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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 is a quarterly (January, April, July, and October) periodical that
considers for publication 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
A decision 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

Most scientific papers are prepared according to a format called IMRAD. The term represents the first letters
of the words Introduction, Materials and Methods, Results, And Discussion. IMRAD is simply a more ‘defined’
version of the “IBC” (Introduction, Body, Conclusion) format used for all academic writing. IMRAD indicates
a pattern or format rather than a complete list of headings or components of research papers; the missing
parts of a paper are: Title, Authors, Keywords, Abstract, Conclusions, References, and Acknowledgement.
Additionally, some papers include Appendices.

The Introduction explains the scope and objective of the study in the light of current knowledge on the subject;
the Materials and Methods describes how the study was conducted; the Results section reports what was
found in the study; and the Discussion section explains meaning and significance of the results and provides
suggestions for future directions of research. The manuscript must be prepared according to the journal’s
Instruction to Authors (http://www.pertanika.upm.edu.my/Resources/regular_issues/Regular_lssues_
Instructions_to_Authors.pdf).

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.

As articles are double-blind reviewed, material that may identify authorship of the paper should be placed
only on page 2 as described in the first-4-page format in Pertanika’s Instruction to Authors (http://www.
pertanika.upm.edu.my/Resources/regular_issues/Regular_Issues_Instructions_to_ Authors.pdf).

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.
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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.

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.

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.0.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 2022 for the Pertanika Journal of Science and Technology
(PIST)!

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.

Thisissue contains 30 articles; six review articles, a short communication, a case study and
the rest are regular articles. The authors of these articles come from different countries
namely India, Indonesia, Iran, Iraq, Malaysia, Nigeria, Saudi Arabia and Vietnam.

Another article that we wish to highlight is “The compilation records of fireflies
(Coleoptera: Lampyridae) diversity and distribution and display trees throughout
Malaysia” by Nurhafizul Abu Seri and Azimah Abd Rahman from Universiti Sains
Malaysia. It indicates that firefly species, especially from the genera Pteroptyx (Pteroptyx
tener species), are widely distributed in Peninsular Malaysia and East Malaysia. Fireflies
undergo a complete metamorphosis with four phases in their life cycle: egg, larva, pupa,
and adult, all highly dependent on mangrove plants. Based on the records from the
study conducted by previous researchers, it was found that the population of fireflies
is declining in some areas in Malaysia, and so are their habitats and host/display trees
that have suffered the same decline. Detailed information on this study is presented on
page 1963.

A review article titled “Soil erodibility studies in Malaysia” was written by Adnan
Derahman and co-researchers from Universiti Teknologi MARA, Malaysia. Their review
mentioned two widely used soil erodibility approaches in Malaysia, mainly to assess
the impacts of soil erosion on washed and transported sediments in water bodies and
landslide occurrence in slope areas. The methods are USLE and ROM scale. Both methods
had advantages and disadvantages depending on the site’s data availability application.
Determination of soil erodibility will lead to soil erosion assessment, whereby this input
significantly is one of the key factors in local authorities’ decision-making in determining
the safety, impact, and mitigation of any physical development in an area. However,
the conventional method of determining soil erodibility involves complicated laboratory
work. The analysis would be an obstacle to the holistic assessment of soil erosion,
especially for erosion-induced landslide risk. Thus, new approaches are needed which
practicality in terms of less artistry, time and cost, and simplicity in analysis so that more
soil erodibility for soil samples could be determined. Detailed information on this study
can be found on page 2139.



Muslim Diekola Akanmu and Norshahrizan Nordin from Universiti Malaysia Perlis had
evaluated the hybrid lean practices integrated with IR 4.0 and sustainability in Malaysia
food and beverages companies. This study aims to confirm the future direction of the
food industry that is recently employing new technologies in its manufacturing systems.
This study is underpinned by the theories of contingency and practice-based view by
highlighting the contributions of operations management practices to implement
successful strategies in enhancing sustainability performance in food and beverages
companies through performance variations. Also, the study provides implications and
future direction for industry consultants, practitioners, and academicians. Further details
of the article are available on page 2271.

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.

PJST 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
executive editor.pertanika@upm.edu.my
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Modeling and Molecular Dynamics of Aquaporin from an
Antarctic Pseudomonas sp. Strain AMS3
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ABSTRACT

Aquaporins, also known as water channels, are a large family of transmembrane channel
proteins present throughout all life domains and are implicated in human disorders. The
psychrophilic aquaporin comes to attention because of its specialty in adaptive ability to
keep on functioning to maintain water homeostasis under low temperatures, which have
an optimal temperature for growth at about 15°C or lower. However, studies regarding
aquaporin isolated from psychrophilic Pseudomonas sp. are still scattered. Recently, the
genome sequence of an Antarctic Pseudomonas sp. strain AMS3 revealed a gene sequence
encoding for a putative aquaporin designated as PAqpZ2_ AMS3. In this study, structure
analysis and molecular dynamics (MD) simulation of a predicted model of a fully hydrated
aquaporin monomer was embedded in a lipid bilayer and was performed at different

temperatures for structural flexibility and

stability analysis. The MD simulation
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results revealed that the predicted structure
could remain stable and flexible at low
to medium temperatures. In addition, the
important position of water gating amino
acids, Phe36 and Asn180 residues were
rearranged in -5°C MD simulation, leading
to changes in the aquaporin water column
size. The information obtained from this
psychrophilic aquaporin, PAqpZ2 AMS3,
provides new insights into the structural
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adaptation of this protein at low temperatures and could be a useful tool for low-temperature
industrial applications and molecular engineering purposes in the future.

Keywords: Antarctica, aquaporin, homology modeling, molecular dynamics, Pseudomonas sp. AMS3, water gating

INTRODUCTION

Aquaporin is known as one of the integral membrane channel proteins which belong to
the major intrinsic protein (MIP) family responsible for maintaining water homeostasis
in a cell by facilitating the water movement across the cell membranes. These channels
are highly selective with passively transporting water and other small polar molecules.
Previously reported research on aquaporin revealed that the protein structures consist of
the conserved structural fold with six transmembrane helices and five loops with a single
narrow pore at the center of the structure (Gomes et al., 2009). Aquaporin signature
Asparagine-Proline-Alanine (NPA) motif constitutes the center of the channel. Other than
that, facing the extracellular side of the protein also contain a conserved constriction region
of aromatic/Arginine (ar/R) motif that acts as the selectivity filter in facilitating the water
or other small polar molecules movement across the membrane (Aponte- Santamaria et
al., 2017; Brown, 2017; Lind et al., 2017; Araya-Secchi et al., 2011).

Another member of the MIP family, the aquaglyceroporin (Glp), is known to have
a less pronounced periplasmic protrusion, where it allows the permeation of glycerol
alongside the water molecules. This Glp possesses the same NPA motifs as aquaporin, which
serve as the crucial structural domain that plays a role in permeation selectivity. The ar/R
constriction site impairs the entrance of high molecular weight substrates, which is around
3.4 A, compared to only 2.8 A for the aquaporin. This region is composed of a different
set of amino acids that will allow the passage of wider compounds such as glycerol. For
example, the smaller Glycine residue in aquaglyceroporin could provide a hydrophobic
corner that interacts with bigger molecules (Hub et al., 2009; Gomes et al., 2009).

Useful discovery of the aquaporin gating provided by high-resolution aquaporin
structures and molecular dynamics (MD) simulations categorized the mechanisms as
capping and pinching (Hedfalk et al., 2006). The regulation of water movement across
the aquaporin channel is by either gating, which controls the water flow rate through
the channel, or by targeting the aquaporin to different membranes, known as trafficking
(Sachdeva & Singh, 2014). As studied by Woo et al. (2008), the phosphorylation of Serine
or Threonine residues may or may not involve the membrane trafficking mechanism of
aquaporin. Besides that, Németh-Cahalan and Hall (2000) mentioned that changes in pH
provide a feedback signal which regulates the aquaporin water permeability. Changes in
divalent cation concentrations are also common signals utilized as gating for the aquaporin
channel (Kourghi et al., 2017). In addition, Sachdeva and Singh (2014) stated that the
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involvement of a single or few residues movement that results in small conformational
changes of the aquaporin leads to water flow blockage through the channel.

In a low-temperature environment, unfavorable cell water loss is a critical adaptive
mechanism for an organism to prevent osmotic shock and injury or cell death from internal
ice formation (Goto et al., 2015). The psychrophilic aquaporin comes to attention because
of its specialty in adaptive ability to keep on functioning to maintain water homeostasis
under the temperatures. So far, functional studies of aquaporin that have been done were
for mesophilic organisms (Aponte-Santamaria et al., 2017; Sachdeva & Singh, 2014),
thermophilic microorganisms (Araya-Secchin et al., 2011; Mathai et al., 2009; Kozono et
al., 2003) and psychrophilic insect (Goto et al., 2015; Cohen, 2012). The recent completion
of a genome project of polar bacteria isolated from Antarctic soil revealed the presence
of aquaporin in Pseudomonas sp. Strain AMS3. With this available genomic dataset, the
structure of the bacterial aquaporin was predicted and studied using appropriate computer-
aided software, and (MD) simulation was used to study its functional adaptation at various
low temperatures. Molecular dynamics have been considered a powerful and useful
computational tool as it provides more information and understanding of the molecular
mechanism at a molecular scale, especially for the study of aquaporin (Hospital et al.,
2015; Hub et al., 2009).

Antarctic habitat proved that staying dehydrated is important to survive under low
temperatures and desiccation stress, where this important water metabolism control is ruled
by aquaporin (Goto et al., 2015). Aponte-Santamaria et al. (2017) stated that aquaporin
gating might influence the rapid change in water transport activity, and various external
stimuli may trigger this gating. Tyr31 acts as aquaporin gating residue from the Aqyl
genome, the water transporting aquaporin in Pichia pastoris results in the microorganism
death after undergoing multiple freeze/thaw cycles. When comparing the position of the
residue at room temperature and low temperature, the simulation data of Aqy1 in a freezing
environment shows a movement of about 0.5A towards the cytoplasm. It leads to changes
in the size of the pore water column that results in blockage of the channel. Thus, it can
be concluded that temperature changes cause this change.

This paper reported for the first time the homology modeling and molecular dynamics
studies of aquaporin from an Antarctic Pseudomonas sp. AMS3, to the best of the authors’
knowledge. The three-dimensional structures of the putative aquaporin were predicted and
evaluated using appropriate software. The structural properties of the putative aquaporin
at various temperatures were studied using molecular dynamics (MD) simulations and
were discussed. More research is needed to understand the psychrophilic aquaporin, which
could contribute to biomimetic membrane approaches for water filtration technologies. As
a result, industrial wastewater treatment will particularly benefit the food and beverage
and pharmaceutical industries.
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METHODOLOGY
Sequence Alignment of PAqpZ2 AMS3

Recently, the genome sequence project of an Antarctic isolate, Pseudomonas sp. strain
AMS3 was completed by Codon Genomics Sdn Bhd. Genome mining for aquaporin
revealed the gene encoding for the putative aquaporin. The identified amino acid sequence
designated as PAqpZ2 AMS3, consisting of 231 amino acid residues respectively, was
used for the sequence analysis and modeling. First, the aquaporin amino acid sequence
was named based on its scaffold position identified in the structural annotation. Then, the
homologous sequence was identified using the BLAST program (Donkor et al., 2014;
Altschul et al., 1990). Next, multiple sequence alignment was carried out using ClustalW
open software with the amino acid sequence from the nearest hit in BLAST result and
aquaporin crystal structure sequence isolated from E. coli.

Homology Modeling and Validation

SWISS-MODEL homology modeling (Bienert et al., 2017) open software was used to
identify the most suitable template and build the 3D model for PAqpZ2 AMS3. The
template used for the modeling was the 2.5 A crystal structure of Aquaporin Z obtained
from Escherichia coli (strain K12) (PDB ID: 1RC2) (Savage et al., 2003) based on the
highest percentage of similarity in BLAST. The structure validation was assessed with
ERRAT to compare the six types of non-bonded atom-atom interactions (CC, CN, CO,
NN, NO, and OO) of the modeled structures with a reliable high-resolution structure
database (Kleywegt, 2000; Colovos & Yeates, 1993) and Ramachandran plot to evaluate
the structures’ geometrical aspects (Mannige et al., 2016; Zhou et al., 2011).

Software

The molecular dynamics (MD) simulations were performed using the Yet Another Scientific
Reality Application (YASARA) software program version 10.2.1 on the predicted aquaporin
model structure (Krieger & Vriend, 2014). In addition, AMBERO3 (Assisted Model
Building with Energy Refinement) force field package was used to conduct the simulation
as it includes a set of advanced molecular mechanical force fields for a suite of molecular
simulation programs (Salomon-Ferrer et al., 2013).

Molecular Dynamics (MD) Simulations at Various Temperature

This study seeks to investigate membrane simulation of the predicted models at the
temperatures of -5°C, 0°C, 5°C, 15°C, and 37°C. A 10 ns of membrane simulation was
performed with the first nanosecond considered an equilibration period, and the last 10
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ns were used for analysis. AMBERO3 force field parameter implemented in the YASARA
software was employed for the system’s proteins, phospholipids, and water molecules.

The initial model was oriented and embedded in the membrane by the software after
it scanned for the secondary structure elements with hydrophobic surface residues of the
protein. The simulated system consisted of the PAqpZ2 AMS3 monomer embedded in a
fully solvated lipid bilayer of approximately 167 phosphatidylethanolamines (PEA). In
addition, the bilayer was fully solvated with 8643 (PAqpZ2 AMS?3) clear water and NaCl
molecules. Subsequently, the initial model was energy-minimized in each simulation.
Before the real simulation, 250 ps of restrained equilibration simulation was run to ensure
the adaptability of the new embedded protein in the membrane.

Simulation Analysis

PAqgpZ2_ AMS3 monomer was studied using 400 saved steps for each simulation. The
data obtained were analyzed using YASARA tools as the analysis provides a better
understanding of the dynamic properties of the protein-embedded membrane in water at
different temperatures. Furthermore, the root mean square deviations of Ca (Ca-RMSD)
were computed to measure the magnitude of each amino acid’s conformational change
to evaluate each residue’s stability and flexibility at different temperatures. Besides, the
fluctuation of Ca. (Ca-RMSF) was also computed for each aquaporin monomer per residue
to study the trajectories’ flexibilities.

Further analysis was performed by calculating and estimating the pore radius for the
final simulated aquaporin model structures at different temperatures. The channel geometry
was monitored by computing the pore radius profile in the z-direction that fits in the channel
space without overlapping the van der Waals surfaces of the surrounding residues using
the HOLE 2.0 program software (Brezovsky et al., 2013). In addition, a superimposition
image of the aquaporin was generated with UCSF Chimera software to compare distinct
residues that were influenced by different temperatures during the simulation period.

