraphHopper’s ease of
installation, configuration, and extension makes it highly
convenient for developers [9, 11] (Fig. 1).

To build management software and ensure the
equipment meets search and rescue work demands, various
supporting technologies globally are considered. Since
SDSS architecture is a distributed system [12], this study
focuses on technologies for distributing and storing spatial
data over the Internet. The open-source geospatial software
family (FOSS/FOSS4G) has become foundational in the
geospatial software ecosystem, providing core geospatial
functionality and services, on par with commercial software
[13]. FOSS4Gs are particularly vital for developing
countries, allowing them to develop their technology rather
than importing commercial software. This approach offers
the closest path to digitalisation and is the right technology
for creating a software system for unit management and
equipment for SAR work in contexts of scarce development
resources and system maintenance [14, 15].
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Table 1. Summary of popular open source geospatial
technologies [16-18].

Type Software/libraries/programming language

OpenLayers, Leaflet, Cesium, Geomajas, Mapbender, GeoExt,

F librari
e e GeoMoose, GeoNode, Vue, Angular, React...

GeoServer, MapServer, MapCache, Deegree, ncWMS, EOxServer,
GeoNetwork, pycsw, PyWPS, MapProxy, QGIS Server, istSOS, 52
North SOS, 52 North WPS, Zoo Project, t-rex, Actinia...

Libraries: GRASS GIS, GeoDjango, GDAL/OGR, GeoTools, GEOS,
1ibLAS, JTS, PROJ4, CyberGIS Toolkit; Tools: GMT, Orfeo ToolBox,
Mapnik, MapSlicer, R; Programming Language: PHP, Java, Python,
NodelS, GraphHopper...

Database PostGIS, SpatiaLite, Rasdaman, pgRouting, MySQL Spatial,
management system  MongoDB, CouchDB, Rasdaman

WebGIS Server

Backend libraries

Table 1 highlights various technology options within the
open-source ecosystem for building a WebGIS system. These
technologies are noted for their modernity, convenience, and
flexibility, which facilitate development and adaptation [ 19].
This study aims to employ these technologies to develop
a WebGIS software system for managing and searching
unit data and spatial equipment data for SAR operations.
The software not only provides functions for decentralized
administration of users and management of equipment
and common units but also incorporates advanced spatial
analysis functions. These include searching for equipment
and unit types by radius based on their location on the map
and finding the shortest path from any unit to the incident
location. The system is developed using the MVC model of
the GeoDjango Framework, which is easy to inherit, adjust,
and extend to other applications using a single database
platform [20].

2. Methods
2.1. Back-end technology solutions

Programming languages and libraries: The backend
utilises the Python programming language, a high-level
programming language. To process geospatial data
effectively, we integrated additional software packages into
the Django Framework, including: 1. Django psycopg?2 - is a
PostgreSQL and PostGIS adapter for Python; 2. Geo Django
- is a module for Django that turns it into a Web Framework
for geospatial data. GeoDjango has the function of creating
WebGIS applications. Its features include Extensions to
Django’s ORM:s for querying and manipulating spatial data;
High-level Python interfaces for GIS geometry operations
and data manipulation in various formats; 3. Django REST-
Framework - is a powerful and flexible toolkit for building
Web APIs based on REST architecture. Django REST
Framework provides robust model serialization, displaying
data using standard function-based views or with views for
more complex functions; 4. Django REST-framework-GIS
- provides Django REST Framework geo plugins such as
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GeometryField fields and GeoJSON serializers; 5. Django
GeoJSON - is a toolkit for manipulating GeoJSON with
Django for GeoDjango objects, query sets, and lists, etc.;
base view to serve GeoJSON map layers from models;
GeoJSON models and form fields to avoid spatial databases
at the server; 6. Django Redis Cache - is a server cache
software for the Django Web Framework, featuring a key-
value data structure [20-23].

Django differentiates between an "application" and a
"project". An application is a system designed for a specific
function, while a project hosts multiple applications and
their settings to form an entire website. Projects can host
multiple applications, and applications can be migrated
to multiple projects without issues. Table 2 presents the
basic commands for creating software system projects and
applications within Django.

Table 2. Basic commands to build a Django application
[20].

No Commands Command Description

1 django-admin startproject CSDL_SDI Create a project

Create a Goigiathong application in

2 python manage.py startapp GOIGIAOTHONG -

3 python manage.py runserver Start the test server

Start the test server to access the

4 python manage.py runserver 0.0.0.0:8000 Tt

Map Server: The system’s GIS server utilises GeoServer,
and the web server employs Tomcat. GeoServer is a mature
open-source map service publishing platform capable
of easily publishing WCS, WFS, WMS, and other map
services. Data imported into the PostgreSQL database
through PostGIS is published, and the map service can be
invoked in the frontend framework Vue using OpenLayers
with the space name and namespace URL, allowing visual
display in the frontend [24].

2.2. Front-end development environment

The client-side technology comprises two primary
libraries: OpenLayer and Vue.js. Vue is a framework
designed for building user interfaces, enabling and
encouraging step-by-step application development. To
integrate Vue.js, the user must embed the library using the
following statement [25]:

<script src="https://cdn.jsdelivr.net/npm/vue/dist/vue.
Jjs> </script>

OpenLayers is an open-source client-side library
for creating web-based spatial data object interactions,
displaying maps in WMS/WFS format standards in most
current Web browsers without requiring server-side software
or installation. To use OpenLayers, execute the following
import statement: import {Map, View} from ‘ol [26].
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2.3. The solution to finding the unit location

The search for suitable units or equipment is carried out
in six steps (Fig. 2). Steps 1 and 2 are built on the frontend
using OpenLayers and Vue libraries; step 3 is constructed on
the backend using Python to query data from the PostgreSQL
database management system, with results returned in
the form of GeoJSON files; step 4 involves checking the
returned results-if a suitable unit is found, proceed to steps
5 and 6. If not, the process concludes; step 5 filters the space
in the returned dataset by calculating the distance between
the points in the returned data to the incident point. If
determining the nearest point, the point with the smallest
distance is selected. If within a certain radius, points whose
calculated distance is less than or equal to that radius are
chosen; step 6 displays the results on the map.

Cstat > Yes
Sepl | Inputthe poin wherethe | —~~__ No
problem occurred — Filfer by
~~_tadius_—~~
Step2 |  Determine the appropriate equipment Steps
‘ Filter nearest unit ‘ ‘ Filter by radius ‘

type, unit type, and distance ‘

l

Step3 | Query the database to determine the
approprizte equipment type and units

:

~ ~
Step 4 Return the result as geojson [ ~" There ™~
| format ~. e units~ No
~—

Results list of locations searched and
displayed on the map

e
Fig. 2. Algorithm diagram for searching unit location with
suitable equipment.

Step 6

Yes

2.4. The solution to finding the optimal route

We consider the road system (edge-E) and the intersections
of the roads (vertex-V) as a directed, non-negatively weighted
graph G(E, V). The problem is to find the path from vertex x
to vertex y that is the shortest or has the smallest weight. E.W.
Dijktra’s algorithm is as follows [27]:

dist[s] <0 (distance to source vertex is zero)

forall v € V—{s}

do dist[v] <o (set all other distances to infinity)
S—0 (S, the set of visited vertices is initially empty)
OV (Q, the queue initially contains all vertices)
while O #@ (while the queue is not empty)

do u «— min_distance(Q,dist) (select the element of Q
with the min. distance)

S«—SU{u} (add u to the list of visited vertices)

for all v € neighbors[u]

do if dist/v] > dist[u] + w(u, v) (if new shortest path found)
then d/v] «d[u] + w(u, v) (set new value of shortest path)

return dist
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Dijkstra’s algorithm has a running time of O(|V|"2+|E|).
For sparse graphs, which have few edges relative to the
number of nodes, the algorithm can be implemented
more efficiently using an adjacency list combined with a
binary heap or priority queue, achieving a running time of
O((\[E|+|V]) log |V]). This algorithm has been enhanced
by scientists to increase processing speed through the use
of appropriate heuristic evaluations, leading to optimal
performance. This enhanced version is known as the A*
algorithm and has been integrated into the GraphHopper
library [28, 29].

To determine the optimal route in GIS, the process begins
with the user entering the starting and destination points
using OpenLayers and Vue libraries on the frontend. In
this step, users click on the map background to select these
points. The second step involves determining the type of
transport-car, motorbike, or walking-based on the purpose
of the journey. The third step, determining the optimal route,
is conducted using the GraphHopper route search server.
This step involves adjusting weights, determining priority
criteria values, and sorting nodes by importance before
establishing the optimal path. The formula for calculating
the weight of line segments (edges) is as follows [29]:

edge weight=edge distance/(speed*priority)+edge
distance*distance_influence

where: edge weight is the weight of the line segment;
edge distance is the length of the line segment; speed is
the travel speed on that segment; priority is the priority of
the segment, default is 1; distance_influence is the effect of

distance, default is 0 [29].

/ Input start point, end point /

Step 1

Step 2 | Determine vehicle type ‘

l

Calculate the optimal route

- Modify weights of roads

Step 3 . . -
P - Determine nomanlized priority value

- Arrange nodes by importance value

- Determine the most optimal route

'
Return the results and show
the optimal route on the map

Fig. 3. Steps to find optimal path and A* algorithm.

Step 4

The results are then processed using the improved
algorithms on the GraphHopper server, typically the A*
algorithm (Fig. 3). The final step involves returning the
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result to the client as GeoJSON and displaying the route on
a map using OpenLayers and Vue libraries.

For GraphHopper, data processing and preparation play
a particularly important role in the speed of returning results
of the program. Initially, GraphHopper reads the input data,
builds a graph structure for the data, and stores important
feature information in a directory (graph-cache). This
includes a set of information about edges, nodes, spatial
relationships, and related configurations. Each time there is
a request, the system combines the use of original data with
data in the graph-cache to process and return results, thus
optimising time without having to perform repetitive tasks.

Step 1. Set the distance to infinity for all points except
for the starting point, which is set at 0.

Step 2. Mark all points, including the start point, as non-
visited nodes.

Step 3. Select the non-visited node with the smallest
current distance as the current node “C”

Step 4. For each neighbour “N” of “C”: add the current
distance of “C” with the weight of the edge connecting “C”
to “N” and the weight to the destination point (heuristic).
If it is smaller than the current distance of “N,” set it as the
new current distance of “N”

Step 5. Mark the current node “C” as visited.

Step 6. Repeat steps 3 to 5 until one of the neighbours
“N” is the destination point.

3. Results and discussion
3.1. Data and experimental area

Basemap data: The base map is sourced from
OpenStreetMap, open data released under the Open
Data Commons Open Database License (ODbL) by the

OpenStreetMap Foundation (OSMF).

Traffic class thematic data: Use GIS processing software
to extract the Hanoi area to obtain the file HaNoi.osm.pbf.
To prepare data, create a configuration file config2.yml with
data input as Hanoi’s pbf file, options for car (weighting:
fastest), bike (weighting: fastest), and foot (weighting:
shortest). Starting the GraphHopper server for the first time,
the system builds a graph structure for the data and saves
important feature information in the graph-cache (Fig. 4B).
The structure of the data tables is stored to suit the optimal
improvement of the applied algorithm (Figs. 4A, 4C).
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edge_id=302313
edge_key=604626
base_node=42170
i 2dj_node=15828
| distance=13.079
car_access=true | false
car_average_speed=65.0 | 65.0
bike_access=true | false

, bike_average_speed=18.0
bike_priority=0.8
foot_access=true | true

3 foot_average_speed=5.0

[ foot_priority=0.8

gl car_subnetwork="false

R bike_subnetwork=false

¥ foot_subnetwork=false

5 roundabout=false
road_class=primary
road_class_link=false
road_environment=road
max_speed=Infinity | Infinity
road_access=yes
bike_network=missing
get_off_bike=false
smoothness=missing

LTS foot_network=missing (A)
. layer=roads

Fig. 4. Traffic thematic data prepared in Graphhopper.

Data of units and equipment: The structure of
information fields and database tables are fully and wholly
surveyed and designed at the centers, fire prevention, and
fighting departments of the districts of Hanoi. Inside, some
equipment related to the chemical defence of the Army.

3.2. Results and discussion

Architectural and functional model of the system: The
system is designed with three layers: data tier, logic tier, and
application tier (Fig. 5). The data layer includes spatial data
(base map, unit map layer, traffic map layer) and attribute
data (user data, equipment data). The logical layer comprises
the Web application and the map server (Geoserver). The
web application server hosts the web page, responsible for
receiving HTTP requests from the client, parsing the request,
and processing and responding to the HTTP client. The
map server has map services according to OGC standards
(WMS, WFS, WCS, etc.), provides map distribution
services according to Raster and Vector standards, and
performs querying, analysis, and filtering of spatial data, in
addition to allowing services to add, edit, and delete spatial
data. The application layer is a web browser, with accounts

Use data Map Segver >
X Route
Equipment | [ =
data 3
8 .
S === Clients
> Fighing
‘Police Departmeat
Basemap Q)
and unit Ty,

layer

Data Server Internet

Web Server

Data tier

Application tier

Logical tier

Fig. 5. Deployment architecture of the system.

SEPTEMBER 2024 « VOLUME 66 NUMBER 3

M B TRIETE

| street_name=Dudng Pham Van Ding

nextd__saswti—Toded nodel (properties)
Ay 1 i 113
: 2 ¢ .//: o 7
it 3 q(ll /;"r. 315
" 4 £ 3,7
Ls 5 ¢ 112
T g &7 6
Cay Rtz X
L o
e Eh AR |0
] AV e | edges
0y geometry
|8 location_index
) nodes
| nodes_ch_bike
"} nodes_ch_car
) nodes.ch_foot
| properties
7 shotcuts_bike
7 shortcuts_car 19/03/2023 814 CH File $1.249 KB
"} shorteuts_foot 19/03/2 16CH (B) .
i

belonging to the system administration groups, equipment
data management, and user accounts to look up, statistics
equipment information, search for optimal routes, etc.

Functional diagram: The system has many functions,
generally divided into four primary groups: account
administration function group and user account group.
This group has the function of creating/deleting/editing/
authorizing accounts for a group or a single user, etc.; unit
information management group, users can add/edit/delete/
search/display units on the map/view, search for equipment
from the map, etc.; a functional group of equipment
management, including add/edit/delete/quick search/exact
search/multi-criteria search/search on the map/export the
list of equipment to the report form, etc.; and a group of
spatial analysis functions, including network analysis to
find the optimal path and buffer zone analysis to find the
type of unit or type of equipment within a certain radius.
Some typical functional models are shown in Fig. 6.

Search for units - equipment and optimal routes on the map

«extend> Input

findunitsby N\, ________ -4 starting

N > > radius point

%, A

R o etends Fndthe N\ )
Find the nearest H
nearest unit equipment )
exad / cextent>

Adnin et

3 ‘ ¢ i
. P i
Download «extend> Searchfor ..o Fmg equ‘;li)mem !
systemmap /=TT equipment “@xtend» y radius :
B A .- '
incluge | ) e «nclude>
' T
$ Input the
* Finding the -=---=">\  end point
optimal path «includes

Fig. 6. Typical use case diagram of the system.
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The main functional interface results of the system:

- The general layout interface of the system includes
the following components: (1) Area describing information
about the path, current user information, login/logout/change
account information, and information about the number of
device lists waiting for approval and viewing the user’s
operation history; (2) Working area with data tables or maps,
including quick search with data, functions to add equipment
data, accurately filter equipment by various criteria, output
system charts list and output a report that prints the results
after filtering; (3) The area where the equipment information
list is displayed if the equipment menu is selected, and the
selection operations to view, delete, and edit the equipment
information. If you choose to enter the map menu, this area
will display a map of units performing particular tasks.
Users can perform operations to view unit information or
analyse spatial problems to support decision support; (4)
Menu area, to access specific functional groups such as
Map function group, query execution, search for units and
equipment on the map, optimal route search; The functional
group views the equipment chart and validates the unit’s
equipment; Functional group of equipment management;
Functional group to manage information describing the unit,
including unit management, unit location management on
the map; The system administration function group includes

managing user accounts, managing user groups and adding
data fields to the equipment table. In addition, financial
equipment will be displayed in the list of equipment. You
can click on the equipment name for detailed information,
pictures, and attached equipment (Fig. 7).

- The function of spatial analysis is crucial in searching
for units with equipment suitable for the task: it enables the
search for units or equipment by radius at any location on
the map, typically starting from where the disaster occurs.
The search area is marked with a red teardrop, the centre
of the circle on the map, and units within the circle radius
are marked with a blue teardrop shape. This functionality
is vital in mobilising the nearest response force within
a certain radius, offering a rapid means to locate the
appropriate equipment or units for the mission in the area to
be mobilised, thereby assisting the commander in making
prompt decisions (Fig. 8A). Currently, typical equipment
management software does not include this function. Ifusing
standard spatial analysis, such as searching for firefighting
units on map.google.com, the process involves mobilising
all units that match keywords on the map (Fig. 8B).

- By applying the software as depicted in Fig. 8A, in the
search area, there are four units, with only two matching
units that can be filtered with the blue water drop icon. Next,
the user will perform the second search phase to determine
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Fig. 8. Equipment type or unit type spatial query function by radius.

if the shortest path from the unit’s location to the incident
area is feasible. The results were tested with two modes
of travel: by car and on foot. These results are compared
and evaluated against the optimal route-finding results of
Google Maps:

Option 1, from Fire Prevention and Fighting Police
Team No. 3 to the rescue point (Fig. 9): Travelling by car,

Loc tes ving

the software calculated a distance of 1.09 km, while Google
Maps calculated 1.2 km. Generally, the overall routes are
the same; the primary difference lies in the starting point
location (circled area), which stems from the different
granularities in the route datasets. Both algorithms selected
the closest route from the starting position on the map.
For walking, the shorter route is preferred: 943 m for the
software compared to 1.1 km for Google Maps.
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Fig. 9. Optimal path search results of option 1 (left side of software, right of Google Maps).
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Fig. 10. Optimal path search results of option 2 (left side of software, right of Google Maps).

Option 2, from Hanoi City Fire and Rescue Police
Department to the rescue point (Fig. 10): The shortest road
length when travelling by car is 1.43 km for the software
and 1.4 km for Google Maps. The optimal walking length
is 1.27 km for the software and 1.4 km for Google Maps.
This discrepancy, similar to the previous case, arises due
to the differences in the route data near the starting points
and the algorithms’ nearest point capture mechanism. The
optimal solution requires that the spatial data for the area
be complete, adhering to the correct geographic database
standards. This involves using spatial analysis methods to
determine the connection point of the starting and destination
areas with the connecting route to it, necessitating sufficient
data collection between the area boundary layer and the
traffic layer to ensure the system operates accurately.

Based on these test results, the software can select the
most suitable option, achieving accuracy equivalent to the
widely-used Google Maps navigation system. This is a
crucial step in mastering the technology for building data
management and decision support software for specialised
fields involving sensitive and highly confidential data. The
system operates efficiently and synchronously. In addition
to the described functions, the system also includes a
group of general administrative functions (monitoring user

Vietnam Journal of Science,
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activity history, equipment statistics by chart, approving
new or edited equipment by the administrator), user account
modifications, and system login and logout functions; a
functional group for user administration and a functional
group for device-unit administration.

4. Conclusions

Rescue missions or operations are often urgent and
require swift action to be effective. Thus, tools for
managing information about human and material resources
to support prompt and optimal planning are increasingly
vital. The development of open-source geospatial
technology (including maps, GIS, WebGIS, and Industry
4.0 technology) provides a favourable condition for
developing a spatial decision support system. This study
has investigated, designed, and programmed a software
system for managing the spatial data of units and technical
equipment to ensure specific combat tasks such as rescue
and firefighting, chemical assurance, and engineer assurance
are met. The paper focuses on spatial analysis to locate
units with suitable firefighting equipment and the optimal
manoeuvring route in the Hanoi area. The results have been
evaluated to possess the same accuracy as Google Maps,
marking an essential first step as a foundation to tackle more
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complex spatial decision-making and management issues,
such as spatial analysis using AHP techniques to find the
optimal path based on multi-criteria, overlap analysis, etc.
This will further develop systems for drafting spatial plans
based on shared maps, approving plans, monitoring plan
implementation, and gradually mastering specific systems.

COMPETING INTERESTS

The author declares that there is no conflict of interest
regarding the publication of this article.

REFERENCES

[1] M. Wysokinski, R. Marcjan, J. Dajda (2014), “Decision
support software for search & rescue operations”, Procedia Computer
Science, 35, pp.776-785, DOI: 10.7494/csci.2015.16.3.281.

[2] J. Malczewski, P. Jankowski (2020), “Emerging trends and
research frontiers in spatial multi-criteria analysis”, International
Journal of Geographical Information Science, 34(7), pp.1257-1282,
DOI: 10.1080/13658816.2020.1712403.

[3] R. Tierno, B. Puig, B. Vera, et al. (2013), “The retail site
location decision process using GIS and the analytical hierarchy
process”, Applied Geography, 40, pp.191-198, DOI:10.1016/j.
apgeog.2013.03.005.

[4] A. Mardoukhi, N. Kordzadeh (2016), "Site location
determination using geographic information systems: The Process
and a case study, The Proceedings of The Southern Association for
Information Systems Conference, USA, 5pp.

[5] P.B. Keenan, P. Jankowski (2019), “Spatial decision support
systems: Three decades on”, Decision Support Systems, 116, pp.64-
76, DOI: 10.1016/j.dss.2018.10.010.

[6] B.A. Widyantoro, P.B. Santosa (2021), “Network analysis to
determine the optimal route for firefighters in Makassar city”, /OP
Conference Series: Earth and Environmental Science, 936(1).

[7]10.Khaing, H. Wai, E. Myat (2018), “Using Dijkstra’s algorithm
for public transportation system in Yangon based on GIS”, Int. J. Sci.
Eng. Appl., 7(11), pp.442-447, DOI: 10.7753/1JSEA0711.1008.

[8] D. Das, A K. Ojha, H. Kramsapi, et al. (2019), “Road network
analysis of Guwahati city using GIS”, SN Applied Sciences, 1(8),
pp.1-11, DOI: 10.1007/s42452-019-0907-4.

[91N. Nolde (2020), “Open source routing engines and algorithms
- An overview”, https://gis-ops.com/open-source-routing-engines-
and-algorithms-an-overview/, accessed 5 May 2023.

[10] N. Krismer, D. Silbernagl, M. Malfertheiner, et al. (2016),
“Elevation enabled bicycle router supporting user-profiles”, 28" GI-
Workshop on Foundations of Databases, 2016, pp.74-79.

[11] K Samah, S Ibrahim, N Ghazali, et al. (2020), “Mapping
a hospital using OpenStreetMap and GraphHopper: A navigation
system”, Bulletin of Electrical Engineering and Informatics, 9(2),
pp.661-668, DOI: 10.11591/eei.v9i2.2082.

[12] R. Sugumaran, J. Degroote (2010), Spatial Decision Support
Systems: Principles And Practices, CRC Press, 174pp.

SEPTEMBER 2024 ¢ VOLUME 66 NUMBER 3 JRIGUELS Journal of Science,

[13] R. Can, S. Kocaman, A.O. Ok (2021), “A WEBGIS
framework for semi-automated geodatabase updating assisted by
deep learning”, The International Archives of Photogrammetry,
Remote Sensing and Spatial Information Sciences, 43, pp.13-19, DOLI:
10.5194/isprs-archives-XLIII-B5-2021-13-2021.

[14] RM. Sanchez (2012) “Free and open source software for
Geospatial Applications (FOSS4G): A mature alternative in the
Geospatial technologies arena”, Transactions in GIS, 16(2), pp.81-88,
DOI: 10.1111/5.1467-9671.2012.01314 x.

[15] M. Molina, S. Bayarri (2011). “A multinational
SDI-based system to facilitate disaster risk management in the Andean
community”, Computers & Geosciences, 37(9), pp.1501-1510, DOI:
10.1016/j.cageo.2011.01.015.

[16] OpenSource for GeoSpatial Fosters (2019), Welcome to
OSGeoLive 13.0-OSGeoLive 13.0 Documentation, https://live.osgeo.
org/en/index.html, accessed 19 October 2019.

[17] S. Coetzee, 1. Ivanova, H. Mitasova, et al. (2020), “Open
geospatial software and data: A review of the current state and a
perspective into the future”, ISPRS International Journal of Geo-
Information, 9(2), DOI: 10.3390/1jg19020090.

[18] M. Li, D. Peak, W. Zeng, et al. (2017), An Open
Source Webgis Framework For Collaborative Research In West
Africa, Spatial Knowledge Initiative Conference, Banff, AB,
Canada, pp.1-9.

[19] M.A. Brovelli, M. Minghini, R.M. Sanchez, et al. (2017),
“Free and open source software for geospatial applications (FOSS4G)
to support future Earth”, International Journal of Digital Earth, 10(4),
pp.386-404, DOI: 10.1080/17538947.2016.1196505.

[20] Django (2023a), Django Documentation Contents, https://
docs.djangoproject.com/en/4.1/contents/, accessed 5 May 2023.

[21] Django (2023b), GeoDjango, https://docs.djangoproject.
com/en/4.1/ref/contrib/gis/, accessed 5 May 2023.

[22] Python Package Index (2023a), Geographic add-
ons for Django Rest Framework, https://pypi.org/project/
djangorestframework-gis/, accessed 5 May 2023.

[23] Python Package Index (2023b), Django-GeoJson 4.1.0,
https://pypi.org/project/django-geojson/, accessed 5 May 2023.

[24] L. Cui, W. Li, X. Wang, et al. (2022), “Design and
implementation of open-source WebGIS system for orchard land
management”, Advances in Computer, Signals and Systems, 6(3),
pp.26-34, DOI: 10.23977/acss.2022.060304.

[25] Vue.js (2023), What is Vue.js?, https://vi.vuejs.org/v2/guide/,
accessed 5 May 2023.

[26] OpenLayers (2023), Tutorials, https://openlayers.org/doc/
tutorials/, accessed 5 May 2023.

[27] E.W. Dijkstra (1959), “A note on two problems in connection
with graphs”, Numerische Mathematik, 1, pp.269-271.

[28] P.E. Hart (1968), “A formal basis for the heuristic
determination of minimum cost paths”, [EEE Transactions on Systems
Science and Cybernetics SSC4, 2, pp.100-107.

[29] GraphHopper (2023), GraphHopper Directions API, https://
docs.graphhopper.com/#section/Custom-Model, accessed 5 May
2023.

Technology and Engineering



m MATHEMATICS AND COMPUTER SCIENCE | COMPUTATIONAL SCIENCE; PHYSICAL SCIENCES | PHYSICS, CHEMISTRY DOI: 10.31276/VISTE.2023.0030

Hydration number and allied parameters of aqueous
solutions of ammonium bromide through ultrasonic study

J.H. Rakini Chandrasekaran!, S. Nithiyanantham?”

!Centre for Research-Department of Physics, Arignar Anna Government Arts College, Musiri - 621211, Tiruchirappalli, India
’PG and Research Department of Physics, Thiru. Vi. Kalyanansundaram Govt Arts & Science College, Thiruvarur, Tamil Nadu, India

Received 19 April 2023; revised 4 July 2023; accepted 27 November 2023
Abstract:

Ammonium bromide, a water-soluble wood preservative used in pharmaceutical preparations, is the focus of this economic
study aimed at understanding its physical properties in aqueous solutions. A straightforward and reliable method for examining
interactions between molecules in liquids and solutions is ultrasonic research. When ultrasonic waves pass through liquids, they
disturb the equilibrium between the molecules of the solute and solvent. Ion-ion and ion-solvent interactions are just two aspects
of solvation chemistry that ultrasonic velocity measurement can elucidate. This study investigates the hydration number of
aqueous solutions of ammonium bromide at temperatures ranging from 35 to 55°C, assessing both density and ultrasonic velocity
across various concentrations. From the adiabatic compressibility, the hydration number and related parameters are derived, all
of which are sensitive to changes in concentration and temperature. Thus, we explore how these parameters vary with changes
in temperature and concentration, providing insight into the interactions of ions and molecules in the solutions, as well as their

molecular structure.

Keywords: allied parameters, density, hydration number, molecular interactions, ultrasonic velocity.

Classification numbers: 1.3,2.1,2.2

1. Introduction

Ammonium bromide, a water-soluble wood preservative used
in pharmaceutical preparations, is the focus of this economic study
aimed at understanding its physical properties in aqueous solutions.
We investigate whether Ammonium bromide has a structure-making
or -breaking property with water by examining its hydration number
and allied parameters such as apparent molal compressibility,
apparent molal volume, and molar solvated volume.

When an electrolyte dissolves in water, both volume and
compressibility are altered due to solute-solvent interaction. The
interactionofions withwatermoleculesis quantified by the hydration
number, representing the number of water molecules surrounding
the solute molecules during interaction. Previous research has
explored the hydration number, assuming the incompressibility
of ions and water molecules in the primary hydration sheaths
directly bonded to the ions [1, 2]. The methodology for calculating
the hydration number has been documented [3, 4], along with
techniques for determining allied parameters such as apparent
molal compressibility, apparent molal volume, and molar solvated
volume using the electrolyte solution’s hydration number [5-7].
For each of these parameters, three formulas were derived using
adiabatic compressibility and the number of moles of solute and
solvent, corroborated by traditional equations [8].

In this article, we determine the hydration number for aqueous
solutions of Ammonium bromide within the temperature range

*‘Corresponding author: Email: s_ nithu59@rediffimail.com
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of 35 to 55°C. From these values, we estimate apparent molal
compressibility, apparent molal volume, and molar solvated
volume, examining their variations.

2. Experimental study

AnalaR grade salts and double-distilled water were used to
prepare aqueous solutions of ammonium bromide at various
concentrations. The ultrasonic velocity of the solutions was
measured using a Mittal type ultrasonic interferometer equipped
with a 2 MHz crystal and an accuracy of 0.1 m/s. Density was
determined using a 10 ml specific gravity container and a single
pan digital balance. Temperature control between 35 and 55°C was
achieved using a thermostat accurate to 0.1°C [8].

3. Computation

The compressibility method, noted for its accuracy and
the insightful data it provides, was employed to estimate the
hydration number [9, 10]. Previous studies have established
the methodology for calculating the hydration number [11-13],
presuming that the free solvent molecules primarily contribute to
the solution’s compressibility. As every solvent possesses a unique
structure, its molecules are bound more or less tightly to the solute
during hydration, significantly altering the solvent’s surrounding
structure. Ultrasonic analysis presents a direct but precise method
for determining adiabatic compressibility, which is calculated
from the ultrasonic velocity and density measurements. From the
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adiabatic compressibility values, the hydration number is derived
[14,15].

Using the standard relation, the adiabatic compressibility may
be calculated by:

_ Lo
B = m*/N (1)
where f is the adiabatic compressibility of a material, a measure of
how much the material can be compressed adiabatically (without
heat exchange) under the influence of pressure with the units are
typically Pa-! (inverse of pressure); u*is the speed of sound in the
material with the units are typically meters per second (m/s); p
(rho) is the density of the medium, usually in kilograms per cubic
meter (kg/m®); m?/N: this part represents area per number of

particles or units.

The molar hydration number n, is calculated using Barnartt’s
relation [16]:

= - {n, - EN} 2)

where N is the number of solvent molecules in 1000 cc of solvent,
n, is the number of solvent moles present in 1000 cc of solution
of molar concentration n,, and f is the solvent’s compressibility.

The molal hydration number n' is computed through
Passynski’s equation [17]:

I { —E} 3

n LB

where n,” is the molal concentration of the solution and N is the
number of solvent molecules in 1000 g of the solvent.

Apparent molal volume ¢ of the mixture is calculated using
the relations:

-nV
go= Y=mVn) )
n,
o=V, {(Ij%ﬁ)} -1, V,, (molar scale) ®)
2F0
Bon,, (Xz - Vn‘)
bo= 21713 (molar scale) (6)
gy = 1000 pH% (Traditional formula) (7

where n, is the number of moles of the solvent and n, is the number
of moles of the solute present in the solution, and AB = § - . V
is the total volume of the solution, V_is the molar volume of the
solvent, V is a reference volume per mole, n, is the number of
moles of component “h”, V’ is a volume associated with a specific
condition, p, is the reference density and M, is the molar mass or
mass of component 2.

The volume of the solution measured in the molal scale is
given by:

V'=(N'M,+n, M, )/p
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where M is the molar mass or mass of component 1, M, is the
molar mass or mass of component 2, n, and n, 'are found using Egs.
(2) and (3), respectively.

Apparent molal compressibility ¢, of the solution is calculated
using the relations:

o= [BY 1BV ®
n,

Ok =—VmBonn (molar scale) ®

ok = -1, Vino + ¢ B (molar scale) 1o

= L”?f’ (pu BBy p) + B, (Traditional formula) (11)

where ¢, is calculated using Eq. (7).

Molar solvated volume ¢ of the solution is computed from the
following equations:

bom [n‘hvm[s0 j_[nthABj (12)
B p
¢s= ¢y + 0,V (molar scale) (13)
ds= Vo, (molar scale) (14)
nl
¢s= V—%B (Traditional formula) (15)
n2 (0]

where AR = - B,

Variation of three allied parameters ¢ , ¢, and ¢_parameters
with concentration: The equations for the variation of the three
allied parameters ¢, ¢, and ¢, with the square root of molar
and molal concentration ( n, & n'z) are

0= 4+ nyfi, (16)
o= 4+ oo 17
o=@ + nhk\/g (18)
o= + nyny (19)
b= & + nym, (20)
b=+ myi, 1)

where ¢, ¢, ¢’ and ¢, &’ ¢ are the intercepts in molar and

molal scale of the linear equations andn, ,n, ,n _andn,,
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Ny, Dy are the slopes in molar and molal scale of the linear
equations.

4. Results and discussion

Using adiabatic compressibility, the molar and molal
hydration numbers of aqueous solutions of ammonium
bromide across all concentrations and at various
temperatures have been calculated and are presented in
Table 1 and Fig. 1.

Table 1. Adiabatic compressibility, molar and molal
hydration numbers (n, and n.’) of ammonium bromide
solutions.

Temp  Molality Density  Velocity ~ B(*E10) ,
‘C @m)M Kg/m’® m/s m/N K g oo
05 1015 15315 41991 049110 54518 37 50
1.0 1.046 15335 40606 096462 53543 25 4l
15 1.070 15352 3.9670 142308 52.66 21 37
35°C 20 1.091 15375 3.8769 186089 51645 17 34
25 1.114 1539.9 37859 228220 50671 15 32
30 1.134 15417 37104 267951 49576 12 29
31 1139 15429 3.6886 275658 49357 12 29
0.5 1.014 1539.9 41605 048891 54275 34 48
10 1.042 15417 40373 095943 53255 22 39
L5 1.066 1543.1 3.9398 141236 52263 18 35
40°C 20 1.088 1545.3 3.8487 184283 51144 14 32
25 1111 15474 37599 225951 50167 12 30
30 1131 1549.5 36835 265354 49.096 09 28
31 1135 15509 3.6622 272971 48876 09 28
0.5 1.014 15447 41319 048824 54201 32 47
1.0 1.041 15465 40155 095661  53.098 20 38
15 1.065 15487 39149 140687 520600 1.6 34
45°C 20 1.087 15507 3.8254 183446 50912 12 31
25 1.109 15523 3.7411 225168 49993 1.0 3.0
30 1.130 15544 36643 2064218 48886 08 28
31 1.134 1555.1 36409 27202 48706 08 27
05 1015 15519 40909 048657 54016 30 46
1.0 1.040 1553.5 39832 095260 52875 18 37
15 1.064 15557 3.8853 140008 51842 14 34
50C 20 1.085 15573 3.8006 182426 50629 1.0 30
25 1.108 1559.3 37139 223220 49560 08 28
30 1.127 15617 3.6368  2.63035 48667 07 27
31 1132 15629 36168 270712 48472 07 27
0.5 1.014 15544 40839 048538 53883 28 44
1.0 1.039 15563 39759 094951 52703 16 36
L5 1.062 15584 3.8783 139627 51668 13 33
55°C 20 1.083 1560.7  3.7894 181841 50467 09 3.0
25 1.106 15627 3.704 220336 49364 07 28
30 1.126 15646 3.6289  2.60925 48277 05 26
3.1 1.129 1565.1 36156 268500 48076 05 26
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Fig. 1. (A) Adiabatic compressibility, (B) molar hydration
number, and (C) molal hydration number - water +
ammonium bromide.

These variations indicate that ion-solvent interactions
exist within the system. The molar and molal hydration
numbers decrease with increases in concentration and
temperature in aqueous solutions of ammonium bromide.
For instance, the molar hydration number declines from 4
to 1 and the molal hydration number from 5 to 3 at 35°C,
as detailed in Table 1. A similar pattern of reduction is
observed at other temperatures. Temperature influences a
slight decrease in both molar and molal hydration numbers.

Thereductioninmolar hydrationnumbers with increasing
molality is attributed to ion-ion association, consequently
decreasing ion-solvent interaction [18]. The number of
solvent molecules surrounding an ion also diminishes due
to the presence of ion pairs in highly concentrated solutions.
Therefore, hydration by water molecules is reduced at higher
concentrations, which is reflected by the declining molar
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Table 2. Allied parameters of ammonium bromide
solutions.

Apparent molal volume ¢ of ammonium bromide salt
in water.

Temp. 0, (*10° m¥/mole
System .
molality  35°C  40°C  45°C 50°C 55°C
05 24574 27414 27967 31105 31223
1.0 30838 33302 35257 37713 38673
15 30043 35381 37399 39.000  39.854
Water + ammonium ) 34461 38155 40067 42145 42677
bromide
25 35840 38982 40073 43072 43.967
30 37925 40529 41776 42830 45.083
31 38305 40862 41781 42931  45.178

Apparent molal compressibility ¢, of ammonium
bromide salt in water.

Temp. ¢, (*10%) m¥/N/mole
System .
molality  35°C 40°C 45°C 50°C jc
0.5 -2.875 -2.640 2472 2317 2142
1.0 -1.942 -1.739 -1.522 -1.368 -1.229
1.5 -1.645 -1.377 -1.208 -1.104 -1.006
Water tammonium o s gl 0904 0755 0708
bromide
25 -1.166 -0.919 -0.816 -0.604 -0.541
3.0 -0.934 -0.740 -0.632 -0.577 -0.402
3.1 -0.908 -0.722 -0.626 -0.573 <0387

Molar solvated volume ¢_of ammonium bromide salt in
water.

Temp. 0, (*10°) m*/mole
System .
Mohlity 35C  4°C  45°C s 55C
05 90950 8883 88842 85686 8IS
10 5665 BIO 08T 6990 61719
15 012 61415 65689 65007 63630
Water * ammonium 65685 62836 6131 999 5939
bromide
25 48 60356 0IT  STA0S 6T
30 0490 ST 65T 5648 54580
30 0268 ST66 64l 564 54310

hydration number values [19]. Regarding temperature, a
slight decrease in molar hydration number may be due to
the disruption of the hydration sphere around ions.

The computed values of the above parameters for
ammonium bromide solutions are provided in Table 2 and
Fig. 2. Apparent molal volume is observed to increase with
ammonium bromide at all temperatures in the aqueous
solutions. The rate of change of ¢ with concentration is
more pronounced at lower concentrations than at higher
concentrations. Concerning temperature, the values of
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¢, increase in the case of ammonium bromide solutions.
Apparent molal compressibility values are negative,
and this parameter increases with both concentration
and temperature. Molar solvated volume decreases with
increases in concentration and temperature, mirroring the
trends seen with the hydration number. It is evident that
the hydration number significantly influences interactions
and, consequently, the value of ¢_[20]. In ammonium
bromide solutions, the hydration number has a more
substantial impact on the molar solvated volume than the
apparent molal volume. Thus, molality affects the three
allied parameters-apparent molal volume, apparent molal
compressibility, and molar solvated volume-predominantly
at lower concentrations, while temperature has a minimal
effect on these values.

(A)

(B)

(€)

Fig. 2. (A) Apparent molal volume, (B) apparent molal
compressibility, and (C) molar solvated volume of water +
ammonium bromide.
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Table 3. Variation of allied parameters due to hydration with molality at 35°C for water + ammonium bromide.

Apparent molal volume ¢ (*10°) m*/mole

Apparent molal compressibility ¢, (*10') m¥/N/mole

Molar solvated volume ¢, (*10°) m*/mole

Molality Equations
4 5 6 7 8 9 10 1 2 13 14 15
0.5 24.585 23.902 2478 24574 -2.874 -2.904 2,907 -2.875 91.707 90.950 91.713 90.950
10 30.833 30362 31210 30.838 -1.942 -1.962 -1.980 -1.942 76.579 75.665 76.574 75.665
15 32.143 32.058 32211 32.143 -1.645 -1.648 -1.651 -1.645 70.262 70.112 70.262 70.113
2.0 34.465 34.879 34538 34.461 -1.352 -1.334 -1.358 -1.352 65.902 65.685 65.834 65.685
25 35.836 35.566 36.071 35.840 -1.166 -1177 -1.182 -1.166 63.136 62.748 63.152 62.748
3.0 37.928 37.745 37.291 37.925 -0.934 -0.942 -0.895 -0.934 58393 59.490 58.496 59.490
3.1 38307 37523 37974 38305 -0.908 -0.942 -0.888 -0.908 58.567 59268 58.756 59.269
(A) (B)
Square root of molal concentration .
Square root of molal concentration
Fig. 3. (A) and (B) vs. @ in water at 35°C.

Validity of three equations for ¢, ¢, and ¢, from hydration
studies: From the hydration studies, the three parameters ¢,
¢, and ¢_ are calculated using three sets of equations and
their values are compared with those obtained by traditional
equations. This comparison, for values at 35°C, is presented
in Table 3. It is evident from the table that the values
calculated from the three equations are in good agreement
with those obtained from the traditional equations. This
concordance suggests that the assumptions made by
Passynski, Barnartt, and the authors are valid, thereby
affirming the correctness of the methodology adopted for
deriving these equations.

Technology and Engineering’

Variation of three allied parameters ¢ , ¢, and ¢_ parameters
with concentration: The variation of the three allied parameters
., ¢, and ¢ with the square root of molarand molal concentration

Jn, & \/g are found to be linear. The variation of ¢,
¢, and ¢_ and molar solvated volume with concentration are
studied and the corresponding plots of ¢, vs. \/E and \/E ,
¢, vs. \/E and \/rT'Z, o, vs. \/n72 and+/n}, are constructed
at 35°C and presented in Figs. 3 to 5. The values of slope,
intercept, and correlation coefficient at 35°C in molar and
molal scale for the three allied parameters are given in Table 4.
The correlation coefficient is found to be 0.99 suggesting that
the linear equations provide the best fit, thus indicating their
appropriateness for modelling these relationships.

SEPTEMBER 2024 « VOLUME 66 NUMBER 3
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Table 4. Values of slope, intercept and correlation co-efficient in molar and molal scale for the three allied parameters.

Values of n_, VO, n,, ¢ and correlation co-efficient r at 35°C.

