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About the Journal

Overview

Pertanika Journal of Science & Technology is an official journal of Universiti Putra Malaysia. It is an open-
access online scientific journal. It publishes original scientific outputs. It neither accepts nor commissions
third party content.

Recognised internationally as the leading peer-reviewed interdisciplinary journal devoted to the publication
of original papers, it serves as a forum for practical approaches to improve quality on issues pertaining to
science and engineering and its related fields.

Pertanika Journal of Science & Technology currently publishes 6 issues a year (January, March, April,
July, August, and October). It is considered for publication of original articles as per its scope. The journal
publishes in English and it is open for submission by authors from all over the world.

The journal is available world-wide.

Aims and scope

Pertanika Journal of Science & Technology aims to provide a forum for high quality research related to
science and engineering research. Areas relevant to the scope of the journal include: bioinformatics,
bioscience, biotechnology and bio-molecular sciences, chemistry, computer science, ecology, engineering,
engineering design, environmental control and management, mathematics and statistics, medicine and
health sciences, nanotechnology, physics, safety and emergency management, and related fields of study.

History
Pertanika Journal of Science & Technology was founded in 1993 and focuses on research in science and
engineering and its related fields.

Vision
To publish a journal of international repute.

Mission
Our goal is to bring the highest quality research to the widest possible audience.

Quality

We aim for excellence, sustained by a responsible and professional approach to journal publishing.
Submissions can expect to receive a decision within 90 days. The elapsed time from submission to
publication for the articles averages 180 days. We are working towards decreasing the processing time
with the help of our editors and the reviewers.

Abstracting and indexing of Pertanika

Pertanika Journal of Science & Technology is now over 27 years old; this accumulated knowledge and
experience has resulted the journal being abstracted and indexed in SCOPUS (Elsevier), Clarivate Web
of Science (ESCI), EBSCO, ASEAN CITATION INDEX, Microsoft Academic, Google Scholar, and MyCite.

Citing journal articles
The abbreviation for Pertanika Journal of Science & Technology is Pertanika J. Sci. & Technol.

Publication policy

Pertanika policy prohibits an author from submitting the same manuscript for concurrent consideration by
two or more publications. It prohibits as well publication of any manuscript that has already been published
either in whole or substantial part elsewhere. It also does not permit publication of manuscript that has
been published in full in proceedings.

Code of Ethics

The Pertanika journals and Universiti Putra Malaysia take seriously the responsibility of all of its journal
publications to reflect the highest in publication ethics. Thus, all journals and journal editors are expected
to abide by the journal’s codes of ethics. Refer to Pertanika’'s Code of Ethics for full details, or visit the
journal’s web link at http://www.pertanika.upm.edu.my/code_of_ethics.php



Originality

The author must ensure that when a manuscript is submitted to Pertanika, the manuscript must be an original
work. The author should check the manuscript for any possible plagiarism using any program such as Turn-It-
In or any other software before submitting the manuscripts to the Pertanika Editorial Office, Journal Division.

All submitted manuscripts must be in the journal’s acceptable similarity index range:
<20% — PASS; > 20% — REJECT.

International Standard Serial Number (ISSN)
An ISSN is an 8-digit code used to identify periodicals such as journals of all kinds and on all media—print
and electronic.

Pertanika Journal of Science & Technology: e-ISSN 2231-8526 (Online).

Lag time
Adecision on acceptance or rejection of a manuscript is reached in 90 days (average). The elapsed time from
submission to publication for the articles averages 180 days.

Authorship
Authors are not permitted to add or remove any names from the authorship provided at the time of initial
submission without the consent of the journal’s Chief Executive Editor.

Manuscript preparation
For manuscript preparation, authors may refer to Pertanika’s INSTRUCTION TO AUTHORS, available on
the official website of Pertanika.

Editorial process
Authors who complete any submission are notified with an acknowledgement containing a manuscript ID on
receipt of a manuscript, and upon the editorial decision regarding publication.

Pertanika follows a double-blind peer-review process. Manuscripts deemed suitable for publication are
sent to reviewers. Authors are encouraged to suggest names of at least 3 potential reviewers at the time
of submission of their manuscripts to Pertanika, but the editors will make the final selection and are not,
however, bound by these suggestions.

Notification of the editorial decision is usually provided within 90 days from the receipt of manuscript.
Publication of solicited manuscripts is not guaranteed. In most cases, manuscripts are accepted conditionally,
pending an author’s revision of the material.

The journal’s peer review
In the peer-review process, 2 to 3 referees independently evaluate the scientific quality of the submitted
manuscripts. At least 2 referee reports are required to help make a decision.

Peer reviewers are experts chosen by journal editors to provide written assessment of the strengths and
weaknesses of written research, with the aim of improving the reporting of research and identifying the most
appropriate and highest quality material for the journal.

Operating and review process
What happens to a manuscript once it is submitted to Pertanika? Typically, there are 7 steps to the editorial
review process:

1. The journal’s Chief Executive Editor and the Editor-in-Chief examine the paper to determine
whether it is relevance to journal needs in terms of novelty, impact, design, procedure, language
as well as presentation and allow it to proceed to the reviewing process. If not appropriate, the
manuscript is rejected outright and the author is informed.

2. The Chief Executive Editor sends the article-identifying information having been removed, to 2 to
3 reviewers. They are specialists in the subject matter of the article. The Chief Executive Editor
requests that they complete the review within 3 weeks.

Comments to authors are about the appropriateness and adequacy of the theoretical or conceptual
framework, literature review, method, results and discussion, and conclusions. Reviewers often
include suggestions for strengthening of the manuscript. Comments to the editor are in the nature
of the significance of the work and its potential contribution to the research field.
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The Editor-in-Chief examines the review reports and decides whether to accept or reject the
manuscript, invite the authors to revise and resubmit the manuscript, or seek additional review
reports. In rare instances, the manuscript is accepted with almost no revision. Almost without
exception, reviewers’ comments (to the authors) are forwarded to the authors. If a revision is
indicated, the editor provides guidelines for attending to the reviewers’ suggestions and perhaps
additional advice about revising the manuscript.

The authors decide whether and how to address the reviewers’ comments and criticisms and
the editor’s concerns. The authors return a revised version of the paper to the Chief Executive
Editor along with specific information describing how they have addressed’ the concerns of
the reviewers and the editor, usually in a tabular form. The authors may also submit a rebuttal
if there is a need especially when the authors disagree with certain comments provided by
reviewers.

The Chief Executive Editor sends the revised manuscript out for re-review. Typically, at least 1
of the original reviewers will be asked to examine the article.

When the reviewers have completed their work, the Editor-in-Chief examines their comments
and decides whether the manuscript is ready to be published, needs another round of revisions,
or should be rejected. If the decision is to accept, the Chief Executive Editor is notified.

The Chief Executive Editor reserves the final right to accept or reject any material for publication,
if the processing of a particular manuscript is deemed not to be in compliance with the S.O.P. of
Pertanika. An acceptance letter is sent to all the authors.

The editorial office ensures that the manuscript adheres to the correct style (in-text citations,
the reference list, and tables are typical areas of concern, clarity, and grammar). The authors
are asked to respond to any minor queries by the editorial office. Following these corrections,
page proofs are mailed to the corresponding authors for their final approval. At this point, only
essential changes are accepted. Finally, the manuscript appears in the pages of the journal
and is posted on-line.
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Foreword

Welcome to the third issue of 2024 for the Pertanika Journal of Science and Technology (PJST)!

PJST is an open-access journal for studies in Science and Technology published by Universiti Putra
Malaysia Press. It is independently owned and managed by the university for the benefit of the
world-wide science community.

This issue contains 25 articles; four review articles and the rest are regular articles. The authors of
these articles come from different countries namely Afghanistan, Indonesia, Irag, Japan, Kingdom
of Saudi Arabia, Malaysia, Nigeria, Palestine, Philippines and United Arab Emirates.

A regular article titled “Development of Small-Scale Integrated Hydroponics—Animal Waste
Bioreactor (AWB) for Romaine Lettuce (Lactuca sativa L. var. longofolia) Production” written by
Elman Cantero Torres and co-researchers from Philippines. In their research, three integrated
hydroponics-AWB systems, with varying concentrations of CMT at 1,000 ppm, 1,200 ppm, and
1,400 ppm total dissolved solids (maintained within an upper and lower bound of 50 ppm), were
constructed, tested, and compared to conventional hydroponics that used a nutrient solution
maintained at 1,000 ppm TDS. The test result suggests that the ideal concentration of CMT in the
system is 1,000 ppm. Within the optimum manure tea concentration, the small-scale integrated
hydroponics-AWB produced romaine lettuce with growth parameters comparable to conventional
hydroponics. In addition, increasing the CMT concentration to 1,400 ppm negatively impacts the
plant growth parameters of romaine lettuce. Detailed information on this study can be found on
page 1003.

Xinzhi Liu et al. from Universiti Putra Malaysia and Universiti Malaysia Perlis evaluated the
enhanced semiconducting characteristics of Gallium Nitride (GaN) high-electron-mobility
transistors (HEMT) over conventional silicon power devices by analyzing spontaneous and
piezoelectric polarizations of wurtzite GaN crystalline structure and the formation of two-
dimensional electron gas (2DEG). The lateral device structure of enhancement-mode GaN HEMT
and normally switched-on depletion mode GaN HEMT are compared. A device-under-test (DUT)
equivalent model incorporating parasitic components is proposed, adopting the EPC2204 Level 3
SPICE model. The model is simulated in a novel Double Pulse Test (DPT) topology with clamping
and snubber subcircuits using LTSPICE software. The performance of GaN HEMT is compared to a
MOSFET with similar parameters, and the impact of parasitic inductances and stray capacitances
is evaluated through switching analysis. The findings underscore the potential of E-GaN HEMTs to
enhance the efficiency of DC-DC converters, particularly for photovoltaic energy delivery. Further
details of the article are available on page 1243.



Another article that we wish to highlight is “Identifying Communities with Modularity Metric Using
Louvain and Leiden Algorithms” by Siti Haryanti Hairol Anuar, Zuraida Abal Abas, Norhazwani Md
Yunos, Mohd Fariduddin Mukhtar, Tedy Setiadi and Abdul Samad Shibghatullah. Their research
focuses on two community detection algorithms, the Louvain and Leiden methods, which are
based on agglomerative techniques using modularity. Both Louvain and Leiden have an optimal
value of the result, but there is an improvement from Leiden. The Leiden method was found to
perform better in terms of execution time and the modularity metric. Detailed information on
this study is presented on page 1285.

We anticipate that you will find the evidence presented in this issue to be intriguing, thought-
provoking and useful in reaching new milestones in your own research. Please recommend the
journal to your colleagues and students to make this endeavour meaningful.

All the papers published in this edition underwent Pertanika’s stringent peer-review process
involving a minimum of two reviewers comprising internal as well as external referees. This was to
ensure that the quality of the papers justified the high ranking of the journal, which is renowned
as a heavily-cited journal not only by authors and researchers in Malaysia but by those in other
countries around the world as well.

We would also like to express our gratitude to all the contributors, namely the authors, reviewers,
Editor-in-Chief and Editorial Board Members of PJST, who have made this issue possible.

PIST is currently accepting manuscripts for upcoming issues based on original qualitative or
quantitative research that opens new areas of inquiry and investigation.

Chief Executive Editor
Mohd Sapuan Salit
executive_editor.pertanika@upm.edu.my
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Review Article

A Review of Non-wood Lignocellulose Waste Material Reinforced
Concrete for Light-weight Construction Applications

Hossam Saleh Salem Saeed!, Agusril Syamsir'?*, Mohd Supian Abu Bakar?,
Muhammad Imran Najeeb?, Abdulrahman Alhayek!, Zarina Itam'?, Muhammad
Rizal Muhammad Asyraf® and Mohd Radzi Ali*
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81310, Johor, Malaysia

“Institute of Tropical Forestry and Forest Products, Universiti Putra Malaysia, 43400 UPM, Serdang, Selangor,
Malaysia

ABSTRACT

In recent decades, non-wood lignocellulosic materials have gained significant attention,
particularly in concrete applications for construction purposes. This study delves into
utilising non-wood lignocellulosic materials for reinforcing concrete in construction
applications. Lignocellulosic material emerges as a promising option for formulating
new fibre cement compositions, thereby enhancing the sustainability, affordability, and
performance of construction materials. Moreover, this research broadens the horizons of

recycling agricultural waste by facilitating

ARTICLE INFO rational disposal and optimal utilisation.
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Hossam Saleh Salem Saeed, Agusril Syamsir, Mohd Supian Abu Bakar, Muhammad Imran Najeeb,
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lignocellulosic reinforced concrete. Adding a small quantity of prickly pear fibre to cement
enhances the thermal conductivity of concrete, consequently improving compressive
strength, flexural strength, tensile strength, and elastic modulus. This research is relevant
to international research as it advances sustainable construction materials with desirable
properties, benefiting society and various industries.

Keywords: Impact, light-weight construction, mechanical properties, non-wood lignocellulose waste, reinforced-
concrete

INTRODUCTION

Lignocellulosic materials, derived from crop residues, are vital resources comprising
lignin, cellulose, and hemicellulose. They fall into two categories: wood and non-wood.
Wood includes hardwood and softwood (Feen et al., 2017; Radzi et al., 2019), while non-
wood encompasses materials like sugarcane bagasse (Monteiro et al., 2019), rice husks
(Yang et al., 2006), and pineapple leaves (Najeeb et al., 2021). Non-wood resources are
gaining prominence due to tree scarcity and global fibre demand. They offer advantages
like easier processing and shorter growth cycles. Non-wood lignocellulosic materials
find applications across diverse fields, from pulp and paper to bioenergy and construction
materials. Increasing demand for construction materials, the depletion of fossil fuels, and
environmental concerns pose challenges (Gregorova et al., 2011; Supian et al., 2018;
Thiruganasambanthan et al., 2022).

Several factors affect the demand for lignocellulosic materials. The depletion of fossil
fuel resources, raw material shortages, increased demand for building materials, and
emerging environmental issues such as pollution and global warming pose significant
challenges to the construction industry. In the context of concrete, lignocellulosic materials
are utilised as substitutes for cement, aiming to address the environmental impact of the
cement industry, which accounts for a substantial portion of worldwide CO? emissions
(Alietal., 2020, 2021; Syamsir et al., 2023; Zeidabadi et al., 2018). The use of agricultural
waste materials as concrete aggregates has been identified as a viable approach to reducing
raw material consumption. Developing nations generate approximately 400 million metric
tonnes of agricultural waste annually, and the adoption of waste materials in concrete
production could contribute to a more sustainable building sector (Bakar & Chin, 2021;
Kadier et al., 2021; Omran et al., 2021; Pil et al., 2016). The manufacturing process of
Portland cement, as well as the energy, water, aggregate, and fillers required for concrete
production and the subsequent disposal of concrete waste, raise concerns regarding the
ecological criteria of the contemporary sustainable building sector.

Over the past four decades, extensive research has focused on non-wood lignocellulosic-
reinforced concrete composites, aiming to create cost-effective innovations (Hamid et al.,
2022; Lima et al., 2013; Momoh & Osofero, 2019; Singh et al., 2021). These studies
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consistently show that when lignocellulosic materials are added to cement, it boosts tensile
strength and lowers density, enabling applications like fire resistance, thermal insulation,
and acoustics. They can replace asbestos-cement and reconstituted wood products such as
plywood and particleboard. A significant study by Momoh and Osofero (2019) specifically
investigated using oil palm fibres in reinforced concrete. This study highlighted the growing
global concerns about carbon emissions in the construction industry. As construction
activities contribute significantly to yearly CO, emissions and resource use, it is essential
to explore sustainable alternatives. With the world’s population expected to increase by
a third by 2050, agricultural operations and the generation of agricultural waste will rise,
especially in emerging nations. It emphasises the need for sustainable construction practices.
Therefore, this study review has been conducted with a comprehensive review of
academic literature to provide an overview of how agricultural waste can be used in the
concrete industry. Specifically, this study investigates how different agricultural waste
materials can replace some of the cement or aggregate in concrete, affecting its properties in
various ways. After analysing existing research, this paper identifies the most suitable types
of agricultural waste for concrete applications and discusses their broader implications. It
includes their positive environmental impact and how they can efficiently utilise agricultural
waste. Therefore, this review highlights the importance of agricultural waste research for
the concrete industry, contributing valuable insights to the global research community.

AGRICULTURE WASTE

Recent developments in the management and utilisation of agricultural waste signify a
paradigm shift in the perception of these materials, which were once considered mere
by-products or residues. This critical review assesses these recent advancements and
highlights their potential benefits and applications across various sectors. Agricultural
waste encompasses a wide array of materials, including crop residues, weeds, leaf litter,
sawdust, forest waste, and livestock waste. These materials are generated while cultivating
and utilising various agricultural products, such as maise, nutmeg, sugar cane, wood, and
palm oil. Recognising and categorising these waste streams is a crucial step in harnessing
their potential (Alhazmi & Loy, 2021; Athira et al., 2019; Driick et al., 2020; Hulle et al.,
2015; Jain et al., 2015; Lee et al., 2009; Li et al., 2014; Manickam et al., 2015; Pinto et
al., 2012; Reddy & Santhosha, 2018).

Recent research has transformed our vision of agricultural waste. These materials are no
longer mere by-products but valuable resources that can be harnessed for various purposes.
The shift in perception has led to re-evaluating their potential across diverse applications.
It includes bioenergy production, composting to enhance soil health, and the development
of sustainable construction materials and value-added products (Jha et al., 2021; Kumar et
al., 2016; Momoh & Osofero, 2020; Shafigh et al., 2014). Several factors drive the growing
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interest in agricultural waste management and utilisation. First, it aligns with sustainability
goals by reducing waste and environmental impact. Second, it offers economic benefits by
creating opportunities for generating income from waste streams. Additionally, it addresses
pressing challenges, such as the need for alternative energy sources and sustainable
construction materials in an era of environmental concerns and resource scarcity.

While recent developments are promising, challenges persist. These include logistical
issues related to waste collection and processing, technological constraints in converting
waste to valuable products, and the need for regulatory frameworks to govern waste
utilisation. Future research should focus on optimising waste utilisation methods, exploring
innovative applications, and addressing the environmental and social implications of these
practices. Therefore, recent advancements in agricultural waste management and utilisation
mark a significant shift towards recognising the value of these materials. Their multifaceted
applications, ranging from energy production to sustainable construction, promise a more
sustainable and resource-efficient future. However, addressing existing challenges and
fostering interdisciplinary collaboration will be crucial to fully realising the potential of
agricultural waste across various sectors.

Types of Crop Agricultural Waste

Numerous improvements have been made lately in agricultural waste, showing a wide range
of options and advantages in numerous industries (Figure 1). The utilisation of various
crop waste products is examined in depth in this critical assessment, which also discusses
their economic and environmental significance. The landscape of agricultural waste is
incredibly diverse, encompassing a wide range of materials. It includes rice paws, rice husk
ash, bagasse ash, sugar cane fibres, flax fibres, ash waste, palm oil, nutshell ash, bamboo
leaves, apricots, and numerous other agricultural residues (Asyraf et al., 2021; Kadier et
al., 2021). These materials are generated globally in millions of metric tonnes each year,
primarily consisting of plant stems, leaves, and mesocarp that remain after the main plant
products are harvested (Jaafar et al., 2018; Kengkhetkit & Amornsakchai, 2012; Khan et
al., 2010; Norrrahim et al., 2019; Saba et al., 2015; Sreekala et al., 1997).

The realisation of value-added opportunities linked with agricultural waste, particularly in
rural regions, is a significant development in economic opportunities. These waste materials,
often considered burdensome, can become valuable resources when properly harnessed.
This shift can have substantial economic implications for industrial activities in rural regions
(Azman et al., 2021; Nurazzi et al., 2021; Chavan et al., 2020). Figures 1 to 4 in this review
visually represent some of the most prevalent types of agricultural waste discussed. This
visual representation underscores these materials’ sheer diversity and potential (Al-shayaa et
al., 2021; Alhazmi & Loy, 2021; Heniegal et al., 2020). As this critical analysis emphasises,
the optimal use of agricultural waste goes well beyond waste reduction, moving towards
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Rice Husk
Ash (RHA)

Figure 2. Examples of agro-waste: (1) Rice husk. (2)

CROP .
R Rice husk ash (Mohamad et al., 2019)

WASTES

Sugercane
Bagasse Ash
(SCBA)

Palm Qil
Clinker
(POC)

Figure 3. Examples of agro-waste: (1) Sugarcane
bagasse. (2) Sugarcane bagasse ash (Mohamad et
al., 2019)

Figure 1. Classification of lignocellulose material
from crop agricultural wastes used in the industry of
concrete from other studies (Foo & Hameed, 2009;
Susilawati et al., 2020)

sustainability and economic practices.
It offers a pathway to sustainable and
economically sound practices. Converting
these waste materials into valuable products,
such as bioenergy, construction, and value-

Figure 4. Examples of agro-waste: (1) Prickly pear.
added products, reduces environmental (2) Prickly pear fibres (Kammoun & Trabelsi, 2019)

burdens and contributes to economic growth.

While the potential is evident, challenges remain. These include technological and
logistical hurdles in converting waste to valuable products, as well as the need for supportive
policies and practices. Future developments should focus on optimising utilisation
methods, exploring innovative applications, and addressing sustainability concerns. Thus,
recent developments in agricultural waste utilisation emphasise the vast potential of
these materials. From waste reduction to economic growth and sustainability, the proper
management and utilisation of agricultural waste can revolutionise various industries. As
research and practices evolve, the world is poised to unlock new possibilities for harnessing
these resources, fostering economic and environmental prosperity.

The Importance of Using Agricultural Waste in Concrete

Recent developments in the utilisation of agricultural waste in concrete construction
have sparked significant advancements in the housing and infrastructure sectors, offering
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promising long-term benefits, cost-effectiveness, and environmental sustainability
compared to conventional Portland cement (El-Messiry et al., 2017; Libre et al., 2011).
The increasing interest among researchers and builders in utilising agro-residuals in
concrete is driven by their potential to revolutionise the construction industry and
improve nationwide infrastructure. This approach aligns with expanding socio-economic
conditions and engineering innovations (Alsubari et al., 2021; Sizirici et al., 2021). Crop
wastes, which make up a substantial portion of global agricultural biomass, have gained
prominence due to their abundance and cost-effectiveness, making them a viable choice
for sustainable construction practices. Agricultural waste products contain fibres with
valuable characteristics, including stiffness, high efficacy, thermal insulation, and tensile
properties. These fibres contribute to the overall performance of agro-cement composites,
enhancing their suitability for various construction applications. Agro-cement composites
demonstrate exceptional heat insulation capabilities. This feature addresses the challenge
of agricultural waste disposal and contributes to mitigating the urban heat island effect.
It aligns with sustainable urban development goals by creating more comfortable and
energy-efficient living environments.

Using agricultural waste in concrete reduces waste and disposal issues and the carbon
footprint associated with traditional cement production. This eco-friendly approach
supports environmental conservation and sustainability goals. Additionally, it offers
economic benefits through cost savings and potentially opens up new revenue streams
for farmers and agricultural industries. Furthermore, recent developments in integrating
agricultural waste into concrete have unveiled a sustainable and efficient approach with
multiple advantages. These include waste reduction, cost-effectiveness, enhanced material
properties, and environmental friendliness. This innovation holds the potential to transform
the construction industry and improve the quality of infrastructure while promoting
environmental responsibility. However, challenges remain, including optimising processing
methods, ensuring product consistency, and addressing regulatory considerations. Future
research and development efforts should focus on overcoming these challenges to fully
harness the potential of agro-cement composites.

FRESH CONCRETE PROPERTIES
Workability

The workability of such compositions, essential for their practical application in
construction, is vital information gained from carefully examining recent developments
in using agro-waste materials in concrete mixtures. Workability is a key consideration
when incorporating agro-waste materials into concrete, and researchers have extensively
investigated this aspect. Slump tests have been widely conducted to evaluate the workability
of various concrete mixtures (Givi et al., 2010; Oorkalan & Chithra, 2020). Researchers
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have found that the choice of agro-waste material significantly influences workability.
For instance, rice husk ash has been associated with a high slump value, indicating good
workability. On the other hand, when used as a partial substitute for fine aggregate, coconut
coir pith resulted in a lower slump value, suggesting reduced workability. Several factors
contribute to variations in workability. The inclusion of certain agro-waste materials, such
as oil palm broom fibre (OPBF), red mud (RM), and fine palm oil clinker (POC) aggregate,
can decrease workability. The reduction in workability with fine POC is attributed to fewer
voids compared to aggregate size, reducing the need for additional lubrication (Abutaha et
al., 2016). Similarly, RM’s weight and fine particle size lead to increased water absorption
and reduced flow.

The impact of agro-waste fibres on workability varies. For instance, prickly pear fibres
have minimal effects on workability, with only a slight decrease in slump value observed
for longer fibres. Longer fibres can sometimes cause segregation during concrete mixing
(Kammoun & Trabelsi, 2019). Moreover, the presence of specific agro-waste materials can
influence the water-to-binder ratio. Rice husk ash allows for a lower water-to-binder ratio
while maintaining the required workability. In contrast, samples containing processed waste
tea ash (PWTA) require an increased water-to-binder ratio due to its porous nature and
high specific surface area, leading to water absorption during mixing (Djamaluddin et al.,
2020). Different agro-waste materials exhibit unique characteristics that impact workability.
For example, concrete mixes containing blast furnace slag (BLA) require more water than
powdered clay brick mixes to achieve a comparable slump (Kolawole et al., 2021).

The increased workability of the coir pith (CP) can be attributed to its substantial water
absorption capacity (Oorkalan & Chithra, 2020). Even short-length fibres in materials like
prickly pear fibres (PPF) and flax fibres (FF) can significantly affect workability. Figure 5
illustrates the influence of various agro-waste materials on concrete workability. It provides
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Figure 5. Maximum slump result from different studies
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valuable insights into their effects on the water-to-binder ratio, water absorption, and slump
values. These findings contribute to optimising concrete mixtures and effectively utilising
agro-waste materials in construction applications. In outcome, successful agro-waste
integration into construction practice depends on understanding how various agro-waste
elements affect the workability of concrete mixtures. To create sustainable and successful
concrete formulations, researchers have discovered critical elements and traits that affect
workability.

Bulk Density

A thorough analysis of recent advancements in the field reveals a variety of findings
regarding the bulk density of concrete containing various types of agro-waste materials
(Ogundipe et al., 2021; Wu et al., 2018). Figure 6 compares the maximum bulk density
values reported in various studies. Ogundipe et al. (2021) recorded the highest value of 2500
kg/m* when using Periwinkle (PWS) and Palm Kernel Shells (PKS) as agricultural waste
in their study. On the other hand, Wu et al. (2018) reported the lowest value of 575 kg/m’
when utilising carbonised apricot shell (CAS) as a substitute for coarse aggregate in the
concrete mix. Figure 6 also presents the bulk density values of other agro-waste materials,
such as Corn Cob Ash (CCA), Palm Oil Clinker (POC), Periwinkle (PWS), Palm Kernel
Shells (PKS), Processed Waste Tea Ash (PWTA), Rice Husk Ash (RHA), and Bagasse Ash
(BA). The use of carbonised materials resulted in reduced concrete density and specific
density. The concrete density of peach shell (PS) was lower than that of apricot shell (AS)
due to the lighter nature of peach shells.
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Figure 6. Maximum bulk density results from different studies
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The reduction in bulk density observed in the Memon et al. (2019) study with corncob
ash (CCA) was attributed to its lower density compared to fine aggregates (Memon et al.,
2019). Similarly, the reduction in density with PWTA was due to its lower density, which
also affected the overall density of paving block concrete (Djamaluddin et al., 2020; de
Sande et al., 2021). Furthermore, the study by de Sande et al. (2021) has indicated that
when sugarcane bagasse ash (ScBA) was used as a substitute, the density values initially
increased to an optimum replacement level of 15%. However, concentrations of ScBA
exceeding 15% delayed the hydration process, leading to a decline in density. The finer
particles of ScBA filled the voids in the concrete mass, resulting in an increased density of up
to 15% replacement. Therefore, the thorough research emphasises how different agro-waste
elements affect the bulk density of concrete. The results show how diverse waste kinds,
including carbonised materials, the effect of ash content on hydration, and the connection
between agro-ashes and overall concrete porosity affect density. These observations help
us better understand how to optimise concrete mixtures for use in construction applications
employing agro-waste components.

Shrinkage

The data presented in Figure 7 illustrates the range of shrinkage values obtained from
various studies, where most agro-waste materials contribute to a decrease in shrinkage
(Kouta et al., 2020; Shaaban, 2021). The study by Kouta et al. (2020) reported a maximum
shrinkage value of 3,520 macrostrain when utilising flax fibre. Conversely, Shaaban (2021)
discovered that the combination of rice husk ash and calcined dolomite powder resulted in
the lowest shrinkage value of 60 macrostrains. Otherwise, the presence of specific additives
such as alum sludge (AS), flax fibre (FF), carpet fibre (CF), and rice husk ash (RHA) leads
to a reduction in shrinkage. For instance, increasing the content of alum sludge by 5% to
10% decreases shrinkage during drying and heating processes (Kaish et al., 2021). It can
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Figure 7. Maximum shrinkage results from different studies
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be attributed to small granules of alum sludge within the concrete, which effectively fills
capillary gaps and reduces water loss within the concrete structure.

Furthermore, Kouta et al. (2020) indicated that adding 0.3% and 0.6% flax fibres
demonstrates a significant decrease in plastic shrinkage compared to the control sample.
The length of the flax fibres plays a crucial role, with longer fibres exhibiting a greater
impact on reducing the rate and magnitude of plastic shrinkage. This behaviour can be
attributed to the increased surface area coverage of longer fibres, which enhances the
bonding between concrete particles and mitigates shrinkage (Kaish et al., 2021; Kouta et al.,
2020). The presence of additives like alum sludge and flax fibres demonstrates promising
results in mitigating plastic and drying shrinkage. Further research and experimentation are
warranted to optimise the proportions and combinations of agro-waste materials to achieve
the desired reduction in shrinkage while maintaining the overall mechanical properties of
the concrete. Overall, the studies reviewed indicate that incorporating certain agro-waste
materials can effectively reduce shrinkage in concrete.

HARDENED CONCRETE PROPERTIES
Compressive Strength

Recent developments in using agro-waste materials in concrete have shed light on their
impact on compressive strength. Figure 8 provides a comparative analysis of maximum
compressive strength values reported in various studies, revealing valuable insights. The
data indicates a wide range of compressive strength values achieved through different agro-
waste materials. The highest compressive strength, reaching 50.67 MPa, was observed in a
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Figure 8. Maximum compressive strength results after 28 days from different studies
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study using rice husk ash (RHA) conducted by Banu et al. (2020). Conversely, the lowest
compressive strength, 15 MPa, was reported in a study utilising processed waste tea ash
(PWTA) by Djamaluddin et al. (2020). It is noteworthy that the inclusion of PWTA and oil
palm broom fibres (OPBF) has been found to decrease compressive strength, as reported
in studies by Djamaluddin et al. (2020) and Momoh and Dahunsi (2017). In contrast, the
compressive strength was observed to increase with the addition of alum sludge (AS), rice
husk ash (RHA), and carbonised apricot shell (CAS) (Djamaluddin et al., 2020; Momoh
& Dahunsi, 2017; Banu et al., 2020).

Some agro-waste replacements reached their maximum compressive strength at
relatively low substitution percentages. For instance, groundnut shell ash (GSA), coconut
coir pith (CCP), sugarcane bagasse ash (ScBA), and Anacardium occidentale nutshell
ash (AONSA) achieved their peak compressive strengths at modest substitution levels
(Djamaluddin et al., 2020; Ikumapayi et al., 2021; Jha et al., 2021; Momoh & Dahunsi,
2017; Oorkalan & Chithra, 2020; Oyebisi et al., 2020; Banu et al., 2020). Otherwise,
the study by Ikumapayi et al. (2021) revealed that the highest compressive strength with
groundnut shell ash (GSA) was achieved at an 8% ordinary Portland cement (OPC)
substitution, with a subsequent decline in strength at higher substitution percentages. Its
decrease in strength is attributed to the higher hydration response of 8% GSA.

The water absorption characteristics of agro-waste materials, such as coir pith, also
affect compressive strength. The study by Oorkalan and Chithra (2020) demonstrated a
steady loss of strength when the coir pith was replaced by more than 5% in the concrete
mix due to the absorbed water content of the coir pith. Agro-waste materials like sugarcane
bagasse ash (ScBA) exhibited increased compressive strength due to their pozzolanic
characteristics and unique physical and chemical properties. Furthermore, carbonised
apricot shell (CAS) showed improved compressive strength, attributed to enhanced bonding
between mortar and raw aggregates. The carbonisation process results in a rougher surface
and improved interlocking of concrete particles (Kaish et al., 2021; Wu et al., 2018). The
variations in compressive strength observed with different agro-waste materials highlight
the importance of considering the type and proportion of agro-waste, as well as curing
conditions. Achieving desired compressive strength levels while maintaining concrete
quality and durability requires further research and the establishment of standardised
guidelines for agro-waste incorporation in concrete.

Therefore, recent developments emphasise the potential for agro-waste materials to
impact concrete compressive strength positively (Abutaha et al., 2016; Djamaluddin et
al., 2020; Momoh & Osofero, 2019; Banu et al., 2020). However, the influence of specific
agro-waste types, proportions, and curing conditions must be carefully considered to
optimise concrete formulations effectively. Further research is essential to refine practices
and ensure consistent results while utilising these sustainable materials in construction.
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Flexural Strength

A comprehensive analysis of recent developments in flexural strength, considering various
materials as additives in concrete, reveals intriguing findings. Thus, numerous studies
indicate that the inclusion of certain materials in concrete can either enhance or weaken its
flexural strength. For instance, carpet fibre (CF), prickly pear fibre (PPF), and rice husk ash
(RHA) have been found to boost flexural strength. Conversely, when sugar cane bagasse ash
(ScBA) and processed waste tea ash (PWTA) are incorporated, flexural strength tends to
weaken (Alabduljabbar et al., 2021; Djamaluddin et al., 2020; Kaish et al., 2021; Oorkalan
& Chithra, 2020; Gar et al., 2017; Shaaban, 2021). Figure 9 showcases the highest flexural
strength value of 7.4 MPa reported in Shaaban’s (2021) study using rice husk ash (RHA).
In contrast, the lowest flexural strength of 1.53 MPa was observed in a Gar et al. (2017)
study using sugarcane bagasse ash (ScBA).

Otherwise, the alum sludge (AS) demonstrated a slight increase in flexural strength, up
to 10% fine aggregate replacement, as reported by Kaish et al. (2021). However, flexural
strength declined with a 15% AS replacement. Meanwhile, the flexural strength of concrete
mixes with 5% coir pith (CP), according to Oorkalan and Chithra’s (2020) study, remained
relatively consistent initially but decreased after 28 days of curing.

Furthermore, Momoh and Osofero’s (2019) study found that flexural strength initially
increased with adding oil palm broom fibres (OPBF) by up to 3%; however, it decreased
when the percentage of OPBF exceeded 3%. The weak radial strength of OPBF and
insufficient fibre-to-concrete matrix bonding may explain the lack of significant gains in
flexural strength.

Meanwhile, Alabduljabbar et al. (2021) proposed that the improved flexural
performance of concrete, especially with carpet fibres, may result from the bridging
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Figure 9. Maximum flexural strength results after 28 days from different studies
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effect of these fibres. This effect enables fibres to transmit stress across cracks, enhancing
flexural strength. Gar et al. (2017) observed that concrete compositions containing 5%
coir pith (CP) exhibited better flexural strength, regardless of curing methods. However,
when the temperature exceeded 300°C, samples containing sugarcane bagasse ash (ScBA)
experienced a noticeable decrease in residual flexural strength. Shaaban (2021) explained
that the increase in flexural strength with RHA can be attributed to a growth in possible
flexural failure modes with increasing fault density. Excess unreacted RHA after CaO-MgO
depletion contributes to this rise in flexural strength.

Therefore, these results highlight the complex link between different additives and how
they affect the flexural strength of concrete. Understanding the mechanisms underlying
these effects is crucial to optimise concrete compositions and achieve the required flexural
strength while considering parameters such as material kind, proportion, and curing
conditions. More study is required to establish standard practices and recommendations
for these materials to be used efficiently in construction applications.