RESULTS AND DISCUSSION
Sequence and Structure Comparisons

Sequence Analysis. Gene sequence encoding for a putative aquaporin was identified from
an Antarctic Pseudomonas sp. strain AMS3 and designated PAqpZ2 AMS3. The sequence
analysis using BLAST (Donkor et al., 2014) showed that the protein sequence represented
members of classical water aquaporin within the classical aquaporin subfamily named
AqpZ. All aquaporin consists of an NPA motif which is similar to PAqpZ2 AMS3. Two
sets of NPA motifs were identified in sequence alignment Figure 1 box in red color. This
agreement with aquaporin isolated from Methanothermobacter marburgensis consists of
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two NPA motifs in the protein sequence (Colovos & Yeates, 1993). Moreover, the NPA
motif was reported to have a significant role in proton exclusion during water movement
through the aquaporin pore (Finn & Cerda, 2015).

To distinguish between AqpZ and Glps is the conserved amino acid residue, the ar/R
region (Tong et al., 2019), which functions as a selective filter. The AqpZ ar/R region is
F(H/DXR which are F43, H172, R187, and carbonyl of T181 in PAqpZ2 AMS3 protein
marked with a blue arrow in Figure 1. The combination of these four residue side chains
located at the construction site of the aquaporin determines the pore size of the water channel
protein and the protein structural organization (Lind et al., 2017). Moreover, the BLAST
result showed that sequence similarity between identified aquaporin scores is 63% from
sequence identity, E. coli AqpZ (PDB ID: 1RC2). The percentage similarity of 63% was
the highest score in the sequence database and is known to be sufficient to compare and
confirm the identified aquaporin, PAqpZ2 AMS3. It is supported by the similarity with
the sequences having the same important motifs as highlighted in Figure 1.

Modeling and Validation of Aquaporin Structure. The homology modeling pipeline aims
for the modeling template which optimally covers the target sequence length to maximize
the expected quality of the models and the coverage of the target (Mathai et al., 2009).
This study modeled the predicted structure using a crystal structure of aquaporin from
Escherichia coli strain K12 (PDB ID: 1RC2) (Savage et al., 2003). It is due to its highest
quality selected by the SWISS-MODEL homology modeling server for model building with

PAqpZ2_AMS3

PAQpZ2_AMS3
AgquaporinZ_PUB29236

1RCZ_1

AguaporinZ_WP_@46382463 -

--MOKRLTAEFAGTFIWLTFGGCGSAILAAAFPELGIGFLGVSLAFGLTVLTMAYAVGGYS 58

NGYGEHSPGGYS&'LSALV\'CLVLSAG‘L LVIHGATDKFAPAGFAPIAIGLALTLIHLISI

EERFE g BER 1 EEL . Eekex  o® F OF EFEREIXRFEIRIEE ¥

PVTNTSYNPARSTGPALFAGVEYLSQLWAFWLAPTIAGGYLGALAARGLEERSPA  23@
PVTNTSYNPARSTGPALFAGVEYLAQLWAFWLAPTIAGGYLGALAARGIWEARSPA 230
PVTNTSYNPARSTGPALIVGGHWAIQQLWMFHLAPILGAVIGGVVYRWLGKEEPA 233
PVTNTSYNPARSTAVAIFQGGHALEQLWF FRVVPIVGGIIGGLIYRTLLEXRD- 231

FEEEIFRFEFEEE B F 3 EEE EE. KR X ..k 4 &

AguaporinZ_PUB20236 - --MOKRLTAEFAGTFWLTFGGCGSAILAAAFPTLGIGFLGVSLAFGLTVLTMAYAVGGYS 58
AguaporinZ_WP_846382463 MSLFKRSVTEGLGTFWLVLGGCGSAVLAAAFPAVGIGLLGVALAFGLTVLTMAVAIGHIS 60
1RC2_1 --"lFRk LAAECFGTFWLVFGGCGSAVLAAGFPELGIGFAGVALAFGLTVLTMAFAVGHIS 58
FEE RS FXERT s XEFEZE . 1‘«&4 L xax FE I FEFETRBZFXFE XX ®
PAqpZ2_AMS3 GGHANPAYTIGLWAGRRIPSADVLPYTAAQVAGATVAAAAL FVIASGQPGFEV--GGFAA 116
AguaporinZ_PUB28236 GGHANPAYTIGLWAGRRVPGADVLPYIAAQVAGAIVASAALYVIANGQSGFEP--GGFAA 116
AquaporinZ_WP_046382463 GCHYNPAYSVGLVVGGRFPARELPAYIVAQVIGGIVAAALLYVIASGKPGFEL-ASGLAS 119
1RC2_1 GGHANPAYTIGLWAGGRFPAXEVVGYVIAQVVGGIVAAALLYLIASGKTGFDAAASGFAS 118
* = -8"1 88 XX’K -] x: ‘SX&XX\!K*? -X-& e #1( t(:’?.
PAqpZ2_AMS3 NGYGPLSPGQFDMKAALLAELTIATFFFVLIIMRVTAPGAVAGFAPTATIGLALTLIHLILI 176
AguaporinZ_PUB208236 NGYGPLSPGQFDMKAALLAELIATFFFVLIIMRVTAPGAVAGFAPIAIGLALTLIHLILI 176
AguaporinZ_WP_046382463 NGYGEHSPGGYSMAAGFVCELVMTAMFVLIILGATDPRAPKGLAPIAIGLALTLIALISI 179
1RC2_1 178

Figure 1. The sequence alignment of both identified putative aquaporins from Antarctic Pseudomonas sp.
AMS3 (PAqpZ2_ AMS3); Pseudomonas sp. GV105 (PUB20236); Pseudomonas sp. (WP_046382463) and E.
coli AqpZ (1RC2). The conserved NPA motif regions (red box) and the selectivity filter or ar/R constriction
region (blue arrow) are indicated.
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a score of 65% for sequence identity
of PAqpZ2 AMS3, respectively.
The aquaporin model quality was
verified using the Ramachandran plot
and ERRAT before MD simulation.
It is because to see the reliability
of the predicted structure. Figure
2 and Table 1 indicate the score
obtained for structure validation of
the aquaporin model structure using
stated programs. Ramachandran
plot provides a way to indicate
the quality of a three-dimensional
protein structure as it can display the
distribution of torsion angles known
as Phi (¢) and Psi (y) angles in a
protein structure and an overview of
excluded regions that shows which
rotation of the polypeptide is not
allowed due to the steric hindrance
(Zhou et al., 2011). The predicted
structure showed a high-quality
model where the score is up to 97.8%
(PAqpZ2_AMS3) for localization
validation. The residues within the
select region were 92.1%, and those
in the additional allowed region were
5.7%. In addition, amino acids such
as GIn 126, Thr 181, and Val 197
contribute to the outer region.
Low-resolution structures
generally produce an average overall
quality factor of around 91%, and
the calculated error value falls below
95% of the rejection limit (Colovos

General/Pre-Pro/Proline Allowed

(a)

Error Value*

|
|
|

’ ‘ V“mm‘f‘i\ﬂﬂ hl'rm H ﬁt‘w“\*lﬁfﬂ-ﬂ[Hﬂh”]\‘nm"kﬂhﬂ | Hmﬂﬂl,
0 80 100 120 140 160 180 200 220
Residue # (window center)

(b)
Figure 2. Validation of the predicted aquaporin three-
dimensional model: (a) Ramachandran plot; and (b) ERRAT.
The predicted 3D aquaporin model structure was of good
quality because most residues can be seen clustered at the
most favored region and were within an acceptable overall
structure quality factor for the lower resolution of structures.

Table 1
Details of Ramachandran plot and ERRAT results

Ramachandran plot statistics PAqpZ2_AMS3

Residues in favored region 92.1%
Residues in the allowed region 5.7%
Residues in outlier region 2.2%
ERRAT Overall quality factors 96.4%

& Yeates, 1993). PAqpZ2 AMS3 structure showed above 95% as in Table 1 for ERRAT
validation. The ERRAT program assesses the predicted protein structure by comparing
the six types of non-bonded atom-atom interactions (CC, CN, CO, NN, NO, and OO) of
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the modeled structures with a reliable high-resolution structure available in the database
(Kleywegt, 2000). In conclusion, the predicted structure is a high-quality structure used
for MD simulation.

Structure Analysis. The model structure built was compared and superposed with its
template, the crystal structure of AqpZ (PDB ID: 1RC2), using UCSF Chimera (Figure 3).
The predicted three-dimensional aquaporins show similar structural properties as Lind et al.
(2017) reported research on aquaporin where the protein structures consist of the conserved
structural fold with six transmembrane helices and five loops with a single narrow pore
at the center of the structure. The structure that showed differences between AqpZ and
PAgpZ2 AMS3 is zoomed in the box. Moreover, the center of the channel consists of the
aquaporin signature Asparagine-Proline-Alanine (NPA) motif [Figure 4 (b)]. Besides, the
aquaporin’s conserved constriction region of aromatic/Arginine (ar/R) motif positioned
which are Phe; His; Thr, and Arg at the extracellular side of the protein that acts as the
selective filter [Figure 4 (a)] (Brown 2017; Araya-Secchin et al., 2011; Goto et al., 2015).

Based on the superimposition of the aquaporin in Figure 3, the overall Root Mean
Square Deviation (RMSD) of the protein alpha carbon was calculated using the UCSF
Chimera software. The calculated Ca-RMSD between the predicted model with its model
template is 0.27A respectively. Comparing the conserved constriction region and the
NPA motif of the aquaporins (Figure 4), calculated Ca-RMSD is not showing an obvious
difference, with an average only of 0.06A. The highest Ca-RMSD can be found at the
residues located at the top of the aquaporin structure, as indicated in the box in Figure 3. The

) C-terminal

Figure 3. The superimposition of the aquaporin model and its template 3D structure. The aquaporins are red
for PAqpZ2 AMS3 and cyan for template AqpZ (PDB ID: 1RC2). The zoomed figure shows the highest
Ca-RMSD residues calculated by UCSF Chimera between the aquaporin structures.
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Extracellular

Intracellular

(®)

Figure 4. Zoom-in of the superimposition of the aquaporin model and its template 3D structure. The
aquaporins are indicated as red for PAqpZ2 AMS3 and cyan for template AqpZ. (a) ar/R region details
of superposed models. (b) NPA motif region details are indicated in the red box (Asn63, Pro64, Ala65,
Asnl184, Prol185, Alal86).

highest difference was between the Gly112 of PAqpZ2 AMS3 and Ser114 of AqpZ with
3.34A. It indicates that the modeling of putative aquaporin obtained from the Pseudomonas
sp. AMS3 shows a slight difference in structural properties with its template, which is a
solved aquaporin crystal structure, AqpZ.

Other than that, De Maayer et al. (2014) mentioned that a low number of hydrogen
bonds could be found in psychrophilic protein as it is important for the protein’s
conformational flexibility under a cold environment. In agreement with these statements,
the hydrogen bond calculated using UCSF Chimera in each predicted aquaporin model and
its template, AqpZ, shows a difference of up to hundreds of hydrogen bonds in number. For
example, the hydrogen bond calculated in PAqpZ2 AMS3 was 203, respectively. However,
compared to the template used, which originates from a mesophilic microorganism (E.
coli), 307 hydrogen bonds were calculated in the AqpZ.

Molecular Dynamics (MD) Simulation

MD simulation was performed in this study to discover the aquaporin’s structural,
flexibility, and dynamics changes identified in different temperatures. Theoretically, the
density of water varies with temperature as it depends on this parameter (Cho et al., 2002).
The monomer of predicted aquaporin was used for the MD simulation. Schmidt and Sturgis
(2017) revealed that the tetrameric nature of aquaporins is important to remain stable while
integrated within the bilayer membrane and perform its function. However, they added
that the monomeric structure of aquaporin in some family members does not affect the
protein’s role in facilitating the water movement across the membrane. In concurrence with
previous studies, the aquaporin monomers used in this study also appear to integrate into
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the membrane normally since the secondary structure of the aquaporin monomer contains
a lot of hydrophobic residues that can be a part of the transmembrane region of the protein.

The predicted aquaporins were also suggested to be a psychrophilic protein. Increasing
the temperature to 37°C may raise the kinetic energy and result in the conformational
changes of the psychrophilic aquaporin due to the intermolecular forces disruption, leading
to dysfunction of the protein. The coordinates of the last frame from the conformational
sampling were saved to analyze its water column structure.

Molecular Dynamics (MD) Simulation Analysis

By calculating the Root Mean Square Deviation values of the C-alpha (Ca-RMSD) relative
to the coordinates of the energy-minimized initial structures, the overall changes in the
model atomic coordinates were monitored during MD simulations as a function of time.
For example, the convergence of RMSD values from the minimized predicted aquaporin
structure during the simulation at -5°C, 0°C, 5°C, 15°C, and 37°C after a period are shown
in Figure 5.

At the first nanosecond of PAqpZ2 AMS3 at -5°C, the RMSD value fluctuates almost
to a value of 4.0 A. This obvious fluctuation by the protein can be considered acceptable. In
MD simulation, there is an equilibration phase where the membrane is artificially stabilized
to adapt to the newly embedded aquaporin and the right density without being damaged.
Overall, the predicted aquaporin model can be deduced as stable simulated in different
temperatures throughout the simulation. The protein can maintain its structural stability
after the first nanosecond of the simulation. Besides, the protein structure did not diverge
more than 3.0 A towards the end of the simulation at 10 ns, implying that the protein had
reached its structural equilibrium with the membrane lipids. In addition, the aquaporin

Time (ns)

-5°C 0°C 5°C 15°C 37°C

Figure 5. Root Mean Square Deviation (RMSD) of the Carbon alpha as functions of time for PAqpZ2 AMS3
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model also showed a stable conformation when simulated at 37°C as structural changes
should be seen as the temperature rises.

Figure 6 depicts the Root Mean Square Fluctuation (RMSF) per residue of the predicted
aquaporin model simulated at -5°C to 37°C with the initial model secondary structure
displayed at the top. The fluctuation with up to 6.0 A and more than 2.0 A can be seen
in the proteins’ C-terminal tail and loop region, respectively. Compared to these loop
regions, most of the helical regions of the predicted aquaporin model can be observed with
smaller RMSF values. It indicates lower flexibility of the residues in these regions when
simulated at different temperatures. The reason may be due to the hydrogen bond that
holds the helical conformation of the proteins resulting in less fluctuation of the residues
in the regions (Hub et al., 2009).