Molar scale

Molal scale

System . .
Slope n, | Intercept Correlation Slope Intercept Correlation
(*10°m’/MP) (*10°m*/mole) co-efficient r (*10°m’/MP) (*10°m*/mole) co-efficient r
Water +
. ) 13.255 016.308 0.987 12.0242 017.260 0.985
ammonium bromide
Values of n,, (h? , Ny, ¢ and correlation co-efficient r at 35°C.
Molar scale Molal scale
System Slope n,, Intercept Correla'tion Slope Intercept Correla'tion
(*10"m%/N/M?) (*10"m*/N/mole) co-efficient r (*10"m*/N/MP) (*]014m5/]v/mole) co-efficient r
Water +
01.915 -04.022 0.983 01.734 -03.880 0.980
ammonium bromide
0 ! ' . .
Values of n, , ¢, 0, ¢S° and correlation co-efficient r at 35°C.
Molar scale Molal scale
Syst . .
ystem Slope n, (*10°m/ [, 100c ept C ﬂrrela.ttan Slope Intercept Correlaf‘mn
W) (*10"m3/mole) co-efﬁctent r (*103m3/M7) (*10"m3/mole) co-eﬁ‘ictent r
+
Water . . -030.962 109.151 -0.979 -028.009 106.823 -0.975
ammonium bromide
(A) (B)
Square root of molal concentration Square root of molal concentration
Fig. 4. (A) , (B) VS. @, in water at 35°C.
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(A)

Square root of molal concentration( )

Fig. 5. (A) , (B) vs. @_ in water at 35°C.

5. Conclusions

The hydration number and some related allied parameters
for ammonium bromide at various temperatures are
reported. Variations in adiabatic compressibility and related
parameters against concentration and temperature reveal the
existence of molecular association among solute and solvent
molecules. The results of the hydration number and their
allied parameters indicate the molecular interactions taking
place in the solution, and the trends of these parameters are
in good agreement with the structure-promoting behaviour
of the solutes.
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Analysis of a novel 3C-SiC thin layer on silicon diaphragms for
enhanced stress amplification in MEMS piezoresistive pressure sensors
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Abstract:

This study analyses the square diaphragm structure of a micro-electro-mechanical system (MEMS) pressure sensor
using the finite element method (FEM). The research investigates an enhancement in stress distribution achieved
by coating a silicon (Si) diaphragm with a thin layer of silicon carbide (3C-SiC). Applying a thin layer of 3C-SiC
material onto a Si diaphragm enhances the stress distribution of MEMS pressure sensors. The design structure
of the square diaphragm of a MEMS pressure sensor is simulated and analysed using 3D FEM in COMSOL
multiphysics. Four piezo-resistors are configured in a Wheatstone bridge to translate resistance variations into
an output voltage. Then, the stress distributions are calculated by solving the 3D structures of MEMS pressure
sensors in the stationary solver of the solid mechanics module in COMSOL multiphysics. The findings indicate a
significantly higher stress distribution in the 3C-SiC layer compared to a solely silicon diaphragm. Consequently, it
is posited that the stress distribution in MEMS pressure sensors could be considerably augmented with increasing
pressure, increasing diaphragm length, and decreasing diaphragm thickness. Also, the output voltage of more than
20 mV can be achievable with this design for using the thin layer of 3C-SiC material on a Si diaphragm in designing
MEMS piezoresistive pressure sensors.

Keywords: micro-electro-mechanical system pressure sensors, silicon, silicon carbide, stress.

Classification numbers: 2.1, 2.3

1. Introduction sensitivity, substantial temperature dependence, and high
power consumption. Consequently, metal strain sensors
have been substituted by semiconducting materials like
silicon (Si) [19, 20], polysilicon (Poly-Si) [21], silicon
carbide (3C-SiC) [22, 23], graphene [24], and diamond
[25], enhancing the stress distribution and sensitivity of
MEMS piezoresistive pressure sensors. Silicon carbide
(3C-SiC) is particularly suited for MEMS piezoresistive
pressure sensors in harsh environmental conditions due to
its wide bandgap, corrosion resistance, excellent chemical
inertness, and high Young’s modulus. Recently, MEMS

Pressure sensors are extensively utilised in various
technical applications including medical [1], automotive
[2], wearable devices [3], and aerospace sectors [4]. Micro-
electro-mechanical systems (MEMS) pressure sensors
offer numerous advantages, such as compact size, reduced
power consumption, high sensitivity, and linearity [1].
Based on their working principles, pressure sensors can be
categorised into piezoresistive [5-7], capacitive [8], optical
fibre [9], resonant [10], and piezoelectric types [11]. For

the enhancement of stress amplification, sensitivity, and " ; X ;
linearity in MEMS pressure sensors, piezoresistivity [, 6] silicon carbide (SiC) pressure sensors have been operational

is favoured. This involves converting the applied pressure under high pressure and high-temperature conditions, where
signal into an electrical output signal, i.e., resistance, conventional silicon sensors are ineffective [26-29]. The use
to measure the stress states in materials. An increase in  Of square diaphragms made of SiC materials, which show

material stress amplification leads to heightened sensitivity ~ greater stress distribution, can lead to higher sensitivity in
in MEMS pressure sensors. MEMS piezoresistive pressure sensors [30, 31]. However,

the combination of a thin 3C-SiC layer on a Si diaphragm
(3C-SiC/Si wafer) has not been previously explored for
enhancing the stress distribution in MEMS piezoresistive
pressure sensors.

Various electrical materials’ piezoresistive properties
are explored to measure stress states in materials [12].
Literature reviews suggest that conventional piezoresistive
sensors, constructed using metal films (such as Au [13], Cu
[14], Mn [15]), alloy films (like Bi-Sb [16]), and cermet This study investigates the application of a 3C-SiC layer
films (such as Au-glass [17], RuO, [18]), exhibit limited on a Si diaphragm to achieve higher stress amplification
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and robust performance in MEMS piezoresistive pressure
sensors. A square-shaped diaphragm of a MEMS pressure
sensor is modelled using the finite element method (FEM)
in COMSOL multiphysics [32] to calculate its stress
states. A thin layer of silicon carbide (3C-SiC) is applied
atop a (100) plane Si wafer to augment the diaphragm’s
stress. Subsequently, four piezoresistors, configured in a
Wheatstone bridge, are employed to translate resistance
variations into the output voltage. The resulting output
voltage from the 3C-SiC on the Si square diaphragm is
then evaluated across a broad spectrum of pressure (p) and
diaphragm dimensions.

2. Materials and methods

2.1. Stress-strain relations for single crystal Si and SiC
materials

To examine the linear elastic behaviour of orthotropic
and homogeneous materials, such as silicon (Si) and silicon
carbide (SiC), it is essential to understand how an external
force acting upon a solid body generates internal forces that
cause deformation, stress, and strain. Fig. 1 illustrates the
stress components within a small segment of a solid body.

O,
z
(sz
Oy 'Uyz
Oy - ny y
L O, Oy
F L . X

Fig. 1. Stress components in a small cubic element of a
material. Variables o o, o,arme the normal stress
components in the x, y, and z dlrectlon respectively. Variables
o- O 0 . represent the shear stress components in the
X, y and zdlrectlon respectively.

A linear relationship between stress and strain is
established by Hooke’s Law [33], as shown in Eq. (1):

M-v v v 0 0 0
o, v 1-v v 0 0 0 &, 1
o, v v 1-v 0 0 . 1
=|_pl 0 0 0 1-2 0 0 ;| EaAT|1 (1)
o 2 2¢ 1-2v |0
o 0 0 0 0 1’22" 0 | 2. 0
a, =2y 2, 0
0 0 0 0 0 5

where £- E and v are Young’s modulus and

B
I+v)1-2v)’
Poisson’s ratio of the material, respectively, o is the
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coefficient of thermal expansion and AT is the change in
temperature of the solid, €, €,,, &_ are the normal strain
components in the x, y, and z directions, respectively, and
<€txy, §‘XZ &, are the shear strain components in x, y, and z
directions, respectlvely.

Considering that a thin plate is only subjected to load
forces in the x-y directions, the plane stress assumption
((5 =c_=c_=0) is applied. Therefore, the stress components
in Eq (1) are simplified as shown in Eq. (2):

- 1 v 0 £ FOuAT

a
B v 1 0 g, - 1 2)
o, 0 0 1-v i 2¢, 0

Si and SiC are known to be anisotropic materials [34-
36]. Thus, the relationship between stress and strain for
these materials, considering their anisotropic coefficients,
can be generally expressed as shown in Eq. (3):

o.] [C, C, €, 0 0 0 e,]
o, |C, G, C, 0 0 0 |e,
o.| |Gy Cy G 0 0 0 e 3)
o, 0 0 0 C, 0 0|e,
o, 0 0 0 0 C, 0 |eé.
o,/ Lo 0 0o 0o o C.le,]
where C,, C,,, and C,, are components in a 6x6 matrix,

often referred to as the coefficients of elasticity for
anisotropic materials.

The specific stress-strain relationship for anisotropic Si
in the <100> direction on a (100) plane Si wafer is expressed
in Eq. (4) [33]:

o.] 1657 639 639 0 0 0 e,
o, | 639 1657 639 0 0 g,
o.| | 639 639 1657 0 0 e
=|_ | [GPa] (4
o, 0 0 0 796 0 €, [GPa] (4)
. 0 0 0 0 796 0 |e.
lo,] Lo o 0o 0o 0 796]¢,]

Similarly, for anisotropic 3C-SiC in the <100> direction
on a (100) plane Si wafer, the relationship is given in
Eq. (5) [36, 37]:

(o] [395 132 132 0 0 0 |[e.]
o,| 132 395 132 0 0 0 |s¢,
o.| |132 132 395 0 0 0 [e&.
o7l 0o 0 o 236 0 ole |CPHO)
o, 0 0 0 0 23 0 [e&.
o, ] LO 0 0 0 0 23]e,]
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Table 1 lists the Young’s modulus (£), shear modulus
(G), Poisson’s ratio (v), and mass density (p) of Si and
3C-SiC materials in the (100) plane Si wafer. These values
are incorporated in the finite element method (FEM) in
COMSOL multiphysics [32] for calculating the stress and
strain of Si and 3C-SiC diaphragms in MEMS pressure
Sensors.

Table 1. The mechanical properties of silicon (Si) and
silicon carbide (SiC) in the <100> orientation on the (100)
plane of an Si wafer [35-37].

. L Young’s modulus ~ Shear modulus ~ Poisson’s Mass density
Materials  Orientation (GPa) (GPa) ratio (kg/m)
Si <100> 1298 79.5 0278 2330
3C-SiC <100> 395 236 025 3210

For calculating stress and strain in homogeneous

anisotropic materials like Si and 3C-SiC, solutions to the
system equations of Eq. (1) are provided for 3D problems
without body force, applied load, and boundary conditions.
However, to simulate the complex structure of MEMS
pressure sensors, FEM is required, incorporating specific
boundary conditions such as applied pressure (p) and
clamped boundaries. After solving, the stress and strain
distributions in MEMS pressure sensors can be evaluated.

2.2. Piezoresistive effect for single crystal Si and SiC
materials

Figure 2 demonstrates the alignment of all piezoresistors
in the n-type SiC/p-type Si diaphragm. These are arranged in a

(A) (B)

rotated square diaphragm at 45° for the <100> crystallographic
orientation, which has the highest piezoresistive gauge
factors for n-type SiC [36]. The change in resistivity of the
piezoresistive sensing element is given by:

Ap AR
—— = =70, 70, =71,0,+7,,0, (6)
Yol R
where p is the resistivity of the material, R is the resistance
of the material, o, and o, are the longitudinal and transverse
stresses in the piezoresistors, respectively, #, and =, are
the longitudinal and transverse piezoresistive coefficients,
respectively, and x, and z,, are the fundamental
piezoresistive coefficients of the single crystal 3C-SiC and
Si materials [33, 34].

Table 2. The piezoresistive coefficients (1
<100> direction of (100) silicon (Si) [35].

10 Ty T,,) in the

Resistivity, p m,, (107""/Pa) n,,(107""/Pa) m,,(107""/Pa)
p-Si(78Q.cm) 6.6 -1.1 -138.1

n-Si(11.7 Q.em)  -102.2 53.4 -13.6
Table 3. The piezoresistive coefficients (mw , mw , m, ) in

direction <100> of (100) silicon carbide (3C-SiC) [34, 35].

Resistivity, p m,, (10™/Pa) 7, (107"/Pa) 7, (107"/Pa)
p-3C-SiC (0.14 Q.cm) 1.5 -1.4 18.1
n-3C-SiC (0.7 Q.cm) 9.6 5.8 1.6

For the design of the sensing element, the opposing
signs of m,, and =, as presented in Tables 2 and 3, suggest
that it is advantageous to maximise the longitudinal stress

(0,) while minimising the transverse

Pressure

YYVYVYVY

SiC

Si

stress (o). This approach facilitates a
more significant change in the resistance
(AR) of the piezoresistors. Consequently,
the sensing elements are subjected to a
simple uniaxial loading beam along the
longitudinal axis. Under these conditions,
only the longitudinal stress component g,
is considered, and the transverse stress

Fixed N Outer Anchor
(€) (D)
Bl s
Bl sic 0., L
' -
20

Unit in Micro-meter

Fig. 2. (A) Schematic of the working principle of the device; (B) top-down view
of maximum distributed stresses; (C) arrangement of the four piezoresistors;
and (D) circuit diagram of resistors in full Wheatstone bridge forming the
square diaphragm of the MEMS piezoresistive pressure sensors.

Vietnam Journal of Science,

Technology and Engineering

component o, is disregarded. Thus, Eq.
(6) can be simplified to Eq. (7):

Ap AR

— = =70, =70 (7)

o R

This simplification underscores that
the resistance of the sensing elements
will increase under compressive stress
(indicated by a positive sign) and decrease
under tensile stress (indicated by a
negative sign). This relationship between
stress and resistance change is crucial for
the effective functioning of the sensing
elements in piezoresistive applications.

SEPTEMBER 2024 « VOLUME 66 NUMBER 3



2.3. Sensor design and working principles

As depicted in Fig. 2A, a thin square diaphragm is
supported by a thick Si substrate. A rotated square diaphragm
of 45 degrees is proposed to maximise sensitivity, designed for
the <100> direction on a (100) plane n-type 3C-SiC/p-type Si
wafer. Additionally, a thin layer of 3C-SiC (approximately 500
nm) is applied on top of the Si diaphragm to enhance its stress
distribution, as shown in Fig. 2A. Upon the application of
pressure (p) to the diaphragm, stress concentrates at the corners
of the thin SiC on Si diaphragm. This results in maximum
distributed stresses (0, and ¢ ) along the edges of the diaphragm
and the substrate of the MEMS pressure sensor, as illustrated in
Fig. 2B. Fig. 2C displays the placement of four piezoresistors
(R, R, R, R, at these points of maximum stress on the
diaphragm. When pressure is applied to the sensor diaphragm,
the pairs of piezoresistors (R, R,) and (R,, R,) undergo an
equal and opposite change in resistance [35]. Subsequently,
the piezoresistors R, R, R, and R, are interconnected in
a Wheatstone bridge formation, as shown in Fig. 2D, to
transform the resistance changes into an output voltage. The
output voltage (V ) of the Wheatstone bridge, resulting from
bridge unbalance, is given by Eq. (8):

RR.—RR
V :V+_V*: 1773 2774
out (R+R)(R,+R,) '

®)

where V| is the output voltage and V, is the source voltage.

When R, and R, experience stress, their relative change
in resistance is given by:

AR, AR,

—=—==r,0, +7m,0, =0+7,0 =0, 9)

Rl R3 1 1 1

where o, (= Oy) and O, (~ —ny) are the longitudinal
and transverse stress components at the locations of R, or
R, respectively.

Similarly, the relative change in resistance for R, and R,
is given by:

ARZ _AR4
R, R,

=m0, +n,0, =m0, +0=-a, (10)

where o, = O-xy) and o, (= -0, ) are the longitudinal
and transverse stress components taken at the locations of
R, or R, respectively.

The relative change of voltage at the bridge output (or
bridge sensitivity) can be rewritten as:
AV _ata, (11)

Voo2+ o —-a,

Since the quantity o, —a, is sufficiently small, Eq.

(11) can be simplified by
AV o +a,

vV 2 (12)
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2.4. Finite
multiphysics

element simulation in COMSOL

(A) (B)

© (D)

Fig. 3. (A) Proposed rotated square structures; (B) materials
settings for silicon, silicon carbide (3C-SiC), and applied
pressure; (C) mesh settings; and (D) clamping boundary
conditions used for FEM in COMSOL multiphysics [32].

In Fig. 3, the finite element method (FEM) model in
COMSOL multiphysics [32] is employed to calculate
the stress and strain on the square diaphragm of MEMS
pressure sensors. The simulated FEM model for the square
structure involves four steps to determine the stress in the
MEMS pressure sensor. Initially, a square structure of the
MEMS pressure sensor is proposed, as shown in Fig. 3A.
Subsequently, a thin layer of 3C-SiC material is applied to
the top of a Si (100) wafer, as depicted in Fig. 3B. The
anisotropic properties of Si and 3C-SiC materials, detailed
in Table 1, along with the geometric conditions listed in
Table 2, are incorporated. Additionally, pressure (p) is
applied to create stress distribution on the thin diaphragm. In
the mesh setting, a tetrahedral mesh density with 1,468,130
elements is employed throughout the sensor structure. An
extremely high mesh density is specifically designated for
the thin diaphragm, where stress concentration occurs,
as illustrated in Fig. 3C. The fourth step involves setting
a clamping boundary for the substrate, as shown in
Fig. 3D. Ultimately, the stress distributions are obtained
by solving the 3D structure of MEMS pressure sensors
in the stationary solver of the solid mechanics module in
COMSOL multiphysics [32].

Technology and Engineering



m PHYSICAL SCIENCES | PHYSICS, ENGINEERING

3. Results and discussion

Figure 4 presents the stress distributions of square and
circular diaphragm structures of MEMS pressure sensors,
plotted using FEM in COMSOL multiphysics [32]. The results
indicate that maximum stress concentrates along the corners of
the thin diaphragm and the thick substrate. The stress distribution
of the square diaphragm (see Fig. 4A) is higher than that of the
circular diaphragm (see Fig. 4B) for MEMS pressure sensor
diaphragms, as demonstrated in Table 4. Furthermore, the stress
distributions of 3C-SiC on Si diaphragms are considerably
higher than those of Si diaphragms alone, as indicated in Table

Surface: von Mises stress (N/m?)

(A)

00

- %107 um

Fig. 4. The von Mises stress distribution (o

mises

Table 4. Basic geometric and operating conditions used in
COMSOL multiphysics [32].

Parameters Name Value
Wafer length Si (100) L, 5000 pm
Wafer thickness Si (100) ; 380 um
Diaphragm length Si (100) L, 3000 pm
Diaphragm thickness Si (100) T, 50 um
3C-SiC layer thickness Tige 500 nm
Applied pressure p 50 kPa
Young’s modulus of (100) Si E; 130 GPa
Poisson’s ratio of (100) Si Vg, 0.28
Density of materials of (100) Si Py 2330 kg/m’
Young’s modulus of 3C-SiC Eg. 394 GPa
Poisson’s ratio of 3C-SiC Vie 0.25
Density of materials of 3C-SiC o 3210 kg/m*
Elastic limit of Si - 180 MPa
Strain limit of Si & i 1385 pe
Elastic limit of 3C-SiC (SS;C - 1245 MPa
Strain limit of 3C-SiC Brers

Technology and Engineering’

Table 5. Resultant von Mises stress (o, ) for a square
diaphragm of a MEMS piezoresistive pressure sensor with
Si only and Si with 3C-SiC.

Geometries Materials von Mises stress (G, )
Si G, e = 38279 (MPa)
Square Diaphragm
Si with 3C-SiC = 95.579 (MPa)
Si e = 28.678 (MPa)
Circular Diaphragm
Si with 3C-SiC G = 81.560 (MPa)

x107

0 2 A 2

) for (A) square and (B) circular diaphragms for MEMS pressure sensors.

5. Therefore, the principal stress distribution of the square
structure of 3C-SiC on the Si diaphragm is investigated over a
wide range of applied pressures (p) and diaphragm dimensions
(i.e., length (L ) and thickness (7)) to design for higher stress
amplification in MEMS piezoresistive pressure sensors.

In Fig. 5, the principal stress (g, ) is plotted against the
thickness (7)) and length (L)) of the diaphragm for varying
applied pressures (p). Fig. SA shows that the principal stress
(c) increases significantly as the thickness (7)) decreases. In
Fig. 5B, the stress (o) increases as the length (L) increases
and rises linearly with increasing pressure (p). Consequently,
the stress distribution of MEMS pressure sensors can be
significantly enhanced by increasing pressure, extending the
length of the diaphragm, and reducing its thickness. Moreover,
the elastic limit of 3C-SiC (o, . = 1245 MPa) is listed in
Table 2. The observed stress (o) levels remain within the
elastic limit of 3C-SiC materials, ensuring the safe operation
of MEMS pressure sensors. Thus, the stress distribution in
MEMS pressure sensors can be considerably amplified across a
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Fig. 5. Principle stress, o,  (MPa), versus (A) thickness
of diaphragm (T)) and (B) length of diaphragm (L) for
different applied pressures (p) of MEMS pressure sensors.
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Fig. 6. Output voltage, AV (mV), versus applied pressure, p
(Pa), for different diaphragm lengths (L ) of MEMS pressure
sensors.
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wide range of diaphragm dimensions and pressure conditions.

In Fig. 6, the output voltage (AV) is calculated using Eq.
(12) with varying applied pressure (p) for different lengths
(L) of the diaphragm. The results indicate a linear increase in
the output voltage (AV) as the pressure (p) rises. Additionally,
there is an observed increase in the output voltage (AV) with
an increase in the length (L)) of the diaphragm. Consequently,
a high output voltage (AV), exceeding 20 mV, can be achieved
across a wide range of diaphragm lengths and thicknesses
at an input voltage (V) of 5 V. Thus, the sensitivity of the
MEMS piezoresistive pressure sensor, featuring a combination
of a thin layer of 3C-SiC material on a Si diaphragm, can be
significantly enhanced over a broad spectrum of diaphragm
dimensions and pressure conditions.

4. Conclusions

This study has simulated and analysed the square diaphragm
structure of a MEMS pressure sensor using 3D FEM in
COMSOL multiphysics. A thin layer of 3C-SiC material,
applied onto a Si diaphragm, enhances the stress distribution of
MEMS pressure sensors. The stress distributions are calculated
by solving the 3D structures of MEMS pressure sensors in the
stationary solver of the solid mechanics module in COMSOL
multiphysics. Notable results from this study include:

1. The stress distribution of the 3C-SiC material on a Si
square diaphragm is considerably enhanced compared to that
of a Si-only diaphragm for MEMS pressure sensors.

2. The stress distribution of the 3C-SiC material on a Si square
diaphragm significantly increases under higher pressure, greater
diaphragm length, and reduced diaphragm thickness. These stress
values do not exceed the elastic limit of 3C-SiC materials. Hence,
the stress distributions in MEMS pressure sensors with 3C-SiC
on Si square diaphragms can be significantly amplified. An output
voltage of more than 20 mV is achievable with this design. The
results, demonstrating the utility of the thin layer of 3C-SiC
material on a Si diaphragm, are pivotal for designing MEMS
piezoresistive pressure sensors with enhanced stress amplification
and robust performance, particularly in hazardous environments.
Future work will involve the design and fabrication process of
the 3C-SiC on Si square diaphragm for MEMS piezoresistive
pressure sensors, employing MEMS technologies.
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Abstract:

Instant noodles are widely consumed in Vietnam and are especially popular among young people. In the production
of instant noodles, phosphate additives are commonly added to enhance the crispiness and chewiness of the product.
In this study, three phosphate species, including sodium pyrophosphate (SPP), sodium tripolyphosphate (STPP),
and sodium hexametaphosphate (SHMP), in instant noodle samples collected from the Vietnamese market were
rapidly analysed using the *’P-NMR method. The phosphate species in instant noodle samples were simply extracted
using deionised water. For *’P-NMR measurement, a D,O/deionised water mixture (9:1) was added. Chlorpyrifos
ethyl was used as an internal standard and the pH was adjusted to 9-10. The *P-NMR spectra were then obtained
in 1D mode using a pulse program that involved a 90° hard pulse. The method detection limits for SPP, STPP, and
SHMP determination were 0.60, 0.30, and 0.74 mg/g, respectively. The repeatability of SPP in instant noodles was
found to be smaller than 5%. The linearity was tested with R* (R-squared) values greater than 0.99 for all three
analytes. The analysis of instant noodle samples revealed the presence of only SPP, a common additive known for
its significant impact on enhancing food quality. The SPP content was estimated to be around 25-54% of the total

phosphate, determined by UV-Vis based on the heteropoly blue phosphomolybdate complex.

Keywords: instant noodle, phosphomolybdate, sodium pyrophosphate, total phosphate, *’P-NMR.

Classification numbers: 2.2, 2.3

1. Introduction

Phosphates are crucial substances for life, playing vital
roles in metabolising and absorbing nutrients from food [1].
Phosphorus (P) additives are incorporated into convenience
and processed foods for various purposes, such as leavening,
colour and moisture retention, anti-caking properties, and
flavour enhancement [2]. In food technology, P additives
(inorganic, organic, and natural P-containing) exist in different
forms (single, di-, tri-phosphate, and polyphosphate), identified
by E numbers [3, 4]. Previous research has suggested that
SPP, STPP, SHMP, sodium acid pyrophosphate (SAPP), and
their phosphate blends at various concentrations (0.3, 0.5, and
0.7%) significantly impact the quality and characteristics of
food products, such as pH, water-holding capacity, and colour
of ground meat patties [5]. Acceptable levels of phosphorus
content vary depending on the type of food, ranging from 251
mg of phosphorus per person per day in infants to 1,625 mg per
person per day for adults. High exposure levels range from 331
mg of phosphorus per person per day in infants to 2,728 mg
per person per day for adults [1]. Various types of phosphorus
additives are observed across different food categories, with
lecithin (E322), pyrophosphate (E450),and triphosphate (E451)
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being the most common [3]. Therefore, it is essential to analyse
phosphate species in food to ensure food safety.

In terms of conventional analytical methods for determining
total phosphate in food samples, spectrophotometric techniques
such as the molybdenum blue, vanadomolybdate complex, and
malachite green methods are commonly employed [6]. These
methods offer sufficient sensitivity and accuracy. However,
for determining phosphorus species, chromatography is the
preferred method in laboratories due to its selectivity and low
detection limit[7]. Some studies have utilised high-performance
liquid chromatography (HPLC) for the quantitative analysis of
adenosine triphosphate (ATP), adenosine diphosphate (ADP),
and adenosine monophosphate (AMP) in litchi fruit pericarp
tissue [8], as well as for analysing soluble reactive phosphate
(SRP) in marine and freshwater samples [9].

Comparatively, quantitative nuclear magnetic resonance
(NMR) spectroscopy offers several advantages over time-
consuming chromatography when applied to food analysis.
It presents a simple operation, allows for simultaneous
procedures, and enables quick analysis without the need
for extensive sample preparation, making it an inexpensive
method [10]. Specifically, quantitative *P-NMR serves as a
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flexible analytical tool for phosphate determination across
various food samples, including meat [11-14], milk [15], and
beverages [16-18]. While sample preparation for *'P-NMR
analysis may require some time, the method offers a high
method detection limit and good specificity comparable to
other analytical methods. However, this high detection limit
may potentially limit its effectiveness in detecting trace levels
of polyphosphates in complex food matrices like certain types
of food products.

In studies focusing on phosphorus additives, considerable
attention is directed towards compounds such as Na,P.O
Na,P.O,, KP,O,, NaHPO, and KP,O,, among others.
Researchers highlight the utility of the proposed method
for monitoring the hydrolysis of poly- and pyrophosphates,
alongside the analysis of samples resulting from such
hydrolysis or alkaline extraction. To ensure the completeness
of the method, the use of internal reference standards such as
hexamethylphosphoroamide (HMPA) [14], methylphosphonic
acid (MPA) [19], or triphenylphosphate with solvents like
D,0 and modified CDCl,/MeOH/D,0-EDTA-Cs+ (1.0 M)
(400:80:5 v/v) [13] is essential. The effectiveness of these
techniques relies on the types and concentrations of phosphorus
compounds present in food samples, ensuring good selectivity
and high accuracy, particularly when applied to complex
matrix samples.

This study aims to introduce a method for determining SPP,
STPP, and SHMP in instant noodle samples using *'P-NMR.
The experimental conditions are optimised to enhance
accuracy and reliability. An innovative approach is employed
by utilising Chlorpyrifos ethyl, a readily available and cost-
effective internal standard, for quantification. The validation
and efficacy of the *'P-NMR method in accurately assessing
specific phosphate additives in instant noodle samples offer
a novel and accessible approach for quality control in food
analysis.

2. Materials and methods
2.1. Chemicals and reagents

The following primary standards were purchased from
Sigma-Aldrich, with mass fraction purities indicated in
parentheses: Sodium triphosphate pentabasic (NaP.O,,
>98.0%), SPP tetrabasic (Na,P,O,, >95.0%), and SHMP
((NaPO,),, 96%). Working standard solutions were prepared
by diluting the original stock standards, which were stored in
Falcon tubes and kept in the freezer. These solutions were used

within a month of preparation.

A stock standard solution of 1000 ppm phosphorus (P) was
prepared from KH PO, stock standard solution obtained from
Merck. A 0.08 M ammonium molybdate solution was prepared
by dissolving 4.996 grams of (NH,) Mo.0O,,.4H,0O in 50 ml of
deionised water, followed by complete dissolution using an
ultrasonic machine. Additionally, a mixture of ascorbic acid

(0.375 M) and sulphuric acid (2.5 M) was prepared using
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commercially available reagents. An internal standard solution
of Chlorpyrifos ethyl was prepared from a phosphate-based
plant protection drug containing 44.5% Chlorpyrifos ethyl.
This was achieved by taking 1.0 ml of the pesticide and diluting
itto 10 ml in a 10 ml volumetric flask using deionised water.

D,0 solution (100 atom %D), utilised in this research, was
sourced as a pure chemical and was exclusively used in the
laboratory of ARMAR Chemicals (Switzerland).

All reagents used were of analytical grade, and deionised
water (DI) was utilised throughout. Solutions were prepared in
volumetric flasks, transferred to glass jars, and stored at 25°C,
shielded from sunlight. These solutions were used within 24
hours of reconstitution to maintain their integrity and accuracy.

2.2. Equipment and instruments

The UV-Vis spectrophotometer (UV-1650PC, Shimadzu,
Japan) equipped with a deuterium lamp and tungsten filament,
along with a plastic cuvette (1 cm thickness), was utilised for
the spectrophotometric analysis of total phosphate.

For the analysis of phosphorus species, the NMR
spectrometer Bruker Avance 111 equipped with a 5 mm PABBO
BB/ 19F-1H/ D probe with Z gradient, featuring auto-matching
and auto-tuning capabilities, operating at a frequency of 550
Hz in the mode of liquid sample, was used. Nitrogen (N,) was
used as the cooling liquid gas.

2.3. Samples and sample preparation

Sampling: Three instant noodle samples from different
manufacturers were collected randomly from grocery stores
and supermarkets in Vietnam, with expiry dates at least three
months away. The samples were kept in the manufacturer’s
packaging and stored in a refrigerator until sample processing.
All samples were used to determine total phosphate
concentration by the UV-Vis method.

Sample preparation for phosphomolybdate method:
Instant noodle samples were treated as described in AOAC
995.11 [20]. A mixture of 1.5 g of sample with 0.5 g of ZnO
catalyst was heated in an oven at 550°C for 4 hours, cooled,
then dissolved with 5 ml of HCI (3:1) and 5 ml of DI water,
then boiled for 15 minutes. After filtering, the solution was
neutralised with 0.1 M NaOH solution until a white precipitate
(Zn(OH),) appeared. Then a few drops of dilute acid (0.1 M
HCI) were added to the precipitate to dissolve it. The sample
was filtered and transferred to a 50 ml volumetric flask and then
graduated up to the mark. Accurately pipette 5.0 ml of treated
solution into a 50 ml volumetric flask containing 15 ml of DI.
To this flask, 7 ml molybdate-ascorbic acid solutions (1.5 ml
of 0.08 M ammonium molybdate, 3.5 ml of 2.5 M sulphuric
acid, and 2 ml of 0.375 M ascorbic acid) were added. The blank
samples were also prepared by a home-made instant noodle
manufacturing process involving the combination of wheat
flour and acetylated starch to create adhesion and enhance the
chewiness of the noodle strands.
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The absorbance of the produced complex was measured at
the maximum wavelength (820 nm) and the calibration curve
method was studied and applied in this study. The instrument
detection limit and quantification limit were 0.09 and 0.29
ppm, respectively. The method detection limit was 0.47 mg/g
of total phosphorus species.

Sample preparation for *'P-NMR method: Samples were
prepared according to the E. Szlyk, et al. (2011) [13]'s process
with slight modification. To the exact weight of ground sample
(1.5 g for instant noodles), 10 ml of DI was added, then it was
shaken for 60 minutes. Next, the solution was centrifuged at
4000 rpm for 1 hour. The clear solution was transferred into
a 50 ml volumetric flask
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acquired size 32768. A line broadening function of 1.0 Hz was
applied prior to Fourier transform. It resulted in a spectral size
of 65536 points.

3. Results and discussion
3.1. Optimisation of experimental conditions

Optimisation of experimental conditions was studied
by recording *'P-NMR spectra of standards and the internal
standard (Chlorpyrifos ethyl) in a mixture (Fig. 1). The signal
was calibrated with an instrumental blank, which is a mixture
of H,0 and D,0 in a 90:10 % v/v ratio.

Spectrum of standards with internal standard Chlorpyrifos ethyl

and filled to the mark. For
quantitative determination
of phosphorus content by
3IP-NMR, the standard and
D,O were mixed in a ratio
of 9:1. An internal standard
was added at 0.089%, and
the pH was adjusted to about
9-10 with 0.1 M NaOH
solution. Then 1 ml of these
solutions was transferred
into NMR tubes, and NMR
spectra were recorded. To
quantify the phosphate
species by *'P-NMR, the
relationship between the
area of the obtained signal
and the concentration of the
compounds was analysed.

The *P-NMR spectra
were obtained in 1D mode.
The pulse programme
involved a 90° hard pulse.
The relaxation delay was
set at 2 seconds, five times
the relaxation time of the
3P nucleus, to ensure total
spin relaxation, followed
by an acquisition time of
0.402 seconds. The receiver
gain was calculated by the
command “rga” in Topspin
3.2 (Bruker Biospin). Other
parameters were fixed:
spectral  width  81521.7
Hz (-400 to 400 ppm),
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64 scans and a relaxation delay
time of 2 seconds at 26°C (Fig. 3).
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similar results, with insignificant
differences (Fig. 4).
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Fig. 4. *'P-NMR spectra of standards and internal standard at different relaxation times.

Effect of measurement mode: Two measurement modes,
coupling and decoupling, were investigated. The coupling
mode scans the effects and interactions of atoms in the
analyte molecule, while the decoupling mode ignores these
interactions, resulting in a clearer measurement spectrum.
However, the signal intensity in coupling mode is observed to
be higher than in decoupling mode, despite a small difference
in the area integral of the two modes (Fig. 2). Consequently,
utilising decoupling mode may result in more challenging
quantification. Therefore, experiments on measuring signals
were conducted with pyrophosphate Na,P,0; 300 ppm with
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of internal  standards:  The
SIP-NMR  spectrum of instant
noodles shows a clear peak at
2.5 ppm and a smaller peak at approximately 5.5-6 ppm
(Fig. 6). The peak at 2.5 ppm is identified as SPP, but the peak at
5.5-6 ppm does not match any of the three reference standards
studied and thus remains unidentified [17-19]. Therefore, it is
evident that the current method, with optimised conditions and
Chlorpyrifos ethyl as the internal standard, can determine the
presence of SPP in instant noodle samples.

It was found that the additive in instant noodles contains
only SPP and no STPP or SHMP. Therefore, the experiments in
this study focused on analysing SPP in instant noodles.
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3.2. Validations of the *'P-NMR
method

Calibration curves and
linearity: The peak areas obtained
from the analysis of 12 standard
samples for the *P-NMR method
were used to establish calibration
curves and assess linearity.
For the evaluation of linearity,
correlation  coefficients  and
working ranges were considered.
The calibration curve for SPP
utilised a concentration range
of 100-1000 ppm. The STPP
calibration curve was prepared
within the range of 50-1000 ppm,
while the SHMP calibration curve
was established within the range
of 75-1000 ppm. The obtained
correlation coefficients for all three
calibration curves were greater
than 0.99, indicating excellent
linearity of the regression models.
Additionally, the relative deviation
values of concentrations calculated
from the calibration curves were
all below 15%. This suggests
that the calibration curves are
reliable and accurately predict
the concentrations of SPP, STPP,
and SHMP within the specified
concentration ranges (Fig. 7).

Detection and quantitative
limits: For the method detection
limit (MDL) and method
quantitative limit (MQL), instant
noodle samples of the same
product (IN2) were processed
and analysed. Six samples of
IN2 noodles (containing only
SPP) and spiked noodle samples
(with low concentrations of
STPP and SHMP added) were
processed according to the same
procedure and analysed under
the same conditions to determine
the MDL and MQL of SPP. The
instrument detection limits (IDL)
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indicate that the method is not highly sensitive and is not
suitable for determining trace or hypertrace concentrations
directly. However, for food samples, the detection limit
and quantitative limit of the method are reasonable and
acceptable (Table 1).

Table 1. Instrument detection limit, method detection limit,
and method quantitative limit of sodium pyrophosphate,
sodium tripolyphosphate, and sodium hexametaphosphate
determination by *'P-NMR method.

Parameters SPP STPP SHMP
IDL (mg/g) 0.6 03 0.74
MDL (mg/g)

(For instant noodles samples) 031 0.25 0.32
MQL (mg/g) 1.00 0.83 1.10

(For instant noodles samples)

Trueness: To determine the trueness of the method, the
recovery of the method was assessed using spiked samples of
instant noodles. The results in Table 2 show recoveries for SPP,
STPP, and SHMP in instant noodle samples between 90 and
110%, indicating good trueness of the analytical procedure.

Table 2. Recovery of sodium pyrophosphate determined in
instant noodle samples.

Conc.added  Conc. in sample  Conc. found  Spiked conc. found  Recovery
(ppm) (ppm) (ppm) (ppm) (%)
SPP 100 63.89 157.71 93.82 93.82
STPP 100 N.D. 104.36 104.36 104.36
SHMP 100 N.D. 95.05 95.05 95.05

Accuracy: Repeatability was evaluated by analysing the
same sample 6 times, and reproducibility was validated by
analysing the previously used sample 6 times the following
day (Table 3). Relative standard deviations (RSD)) for
repeated analysis of phosphorus in instant noodle sample
matrices within the same day were all lower than 3%,
and RSD, (%) values were smaller than 3%, indicating
consistent results between the two sets of experiments.

Table 3. Repeatability and reproducibility.

Entry Day 1 Day 2
SPP (ppm) SPP (ppm)
1 64.29 65.00
2 63.89 63.99
3 63.23 64.15
4 64.00 64.19
5 63.51 63.97
6 64.44 64.69
Mean 63.89 64.33
SD 0.459 0.418
RSD,_ (%) 0.719 0.651

Vietnam Journal of Science,
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Precision: Relative standard deviations (RSD)) for
repeated analysis of phosphorus in instant noodle sample
matrices within the same day were all lower than 3%,
confirming the repeatability of the analytical procedure.
Comparison between two sets of experiments on day 1
and day 2 was carried out to validate reproducibility across
different days. The ¢, and S ool ,values for SPP concentration
in instant noodles were 1.736 and 0.439, respectively. The
1, value (1.736) was smaller than 7, (2.228), and the
RSD, (%) value (0.745) was smaller than 3%, indicating

consistent results between the two sets of experiments.

3.3. 3IP-NMR quantitative determination of phosphate
compounds in instant noodle sample

S'P-NMR spectra of three analytical subjects (SPP,
STPP, and SHMP) were detected separately from each
other and from the internal standard spectrum (Chlorpyrifos
ethyl) (Fig. 1). Quantitative determination of phosphate
types in some instant noodle samples was performed using
3IP-NMR. The results are shown in Table 4.

Table 4. Concentration of phosphate in samples.

Conc. of SPP in Conc. of SPPin instant ~ Total phosphate

Sample analytical solution ~ noodles sample (determined by UV-
(ppm) (mg/g) Vis) (mg/g)

IN1 120£1.3 1.240.045 4.340.082

IN2 128£1.63 2.6+0.054 4.740.12

IN3 93+0.41 0.93£0.02 3.6+0.08

The concentration of SPP in three instant noodle samples
from three different brands ranged from approximately 0.93
to 2.6 mg/g. The percentage of SPP to total phosphate in the
sample, as analysed by the UV-Vis method, ranged from
approximately 28 to 54%, depending on the product of
each producer. The percentage of SPP additives in instant
noodles was relatively low, and other additives (STPP and
SHMP) were not detected. An unknown spectrum appearing
at approximately 5.5 ppm was recorded. This suggests that
the phosphate in instant noodles may also include various
other forms of phosphorus compounds, such as water-
insoluble phosphorus (since the reporting solvent used was
water) and other unreported phosphorus compounds. The
amount of SPP additives used in instant noodle products
varied among different companies. IN2 noodles were found
to have the highest percentage of SPP additives and the
largest amount of total phosphate among the three types of
noodles. Meanwhile, the percentage of SPP in IN1 and IN3
was similar.

4. Conclusions

The *'P-NMR method successfully detected the presence
of SPP as the main phosphate additive in three instant
noodle samples from different brands. The percentage of
SPP to total phosphate in these samples, as analysed by the
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UV-Vis method, ranged from approximately 28 to 54%,
varying depending on the specific product of each producer.
Interestingly, other additives such as STPP and SHMP were
not detected in any of the samples. This suggests that the
phosphate content in instant noodles may also consist of
various other forms of phosphorus compounds, including
water-insoluble phosphorus (as the reporting solvent used
was water) and potentially other unreported phosphorus
compounds. Moreover, it was observed that the amount of
SPP additives used in instant noodle products varied among
different companies. The proposed *'P-NMR procedure
proved to be highly useful for the quantitative analysis
of phosphate types in food due to its excellent selectivity
and straightforward implementation. This method offers
valuable insights into the composition of phosphate
additives in food products, aiding in quality control and
regulatory compliance efforts within the food industry.
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Abstract:

This research focuses on optimising the process of preparing metallic dysprosium through calcinothermic reduction.
The study employed response surface methodology (RSM) based on a central composite face-centred (CCF) design
to model the interactive effects of three independent variables: reduction temperature, Ca/DyF, molar ratio, and
reduction time, on the dependent response, which was the reduction yield. Initially, experiments were conducted
to determine the experimental matrix or planning region. Subsequently, experimental studies were carried out
within this matrix to develop a quadratic response surface methodology - central composite face (RSM-CCF) model
for the calcinothermic reduction of DyF, using MODDE 5.0 software. The resulting model demonstrated good
agreement between calculated and actual data, establishing a reliable framework for the calcinothermic reduction
process. Further analysis involved assessing the contributions of the model’s coefficients to the dependent response
to optimise the process. The findings indicate that reduction temperature plays a significant role in governing the
calcinothermic reduction. The optimal parameters for the calcinothermic reduction of DyF, were identified as a
reduction temperature of 1450-1460°C, a reduction time of 50 minutes, and a Ca/DyF, molar ratio of 2.15. Under

these conditions, the maximum reduction yield achieved was 85.7%.

Keywords: calcinothermic reduction, metallic dysprosium, modelling, optimising.