Modulus of Elasticity

Insights of note can be obtained from a thorough examination of recent advancements in
the context of the modulus of elasticity in concrete, taking into consideration a variety of
additives (Ahsan & Hossain, 2018; Islam et al., 2016; Kammoun & Trabelsi, 2019; Wu
et al., 2018). Various studies have explored the effects of different additives on concrete’s
modulus of elasticity. Figure 10 illustrates the highest modulus of elasticity value, reaching
33.8 GPa, as reported by Kammoun and Trabelsi (2019), who utilised prickly pear fibre
(PPF). Conversely, the lowest modulus of elasticity, 14 GPa, was observed in the study
by Islam et al. (2016) when incorporating palm oil fuel ash (POFA).

Meanwhile, Kammoun and Trabelsi (2019) proposed that the addition of carbonised
apricot shell (CAS) and rice husk ash (RHA) tends to increase the modulus of elasticity,

14

Modulus of elasticity (GPa)

0 Wu wt al., 2018 Islam et al., 2016 Ahsan & Hossin, Kammoun &
2018 Trabelsi, 2019
Authors

Figure 10. Maximum modulus of elasticity result from different studies
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while it decreases with the addition of palm oil fuel ash (POFA) and prickly pear fibre
(PPF). Furthermore, the inclusion of prickly pear fibres in concrete, particularly at a content
of 15 kg/m’, led to a substantial 40% reduction in the modulus of elasticity. Wu et al.’s
(2018) study indicates that the modulus of elasticity increases by approximately 42.5%
using a carbonised apricot shell (CAS). This improvement is attributed to enhanced binding
capabilities at the aggregate-mortar interface when employing carbonised aggregates
(Kammoun & Trabelsi, 2019; Wu et al., 2018). Meanwhile, the decrease in modulus of
elasticity observed with rice husk ash (RHA) suggests lower concrete quality and reduced
particle density. Additionally, using finer RHA reduced Poisson’s ratio, indicating changes
in lateral strain response to axial stress (Ahsan & Hossain, 2018). Interestingly, the length
of prickly pear fibre (PPF) was not found to have any significant effect on the modulus
of elasticity. Thus, this discussion provides valuable insights into how different additives
impact the modulus of elasticity in concrete. It highlights the importance of understanding
these additive effects on the elastic properties of concrete, which is crucial for optimising
concrete mixtures and ensuring the desired performance characteristics. Further research is
needed to explore these relationships in greater detail and develop guidelines for effectively
incorporating additives in concrete mixtures.

Splitting Tensile Strength

A thorough investigation of recent improvements in splitting tensile strength (STS) in
concrete, considering various additives, yields significant insights. Figure 11 illustrates
the reported splitting tensile strength values from various studies, shedding light on
concrete performance ( Jha et al., 2021; Ramakrishnan et al., 2021; Selvasofia et al., 2021).
Ramakrishnan et al. (2021) achieved a notably high splitting tensile strength of 6.74 MPa
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Figure 11. Maximum splitting tensile strength results after 28 days from different studies
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using sugarcane bagasse ash. Conversely, Anitha et al. (2020) reported a lower value of
2.5 MPa when waste marble powder (WMP) was incorporated. The incorporation of WMP
resulted in a 10% increase in splitting tensile strength, attributed to the finer size and
angular shape of WMP particles. This characteristic enhances the concrete’s performance.
The study by Jha et al. (2021) observed an increase in splitting tensile strength with the
addition of alum sludge (AS), carbonised apricot shell (CAS), and carpet fibre (CF), which
has positively influenced STS.

However, incorporating oil palm broom fibres (OPBF) decreased splitting tensile
strength. This reduction can be attributed to the agglomeration of OPBF at the top of the
samples during the splitting tensile test, resulting in biaxial compression zones beneath the
packing strips (Momoh & Osofero, 2019; Wu et al., 2018). Furthermore, Wu et al. (2018)
reported improved STS with CAS. This enhancement is attributed to the rough concave
surface of CAS particles, which are free of biological materials.

The evaluated research provides insightful information about the variables affecting
concrete’s splitting tensile strength. Besides, the additives, including carpet fibre (CF),
waste marble powder (WMP), alum sludge (AS), carbonised apricot shell (CAS), and
sugarcane bagasse ash can have a good effect on STS. However, due to agglomeration
effects, adding oil palm broom fibres (OPBF) may cause a reduction in tensile strength
(Wu et al., 2018). These results emphasise the importance of choosing the right additives
to enhance concrete performance and guarantee optimum tensile strength characteristics.

THERMAL CONCRETE PROPERTIES

An in-depth analysis and critical examination of current advancements in the context
of thermal conductivity in concrete, taking into consideration a variety of additives,
provides significant insights, including

the subsequent discussion (Kammoun

& Trabelsi, 2019; Katare & Madurwar, <

2021). Figure 12 presents a comparison of £ 16
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sugarcane bagasse ash (ScBA).
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Furthermore, the increase in the amount of sugarcane bagasse ash (ScBA) and prickly
pear fibre (PPF) led to a decrease in the thermal conductivity of concrete. Katare and
Madurwar’s study demonstrated that higher percentages of ScBA resulted in lower densities
and reduced thermal conductivity (2021). This reduction in density can be attributed to
increased porosity and air-filled voids in the concrete, which lower the gas thermal capacity
compared to the solid thermal conductivity of typical concrete. Otherwise, the study by
Kammoun and Trabelsi (2019) indicated that the inclusion of longer fibres in composites
often reduces heat conductivity. It suggests that longer fibres, such as PPF, can act as
thermal insulators and reduce heat transfer within the concrete.

As a result of their effects on density and porosity, additives like sugarcane bagasse
ash (ScBA) and prickly pear fibre (PPF) can reduce thermal conductivity in concrete.
Longer fibres may also improve the thermal insulation capabilities of concrete, making
this a promising method for raising its thermal performance. These results highlight the
possibility of modifying concrete compositions to get the desired thermal conductivity
properties for a range of applications.

CONCLUSION

In conclusion, this study primarily focused on assessing the workability of agro-waste
concrete, and several key implications have arisen from our findings. As the proportion
of agricultural waste increases, concrete strength and workability tend to decrease,
indicating a potential trade-off when using such materials as partial replacements for
conventional aggregates or cementitious substances. Prickly pear fibre inclusion in
concrete results in heightened shrinkage, accelerating the ageing and drying processes
and potentially leading to cracking. Conversely, carbonised apricot shells and rice
husk ash have showcased promising performance as alternatives for both coarse and
fine aggregates, offering opportunities to enhance concrete strength, resilience, and
sustainability. Additionally, significantly incorporating sugarcane bagasse ash, carpet
fibres, and alum sludge bolsters concrete’s tensile strength, enabling it to withstand
greater tensile forces and resist cracking.

Therefore, this study review emphasises the importance of judiciously selecting and
proportioning agricultural waste in concrete formulations to optimise performance while
advancing sustainable construction practices. Moreover, these findings have significant
implications for future research and practice in the construction industry, highlighting the
need for precise selection and proportioning of agricultural waste materials to optimise
concrete performance while minimising environmental impact and paving the way for
more sustainable and resilient construction practices.
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ABSTRACT

As improper processing and disposal of animal waste cause negative impacts on the
environment, the animal industry sector must shift to more sustainable practices to lessen
these effects. Recently, the application of the circular economy concept in agriculture,
using animal waste as part of nutrient cycling, has emerged as a sustainable approach.
The study aims to develop and test the small-scale integrated hydroponics-animal waste
bioreactor (AWB) for romaine lettuce production using chicken manure tea (CMT) derived
from dried chicken manure as a primary nutrient source. Three integrated hydroponics-
AWB systems, with varying concentrations of CMT at 1,000 ppm, 1,200 ppm, and 1,400
ppm total dissolved solids (maintained within an upper and lower bound of 50 ppm), were
constructed, tested, and compared to conventional hydroponics that used a nutrient solution
maintained at 1,000 ppm TDS. The test result suggests that the ideal concentration of CMT
in the system is 1,000 ppm. Within the optimum manure tea concentration, the small-scale

integrated hydroponics-AWB produced

romaine lettuce with growth parameters
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addition, increasing the CMT concentration
to 1,400 ppm negatively impacts the plant
growth parameters of romaine lettuce.
The developed small-scale integrated
hydroponics-AWB system provides a viable
approach for growing lettuce using animal
waste as the major source of nutrients. The
developed production system could help
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mitigate the negative environmental effects of improper handling and disposal of animal
waste and dependence on chemical-based nutrient solutions in hydroponic crop production.

Keywords: Bioponics, chicken manure tea, mineralization, nutrient cycling, soilless culture, sustainable crop

production

INTRODUCTION

The continuous increase of agricultural waste globally can be attributed to several factors.
Due to the continuous increase in population worldwide, the demand for food from
agriculture is also increasing (Valin et al., 2014). To meet this demand, farmers are growing
more crops and raising more animals, which leads to increased agricultural waste (Borlaug,
2019; Bradford, 1999; Spiertz & Ewert, 2009). Moreover, the increase in agricultural
waste could be attributed to industrialization, which uses artificially synthesized fertilizers,
insecticides, and other chemical substances that augment crop productivity (Horrigan et
al., 2002). Furthermore, problems with animal waste from the poultry and livestock sector
resulted in nutrient pollution problems in land and water (Hu et al., 2019; Khoshnevisan
etal., 2021).

Problems in agricultural waste could be solved by implementing sustainable crop
production using farming technologies to improve crop yield and quality, as well as by
reducing synthetic input. Hydroponics is deemed to be a sustainable method of crop
production due to various environmental and economic benefits such as low water use,
reduced pesticide applications, precise nutrient supply, space efficiency, and higher yield
per area compared to conventional farming methods (De Clercq et al., 2018). However,
the excessive use of chemical fertilizers as plant nutrient sources still contributes to
soil, water, and air pollution, causing environmental and health problems (Savci, 2012).
Moreover, manufacturing and transporting chemical fertilizers use fossil fuel-derived
energy, contributing to net greenhouse gas emissions (Koga, 2008).

Due to its environmental benefits, there is a growing interest in using agricultural
waste-derived fertilizer as an alternative plant nutrient source in a hydroponics system.
Animal manure is one example of agricultural waste containing significant nutrients that
could support crop growth. Although animal manure is a valuable soil amendment for crop
production, improper management, processing, and utilization could negatively impact the
environment and plants (Khoshnevisan et al., 2021; Ren et al., 2022). Due to the limited
management of agricultural waste, there is an urgent need to implement a solution for the
utilization and valorization of agricultural waste for sustainability, food security, and health
security (Koul et al., 2022).

Several studies were conducted to utilize animal waste as a nutrient source in
hydroponics as an alternative to the chemical-based nutrient solution. Bioprocessed animal
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waste using a biogas digester (digestate) was utilized as a substitute nutrient source in
hydroponics. However, crop growth using different digestate and nutrient solution ratios
was negatively impacted compared with conventional hydroponics (Mupambwa et al.,
2019). In addition, with the use of aerated chicken and cow manure extract as a plant
nutrient source in the ebb and flow hydroponics, the recorded aboveground wet and dry
weights were lower compared to conventional hydroponics (Tikasz et al., 2019). Both
studies suggested that low plant growth performance could be attributed to ammonia
toxicity, which is the least preferable form of nitrogen compared to nitrate.

Chicken manure is a widely used organic fertilizer in agriculture due to its high nutrient
content, such as nitrogen (N), phosphorus (P), and potassium (K) essential for plant growth
(Waldrip et al., 2020). The typical nutrient analysis for chicken manure can vary depending
on several factors, such as the bird’s diet, age, and moisture content. A typical chicken
manure on a dry basis (i.e., broiler and layer chicken manure as excreted) can contain
around 5.0 and 5.4 % total Kjeldahl nitrogen, 1.29 and 1.32 % total ammonia nitrogen,
3.08 and 4.20 % total phosphorus, and 2.31 and 2.40 % total potassium (Ashworth et al.,
2020; Collins et al., 1999). It also contains secondary and micronutrients like calcium,
magnesium, sulfur, zinc, and copper. These nutrients fulfill specific roles in plant metabolic
processes, whether soil-based or hydroponic. Chicken manure requires proper treatment
and management to maximize its utility as a plant nutrient source. Fresh chicken manure
contains high levels of ammonia, which can be phytotoxic.

In our recent study, we successfully designed an animal waste bioreactor (AWB)
capable of producing significant amounts of nitrate within a 7 to 14-day bioprocessing
period (Torres et al., 2023). Integrating our designed animal waste bioreactor into
hydroponics could be a viable solution for using animal waste as a nutrient source. Thus,
the present study aims to achieve the following objectives: to develop a small-scale
integrated system of hydroponic system and animal waste bioreactor (AWB) for romaine
lettuce production and to investigate the effect of varying concentrations of manure tea
on the growth parameters of romaine lettuce compared to convention hydroponics system
utilizing the commercial nutrient solution.

Integrating hydroponics systems and AWB can provide a more sustainable alternative
plant nutrient source while reducing the negative impact of improper animal waste
management on the environment. The results of this study not only offer valuable data
for farmers and scientists but highlight the potential of circular economy principles to
create more sustainable and efficient systems in the agricultural sector through nutrient
cycling. Furthermore, the results of this study may have implications for other crops
and different scale systems, providing valuable information in utilizing animal waste as
a plant nutrient source.
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METHODS
Location of the Study

The development and performance evaluation of an integrated hydroponics-AWB were
conducted at the Land and Water Laboratory of the College of Engineering at Central
Luzon State University in the province of Nueva Ecija, Philippines, from November
2022 to January 2023. The bioreactor system was assembled in a dome-type greenhouse,
covered with a layer of polyethylene film and a 50% shade net to create an optimal growing
environment. The greenhouse was 12 x 6 x 6 m (length x width x height) and lacked roof
vents but was equipped with side screens to allow for proper airflow. The greenhouse also
had a 40-cm masonry bottom, which served as the foundation for the system. Temperature
and humidity inside the greenhouse were monitored using a humidity-temperature data
logger (Benetech, GM1365) during the production phase of the study.

Design Concept of the Small-scale Integrated Hydroponics-AWB

The design concept for developing a technology for romaine lettuce production utilizing
dried chicken manure (DCM) as a main source of nutrients consists of two major
components: the hydroponics system and the AWB. Each component is composed of
different parts to work as an integrated system, as shown in Figure 1.

The hydroponics system is composed of nutrient film technique (NFT) grow bed
channels, a water delivery channel, a water discharge channel, and a support frame. The
NFT grow bed channels are the primary component of the hydroponic system and are
responsible for providing a space for the plants to grow. These channels are made of PVC
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Figure 1. Schematic layout of the integrated hydroponics—animal waste bioreactor
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pipe with a diameter of 5.08 cm and a length of 152 cm, providing an area for the plants
to grow. The channels are designed with 10 evenly spaced holes, each measuring 5.08 cm
in diameter and 15 cm apart, to ensure that the plants receive optimal water, nutrients,
and sunlight.

The water delivery and discharge channel consists of a pipe, fittings, pump, and
valve responsible for the flow of CMT from the AWB on the NFT grow bed channel. The
water delivery channel consists of a PVC pipe with a diameter of 1.90 cm that connects
the submersible pump (20 L/min), a gate valve to control the flow of water, and a 2 mm
diameter flexible hose to distribute the flow of liquid fertilizer in each NFT grow bed
channel. The water discharge channel is responsible for removing any excess water and
debris. The support frame is made of slotted angle bars to hold the channels in place and
provide structural stability to the system.

The AWB is composed of a bioreactor tank, CMT tank, filtration tank, water
circulation channels, and aeration system. The CMT tank, made of a plastic container
(50 L capacity, 40 cm diameter, 55 cm height), holds the DCM in a filter-lined vessel
(200 microns) to slowly release nutrients into the water during the bioprocessing period.
The filtration tank, made of a plastic container (35 L capacity, 36 cm diameter, 40 cm
height), separates solid particulates in the CMT using perforated plastic, fishnet (1 m
x 2.5 m with 1 mm grid size), fiber wool (160 g), and aquarium foam (30 PPI, 2.5 cm
thickness) to filter the CMT.

The bioreactor tank processed CMT with nitrifying bacteria using K1 biofilm
media (500g) suspended by diffused air from the aeration system. K1 biofilm media
is a cylindrical polyethylene plastic (10 mm diameter, 0.5-0.8 mm thickness, 0.123
g/L density, 500 m*/m? specific surface area) which serves as a carrier for nitrifying
bacteria to convert ammonia present in CMT into nitrate. The aeration system supports
a constant supply of dissolved oxygen in the CMT tank and bioreactor tank by using
an air pump (35 Watts, rated airflow of 65 L/min at 0.027 MPa) to maintain a dissolved
oxygen level of at least 2 mg/L or above. It also serves as a CMT tank and bioreactor
unit mixing mechanism. The circulation of CMT in the system is facilitated using PVC
pipes and fittings and an airlift pump, which recirculates the CMT without the need for
an additional water pump.

Experimental Setup of the Study

The experiment was designed to test and compare the effect of varying concentrations (in
terms of total dissolved solids in ppm) of CMT on the growth and yield of romaine using
the developed integrated hydroponics-AWB system and a hydroponics system utilizing
a commercial nutrient solution. The experimental setup consisted of four closed-loop
hydroponics systems, which included three integrated hydroponics-AWB with CMT total
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dissolved solids (TDS) levels controlled to fall within the ranges of 1000 + 50 ppm (CMT1),
1200 £ 50 ppm (CMT?2), and 1400 + 50 ppm (CMT3). In addition, one hydroponics system
was maintained using a commercial nutrient solution as a control (CNS), with TDS levels
maintained within the range of 1000 = 50 ppm based on the recommended range between
800 and 1,200 ppm (Sace & Jr Natividad, 2015). Each setup consists of five NFT channels
with ten plants, each with 50 plants per treatment.

Operation of the Small-Scale Integrated Hydroponics-AWB

The operations of the integrated hydroponics-AWB were divided into three phases. Phases
1 and 2 were based on recently conducted methods to produce CMT using AWB (Torres et
al., 2023). Phase 3 involves the production stage using the developed system. In Phase 1, the
AWB was inoculated with beneficial bacteria from vermicompost tea. The vermicompost tea
was prepared using a 1:10 ratio of vermicompost to water and brewed for 24 hours at room
temperature using the bucket bubbler method. Five (5) liters of the produced vermicompost
tea were added to the AWB containing 105 liters of water. The system was operated for 15
days without additional DCM or water to establish microorganisms in the biofilm.

Phase 2 of the operation involved bioprocessing DCM to produce a nutrient-rich
CMT as a source of nutrients for romaine lettuce. It was accomplished using AWB, loaded
with varying amounts of DCM to achieve specific total dissolved solids (TDS) ranges for
each treatment. Initially, CMT1, CMT2, and CMT3 were loaded with 1.0 kg, 1.5 kg, and
2.0 kg of DCM, respectively. The bioreactors were operated for 7 days to complete the
bioprocessing process.

Phase 3 of the operation involved the utilization of a nutrient-rich CMT for romaine
lettuce production. Initially, each system was supplemented with 10 g per 100 L chelated
iron ethylenediamine-N, N’ -di[ (ortho-hydroxyphenyl) acetic] (EDDHA 6%). The prepared
seedlings were transplanted to the NFT grow bed channel. The plant growing period set
for this study is 30 days after transplanting. The plants were harvested for plant growth
and development measurement at the end of the growing period.

Quality Monitoring and Management of CMT

CMT samples were collected from each system between 8:00 and 10:00 a.m. and were
analyzed for various water quality parameters, including dissolved oxygen (DO), pH,
total dissolved solids (TDS), and nitrate. These measurements were used to monitor and
maintain the CMT quality required in the study. DO was determined using a pen-type auto-
calibration DO meter (Lutron, PDO 519). pH level was measured using a pocket-sized
pH meter (Hanna, HI98107). TDS was measured using a digital water tester (HM Digital,
AP-1). Nitrate levels were estimated using the acid reduction method (API, nitrate test
kit). The pH of the water in each system was adjusted using a 33% sulfuric acid solution
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to maintain an optimal range of 6.5-7.0 (Blanchard et al., 2020). DCM and water were
added to the system every five days from the start of the growing period to maintain the
required TDS at each treatment. The water level in each treatment was regularly monitored,
and any additions were recorded to maintain consistent conditions.

Evaluation of Plant Growth Parameters

Upon harvest, the perforated cup on each plant sample was gently removed, and the roots
were lightly rinsed with water to remove the attached cocopeat and then drained. The fresh
weight of each plant sample was quantitatively determined by separating the shoot and root
portions and measuring their respective weight. Both portions of each plant sample were
dried in an oven set at 80°C within a 24-hour time frame, and subsequently, the weight of
dried samples for plant biomass determination.

For the measurement of the brix level of leaves from each plant sample, first, the leaves
were carefully separated from the stem using a clean knife. The separated leaves were then
cut horizontally into small pieces and mixed thoroughly to ensure homogeneity. The cut
leaves were grated using a grater with a mesh size of at least Imm, placed in a fine mesh
strainer (200 microns), and manually pressed to collect the plant juice. The collected juice
sample was then placed in a handheld brix meter (Soonda, 0-32% model) to measure
the Brix value of collected juice from romaine lettuce according to the manufacturer’s
instructions.

Physiochemical Analysis of Samples

The nutrient content of DCM and the produced liquid fertilizer were analyzed by an
accredited laboratory (Regional Soils Laboratory of Department of Agriculture, Regional
Field Office 11, San Fernando City, Pampanga, Philippines). The moisture content was
measured using the gravimetric method. The total nitrogen was determined using the
Kjeldahl method. Total phosphorus and total potassium were determined using acid
digestion, vanadomolybdate method, and flame atomic emission spectroscopy, respectively.
Organic carbon and organic matter were measured using the Walkley-Black method
(titrimetric).

Data Analysis

Data from plant growth parameters were displayed as mean + standard error (SE) of the
number of samples gathered at each treatment. Data analyses were performed with the a
set at 0.05 (significantly different at a p-value less than 0.05) and were subjected to one-
way ANOVA for comparison between treatments. Tukey’s post hoc test determined the
significant difference among treatments.
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RESULTS AND DISCUSSION
Description of the Developed Small-scale Integrated Hydroponics-AWB

The small-scale integrated hydroponics-AWB was designed to combine two different
technologies to create a sustainable and efficient method of producing food and managing
animal waste (Figure 2). The system’s operation involves converting animal waste into a
valuable resource that can be used to sustainably produce crops. The system is a closed-loop
cycle that benefits both the environment and the farmer by reducing waste and producing
high-value crops.

Delivery
channel
Filtration

tank

Bioreactor
tank

Aeration
system

CMT & juf
tank \ ar (o R
5 y . ‘%’x\ —)

Figure 2. The design (left) and the experimental setup (right) of the small-scale integrated hydroponics-
animal waste bioreactor for romaine lettuce production

The system has two main components: a hydroponics system and an AWB. The AWB
operates on the principle of acrobic decomposition, where microorganisms use oxygen to
break down organic matter in the DCM. The AWB is filled with a medium that provides a
surface area for beneficial bacteria to grow. The bacteria feed on the organic matter present
in the manure. These bacteria are essential for nitrification, which involves the conversion
of ammonia present in DCM to produce a nitrate-rich CMT as a byproduct.

The CMT produced by the AWB is utilized in a hydroponic system, which provides
plants with essential nutrients and water without using soil. The CMT is circulated
throughout the hydroponic system, facilitating plant growth and development while
allowing plants to absorb nutrients from the DCM. Table 1 shows the specification of the
developed small-scale integrated hydroponics-AWB.

Environmental Conditions During the Production Period

Lettuce growth could be affected by temperature and relative humidity (RH). The
temperature influences various aspects of plant development, such as photosynthesis,
respiration, transpiration, and nutrient uptake (Hatfield & Prueger, 2015). The optimum
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Table 1
Specification of the developed small-scale integrated hydroponics-AWB for romaine lettuce production
Specifications Values
CMT capacity 105 Liters
Feedstock capacity Up to 4 kg
Hydraulic retention period 7 to 14 days
Media-specific surface area (SSA) 500g of K1 media (with SSA of 500m?*m?)
Grow bed capacity 50 plants
Plant spacing 15cm x 15 cm
Aeration System Airflow rate: 65 Liters per minute
Power rating 65 watts (pump + aerator)

temperature for lettuce production ranges between 15°C to 25°C under greenhouse
conditions (Ferrarezi & Testezlaf, 2016). In addition, relative humidity can affect the rate
of transpiration, which is crucial for water and nutrient uptake, as well as plant growth
and development (Chia & Lim, 2022). A study for lettuce growth and development under
controlled humidity levels suggests that plants grown under 85% RH significantly have a
faster growth rate compared to plants grown under 50% RH (Tibbitts & Bottenberg, 1976).
The temperature and humidity in the greenhouse widely varied between 20.8°C (night)
and 42.8°C (day) and 37.5% (day) to 96.2% (night), respectively, during the production
period of the study (Figure 3). The values of temperature and RH were favorable during
the nighttime compared to the daytime, which exceeded the recommended level.
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Figure 3. Temperature and relative humidity inside the greenhouse during the production period of romaine
lettuce using the developed small-scale integrated hydroponics-AWB for romaine lettuce production
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CMT Quality Parameters

Figure 4 shows the trend of dissolved oxygen levels in four different treatments of romaine
lettuce over a growing period of 30 days using the developed small-scale integrated
hydroponics-AWB. The DO levels observed in this study are critical for the success
of the developed system. DO levels can impact the growth and survival of plants and
microorganisms in the water (EPA, 2015). Overall, the mean DO level for each treatment
remained within a relatively narrow range throughout the study period. Figure 4 shows that
CNS had the highest DO levels, with an average of 6.92 mg/L over the 30 days compared
to other treatment average DO levels (CMT1 = 6.64 mg/L, CMT2 =6.19 mg/L and CMT3
=5.83 mg/L). It suggests that the CNS had a better oxygen supply, possibly due to a lack
of animal waste and associated microbial growth that could have consumed the oxygen
in the system.

Applying organic fertilizers in hydroponic solutions has been reported to cause the
decline of dissolved oxygen in a hydroponic system (Atkin & Nichols, 2004). In comparison
with other studies on the utilization of waste as a nutrient source in hydroponic lettuce and
cucumber production, the recorded DO level of liquid fertilizer derived from food waste
ranges between 8.4 to 9.2 mg/L (Siddiqui et al., 2022). Lower dissolved oxygen levels
in treatment with CMT compared to the CNS could be attributed to the higher organic
loading rate in this treatment, which may have led to an increased demand for oxygen for
the decomposition of organic matter in the DCM.
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Figure 4. The dissolved oxygen level of chicken manure tea during the production period of romaine lettuce
using the developed small-scale integrated hydroponics-AWB for romaine lettuce production
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The DO levels in all treatment groups were generally within an optimal level for
nitrifying bacteria to oxidize ammonia present in the water at 4 mg/mL and above
(Stenstrom & Poduska, 1980). The minimum dissolved oxygen level observed during the
study was 4.70 mg/L, considered the minimum acceptable level. Therefore, the dissolved
oxygen levels observed in this study suggest that the integrated hydroponics-AWB system
could support the growth of both plants and microorganisms without any significant
negative impact on DO levels.

However, with the concern of food safety in lettuce production using the developed
system, animal waste is regarded as a carrier of pathogenic microorganisms (Zhang et
al., 2020). There could be similarities in diseases, such as those found in aquaponics and
hydroponics systems; hydrophilic fungi or fungus-like protists are responsible for root or
collar diseases (Stouvenakers et al., 2019). Maintaining an optimum level of dissolved
oxygen could be a way to reduce the pathogens in the system. The study on biological
aerobic treatment of wastewater from piggery suggests that pathogenic bacteria are lower in
the products from this kind of treatment than in conventional systems (Béline et al., 2008).
Furthermore, the oxidation of biosolids through aerobic digestion at specific durations and
temperatures could potentially reduce pathogens (Al-Gheethi et al., 2018). Further studies
are needed to ensure that the pathogenic bacteria in this system will be reduced or even
eliminated during the bioprocessing period.

Table 2 presents the major nutrient content of CNS, CMT1, CMT2, and CMT3 under
varying total dissolved solids using the developed small-scale integrated hydroponics-
animal waste bioreactor for romaine lettuce production before and after the production
period. There is an observed increase in the total NPK percentage in treatments 1, 2, and
3, while a decrease in NPK percentage is observed in the control. Although the study
maintained the specific range of TDS levels on each treatment and control by adding DCM,
nutrient solution, and water, there is an observable difference in the total NPK % before
and after the production period.

Table 2
Nutrient content of the nutrient solution and chicken manure tea under varying total dissolved solids using a
small-scale integrated hydroponics-animal waste bioreactor for romaine lettuce production

Treatments
Nutrients CNS CMT1 CMT2 CMT3
Before After Before After Before After Before After
Total N, % 0.01 0.01 0.02 0.02 0.05 0.02 0.02 0.03
Total P, % 0.05 0.02 0.03 0.03 0.02 0.03 0.04 0.02
Total K, % 0.01 0.01 0.04 0.07 0.04 0.07 0.07 0.06
Total NPK, % 0.07 0.04 0.09 0.11 0.011 0.12 0.13 0.11

Note. CNS (Commercial Nutrient Solution), CMT 1 (Chicken Manure Tea 1), CMT 2 (Chicken Manure Tea
2), CMT 3 (Chicken Manure Tea 3), Total N (Total Nitrogen), Total P (Total Phosphorus), Total K (Total
Potassium) and Total NPK (Total Nitrogen-Phosphorus-Potassium).
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Compared with the previously conducted research on the optimum hydraulic retention
period of CMT using AWB, there is an observed increasing trend of total NPK content
during the production period of CMT (Torres et al., 2023). The slight increase of NPK
content after the production period could be attributed to the continuous biodegradation of
DCM recently added inside the AWB to maintain a specific range of TDS at each treatment.
Based on the most recent research examining different chicken manure loadings on a
lettuce-based bioponic system, residual nitrogen and phosphorus present in the system’s
liquid fertilizer after the production period was attributed to the process’s incomplete
microbial degradation and could also be utilized by the plant after the extended growing
period (Wongkiew et al., 2021).

In the study, the developed integrated hydroponics-AWB could mineralize the organic
nitrogen in the DCM into nitrate. The presence of nitrate was determined and monitored
using the test kits. Throughout the growth period, the nitrate concentration of CNS was
consistently high, ranging between 80 and 160 ppm. During the bioprocessing phase, the
nitrate levels in CMT1 and CMT?2 increased by up to 80 ppm. However, in CMT3, the
nitrate level was below that of the other treatments, which ranged between 5 ppm and 10
ppm. The changes in nitrate levels of different concentrations of CMT could be attributed
to the mineralization of organic forms of nitrogen present in DCM using the AWB
during the bioprocessing and growth period of the study and absorption of plants with
nutrients. Research on using organic fertilizers in hydroponics has found that cultured soil
microorganisms could mineralize the organic nitrogen present in organic fertilizer through
ammonification and nitrification into nitrates (Shinohara et al., 2011). Furthermore, the
study found that excessive amounts of organic fertilizer could inhibit nitrification, which
explains the nitrate production level in CMT3 (Shinohara et al., 2011).

During the growing period, both the nitrate levels of CMT1 and CMT2 decline to as
low as 40 ppm after 10 days of the growing period. It was observed that after adding DCM
to maintain the required TDS level of CMT in the integrated hydroponics-AWB, nitrate
levels on both treatments increased by up to 80 ppm. It could be attributed to plant uptake
and nitrate utilization for growth and development (Morgan & Connolly, 2013). In addition,
microbial denitrification, a process by which bacteria convert nitrate to nitrogen gas (N2)
and release it to the atmosphere, could be another reason for the decrease in nitrate level
present in CMT (Albina et al., 2019).

Effect of Varying Concentration of CMT on the Growth Parameters of Romaine
Lettuce

There is a significant difference in the growth parameters of romaine lettuce produced
using conventional hydroponics and integrated hydroponics-AWB with varying CMT
concentrations at p < 0.05, as shown in Table 3. The highest fresh lettuce weight produced
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Table 3
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Plant growth parameters of romaine lettuce produced using the nutrient solution and chicken manure tea
under varying concentrations using a small-scale integrated hydroponics-animal waste bioreactor for
romaine lettuce production

Growth Parameters Treatment
CNS CMT1 CMT2 CMT3
Plant fresh weight 153.7 +9.54a 136.3 + 13.49ab 100.3 + 8.98b 43.3 +3.45¢c
Plant dry weight 7.12+0.32a 6.85+0.77ab 4.90 £ 0.63b 2.34+0.18¢c
Shoot fresh weight 132.3+6.67a 112.7 + 10.85a 79.8 £ 7.10b 34.7+2.43c
Shoot dry weight 6.00 + 0.26a 5.78 £ 0.66a 3.98 £ 0.52b 1.84+0.14c
Root fresh weight 21.17+£2.65a 23.67+2.33a 20.50+ 1.33a 8.67 +3.20b
Root dry weight 1.115+0.071a 1.042 £ 0.097a 0.930+0.118a 0.502 + 0.049b

Note. Values within the same row followed by different letters are significantly different at p < 0.05. Note:
CNS (Commercial Nutrient Solution), CMT 1 (Chicken Manure Tea 1), CMT 2 (Chicken Manure Tea 2),

CMT 3 (Chicken Manure Tea 3)

was observed in the CNS (153.7 £ 9.54 g),
which is highly significant compared to
CMT2 and CMTS3. No significant difference
was observed between CNS and CMT1 in
terms of the fresh weight of romaine lettuce
(Figure 5). CMT3 produced the lowest fresh
lettuce weight (43.3 £ 3.45 g), significantly
different among the treatments. The plant
dry weight showed a similar tendency as the
plant fresh weight, with the CNS having the
highest plant dry weight (7.12 £ 0.32 g) and
CMT3 having the lowest dry weight (2.34
+ 0.18 g). No significant difference was
observed between the CNS and CMT1 in
terms of plant dry weight.

The same result could be observed in
both root and shoot growth. The shoot fresh
weight and dry weight of romaine lettuce
produced in CNS were highly significant
in comparison to the shoot fresh weight and
dry weight of romaine lettuce produced in
CMT2 and CMT3 (P <0.01). On the other
hand, there is no significant difference
between the CNS and CMTT1 (P> 0.05). The

Chicken manure Chicken manure
tea 2 tea 3

Figure 5. Romaine lettuce is produced using
conventional hydroponics and small-scale integrated
hydroponics-AWB
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root fresh and dry weight of romaine lettuce produced in CNS were highly significant in
comparison with CMT3 (P < 0.01). No significant difference was observed among CNS,
CMT1, and CMT2 (P > 0.05).

There is a significant difference in the weight and mean of the number of romaine
lettuce leaves produced using conventional hydroponics and integrated hydroponics-AWB
with varying CMT concentrations at p > 0.05 (Figure 6). The mean number of leaves of
romaine lettuce produced using the control, Treatments 1 and 2, was significantly higher
than the mean number of leaves of romaine lettuce produced using Treatment 3. The leaf
fresh weight was observed in the control, and this value decreased significantly with
increasing concentrations of CMT. Treatment 3 showed the lowest fresh leaf weight,
significantly different from the control.

In comparison between the CNS and CMT 1, the result suggests that CMT1 could be
a potential replacement for the CNS for romaine lettuce production using the developed
integrated hydroponics-AWB. On the other hand, the result of the experiment also implies
that using CMT at a high ppm level had a negative impact on the growth parameters of
lettuce. The experiment’s findings were in line with other research that showed a reduction
in plant weight above ground when aerated chicken manure extract concentration was
raised from 10 to 25 g/L and a permanent wilting of the plant at 50 g/L. (Tikasz et al.,
2019). In contrast, in a study of different chicken manure loadings (200 g, 300 g, and 400
g) on bioponic lettuce production, raising the manure loading rate increased plant yield
(Wongkiew et al., 2021).

The observed decrease in values of growth parameters of romaine lettuce with higher
ppm levels of CMT could be attributed to the toxic effects of organic nutrients in CMT
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Figure 6. Influence of varying concentrations of chicken manure tea on the leaf weight (left) and number
of leaves (right) of romaine lettuce produced using small-scale integrated hydroponics-AWB
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on the plant. The quality of organic-based inputs for the growth of plants depends on
mineralization rates that can be highly variable due to the quality of organic inputs and
environmental conditions (Zandvakili et al., 2019). Unlike inorganic fertilizers, organic
nutrients from animal waste are not readily available to the plant and must be converted
to plant-available forms by microbes present in the system (Bi et al., 2010). Likely, higher
ammonia levels in CMT3 and other organic nutrients could have resulted in stunted lettuce
growth in weight and number of leaves. On the other hand, the values of growth parameters
of romaine lettuce produced at lower concentration (CMT1) using the developed was
comparable to the romaine lettuce produced in conventional hydroponics (CNS). It implies
that the use of CMT at lower concentrations could be used for lettuce production using
the developed system.