However, some of the aquaporin helical structures that lose shape can be observed
during the MD simulation. It proves the flexibility of the loop regions that face the
extracellular and intracellular side and the loss of some of the aquaporin helical structure
when simulated in water at various temperatures. Besides that, as compared in Figure 3,
the loop region that connects between H3 and H4 of both predicted aquaporin (Figure 6)
shows longer length and predominance with more small residue side chains which can
be observed in the most secondary structure of psychrophilic proteins for their higher
flexibility in low temperature (Schmidt & Sturgis, 2017).

Channel Radius

Due to the selectivity filter formed by Phe43, His172, Arg187, and Thr181 [Figure 4 (a)] of
the aquaporin model, the channel diameter is reduced to be very small, sterically excluding

Nt H1 LA H2 HB H3 LC H4 LD H5 HE H6 Ct

RMSF (A)

0 50 100 150 200 250
Residue

-5°C 0°C 5°C 15°C 37°C

Figure 6. Root Mean Square Fluctuation (RMSF) as functions of time for PaqpZ2 AMS3 atoms. The
secondary structure of the proteins was displayed at the top, indicating helices (H1 to H6), half-helices (HB
and HE), loops (LA to LD), and termini (Nt and Ct).
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the passage of molecules larger than water. This section has the narrowest diameter size
in the channel as computed by HOLE 2.0 software (Figure 7) (Brezovsky et al., 2013).
In the middle section of the channel, the two conserved Asn-Pro-Ala (NPA) motifs were
observed in Asn63 and Asn184 for PAqpZ2 AMS3. The channel radius of each predicted
aquaporin monomer was displayed in Figure 7. The program HOLE 2.0 software was used
to achieve the pore radius of PAqpZ2 AMS3 monomers along the channel in the z-direction.
The pore radius was obtained from configurations of the last frame structure over the 10
ns of the MD simulation. According to Figure 7, the three-dimensional visualization of a
monomer pore size was presented as red, which represents the parts that are inaccessible
to the water with a pore radius less than 1.15 A, green for the parts that are accessible to
water with a radius between 1.15 A to 2.30 A, and blue for the parts that are greater than
2.30 A (Brezovsky et al. 2013).

The smallest pore radius of PAqpZ2 AMS3 after simulated at -5°C for 10 ns can be seen
above in the aquaporin selectivity filter Figure 7. As predicted by the HOLE 2.0 software,
the amino acid residues responsible for the narrowest pore radius calculated were Phe36 and
Asp180. It shows that the aquaporin Phe36 and Asp180 residues adopted a conformation
that more effectively blocks the channel. Its motion was accompanied by a temperature-
driven rearrangement of the water molecules inside the channel. A temperature of -5°C
induced both residues to populate exclusively deeper positions inside the water channel.
It proves the flexibility of the residues when simulated in water at different temperatures.

Figure 8 depicts the superposition of the initial and final structures of PAqpZ2 AMS3
simulated at -5°C after 10 ns. The Ca-RMSD calculated between the Phe36 and Asn180

Selectivity
filter

NPA motif

Channel coordinate (A)
o

~10 A
20 A
-30 T
0 1 2 3 4 5 6
Pore radius (A)
-5°C 0°C 5°C 15 °C 37 °C
(@ (b)

Figure 7. The pore radius of the final structure. The 10 ns of (a) PAqpZ2_ AMS3 model simulated in -5°C
visualized with the water pore outline. On the extracellular side of PAqpZ2 AMS3, the channel is blocked.
The calculated pore diameter versus the z coordinate of each final structure of PAqpZ2 AMS3 is simulated
at various temperatures.
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residues in initial and final structures of
the PAqpZ2 AMS3 that are involved in
blocking the water column is 4.63 A and
0.75 A, respectively. Asn180 is the amino
acid from the NPA motif, and Phe36
is known to be the water-gating amino
acid, thus acting as the selectivity filter
in PAqpZ2_AMS3. This result led to the
hypothesis that the Phe36 and Asn180
residues of PAqpZ2 AMS3 are more
flexible as their conformation is rearranged

;/; A i a
in low temperatures leading to a decrease Figure 8. Top view of superposed initial (blue) and

final (red) structure of PAqpZ2 AMS3 simulated

] at -5°C. The Phe36 and Asnl180 residues block the
blocking the channel. water column.

of the aquaporin water column and next

CONCLUSION

This structural and dynamic study of putative aquaporin from Antarctic Pseudomonas
sp. strain AMS3 provides insights into the mechanistic properties of the water transport
protein when simulated in water at various temperatures. The MD simulation results
suggest that the aquaporin model can remain stable and flexible throughout the simulation
under different temperatures. In addition, the position of Phe36 and Asn180 residues in
PAqpZ2 AMS3 were rearranged after 10 ns in -5°C MD simulation, leading to changes in
the aquaporin water column size and next blocking the channel. The information obtained
from this identified psychrophilic water channel protein provides new information about
this protein’s structural adaptability at low temperatures, which may be useful tools for
cryogenic industrial applications and molecular engineering.

Future studies will be highly interesting to test this in silico analyses and its
physiological connection to the channel-blocking mechanism. Furthermore, aquaporin
should be simulated in its tetrameric form, and its single-channel water permeability
constant should be compared to that of other aquaporin family members. In addition,
water orientation inside this protein pore should be studied to provide information and
understanding of this psychrophilic aquaporin’s cold adaptation and structural insights.

ACKNOWLEDGEMENT

The Ministry of Education supported this project through the Fundamental Research Grant
Scheme (FRGS/1/2019/STG04/UPM/02/04).

Pertanika J. Sci. & Technol. 30 (3): 1755 - 1770 (2022) 1767



Mubhairil Sulong Tuah, Wahhida Latip, Ainur Yasmin Ahmad Ridzwan, Samyuktha Balakrishnan,
Raja Noor Zaliha Raja Abd. Rahman, Noor Dina Muhd Noorand Mohd Shukuri Mohamad Ali

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990). Basic local alignment search tool.
Journal of Molecular Biology, 215(3), 403-410. https://doi.org/10.1016/S0022-2836(05)80360-2

Aponte-Santamaria, C., Fischer, G., Bath, P., Neutze, R., & de Groot, B. L. (2017). Temperature dependence
of protein-water interactions in a gated yeast aquaporin. Scientific Reports, 7(1), 1-14. https://doi.
org/10.1038/s41598-017-04180-z

Araya-Secchi, R., Garate, J. A., Holmes, D. S., & Perez-Acle, T. (2011). Molecular dynamics study of the
archaeal aquaporin AqpM. BioMed Central Genomics, 12(4), 1-13. https://doi.org/10.1186/1471-2164-
12-S4-S8

Bienert, S., Waterhouse, A., de Beer, T. A., Tauriello, G., Studer, G., Bordoli, L., & Schwede, T. (2017). The
SWISS-MODEL Repository-new features and functionality. Nucleic Acids Research, 45,313-319. https://
doi.org/10.1093/nar/gkw1132

Brezovsky, J., Chovancova, E., Gora, A., Pavelka, A., Biedermannova, L., & Damborsky, J. (2013). Software
tools for identification, visualization and analysis of protein tunnels and channels. Biotechnology
Advances, 31(1), 38-49. https://doi.org/10.1016/j.biotechadv.2012.02.002

Brown, D. (2017). The discovery of water channels (aquaporins). Annals of Nutrition and Metabolism, 70(1),
37-42. https://doi.org/10.1159/000463061

Cho, C. H., Urquidi, J., Singh, S., Park, S. C., & Robinson, G. W. (2002). Pressure Effect on the density of
water. The Journal of Physical Chemistry A, 106(33), 7557-7561. https://doi.org/10.1021/jp0136260

Cohen, E. (2012). Roles of aquaporins in osmoregulation, desiccation and cold hardiness in insects. Entomology,
Ornithology & Herpetology, 1, 1-17. https://doi.org/10.4172/2161-0983.S1-001

Colovos, C., & Yeates, T. O. (1993). Verification of protein structures: Patterns of nonbonded atomic
interactions. Protein Science, 2(9), 1511-1519. https://doi.org/10.1002/pro.5560020916

De Maayer, P., Anderson, D., Cary, C., & Cowan, D. A. (2014). Some like it cold: Understanding the survival
strategies of psychrophiles. European Molecular Biology Organization Reports, 15(5), 508-517. https://
doi.org/10.1002/embr.201338170

Donkor, E. S., Dayie, N. T., & Adiku, T. K. (2014). Bioinformatics with basic local alignment search tool
(BLAST) and fast alignment (FASTA). Journal of Bioinformatics and Sequence Analysis, 6(1), 1-6.
https://doi.org/10.5897/1JBC2013.0086

Finn, R. N., & Cerda, J. (2015). Evolution and functional diversity of aquaporins. The Biological Bulletin, 229,
6-23. https://doi.org/10.1086/BBLv229n1p6

Gomes, D., Agasse, A., Thiébaud, P., Delrot, S., Ger6s, H., & Chaumont, F. (2009). Aquaporins are multifunctional
water and solute transporters highly divergent in living organisms. Biochimica et Biophysica Acta (BBA)-
Biomembranes, 1788(6), 1213-1228. https://doi.org/10.1016/j.bbamem.2009.03.009

Goto, S. G., Lee Jr, R. E., & Denlinger, D. L. (2015). Aquaporins in the Antarctic midge, an extremophile that
relies on dehydration for cold survival. The Biological Bulletin, 229(1), 47-57. https://doi.org/10.1086/
BBLv229n1p47

1768 Pertanika J. Sci. & Technol. 30 (3): 1755 - 1770 (2022)



Structural Study of Aquaporin from Antarctic Pseudomonas sp. Strain AMS3

Hedfalk, K., Térnroth-Horsefield, S., Nyblom, M., Johanson, U., Kjellbom, P., & Neutze, R. (2006). Aquaporin
gating. Current Opinion in Structural Biology, 16(4), 447-456. https://doi.org/10.1016/j.sb1.2006.06.009

Hospital, A., Goiii, J. R., Orozco, M., & Gelpi, J. L. (2015). Molecular dynamics simulations: Advances
and applications. Advances and Applications in Bioinformatics and Chemistry, 8, 37-47. https://doi.
org/10.2147/AABC.S70333

Hub, J. S., Grubmiiller, H., & De Groot, B. L. (2009). Dynamics and energetics of permeation through
aquaporins. What do we learn from molecular dynamics simulations.? Handbook of Experimental
Pharmacology, 190, 57-76. https://doi.org/10.1007/978-3-540-79885-9 3

Kleywegt, G. J. (2000). Validation of protein crystal structures. Acta Crystallographica Section D: Biological
Crystallography, 56(3), 249-265. https://doi.org/10.1107/S0907444999016364

Kourghi, M., Nourmohammadi, S., Pei, J. V., Qiu, J., McGaughey, S., Tyerman, S. D., Byrt, C. S., &
Yool, A. J. (2017). Divalent cations regulate the ion conductance properties of diverse classes of
aquaporins. International Journal of Molecular Sciences, 18(11), Article 2323. https://doi.org/10.3390/
ijms18112323

Kozono, D., Ding, X., Iwasaki, 1., Meng, X., Kamagata, Y., Agre, P., & Kitagawa, Y. (2003). Functional
expression and characterization of an archaeal aquaporin: AqpM from Methanothermobacter
marburgensis. Journal of Biological Chemistry, 278(12), 10649-10656. https://doi.org/10.1074/jbc.
M212418200

Krieger, E., & Vriend, G. (2014). YASARA view - Molecular graphics for all devices from smartphones to
workstations. Bioinformatics, 30(20), 2981-2982. https://doi.org/10.1093/bioinformatics/btu426

Lind, U., Jarva, M., Alm Rosenblad, M., Pingitore, P., Karlsson, E., Wrange, A. L., Kamdal, E., Sundell,
K., Andre, C., Jonsson, P. R., Havenhand, J., Eriksson, L. A., Hedfalk, K., & Blomberg, A. (2017).
Analysis of aquaporins from the euryhaline barnacle Balanus improvisus reveals differential expression
in response to changes in salinity. Public Library of Science One, 12(7), 1-33. https://doi.org/10.1371/
journal.pone.0181192

Mannige, R. V., Kundu, J., & Whitelam, S. (2016). The Ramachandran number: An order parameter for protein
geometry. Public Library of Science One, 11(8), 1-14. https://doi.org/10.1371/journal.pone.0160023

Mathai, J. C., Missner, A., Kiigler, P., Saparov, S. M., Zeidel, M. L., Lee, J. K., & Pohl, P. (2009). No
facilitator required for membrane transport of hydrogen sulfide. Proceedings of the National Academy
of Sciences, 106(39), 16633-16638. https://doi.org/10.1073/pnas.0902952106

Németh-Cahalan, K. L., & Hall, J. E. (2000). pH and calcium regulate the water permeability of aquaporin
0. The Journal of Biological Chemistry, 275(10), 6777-6782. https://doi.org/10.1074/jbc.275.10.6777

Sachdeva, R., & Singh, B. (2014). Insights into structural mechanisms of gating induced regulation of
aquaporins. Progress in Biophysics and Molecular Biology, 114(2), 69-79. https://doi.org/10.1016/].
pbiomolbio.2014.01.002

Salomon-Ferrer, R., Case, D. A., & Walker, R. C. (2013). An overview of the Amber biomolecular simulation
package. Wiley Interdisciplinary Reviews: Computational Molecular Science, 3(2), 198-210. https://doi.
org/10.1002/wems. 1121

Pertanika J. Sci. & Technol. 30 (3): 1755 - 1770 (2022) 1769



Mubhairil Sulong Tuah, Wahhida Latip, Ainur Yasmin Ahmad Ridzwan, Samyuktha Balakrishnan,
Raja Noor Zaliha Raja Abd. Rahman, Noor Dina Muhd Noorand Mohd Shukuri Mohamad Ali

Savage, D. F., Egea, P. F., Robles-Colmenares, Y., O’Connell III, J. D., Stroud, R. M., & Simon, S. (2003).
Architecture and selectivity in aquaporins: 2.5 A X-ray structure of aquaporin Z. Public Library of Science
Biology, 1(3), 334-340. https://doi.org/10.1371/journal.pbio.0000072

Schmidt, V., & Sturgis, J. N. (2017). Making monomeric aquaporin Z by disrupting the hydrophobic tetramer
interface. American Chemical Society Omega, 2, 3017-3027. https://doi.org/10.1021/acsomega.7b00261

Tong, H., Hu, Q., Zhu, L., & Dong, X. (2019). Prokaryotic aquaporins. Cells, 8(11), Article 1316. https://doi.
org/10.3390/cells8111316