Classification numbers: 2.2,2.3, 4.2

1. Introduction

Dysprosium (Dy) is a valuable heavy rare earth element.
Along with iron and terbium, Dy is a component of the
magnetic material Terfenol-D (TbxDy1-xFe2; =0.3), which
exhibits the highest room-temperature magnetostriction of
any known material. Dy is also a critical component in the
production of high-energy permanent magnets, such as Nd-
Fe-B (Nd,, Dy,,, Fe., .M B x=0-0.3; M is Co or Cu),
which are used in modern electrical generators and motors
for hybrid and electric vehicles, as well as wind turbine
generators. Nearly 95% of'the total demand for Dy is foritsuse
in Nd-Fe-B permanent magnets. Additionally, Dy is required
in hard disc drives, transducers, wide-band mechanical
resonators, and high-precision liquid-fuel injectors. In the
nuclear sector, Dy has a high thermal-neutron absorption
cross-section, and consequently, dysprosium-oxide-nickel
CERMET material is used as neutron-absorbing control
rods in nuclear reactors. Dy is also utilised in dosimeters for
measuring ionising radiation [1-3].

In metallurgy, molten salt electrolysis and metallothermic
reduction are the two main techniques for producing rare
earth metals. Light rare earth metals, such as lanthanum
(La), cerium (Ce), praseodymium (Pr), and neodymium

“Corresponding author: Email: nthungvaec@gmail.com
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(Nd), which have low melting points (920, 795, 935, and
1024°C, respectively), are commonly produced via molten
salt electrolysis. In contrast, heavy rare earth metals such as
Dy and Tb, with higher melting points (1407 and 1356°C,
respectively), are typically produced using metallothermic
reduction [4-7].

Both techniques employ anhydrous free-oxygen chloride
or fluoride rare earth salts as feed materials. Although the
salt electrolysis or metallothermic reduction temperature
of anhydrous free-oxygen chloride salts is lower than that
of fluoride salts, chloride salts have a highly hygroscopic
nature, which is a major disadvantage. In contrast, anhydrous
free-oxygen fluoride rare earth salts are preferred due to
their superior stability. The metallothermic reduction of
anhydrous free-oxygen fluoride salts using metallic calcium
as the reductant is known as calcinothermic reduction [8].

The production of metallic rare earth by molten salt
electrolysis or metallothermic reduction involves two key
steps: (i) fabrication of anhydrous free-oxygen fluoride
and (i1) molten salt electrolysis or calcinothermic reduction
of the anhydrous fluoride to obtain metallic rare earth.
In the case of Dy, metallic dysprosium is fabricated by
the calcinothermic reduction of anhydrous free-oxygen
fluoride Dy, which can be produced from, for example, the
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fluorination of dysprosium oxide (Dy,0,) using ammonium
bifluoride (NH,HF,) [9-11]. Previous studies have reported
the fluorination of dysprosium oxide, terbium oxide
(Tb,0,), and terbium chloride (TbCL,) using ammonium
bifluoride for the preparation of anhydrous free-oxygen
fluoride dysprosium and terbium [12-14]. However, to the
authors’ knowledge, no previous study has investigated the
calcinothermic reduction of DyF, for the preparation of
metallic Dy.

This study aims to fill this research gap by investigating
and optimising the calcinothermic reduction process
of anhydrous free-oxygen DyF, to obtain metallic Dy.
The relevant process parameters influencing the yield of
calcinothermic reduction were identified using an Ishikawa
diagram, which depicted various factors affecting the
reduction yield of DyF,, including material factors (e.g.,
purity of DyF,, metallic Ca, powder form), equipment
factors (e.g., tooling conditions, scale accuracy, temperature
profile, calibration), and process parameters (e.g., reduction
temperature, reduction time, Ca/DyF, molar ratio, moisture,
inert gas environment).

The primary process parameters identified for
investigation were reduction temperature, reduction time,
and Ca/DyF, molar ratio. Subsequently, the quantitative
relationship between these parameters and the reduction
yield was evaluated. The RSM approach, based on CCF
design, was employed to empirically model the interactions
between the process parameters (independent variables) and
the calcinothermic reduction yield (dependent response).
This approach facilitated the optimisation of the process
by identifying the optimal values for each variable and
reducing the number of experiments required. Ultimately,
the regression model developed through RSM enabled
accurate prediction of the reduction process outcomes and
optimisation accordingly.

2. Materials and methods
2.1. Preparation of dysprosium fluoride (DyF ,) material

Dysprosium oxide (Dy,O,) with a purity of 99.9% was
obtained from dysprosium chloride (DyCl,) solution, which
resulted from the separation and purification of total rare
earth oxides (TREO) from Yen Phu, Vietnam, using the
solvent extraction method. The extraction was carried out
using PC88A as the extractant at the Institute for Technology
of Radioactive and Rare Elements (ITRRE) [15-18]. The
procedure for Dy, O, preparation is as follows: the DyCl,
solution was first precipitated using a saturated oxalic
acid solution; chloride (C17) anions were then completely
removed from the dysprosium oxalate [Dy,(C,0,),]
precipitate using dilute oxalic acid as a scrubbing solution.
The resulting dysprosium oxalate was then annealed in
air at 600°C for 2 hours, converting the oxalate salts into
dysprosium oxide. The fluorinating reagent used was
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ammonium bifluoride (NH,HF,), with a purity of >99%
(purchased from Shanghai Epoch Material Co., Ltd).

A mixture of NH,HF, and Dy,O, in a stoichiometric
ratio of 3.5:1 was prepared using laboratory ceramic ball
mill grinding equipment for approximately 0.5 hours. The
fluorination of Dy,O, by NH,HF, is a solid-phase chemical
reaction, requiring sufficient contact between the reactants
to optimise performance. To achieve this, the mixture
of Dy,O, and NH,HF, was ground into smaller particles,
increasing the surface area and enhancing contact between
the solid phases. This process improved the fluorination
yield, leading to higher conversion rates and more efficient
reactions. The reduction of particle size also promoted
a uniform distribution of reactants, minimising local
concentration gradients and enabling more homogeneous
reactions. Therefore, reducing particle size plays a crucial
role in solid-phase chemical reactions, significantly
impacting their efficiency and effectiveness.

The fluorination was carried out in a tube furnace
(Nabertherm) at 350-450°C for 3 hours. Upon loading the
mixture into the furnace, it was necessary to vent the steam
produced during the reaction to maintain stable furnace
conditions. A water aspirator was attached to the outlet of the
furnace, while two compressed air cylinders with pressure-
reducing valves were connected to the furnace inlet.
These measures ensured a continuous flow of compressed
air, removing the steam produced during the reaction
and maintaining appropriate temperature and pressure
conditions. This approach facilitated a smooth reaction
process and the production of high-quality fluorinated
products. The flow of compressed air also enhanced safety
and efficiency, minimising the risk of overheating or other
hazards that could compromise the process. As a result, the
conversion efficiency of the oxide to fluoride was estimated
to be over 99%.

B Map Sum Spectrum

Fig. 1. The EDS pattern of DyF, [12].

Analysis of the data presented in Fig. 1 reveals no
detectable peaks corresponding to oxygen in the EDS
pattern. Furthermore, the calculated compositions of the
F and Dy elements, based on the [DyF,] formula, closely
match those determined from the EDS results. These
findings confirm the successful conversion of Dy,O, into
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the desired [DyF,] product. The absence of oxygen peaks
further indicates that the reaction proceeded to completion,
leaving no residual oxygen in the final product. Overall, the
results provide strong evidence that the fluorination process
effectively produced high-quality [DyF,] with accurate and
consistent elemental compositions in line with the intended
formula. The anhydrous DyF, is used as the raw material
for the calcinothermic reduction to produce metallic
dysprosium (Dy).

2.2. Chemicals and equipment

Metallic calcium clinkers (99% pure, 1 mm in size),
stored under inert gas, were used as a reductant (purchased
from Shanghai Epoch Material Co., Ltd). A 15 kW induction
furnace, with a maximum operating temperature of 1800°C
(Zhengzhou, China), was utilised for the reduction process
(Fig. 2). The furnace consisted of a sealed silica chamber,
approximately 180 mm in length, housing a graphite
susceptor with a diameter of 80 mm. The susceptor featured
a central hole in its lid. The reaction occurred inside a
tantalum crucible placed within the susceptor for indirect
heating.

Fig. 2. The vacuum inductive furnace.

Temperature measurements were conducted using a
two-colour pyrometer, directed at the central hole of the
graphite susceptor lid. While no black body correction was
applied, the ratio of the distance between the susceptor lid
and the charged surface to the diameter of the hole was
approximately 4-5. Although this configuration did not
create a perfect black body, the recorded temperatures were
reasonably close to the actual values, ensuring practical
significance. The furnace employed a proportional-integral-
derivative (PID) control mechanism, receiving temperature
data from the pyrometer. This setup enabled precise and
controlled heating with an accuracy of +2°C, even in an
induction furnace. Additionally, the pyrometer allowed
observation of changes in the charge throughout the process,
despite the sealed system.

Prior to heating, the furnace chamber was purged with
argon at a flow rate of approximately 2 I/min for a sufficient
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period. This slight flow of argon, maintained via a bubbler,
continued throughout the entire reduction process.

2.3. Experiments

(i) Sample preparation: 50 g of dry DyF, and a specified
weight of metallic calcium were placed in a tantalum
crucible with a volume of 100 ml. The mixture was stirred
for 2 hours in a laboratory box filled with argon gas, after
which the crucible was placed in the vacuum induction
furnace.

(i1) Calcinothermic reduction of DyF,: The process was
conducted at temperatures ranging from 1200 to 1500°C,
with a Ca/DyF, molar ratio of 1.65-2.25, for 0.25-1 hour.
Upon completion, metallic Dy in the reduction samples
was dissolved in diluted hydrochloric acid (HCl), and Dy
content in the solution was determined using an inductively
coupled plasma optical emission spectrometer (ICP-OES,
Horiba, Japan). The reduction yield was calculated based
on the Dy content in the original DyF, and in the solid after
reduction, as follows (Eq. 1):

Initial Dy—Dy in solid

Reduction yield (%) = %X 100 (1)

Initial Dy

A satisfactory mass balance was achieved for each
reduction experiment, with five replications performed for
each experiment.

2.4. Modeling

The method of modelling and statistical design of
experiments, using a central composite face-centred (CCF)
design in response surface methodology (RSM), was
employed [15]. The dependent response in this study was
the reduction yield (Y, %), while the independent variables,
or factors, were the reduction temperature (X,, °C), Ca/
DyF, molar ratio (X,, mol/mol), and reduction time (X, h).
The levels of these variables are presented in both coded
and actual values in Table 1.

Table 1. Independent variables and their corresponding
levels.

Independent variable 33:;2301 fjloded var;able levels]

Reduction temperature (°C) X, 1400 1450 1500
Ca/DyF, molar ratio (mol/mol) X, 1.95 2.10 2.25
Reduction time (h) X, 0.50 0.75 1.00

To determine the optimal combination of these factors
for achieving the highest reduction yield, 15 experimental
runs were required. This was calculated as 2k+2k-+n , where
k is the number of factors, in this case three, and ng is the
number of replications at the centre points, set to one for
this study. Therefore, 15 runs were necessary to obtain
sufficient data for analysis and to identify the most effective
combination of reduction temperature, Ca/DyF, molar ratio,
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and reduction time for maximising the reduction yield.
By carefully controlling these variables, it is possible to
optimise the reduction process and maximise the production
of high-quality reduced products.

The experimental results were entered into MODDE 5.0
software, which was used to fit the model via multiple linear
regression. This process employed an RSM-CCF regression
model, mathematically represented as follows Eq. 2:

Z bXX, (2

i,j=1(i#J)

Y=%+i@x+2bxz

where Y is the dependent response; b, is the constant
coefficient; b, b. and bJ are the linear, quadratic, and
interaction coefﬁments respectively; X. and X, are the coded
values of the independent variables; XX and X represent
the interaction and quadratic terms, respectlvely

By applying this model to the experimental data, a
deeper understanding of the relationships between the
independent variables (factors) and the dependent response
(reduction yield) was obtained. This information can be used
to optimise the reduction process and improve the quality
of the reduced products. The use of advanced statistical
modelling techniques, such as multiple linear regression and
RSM-CCEF, is essential for achieving accurate and reliable
results in experimental research, significantly enhancing the
understanding of complex processes and systems.

3. Results and discussion
3.1. Determining the experimental planning region

A central composite face-centred (CCF) design, within
the framework of response surface methodology (RSM), is
capable of modelling the linear, quadratic, and interaction
effects of independent variables on the dependent response.
Thus, incorporating a model based on the CCF design
provides a comprehensive understanding of the overall
reduction process, leading to an accurate description of the
system under investigation. Prior to implementing the CCF
design in RSM for modelling the calciothermic reduction
process, experimental studies were conducted to examine
the effects of the independent variables on the dependent
response. These studies are essential in determining the
experimental planning region, which is necessary for
obtaining accurate and reliable results.

By conducting these experimental studies and defining
the planning region, a CCF design can be effectively used to
model the calciothermic reduction process. This facilitates
the optimisation of process parameters, thereby improving
the quality of the final product and enhancing efficiency and
productivity. The calciothermic reduction reaction of DyF,
is shown in equation (3):

3 3
5 Ca + DyF, = Dy + 5 CaF, 3)
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From the literature, the key parameters influencing the
calciothermic reduction are reduction temperature, Ca/
DyF, molar ratio, and reaction time. Studies investigating
the effects of these parameters on the reduction yield were
undertaken.

The investigation into the effect of reduction temperature
on the reduction yield was conducted at a Ca/DyF, molar
ratio of 2.1 and a reduction time of 0.5 hours. The results
indicated that at temperatures below 1300°C, the reduction
yield was very low (<10%). At 1300°C, the yield increased
to 35%, while in the temperature range of 1400 to 1500°C,
the reduction yield reached approximately 80%.

The study on the effect of Ca/DyF, molar ratio on
the reduction yield was conducted at a fixed reduction
temperature of 1450°C and a reduction time of 0.5 hours.
The reduction yields at Ca/DyF, molar ratios of 1.65, 1.84,
1.95, 2.1, and 2.25 were 54.3+£0.8, 62.1+1.0, 80.8£1.2,
84.6+1.0, and 85.4+0.6%, respectively.

The investigation into the effect of reduction time on the
reduction yield was carried out at a fixed Ca/DyF, molar
ratio of 1.95 and a reduction temperature of 1400°C. The
reduction yields for time intervals of 0.25, 0.5, 0.75, and
1 hour were 71.9+1.4, 73.3+1.6, 75.4+1.0, and 75.2+1.2%,
respectively.

The effects of reduction temperature, Ca/DyF, molar
ratio, and reduction time on the reduction yield of DyF, by
metallic calcium are illustrated in Fig. 3. Based on these
results, the planned experimental region was determined
as follows: reduction temperatures of 1400-1500°C, Ca/
DyF, molar ratios of 1.95-2.25, and reduction times of 0.5-
1 hour. The subsequent experimental studies to model the
calciothermic reduction of DyF, were implemented within
this defined region.
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Fig. 3. The effects of factors on the reduction yield of DyF,
by metallic calcium.
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3.2. Modelling the calcinothermic reduction of DyF,

A response surface methodology (RSM) with a CCF
design was employed to evaluate the impact of independent
variables on the dependent response, specifically the
reduction yield. The study examined the effects of three
variables: reduction temperature (ranging from 1400 to
1500°C), Ca/DyF, molar ratio (ranging from 1.95 to 2.25),
and reduction time (ranging from 0.5 to 1 hour).

To accurately represent the relationship between these
variables and the reduction yield, a quadratic model was
selected, denoted by the variable Y. The MODDE 5.0
software was used to guide the adoption of this robust model,
facilitating the analysis of the experimental data. Through
this approach, optimal values for each independent variable
were determined, enabling maximisation of the reduction
yield and improving process efficiency.

In the RSM-CCF model, the independent variables were
assigned codes for ease of analysis. Reduction temperature,
Ca/DyF, molar ratio, and reduction time were designated as
X, X,, and X,, respectively. A coding scheme was applied,
where high, centre, and low levels were represented by 1,
0, and -1, respectively, as shown in Table 2. This coding
approach was crucial for conducting accurate experimental
studies and modelling the effects of independent variables
on the dependent response. By employing codes and levels,

Table 2. Central composite rotatable design arrangement
and results.

a structured and systematic framework was established,
enhancing the accuracy and reliability of the results
obtained.

The outcomes of the 15 experimental runs were
recorded in Table 2 and input into the MODDE 5.0 software
for further analysis. Using multiple linear regression, the
software fitted a model to the experimental data, providing
a comprehensive understanding of the factors influencing
the dependent response. Furthermore, this model can be
utilised for predicting the outcomes of future experiments
and optimising the reduction process.

To evaluate the adequacy of the quadratic model in the
calciothermic reduction of DyF,, a significance test and
analysis of variance (ANOVA) were conducted. Table 3
provides a summary of the estimated regression coefficients,
along with their corresponding 95% confidence intervals.
The accuracy and variability of the model were assessed
using the coefficient of determination (R?), which was
calculated to be 0.95. This indicates that the model explains
95% of the total variation in the response, leaving only
5% unexplained. Thus, the model exhibits a high level of
confidence in predicting the response.

The ANOVA results, including the p-value, sum of
squares, mean square, model significance (F-value), and
degrees of freedom (Table 4), reveal that the p-value for the
regression model was below 0.05, indicating that the model
terms are statistically significant at the 95% confidence
level. This demonstrates the overall goodness of fit of the

Independent variables Responses .-
‘ dl:” B Rl . dp -~ model. Additionally, the lack-of-fit p-value suggests that
oded levels eal vaiues eduction yie . . .
Run ! there is no significant lack of fit at the 0.05% level, further
Reducsion Calyll, = Reduction = iperimental® = Caleulated validating the model’s statistical soundness. The adjusted
X f X7 X L lemperature, molar ratio, ~ time, (Actual), (Predicted), ffici £d . . di dR2 lculated
neC wmolmol  inh in% in% coefficient o .eterrmnatlon (adjusted R*) was calcu at§ to
T4 1 1 105 050 e p be 0.94, reflecting a §trong agreement between the predicted
model and the experimental data.
21 1500 1.95 00 753 758
3 1 - 1400 225 0.50 78.1 781 Table 3. Estimated regression coefficients for sequential model.
- ! ! A B L st . e Source Coefficient Standard error p-value
LI L. e 4 e s Model 843378 0418872 5.73439-011
6 b r e s 100 789 70 X, 221 0246443 0.000287564
T r o r w2 100 $02 P X, 295001 0.246443 7.17519€-005
L. iy L i G X, 122 0.246443 0.00428328
L 2y o ik et X 3412 0485992 0000834294
01 0 0 150 210 075 83.6 83.1
X -1.97223 0.485992 0.00974683
0 -0 1450 195 075 80.3 794 2
20 1 0 1450 225 075 84.7 85.3 %e -0.622238 0.485992 0.056602
B0 0 - 1450 210 00 83.2 825 XX, 0.112495 0.275532 0.099961
40 0 1 1450 210 1.00 84.5 84.9 XX, -0.0124991 0.275532 0.065574
50 0 0 1450 210 075 83.8 843 XX, -0.387508 0.275532 0.018609

*Experimental mean of five replications per batch.
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Therefore, the results of the significance test, ANOVA,
and evaluation metrics indicate that the quadratic model
employed for the calciothermic reduction of DyF, is
accurate and reliable. It effectively explains the variation
in the response and demonstrates good agreement with
the experimental data. The final predicted formula for the
calciothermic reduction of DyF, to obtain metallic Dy,
incorporating coded coefficients, is presented in Eq. (4):

Y=84.3+2.2X1#3.0Xx+1.2X5-3.5X2-2.0X2-0.6X 401X Xo-0.4XoX3 (4)

Table 4. The results of analysis of variance (ANOVA) of
model.

Source Degree of  Sumof  Mean F-value p-value  RSD
freedom  squares  square

Regression 9 233784 25976 427699 0.000 5.09666

Residual 5 3.03671  0.607341 0.779321

Lack of fit

R?=0.95;

R%adj.=0.94

In Fig. 4, a plot comparing the calculated reduction yield
of DyF, by metallic calcium versus the experimental results
is presented. The close distribution of the experimental data
points around a straight line indicates a strong agreement
between the predicted and actual results. This confirms that
the RSM-CCF model for the calciothermic reduction is
consistent with the experimental data.
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Fig. 4. Linear correlation between calculated and
experimental values for the calcinothermic reduction of
DyF,.
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3.3. Optimising the calcinothermic reduction of DyF ,
3.3.1. Interaction among factors
From Eq. (4), several key insights can be drawn:

i. The contributions from the linear coefficients (b; of
X;) and quadratic coefficients (bi? of X?) on Y are far more
significant than those from the interaction coefficients (b;
of XiXj). Therefore, the variables have largely independent
effects on the response.

ii. The contributions from the coefficients b, and b > at the
low level (X,=-1) and high level (X,=1) on Y were calculated
as b-5.7 and b-1.3, respectively. This indicates a significant
decrease in the reduction yield at X =-1. The highest reduction
yield is achieved at temperatures between 1450 and 1460°C,
with a calculated value of b =84.3 at X =0.

iii. The contributions from the coefficients b, and b,
at the low level (X,=-1) and high level (X,=1) on Y were
calculated as b-4.7 and b +0.8, respectively. This suggests
a significant decrease in yield at X_=-1, while the increase at
X,=1 is minimal. The highest yield is reached with Ca/DyF,
molar ratios between 2.1 and 2.25.
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Fig. 5. Contours and response surface of the reduction
yield of DyF, by metallic calcium vs reduction temperature
and Ca/DyF, molar ratio at a low level of the reduction time.
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Fig. 6. Contours and response surface of the reduction
yield of DyF, by metallic calcium vs reduction temperature
and Ca/DyF, molar ratio at centre level of the reduction
time.

iv. The contributions from the coefficients b, and b.* at the
low level (X,=-1) and high level (X,=1) on Y were calculated
as b-1.6 and b +0.4, respectively, indicating that reduction
time has an insignificant effect on the yield.

The comprehensive analysis of these independent variables’
contributions to the response shows that reduction temperature
(X,) has the most significant effect on the reduction yield (Y).
Therefore, optimal conditions for the calciothermic reduction
of DyF, are primarily determined by careful control of the
reduction temperature. Although the Ca/DyF, molar ratio
(X,) and reduction time (X,) also influence the process, their
effects are comparatively weaker. To achieve the best overall
performance, a balanced optimisation of all independent
variables should be pursued, taking their relative importance
and interdependence into account.

3.3.2. Effect of factors on reduction yield

The influence of experimental factors on the reduction
yield of DyF, using metallic calcium is shown in Figs. 5-7.
The reduction temperature positively affects the yield within
the range of 1400 to 1450°C. However, at temperatures
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Fig. 7. Contours and response surface of the reduction
yield of DyF, by metallic calcium vs. reduction temperature
and Ca/DyF, molar ratio at a high level of the reduction time.

above 1450°C, the increase in yield is minimal, irrespective
of the Ca/DyF, molar ratio or reduction time. A similar trend
was observed for the effects of the Ca/DyF, molar ratio and
reduction time on the yield, though the Ca/DyF, molar ratio
had a stronger influence than reduction time.

Figure 8 provides a comprehensive visual overview of the
effects of factors on the reduction yield. The linear positive
effects of reduction temperature (X)), time (X,), and Ca/DyF,
molar ratio (X,) were quantified as 4.42+1.27, 2.44+1.27, and
5.90+1.27, respectively. Conversely, the quadratic negative
effects of reduction temperature (X ?) and Ca/molar ratio (X3
were -6.94+2.50 and -3.94+2.50, respectively. The remaining
factors, including the quadratic influence of reduction time
(X2), the interactive influences of the reduction temperature
and time (X X,), the influence of the reduction temperature
and the Ca/DyF, molar ratio (X,X,), and the influence of the
Ca/DyF, molar ratio and reduction time (X,X,) on the DyF,
calcinothermic reduction yield, were quantified as -0.02+1.42,
0.2241.42, and -0.78+1.42, respectively. These influences
exhibited larger uncertainties and were therefore deemed
insignificant.
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Fig. 8. The effects of terms on the reduction yield of DyF,
by metallic calcium.

From these results, it can be concluded that reduction
temperature exerts the strongest influence on the reduction
yield, with values ranging from -6.94 to +4.42. The Ca/DyF,
molar ratio has a weaker influence, ranging from -3.94 to
+5.90, while reduction time has the weakest effect, at only
+2.44. Combining the analysis of the contributions of the bij
coefficients with the analysis of the influences of the X and X;
factors, it can be concluded that the calcinothermic reduction
of to produce metallic Dy is predominantly controlled by
reduction temperature.

3.3.3. Optimising the calciothermic reduction of DyF,

To determine the most favourable conditions for achieving
the highest yield in the calciothermic reduction of DyF,, the
RSM-CCF model was employed to explore desirable parameters
within the design space. Using the RSM-CCF model in
conjunction with MODDE 5.0 software, the optimal conditions
for the calciothermic reduction process were identified. These
optimal parameters consist of a reduction temperature of 1466°C,
a reduction time of 0.9 hours, and a Ca/DyF, molar ratio of 2.2.
Under these conditions, the maximum reduction yield of using
metallic calcium achieved was 86.2% (Table 5).

Table 5. Results of process optimisation and optimum
levels of variables.

Reduction Ca/DyF3 molar ~ Reduction

temperature (°C)  ratio time (hour) Reduction yield - log(D)
1466,39 2,2034 0,9399 86,1725 -10

1466,25 2,2029 0,9381 86,1727 -10

1466,26 2,2011 0,9397 86,1725 -10

1480 2,25 1 85,662 -1,2129
1460 2,16 0,75 85,5144 -0,8992
1480 2,25 1 85,662 -1,2129
1470 2,25 0,75 85,6892 -1,2853

1450 2,16 1 85,6452 -1,1708

However, optimising the calciothermic reduction

process requires consideration of several key factors
that can significantly influence the outcome. Striving for
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the highest yield alone is insufficient, as other critical
aspects such as energy consumption, chemical usage, and
waste management must also be accounted for. Thus, the
predictive model should not focus solely on maximising
yield, but rather consider trade-offs associated with these
factors. To achieve optimal overall performance, the model
should incorporate variables that are adaptable to cost,
yield, profitability, and other significant parameters. This
approach not only predicts outcomes but also guides the
process towards the best possible results while minimising
adverse environmental and resource impacts.

Table 6. The calcinothermic reduction yield of DyF,
calculated from Eq. (4).

No X, (C) X, X, (min) Y (%)
11450 2.15 40 84.7
2 1460 2.10 40 84.2
3 1460 2.15 40 85.0
4 1470 2.10 40 84.2
5 1470 2.15 40 85.0
6 1450 2.10 50 84.7
7 1450 2.15 50 85.4
8 1460 2.10 50 85.0
9 1460 2.15 50 85.7
10 1470 2.10 50 85.0
11 1470 2.15 50 85.7

Table 6 presents the calciothermic reduction yield of
DyF., calculated using Eq. (4). To optimise the performance
ofthe calciothermic reduction process, factors such as energy
consumption, chemical usage, waste treatment, and the
reduction yield must be carefully considered. Based on the
results, it is recommended to set the reduction temperature
between 1450 and 1460°C, with a reduction time of 50
minutes, and maintain a Ca/DyF, molar ratio of 2.15.
This optimisation strategy, derived from the experimental
data of samples 7 and 9 in Table 6, is expected to result
in an efficient reduction process with minimal energy and
chemical consumption, effective waste treatment, and a
high reduction yield.

By carefully considering these factors, an optimised
calciothermic reduction process can be developed that
meets both industrial and environmental standards.
Following the identification of the optimised conditions for
the calciothermic reduction of DyF,, additional experiments
were conducted to validate the model’s accuracy in producing
metallic Dy. The optimised parameters were applied in
further experiments, and the resulting reduction yield was
compared to the model’s predicted yield. The outcomes
were highly satisfactory, confirming the model’s ability to
accurately predict the reduction yield of DyF, for metallic
Dy production. This successful validation represents a
significant step towards the practical implementation of

nee,
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the calciothermic reduction process on a larger scale,
facilitating the preparation of metallic Dy with high yields
while minimising energy and chemical usage.

4. Conclusions

The calciothermic reduction of DyF, to produce metallic
Dy was examined using a response surface methodology
(RSM) based on a central composite face (CCF) design.
The developed RSM-CCF model demonstrated a strong
correlation with the experimental results, underscoring its
effectiveness for metallic Dy preparation. Analysis revealed
that the reduction temperature had the most significant
impact on the reduction yield, highlighting its critical role
in the optimisation process.

Considering factors such as energy consumption, chemical
usage, waste management, and reduction yield, the parameters
for the calciothermic reduction were optimised. The optimal
conditions identified were a reduction temperature range of
1450 to 1460°C, a reduction time of 50 minutes, and a Ca/
DyF, molar ratio of 2.15. Under these conditions, a maximum
reduction yield of 85.7% was achieved.

The successful outcomes of the testing further validate
the proposed model’s effectiveness. This model offers
promising potential for advancing the development of
comprehensive processing technologies for the production
of metallic Nd, Dy, Tb, and Y from Yen Phu xenotime
concentrate.
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Abstract:

In this study, lychee peels derived-biochar modified with CaFe,O NPs (MLPB) were successfully fabricated to adsorb
simultaneously both nitrate (NO,) and phosphate (PO,*) from aqueous solution. The preliminary investigation on
the effect of operational parameters, including pyrolysis temperature and modification ratio on adsorption of nitrate
(NO,) and phosphate (PO,*) in single-component and bi-component systems was performed. The characteristics of
biochar (PLPB) and magnetic modified biochar (MLPB) were evaluated through the specific surface area, SEM, EDS
and mapping, FTIR, and XRD. The primary results showed the adsorption of NO,  and PO, onto PLPB reached
a peak at the pyrolysis temperature of 450°C with a NO,” and PO, adsorption capacity of 12.8 and 10.9 mg/g,
respectively, in the single-component system while the adsorption capacity of NO,” and PO,* in the bi-component
system was 12.5 and 10.6 mg/g, respectively. The removal efficiency of NO,” and PO,* maximised at a modification
ratio of 5%. At this modification ratio, the adsorption capacity of NO," and PO_* in the single-component reached,
respectively, 24.0 and 21.5 mg/g while the adsorption of NO,  and PO_* was 24.0 and 22.6 mg/g in the bi-component
system, respectively. The preliminary study on analysing characteristics of the adsorbent confirmed that the removal
of NO, and PO,* was through ligand exchange and surface complexation mechanisms. The findings indicated that
the MLPB was a feasible and fully promising adsorbent in the simultaneous removal of NO, and PO,* from the

aqueous solution.

Keywords: calcium spinel ferrites, lychee peel biochar, magnetic modified biochar, nitrate, phosphate.

Classification numbers: 2.2, 5.3

1. Introduction

In recent years, with the massive growth of industry
and agriculture, contamination of receiving water bodies
by the excessive discharge of nitrate (NO,’) and phosphate
(PO,") has become a vital issue worldwide. NO, and
PO,* primarily originate from fertiliser residues in crop
growth [1] and effluents from industries such as seafood
processing and fertiliser production. Water bodies receiving
excessive amounts of both NO,” and PO,* simultaneously
trigger eutrophication with algal blooms, leading to the
depletion of dissolved oxygen in water, impairment of the
self-cleaning capacity of receiving sources, and the death of
aquatic organisms [1, 2]. Additionally, nitrate-contaminated
drinking water can cause serious diseases such as
methemoglobinemia, cancer, and blue baby syndrome [1,
3]. Therefore, it is essential to simultaneously remove both
NO," and PO, from wastewater before discharging into
water bodies.
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Techniques for removing NO, and PO,” include
biological processes using microalgae Chlorella vulgaris
[4] and pilot-scale SBR for nitrate removal [5], ion exchange
[6, 7], chemical precipitation [8, 9], and adsorption [10, 11].
However, biological processes and chemical precipitation
are not suitable for removing NO," and PO, at very low
concentrations and require a long biomass residence time
[1]. In comparison, adsorption is considered a simple, low-
cost, and highly efficient technique for removing NO," and
PO’ at trace concentrations [1-3, 11].

Biochar is a product of the pyrolysis process of carbon-
based materials, which has garnered more attention in
the treatment of various pollutants, such as nitrate and
phosphate. Especially, biochar derived from agro-industrial
by-products has encouraged product development towards
circular economic practices. Additionally, the utilisation of
solid waste to fabricate biochar helps effectively manage
solid waste and generate useful materials for pollutant
removal from wastewater. To date, a large amount of agro-
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industrial by-products has been used to produce biochar
for treating both NO,” and PO, from wastewater, such as
biochar from sugarcane bagasse for NO,  adsorption [2];
MgO-modified magnetic biochar derived from anaerobic
digestion residue for PO, removal [12]; Gigantochloa
bamboo-derived biochar [13]; Copper modified activated
bamboo charcoal for adsorption of trace metals and
ruthenium dye wastes [14, 15], and activated carbon
originated from musk-melon peel composited with ZnFe,O,
for simultaneous adsorption of both NO,” and PO,* from
wastewater [16]. Lychee peels are grown popularly in the
Northern of Vietnam with an average yield of 40,000 tons/
year [17]. The amount of lychee peel discharged makes up
about 15% of the fresh weight of lychee. Besides, lychee
peel has main components of cellulose, lignin which are
suitable as potential carbon biomass for producing biochar
[18].

However, the main drawback of applying agro-industrial
by-products-derived biochars for pollutant removal is
their low adsorption capacity towards pollutants due to
their low specific surface area and inherent negatively
charged surface. Thus, the biochar needs to be modified by
chemical-physical methods to enhance pollutant adsorption
capacity and efficiency. Among modification methods,
loading spinel ferrite nanoparticles (MFe,O,) has proven
to be highly efficient and overcome some limitations of
biochars by increasing specific surface area (S,.,), well-
developing a porous structure, and decreasing nanoparticle
agglomeration. Specifically, L. Ma, et al. (2018) [8] reported
magnesium ferrite (MgFe,O,)/biochar magnetic composites
(MFB-MCs) exhibited superior PO,* adsorption capacity
over biochar due to enlarged porosity along with increased
available binding sites; adsorption of Cr(VI) onto MnFe,O,
reached a high value of 89.18 mg/g [19]; simultaneous
removal of NO,  and PO, from wastewater by biochar/
ZnFe, O, composite achieved excellent adsorption capacities
of 75.58 and 91.80 mg/g, respectively.

In the present work, lychee peels-originated biochar
modified by spinel ferrite nanoparticles (CaFe,O,) was
primarily studied for the simultaneous adsorption of
both NO,” and PO,* from wastewater in batch-mode
tests. The primary study aims to investigate the effect of
operational parameters, consisting of pyrolysis temperature,
modification ratios between biochar and CaFe,O, NPs
on the simultaneous adsorption capacity and efficiency
of NO, and PO, from wastewater. Physical-chemical
characteristics of biochar and modified biochar before and
after loading both NO, and PO, were determined using
various analytical techniques such as nitrogen adsorption-
desorption, scanning electron microscope (SEM), Fourier
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transform infrared (FTIR), XRD, and EDS and mapping.
Besides, the plausible mechanisms of NO,” and PO*
adsorption onto modified biochar were briefly discussed.

2. Materials and methods
2.1. Chemicals and materials

The chemicals used for experiments, including KH,PO,,
NaNO,, KOH, CaCl,, FeCl,, glycerol, HCI and citric acid,
were purchased from Kyamata (Japan). All chemicals were
of analytical grade. Lychee peels were obtained from Bac
Giang province, Vietnam.

The simulated wastewater containing NO,” and PO,*
was prepared by dissolving precisely 4.387 g KH PO, and
6.071 g NaNO;, in 1000 ml double distilled water (DDW)
separately to reach a stock solution of 1000 mg/l. The
experimental solution was prepared by diluting the stock
solution to the desired concentrations.

2.2. Preparation of biochars
2.2.1. Fabrication of biochar (PLPB)

After collection, the lychee peels (LPs) were repeatedly
washed using distilled water to remove all impurities attached
to the LP’s surface. Then, the LPs were exposed under
sunlight. The dried LPs were then blended using blender
and sieved to achieve a diameter of 60 um. The blended
LPs were impregnated in KOH 0.1 M by a homogeniser
agitator to enrich oxygen-containing functional groups. The
KOH-soaked LP was then filtered and repeatedly cleaned
by DDW until pH reached 7.0. The LP was continuously
dried at 105°C for many hours to obtain the dried LP
powder. The dried LP powder was continuously pyrolysed
in temperature ranges from 300-550°C (interval=50°C) with
a heating rate of 10°C for 2 h. Finally, the obtained black
solid was denoted as lychee peel-derived biochar (PLPB).
The biochars obtained by pyrolysing at various temperatures
were used for the next experiments to determine the optimal
pyrolysis temperature for the fabrication of biochar, which
was then used to modify with CaFe O, NPs in the following
steps. The scheme describing the fabrication procedure of
biochar from lychee peels was demonstrated in Fig. 1A.

2.2.2. Fabrication of CaFe,O NPs

The spinel ferrite CaFe,O, nanoparticles were formed
using the sol-gel method as described in our previous
study [3]. Briefly, the procedure for the fabrication of
CaFe,O,NPs can be described as follows: firstly, a 500 ml
beaker containing 100 ml DDW, and 93 g of citric acid
was homogenised and placed on a magnetic agitator at 120
rpm, 60°C for 15 min. Next, a certain amount of CaCl, and
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FeCl, at a molar ratio of 0.0015:0.001 in ethylene glycol
(C,H,0,) was added to the above beaker. The mixture was
then agitated at 120 rpm at 80°C to achieve a completely
dissolved solution. The mixture was then dried continuously
at 105°C for 12 h to form a gel form. The gel was then
calcined at 300°C for 3 h and further calcined at 1000°C for
the next 2 h. Finally, the obtained black solid was CaFe,O,
NPs.

2.2.3. The modification procedure of biochar with
CaFe,0, NPs

The biochar was modified with CaFe,O,NPs using the
wet impregnation method. In the first step of the procedure,
a certain amount of CaFe O, NPs at ratios of 1, 3, 5, 7, and
9% (w/w) was added into a certain volume of methanol in
a 500 ml beaker. The beaker was then sonicated at 80°C for
30 min. Next, a certain amount of biochar (PLPB) was also
added to the above beakers. The beakers were then stirred at
120 rpm for 2 h to ensure all CaFe O NPs were loaded onto
the biochar’s surface. The mixture was then centrifuged to
collect the solid part. The obtained solid was cleaned with
DDW and dried at 105°C for 2 h. The resulting product
was magnetic modified biochar and labelled as MLPB-1;
MLPB-3; MLPB-5; MLPB-7 and MLPB-9. Together with
biochar (PLPB), the biochars at various modification ratios
were used for simultaneous adsorption experiments of both
NO, and PO,* to choose the optimal modification ratio.

2.3. Adsorption experiment design

All adsorption tests were conducted in batch-mode using
Erlenmeyer flasks containing 100 ml NO,™ and PO, (50
mg/l for each ion), 0.4 g of adsorbent with agitation at 150
rpm at room temperature (25+2°C) for 3 h of reaction time.
All tests were performed in triplicate. The experimental data
were expressed as the average value + standard deviation.
The adsorption capacity and performance of NO, and
PO, onto biochars were calculated using the following
equations:

_ (Co=Ce)V (1)
T M
%H =22 x100% 2)

o

where ¢ (mg/g) and %H are the adsorption capacity
and efficiency of nitrate and phosphate onto biochars,
respectively; C and C, are concentrations of NO, and
PO/ (mg/l) at initial and equilibrium, respectively; V'
is the solution volume (1); and M is the mass of applied
biochar (g).
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2.4. Analysis method

The physical-chemical characteristics of adsorbents
before and after the adsorption process were determined.
Specifically, the nitrogen adsorption-desorption isotherm
was applied to measure the textural properties of materials
at 77 K wusing Quantachrome Instruments version
NOVA4000e. A D8 Phaser X-ray diffractometer was used
to analyse the crystalline phase structure of adsorbents with
a scanning angle of 10-80°. The surface morphology was
observed by a scanning electron microscope (SEM). The
elements’ distribution on the adsorbents was evaluated via
energy-dispersive X-ray spectroscopy (EDS) and mapping
using S-4800, Hitachi, Japan.

The residual NO, and PO,* concentrations in the solution
were measured according to the standard method [20]
by spectrophotometric method using Spectrophotometer
photoLab®7600 UV-VIS (WTW, Germany). The NO,” was
analysed according to 4500-NO," - nitrogen at A=415 nm
with sulfosalicylic acid. The PO,* was measured according
to 4500 P-B&E using ammonium molybdate at A=880 nm.
Measurement of NO,  was based determination of the UV-Vis
absorption spectrum of the yellow compound formed by the
reactionof 10 g/l sulfosalicylic acid (formed by adding sodium
salicylate and sulfuric acid to the test sample) with nitrate
and subsequent treatment with alkali. Afterwards, measure
the absorbance of the solution at 415 nm. Meanwhile, the
phosphate was determined by Ascorbic Acid Method, 4500
P-B&E, Standard Methods for the Examination of Water
and Wastewater 23" edition. In this procedure, ammonium
molybdate and potassium antimonyl tartrate react in acid
medium with orthophosphate to form a heteropoly acid-
phosphomolybdic acid that is reduced to intensely coloured
molybdenum blue by ascorbic acid. Afterwards, measure
the absorbance of the solution at 880 nm. The pH meter
(HANNA, pH HI 2002-02, Romani, American) was used to
determine solution pH values.

3. Results and discussion

3.1. Effect of pyrolysis temperature on the adsorption
of NO; and PO

The tests to evaluate the effect of pyrolysis temperature
on the adsorption of NO,” and PO in the single-system
and bi-component system were conducted with fixing initial
concentrations of NO;  and PO, at 50 mg/l, adsorbent
dosage of 4.0 g/l with varying pyrolysis temperatures in
the range from 300-550°C. The NO," and PO,* adsorption
capacities on the biochar at different pyrolysis temperatures
in both single- and bi-component systems are illustrated in
Fig. 1.
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Fig. 1. Effect of pyrolysis temperature on NO," and PO ,* by
(A, B) single-component and (C) bi-component systems.
Experimental conditions: NO,” and PO,*> (50 mg/l for each
ion), 0.4 g of adsorbent, pH of 7.0 with varying of pyrolysis
temperatures from 300-500°C.

The data in Fig. 1 demonstrate that the adsorption of NO -
and PO,* strongly depended on the pyrolysis temperature
[21, 22] in both single- and bi-component systems, and there
was no significant difference in NO,” and PO,* adsorption
capacity in the single-component system and bi-component
system. The NO," and PO, adsorption capacities increased
when the pyrolysis temperature rose. The NO, and PO *
adsorption capacity increased, respectively, from 6.08
to 12.84 mg/g and from 4.08 to 10.84 mg/g in the single-
component system (Figs. 1A and 1B) and from 6.56 to 12.45
mg/g and from 4.36 to 10.57 mg/g in the bi-component
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system when the pyrolysis temperature was raised from
300-450°C. The NO, and PO,* adsorption maximised at a
pyrolysis temperature of 450°C with an adsorption capacity
of 12.84 and 10.84 mg/g, respectively, in the single-
component system and 12.45 and 10.57 mg/g, respectively,
in the bi-component system. However, a further increase in
pyrolysis temperature from 500-550°C led to a strong drop
in NO," and PO,* adsorption capacity on the biochar. The
results were because a very low or very high temperature is
not favourable for the production of biochar because samples
seem to have turned into ash. A very low temperature causes
incomplete pyrolysis of carbon constituent in the material
while a very high temperature leads to ashing of the carbon
composition in the material, thus the adsorption capacity
was decreased [23]. The highest adsorption capacity of NO,’
and PO, at a pyrolysis temperature of 450°C was due to a
well-development in porous property and S, of biochar
at a suitable pyrolysis temperature [21, 24]. Therefore, the
optimal pyrolysis temperature for the fabrication of biochar
was chosen as 450°C in this work. Fig. 2 demonstrated
biochar product images were produced at various pyrolysis
temperatures.