There was no significant difference in the moisture content and brix value of lettuce
produced among each treatment using the integrated hydroponics-AWB at p > 0.05 (Figure
7). The moisture content of romaine lettuce plants is an important quality parameter as it
affects the nutrient concentration present in the plant (Mou, 2012). The findings of the
research on the comparison of the growth characteristics between hydroponically grown and
soil-grown lettuce resulted in a lettuce moisture content of 94.23% and 92.94%, respectively
(Lei & Engeseth, 2021). The dry matter of lettuce cultivated using typical hydroponics and
decoupled aquaponics was 4.9% (95.1% MC) and 4.7% (95.3%), respectively (Monsees
et al., 2019). The moisture content of the romaine lettuce produced using integrated
hydroponics-AWB is comparable to that of the other studies conducted. The findings may
indicate that the developed small-scale integrated hydroponics-animal waste bioreactor did
not significantly impact the moisture content of the romaine lettuce plants.
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Figure 7. Influence of varying concentrations of chicken manure tea on the plant moisture content (left) and
brix value (right) of romaine lettuce produced using small-scale integrated hydroponics-AWB
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In terms of the brix value of the romaine lettuce produced using conventional
hydroponics and integrated hydroponics-AWB with varying CMT concentrations, data
suggests no significant differences in the Brix levels among the treatments. Brix value is
used to express the level of soluble solids (sugars, pectin, organic acids, and amino acids)
in a liquid, representing estimates of sugar content in fruits and vegetables (Kleinhenz &
Bumgarner, 2012). In studying the effect of varying nutrient solutions on the brix value of
lettuce produced in an NFT system, the results on romaine lettuce vary between 4.5 and
5.4 (Thakulla et al., 2021). Research on the use of biofertilizer from microalgae (chlorella
vulgaris) in hydroponic lettuce production resulted in a brix value ranging between 3.7
and 4.5.

The brix value of romaine lettuce produced using integrated hydroponics-AWB was
slightly lower than in the other literature. However, it is important to take into consideration
that it could have been influenced by other factors, such as the specific cultivar of lettuce
used in the experiment and the type of nutritional support for plants. The lack of significant
differences in the brix value of romaine lettuce produced at conventional hydroponics and
integrated hydroponics-AWB with varying CMT concentrations implies that the use of
DCM as a nutrient source for hydroponically grown lettuce could not affect the quality of
the produced lettuce.

CONCLUSION

The small-scale integrated hydroponics animal waste bioreactor was designed, fabricated,
and tested to determine the ideal concentration of chicken manure tea as a source of
nutrients for romaine lettuce in comparison with conventional hydroponics. The result
of the study implies that the optimum concentration of chicken manure tea in the system
should be between 1,000 = 50 ppm. Within the optimum concentration of chicken manure
tea in the system, the small-scale integrated hydroponics animal waste bioreactor produced
romaine lettuce with growth parameters comparable to those produced on conventional
hydroponics. Increasing the chicken manure tea concentration to 1,400 = 50 ppm using the
developed system negatively impacted the plant growth parameters of romaine lettuce in
comparison to conventional hydroponics. The result of the study provides an alternative
and sustainable method for hydroponic romaine lettuce production using the developed
small-scale integrated hydroponics-animal waste bioreactor to bioprocess the chicken
manure into nutrient-rich chicken manure tea as a plant nutrient source. Further studies are
recommended to determine the scalability and techno-economic feasibility of the developed
system for larger-scale hydroponic farming operations. In addition, it is also recommended
to observe the secondary nutrient and micronutrient level of the chicken manure tea further
to assess its impact on plant growth and development.
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ABSTRACT

In this study, palm olein-based grease with a micro-molybdenum disulfide (MoS,) additive
has been developed. The grease was prepared using various MoS, concentrations to
investigate the role of additives in improving grease performance. A four-ball tribological
test was conducted to investigate the surface morphology, wear depth, and volume loss
of the steel ball. The results indicated that the MoS, additive reduced the coefficient of
friction and wear scar diameter compared to pure palm olein grease. The value of 0.5 wt.%
was considered the optimum value, reflecting the best grease performance indicated by
low friction coefficient, wear diameter, wear depth, and volume loss. Elemental analysis
revealed that the MoS, additive was deposited onto the wear tracks, improving the surface
protection. Thus, this additive was found to have a good potential for improving palm
olein-based grease.

Keywords: Four-ball, friction, MoS,, palm olein grease, wear

INTRODUCTION

Lubricants are essential in various industrial
applications to minimize friction and
wear between the interacting surfaces. In

addition, it helps protect metal surfaces
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hazards due to its accumulation in plants, animals, and groundwater (Nowak et al., 2019).
It has led the effort to produce a bio-based lubricant with a less toxic base oil. Synthetic
oil and vegetable-based oil are the most reliable alternatives to mineral oil as they have
desired lubrication properties (Heikal et al., 2017; Hou et al., 2020; Koshy et al., 2015;
Quinchia et al., 2014). Synthetic oils offer a wide range of temperature applications and
oxidation stability; however, the price is higher than mineral oil.

As a vegetable oil, palm oil possesses excellent properties such as high lubricity,
high viscosity index, and low volatility (Yahaya et al., 2018). In addition, palm olein has
long fatty acid chains and polar groups that are naturally attracted to metal and provide
strong interactions with the lubricated surfaces (Borda et al., 2018; Reeves et al., 2015),
which makes it good at boundary lubrication regime (Fox & Stachowiak, 2007; Wang et
al., 2022). Palm oil fatty acids consist of unsaturated double bonds, which results in less
oxidation stability. Due to this, studies have been conducted by modifying the chemical
structure of palm oils. Palm trimethylolpropane ester (TMP) (Gulzar et al., 2017) and
double-fractionated palm olein (Zulhanafi & Syahrullail, 2019) are among the modified
palm oil derivatives that have been evaluated for their lubrication abilities in the form of
lubricating oil. However, major chemical modifications are expensive and tend to reduce
the natural tribological properties of vegetable oils.

Palm oil can be further refined as palm olein, which is the liquid fraction of the palm
oil after a fractionation process and is in liquid form at room temperature (Pande et al.,
2012). The unsaturated fatty acids in the palm olein comprise mono-unsaturated and poly-
unsaturated (Yahaya et al., 2018). Despite the unsaturation properties, mono-unsaturated
fatty acids have a greater oxidation stability than poly-unsaturated (Fox & Stachowiak,
2007). Palm olein has only 11.0% poly-unsaturated fatty acids, whereas the rest of the
compositions come from 50% saturated and 39% mono-unsaturated. In addition, a study
proved that palm olein has better oxidation stability at high temperatures than olive oil
and rapeseed oil (Tabee et al., 2008). It shows that palm olein can be a good candidate as
a lubricant. Palm olein outperformed engine oil without chemical modification in friction
reduction properties and exhibited only slightly higher wear scar diameter (Jabal et al.,
2014).

In certain applications, grease lubrication is preferable as it requires relatively simple
retention devices and is suitable for application under extreme conditions. A thickener must
be dispersed in the base oil to develop a grease. It was found that thickeners affect grease’s
mechanical and thermal stability and play roles in reducing friction and wear (Fan et al.,
2018). Despite the existing mineral greases, biological greases derived from vegetable oils
have been actively developed as an alternative (Kozdrach & Skowronski, 2018).

A palm bio-grease using calcium soap thickener added with additives (calcium
carbonate (CaCO;) and hydroxyapatite (HA)) was produced and investigated for its wear-
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preventive and extreme pressure properties (Razak & Ahmad, 2021). The study proved that
the tribological properties of the formulated bio-based grease are comparable to synthetic-
based grease, with great improvement in the load-carrying capacity of the additive-added
formulations. In addition, a previous study (Sukirno et al., 2009) produced and evaluated
the performance of palm grease using modified refined, bleached, and deodorized (RBD)
palm oil and lithium soap thickener. The wear of the palm grease-lubricated specimens
was lower than that of the mineral grease-lubricated specimens, indicating good surface
protection and anti-wear properties. Thus, adding a thickener can improve the performance
of the vegetable oils.

Furthermore, additives are usually added to improve the desired tribological properties
of a lubricant. In vegetable grease, copper (Cu) (Borda et al., 2018), molybdenum disulfide
(MoS,) (Bagi & Aswath, 2015), and zinc dialkyldithiophosphate (ZDDP) (Nagendramma
& Kumar, 2015) are some additives that have been proven to reduce friction and wear.
MoS; particles are among the most common additives due to their layered two-dimensional
structure and weak van der Waals force between molecular bonds (Holinski & Géansheimer,
1972). The effectiveness of MoS, in enhancing the tribological properties of a lubricant
was demonstrated in many studies (Bagi & Aswath, 2015; Gulzar et al., 2015; Koshy et al.,
2015). Specifically for vegetable-based oil lubricant, it was reported that 1.0 wt.% MoS,
exhibited good wear protection and high weld load when added to a chemically modified
RBD palm oil (Gulzar et al., 2015). In coconut oil, MoS, nanoparticles produced less
friction and wear rate than pure base oil and were accomplished better by adding surfactants
(Koshy et al., 2015). Furthermore, the addition of 0.25 wt.% MoS, nanosheets to white oil
demonstrated excellent friction reduction and wear protection compared with the addition
of 1.0 wt.% of ZDDP under high load conditions (Wu et al., 2018).

To date, reports on the tribological properties of grease produced from RBD palm oil are
very limited (Sukirno et al., 2009, 2010), and the tribological performance of palm grease
with RBD palm olein as the base oil has never been reported. Thus, the roles of additives
in the RBD palm olein grease remain to be investigated. RBD palm oil is semi-solid at
room temperature, consisting of RBD palm olein (liquid fraction) and palm stearin (solid
fraction). This study investigates the tribological performance of palm olein-based grease
without chemical structure modification of the RBD palm olein base oil to evaluate the
effectiveness of thickener and additive (MoS,) on its performance. The micro-scale MoS,
was selected to be used in the study. The selection of the particle sizes was based on a few
kinds of literature showing that the effect of MoS, on the tribological properties is different
in different base oils and greases under different testing conditions. For example, (Xu et al.,
2013) reported that the micro MoS, exhibited better lubricating performance than the nano
MoS, when rapeseed oil was used as the base oil. In addition, (Gulzar et al., 2017) tested
two sizes of MoS, in polyalphaolefin (PAO) oil for two different applications. Small-size
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(20 nm to 150 nm) particles performed better under the four-ball extreme pressure test,

whereas large-size (50 nm to 2000 nm) MoS, was excellent for cylinder liner application.

In this study, exploring the MoS, effect on palm grease was initiated using a micro

size before going into the nano size in the next stage of the study. A standard four-ball

tribometer was utilized to evaluate the tribological properties of the developed greases.

Further analysis of the steel ball wear scar is conducted by measuring the wear volume

based on the volume of the material loss at the wear scar.

METHODOLOGY

Materials

Four samples were prepared in this study: palm oil grease without additive as a reference

and another three with different percentages of MoS, additive. RBD palm olein was

purchased from a local distributor, and its
properties are presented in Table 1. A lithium
12-hydroxystearate powder was selected as
a thickener for the grease formulation. MoS,
with a particle size of 1- 3 um was used as
an additive for this study, as presented in
Figure 1. The properties of the MoS, are
listed in Table 1.

Preparation of the Greases

For grease preparation, 87 wt.% of base oil
and 13 wt.% of thickener were added into a
glass cylinder on a hot plate and mixed at a
temperature of 90°C. Next, the temperature
was increased to 160°C while stirring the
mixture for 30 min. The temperature was
further increased to 210°C while stirring
for 5 min and immediately cooled to 120°C
to dissolve the lithium. The grease was then
separated into four portions for the addition
of the additive at different concentrations.

Dispersion of Additive

The concentration of MoS, was apportioned
into three, specifically 0.25, 0.50, and 0.75

1026
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Figure 1. Scanning electron microscopy (SEM)
image of the MoS, additive

Table 1
Properties of the base oil and additive

Materials
Base Oil

Properties
Density (kg/m®)  898.2

Viscosity at 46.76
40°C (mm?/s)

Viscosity at 8.91
100°C (mm?/s)
Viscosity Index 174
Thickener Melting point 220°C
Color White
Additive ~ Morphology Hexagonal with
sharp edges
Size 1-3 um
Color Grey
Purity 98.5%
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wt.%. The grease temperature was maintained at 120°C while the additive was added to
disperse the additive into the grease. An overhead stirrer was used for stirring, and the
speed was set to 800 rpm while slowly adding the additive. Once the additive was fully
added, the stirrer was sped up to 2200 rpm, and stirring was performed for around 60 min
for homogenization.

Physical Properties of the Grease

The synthesized grease’s physical characteristics were assessed using cone penetration and
dropping point tests. The cone penetration test followed ASTM D217 guidelines, while
the dropping point test adhered to ASTM D556 standards. The resulting measurements
for the pure grease indicated a dropping point of 208.7°C and a penetration depth of 276.4
(mm/10), indicating an NLGI 2 grade.

Friction and Wear Performance

A four-ball tribometer (Ducom TR-30L-IAS, Netherlands) was used to evaluate the friction
and wear performance of the greases. The test method was performed in accordance with
the Standard Test Method for Wear Preventive Characteristics of Lubricating Grease
(ASTM D2266). Figure 2 presents the illustration of the test setup. The experiment was run
under a nominal load of 392 N, a rotating speed of 1200 rpm (0.46 m/s), and an operating
temperature of 75°C for 60 min. The test used a GCr15 (AISI 52100) steel ball with a 12.7
mm diameter and hardness of 62 to 64 HRC. The initial average surface roughness (Ra)
of the ball was measured as 0.1613 pum using Alicona IFM G4. The balls, ball pot set, and
chuck were thoroughly cleansed prior to each test using acetone. The wear scar diameter of
the balls was measured after each run. Frictional torque obtained from the four-ball torque
reading was transformed into the coefficient of friction (COF), and its average value was
reported for each sample. New sets of balls were used prior to each test.

Rotation
[

Lubricant

Load

Figure 2. Schematic illustration of the DUCOM four-ball test mechanism. The upper ball is rotated at a
specified speed while the three lower balls are filled with lubricant
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Analysis of the Worn Surface

A tabletop scanning electron microscopy (Hitachi TM-1000, Japan) with 15 kV accelerating
voltage EDX spectroscopy (Oxford Instruments, UK) was adopted to evaluate the
characteristics of wear scar surfaces. Each wear scar surface was analyzed at magnifications of
200% and 1200x. Elemental scanning using EDX was made at 1200x magnification. The wear
depth profile and volume loss were measured via a 3D profilometry (Alicona InfiniteFocus
Microscope (IFM) G4, Bruker, USA). Surface scanning was performed on the surface of the
steel ball, and the wear depth measurement was performed by obtaining the surface profile
perpendicular to the wear grooves. The edge of the wear scar was taken as the reference for
the wear depth measurement, as presented in Figure 3(a). The wear volume was obtained by
measuring the volume of the material loss at the wear scar area, as presented in Figures 3(b)
and 3(c), using the volume measurement feature in the Alicona IFM software. The average
roughness (Ra) was measured using the same profilometer for each ball from edge to edge
of the wear scar (perpendicular to the wear scratches) with a cutoff length of 0.8 mm.

Wear volume

Original ball profile Wear volume
(referencep _,~--=77 " o

Wear depth

Worn ball profile

(© (b)
Figure 3. Description of the wear depth (a) and wear volume measurement (b and c)
RESULTS AND DISCUSSION
COF and Wear Scar Diameter

Figure 4 presents the trend of COF as a function of time for the palm grease with and
without additives. The COF values were calculated based on the procedure described in
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ASTM D2266. From the graph, the trend is almost identical, where at the first 80 s, the
COF exhibits an increasing trend due to a high wear rate where more asperities of the
rubbing areas came in contact, leading to plastic deformations of the tips of asperities
or known as running-in period (Blau, 2005). Furthermore, the fluctuations of the COF
amplitude, especially upon the addition of 0.25 and 0.75 wt.% of MoS,, might be due to
the accumulation of wear debris and agglomeration of the additive particles (Nabhan et
al., 2021). The COF generally starts to stabilize after 1200 s, where less fluctuation in the
amplitude can be observed (Abdollah et al., 2020).

The COF value and wear scar diameter of the greases are presented in Figure 5. It is
apparent that the COF value and wear scar diameter decreased with the addition of MoS,.
The grease with 0.50 wt.% MoS, had the lowest COF value of 0.0411 + 0.0039, followed
by 0.25 wt.% MoS, with a COF value of 0.0421 £ 0.0040, 0.75 wt.% MoS, with a COF
value of 0.0435 + 0.0045 and pure grease (without additive) with a COF value of 0.0444
+ 0.0043. Under the same tribological test condition (ASTM D2266), the developed pure
palm grease had a considerably good friction performance when compared with the friction
performance of a mineral grease (COF: 0.089) from a previous study under similar test
conditions by He et al. (He et al., 2018), in accordance with the findings from (Abdollah
et al., 2020), where palm oil exhibited better friction performance (COF: 0.08) than
commercial SAE 15W40 engine oil (COF: 0.12). The excellent performance of the palm oil-

0.08 0.08
Soo § 007
£ 006 Loos
 0.05 M 5 oo
o [}
z 0.04 £ 0.04
3 0.03 o 0.03
E 0.02 E 0.02
© 001 © 0.01
0 0
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Duration (s) Duration (s)
(a) (b)
0.08 0.08
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Figure 4. Dynamic coefficient of friction: (a) pure palm grease; (b) palm grease + 0.25 wt.% MoS,; (c)
palm grease + 0.50 wt.% MoS,; and (d) palm grease + 0.75 wt.% MoS,
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based lubricant was due to the base oil polar Cosficontof  Wear scar
molecule attraction to the surface material, = friction ~diameter
which reduced the friction (Mannekote & 0.0580 :):ggg
Kailas, 2012; Yahaya et al., 2018). S0.0540 0.800 ’g
The relatively good performance of 50.0500 0.700 g
palm olein grease can also be attributed | 2 0600 2
to the synergistic effect between the base §0'0460 0.500 %
oil and the thickener (Fan et al., 2018). In §0-0420 0400 %
this case, the polarity of the base oil and 0.0380 g'zgg §
the thickener can play an important role in 0.0340 0: 100
their synergistic effect. In the form of oil, 0.0300 0.000
the polar heads of the palm fatty acid chains gfé’gge OMZO%? OM%%’f’ ?\470531,7?

are attached to the metal surface and form a
Figure 5. Trend of the COF and WSD of the

monolayer film with the non-polar end tail = g;caqes

of fatty acids facing away from the metal
surface (Abdulbari & Zuhan, 2018). In grease, the thickener particles having the same
polarity as the palm olein fatty acids will bind together during the grease formulation,
allowing the thickener to hold the oil. In addition, palm olein has active sites (unsaturated
chains), enabling it to bind with other elements from the thickener and additive while
maintaining attraction to the metal surface.

In addition, the physical structure of the palm grease may also contribute to its
performance. Palm olein grease can be classified as a viscoelastic material that possesses
both elastic and viscous behavior. The elastic part can recoil to its original shape after
the stress is removed, whereas the viscous material starts to flow if stress is applied. The
elasticity is essential for preventing grease leakage from the lubricated surface. In contrast,
fluidity is essential for the grease’s lubricating efficiency and to be well dispersed on the
rubbing pair.

Furthermore, it was demonstrated that the additive improves the tribological properties
of palm-based grease. It was also suggested that the optimum concentration of the MoS,
additive is 0.50 wt.%, which offers the best tribological performance from the wear scar
diameter and friction coefficient perspective. Compared with pure grease, the COF was
reduced by 7.50%, 5.18%, and 1.92% at the concentrations of 0.50, 0.25, and 0.75 wt.%,
respectively. The reduction can be attributed to the additive intrinsic factor, which is a weak
van der Waals bond between the molecular layers, where it takes relatively weak shear
forces to displace the layers (Holinski & Génsheimer, 1972). However, the reduction of
the COF value was not that significant, which can be explained by the insufficient shearing
of MoS,; due to the low load applied (Winer, 1967). In a previous study, Bagi and Aswath
(2015) evaluated the performance of MoS, in lithium grease under different spectrum
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loading conditions from 40 to 80 kg. They found that higher loads could shear the van
der Waals forces between Mo and S better than the lower load, consequently leading to a
lower COF value.

In addition, the MoS, particles in the palm grease might not be able to enter the
contact region entirely due to their size. From a previous study by (Hu et al., 2017), micro
MoS, exhibited a lower friction and wear reduction performance compared to nano sizes
MoS,, where a nano size is easier to enter the contact region and protect the friction pair.
Furthermore, the X-ray photoelectron spectroscopy (XPS) spectra results from the same
study showed the occurrence of MoS, oxidation during the friction process, which leads to
the lower particles remaining within the contact region. Therefore, the oxidation of MoS,
might be present, which resulted in the insignificant friction improvement of the palm
grease with the addition of micro MoS,.

In the case of different MoS, concentrations, 0.50 wt.% has better friction performance
than 0.25 and 0.75 wt.%. At a concentration of 0.25%, the large wear scar diameter can
be attributed to the insufficient amount of MoS, which could not exert a good friction
reduction effect compared with the optimum concentration. At MoS, concentration of
0.75%, the condition can be explained by the possible agglomeration of particles in the
palm grease structure. Agglomeration promotes friction due to the increase in shear force
required for maintaining the movement between the interacting surfaces whenever the
agglomerate particles come into contact (Abdollah et al., 2020; Gong et al., 2021). In
other words, agglomeration creates new asperities between the surfaces in contact, which
induces high friction and wear to overcome them. Furthermore, agglomeration is closely
related to dispersion stability, where a surfactant or dispersant can be introduced into the
grease and additive formulation to improve the dispersibility of the additive (Gulzar et al.,
2015). However, no surfactant was introduced into the formulation to avoid any influences
from the surfactant on the tribological properties of the grease.

The efficiency of a lubricant is determined not only by its ability to provide a low
COF but also by its ability to protect a surface from wear. Observation of the wear scar
diameter revealed that the grease with 0.50 wt.% MoS, improved the wear protection
with the highest reduction of 31.19% of the scar diameter compared with pure grease,
from 0.930 £ 0.029 to 0.612 + 0.030 mm. MoS, tends to exhibit a mending effect as one
of the lubrication mechanisms where particles are deposited on the wear surface and fill
the grooves, which helps reduce the wear (Kumar et al., 2020; Mushtaq & Hanief, 2021).
Meanwhile, the diameters of the 0.25 and 0.75 wt.% MoS, greases have been reduced by
27.63% (to 0.673 = 0.030 mm) and 25.16% (to 0.696 £+ 0.027 mm), respectively. It was
observed that 0.25 and 0.75 wt.% MoS, produced a larger scar diameter than the 0.50 wt.
% MoS,. An insufficient amount of additive is expected to result in a slightly larger scar
diameter of 0.25 wt.% MoS, grease. As for the 0.75 wt.% MoS,, a larger scar diameter can
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be attributed to dispersion stability and particle aggregation along with the sharp edges of
the additive, which cause metal rollout and abrasive wear ( Chaurasia et al., 2020).

Worn Surfaces Morphology

Wear morphology is important in evaluating the wear-protective performance of a lubricant.
Scanning electron microscopy (SEM) was employed to characterize the worn surfaces of
the steel balls. Figure 6 presents the micrograph image of the wear scar areas on the steel
ball after the four-ball test at magnification of 200x and 1200x. A circular scar with deep
and shallow parallel grooves was found to form on all worn surfaces. Figure 6(a) presents
a worn surface of the ball lubricated with pure grease. The appearance of grooves was
more prominent on the pure grease-lubricated surface than on those with additives at 0.25
wt.% MoS,-lubricated surface, noticeable abrasion marks with shallow grooves were
observed with a pattern almost similar to pure grease, as presented in Figure 6(b). Figure
6(c) shows that for the 0.50 wt.% MoS, grease, shallower grooves were formed as a result
of the lubrication effect coming from the sufficient additive to fill in the grooves and avoid
more severe wear. In addition, the 0.75 wt.% MoS, produced a wear surface with shallow
and deep grooves and visible metal pullout primarily on the focused region, as presented
in Figure 6(d). Moreover, sediments were also observed on each surface, deposited onto
the surface and filled into scratches.

The sharp edges of MoS, can cause scratch marks and deep grooves when agglomerate
particles are present in the lubricant film. It can be observed at a 1200x magnification scar

() (d)
Figure 6. SEM images of WSD after the ASTM D2266 tests conducted on (a) pure grease, (b) grease +
0.25 wt.% MoS, (c) grease + 0.50 wt.% MoS, and (d) 0.75 wt.% MoS, at magnifications of 200x (left) and
1200x (right)
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image, 0.75 wt.% MoS, produced ragged edges and deeper grooves than the 0.50 wt.%
grease. Abrasive wear was also apparent in the selected region. The additive elements on
the worn surface were further validated via EDX, measured at a magnification of 1200x.

Average Roughness of the Wear Region

After the friction and wear test, the average surface roughness (Ra) of the worn steel balls
under the grease lubrication was measured via 3D profilometry. As can be seen from Figure
8, the average roughness (Ra: 0.7836 + 0.0900 um) of the pure grease-lubricated surface
[Figure 7 (a)] is lower than those of the other greases. The optimum concentration of
MoS,; produced the lowest roughness (Ra: 0.8765 = 0.0740 um) among all concentrations,
followed by 0.75 wt.% (Ra: 0.8814 + 0.0431 um) and 0.25 wt.% (Ra: 1.1063 + 0.0036
um). It can be seen that the greases with additives produced higher roughness than the pure
grease, which can be attributed to factors such as the shape of the additive particles (Hu,
2005) and the direction of the MoS, interlayer sliding (Winer, 1967). The orientation of
the MoS; needs to be in the direction of the sliding during the experiment for the interlayer
bonded by a weak van der Waals force to be smeared and provide effective film protection
(Bagi & Aswath, 2015). As mentioned before, the MoS, employed in this study has sharp
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Figure 7. Roughness plot: (a) pure grease; (b) 0.25 wt.% MoS,; (¢) 0.50 wt.% MoS,; and (d) 0.75 wt.% MoS,.
The dotted line plot on every graph indicates the roughness of the ball prior to the test (Ra: 0.1613 pm)
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edges, which can cause abrasive wear, especially when the MoS, is not oriented toward the
direction of sliding and particles accumulate during contact (Yu et al., 2019). It is important
to note that even though the surface roughness of the grease with MoS, additive is slightly
higher than that of the pure grease, the surface protection in terms of friction and wear is
excellent compared with the pure grease.

Wear Depth Profile and Wear Volume

Further investigation of the wear morphology was performed to quantify the wear depth
and volume losses on the steel ball using Alicona [IFM—the wear profile of each ball after
the experiment is illustrated in Figure 8. The profile shows a significant difference in the
scar width between the pure grease and the grease with the MoS, additive. With the MoS,
additive, the scar diameter becomes smaller with apparent roughness. Figure 9 presents
the wear surface topography and wear profile, where the dotted line represents the original
shape of the steel ball measured before the experiment. The maximum wear depth for pure
grease is high, with a measured value of 35.57 = 1.12 pm, as presented in Figure 9(a). The
presence of MoS, was found to reduce the wear depth, as presented in Figure 9(b & c);
the 0.25 and 0.50 wt.% concentrations reduced the wear depth to 17.92 + 0.48 and 18.15
+ 0.74 um, respectively. Figure 9(d) shows that the wear profile becomes rougher, and
the wear depth is slightly higher at 19.05 = 0.81 um. The finding indicates that the wear
depth can be reduced by 48.97% with the optimum additive concentration. The wear depth
reduction denotes improved surface protection caused by the deposition of additives on
the wear tracks or grooves, which further avoids more severe wear between the contacting
surfaces (Qiang et al., 2017).

Pure grease
25 ——(0.25% Mo0S2
e 0.50% Mo0S2

———10.75% Mo52

Depth (um)

Figure 8. The profile of the worn steel balls lubricated with different greases
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Figure 9. Wear scar morphology and depth of wear of the steel ball lubricated with pure grease (a), grease
with 0.25 wt.% MoS, (b), grease with 0.50 wt.% MoS, (c), and grease with 0.75 wt.% MoS, (d)
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The wear volume was quantified by

6.00

5.50 1.
removed from the steel ball surface at the 5004

measuring the volume of the material

77.23% 78.81% 73.17%

wear scar, and the results are presented in g 450 1
Figure 10. Pure grease has a wear volume | & 4007
of around 5.3618 + 0.1594 x 10° um®. In | 3 3507

[0
contrast, the additive significantly reduced % 3001
the wear volume, where 0.75 wt.% MoS, | & ;22
produced a wear volume of 1.4385 4+ 0.0343 3 1:50 1
x 10% um?, followed by 0.25 wt.% MoS, 1004
(1.2208 £0.1438 x 10° um?®), and the lowest, 0504
being 0.50 wt.% MoS, (1.1361 + 0.0640 0.00-

6 3 . .. Pure 0.25% 0.50% 0.75%
x 10° um?). The greases with additives grease MoS, MoS, MoS,

performed better than the pure grease, with Figure 10. Volume loss of the steel balls lubricated
0.50 wt.% MoS, provides the best wear with different greases

protection and has the smallest volume of

material removed—the 0.25 wt.% MoS, grease had apparent abrasion marks with larger
wear diameter and wear volume compared with the optimum MoS, grease.

Moreover, despite having an almost similar wear depth, the 0.75 wt.% MoS,-lubricated
surface had a higher wear volume than the 0.50 wt.% MoS,-lubricated surface. From the
peak and valley graph of the worn surfaces, it can be seen that the deepest valley of the 0.75
wt.% MoS,-lubricated surface had a width of approximately 60 um, which can be due to
particle agglomeration. Another study has reported the same hypothesis, i.e., agglomerate
particles cause deeper abrasive wear and enhanced friction and wear than the optimum

additive concentration (Chaurasia et al., 2020).

Elemental Analysis of the Worn Surfaces

Elemental composition analysis of the wear scar surface was conducted via energy-
dispersive X-ray spectroscopy (EDX). The related element details of the selected wear scar
regions are presented in Figure 11 and Table 2. The Fe, Cr, and C on the worn surface were
identified as the main elements of the test steel ball. The deposition of the additive on the
wear scar surface can be observed where a molybdenum (Mo) element was detected on the
surfaces lubricated with the greases containing an additive, showing that the additive was
transferred and accumulated on the surface. Furthermore, Mo existed due to the interlayer
shearing of MoS, and the mending effect where Mo filled the valleys of the wear scratches
(Srinivas et al., 2017; Waqas et al., 2021). The 0.75 wt.% MoS, grease had a higher
deposition than the 0.50 wt.% MoS, grease, indicating that a higher additive concentration
induced more deposition on the worn surface. The deposition percentage was similar to

1036 Pertanika J. Sci. & Technol. 32 (3): 1023 - 1042 (2024)



Anti-friction and Wear Resistance Performance of Palm Grease

°
@

°
N

°
o

°
n

°
IS

o
W

°
N

°

°
°

cps/ev.

Fe

Spectrum]

cps/ev

°
S
|

°
W

°
N

°

[

°
°

Spectrum|

cps/ev

Spectrum

Figure 11. EDX spectra of (a) 0.25 wt.%, (b) 0.50 wt.% and (c) 0.75 wt.% MoS,

()

Pertanika J. Sci. & Technol. 32 (3): 1023 - 1042 (2024)

1037



Nadiah Aqgilahwati Abdullah, Nurul Farhana Mohd Yusof and Zaidi Mohd Ripin

that reported in (Wu et al., 2018), where an increase in the MoS, concentration increased
the detected element percentage on the surface. However, the 0.25 wt.% MoS, yielded a
slightly higher Mo percentage than the 0.50 wt.% MoS,. It might be due to more grooves
forming on the 0.25 wt.%, providing more space for the MoS, particles to be deposited
(Du et al., 2018).

Table 2
Elemental composition on the worn surfaces

Elemental percentage (wt.%)

Element
Pure Grease 0.25 wt.% MoS, 0.50 wt.% MoS, 0.75 wt.% MoS,

CK 16.35 15.33 16.55 22.19

OK 0.24 0.69 1.34 1.28

CrK 0.39 0.55 0.36 0.34

Fe K 83.02 82.59 80.10 75.23

Mo L 0 0.83 0.74 0.96
CONCLUSION

In this study, palm greases have been produced using lithium stearate as a thickener
and micro-MoS, as an additive. Several tests have been conducted to evaluate grease
performance, including the tribological test, surface morphology, and wear analysis. From
the findings, the following conclusions can be drawn:

*  The palm olein grease has a good friction performance and could be enhanced by
the presence of a MoS, additive.

* The MoS, additive forms a protective layer on the contacting surfaces. The
deposition of the additive on the wear scar surface was proven by the detection of
the Mo element on the surfaces lubricated with the additive-added greases. This
layer efficiently protects the contacting surfaces by reducing friction and wear.

*  The value of 0.5 wt.% is the optimum MoS, concentration, reflecting the best
performance of the grease. The lowest friction and wear scar diameters indicate,
0.0411 and 0.612 mm, respectively. Surface morphology analysis also revealed
that shallower grooves were formed.

*  The ability of the 0.5 wt.% MoS, to protect the surfaces is indicated by the smallest
volume of material removed from the surface with a wear volume of 1.1361 x 10°
pm?and 18.15 pm depth of wear scar.

*  The average surface roughness of MoS,-lubricated surfaces was slightly higher
than that of pure palm grease. However, among the MoS, concentrations, the 0.50
wt.% produced the smoothest surface.

*  The micro-MoS, additive has great potential for use as an additive in palm olein-
based grease with superior friction and wear performance. The findings also
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indicate a good synergistic effect between the palm olein grease and the MoS,
additive, where the combination of both produced better surface protection than
palm olein grease alone.
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ABSTRACT

This review paper explores the utilization of supercritical carbon dioxide (SC-CO,)
extraction to isolate citronella oil, delving into its multifaceted dimensions, including
process optimization, product quality enhancement, and diverse potential applications.
Citronella oil, renowned for its myriad bioactive compounds with demonstrated health
benefits, is a coveted essential oil in the pharmaceutical, cosmetics, and food industries. The
transition from traditional extraction techniques to SC-CO, extraction presents a paradigm
shift due to its manifold advantages, such as heightened yield rates, expedited extraction

durations, and elevated product quality.
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However, the efficacy of SC-CO, extraction
is intricately interwoven with an array
of parameters encompassing pressure,
temperature, flow rate, particle size, and
co-solvent ratios. Accordingly, meticulous
process optimization is indispensable in
achieving the desired product quality while
maximizing yield. Furthermore, the paper
explores the extensive spectrum of potential
applications for citronella oil, extending its
reach into formulations with antimicrobial,
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insecticidal, and antioxidant properties. These applications underscore the versatility and
commercial appeal of citronella oil. The review establishes SC-CO, extraction of citronella
oil as a promising and sustainable alternative to conventional extraction methodologies,
offering myriad applications across the pharmaceutical, cosmetics, and food sectors. This
scholarly work provides valuable insights into the intricacies of process optimization and
product quality. It outlines future perspectives and avenues for further exploration in SC-
CO, extraction of citronella oil.

Keywords: Citronella, optimization, product quality, supercritical carbon dioxide

INTRODUCTION

The essential oil is extracted from the leaves and stems of certain species of citronella
grass, including Cymbopogon nardus and Cymbopogon winterianus. The oil is frequently
used to produce personal care products, fragrances, and insecticides due to its citrus-like
aroma and insect-repelling properties (Wany et al., 2013). Citronella oil has a long history
of use in traditional medicine and aromatherapy. Its popularity has increased in recent
years as consumer interest in natural and organic products has increased (Carvalho et al.,
2016). Traditional cultures have used citronella oil as an insect repellent for centuries,
particularly against mosquitoes and other stinging insects (Tyagi, 2016). Geraniol,
citronellol, and citronellal, all monoterpenes, are the active compounds in citronella
oil responsible for their insect-repelling properties (Pohlit et al., 2011; Sarah et al.,
2023). These compounds interfere with the insect’s ability to locate its host, making it
harder for insects to locate and bite humans and animals. Citronella oil is considered a
safe and effective alternative to chemical insecticides, which can negatively impact the
environment and human health.