Woo, J., Chae, Y. K., Jang, S. J., Kim, M. S., Baek, J. H., Park, J. C., Trink, B., Ratovitski, E., Lee, T., Park,
B., Park, M., Kang, J. H., Soria, J. C., Lee, J., Califano, J., Sidransky, D., & Moon, C. (2008). Membrane
trafficking of AQPS and cAMP dependent phosphorylation in bronchial epithelium. Biochemical and
Biophysical Research Communications, 366(2), 321-327. https://doi.org/10.1016/j.bbrc.2007.11.078

Zhou, A. Q., O’Hern, C. S., & Regan, L. (2011). Revisiting the Ramachandran plot from a new angle. Protein
Science, 20, 1166-1171. https://doi.org/10.1002/pro.644

1770 Pertanika J. Sci. & Technol. 30 (3): 1755 - 1770 (2022)



Pertanika J. Sci. & Technol. 30 (3): 1771 - 1787 (2022)

SCIENCE & TECHNOLOGY

PER TA w | KA Journal homepage: http://www.pertanika.upm.edu.my/

N\

Mathematical Models for Predicting the Mechanical Properties
of Poly(Lactic Acid) for Load-Bearing Applications

Abraham Aworinde'*, Titus Ajewole?, Olakunle Olukayode® and Joseph Dirisu’

!Department of Mechanical Engineering, College of Engineering, Covenant University, Ota 112233, Nigeria
’Department of Electrical and Electronic Engineering, Osun State University, Osogbo 230262, Nigeria
*Department of Mechanical Engineering, Osun State University, Osogbo 230262, Nigeria

ABSTRACT

In order to widen the areas of application of poly (lactic acid) (PLA), there has been
a multiplicity of experiments. This study attempts to develop mathematical models
for predicting the mechanical properties of PLA to reduce the number of experimental
runs and material wastage. The melt-cast method produced unreinforced PLA samples
with different slenderness ratios (A) in triplicate using. The samples were subjected to a
compression test to obtain the mechanical properties captured at three main points on the
stress-strain curve: yield, ultimate stress, and fracture. Regression models were developed
from the data obtained at the three points, and their validity was examined by testing them
against the previous relevant experimental studies from various authors. The coefficient
of determination (R?) and coefficient of correlation (p) was also examined for each model
to establish their degree of correctness further. Analyses show that the developed models
give reasonable approximations of some of the properties examined. The mass (M) and
the modulus of elasticity (E) were the most accurately predictable properties with [R?, p]
0f[99.97%, 0.9998] and [91.55%, 0.9568], respectively. Results also show that apart from
the melt-cast method, the compressive modulus of PLA (both circular and rectangular
cross-sections test samples) produced via injection molding and fused filament fabrication
can be predicted with near accuracy using the model developed in this study. This study

gives researchers the tools needed to avoid
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INTRODUCTION

Polylactide has become a widely applied biopolymer. Several studies have reported its
application in cardiovascular devices (Hadasha & Bezuidenhout, 2018), skeletal tissues
(Aworinde et al., 2020a; Ferrer et al., 2018), drug delivery (Li et al., 2018; Tyler et al.,
2016), commodities and specialties (Malinconico et al., 2018), sensing (Tajitsu, 2017),
and automotive (Bouzouita et al., 2017). Its application is gaining an incredible increase in
biomedical recently (Aworinde et al., 2020a; Aworinde et al., 2021a; Deepthi et al., 2016;
Wang et al., 2016). Its future applications abound because of its propensity to replace many
materials in the near future (Anderson & Shenkar, 2021; Cooper, 2013). It is consistent
that, unlike synthetic polymers, biopolymers are generally environmentally benign (Abioye
& Obuekwe, 2020; Adegbola et al., 2020; Mansour et al., 2020) and possess structural
applications. For instance, a recent consideration has been given to PLA as a replacement for
metals as internal bone fixation to avoid problems such as hardware pain, elastic modulus
mismatch, temperature sensitivity, and others. Another emerging application of PLA is in
the renewable energy field. Wind energy is one of the green energy sources already on a
commercial scale and is expected to expand in the future. When the turbine structures reach
their end of service life, their fabrication materials must be recyclable to be totally green.
The turbine blades are made up of thermosetting fiber-reinforced polymers, which are very
difficult to recycle because of the materials’ nature and complex composition (Rahimizadeh
etal., 2019). A study considered thermal and mechanical recycling methods in reclaiming
glass fibers from end-of-life wind turbine blades (Rahimizadeh et al., 2020). It was reported
that short glass fibers from blades of decommissioned wind turbines were recovered and
mixed with a polylactic acid (PLA) matrix through a double extrusion process to prepare
novel composite filaments for Fused Deposition Modeling (FDM).

Successful applications of PLA in various fields require that test samples of different
configurations be obtained and tested in the laboratory before it is made available for end-
users. In other to obtain these various test samples, a number of processing techniques are
employed. These techniques include electrospinning, melt electro-writing, melt casting,
and solvent casting (Aworinde et al., 2018; Gbenebor et al., 2018a; Jamshidian et al., 2010).
The tests samples produced by the techniques mentioned above have been subjected to
tests such as hydrophobicity (Aworinde et al., 2020b; Sundar et al., 2021), morphology
(Taleb et al., 2021), rheology (Fang & Hanna, 1999; Rokbani & Ajji, 2018), and thermal
(Taleb et al., 2021). Of all the tests carried out on PLA, its mechanical properties appear to
be its most evaluated property (Adeosun et al., 2016; Akpan et al., 2019; Aworinde et al.,
2019; Aworinde et al., 2020c; Aworinde et al., 2020a; Aworinde et al., 2021b; Brischetto
& Torre, 2020; Deepthi et al., 2016; Wang et al., 2016). The mechanical test becomes
necessary whenever PLA is applied as a load-bearing structure by the rule of thumb. The
load-bearing samples vary in thickness, length, and shape, as shown in Table 1 and Figures
1-3, depending on the applications.
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Figure 1. Compression sample of unreinforced PLA: (a) before testing (b) buckled after testing (c) fractured

after testing (Barkhad et al., 2020)

|

Figure 2. Tensile test samples of PLA composites (Farah et al.,

Figure 3. Compression samples
from a laser-cut, 3D printed PLA
(Rodrigues et al., 2016)

2016)
Table 1
Variations in the sizes of the mechanical test sample
Method of sample  Sample’s Type ?f Type ?f
Reference . . mechanical mechanical A
production cross-section
sample test
(Aworinde et al., 2020a) Melt casting circle Cylinder Compression ~ 2.24
(Akpan et al., 2019) Electrospinning Rectangle Fiber mat Tensile n/a
(Brischetto & Torre, Fused deposition Rectangular .
2020) modeling Rectangle prism Compression  10.90
(Abbas et al., 2017) Fused .deposmon Rectangle Re.ctangular Compression  6.92
modeling prism
(Barkhad et al., 2020) Injection molding  circle Cylinder Compression  8.36
(Gbenebor et al., 2018b)  Electrospinning Rectangle Fiber mat Tensile n/a
(Oksiuta et al., 2000) Extrusion n/a Dog bone Tensile n/a
(Farah et al., 2016) Hot press n/a Dog bone Tensile n/a

The compression test is one of the most frequently performed mechanical tests for
obtaining the mechanical properties of PLA. Generally, the compression test has several
advantages over other mechanical tests. Aside from the fact that various properties can be
obtained from its result, compression test samples are very easy to fabricate. In addition,
there is no limit to the extent to which the stress/strain relationship can be obtained since
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the test sample is usually loaded between two relatively rigid flat platens (Figure 4),
which removes the possibility of any constraints in movement until the specimen fractures
(Williams & Gamonpilas, 2008). Studies show that the simplicity and versatility of the
compression test have attracted researchers to its usage in determining the mechanical
properties of PLA and PLA composites (Abbas et al., 2017; Aworinde et al., 2020a; Barkhad
et al., 2020). This study, therefore, attempted a means of minimizing material and time
wastage by providing regression models that predict some of the properties of PLA, which
are obtainable via compression test.

MATERIALS AND METHOD

Polylactide (PLA) with an overall lactide purity > 99.5% and monomer’s molecular weight
of 144 g/mol was purchased from NatureWorks, USA. It was pre-dried in an oven at 50
°C for 6 hours to eliminate the possible moisture content to forestall viscosity degradation
and possibly significantly impact the mechanical properties (Lawrence et al., 2001). The
moisture-free PLA was then processed using melt casting and mold pressing at the pouring
temperature of 210 °C. Solid cylinders with a constant diameter of 13.28 mm and arithmetic
progressively varying heights according to Equation 1 were developed. In Equation 1, /,
is the length of an nth term of a sample while a is the starting length, i.e., 9.4 mm. ¢ is the
positive constant difference between any two successive lengths, and # denotes the nth term.
Three samples were produced for each length. Care was taken to keep all lengths within
the prescription of ASTM D695 to avoid buckling during the mechanical test. However,
there was chipping off of some samples during testing (Figure 4), which possibly impacted
the linearisation of the mechanical properties.

lh=a+c(n—-1) (1

The masses of the samples (triplicate) of each length were measured. The samples were
afterward subjected to a compression test using a double column Instron universal testing
machine with model number 3369 (equipped with Bluehill software for data acquisition)
located at the Centre for Energy Research and Development (CERD) at Obafemi Awolowo
University, Ile-Ife in Nigeria. The samples were axially loaded as stipulated by ASTM D695
and used in many studies (Abbas et al., 2017; Aworinde et al., 2020a; Bakar et al., 2003).
The mean values of the masses, and all the compressive mechanical properties examined
via experiment, were reported. The moduli of elasticity were obtained using MATLAB
R2019a (9.6) to find the slope within the elastic region. Table 2, in addition to the mass,
lists the compressive mechanical properties obtained from the test. These properties were
considered at three main regions on the stress-strain curve (i.e., yield, ultimate or maximum
stress, and break) to account for the responses of the samples when loaded in compression.
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Sample
chipped off

Sample did not during testing

chip off during
testing
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Figure 4. Chipping off of samples during compression test: (a) no chipping (b) sample chipped off

Mathematical functions were generated for each property to examine their dependence on
the slenderness ratio, A. The coefficient of determination, R?, was also generated for each
property to establish the proportion of the variance in these properties that can be predicted
from the independent variable, A.

RESULTS AND DISCUSSION

Table 2 displays the mechanical and the physical (i.e., mass) properties. The values of R?
are also shown in Table 2. The R? values show that the dependence of all the examined
properties on the independent variable, A, was supported by at least 70% of the experimental
data. Mass, modulus of elasticity, compressive extension at the break, ductility, compressive
extension at maximum compressive stress, and compressive strain at maximum compressive
stress were related to the A and had 99.97%, 91.55%, 93.66%, 97.38%, 93.14% and 94.38
% degree of predictability, respectively, using the experimental values obtained in this
study. Compressive stress and load at break were 84.79% predictable. Compressive stress
and load at maximum compressive stress were 79.29% predictable, compressive stress and
load at yield were 71.29% predictable. In comparison, energies at maximum compressive
stress and break had 77.98% and 74.23% predictive extent of accuracy, respectively.
Figure 5 shows changes in length and mass as a function of the slenderness ratio. The
length is not the focus here; hence it was not modeled since it was a predetermined factor
(Equation 1) and not one of the study’s outputs. Mass (M), on the other hand, was modeled
by Equation 2. The model showed a fairly linear relationship. The R?value of 99.97% and
coefficient of correlation of 0.9998 imply a reasonable degree of accuracy of values that can
be predicted by Equation 2. The implication of Equation 2 is that the approximate amount
of mass of PLA can be reasonably predicted, given A. It would, in turn, help to know the
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Table 2
Mechanical and physical properties of Polylactide obtained from the compression test and direct measurement
Mechanical and physical properties Unit  Symbol R? correlation (p)

Maximum compressive stress MPa oycs 0.7929 0.7075
Compressive strain at maximum compressive stress % gucs 0.9438 -0.7419
Energy at maximum compressive stress J Uycs 0.7798 0.7472
Compressive load at maximum compressive stress N Fycs 0.7929 0.7075
Compressive extension at maximum compressive stress mm eucs 0.9314 0.6182
Compressive stress at break MPa Op 0.8479 0.7933
Compressive load at break N Fy 0.8479 0.7933
Compressive strain at break, i.e., ductility % &p 0.9738 -0.8024
Compressive extension at break mm ep 0.9366 0.6067
Energy at break J Up 0.7423 0.7308
Compressive stress at yield MPa ay 0.7129 0.4492
Compressive load at yield N Fy 0.7129 0.4492
Modulus MPa E 0.9155 0.9568
Mass g M 0.9997 0.9998

financial implication of the mass needed for a known A to be produced for a compression

test. Although melt blending and injection molding processes have been copiously used to
fabricate PLA and its composites (Aworinde et al., 2020a; Mofokeng et al., 2012), these
processes have not been developed like fused deposition modeling (FDM) in terms of

parametric modeling.

M = 0.56531 + 0.0228

2)

>e

| 24

T
N W A~ OO N 00 ©

2 4 6 8 10

A
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12

14

M (g)

Figure 5. Samples’ mass and length as affected by the slenderness ratio
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Mechanical Properties at Yield

Figures 6 and 7 capture the mechanical properties of the samples at yield. Figure 6
summarizes the stress-strain responses of the samples to the compressive load within the
elastic region. Equations 3 to 5 are the polynomial functions intended for predicting the
elastic modulus (£), compressive load (F,), and compressive stress (c,), respectively. These
properties are the responses of the axially loaded PLA samples within the region where
the deformation was only elastic. For example, with Equation 3, the modulus of elasticity
could be predicted with 91.95% accuracy using a polynomial regression model of order one.

E = 226.631 + 43.19 3)

E, = 0.93951° — 47.83315 + 965.264* — 9812.24% + 5255912 — 1390701 + 142304
4)

0y = 0.00681° — 0.34531° + 6.96881* — 70.84143 + 379.451% — 10041 + 1027.4
)

The examination of Equation 3 shows some degree of reliance in the light of other
studies. Our previous work, for instance, with A equal to 2.2 for an unreinforced sample
of PLA, conforms with the model in Equation 3 (Aworinde et al., 2020a). Equation 3 also
reasonably approximates the compressive modulus of elasticity of 3D printed PLA (with
A=12.6) reported by other researchers (Brischetto & Torre, 2020). Another study equally
corroborates the validity of Equation 3 (Barkhad et al., 2020). The study reports £ = 1.75
GPa for unreinforced PLA (with A = 8.36), while Equation 3 gives £ = 1.94 GPa for the
same value of A. The validity of Equation 3, as further proven by its coefficient of correlation
(p) 0f 0.9568, established a stately model for predicting the modulus of elasticity without
any experimental setup and material wastage, given a known value of A. Interestingly, A
can be easily determined without any recourse to experimental trials. Table 3 summarises
the correlation between experimental reports and predicted values by the regression model
of Equation 3. The small differences between the experimental and the predicted values
could be due to the formation of pores/voids in the fabrication method (i.e., melt casting),
especially as the sample’s size increased.