'Y

[ 400°c | [ as0°c |

| 350°c | | s00°c | | 550°C |

Fig. 2. Images of the biochar products obtained at different
pyrolysis temperatures.

3.2. Effect of modification ratio on NO; and PO
adsorption in the single-component and bi-component
systems

In this test, the lychee peels-derived biochar pyrolysed
at 450°C was used to modify with CaFe O, NPs at various
ratios of 0, 1, 3, 5, 7, and 9% (w/w) to promote NO," and
PO, adsorption capacity in both single-component and
bi-component systems. The tests were performed by fixing
initial concentrations of NO,  and PO,* at 50 mg/l, biochar
dosage of 4.0 g/l, and varying modification ratios of 0, 1, 3, 5,
7, and 9% (w/w) between biochar (PLPB) and CaFe O, NPs.

It can be seen from the data in Fig. 3 that the removal
of both NO, and PO, had a negligible difference in the
single-component and bi-component systems, proving that
there was no competition of binding sites for adsorption
of these ions. When the amount of CaFe,O NPs loaded
on the biochar increased from 1 to 5%, the NO,  and PO 43‘
adsorption capacity and performance onto modified biochar
in both systems increased. Specifically, the adsorption
capacity of NO," and PO,* increased from 13.79 to 24.05
mg/g and from 12.39 to 21.52 mg/g, respectively, in the
single-component system. The NO,” and PO,* adsorption
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capacity in the bi-component system increased from 15.46
to 24.05 mg/g and from 14.60 to 22.57 mg/g, respectively,
when the modification ratio increased from 1-5%. The
adsorption capacity and performance of both NO, and PO *
reached a peak at a modification ratio of 5% in both single-
and bi-component systems. At a modification ratio of 5%,
the NO, adsorption capacity was 24.05 mg/g with a NO,’
removal efficiency of 95.36%, and the PO, adsorption
capacity reached 21.52 mg/g with a removal efficiency of
87.09% in the single system. Similarly, the NO,  and PO,*
adsorption capacities in the bi-component system reached
24.05 mg/g and 22.57 mg/g, respectively. The NO, and
PO,’* adsorption capacity in both single- and bi-component
systems onto biochar was the lowest. The NO, and PO,*
adsorption capacities onto modified biochar at a ratio of 5%
were higher than that of biochar (PLPB) by many times.
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Fig. 3. NO, and PO* adsorption capacity and efficiency
in the (A, B) single-component and (C) bi-component
systems. Experimental conditions: NO,” and PO,* (50 mg/l
for each ion), 0.4 g of adsorbent, pH of 7.0 with varying of
modification ratios between biochar and CaFe,O, from 1-9%.
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However, a further growth in the loading ratio of
nanoparticles onto biochar led to a moderate drop in NO;
and PO,* adsorption capacity and efficiency in both single-
and bi-component systems. The removal of NO,” was 17.28
and 14.77 mg/g, which decreased by 6.77 and 9.30 mg/g,
while removal of PO,* reached 15.34 and 13.59 mg/g,
which dropped by 6.18 and 7.43 mg/g when the modification
ratio increased from 5 to 7 and 9% in the single-component
system. Meanwhile, the simultaneous adsorption of both
NO, and PO, in the bi-component system saw a similar
trend. To be specific, the adsorption of NO,” dropped by
3.07 and 5.33 mg/g, and PO, adsorption fell by 3.14 and
5.33 mg/g when the modification ratio increased from 5 to
7 and 9%.

The results showed that there was an optimal
modification ratio in which the NO; and PO,* adsorption
capacity and efficiency in both single- and bi-component
systems were the highest. A very low or very high loading
ratio was not beneficial for the adsorption of NO," and PO *
onto biochar. A very low loading ratio of nanoparticles led
to a lack of binding sites on the biochar’s surface, while
a very high loading ratio caused overlapping pores on the
biochar’s surface, thus the adsorption capacity was dropped.
The similar results were also obtained by previous scholars.
For instance, B. Wu, et al. (2017) [25] used magnetic
La(OH),/Fe,O, nanocomposites with varied La-to-Fe mass
ratios of 1:1, 2:1, 4:1, and 5:1 for adsorption of PO, and
the result showed that La-to-Fe mass ratio of 4:1 had the
highest removal efficiency of PO,*. A low or high ratio
of La was not favourable for adsorption of PO,”. H.H.P.
Quang, et al. (2022) [26] studied adsorption of NO," onto
drinking water sludge (DWS) coated by ZrO, nanoparticles
(DWS@ZrO,) and results indicated that either low (0.05 M)
or high ZrO, concentrations (0.3 and 0.5 M) had a negative
effect on the NO,” adsorption capacity. The NO," adsorption
capacity maximised at coating ZrO, concentration of 0.1
M. This result was because the limited active sites on the
surface of absorbents at low concentration of ZrO, caused
a lack of adsorption sites for ion NO,-, while a high ZrO,
concentration led to negligible active adsorption sites on
the surface of absorbents for nitrate adsorption, resulting
in a drop in nitrate adsorption capacity. From the above
discussions, a loading ratio of 5% CaFe,O, NPs was
selected to modify lychee peels-derived biochar for the
adsorption promotion of both NO,” and PO,* in single- and
bi-component systems in this work.

3.3. Adsorbent characteristics
mechanism briefly discussion

and adsorption

In this present work, the chemical-physical properties of
biochar (PLPB) and modified biochar at the optimal ratio of
5% (MLPB-5) were assessed to briefly determine NO," and
PO,* adsorption mechanisms in the bi-component system.
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Table 1. Nitrogen adsorption-desorption isotherm data
of PLPB, MLPB-5 before adsorption, PLPB; MLPB-5 after
adsorption in bi-component system.

Before adsorption After adsorption
Unit PLPB MLPB-5 PLPB MLPB-5
Sper Mg 1.554 2.618 0.616 1.183
e O/ 0.006 0.007 0.004 0.005
D nm 4.117 4.153 3.535 4111

pore

As can be seen from the data in Table 1, the biochar was
modified by CaFe,O, NPs, witnessing a growth in specific
surface area by about 1.7 times. Moreover, the loading of
CaFe O, NPs also led to a well-developed porous structure
of the modified biochar. This result was due to the occurrence
of both Ca and Fe on the modified biochar’s surface. Similar
results were also indicated in previous works. For example,
the loading of MgFe,O, onto biochar derived from Undaria
pinnatifida roots for the adsorption of PO, caused an
increase in the S_  of the modified biochar (MFB-MCs)
by 6.12 times [27]. The S of ZrO, -modified biochar also
increased by 2.81 times compared with biochar [26]. After
the adsorption of both NO,” and PO,* in the bi-component
system, the S, . of NO, and PO *-laden PLPB and NO, and
PO,*-laden MLPB-5 decreased due to filling porous holes on
the biochar’s surface by several NO,  and PO,* ions. Similar
results were also reported by previous research [1, 25, 26].

However, the S, = data of biochars in Table 1 also
indicated that both PLPB and MLPB-5 belong to non-porous
material with a low S__. Thus, the NO, and PO,* adsorption

BET"

by pore-filling mechanism was negligible in this study.

The surface morphology of PLPB and MLPB-5 before
and after simultaneous adsorption of NO," and PO,* in the
bi-component system are presented in Fig. 4.

Fig. 4. SEM images of (A) PLPB and (C) MLPB-5 before

adsorption; (B) PLPB and (D) MLPB-5 after adsorption in a
bi-component system.

Vietnam Journal of Science,
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FromFig.4A,itisevidentthatthe PLPB before adsorption
had a heterogeneous surface with a rough structure. Several
tiny fine pores were observed in the SEM image of MLPB-5
before adsorption, confirming that there was an amount of
CaFe,O, NPs stacked onto the porous surface of biochar in
the form of irregular flakes (Fig. 4C). Fig. 4C also showed
MLPB-5 had a porous structure with several scroll layers on
the surface. After adsorption, the porous structure on both
PLPB and MLPB-5 was broken and blocked with NO," and
PO,* ions. The result suggested that the Ca** and Fe** on
the biochar’s surface reacted with nitrate and phosphate
through chemical or physical adsorption [2].

Based on EDS analysis results (Fig. 5), the biochar
contained C, O, Mg, S, K and Ca in its constituent (Fig.
5A). After being loaded by CaFe, , NPs, there was an
occurrence of Ca and Fe with a high amount in the modified
biochar composition, proving that the CaFe,O, NPs were
successfully loaded on the biochar’s surface (Fig. 5C).

S HEINo, & PO, -laden PLPB

Fig. 5. EDS spectrums and elements mapping of (A) PLPB
and (C) MLPB-5 before adsorption; and (B) PLPB and (D)
MLPB-5 after adsorption in a bi-component system.

Especially, after adsorption, both N and P were present
in the biochars’ constituent, confirming that both NO," and
PO, ions were successfully adsorbed by PLPB and MLPB-
5. With the same initial concentration of pollutants, the
adsorbed amount of N and P on the MLPB-5 was higher
than that of the PLPB by about 2 times, indicating that the
NO," and PO,* adsorption capacity on the modified biochar
was higher than that of biochar.

The XRD patterns of biochar and modified biochar before
and after NO,” and PO,* adsorption in the bi-component
system are demonstrated in Fig. 6A. The successful loading of
both Ca and Fe on MLPB-5’s surface was also confirmed by
the XRD pattern (Fig. 6A). As indicated in Fig. 6B, the biochar
(PLPB) before and after adsorption exhibited an amorphous
structure. This was also an inherent property of biochar
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PLPB

produced from carbon-based materials. On the other hand,
the CaFe,O,-modified biochar expressed a nanocrystalline
structure both before and after adsorption with the appearance
of typical characteristic peaks of CaFe,O,. All these typical
peaks were well agreed with the standard CaFe,O, spectra
(JCPDS Card No. 74-2136) [3]. The 26 values at 26.2°,
33.6°, 39.5°, 52.7°, 61.2°, and 67.7° corresponded with the
typical crystal planes of calcium ferrite with good purity of
CaFe,0, at (220), (311), (320), (600), (533), and (440) planes,
confirming that CaFe,O, nanoparticles were successfully
deposited on the PLPB’s surface. In combination with data
in Fig. 5 which demonstrated the distribution of Fe, Ca, O,
N and P in the modified biochar constituent, leading to the
formation of Fe-O-P, Ca-O-P, Fe-O-N and Ca-O-N complexes
on the biochar’s surface by covalent binding of nitrate and
phosphate ions with —OH functional groups, confirming the
surface complexation mechanism contributed to the removal
of both NO, and PO by MPLP. The surface complexation
mechanism was also confirmed by FTIR data (Fig. 6A) by the
formation of complexes of P-O-M and N-H groups. Similar
results were achieved by previous studies [26, 28].

The FTIR analysis revealed dense peaks density at 3228
and 3226 cm™! in biochars before adsorption, indicating the
presence of —OH stretching and vibration of —OH groups [2,
26]. However, the density of ~OH groups decreased in NO
and PO,*-laden biochars, suggesting that the -OH groups
participated in the adsorption process. Moreover, peaks
fluctuating around 2947 and 2940 cm™ were attributed to
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C-H groups in biochar. The peaks density around 1592
and 1608 cm™' corresponded to C=0O groups. Notably,
the occurrence of new peaks at 1376 and 1377 cm™ after
adsorption may indicate band vibration of O-N, while peaks
at 1038 and 1040 cm™! were associated with N-H groups. This
result confirmed chemical/physical interactions between the
biochars’ surface and NO," and PO,* during the adsorption
process, demonstrating successful adsorption of both ions
onto the biochars. Additionally, peaks vibrating around 781
cm™ to 880 cm™! were attributed to Si-O bonds. The bands
at 432, 575, and 599 cm™ denoted the stretching vibration
of M-O, P-O-M, and N-O-M (M=Fe, Ca), respectively.
Analysis of the FTIR data indicated a ligand exchange
reaction occurred between —OH groups on the surface-
modified biochar and NO," and PO, anions during the
adsorption process. Thus, ligand exchange was identified as
the main adsorption mechanism of NO, and PO,* anions
onto modified biochar in the bi-component system.

In summary, based on the above-discussed physical-
chemical characteristics of biochars, it can be concluded
that the removal of both NO,” and PO,* in the bi-component
system occurred via surface complexation and ligand
exchange mechanisms.

4. Conclusions

This study successfully developed a low-cost adsorbent
from waste lychee peels and modified it with CaFe,O, NPs
for the removal of both NO,  and PO, from wastewater.
The optimal pyrolysis temperature for fabricating biochar
was determined to be 450°C. Furthermore, the results
indicated that a modification ratio of 5% CaFe,O, NPs with
biochar provided the highest NO,” and PO,* adsorption
capacity and efficiency in both single- and bi-component
systems, with negligible differences observed in the
adsorption performance between the single-component
and bi-component systems. The NO, and PO,* adsorption
capacities onto MPLB were consistently higher than
those onto PLPB, approximately double. Analysis of
the physical-chemical properties data of biochars before
and after adsorption primarily determined that the NO,
and PO adsorption mechanisms were through surface
complexation and ligand exchange. These findings suggest
that CaFe O,-modified biochar holds significant promise
for the simultaneous removal of both NO," and PO’ from
wastewater. Moreover, the spent adsorbent containing NO,
and PO,* can be utilised as a slow fertiliser for plant growth.
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Abstract:

Hazards generated during welding work are risky to human health. Knowledge of occupational health and safety
(OHS) while working with different welding processes is essential. Through theoretical and empirical methods, the
effects of welding hazards faced by welders in industries and the safety precautions for different welding processes
are explained in this article. The welding goggle with filter shade number 10 is recommended for eye protection,
particularly in industry settings for heavy-duty welding work. Most research has proven that welding hazards can
lead to diseases such as musculoskeletal disorders (MSD), cancer, auditory nerve failure, pulmonary oedema, lung
damage, pulmonary disorders, dermatitis, renal dysfunction, and pneumoconiosis. Among the steps of the hazard
control hierarchy, the “elimination” step offers an effective alternative to prevent major accidents. Controlling fumes
is crucial and is discussed through ventilation and other fume extraction methods. Forced circulation ventilation
(FCYV) provides better performance in fume control than natural circulation ventilation (NCV) if the height from the
welding room roof is less than 5 m. Air velocity should be maintained at or below 1 m/s. Adhering to international

standards like OSHA, ISO, HSE Act, and ASME is beneficial to avoid or reduce hazards.

Keywords: chemical, hazards, health, occupational, safety, welding.

Classification number: 2.3

1. Introduction

Welding is a mechanical process of joining the faying
surfaces of similar or dissimilar metals using heat or pressure
where temporary fastening is not advisable. Metal joining is
required in various sectors such as defence, nuclear power
plants, aerospace, and automobiles. Welding work can be
detrimental and poses risks if the right precautionary steps
and safety measures are not followed by the welders [1].
Welding hazards can affect welders, compromising their
physical conditions and health. The acute effects of the
welding process include death, physical injuries, or mental
distress [2].

New environmental and health policies focus on reducing
industrial pollution and improving the safety conditions of
workers. Ignorance of safety precautions can be hazardous
for both the welding machines and the welders. It is crucial
to follow the OSHA’s guidelines since the welding process
inherently has hazards during joining, cutting, gouging,
chipping, and finishing. For welding in a hazardous area, a
“hot work permit” is necessary, and a material safety data
sheet (MSDS) should be consulted before starting.

The primary threats from welding that harm welders
include heat, electricity, smoke, fumes, fire and gases [3],
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dust, and UV & IR rays. If the welding operations are
not optimally executed, the resulting issues can range
from musculoskeletal injuries due to repetitive stresses,
nose, eye, and throat irritations, burns, auditory damage
[4], suffocation, exposure to contaminants, and physical
discomforts like sprains. Welding fumes can affect nearby
individuals and negatively impact an industry’s productivity
if safety measures are not adequate. Prioritising the safety
and health of workers is essential for a successful business.
If the arc welding process utilises a flux with higher current
and larger electrodes, it produces more fumes and smoke
than other welding methods [5]. Welding fumes originate
from sources like consumable electrodes, shielding gases,
paint on base metal, molten puddles, etc. Fusion welding
processes, such as arc welding, pose more risks than the
solid-state welding techniques where joining occurs below
the melting temperature of base metals without significant
heat. However, arc welding can generate temperatures of
around 5000°C [6].

When addressing safety measures concerning welding,
using safety data sheets is vital, helping identify health
hazards, exposure limits, and preventative measures.
Generally, welders should be well-trained in handling
welding equipment, understanding Personal Protective
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Equipment (PPE), recognising welding hazards, and
ways to mitigate them. Techniques like shielded metal arc
welding, oxyacetylene welding, and gas metal arc welding
are widely used and produce harmful visible, infrared &
ultraviolet radiation. A notable hazard in welding is oxygen
displacement in confined spaces. “Safety in welding” covers
protection from electric shock, burns, UV and IR rays,
chemicals, and airborne debris [7]. Other concerns include
electromagnetic radiation, X-ray radiation [8], and intense
heat present in high-energy welding methods like plasma,
laser, and electron beam welding.

Though the literature on welding safety is limited,
this article addresses that gap. A distinctive feature of this
article is its comprehensive coverage of safety issues and
precautions necessary for welding in industries. It aims to
elucidate the various types of welding hazards, their causes,
impacts on human health, and further discusses on hazard
control and safety measures in different welding processes
for the benefit of welders and surrounding workers.

2. Methods

This article is based on theoretical and empirical studies.
The observation data was gathered by the authors during
visits to welding industries, and the outcomes of discussions
on welding safety with experts were used to prepare this
manuscript.

3. Results and discussion
3.1. Welding hazards and their effects on health

In the welding industry, accidents are typically
categorised into four: 1. Near miss incidents, 2. trivial,
3. minor, and 4. serious/major accidents. A near miss
incident (a close call) describes a situation nearly leading to
injury, such as a welder escaping hazards. ‘Trivial’ pertains
to minimal damage like electrode damage or machine
fault. ‘Minor’ accidents entail both injury and property
damage, like electrocution or touching hot surfaces. Serious
accidents lead to significant property damage and severe
injuries, causing health complications, eye damage, and
losses. These incidents can impact the owner, workers, and
even have environmental implications.

In gas welding, damage to a gas cylinder’s valve can
trigger accidents due to its inherent force. Common causes
of accidents in welding include: 1. Hot metals and fire,
2. Fingers caught during resistance and friction welding,
3. Debris entering eyes after welding, 4. Tipping gas
cylinders, and 5. Electric shocks from welding equipment.
These accidents and their health implications, as detailed in
Table 1, originate from three main factors: environmental,
human, and mechanical. The human aspect is particularly
significant in steering industrial accidents. The leading cause
of these accidents is neglecting safety rules. Additionally,
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poor communication and unfamiliarity with the welding
machines and processes are also culprits.

Table 1. Risk factors in welding and health effects observed.

Factor Causes of accidents/Risk/Hazard Health effects and control measures
S Possibility for serious accidents and
Inadequate lighting in the work area, o v .
. fatalities, lung damage, overstrain,
. rainy season, or presence of dust .
Environmental S o suffocation, arc eye
. Electrocution, improper ventilation, poor
conditions A Can be controlled by good
housekeeping, discomfort due to room . o .
. housekeeping and limits on welding
Temperature, heat, and radiation .
time
Working with welding machines without
proper PPEs, lack of knowledge on the  Fatality due to improper usage of
usage of welding machines and their welding machines, minor and serious
parameters, fatigue due to overtime work  injuries, neck pain, burns, eye and nose
Human Psychological factors of welders irritation, overstress, and dehydration
regarding working with hot surfaces, Health and mental fitness, use of PPEs,
smoke-filled environment, fear of knowledge of proper machine usage to
electrocution, poor housekeeping, poor  control accidents
ergonomics
Poorly maintained welding equipment,  Fatality, serious and minor injuries,
overspeed of solid-state welding electrical shock. Burns due to hot
, machines surfaces of machines and materials
Mechanical

Material breakage, overheating,
unfamiliarity with machines and
operation

Proper machine maintenance, welding
machines with safety guards can
control risks

Welding hazards can be physical or chemical, both
affecting welder health. Chemical agents include gases,
fumes, filler materials, the chemical compositions of metals,
and fire-related hazards. Respiratory dangers are divided
into particles and vapours, with elements like iron oxide,
lead, and zinc representing the former, and gases like argon
and carbon monoxide representing the latter. Physical risks
encompass noise, radiation, and electrocution. Harmful
fumes from welding have been linked to cancer [9], and
most welding operations produce noise above 90 dBA
[10]. A study by O. Aminian, et al. (2021) [11] found that
approximately 38% of workers are exposed to noise levels
above 85 dBA, which, over time, can be damaging.

Welding emits fumes, forming solid particles around
1 pum in size, as a result of oxidation and condensation.
These can settle in the lungs and lead to health issues. Some
research suggests a relationship between fume production
and welding process parameters in arc welding, noting
increased emissions at higher parameters.

Hazards may arise from the chemical compositions of
materials being welded, the specific welding processes,
consumables used, and exposure length. Welding of
galvanized iron, for instance, poses a lung hazard due to long-
term exposure to iron fumes. Ergonomic considerations also
play a role. Additional risk factors include lack of awareness,
cigarette smoking, and welder psychology. Even minor burns
in welding are significant, but if such injuries don’t lead to
lost work time, they may not be reported. Hazards specific to
different welding methods are outlined in Table 2.
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Table 2. Hazards of welding processes.

Hazards Welding processes
PAW/Arc welding — Oxy.~fuel  SMAW/TIGMIG ~ SAW ~ FW  FCAW

Noise y n n n y 1
Heat, fire & burns y y y y n y
UV radiation y n y # n y
Electric shock y n y y y oy
Ergonomics y y y y y oy
Toxic fumes and gases y y y # n y
Bright light y y y # noy
Explosive gases n y n n n n

Note: y - hazard present, n - no hazard, # - hazard present if SAW
flux is absent, PAW - plasma arc welding, SMAW - shielded metal
arc welding, TIG - tungsten inert gas welding, MIG - metal inert
gas welding, SAW - submerged arc welding, FW - friction welding,
FCAW - flux-cored arc welding.

Heat stress is a primary hazard in the industry, influenced
by proximity to heat, room temperature, and clothing.
Other health issues for welders include: 1. Vibration from
welding tasks, 2. Physical strain due to prolonged postures,
3. Unsafe handling of equipment, and 4. UV and IR radiation
exposure. Burns, a consequence of intense welding heat, can
be detrimental. Proper protective clothing, such as leather
attire, can mitigate these risks. Radiation impacts welders’
eyes and skin but can be managed using appropriate
protective equipment.

Electricity can pose hazards such as electrocution and
electrical shock. Damaged electrical appliances or equipment,
such as electrodes or frayed wires, may be primary culprits.
Fumes, produced during the arc welding of metals by an
electrode and the introduction of filler metals, can lead to
cancer and respiratory disorders. Fumes from cadmium (Cd)
and manganese (Mn) are particularly hazardous. These risks
can be reduced with appropriate respiratory and ventilation
systems. Managing mechanical hazards is demanding. This
includes situations like handling sheets or metals intended
for welding and managing welding equipment. Sheet metals
might have sharp edges that could injure the welder’s hand,
and metal rods or plates could pose ergonomic risks to
welding staff due to their weight. Such hazards are typically
mitigated through proper training in material handling and
the appropriate use of PPEs, such as masks, gloves, and
safety shoes. It is widely recognised that MSDs can be
triggered by the use of vibrating tools, such as chipping
and grinding tools, and pneumatic equipment in welding.
Fig. 1 depicts the hazard curve established by the relationship
between exposure time and the sound level that might harm
the hearing of personnel [12]. If a welder is exposed to a
sound level of 110 dBA for 15 minutes, it could affect his
auditory nerves. Similarly, exposure to a 90 dBA sound for 8
hours (480 minutes) could lead to auditory disorders.
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Fig. 1. Relationship between sound level and exposure
time.

The literature identifies 5 hazards involved in nearly
all welding processes, as illustrated in Fig. 2. The nature
of welding tasks is influenced by ergonomic factors.
Welding methods that neglect ergonomic considerations
can lead to musculoskeletal injuries (MSIs) and MSD. Such
injuries often result from strains and back pain experienced
by welders working in static postures. The weight of the
PPE a welder wears can also contribute to neck and hand
discomfort. Repetitive motions during welding heighten the
risk of injuries. It is crucial to assess ergonomic factors in
the industry to manage and mitigate health risks. Table 3
itemises various chemical agents produced during fusion
welding processes. Key gaseous hazards in welding
environments include NO,, O,, CO, and CO [13]. These
harmful gases can lead to symptoms such as nausea,
headaches, dizziness, throat irritation, shivering, sweating,
and dryness - often referred to as metal fume fever. Physical
agents can also impact welder health, as detailed in Table 4.
For instance, prolonged exposure to heat, a physical agent,
can result in heat-related ailments like heat cramps, heat
rash, heat exhaustion, heat oedema, and heat syncope [14].
Noise, considered non-beneficial in the welding setting,
also poses a health risk due to its detrimental effects.

Electricity

5 major
welding
hazards

Fig. 2. Five major hazards in welding processes.

nee,
Technology and Engineering



m PHYSICAL SCIENCES | ENGINEERING

Table 3. Health effects identified due to chemical agents in
the welding process.

Agents Type Source Health effects
Respiratory problems, muscle aches,
. . Cadmium-related materials,  carcinogenic effects, headache,
Cadmium oxide ~ Fumes .
electroplating pulmonary oedema, fever, lung damage,
death
0 Gas 00, welding,coating Nausea, dizziness, headache,
2 cardiovascular symptoms
Phosphi Metal-coating, i let o
OSPAEE, Vapour cultcOuing, feomplete Eye imitation, kidney damage
Phosgene combustion
7n0, Fumes Pz s et Metal fume fever, zinc poisoning, death
2 metals
0, Gas Welding arc Lung issues, pulmonary disorders
. . . hroni hitis, emph
Nitrogen oxide ~ Gas Welding arc Chronic bronchits, emphysema,

pulmonary fibrosis, pneumonitis

Lung cancer, respiratory tract irritation,

Ni F Nickel-containing metal .. .
' umes IcKekcomaining Metzs dermatitis, renal dysfunction
A . Metal fume fever, kidney damage,
Mn Fumes Welding, high tensile steel . . y (ainag
insomnia, nervous system disorders
Magnesium Magnesium alloys, base Eyes and nose irritation, cough, fever,
. Fumes .
oxides metals chest pain, fire or burn
. Fumes All ferrous metals, base Siderosis, lung irritation, nose irritation,
Iron oxide L
metals pneumoconiosis
Gas Gas weldin, Asphyxiation and respiratory problems.
Compressed gases weidng SPhyxia piratory p ’
fainting
Beryllium Fumes Beryllium alloys Lung inflammation
Lead Fumes Lead alloys, coatings, paints - Damage to the liver, heart, and kidney

Table 4. Health hazards and control measures owing to
physical agents in welding process.

Agent Causes Symptoms/hazards Control measures
Air movement and . . -

Hot surfaces . Excessive sweating, weakness, burns, ~ Proper ventilation, and
humidity in the L .

and the . fainting, confusion, body heat, reduced  proper PPE needed for

. welding area, hot . Lo

environment urine output, etc. insulation from heat

surfaces of welds

Sound barriers around

Gouging, arc . .
BIe the welding area, noise

Hearing loss, auditory nerve failure,

Noise cutting and o0r sleep quality, psychological
s P P Qualy, pycholog absorbers, earplugs/ear-
welding torture, echo
muffs, helmet usage
L Eye irritation, skin inflammation,
- Weld}qghght(UV, melancholy, mental stress, headache, Goggles, shield/ helmet,
Radiation IR, visible light), . . . » .
P itchy skin, ultraviolet keratitis, eye pain  band-pass filter

caused by exposure to ultraviolet rays

Workplace exposure limits (WELSs) are established to
mitigate the overexposure of welders to welding hazards.
Eight-hour and fifteen-minute time periods represent the
exposure limits for the long-term exposure limit (LTEL)
and short-term exposure limit (STEL), respectively. The
exposure limits for 8 hours of various hazardous substances
released during the welding process, based on the UK system,
are illustrated in Fig. 3. It is advised to keep exposure below
WEL. For example, the WEL values for iron oxide fume
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hazard stand at 5 mg/m? for LTEL and 10 mg/m? for STEL.
These values vary depending on the specific hazard. The
limit for nickel and manganese should ideally not exceed
0.5 mg/m?, and it is emphatically suggested that the limits
for cobalt and cadmium be 0.1 mg/m?>.

0.6 1 @ Exposure limit (8 hr)
o 05 4
£
g 04 -
E 0.3 -
2 0.2
Z
g, — =
Co Mn Cd Ni Cr

Welding hazard substances

Fig. 3. Exposure limits of hazardous welding substances
for 8 hours.

Gas cylinders are utilised as they are the source of
heat production for welding operations. LPG, hydrogen,
acetylene, propane, and butane gases are typically employed
in welding. These cylinders can pose hazards, as their gas
pressure increases when exposed to elevated temperatures.
The risks associated with these gases include explosion, fire,
propulsion of the cylinder, and more. They are characterised
by their toxicity, flammability, and difficulty in manual
handling.

Oxygen, being odourless, can easily ignite and explode.
Acetylene, with a maximum flame temperature of 1755°C
with air and 3200°C with oxygen, is used as fuel gas in gas
welding for joining metals and emits a garlic-like odour.
Misunderstandings related to gas cylinders can lead to
accidents; this can be mitigated by recognising that acetylene
(maroon-coloured cylinder) has left-hand threads, while
oxygen (black-coloured cylinder) has right-hand threads.
It is crucial first to close the acetylene valve and then the
oxygen to prevent backfires in the event of an accident.
Acetylene, being lighter than air, accumulates in roof
spaces. The gas is stored in a cylinder at 15 bar pressure and
a temperature of 15°C. It is explosive and highly reactive.
Conditions are such that the time interval from initiation to
explosion could span several hours.

Explosions can be triggered by overheating, dropping,
and mechanical shocks as they induce decomposition
within the acetylene gas cylinder. When reacting with
silver and copper-containing materials, it forms explosive
compounds called acetylides. The recommended safety
precautions include wearing an oxy-acetylene safe outfit,
ensuring cylinder hoses are not entangled, refraining from
using acetylene gas at pressures above 100 kPa, keeping a
fire extinguisher on hand during welding, and opening the
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acetylene gas cylinder valve only one and a half turns while
keeping a wrench on it. It is advised to avoid piecing hoses
together and having any damage on the hoses connecting
the cylinder and welding torch in gas welding.

Storing gas cylinders separately in a yard is essential.
Ideally, a firewall of a minimum of 2 m should separate
different categories of gas cylinders. If a firewall is
impractical, the distance between LPG cylinders and other
gas cylinders should be at least 3 m. The acetylene cylinder,
when in an upright position, should be double-chained at
1/3 and 2/3 of its height for safety. Such measures help
avoid potential explosions. For instance, if a cylinder’s
height is 1.25 m in an upright position, one chain should
be positioned at 0.83 m and another at 0.4 m from its base.
Every 1/3 m of its total height, the cylinder must be chained
for optimal safety.

Cylinders should not come into contact with heating
sources or electrical systems and should be stored in well-
ventilated areas. In the work environment, gas cylinders
must be positioned at least 6 m away from combustible/
flammable paints. Oxygen and acetylene cylinders should
ideally be stored separately. If any partition exists between
acetylene and oxygen storage areas, this barrier should be
0.45 m taller than the tallest cylinder and extend 0.45 m from
the outermost cylinder. It is crucial not to use oxygen near
any flammable materials due to its combustion-enhancing
properties. When transporting the acetylene cylinder, ensure
it is either in a vertical position or tilted no more than 60°,
using a trolley.

Rolling cylinders from one location to another is not
advised. When utilising inert argon gas in a confined space,
it tends to settle at the bottom of the welding area since it is
denser than air, successively reducing the oxygen content.
When ceasing the gas welding process for an extended
period, it is necessary to close the cylinder valves and
then discharge the gas pressures from regulators and hoses
through the welding torch. However, gases can still pollute
the welding area. For instance, helium fills spaces from top
to bottom as it is lighter than air.

During arc welding, there is a potential risk of electric
shock or electrocution. Human skin, when wet, exhibits
reduced resistance to current compared to dry skin [15].
An electric shock from sources such as 240 volts (domestic
appliances) or 415 volts (industrial machinery) can result in
fatal accidents or severe injuries, often causing the victim
to be thrown a considerable distance due to convulsion.
Electric shocks can also arise from welding apparatuses
[16]. A current of 50 milliamperes (mA) can be lethal;
at this magnitude, respiration becomes difficult and can
cease. The voltage in the electrode holder can surge to 80
V quickly when an arc is not established. In such scenarios,
if an operator contacts a conductive part of the electrode
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holder, they may experience an electric shock leading to
significant injury. Devices known as automatic electric
shock prevention devices can mitigate this hazard as they
promptly reduce the voltage. Moreover, proper grounding
and insulation can further minimise risks. Electric shocks
can sometimes be felt due to the deterioration of a flexible
cable or electrode holder. Other times, shocks result from
improper wiring of an arc welding machine. Factors such as
wet clothing or welding environments during rainy seasons,
poorly insulated connections, ungrounded plugs, and worn-
out cables typically induce electric shocks. Table 5 discloses
the electrical hazards related to high and low voltage in arc
welding and their ramifications on humans.

Table 5. Arc welding electric shock hazard and health
issues at high and low voltage.

Fault/hazard Health issue

Lack of welding machine earthing ~ Shock, severe burns, fatal

Poor insulation and damaged cable  Fire, property damage, shock, fatal,
Shock, burn

Fire, overheating

Oversize fuse

Inadequate connection

3.2. Safety issues and measures in different welding
processes

Fumes, electric shock, heat, brightness, radiation,
ergonomics, and noise constitute the primary hazards in
the majority of welding processes. Welding is intrinsically
a high-temperature operation. Welding safety encompasses
the comprehensive protection of workers from hazards
such as fumes, hot metal, splatters, heat, and radiation.
Therefore, it is imperative to secure a “hot work permit”
when operating under these conditions. Beyond complying
with Environment, Health, and Safety (EHS) standards,
this permit is a legal requisite according to both Indian
and international statutes. The enactment of ISO standards
necessitates this. The engineer or supervisor overseeing the
welding or other high-temperature works applies for this
permit. The plant manager, in collaboration with the safety
professional, evaluates the work site and approves the hot
work, provided all criteria on the permit checklist are met.
This encompasses considerations such as PPE, protocols for
hot work, welder training, and more.

A suitable working environment is pivotal in mitigating
hazards during welding and reducing exposure to health-
damaging substances. Welders must have ample space to
manoeuvre and operate effectively. Appropriate ventilation
and roof height are compulsory in welding areas to dissipate
fumes and smoke, ensuring workers remain undisturbed.
In terms of safety, it’s crucial to have fire extinguishers,
hydrant systems, fire monitoring systems, and machine
guarding systems proximate to welding machines to
shield operators from potential harm. Welders should
receive specialised training on the correct use of PPEs and
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adherence to safety protocols. Welding machines should
be halted when substituting materials and subjected to a
preliminary inspection before initiating the welding process.
Welders must also be mindful of psychological factors, such
as stress, complacency, and job interest, to preclude human
errors.

Anticipated hazards for gas welding include hot
surfaces, fumes, toxic gases, and potential cylinder
explosions. In contrast, arc welding may introduce risks
of electrocution, spatters, hot surfaces, fumes, smoke, and
toxic gas emissions when welding materials that contain
harmful substances [17]. In heavy industrial settings,
adherence to the safety checklist is paramount to prevent
mishaps during welding activities. The electrical supply to
the welding machine needs rigorous examination to ensure
its hazard-free. Any paint, coatings, or plating on the base
metal must be removed prior to welding to prevent metal
fume generation. Welding tasks should only be undertaken
by competent individuals under stringent supervision. From
an electrical safety perspective, the open-circuit voltage of
the power unit must not be excessive, limited to a maximum
of 80 VAC, or 48 V AC in damp areas [18].

Gas cylinder valves, hoses, their positioning, and the
isolation of cylinders are essential to circumvent heat source
interaction before and post gas welding. Welding zones
should maintain good ventilation and be devoid of flammable
materials. The functionality of all welding machines and
related equipment should undergo regular assessment.
The state of PPEs, firefighting tools, and welding machine
insulation against both natural and artificial hazards must
be routinely inspected. The “job card” for welding tasks
requires meticulous scrutiny by the sanctioned authority,
ensuring the qualification of welders, the equipment in use,
requisite PPEs, their accessibility, welding duration, and
the designated work space. Conclusively, it is imperative
to confirm the deactivation of welding machines post-
operation. Generally, the employment of gas cylinders
in gas welding is indispensable. However, mishandling
or improper storage can precipitate accidents. Table 6
enumerates the precautions to be heeded during arc and gas
welding.

The safe storage and handling of gas cylinders is
imperative. Herein, we propose several recommendations
for cylinder safety to mitigate hazards. Cylinders should be
stored in a well-ventilated area, and the use of uninsulated
cylinder hoses across trafficked areas should be avoided.
A mixture of water and soap or detergent is preferable
for detecting leakage, as opposed to using a flame [19].
When stored, the valves of the cylinders should be oriented
uppermost. Secure cylinders with a chain to prevent
unnecessary movement during storage, and ensure cylinder
valves are closed after use. It is prudent to avoid storing
cylinders near sources of heat or electricity. During welding
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Table 6. Safety measures in arc and gas welding.

Arc welding process

Gas welding process

Bright light, IR, and UV rays are produced
by arc welding. Eye and face protection
equipment is essential for all involved.

Special attention must be paid to welding
materials, especially toxic ones.

Appropriate PPEs must be worn. Ensure
welding machines are switched off when not
in operation.

Hoses connected to gas cylinders must adhere
to safety standards.

Earplugs can mitigate the disturbance caused
by the arc sound.

Appropriate PPEs are essential during the
joining process.

Ensure welding materials are clean and free
from rust. Maintain a tidy work area.

Protect workers from skin contact with hot
surfaces, fluxes, and similar hazards.

Guarantee proper insulation of the welding
torch, cables, and machine.

Handle acetylene with care.

To avoid electrical shocks, stand on wooden
or rubber mats while welding.

Before welding, clean weld surfaces with
acetone and remove any coatings.

Avoid wearing wet clothes or gloves.
Implement measures to prevent welders from
inhaling harmful fumes.

Ensure gas cylinders are securely stored and
handled safely during transportation.

operations, welders should manage any flashback into
the hoses. The use of oil, water, and grease on cylinder
appliances should be avoided, and trolleys are recommended
for cylinder transport between workplaces. Prevent cylinder
rust and the introduction of dust, grit, and sand into the hose
or valve. If gas welding is utilised within a boiler, cylinders
should be stored externally due to the confined nature of
the working space. While forced fans can be utilised for
ventilation during welding [20], the use of oxygen is not
recommended as it exacerbates potential fire hazards.
Flashback arrestors can halt the backflow of gas when the
flame begins burning within the hose. Welding on painted
surfaces poses risks of nausea and inhalation of chemical
contaminants, necessitating appropriate PP). During gas
welding, maintaining a gas torch welding gap of 5-10 mm
and a standoff distance of a minimum of 160 mm is advised.

Understanding welding protection utilities and their
functions is essential. Fume extraction systems [12] remove
fumes from the welding space, ensuring the welder’s health
is not compromised. Appropriate selection of breathing or
extraction systems is crucial for a safe welding environment.
Welding curtains or fireproof canvases protect personnel
working in proximity to the welding area. As arc welding
poses multiple injury risks, the proper use of PPE, including
boots, fire retardants, goggles, masks, helmets, protective
clothing, and leather aprons, is crucial. For fresh air supply,
managing oxygen content and supplying fresh air to welders
during operations is essential. Safety boots with steel toes
protect from potential injuries and electric shocks due to
their shock-resistant soles [21]. In respirators with blowers,
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embedded air purification systems introduce fresh air to the
user.

During resistance welding, resistance spot welding,
commonly used in automobile manufacturing, poses
risks such as finger entrapment between electrodes and
welding spatter. Additional hazards include electric shocks,
hot metal exposure, and electromagnetic fields. Safety
precautions, such as protective screens and the use of
PPE, are recommended. Sensor-embedded equipment in
resistance spot welding machines detects obstructions and
halts operations, reducing accidents [22]. Minimising the
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gap between electrodes can prevent finger entry. For safety,
resistance welding machines can be leg-operated to reduce
hand injuries.

Guarding, particularly fixed or interlocking types, is a
vital safety feature. Robotic spot welding requires safety
interlock systems due to the rapid movement of robot
arms. Hazards associated with spot welding, depicted in
Fig. 4D, include MSDs in the neck, wrist, shoulder, and
back. Technological advancements like the “Car-O-Liner
CTR9”, illustrated in Fig. 4E, reduce these ergonomic issues.
In Figs. 4D and 4E, welders are shown performing spot
welding tasks on automobile bodies. Thanks to
innovations such as the Advanced Resistance
Spot Welder, the incidence of MSDs in welders

Pinch point
(Danger zone)

(B) is reduced, as evident in Fig. 4E.

While considering safety in laser and
explosive welding, laser welding (LW) should
be conducted within an enclosure in line with
safety guidelines. It has been determined
that the primary hazards associated with LW
include fumes, glare, radiation, and direct
exposure to the laser beam. The laser beam
may harm the operator’s skin and eyes. To

5 A'.,‘.H 8 ol
i 's&ﬂ%‘:?

Electrode Cpntrol

mitigate beam-related hazards, it is prudent
to minimise direct interaction between the
operator and LW. Implementing enclosures
around the machine’s working area, safety
curtains, and interlocking guards is strongly
advised. However, LW presents a unique
hazard distinct from other welding techniques:
the risk associated with high laser voltage.
Therefore, technicians handling LW machine
maintenance should be well-versed in
procedures and thoroughly familiar with the
equipment. Existing literature notes that CO,
does not transmit through glass materials.

Fig. 4. (A) Finger caught between electrodes in resistance welding, (B)
portable resistance spot welding machine with pinch point and danger
zone, (C) welding of material with leg operation, (D) resistance welding
hazards, and (E) advanced resistance spot welder (Car-O-Liner CTR9)

with zero hazards.
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Consequently, doors of CO, laser-embedded
welding machines should be constructed of
such materials to shield operators from beam-
related hazards. Both operators and repair
personnel should undergo training about the
operations, safety hazards, and preventive
measures associated with the LW machine.

Explosive welding is a solid-state welding
method that does not melt the material; joining
occurs due to the high-impact energy provided
by chemical explosives. Here, metals like
sheets and plates are bonded using energy
from chemical explosives. Careful attention
must be given to factors such as the distance
of the process, the specific chemical utilised,
its handling, the target plate angle, applied
pressure, and detonation speed.
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The hazards inherent in the rotary friction welding (RFW)
process include noise [23] from the motor and chuck rotation,
pinch points, elevated forging and friction pressures, and the
movement of the hydraulic actuator during welding. There
is also the risk of an operator’s hand getting trapped between
the axially moving system and the chuck in RFW [24]. The
welding region, or “danger zone” in friction welding, is a
high-risk area where weld specimens are placed. Although
FW is considered environmentally friendly [25], it is
advisable to employ machine guards and noise-controlling
enclosures around the FW machine to mitigate noise levels
[26]. When operating the FW machine, safety protocols
must be adhered to. Operators should avoid loose clothing,
unrestrained hair, wrist bracelets, and necklaces, as these
items can pose risks. A transparent sliding door guard or a
sliding grilled gate is recommended for the machine’s front
side to facilitate the inspection of weld specimens during
loading and unloading. A fixed guard is preferable for the
machine’s rear [27]. Implementing interlocking mechanisms
or automation is advised to shield welders from potential
hazards. Additionally, a sensing system that detects human
movement and promptly halts machine operation can be
instrumental in preventing accidents.