Citronella oil is well-known for its aromatherapy benefits and insect-repelling properties.
It is frequently used in fragrances, balms, and candles due to its fresh, invigorating aroma
(Bell, 2012). Also believed to have a soothing effect on the mind and body, citronella oil
is frequently employed in aromatherapy to promote relaxation and reduce tension. The
oil is an alternative therapy for several illnesses, including migraines, muscle pains, and
respiratory infections (Ali et al., 2015). Due to its popularity and versatility, citronella oil
is now widely produced and used worldwide.

Steam distillation, solvent extraction, and cold pressing are the traditional techniques
for extracting citronella oil (Hanif et al., 2019; Khan & Dwivedi, 2018). However, in recent
years, supercritical fluid extraction has been a promising alternative method for extracting
high-quality citronella oil (Sarah et al., 2023). Extraction of supercritical carbon dioxide
requires its supercritical state, which possesses the properties of both a liquid and a gas.
This technique is considered more efficient and environmentally favorable than traditional
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methods because it does not require toxic solvents or high temperatures, which can degrade
the extracted oil’s quality (Aziz et al., 2022; Arsad et al., 2023; Rizkiyah et al., 2023).

This review paper presents several notable novelties compared to previously
published papers. Firstly, it focuses on applying SC-CO, extraction to obtain citronella
oil, highlighting its distinct advantages over conventional extraction methods. Notably, it
delves into the crucial aspect of process optimization, recognizing that parameters such as
pressure, temperature, flow rate, particle size, and co-solvent ratio influence the extraction
process, offering potential insights into optimizing this technique.

Furthermore, the paper emphasizes product quality enhancement as a significant
outcome of SC-CO, extraction. It is particularly pertinent for industries like pharmaceuticals,
cosmetics, and food, where high-quality citronella oil is in demand. The review also
explores the extensive range of potential applications for citronella oil, including its use
in antimicrobial, insecticidal, and antioxidant formulations, underscoring its versatility
and commercial value.

In addition to its benefits, the paper acknowledges the challenges associated with SC-
CO, extraction, such as the high equipment and operational costs, as well as the need for
standardization in the extraction methods. This comprehensive discussion of advantages,
optimization strategies, product quality improvements, challenges, and future prospects
ensures that this work offers valuable insights into the SC-CO, extraction of citronella oil,
making it a significant contribution to the existing body of knowledge in this field.

CITRONELLA OIL AND ITS BIOACTIVITIES

Essential and regular oils, often referred to as carrier or vegetable oils, exhibit distinct
differences in origin, composition, uses, aroma, and volatility. Essential oils are derived
from aromatic parts of plants and contain concentrated volatile compounds like terpenes
and phenols, giving them unique scents and therapeutic properties (Bakkali et al., 2008).
They are commonly used for aromatherapy, perfumery, and flavoring, and they are diluted
for topical applications due to their potency (Aziz et al., 2018). In contrast, regular oils,
obtained from various sources such as seeds and nuts, consist primarily of fatty acids and
lack the volatile aromatic compounds in essential oils. They possess mild, neutral scents,
making them ideal base oils to dilute essential oils for skin application and culinary and
industrial purposes. Essential oils are highly volatile and evaporate quickly, which enhances
their aromatic qualities. In contrast, carrier oils are non-volatile and provide a stable medium
for dilution and application of essential oils or other practical uses.

Citronella oil is primarily produced in tropical regions, particularly Indonesia, Sri
Lanka, India, and China. The oil is extracted from the leaves and stems of citronella grass,
a tall perennial grass with long, thin leaves and a characteristic lemon-like scent. The
traditional method of extracting citronella oil is through steam distillation (Hamzah et al.,
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2014). The plant material is placed in a distillation chamber and heated with steam. The
steam causes the essential oil to evaporate and then condense into a liquid collected in a
separate container. The resulting oil is filtered to remove impurities (Cassel et al., 20006).

Another method of extracting citronella oil is solvent extraction (Lim et al., 2021).

This method involves using a solvent, such as hexane, to extract the oil from the plant
material. The solvent is then removed from the oil using a distillation process, leaving
behind pure citronella oil. Supercritical carbon dioxide extraction is a newer method of
extracting citronella oil (Guedes et al., 2018). The carbon dioxide is used to extract the
oil from the plant material, which is then separated from the carbon dioxide. Supercritical
carbon dioxide extraction is considered more environmentally friendly than traditional
extraction methods, as it does not require toxic solvents or high temperatures (Mohd-Nasir
etal., 2021). The active compounds of citronella are shown in Table 1, and an explanation
of its compounds is shown below. Citronella oil contains various compounds, including
citronellal, geraniol, citronellol, limonene, and camphene. These compounds give citronella
oil its characteristic aroma, insect-repelling properties, and other potential health benefits.

»  Citronellal: Citronellal is the primary component of citronella oil, accounting for
approximately 35%—45% of the oil’s total composition (Li et al., 2021). It has a
strong lemon-like scent and is often used in fragrances and personal care products.
Citronellal has also been found to have antimicrobial properties, making it helpful
in treating various infections (Timung et al., 2016).

*  Geraniol: Geraniol is another significant component of citronella oil, accounting
for approximately 10%—20% of the oil’s total composition (El-Kholany, 2016). It
has a floral, rose-like scent and is used in producing perfumes, soaps, and lotions.
Geraniol has antioxidant and anti-inflammatory properties, potentially helpful in
treating various inflammatory conditions (Ammar, 2023).

»  Citronellol: Citronellol is present in citronella oil in smaller amounts, accounting
for approximately 5%—15% of the oil’s total composition (Sreenath &
Jagadishchandra, 2012). It has

a rose-like scent and is used to Tablel
Identification of interest compounds of citronella in

produce perfumes and personal care the chromatogram oil by Silva et al. (2011)

products. Citronellol has also been

.. . Identification Components P(%
found to have antimicrobial and D %)
o ] 1 Citronellal 98
antl-mﬂammatory properties (Chen 2 Citronellol 95

& Viljoen, 2010). 3 Geraniol 86

* Limonene: Limonene is a minor 4 B -Element 95
component of citronella oil, 5 Germacrene-D 99
accounting for approximately 2%— 6 Endemol 83

7 Germacredien-5-ol 91

4% of the oil’s total composition
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(Wijesekera et al., 1973). It has a citrus-like scent and is used in producing
fragrances and cleaning products. Limonene has been found to have antioxidant and
anti-inflammatory properties, as well as potential anti-cancer effects (Anandakumar
etal., 2021).

*  Camphene: Camphene is another minor component of citronella oil, accounting
for less than 1% of the oil’s total composition (Devi et al., 2021). It has a fresh,
woody scent and is used in producing fragrances and flavorings. Camphene has
been found to have anti-inflammatory properties and potential anti-cancer effects
(Alesaeidi & Miraj, 2016).

SUPERCRITICAL CARBON DIOXIDE (SC-CO,) OF CITRONELLA OIL

SC-CO, extraction is a technique for extracting essential oils from plant material. Carbon
dioxide is a non-toxic, non-combustible, readily accessible solvent that can extract essential
oils without leaving noxious residues or byproducts (Arumugham et al., 2021). When
carbon dioxide is heated and pressurized beyond its critical point (73.8 bar and 31.1°C), it
transforms into a supercritical fluid with a liquid’s density and a gas’s diffusion properties
(Putra, Rizkiyah, Aziz, et al., 2023). In the case of citronella oil, SC-CO, extraction has
proven to be an effective and eco-friendly technique for extracting essential oil from
citronella grass (Sarah et al., 2023). The plant material is placed in a sealed extraction
vessel and then exposed to carbon dioxide at a specific temperature and pressure. The
supercritical carbon dioxide can permeate the plant material’s cell walls, dissolving the
essential oil and transporting it out of the extraction vessel (Sodeifian, Ardestani, et al.,
2016; Sodeifian, Sajadian, & Ardestani, 2016).

SC-CO, extraction can selectively extract compounds from plant material, one of
its benefits (Odunlami et al., 2022; Sodeifian et al., 2017). The solubility of various
compounds in SC-CO, varies based on their chemical properties (Idham et al., 2021;
Sodeifian, Ardestani, et al., 2018). For instance, compounds with high molecular weights
and boiling points tend to be more soluble in SC-CO, than those with low molecular
weights and boiling points (Aziz et al., 2022; Idham et al., 2021). In the case of citronella
oil, SC-CO, extraction has proven effective at removing the oil’s primary components,
including citronellal, geraniol, and citronellol. It has also been discovered that the process
produces a higher yield of essential oil than traditional steam distillation methods (Chai
et al., 2020). In addition to its efficiency and selectivity, SC-CO, extraction of citronella
oil has yielded a high-quality product with minimal chemical degradation (Odunlami et
al., 2022). It is because neither high temperatures nor exposure to oxygen, which can
cause chemical changes in the essential oil, are involved in the extraction process (de
Melo et al., 2020). Overall, SC-CO, extraction is a prospective method for extracting
citronella oil, as it provides a safe and environmentally friendly alternative to conventional
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extraction techniques. This method is advantageous for producing citronella oil for various
applications, including fragrances, personal care products, and insect repellents, due to the
possibility of selective extraction and the production of high-quality essential oils. The
parameters’ influence on SC-CO, for citronella oil is shown in Table 2.

Effect of Pressure

The pressure in SC-CO, extraction can positively and negatively affect oil recovery,
including citronella oil. Increasing the pressure in SC-CO, extraction can increase the
oil yield by increasing the solubility of the oil components in the supercritical fluid. SC-
CO, behaves like a gas at low pressure and a liquid at high pressure, which makes it an
excellent solvent for extracting various organic compounds, including essential oils (Silva
et al., 2021). When the pressure increases, the supercritical fluid’s density and solubility
increase. This increase in density and solubility allows the SC-CO, to penetrate deeper into
the plant material and dissolve more oil components (de Oliveira et al., 2019; Sodeifian
et al., 2022). The pressure also influences the polarity of the SC-CO,, which can affect its
ability to dissolve different compounds (Ahmad et al., 2019).

In the case of citronella oil extraction, citronellal and geraniol are the major components
of the oil, which are responsible for its aroma and insect-repellent properties. These
components have relatively high solubility in SC-CO,, and increasing the pressure can
enhance their solubility and, hence, the oil yield (Manaf et al., 2013; Sodeifian, Sajadian,
et al., 2018). The pressure can also affect the phase behavior of the supercritical fluid and
the oil, leading to changes in the partitioning of the oil components between the plant
material and the supercritical fluid (Machado et al., 2022). It can result in more efficient
extraction of the oil components, leading to higher oil yield.

Reducing the pressure during SC-CO, extraction can reduce oil recovery for various
reasons. Initially, as the pressure decreases, the density and solubility of the supercritical
fluid decrease (Sathasivam et al., 2022). Consequently, SC-CO,’s ability to dissolve oil
components decreases, resulting in a lower oil yield (Ongkasin et al., 2019; Sodeifian,
Ardestani, et al., 2016). It occurs because the solubility of a compound in a supercritical
fluid depends on the fluid’s density, and a decrease in pressure causes a decrease in density,
thereby decreasing solubility (Putra et al., 2022). Second, lowering the pressure can cause
the supercritical fluid to expand, decreasing its concentration and density (Aziz et al.,
2021, 2023; Putra, Rizkiyah, Aziz, Mamat et al., 2023; Putra, Rizkiyah, Aziz, Yunus et al.,
2023; Wang et al., 2023). It can result in the formation of gas bubbles, which can inhibit
the penetration of the supercritical fluid into the plant material and shorten the contact
period between the supercritical fluid and the oil components. It reduces oil recovery.
A decrease in pressure can also reduce the mass transfer coefficient, which is the rate at
which the solute (oil components) diffuses from the solid matrix (plant material) into the
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supercritical fluid (Soh et al., 2019). The mass transfer coefficient is affected by the density
and diffusivity of the supercritical fluid, and a decrease in pressure causes both of these
variables to decrease. [t may result in a slower extraction rate and a reduced oil yield (Kim
& Lim, 2020; Putra, Aziz, et al., 2018).

Effect of Temperature

In SC-CO, extraction, increasing the temperature can increase the oil yield by reducing
the oil’s viscosity and increasing the diffusion rate of the supercritical fluid in the plant
material (Leila et al., 2022). However, increasing the temperature beyond a certain point
can reduce the oil yield due to various factors. In SC-CO, extraction, when the temperature
increases, the oil’s viscosity decreases, making it more straightforward for the supercritical
fluid to permeate the plant material and dissolve the oil components. Therefore, it will
increase the oil yield. Increasing the temperature can also increase the diffusion rate of the
supercritical fluid in the plant material, facilitating the mass transfer of the oil components
from the plant material to the supercritical fluid, resulting in a greater oil yield (Moges et
al., 2022; Putra, Aziz, et al., 2018).

However, if the temperature increases beyond the optimal range, the oil yield may
decrease due to several factors. First, high temperatures can lead to the thermal degradation of
oil components, resulting in the formation of undesirable byproducts and the loss of desirable
oil components (Aprodu et al., 2020). High temperatures can also increase the volatility of oil
components, resulting in their loss during extraction (Muhammad et al., 2022). In addition,
elevated temperatures can reduce the solubility of oil components in SC-CO,, decreasing the
extraction efficiency and, consequently, the oil yield (Sodeifian et al., 2022).

Depending on various factors such as the pressure, solvent-to-feed ratio, and the properties
of the plant material being extracted, a decrease in temperature during SC-CO, extraction
can either decrease or increase the oil yield. The oil’s viscosity increases at low temperatures,
making it more difficult for the supercritical fluid to penetrate plant material and dissolve oil
components (Dhara et al., 2022). Therefore, it can reduce oil recovery by SC-CO,. In addition,
decreasing the temperature can reduce the diffusion rate of the supercritical fluid in the plant
material, which delays the mass transfer of oil components from the plant material to the
supercritical fluid, resulting in a decreased oil yield (Dhara et al., 2022). On the other hand,
in certain conditions, a decrease in temperature can also increase oil yield. For instance, at
low temperatures, the solubility of specific oil components in SC-CO, may increase, resulting
in greater extraction efficiency and, consequently, a greater oil yield (Aziz et al., 2022).
In addition, low temperatures can diminish the vapor pressure of oil components, thereby
minimizing their loss during extraction (Aziz et al., 2020).

It should be noted that the effect of temperature on oil yield is highly dependent on the
pressure of the extraction process. Due to the causes above, decreasing the temperature
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at moderate forces can reduce the oil yield. However, a temperature decrease at high
pressures can increase oil yield as the solubility of oil components in SC-CO, rises with
decreasing temperature (Putra et al., 2021). Consequently, the effect of temperature on
oil yield during SC-CO, extraction is complex and highly variable. The temperature must
be optimized alongside other extraction parameters to obtain the highest oil yield with
desirable qualities. Depending on the pressure and other extraction parameters, the optimal
temperature range for citronella oil extraction using SC-CO, is reported to be between 40
and 60°C, as shown in Table 2.

Table 2
Parameter conditions of SC-CO, extraction for citronella oil recovery
Conditions Yield Summary References
T= 313.15t0353.15K  £3% essential oil more concentrated with rich active  Silva et al. (2011)
P=6.2, to 180.0 MPa compounds. A high selectivity was obtained at
353.15K and 18.0MPa, with a pure

Ext. time = 120 min 4.40%  The antioxidant and antimicrobial activities Wu et al. (2019)
P=25 MPa of SFE oil are better than hydro distillation.
T=35°C Alcohols and aldehydes were the main
CO,flow=18 L/h compositions in the essential oils.
P=20 MPa 3.5% Higher pressures significantly increased yield. Guedes et al. (2018)
T=40 °C
P=15 MPa 1.4% temperature is the most significant factor in Salea et al. (2018)
T=50°C maximizing citronella oil yield
Ext. time = 180 min.
P=11 MPa 1.92%  Higher pressures significantly increased the Rosli et al. (2007)
T=50°C yield
P=20 MPa 1.674% oil yield was increased with increasing the Abd Manaf et al.
T=40 °C pressure and decreasing the temperature (2013)

Effect of Flowrate

Depending on various factors, increasing the flow rate of the supercritical fluid can
have positive and negative effects on the oil yield. Increasing the flow rate can increase
the mass transfer of the oil components from the plant material to the supercritical fluid,
resulting in higher extraction efficiency and yield (Pavli¢ et al., 2020). Furthermore, it
can increase the penetration of the supercritical fluid into the plant material, resulting in
a quicker diffusion of the oil components into the supercritical fluid (Dimi¢ et al., 2021).
Increasing the flow rate can also diminish oil recovery. Increasing the flow rate decreases
the contact duration between the supercritical fluid and the plant material, which may result
in insufficient oil extraction. In addition, increasing the flow rate may also increase the
pressure loss across the extraction vessel, reducing extraction efficacy (Peng et al., 2020).

On the other hand, decreasing the flow rate can also lead to a decrease in the oil yield.
Decreasing the flow rate can increase the residence time of the supercritical fluid in the
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extraction vessel, leading to a higher risk of thermal degradation of the oil components
due to prolonged exposure to high temperatures (Dhakane-Lad & Kar, 2021). Notably,
the effect of flow rate on oil yield is highly dependent on other extraction parameters such
as pressure, temperature, and the ratio of solvent to feed. At high pressures, for instance,
increasing the flow rate can result in a higher oil yield because the mass transfer rate of
the oil components from the plant material to the supercritical fluid is already high (Argun
et al., 2022). Increasing the flow rate can further improve it. However, increasing the flow
rate may not inherently increase the oil yield at low pressures, as the pressure may limit
the mass transfer rate (Rizkiyah et al., 2022; Soh et al., 2019).

Consequently, the influence of flow rate on oil yield in SC-CO, extraction is complex
and highly variable. Optimizing the flow rate and other extraction parameters is essential to
obtain the maximum oil yield with desirable qualities. According to reports (Table 2), the
optimal flow rate range for citronella oil extraction using SC-CO, is 0.3 L/min, depending
on the extraction pressure and other parameters.

Effect of Extraction Time

Depending on various factors, increasing the extraction time in SC-CO, extraction
can also positively and negatively affect the oil yield. On the one hand, increasing the
extraction time can increase the contact time between the supercritical fluid and the plant
material, allowing the oil components to dissolve in the solvent for an extended period,
resulting in a higher oil yield (Capuzzo et al., 2013; del Valle, 2015). Increasing the
extraction time gives the supercritical fluid more time to penetrate the plant material and
dissolve its oily components. On the other hand, increasing the extraction time can also
reduce oil production because increasing the extraction time can increase the exposure
of oil components to high-pressure and high-temperature conditions, potentially resulting
in thermal degradation or oxidation of oil components, which can reduce the overall oil
yield (Golmohammadi et al., 2018).

However, reducing the extraction time may also reduce the contact time between the
supercritical fluid and the plant material, decreasing extraction efficiency and oil yield
(Park et al., 2007; Wu et al., 2019). Therefore, the optimal extraction duration for SC-
CO, extraction of citronella oil highly depends on the specific extraction conditions, such
as pressure, temperature, and solvent-to-feed ratio. Depending on the pressure and other
extraction parameters, the optimum extraction time for citronella oil extraction using SC-
CO, is typically reported to be between 30 minutes and 3 hours (Table 2).

Effect of Particle Size

In the SC-CO, extraction of citronella oil, the particle size of the plant material has a
complex effect on the oil yield. However, these parameters have yet to be investigated
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by previous research. Therefore, this review will suggest that the effect of particle size in
the extraction process can be applied to extract the citronella oil by SC-CO,. When the
particle size of the plant material is increased, the surface area of the material exposed
to the supercritical fluid is decreased, which may decrease oil yield due to inefficient
contact between the plant material and the solvent (Snyder et al., 1984; Sodeifian, Saadati
Ardestani, et al., 2016). A larger particulate size will have a lower ratio of surface area
to volume, resulting in lower extraction efficiency and, consequently, a lower oil yield.
On the other hand, increasing the particle size can also increase the porosity of the plant
material, allowing for greater solvent penetration and mass transfer of oil components from
the plant material to the solvent (Uwineza & Waskiewicz, 2020). It can result in a greater
oil yield due to increased extraction efficacy.

Similarly, reducing the particle size can increase the surface area of the plant material,
which can result in improved contact between the plant material and the solvent and,
consequently, a greater oil yield (Jha & Sit, 2022). However, reducing the particle size
can also increase the flow resistance of the supercritical fluid, which can reduce the mass
transfer rate of oil components from the plant material to the solvent, resulting in a lower oil
yield (Yousefi et al., 2019). Consequently, the optimal particle size for SC-CO, extraction
of citronella oil depends on several variables, such as the extraction conditions, pressure,
temperature, and solvent-to-feed ratio. SC-CO, extraction of plant material typically
employs a particle size range of 0.5 to 3 mm (Putra, Rizkiyah, et al., 2018).

Effect of Co-solvent

In the SC-CO, extraction of citronella oil, using co-solvents can have complex effects
on oil yield. However, these parameters have also yet to be investigated by previous
research. Increasing the co-solvent ratio increases the solubility of the oil components in
the superecritical fluid, resulting in a more significant mass transfer of the oil components
from the plant material to the solvent and a higher oil yield (Sodeifian, Sajadian, &
Saadati Ardestani, 2016). Co-solvents can also reduce the viscosity of SC-CO,, thereby
increasing the mobility of the solvent within the plant material and further improving
extraction efficiency and oil yield (Benelli et al., 2010). The type of solvents that can
be used in SC-CO, extraction is shown in Table 3. One of the safe co-solvents used in
SFE for essential oils is ethanol. Ethanol is generally recognized as safe (GRAS) by
the Food and Drug Administration (FDA) and is a common solvent in the food industry
(Aziz et al., 2021). Ethanol has been used as a co-solvent in SFE for essential oils, and
it has been found to increase the yield and quality of the extracted oil. However, using
ethanol as a co-solvent in SFE requires careful optimization of the extraction parameters,
such as temperature, pressure, and flow rate, to avoid denaturation of the essential oil
components.
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Table 3
Common co-solvent can be applied to assist SC-CO, extraction
Co-solvent Chemical Formula Source
Ethanol C,H;OH Daud et al., 2022
Methanol CH;0H Marcus, 2018
Propanol C;H,OH Akkarawatkhoosith et al., 2019
Ethyl acetate C,H;0, Klein et al., 2019
Acetone C;HO Byun, 2020
Dimethyl sulfoxide (DMSO) C,H(0S Zhou et al., 2022
Carbon disulfide CS2 Daneshyan and Sodeifian, 2022

However, an excessive quantity of co-solvent can cause the density and solvation power
of the SC-CO,, thereby decreasing the solubility of the oil components in the solvent and
resulting in a reduced oil yield (Ahmad et al., 2019; Moges et al., 2022). Increasing the
co-solvent ratio may also increase the cost of the extraction process, thereby reducing the
process’s economic viability (Hayyan et al., 2022). Similarly, diminishing the co-solvent
ratio can reduce the oil components’ solubility in SC-CO,, reducing oil yield. However,
diminishing the co-solvent ratio can reduce the cost of the extraction process, thereby
increasing the process’s economic viability. In the SC-CO, extraction of plant materials,
including citronella, a co-solvent ratio of 5% to 20% is typically used (Machmudah et al.,
2000).

BIOACTIVITY OF CITRONELLA OIL

Citronella oil is known to have a range of bioactive properties that have been the subject
of research for many years. Some of the most commonly studied bioactivities of citronella
oil include:

* Insect repellent: Citronella oil is well-known for its insect-repelling properties,
particularly against mosquitoes. It is effective in repelling several species of
mosquitoes and has been used as a natural alternative to synthetic insect repellents
(Nollet & Rathore, 2017).

* Antimicrobial: Citronella oil has exhibited antimicrobial activity against various
bacteria and fungi (Nakahara et al., 2013). It is particularly effective against
Gram-positive bacteria such as Staphylococcus aureus, Bacillus subtilis, and
Streptococcus pneumoniae.

* Antioxidant: Citronella oil has been found to possess significant antioxidant
activity, which can help to protect the body from oxidative damage caused by free
radicals (Sinha et al., 2011). This activity may be due to phenolic compounds in
the oil.

* Anti-inflammatory: Citronella oil has been found to exhibit anti-inflammatory

Pertanika J. Sci. & Technol. 32 (3): 1043 - 1069 (2024) 1053



Nicky Rahmana Putra, Ahmad Hazim Abdul Aziz, Dwila Nur Rizkiyah, Mohd Azizi Che Yunus, Ratna Surya Alwi,
Reny Tri Anggraini, Siti Khodijah, Irianto Irianto and Lailatul Qomariyah

activity in both in vitro and in vivo studies. This activity may be due to geraniol
and citronellal (Salaria et al., 2020).

*  Analgesic: Citronella oil has been shown to possess analgesic properties, which
can help to reduce pain and inflammation (Ganjewala, 2009). This activity may be
due to compounds such as citronellal, which have been found to exhibit analgesic
effects in animal studies.

* Anti-cancer: Some studies have suggested that citronella oil may possess anti-
cancer activity, particularly against breast cancer cells (Manosroi et al., 2006).
This activity may be due to geraniol and citronellol, which have been found to
exhibit anti-cancer anti-cancer effects in vitro.

OPTIMIZATION METHODS FOR SC-CO, EXTRACTION PARAMETERS

SC-CO, extraction is a versatile and environmentally friendly method to obtain valuable
compounds from various natural sources, including essential oils like citronella. The success
of SC-CO, extraction depends on the precise control of multiple operating parameters,
such as temperature, pressure, particle size, and co-solvent ratios. Achieving the desired
product quality, maximum yield, and process efficiency necessitates optimizing these
parameters systematically. In this context, optimization methods are pivotal in fine-tuning
SC-CO, extraction processes. These methods offer structured frameworks to explore the
complex interplay of variables and identify optimal conditions. Three commonly employed
optimization approaches in SC-CO, extraction are Response Surface Methodology (RSM)
with Central Composite Design (CCD), Box-Behnken Design (BBD), and the Taguchi
method.

Response Surface Methodology with Central Composite Design

Response Surface Methodology (RSM) with Central Composite Design (CCD) is a robust
statistical technique for optimizing complex processes with multiple variables. When
applied to the supercritical carbon dioxide (SC-CO,) extraction of citronella oil, RSM-
CCD offers a structured and systematic approach to investigating and optimizing critical
parameters like temperature, pressure, and flow rate.

RSM allows researchers to systematically vary the selected parameters within
predetermined ranges. In the case of SC-CO, extraction, these parameters can include
temperature (T), pressure (P), and flow rate, among others. By systematically altering these
factors, researchers can evaluate their individual and interactive effects on the extraction
process (Arumugham et al., 2022). The Central Composite Design (CCD) is employed
within RSM to construct a response surface. This surface accounts for quadratic effects,
enabling a comprehensive analysis of how parameter interactions affect the response
variable (Moges et al., 2022). In this case, the yield and quality of citronella oil. The CCD
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involves a series of experiments strategically placed within the parameter space, allowing
for generating a mathematical model that approximates the relationship between the
parameters and the response.

Once the response surface is constructed, researchers can analyze it to identify the
optimal extraction conditions. These conditions represent the combination of parameters
that maximize the desired outcome, such as citronella oil yield and product quality. By
studying the response surface, researchers gain insights into the critical factors that
significantly impact the extraction process. RSM-CCD has found practical application in
SC-CO, extraction studies, as exemplified in Timung et al. (2016). This study employed
the response surface to visualize the interplay between temperature and pressure, shedding
light on their combined effects on citronella oil yield and quality. Researchers pinpointed
the optimal conditions within the parameter space, enhancing process efficiency and
product quality.

In summary, RSM-CCD is a valuable optimization methodology that offers a structured
approach to fine-tune critical parameters in SC-CO, extraction processes. It leverages the
construction of response surfaces to identify optimal conditions for citronella oil extraction.
This statistical technique provides researchers with valuable insights into the complex
interactions between parameters and their effects on yield and product quality, ultimately
contributing to the advancement of SC-CO, extraction methods in various industries.

Box-Behnken Design

Box-Behnken Design (BBD) is a sophisticated experimental design method that efficiently
optimizes SC-CO, extraction parameters (Rizkiyah et al., 2023). This methodology is
particularly well-suited for situations where factors have three-level settings, making it a
valuable tool for optimizing complex processes like SC-CO, extraction. BBD is designed
to efficiently explore the design space by systematically varying critical parameters. In the
case of SC-CO, extraction, researchers can select factors like temperature (T) and pressure
(P) and explore multiple levels for each factor. BBD strategically places experiments at
the low, middle, and high levels of these parameters, facilitating a thorough investigation
of their effects on the extraction process (Putra, Rizkiyah, Idham, et al., 2023). Like RSM-
CCD, BBD also involves the construction of a response surface. This mathematical model
approximates the relationship between the selected parameters and the response variable,
which includes factors like citronella oil yield and product quality. The response surface
aids in visualizing how changes in parameter levels influence the response.

Researchers analyze the response surface generated through BBD to identify the
optimal extraction conditions. These conditions represent the combination of parameter
settings that maximize the desired outcome, such as achieving the highest yield of
citronella oil with optimal product quality. BBD helps researchers navigate the parameter
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space efficiently to reach these optimal conditions. Furthermore, BBD systematically
investigates both the individual and interactive effects of parameters on the extraction
process. It provides a comprehensive understanding of how each parameter contributes
to the response and how they interact. Understanding these effects is crucial for fine-
tuning the extraction process.

BBD is a powerful experimental design method that efficiently explores parameter
settings in SC-CO, extraction. It offers a structured approach to identifying optimal
conditions for citronella oil extraction, taking into account the individual and interactive
effects of parameters. BBD aids researchers in navigating the complexities of the extraction
process, ultimately contributing to enhanced process efficiency and product quality in
various industrial applications.

Taguchi Method

The Taguchi Method is a robust optimization technique that prioritizes the robustness and
performance of a process. When applied to SC-CO, extraction, it becomes a valuable tool
for optimizing a range of parameters, including those critical for citronella oil extraction,
such as particle size and co-solvent ratios. The Taguchi Method is rooted in the concept
of robust optimization, which aims to achieve consistent and high-quality results while
accounting for variability in process parameters. It is particularly well-suited for processes
like SC-CO, extraction, where maintaining product quality and reliability are paramount.

The Taguchi Method allows for the systematic optimization of multiple parameters
simultaneously. SC-CO, extraction might include factors such as particle size, co-solvent
ratios, pressure, and temperature. By optimizing these parameters together, researchers
can ensure that the extraction process is not overly sensitive to variations, thus enhancing
its robustness. The Taguchi Method employs orthogonal arrays to organize experiments
efficiently (Ramezani et al., 2020). These arrays help in planning a relatively small
number of experiments while providing a comprehensive understanding of the parameter
interactions and their effects on the response variable, which in this case would be citronella
oil yield and quality.

A key aspect of the Taguchi Method is the use of Signal-to-Noise (S/N) ratios to
assess the performance of different parameter combinations (Ribeiro et al., 2017). These
ratios help identify which parameter settings result in the most desirable outcomes.
Researchers aim to maximize the S/N ratios associated with the desired response,
indicating optimal process conditions. In summary, the Taguchi Method is a powerful and
structured optimization technique that is particularly useful for ensuring the robustness
and quality of SC-CO, extraction processes, including citronella oil extraction. It offers
a multi-factorial approach to parameter optimization, utilizing orthogonal arrays and S/N
ratios to systematically fine-tune process conditions. This methodology is instrumental in
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achieving consistent and desirable product characteristics while minimizing the impact
of parameter variations.

COMPARISON OF SUPERCRITICAL CARBON DIOXIDE WITH
TRADITIONAL EXTRACTION METHODS

Citronella oil has been traditionally extracted using steam distillation and hydrodistillation
methods. However, the emergence of SC-CO, extraction has shown to be a promising
alternative method for extracting essential oils, including citronella oil. The SC-CO,
extraction method utilizes carbon dioxide in its supercritical state, where it behaves as
both a gas and a liquid, to extract essential oils from plant materials.

Due to its many advantages, there has been a growing interest in using SC-CO,
extraction as an alternative to traditional methods. Compared to traditional methods, SC-
CO, extraction offers a more efficient and environmentally friendly process with higher
yields and does not require toxic solvents. The SC-CO, extraction method is also highly
tunable, optimizing extraction conditions to target specific compounds of interest in the
extracted oil. Table 4 summarizes the advantages and disadvantages of conventional

extraction and SC-CO, extraction.

Table 4
Advantages and disadvantages of conventional extraction and SC-CO, extraction
Extraction .
Method Advantages Disadvantages Ref
Steam Distillation ¢ Low-cost and widely used Low yield Hamzah et al.,

Solvent Extraction ¢

Hydrodistillation

SC-CO, Extraction

Preserves aroma and
flavor

High yield

Can extract a wide range
of compounds

Short extraction time

Efficient for extraction
of high boiling point
compounds

Preserves the aroma and
flavor

Non-toxic and
environmentally friendly
High selectivity and purity
Short extraction time
High yield

No residual solvents in the
final product

Time-consuming
Sensitive to heat
Degradation of heat-
sensitive compounds

Use of toxic solvents
Residual solvent in the final
product

Expensive and time-
consuming solvent recovery

High energy consumption
Low yield
Long extraction time

High equipment cost
Requires expertise to
operate and optimize

2014; Weng et al.,
2015

Okpo and Otaraku,
2020

Gavabhian et al.,
2018; Timung et al.,
2016

Wu et al., 2019
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Several methods are employed to extract citronella oil, each with its advantages and
disadvantages. Steam distillation, a widely used method, is characterized by its cost-
effectiveness and ability to preserve the aroma and flavor of the oil. However, it suffers
from drawbacks such as relatively low yields, time-consuming processes, and sensitivity
to heat, which can degrade heat-sensitive compounds within the oil. Solvent extraction
offers high yields and can quickly extract a wide range of compounds. Nevertheless, it
involves toxic solvents, potentially resulting in residual solvents in the final product, and
can be expensive due to the need for solvent recovery. Hydrodistillation is efficient for
compounds with high boiling points and maintains the oil’s aromatic and flavorful qualities.
However, it comes with the trade-offs of high energy consumption, lower yields, and lengthy
extraction times. In contrast, SC-CO, extraction offers a non-toxic and environmentally
friendly alternative. It excels in purity, yield, and speed, with no residual solvents in the
final product. Nonetheless, the method requires a substantial equipment investment and
specialized expertise for optimal operation. The choice of extraction method hinges on
specific project requirements and considerations, ranging from yield and product quality
to environmental concerns and available resources.

APPLICATION CITRONELLA OIL

Due to its unique chemical composition and properties, citronella oil has numerous
applications in numerous industries. The following are some of the most common
applications of citronella oil:

Due to its delightful, fresh, and citrus aroma, Citronella oil is extensively employed in
the fragrance industry. Popular in fragrances, balms, candles, and air fresheners (Ganjewala,
2009).

» Citronella oil is effective against mosquitoes, flies, and other insects as a natural

insect repellent. It is commonly used in candles, perfumes, mists, and mosquito
coils (Hsu et al., 2013).

*  Aromatherapy utilizes citronella oil to promote relaxation, reduce tension, and
enhance mood. Typical applications include diffusers, massage oils, and bath
additives (Barbas et al., 2017).

* Citronella oil is a flavoring agent in the food and beverage industry (Neequaye et
al., 2017). It is utilized frequently in soft beverages, ice creams, chocolates, and
baked products.

» The antifungal, antibacterial, and antiseptic properties of citronella oil make it
useful in the pharmaceutical industry (Kaur et al., 2021). It is incorporated into
topical ointments, balms, and cosmetics.

* In veterinary medicine, citronella oil is used as an insect repellent and a natural
treatment for various animal diseases.
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» Citronella oil’s antiseptic and astringent properties are utilized in cosmetics (Happy
et al., 2021). It is commonly found in skin care products such as facial cleansers
and toners.

»  Citronella oil produces various industrial products, including insecticides, cleansing
agents, and lubricants (Isman et al., 2011).

CHALLENGES AND FUTURE PERSPECTIVE IN SC-CO, EXTRACTION
FOR CITRONELLA OIL

SC-CO, Extraction as an alternative to conventional methods for extracting essential oils,
including citronella oil, has shown tremendous promise. However, some obstacles must
be overcome for the widespread utilization of this technology in the citronella oil industry.
Optimization of the extraction parameters is one of the most significant obstacles. Although
the effects of pressure, temperature, flow rate, particle size, and co-solvent ratio on the
extraction yield of citronella oil have been investigated, further optimization of these
parameters is required to maximize the extraction yield and minimize operating costs.
Additionally, the use of various co-solvents and their effects on the extraction yield and
quality of the extracted oil should be investigated further.