Figure 7 shows the compressive load (F,) and strength (0, at yield. The load at yield
heralds the onset of plastic deformation. After the load at yield, the load value ceases to
travel in a straight line. Both properties (i.e., load and strength at yield) have the same
curve pattern. Equations 4 models the relationships between A and £, while Equation 5
models the relationships between A and g;,. The sixth (6") order that approximates these
relationships shows that the polynomial regression models may not be very reliable and
that the relationships may not truly exist. The correlation coefficient (Table 2) that linearly
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relates £y, and 0y to A was 0.4492, indicating a weak correlation. It implies then that, unlike
what was obtainable in the prediction of M and E, the linear relationships that connect £,
and o0y, to A may not be properly predicted by the regression models of Equations 4 and
5. However, Figure 7 shows that the same variational pattern exists between A and F,, and
between A and gy,.

Table 3
Extent of the accuracy of Equation 3 in the light of experimental reports
Method Sample’s Type of Modulus Modulus
Reference of sample Cross- mechanical A from from
production section test experiment Equation 3

(Aworinde et al.,
2020a)

(Barkhad et al., Injection
2020) molding

g]zglg;hetto & Torre, FDM rectangle  Compression  10.90 2093.00 MPa 2513 46 MPa

(100%*)
* = Infill Density

Melt casting cylinder ~ Compression 2.24  522.18 MPa 550.84 MPa

cylinder ~ Compression 8.36  =1750.00 MPa 1937.82 MPa

3500 -
3000 1 .
2500 1
gzooo ; .
= 1500 - .
1000
500{ o

0

Figure 6. Dependence of modulus of elasticity on slenderness ratio

6000 4 © Compressive load at Yield (N) r 45

5000 A Compressive stress at Yield (MPa) b § % I 3(5)
= 4000 - R & & gg §
= 3000 - ' =
E - 20 =
>
2000 - - 15 ©

& 10

1000 - & a & L 5

0 r r r r r 0

2 4 6 8 10 12 14
A

Figure 7. Predictive model of compressive load and stress at yield by slenderness ratio
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Mechanical Properties at Ultimate Compressive Strength (UCS)

Figures 8-10 show the variations of the mechanical properties of PLA relative to the A
at maximum compressive strength, i.e., ultimate compressive stress (UCS). Figure 8 and
Equations 6 and 7 detail the effect of A on the compressive load (Fycs) and compressive
stress (0ycs) of PLA at UCS. Fy.s, which is the load that produces Oycs, is usually not
the subject of many experimental reports. oycs, however, has been reported for various
materials (Akpan et al., 2019; Aworinde et al., 2020a; Brischetto & Torre, 2020; Gbenebor
et al., 2018b), being the maximum stress any material can withstand before breaking. The
values of R?(79.29%) and the coefficient of correlation (0.7075) show that the obtained
regression model (Equation 7) is a little reliable. In the light of experimental reports, Table
2 shows the extent of accuracy of the regression model for the prediction of oy and the
values obtained from various research reports.

Fycs = 0.83011° — 42.69225 + 873.541* — 9030.3A3 + 4925642 — 1325291 + 137624

(6)

o .= 0.0064° — 0.30821° + 6.30664* — 65.19513 + 355.614% — 956.811 + 993.59
(7

The strain (€ycs) and the extension (€ycs) at the maximum compressive stress in
Figure 9 and the energy (Uys) at maximum compressive stress in Figure 10 are usually
not the subjects of intense discussion when it comes to the mechanical properties of PLA.
Figure 10 depicts the energy absorbed by the samples when the stress is maximum. It also
describes the work done by the uniaxial compressive load as the compressive stress reaches
the maximum value. As shown in Table 2, the correlation coefficient between A and & is
negative. It implies a decrease in A as gy increases and vice versa. The extent of reliability
of Equations 8, 9, and 10 are 94.38%, 93.14%, and 77.98%, respectively (Table 2). The
regression models at maximum compressive stress were evaluated at degree 6 polynomial
functions. This degree substantially impacted their degree of accuracy (Sun et al., 2014;
Ye & Zhou, 2013), as seen in Table 4.

€ucs = 0.00064° — 0.0336A° + 0.7194* — 7.8461% + 45.5414% — 131.81 + 152.75 ()

eycs = 0.00011° — 0.00691°% + 0.14714* — 1.582313 + 9.02694% — 25.4091 + 27.903

©)

Uycs = 0.00032° — 0.01444° + 0.3047A* — 3.23284% + 18.0244% — 49.3921 + 51.873

(10)
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Table 4
Extent of the accuracy of Equation 7 in the light of experimental reports
Method Type of Sample’s Ultimate Ultimate
Reference of sample mechanical cross- A strength from  strength from
production test section the experiment Equation 7
(Abbas et al., L. Compression  rectangle «
2017) 3D printing test 6.92  27.5Mpa (65%¥) 27.38 MPa
(Aworinde etal, o1 ooring  COmpression  circle 224 24.75MPa 44.04 MPa
2020a) test
(Barkhad et al., lnject.lon Compression circle 836 ~58 MPa 24.06 MPa
2020) molding test
* = Infill Density
6000 § ¢ Compressive load at Maximum Compressive stress (N) r 45
A Maximum Compressive stress (MPa) L 40
5000 z ) ¢
- 35
— 4000 - % r30 ©
z o
% 3000 ' ! e s
8 % % - 20 8
% 2000 - - 15 B
r 10
1000 { &
& -5
0 T T T T T 0
2 4 6 8 10 12 14

Figure 8. Dependence of compressive load and stress at UCS on slenderness ratio

A Compressive strain at Maximum Compressive stress (%)
¢ Compressive extension at Maximum Compressive stress (mm)

A - 1.8
* 2 TS - 1.6

€UCS
N W A O N ®
| 2

eUCS

- 0.8

Figure 9. Pattern of compressive strain and extension at UCS as affected by slenderness ratio
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Figure 10. Energy at UCS as affected by the slenderness ratio

Mechanical Properties at Break

Five properties were evaluated at the break. Figure 11 shows the compressive load (Fp) and
compressive stress (0p) with their regression models in Equations 11 and 12, respectively.
In Figure 12, compressive strain (€p) and extension (€p) are displayed, while Equations
13 and 14 model their data. Finally, the variation of energy at the break with A is shown
in Figure 13 with its corresponding regression model in Equation 15.

ep = 0.00024% — 0.00851° + 0.17751* — 1.88961° + 10.6961% — 30.0021 + 32.954
(11)
F, = 0.48721% — 25.6531% + 536.831* — 5666.24% + 314691> — 857791 + 89864
(12)
0y = 0.00351% — 0.18522% + 3.87574* — 40.9084% + 227.194* — 619.291 + 648.78
(13)
g, = 0.00081° — 0.04282° + 0.90931* — 9.85172° + 56.9341% — 164.851 + 191.35
(14)

U, = 0.00041° — 0.01982° + 0.40981* — 4.2711A3 + 23.4691% — 63.6361 + 66.415

(15)

The most relevant mechanical properties at fracture are usually €p, also known as
ductility, and U,. Also known as fracture energy, U, has been researched to expand the
application of PLA (Noori, 2019) as it directly reflects the crack resistance of any material
(Xu et al., 2018). Also, several reports have been on the ductility of PLA, which detail the
outcome of various fabrication methods and the attendant effects on ductility (Adeosun et
al., 2016; Akpan et al., 2019; Aworinde et al., 2019). In consonance with various studies,
PLA was brittle (Nagarajan et al., 2016; Song et al., 2014). A study reported the ductility
of melt-cast PLA with A=2.24 to be 13.71% (Aworinde et al., 2019), while Equation 14
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gives the ductility of the same sample size as 17.61%. Table 2 shows that Equation 14 is
97.38% reliable with a coefficient of correlation of 0.8024, which implies a strong inverse

relationship between sample size and ductility. As a result of this inverse relation, increased

ductility leads to decreased strength (Lascano et al., 2019).

5000 A Compressive load at Break (Standard) (N) 35
1 # Compressive stress at Break (Standard) (MPa) I
4500 ¢
L - 30
4000
3500 2 * ®r25
— 3000 <
F 20 o
z
< 2500 % * =
- 2000 * r15 g
1500 10
1000
* L
500 * 5
0 T T T T T 0
4 6 10 12 14
A
Figure 11. Compressive load and stress dependence on slenderness ratio
# Compressive strain at Break (Standard) (%)
9 1 A Compressive extension at Break (Standard) (mm) r 2.5
8 4
7 ¢ . L2
6 ¢ A 4 A - 1.5
a 97 * ‘ * T a
@ 4 | ]
A F 1
2] A
2 1 L 0.5
1 4
0 T T T T T 0
2 4 6 8 10 12 14
A
Figure 12. Compressive strain and extension at fracture as affected by slenderness ratio
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Figure 13. Energy at the break due to the growth in sample size
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CONCLUSION

Regression models for predicting the mechanical properties of uniaxially compressed
poly(lactic acid) samples have been developed in this study. The study was targeted
toward fine-tuning experiments to manage time and resources effectively. Out of all the
models developed, regression models for predicting the mass and the modulus of elasticity
are the most accurate. The modulus of elasticity’s regression model agrees well with
the experimental results from the various relevant studies. The study revealed a strong
correlational and causal relationship between the slenderness ratio of PLA and the mass
of the sample. If the mass of PLA needed for an experiment can be reasonably predicted,
the cost of the material can be estimated without any trial-and-error or experimental setup.
Also, the study showed that the compressive modulus of elasticity of PLA could be predicted
with about 92% accuracy with a known value of the slenderness ratio. In addition, the
model for predicting the elastic modulus of PLA samples fabricated via melt casting (as
shown in this study) can also predict the compressive modulus of PLA samples obtained
via fused deposition modeling (FDM) and injection molding processes. Besides, the
models developed in this work can be used to build software that predicts the mechanical
properties of PLA obtainable from compression tests, which will help minimize the number
of experimental runs, thereby cutting down on time, money, and material wastage.
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ABSTRACT

Typically, the impact of the structure of vertically layered soil on the grounding behavior
is not considered while designing a substation grounding system. Therefore, it will result
in poor grounding designs due to computed inaccurate grid safety values. Besides, no
comparative analysis of the grounding design parameters’ impact on the grounding grid
systems’ behavior and protection level between vertical and horizontal two-layer soil
structures is presently available. Computing and analyzing the grounding behavior of
apparent soil resistivity installed in a vertical two-layer soil structure is more challenging
than in a horizontal two-layer soil. There are many other parameters to consider, such as
the distance ‘a’ between the test electrodes and the angle ‘B’ between the perpendicular line
to the soil boundary and the location of the test electrodes. One of the important findings
of the assessment shows that the influence of vertically layered soil on grid impedance,
step, and touch voltages of a grounding system is insignificant compared to a homogeneous
and horizontally layered soil structure. The current flow is affected by an entire grounding
grid placed in a specified layer of soil with a specific resistivity for horizontally layered

soil. In contrast, soil boundaries separate

a grounding grid with various resistivities
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INTRODUCTION

The soil characteristics in which the grid will be buried must be reviewed and evaluated
when planning an efficient and safe grounding grid system. The substation grounding grid
configuration is vital in ensuring the grounding system’s safety, which is highly dependent
on the soil characteristics in which the grounding system will be installed (IEEE 80,
2013; Gursu & Cevdet, 2019; Moradi, 2020; Nikolovski et al., 2016; Pavel et al., 2020;
Sing et al., 2013; Vyas & Jamnani, 2012). Soil resistivity varies greatly depending on
the earth’s geological structure (Coelho et al., 2018; Nassereddine et al., 2010; Ma &
Dawalibi, 2009; Tung & Lim, 2017; Vycital et al., 2017; Yang & Zou, 2020). Due to the
variations in soil conditions at each substation, the grounding system design is made with
caution to provide the maximum level of protection. Vertical and horizontal soil layers
influence the installation site for the grounding system. For example, a grid located in a
vertically layered soil structure might have a different safety level than one positioned
in a horizontally layered soil structure. When a grounding system is designed based on
vertically-layered soil, the grounding system’s performance is governed by the proportion
of grounding systems in low- and high-resistivity soils. In contrast, if a grounding grid
ought to be built in a horizontally layered soil structure, the height and soil resistivity of
the top layer will impact the performance of a grounding system as a whole (Mokhtari
et al., 2016b; Nahman & Paunovic, 2006; Takahashi & Kawase, 1990). Despite knowing
that the soil characteristics in which a grounding grid is installed are non-homogeneous in
general, the soil is frequently considered homogeneous due to the challenges of grounding
systems assessment in non-homogeneous soil. Thus, the calculation of ground resistance
and surface potentials will be inaccurate due to this assumption.

Most substation grounding system safety evaluations and design procedures employ
a homogenous soil environment as an input to calculate safety values (grid impedance,
step, and touch voltages). However, despite significant studies into grounding behavior in
homogenous soil environments (Mokhtari et al., 2016a; Nikolovski et al., 2016; Pavel et
al., 2020) and horizontal two-layer soil with varying soil properties such as the upper layer
height (Zaini & Ghoneim, 2012) and the soil reflection factors (K) (Gouda et al., 2019; Tong
et al., 2019) and varying grid design parameters such as the analysis of single horizontal
grounding conductor (de Araujo et al., 2019; Arnautovski-Toseva et al., 2007), the mesh
count of a grounding system (Unde & Kushare, 2012), vertical rod length (Anggoro et
al., 2018), there is presently no comprehensive study available that assess the grounding
behavior in vertical two-layer soil under the impact of design parameters. Furthermore,
no simultaneous comparisons or discussions between horizontal and vertical two-layer
soil structures are available. The desired study would show the difference in behavior
and protection levels of a grounding system when placed in different soil structures and
if existing grounding system design procedures are appropriate for designing a grounding
grid installed in vertically stratified soil.
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Figure 1 depicts the vertical soil structure, while Equation 1 depicts its apparent
resistivity. The first-layer soil resistivity is represented as p; (€2m), the soil resistivity of
the second layer is shown as p, (Q2m), the distance between 4 electrodes is represented as
‘a’ (m), K is the reflection factor between soil layer 1 and 2, the normal distance between
the first electrode and boundary between soil layers 1 and 2 is represented as ‘d” and “B° is
the angle between the straight line where 4 electrodes are located and perpendicular line
to the boundary between soil layer 1 and 2. The varying electrode spacing ‘a’, the distance
from the two-layer soil interface ‘d’ and the angle ‘B’ between a perpendicular line to the
soil border and the line where 4 electrodes are positioned have different effects on the
apparent resistivity which have been presented in Nayel (2014) and Nayel et al. (2012).