3.3. Hazard control

The hierarchy of hazard control is presented in Fig. 5. It
encompasses personal protection, as well as administrative
and engineering controls. In this context, “PPE” is deemed
the least effective for welding hazard control because its
efficacy depends on various factors, such as the availability
of PPE, individual users, the working environment, and the
duration of welding, among others. PPE is utilised either
singularly or in combination in accordance with OSHA
standards [28]. However, the effectiveness of PPE in
countering health hazards remains minimal. PPE includes
earplugs, gloves, goggles, safety glasses, welding helmets,
protective shields, aprons, respirators, and more. Welding
fume hazards can be mitigated using PPE-respiratory
devices. Auto-darkening filters (ADF) in welding helmets
have been employed to minimise injuries such as arc-eye
burns caused by UV rays during welding [29, 30]. Safety
gloves safeguard the welders’ hands, while asbestos or
leather aprons shield their torso and thighs. Protection for
the head during overhead welding is essential, and a leather
skull cap, helmet, or peaked cap (kepi) proves valuable for
this purpose. The welder’s body can be further protected
using leather jackets and leggings.

Training for welders falls under administrative controls.
Three types of training can be provided: basic, technical,
and specialised. The nature and depth of training are
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contingent on the welders’ tasks and their experience
level. “Administrative control” involves modifying work
procedures by implementing new safety policies within the
welding sector. On the other hand, “engineering controls”
aim to separate individuals from hazards by enclosing the
welding area, utilising methods such as guarding systems
and adequate ventilation. Another method of control is
“substitution”, which entails replacing the hazard. If certain
hazards are particularly severe, they might need to be
entirely removed or “eliminated”, a strategy which is highly
effective within the control hierarchy.

Elimination High effectiveness

(Safest zone)

Engineering
controls
v Less effectiveness

Fig. 5. Hierarchy of hazard control.

In welding, both major and minor accidents necessitate
immediate first-aid intervention. Electric shocks, burns, and
eye injuries are predominantly linked with welding hazards
[31]. Keeping a first-aid kit in the vicinity is advantageous.
To circumvent electric shock risks, one should disconnect
the power source, avoid touching any surfaces with bare
hands, and don appropriate non-conductive clothing and
gloves. If an individual is injured, measures should be
taken to ensure their airway remains open, and trained
personnel should administer first-aid. In the event of
burns, the affected area should be cooled with water for
a minimum of 10 minutes and then dressed. Depending
on the burn’s severity - such as internal damage or deep
burns categorised as 1%, 2™, or 34-degree - further medical
attention might be necessary. If foreign substances like
dust or fumes contact the eyes, immediate flushing with a
suitable solution is imperative. Following this, if any debris
remains, a professional examination is recommended.
Goggles should be worn during activities like gouging,
etching, and chipping of weldments. For brief welding
tasks, a face shield can be utilised, whereas extended
welding sessions might necessitate a helmet with a hood.
Prolonged exposure to UV rays mandates consultation with
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an eye specialist. When analysing welding fume samples,
occupational chemical agent guidelines offer insights into
sampling procedures and calculation methods. Additionally,
guidelines on thermal stress in workplaces are invaluable for
assessing hazards related to high-temperature conditions. It
is prudent to adhere to approved regulatory requirements
and welding manuals, which outline fundamental criteria
for hazard assessment, welder qualifications, and control
measures [32]. If risk levels escalate in the vicinity of the
welding area, they should be reduced and maintained below
stipulated thresholds. Given that injured workers require
immediate first-aid, specially trained medical staff or
ambulance personnel should be available around the clock
within industrial settings to assist casualties.

3.4. Eye protection and fumes control

The welding process, particularly arc welding, produces
intense light which can adversely affect the welders’ eyes
and potentially lead to blindness. Thus, provisions must
be made for eye protection to shield against this light. The
standard OSHA’s 29 CFR 1910.252 section (b) (2) mandates
eye protection during welding [33]. Wearing a welding
helmet (ANSI Z49.1) equipped with the appropriate shade
number for the filter ensures the protection of both face
and eyes. The correct lens shade numbers [34] for different
welding processes should be adhered to as delineated in
Table 7. Welding with intense glare requires a higher shade
number. For instance, oxy-fuel gas welding utilises lenses
between shade numbers 4 to 8. The shade numbers for
flux-cored arc welding, plasma arc welding, and gas metal
arc welding range from 8 to 14. Similarly, for the safety
of welders, the recommended lens shade numbers for gas
tungsten arc welding and shielded metal arc welding are
between 9 to 14 and 10 to 14, respectively.

Table 7. Recommended lens shade number for the welding
process.

Metal welding processes Range of lens shade number

Oxy-fuel gas welding 04-08
Gas metal arc welding 08-12
Flux-cored arc welding 08-14
Plasma arc welding 08-14
Shielded metal arc welding 10-14
Gas tungsten arc welding 09-14

The construction of ADF and its efficacy against UV
light are pivotal. It comprises liquid crystal (LC) placed
between each polarising filter to enhance its effectiveness.
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Likewise, a band-pass filter (BPF) is employed to shield
against UV and IR rays, permitting only visible light to pass
through. The arrangement within the face shield, designed
for the welding helmet, includes a protective glass made
of polycarbonate positioned closest to our eyes to defend
against chipping particles. This is followed by the filter
shade glass which screens out the IR and UV rays emitted
by the arc welding light. Finally, another protective glass
is installed to guard against spatter during welding. Fig. 6
depicts the appropriate shades in relation to the amperage
used for welding operations to protect eyes from potential
hazards. The choice of filter glasses is contingent on the
current utilised for welding. For instance, for a current of
100 A, a shade number below 10 is suitable. As amperage
increases, so does the required shade number, with numbers
12 and above recommended for currents exceeding 300 A.
Typically, shade number 10 is adequate for most welding
processes.
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Fig. 6. Relationship between amperage in welding and filter
shade number.

Adequate ventilation is imperative in the welding area to
mitigate welding smoke and fumes. Welding fume exposure
control is typically achieved using smoke extraction and
ventilation systems. However, an overly congested area
can compromise the efficiency of these systems. Two
prevalent types of ventilation are utilised in industries:
dilution ventilation and local exhaust ventilation. The
former involves wall or roof exhaust fans and functions
by diluting contaminants to levels below exposure limits
(e.g., threshold limit values and permissible exposure
limits) by introducing large volumes of air. However, this
method can occasionally prove insufficient as it might
allow contaminants to enter the welder’s breathing space.
Conversely, local exhaust ventilation, designed specifically
to accompany welding machines, efficiently extracts
gases and fumes produced during welding. It comprises a
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hood, duct, fan, and air cleaner, crafted to prevent fumes
from entering the welder’s breathing zone. The efficacy
of the ventilation system is determined by the distance of
the welding booth’s hood from the welding source and
the exhaust-air velocity (recommended at 0.5 m/s) [35].
Due to this reduced air velocity, fumes, gases, and smoke
generated during the welding process remain away from the
welder’s breathing zone. Welding within confined spaces is
inadvisable unless adequate ventilation is ensured.

Figures 7 and 8 illustrate ventilation and fume extraction
techniques designed to minimise hazardous concentrations,
and a welder’s face shielded with PPE during welding.
Fig. 7A showcases the extraction of fumes and particles
through the ventilation duct. M.H. Lee, et al. (2007) [36]
introduced a new model, as seen in Fig. 7B, tailored for fume
control. The ventilation system atop a booth, depicted in
Fig. 7C, is devised to regulate particle concentrations
around the welder’s face [36]. Fig. 7D [37] displays
a movable ventilation duct, adept at capturing fumes
wherever welding occurs and facilitating easy discharge
without environmental impact [38]. In this fume control
setup, the maintained air velocity is approximately one m/s.
The Health and Safety Executive (HSE) strongly advocates
the Control of Substances Hazardous to Health (COSHH)
regulations, specifically concerning welding fumes,

to uphold public health and safety. Typically, the HSE
recommends the employment of local exhaust ventilation
and respiratory protective equipment in environments with
welding fumes. This is applicable to welding processes such
as gas, TIG, MIG, arc, and resistance spots.

The welding fumes, linked to conditions such as asthma,
cancer, and pneumonia, have not been entirely eliminated
during fusion welding processes but can be safely managed
with appropriate welding fume control techniques. Some
of the fume extraction techniques endorsed by HSE to
expel the fumes are depicted in Figs. 8A-8C [39]. In one
technique (Fig. 8A), the fumes produced during welding
are removed through slots or holes in the welding chamber.
The fume-capturing hoods can be automated and mobile,
while battery-powered PPE hoods can prevent welders from
inhaling fumes (Fig. 8B). The fume extraction via slots or
holes, positioned near the welding torch (Fig. 8C), ensures
immediate removal of fumes before reaching the welders’
respiratory zone. These methods effectively regulate the
volume of fumes accumulated in the welding booth. By
utilising these ventilation and fume extraction approaches,
the build-up of fumes within the welding area can be
controlled.

The extent of dust and fumes exposure to welders
is contingent upon the welding technique, ventilation
efficacy, practices, and locale [40, 41].
When ventilation is not viable, respiratory
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Exhaust Ventilation
Byet

/
N Fumee
Particles

Welders’
position

Welding zone

protection systems must be employed.
Respiratory  conditions are  prevalent
amongst welders [42], including respiratory
tract cancer [43], especially for gas and arc
welders. Thus, it is imperative to curtail
exposure to welding fumes. According to
NIOSH (National Institute for Occupational
Safety & Health), an approved respirator is
essential, and each welder should be adept

at its efficient usage. Every respirator is

[©

Fume extraction D)
Flexible

arm

Filter

characterised by an assigned protection
factor (APF), indicating its protective
capacity, The maximal permissible
concentration of a substance during welding
can be determined by multiplying the APF
value of the respirator with the exposure
threshold for that substance. Atmosphere-
supplying respirators operate independently
of ambient conditions, whereas air-purifying

Fig. 7. Ventilation setup: (A) Modified welding room with duct; (B) Welding
table with modified ventilation setup; (C) Exhaust pickup arrangement;

and (D) Mobile fume control setup.
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respirators cleanse the inhaled air, filtering
out particulates. Welding respirators should
incorporate particle filtration since fumes
predominantly contain particles.
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4. Conclusions

Given the paucity of research articles in the realm
of welding safety, this article elucidates the causes and
effects of welding hazards across diverse processes on
welders’ health, alongside safety precautions and hazard
control strategies. The principal contributors to welders’
health deterioration encompass inhaling welding fumes,
perilous practices during welding, flawed specimens and
equipment, UV and IR emissions from welding lights, and
heat radiation. A Hot Work Permit (HWP) is imperative
for high-risk welding tasks, and risk assessments or safety
audits should be systematically conducted within industries
to safeguard both workers and assets. Welding hazards can
lead to ailments such as nausea, headaches, respiratory
conditions, and vertigo. Symptoms of metal fume fever
include throat discomfort, chills, perspiration, and dryness.
A 3-m distance should be maintained between oxygen,
LPG, and acetylene cylinders, and gas containers should be
situated at least 6 m away from hazardous zones. In many
welding processes, filter shade numbers between 8-10 are
utilised for ocular protection. As the working amperage
escalates, a higher shade number for the welder’s face shield
is recommended. The design of fume extraction systems
and ventilation efficiency is pivotal in determining fume

SEPTEMBER 2024 ¢ VOLUME 66 NUMBER 3 JRIGUELS Journal of Science,

PHYSICAL SCIENCES | ENGINEERING m

control. For welding in confined spaces, a forced circulation
fan is recommended for fume dispersal, whereas natural
circulation is favoured in spaces with a 5.5 m ceiling height.
Fume accumulation can be efficaciously managed through
slots and holes in welding tables or at the torch’s tip. In
the hierarchy of hazard control, elimination and substitution
remain paramount for ensuring a secure environment. An
ambient light intensity of approximately 200 lux is advised
for the welding workspace.
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Abstract:

This research evaluates subchronic toxicities and analgesic effects of Stephania tetrandra S. Moore (S. tetrandra)
liquid extract through oral administration in experimental animals. Over 4 weeks of subchronic toxicity research,
S. tetrandra was administered to Wistar rats at a dose of 1.6 g/kg body weight (BW) (the dose is equivalent to the
expected human dose) and 4.8 g/kg BW (three times the human expected dose), based on World Health Organization
(WHO) and Organisation for Economic Co-operation and Development (OECD) recommendations. The analgesic
effect was assessed using three models: hot plate, tail-flick, and acetic acid-induced writhing in Swiss mice. Regarding
the subchronic toxicity test, after oral administration of S. tetrandra liquid extract, haematological parameters,
hepato-renal functions, and microscopic images of the liver and kidney were unchanged compared with the control
group. As a result, S. fetrandra liquid extract at both doses of 3.2 g/kg/day and 9.6 g/kg/day tended to reduce pain in
the models. The low dose significantly showed peripheral analgesic effects, while the high dose demonstrated better
analgesic activity at both central and peripheral sites. In conclusion, S. tefrandra liquid extract did not produce
subchronic toxicities in Wistar rats, and has shown experimental analgesic effects.

Keywords: analgesic activity, experimental animals, Stephania tetrandra S. Moore (S. tetrandra), subchronic toxicity.

Classification number: 3.3

1. Introduction

Nature has been a source of medicinal agents since
ancient times, and medicinal plants form a wide variety of
traditional medicines used in various countries worldwide
[1]. The exclusive use of herbal drugs for managing various
ailments continues due to easy access, better compatibility,
and economic reasons. According to the World Health
Organization (WHO), up to 80% of the population in
developing countries uses traditional medicine for primary
health care. However, the lack of evidence-based approaches
and toxicological profiling of herbal preparations remains the
biggest concern regarding the use of medicinal plants. Thus,
evaluating their toxicity plays a vital role in recognising
these effects, in support of their characterisation, evaluation
for human risk, and thus proposing measures to mitigate the
risk, particularly in early clinical trials [2].

Toxicity refers to unwanted effects on biological
systems. The toxicity of a substance can be impacted
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by many factors, such as the route of exposure (skin
absorption, ingestion, inhalation, or injection), the exposure
time (acute or chronic administration), the physical form
of the toxin (solid, liquid, or gas), the organ system
involved (cardiovascular, nephro-, haemo-, nervous-,
or haematopoietic-system), and genetic structure [3].
Subchronic systemic toxicity is defined as adverse effects
occurring after repeated or continuous administration of a
test sample for up to 12 weeks or not exceeding 10% of the
animal’s lifespan [4, 5]. In Vietnam, S. tetrandra has been
recently exploited and used as medicine. Historically, S.
tetrandra has been used since ancient times and in folklore
to treat joint pain, muscle fatigue, etc., but no report
available on the safety of the product and little scientific
evidence is available on the topical analgesic activity.
Therefore, our intention was to investigate subchronic
toxicities and antinociceptive activities of S. tetrandra
liquid extract in animals in this study.
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2. Materials and methods
2.1. Preparation of S. tetrandra liquid extract

S. tetrandra were harvested in Ba Vi, Hanoi, Vietnam.
The samples were assessed by the Department of Medicinal
Materials at the University of Medicine and Pharmacy,
Vietnam National University - Hanoi. The tubers were
washed and dried at 60°C. A total of 800 g of the dried
tubers were ultrasonically extracted with 96% ethanol for
45 minutes and then evaporated under reduced pressure to
obtain the extract (97 g) with an extraction yield of 12.1%.
The extracts were stored in a refrigerator at 2-8°C. The
extract was completely dissolved in distilled water before
administration.

2.2. Preparation of machinery and chemicals

+ Codeine phosphate was provided by the Central
Institute of Drug Testing.

+ Acetic acid solution was supplied by Guangdong
Guanghua Sci-Tech Co., Ltd, China.

+ Aspirin tablets (100 mg) were obtained from Traphaco
Joint Stock Company, Vietnam.

+ Distilled water.

+ Sodium chloride 0.9% solution was acquired from
Braun, Vietnam.

+ 70% alcohol was sourced from HD Pharma, Vietnam.
- Machines and tools for research:

+ Precisa LX2200c electronic scale (Switzerland).

+ Hot plate machine model - DS37 (Ugo-Basile, IDEA).

+ Dynamic Plantar pain response meter Aesthesiometer
37450 (Ugo Basile, Italy).

+ Special needles for administering medicine to mice.

+ Various tools and materials used in the research
(cotton, trays, gauze, scissors, pints, etc.).

2.3. Experimental animals

This study utilised Wistar rats weighing 150-200 g
obtained from the Vietnam Military Medical University and
Swiss mice weighing 20-22 g sourced from the National
Institute of Hygiene and Epidemiology, Vietnam. The
animals were divided into cages (each containing 10 mice
or rats) and housed in a room maintained at a temperature of
22+2°C and 18-20% humidity. They were subjected to a 12-
hour light/dark cycle and had free access to food and water
ad libitum. The animals were acclimated to the housing
conditions for at least one week prior to the commencement
of the study.

Vietnam Journal of Science,
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2.4. Subchronic toxicity study

A subchronic toxicity study was conducted according to
WHO and OECD guidelines [6, 7]. The study spanned a
continuous four weeks. Wistar rats were divided into three
groups of ten animals each:

- Group 1 (control group) received distilled water.

- Group 2 was orally administered S. tetrandra liquid
extract at a dose of 1.6 g/kg/day (equivalent to the human
recommended dose, conversion ratio 6);

- Group 3 was orally administered S. fetrandra liquid
extract at a dose of 4.8 g/kg/day (3 times higher than that
of Group 2).

Animals received oral administration of distilled water
and S. fetrandra liquid extract at a volume of 10 ml/kg body
weight daily for four consecutive weeks and were observed
daily to detect clinical signs and determine time points for
laboratory tests. The liquid extract was dissolved in distilled
water (the solvent for S. tetrandra liquid extract) daily
before administration to the rats.

The parameters monitored during the study included
general conditions, mortality, and clinical signs such as:

- Body weight changes.

- Haematopoietic function: red blood cells (RBC),
haemoglobin (HGB), haematocrit, total white blood cells
(WBC), WBC differentials, and platelet count (PLT).

- Serum biochemistry tests: aspartate aminotransferase
(AST), alanine aminotransferase (ALT), total bilirubin,
albumin, total cholesterol, and creatinine levels.

These parameters were checked before treatment, two
weeks, and four weeks after treatment. At the end of the
experiment, all animals underwent a full gross necropsy.
The livers and kidneys of 30% of the rats from each group
were taken for histopathological examinations. The micro-
histological examination was carried out at the Department
of Pathology, 103 Military Hospital, Hanoi, Vietnam.

2.5. Analgesic activity

Hot plate test: The hot plate device used in this research
was the Ugo Basile, Model DS 37, and was maintained at
54.5-56.5°C. Mice were randomly divided into four groups
of ten each. The experiment involved placing mice on a hot
plate within a beaker and observing their response to heat-
induced pain. The baseline reaction time was considered the
mean reaction time obtained before the oral administration
of normal saline, codeine phosphate at a dose of 20 mg/
kg/day, and S. tetrandra liquid extract at doses of 3.2 and
9.6 g/kg/day, defined as the normal reaction of the animal
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to temperature. Thirty minutes after treatment, the reaction
time (in seconds) was recorded when mice licked their fore
or hind paws and then jumped, indicating their response to
heat-induced pain. Animals showing a reaction time greater
than 30 seconds were discarded. A cut-off time of typically
30 seconds was established to minimise the risk of tissue
damage from prolonged exposure to hot surfaces [8, 9].

Tail-flick test: The tail-flick method was applied to
evaluate the analgesic activity in mice. Reaction latencies
were the index used in this study, measured by placing the tip
(last 3 cm) of the tail on the radiant heat source. Removing
the tail from the radiant heat source was considered the
endpoint. A time limit of 15 seconds was used to avoid heat
damageto the tail. Mice were divided into four groups (n=10)
and administered with normal saline, codeine phosphate at
a dose of 20 mg/kg/day, and S. tetrandra liquid extract at
doses of 3.2 and 9.6 g/kg/day. The latency of the tail-flick
reaction was recorded 30 minutes after dosing [10].

Acetic acid induced writhing in mice: Swiss mice
were randomly divided into four groups (n=10). Group I
was treated with distilled water (20 ml/kg), Group II with
codeine phosphate at a dose of 20 mg/kg/day; Groups Il and
IV received S. tetrandra liquid extract at doses of 3.2 and
9.6 g/kg/day, respectively, for five consecutive days. On the
last day, one hour after codeine phosphate and S. fetrandra
liquid extract administration, groups II, III, and IV received
1% acetic acid at a dose of 10 ml/kg b.w, intraperitoneally,
and writhing reflex was observed for 30 minutes. The mice
exhibited writhing movements (stretching of hind limbs and
bending of the trunk).

2.6. Statistical analysis

All data were expressed as mean + standard deviation.
The statistical analysis of the experimental data was carried
out to identify differences between each treated group and
the control group using Student’s t-test and paired t-test. A
difference was considered statistically significant at p<0.05.

3. Results

3.1. Acute and subchronic toxicity study
3.1.1. Acute toxicity

Swiss mice were administered S. fetrandra liquid extract
in doses ranging from the highest dose that did not cause
death (65.18 g/kg) to the lowest dose that resulted in 100%
mortality (195.29 g/kg). The administrations were given
three times within 24 hours, with each administration
separated by 3 hours. As a result, Swiss mice exhibited
mortality and some abnormal signs at a dose of 81.38 g/kg
(Table 1).
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Table 1. Results of acute toxicity studies according to a
dose of S. tetrandra liquid extract.

Group n Dose (ml/kg) Dose (g/kg)  Lethal dose ~ Abnormal sign
Group1 10 15 48.83 0
No
Group2 10 20 65.10 0
Group3 10 25 81.38 20
Group4 10 30 97.66 40
Group5 10 35 113.95 40
Group6 10 40 130.22 60 Convulsions,
Group7 10 45 146.50 70 cyanosis
Group8 10 50 162.79 80
Group9 10 55 179.18 90
Group 10 10 60 195.29 100
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Fig. 1. Graph representing the dose vs. the lethal dose of S.
tetrandra liquid extract.

From the graph above (Fig. 1), a 50% lethal dose of extract
can be calculated as: LD50 = 1.3609x50+54.017=122.1 g/kg.
This calculation includes adults weighing 50 kg. The
extrapolation coefficient for mice was 12 and for rats was 6.

3.1.2. Subchronic toxicity

General condition: Animals exhibited normal locomotor
activities and good feeding habits. None of the animals in
any of the treated groups showed any macroscopic or gross
pathological changes compared with the control group.

Body weight changes: Fig. 2 shows that after two weeks
and four weeks, the body weight in all groups increased
slightly compared with the time point “Before treatment”.
There was no significant difference in body weight between
the S. tetrandra liquid extract-treated groups and the control
group (p>0.05).
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The effect of S.

haematological system: There were no significant differences

tetrandra liquid extract on the

in red blood cell count, haematocrit, haemoglobin level,
platelet count, total WBC count, and WBC between the
S. tetrandra liquid extract-treated groups and the control
group (p>0.05) (Table 2).

Table 3. The effect of S. tetrandra liquid extract on liver
function.

Before After treatment
Parameters Group
treatment Two weeks  Four weeks
BGroup | @Group2 BGroup 3
. L . Group 1 84.98+8.15  79.82+13.76  79.98+20.88
Fig. 2. The effect of S. tetrandra liquid extract on body weight.
- Group 2 85.1249.06  80.62+14.77  86.14£22.52
Table 2. The effect of S. tetrandra liquid extract on AST level (UI/L) o
hematopoietic function. Group 3 87.34£9.17 87.85£14.06  89.00+21.27
Before After treatment p >0.05 >0.05 >0.05
Parameters Group treatment
ety oueck Group 1 36.08+:4.11  38.00£6.06  33.57:3.94
Group 1 8.4140.69 8.24+1.01 8.07+1.09
Redblood cells  Group2  8.96+1.89 8.99:0.64 8124086 T () G2 SRS ML SRRy
count (T/L) Group3 8302042 8.1240.86 8.5340.65 Group3 35134527 34014581  34.69+7.85
p >0.05 >0.05 >0.05
p >0.05 >0.05 >0.05
Group 1 11.08+1.11 1121%1.06 11.57+0.94
Haemoglobinlevel Group2 11.65+1.73 11.68+1.03 11.8240.93 Gl’Ollpl 13.35+0.46 13.55+0.75 13.39+0.42
(g/dL) Group3 1093127 1101091 1161115 Totlbilinbin  GOwp2 13524038 13532029 13.57£0.35
P >0.05 >0.05 >0.05 (mmol/l)
Group 3 1331£0.53  13.40+0.30  13.52+0.28
Group 1 44.60+3.07 43.02+4.16 44124291
Group2  43.81+4.60 42,0443 85 42.66:2.63 p >0.05 >0.05 >0.05
Haematocrit (%)
Group 3 43.87+4.80 42.12+6.09 43.84£2.15 Group 1 3.55+0.22 3.71+0.21 3.67+0.32
p >0.05 >0.05 >0.05 ‘
Albumin Group 2 3.49+0.21 3512034  3.50£0.26
Group | 55850£109.76  572.70£111.23  601.50<112.65 concentration
Plaeletcomnt  Group2  S6750£11134 58120411029 582.30:99.07 (g/dL) Group3 345031 347031 3.50x0.32
(G/L) Group3  539.40:11421  551.40495.99 548.60+106.10 p >0.05 >0.05 >0.05
P >0.05 >0.05 >0.05 Group 1 166£029  1.62£030  1.65:027
Group 1 6.68+1.07 7.20£1.76 7.09+1.19
Total cholesterol ~ Group 2 1.65+0.29 1.63+0.24 1.59+0.23
Total WBC count  Group2 685170 7.1942.03 6.99:1.73 concentration
(GIL) Group 3 6.34+0.93 673£1.53 6.85£1.56 (mmol/T) Group 3 1.59+0.31 1.55+0.23 1.72+0.29
P >0.05 >0.05 >0.05 p >0.05 >0.05 >0.05
Group 1 79.38+5.32 75.00+5.27 78.3345.35
R Growp?2 75924654 78,4843 77 76304578 p: compared with the control group and the time point “Before
mphocytes (% ”
Yoy Growp3 75824438 77.94£9.09 76.28+5.36 treatment”.
P >0.05 >0.05 >0.05 The effect of S. tetrandra liquid extract on liver
Gumpll  Beli Bt 2 Sl function: There were no significant differences in aspartate
Neutrophils (%) Gmmoe WA IhIEELE I2EEO aminotransferase (AST), alanine aminotransferase (ALT)
Gowps S daselis Al levels, total bilirubin, and albumin concentration between
p >0.05 >0.05 >0.05

p: comparison with the control group and “Before treatment”.
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the S. tetrandra liquid extract-treated groups and the control
group (p>0.05). The results are shown in Table 3.
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The effect of S. tetrandra liquid extract on kidney
function: Table 4 demonstrated that after two weeks and
four weeks of treatment, S. fetrandra liquid extract caused
no significant difference in serum creatinine levels between
the control group and the two treated groups (p>0.05).

Table 4. The effect of S. tetrandra liquid extract on serum
creatinine.

Creatinine “Before Creatinine “After treatment” (mg/dL)

ol treatment” (mg/dL) Two weeks Four weeks
Group 1 0.78+0.05 0.81£0.06 0.79+0.03
Group 2 0.80+0.02 0.82+0.01 0.75£0.05
Group 3 0.79+0.04 0.83+0.07 0.78+0.07
p >0.05 >(0.05 >(.05

p: compared with the control group and the time point “Before
treatment”.

Histopathological examination: No gross lesions or
changes in size were observed when all experimental rats
underwent a full gross necropsy, which examined the hearts,
livers, lungs, kidneys, and abdominal cavities.

LIFE SCIENCES | PHARMACOLOGY m

There
histopathological examinations of the livers and kidneys

was no significant difference in the
between the S. tetrandra liquid extract-treated mice and the

control group after four weeks of treatment (Figs. 3 and 4).
3.2. Analgesic activity
Hot plate test and tail flick test

Time (seconds): Observing Fig. 5, the treatment with
codeine phosphate showed a significant prolongation of
reaction time compared with the control group in both the
tail-flick assay and hot plate test. The results obtained with
the administration of S. tetrandra liquid extract increased
the latency to pain on the hot plate (55.5£10°C) and in
the tail-flick assay. The animals treated with S. fetrandra
liquid extract at doses of 3.2 and 9.6 g/kg/day both showed
increased resistance to the hot painful stimulation inflicted
throughout this test. At the dose of 9.6 g/kg/day, the extract
demonstrated significant results in antinociceptive activity,

increasing the latency of tail movement in rats.

Group 1

Group 1
Fig. 4. Histopathological morphology of kidney (HE x 400).
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Fig. 5. The effects of S. tetrandra liquid extract on reaction
time on using hot plate and tail flick test.

research provides knowledge on the effects of repeated
oral exposure and offers evidence for longer-term studies
[6, 12]. Subchronic studies assess the undesirable effects
of continuous or repeated exposure to plant extracts or
compounds over a portion of an animal’s average lifespan,
such as in rodents, specifically providing information on

target organ toxicity [13].

The most basic indicator to reflect organ and system
toxicity is the body weight change index [13]. For all
experimental animals, general signs should be observed
daily, and body weight should be measured periodically
[12]. Based on the obtained results, it can be asserted that
S. tetrandra did not interfere with the animals’ normal
metabolism because there were no significant differences

compared to the control group.

Table 5. Analgesic activity of S. tetrandra liquid extract by acetic acid-induced writhing method.

Number of writhing
Group (n=10)

0-5 min >5-10 min >10-15 min >]15-20 min >20-25 min >25-30 min
Group 1 10.70+2.09 17.20+3.80 15.60+4.61 13.80+3.80 10.90+3.21 6.90+1.84
Group 2 4.80£1.17%** 14.20+1.05* 10.10+2.27* 9.20+2.06** 7.60+1.79%* 4.50+1.13*
Group 3 7.60+2.22+ 16.70+3.17 12.50+2.90%* 9.70+2.27* 7.10+£1.98* 5.50+1.18
Group 4 8.40£1.16" 15.90+3.16 11.80+2.07* 10.50+2.08* 6.80+2.22%* 6.30+£2.01°

*p<0.05; **p<0.01; ***p<0.001 compared with control (Student’s t-test); *p<0.05; **p<0.01; ***p<0.001 compared with group 2

(Student’s t-test).

Statistical analysis indicated that codeine phosphate
significantly reduced the number of writhes when compared
to the control (Table 5) (*p<0.05; p<0.01). Both dose levels
of the test extract statistically significantly reduced the
number of abdominal constrictions at three time points:

>10-15 minutes, >15-20 minutes, and >20-25 minutes.

4. Discussion
4.1. Subchronic toxicity

Toxicity is the degree to which a substance can harm
humans or animals. It can affect anything from a single cell
to an organ or even the entire organism [11]. To evaluate the
safety of drugs or products for human use, toxicity testing
is first performed on various experimental animal models
to detect toxicity and, based on that, to provide guidance
and safety treatment for humans. Subchronic toxicity

Vietnam Journal ce,
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The main function of the blood circulatory system is
to deliver oxygen, nutrients, hormones, and drugs to cells,
muscles, tissues, and organs. The haematopoietic system is
one of the most sensitive targets of toxic compounds and is
an essential parameter for the physiological and pathological
status of humans and animals [6, 12]. Furthermore, such
analysis is relevant to risk evaluation as changes in the
haematological system have a higher predictive value for
human toxicity when the data are translated from animal
studies. After two weeks and four weeks of treatment,
there was no significant difference in total red blood cells,
haematocrit, haemoglobin level, platelet count, total WBC
count, and WBC differentials between the S. fetrandra
liquid extract-treated groups and the control group, so it can
be concluded that the S. tetrandra liquid extract does not
affect the haematological system.
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Analysis of the kidney and liver is an important indicator
in the assessment of the toxicity of drugs and plant extracts,
as they are vital organs essential for the survival of living
organisms. Biochemical indices were performed to assess
plant product-induced changes in liver and renal function.
Changes in serum transaminases are sensitive indicators to
reflect the degree of hepatocellular injury. Transaminase
would be released from hepatocellular injury when chronic
liver cell damage occurs, increasing serum concentrations
of these enzymes [11]. Creatinine levels can be used to
describe the function of the kidneys [12]. There are no
significant ALT and AST changes in both male and female
rats at all doses, which indicates that S. fetrandra liquid
extract had no deleterious effect on liver function. The
blood biochemistry levels of the control and S. tetrandra
liquid extract-treated rats at various doses presented no
significant differences between the S. tetrandra liquid
extract-treated groups and the control group (p>0.05). This
evidence shows that S. tetrandra liquid extract did not affect
liver and kidney functions.

The liver and kidneys are important organs in the
metabolism and elimination of drugs from the body. The
histopathological examination revealed alterations in cell
structure under the light microscope. Further histological
study could furnish more information regarding the
hepatotoxicity and nephrotoxicity of the S. tetrandra liquid
extract. Our study showed no significant differences in
histopathological examinations of the livers and kidneys
between the S. fetrandra liquid extract-treated groups and
the control group.

Overall, this study’s findings indicated that no significant
differences were observed in blood parameters, biochemistry
parameters, and histopathological observations of liver
and kidney tissues between the S. fetrandra liquid extract-
treated groups and the control group.

4.2. Analgesic activity

In this study, the antinociceptive effect of S. tetrandra
liquid extract was evaluated using classical in vivo models
of nociception induced by thermal stimuli, as in the hot
plate and tail-flick tests, as well as chemical stimuli, such as
acetic acid-induced writhing in mice.

The hot plate test, similar to the tail-flick test, evaluates
the effectiveness of pain relievers by indicators of response
to heat-induced pain. The tail flick test is primarily a response
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at the spinal level, while the hot plate test response occurs
at the supraspinal level. These methods are mainly used
to evaluate centrally-acting analgesics [14]. Experimental
evidence obtained from the hot plate and tail flick tests
in mice showed a tendency to prolong the reaction time
to thermal stimuli with S. fetrandra liquid extract at both
tested doses, with a significant difference observed at the
higher dose level of 9.6 g/kg/day.

Acetic acid-induced abdominal writhing is a sensitive
procedure for establishing the efficacy of peripherally-
acting analgesics. The reaction is thought to involve local
peritoneal cells and be mediated by prostaglandin pathways
[14]. The data in Table 5 show that S. tetrandra liquid
extract tended to reduce the number of writhing motions.
Both dose levels significantly reduced the number of
abdominal cramps at three time points: >10-15 minutes,
>15-20 minutes, and >20-25 minutes.

Pain and inflammation often occur together, possibly
due to tissue damage, chemical irritation, or autoimmune
processes. Stimuli that induce the release of chemical
mediators of pain and inflammation [14]. These processes
can lead to central sensitization and hypersensitivity.
Its sub-plantar injection of acetic acid is followed by the
sequential liberation of several mediators of inflammation,
such as histamine, 5-hydroxytryptamine, bradykinin, and
finally prostaglandins [14]. These mediators stimulate
sensory nerve endings and cause pain. Therefore, the above
models can be used to evaluate the analgesic activity of S.
tetrandra.

From the above results, S. fetrandra liquid extract
expressed both central and peripheral analgesic activities.
The peripheral analgesic activity was clearly demonstrated
at the two tested doses, while a significant central analgesic
effect was observed only at the higher dose. Thus, the dose
of 9.6 g/kg/day showed stronger analgesic activity than the
dose of 3.2 g/kg/day. This finding suggests that the lower
dose should be chosen in cases of mild pain, while the higher
dosage appears to be more appropriate for more severe pain
requiring central analgesia.

5. Conclusions

For a continuous four weeks, S. fetrandra liquid extract
at oral doses of 1.6 and 4.8 g/kg/day did not create any toxic
signs or symptoms of subchronic toxicity in Wistar rats. S.
tetrandra liquid extract at the dose of 9.6 g/kg exhibited
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pain-inhibitory activities that were characterised by a
significantly prolonged reaction time in hot-plate and tail-
flick tests and induced a significant decrease in the number
of writhes in acetic acid-induced writhing in mice.
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Abstract:

Vietnamese balm (Elsholtzia ciliata (Thunb.) Hyland) (E. ciliata) is known as an aromatic herb and a valuable remedy
in oriental medicine thanks to the essential oil contained in the leaves. In plant life, plant growth regulators play an
important role in the growth and accumulation of essential oils. This article investigates the effect of gibberellic acid
(GA)) on the growth and essential oil accumulation of E. ciliata at the 4-week-old plant stage based on a randomised
complete block design with 3 replications. The results showed that the effect of GA, (0, 5, 10, 15, 20, and 25 ppm)
on growth parameters of E. ciliata. GA, increases plant height, leaf length, leaf width, whole plant fresh weight, dry
weight, nitrate content, and essential oil percentage significantly (p<0.05). With an increasing amount of GA,, all of
these parameters increased significantly compared to the control. The treatment with 10 ppm GA, resulted in the
highest plant height, leaf length, leaf width, and production of fresh weight, dry weights, nitrate content, and more
than the control. The highest essential oil yield (1.41%) was obtained by applying 10 ppm GA,. The results of this
study showed that the quantitative and qualitative yield of Vietnamese balm could be increased by treatment with

an appropriate amount of gibberellic acid.

Keywords: Elsholtzia ciliata (Thunb.) Hyland, essential oil accumulation, gibberellic acid, growth.

Classification numbers: 3.3, 3.4

1. Introduction

Vietnam is a country located in an area with a tropical
monsoon climate and many geographical regions favourable
for plant growth. The diversity of Vietnamese flora is very
high, with about 13,000 vascular plants [1]. The Family
Lamiaceae (Labiatae), also known as the mint family,
is represented by 236 genera and about 7,200 species
distributed almost all around the world [2]. Numerous
species of the family Lamiaceae, which are rich in volatile
oils, are of great importance as medicinal plants and spices.

As people become more and more aware of the
effectiveness and benefits of plant aromatics, medicinal
plants, and their metabolites in protecting health and
beauty, the demand for products of plant origin is constantly
increasing. Essential oils (EOs) - secondary metabolites
from plants - are widely used in the chemical industry,
perfumery, flavouring, and cosmetic industries. Many
of their therapeutic properties have been demonstrated
in recent years, such as antioxidant, antimicrobial, anti-
inflammatory, antiviral, antispasmodic, antiproliferative,
and neuroprotective, among others [3]. Nowadays, EOs are
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likely to be used as safer alternatives to synthetic antibiotics,
antifungals, anti-mosquitos, insecticides, and materials used
for beauty treatments. With such outstanding values, many
plant species containing essential oils, including species
belonging to the Lamiaceae family, have become popular
crops, and many essential oils are commodities with high
economic value.

E. ciliata, a flowering plant belonging to the family
Lamiaceae, is a wild plant native to Asia. In traditional
medicine, E. ciliata has been used for the treatment
of headache, fever, diarrhoea, oedema, blood clotting,
gastralgia, dysphonia, nephritis, and throat infections [4,
5]. According to scientific literature, E. ciliata is a valuable
bioactive source of natural antioxidants [6]. E. ciliata
also possesses anti-inflammatory, antiviral, antibacterial,
antioxidant, anticancer, and vasorelaxant effects [6-9].
The chemical composition of E. ciliata leaf essential oil is
characterised by high amounts of geranial (19.5-26.5%),
neral (15.2-20.5%), limonene (10.9-14.2%), and (Z)-p-
farnesene (10.8-11.7%) as major constituents [10]. J.H.
Jeong, et al. (2005) [11] reported that EOs extracted from
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E. ciliata inhibit lipid peroxidation. In addition, Y.J. Kim, et
al. (2006) [12] showed that a methanol extract of E. ciliata
showed potent inhibitory activity against pancreatic lipase
in a screen of medicinal plants for anti-obesity agents.

Plant growth regulators have immense commercial
importance in intensive agriculture and are valuable in the
agribusiness of high-value crops for organic cultivation
[13]. Efforts to improve EO production by applying plant
growth regulators have been suggested [14]. Plant growth
regulators have been found to enhance herb and oil yield in
some species. Gibberellins (especially gibberellic acid GA,)
are the most critical and valuable compounds for enhancing
the productivity of commercial crops. Gibberellins are
associated with various growth and development processes
such as seed germination, stem and hypocotyl elongation,
leaf expansion, floral organ development, flowering time
reduction, flower number and size increase, and induction of
some hydrolytic enzymes in the aleurone of cereal [15, 16].
Initsrole in essential oil accumulation, GA, has been studied
previously; B.R.R. Rao, et al. (1997) [17] sprayed geranium
with GA, promoted oil yield and prolonged flowering.
Reports are available indicating a direct correlation between
trichome number and oil production [18]. In parallel, GA,
also increases leaf area leading to an increase in trichome
parameters. The increase in oil accumulation per bed was
because of an increase in trichome parameters (density,
trichome diameter, total number of trichomes per leaf), leaf
area, and oil biogenetic capacity per plant.

There have been much research works on E. ciliata.
However, these studies focused mainly on extracting and
analysing the chemical composition or biological activities
of secondary compounds obtained from E. ciliata [19,
20]. On the contrary, the number of studies on the effects
of phytohormones on the growth and accumulation of
essential oil of E. ciliata is still limited. Based on the
reference information, this study was carried out to evaluate
the effects of GA, on plant height, leaf length, leaf width,
whole plant fresh biomass, dry biomass, nitrate content, and
essential oil percentage of E. ciliata.

2. Materials and methods
2.1. Plant materials

The seeds of Vietnamese balm (E. ciliata) were obtained
from Huong Nong Seeds Co., Ltd (Vietnam). E. ciliata at
the 4-week-old seedling stage.

2.2. Growth conditions

Prior to seed sowing, a homogeneous mixture of soil and
organic manure in the ratio of 4:1 was filled in the nursery
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garden [21]. A uniform basal dose of nitrogen, phosphorus,
and potassium was given at a rate of 15, 25, and 25 kg ha’!,
respectively. The soil was maintained at proper moisture to
ensure better growth of the plants. Relative humidity was
set to 60-80% [22]. The seeds were sown directly at a depth
of 2 cm in a nursery garden located in Can Giuoc district,
Long An province.

2.3. Experimental design
2.3.1. Plant growth assessment experiment

The growth of E. ciliata grown from seeds was assessed
for 8 weeks (from the time the plant has 2 true leaves
to the flowering stage). A randomised complete block
design (RCBD) with three replications was applied for the
experimental layout. After each week, the plant’s growth
was recorded for the parameters of plant height, leaf length,
leaf width, total plant fresh weight, total plant dry weight,
nitrate content, photosynthesis intensity, and respiration
rate.

2.3.2. Gibberellic acid experiments

Nursery-raised healthy, vigorously growing 4-week-old
seedlings (based on the result of the plant growth assessment
experiment) were sprayed once on the foliage of the plants
with six levels of GA, solution (adjusted to pH 7.0 with
NaOH) (0, 5, 10, 15, 20, 25 ppm) (1.5 1) with the help of
an atomiser [23]. The spraying volume for each treatment
was maintained at 0.5 1. After a lapse of 2 hours following
the spraying, regular watering procedures were resumed.
Treatments were triplicated in a completely randomised
block design three times in factorial experiments. The
performance of E. ciliata was assessed for the above-
mentioned parameters at week 6 (W6) and week 8 (WS)
after spraying.

2.3.3. Growth analysis
Growth parameters were measured as follows:

1. Plant height (PH, cm): The plant height was measured
from the area where the stem contacts the growing medium
to its apex with a ruler.