Scaling up the SC-CO, extraction method presents further difficulty. While the
laboratory-scale extraction yielded promising results, the scale-up process necessitates
substantial investment and engineering expertise to ensure the process’s efficacy and safety.
In addition, the cost of the apparatus required for SC-CO, extraction is still comparatively
high compared to conventional extraction techniques, which may prevent small-scale
producers from adopting this technology.

The stability of the extracted citronella oil is an additional crucial factor to consider.
The SC-CO, extraction method can yield high-quality essential oils with a minimal
impurity content. To ensure the purity and efficacy of these oils, however, it is necessary
to investigate their stability during storage and transportation. In addition, the effects of
the extraction procedure on the bioactive compounds in citronella oil should be evaluated
for their possible health benefits.

The future of SC-CO, extraction in the citronella oil industry appears promising despite
these obstacles. The technology provides several advantages over conventional extraction
techniques, including a higher yield, a lower impurity level, and a shorter extraction time.
In addition, SC-CO, extraction has a lower environmental impact than conventional
extraction methods because it does not require organic solvents, which can be detrimental
to the environment. In addition, developing new technologies and optimizing existing ones
can significantly enhance the SC-CO, extraction process’s efficacy and cost-effectiveness
(Chemat et al., 2020; De Oliveira et al., 2019). Using co-solvents and optimizing their
ratio, for instance, can improve the extraction yield and the quality of the extracted oil.
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Integrating SC-CO, extraction with other technologies, such as microwave and ultrasound,
can improve the process’s efficacy and selectivity.

The future of SC-CO, extraction for citronella oil appears promising, even though
several obstacles still need to be addressed. Its future applications in the culinary, cosmetic,
and pharmaceutical industries are extensive. Continued research and development in this
field can significantly enhance the process’s efficacy and cost-effectiveness, making it a
viable alternative to conventional extraction techniques.

CONCLUSION

This review paper focused on the SC-CO, extraction of citronella oil, discussing topics
such as the production and interesting compounds of citronella, the theory of SC-CO,
extraction, and the various parameters that affect the yield and quality of the extracted
oil. According to the review’s findings, SC-CO, extraction is a promising alternative to
conventional citronella oil extraction methods. It offers several advantages, including
reduced solvent usage, shorter extraction times, and higher oil yields with a higher
concentration of interesting compounds. However, there are still obstacles to maximizing
the yield and quality of the extracted oil by optimizing the process parameters. Prospects
for SC-CO, extraction of citronella oil include the development of new technologies and
equipment, such as the use of co-solvents and the integration of ultrasound or microwave-
assisted techniques, as well as the investigation of new applications for the extracted oil in
various industries, such as the pharmaceutical, cosmetic, and food industries. This review
provides valuable insights into the SC-CO, extraction of citronella oil, highlighting its
potential as a sustainable and efficient alternative to traditional extraction methods and
identifying research gaps.
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ABSTRACT

Sentiment analysis aims to understand human emotions and perceptions through various
machine-learning pipelines. However, feature engineering and inherent semantic gap
constraints often hinder conventional machine learning techniques and limit their accuracy.
Newer neural network models have been proposed to automate the feature learning process
and enrich learned features with word contextual embeddings to identify their semantic
orientations to address these challenges. This article aims to analyze the influence of different
factors on the accuracy of sentiment classification predictions by employing Feedforward
and Convolutional Neural Networks. To assess the performance of these neural network
models, we utilize four diverse real-world datasets, namely 50,000 movie reviews from
IMDB, 10,662 sentences from LightSide Movie Reviews, 300 public movie reviews, and
1,600,000 tweets extracted from Sentiment140. We experimentally investigate the impact of
exploiting GloVe word embeddings on enriching feature vectors extracted from sentiment
sentences. Findings indicate that using larger dimensions of GloVe word embeddings
increases the sentiment classification accuracy. In particular, results demonstrate that the
accuracy of the CNN with a larger feature map, a smaller filter window, and the ReLU
activation function in the convolutional layer was 90.56% using the IMDB dataset. In
comparison, it was 80.73% and 77.64% using the sentiment140 and the 300 sentiment

sentences dataset, respectively. However,

it is worth mentioning that, with large-size
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INTRODUCTION

In the Natural Language Processing (NLP) domain, Sentiment Analysis (SA) has gained
significant attention (Hussein, 2018; Maree & Eleyat, 2020; Wang et al., 2018). SA is a
classification task that analyzes textual sentences to classify their orientations (i.e., positive,
negative or neutral). For individuals and organizations alike, SA provides an important source
of valuable information. On the one hand, individuals can use SA to comprehend consumer
opinions about products they want to purchase. On the other hand, an organization can use
SA to visualize consumer opinions and make informed future decisions (Maree & Eleyat,
2020). Generally, two main SA approaches vary in strengths, weaknesses, and accuracy:
(1) Lexicon-based and (2) Machine Learning-based SA models. Using sentiment lexicons
comprising word sets paired with their respective sentiment polarities has gained prominence
in lexicon-based approaches. Examples of such lexicons include SentiWordNet, SenticNet,
and HowNet (Maree & Eleyat, 2020; Shaukat et al., 2020). In contrast, machine learning-
based approaches rely on leveraging training samples to make predictions regarding the
polarity of opinions. We recommend referring to the following references to delve deeper
into these approaches and gain a comprehensive understanding (Yang & Chen, 2017).

Traditional methods, including Support Vector Machine (SVM), Maximum Entropy
(ME), and Naive Bayes (NB) classifiers, are commonly employed for sentiment analysis.
These classifiers are often combined with intricate feature extraction techniques to
achieve accurate predictions. Among the main limitations of these approaches are the
incompleteness of the training data, lack of semantic information about the processed
text, domain dependence, and huge computational cost. Newer deep-learning models
have been proposed to address these limitations (Stojanovski et al., 2015; Vielma et al.,
2020; Yenter & Verma, 2017). Among the main goals in this context are automating the
feature learning process and incorporating semantic dimensions through word embedding
techniques. We recommend reading a recent survey on the topic for more details on the
main advantages of deep learning models (Zhang et al., 2018). An important aspect that
we would like to highlight in the context of utilizing deep learning is the ability to couple
discrete representations of text using One-hot vectors and distributional representations
of words using Global Vectors (GloVe) or Word2 Vec.

Starting from this position, we aim to experimentally investigate the impact of
exploiting GloVe word embeddings on enriching feature vectors extracted from sentiment
sentences and, subsequently, its impact on the quality of the utilized sentiment classifiers,
namely FNN and CNN.

In particular, we summarize our contributions to this work as follows:

* Exploring and identifying the influence of various factors on the accuracy of

sentiment classification predictions by employing ANN and CNN architectures,
utilizing four diverse real-world datasets.
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*  We experimentally investigate the impact of exploiting GloVe word embeddings on
enriching feature vectors extracted from sentiment sentences. Findings demonstrate
that using larger dimensions of GloVe word embeddings increases the sentiment
classification accuracy.

MATERIALS AND METHOD

Sentiment analysis is a classification problem that aims to identify, extract, and analyze
the sentiment orientation of sentences (Hussein, 2018; Qaisar, 2020; Zhang et al.,
2018). Among the commonly quoted definitions of the term Sentiment Analysis (SA) is
highlighted by Alam and Yao (2019), where the authors define SA as “a computational
process which identifies and categorizes an opinion in a piece of text that expresses the
positive, negative, or neutral attitude of a writer towards a particular product, event or
personality” (p. 321). Several approaches have been developed over the past years for
analyzing sentiments. Among these approaches is the lexicon-based approach, which uses
a dictionary that includes words with their polarities. This approach remains inaccurate as
it depends on the word’s polarity to determine the text’s polarity (Maree & Eleyat, 2020).
It can be attributed to the fact that the prior polarity of a word does not necessarily reflect
its contextual polarity (Wilson et al., 2009). Recently, researchers witnessed a growing
interest in developing machine-learning techniques for SA purposes. Some research works
focused on using traditional machine learning techniques such as support vector machines
SVMs, Maximum Entropy ME and Naive Bayes NB models.

Horakova (2015) analyzed the sentiments of the text in the Czech language. The
developed application collects data according to several criteria and then classifies user-
generated reviews using machine learning. This application consists of three modules,
each performing a specific task. The first module collects the data, and the second module
pre-processes the raw data collected by the first module, including stop word removal and
lemmatization. The third module uses machine learning to classify cleaned texts from
the second module. The authors used Selenium Web Driver technology to collect the
data, and they used the MorphoDiTa tool to perform morphological analysis to prepare
the data for the classification stage. R programming language, namely RTextTools, was
employed for the text classification task. Specifically, the authors employed the NB, SVM,
Maximum Entropy, Decision Trees and Random Forest to classify sentiment sentences.
The results showed the superiority of the Maximum Entropy and Random Forest
classifiers over the rest of the classifiers when the lemmatization technique was used
as part of the pre-processing pipeline. Despite this achievement, it is important to point
out that traditional machine-learning techniques cannot learn features independently. In
addition, only relying on the textual content of sentiment sentences will suffer from two
main inherent problems.
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First, latent semantic dimensions in texts will remain undiscovered and hidden under
synonymy, polysemy and other semantically related dimensions, such as hypernyms and
meronyms. Second, the dependence of traditional machine learning models on the training
data and their domain will make them impractical for capturing the sentiment orientations of
sentences in other domains of interest. In an attempt to address these limitations, researchers
have recently shifted their focus to analyzing sentiments using deep learning techniques. For
instance, Yang and Chen (2017) compared a variety of popular machine learning techniques
for sentiment analysis: SVM, NB, ME and Artificial Neural Network method. Researchers
discussed these methods in detail, provided an approximate comparison between them, and
presented a set of challenges faced by that researchers in the field of sentiment analysis.
Specifically, the researchers demonstrated that the NB method and neural networks are
highly accurate, whereas the SVM and ME have lower accuracy.

However, despite the improvements introduced by newer deep learning methods, the
authors still believe that one of the biggest challenges in this field is to study the various
neural networks in depth and determine which features are most effective in sentiment
analysis. In the same line of research, many researchers are focusing their efforts on the use
of different neural networks, such as feedforward neural networks (FNN), convolutional
neural networks (CNN), and recurrent neural networks (RNN) for SA purposes (Rusandi et
al.,2021). In general, deep learning approaches follow two main phases: (1) the first phase
focuses on word embedding (feature vectorization), and (2) the second phase is used for
learning and classification of sentiment orientation of sentences. Stojanovski et al. (2015)
attempted to study the importance of pre-trained word vectors to extract sentiments from
a dataset of sentences obtained from Twitter. They proposed a deep convolutional neural
network with one convolutional layer and two fully connected layers with dropout. A
sigmoid activation function was used for the first layer, and a tangent activation function
was used for the second layer. Lastly, the softmax activation function was applied to the
output layer. The dropout rate that was used ranged between 0.7 and 0.5, respectively. The
researchers generated word vectors using three pre-trained word embedding models that
are word2vec, global vectors for word representation GloVe, and semantic-specific word
embedding (SSWE).

The authors have used three sets from the SemEval Task 10 challenge for training
and testing. A set of parameters was used to determine their effect on sentiment analysis
accuracy. These parameters are filter window size, number of hidden units, feature maps
size, patch size and activation function in the convolutional layer. Experiments showed
that using hyperbolic activated tangent units in the convolutional layer, 500 hidden units
in the first hidden layer, and 300 hidden units in the second hidden layer, and increasing
the size of the feature maps to 300 improved the performance. Further, results indicated
that the GloVe word embedding outperformed all other word embedding methods.
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A traditional feedforward neural network extracts only the current time information and
discards the useful information transmitted in the spatial and time arrangement of the data.
To tackle this problem, researchers developed recurrent neural networks (RNNs). However,
this type of network faces problems such as gradient explosion and gradient vanishing. As
aresult, researchers developed LSTM and GRU networks. LSTM can remember long-term
information, and its sequential structure is more sophisticated and intelligent than RNN,
while GRU is characterized by its high efficiency. Ni and Cao (2020) suggested a model
combining LSTM and GRU to extract sentiment polarities. This study used pre-trained
word embedding models to create word vectors. Researchers trained and tested their model
using both IMDB and Review Polarity datasets.

Three basic stages make up the model: (1) embedding words layer, during which text
is converted into vectors in space using the GloVe model; (2) the output of the first stage
is passed to the neural network layer consisting of 64 LSTM units and 64 GRU units in the
second stage, and (3) the final stage is the output layer. The results showed that the proposed
model performed better than the RNN model in accuracy. Cao et al. (2020) proposed
a text sentiment classification based on the Attention Mechanism and Decomposition
Convolutional Neural Network model. Parallel Decomposition Convolutional Neural
Network (DCNN) was utilized to obtain comprehensive text features. An attention
mechanism was integrated to extract important feature information and improve text
sentiment classification. Experimental findings indicated that the proposed model performs
better than the single-channel model, and the use of the Decomposed Convolutional Neural
Network is better than the traditional Convolutional Neural Network. However, it may still
be argued that the utilized combined approach may be hindered by high computational
costs, especially when handling large-scale datasets. Another model used Bidirectional
Encoder Representations from Transformers (BERT) to transform the words in the input
sequence into a vector representation (He, 2023). A CNN was used to extract features
where the output vector of BERT was convolved along the dimension of sequence length
to extract the features in the sequence.

Bidirectional Long Short-Term Memory (BiLSTM) was used to encode the features
and capture the long-term dependencies in the sequence. Accordingly, the results of the
BiLSTM output were fed into a fully connected layer to make classification predictions.
As discussed by the author, the proposed model has produced more precise sentiment
classification results than conventional BERT, BILSTM, CNN, and BERT-BiLSTM models.
However, as we argued earlier, the complexity of such SA models can be at a very high
computational cost, namely with large-scale datasets. In addition, comparable SA quality
can be obtained using conventional models, which can be less complex on the one hand
and more efficient on the other.
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Identifying sentiment orientation in a given sentence involves several phases, beginning
with data collection and pre-processing. It is followed by word vectorization, neural network
training, and performance evaluation.

Dataset Collection and Pre-processing

Researchers often rely on Twitter and social media sites to gather datasets and sentiment
sentences to test their approaches (Krouska et al., 2016). In our experiments, we used four
datasets: the IMDB! dataset, which contains 10,662 movie reviews, and the Sentiment140?
dataset, which contains 1,600,000 tweets collected from Twitter API. Both IMDB and
Sentiment140 datasets are publicly available on Kaggle. Additionally, we collected the
LightSide dataset consisting of 10,662 samples and 300 generic movie reviews from
Twitter. Data collected is raw data that is not ready for use because it may contain unwanted
characters, symbols and spelling mistakes (Haddi et al., 2013). In order to make raw data
ready for use, it must be prepared by removing unwanted characters, such as numbers,
white spaces, hashtags, punctuations and URLs.

Word Embedding

At this stage, the words are converted into vectors in space. The mathematical
representations of the texts contribute greatly to the accuracy of the neural network results.
Two main approaches can be used to represent word embeddings: discrete representations
using One-hot vectors and distributional representations using Global Vectors (GloVe) or
Word2Vec (Ni & Cao, 2020; Yang & Chen, 2017). There are many drawbacks to using
One-hot vectors, including their extreme sparsity and huge feature vector size. It consumes
enormous memory space requirements and makes algorithms more complex, in addition
to the inability to show contextual connections among words. Researchers proposed an
approach that uses dense vectors to represent features to overcome these limitations. Words
are represented as n-dimensional dense vectors using the distributed approach. Where
similar vectors represent similar words, relying on this approach, researchers used different
approaches to represent words using Zhang and Wallace (2015), where they used random
initialization for the word vectors. Then, they allowed the model to learn the most accurate
representation of the words. However, this approach was ineffective for handling large-scale
sentiment sentence datasets. Researchers recently utilized unsupervised learning to learn
word representations from large text corpora (Dos-Santos & Gatti, 2014). This approach
provides pre-trained vectors that can be used to perform various NLP tasks. Word2Vec
and GloVe pre-trained embeddings are the most efficient and effective ways to convert

! https://www.kaggle.com/lakshmi25npathi/imdb-dataset-of-50k-movie-reviews/
2 https://www.kaggle.com/kazanova/sentiment140/
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words into corresponding dense vectors. In our experiments, we used GloVe® because of
its high scalability in speeding up parameter training (Ni & Cao, 2020). Once the words
are converted to vectors, they are ready to be passed to the neural network.

Artificial Neural Networks

An artificial neural network can be defined as a mathematical model for the simulation
of a network of biological neurons (e.g., human nervous system). It simulates different
aspects related to the behavior and capacity of the human brain. Neural networks consist
of basic units of computation called nodes or neurons. A neural network consists of a set
of layers, each layer containing a set of nodes. Terminal nodes receive data (x). Each entry
has a weight (w) determined according to the importance of the entry compared to other
inputs. Internal nodes implement an activation function flike (sigmoid, ReLU & tanh) on
the weighted sum of its inputs.

y=f(x1.w1 + x3.wy + b) (h

Equation 1 illustrates how value Y is computed as the neuron’s output. In the hidden
layers, each neuron receives weighted inputs plus bias from each neuron in the previous
layer, as shown by Equation 2.

Nj—l

j—1
0= X[ 7Wei - by @
k=1

where X ,{_1 denotes the input from k - th node in the j — th layer, W} ; is the weight of the
link between node k and all the nodes in the previous layers, and b is the bias.

The activation function fplays a crucial role as a non-linear function, introducing non-
linearity into the output of neurons. It is significant because real-world data often exhibits
non-linear characteristics, necessitating neurons to learn and represent non-linear patterns.
Many activation functions are used in neural networks, and perhaps the most commonly
used are sigmoid, hyperbolic tangent, and Rectified Linear Unit RelU activation functions.
A sigmoid activation function adjusts input value into a 1 to 0 range. At the same time,
the tangent function adjusts the input values into the range [1, -1]. The ReLU activation
function replaces negative values with zero. b a.k.a. the bias represents a constant value
that allows the shift of the activation function to better match the prediction with the data.

Based on Equation 2 above, O; is passed along to an activation function to produce the
node output, calculated as Y;= f(0;). The sigmoidal function is the most commonly used
activation function, defined as Equation 3.

3 https://nlp.stanford.edu/projects/glove/
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f(0) = 3)
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Feedforward Neural Network (FNN)

The feedforward neural network is the simplest type of artificial neural network. It consists
of several neurons arranged in layers connected by connections with weights attached. A
feedforward neural network has three types of layers: input, hidden, and output. In the input
layer, input nodes receive input data and pass it on to the next layer without performing
arithmetic operations. Hidden layers are behind input layers, so there is no direct connection
to the data source. This layer forms a link between the input layer and the output layer. It
performs calculations on the data and passes it to the output layer. A neural network may
or may not have hidden layers. FFNs with hidden layers are called Multi-Layer Perceptron
(MLP), while a network without any hidden layers is known as a Single Layer Perceptron.
In a feedforward neural network containing hidden layers, data passes through them in one
direction (forward). The output nodes in the output layer perform arithmetic operations on
the data they receive from the network and then pass output to the outside world.

Convolutional Neural Networks

The Convolutional Neural Network (CNN) is among sentiment analysis’s most widely used
neural networks. Using CNNs automates feature generation, saving training time required
by other conventional machine learning. CNNs consist of several layers: convolution,
pooling and fully connected Multi-Layer Perceptron (MLP). The first layer in this
architecture is a convolutional layer. The output of this layer is called a feature map. This
layer uses a kernel, which acts as a sliding window over the feature map, where each piece
of data in the convolutional layer is represented as one unit in the feature map. This layer
acts as a feature extractor. By applying the max feature or averaging adjacent features on
the feature map, the pooling layer reduces them to a single unit. The output of this layer
is passed into a feedforward neural network. The general principle of neural networks is
learning from errors, so the principle of neural networks can be summarized as follows:
first, receiving data, making predictions, comparing the predictions with the real values,
then adjusting the weights to predict with greater accuracy next time.

These steps lead to the neural network being trained. The next and final step is testing
the model. To further explain the application of CNN in the context of our work, we first
map tokens in sentences to their corresponding word vectors from a lookup table obtained
based on GloVe term vector representations L € R™V!, where k is the dimension of the word
vectors, and V is a vocabulary of the words. Each token is projected to a vector w; € Rk
Consequently, a sentence concatenates the word embeddings x = {wy, wy,...w, }. After that,
the convolution operation xlj = h(W..x;.;4n—1 + b.)using windows of h sizes is performed
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on each sentence to produce feature maps. Where h(.) is the hyperbolic tangent function and
Xi:i+h—1 is the concatenation of word vectors from position i to position { + h — 1.

RESULTS AND DISCUSSION

For conducting the experiments, we employed the Python programming language to
implement the proposed Neural Networks and utilized them to process the four publicly
available datasets (Table 1). These datasets include LightSide’s movie reviews dataset, a
sentiment sentence dataset provided by Maree and Eleyat (2020), sentiment140, and the
IMDB dataset. Below, we provide essential information about each of the datasets used.

Table 1

Statistics about the used sentiment review datasets
Dataset Sentiment Sentences Positive Negative
IMDB 50,000 25,000 25,000
Sentiment Sentences from Reference(Maree & Eleyat, 2020) 10,662 5,331 5,3331
LightSide’s Movie Reviews 3000 150 150
Sentiment 140 1,600,000 800,000 800,000

After cleaning the data, the HTML tags, punctuation, numbers, and all unnecessary
characters and white spaces were removed. It becomes ready for analysis. We have created
a word-to-index dictionary using the tokenizer class in the Keras library. Each word in
the corpus is a key, while a corresponding unique index is the value. We then loaded
the GloVe word embeddings and created a dictionary to contain words as keys and their
corresponding embedding lists as values. Creating the embedding matrix is the next step.
Each row number corresponds to an index of words in the corpus. In addition, the matrix
columns contain GloVe word embeddings for words in our corpus. Such word embeddings
support four different vector representations, represented by four-dimension classes: 50,
100, 200 and 300. Thus, by using GloVe pertained model in our experiments, we have
generated vectors using these four different representations. We classified the reviews using
two types of neural networks. These are FNN and CNN.

Then, we have the training and testing phase using neural networks. Each dataset is
broken down into a training set and a testing set. The training set makes up 70% of the total
dataset. The testing set makes up the remaining 30%. Our experiments used FFNs with zero
hidden and one, two, and three hidden layers. For CNNs, we have used it with different
feature map sizes, filter window sizes, and activation functions in the convolution layer. After
the convolution layer, we have a max pooling layer, followed by FFNs with a zero hidden
layer, one hidden layer, two hidden layers, or three hidden layers. Finally, we have used the
accuracy metric to compare these different cases. Tables 2 and 3 illustrate the FNN and CNN
network parameters, respectively. In our experiments, we studied the effect of each of the
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parameters listed below on FNN and CNN  Table 2

network classification accuracy.

Used FFN parameters

¢ Using multidimensional vector _FFN parameters

representations of a word. First hidden layer
. . . Dropout
*  Using different numbers of hidden )
Second hidden layer
layers. Dropout

« Utilizing different activation  Third hidden layer
functions in hidden layers. Dropout

e Utilizing multiple activation  Optimizer

functions in hidden layers. Loss function

Activation function for the

300 unit

0.3

50 unit

0.2

10 unit

0.2

Adam

Binary-cross entropy

»  Using different activation functions output layer Sigmoid
in the convolution layer. Batch size 128
*  Changing feature map sizes used in  Epochs 6
the convolution layer.
*  Changing filter window sizes used  Table 3
in the convolution layer. Used convolutional layer parameters
Tables 4 to 8 illustrate the variations in ~ Convolutional layer parameters
the accuracy results when utilizing each of  Filters 128,384
3,5

the abovementioned parameters. Window size

Activation function

Sigmoid, ReLU

Table 4
Experimental results using FNN and CNN without hidden layer

No hidden layers / epochs=6

Input vector dimensions Dataset FNN CNN 128/ ReLU
IMDB 76.33% 89.48%
300 sentiment_sentences 70.60% 76.73%
MovieReviews 51.11%4 52.22%
Sentiment 140 72.75% 79.63%
IMDB 76.04% 89.10%
200 sentiment_sentences 70.07% 75.45%7
MovieReviews 53.33%6 51.11%4
Sentiment 140 72.03%5 79.31%
IMDB 71.60% 88.07%
100 sentiment_sentences 68.26% 74.92%
MovieReviews 53.33% 51.11%
Sentiment 140 70.49% 79.27%
IMDB 69.20% 85.94%
50 sentiment_sentences 66.51 71.85%
MovieReviews 57.77% 58.88%
Sentiment 140 67.69% 77.21%
1080 Pertanika J. Sci. & Technol. 32 (3): 1071 - 1086 (2024)
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Experimental results using CNN without hidden layer, using different feature maps, different filter sizes and
different activation functions

Input vector Dataset CNN 128/ CNN 384/ CNN 384/ CNN 384/
dimensions ReLU sigmoid/5 ReLU/5 ReLU/3
300 IMDB 89.48% 87.53% 90.20% 90.56%
sentiment_sentences 76.73% 76.51% 76.76% 77.64%
MovieReviews 52.22% 61.11% 63.33% 63.33%
Sentiment 140 79.63% 79.24% 79.09% 79.98%
Table 6
Experimental results using FNN and CNN with one hidden layer
One hidden layer / epochs=6 /Dimensions = 300
Activation function Dataset FNN Cl\ili\;/3'584/ CRNe 1;[3;: / CRNe IES?; /
IMDB 76.66% 89.50% 89.266% 88.48%
ReLU sentiment_sentences 69.07% 77.11% 77.20% 77.11%6
MovieReviews 46.66% 46.66%7 53.33% 53.33%
Sentiment 140 75.68% 79.62% 79.72% 80.73%4
IMDB 77.14% 89.25% 89.72% 89.96%
Sig sentiment_sentences 68.63% 75.95% 76.860% 75.10%
MovieReviews 46.66% 53.33% 46.66% 46.66%
Sentiment 140 75.97% 79.60% 79.75% 80.21%
IMDB 76.53% 89.26% 89.11% 89.5%
Tanh sentiment_sentences 68.48% 76.54% 76.39% 76.67292
MovieReviews 48.88% 64.44% 46.66% 54.44%
Sentiment 140 75.70% 78.96% 79.69% 80.37%
Table 7
Experimental results using FNN and CNN with two hidden layers
Two hidden layers / epochs=6 /Dimensions = 300
Activation function Dataset FNN Cl\ili\;/Q;SM CRNe l;ié?; / CRNe 1:1[3}?; /
IMDB 76.04% 89.10% 86.92% 86.26%
ReLU sentiment_sentences 68.60% 76.61% 75.10% 76.01%
MovieReviews 47.77% 46.66% 46.66% 52.22%
Sentiment 140 75.66% 79.56% 79.99% 80.21%
IMDB 76.36% 89.07% 89.08% 87.34%
Sig sentiment_sentences 68.07% 77.01% 76.89% 77.45%
MovieReviews 51.11% 53.33% 53.33% 46.66%
Sentiment 140 76.08% 79.60% 79.52% 80.36%
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Table 7 (continue)

Two hidden layers / epochs=6 /Dimensions = 300

CNN 384/ CNN 384/ CNN 384/

Activation function Dataset FNN sig/5 ReLU/5 ReLU/3
IMDB 74.06% 89.36% 87.20% 89.26%
Tonih sentiment_sentences 67.44% 76.64% 76.26% 76.70%
MovieReviews 50.00% 53.33% 62.22% 53.33%
Sentiment 140 75.07% 79.38% 80.10% 80.53%
IMDB 76.32% 88.51% 88.71% 89.026%
sig, ReLU sentiment_sentences 68.29% 75.51% 75.39% 76.61%
MovieReviews 53.33% 46.66% 53.33% 53.33%
Sentiment 140 75.82% 78.89% 80.00% 80.53%
IMDB 75.40% 89.36% 89.00% 89.20%
ReLU.sig sentiment_sentences 69.85% 76.57% 76.17% 77.14%
MovieReviews 53.33% 53.33% 60.00% 53.33%
Sentiment 140 75.71% 79.59% 80.10% 80.46%

Table 8

Experimental results using FNN and CNN with three hidden layers

Three hidden layers with / epochs=6 /Dimensions = 300

Affltlll:zt;?ln Dataset FNN SSS/T:(;/S 384/CRI::LU/5 384,CRN3JU,3
IMDB 75.28% 89.16% 88.56% 85.14%
ReLU sentiment_sentences 67.54% 76.51% 75.54% 76.23%5
MovieReviews 53.33% 53.33% 50.00% 47.77%
Sentiment 140 75.87% 79.49% 79.54% 80.57%
IMDB 76.35% 89.11% 88.94% 88.43%
Sig sentiment_sentences 69.04% 76.11% 76.86% 74.92%
MovieReviews 52.22% 46.66% 46.66% 46.66%
Sentiment 140 76.04% 79.36%6 79.74% 80.69%
IMDB 75.93% 89.46% 88.96% 88.15%
Tunh sentiment_sentences 67.54% 76.14134 74.67% 76.07%6
MovieReviews 48.88% 46.66% 53.33% 46.66%
Sentiment 140 75.06% 79.38% 79.75% 80.20%

Based on the results in Table 4, we notice that the accuracy increased when we used
vectors of larger dimensions to represent the words. The highest classification accuracy was
achieved when representing words using GloVe word embeddings with 300 dimensions.
As a result, in our experiments, the rest of the runs were performed using GloVe word
embeddings with 300 dimensions. As shown in Table 5, using the ReL U activation function
in the convolution layer gives better results than using the sigmoid activation function. In
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addition, the sentiment classification accuracy improved when bigger feature map sizes
were used in the convolution layer. We obtained more accurate results in the convolutional
layer when using feature maps with size 384 compared to those obtained using feature
maps with size 128. Therefore, we used feature maps with size 384 in the convolutional
layer in the rest of the experimental runs. Furthermore, we found that using a filter window
with a smaller value improves the classification’s accuracy, especially when using CNNs
with zero hidden layers and one hidden layer.

As shown in Table 5, we obtained more accurate results when using a filter window
with size 3 in the convolutional layer compared to using a filter window with size 5.
Based on the results in Tables 6, 7 and 8, we notice that the FNN’s classification accuracy
was best when using sigmoid activation functions in the hidden layers. Nevertheless, the
classification accuracy of the convolutional neural networks was better in most cases with
the RelU activation function in the hidden layers. As depicted in Table 7, using multiple
activation functions in the hidden layers improves the classification accuracy. We obtained
the best results using the RelU activation function in the first hidden layer, followed by the
Sigmoid activation function in the second hidden layer. Finally, according to the results,
using FNN and CNN networks without hidden layers and one hidden layer produced more
accurate results than using two and three hidden layers.

We obtained the best result using the FNN with the IMDB dataset (77.14%). In
particular, we used one hidden layer with a sigmoid activation function and GloVe word
embeddings with 300 dimensions. Considering the Sentiment Sentences dataset used by
Maree and Eleyat (2020), we obtained the best result (70.60%) when using FNN without
a hidden layer and Glove word embeddings with 300 dimensions. We obtained the best
result for the LightSide’s Movie Reviews dataset (57.77%) when we used FNN without
a hidden layer and GloVe word embeddings with 50 dimensions. For Sentiment140,
we obtained the best result (76.08%) when we used FNN with two hidden layers and a
sigmoid activation function. Moreover, when we used CNN, all highly accurate results
were obtained using a 384 feature filter with ReLU activation function and filter window
with size 3 in the convolutional layer.

For the IMDB dataset, we obtained the best result (90.56%) when using CNN without a
hidden layer and GloVe word embeddings with 300 dimensions. Considering the Sentiment
Sentences dataset, we obtained the best result (77.64%) when we used CNN without a
hidden layer and GloVe word embeddings with 300 dimensions. We obtained the best
result for the LightSide’s Movie Reviews dataset (64.44%) using CNN flowed by FNN
with one hidden layer with the tanh activation function. For Sentiment140, we obtained
the best result (80.73%) when we used a convolutional layer flowed by FNN with one
hidden layer with a ReLU activation function.
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Comparison with Other SA Models

The results obtained using the IMDB dataset were compared with previous works conducted
by Shaukat et al. (2020), Qaisar (2020), Vielma et al. (2020), and Yenter and Verma (2017).
These researchers utilized different types of neural networks, including Long Short-Term
Memory (LSTM), Single and Multi-branch CNN-Bidirectional LSTM, and CNN-LSTM.
The respective results achieved by these researchers are presented in Table 9. As observed
in Table 9, the LSTM network demonstrated superior performance to other neural network
models, achieving an accuracy of 89.9%. Furthermore, our model surpasses the performance
of similar models, with an accuracy of 90.56% (Table 9).

Table 9
Comparison with existing SA models
System Employed Classifier Accuracy
Our Result CNN 90.56%
Sentiment analysis on IMDB using lexicon and neural networks lexicon and neural 86.67%
(Shaukat et al., 2020) networks e
Sentiment Analysis of IMDB Movie Reviews Using Long Short- Long Short-Term 89.90%
Term Memory (Qaisar, 2020) Memory e
Single and Multi-branch CNN-Bidirectional LSTM for IMDB Single an d Mu‘ltl-branch
Sentiment Analysis (Vielma et al., 2020) CNN-Bidirectional 89.54%
Y y LSTM
Deep CNN-LSTM with combined kernels from multiple branches CNN-LSTM 89.50%

for IMDB review sentiment analysis (Yenter & Verma, 2017)

CONCLUSION

Social networking sites and websites have become important platforms for individuals to
express their opinions about products and services. Analyzing sentiments is one of the most
important techniques to help analyze this large volume of comments. So that individuals
and institutions can make informed decisions based on them. Thus, we see that researchers
are interested in developing the various techniques used in sentiment analysis. It includes
machine learning techniques based on neural networks. This paper employed two types
of neural networks for sentiment analysis: the Convolutional neural network CNN and the
feedforward neural network (FNN). We studied a set of variables in the neural network to
determine how they affect sentiment classification accuracy. These variables include the
number of hidden layers used in the network, the activation function used in these layers,
the size of the feature maps, the size of the filter window, and the activation function used
in the convolutional neural network. In addition, we used glove embedding for word
vectorization, whereby we used the different representations supported by the glove.

To test our model, we used four data sets, which included 50,000 movie reviews, 10,662
sentences, 300 public movie reviews, and 1,600,000 tweets. Results show that GloVe word
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embedding increases accuracy with a large word dimension. Moreover, we found that the
convolutional neural network’s accuracy improved with a larger feature map, a smaller filter
window, and using ReL U activation functions. The neural network’s classification accuracy
was improved using multiple activation functions in the hidden layers. It is important to
point out, however, that among the limitations of our current work are the incompleteness
of'the training data, lack of semantic information about the processed text, and the domain
dependence of the training data utilized for training the SA model. As a future extension of
our current work, we will consider comparing the current model with dynamic embeddings
using transformer architectures such as the BERT model.
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ABSTRACT

This study investigates the effects of time and diameter on the final scission length of the
electrospun polystyrene (PS) fibres, whereby the fibres were ultrasonicated for 1,2, 3, 4, and
8 minutes. The ultrasonic probe stimulates bubble cavitation followed by bubble implosion as
scission occurs. Factors affecting the scissionability of the electrospun PS fibres are primarily
the diameter of the fibre and the sonication run time. The scission final fibre length range is
approximately 23.7 pmto 1.1 um. SEM images show that the fibre breaks into shorter lengths
as sonication run time increases. Conversely, fibre diameter exhibits a positive relationship
with fibre length. The model gives an R-squared value of 0.44 and 0.59 for linear and non-
linear regression, thus suggesting that the non-linear model provides a better fit for the data.
The validation of the model is achieved by conducting a hypothesis test. Through hypothesis
testing, the mean of the experimental average final length value and the predicted average
fibre length from the regression model were not significant, indicating that the model can
generally predict a relatively accurate average final fibre length value. The model derived
from this study enables researchers to estimate the time required to sonicate the PS fibre
(with a specific diameter) to achieve the short fibre length needed in their application. As

research progresses, refining the model and
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INTRODUCTION

The process of using electrostatic forces to produce synthetic fibres with diameters
and lengths of the submicron scale (Doshi & Reneker, 1995) has piqued the interest of
researchers over the past century, especially due to its wide range of applications. In this
procedure, referred to as electrospinning, a high-voltage source is used to induce a certain
polarity of charge into a polymer solution or melt, which is subsequently accelerated toward
a collector of a different polarity (Subbiah et al., 2005). However, the electrospinning
process is limited to producing only long, thin, continuous fibres with a limited range of
applications compared to that of discontinuous, short electrospun fibres. Unlike the length,
the diameter, as well as other characteristics of the electrospun fibre, can be manipulated
by optimising the electrospinning parameters (Valizadeh & Farkhani, 2014).