Layer 2
P2

Soil boundary

Figure 1. Vertical two-layer soil structure

= ap; G+ X + X -
Pa = ap1 a  ,/4d2+4da cos B+a? J4(d+3a cos B)(d+2a cos B)+a2
K _ K )
J4d2+8dacos B+4a2 . /4(d+3acos B)(d+a cos B)+4aZ [1]

Where

p1 = Layer 1/right-layer soil resistivity (€2.m)

p» = Layer 2/left-layer soil resistivity (€2.m)

K =reflection factor between soil layers 1 and 2

a = distance between 4 electrodes Wenner’s test (m)

d = the normal distance between the first electrode and boundary between soil layers
1 and 2

B = angle between line where 4 electrodes are located and perpendicular line to the
boundary between soil layers 1 and 2.

A detailed discussion on the impact of the soil resistivity in vertically-layered soil on
the grounding behavior will be given in the Results and Discussions section. The low soil
resistivity is assumed to be 100 Q.m on layer 2 and 1000 Q.m for high resistivity on layer
1 of the soil structure.
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INPUT PARAMETERS AND METHODOLOGY
Design Parameters for Substation Grounding Grids

An analysis of grounding grid performance for different grid designs was conducted at a
power frequency response of 50 Hz with a centrally energized fault current of 30 kA, as
shown in Figure 2. The fault current is maintained constant in the middle of the grid because
the maximal Ground Potential Rise (GPR) and grounding resistance at the current injection
location at the grid’s center are significantly lower than at the grounding grid’s periphery.
The inductance of grounding conductors will prevent the fault current from dispersing
in other directions if the fault current is injected into a corner. However, the grounding
conductors will be effective for a modest inductive effect when the current injection location
is in the middle. Figure 2 shows the methodology of the grounding design analysis process.

The grounding behavior analysis was conducted using grid sizes ranging from 30 m
x 30 m to 130 m % 130 m. The dimensions chosen for the grounding grid are based on
assumptions intended for research purposes, but the fundamental grid size is based on the
Tenaga Nasional Berhad substation. The grounding grid size is based on a 132/33/11 kV
Main Intake Substation as specified in the Tenaga Nasional Berhad Substation Design
Manual (Asset Management Department, 2012; TNB, 2019), which was throughout the
analysis apart from the analysis on the grid sizes. Then, the analysis was continued by
varying the mesh sizes from 5 m x 5mto 21.7 m x 21.7 m. A 130 m x 130 m grounding
grid with a mesh size of 10 m x 10 m is shown in Figure 2. The mesh size of 5 m x 5 m
is made up of equally spaced 27 horizontal and 27 vertical grid conductors; a 10 m x 10

Soil Structures

Grounding grid system | | Homogeneous

model using CDEGS

* Non-homogeneous
l (horizontal & vertical two-
layer soil structures)
| Grid sizes |
| Mesh sizes |

l

| Number of vertical rods |

l

| Length of vertical rods |

l Grid Safety Values
Behavioural analysis and safety * Grid impedence
evaluation of grounding system + Step voltage
» Touch voltage

Figure 2. Methodology of grounding system design analysis
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2m vertical rod A [/ / J'/
y 7 7

y, S —a 7 7 " com——
[/ / / / / /

7 7 7 Current injection

point

Figure 3. The grounding grid comprises 16 vertical rods attached

m has 14 horizontal and 14 vertical grid conductors; a 16.3 m x 16.3 m has 9 horizontal
and 9 vertical grid conductors while mesh size of 21.7 m % 21.7 m has 7 horizontal and 7

vertical grid conductors.

The analysis is followed by varying the number of vertical rods from 4 rods to 16
rods. At the grid’s perimeter, the vertical rods connecting to the grid conductors are varied
from 4 to 16 rods once the grounding mesh size analysis is completed. The rods are placed
on the grid’s perimeter throughout the analysis because most fault current is discharged
through the bottom section of vertical rods, making them efficient in controlling the high

current densities that occur in grounding conductors at the perimeter. In addition, due

to the increasing shielding effect between
both grounding conductors and vertical
rods when the vertical rods are positioned
in the middle of the grid, the impact of the
potential gradient of the vertical rod placed
on the grid’s perimeter has less influence
than the rod placed in the middle. Figure 3
shows 16 rods placed at the grounding grid’s
perimeter. Each rod is 2 meters in length.

The analysis of the different lengths
of vertical rods was then continued. The
vertical rod helps in discharging more
current into the earth than the grid conductor
for a given length of grid conductor. The
lengths of 4 rods placed at the grounding
grid’s edges range from 2 to 6 meters. The
summary of the grounding design process
with grids buried 0.5 m into the soil is shown
in Table 1. Each design is classified into
different case numbers.

Table 1
Analysis of grounding design parameters with
constant grid depth at 0.5 m

Case number
Grounding grid size

Design Parameters

30m x30m Al

50 m x 50 m A2

130 m x 130 m A3
Grounding mesh size

5mx5m Bl

10 m x 10 m B2

16.3 m x 16.3 m B3

21.7m x 21.7 m B4
Number of electrodes

4 rods Cl

8 rods C2

13 rods C3

16 rods C4
Length of electrodes

2m D1

4 m D2

6m D3
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Computation of Soil Boundary in Vertical Soil Structure

The proportions of the grounding grid in a vertically layered soil utilized in CDEGS
simulation are shown in Figure 4. The percentage of soil ratio (%) indicates the proportions
of the grounding grid placed on the soil border’s left side (layer 2) compared to the right
side (layer 1). The soil ratios are ranged between 25%, 50 %, and 75%. The soil ratio of
25% refers to the location of the majority of the grounding grid in high resistivity soil,
with just 25% of the grounding grid in low resistivity soil. A 50% soil ratio means that the
soil resistivity on both layers 1 and 2 of the grounding grid is equal; with low resistivity
(layer 2) and high resistivity (layer 1), and a 75% soil ratio means that most of the grid on
the right is located in low resistivity soil. The Trace Angle (0), between the soil boundary
with the positive direction of the x-axis of the coordinate system, is assumed at 90°.

The grounding system’s performance and safety level computation in the vertical soil
layer is not straightforward compared to the horizontal soil layer. Since grounding behavior
is modeled and analyzed in CDEGS, three
main parameters, as indicated in Figure X Casvsomnato | s0%seitratie | 759% soil vatio
5 (red box), must be addressed: the Trace mem[m i./ : ¥ 1%
Angle (0), X Reference, and Y Reference. :
The test electrodes in the vertical soil layer

a

Current injection
point

are assumed to parallel the vertical soil ’AV

boundary. Therefore, the Trace Angle (6) in
CDEGS computation and the ‘B’ value from
the vertical soil layer Equation 1 is presumed

to be similar.
Left side soil
The X and Y References, which define 2= 1009m)
the soil boundary in the vertical soil model,

Right side soil
(p1=1000Qm)

- 1

I

Vertical soil
boundary/ Trace
Angle (8)

grounding grid dimensions, as in Figure 6.  Figure 5. Vertical soil model in CDEGS

1
T
1
1
1
1
1
1
t
1
1
1
1
1
1
T
I
1
|
1
1
1
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1
1
1
1
1

require some computations depending on the
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Figure 4. The proportion of grounding grid in vertically layered soil
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The dark red letters represent the known quantities (given
by the user): (I) c and d are the edges of the grounding grid, aitcotd b cotl
(I1) k is the ratio of the left area (S1) to the right area (S2) [//
and (III) 6 is the Trace Angle assuming the grounding grid S, ’,/ F
is parallel to the x-axis. Again, there are two equations, / s,
Equations 2 and 3, with two unknowns. /ff
1 a [/ b
S1=5% (2a+ccotd) x ¢ [2] ——Fd—>
/219
Szzgx(Zb—ccotB)XC [3] TR
Figure 6. Soil proportion of two-
a+b=d [4] layer vertical soil
S
2=k [5]

Putting the Equations 4 and 5 in matrix form:

B —12k] [g] - [—c X cotedx 1+ k)] [6]

Where

6 = Trace Angle (°)

‘c’ and ‘d’ = edges of the grid (m)

S, = left area (m?)

S,=right area (m?)

‘k’ = ratio of the left area to the right area

The ratio of ‘k’ is 25/75 for 25 % soil ratio, 50/50 for 50 % soil ratio, and 75/25 for
75 % soil ratio in this paper. By solving the 2 by 2 system from Equation 6 for the Trace
Angle, 0, the ratio of the left area to the right area ‘k’ and edges of the grid ‘c’ and ‘d’,
one of the points belonging to the boundary line by solving ‘a’ or ‘b’ is (X Reference, Y
Reference) = (-50 + a, -50) m. The coordinate of the bottom-left corner of the grid is (-50,
-50). Then, the x-coordinate is shifted by adding ‘a’.

RESULTS AND DISCUSSIONS

Comparison of Percentage Difference in Grid Impedance in Different Soil
Structures for Various Design Parameters

This section represents the percentage difference in grid impedance for various design
parameters of grounding, such as the sizes of grounding grids, the mesh sizes of a grid, the
length and number of vertical rods in a grounding system placed in different soil structures.
Since there are many results in analyzing the grounding behavior, only a few examples
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were presented in this study. An example of the percentage difference calculation in grid
impedance of 30 m x 30 m grid size, which is placed in low resistive homogeneous soil
and low resistive upper layer of horizontal two-layer soil structure, is shown in Table 2. For
the horizontal two-layer soil model, the top layer soil with the resistivity of 1000 Q.m and
the lower layer resistivity of 100 Q.m with infinite depth is denoted as Top (1000 Q.m),
while the top layer soil with the resistivity of 100 Q.m and the lower layer resistivity of
1000 Q.m with infinite depth is denoted as Top (100 ©Q.m). The top layer thickness of a
horizontal two-layer soil structure is 5 m.

Table 2
Grid impedance for grounding design parameters in homogeneous and horizontal two-layer soil structure
Lo Homogeneous soil Horizontal two-layer soil
Grid size - -
Uni (100 Qm) Uni (1000 Qm) Top (100 Qm) Top (1000 Qm)
30 m x 30 m 1.66 Q 16.55 Q 5330 7.82 Q
50 m x 50 m 0.96 Q 9.60 Q 3.92Q 3.51Q
130 m x 130 m 0.35Q 3.52Q 2.06 Q 0.80 Q

Grid impedance percentage difference (%) = [|1.66 Q- 5.33 Q|/ (5.33 )] x 100
=68.95 %

Figure 7 presents the percentage difference in grid impedance when a grid is positioned
in a low resistive homogenous soil (Uni (100 Qm)) and high resistive homogenous soil
(Uni (1000 Qm)), and vertical two-layer soil structure with various soil ratios (25%, 50%,
and 75%).

Figure 8 presents the percentage difference in impedance when the grid is positioned
in a low resistive top soil layer of a horizontal two-layer soil structure, denoted as Top
(100 Qm), and the high resistive top soil layer denoted as Top (1000 Qm), and vertical
two-layer soil structures with different soil ratios.

Figures 7 and 8 demonstrate that the impedance value for different soil conditions varies
significantly. It indicates the potential for errors if the soil structure of which a grounding
grid will be installed is presumed as homogeneous. Figure 9 shows the impedances
differences for varied vertical rods lengths placed in various soil structures. The findings
demonstrate that the length of vertical rods has a major impact on the performance of a
grounding system, especially in horizontally layered soil. The vertical rods of 2 m and 4
m are located before the soil border, while the 6 m vertical rods have passed through the
soil boundary with different soil resistivity from the top soil layer’s resistivity, which is
absent in homogenous and vertical two-layer soil structure. As a result, when compared
to homogenous and vertically layered soil structures, a significant difference can be seen,
particularly for 6 m vertical rods at the high resistive bottom layer.
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Percentage difference of grid impedence for various grounding design
parameters in homogeneous and vertical tow-layer soil structure

600.00
g 500.00
o 400.00
1]
& 300.00
=
3 200.00
]
a. 100.00
0.00 = . 1
vertical two- vertical two- vertical two- vertical two- vertical two- vertical two-
layer:25% soil layer:50% soil layer:75% soil layer:25% soil layer:50% soil layer:75% soil
Homogeneous: Uni (100Qm) Homogeneous:Uni (1000Qm)

Soil Structures

m grid size 30m x 30m = mesh size 5m x 5m = no.of.rods 4 length of rods 2m

Figure 7. Percentage difference of grid impedance for grounding design parameters in homogeneous and
vertical two-layer soil structure

Percentage difference of grid impedence for various grounding design
parameters in horizontal and vertical tow-layer soil structure
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Soil Structures
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Figure 8. Percentage difference of grid impedance for grounding design parameters in horizontal and
vertical two-layer soil structure
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Figure 9. Percentage difference of grid impedance for different vertical rod lengths in horizontal and vertical
two-layer soil structure
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Grounding Behavior in Vertical Two-Layer Soil: Effects of Grid Design Parameters

Based on horizontal two-layer soil data given in Permal et al. (2021), comparisons of
grounding behavior between vertical and horizontal two-layer soil structures are presented.
The safety threshold for vertically layered two-layer soil is 1120 V and 399.2 V for step
and touch voltage correspondingly for all soil ratios (25%, 50%, and 75%) calculated based
on equations available in IEEE 80 (2013) for a bodyweight of 50 kg. According to IEEE
80 (2013)and the Malaysian Utility standard (Asset Management Department, 2012), the
grid impedance threshold value is 1 Q.