2. Leaf length (LL, cm): The length of the 4" leaf was
measured at its longest size using a technical Palmer ruler
(Mitutoyo digital micrometre, Japan).

3. Leaf width (LW, cm): The width of the 4™ leaf was
measured at its widest size using a technical Palmer ruler
(Mitutoyo digital micrometre, Japan).

4. Fresh biomass (FB, g): Randomly chosen plants were
taken from each experimental unit. After cleaning them
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from dust and separating them from the root system, the
total plant fresh weight was recorded with a sensitive scale.

5. Dry biomass (DB, g): After weighting, the plant was
wrapped in a clean paper bag, labelled, and oven-dried at
65°C for 48 h to determine the dry weight following the
methodology established by M. Corell, et al. (2012) [24].

6. Nitrate content (NC, mg.kg!/FW): Nitrate content
in plants was determined by colour reaction with phenol
sulphonic acid solution. The absorbance of the standards
and samples was measured with a Shimadzu (Model: 2401)
UV-Vis spectrophotometer after setting the blank at 100%
transmittance at the wavelength of 410 nm [25].

7. Photosynthesis intensity (PI, umol O/dm?*h) and
respiration rate (RR, umol O /dm*h): E. ciliata leaves were
cut with specialised cutting tools (<10 cm?), then placed in
the measuring chamber LD, (Hansatech, the UK) for 10
minutes. Gas exchange was measured with the instrument’s
oxygen electrode and was calculated as an increase (when
leaves were illuminated with a white LED at 150 umol/m?/s)
or decrease (when leaves were placed in the dark) of the
amount of oxygen in the measuring chamber. The chamber
temperature was 27+0.2°C under light-intensity conditions.
The photosynthetic intensity and respiratory intensity were
calculated at 4 to 7 minutes based on a graph showing the
change in oxygen content displayed on the computer [26].

2.3.4. Essential oil contents

Essential oil contents (EO, %) of the air-dried and ground
plants (150 g each) were determined by hydrodistillation for
3 husing a Clevenger-type apparatus. The obtained essential
oils were dried over anhydrous sodium sulphate and stored
at 4°C in the dark until further analysis [27].

2.3.5. Morphology of trichomes

Leaf samples were transversely cut into thin slices and
directly observed for the appearance of hairs under an
optical microscope after each week of the growth cycle.

2.4. Data analysis

The data of growth of E. ciliata at each week (growth
experiment); weeks 6 and 8 (GA, treatment experiment);
and the data of essential oil contents of the GA, treatment
experiment at week 8 were tested. One-way ANOVA with
a significance level of 5% (p<0.05) was used to compare
the mean values at each time point. These analyses were
performed using SPSS statistical software to test the
significant difference at probability p<0.05. All data were
presented as mean + standard errors (SE).
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3. Results and discussion
3.1. Growth of E. ciliata in nursery garden for 8 weeks

E. ciliata in the nursery garden grew slowly from week
1 to week 4. By week 5, the plants exhibited faster growth,
as evidenced by the increase in growth parameters such as
plant height (9.10 to 15.58 cm), leaf length (3.34 to 6.94
cm), and leaf width (1.91 to 3.71 cm) (Table 1). The leaves
were dark green and deeply lobed, with each axillary bud
having 2-4 branches. Stems and roots were sturdy. During
weeks 6 and 7, plants continued to grow, showing increased
tillering, and flowered at the end of weeks 7 and 8 (Fig. 1).
This is consistent with the role of leaves as the organs
carrying out the function of photosynthesis and synthesising
metabolic compounds for the plant. The rapid growth of
leaves before flowering is to create conditions for the plant
to accumulate enough energy and achieve physiological
maturity, preparing for the flowering stage [28].

Table 1. Growth analysis of E. ciliata in the nursery garden.

Week

Parameters
2 3 4 5 6 7 8

PH em 175£0.14 28140340 SA0:036° 9.10:0.44° 15.58£1.96° 26.33£1.78" 28.23£0.70¢ 28.34+0.90¢
LL em 102007 LISH0.10F 2.80:0.03° 3341035 6.94:0.56" 7.0240.11¢ 7.13£0.28° 7.17+0.09
LW em 07240100 0.77+0.11° 1782003 1912036 3712057 3.99:0.11% 4.07:028¢ 42240.0%¢
B g 1.060.06° 1.16:0.06* 345£L11° 9.81:041° 25.18:043¢ 31958049 32.07+0.63 32.36+045
DB g 0.05:001* 0.06:0.01 0.13:0.03 0624008 131£0.02¢ 2.79:0.05° 2.82:002 2.83+0.11°

NC mgkg!/FW 475:0.14° 4942032 12814059 28.61+046° 55.942045¢ 58814058 59.10+0.98 59.5240.65"

Values are mean +SE, the superscript letters in each row
indicate significant differences between weeks (p<0.05).

1 2 3 4 5 6 7 8

Fig. 1. Growth of E. ciliata in the nursery garden over 8
weeks. Scale bar: 5 cm.

The flowering phase commenced at the end of week
7. At that time, plant growth slowed down, reaching its
maximum in plant height (28.34 cm), leaf length (7.17 cm),
and leaf width (4.22 cm) due to the vegetative meristem
transforming into the floral meristem. Therefore, it was no
longer able to lengthen the internodes and create new leaves
(Table 1), aiding the plant’s transition from the vegetative
stage to the flowering stage [28].
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During the developmental stages, plants absorb and
accumulate nutrients. Nitrate accumulation depends on
the plant’s requirements during each growth stage. During
the vegetative stage, the plant requires a large amount of
nitrogen for the development of stems and leaves. As the
plant transitions to the reproductive stage, nutrients are
prioritised for flowering and fruiting, thereby slowing down
or halting growth to concentrate energy on flowering [29].
This was consistent with the increase in FB (3.45 to 31.95
g); DB (0.13 to 2.79 g); nitrate content (12.81 to 58.81
mg.kg!'/FW) from weeks 3 to 6. From weeks 6 to 8, the
increase in FB (31.95-32.36 g), DB (2.79 to 2.83 g), and
nitrate content (58.81 to 59.52 mg.kg!/FW) was slow and
showed no significant difference (p>0.05) (Table 1).

The photosynthetic intensity gradually increased from
week 1 to week 6 (4.95 to 18.06 umol O,/dm?/h), peaked at
week 6, and then gradually decreased at weeks 7 and 8 (18.06
to 17.93 umol O,/dm?’/h) (Table 2). Strong photosynthesis
during the nutrient stage helps plants to grow quickly, with
the energy generated in photosynthesis preferentially used
for stem elongation, leaf formation, and branching [30].
Photosynthetic intensity started to decrease slightly from
week 7 to week 8 but there is no statistical difference. On
the other hand, respiratory intensity increased from week 7
to week 8 (5.77 to 9.84 pmol O,/dm*h) to prepare for the
flowering stage. In the flowering stage, E. ciliata favourably
uses a lot of energy from cellular respiration to support
flower morphogenesis energy [31].

Table 2. Photosynthetic intensity and respiration rate of E.
ciliata in the nursery garden.

Week

Parameters
1 2 3 4 5 b 7 8

il 495:0,09°
umolO,/dnr’h
R 20.17:0.50°

SIH0IT 63910100 9.16:0.19 17.65:048° 18.06£0.22' 17.98:022" 17.93£0.07¢

2034104 2003075 111920667 5542041 5776026 5772019 9842035

Values are mean +SE, the superscript letters in each row
indicate significant differences between weeks (p<0.05).

3.2. Morphological changes and accumulation of
essential oil in E. ciliata trichomes for 8 weeks

On the cross-section of the leaves, trichomes
accumulating essential oil in E. ciliata have a 1-cell head
and a 2-cell head. At weeks 1 and 2, a new ciliary system
formed into undivided cells and there was almost no oil
accumulation (Fig. 2A). At week 3, trichomes divided
into a 2-cell epithelium (Fig. 2B) and began to accumulate
essential oil (Fig. 2D) or did not divide but still accumulated
essential oil (Figs. 2C, 2D). By week 4, the accumulation of
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essential oil in the hair secretion system was enhanced. This
transformation was maintained and did not differ from week
4 to week 8 (Fig. 2).

(€) (E)

Fig. 2. Feathers in E. ciliata 1 cell head has not accumulated
essential oil at week 1, 2 (A); the head of 2 cells has not yet
accumulated essential oil at week 3 (B); 1 cell head accumulates
essential oil at week 3 (C); the head of 2 cells accumulates
essential oil at week 3 (D); 1 cell head accumulates essential
oils at weeks 4-8 (E); the head of 2 cells accumulates essential
oil at weeks 4-8 (F). Scale bar: 10 ym.

3.3. Effect of GA, on the growth and accumulation of
essential oil in E. ciliata

3.3.1. Plant height

The results in Tables 3 and 4 indicated that spraying
GA, on E. ciliata caused a significant increase in plant
height. Increasing GA, concentrations from 5 to 10 ppm
significantly increased plant height (33.68-45.58 cm at
W6; 55.94-77.01 cm at W8). The height of E. ciliata was
highest (with significant difference) when sprayed with 10
ppm GA,, reaching 45.58 cm at W6, and 77.01 cm at W8,
compared with the control which gave 26.42 cm at W6; and
28.55 at W8.

Table 3. Effect of GA, on growth of E. ciliata after 2 weeks
of treatment.

GA, Parameters

concentrations

(opm) PH(g) LL (cm) LW(em)  FB(y DB (g NC (mg.kg-/FW)
0 2042:084 7010100 3.93:0.18  29.98:098  281:0.04° 5815043

5 B80S 7370020 4350050 3466:180°  4.09:030° 6939077

10 4558064 87320340 550:043°  4400:1200 639118 §3.39:127

15 2048 86420460 5413034 43.00:156  6.28:032%  §3.01£144

20 IT90:049"  864:046"  AT2H008 3981172 5730360 7641148

2 2038057 7294003 427H0.00° 31891540 363007 65.86+091°

Values are mean +SE, the superscript letters in each
indicate significant differences between weeks (p<0.05).

row
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Table 4. Effect of GA, on growth of E. ciliata after 4 weeks
of treatment.

GA, concentrations Parameters

(ppm) PHE  Ll@m LWem FB(y DB  NC(mghg-YFW)
0 WSSH04Z TIT01E  430:000 344TEI3S 296012 61254078
5 SSOMNAS 852041 53034 A9ED06T T49H02E 9503067
10 TIOL049 9504051 603029 65446163 1L10:030° 83394127
15 TS05H078 8812035 ST9031 6L76£24% 974037 18714103
2 66.89:080° 8644046  SSIH033  SBSGELSR 8384037 109.6140.58°
2 HA5H056 TSH0IS 446015 ITISHOAE 613007 710909

Values are mean *SE, the superscript letters in each row
indicate significant differences between weeks (p<0.05).

3.3.2. Leaf length and leaf width

The data in Tables 3 and 4 indicated that spraying GA,
on E. ciliata caused a considerable increase in the leaf length
and leaf width, which reached 7.29-8.73 cm (LL at W6),
4.27-5.50 cm (LW at W6). The highest length and width of
the leaves (9.50 cm (LL) and 6.03 cm (LW)) were observed
when the plant was sprayed with 10 ppm GA, at W8, which
differs significantly from all other treatments studied.

3.3.3. Fresh and dry biomass

The results in Tables 3 and 4 showed that the total plant
fresh biomass (FB) and dry biomass (DB) were significantly
highest (44.02 and 6.39 g (W6); 65.44 and 11.10 g (WS),
respectively) when the plants were sprayed with GA, at 10
ppm, showing an increase of 47.32%.

3.3.4. Nitrate content

The outcomes in Tables 3 and 4 demonstrate that
spraying E. ciliata with GA, from 5-25 ppm caused
significant increase in nitrate content, which ranged from
65.86 to 83.39 mg.kg!/FW at W6, and from 71.09 to
128.71 mg.kg!/FW at W8. The nitrate content had the
significantly highest value of 83.39 mg.kg!/FW at W6 with
10 ppm and 128.71 mgkg!/FW at W8 when plants were
treated with 15 ppm GA.,.

3.3.5. Photosynthesis intensity and respiration rate

After 4 weeks of GA, treatment, the Pls of all treated
plants increased (PI: 19.24-32.49 umol O,/dm*h at W§)
when compared with control (PI: 7.04 umol O,/dm*h at
W38). Plants treated with 10 and 15 ppm GA had increased
PIs compared to those treated with 5; 20; and 25 ppm GA
and the control. The PI was highest in the 10-ppm GA,
treatment (29.53 pmol O, /dm*h at W6; 32.49 pmol O,/
dm?h at W8) (Table 5, Fig. 3). In contrast, the RIs of the
GA -treated plants decreased (from 6.94 to 2.90 pmol O,/
dm?’/h at W6; 7.04 to 1.52 umol O /dm*h at W8) and were
different from that of the control (11.16 pmol O,/dm*/h at
W6; 9.84 umol O,/dm?*/h at W8) (Table 5).
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(A) (8) (©) (D) (E) (F)

Fig. 3. Effect of GA, treatment on the morphology of E.
ciliata in the nursery garden at week 6: control (A), GA, 5
ppm (B), GA,10 ppm (C), GA,15 ppm (D), GA, 20 ppm (E),
GA, 25 ppm (F). Scale bar: 5 cm.

Table 5. Effect of GA, on photosynthetic intensity and
respiration rate of E. ciliata in the nursery garden.

Gibberellic acid concentrations (ppm)

Parameters

0 5 10 15 20 2
After 2 weeks
Pl 9.15£0.51F 1996043 2953:048' 2766093 20170720 1957015
umol O,/dm/h
RR 11.16£063  459:0.02° 290006 3.080.04* 5454035 6.9420.11¢
After 4 weeks
Pl TOH031F 22096017 3249027 3001:0.17° 1936:0.14° 1924015
umol O /dm’/h
RR 084035 303007 152:005  203:007  6.79:0.04! 7.04£0.16¢

Values are mean *SE, the superscript letters in each row
indicate significant differences between weeks (p<0.05).

Gibberellins (especially GA,) are the most important
group of compounds among the known plant growth
regulators for enhancing the productivity of commercial
crops. However, the high cost and tedious production
technology restrict its field application to high-value crops
only [32]. As shown in Tables 3 and 4, spraying E. ciliata
with 10 ppm GA, caused a considerable increase in PH, LL,
LW, FB, DB, and NC when compared with the control. The
increase in plant height under treatments with gibberellic acid
in Mentha plants (0.001-0.1 mM GA,) was also previously
reported [33]. The physiological role of gibberellic acid
in plants, which involves stimulating and activating the
processes of cell division and expansion, can be linked to
these results. Additionally, by promoting the synthesis of
DNA, RNA, and proteins, gibberellic acid activates many
enzymes that are crucial for the growth and development
of plants and increases the activity of several biological
and physiological processes of the cell [34]. Additionally,
gibberellins increase the permeability of cell walls and raise
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the water content of cells [35]. It is possible to interpret that
the gibberellic acid’s ability to enhance auxin levels leads
to an increase in cell division and cell elongation, resulting
in increased plant height [36, 37]. Alternatively, this could
be explained by GA,’s capacity to stimulate the synthesis of
mRNA for hydrolytic enzymes and by the fact that larger
cells eventually result in longer internodes [38]. Bioactive
GA promotes growth by opposing the functions of DELLA
growth-repressing proteins (DELLAs), members of the
GRAS family of transcriptional regulators [39]. The GA
pathway is a major regulator of this feed forward loop
interconnecting plant growth to nitrate availability. This
leads to GA, supplementation increasing nitrate content as
previously reported by L. Camut, et al. (2021) [40].

3.3.6. Essential oil content

The results obtained in Table 5 reveal that the oil content
of E. ciliata was positively affected by spraying with 5 to
25 ppm GA,, reaching values of 1.09 to 1.41%. The oil
percentage was highest (1.41%) for plants treated with 10
ppm GA,. However, between treatments supplemented
with GA, at concentrations of 10, 15, 20 ppm, there was no
statistical difference in essential oil yields (Table 6, Fig. 4).
For comparison, the oil content of the control was 0.93%.

(A) (B) () (D) (E) (F)
Fig. 4. Effect of GA, treatment on the morphology of E.
ciliata in the nursery garden at week 8: control (A), GA, 5
ppm (B), GA, 10 ppm (C), GA, 15 ppm (D), GA, 20 ppm (E),
GA, 25 ppm (F). Scale bar: 5 cm.

Table 6. Effect of GA, on essential oil content of E. ciliata in
the nursery garden.

Gibberellic acid concentrations (ppm)
0 5 10 15 2 2%
093004 LI2002  TAI002  138:003%  129:0.04°  1.0940.06°

Parameter

EO content %

Values are mean zSE, the superscript letters in each row
indicate significant differences between weeks (p<0.05).

Plant growth regulators have been reported to influence the
yield and quality of essential oil in many crops [41]. Growth
regulators such as GA, can influence essential oil production
through effects on plant growth, essential oil biosynthesis,
and the number of oil storage structures. On the other hand,
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the increase in oil content may also be due to their effects on
enzymatic pathways of terpenoid biosynthesis [42-44]. GA,
affects the key enzyme activity of terpenoid biosynthetic
pathways (DXS and HMGR) based on decreasing DXS
activity in plants. GA, treatment caused a decrease in the
1-deoxy-D-xylulose5-phosphate synthase (DXS) activity in
male and female Cannabis sativa plants [45]. Many reports
support a regulatory role of DXS for the production of MEP-
derived isoprenoids in plants [46]. J.M. Estevez, et al. (2001)
[47] reported that transgene-mediated up or down regulation
of DXS levels in Arabidopsis was correlated with concomitant
changes in the levels of MEP-derived isoprenoid end products.
Additionally, D.J. Wilk, et al. (1999) [48] showed that
gibberellin works to protect the destruction of chlorophyll
by inhibiting the effect of ethylene on chlophyllase transcript
accumulation. Similarly, GA, also increased oil yield and
quality in Ocimum sanctum and Ocimum basilicum [49]. The
result was in conformity with the finding of E.S.M. Rashad,
et al. (2009) [50] on Calendula officinalis L., A. Dadkhah, et
al. (2016) [51] on Satureja hortensis, and M.N. Hasan, et al.
(2020) [52] on Rosmarinus officinalis L.

4. Conclusions

The growth and development of E. ciliata (Thunb.)
Hyl. can be divided into 3 stages: the slow growth phase
(from sowing time to week 4), the fast growth phase (week
4 to week 7), and the flowering phase (stops growing and
flowering from week 7 to week 8). The formation of the
trichomes of E. ciliata starts from the young leaves (1 to 2
weeks old). There are 2 types of hairs, 1-cell hairs and 2-cell
hairs, which begin to accumulate essential oil from week 3.

In addition, the results clearly showed that the exogenous
application of GA, considerably affected the plant growth
attributes, oil productivity and plant biomass. Foliar
treatment with GA, (10 ppm) could be used to promote the
growth and accumulation of EOs in Vietnamese balm (E.
ciliata (Thunb.) Hyl.).
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Abstract:

Dracaenae cambodianae Pierre ex Gagnep (Huyét Giac in Vietnamese) is widely utilised in traditional remedies
to alleviate joint pain. Indeed, D. cambodianae contains chemical components with biological properties such as
cytotoxicity, antimicrobial, and antioxidant activities. This research aims to determine the antioxidant and anti-
inflammatory properties of D. cambodianae extract in RAW 264.7 and SW 1353 cell lines. The D. cambodianae was
extracted with two solvents: dichloromethane (HGA) and methanol (HGB) and subsequently assessed for the total
polyphenols and flavonoids content before evaluating its antioxidant and anti-inflammatory properties in RAW 264.7
and SW 1353 cell lines. The extract with HGB exhibited 1.73 times higher total polyphenol content than HGA. The
antioxidant capacity (EC, ) of HGA was lower than that of HGB. HGA displayed significant cytotoxicity towards the
cells, while HGB did not induce cell death. HGB effectively inhibited nitric oxide production, LPS-induced iNOS,
and IL-1fB-stimulated MMPI3 expression. These findings demonstrate that HBG derived from D. cambodianae
Pierre ex Gagnep possesses antioxidant and anti-inflammatory properties, offering potential applications in the
treatment of inflammation and osteoarthritis in the future.

Keywords: anti-inflammatory, antioxidant, Dracaenae cambodianae, osteoarthritis, RAW 264.7, SW 1353.
Classification numbers: 3.3, 3.5, 3.6

research to identify their chemical composition and
mechanism of action. Identifying the chemical components
and biological activities of these herbs holds practical value
for human health.

1. Introduction

Inflammation is defined as a biological response of
the immune system to harmful stimuli such as irritants,
pathogens, or damaged cells. Its progression involves the
participation of immune cells, blood vessels, and molecular
mediators. The primary purpose of the inflammatory
response is to eliminate the original cause of cell injury,
remove necrotic cells and damaged tissues, and initiate
tissue repair.

D. cambodiana Pierre ex Gagnep belongs to the genus
Dracaena, which comprises more than 50 species, primarily
distributed in tropical and subtropical Asia and Africa. In
Vietnam, there are approximately 12 species [2]. According
to Oriental medicine, D. cambodiana is documented to
have effects on sprains, joint pain, and anticoagulation [2,
3]. Currently, several compounds found in D. cambodiana
extract have exhibited antifungal activity against Aspergillus

Arthritis, particularly osteoarthritis, is characterised by
the destruction of articular cartilage and local inflammation.

It is one of the diseases that significantly impact our health
and quality of life, especially in the elderly population.
Statistics reveal that 61.1% of individuals over 60 years
old are affected, whereas the range is 8-30% among those
aged 40-59 [1]. However, there is currently no definitive
treatment for these diseases, only several intervention
methods to mitigate disease progression, including the
application of traditional remedies. Given Vietnam’s rich
and diverse reservoir of medicinal herbs with potential
therapeutic properties, we were determined to conduct
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niger and cytotoxic activity against HepG2 at an IC, dose of
2 pug/ml [4]. Of particular interest is the ethyl acetate fraction
of D. cambodiana extract, which displays the highest
antioxidant activity [5]. Three new flavonoid derivatives
have demonstrated cytotoxicity against the K562 cell line
and resistance to methicillin-resistant Staphylococcus
aureus (MRSA) [6]. Moreover, the 96% ethanol extract
of the D. cambodiana plant did not exhibit acute oral
toxicity [7]. The identification of the chemical composition,
antibacterial, antifungal, and cytotoxic activities of D.
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cambodiana extract underscores its potential for treating
various diseases. In this study, we further investigate the
in vitro antioxidative, anti-inflammatory activity, and the
inhibition of joint degeneration of the D. cambodiana plant
extract.

2. Materials and methods

Extract and cell lines: The extracts of D. cambodiana
Pierre ex Gagnep were provided by the Faculty of
Pharmacy, University of Medicine and Pharmacy at Ho Chi
Minh City. The redwood part of the tree was collectively
extracted using HGA and HGB. The crude extract of each
sample was weighed and then dissolved in 100% dimethyl
sulfoxide (DMSO) (final concentration was 10 mg/ml) and
stored at -20°C for further experiments. RAW 264.7 mouse
macrophage cell line (ATCC TIB-71) and human SW 1353
chondrocytes cell line (ATCC HTB-94).

Equipment: Biological safety cabinet class II (ESCO),
CO, incubator (Panasonic Healthcare), inverted microscope
(Carl Zeiss), 4-decimal balance (Mettler Toledo), microplate
reader VersaMax (Molecular Devices), cooling micro-
centrifuge (Eppendorf), Realtime Lightcycler 480 (Roche),
PCR cabinet (Biosan), vortexer (Cleaver Scientific).

Chemicals and reagents: Folin-Ciocalteu (Merck),
gallic acid (Sigma), AICI, (Merck), quercetin (Sigma),
2,2-diphenyl-1-picrylhydrazyl (DPPH) (Merck),
3-[4,5-dimethylthiazol-2-y1]-2,5  diphenyl tetrazolium
bromide (MTT) (Biobasic), Dulbecco’s Modified Eagle
Medium (DMEM) high glucose (GE), heat-inactivated fetal
bovine serum (FBS) (Sigma), Lipopolysaccharide (LPS)
(Sigma), DMSO (Merck), Trizol (Thermo), RevertAid
First Strand cDNA Synthesis Kit (Thermo), Maxima SYBR
Green qPCR Master Mix (Thermo), and other chemicals.

Quantification of total polyphenols in the extract: The
total polyphenolic content of the extract was analysed using
the Folin-Ciocalteu method as follows: 10 pl of the extract
was mixed with 50 pl of Folin-Ciocalteu reagent. Then, 40
ul Na,CO, (10% w/v) was added, and the reaction mixture
was incubated in the dark at room temperature for 2 hours
on a shaker. The absorbance of the sample was measured at
760 nm using a spectrophotometer. The total polyphenolic
content was determined based on the gallic acid standard
curve.

Quantification of total flavonoid in the extract:
Total flavonoid content was determined using the AICI,
colorimetric method as follows: 50 pl of the extract was
mixed in a reaction mixture consisting of 25 ul AICI, 2%,
25 pl H)0, 25 pl HCI 1M, and 25 pl CH,COONH, 1M.
The reaction mixture was incubated in the dark at room
temperature on a shaker for 15 min. Absorbance of the
sample was measured at 425 nm using a spectrophotometer.
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The total flavonoid content was determined based on the
quercetin standard curve.

Antioxidative activity evaluation by DPPH (1, I-diphenyl-
2-picrylhydrazyl) free radical scavenging activity assay:
100 pl of 0.3 mM DPPH radical solution was added to 100
ul of the extract. The reaction mixture was incubated for 30
min. The absorbance was then measured at 517 nm using a
spectrophotometer. The radical scavenging activity of the
extract was calculated using the following equation:

b
% SC = (1— )xlOO%
where A is the absorbance at 517 nm of DPPH, A, is the
absorbance at 517 nm of the negative control sample, and
A is the absorbance at 517 nm that contains the test sample.

Evaluation of cytotoxicity effect of the extract on RAW
264.7 cells by MTT assay: RAW 264.7 cells were inoculated
at a density of 2x10* cells/well in DMEM high glucose
medium supplemented with 10% FBS, incubated for 24
hours at 37°C, 5% CO, on a 96-well plate. Then, cells were
treated with extracts at concentrations of 10, 20, and 50 ug/
ml (the extract was diluted in DMEM high glucose medium
supplemented with 10% FBS). The treated cell plate was
incubated for 24 hours at 37°C and 5% CO,,. Then, 10 pl of
MTT solution (5 mg/ml) was added to all wells, followed
by incubation for 3 hours. After treatment with MTT, the
old medium was removed, and 100 pl of DMSO was added
to each well. The plate was incubated in the dark at room
temperature for 10 min to dissolve the formazan crystals.
Finally, the percentage of surviving cells was determined by
comparing the absorbance at 540 nm of the test well (with
extract treatment) with the absorbance value of the negative
control (not treated with extract).

Evaluation of the ability to inhibit nitric oxide secretion
induced by Lipopolysaccharide (LPS) on RAW 264.7 model.:
RAW 264.7 cells were prepared similarly to the MTT assay.
Then, cells were treated with extracts at concentrations of
10 and 20 pg/ml. Next, LPS (diluted in PBS at pH 7.4) was
added to all the wells at a final concentration of 1 ug/ml after
1 hour of treatment with the extract. A negative control (cells
not treated with extract and LPS), a positive control (treated
with dexamethasone and LPS), and a control treated with
LPS only (no extract treatment) were also included. After
24 hours, cultures were collected to measure nitric oxide
(NO) secretion using the Griess reagent. Briefly, 100 ul of
cell culture fluid was mixed with the corresponding volume
of the Griess reagent. The reaction mixture was incubated
for 10 min at room temperature, and the absorbance was
then measured at 540 nm. The experiment was repeated
three times. The procedure was adapted from the study of
G. Yang, et al. (2012) [8].
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Evaluation of the expression of pro-inflammatory
genes INOS induced by LPS on RAW 264.7 model: Cells
were grown on 6-well plates at a density of 8x10° cells/
well. After overnight proliferation, cells were treated
with the extract at different concentrations and incubated
at 37°C, 5% CO,. 1 hour after treatment with the extract,
LPS was added to the wells at a final concentration of 1
pg/ml to induce inflammation. A negative control (cells not
treated with extract and LPS), a positive control (treated
with dexamethasone and LPS), and a control treated with
LPS only (no extract treatment) were also included. Total
RNA from cells was isolated after 24 hours of treatment to
evaluate the expression of inflammatory genes. Total RNA
from cells was obtained using the Trizol kit according to the
manufacturer’s instructions. NanoDrop was used to quantify
RNA concentration and purity by spectrophotometry. RNA
after extraction was synthesised into cDNA using the
RevertAid First Strand cDNA synthesis kit according to the
instructions. The expression of iNOS genes was evaluated
by real-time PCR reaction with SYBR Green fluorescence,
and the internal control was the GAPDH gene. The specific
primer sequences and thermal cycles of the real-time PCR
reaction were referenced from S. Bose, et al. (2013) [9].

Evaluation of cytotoxicity effect of the extract on SW
1353 cells by MTT assay: Experiments were arranged
similarly to the toxicity test of the extract on RAW 264.7
cells. SW 1353 cells were seeded at a density of 5x10° cells/
well in DMEM high glucose medium supplemented with
10% FBS, incubated for 24 hours at 37°C, and 5% CO,
on a 96-well plate. Then, cells were treated with extracts
at concentrations of 50, 20, and 10 pg/ml (extracts were
diluted in DMEM medium supplemented with 10% FBS).
The toxicity of the extract on SW 1353 cells was tested
using the same MTT assay as previously described.

Evaluation of MMP13 gene expression in SW 1353 cells
stimulated by IL-1B: SW 1353 cells were cultured on a
6-well plate at a density of 2x10° cells/well in DMEM high
glucose medium supplemented with 10% FBS, incubated
for 24 hours at 37°C and 5% CO,. Then, cells were treated
with HGB extracts. After 1 hour of treatment, IL-1p was
added to each well at a final concentration of 10 ng/ml,
excluding the negative control wells (treated with medium
only). A negative control (cells not treated with extract and
IL-1B), a positive control (treated with dexamethasone and
IL-1pB), and a control treated with IL-1f only (no extract
treatment) were also included. Cells were then incubated for
24 hours. Total RNA extraction was performed as previously
described. A real-time PCR reaction was performed to check
the expression of the MMPI3 gene with GAPDH as the
internal control. The specific primer sequences and thermal
cycling of real-time PCR with SYBR were referenced from
J.E. Huh, et al. (2014) [10].
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Statistical analysis of target gene expression: The
quantification cycler value (the Qq) generated by real-time
PCR constituted the initial quantitative data for the relative
expression study [11]:

R = 2% AAC, = (C

q.target_ Cq.GAPDH)treat_ (Cq.target - Cq.GAPDH)umreat

where R is the relative expression of target gene.

3. Results and discussion

Quantification of total polyphenols and flavonoids: The
analysis of total polyphenolic content in the extract using
HGB revealed a concentration of 234.47+5.55 GAE/g DW,
which was 1.73 times higher than that obtained using HGA
(135.9240.32 GAE/g DW). However, the quantification
of total flavonoids in the two extracts indicated that HGA
(31.11+£0.86 mg QE/g DW) had a higher flavonoid content
than HGB (9.28+0.36 mg QE/g DW). This preliminary
assessment of the chemical composition suggests that the
extract from D. cambodiana Pierre ex Gagnep contains
numerous compounds with potential applications as a
medicinal herb.

Antioxidative activity evaluation: The in vitro
antioxidative effect of HGA and HGB extracts was assessed
by their ability to neutralise DPPH free radicals, using
the EC,, value as a measure. The EC, value (EC,; - half
maximal effective concentration) represents the highest
concentration of the extract that inhibits 50% of DPPH free
radicals. The extract of D. cambodiana Pierre ex Gagnep
in HGB displayed an EC,; value of 159.1 pg/ml, which
was lower than that of HGA (242.2 pg/ml). However, the
EC,, values of both solvents were lower when compared to
vitamin C (EC,=8.196 pg/ml). According to Y. Luo, et al.
(2010) [5], the EC, values of D. cambodiana extractions
using petroleum ether, ethyl acetate, n-butanol, and water
were 5.007, 1.613, 2.441, and 4.874 mg/ml, respectively.
This result suggests that the HGA and HGB extracts in this
study possess higher antioxidative effects. Moreover, HGB
shows more potential and can be considered for further
research.

Effect of the extract on the viability of RAW 264.7: The
cytotoxicity of HGA and HGB extracts on RAW 264.7 cells
was evaluated using the MTT assay. The results (Fig. 1)
indicated that the extract in HGA exhibited cytotoxicity at the
investigated concentrations (ranging from 10 to 50 pg/ml).
In contrast, the extract of D. cambodiana in HGB showed
lower cytotoxicity at the investigated concentrations, with
cells remaining viable at concentrations from 10 to 20
pg/ml. Previously, a research by W.L. Mei, et al. (2013)
[12] showed that a newly isolated flavonoid compound
(Cambodianin G) could be toxic to K562 and SGC-7901
cell lines, with IC, values 0f 9.5 and 16.2 g/ml, respectively.
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Fig. 1. Effects of dichloromethane and methanol extracts
on the cell viability of RAW 264.7. NEG: untreated control;
DMSO at 0.5%. Data are expressed as means + standard
deviation of the three independent experiments (***p<0.001;
****n<0.0001) vs. untreated control.
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Fig. 2. Inhibition of nitric oxide by methanol in
lipopolysaccharide-stimulated RAW 264.7. NEG: untreated
control. DEXAN: dexamethasone 15 pM. Data are expressed
as means * standard deviation of the three independent
experiments (****p<0.0001) vs. LPS-induced cell.

Attenuation of LPS-induced nitric oxide by the methanol
extract in RAW 264.7: The anti-inflammatory activity of the
extract was assessed by its ability to inhibit NO secretion
in inflammatory RAW 264.7 cells induced by LPS at a
concentration of 1 pg/ml. To evaluate the cytotoxicity
of HGA and HGB extracts on RAW 264.7 cell line, two
concentrations of 10 and 20 pg/ml of the extract with
HGB were prepared, followed by an assessment of their
ability to inhibit NO secretion. The positive control was
dexamethasone at 15 uM. The results are shown in Fig. 2.
The NO concentration in inflammatory cells induced by LPS
significantly increased (1.8 times higher than in untreated
cells). RAW 264.7 cells treated with dexamethasone
showed a significant inhibitory effect on NO secretion
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compared to untreated cells. DMSO at a concentration of
0.2% had no significant effect on NO secretion. The HGB
extract at all three concentrations also exhibited marked
inhibition of NO secretion, especially at concentrations of
20 pg/ml (more than a 40% reduction compared to the LPS
control). Therefore, the anti-inflammatory potential of the
HGB extract can be observed through its ability to inhibit
NO secretion. Previous studies have reported that certain
types of inflammatory tissue injury are mediated by reactive
oxygen metabolites, and administering specific antioxidants
has shown an effective reduction of tissue inflammation
and injury [13, 14]. Furthermore, polyphenols are known
to possess anti-inflammatory properties through their ability
to modulate MAPK, Akt, and NF-kB signalling pathways,
suppress several cytokines related to inflammation, as well
as hinder the activity of COX and iNOS [15]. Considering
the above, we believe that as the HGB extract carries a high
total polyphenol content and has significant antioxidant
capacity, it is capable of reducing the inflammatory response.
This led us to conduct further experiments to demonstrate
the HGB extract’s ability to attenuate inducible nitric oxide
synthase (iNOS) expression.

Reduction of LPS-stimulated iNOS expression by HGB
in RAW 264.7: The extract of D. cambodiana Pierre ex
Gagnep with HGB at a concentration of 20 pg/ml exhibited
the ability to inhibit NO secretion in LPS-stimulated RAW
264.7 cells without inducing cell death. NO is produced
from the amino acid L-arginine by the enzymatic action of
iNOS, which is induced by inflammatory stimuli such as
bacterial lipopolysaccharide. Therefore, the HGB extract
was further evaluated for its ability to inhibit the expression
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Fig. 3. Effects of methanol extract on the expression of
iNOS in lipopolysaccharide-stimulated RAW 264.7 cells.
Cells were stimulated with 1 pg/ml LPS after 1-hour treatment
with HGB extract. GAPDH was used as an internal control for
the RT-gPCR. NEG: untreated control; DEXAN: dexamethasone
15 yM; DMSO 0.2%. Data are represented as mean * SD;
number of RT-gPCR experiments (n)=3. **p<0.01; ***p<0.001
vs. control treated with lipopolysaccharide.
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of mRNAs responsible for encoding proinflammatory
cytokines such as iNOS. The results indicated that HGB
extract significantly inhibits the expression of inflammatory
genes (Fig. 3). Compared with the LPS-stimulated cells,
the inhibitory activity on the expression of the iNOS gene
was 1.8 times higher. However, the effect of reducing
the expression of the HGB extract at 20 pug/ml was lower
than that of dexamethasone at 15 uM, suggesting that the
methanolic extract of D. cambodiana Pierre ex Gagnep
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Fig. 4. Effects of methanol extract on cell viability of
SW 1353 cell line. NEG: untreated control, DMSO at 0.5%.
Data are expressed as mean + SD of the three independent
experiments (ns: no significant vs. untreated control).
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Fig. 5. Effects of methanol extract on the expression of
MMP13 in IL-1B-stimulated SW 1353 chondrocytes. Cells
were stimulated with 10 ng/ml IL-1 after 1-hour treatment with
HGB extract. GAPDH was used as internal controls for the
RT-gPCR. NEG: untreated control; DEXAN: dexamethasone
15 uM; Data are represented as mean = SD; number of RT-
gPCR experiments (n)=3. ***p<0.001; ****p<0.0001 vs. control
treated with IL-1f3.
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was effective but had a relatively lower potency. Further
isolation of compounds in the solvent may help identify
those with higher activity.

Effect of the HGB extract on the viability of SW 1353
cells: The cytotoxicity on SW 1353 cells of the methanol
extract was evaluated by MTT assay (Fig. 4). The results
showed that HGB extract did not induce cytotoxicity in SW
1353 cells at all three concentrations investigated. However,
the HGB extract at a concentration of 50 pug/ml was toxic to
RAW 264.7 cells (60% live cells compared with control).
We aim to select a concentration that is effective on both
cell lines while still conserving the amount of extract used.
Therefore, the HGB extract at a concentration of 20 pg/ml
was used to evaluate the ability to inhibit the expression of
genes associated with osteoarthritis.

Inhibitory effects of HGB extract on MMP13 expression
in IL-1B-stimulated SW 1353 cell line: Osteoarthritis has
been described as an inflammatory process of the joints.
Previous research has indicated that low-grade systemic
and local inflammation is involved in the progression of
osteoarthritis. Several inflammatory mediators, such as
interleukin (IL)-1B, nitric oxide (NO), prostaglandin E2
(PGE2), and fragments of cartilage proteins, including
matrix metalloproteinases (MMPs), have been reported
to be elevated in patients with osteoarthritis [16]. IL-
1B is an important proinflammatory cytokine during the
inflammatory response, which has been reported to serve
critical roles in joint inflammation and cartilage destruction
processes. IL-1P elevates NO production and upregulates
the expression of MMPs, including MMP13, which is
associated with extracellular matrix (ECM) degradation
in cartilage. Based on the significant role of inflammation
in osteoarthritis, anti-inflammatory analysis may have
significant value in the treatment of osteoarthritis. In this
study, the expression levels of the MMPI3 gene were
evaluated in the SW 1353 chondrocytes stimulated by 1L-1p.
The results are shown in Fig. 5, HGB at 20 pg/ml inhibited
the overexpression of the MMP13 gene (reduced by more
than 60% compared to IL-stimulated cells). Dexamethasone
- a commercial drug - significantly reduced MMP13 gene
expression at 15 uM (93.22% reduction compared to IL-1§
treated cells). In a rabbit osteoarthritis model, W.P. Chen,
et al. (2011) [17] proved that chlorogenic acid (CGA),
a polyphenol isolated from natural plants, had the ability
to reduce MMP13 expression at both mRNA and protein
levels. Other polyphenols were also reported to be capable
of downregulating MMP13, such as curcumin in human
and bovine chondrocytes [18], or epigallocatechin-3-O-
gallate (EGCG) in human OA chondrocytes [19]. Through
antioxidative action, these polyphenols downregulated
transcription factors including NF-kB, AP1, Sp1, B-catenin,
ERK1/2, p38, and Hsp27, all of which were in control of
MMP expression [20]. These findings suggest that as HGB
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possesses a high total polyphenolic content, it holds the
potential to reduce MMP13 production, which, as a result,
attenuates osteoarthritis.

4. Conclusions

D. cambodiana Pierre ex Gagnep extracted in HGA and
HGB was reported to contain polyphenolic and flavonoid
components. Both extracts exhibited antioxidant activity
in vitro. Besides, methanol extracts from D. cambodiana
also showed anti-inflammatory activity and inhibited joint
degeneration without causing cell cytotoxicity at 20 pg/ml.
These results suggest that D. cambodiana Pierre ex Gagnep,
as a medicinal herb, is a potential candidate in the treatment
ofinflammation and osteoarthritis. Further research is needed
to identify the biologically active compounds to provide
more scientific evidence about the species and promote the
potential usage of this medicinal plant.
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Abstract:

Acerola, a fruit rich in bioactive compounds such as polyphenols and vitamin C, is highly susceptible to degradation
under temperature influences. This study aimed to evaluate the impact of pasteurisation and storage conditions
on the stability of these compounds in acerola jelly. Analytical findings revealed that thermal treatment at 80°C
for 5 minutes effectively eradicated total aerobic bacteria and mould yeast content. Furthermore, this treatment
preserved the vitamin C and phenolic content, as well as the sensory quality of the jelly, better than other samples.
The study also discovered that during storage, the degradation of vitamin C and polyphenols in acerola jelly adhered
to the first-order model and the Arrhenius model. In contrast, attributes such as total soluble solid (TSS), pH, and
titratable acidity (TA) remained constant during pasteurisation and storage. Kinetic parameters, including D-value,
k-value, z-value, and activation energy (E ), indicated high stability of the product when stored at a low temperature

of 4-6°C. These findings suggest that acerola jelly has considerable potential for commercial production.

Keywords: acerola jelly, pasteurisation, polyphenol, storage, vitamin C.

Classification numbers: 3.4, 3.5

1. Introduction

Acerola, renowned for its richness in bioactive
compounds, possesses a vitamin C content notably higher
(over ten times) than many other fruits, such as oranges,
tangerines, and mangos. Besides vitamin C, acerola also
encompasses an array of phenolic compounds, which
include simple phenols, phenolic acids (derivatives of
hydroxybenzoic and hydroxycinnamic acids), flavonoids,
coumarins, stilbenes, and lignans [1]. Acerola extracts
have been reported to exhibit robust antioxidant, anti-
inflammatory, anti-hyperglycaemic, anti-tumour, anti-toxic,
and hepatoprotective properties [2]. However, acerola fruits
present several challenges, such as a succulent, thin peel, a
soft texture, and a propensity to ripen rapidly, complicating
distribution and storage. Consequently, various acerola-
based food products, like powder, jam, and juice, have been
the focus of several studies [3-5].

Acerola jelly, derived from acerola juice with added
flavouring and stabilising agents, not only offers a pleasing
taste but is also rich in vitamin C and polyphenols. Previous
studies have indicated that the biological compounds in
acerolaproducts undergo changes during production, storage,
and transportation. Such changes are predominantly due
to undesirable reactions like oxidation and non-enzymatic

browning, which occur continuously during storage and lead
to the deterioration of the physicochemical properties of
fruit products. These degradations are notably pronounced
at elevated temperatures. Given these detrimental effects on
nutritional composition and sensory quality, understanding
the deterioration causes and identifying optimal storage
conditions for food products is essential. However, reports
on the stability of acerola jelly during processing, storage,
and under varying temperature conditions are scarce. Hence,
this study aims to evaluate the physicochemical property
changes in acerola jelly under different thermal treatment
and storage conditions.