The tailorable parameters include the type of solvents, solution concentration, collection
rate, gap distance, applied voltage, drop height, and fibre orientation. These processing
parameters will highly influence the characteristics of the electrospun nanofibers, such as
fibre diameter (Khanlou et al., 2015), morphology (Megelski et al., 2002), porosity (Baker
etal., 2008), mechanical properties (O’Connor et al., 2021), chemical composition (Lima et
al., 2020) and uniformity (Zhang et al., 2021). Such characteristics require optimising these
parameters to maximise their performance for specific applications. For instance, Zhang et
al. (2021) reported that 1000rpm was the optimal rotational speed in creating electrospun
PCL fibres with aligned topography, which would serve as a promising candidate for
nerve guidance conduits (NGCs) and other tissue engineering applications. Furthermore,
different solvents have also been reported by Maleki et al. (2013), where electrospun PLLA
yarns produced had the highest tensile strength as well as Young’s modulus and a higher
elongation at break when using chloroform and dichloromethane respectively. However,
producing short continuous fibres through electrospinning is impossible just by adjusting
the parameters.

A secondary process is needed to produce the desired discontinuous short fibres (Luo
et al., 2011). Such secondary process includes mechanical cutting (Thieme et al., 2011),
ultra-violet (UV) cutting (Li et al., 2010), microtome cutting (Oksman et al., 2009), micro
cutting under liquid nitrogen (Magill & Gunning, 1969), cryogenic milling (Morkavuk et
al., 2018), ball milling (Hrabalova et al., 2011) as some of the less popular scission methods.
One method which has been widely reported for the scission of carbon nanotubes or even
electrospun nanofibers is by means of ultrasonication (Chew et al., 2011; Hennrich et al.,
2007; Liu et al., 2017; Niemczyk-Soczynska et al., 2021; Pagani et al., 2012).

Ultrasonication is widely used in the dispersion of solutes, especially carbon nanotubes
(Ahir et al., 2008; Kharissova & Kharisov, 2017). Studies employing the ultrasonication
technique for exfoliating carbon nanotubes (CNTs) have reported scission as an unwanted
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side effect (Stegen, 2014), which later garnered more attention from researchers. This
technique allows for scission of the carbon nanotubes through the mechanism of bubble
cavitation and implosion. When ultrasound is used to insonify a liquid medium, a sequence
of compression and rarefaction cycles results, creating regions with high and low local
pressures (Lucas et al., 2009). Existing gas nuclei expand as a result of the dissolved
gas’s desorption to create cavitation bubbles. High local temperatures and pressures are
caused by these transient cavities, which first grow before rapidly collapsing in subsequent
compression cycles. When cavitation bubbles collide close to an interface, liquid jets are
expelled, causing an impact with a mechanical effect on the surrounding material (Ando,
1991; Sander et al., 2014; Tsochatzidis et al., 2001). The van der Waals forces and other
nonbonding interactions between the nanofibers, which are essentially bound to one other
through nonbonding interactions, can be broken by said impact. This approach offers a
practical, adaptable, and eco-friendly fabrication technique for the large-scale production
of short nanofibers.

Discontinuous short electrospun fibres are versatile and can be used for various
applications such as scaffolds (Li et al., 2006) or carrier matrices in tissue engineering
(Lannutti et al., 2007), drug delivery (Zeng et al., 2003), wound healing (Casper et al.,
2005), filtration systems (Bortolassi et al., 2019), micro-electronic (Luzio et al., 2014)
applications, fibre reinforcement (Chen et al., 2011) and many more (Bhardwaj & Kundu,
2010; Jiang et al., 2018; Schiffman & Schauer, 2008). Therefore, it is important to study
the process of producing these electrospun short fibres.

Several works of literature discuss the theoretical process of the scission caused by the
shear stress and strain forces imposed on the carbon nanotubes (CNTs) by the imploding
bubble in ultrasonication (Ahir et al., 2008; Heller et al., 2004; Hennrich et al., 2007; Huang
et al., 2009; Pagani et al., 2012; Stegen, 2014). While some of these were derived with
comparison to the scission modelling of polymer fibres whereby the fractures were deemed
non-random as the point of scission typically occurs at the centre of mass (Kuijpers et
al., 2004; Price & Smith, 1991), another study have discussed the degradation of polymer
fibres with respect to time (Van Der Hoff & Glynn, 1974). Through this research, very
few have addressed the simultaneous effects of several variables as predictors for the
final fibre length. A mathematical model that predicts the final fibre length and predictor
variables will be useful to pre-determine the exact input parameters to achieve the desired
length. Hence, this research aims to predict the average final length of scission electrospun
polystyrene (PS) nanofiber by ultrasonication while considering the scission time and
diameter (the predictor variables) of the polymer fibre. A multiple regression model could
provide a foundation for further research, potentially paving the way for precise control
of submicron-length fibres on a large scale.

Pertanika J. Sci. & Technol. 32 (3): 1087 - 1101 (2024) 1089



Cheryl Rinai Raja, Marini Sawawi, Shirley Johnathan Tanjong and Nurliyana Truna

METHOD AND MATERIALS
Electrospinning

The parameters of the electrospinning and ultrasonication process to produce the short
electrospun fibres were optimised from the previous works (Sawawi et al., 2013). The
electrospinning process was conducted using an electrospinner built in the laboratory,
which used a high voltage supply from Gamma High Voltage Research (USA), whilst the
syringe pump was from Razel Scientific Instruments, Inc. (USA).

The PS fibres were produced by varying the concentration to obtain three sizes of fibre
diameter to investigate the effect of fibre diameter on ultrasonication scission. The thinner
PS fibres were electrospun at 8 wt/v%, whilst the larger fibre diameter was achieved when
electrospun was at 16 wt/v%. All the fibres for these comparative purposes were electrospun
in the same solvent solution, a mixture of chloroform and DMF (1:1) with 1 mM DTAB
at the same speed of rotating mandrel of 6.8 m/s surface velocity. After collection, the
non-woven web was stored in a desiccator under vacuum prior to further use. The other
electrospinning parameters were kept the same: a 1.6 mL/hr feed rate, 20 kV accelerating
voltage, 6 cm working distance and 18G gauged needle. The optimum voltage for 8 wt/v%
is 15 kV. The electrospinning parameters are listed in Table 1.

Table 1
Electrospinning parameters (Sawawi et al., 2013)
) Concentration Feed Voltage Ne'edle \Yorkmg Mandrel
Material Solvent (Yo)(WIY) rate (ml/ (+KV) size distance speed
° hr) (G) (cm) (m/s)
PS Chloroform + DMF 8 1.6 15 18 6 6.3
(1 mM DTAB)
PS Chloroform + DMF 12 1.6 20 18 6 6.3
(1 mM DTAB)
PS Chloroform + DMF 16 1.6 20 18 6 6.3
(1 mM DTAB)
Ultrasonication

In the scissioning process, the electrospun webs were peeled off the collection plate, and
a 1 cm? area was cut with a sharp knife before being placed randomly in a glass vial (25
mm in diameter) containing 15 mL of MiliQ water. The sonication was carried out using
a Vibracell 750W (Sonics & Materials, Inc, USA) sonicator probe with a probe diameter
of 13 mm and a working frequency of 20 kHz. The probe was positioned ca. 1 cm from
the bottom of the vial. The processing parameters varied, such as total run time, amplitude
percentage, and lapsed ON/OFF time. The water used for this study was at ambient
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conditions. In general, ultrasonication was conducted in a beaker cooled by water-ice slurry
to maintain the processing temperatures below 30°C since ongoing sonication raises the
solvent temperature, even when using ON/OFF pulsed exposure.

After completion of the ultrasonic treatment, short fibres in the solvent suspension were
placed on a scanning electron microscope (SEM) stub, which was covered with double-
sided carbon tape to allow adhesion to the stub. Prior to SEM imaging, the sample was
dried overnight in the fumehood followed by 2 hr in a vacuum oven at 60°C and platinum-
coated at 1 nm thickness with a sputter coater, Cressington 208HR, (UK).

Mathematical Modelling

In this study, the mathematical model is designed through model assumptions that sonication
run time and the diameter of the electrospun fibre influence the final fibre length. The
relationship between the sonication run time, the diameter and the limiting length is studied
through the regression analysis. A general multiple linear regression model (Zain et al.,
2012) is expressed as Equation 1:

y = bO + b1x1 + bzXz + b3X3 + bnxn [1]

whereby y is the dependent variable, b, is the intercept parameter, by, by, b3 ..., b,, are the
slope parameters, and x,, is the independent variable. This model is suitable for describing
a linear relationship between the independent and dependent variables. In this model, the
data used for the analysis was based on the quantified experimental data of the electrospun
aligned PS 8wt% and 16wt% to generate a model covering the range of diameter, d from
240 um to 930 um respectively. The regression mathematical models developed in this
study are produced using the Minitab and Microsoft Excel software. Multiple linear and
non-linear regression analysis was used to develop the mathematical model, and the two
models were compared. Data for the ultrasonicated electrospun 12wt% PS fibre was used
to conduct the hypothesis testing. Table 2 summarises the descriptive statistics of the data
obtained from the experiment used to construct the model.

Table 2
Summary of experimental data statistics

Variable N N* Mean SE Mean StDev Minimum Q1 Median Q3 Maximum

Y 406 0 6.820 0.386 7.780 0.450 2.083 3.758 8.241 46.666
X1 406 0 585.0 17.1 345.4 240.0 240.0 585.0 930.0 930.0
X2 406 0 4.254 0.113 2.285 2.000 2.000 3.500 8.000 8.000
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CHARACTERISATION
Scanning Electron Microscopy

Scanning electron microscopy (SEM) is used to study the morphology and microstructure
of a solid surface, which is important in understanding the structure-property relationship
of a material. In this method, the sample surface is scanned by a high-energy electron
beam where the incident electrons interact with the specimen atoms and cause extensive
scattering. The SEM was conducted using a Scanning Electron Microscope (JEOL840A
JEOL Ltd, Japan). The short fibre samples were dried overnight in the fumehood, followed
by heating at 60°C in a vacuum oven for 2 hr prior to platinum coating of the sample (1
nm thickness) using a sputter coater (Cressington 208HR, UK).

RESULTS AND DISCUSSION
Scanning Electron Microscopy

SEM was performed on the as-spun PS fibre before and after ultrasonication to compare
the surface morphology and quantify the average fibre length of the short fibres. Figure 1
shows the electrospun fibres before and after sonication for what we define in this work as
the “minimum sonication time,” which was found to be 1 minute. This minimum sonication
time is defined as the first time that the web was visually observed to significantly fragment,
which was found. The sonicated fibres are of 732 + 312 nm diameters in aligned orientation
having 12wt/v%.

(d)
Figure 1. SEM images of electrospun PS fibres with aligned orientation under various sonication times at
x1.5k magnification: (a) as-spun PS fibre; (b) 1 minute; (c) 2 minutes; (d) 3 minutes; (e) 4 minutes; and
(f) 8 minutes
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Figure 1(a) is the as-spun un-ultrasonicated electrospun PS fibre which appears as a
continuous web or mesh of fibres when compared to the ultrasonicated fibres in Figures
1(b), 1(c), 1(d), 1(e) and 1(f). In this study, the fibres are found to be scissioned with a
minimum time of 1 minute. However, comparing Figures 1(b) to 1(c), 1(d), 1(e) and 1(f),
the discontinuous fibres are still long and do not have enough discrete discontinuous fibres
to be quantified. Fibres sonicated at 2, 3, 4 and 8 minutes show discrete, discontinuous
fibres where the end-to-end of the singular fibres can be observed. The average final fibre
length reduces as sonication run time increases, with the longest length being 5.63+4.38
um at 2 minutes and the shortest average final length of 2.17+0.75 um at 8 minutes (Table
3). Factors affecting the scissionability of the fibres include the diameter and time.

Figure 2 compares the average final fibre length of ultrasonicated electrospun PS
fibres with different diameters. The concentration of the polymer influences the variance of
diameter. The 8wt/v%, 12wt/v% and 16wt/v% have diameters of d; =240 + 70 nm, d,= 732
+ 312 nm and d3 =930 £ 290 nm respectively (images not shown here). It can be observed
in the graph that the electrospun fibre with the largest diameter, d; (16wt/v%), has a longer
final fibre length after sonication. In contrast, the shortest length is achieved by the fibre
with the smallest diameter, d; (8wt/v%). Regardless of diameter size, a negative trend can

Table 3

Average final aligned PS fibre length after ultrasonication
Diameter, d (nm) 732 + 312 732 + 312 732 + 312 732 + 312
Time, t (minutes) 2 3 4 8

Average final fibre length, L,,, (microns) 5.625+4.384 3.922+2.092 2.915+0.999 2.174+0.749
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Figure 2. Average final fibre length against the sonication run time of electrospun PS fibres with different
diameters
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be observed from the graph, which also concludes the negative relationship between the
sonication run time and final length. The opposite is implied for the relationship between
the diameter and the average final fibre length.

Multiple Regression Modelling

Equation 2 shows the multiple linear regression model obtained using the Minitab software.
Lgqyg =5.349 +0.012125d — 1.322t [2]

The linear regression model analysis resulted in an R’ value of 0.44 and p<0.001,
which indicates that the relationship between x, (diameter, d) and x, (time, t) and y (average
fibre length, L,,,) is statistically significant. This model may not accurately represent the
relationship between the effects of time and diameter on the final fibre length; therefore,
as a comparison, a non-linear regression model was also generated using the Minitab
software, resulting in Equation 3.

Layg = 14.30+ 0.02278d — 7.404t + 0.7257t% — 0.002500dt [3]

where Y is the average final length, X, is the diameter(um), and X, is the sonication
time(min). Equation 3 represents a non-linear regression model of the relationship between
Lgyg, d and 1. According to the analysis, the model R’ value is 0.5989. It means that 59.89%
of the variation in the response variable can be explained by the predictor variables (d
and t). The relationship between the variables in this model is statistically significant with
p < 0.001, less than 0.05. It means that a relationship exists between the response and
predictor variables. According to Viloria et al. (2016), if the R-squared value is above
80%, it indicates that the independent variables are enough to explain the relationship to
the dependent variable. However, for the models in this study, the parameters may not
be enough to explain the behaviour of the fibre scission by ultrasonication given that the
R’ is less than 80% because ultrasonication is a random process in terms of positions of
bubble cavitation, which causes the scission of the fibre. It can also be explained by the
high standard deviation obtained from sonication, which shows the variability of the data.
However, at a higher sonication time, the R? value is significantly higher at 65.9% since
a longer sonication run time will produce shorter fibres up to a point where it stabilises.
Referring to Equations 2 and 3, the coefficient of the variable for time, t, shows a
negative value, which indicates that as the sonication run time increases, the final fibre
length decreases. In contrast, the positive value for the diameter variable, d, suggests that
the average final length increases as the diameter increases. This non-linear regression
model concludes that it better fits the data with the trend aligned with the initial model
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assumptions. Although regression analysis can help identify the type and strength of
correlations, it is unable to differentiate between indirect and direct effects or consider the
complex interaction between cause and effect.

Average Length vs Model Length

The mathematical model in Equation 3 was verified using the 12wt/v% of PS concentration,
in which the data is tabulated in Table 4. The graphical output is shown in Figure 3; the
difference in values between the model and the actual average final fibre length at 2 minutes
is large, whereby even the maximum final length value does not overlap with the modelled
value. However, it should be noted that in the sonication experiment, the fibre length
varies significantly. For example, when calculating the maximum length for 2 minutes
of sonication time, the length was 10 um, about 50% of the estimated fibre length, using
Equation 3. It is also true for other sonication times. As the sonication increases (such as
at 8 minutes), the maximum fibre length was found to be 2.92 um (about 20% difference).
The average final fibre length after 8§ minutes of sonication is 2.17+0.749 um, and the
modelled fibre length is ~3.54 pm. If the maximum value is 2.92 pum, it is closer to the
modelled length. The difference can be neglected as it is ~0.62 um. Furthermore, as the
sonication run-time approaches 8§ minutes, the model has a similar trend to the actual data.

Table 4

Actual final length and predicted final length using the model
Time 2 3 4 8
Mathematical Model (Equation 3) 15.37 9.77 5.62 3.54

Actual experiment average final 5.63 +4.384 3.69 +2.092 2.86 £0.999 2.17+0.749
fibre length L,,,

Average length (Actual vs Model)

18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

15.37

==@== Actual

==0==Model

Average final fibre length (um)

Sonication Run Time (min)

Figure 3. Graph of average final fibre length based on experiment (actual) and prediction (model)
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To validate the model, a 2-sample independent t-test was conducted. It was highlighted
that there is no significant difference (p>0.05) between the mean of the experimental value
and the average fibre length predicted from the regression model (Figure 4). It indicates
that the model describes the fibre length generally accurately. This test concludes that it is
possible to develop the model for the scission of electrospun fibres to determine the final
fibre length given the diameter and sonication run time. However, precaution needs to be
taken whereby the fibre length can vary from 50% to 20%. The fibre length that resulted
from this process is in tens-micron size, which does not make a significant difference when
only 2-5-micron length differs.

Mean Test
Is Actual greater than Model?
0 0.05 041 > 0.5
|
Yes- ‘ No
;
P =0918

The mean of Actual is not significantly greater than the mean of
Model (p > 0.05).

Figure 4. 2-sample independent t-test

Limitations and Recommendations

Though the model does show a relation between the variables, it does have a few notable
limitations, such as its reliance on a specific experimental setting. Since this model is
based on electrospun fibres from the previous study, the variables involved are limited,
thus making the model only applicable to the difference in diameter for PS. It limits the
model’s generalizability, which does not allow it to fully capture the complexity of all
possible scenarios and variations in the scissioning process. Furthermore, the model
shows equipment dependency, which can only be used for PS electrospun nanofibers being
sonicated using specific equipment with specific parameters. Variations in equipment
specifications or configurations may not be accounted for, potentially restricting the model’s
applicability in a broader range of experimental setups. The generated model is also based
on only one type of material, which limits its application in studying the scission effects
of other materials as different materials have different characteristics.

In future research, the model’s robustness can be improved by including additional
parameters, such as the variables related to both the sonication process and the type of
materials, which allows a better understanding of their effects on one another. Each material
has distinct characteristics which would facilitate a more inclusive analysis. Including
diverse materials would also enhance the model’s reliability by using it for validation to
increase the its accuracy in a broader context. Furthermore, the model can be improved
by considering the inherent variability in real-world processes, such as a safety factor, to
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account for the unpredictability of certain experimental conditions. Conducting sensitivity
analysis can also help in providing insight into the model’s responsiveness to parameter
variations. It would help identify critical factors that significantly impact the outcomes,
guiding the experimental efforts and model refinement.

CONCLUSION

This study has applied a regression analysis to produce a model equation of ultrasonicated
electrospun PS fibres. It is found that a quadratic multiple regression model better fits the
data as the correlation between the diameter and time with respect to the final fibre length
do not linearly respond to one another. As observed, the average final fibre length decreases
when the sonication run time increases. The opposite is concluded for the relationship
between the diameter and the final fibre length; as the diameter increases, the fibre length
also increases. The quadratic regression model is statistically significant, whereby the model
can explain 59.89% of the data. Furthermore, through hypothesis testing, the mean of the
experimental value and the average fibre length predicted from the regression model are
not significant, which indicates that the model can generally predict a relatively accurate
average final fibre length value. While acknowledging the model’s limitations, such as
equipment and material dependencies, it provides a foundation for further research. In the
future, the mathematical model might be more refined to provide an exact length value to
ease the production of these submicron-length fibres on a large scale. More variables can
be added to the modelling to produce a higher R? value feasible for large-scale production.
The ability to create short, discontinuous electrospun fibres through ultrasonication holds
tremendous promise for a wide range of applications, including tissue engineering, drug
delivery, filtration systems, and more. As we move forward, refining the model and
incorporating additional parameters to enhance its robustness is imperative. Exploring
the effects of different materials, conducting sensitivity analyses, and accounting for real-
world variability are essential steps to ensure the reliability and broad applicability of these
models. Ultimately, this research contributes to our understanding of electrospinning and
paves the way for more precise control of fibre properties in various practical contexts.
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Recently, there has been an emerging trend to analyse time series data and utilise sophisticated
tools for optimally fitting time series models. To date, Malaysian industrial accident data
is underutilised and lacks informative records. Thus, this paper aims to investigate the
Malaysian accident database and further evaluate the optimal forecasting models in
accident prediction. The model’s input was based on available data from the Department
of Occupational Safety and Health, Malaysia (DOSH), from 2018 until 2021, with 80% of
the dataset to train the models and the remaining 20% for validation. The negative binomial
and Poisson distribution prediction showed a mean absolute percentage error (MAPE) of
33% and 51%, respectively. It indicated that the negative binomial performed better than
the Poisson distribution in accident frequency prediction. The available time series accident
data were gathered for four years, and stationarity was checked in R Studio software for the
Augmented Dickey-Fuller test. The lowest Akaike Information Criterion (AIC), Bayesian
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Based on the findings, industrial safety practitioners should report accidents to DOSH
truthfully in the era of digitalisation. It could enable future data-driven accident predictions
to be carried out.

Keywords: Accident models, accident prediction, digitalisation, Malaysia’s accidents, R studio

INTRODUCTION

The rapid growth of industrialisation and the global economy in developing countries like
Malaysia has constantly led to industrial accidents, which have emerged as a social problem
(Kim et al., 2021). It had been reported by Kim et al. (2021) that the Asian occupational
fatality per 100,000 workers was higher than in EU countries, and Malaysia required more
effective safety regulations and programmes. There is a legal requirement in Malaysia
under the Occupational Safety and Health Act (OSHA) 1994 for accident reporting to the
Department of Occupational Safety and Health (DOSH) Malaysia via JKKP 6 or myKKP
website. In view of the statistical field and machine learning, such accident reporting can
provide continuous analysis and learning processes to prevent unwanted occurrences
(Freivalds & Johnson, 1990). Click or tap here to enter text.On accident cost estimation,
Rohani et al. (2015) found that the ratio of accident prevention to accident costis 1:19.6 in
Malaysia. However, Kidam et al. (2015) and Choo et al. (2022) highlighted that weakness
in Malaysian accident reporting led to poor learning.

The statistical data and analysis of the accident database would be more reliable in the
research on accident prevention (Chong & Low, 2014). For example, Abdullah and Wern
(2011) studied the accident frequency and revealed the factors of high levels of injuries
and fatalities encountered in the construction industry based on accident statistics. Ayob et
al. (2018) conducted a descriptive study through a survey to identify the cause (poor risk
management) and accident agent (fall from height) in the construction industry. Chong and
Low (2014), through statistical data and court cases in the period of 2000-2009, identified
and tabulated the causes that contributed to health issues, and the reported main cause of
construction accidents were striking objects and falls. Hadi et al. (2017) conducted a survey
that found that 94.7% of the workers did not report any accidents to their management
and revealed a prevalence of non-reporting accidents in construction sites. As a result,
the safety officer in the company may be unaware of the near-miss that happened and not
record it in the safety system. Apart from the construction industry, Ali et al. (2017) studied
the trend of accidents in the manufacturing industry using descriptive data and found that
the number of fatalities and permanent and non-permanent disability increased by 26%,
71% and 64%, respectively. Zein et al. (2015) completed a survey on working postures,
revealing the most prominent work involving bending forward and lifting heavy loads,
which showed the most significant physical body injury.
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In accident prediction, Rohayu et al. (2012) predicted the road accident fatalities for
2020 using the ARIMA model, and the data showed autocorrelation. Manan et al. (2013)
reported the first motorcycle accident prediction model in Malaysia using the negative
binomial regression model. Malaysia has actively conducted road transportation safety
research, but to our knowledge, no industrial accident prediction has been reported in
Malaysia. Choo et al. (2022) conducted a literature review on supervised machine learning,
and the concept of accident prediction is applied in this paper. Thus, this paper aims to
utilise the Malaysian accident database and fit the data for modelling, namely Poisson
and negative binomial distribution, for frequency modelling. The time series prediction
by using R Studio was also evaluated. The findings of this study can set a foundation for
industrial accident prediction in Malaysia.

METHODOLOGY

This study utilised accident data obtained from DOSH in Kuala Lumpur, Malaysia. A total
of 1131 industrial accidents reported to DOSH from January 2018 to December 2021 were
used in this study. As Zermane et al. (2022) highlighted, the accident data were incomplete,
with fewer details, and repetitive with unclear descriptions. Thus, the data were screened
pre-processed by removing invalid data (Hajakbari & Minaei-Bidgoli, 2014), resulting
in 1047 accident data for this study. The incomplete, redundant, and invalid data, such
as non-word text-type data, was excluded from the table. The number of days lost was
created from the injuries suffered. For modelling purposes, 80% of the dataset was used
in training, whereas the remaining 20% was used as validation.

Frequency Modelling

The number of accidents can be described as the statistical safety indicators (Jian, 2021)
and applied in prediction (Attwood et al., 2006). In this research, the primary variable for
frequency modelling was the time elapsed between the date of the latest accident and the
previous one (Hajakbari & Minaei-Bidgoli, 2014; Esmaili et al., 2021). The frequency
distribution was selected based on the relationship between the mean (Attwood et al.,
2006) and the variance of annual incidents. Several researchers demonstrated a constant
failure rate and assumed no safety-related changes were made (Attwood et al., 2006);
therefore, two distributions, Poisson and negative binomial distributions, were used in
this study as below.

Poisson distribution as expressed in Equation 1 (If mean and variance of the data are
in closed proximity) (Attwood et al., 2006; Ismail & Zamani, 2013; Manan et al., 2013)

Wie .
y~py=y)= {y—e.} yi € {i'}, yi=0, 1 >0, [1]
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where y;is the number of incidents in the year i, and 4 is the annual average number of
incidents, with the expected value, E(y), and variance, V(y), equal to 4.

The prior distribution for 4 is assumed to follow Gamma-distribution, A~(a, £) due to
uncertainty (Meel & Seider, 2006; ‘Meel et al., 2007) as expressed in Equation 2:

p () x 1% e P o >0, B >0 [2]

From Baye’s theorem, the posterior distribution, which permits a projection of accident
frequency in the future (Meel & Seider, 2006), p (4 | Data), is expressed in Equation 3:

p (1| Data) « #(Data | 1) p (1)

e (Ase—NtA)(Aa—le—Bl) e A(a+5)—1e—U?+Nt)l’ [3]

where Data = (Yo, Y1, --->YN,)> S = Zﬁvzto ¥i, N is the number of years, and £ (Data | 1) is the
Poisson likelihood distribution. Note that p (1 | Data) is also a Gamma distribution, Gamma
(e +S, B+ N;), because 4 is distributed according to Gamma (a, £), which is conjugate
prior to the Poisson distribution. The mean of the posterior distribution is the weighted
average of the means of the prior and likelihood distributions, as expressed in Equation 4:

a+s B a Ny s
= — — 4
B+ N ﬁ"’Nt(ﬁ) B+ N Ny [4]
and the variance of the posterior distribution is LSZ
(B+Ny)

Negative binomial distribution (Poisson-gamma) (Thakali et al., 2016) is used when
the Poisson distribution is poor. Denham (2020) and Warner (2015) reported that when
the variance exceeds its mean, the data are considered over-dispersed and need a different
model instead of Poisson distribution. The number of incidents that occurred in a year is
a non-negative and integer-valued result that can be estimated using a negative binomial
distribution in Equation 5 for y:

y~(@* (1 —q)” yi €{I'},y;=20,u>0,q>0, [5]

where y;, is the number of incidents in year ith, x« (1-q)/q is the expected annual (mean) of
incidents, E(y), and u (1-q)/q? is the expected variance, V(y). Due to uncertainty, the prior
distribution for u is assumed to follow a Gamma distribution as expressed in Equation 6,
~ Gamma (o, p):

p(u) o< u*te Pt a>0,8>0, [6]
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and that for q is assumed to follow a Beta distribution in Equation 7, q~Beta (a, b):
p(q) xq* ' (1-¢)*1,a>0,b>0. [7]

From Baye’s theorem, the posterior distribution in Equation 8, which permits a
projection of accident frequency in the future, p (1, q | Data), is

p(u,q | Data) < I (Data |, Q)p(Wp(q)
o g™ (1—q)*(u e g (1 —q)P !
o« qnu+a—1 (1 _ q)s+b—1(ya—1e—,8y)’ [8]

where Data = (¥, y1, ..., Yn,)» $ = Zivzto ¥i, N; is the number of years, and| [((Data | u, q)
is the Negative Binomial likelihood distribution.

Time Series Accident Prediction

Freivalds and Johnson (1990) described that the time series of accident data from the
previous week or month would influence the next week or month’s data. They reported
that accident data varies about a mean value, which applied the concept of time series in
accident prediction. The manual time series prediction was analysed in Excel, where the
mean value of previous months was the predicted value.

The R package applied in this research was the library “forecast” and “tseries” with
“Box-test”. The frequency of accidents was expressed in terms of a time series model
due to its capability to forecast, interpret, and test hypotheses concerning the data (Sari
et al., 2009). The behaviour and pattern of past observations will be assumed to continue
in the future. The Augmented Dickey-Fuller test (ADF) confirmed the stationarity of data
in R. With the nature of accident data received, the number of accidents did not show a
significant relationship among the variables such as date of accident and nationality. Thus,
linear regression was not considered in accident prediction. Auto-Regression Integrated
Moving Average (ARIMA) was used to predict future values using auto-arima in the
forecast package in R. The ARIMA (p, d, q) model consists of expressions identified as
the order (p) of the auto-regressive part (AR), with an order of differentiation model (d)
and an order (q) for moving average (MA). The seasonal ARIMA (p, d, q) (P, D, Q),is a
time series model with recurring peaks that represent the order or period of seasonality
(Melchior et al., 2021).

Several analyses in R were used for model selection, such as the autocorrelation
function (ACF), partial autocorrelation function (PACF), the Akaike Information Criterion
(AIC) and Bayesian Information Criterion (BIC). AIC and BIC are the criteria that balance
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the model’s goodness of fit and complexity and achieve a trade-off between fitting the
available data and preventing over-fitting (Esmaili et al., 2021). Therefore, it is reported
that it is preferable to have a lower value of AIC and BIC (Abdulqader et al., 2020). The
Box-Ljung statistical test in R was used to confirm the correlation of the data.

Model Performance Measure

Two goodness-of-fit measures (Kuskapan et al., 2021; Thakali et al., 2016) were used to
check the model’s performance. The first one is the mean absolute error (MAE) (Equation
9), and the other one is the RMSE (Equation 10).

MAE - Zalfiovd o

n G.—v.)2
RMSE = Mfl%) [10]
where y; is the ith observed accident frequency, ¥; is the estimated accident frequency for
the ith observation, and n is the total observations.

Mean absolute percentage error (MAPE)
Table 1

was used to determine the model accuracy Scale of evaluation of prediction accuracy

by using the formula as depicted in Equation

. . Condition Assessment
11 and evaluating its accuracy in accordance : —
. MAPE < 10% Highly accurate prediction
with Table 1 (Weng et al., 2015). _
10% < MAPE <20% Good prediction
n Yi=y i| 20% < MAPE < 50% Reasonable prediction
—_ by
MAPE = n — x100% [11] MAPE > 50% Inaccurate prediction

RESULTS AND DISCUSSION

In Malaysia, any accident with four lost days must be reported to DOSH through the myKKP
website. The database received from DOSH was a relational database stored in a table with
accidents recorded in a row and various attributes in columns. An accident dataset of four
years (2018-2021) in Kuala Lumpur consisting of the accidents’ date, details of injured
persons, classification of accidents, incident descriptions, injured parts, type of industries,
and related coding for each variable was acquired from DOSH for this study. However,
the data were incomplete because containing fewer details and were repetitive with very
short descriptions, as highlighted by Zermane et al. (2022). In addition, Mohamad et al.
(2019) and Muhamad et al. (2021) highlighted that Malaysian manufacturing companies
still lack awareness and are not accustomed to implementing big data analytics due to the
high cost of cloud computing services and worry the companies’ database being stolen or
compromised.
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The data were normalised to reduce redundancy and eliminate undesirable data. It was
done by removing the duplicated rows in the Excel spreadsheet. In addition, the dataset
received had many missing values in various attributes, which is considered the extent
of the error. It may be due to several individual and organisational shortcomings in data
reporting, collection, management, and processing (Ahmed et al., 2020).

Table 2

Number of accidents in the year 2018 to 2021
Year Number of Attributes Number of Accidents

(Column in database) Raw Data Normalised
2018 16 190 188
2019 6 375 338
2020 23 322 305
2021 22 244 216
Total 1131 1047

As shown in Table 2, out of 1131 accident cases reported to DOSH, about 84 cases
(7.43%) were missing vital information in the available reported cases. In 2019, the least
number of attributes were reported, and most information was missing. It means that a
researcher would face difficulty analysing the root causes and the contributing factors to
accidents. The number of attributes is the table column found in the database from DOSH.
The attributes include age, victim status, date of the accident, accident classification by
employers and DOSH officers, a short description of accidents, gender, nationality, type
of injuries, accident agent, type of industries, work sector, body part injured and each code
of above mentioned which had been defined by DOSH. Hadi et al. (2017) revealed that
non-reporting accidents are prevalent in industries where 94.7% of construction workers
did not report accidents.

On the other hand, limited research utilised publicly available data from the DOSH
website. For example, Rafindadi et al. (2022) and Zermane et al. (2022) analysed data from
the DOSH website for fatal fall-related accidents. Their finding showed the limitation in
missing vital information in DOSH data. It was urged to adequately document and make
the record up to date and international standard. In general, it was observed that 2021
accident reporting was more detailed compared to previous years. It has been discovered
that the upper limbs are the most registered injury, followed by the lower limbs. However,
the accident records showed a general injury sustained without providing detailed analysis,
also reported by Rafindadi et al. (2022).

Frequency Modelling

Different accident prediction models are developed using econometric models such as
ARIMA, negative binomial and Poisson models, as Quddus (2008) reported. Due to

Pertanika J. Sci. & Technol. 32 (3): 1103 - 1122 (2024) 1109



Boon Chong Choo, Musab Abdul Razak, Mohd Zahirasri Mohd Tohir, Dayang Radiah Awang Biak and Syafiie Syam

the availability of accident data, the distribution was based on the time elapsed between
accident dates, as shown in Figure 1. It is the time interval between the date of the latest
accident and the previous occurrence (Hajakbari & Minaei-Bidgoli, 2014). Based on
Figure 1, accidents were reported daily (shortest time interval between two accidents) in
Kuala Lumpur, Malaysia. It was recorded that no accident was reported in two consecutive
weeks, and the longest interval was 15 days, which can be considered “zero accident” and
is extremely difficult to achieve (Attwood et al., 2006).

The frequency of accidents had been modelled statistically by fitting two distributions,
Poisson and negative binomial distribution, as shown in Figures 2(a) and 2(b), respectively.
From the data, everyday accidents are reported to DOSH. Both models are mathematical
equations through statistical modelling of accident data and show the same right-skewed
pattern. The distributions are to be used as the base condition for model development, where
the frequency of an accident is significant in risk analysis. By having such a quantitative
approach based on past reports, safety practitioners may be able to present unique safety
practices to reduce accident frequency since Attwood et al. (2006) highlighted that the
prediction of annual accidents was expected to be around the mean value. It indicates
that given the same accident data, the impact of the variables on the different models is
similar, but the expected frequency obtained from each model is slightly different. In other
words, the model could estimate how many accidents would occur under average situations
because, to date, no organisation has established a major change in the safety culture. Weng
et al. (2015) highlighted the difficulty in predicting accidents with perfect confidence due
to their uncertainty. Khattak et al. (2021) reported that the Poisson regression model is
the first choice of researchers to adopt for the count data model in the beginning, and the
negative binomial model is still in great popularity in the modelling process.
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Figure 1. Distribution of the number of accidents for various intervals
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Figure 2. Frequency modelling: (a) Poisson distribution; (b) Negative binomial distribution

Table 3 tabulated the performance of prediction based on Poisson and negative
binomial. The predicted number of accidents using both distributions resulted in 216 cases.
The MAPE based on monthly accident cases for the Poisson distribution is 51%, whereas
the negative binomial distribution is 33%. The result shows that the negative binomial
distribution makes a reasonable prediction compared to the Poisson distribution.