Figures 10(a) and 10(b) illustrate the examples of step and touch voltages using Current
Distribution, Electromagnetic Fields, Grounding, and Soil Structure Analysis (CDEGS)
simulation software as reported by Permal et al. (2021) for the horizontal two-layer soil
model. Figures 10(a) and 10(b) illustrate that the highest voltages are found to be at the

75 130 m LEGEND (Volt)
L Maximum Value : 2253.617
I’ ] X I o Minimum Threshold :  936.081
I 1T 11 | B < 202
Fault location i [ < 20160
25 | . < 1990.11
g 5 [ < 1ess3s
E R B < 172600
Z ] B < 150005
3_25_ L__] < 1463.10
B < 131
111 [] < 110050
i < 1067.83
75 \ - ] Y . [ < ossoe sare aveay
-75 -25 25 75
X AXIS (METERS)
Step Voltage-Worst Magnitude (Volts)
(a)
75 130 m LEGEND (Volt)
o Maximum Value © 9905505
I I I l Minimum Threshold © 349 801
I ] | I gl W < o050
Fault location | [ < eosoos
25 | /| B < 7o0a3s
% ; < 7038.82
LE—J - . < 6083.26
= ) 5127.70
- M-
% 25 L < 417214
>
u < 321658
< 2261.02
Eg < 130546
75 1 — , , T I D € 34990 (Safe Area)
-75 -25 25 75
X AXIS (METERS)
Touch Voltage Magn. (Volts) [Wors]

(b)
Figure 10. Grounding grid safety voltages for a 130 m x 130 m grid. (a) step voltage (b) touch voltage
(Permal et al., 2021)
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edges of the profile boundaries of the grounding grid. The propagations of fault current
injected into the grid to the nearby conductors result in this condition. Being bare, the
conductors will allow the current to leak into the soil. By doing so, the conductors will
acquire a potential rise. The current dispersion between the middle and corner grounding
conductors is significantly different, resulting in a substantially greater step and voltage
at the edges than in the middle of the grid (He et al., 2013). A grounding grid is regarded
as reliable and protected in this study if all the values of grid impedance, step, and touch
voltages fall under the safety threshold mentioned before.

The Number of Vertical Rods. This section examines the effect of varying numbers of
vertical rods placed ona 130 m x 130 m grounding grid with a 10 m %< 10 m mesh size. Two
meters of a varying number of vertical rods are positioned around the grid’s periphery. The
graphs of grid impedance, step, and touch voltage reduction percentages as the number of
vertical rods rise from 4 to 16 in various soil ratios are shown in Figures 11 to 13. When
the rods are added, safety values’ magnitudes reduce for all soil ratios, similar to grounding
behavior in different mesh sizes.

The percentage of impedance reduction in Figure 11 as the vertical rods increases from
4 rods to 16 rods (C1 to C4) is around 0.31% for grounding placed in 25%, 0.56% for
50% soil ratio, and 0.78% for 75% soil ratios. Compared to the horizontal two-layer soil,
the overall impedance percentage reduction is much lower in the vertical soil layer when
vertical rods are added (less than 1%). In contrast, the step voltage reduction in horizontal
two-layer soil is reduced by about 21%, as seen in Figure 14. Similar to grid sizes, this may
be attributable to the impact of two different soil resistivities on a grounding grid in the
vertical soil layer, while an entire grounding grid in the horizontal soil layer is influenced
by a top soil layer with a specific resistivity.

For step voltages in Figure 12, the reduction percentage as the vertical rods increases
from 4 rods to 16 rods (C1 to C4) is the highest at 75% soil ratio and lowest at 25% ratio
with 5.0 % and 2.8% of reduction, respectively. For touch voltage in Figure 13, the reduction
percentage as vertical rods increases from 4 rods to 16 rods (C1 to C4) is 3.7% for 75%
soil ratio, 2.5% for 50% soil ratio, and 1.5% for 25% soil ratio.

As previously stated, the number of vertical rods differs depending on the soil ratios.
Therefore, increasing the number of rods by adding 8 rods on the left of the grid on low
resistive soil, as shown in Figure 15, helps lower the grid impedance. For example, adding
the number of rods (adding 8 rods, a total of 16 vertical rods) on layer 1 (low resistive soil)
for a 25% soil ratio, while at layer 2, the number of rods remains 8 rods, helps in reducing
the grid impedance further by dissipating more current into the soil.

The percentage of impedance reduction in Figure 16 shows that although most of the
grid is placed in a high resistivity soil, a significant reduction from the initial total of 16
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Figure 11. Percentage of grid impedance reduction for an increasing number of vertical rods in the
vertical soil layer
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Figure 12. Percentage of step voltage reduction for an increasing number of vertical rods in the vertical
soil layer
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Figure 13. Percentage of touch voltage reduction for an increasing number of vertical rods in the vertical
soil layer
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Figure 14. Percentage reduction for step voltage as the number of vertical rods rises in horizontal two-
layer soil (Permal et al., 2021)
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rods can be seen by adding 8 rods to the low resistivity soil in a 25% soil ratio compared
to 50% and 75% soil ratio. It demonstrates that adding more vertical rods in low resistive
soil would help in reducing the grid impedance.

Given that the magnitudes of the safety parameters (impedance, step, and touch
voltages) drop as the number of vertical rods rises, a grounding system must have a
sufficient number of vertical rods to enhance

the safety of a grounding system. For | [x

example, Table 3 shows that a grounding

2m vertical rod

system with 16 vertical rods is not safe in all I I , Current injection
vertical two-layer soil structure soil ratios. B iy p.,...t
However, an additional 8 rods on layer 1, N +1 W

which is on the low resistive soil layer,

helped enhance the grounding system’s
safety. Although Figure 16 shows that the

percentage of impedance reduction is the (o2~ 10062m)
highest for grounding placed in a 25% soil

A

Right side soil
(p1 = 10002m)

P PR EPPS IRSN, SR Ny

Vertical soil
boundary
L

/

ratio, however, it is not sufficient to improve

the grounding’s safety compared to a 75% igure 15. Tllustrations of the additional number of
soil ratio. rods on layer 1 and layer 2 of vertically layered soil

% of grid impedance reduction

0.4
g 0.3 ——
gﬂ 02 ——— s % 0f Impedance Reduction for total 16 rods
H Rods on left (low resistivity) (8 rods)
g DI: Rods on right (high resistivity) ( 8 rods)
o

25% soil 50% soil 75% soil

Ratio of grounding

Figure 16. Percentage of grid impedance reduction for adding more vertical rods to the main grounding
grid in the vertical soil layer

Table 3
A grounding system s safety assessment for the varying number of vertical rods

The ratio of vertical two-layer soil

Number of vertical rods

25 % soil 50 % soil 75 % soil
4 rods Unsafe Unsafe Unsafe
8 rods Unsafe Unsafe Unsafe
13 rods Unsafe Unsafe Unsafe
16 rods Unsafe Unsafe Unsafe
8 rods (left) Unsafe Unsafe Safe
8 rods (right) Unsafe Unsafe Unsafe

Pertanika J. Sci. & Technol. 30 (3): 1789 - 1814 (2022) 1801



Navinesshani Permal, Miszaina Osman, Azrul Mohd Ariffin and Mohd Zainal Abidin Ab Kadir

Length of Vertical Rods. This section investigates the effect of the varying length of four
vertical rods placed on a 130 m X 130 m grounding grid with a mesh size of 10 m x 10
m. Figures 17 to 19 depict a graph of grid impedance, step, and contact voltage reduction
percentages as the length of vertical rods increases from 2 m to 6 m in various soil ratios.
Similar to the number of rods, the magnitudes of safety parameters in the vertical soil layer
continue to lower for all soil ratios when the length of rods is increased. This behavior
contrasts with the grounding grid behavior in a horizontally layered soil structure. As

% of grid impedance reduction

Fos
& 0.6
s " % of Impedance Reduction 75% soil
=
§ 0.4 s %, of Impedance Reduction 50% soil
o 0.
o 0.2 % of Impedance Reduction 25% soil
4]
2m 4m em
D1 D2 D3

Length of rods (m)

Figure 17. Percentage of grid impedance reduction for increasing length of 4 vertical rods in the vertical

soil layer
10 % of stage voltage reduction
X s % of Step Voltage Reduction 75% soil
Q
6

En . = % of Step Voltage Reduction 50% soil
€
§ 2 ===, of Step Voltage Reduction 25% soil
€ o
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Length of rods (m)

Figure 18. Percentage of step voltage reduction for increasing length of 4 vertical rods in the vertical soil layer
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Figure 19. Percentage of touch voltage reduction for increasing length of 4 vertical rods in the vertical
soil layer
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illustrated in Figure 20, grid impedance may increase when the vertical rods cross beyond
the two-layer soil border with a high resistive bottom layer for a low resistive top layer of
the horizontal two-layer soil.

The percentage of impedance reduction in Figure 17 as the length of vertical rods
increases from 2 m to 6 m (D1 to D3) is around 0.13% for grounding placed in 25% soil
ratio, and 0.38% for 50% soil ratio, and 0.63% for 75% soil ratios.

For step voltages in Figure 18, the percentage of reduction as the length of vertical rods
increases from 2 m to 6 m (D1 to D3) is the highest at 75% soil ratio and lowest at 25%
ratio with 7.84% and 2.24% of reduction respectively. For the 75% soil ratio, most of the
grid is placed in a low resistive soil layer, allowing more current to disperse into the soil
and lowering the safety parameters, and vice versa for the grid placed in the 25% soil ratio.

For touch voltage in Figure 19, the highest percentage of reduction as the length of
vertical rods increases from 2 m to 6 m (D1 to D3) can be seen at 16.09% for a 75% soil
ratio and the lowest at around 3.66% of reduction for 25% soil ratios.

Similar to the number of rods, the magnitudes of safety parameters in the vertical soil
layer continue to lower for all soil ratios when the length of rods is increased. This behavior
is similar to grounding behavior in homogeneous soil but in contrast to the grounding grid
behavior in a horizontally layered soil structure. For horizontal two-layer soil with a low
resistive top layer, as illustrated in Figure 20, there is an increase in grid impedance, step,
and touch voltages when the length of rods passes through a soil boundary with a high
resistive bottom soil layer.

The difference in behavior between horizontal and vertical two-layer soil structures
is caused by the effect of two distinct soil resistivity on each vertical rod in the horizontal
soil layer. In contrast, a single soil layer influences every vertical rod in the vertical soil
layer with a specific resistivity (either left or right). Therefore, adding the length of vertical
rods as shown in Figure 21 (adding 8 m, 14 m length of each vertical rod) on layer 2 for
low resistive soil in 25% soil ratio, and each rod length on layer 1 remains at 6 m, helps
in reducing the grid impedance further, as shown in Figure 22.

Influence of length of rods on grid impedence
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—_ 3.5 ! s [Mpedance Uniform({100Qm)
e 3 1
8 25 | Impedance Top(100Qm)
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0.5 1
(1] I
2m 4m soil boundary 6m
D1 D2 D3
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Figure 20. Grid impedance graph for increasing vertical rod length in horizontal two-layer soil (Permal et al., 2021)
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Figure 21. 1llustrations of the additional length of rods on layer 2 and layer 1 of vertically layered soil
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Figure 22. Percentage of grid impedance reduction for extending the length of vertical rods to the
primary grounding grid in the vertical soil layer

Longer rods are only effective in less resistive soil layers. Therefore, more current
will spread over a longer rod, reducing the grid safety values and securing the grounding
system, as shown in Table 4. Increasing the length of rods on low-resistance soil also
helps to dissipate more current into the soil, lowering grounding grid impedance in all soil
ratios. Thus, it is important to make a vertical rod sufficiently long to disperse more current

Table 4
A grounding system s safety assessment for different vertical rods’ lengths

The ratio of vertical two-layer soil

Length of rods :
25 % soil 50 % 75 %
2m Unsafe Unsafe Unsafe
4 m Unsafe Unsafe Unsafe
6 m Unsafe Unsafe Unsafe
8 m (left) Unsafe Unsafe Safe
8 m (right) Unsafe Unsafe Unsafe
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through a longer rod and help enhance the grid’s safety. However, it can also be seen that
the grounding system is still not safe even when the length of vertical rods is added in
the 25% and 50% soil ratio. It can be resolved by further increasing the length of rods or
adding more numbers of vertical rods on the low resistive soil layer.

Grounding Grid Size. The magnitudes of impedance, touch, and step voltage for various
grid sizes in varied soil ratios of vertically layered soil are presented. The grid impedance,
step, and touch voltages in Figures 23 to 25 show that all groundings behave the same
way, decreasing magnitudes as the grid size expands. The results show that the grid safety
parameters (impedance, step, and touch voltage) in 25%, 50%, and 75% soil ratios of
vertical two-layer soil are higher than a high resistive top layer of horizontal two-layer
soil. It is because the current density at the grid’s perimeter is high, which is caused by
the flow of the current outward from a high resistive soil layer. On the other hand, the grid
safety parameters are lower in vertical two-layer soil than in a high resistive top layer of
horizontal two-layer soil because of the current dispersion into the lower resistivity layer.

Figure 23 shows the impedance reduction of 61% from 50 m X 50 m to 130 m x 130
m grid size (A2 and A3) in a 75% soil ratio of a vertical two-layer soil is lower compared
to the percentage of impedance reduction of 77% of the same grounding grid placed in a
horizontal soil layer with a high soil resistivity top layer as can be seen for grid impedance
in Figure 26 (Permal et al., 2021). The difference in the percentage of impedance reduction
in horizontal and vertical two-layer soil shows that the soil structure impacts the grounding
system’s behavior. For horizontally layered soil, an entire grounding grid is positioned in
a specific layer with a specific resistivity (normally the first layer of soil). A grounding
grid is divided by a soil boundary with different resistivities for vertically two-layered soil.

Figure 24 shows that the step reduction percentage from 50 m x 50 m to 130 m x 130
m grid size (A2 and A3) in a 75% soil ratio is higher than grid placed in 25% and 50%
soil ratios of a vertical two-layer soil. Figure 25 shows the touch reduction percentage of

Influence of grid size on impedence
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Figure 23. Grid impedance in the vertical soil layer for increasing grid size
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Influence of grid size on step voltage
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Figure 24. Step voltages in the vertical soil layer for increasing grid size
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Figure 25. Touch voltages in the vertical soil layer for increasing grid size
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Figure 26. Grid impedance for increasing grid sizes in horizontal two-layer soil (Permal et al., 2021)
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Table 5
A grounding system s safety assessment for varied grid sizes

The ratio of vertical two-layer soil

Grid size ; B ]
25 % soil 50 % soil 75 % soil

30 m x 30 m Unsafe Unsafe Unsafe
50 m x 50 m Unsafe Unsafe Unsafe
130 m x 130 m Unsafe Unsafe Unsafe

47% from 50 m x 50 m to 130 m x 130 m grid size (A2 and A3) in a 75% soil ratio of a
vertical two-layer soil.

When placed in a vertical soil structure with varied soil ratios, the grounding grid’s
size affects its behavior and safety. As known, a grounding system must be large enough to
keep the impedance and safety voltages (step and touch) within the allowable limit. Even
when a substantial portion of a grounding grid is placed in a low resistive, vertically layered
two-layer structure, a large grid does not ensure safety. Table 5 illustrates the grounding
system’s overall safety evaluation, which meets all three acceptable levels (impedance,
step, and touch voltages). When placed in varied soil ratios, it can be observed that all three
grid sizes are unsafe. Further adjustments such as decreasing the mesh size or connecting
vertical rods to the primary grounding grid are necessary to produce a safe grounding grid.