2. Materials and methods
2.1. Materials

The chosen acerola fruits belonged to the Malpighia
glabra variety, commonly known in Vietnam as So ri chua
or sour acerola. These fruits were sourced from a farm in
Go Cong, Tien Giang province, Vietnam. Selection criteria
included fruits that were ripe, red-orange in colour, and free
from physical or microbiological damage (e.g., dark brown,
bruised, surface mouldy, fermentable, or strange smells).
Post-selection, the fruits were washed, drained, and stored
at -18°C until use.
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The stabilising agent used was Aquagel WD-7183,
procured from Marcel Carrageenan (Philippines). This
additive, prevalent in fruit jelly product processing, consists
of carrageenan, sodium dihydro citrate, konjac powder, and
potassium chloride, as per supplier information.

2.2. Chemicals

Chemicals utilised in this study included ascorbic acid,
gallic acid (Sigma Aldrich, Singapore), Folin-Ciocalteu
(Merck, Germany), 99% methanol (Chemsol, Vietnam),
hydrochloric acid (HCI), sodium chloride (NaCl), potassium
iodide (KI), iodine (I,), starch (Xilong, China), plate count
agar (PCA), and potato dextrose agar (Himedia, India).

2.3. Experiment design

Effect of pasteurisation conditions: Thawed acerola
fruits were processed using a kitchen juicer (HR 1863,
Philips, China). The extracted juice was then blended
with other ingredients, following the proportions outlined
in Table 1. These proportions were based on preliminary
survey results. The mixture underwent heating at 80°C for
5 minutes to ensure complete dissolution of all ingredients.
Subsequently, the hot sample solution was poured into
aluminium luminate bags (6x11 cm), each containing 30
g of the mixture. The sealed bags were pasteurised using
a retort (ALP Model MCY-40L, Japan) at various time
intervals (5 and 10 minutes) and temperatures (80, 85, and
90°C). Post-pasteurisation, the samples were cooled to
room temperature in a water bath and then refrigerated for
further analysis.

Table 1. Formulation of acerola jelly.

Material Content (g)
Acerola juice 20.00

Sugar 19.57

Citric acid 0.23
Stabiliser agent (Aquagel) 1.50

Water 58.70

Total 100.00

Effect of storage conditions: The samples were prepared
identically to those in the initial experiment. They were
then stored at three different temperatures: 8-10°C in
a refrigerator (Zanotti S.p.A., Italy), 29-31°C (room
temperature), and 40°C in an incubator (IN 110, Memmert,
Germany). Every five days over a period of 30 days, the
samples were assessed for their physicochemical properties.

2.4. Analytical method

Determination of total soluble solids, pH and titratable
acidity: The TSS content was measured using a refractometer
(Atago, 0-32°Bx, Japan). Total acidity (TA) was determined
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by titration with 0.1N NaOH using 1% phenolphthalein as
an indicator [6]. The pH was recorded using a pH meter
(Hanna 211, USA). Prior to these assessments, samples
were macerated with distilled water.

Determination of total phenolic content: Following the
extraction method described by G. Xu, et al. (2008) [7], the
total phenolic content (TPC) was determined in accordance
with Y.Y. Lim, et al. (2007) [8]. In this process, 0.3 ml of
the diluted sample was mixed with 1.5 ml of 10% Folin-
ciocalteu reagent. The mixture was allowed to stand for five
minutes before the addition of 1.2 ml of 7.5% Na,CO,. After
thorough mixing, the mixture was left for 30 minutes at room
temperature (29-31°C). The analysis of optical density was
then performed at 765 nm using a UV-vis spectrophotometer
(UV-1800, Shimadzu, Japan), under dark conditions. TPC
was calculated using Eq. (1) and expressed as mg gallic acid
equivalents per 100 g dry matter (mg GAE/100 g dm):

(y —b) xV x DF x 100

TPC = (1)

a x m X (100% - moisture content%) x 1000
where y is the OD value of the analysed sample; a and b are
the coefficients of the gallic acid standard curve equation
(10-70 g/ml); V is the extract volume (ml); DF is the
dilution; m is the mass of the sample (g).

Determination of vitamin C content: The vitamin C
content was determined using the method of K. Pathy (2018)
[9]. The sample, post-crushing, was weighed (0.1 g) into a
100 ml volumetric flask, to which 2 drops of 2% HCI and
distilled water up to the mark were added. After thorough
mixing, the sample was filtered to obtain the extract. For
analysis, 10 ml of this extract was taken, mixed with 2
drops of a 0.5% starch-saturated solution, and titrated with
0.01 N iodine solution until a persistent blue coloration was
observed for 30 seconds. Vitamin C content is calculated
using Eq. (2) and expressed as mg/100 g of dry matter
(mg/100 g dm):

VXxVy;Xx0.88x100 (2)
V, Xm

X (mg/100 g dm) =

where V is the volume of 0.01 N I, solution used for titration
(ml); V| is the volume of test sample solution (ml); V, is
the volume of sample solution taken for determination (ml);
and 0.88 is the mass of vitamin C (g) corresponding to 1 ml
0f 0.01 N L, solution.

Determination of microbial count: Initially, one gram of
the sample was blended with 9 ml of 0.85% sterile saline.
Subsequently, the sample underwent further dilution to
achieve the appropriate density. Next, 1 ml of the diluted
sample was evenly spread over the surface of a pre-prepared
medium plate, where potato dextrose agar was used for
measuring total yeast and mould, and plate count agar
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(PCA) for total aerobic bacteria. After allowing 15 minutes
for stabilisation at room temperature, the Petri dishes were
inverted and incubated for 72 hours at 30°C in an incubator
(IN110, Memmert, Germany). The microbial density was
expressed in log CFU/g. This method aligns with the
approach outlined by V. Santhirasegaram, et al. (2013) [10].

Sensory evaluation: The sensory evaluation involved a
panel assessing the organoleptic qualities of the samples,
including texture, taste, colour, and overall preference. A
7-point scale was used, with 1 indicating least favourite
and 7 most favourite. The sensory panel consisted of 20
individuals, aged between 18-25 years. Between sample
tastings, panellists cleansed their palates with odourless
water. Each 20-g sample was presented in a white porcelain
dish, labelled with a random 3-digit code. The evaluation
method was adapted from P.H.D. Sousa, et al. (2010) [6],
with minor modifications.

Degradation kinetic: The degradation kinetics of vitamin
C and polyphenols in acerola agar during storage follow a
first-order model, as demonstrated by Eq. (3):

InC = InC_ -kt 3)

where C is the content of vitamin C or polyphenols after
storage time t, C_ is the content of vitamin C or polyphenols
before storage (i.e., sample after thermal treatment), and k
is the reaction rate constant (day') calculated from the base
coefficient of the method C/C_ process according to storage
time t (days). The half-life (t,,), representing the time for a
50% reduction in content, is determined by Eq. (4):

t,,= In(2)/k @)

The time required for a 90% reduction in content (D) is
calculated using Eq. (5) and Eq. (6):

D = In(10)/k (5
D=D 10" (6)

where T is the storage temperature (°C); z is the temperature
required to reduce one log of price value D (°C); D_ is the
value of D when at T=0°C.

The relationship between loss of vitamin C, polyphenols,
and temperature during storage follows the Arrhenius
model, as indicated in Eq. (7):

k = Ae Rt (7

where A is constant; E (kJ/mol) is the activation energy
(minimum energy required for a chemical reaction to occur)
and calculated based on the base coefficient obtained from
the straight line of the Eq. (7); R is the universal gas constant
(8.314 J/mol K); T is the absolute storage temperature (°K).
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The kinetic models (Egs. (3)-(7)) are based on the report
by M.A.V. Boekel (2008) [11].

The predicted shelf life for vitamin C and polyphenols is
determined using Eq. (8), as referenced in M.M.A. Zubaidy,
et al. (2007) [12]:

E= e_[% +1~In(~1n(})) (8)

where E_is the shelf life of the product (days); S and I are
the original coefficients and constants obtained from the
Arrhenius equation; T is the absolute storage temperature
(°K); p% is the residual percentage of vitamin C and
polyphenols after storage.

2.5. Statistical analysis

The study employed one-way analysis of variance
(ANOVA) and the least significant difference (LSD) test
for statistical analysis, using JMP software (version 13.0).
Excel 2019 was utilised for data calculation, graph plotting,
and verification of statistical results.

3. Results and discussion
3.1. Effect of pasteurisation conditions

Microbial count: Thermal treatment in fruit and vegetable
processing is crucial for controlling microbiological safety.
However, heat treatment can also negatively affect the
chemical composition, particularly the content of healthy
components such as vitamins. Despite this, pasteurisation
is still one of the most effective methods of product
preservation, ensuring long shelf life and safety [13]. It is
also an easy method to apply with low investment costs.
In this experiment, the effects of different pasteurisation
regimes on the microbial count and physicochemical
properties of acerola jelly were evaluated, as shown in
Tables 2 and 3.

Table 2. Effect of pasteurisation regimes on the microbial
count in acerola jelly.

Time (min) Temperature Acerobic count Yeast and mould
(°C) (CFU/g) (CFU/g)
Before pasteurisation 2x10!
80
5 85
90
80
10 85
90

-: not detected.
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Table 3. Effect of pasteurisation regimes on physicochemical
properties of acerola jelly.

Vitamin C
(mg/100 g dm)

947.56+10.22

Temperature 0 0 TrC
0 TSS(%)  TAC)  pH (mg/100 g dm)

853.12¢7.65

Time (minute)

Before
pasteurisation

2834076 035£005 041007

80 040,10 0284001 422%40,03  42738420,13 304,1340,77

DIHOR 0M00 40 ADSHLES 3697606

90 DYO06 04001 436006 TN 30

8 DAL 0200 429006 HTNTI8 35303430

NI02 029001 43006 BT 0076446

9 DI0I0 04001 4300 BB 251.990049

The results were expressed as mean + standard deviation. In
the same column, values denoted with different superscript
letters had statistically different significance (p<0.05).

The microbial analysis showed that no aerobic bacteria
or mould yeast were detected in any pasteurisation
regime. The acerola jelly, with a pH ranging from 4.2 to
4.4, exhibited acidic characteristics that reduced the heat
resistance of microorganisms, facilitating their destruction
after heat treatment [5]. Additionally, high temperatures can
rupture cellular membranes and denature nucleic acids and
proteins, effectively eliminating spoilage microorganisms
[10]. Previous research has indicated that aerobic bacteria,
yeast, and mould were not detected in mango juice treated
at 90°C for 15 seconds, in blended orange and carrot juice at
98°C for 21 seconds, and in pineapple juice at 80°C for 15
minutes [10, 14, 15].

Physicochemical properties: Generally, all heated jelly
samples maintained TSS values of approximately 23%,
titratable acidity (TA) from 0.24% to 0.29%, and pH levels
between 4.2 and 4.4 (Table 3). However, the content of
biological compounds, such as vitamin C and polyphenols,
varied significantly among the samples (p<0.05). The
concentration of these compounds decreased with increasing
temperatures and extended treatment times. Notably, the
vitamin C content was observed to be 394.13 mg/100 g dm
at 80°C, 369.97 mg/100 g dm at 85°C, and 276.31 mg/100
g dm at 90°C, all for a heating duration of 5 minutes. This
trend is consistent with previous studies on acerola-based
products [3-5, 13, 16].

The increase in temperature from 85 to 95°C led to
an escalation in the degradation of vitamin C in acerola
juice, from 46.75 to 50.65% [5]. Similarly, acerola powder
dried at 130°C showed a recovery yield of vitamin C and
polyphenols of 43.52 and 49.54%, respectively, which
were higher than the yields at 170°C (31.30 and 30.66%,
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respectively) [3]. Another study on acerola jam indicated
that reducing the heating time enhanced the retention of
vitamin C, increasing the percentage remaining from 71.99
to 93.68% [4]. Research on other fruits has also noted
that heat-sensitive compounds, such as vitamin C and
polyphenols, degrade rapidly at high temperatures over time
[13, 16].

Sensory evaluation: Regarding colour, acerola contains
compounds like cyanidin 3-O-rhamnoside and pelargonidin
3-O-rhamnoside (anthocyanins), and neochrome, lutein,
and zeaxanthin (carotenoids), which contribute to the ripe
fruit’s hue [2]. Although these pigments are susceptible to
degradation during thermal processing, the colour of acerola
jelly varied only slightly across different pasteurisation
regimes. All samples presented an attractive orange-yellow
colour, with the highest score (5.70/7 points) observed for
the sample treated at 85°C for 10 minutes, and the lowest
(4.80/7 points) for the one treated at 85°C for 5 minutes
(Table 4). Additionally, pasteurisation conditions appeared
to have minimal impact on consumer preferences for
texture, with sensory scores ranging from 4.85 to 5.55 out
of 7 points.

Table 4. Effect of pasteurisation temperature and time on
sensory quality of acerola jelly.

(Tl:lrin:u ) (Toeclr)lperature Colour Texture Flavour Overall liking
80 54501004 5254090 5.60%+1.10  5.15%+0.88

5 85 4.80°41.24 48504163  5.10%+1.25  5.25%+1.02
90 51504127 535114y qp0g9g 490097
80 54504089 5454123 5.10£1.29  5.15%%1.35

10 85 5704+1.03  340°£1.43 550095  5.95%0.76
90 540%£1.14  5.5540.89 535114 5.55+0.94

The results were expressed as mean * standard deviation. In
the same column, values denoted with different superscript
letters had statistically different significance (p<0.05).

Most panellists noted that the acerola jelly had a balanced
sweet and sour taste, consistent across the samples. This
taste profile is primarily influenced by the acid and sugar
content (dissolved solids), with little variation in TA, TSS,
and pH between the jelly samples, as shown in Table 3.
Furthermore, the aroma of acerola was perceptible in the
product, although differences in odour intensity were not
pronounced between the samples. Volatile compounds such
as esters, terpenoids, aldehydes, ketones, alcohols, and
acids have been identified as key contributors to acerola’s
characteristic aroma [17]. The jelly’s structure might have
aided in retaining these aromatics during processing.
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Given the analysed results, the pasteurisation condition
of 80°C for 5 minutes was chosen as optimal. This regime
ensured that the content of spoilage microorganisms was
within safe limits, while maintaining good organoleptic
quality and a higher content of vitamin C and polyphenols
compared to other samples.

3.2. Effect of storage conditions

Kinetic modelling of vitamin C and polyphenol
degradation: To ascertain the shelf life of food products,
the conventional approach involves monitoring changes in
product quality during storage. Nevertheless, heat-treated
products often have extended life cycles, rendering the
determination of their shelf life time-consuming and thus
challenging for commercialisation. To address this issue,
the accelerated method has been employed. The first-order
model and the Arrhenius model are extensively used to assess
the impact of temperature on the kinetics of chemical and
biological reaction mechanisms in food. These models are
instrumental in predicting optimal preservation conditions
and minimising quality losses during food storage [18].

(A)

.500
© 00 Srer B
= : eI - e ..
g -500 Thoe 00 TTmmme=alll
8
= -1.00 A
S -1.500-
S -2.00 A
Q 25004
=
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Time (day)
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During storage, the degradation of vitamin C and
polyphenols in acerola jelly was modelled using the first-
order and Arrhenius models (Fig. 1). The negative sign
preceding the slope of the first-order equation indicates an
inverse relationship between time and the concentration of
biological compounds. An increase in temperature results
in a heightened degradation rate of antioxidant compounds.
For example, as the temperature rose from 8 to 40°C, the
rate constant (k) for vitamin C increased from 0.0141 to
0.0446 day, leading to a significant reduction in the half-
life (t,,) from 49.16 to 15.51 days. This pattern was also
observed in previous studies. For instance, in kiwifruit
puree, an increase in storage temperature from 5 to 45°C
resulted in the k value for polyphenols rising from 1.59 to
6.54x107 hour, while t, , decreased from 18.19 to 4.42 days
[19]. Similarly, with the storage temperature of lingonberry
jam rising from 4 to 25°C, the k value increased from 0.87
to 1.42 day™', but t, , decreased from 256 to 157 days [20].

The adverse impact of temperature on the stability of
vitamin C and polyphenols in acerola jelly was further
corroborated through the D value, which significantly

Cl

2 A
< = -3583.5x + 8.1302
s 3 R>=0.8792
S
=
[
(=]
2
=
[
-5 T T
0.003 0.003 0.004
1T (K)
(D)
2 -
2 y=-3692.8x + 8.4788
g 3] R>=0.9936
=
£
T 4
=
P
=] 5 i
s -
=
= %6 : :
0.003 0.003 0.004
1T (K)

Fig. 1. (A) First order model plot and (B) Arrhenius model plot for degradation of vitamin C; (C) First order model plot and
(D) Arrhenius model plot for degradation of TPC in acerola jelly under various storage temperatures.
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Table 5. Degradation parameters of vitamin C and
polyphenols of acerola jelly under various storage
temperatures.

Table 6. Change in total soluble solid, pH, and titratable
acidity of acerola jelly over time at various storage
temperatures.

Temperature (°C) ~ k(day') ~ t,(day) *R* D(day) E Klmol) *R* Z(°C) **R
Vitamin C

8-10 0.0108 64.18 095 21320

29-31 0.019 36.48 084 12019 2979 0.88 8772 089
40 0.0446 15.54 079 5163

TPC

4-6 0.0094 7374 096 24496

29-31 0.0264 26.26 091 87.22 30.70 099 5464 099

40 0.035 19.80 079 65.79

The coefficient obtains from*: first order model, **: arrhenius
model, ***: ball model.

diminished at higher temperatures. Specifically, the D value
for polyphenols was 244.96 days at 8-10°C, 87.22 days at
room temperature, and 65.79 days at 40°C. The temperature
rise likely accelerated undesirable reactions such as
oxidation and non-enzymatic browning, contributing to the
degradation of vitamin C and polyphenols [20, 21].

As presented in Table 5, the activation energy (Ea) of
vitamin C (27.69 kJ/mol) was lower than that of polyphenols
(30.70 kJ/mol), while the z value of vitamin C (87.72°C)
was greater than that of polyphenols (54.64°C), indicating
that polyphenols in acerola jelly were more temperature-
sensitive. The lower z and higher E_ values suggest a more
pronounced temperature dependence of the reactions [11].
In other research, the activation energy of vitamin C in
orange and pear juice was recorded as 44.81 and 55.44
kJ/mol, respectively [22]. Meanwhile, the Ea value for
polyphenols was reported as 3.5 kJ/mol in cherry jam [21],
and 28.15 kJ/mol in kiwi puree [19].

Shelf-life prediction of vitamin C and polyphenol:
In this study, the recovery yield of vitamin C in acerola
jelly was found to be 75.05, 60.51, and 18.41% after 30
days of storage at 8-10°C, room temperature, and 40°C,
respectively. Similarly, the remaining percentages of TPC
under the same storage conditions were 73.05, 48.95,
and 29.04%, respectively. These parameters are likely
to continue degrading with prolonged storage time. The
predictive equations for the degradation of vitamin C and
polyphenols are presented in Table 6.

Technology and Engineering’

Storage time (day)

Temperature

0 0 5 10 s 0 % 30
T5.(%)

810 BIHOST BSHH B0 BIKS  BHN B0D 23405
29431 BIELM BINL B0 BRI BIRN BEELL 234107
) BIE0S BN BS05 NSRS BI04 BRI BEHD
PH

810 407051 408013 391003 392005 392005 19003 397004
231 L0004 30004 ADE0IT 408029 4084029 3954009 397003
) 407005 404000 388005 40017 A0IX01T 396003 4024012
T4(%

810 0284051 036:006 0294001 0284002 0284001 0284002  0.29:0.00
231 0284014 035000 0294001 028002 030002 03:000 028001
) 0284005 0354000 030002 0302001 032000 032001 031001

The results were expressed as mean +* standard deviation.

The decline of these compounds during storage has been
noted in various acerola products. For instance, acerola jam,
after a month, retained 55.98% of its polyphenol content
and 23.98% of its vitamin C content [4]. A study examining
the impact of storage temperature on fresh acerola fruits
found that after three days of storage at room temperature,
the content of vitamin C and polyphenols was reduced to 40
and 70% respectively, while at colder temperatures, these
figures were 15 and 30% respectively [3]. These findings
indicate that lower temperatures are more effective in
preserving antioxidant compounds in acerola products and
suggest that vitamin C is less affected than polyphenols
during storage.

Research by N.J. Wurlitzer, et al. (2019) [23] observed
no significant changes in the content of vitamin C and
polyphenols in blended acerola juice over 180 days of storage
at 5°C. Conversely, another study on acerola juice reported
that vitamin C was lost not only during pasteurisation but
also throughout the storage period [5]. After six weeks of
storage at room temperature, the loss rate of vitamin C in
acerola juice was 37.4%. This study also suggested that the
rate of vitamin C degradation decreases over time, possibly
due to the gradual reduction in the amount of dissolved
oxygen inside the packaging and the intrinsic properties of
the product, leading to fewer oxidation reactions [24].
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Table 7. Microbial count in acerola jelly before and after storage.

Sample Temperature (°C)  Acerobic count (CFU/g) Yeast and mould (CFU/g)
8-10
Before
29-31
8-10
After 30 days
2931

-: not detected.

Table 8. Change in total soluble solid, pH, and titratable
acidity of acerola jelly over time at various storage
temperatures.

Storage time (day)

Temperature

(0 0 5 0 Is 0 % 30
185 (%)

810 BIHST BIHO6 DA BIHLS BS0N0 BIL D405
931 BIHI BIHOLS D402 BUHND BI0I BEELLD D407
) BIE005 D000 B0 BN 593046 253031 BEMOL
pH

810 407051 4085013 391003 39:005 39005 397003 397004
931 L0014 393004 A0K0IT 408:029  408:029 3954009 397003
4 40005 40029 388:005 401017 40017 3962003 402012
T4(%)

810 0284051 036:006 0206001 028:002 028:001 0284002 0294000
931 0284014 0354000 0206001 028:002 030:002  03:002 028001
) 0284005 0354000 030:002 030:001 032000 03:001 031001

The results were expressed as mean + standard deviation.

Microbial count, total soluble solid, titratable acidity,
and pH: The results displayed in Table 7 indicate that after
30 days of storage at 8-10°C and 29-31°C, the acerola jelly
samples did not exhibit growth of aerobic bacteria and
mould yeast.

Over the course of 30 days of storage, this study
observed fluctuations in the physicochemical properties of
acerola jelly at various temperatures (Table 8). Generally,
the acerola jelly maintained a TSS range of 23-24%, a pH of
3.9-4.1, and a TA of 0.28-0.35%. Similarly, in guava juice,
TSS, pH, and TA remained relatively unchanged over 240
days of storage at 10°C [24], with TSS varying between
23% and 24%, pH between 3.70 and 3.8, and TA between
0.22 and 0.25%. Another study on orange, pear, and grape
juices [22] suggested that pH and TSS experienced minor
modifications when stored at 4, 25, and 37°C. Research by
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P.H.D. Sousa, et al. (2010) [6] noted that after 180 days of
storage at 4°C, grapefruit juice retained a pH of 3.0 and a
TSS of 10%, consistent with its initial values. Additionally,
after 60 days of storage at 26°C, pasteurised pineapple
juice exhibited a TSS range of 15.5 to 16.0% and a pH of
approximately 4.0, while TA decreased slightly [15].

4. Conclusions

The various pasteurisation and storage conditions did
not significantly alter the TSS, titratable acidity, or pH of
acerola jelly. However, temperature and time were identified
as key factors influencing the degradation of vitamin C and
polyphenols. The longer the heat treatment duration and the
higher the processing temperature, the greater the loss of
these compounds. The optimal pasteurisation conditions for
acerola products were determined to be 80°C for 5 minutes;
under these conditions, the product met microbiological
safety standards and maintained high sensory quality, along
with substantial vitamin C and polyphenol content. To
preserve these qualities, it is recommended that the product
be stored at a low temperature of 4-6°C. At this temperature,
the predicted time for the vitamin C and polyphenol content
of the product to decrease by 50% is estimated to be 64.17
days and 73.74 days, respectively.
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Abstract:

The Trier social stress test (TSST) is considered as the most appropriate standardized protocol for studying stress
hormone reactivity. The TSST is distinct from other stress induction protocols in laboratory settings due to its
unique ability to create a natural context that includes elements of social and psychological acute stress. However,
there has been no investigation of the efficacy of the TSST among the Vietnamese population. Therefore, the purpose
of this study is to examine the impact of the TSST on Vietnamese university students. A group of 10 healthy male and
female volunteers underwent the TSST protocol, and self-reported values (the positive and negative affect schedule
and the visual analogue scale) as well as physiological stress response (heart rate) were measured. The results suggest
that the TSST mildly induces acute psychological stress among Vietnamese participants. To enhance the potency of
the TSST in future studies, a larger sample size and more consistent adherence to the TSST protocol are crucial.

Keywords: electrocardiogram, questionnaires, stress, Trier social stress test, university students.

Classification number: 3.6

1. Introduction

Stress, as defined by the World Health Organization,
is the body’s response to stimuli that require attention or
action, resulting in physical, emotional, or psychological
pressure. Stressors are increasingly prevalent in modern
society, encompassing factors from family to work stress
[1, 2]. As stress affects individuals of all ages, stress-related
disorders such as depression, anxiety, physiological changes
(cardiovascular, hormonal), and cognitive impairments have
become more common [3-7]. Consequently, there is a pressing
need for a deeper understanding of stress mechanisms to
develop effective treatments. Laboratory-based protocols that
can induce the human stress response are essential [8].

To establish a stress-inducing protocol in a laboratory
setting, it is crucial to differentiate between different types
of stress. Chronic stress arises from long-term stressors that
individuals frequently encounter over an extended period,
such as unemployment, financial strain, or -caregiving
responsibilities [9-11]. Acute stress, on the other hand, results
from sudden, traumatic, or surprising events, like having an
argument, presenting to a large audience, or facing imminent
work deadlines. While chronic stress is a more severe and

“Corresponding authors: Email: hckhon@hcmiu.edu.vn; hithuong@hcmiu.edu.vn

pervasive form of stress associated with disease and mortality
[12], acute stress is particularly relevant for understanding
how individuals respond to threatening situations. Exploring
acute stress responses is vital for informing adaptive stress
management strategies that promote long-term well-being.
Achieving this requires a laboratory protocol capable of
inducing significant changes in endocrine and cardiovascular
activities.

Regarding acute psychological stressors, a meta-analysis
of 208 studies conducted by S.S. Dickerson, et al. (2004)
[13] identified the TSST as one of the few stress protocols
consistently eliciting hypothalamic-pituitary-adrenocortical
(HPA) axis responses. Social-evaluative threat, where
individuals face potential negative judgment from others,
and uncontrollability are key psychological components that
generate the largest HPA axis response. These components are
prominently present in the TSST’s procedural stages. Social-
evaluative threat is incorporated by requiring participants to
prepare a presentation in front of expert judges while being
video recorded. Elements of uncontrollability are integrated
throughout the procedure: participants are abruptly informed
of a short preparation time and are not informed about the
mental arithmetic task [14].

7 These authors have contributed equally to this manuscript and share first authorship
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Up until 2007, the TSST had been employed in over 4000
studies, consistently producing results that established its
position as the gold standard for inducing laboratory-based
acute psychological stress [15]. The TSST’s applicability
in non-western populations, such as Chinese [16-22],
Japanese [23], and African [24], further enhances its
desirability. However, due to its wide usage across cultures,
variations in how researchers implement the TSST protocol
have been observed. A recent systematic review by N.N.
Linares, et al. (2020) [25] identified several discrepancies
in testing procedures, particularly in exclusion criteria,
selected time intervals for physiological data collection,
and the number of judges. These variations may complicate
research comparison and replication. To address these
issues, the authors provided comprehensive guidance for
the systematic implementation and detailed reporting of the
TSST methodology, which this study aims to follow.

The effects of the TSST are typically analyzed
using multiple methods at different levels of analysis:
physiological (electrocardiogram), self-reports, and cortisol.
Electrocardiogram (ECG) is a valuable tool for assessing
stress levels during specific stages [26]. During the stress
experience, the release of adrenaline triggers the body’s
fight-or-flight response, resulting in physiological changes,
including an increased heart rate compared to a non-stress
state. Therefore, heart rate (beats per minute) is a reliable
metric for evaluating current stress levels [27]. Recent
studies have also utilized heart rate variability (HRV) as
an indicator of stress [28]. Additionally, common data used
to assess the effectiveness of the TSST in inducing stress
include heart rate, standard deviation of HRV (RMSSD),
root mean square of successive differences (RMSSD), and
the percentage of N-N intervals larger than 50 ms (pNN50)
[25, 29, 30]. Previous studies have shown that RMSSD
and pNNS50 decrease in the presence of stressors [28, 31].
Skewness and kurtosis are also employed to understand
the distribution of HRV wvalues [32, 33]. Alongside
physiological measures, a minimum of two self-report
stress questionnaires are typically recommended to assess
participants’ subjective stress levels before and after the
TSST. The positive and negative affect schedule (PANAS),
the visual analogue scale (VAS), and the state-trait anxiety
inventory (STAI) are commonly selected scales due to their
sensitivity to change and validity across languages [25].

Despite the TSST’s essential role in studying the
neurobiological response to acute stress, no previous studies
have investigated its effects on Vietnamese or Southeast
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Asian samples. K. Lewin’s field theory, proposed in 1997,
asserts that behavior is a product of the individual and the
environment [34]. This notion is supported by numerous
studies demonstrating significant differences in mental
health outcomes across ethnicities, highlighting the role
of culture in perceiving stress and anxiety [35]. Therefore,
this preliminary study aims to lay the foundation for future
investigations by evaluating the effects of the translated
TSST protocol on a small sample of Vietnamese students.
Ten healthy Vietnamese university students were exposed
to the TSST protocol, during which self-reported measures
(PANAS and VAS) and electrocardiogram activity
were recorded. This study hypothesizes that post-TSST,
participants would exhibit lower positive affectivity, higher
negative affectivity, and higher perceived psychological
stress. Additionally, a significant increase in heart rate was
predicted, while the remaining electrocardiogram values
(standard deviation of HRV, root mean square of successive
differences between normal heartbeats (RMSSD), and
pNNS50) during the resting phase with speech and arithmetic
tasks were expected to significantly decrease. Furthermore,
the study employed kurtosis and skewness of HRV to
understand the distribution of HRV values.

2. Materials and methods
2.1. Participants

Ten participants (six men and four women), aged 19
to 22, all of whom were current university students, took
part in this study. Exclusion criteria for the participants
included regular consumption of energy drinks or beverages
containing stimulant compounds (less than two cups per
week), diagnosis of mental illness by professionals, use of
psychotherapeutic therapies, and exhibiting signs of anxiety
or obsession with their surroundings.

This study received approval from the Institutional
Review Board (IRB) of the School of Biomedical
Engineering, International University, Vietnam National
University, Ho Chi Minh City. Prior to the study, all
participants were provided with the informed consent form
to read and sign if they agreed to participate.

2.2. The Trier social stress test protocol

The TSST was utilised to induce psychosocial stress [ 14].
This study followed the recommendations of a systematic
review conducted by N.N. Linares, et al. (2020) [25], which
synthesized data on the procedures from 35 articles.
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Fig. 1. The Trier social stress test laboratory protocol (total
of 90 minutes).

In our study, all participants underwent a 45-minute
resting stage, which involved completing questionnaires
(PANAS and VAS) and a 15-minute acquisition of EEG
signals. Subsequently, the participants had 5 minutes to
prepare for a 5-minute speech task. This was followed by
a 5-minute mental arithmetic task, concluding the TSST.
Finally, there was another 30-minute resting stage during
which the participants completed the two questionnaires
once again (Fig. 1).

2.2.1. Baseline rest (resting stage) (45 minutes)

The participants were instructed to wait comfortably
for 30 minutes. After the 30-minute waiting period, the
participants completed questionnaires (Supplementary
Tables 1 and 2) to assess their baseline stress level and
subjective well-being, including stress symptoms, positive
and negative affect (using the PANAS), and current stress
level (using the VAS). Physiological measures (subjects’
ECG signals) were collected for 15 minutes following the
initial 30-minute waiting period.

2.2.2. The Trier social stress test protocol

Anticipation phase (5 minutes): The researcher informed
the participant that they were applying for their ideal job
and would need to give a 5-minute speech describing why
they would be the ideal candidate for the position in front
of a judge. The researcher explained that the presentation
would be audio and video-recorded for later analysis. The
participants were provided with a sheet of paper and a pen
and given five minutes to prepare for the presentation. The
researcher then started a digital timer to count down from
five minutes and left the room. Subjects’ ECG signals were
collected for five minutes during this stage.

Speech task (5 minutes): Immediately after the
preparation stage, the researcher returned to the testing
room and instructed the participant to deliver their
speech. The researcher set a timer for five minutes. If the
participant paused for more than 20 seconds during the
speech or finished before five minutes, the judge would use
a standardized prompt to ask the participant to continue. If
necessary, the judge would ask prepared questions to ensure
the participant spoke for the entire allotted time.

Mental arithmetic task (5 minutes): At the conclusion
of the speech task, the judge introduced a new task to
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the participant. The participant was asked to subtract the
number 13 from 1022 sequentially, aloud, as quickly and
accurately as possible. The judge informed the participants
that their progress would be closely monitored, and any
mistakes would result in starting over from the beginning.
Pauses lasting longer than 15 seconds were also counted
as miscalculations. The task began immediately after the
researcher set a timer to count down from five minutes.
Subjects’ ECG signals were collected for five minutes
during this stage.

2.2.3. Recovery (30 minutes)

After the mental arithmetic task, the researcher returned
the participants to the original waiting room and instructed
them to wait comfortably for 30 minutes. After the 30-minute
period, the participants completed the questionnaires again,
and post-stress physiological measures were taken.

During the debrief, the researcher informed the
participants that their performance was not recorded and
that no analysis of their speech or math performance would
be conducted. Additionally, the tasks presented to them
were intentionally challenging and did not reflect their true
abilities.

2.3. Psychological measures

Affect was measured using the PANAS, which is a self-
reported questionnaire consisting of 20 multiple-choice
questions, with 10 questions measuring positive affect and
10 measuring negative affect [36]. Each question presented
a word describing a feeling or emotion experienced at
the present moment, and participants rated their response
on a scale from one (very slightly or not at all) to five
(extremely). The positive and negative affect subscales
each comprised 10 words, with a possible score range of 10
to 50. Higher scores indicated a higher level of positive or
negative affectivity.

Perceived stress was assessed using the VAS, which
has been reliably used to measure psychological distress in
Vietnam [37-39]. Participants rated their current stress level
on a scale from 1 (not at all) to 10 (extremely).

2.4. Physiological measures: ECG

To measure participants’ ECG activities, ECG sensors
developed by the ITR company (Fig. 2), and approved by the
FDA, were used. The device was placed in the middle of the
participants’ chest, and the sensors were in direct contact with
their skin to record their heart activities. Participants were
instructed to remain seated and avoid sudden movements
during the TSST procedure to minimize noise caused by
muscular movement.

The collected data was then processed using a bandpass
filter (range from 0.5 to 30 Hz), and a fifth-order Butterworth
filter was applied to remove any remaining noise, particularly
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electromyography noise [40, 41] (Fig. 3). The data processing
was conducted in Python, utilizing the WFDB processing tools
(https://widb.readthedocs.io/en/latest/index.html) for signal
analysis (Fig. 4). Five values were selected for further analysis,
calculated using Python: average heart rate, standard deviation,
kurtosis and skewness of HRV, root mean square of successive
differences (RMSSD) between normal heartbeats, and PNN50
(the ratio of the number of standard heartbeat intervals larger
than 50 ms to the total of the N-N intervals). These values
indicate the participants' physiological responses to each task
condition [42, 43]. Additionally, the average heart rate was
calculated by summing all heart rate values between 30 and
200 bpm and dividing them by the total number of suitable
heart rate values.

Fig. 2. The ITR electroencephalogram sensor.

Before processing

2.5. Statistical analysis

Paired samples t-tests were conducted to compare affective
states and perceived psychological stress before and after the
administration of the TSST. Additionally, repeated-measures
one-way ANOVA was used to compare the ECG signal results
across the four stages of the TSST. All statistical analyses were
performed using GraphPad Prism. Unless otherwise stated, all
values and graphs presented in this article are reported as data
+ standard error (SE). In addition, the asterisk symbol (*) in the
graph indicates that there are significant differences between the
two comparison groups. The statistical power and effect size of
the testing population were calculated using G*Power 3.1.9.7 [44].

3. Results
3.1. Psychological measures
3.1.1. Positive affective state

We hypothesised that the positive affective score, as measured
by the PANAS, would significantly decrease after the induction
of stress. The average positive affect score prior to the TSST was

After processing
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Fig. 4. Peak finding using WFDB functions.
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28.948.621. This score slightly decreased to 26.9+8.212 after the
administration of the TSST. However, there was no significant
difference in the positive affect scores before and after stress
induction (t(9)=0.956, p=0.364) (Fig. 5). The statistical power of
the conducted t-test was 0.668 with an effect size of 0.849.

40—

30

20

10—

PANNAS positive affect score

0- T
Before After

Fig. 5. Positive affect score before and after Trier social
stress test.

3.1.2. Negative affective state

We also tested the hypothesis that participants would
experience higher negative affectivity after undergoing
the TSST. The average negative affective score during
the baseline rest was 18.8+8.230. After the participants
underwent the TSST, the average score increased to
25.8+11.094, indicating an increase in negative emotions.
Our analysis revealed a significant effect of the TSST
on negative affect (t(9)=-2.881, p=0.020) (Fig. 6). The
statistical power of the conducted t-test was 0.266 with an
effect size of 0.472.
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Fig. 6. Negative affect score before and after Trier social
stress test.

3.1.3. Perceived stress

Our prediction was that participants would experience
increased perceived stress after completing the TSST
procedure. Comparing the VAS scores before and after the
TSST, we observed a 42% increase in the self-reported stress
score (mean of 4.8+1.751 and 6.8+1.687, respectively).
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The paired sample t-test indicated a significant effect of
the TSST on participants’ perceived stress (t(9)=-3.078,
p=0.013) (Fig. 7). The statistical power of the conducted
t-test was 0.29 with an effect size of 0.497.
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Fig. 7. Perceived stress score before and after Trier social
stress test.

3.2. Physiological measures
3.2.1. Heart rate

To assess the influence of different phases of the TSST on
participants’ heart rate, a one-way repeated measures ANOVA
was conducted. We expected significant differences between
the baseline rest and the speech and mental arithmetic task
phases (Fig. 8). Comparing the four phases of the TSST,
significant differences were observed in the participants’
average heart rates after applying the repeated measures
ANOVA one-way statistical analysis between the rest and
anticipation phase (means of 80.4+2.95 and 86.8+3.04,
p=0.043), the rest and speech phase (means of 80.4+2.95
and 90.8+2.77, p=0.012), and the rest and arithmetic phase
(means of 80.442.95 and 88.0+3.02, p=0.010). No significant
differences were observed among the remaining phases
(anticipation and speech task, anticipation and arithmetic
task, speech and arithmetic task). In summary, the TSST
significantly affected participants’ heart rate, with an increase
observed during the speech task and arithmetic task stages.
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Fig. 8. Subject’s heart rate during the four sessions of Trier
social stress test.
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3.2.2. Heart rate variability (HRV) measurement

Standard deviation of R-R intervals: Assessing the
standard deviation of the R-R Interval, a significant
difference was only found between the Anticipation and
Speech phases (means of 0.0507+0.0052 and 0.062+0.0051,
respectively, p=0.016). No significant differences were
observed in the remaining comparisons between any two
phases (Fig. 9).
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Fig. 9. Subjects’ standard deviation of R-R intervals
between four sessions of Trier social stress test.

Kurtosis and skewness of R-R intervals: Analysing
the participants’ kurtosis of R-R intervals, no significant
differences were observed. For the skewness of R-R intervals,
significant differences were found between the rest and
anticipation phases (means of -0.18140.153 and 0.267+0.13,
respectively, p=0.015), the rest and speech task phase (means
of -0.181+0.153 and 0.337+0.165, respectively, p=0.005),
and the rest and arithmetic phase (means of -0.181+0.153 and
0.536+0.156, respectively, p<0.0001). No differences were
observed in the remaining comparison groups. In summary, no
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Fig. 10. Subjects’ kurtosis and skewness of R-R intervals
among the four sessions of Trier social stress test.
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conclusive findings can be drawn from the results of kurtosis.
However, the significant increase in skewness between each
phase of the TSST indicates that the R-R intervals tend to
lean towards smaller values, indicating lower variance among
R-R intervals and suggesting increased stress in later stages
(Fig. 10).

Root mean square of successive difference (RMSSD) and
pNNS50: The results of the root mean square of successive
differences and pNNS50 indicate a decrease in their mean
values between the rest session and the anticipation and
speech sessions (Fig. 11 and Supplementary Table 3).
However, no significant differences were found among
the four stages of TSST in these two results. Therefore, no
conclusive indications can be interpreted from the RMSSD
and pNN50 values (Fig. 11).

The statistical power of all heart rate measures ranged from
0.139 to 0.479, with effect sizes ranging from 0.3 to 0.676.
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Fig. 11. Subjects’ root mean square of successive
difference (RMSSD) and pNN50 among the four sessions
of Trier social stress test.

4. Discussion

In our experiment investigating the effect of the TSST
on stress responses in the Vietnamese population using
questionnaires and electrocardiogram (ECG) measurements,
we observed several notable results indicating the
stress-inducing effects of the TSST. The analysis of the
questionnaires revealed a significant increase in participants’
negative affective state after the TSST, supporting our
hypothesis that negative emotions would intensify during the
speech and arithmetic task stages, leading to a more stressful
state. However, no significant differences were found in the
positive affective state, indicating that positive emotions
remained unaffected by the TSST. Additionally, the VAS
questionnaire confirmed a significant increase in participants’
perceived stress levels after the TSST. Analysing the ECG
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measurements, we observed a significant increase in heart
rate between the resting stage and the speech and arithmetic
stages. The increase in skewness of HRV further indicated
that participants’ heart rates beat at a faster rate than usual
after these two final stages, suggesting a heightened state of
stress.

However, some of the remaining ECG results contradicted
our hypotheses. There were no differences in the standard
deviation and kurtosis of HRV, root mean square of successive
differences, and pNN50 values between the resting stage and
the speech and arithmetic tasks. These mixed results deviated
from previous studies that demonstrated the effectiveness of
the TSST in inducing stress in other Asian populations [16-23].
We will discuss potential explanations and recommendations
for these contradictions in the following section.

5. Conclusions

The results of our project indicate that the TSST had a
stimulating effect on the stress levels of participants, as
evidenced by the increased heart rate and alternations in
psychological measurements (increased negative affective
state and VAS scores). However, non-significant findings in
measures such as HRV (kurtosis, RMSSD, and pNN50) may
be attributed to confounding variables, including familiarity
with the test procedure and ethnic characteristics. Future
experiments using the TSST to induce stress should consider
several modifications. Firstly, an increased number of
interviewers, preferably more than two as in previous TSST
studies, should be employed. Secondly, interviewers’ rigor
during the speech and arithmetic tasks should be consistent
to minimise participant bias. Furthermore, future extensions
of the study should incorporate a control group and a larger
number of participants to enhance the study’s validity.