Table 3
Results of distribution accuracy
Distribution Predicted Accident MAE RMSE MAPE (%)
Poisson 216 4.721 7.974 51
Negative binomial 216 6.393 1.253 33
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This finding is consistent with the research by Khattak et al. (2021), where the negative
binomial model performed better than the Poisson model. Furthermore, Quddus (2008)
found that the negative binomial model application is not statistically significant in serial
correlation and non-stationarity in time series of accident data. On the other hand, Meel et
al. (2007) utilised the National Response Centre (NRC) database for incident prediction
through frequency modelling. Their findings found significantly different predictions using
Poisson and negative binomial distribution in different companies. Therefore, the same
distribution may not agree better across various companies.

Hajakbari and Minaei-Bidgoli (2014) reported that analysing occupational accident
databases using data mining could reveal meaningful patterns that are unable to be provided
by traditional statistical methods. Radzuan et al. (2020) believed that the accuracy of the
prediction model for road traffic accidents in Malaysia could be increased with more
features included, such as vehicle types, gender of driver and others. It is also supported by
Alawad et al. (2019), where an increase in the dataset and more attributes would contribute
to significant analysis and results. However, Choo et al. (2022) reported that the accident
database in DOSH Malaysia is still relatively underutilised, and the data received for this
study found many missing values, which may affect the accuracy of the modelling. In
addition, Koc et al. (2022) highlighted that their finding for the best occupational accident
prediction model for short-term and mid-term was the W-ANN model, and the long-term
was the W-MARS model. They also reported that the developed predictive model might
show different accuracy for different countries due to the country-specific dataset. In
addition, Zhu et al. (2023) revealed that the recent text-based Al tool, ChapGPT, frequently
obtained mistakes and errors and needs more effective research. Thus, Malaysians must
develop an occupational predictive model to manage safety issues more efficiently and
understand what national conditions cause more or fewer accidents.

Time Series Prediction

The ARIMA model is a stochastic time series prediction for short-term forecasting with high
accuracy and applies to stationary time series (Li et al., 2021). Figure 3 shows the observed
monthly accident data reported to DOSH based on the time between accident dates from
January 2018 to December 2021. This period was chosen due to the availability, accuracy
and quality of the data received from DOSH. The data fluctuates around the mean value,
with no noticeable data sequence trend. Therefore, it is preliminarily determined that the
data remains stable and does not change over time.

The ACF and PACF plots from R use a 95% confidence level, as shown in Figures
4(a) and 4(b), which are dashed blue lines indicating the significant threshold level. There
are many spikes above the threshold level, and both plots observed tail-off patterns. It is
observed that the values of AFC coefficients are gradually declining, and the AFC analysis

1112 Pertanika J. Sci. & Technol. 32 (3): 1103 - 1122 (2024)



Accident Prediction Model Based on ARIMA in Kuala Lumpur

100 ,

Freuquency
= N W b OO N
O O O O O O O

0 >
Sep-17 Apr-18 Oct-18 May-19 Dec-19 Jun-20 Jan-21  Jul-21  Feb-22 Aug-22
Month

Figure 3. Original time series accident data in KL from January 2018 until December 2021

. Series accidenttime
o _|
o
i ov
&() o
< ::__:I:1::”ZZIZZ”Z:”:Zl:‘ZIZJZ‘Z”27’Z:”:,ZZ’Z’IZZI_“_Z:_ZIZLZ
S ] T rH*M wqm T
; - | | | 1 | I |
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Lag
(a)
Series accidenttime
g_
o] |
g ° ::_ﬁ:L_:E_J:_q:F_:L_::L_:E_J:““:“;::““:_J::i::__:__::_::_:
T T
g_l T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
Lag
(b)

Figure 4. (a) ACF plot; (b) PACF plot

Pertanika J. Sci. & Technol. 32 (3): 1103 - 1122 (2024) 1113



Boon Chong Choo, Musab Abdul Razak, Mohd Zahirasri Mohd Tohir, Dayang Radiah Awang Biak and Syafiie Syam

indicates stationary data since the auto-correlation function’s fast decay. As highlighted by
Alabdulrazzaq et al. (2021), the inspection to visual observation of the data in ACF and
PACEF helps determine the values for parameters p and q in ARIMA.

The ADF was tested with stationary alternative hypothesis using adf.test in the tseries
package. The ADF test in R showed a printed value of -42.701, which is smaller than the
p-value of 0.01 and indicates a significant autocorrelation pattern (Abdulgader et al., 2020).
Therefore, the null hypothesis was rejected, and the stationary trend was verified. Quddus
(2008) also studied the ARIMA model with stationarity time series data based on traffic
accidents in Great Britain, UK. On the other hand, Al-Hasani et al. (2019) and Abdulqader
et al. (2020) investigated a non-stationary time series of monthly road traffic accidents in
Oman and Erbin City of Iraq, respectively. It suggests that different time series accident
data must confirm their stationarity before applying the modelling process.

Since the series does not have a trend (it is stationary), it is not applied differencing
for ARIMA models. The auto.arima function of the forecast library in R Studio was used
to identify the best-suited series data. This function returned the ARIMA model based
on the model’s generality, which characterises the sample data and the entire population
over a given period. Table 4 presents the ARIMA model that best fits the time series data
identified, where ARIMA(2,0,2)(2,0,0)(12) was the best-fit model. The selection of the
best-fitting model is based on the lowest rate of AIC, corrected AIC (AICc) or BIC, which
denotes better generality and more significant potential for maximising the likelihood
function (de Souza et al., 2022). Based on the R Studio models fitting, the lowest AIC
reported was 58295.35 for ARIMA(2,0,2)(2,0,0)(12). In addition, the forecast package in
R had automatically conducted re-fitting without approximation to confirm the best model,
with an AIC value of 58313.39, which is also lower compared to other models.

The first part of the model has a second-order self-regression (p = 2), no differentiation
(d = 0) and a second-order moving average (q = 2). The p=2 indicates that two previous
periods are used in the auto-regression of the time series, q=2 indicates two lags of the
error component, and d=0 indicates no differencing transformation required to turn the
time series into stationary (Alabdulrazzaq et al., 2021). The other part of the model
indicates the developed model for the seasonal component, whose elements only have
second-order seasonal self-regression (P =2, D = 0 and Q = 0). The index of 12 refers to
the number of periods per season and the corresponding months for different years. Since
the input was monthly time series data, the length of seasonality is 12. Based on Table 4,
the ARIMA(0,0,0) with zero mean shows the highest AIC value compared to a non-zero
mean of the same model. Alabdulrazzaq et al. (2021) reported that the manual model tends
to overfit the data.

Interestingly, Abdulqader et al. (2020) reviewed the studies by other researchers in
several countries. For example, in Saudi Arabia, the best fatality forecasting model was
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Table 4
Results of ARIMA in R
Models Fitting Mean AIC

ARIMA(2,0,2)(1,0,1)(12) Non-zero 60971.19
ARIMA(0,0,0) Non-zero 64635.14
ARIMA(0,0,0) Zero 82371.27
ARIMA(1,0,0)(1,0,0)(12) Non-zero 62606.65
ARIMA(0,0,1)(0,0,1)(12) Non-zero 61116.68
ARIMA(2,0,2)(0,0,1)(12) Non-zero 60989.85
ARIMA(2,0,2)(1,0,0)(12) Non-zero 61018.40
ARIMA(2,0,2) Non-zero 61281.70
ARIMA(2,0,2)(2,0,0)(12) Non-zero 58295.35
ARIMA(2,0,1)(2,0,0)(12) Non-zero 58749.84
ARIMA(1,0,1)(2,0,0)(12) Non-zero 60348.56
ARIMA(3,0,1)(2,0,0)(12) Non-zero 58742.65
ARIMA(2,0,2)(2,0,0)(12) Non-zero (re-fitting without approximation) 58313.39

ARIMA(1,1,3)(0,1,0) by using historical traffic accident data from 2013 to 2017; the AR
of order one also showed the best model to analyse traffic accidents in Al-Qadisiya. On
the other hand, ARIMA(1,0,0)(2,1,0)12 showed a good performance model for monthly
traffic accidents in India, and ARIMA(1,0,2)(1,0,0)12 for motorcycle injuries study. Several
works using different statistical methods have been done with traffic accidents worldwide,
where each researcher reported their best model for forecasting. However, it is reported
that the best model varies from application to application (Domingos, 2012), although
many researchers are trying various models and believe in their efforts’ superiority. Li et al.
(2021) studied highway transportation accidents in China from 2013 to 2019 and applied
the ARIMA modelling process.

Freivalds and Johnson (1990) presented ARIMA’s Box-Jenkins modelling procedures,
where model selection is based on the sum of errors with less than infinity. Thus,
ARIMA(2,0,2)(2,0,0) was selected by R. The model established may not be perfect but
best suits the available data set and returned the smallest standard error. After fitting the
best prediction model, a residual analysis indicated a serial correlation in the data (Quddus,
2008). The statistical tests of Box-Ljung were performed in R, and the p-value is less than
the 5% significance level; the residuals are dependent on each other where there is serial
correlation and without white noise.

Based on Figure 5 and Table 5, the number of predicted accidents in R (214 cases)
and manual time series (229 cases) are low compared to the number of actual accidents
(216 cases). Each month, the prediction in R and manual time series was not equal to the
actual accident. The number of accidents in actual and prediction shows less difference
in April 2021 compared to other months. For the nature of time-series accident data, the
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Figure 5. Comparison of actual and predicted accidents

Table 5
Comparison of manual time series and R Studio prediction accuracy
Model Predicted Accident MAE RMSE MAPE (%)
Manual time series 229 6.181 7.784 49
R Studio 214 6.621 8.537 40

predicted number will vary around the mean of previous months. The predicted number of
accidents in R was observed to be a difference of 2 cases from the actual reported cases at
95% confidence, which shows that ARIMA(2,0,2)(2,0,0) produced a reasonably accurate
prediction. Compared to the manual time series method, there was a 13-case difference
from the actual reported cases. It shows that R Studio is able to forecast more accurately
than manual time series. Alabdulrazzaq et al. (2021) presented their forecast for COVID-19
cases using the ARIMA model, which was accurate despite the dynamic conditions of the
daily disease data.

They highlighted that utilisation of software packages to facilitate the automated
selection of ARIMA’s model in R Studio returned the best-fit model. Table 5 tabulates the
prediction accuracy based on MAE, RSME, and MAPE. The MAPE of the prediction in
R is 40%, and the manual time series is 49%, which shows that the ARIMA model can
make a reasonable prediction. The finding was supported by Attwood et al. (2006), where
the number of accidents prediction indicated that the number of future accidents happened
was around the mean value of the past number of accidents. Alabdulrazzaq et al. (2021)
highlighted that predicted values will not necessarily equal actual observed values but use
scale-dependent accuracy measurement, as shown in Table 1. Rohayu et al. (2012) also
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found that the ARIMA model performed better than Poisson and Negative Binomial for
road accident prediction. Quddus (2008) highlighted that the performance of the model
could be measured based on MAE, MAPE and RMSE, where the smaller the value, the
better the fit of the model.

On the other hand, Abdulqgader et al. (2020) reported that their best model was
ARIMA(0,1,1)(1,0,1)12 with an MAE of 23.11, which fits predicted accident injuries. In
this study, the number of accidents from April 2021 until September 2021 was close to the
forecast values, and there were also decreased and increased forecasted values reported.
There are the same mean values of actual accident cases and forecasted accidents in
2021, which is 18 cases. This research used time series analysis to contribute to accident
modelling and forecasting, which agrees with Marhavilas et al. (2013). It was also supported
by de Souza et al. (2022), where ARIMA successfully applied modelling for time series
forecasting.

Table 6 shows the performance of accident data for actual and predicted data using
different approaches. From the data analysis, the mean value for R Studio and manual time
series prediction is comparable to actual accident data, whereas both negative binomial
and Poisson distributions recorded lower values. The negative binomial and Poisson
distribution variance significantly differed from the actual accident data. Besides that, the
negative binomial and Poisson standard deviation also show a large difference compared
to the actual accident data. However, the standard deviation of both R Studio and manual
time series prediction is lower than the actual accident data, showing that the R Studio
prediction is more accurate than other approaches. On the other hand, in a modelling study
conducted by Bora et al. (2020), they observed that lower standard error was considered
precise, and the model developed from R was reasonably accurate.

Table 6
Statistical performance of the actual accident and predicted data

Statistical Analysis Actual Data R Studio Manual Time Series Negative Binomial Poisson

Mean 18.0 18.4 19.0 14.0 13.0
Variance 58.2 43.6 20.5 596.5 479.2
Standard Deviation 8.0 6.9 4.7 25.2 22.6

CONCLUSION AND FUTURE RESEARCH

This paper investigated the DOSH accident data across various industries in KL and pointed
out that the database was incomplete with missing values. This study analyses the accident
data and time series models generated by the auto.arima function in R. The time series
data considered in the study represented monthly industrial accidents in KL from January
2018 to December 2021, totalling 1047 cases. Upon investigation, the stakeholders in
accident reporting shall report more detailed information, which could be useful for future
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research. The data fit the stationary time series curve, as the Augmented Dickey-Fuller
test confirmed. The ARIMA(2,0,2)(2,0,0)(12) model fits predicted numbers and results in
the best model in this time series data. The model has been validated against 20% of the
actual accident data. The model generated in R outperformed the Poisson and negative
binomial model with the lowest MAPE (40%). The MAPE for the manually calculated
time series model was 49%.

The results of this study support the idea that auto.arima function from the forecast
R package would be a significant improvement in forecasting accident frequency from
a safety perspective. Based on the findings, industrial safety practitioners should report
accidents truthfully in the era of digitalisation. It could enable future data-driven accident
predictions to be carried out. The main bottleneck of the study was the lack of informative
records reported and the access to data in DOSH, which resulted in the underutilisation of
DOSH data. In addition, the number of datasets used in training can influence the study’s
results. It can be verified in future by including more data and adjustments to the model.
The same data could be tested using Phyton or Matlab to compare their accuracy.
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ABSTRACT

The need for clean energy as an alternative is inevitable. HHO gas has received much
attention lately. In addition to electrolyte concentration, the breakthrough with a diverse
electrode surface texture approach has not been extensively performed. Therefore, this
study aims to determine the effects of NaOH concentration and plate surface texture on
the performance of the HHO generator. In general, the increase in electrolyte concentration
combined with surface texture caused an increase in output current, HHO gas production,
and output temperature. As for the applied voltage variation with various surface textures,
the increase in output current, HHO gas production, and output temperature also took place,
similar to the case of increasing NaOH concentration. Either an increase in electrolyte
concentration or an increase in applied voltage triggers faster ion movement, leading to

an increase in conductivity, thus effectively

assisting the electrolysis of water. Regarding

the output current and HHO gas production,

the textured surface had a much higher value
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cross surface. It is possibly due to impurities in the electrolyte solution that contaminate
the electrode surface, resulting in a lower output temperature on the linear surface.

Keywords: HHO generator, hydrogen, NaOH, performance, surface texture

INTRODUCTION

The ongoing problem of global warming and ozone layer depletion has prompted a search
for renewable energy alternatives that do not emit harmful pollutants to human health and
the environment. In addition, this is also inspired by the availability of fossil fuels that
have begun to deplete; thus, the development and discovery of renewable energy must
get more serious attention for the benefit of human life in the future ( Dufour et al., 2011;
Muritala et al., 2020). One alternative energy introduced lately through the development
of oxyhydrogen (HHO) generators has an economic advantage and a main resource easily
obtained and available in nature, namely water (Dincer & Zamfirescu, 2012).

Among the various types of alternative fuels that exist, hydrogen gas is the cleanest
energy source. The hydrogen gas can be principally produced using electrolysis (Grigoriev
et al., 2020), which is achieved by separating the atoms contained in water molecules by
applying electric current to the cathode and anode, acting as negative and positive poles,
respectively, immersed in water, resulting in chemical reactions in accordance with the
concept of redox. The interesting things about HHO gas are its lightness, colourlessness,
easy reaction with other chemicals, and flammability. However, the improvements in
the performance of the generator are still needed. The proposed method to improve its
performance is either increasing the concentration of the catalyst, which is made of an
electrolyte solution (Hassan et al., 2022; Soler et al., 2009), or, more recently, manipulating
the effective surface of the electrode plate (Ayub et al., 2022).

Meanwhile, surface texture engineering has been introduced in recent years to
optimise engine performance and is expected to expand its practical applications (Rao
et al., 2021). For example, in a study conducted by Borghi et al. (2008), the effect of
surface modification by laser texturing on the tribological performance of nitrided steels
for high-performance engine applications was thoroughly investigated. The original idea
of surface texture engineering was to improve the mechanical and tribological properties
of engine metal components (Naat et al., 2023; Rajput et al., 2021). It is noted that the
chemical composition and surface hardness of objects have an important influence on the
wear resistance of materials under sliding conditions. Many components made of steel or
other ferrous materials are nitrided to improve their wear resistance, fatigue strength, and
corrosion resistance (Fahy, 2014; Kato et al., 1994). Moreover, surface texture fabrication
has been carried out by various techniques, i.e., chemical etching, atomic layer deposition,
ultrasonic-assisted milling, laser surface texturing, micro-milling, and electrical discharge
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(EDM) (Ayub et al., 2022; Li et al., 2018; Li et al., 2022). Based on the literature review,
surface texture engineering provides several advantages, including lowering friction and
wear, increasing load-carrying capacity, and increasing fluid layer stiffness. Previous studies
hinted that the surface texture of the electrode impacts electrolysis, which in turn impacts
the rate of hydrogen gas production (Xu et al., 2021; Zeng & Zhang, 2014).

An equally important variable for increasing hydrogen gas production is the type of
electrolyte solution and concentration levels used. Among the types of electrolytes that
have been used previously in HHO generators are potassium hydroxide (KOH) (Karthik,
2017; Manu et al., 2016) and sodium hydroxide (NaOH) (Alam & Pandey, 2017; Ismail
et al., 2018). Many studies have been conducted to find the relationship between the
electrolyte type and the HHO gas production rate. The results show that the electrolyte
concentration is important in increasing the HHO gas flow rate. It was also found that an
increase in electrolyte concentration by 1% molality led to increased current consumption
(Yilmaz et al., 2010). Fiala et al. (2013) have conducted a comparative study on the use
of KOH and NaOH in HHO generators. The conclusion obtained is that the use of a KOH
electrolyte concentration of 10% was able to achieve optimal conditions because KOH has
better chemical stability and more efficient HHO gas production when compared to NaOH.
Santilli (2006) reported that sulfuric acid and other electrolytes are sometimes added to
KOH and NaOH to promote water electrolysis.

Apart from what has been described above, it turns out that other important parameters
also affect the production of HHO gas, such as the cross-sectional area of the electrodes
used, the distance between electrodes, the configuration of the plate arrangement, and
the type of electrode plate materials, (Ridhuan et al., 2021). With regard to the lack of
research on the effect of surface texture on electrode plates that have been carried out,
the combination of the two variables, in this case, the type of electrolyte and the surface
texture of the electrode, is a very interesting and promising topic for further study in efforts
to develop HHO generators in the future. Therefore, the main objective of this study is to
evaluate the effects of varying NaOH concentrations and the surface texture of the electrode
plates on the performance of the HHO generator.

MATERIALS AND METHODS
Materials

In this study, the first stage involves modifying the surface of the electrode plate to be
installed on the HHO generator. Following the modification, performance testing of the
HHO generator was conducted with variations in NaOH catalyst concentrations, specifically
10 g,20 g, 30 g, 40 g, 50 g, and 60 g, respectively, at 12V applied voltage. Subsequently,
the applied voltage was kept constant at 12V for all test parameters. The research then
proceeded to test the performance of the HHO generator using electrode cell plates with
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different surface textures. These surface textures of the electrode plate consist of plain,
linear, and cross patterns (Figure 1). The output parameters analysed based on the catalyst
concentration and application voltage input include the HHO gas production rate, output
current, and output temperature.

The electrode plate base material is made of commercial 316 stainless steel labelled
“SS316L,” which has a chemical composition as shown in Table 1. The electrode plates
used in this study have dimensions of 100 mm x 100 mm x 1 mm and three different types
of plate surface textures, as illustrated in Figure 1. Based on the prepared design, the HHO
generator was equipped with five SS316L electrode plates with 2 mm between each plate.

Table 1

The chemical composition of SS316L (in wt.%)
Fe Cr Ni Mo Mn C P S Si N
Bal. 16 10 2 2 0.03 0.045 0.03 0.75 0.1

(a) (b)
Figure 1. Surface texture types of electrode plates used in HHO generators: (a) plain; (b) linear; and (c)
cross-surface

Fabrication of Electrode Surface Textures

The texturing of the electrode surface was performed using a machining process. The first
step starts with creating patterns for each design using CAD software called CATIA V5
R20 to produce patterns with good precision and accuracy, as presented in Figures 2 and
3. The second step is to use the patterns prepared to proceed with the machining process
and obtain the program codes for each pattern. In the third step, the program codes were
input into the CNC machine to create the desired texture on the surface of each electrode
plate. Electrode surface texturing was performed using a machining process. The first step
was to create patterns for each design using CAD software, CATIA V5 R20, to produce
patterns with precision and accuracy. In the second step, based on the created patterns, the
machining process was continued to obtain the program codes for each pattern. In the third
step, the program codes are input into the CNC machine to create the desired texture on the
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surface of each electrode plate. In the fourth step, the fabrication process for texturing was
carried out at 1150 mm/min for about 20 minutes for each type of plate. In the fifth step,
coolant was continuously applied during the machining process to lubricate the contact
area between the surface of the plate and the tool and to cool the temperature arising from

It

Linear Surface

Pattern 1 A4

6 5 4 3 2 1

Figure 2. The surface texture design of the electrode plate with a linear pattern (unit dimension = mm)
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Figure 3. The surface texture design of the electrode plate with a cross-pattern (unit dimension = mm)
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the contact, thus preventing tool wear and producing a good surface finish. The last step
was to ensure that the surface of the electrode plate was free from any remaining cutting
residue with the aid of a tool file before polishing with isopropyl.

Setup of the HHO Generator

In this study, the designed HHO generator combines wet cells and dry cells since both cell
types have advantages over each other that are interesting to observe. It should be noted
that the calibration method was used to assess the performance of the HHO generator in
producing the desired HHO gas. A detailed schematic of the HHO generator parts is shown
in Figure 4. The following steps need to be taken to set up the HHO generator: NaOH
electrolyte solution is put into the container to submerge the electrode plates completely.
Then, the power supply is connected to the HHO generator by providing a constant input
voltage of 12 V. After the voltage is supplied, the electrolysis process takes place, and
bubbles begin to appear slowly as a sign of HHO gas production. The calibration method
is used to evaluate the performance of the HHO generator in producing the HHO gas.

Overview of HHo generator parts:

1. Electric power rod 5. HHO gas outlet 9. Flowmeter

2. Spacer module 6. Thermocouple 10. Voltmeter and Amperemeter
3. Electrode plates arrangement 7. HHO gas flow pipe 11. Thermometer

4. Water inlet 8. Bubbler tube 12. Enlargement of no.3

Figure 4. Schematic arrangement of the parts of the HHO generator

Measurement Procedures

The procedure of measuring the output current, HHO gas production rate, output
temperature, and operating time is important to understand. Systematically, it starts filling
the container with NaOH electrolyte with a predetermined concentration ranging from 10
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g/L to 60 g/L so that the installed electrode plates are thoroughly and evenly submerged.
Then, the “on” button on the generator is pressed to activate the electricity needed for
the electrolysis process to take place as expected. After pressing the on button, the HHO
generator is allowed to stand for approximately 30 minutes to stabilise its condition. After a
stable condition has been achieved, the voltage is kept constant at 12 V, and the stopwatch
starts to be activated at the beginning of the calculation.

Furthermore, the HHO gas production process runs as the operating time increases,
which causes a gradual increase in the volume of water in the flowmeter so that the
scale shows a value of 10 ml (assumed to be the maximum value), which indicates that
the hydrogen production rate is running well and is usually followed by an increase in
temperature due to the chemical reactions taking place. After reaching the maximum
condition, the HHO generator engine was immediately deactivated, the amount of output
current produced was visible on the power supply screen, the volume of hydrogen gas
produced was easily identified, and the output temperature was also read on the screen via
the thermocouple connection connected to the generator. The operating time is calculated
from the start of the generator being turned on until it is turned off, which can be read
through a stopwatch. The results of each determined parameter are obtained from the
various observations made. In the final stage, data analysis is needed to be able to find
out how variations in NaOH electrolyte concentration and electrode plate surface texture
affect the actual performance of the HHO generator.

RESULTS AND DISCUSSION

Effect of NaOH Concentration on Output Current at Varying Plate Surface
Textures

Figure 5 shows the relationship between 1"

the output current and NaOH concentration 19{ % Pain surace e(F(’fg)

at various surface textures of the electrode 107 4 e i) a87) o

plate under the condition of a constant | - Z:_‘_'__‘_ R 00 ,/'A',///.

voltage of 12 V. It is obviously seen that | 7] ”,,',"/- -t

the output current increases with increasing g 61 /:,;x/ - ol

NaOH concentrations from 10 g/L to 60 ; i ,I/", /'";_/‘/.

g/L, which occurs in all types of plate § 3] ’j:;"":-//

surface textures. From the results obtained, 21 ¥

increasing the electrolyte concentration (1)_ . . . | . .

plays an important role in producing the 0 10 20 30 40 50 60 70
. . NaOH concentration (g/L)

output current obtained. It is understandable

that the NaOH electrolyte will decompose
into Na+ and OH- ions, resulting in electron
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Figure 5. Output current vs. NaOH concentration
under varying plate surface textures at 12V applied
voltage
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transfer and increased water conductivity (Rusdianasari et al., 2019). Increasing the
electrolyte concentration has an impact on increasing the rate of electron transfer between
the installed electrode plates.

Even further, the conductance generated by the electrodes also increased. Because of
these two things, the output current achieved will vary, and if observed carefully, it comes
down to the rate of water dissociation (Wang et al., 2021). In contrast, increasing electrolyte
concentration decreases the electrical resistance and increases the current. On the other
hand, decreasing electrolyte resistance can cause an increase in electrical conductivity
and a decrease in potential simultaneously. Besides that, the resistance in the electrolyte
and electrodes can affect the resulting current output values due to side reactions, inverse
reactions, and the factor of impurities attached to the electrode surface. The impurities in the
electrolyte, such as magnesium, calcium, and chloride ions, can also cause side reactions.
On the other hand, the resistances in the electrolytic solution and electrodes brought on
by inverse reactions, side reactions, and impurities in electrode material also influence the
electric current values obtained (Zeng & Zhang, 2010).

Another reason to consider is the distance between the electrode plates. In this study,
the distance between the electrodes was 2 mm, indicating a much closer distance between
the electrodes. As mentioned in the previous study, close spacing between electrodes
effectively reduces the electrical resistance between the electrodes, increasing the amount
of current generated (Galama et al., 2016). Still related to Figure 5, the increase in output
current at electrolyte concentrations of 10 g/L to 60 g/L is above 300% for all electrode
surface textures. However, from a linear regression perspective, the highest R? value is for
the linear surface texture of 0.997, which means the accuracy is very good for this linear
surface. The results also indicated that using different electrode surface texture types affects
the output current achieved by the HHO generator. The surface textures created make a
difference in the effective surface area of the electrodes. The surface area calculation of
each surface texture is summarised in Table 2.

Table 2 shows that the cross-sectional area for the linear surface is 101.8 cm?, which is
the highest compared to the other types. The relationship between electrode cross-sectional
area and electrical resistance is given in Equation 1 (Mazloomi & Sulaiman, 2012).

©

! (1) Table 2
Cross-section area of the electrode plate with varying
surface textures

R=

>|

where R is the electrical resistance of

the material, p is the electrode material’s Type of surface  Texture Cross'se“ion
o ’ ) textures labelling area (cm?)
resistivity, A is the cross-sectional area of the Plain surface S 100.00
electrode and / is the distance between the [ inear surface LS 101.80
electrodes used to do the measurement. The Cross surface CS 102.30
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large cross-sectional area allows the resulting electrical resistance to be small. It is known
that electrical resistance is the opposite of electric current; thus, when electrical resistance
decreases, the resulting output current will increase. It is also necessary to understand that
the surface area of the electrode plate refers to the area of the conducting plate, which
functions to transmit electric current. The broader the cross-section area, the greater the
electric current that can be delivered (Poimenidis et al., 2021).

Effect of NaOH Concentration on HHO Production Rate at Varying Plate Surface
Textures

Figure 6 illustrates the HHO gas production rate against the NaOH electrolyte concentration
at different electrode surface textures. Similar to the output current, the same trend is also
shown by the HHO gas production rate, where the increase fully influences the increase
in HHO gas production in electrolyte concentration. The results showed that the increase
in HHO gas production rate was above 200% for all electrode surface textures. As for
the 60 g/L electrolyte concentration, the HHO gas production rate value is 305.93 L/min,
291.09 L/min, and 218.08 L/min for cross, linear, and plain surface textures, respectively.
It should be noted that increasing the electrolyte concentration can generally accelerate
the movement of molecules in the water so that a higher-intensity collision process occurs
between molecules available in it, such as hydrogen and oxygen. The higher the intensity
of collisions between molecules in the water, the greater the amount of HHO gas produced
(El Soly et al., 2021). However, based on the statistical approach, the linear surface texture
had the highest R? value of 0.991. In addition to the increase in electrolyte concentration,
it appears that the difference in electrode surface texture has a positive impact on the

rate of HHO gas production. Texturing the

surface of the electrode plates has affected ggg Plan suface (PS)
their surface roughness, which results in a _350] 1 Ié',néasrssﬁrrff:fee (%33
. . . £ 325]- - PSllinear fit (R2 = 0.946) .
difference in cross-sectional area between E 5001 LSiinear it (Re=0.991) L
. . . [ it E, i it (R2 = e
each other. The results obtained align with ;’%g- C8 fnearft (°=0969 A
. =1 B A" 4
the achievements Fahy reported (2014). E 225] e - .
; ; 9 200+ e -
Another important factor is the type g 1751 e et
of electrode plate material. This study | § lgg 'i‘:}‘/ o "
used SS316L, which has a high nickel | S100{ .~ . . /.’/
. . I 75 e
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as the electrode. The electrode made of 28-
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Figure 6. HHO production rate vs. NaOH

. concentration under varying plate surface textures
(HER) takes place at the cathode, whichacts 4t 12 v applied voltage

where the hydrogen evolution reaction
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as the negative pole. In contrast, at the anode, which acts as the positive pole, the oxygen
formation reaction (OER) takes place. As a function of time, the hydrogen evolution rate
(HER) increases with rising electrolyte concentration. However, the HER rate tends to
be slower in NaOH compared to KOH. The characteristics of the electrocatalytic surface
significantly influence the HER rate. Electrochemical analysis of stainless steel indicates
that 316 steel is the optimal choice for a cathodic electrode in inducing HER within the
solution.

The HER rate is not only affected by the concentration of the electrolyte but also
impacts the formation of metal hydrides in stainless steel, minimising corrosive effects on
the material. Meanwhile, oxygen hydroxide (OH) originates from the water structure and
surfaces of OER. The presence of OH serves a dual purpose: firstly, an excess of OH can
detrimentally affect conductivity and structural integrity. Secondly, moderate OH levels
with the right level of acidity at the electrode/electrolyte interface can positively influence
the fundamental oxygen evolution reaction and thermodynamically reduce the ion release
rate. It is based on the non-electrocatalytic activity in oxygen evolution reactions, as well
as the identification of crystalline defects and stoichiometric oxide anode levels, which
contribute to the oxygen evolution reactions.

Of course, this phenomenon is most likely inseparable from the formation of the
nickel hydrate layer, which acts as a protective layer on the electrode surface, allowing
the corrosion rate to be suppressed, which results in a fairly high HHO gas production
rate (Olivares-Ramirez et al., 2007). The minimum corrosion effect greatly contributes to
the smoothness of the hydrogen formation reaction (Vracar & Conway, 1990). Coupled
with surface texture engineering, this will be a promising technique and should be taken
into account for the development of further enhancements of HHO gas production. The
details of the chemical reaction Equations 2, 3 and 4 at each pole are shown as follows
gas (Subramanian & Thangavel, 2020):

Reaction at the cathode: 2 H,O (1) + 2¢- — H, (g) + 2 OH™ (aq) 2)
Reaction at the anode: 4 OH (aq) > O, (g) +2H,0 (1) +4 ¢ 3)
Overall reaction: 2 H,O (1) > 2 H, (g) + O, (g) “4)

According to stoichiometry, the above chemical reaction shows that the production of
hydrogen gas is double that of oxygen gas (Subramanian & Thangavel, 2020).

Effect of NaOH Concentration on Output Temperature at Varying Plate Surface
Textures

The results of the output temperature versus NaOH concentration at different surface
textures are shown in Figure 7. The output temperature generally shows an increasing trend
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with increasing NaOH concentration at all 80

types of electrode surface textures, where 0 : Plain surfae é’?f%)

the temperature increase ranges above 40 per 5 1. ggﬁ;;:rr;ﬁw (€S)

cent for NaOH electrolyte concentrations of | 604"~ L3fnear il

0-60 g/L. The final output temperatures at g 50 A \
60 g/L concentration were 42.5°C for the g 40 R ST
plain surface, 45.13°C for the linear surface, § 20, t__,,.;:sw:’f‘

and 46.55°C for the cross surface. However, | 2 N

there was some temperature instability 3 2

for each type of surface texture. The most 104

obvious instability is for the electrode with 0 . . . ‘ ‘ ‘
cross-surface texture, where there is a 0 10 Na;?_l c::ceni:tiof(;g/uso 70
decrease in the output temperature at two

different concentrations. one from 39.05°C Figure 7. Output temperature vs. NaOH concentration
’ ) under varying plate surface textures at 12 V applied

to 24°C and the other from 50.18°C to  yotage
46.55°C.

This instability phenomenon may be due to the type of electrolyte used, NaOH.
The basic principle of an electrolyte solution is that it is influenced by the mobility and
conductivity of ions that decompose in the solution. As already stated, the mobility and
conductivity of Na+ ions are lower than those of K+ ions (Cao et al., 2009). It is likely to
cause instability in the resulting output temperature, and the presence of impurities in the
electrolyte solution that could contaminate the electrode surface must also be considered
(Doche et al., 1999).

The type of electrolyte and electrolyte concentration play an important role in water
electrolysis. NaOH is strong as a type of electrolyte; it decomposes completely into
ions when dissolved in water, so it has a fairly high conductivity. When the electrolyte
concentration is increased, it increases the intensity of collisions between ions, making
them more intense. The resulting impact is increased conductivity, accompanied by higher
ion mobility during the water electrolysis process. Due to the increased conductivity, it
produces an electrolyte solution temperature that is much hotter than its initial condition,
and thus, the output temperature of the HHO generator also rises (Sun & Hsiau, 2018;
Yuvaraj & Santhanaraj, 2014).

Effect of Applied Voltage on Output Current at Varying Plate Surface Textures

Figure 8 shows the applied voltage and output current at varying electrode surface textures.
Their relationship shows good linearity, where the output current increases with increasing
input current. Upon further observation, the increase in output temperature is more
prominent on textured electrode surfaces, with an increase of over 300% on both types
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of textured electrode surfaces. In contrast,
the increase in output current is only about
148% for plain surfaces with increasing
applied voltage. Beyond that, the largest
R? value of 0.982 was experienced by the
electrode with a linear surface. This value
indicates a strong relationship between
the input voltage variation and the output
current.

Figure 8 shows that a higher applied input
voltage will accelerate the decomposition
reaction in water electrolysis. The supplied
applied voltage causes faster electron
movement, producing a higher output
current (Zhao et al., 2016).
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Figure 8. Applied voltage variations vs. output
current under varying plate surface textures at 30g/L
catalyst concentration

Effect of Applied Voltage on HHO Production Rate at Varying Plate Surface

Textures

Figure 9 shows the HHO gas production as a function of applied voltage with variations
in electrode surface texture. The results showed a significant increase in the HH gas
production rate on the electrodes with linear and cross textures, namely 508.74 L/min and
573.82 L/min, respectively. A striking difference is seen for electrodes with plain surfaces,

where the HHO gas rate is only 147.66 L/
min. The increased applied voltage resulted
in a uniform increase in charge density,
promoting the acceleration of chemical
reaction rates on the electrode surface by
ion exchange (Lin et al., 2012). It is clearly
seen that electrodes with textured surfaces
are more effective in accommodating the
ion exchange process to increase the rate
of kinetics of the decomposition reaction
in water electrolysis, which in turn can
increase the rate of HHO gas production.
The highest R? value was 0.979, achieved by
the electrode with a linear surface texture.
Lastly, this is also supportive evidence that
HHO gas production is more promising on
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production gas under varying plate surface textures
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textured electrode surfaces. The results obtained are in accordance with the results stated
by Mounir and Bellel (2011), where it is explained that the rate of hydrogen gas production
will continue to increase as the voltage variation used increases.