6. Limitations and recommendations

Some of the results that contradict our hypotheses can be
attributed to several reasons, which also serve as limitations
of our preliminary study. Firstly, in the speech task and the
arithmetic task, the presence of only one interviewer may
have been insufficient to induce a significant level of stress or
intensity in the participants. Additionally, the current level of
arithmetic difficulty might not have been challenging enough
to elicit stress in Vietnamese students. This could be attributed
to the exceptional mathematical skills of the Vietnamese
population, as evidenced by their performance in the PISA
examination compared to other nations (India, Ethiopia, Peru)
[45]. Secondly, variations in the interviewers’ strictness could
have led to different emotional responses from participants,
resulting in varying stress levels. Furthermore, the lack of
uniformity in the questions asked during the speech task may
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have led to some participants perceiving the interview as
easier than others. Thirdly, the small number of participants in
our study may have yielded undesirable results and affected
the statistical analysis. Particularly for this preliminary study,
with only ten participants, the statistical analysis may not
provide conclusive findings. The statistical power of the
conducted analyses was all below 0.8, which is the ideal
threshold for statistical tests [46]. However, the effect size
was notable, ranging from 0.472 to 0.849 for psychological
measures, indicating strong effects of the TSST intervention
on these measures. Conversely, the effect size ranged
from 0.3 to 0.67 for physiological measures, indicating a
moderate independence between the TSST intervention
and these measures [47]. Fourthly, some participants may
have previously been in similar situations, particularly in
the speech task, as reported after the study. This familiarity
with job interviews could have reduced the perceived stress
of the interview task. Consequently, participants may have
experienced a milder response to stress during the TSST.
Fifthly, the absence of a control group (groups that do not
undergo the TSST stage) limits our ability to confirm further
details about the effects of the TSST. Lastly, the small sample
size (N=10) may have reduced the study’s ability to replicate
the TSST, as the original study by C. Kirschbaum, et al. (1993)
[14] found that a sample size of at least 20 participants was
necessary to detect significant cortisol responses to the TSST.

SUPPLEMENTARY

Table 1. Positive and negative affective schedule
questionnaire’s English version.

Positive and negative affective schedule (PANAS-SF)

Indicate the extent vou feel this way right now:

Very A little Moderately Quite a bit Extremely

slightly or
not at all

0

Interested
Distressed
Excited
Upset
Strong
Gualty
Scared
Hostile
Enthusiastic
Proud
Irritable
Alert
Ashamed
Inspired
Nervous
Determined
Attentive
Tittery
Active

Afraid

000000000000 0OD0CQOQOO0ODOO
0000000000000 0O00CCO0OO0OO0
00000000000 0O0OD0O0OQCO0OOO
0000000000000 0QOQOCODOO0OO0
0000000000000 000C0O0OO0O0
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Table 2. Visual analogue scale questionnaire (English
version).

0-1 Numeric visual analogue scale - VAS

Choose a number from 0 to 10 that best describes your stress level:

No 1 2 3 4 3 6 7 8 9 10 Extremely

stress O O O O @] O O O O O stressed

Table 3. Mean values of different heart signal information in
four sessions of the Trier social stress test.

Baselinerest  Anticipation phase  Speech task Mental arithmetic
(mean+SE)  (mean £ SE) (mean + SE) task (mean £ SE)
Average heartrate  80.4£2.95 86.8+3.04 90.8£2.77 88.0£3.02
ReRstandard g joco058 00500052 0062400051 00550006
deviation (s)
R-R kurtosis 3.58+0.296 33440.229 3.63+0.285 3.27£0.291
R-R skewness -0.18+0.153 0.26+0.130 0.33£0.165 0.536+0.156
RMSSD (5) 0.036+0.0053  0.029+0.0032 0.033£0.0046  0.038+0.008
PNN50 (%) 16.1+4.55 9.85+3.01 10.05£2.36 13.0£3.26
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Abstract:

The use of cement stabilisation is considered a practical and cost-effective method in the construction sector for enhancing the
geotechnical properties of fill materials. This research has the potential to introduce significant innovations in soil stability and
strength, which are crucial for the design and construction of various geotechnical structures, such as foundations, embankments,
and retaining walls. This study observed changes in unconfined compressive strength (UCS) and undrained shear stress (USS)
by varying the percentage of cement content and curing period. Comprehensive geotechnical characterisation was conducted,
including specific gravity determination, sieve analysis, maximum and minimum density tests, standard and modified Proctor
compaction tests, and unconfined compression testing. Results were analysed and visualised through graphical representations.
Cement content (2-7%) and curing time (7-28 days) led to substantial increases in soil UCS and USS, ranging from 18 to 43%
for UCS and 13 to 39% for USS. This research employs a linear regression model for predicting these results, which outperforms
existing models. This model contributes to the body of geotechnical engineering knowledge and provides direction for further study
and real-world applications in soil stabilisation. The research culminates in a compelling demonstration of the transformative
impact of controlled increases in cement content and curing time on the geotechnical properties of silty-sand.

Keywords: cement stabilisation for construction, compaction test, linear regression model, unconfined compressive strength,

undrained shear stress.

Classification numbers: 4.2, 4.3

1. Introduction

Unconfined compressive strength and undrained shear
stress are two important properties for cement stabilisation that
indicate the material’s ability to resist deformation and failure
under load. Cement-stabilised soil serves as a building material
that possesses sufficient strength and durability while having
low embodied energy [1]. The use of cement-stabilised soil in
construction can address some of the challenges associated with
earth construction, such as shrinkage cracking, low strength, and
lack of durability [2]. Determining the engineering properties of
soil for dynamic stability analysis remains a significant challenge
[3]. The unconfined compressive strength test reveals that as the
blending ratio increases, the axial strain reduces and brittle fracture
becomes more evident. An empirical relationship accounting for
the combined effects of cement mixing proportion and curing
time is developed to determine UCS and USS. Several methods,
including the addition of adhesive materials like cement and lime,
are employed to strengthen loose soils for construction; each of
these additives has its own economic, environmental, and practical
considerations [4]. Saturated sands, often found in coastal areas,
experience volumetric instability and significant deformation under
seismic pressure, a phenomenon known as liquefaction [5]. For
problematic sands, soil improvement is achieved using cement [6].
It is essential to determine the particle size distribution of sand for a
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wide range of engineering applications. Significant properties such
as setting time, hydration heat curves, water demand, adsorption
properties, flowability performance, and compressive strength may
vary among cement types with different particle size distributions,
even if they have the same Blaine fineness [7-10]. Recent
advancements have been made in understanding the influence of
grain size on erosion potential. However, relatively few studies
have quantified the effects of various geotechnical properties,
despite their potential to significantly affect the mechanisms
governing the erosion of coarse-grained soil particles. Silty sand
has lower shear strength than pure sand because the fine silt
particles reduce interparticle friction. Cementitious products are
formed as a result of hydration interactions between cement and
water during the curing process. These hydration by-products, such
as calcium hydroxide (CH) and calcium silicate hydrates (C-S-H),
help the cement-mixed sand build interparticle connections and
gain strength [11].

The objective of this research is to elucidate the correlation
between cement content and curing time on the geotechnical
properties of stabilised soil, supported by results from various tests,
including specific gravity, sieve analysis, maximum and minimum
density, compaction, and unconfined compression strength tests.
Existing research indicates that a large amount of test data is needed
as predictor variables for a regression model to achieve desirable
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target variables. This article presents a prediction model that
achieves high accuracy despite the limited availability of test data,
providing more reliable predictions for undrained shear strength
than unconfined compressive strength. This model could be useful
for geotechnical engineers who need to estimate the strength and
stability of sand-cement mixtures based on various inputs.

2. Materials and methods
2.1. Sample collection

Laboratory experiments were conducted to examine key
stabilising elements. The water-cement ratio, mixing duration, and
curing conditions were prioritised as they affect the performance
of stabilised sand. Particle size distribution, specific gravity,
maximum density, and minimum density were tested using
standard procedures.

2.2. Physical properties tests

Specific gravity test: A representative sample was prepared,
dried in an oven, submerged in water, and weighed. The specific
gravity of the sample was determined according to ASTM D§54.

Sieve analysis: The ASTM C136 test method encompasses
sample preparation, sieve selection, sieving procedure, weighing,
and particle size distribution analysis. The particle size distribution
of aggregates was analysed to calculate the coefficient of uniformity
(C) and coefficient of curvature (C).

Maximum and minimum density test: The accepted test
procedure for measuring the maximum and minimum densities of
soil samples is ASTM D4254. These densities are used to evaluate
the stability and engineering behaviour of soils.

Compaction test: The soil sample was compacted in a
cylindrical mould using a freely falling hammer from a specific
height to determine the optimal moisture content and maximum
dry density. Fifteen samples were prepared, comprising five
separate 2.5 kg samples, each receiving five different additions of
water, and were subjected to three distinct experiments or different
compaction energies (Table 1).

Table 1. Procedure of compaction tests.

Weight of
Hammer (Ib) ~ of layers ~drop (in)

Number  Height of Hammer Number of blows Compactive energy

Testtype. Mold e per layer per layer (ft-Ib/cft)

15Blow  4.6” height x 4.0

. 55 3 12 15 7400
proctor  diameter

Standard  4.6” height x 4.0”
proctor  diameter

Modified  4.6” height x 4.0
proctor ~ diameter

55 3 12 25 12375

10 5 18 25 56300

Specimen for unconfined compression test: Air-dried silty sand
with 2, 5, and 7% cement content was compacted at optimum
moisture using the standard proctor method. The specimens were
then extruded and trimmed to a diameter of 1.5” and a height of

SEPTEMBER 2024 « VOLUME 66 NUMBER 3

EARTH SCIENCES | GEOLOGY, GEOPHYSICSm

3”. A total of 12 different specimens were water-cured for 7, 14,
and 28 days, and unconfined compression tests were performed to
compare and observe variations in the results for each case (i.e.,
cement content and curing period).

Procedure of unconfined compression test: This test was
conducted according to ASTM D2166. After being removed from
the moist curing environment, stabilised samples were subjected to
a uniform and shock-free force in a compression testing apparatus,
deforming at a rate of approximately 0.05 inches (1 mm) per minute
until failure. The entire load and associated deformation were
recorded. Untreated samples were later evaluated in compression
after the preparation phase (Fig. 1).

Fig. 1. Unconfined compression test (UCS).
2.3. Determining the undrained shear stress

If the unconfined compression test results are known,
the undrained shear stress can be easily calculated using the
formula:

Sll = Qu/2

where S is the undrained strength; Q_ denotes unconfined
compressive strength of soil. The angle of internal friction is
obtained as @=0 for the test. These specific conditions lead
some engineers to refer to this test as an “unconsolidated
undrained” test or UU for short [12].

2.4. Regression analysis

A multivariate regression model was developed to predict
Q. and S based on the percentage of cement content and
curing period. Due to the limited dataset, synthetic data were
generated to enhance model accuracy and minimise error.
The model aligns with J.J. Binder’s (1985) [13] multivariate
regression approach and exhibits characteristics of a first-
order unbiased mean squared error estimator [14]. To evaluate
model performance, the mean actual error and coefficient of
determination were calculated.
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3. Results and discussion
3.1. Grain size distribution

The D, D,;,and D, values, derived from the soil gradation
curve, correspond to the particle diameters at which 60, 30,
and 10% of the soil’s total mass, respectively, is composed of
finer particles. The results obtained from sieve analysis are

displayed in Table 2.

Table 2. Values from sieve analysis.

Parameter Value
D, (mm) 0.28
D, (mm) 0.15
D,, (mm) 0.09
Coefficient of uniformity, C, 3.11
Coefficient of curvature, C, 0.89

As the coefficient of uniformity C =3.11<6 and C =0.89<I,
along with a silt content of 7% (which is between 5 and 12%), the
soil is classified as SP-SM, meaning poorly graded sand with silt.
According to the correlations found, the gradation of the silty sand
impacts the strength outcomes of cement-stabilised sand.

3.2. Compaction test

Both the standard proctor test and modified proctor tests were
performed on the soil sample. The results from each test and a
comparison between the values are discussed in the following sub-
sections.

3.3 Standard proctor test

The standard proctor test produced a value for the optimal
moisture content (OMC), which is the moisture content at which
the material reaches its maximum dry density under the given
compaction effort. The results of the standard proctor test are
displayed in Table 3.

Table 3. Results from both compaction methods.

Parameters Standard proctor test Modified proctor test
Optimum moisture content,

OMC (%) 14.3 13.7

Maximum dry density (kN/m’)  15.9 16.7

3.4. Modified proctor test

In the modified proctor test, the optimal moisture content
(OMC) denotes the moisture content at which the soil sample
achieves maximum compaction due to the greater compaction
energy applied. At this moisture level, soil particles are properly
lubricated, enabling effective compaction and maximum
density. The OMC for the modified proctor test is typically
lower than that for the standard proctor test because the greater
compaction energy in the modified proctor test breaks down
more soil particles, creating additional water voids that need
to be filled to achieve maximum compaction (Fig. 2). The
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modified proctor method uses a heavier hammer and a greater
drop distance compared to the standard proctor method. This
increased compaction energy results in a denser soil structure
with a higher unit weight [15]. The optimum moisture content
and maximum dry density resulting from the modified proctor
test is shown in Table 3.

Compaction curve for both methods

17

16.5
£ 16
Z
"g 15.5 ~—®— Standard proctor
= —ae— Standard proctor
z 15
=] ®

14.5

14
0 5 10 15 20 25

Moisture content (%)

Fig. 2. Dry density in both standard and modified proctor tests.
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Fig. 3. Unconfined compressive stress (kN/m?) vs. axial
strain (%) for 7 curing days with different cement contents.

Unconfined compressive stress vs. axial strain in %
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Fig. 4. Unconfined compressive stress (kN/m?) vs. axial strain
in % for 14 curing days with different cement contents.
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Fig. 5. Unconfined compressive stress (kN/m?) vs. axial strain
in % for 28 curing days with different cement contents.
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The three graphs (Figs. 3-5) presented depict the
relationship between unconfined compressive strength and
axial strain (%) for different curing days and cement contents.
The graphs indicate that as the cement content increases, the
peak unconfined compressive strength also rises, resulting in
enhanced load-bearing capacity. This trend is consistent across
curing periods of 7, 14, and 28 days [16].

The unconfined compressive strength test shows that as
the cement blending ratio increases, the axial strain decreases
and brittle fracture becomes more pronounced. An empirical
relationship accounting for the combined effects of cement
mixing proportion and curing time has been developed to
determine Q and .

Figures 6 and 7 show that both Q and S increase with the
curing period, indicating that the material becomes stronger
and more resistant to deformation over time. This is due to the
ongoing cement hydration reaction, which produces more gels
that fill the pores and bond the soil particles.

Figures 8 and 9 show that both Q and S increase with
cement content, suggesting that the material becomes stronger

S, (kN/m?) vs. curing period (in days) ® Dy
with 2%,5%,7% cement @® 14Days
[ BN ] 28 Days
250 -
I
200 -a—————
E 150
2 .—/._/o
=3
~, 100
(7]

50

7 14 28

Curing period (in days)

Fig. 7. Undrained shear strength S, (kN/m?) vs.
period (days).

curing

Q, (kN/m?) vs. cement (%)
Line for 7days.14 days & 28 days o

Q, (kN/m?)

2 5 7

Cement (%)

Fig. 8. Undrained shear strength S, (kN/m?) vs. cement Fig. 9. Unconfined compressive stress Q, (kN/m?) vs.

content (%).
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and more resistant to failure with higher cement content. This
improvement is attributed to the additional cementitious material,
which enhances the cohesion and friction within the soil matrix.

3.5. Tabular summary of values from unconfined compression test

Table 4 illustrates a noteworthy trend: for a consistent curing
period, an increase in cement content from 2 to 5% results in a
substantial rise in unconfined compressive strength. Interestingly,
the increase in undrained shear stress due to a higher cement
percentage is less pronounced compared to the rise in unconfined
compressive strength. Moreover, transitioning from 5 to 7%
cement content results in a slower rate of increase in both O and
S compared to the previous change from 2 to 5%. This suggests
a nuanced relationship between cement content and curing period,
reflecting complex changes in these mechanical properties.

Table 4. Results from unconfined compression test.

Cement content 2% 5% %

Curing days 7 14 ] 1 14 i) 7 14 8

Q, (kN/m?) 2342 20317 25938 39030 39662 41325 42095 45343 47848
S, (kN/m’) 106,71 11158 129.69 19515 19831 20662 21147 22671 2394

3.6. Result of regression analysis

The regression analysis conducted in this research was
evaluated using statistical metrics for the correlation coefficient
(R) (Figs. 10, 11). Table 5 contains the mean absolute error (MAE),
mean squared error (MSE), and R* value of O and S, respectively.

Predicted Q, vs. actual Q,

u
N
°
°
L
W

Predicted Q
*

Test Data
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“ e

120 140 160 180 200 220 240

Actual Q,
Fig. 10. Prediction analysis of unconfined compression test.
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Fig. 11. Prediction analysis of undrained shear stress.
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Table 5. Result of regression analysis.

Mean absolute error

0, 1591
s 7.95

u

Mean squared error R?
329.97 0.96
82.51 0.96

Mean absolute error: The MAE provides a quantitative
measure of the average difference between the model’s predictions
and the actual values. An MAE of 15.91 kN/m? for Q, indicates
that, on average, the model’s predictions for O deviate from the
actual values by approximately 15.91 kN/m?. Similarly, an MAE
of 7.95 kN/m® for S, suggests that the average prediction error for
S is around 7.95 kN/m’. The lower value of MAE for § implies
that the model’s predictions for S are closer to the actual values
compared to that of 0 .

Mean squared error: The MSE measures the average squared
difference between the model’s predicted values and the actual
values. A significantly higher MSE for O (329.97) compared to
that of S, (82.51) suggests greater variability in the predictions or
potential outliers affecting the model’s performance for Q. This is
because MSE is sensitive to outliers and large errors, magnifying
their impact on the overall error measure. Conversely, the lower
MSE for § implies that the model’s predictions for § are more
consistent and less prone to outliers.

Coefficient of determination: The R® statistic quantifies
the proportion of the variance in the dependent variable that is
explained by the independent variables in a regression model.
An R? value close to 1 indicates a perfect fit, meaning that the
regression predictions perfectly align with the observed data.

The high R, values of 0.96 for both O and S indicate that
the model explains approximately 96% of the variability in the
respective target variables. This suggests a strong correlation
between the selected features (cement content and curing days)
and the target variables (O and S).

4. Conclusions

A synergistic effect was observed with increases in cement
content typically resulting in a 30-40% enhancement in strength
and load-bearing capacity. This suggests that the addition of
cement improves the strength and load-bearing capacity of the
stabilised sand. As a binding agent, cement particles create a
matrix that is more cohesive and improves particle interlocking,
leading to increased compressive stress. The sand-cement mixture
exhibited a significantly higher undrained shear strength with
both longer curing times and higher cement content. On average,
increasing the curing period led to a 20-30% increase in undrained
shear strength. This enhancement is attributed to the cement’s
adhesive properties, which improve frictional resistance and inter-
particle bonding. These findings indicate that stabilised sand is
better able to withstand shear stresses, making it more suitable
for engineering applications where stability and resistance to
deformation are critical.
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The results of the compaction tests showed that the modified
proctor test yielded a higher maximum dry density and a lower
optimum moisture content compared to the standard proctor test
for the same soil sample. This indicates that the modified proctor
test is a more effective method for compacting soil and improving
its strength and stability. Increasing cement content improves the
engineering properties of high-plasticity soils, such as reducing
their plasticity and shrink/swell potential, and increasing their
bearing capacity. Cement stabilisation also enhances soil strength
and durability by forming hydration products that bind the soil
particles together.

Through controlled increases in both cement content and curing
time, silty-sand exhibited significantly enhanced geotechnical
properties, including dry density, undrained shear strength, and
unconfined compressive strength. These findings have significant
implications for geotechnical engineers and professionals involved
in construction and soil stabilisation projects.

The prediction model developed in this research demonstrates
superior performance compared to existing models. The model
exhibits strong predictive capabilities, as evidenced by high R?
values for both output parameters, indicating a good fit between
the model and the observed data. The prediction error for § is
consistently lower than that for O as measured by both MAE and
MSE. This suggests that the model’s predictive accuracy is higher
for § compared to Q . Despite the relatively low prediction errors,
it is important to consider the absolute magnitude of these errors in
the context of the intended application. If precision is critical and
the acceptable error threshold is very low, even these small errors
may have significant consequences. This research underscores
the pivotal role of optimised cement content and curing time
in enhancing the geotechnical properties of silty-sand, paving
the way for more resilient and sustainable construction and soil
stabilisation projects.

5. Future works

If the higher MSE for Q is attributed to outliers or specific
segments of the data where the model’s performance is suboptimal,
further investigation and potential refinement of the model may be
necessary to address these areas of deficiency. Overall, the model
demonstrates notable robustness and can be considered reliable for
predicting O and S, based on the provided inputs. However, it is
noteworthy that the model’s predictions for § are slightly more
reliable compared to those for Q.
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Abstract:

The Red river delta plain (RRDP), the second largest delta in Vietnam, is situated in the northern region of the country and spans
an area of 21,260 km?* and supports a population of over 22.9 million inhabitants. Groundwater extraction primarily occurs from
quaternary sedimentary aquifers, with a total discharge of approximately 1.5 million m*/day. However, certain localities, such as
Hanoi and Nam Dinh, have exhibited signs of over-exploitation, leading to associated issues such as depletion, land subsidence,
saltwater intrusion, and water pollution. Groundwater recharge in the study area primarily originates from various sources
including rainfall, irrigation, wastewater, and the river system. The objective of this study is to evaluate the contribution of
groundwater recharge to groundwater exploitation reserves within the Red river delta. To achieve this, a three-dimensional (3D)
model employing the MODFLOW code was developed and refined through the comparison of modelled and actual groundwater
levels within the surveillance network. The refined model’s budget analysis indicated that the recharge of quaternary aquifers
by means of rainfall, irrigation, and effluent occurs year-round, with the peak recharge happening during the monsoon season
(approximately 68% of rainfall) and the nadir during the arid season (approximately 10% of rainfall). Throughout the monsoon
period, the river system predominantly replenishes the quaternary aquifers, contributing approximately 9.51-17.36% to the
overall water balance of the aquifers. The influx from fractured aquifers at the fringe of the plain to the quaternary aquifers

remains consistently minimal year-round.

Keywords: groundwater modelling, groundwater recharges, quaternary aquifer, Red river delta.

Classification numbers: 4.2, 5.3

1. Introduction

Groundwater recharge is the process by which water infiltrates
the ground, adding to the groundwater reservoir [1]. There are three
main types of groundwater recharge: i) Direct recharge, where
excess soil moisture percolates vertically down to the water table. ii)
Indirect recharge, occurring through infiltration and percolation via
riverbeds or lakes. iii) Localised recharge, happening at concentrated
points such as joints, depressions, sinkholes, or rivulets [2, 3].
Groundwater recharge plays a critical role in the water balance of a
basin and is key to the sustainable use of water resources. However,
measuring groundwater recharge directly is challenging [4]. B.R.
Scanlon, et al. (2002) [5] suggested using multiple methods to
estimate groundwater recharge and then comparing the results of
each. Understanding the contribution of groundwater recharge to
the regional groundwater flow system is crucial for management
and economic reasons, as indicated by J.G. Arnold, et al. (2000)
[6], R. Hirata, et al. (2012) [7], and C.R. Hearne, et al. (2010) [8].
Groundwater recharge typically feeds local flow systems as base
flow [9], while some may exit the basin into deeper aquifers, termed
groundwater outflow to the regional system.
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The Red river delta plain, covering over 21,260 km? and home
to 22.9 million people in Vietnam, heavily relies on groundwater
resources, with a daily extraction rate exceeding 3 million m?/d.
However, signs of over-exploitation, such as depletion, land
subsidence, saline water intrusion, and water contamination, have
been observed in certain areas like Hanoi and Nam Dinh [10].
While various studies have focused on groundwater recharge in
the RRDP, most have concentrated on specific points or local
areas, and a comprehensive regional study has yet to be conducted.
Earlier research by P.Q. Nhan (2000) [11] used modelling to
estimate groundwater recharge, allocating 87% to the rainy season
and 56.28% to the dry season. The limitations of data and lack of
validation from alternative methods, however, cast uncertainties
on these findings. T.L. Tran (2011) [12] applied isotope hydrology
to assess groundwater recharge in Dan Phuong, Hanoi, identifying
a linkage between the Holocene and Pleistocene aquifers with
a 19.4% contribution from leaky sources. The study noted that
during the rainy season, the Holocene aquifer was recharged by
the river, whereas in the dry season, it discharged into the river.
P.Q. Nhan, et al. (2019) [10] used isotope hydrology to assess
the interaction between the Red river and groundwater, showing
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that Red River water contributed 50, 52, and 57% to well fields
in Ha Dinh, Mai Dich, and Phap Van, respectively. D. Postma,
et al. (2017) [13] dated groundwater and determined recharge
from the Red river to aquifers using Tritium/Helium dating in the
Nam Du area. F. Larsen, et al. (2008) [14] employed isotopes and
modelling to assess recharge from the Red river and rainwater
to quaternary aquifers in Dan Phuong. V.C. Doan (2015) [15]
utilised GIS, MODFLOW, and water table fluctuation methods
to evaluate groundwater resources in the RRDP. D.H. Trieu
(2022) [16] employed modelling and water table fluctuation
methods to categorise Red river boundary conditions and bedrock
boundaries in the Southwest of Hanoi, with groundwater recharge
and discharge varying from -191 m*/day/km to 227 m?/day/km.
Recently, P.Q. Nhan, et al. (2022) [17] utilised GIS and remote
sensing to analyse factors and to zone direct groundwater recharge
in the RRDP. They quantified the recharge using *H dating, yet its
role in aquifer systems remains unclear. Therefore, this study aims
to comprehensively assess the contribution of direct groundwater
recharge, stemming from sources such as rainwater, irrigation, and
wastewater, to the aquifer system.

2. Study area
2.1. Location and natural conditions

The study area, delineated in Fig. 1, spans an extensive area
exceeding 21,260 km? within the bounds of the RRDP. Positioned
within a tropical humid monsoon climate, the territory experiences
a pronounced dry season from November to April, accounting
for 15% of annual precipitation, contrasted by a significant rainy
season from May to October, delivering 85% of annual rainfall.
The area is characterised by persistently high relative humidity
levels, averaging 84.5% annually.

Annual climatic variations across the delta include precipitation
ranging from 1,200 to 2,700 mm and evaporation from 828.2
to 1,057.1 mm. Temperature profiles show a marked seasonal
variance, peaking at 35 to 39°C, with an annual mean between
23 and 23.5°C. Diurnal temperature fluctuations are substantial,
with a range of 8 to 15°C in summer and 4 to 13°C in winter. The
RRDP is defined by a complex hydrological network, with the Red
river system and the Thai Binh river system as prominent features,
where drainage densities vary from 0.4 to 0.7 km/km?

The terrain within the RRDP is varied, encompassing coastal
areas below 1 m, terraced riverine zones from 7 to 15 m, hilly
regions at 50 to 100 m on the plain, and mountainous regions
ascending to 900 m on the western and north-western edges. The
landscape is sculpted by fault systems, particularly the Northwest-
Southeast, Northeast-Southwest, and sub-meridian faults, which
dictate the tectonic activity and subdivide the plain. The eastern
and south-eastern coastline stretches approximately 200 km
from Quang Ninh to Thanh Hoa, affected by saline intrusion
from waves, tides, and river dynamics, influencing the coastal
ecosystem, agriculture, and shallow aquifers.
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The fraction LK10 indicates the borehole over the static water level.
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The numerical values accompanying the borehole diagram denote the

depths of the layers, screens, and depth of borehole. The colours and
symbols representing the aquifers and aquitards on the map are given
in the figure (modified from [18]).
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2.2. Hydro-geology settings

The RRDP segment under study lies in the northwest of the
Red River sedimentary basin, distinguished by sediment deposits
from the Paleogene, Neogene, and Quaternary periods. Flanked
by mountain ranges bearing Palacozoic and Mesozoic strata, the
sedimentary deposits of the RRDP have formed across five fining-
upward cycles, outlined by T.L. Tran (2011) [12]. These cycles,
ranging from the lower to upper Pleistocene and lower to upper
Holocene, comprise varied sedimentary makeups from coarse-
grained alluvial and fluvial to fine-grained deltaic-lacustrine
and swamp deposits. The Pleistocene aquifers, recharged by the
adjacent mountains, exhibit an average annual replenishment of
100 to 400 mm [11]. The hydraulic gradients typically span 0.05 to
0.15, and the groundwater flow velocity within Holocene aquifers
is several tens of meters annually [12].

3. Materials and methods

3.1. Construction of the groundwater flow model and
evaluation of the role of groundwater recharge in groundwater
exploitation

The differential equation of motion of groundwater under
heterogeneous and anisotropic environment is as follows:

2 an\ , @ on\ , @ an on

E(Kxxa)+E(Kyya)+6_z(Kzza_z)_W:SSE (1)
where K, K, and K_ are the aquifer hydraulic conductivities in
the x, y, and z directions, respectively; S, specific storage of the
aquifer; 4 hydraulic head in the aquifer; ¢ is time; and W is the
source and/or sink of the aquifers. Equation (1), in conjunction
with the specified boundary and initial conditions for the aquifers,
constitutes a mathematical model for the flow of groundwater. To
address the aforementioned equation, it is imperative to identify the
function A(x, y, z, t) that complies with Eq. (1) and the prescribed
boundary conditions. The temporal evolution of /2 will describe the
characteristics of the groundwater flow, enabling the calculation of
both the flow rate and the flow direction.

To evaluate the role of direct groundwater recharge to
groundwater exploitation within the RRDP, we rely on recent
research data as the basic inputs for building a groundwater flow
model. These datasets include:

- Updated regional data derived from the hydrogeological
map with scale of 1/200,000 (Fig. 1) compiled by V.T. Tam, et al.
(2018) [19].

- A comprehensive survey of the current state of groundwater
exploitation, conducted in support of the Hong-Thai Binh
river basins planning, as presented by the Department of Water
Resources Management (2020, 2022) [19, 20].

- Delineation and quantification of direct groundwater recharge
across the delta, analysed by P.Q. Nhan, et al. (2022) [17].
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- Assessment of groundwater recharge from the bedrock and
the hydraulic interaction between the Red river and groundwater
in Hanoi and its vicinity, as researched by D.H. Trieu (2022) [16].

- A comprehensive assessment of the impact of urbanisation on
groundwater resources in Hanoi, executed with precision by V.T.
Tam, et al. (2018) [18].

These datasets serve as the cornerstone for the groundwater
flow model within the RRDP.

The groundwater flow model was constructed utilising GMS
software by Aquaveo (2018) [21], with calibration performed
via data from the national monitoring network and our recent
investigations. Post-calibration, the RRDP model’s results were
analysed using the BUDGET package. These budget assessments
and predictive scenarios highlighted the contribution of direct
groundwater recharge to groundwater exploitation in the RRDP.

3.2. Input data and conceptual model for the groundwater
system

- Digital Elevation Model (DEM): This model is created from
contour lines and elevation data on a 1:50,000-scale topographic
map, covering 47 map sections with 500x500 m dimensions. The
process within ArcGIS involves two steps:

1. Generation of a triangular irregular network (TIN) using
contour lines, elevation points, and local key elevations. TIN
modelling preserves elevation point shapes and sharp peaks.

2. Interpolation of the DEM map from the TIN using the
natural neighbour method, ensuring accurate representation by
referencing surrounding points and avoiding elevation anomalies.

- Model grid development: The modelling area, which has
been expanded to 14,860 km?, intentionally extends beyond the
eastern boundary of the Pleistocene aquifer. Investigations have
indicated that the Pleistocene aquifer in the eastern sector of the
Northern region projects into the sea and is not confined by the
current coastline, thus justifying the model’s spatial extension. The
research area has been methodically divided into a grid format,
consisting of 162 rows and 223 columns, each cell measuring
1000x1000 m. Notably, within the Hanoi vicinity, grid resolution
has been refined to 500x500 m in response to the dense clustering
of extraction wells.

- Stratigraphic layer classification: The stratigraphic layout
was interpolated from an extensive dataset of 728 well logs, as
detailed by P.Q. Nhan, et al. (2022) [17]. This information has
been stratified into four key layers for hydrogeological assessment,
including the surface aquitard layer (Aquitard 1), the Holocene
aquifer (qh), the interjacent Holocene-Pleistocene aquitard
(Aquitard 2), and the Pleistocene aquifer (qp).

- Hydrogeological parameters: The model incorporates
essential hydrogeological parameters hydraulic conductivity (K)
and storativity (S), are integrated into the model in accordance

SEPTEMBER 2024 « VOLUME 66 NUMBER 3
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with previously established research findings. These parameters
have been rigorously delineated and extensively documented in
recent research conducted by P.Q. Nhan, et al. (2022) [17]. For
the Holocene aquifer, hydraulic conductivity values range from
a minimum of 0.02 m/day to a maximum of 158 m/day, with an
average of 26.1 m/day. In the case of the Pleistocene aquifer, these
values range from a minimum of 0.5 m/day to a maximum of 184
m/day, with an average of 34.75 m/day (Fig. 2).

(A) (B

(D)
KK,=10K; K Ko10K, KK, 10K, KK, 10K,
] 03 | s d 5x107 1.68x 10"
w000 [ 1349 40 300
0.02 363x10° 1500 10°
76 [l 1o 400 2740
asxio | 1024 | 600 109

Fig. 2. Hydrogeological parameters. K, Ky, and K, denote the
hydraulic conductivity in the x, y, and z dimensions, respectively, for
both the Holocene (A) and Pleistocene (B) aquifers. Additionally,
specific storativity (S), specific yield (Sy), effective porosity (Eff Por),
and total porosity (Tot Por) are defined for the Pleistocene aquifer (C).
Notably, the storativity coefficient for the Holocene aquifer is explicitly
setat 0.01. The hydraulic conductivities K , Ky and its colour of Holocene
and Pleistocene aquifers (D).

- Groundwater recharge: The data on groundwater recharge
that was integrated into the model stems from the recent research
conducted by P.Q. Nhan, et al. (2022) [17] (Fig. 3). This
encompasses a comprehensive methodology that utilises remote
sensing for interpreting conditions conducive to groundwater
recharge, coupled with an overlay analysis conducted via GIS
techniques. To refine this approach, it is crucial to accurately
determine the relative significance of various contributing factors

SEPTEMBER 2024 « VOLUME 66 NUMBER 3

through the implementation of the analytical hierarchical process
(AHP). Additionally, the application of the direct measurement
method employing the radioactive isotope *H has proven to be
exceedingly effective for verification purposes.
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Fig. 3. Zonation of direct groundwater recharge within
the Red river delta plain. The map is characterised by the GRI
index, delineated into three ranges: 0.08-0.16, 0.16-0.23, and
0.23-0.30. These intervals correspond to direct groundwater
recharge rates of 188, 372, and 429 mm/year, respectively [17].

- Boundary conditions: The boundary conditions for the
model, as delineated in Section 3.1, are based on up-to-date
scholarly findings. For the simulation of the Red-Thai Binh river
systems, the general head boundary (GHB) method is adopted,
utilising river bed conductance figures from P.Q. Nhan (2000)
[11] and D.H. Trieu (2022) [16]. The evaporation boundary
conditions are defined by averaging meteorological data collected
over thirty years. Inputs concerning groundwater recharge from
bedrock formations are derived from the findings of D.H. Trieu
(2022) [16]. The seaward boundaries follow the hypotheses of
V.H. Hoan, et al. (2022) [22], which postulate the extension of
freshwater into the ocean as influenced by topographic elevation
and geological bed characteristics. This assumption establishes
constant head (CH) conditions along the model’s boundaries,
with head values informed by offshore freshwater equipotential
levels (Fig. 4).
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Table 1. Groundwater extraction across the entire Red river delta
plain [18, 20].

Extraction (m*/day)
No.  Province/city

Industrial wells Domestic wells Total
1 Hanoi 670931 124180 795111
2 Vinh Phuc 25900 52361 78261
3 Hung Yen 114490 7800 122290
4 Bac Ninh 42000 55118 97118
5 Hai Duong 18200 64259 82459
6 Ha Nam 5508 24492 30000
7 Hai Phong 34000
8 Thai Binh 9546 39454 49000
9 Nam Dinh 120000

The current status of groundwater extraction in the
RRDP over the period from 2005 to 2018 is illustrated in
Fig. 5. The details of the cumulative groundwater extraction
throughout the entire RRDP are provided in Table 1.

Thus, the total amount of groundwater exploited
throughout the delta is approximately 1,500,000 m*/day.

4. Results and discussion
4.1. Model calibration

Within the designated study area, a three-dimensional
model based on GMS software has been developed and
subsequently calibrated against observed groundwater levels
within the monitoring network. Calibration, particularly
aimed at resolving any model instability, utilised data from
both local and national monitoring wells spanning from
January 1996 to January 2018. The national monitoring
network utilises a borehole system within the aquifers as
a benchmark for water level comparison in the model. The
calibration data set encompasses 128 observation boreholes,
with 88 situated in the Pleistocene aquifer and 40 in the
Holocene aquifer. The monitoring data are systematically
gathered and maintained within a database by the National
Centre for Water Resources Planning and Investigation
[23]. A comparative evaluation of water levels over time,
recorded at the monitoring boreholes within both the
Holocene and Pleistocene (Figs. 6-8) aquifers, is detailed
below. This comparison clearly delineates the variations
between the observed and modelled groundwater levels.

The comparison between observed and modelled
groundwater levels at the monitoring boreholes throughout
the RRDP is illustrated in Fig. 9.
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The error evaluation for the Holocene aquifer has
identified a maximum discrepancy of 1.4 m at monitoring
borehole Q.64, and conversely, a negligible error at
monitoring borehole Q.85. The mean error across the
dataset is calculated to be 0.197 m, with a mean absolute
error of 0.861 m, and a normalised root mean square
(NRMS) error stands at 5.9%. For the Pleistocene aquifer,
error margins at monitoring sites peak at 1.96 m at borehole
P.73a, and at borehole Q.164a, the error is again recorded at
0.0 m. The resultant average error is 0.067 m, with a mean
absolute error of 0.906 m, and an NRMS error computed to
be 2.621%.

The majority of data points are captured within the 95%
confidence interval, suggesting a high level of precision.
Despite some data points showing significant absolute
errors, the relative errors are maintained within acceptable
bounds, affirming adherence to prescribed error margins.
It is observed that these points are notably situated near
to extraction well fields, where modelled data and actual
observations often show considerable variances. Thus, the
scrutiny of model errors validates that the parameters align
with the defined standards of reliability. When contrasted
with preceding models for the RRDP [11], the current model

exhibits enhanced reliability.

(B)

El Layer | - Aquitard 1 P&
El Layer 2 — Holocene aquifer x
] El Layer 3 — Aquitard 2
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Fig. 9. Comparison of observed and modelled groundwater levels at monitoring boreholes in Holocene aquifer gh (A) and
Pleistocene aquifer qp (B) throughout the entire the Red river delta plain. The red dashed line represents the zero-error value,
while the green dashed line delineates the 95% confidence interval around its values.
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4.2. Evaluating the role of groundwater recharge on
groundwater exploitation in the Red river delta plain

Post-calibration, the BUDGET package was utilised
to meticulously calculate the water balance for both the
Holocene and Pleistocene aquifer systems across the
RRDP. Through detailed examination of the water balance
components, our objective is to thoroughly evaluate the
impact of groundwater recharge on regional groundwater
exploitation. The water budget figures, analysed via the
ZONE BUDGET, are detailed for the gh and qp aquifer
systems for the months of March, June, September, and
December (Table 2, Fig. 10). It is important to note that the
period from October to March is characterised as the dry
season, whilst April to September marks the rainy season.

Table 2. Temporal distribution of water balance components
(%) in quaternary aquifers within the Red river delta plain,
indicating inflow and outflow with positive and negative
signs, respectively.

Direct Fractured aquifers

Storage  Sea  Exploitation T Evaporation River Leakage T
March 1394 247 2986 3947 2132 048 0.00 0.71
June 293 152 1838 07.63 2834 951000 043
September -53.56  -125  -1391 06.67  -15.63 1736 0.00 0.32
December 5974 -186 2267 9.75 3324 -1225 000 053
80.00 t%
60.00
40.00
20.00
0.00 I —— I —lll -—
5000 I Sea III Direct III Leakage Fractured
- Recharge Rivers aquifers in
-40.00 Exploitatic Evaporation the plain’s
edge
-60.00 Storage
EMarch ®June MSeptember MDecember
Fig. 10. Temporal representation of water balance

components in quaternary aquifers within the Red river
delta plain, illustrating inflow and outflow with positive and
negative signs.

Figure 10 illustrates the constituents contributing to the
groundwater balance within the quaternary aquifer system.
Positive values signify inflows contributing to the aquifer
system, whereas negative values denote outflows. This analysis
specifically addresses the impact of groundwater recharge sources
on the quaternary aquifer system within the RRDP. Based on the
aforementioned results, several key observations can be stated
as follows:

SEPTEMBER 2024 ¢ VOLUME 66 NUMBER 3 JRIGUELS Journ

- Throughout the year, the direct groundwater recharge into the
quaternary aquifer system shows considerable seasonal variation.
The highest recharge rates, constituting 67.63% (equivalent to
5,607,868 m*/day), occur during the rainy season, which significantly
decreases to about 9.75% (equivalent to 664,326 m?’/day)
in the dry season. A contrast between direct groundwater recharge
and total groundwater extraction within the study area indicates a
stark imbalance during the dry season, where extraction exceeds
recharge. This imbalance suggests a potential for depletion of
groundwater storage, which may lead to a drop in groundwater
levels, especially in zones remote from river courses. The presence
of depression cones throughout the study area corroborates this
situation.

- The combined effects of aquifer system storage changes and
ground evaporation persist year-round, collectively accounting for
13.94 to 59.74% of the total, which translates to a volume ranging
from 705,693 to 4,085,660 m*/day.

- Recharge from river systems into the quaternary aquifer
is most pronounced during the rainy season, ranging from 9.51
to 17.36% of the total recharge, equating to a volume between
788,378 and 1,928,548 m*/day.

- Recharge from bedrock boundaries at the delta’s margins into
the Quaternary aquifer system and the groundwater outflow to the
sea from this system are consistent throughout the year, albeit in
relatively minor volumes.

5. Conclusions

- Evaluating groundwater recharge sources is imperative for
managing sustainable groundwater exploitation effectively. The
recent quantitative research on groundwater recharge sources in
the RRDP regions provides essential data, enabling precise impact
assessment on a delta-wide scale through groundwater modelling.

- The Quaternary aquifer system’s recharge in the RRDP
primarily comes from direct groundwater recharge, such as
precipitation, irrigation return flow, and wastewater. Additionally,
water from fractured aquifers at the edge of the plain and river
inflow into the aquifers also contribute significantly.

- There is temporal and spatial variability in the groundwater
recharge sources for the quaternary sedimentary aquifer system
within the RRDP. Direct recharge fluctuates by 4,943,542 m*/day
across March, June, September, and December. Recharge from the
fractured aquifers at the plain’s edge alters by 35,886 m*/day, and
the variance in river-sourced recharge is about 1,140,169 m*/day
during these periods.

- Groundwater extraction in the RRDP is relatively constant
throughout the year [19]. In the dry season (October to March),
extraction primarily depends on aquifer storage, direct groundwater
recharge, and fractured aquifers at the plain’s edge. During the
rainy season (April to September), extraction is influenced by direct
recharge, followed by river water, with additional contributions
from fractured aquifers at the plain’s edge.
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