Effect of Applied Voltage on Output Temperature at Varying Plate Surface
Textures

Figure 10 shows various plate surface textures’ applied voltage and output temperatures. At
an applied voltage of 12V, the resulting output temperature is 27.88°C for plain surfaces,
33.66°C for linear surfaces, and 32.71°C for cross surfaces. Interestingly, with increasing
applied voltage, the output temperature increased slowly. At an input voltage of 14 V, the
output temperature values achieved are 39.67°C for the plain surface, 37.52°C for the linear
surface, and 44.11 °C for the cross surface. The increase in output temperature on the linear
surface is the slowest compared to other

electrode surfaces; the increase is only about 5001 ———— "
11.47% with an applied voltage range of 12 47.54 ©  Linear surface (LS)
. . . A Cross surface (CS)
V-14 V. It seemed that increasing the input G 45.09- - Linearfit (PS) N
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. 2 40.01 <7 e
temperature at the linear surface compared e J .
. . Kol i - ]
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1 2350 P
temperature may reduce the possibility of | .1 =7 0
splitting water molecules. However, on the | 2300 .7
. . . o e
other hand, it can increase the reaction of the 27.5] .
electrode surface and the ionic conductivity 25.0 , , : : : :
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of electrolytes (El Kady et al., 2020). In Voltage (V)

addition, the accelerated mobility of ions
Figure 10. Applied voltage variations vs. output

temperature under varying plate surface textures at
reason for the increased output temperature. 30 g/L catalyst concentration

due to increased applied voltage was also a

CONCLUSION

The effect of varying NaOH electrolyte concentration in a range of 10 g/L to 60 g/L and
electrode surface texture on the performance of the HHO generator was investigated.
Several important points can be drawn from the present study as follows:

1. Overall, the output current, HHO gas production, and output temperature increase
with increasing NaOH concentration and are also influenced by different electrode
surface textures.

2. At a NaOH concentration of 60 g/L, the output currents on the linear and cross
surfaces were 7.46 A and 9.95 A, respectively. Meanwhile, the HHO gas production
for the linear and cross surfaces was 219.08 L/min and 305.93 L/min, respectively.
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However, in terms of R2 value, the linear surface is better than the cross surface,
where the R2 value is greater than 0.991 for both the output current and HHO gas
production on the linear surface.

3. Additionally, the output temperature of the linear surface (i.e., 45.12 °C) was
slightly lower than that of the cross surface (i.e., 46.55 °C) ata NaOH concentration
of 60 g/L.

4. Similar to the NaOH concentration increment, the output current, HHO gas
production, and output temperature also increased linearly with increasing applied
voltage at varying electrode surface textures and a constant NaOH concentration
of 30 g/L.

5. The HHO gas production on the linear surface and cross surface increased
drastically at an output voltage of 14 V, to be about 508.74 L/min and 573.82 L/
min, respectively. However, the R? value of the linear surface is higher than that
of the cross surface, which is 0.979 and 0.955, respectively.
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ABSTRACT

This present study examines the efficacy of using dolomite (Dol, CaMg(COs),)-supported
copper (Cu) and cobalt (Co) bimetallic and monometallic catalysts for the hydrogenolysis of
glycerol to propylene glycol (PG; 1,2-PDO). The proposed catalysts were generated using the
impregnation process before they were calcined at 500°C and reduced at 600°C. Advanced
analytical techniques namely Brunauer, Emmett, and Teller (BET) method; the Barrett,
Joyner, and Halenda (BJH) method; temperature-programmed desorption of ammonia
(NH;-TPD), hydrogen-temperature programmed reduction (H,-TPR), X-ray diffraction
(XRD) analysis, and scanning electron microscopy (SEM) were then used to characterise
the synthesised catalysts, whose performance was then tested in the hydrogenolysis of

glycerol. Of all the synthesised catalysts

tested in the hydrogenolysis process, the
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Co-Cu/Dol bimetallic catalyst performed
best, with an 80.3% glycerol conversion
and 85.9% PG selectivity at a pressure
of 4 MPa, a temperature of 200°C, and a
reaction time of 10 hours. Its high catalytic
performance was attributed to effective
interactions between its Co-Cu-Dol species,
which resulted in acceptable acidity, good
reducibility of metal oxide species at low
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temperatures, larger surface area (15.3 m?g™), large-sized particles, fewer pores (0.032
cm® g!), and smaller pore diameter (0.615 nm).

Keywords: Cobalt, copper, dolomite support, acidity, glycerol hydrogenolysis, 1,2-propanediol

INTRODUCTION

Glycerol, an important by-product of the biodiesel production process, can be utilised for
the production of value-added chemicals such as propylene glycol (PG), which is also
called propane-1,2-diol or 1,2-propanediol (1,2-PDO); 1,3-propanediol (1,3-PDO), glycerol
carbonates, cyclic acetals/ketals, glycerol esters, glyceric acid, glycerol ethers, acrolein/
acrylic acid, and other speciality chemicals (Liu et al., 2019; Pandhare et al., 2016). Of
all these speciality chemicals, PG has a huge market demand owing to its application as a
monomer or component in the pharmaceutical industries, as well as a solvent in cosmetics,
food, and polyester resins (Gallegos-Suarez et al., 2015; Pudi et al., 2015). The predicted
global output of PG is =1.4 million tonnes per year, with an annual market growth rate
of 4% (Vasiliadou et al., 2011). Traditionally, propylene oxide, generated from various
petroleum processing techniques, undergoes the hydration process for synthesising PG
(Bagheri et al., 2015; Mallesham et al., 2016; Rajkhowa et al., 2017).

However, as the financial returns from petroleum have decreased and environmental
concerns have increased, there are increased efforts to develop a more practical and
sustainable method of producing PG. If catalyst-driven hydrogenolysis of glycerol can be
successfully developed, it would significantly alter the price of PG due to the benefits of
the manufacturing process. According to multiple extant studies, glycerol hydrogenolysis to
PG is a dual-step reaction. In the first step, glycerol is converted to acetol by dehydrating it
over the catalyst’s acidic sites before the resultant acetol is hydrogenated to synthesise PG
over the active metallic sites in the catalysts in the second step. The procedure prioritises
cleaving the C-O bonds in the glycerol molecules while preventing the cleaving of its C-C
bonds to prevent the production of by-products (Zheng et al., 2015).

The hydrogenolysis of glycerol to PG is significantly more efficient with the use of
noble-based catalysts, such as platinum (Pt), ruthenium (Ru), palladium (Pd), and cerium
(Ce) (Soares et al., 2016; Yu et al., 2010). However, as these catalysts are costly, they are not
feasible for industrial applications. Non-noble metal catalysts, such as zinc (Zn), nickel (Ni),
copper (Cu), aluminium (Al), iron (Fe), cobalt (Co), and magnesium (Mg) have demonstrated
good performance, of which Cu-based catalysts have been used most frequently as they
perform best and very efficiently activate the cleaving of C-O bonds instead of C-C bonds
(Freitas et al., 2018). Apart from that, Co-based catalysts are also active catalysts that have
high PG selectivity (Guo et al., 2009). However, the activity and stability of Cu and Co-based
catalysts warrant further investigation to maximise their potential.
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As such, bimetallic catalysts are more frequently used as they significantly increase
the conversion of glycerol and the selectivity of PG. Bimetallic catalysts are highly
effective due to their metal-metal interactions, which enhance their chemical strengths,
thermal strengths, acidity, surface area, metallic phase dispersion, and reducibility or
oxygen ion mobility (Jiang et al., 2016; Pandhare et al., 2016). More specifically, a
catalyst containing Cu, zinc oxide (ZnO), and aluminium oxide (Al,O;) was able to
completely convert glycerol at a PG selectivity of 80% at a temperature of 240°C and a
hydrogen (H,) pressure of 0.1 MPa (Feng et al., 2011). Meanwhile, a catalyst containing
a 1:1 ratio of Cu to Ni as well as Al,O; yielded 89% PG selectivity and converted 60%
of the glycerol at a temperature of 210°C and H, pressure of 4.5 MPa over a reaction
duration of 12 hours (Pudi et al., 2015).

A catalyst containing a 1:3 ratio of Ce to Ni-Co was able to convert 71.3% of the
glycerol and select 68.5% of the PG at a temperature of 220°C and a H, pressure of 6 MPa
over a reaction duration of 10 hours when the glycerol concentration was 20 wt% (Jiang
etal., 2016). Similarly, a Cu-Ni/AL,O; catalyst converted 70.5% of the glycerol with a PG
selectivity of 70% at 4.5 MPa H, pressure, 220°C, and 16-hour reaction duration when the
glycerol concentration was 4 wt% (Gandarias et al., 2012). Furthermore, Ru—Cu/Al,O;
and Ru—Cu/ZrO, catalysts were able to convert 45% and 13.7% of the glycerol and select
94% and 100% of the PG, respectively, using 2.5 H, pressure, 200°C, a reaction duration
of 24 hours, and a glycerol concentration of 20 wt% (Soares et al.,2016).

During glycerol hydrogenolysis, acid sites and metal surfaces serve dual functions as
active reaction sites for dehydration and hydrogenation processes. Therefore, metal-based
catalysts with bifunctional sites carry significant potential. These properties enable a catalyst
to increase the surface area for depositing the active phase. It also serves as a reservoir for
the extra hydrogen molecules that help hydrogenate surface species by enabling hydrogen
ions from the dolomite (Dol) support to migrate to the metal particles and create more
active sites that are interfacial in the metal support, all of which help increase its catalytic
activity (Rajkhowa et al., 2017).

Therefore, this present study prepared three separate Dol-supported Co and Cu
catalysts. The Dol support mostly contained magnesium carbonate (MgCQO;), calcium
carbonate (CaCOs;), and varying concentrations of high quantities of ferric oxide (Fe,05),
silicon dioxide (Si0,), and Al,O; that did not exceed 5% w/w. Dolomite (Dol) has grown
in popularity as it is cheap and possesses acidic properties. Furthermore, Dol contains Mg
and Ca ions, which are well-known as effective reducers for electrochemical series, so Dol
may help reduce metal oxides to metallic species. It has also been found to outperform its
more conventional, expensive, and time-consuming counterparts, for instance, HZSM-5
zeolites, Mobil® composition of matter no. 41 (MCM-41), Santa Barbara amorphous-15
(SBA-15), and Santa Barbara amorphous-16 (SBA-16) (Vanama et al., 2015).

Pertanika J. Sci. & Technol. 32 (3): 1141 - 1159 (2024) 1143



Norsahida Azri, Ramli Irmawati, Usman Idris Nda-Umar, Mohd Izham Saiman, Yun Hin Taufig-Yap and Ghassan Abdulkareem-Alsultan

Dolomite (Dol) is abundantly available and can easily be procured from the state of Perlis
in Malaysia. As such, this present study used the impregnation method to synthesise Dol-
supported Co and Cu monometallic and Co-Cu bimetallic catalysts. These three catalysts were
used to conduct the hydrogenolysis of glycerol before multiple characterisation methods were
used to analyse the correlations between their performance and properties. The impregnation
method was used instead of the co-precipitation method as it is significantly easier to control
the size of the metal particles in the catalyst (Karelovic & Ruiz, 2015).

MATERIALS AND METHODS
Chemicals

Perlis Dolomite Industries, Malaysia, supplied dolomite. Copper nitrate hexahydrate
(Cu(NO»),.6H,0) (= 99%) and cobalt nitrate hexahydrate (Co(NO;),.6H,0) (=99%) were
purchased from R&M Chemical Company, Malaysia. Glycerol (>99.5%) was acquired
from Sigma-Aldrich. The chemicals were used without further purification.

Catalyst Preparation

Every catalyst was synthesised using the impregnation procedure. The Co and Cu
loading concentrations were set at 20 wt%. During the standard synthesis mechanism,
copper nitrate (Cu(NO;),, 3.8 g) and cobalt nitrate (Co(NOs),, 4.9 g) were individually
dissolved in distilled water (10 ml) and added to Dol powder (4 g) to produce Solution 1.
A magnetic stirrer was used to stir the solution at 300 rpm before transferring it to a hot
plate and left to dry at 90°C for 3 hours. It was then transferred to drying over to further
age for 24 hours at 120°C. The catalyst was placed in a tube furnace to be calcined for 3
hours at 500°C with a temperature ramp rate of 10°C/min and static airflow to eliminate
nitrate salt. Without removing the catalyst from the tube furnace, a 5% hydrogen/argon
(Hy/Ar) gas mixture was then used to reduce it for 3 hours at 600°C and a temperature
ramp rate of 2°C/min. The two catalysts produced were labelled “Cu/Dol” and “Co/Dol”
for future use. A similar method was used to prepare the bimetallic catalyst by adding 20
wt% of the respective metal precursors to Solution 1, which was then stirred, dried, aged,
calcined, and reduced. The bimetallic catalyst produced was labelled “Co-Cu/Dol”. The
performance of all three synthesised catalysts was examined by using them to conduct the
hydrogenolysis of glycerol.

Catalyst Characterisation

A Micromeritics ® accelerated surface area and porosimetry (ASAP) 2010 system was
used to observe the isotherms of nitrogen (N,) adsorption-desorption of the synthesised
catalysts and determine their textural characteristics (pore diameter, BET surface area, and
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pore size) while their crystallite sizes and the structure of their phase compositions were
determined by analysing their X-ray diffraction (XRD). Meanwhile, a Thermo-Finnigan®
1100 series TPDRO analyser equipped with a thermal conductivity detector (TCD) was
used to observe their H,-TPR and assess their metal reducibility as well as evaluate their
distribution of acid sites and total acidity. Lastly, a Shimadzu® RayNy™ energy dispersive
X-ray (EDX)-720 spectrometer was used to conduct SEM and examine their morphological
characteristics. The analysis conducted in this present study has already been explained in
great detail in our previous study (Azri et al., 2020).

Experimental Setup

The performance of the synthesised catalysts for the hydrogenolysis of glycerol was tested
ina 150 mL capacity stainless steel (SS-316L) autoclave reactor and was explained in our
previous study (Azri et al., 2020). Figure 1 depicts a schematic layout of the reactor setup
used to examine the reactions.

Gas outlet

Gas meter

T

Relief valve

Gas inlet

Reactant and catalyst

Magnetic
tirrer

Stirrer

Figure 1. The experimental setup for glycerol hydrogenolysis reaction

Product Analysis

A flame ionisation detector (FID) fitted with an HP-5 capillary column was used to conduct
gas chromatography (GC) on the liquid output of the experiment after it had been extracted
thrice using ethyl acetate. The analytical procedure was similar to that of our previous study
(Azri et al., 2020).

RESULTS AND DISCUSSION
Catalyst Characterisation

Table 1 presents the textural characteristics of the Dol, Co/Dol, Cu/Dol, and Co-Cu/Dol
catalysts, such as the pore diameter, Brunauer, Emmett, and Teller (BET) surface area, and
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pore size. The bimetallic catalyst showed an increase in the BET surface area to 21.9 m?
g from the 13.3 m? g"! of the Dol. On the other hand, the surface area of the 20% Cu/Dol
catalyst and 20% Ni/Dol catalyst showed a decrease to 9.7 m*g'and 3.5 m? g™, respectively.
These results could be attributed to the fact that the metal ions were filling the pores of
the Dol support. Thirupathi et al. (2012) presented a similar finding and observed that
the decreased surface area of the study’s 0.4 manganese-nickel (Mn—Ni) and titanium
dioxide (TiO,) catalyst could be due to the nickel oxide (NiO) ions that were loaded onto
the support material. The BET surface area showed the following trend: Co-Cu/Dol > Dol
> Cu/Dol > Co/Dol.

In terms of pore volume, all Dol-supported catalysts have a smaller pore volume than
Dol (0.276 cm* g!). According to Zhao et al. (2013), this occurs because the metal species
embeds and clogs the Dol matrix that covers the pores of the catalyst. The pore sizes of all
Dol-supported catalysts (6.15 A) were, similarly, smaller than that of Dol (156.34 A). It is
noteworthy that both the diameter and volume of the pores of the bimetallic catalyst were
small. [t may be attributed to the presence of fresh active sites or new pores on the surface
of the bimetallic catalyst. During a catalytic reaction, the active sites on the surface of a
catalyst initially adsorb or react before they move into the pores of the catalyst. However,
in this case, the small pores of the catalyst may prevent leaching from occurring easily at
the active sites, increasing the amount of adsorption-desorption that occurs there throughout
the catalytic reaction. Furthermore, the active sites within the tiny pores may be beneficial
when determining the reusability of a catalyst. It may also preserve the catalyst’s stability
throughout the subsequent cycle of reactions.

According to the IUPAC classification system, the isotherms of the N, adsorption-
desorption, seen in Figure 2A, indicate that the synthesised catalysts had type I1I isotherms
typical of macro-porous solids. The weak adsorption-desorption interaction between

Table 1
Physicochemical properties of the catalysts
BET XRD H,-TPR NH;-TPD
RE Bg Zg ENd 555 558 5F%
I~y > @ e % g 2% 5o o o = ) =
L8 0q < o ) = o5 =5 o =8
Catalyst ~ & = S s = 03 S 2 wZ35 wg 5
8 g 3 5 =~ 858 “g§8 T¢g¢
g 2 & =2 82 9E
@ <} o a = 2=
150-550°C > 550°C >550°C
Dolomite 13.3 0276 152.02 274 - 1005 1005 16149
Cu/Dol 9.7 0.098 19.07 54.8  23582,17919 10268 51769 19528
Co/Dol 7.8 0.145  156.34 229 19250 54712 73962 11172
Co-Cu/Dol 15.3 0.032 6.15 72.3 3719 1705 5424 11724

Note. * The data were estimated according to the Debye Scherrer equation using the FWHM of the dolomite
peak at 20 = 62°
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adsorbed and desorbed molecules from the clustered solid catalyst was responsible for the
isotherm results. Furthermore, similarities between the isotherms of the metal-supported
catalysts and Dol indicate that the addition of metal ions did not significantly alter the
structure of the Dol. As hysteresis developed in all the synthesised catalysts when the
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Figure 2. N,-physisorption isotherms (A) and pore size distribution (B) of (a) Dolomite, (b) Cu/Dol, (c)
Co/Dol, and (d) Co-Cu/Dol catalyst
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relative pressure (p/p°) exceeded 0.8, their aggregates had the non-rigid characteristics of
plate-shaped particles and a non-uniform size (Luna et al., 2018). It is commonly attributed
to the capillary or delayed condensation capabilities of solid catalysts, as their multilayer
pore network causes weak adsorption (Lopez et al., 2019). As all the synthesised catalysts,
except the Cu/Dol catalyst, adsorbed little N, (~1 cm?g™), it underscored that the macro-
porosity of the Cu/Dol catalyst was that of a solid catalyst. The Cu/Dol catalyst may have
adsorbed more N,as its structure certain mesopores. The Barrett, Joyner, and Halenda
(BJH) method was used to determine the curves of the pore size distributions of all the
catalysts (Figure 2B). The distributions of the pore sizes of the Dol, Co/Dol, and Cu/Dol
catalysts ranged between 2 to 10 nm, while that of the bimetallic Co-Cu/Dol catalyst was
less than 2 nm.

Figure 3A depicts the XRD patterns of the calcined catalysts, while Figure 3B shows
those of the reduced catalysts. Diffraction peaks in the Dol support were identified with
heterogeneous crystalline phases. The peaks observed at 20 =18.1°, 28.3° and 33.8° were
attributed to the calcium-magnesium (1:2) phase (CaMg,, Joint Committee on Powder
Diffraction Standards (JCPDS) 01-1070) and the peaks observed at 20 = 37.51°, 50.76°,
and 62.20° were attributed to the phase of the Dol (JCPDS 02-0767). Furthermore, the two
peaks observed at 20 = 44.2° and 47.4° were attributed to the phase of MgCO; (JCPDS
02-0871). The peaks observed at 20 = 32.4° and 54.2° were attributed to the calcium oxide
(CaO) phase (JCPDS 01-1160), and the lower intensity peak observed at 20 = 78.7° was
attributed to the magnesium aluminate (MgAl,O,) phase (JCPDS 03-1160).

With regards to the monometallic and bimetallic catalysts, the XRD patterns indicated
that the novel phases corresponded to the corresponding metal oxide molecules as the metal
oxide species had become embedded in the matrix of the Dol support; more specifically,
copper oxide (CuO) at 26 = 35.5° and 38.8° (JCPDS 44-0706) and cobalt carbonate
(CoCOs) at 20 =33.5° (JCPDS 01-1020). Alloy phases were also observed in the bimetallic
catalysts; more specifically, the gliggenite (Cu,MgOs) phase at 20 = 48° (JCPDS 21-0291)
and the cobalt-magnesium (2:1) (Co,Mg) phase at 20 = 42°, 44.5°, 74.5° and 76 ° (JCPDS
29-0486). Extant studies have similarly concluded that metal oxide species are more likely
to produce spinel when supported by limestone or clay materials containing Mg and Ca
ions (Kovanda et al., 2001; Pardeshi et al., 2010). However, the calcined catalysts did not
show the presence of any peaks that correlate with metallic species.

As seen in Figure 3B, the CuO diffraction peaks (20 = 35.5° and 38.8°) had vanished,
whereas the peaks of the Cu (20 = 43.5° and 74.3°) (JCPDS; 085-1326), which is metallic,
appeared in the bimetallic and monometallic catalysts. The metallic copper (Cu’) species
may have appeared due to the effective transfer of electrons between the oxide species and
the Dol support, which would destabilise the bonds of the metal oxide and help reduce
the metal species. The interfacial sites of the metal-support material helped coordinate
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Figure 3. XRD diffractograms of calcined (A) and reduced samples (B) of (a) Dolomite, (b) Cu/Dol, (c)
Co/Dol, and (d) Co-Cu/Dol catalyst

the oxygen atoms with the help of a single pair of electrons, which facilitates electron
migration and helps reduce the metal oxide species (Nagaraja et al., 2007). As Ca and Mg
are good reducers, this study hypothesised that the CaMg(COs),, CaO, and MgCO; surface
species of the Dol reduced the metal oxide (Tasyurek et al., 2018). Furthermore, the peak
of the Co,Mg phase was observed at 20 = 44.5°, while those of the Cu,MgO; phase were
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observed at 20 =35.3°,37.5°, 38.2° and 48°. However, the reduced catalysts did not present
any characteristic peak associated with the Co and Cu oxide species.

As seen in Table 1, the crystallites of the bimetallic catalyst were larger than those
of the monometallic catalysts. Therefore, the higher concentration of metal oxide, which
increased the amount of intercalated Cu and Co in the catalyst, caused the metal species
to fill the interstitial spaces of the Dol bulk and increased the size of the crystallites. The
crystallite sizes were, in descending order, Co-Cu/Dol > Cu/Dol > Co/Dol. The higher
intensity non-shifting peaks of MgCO; observed at 20 =47.4° and 43.5° in the Dol indicate
the increase in the size of the crystallites. The non-shifting characteristic of the peaks also
indicates that the metal species had incorporated into the support well (Asikin-Mijan et al.,
2017). The size of the particles of a catalyst may directly affect H, adsorption or activation
and hydrogenation, especially during the hydrogenolysis of glycerol.

Figure 4 depicts all the catalysts’ H,-TPR profiles, while Table 1 lists their H,
adsorption. The reduction profiles indicate that incorporating Cu and/or Co species into the
Dol caused reduction peaks that were lower than that of the Dol to appear. The reduction
peaks observed at 291 and 455°C, 444°C only, and 277 and 435°C were attributed to the
Cu/Dol, Co/Dol, and bimetallic catalysts, respectively. The appearance of a reduction peak
at low temperatures indicates weakly bonded or dispersed metal oxide species (species). In
contrast, the appearance of a reduction peak at temperatures that exceed 400°C indicates the
reduction of metal oxides as a complex species as a consequence of increased interactions
between the metals and the support material (Shozi et al., 2017; Wen et al., 2013; Zhao et
al., 2017). The presence of Cu in the aluminate spinel (CuAl,O,) and complex Cu phases
of Cu,Mg,Al,O, led to the reduction of the mixed oxides that contained Cu at 400 to 750°C
(Tanasoi et al., 2009). This present study observed the two peaks at 277 and 291°C, which
could be attributed to the dispersed CuO species reducing to Cu’. On the other hand, the
peak observed between 435 to 455°C was attributed to the Cu or Co species-containing
mixed oxides reducing (Tanasoi et al., 2009; Vargas-Hernandez et al., 2014).

As Cu,MgO; and Co,Mg peaks were observed in the XRD pattern, the results of this
present study could be attributed to the Co and Cu oxides reducing the defects present in
the interstitial spaces of the Dol phase. The peaks observed at 616 to 638°C were attributed
to the Dol reducing as they were similar to that of a Dol bulk (639°C) (Azri et al., 2020).
Furthermore, compared to the monometallic catalysts, the reduction of the bimetallic
catalyst effectively shifted toward the lower temperatures (277°C). It was attributed to
significant interactions between the Co-Cu-Dol species of the bimetallic catalyst, which
enhanced and altered its metal reducibility. However, the reduction peaks observed at
638°C in the Co/Dol catalyst were broader and higher than that of the Dol peak. It may be
due to the reduction of the Co species, which significantly interacted with the Dol support
and is also supported by the findings of the XRD analysis, which detects the CoCO,
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species. Extant studies have similarly concluded that taller and wider peaks appear when
strong metal-support species reduce as it requires more H, adsorption, which broadens the
reduction peak (Li et al., 2009). The interphase H, adsorption or the slow diffusion of the
hydrogen ions in a thoroughly sintered metal species may also cause a wider reduction
peak (Soares et al., 2016).

As seen in Table 1, the Dol adsorbed less total H, than the monometallic and bimetallic
catalysts. Extant studies have similarly found that a catalyst containing CuO and ceric oxide
(Ce0,) adsorbed significantly more H, than required to completely reduce unadulterated
CuO (Zhao et al., 2019). Therefore, the Ce may have played a role in the reduction. It
suggests that metal species with larger exposure areas are more reducible but increase
the H, consumption of the catalyst. The monometallic and bimetallic catalysts had wider
and taller reduction peaks than the Dol as they adsorbed more H,. Furthermore, it was
advantageous that the metal species were reduced to under 300°C as the metallic species
remained stable and active throughout the catalytic reaction process, which occurred at
200°C. It would significantly improve H, adsorption on the surface of the catalyst and
expedite the hydrogenolysis reaction. As alloy instead of metallic species appeared in the
monometallic and bimetallic catalysts, the presence and reduction of CaO, MgCO;, CaCOs,
and MgAl,O, phases of the Dol warrant further investigation as a source of chemisorption
in H, atoms and higher H, uptake.

Acid sites are required to activate the C-O bonds of glycerol molecules through
dehydration (Zhu et al., 2013). The NH; adsorption and dissociation ability of a catalyst
can be used to determine its acidity. Acid strengths are classified as weak if they remain
below 250°C, medium between 250 to 500°C, and strong if they exceed 500°C (Srivastava

277

616

H2 consumption (mV)

50 150 250 350 450 550 650 750 850 950 1050
Temperature (°C)

Figure 4. H,-TPR profiles of (a) Dolomite, (b) Cu/Dol, (c) Co/Dol, and (d) Co-Cu/Dol catalyst

Pertanika J. Sci. & Technol. 32 (3): 1141 - 1159 (2024) 1151



Norsahida Azri, Ramli Irmawati, Usman Idris Nda-Umar, Mohd Izham Saiman, Yun Hin Taufig-Yap and Ghassan Abdulkareem-Alsultan

etal., 2017). Figure 5 displays the NH; desorption profiles of the three synthesised catalysts,
whereas Table 1 presents their acidity data, which is the concentration of ammonia
absorption. All three catalysts contained significant acid sites, with desorption peaks that
exceeded 500°C. More specifically, the desorption peaks of the Dol were observed at 805
and 874°C, that of the Cu/Dol catalyst at 718 and 948°C, and that of the Co/Dol catalyst
at 712 and 815°C while the bimetallic catalyst had the lowest desorption peak (589°C).
Stronger acid sites were present on the surface of the catalyst, as evidenced by the high
desorption temperature of the Cu/Dol catalyst (948°C) over the Dol. It matched the total
NH; desorption amount (Table 1).

The Cu/Dol catalyst had the highest acidity of all three catalysts. As such, the acidity
of the catalysts was, in descending order, Cu/Dol > Dol > Co-Cu/Dol > Co/Dol. As the
Co-Cu/Dol and Co/Dol catalysts were less acidic than the Dol, the metal species in the Dol
may have encased and blocked its surface, thereby limiting the amount of NHj it desorbed
(Priya et al., 2017). The decreased acidity with loading of Co-Cu can also be attributed to
increased agglomeration on the surface of the catalyst upon incorporation of the metals,
thereby hindering the surface from absorption of ammonia into catalyst pores, leading to
decreased pore volume and diameter as indicated in Table 1. The acidity of the catalysts
may also be due to the MgCO; and CaCOj; phases of the Dol (Azri et al., 2020).

Figure 6 depicts the SEM-based surface morphology of the catalysts. The SEM
photomicrographs showed that all the catalysts contained irregular agglomerated structures
that measured 10 mm on average on a scale bar. Therefore, the macro-porous solids had
formed tightly clustered crystals.
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Figure 5. NH;-TPD profiles of (a) Dolomite, (b) Cu/Dol, (¢) Co/Dol, and (d) Co-Cu/Dol catalyst
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Figure 6. SEM images of (a) Dolomite, (b) Cu/Dol, (c) Co/Dol, and (d) Co-Cu/Dol catalyst

Catalytic Activity

Table 2 presents the catalytic activities of glycerol hydrogenolysis using each catalyst. A
blank reaction or control experiment was also carried out, which meant conducting the
hydrogenolysis sans a catalyst and/or support. The conversion of glycerol and selectivity of
PG, acetol, and methanol were used to evaluate the performance of each catalyst. Without
a catalyst and/or support, the control experiment could only convert 8.7% of the glycerol
and did not select the PG. The introduction of a catalyst had a profound impact. Although
the Dol was able to convert 10.6% of the glycerol, it lacked selectivity for PG.
Therefore, the Dol could not catalyse glycerol to PG hydrogenolysis on its own.
The catalytic reaction was significantly influenced by adding metal ions to the Dol. The
bimetallic Co-Cu/Dol catalyst outperformed the other catalysts in terms of glycerol
conversion (80.3%) and PG selectivity (85.9%). Its elevated turnover frequency (TOF)
also confirmed its significant catalytic activity. Compared to the bimetallic catalyst, the
glycerol conversion and PG selectivity of the monometallic catalysts were poorer; more
specifically, 78.5% and 79% for the Cu/Dol catalyst and 60.9% and 58.1% for the Co/Dol
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Table 2
Performance of the synthesised catalysts
. Selectivity (%) TOF
Sample Conversion (%) 1
Acetol 1,2-PDO Methanol (h)
Blank 8.7 0 0 0 -
Dolomite 10.6 6.3 0 93.7 0.46
Cu/Dol 78.5 18.9 79 2.1 3.41
Co/Dol 60.9 14.2 58.1 27.6 2.65
Co-Cu/Dol 80.3 43 85.9 9.9 3.49

Note. Reaction conditions: 20 ml of aqueous glycerol (20wt%); reaction temperature 200 °C; H, pressure 4
MPa; catalyst dosage 1g; reaction time 10 hr

catalyst, respectively. Therefore, the glycerol hydrogenolysis performance of the catalysts
was, in descending order, Co-Cu/Dol > Cu/Dol > Co/Dol > Dol. It also proves that the
inclusion of Co and Cu in Dol increases its glycerol conversion and PG selectivity.

The bimetallic catalyst outperformed the other catalysts, potentially, because it
possessed adequate acidity (11724 pmol/g), a high surface area (15.3 m?g"), fewer pores
(0.032 cm’g!), and smaller pores (0.615 nm). The presence of sufficient surface acid sites
aided in the dehydration of the glycerol molecules to generate acetol, which resulted in PG.
Extant studies indicate that acid sites significantly affect hydrogenolysis (Putrakumar et al.,
2015; Yuan et al., 2009). Metallic sites on the surface of a catalyst are also essential as they
enable hydrogenation to occur by breaking H, down to hydride, which helps hydrogenate
the intermediate acetol to PG. The catalytic performance of a bimetallic catalyst correlates
to the presence of Cu metallic species. The results of this present study demonstrate that the
presence of bifunctional sites on the bimetallic catalysts led to the simultaneous and rapid
dehydration of glycerol to acetol and the hydrogenation of acetol to PG, as also proposed
in the literature (Scheme 1).

- o OH
OH H;0
+H,
N i HO HO
HO\)\/OH o ,t.
Dehydration ydrogenation .
Acetol i 1,2-propanediol
Glycerol [Acid site role] ceto [Metal site role] s ?PDI()))

Scheme 1. Glycerol hydrogenolysis pathway over metal-acid condition (Mallesham et al., 2016)

However, H, adsorption or activation may determine if a hydrogenation reaction is
high or low, as H, supplies the hydride required to hydrogenate the intermediate product
during a catalytic reaction. The ability of a catalyst to adsorb high amounts of H, may
correlate with the size of its metal particles. Extant studies have similarly indicated a linear
correlation between the catalytic activity and the H, adsorption of catalysts with large-sized
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metal particles (Karelovic & Ruiz, 2015). Catalysts with large-sized metal particles have
larger surface areas and interfacial exposure, which improves H, adsorption as more H,
can be activated on the surface of the catalyst, and there is better accessibility to metallic
reaction sites. In turn, it significantly encourages the cleaving of the C-O bond during
hydrogenation.

As seen in Table 1, the crystallite particle sizes of the bimetallic catalyst were larger than
those of the other catalysts, which may have facilitated its high PG selectivity. Hydrogen
(H,) adsorption is believed to be more active in large-sized metal particles as the surface
exposure of the metal is larger. Therefore, more H, can be activated on the surface of
the catalyst. It also increases accessibility to metallic sites, which, in turn, increases its
reactivity towards the C-O bonds via hydrogenation, which increases the amount of PG
produced. Conversely, the smaller particle sizes of the monometallic catalysts decreased
their PG selectivity.

The results reveal that the bimetallic catalyst had better catalytic performance than
the monometallic catalysts. The catalytic efficiency of the bimetallic Co-Cu/Dol catalysts
could have been influenced by different factors such as appropriate acidity, large particle
size, good metal reducibility, high surface area, fewer pores, and smaller pore diameters.
The bimetallic catalyst had good glycerol conversion and PG selectivity when factors such
as pressure, reaction temperature, and reaction duration were optimised, in comparison to
the results of extant studies (Table 3).

Table 3
Comparison of the result obtained in this work with other results from the literature
Reaction parameters Sel (%)
Catalyst Temp H, Time Cat ((j(?/: )V 1,2- References
°C) (MPa) (h) Dosage (g) PDO
Cu-Ni/Al,O; 210 4.5 12 2 60 89 Pudi et al., 2015
Cu/Ce/Mg 200 6 10 1 56.4 97.4 Mallesham et al., 2016
Cu-Ni/Al,O4 220 4.5 16 0.9 70.5 70 Gandarias et al., 2012
Ru—Cu/Al,O; 200 2.5 24 2 45 94 Soares et al.,2016
Ru-Cu/ZrO, 200 2.5 24 2 13.7 100 Soares et al.,2016
Ni—Co/Al,0; 220 6 10 2 63.5 60.4 Jiang et al., 2016
Ni-Co/Ce 220 6 10 2 71.3 68.5 Jiang et al., 2016
Ni-Cu/Dol* 200 4 10 1 80 88.4 Present work
CONCLUSION

The bimetallic Co-Cu/Dol catalyst that this present study proposed had a maximum glycerol
conversion of 80.3% and a maximum PG selectivity of 85.9% at a reaction temperature
of 200°C, reaction pressure of 4 MPa, and a reaction duration of 10 hours. It performed
the best as it had effective Cu-Co-Dol interactions, an optimal acidity of 11724 umol/g,
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a large surface area of 15.3 m? g, a good ability to reduce metal oxide species at a low
temperature of 277°C, a pore diameter of 0.615 nm, fewer pores (0.032 cm?® g!), and large
particle sizes (72.3 nm).
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