Grounding Mesh Size. The impact of varying mesh sizes of a 130 m x 130 m grounding
grid will be discussed in this part. Figures 27 to 29 demonstrate a similar behavior pattern
for varying mesh sizes to grounding behavior in varying grid sizes. Figure 30 shows how
the impedance, touch, and step voltage increase as the mesh size increases in horizontally
layered soil. The percentage of impedance increment in Figure 27 as the mesh size increases
from Sm x 5mto 16.3 m x 16.3 m (B1 to B3) is around 3.8 % for grounding placed in
25%, 4.2% for 50% soil ratio, and 4.7% for 75% soil ratios.

% of grid impedence increment

=% of Impedance Increment 25% soil

% of Impedance Increment 50% soil

% Of Impedance Increment 75% soil

Percentage (%)
N
(%]

5m x 5m 10m x 10m 16.3m x 16.3m 21.7mx 21.7m
Bl B2 B3 B4

Mesh size (m?)

Figure 27. Percentage of grid impedance increment for increasing mesh sizes in the vertical soil layer
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The percentage of step voltage increment in Figure 28 as the mesh size increases from
Smx5mto 16.3m x 16.3 m (Bl to B3) is around 3.22% for grounding placed in 25%,
8.7% for 50% soil ratio, and 11.01% for 75% soil ratios.

% of step voltage increment
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1
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Bl B2 B3 B4

Mesh size (m?)

Figure 28. Percentage of step voltage increment for increasing mesh sizes in the vertical soil layer
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Figure 29. Percentage of touch voltage increment for increasing mesh sizes in the vertical soil layer
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Figure 30. Percentage of grid impedance increment as mesh sizes increase in horizontal two-layer soil
(Permal et al., 2021)
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The percentage of touch voltage increment in Figure 29 as the mesh size increases
from5Sm Xx Smto 16.3 m % 16.3 m (B1 to B3) is around 31.74% for grounding placed in
25%, 47% for 50% soil ratio, and 55.59% for 75% soil ratios.

Identical to grid size, the highest percentage of impedance, step, and touch voltages
increment overall could be found for grounding in a 75% soil ratio. Conversely, the lowest
increment percentage could be seen at a 25% soil ratio for increasing mesh sizes because
of the proportion of the grid in different soil layers.

The percentage of grid impedance increment from 10 m x 10 mto 16.3 m x 16.3 m mesh
sizes are small for all soil ratios and begins to drop at 16.3 m X 16.3 m mesh size, similar to
horizontal two-layer. It indicates that the mesh size has attained its effective size. Varying
the grid’s mesh size has little influence on behavior when installed in soil structures with
varying ratios of soil resistivity. However, it has an impact on the grounding’s safety level.

Regardless of soil conditions with different resistivity values, the impedances for all
analyzed mesh sizes are under the allowed value. Nevertheless, the step and touch voltages
vary for every soil environment. For example, Table 6 indicates only a 130 m x 130 m
grounding grid with a 5 m X 5 m mesh size is considered safe in 75% soil ratio but unsafe
when placed in 25% and 50% soil ratios of a vertical two-layer soil. As a result, more
changes are needed to ensure that the grounding is secure in all soil ratios.

Table 6
A grounding system s safety assessment for different mesh sizes

The ratio of vertical two-layer soil

Mesh size - - -
25 % soil 50 % soil 75 % soil
Smx5m Unsafe Unsafe Safe
10 m x 10 m Unsafe Unsafe Unsafe
16.3 m X 16.3 m Unsafe Unsafe Unsafe
21.7m x 21.7m Unsafe Unsafe Unsafe

The Effect of Surface Layer Resistivity on the Grounding Behavior. Figure 31 shows
the influence of surface resistivity on the allowable step voltages in different soil ratios.
The allowable step voltage is calculated using the IEEE 80 (2013) equation. Similar to
homogeneous soil, the findings show that the allowable limits of safety voltages increase as
surface resistivity increases. Without surface resistivity, step and touch voltage values will
be lower. A comparison of allowable step voltage between high resistive and low resistive
pl is shown in Table 7. The allowable step voltage in vertical two-layer soil trailed the
allowable step voltage in the high resistive homogeneous soil when the p, value at layer
1 of the vertical two-layer soil is highly resistive. This grounding behavior can be related
to the influence of high soil resistivity, p; (1000 Q.m), on layer 1 from the apparent soil
resistivity in Equation 1.
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Allowable step voltage in different soil resistivity in different soil conditions
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Figure 31. Allowable step and step and touch voltages for different soil ratios of vertical two-layer soil

Table 7
Comparison of p, value in vertical and horizontal two-layer soil on the allowable step voltage

Allowable Step voltage (V)

Vertical Homogeneous Vertical Homogeneous
Surface Right soil Uni Right soil Uni
resistivity (100€2.m) (100€2.m) (1000€2.m) (1000€2.m)
1000Q2.m 936.1 936.1 1120 1120
3000Q.m 2442 2442 2676 2676
5000Q.m 3948 3948 4195 4195

The overall findings indicate that the effect of vertically layered soil on the reduction
or increment of impedance, step, and touch voltages of the grid is small compared to
horizontally layered soil. An entire grounding grid is installed in a particular layer of
soil (usually the first soil layer) with a specific resistivity for horizontally layered soil. A
grounding grid is divided by soil boundaries with different soil resistivities for vertically
layered soil. Increasing the vertical rods’ length has insignificant effects on the grounding
behavior for vertical two-layer soil differs from the horizontal soil layer. Suppose the
vertical rod is longer than the soil boundary. In that case, the current flow through two
soil layers with different resistivity affects each vertical rod in the horizontal soil layer. In
contrast, each vertical rod in the vertical soil layer is influenced by a single soil layer with
a certain resistivity left or right.

In vertical two-layer soil, the grid safety values gradually reduce as the length of vertical
rods increases. However, in horizontal two-layer soil, the safety values are governed by
the height of the top soil layer and its corresponding soil resistivity. Besides, the location
to place the number of vertical rods to be added in vertically layered soil structure is
crucial compared to horizontally layered soil structure. For a horizontal two-layer soil,
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placing the vertical rods at any point on the grid’s perimeter while increasing the number
of vertical rods is acceptable. However, for a vertical two-layer soil structure, adding the
number of vertical rods is recommended at the low resistive layer as it helps in reducing
the grid impedance.

CONCLUSION

This study describes and compares the performance of the grounding system in varied
design parameters placed in horizontal and vertical two-layer soil structures. According
to the results, the grounding system’s performance pattern in a vertical soil structure is
identical to that of a horizontally layered soil structure as the grounding design parameters
vary. However, as an overall comparison to the horizontal soil layer, the percentage of
increase or decrease is much lower in the vertical soil layer because of the impact of two
different soil resistivity as a grounding grid is divided by a soil boundary. Furthermore, in
contrast to horizontally layered soil, installing a grounding grid in a vertical soil layer is
more complicated because of the difficulty of the safety parameter computations required
to design a safe grounding system.

In terms of grounding behavior, a noticeable increase/decrease can be seen more in the
75% soil ratio of the vertical soil layer, where most of the grid is located in a low resistivity
soil layer. It indicates the importance of the grid’s proportion placed in different soil layers.
For the 75% soil ratio, most of the grid is placed in a low resistive soil layer, allowing
more current to disperse into the soil and lowering the safety parameters, and vice versa
for the grid placed in the 25% soil ratio.

The results also show that increasing the number of vertical rods in vertical two-
layer soil has the smallest reduction percentages compared to the horizontal two-layer
soil structures. The effect of vertically layered soil on the reduction or increment of
grid impedance, step, and touch voltages of the grounding system is small compared to
horizontally layered soil. For horizontally layered soil, an entire grounding grid is placed in
a specific layer of soil (normally the top soil layer) with a specific resistivity. A grounding
grid is divided by soil boundaries with different soil resistivities for vertically layered soil.
Increasing the vertical rods’ length has insignificant effects on the grounding behavior
for vertical two-layer soil differs from the horizontal soil layer. Suppose the vertical rod
is longer than the soil boundary. In that case, the current flow through soil layers with
different resistivity affects each vertical rod in the horizontally layered soil. In contrast,
each vertical rod in the vertically layered soil is influenced by a single soil layer with a
certain resistivity on the left or right.

Thus, the magnitudes of safety parameters gradually reduce as the length of vertical
rods increases in vertical two-layer soil. In contrast, the safety parameters are dependent on
the soil resistivity and height of the top soil layer for horizontal two-layer soil. Therefore,
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increasing the number of vertical rods in vertically layered soil structures is crucial
compared to horizontally layered soil structures. For a horizontal two-layer soil, placing
the vertical rods at any point on the grid’s perimeter with increasing the number of vertical
rods is acceptable. However, for a vertical two-layer soil structure, an increase in the number
of vertical rods is recommended at the low resistive layer as it helps in reducing the grid
impedance significantly even if most of the grid is placed in a high resistive soil layer.

This work would add to the branch of knowledge by identifying and anticipating the
behavior of the grounding system impacted by the design parameters in non-homogeneous
soil conditions, more precisely on the vertical two-layer soil structure. Besides, comparing
the grounding behavior between different soil conditions would help eliminate the
misinterpretations of grounding behavior.
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ABSTRACT

Orthopedic conditions are among the most frequent avian emergency cases admitted to
veterinary hospitals and clinics. An external skeletal fixator is commonly used as surgical
treatment in avian orthopedics. This review aimed to systematically evaluate the use of
external skeletal fixator (ESF) in published cases of avian orthopedics. Four electronic
databases were searched to identify all relevant case reports and case series. Altogether,
24 primary reports met the inclusion criteria. Of those, 16 reports were case reports; and
eight were case series. In total, 166 avian patients with different orthopedic conditions
were undergone ESF stabilization techniques; and raptor species formed the majority of
the patients. The characteristics of the fractured bone were the key factor in the suitability
of different ESF techniques. In addition, other factors such as type, location, and severity
of the orthopedic condition should be considered. ESF implants are promising techniques
for treating avian orthopedic conditions, as the complications related to the fixators were
few, and the percentage of successfully released raptors was high. Unfortunately, there
are so many cases of avian orthopedics that were not published. Considering this caveat,
it is not easy to draw a firm conclusion on this topic. However, this paper can serve as a
guiding principle for clinicians.
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Brown, 2002; Buttle, 2004; Helmer & Redig, 2006). Raptors are sensitive to changes in
their surroundings and are susceptible to trauma caused by crashing into cars or artificial
obstacles (Fix & Barrows, 1990). A gunshot is also a common cause of fractures and can
cause nerve damage through lead toxicity, which may worsen the prognosis of the injured
birds (Bennett, 1994). The main goals in fracture management are stabilization and length
maintenance after achieving fragments alignment (Ponder & Redig, 2016; Carrasco, 2019).
Both internal and external skeletal fixator provides a substantial reduction in the movement
of the injured site, which ultimately enhances the recovery of both fractures and luxations
(Redig & Ponder 2016). Although most of the techniques and principles used in fracture
management in birds are similar to mammals, anatomic and physiologic particularities
lead to different preferences for surgical approaches between avian and non-avian species
(Tully Jr., 2002; Carrasco, 2019). One of the main differences is the more favorable
outcome of using an external skeletal fixator (ESF) in avian orthopedic cases (Carrasco,
2019). An external skeletal fixator (ESF) is commonly used in two-dimensional space
where its holding pins pass through both cortices. If the pins extend to the other side and
attach to the second external bar, it is called ESF type 2. Otherwise, it is called ESF type 1
(Carrasco, 2019). Recently, a novel multidimensional ESF technique, namely key ring or
circular fixator, has been developed to stabilize the avian long bone fractures (Katogiritis
et al., 2019). The combination of ESF with an intramedullary (IM) pin is called a tie-in
fixator (TIF) which is considered one of the most rigid and commonly used stabilization
techniques in the treatment of avian orthopedic conditions (Bueno et al., 2015; Van Wettere
etal., 2009; Carrasco et al., 2017). In addition, ESF can be practical for applying for recent
advances in the avian orthopedic field like bone grafts and bone matrix (Jones & Redig,
2001; Jalila et al., 2004).

This paper aims to summarize and critically evaluate the published studies that used
ESF to stabilize and ultimately promote the recovery of avian orthopedic conditions.

MATERIALS AND METHODS

This systematic review followed the principles of both PRISMA (Preferred Reported Items
for Systematic Review and Meta-Analyses) guideline and the Cochrane Handbook for
Systematic Reviews of Interventions (Liberati et al., 2009; Moher et al., 2009).

Search Methods and Inclusion Criteria

Literature has been explored using the electronic search of the keywords in the following
databases: Scopus, PubMed, Veterinary Information Network (VIN), and Google Scholar. In
order to reduce the possibility of missing the relevant studies, a wider category of keywords
was used. The details of the electronic search can be found in Appendices A and B.
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The inclusion criteria of the primary studies were based on PICOS (Population,
Intervention, Comparison, Outcomes, Study design).

All species of birds that participated in avian orthopedics case reports (CRs) or case
series (CSs) were considered the study population.

The primary outcome was shown by describing the different ESF used to stabilize
various avian orthopedic conditions. These include the percentage of each type of ESF
used in different orthopedic conditions, the release percentage of raptors, and the mean
time spent for each type of ESF to stabilize the fractures and luxations.

The secondary outcome was mainly related to the healing failures and consisted of
complications of external fixation (major, minor, the effect of these complications on the
fracture healing).

Only studies written in English and published in indexed, peer-reviewed Journals were
reported. No restriction was set on the date of publication.

Selection of Studies and Data Collection

Two independent reviewers assessed the primary studies ffter excluding the duplicates
identified from one or more search databases. Studies were screened based on a two steps
assessment. The first step was the assessment of both titles and abstracts of the studies. The
unsuitable studies were excluded, and then the second step of the assessment continued
with a full-text screening. The eligible studies were then classified as suitable for the
systematic review and presented in Table 1. The following data were extracted from each
of the eligible studies. The collected data are summarized in Appendix C.

1) Study characteristics (first author’s name, year of publication, study design);

2) Avian species characteristics (number, species);

3) Orthopedic conditions characteristics (involved bone, location, type, severity)

4) Intervention characteristics (type of ESF, fracture reduction, removal time, clinical

findings, complications);
5) Main results of the included studies.

Table 1
Included studies based on the alphabetical order of the first author
Author (year) Study design  No. of patient Bird species
Ackermann & Redig (1997) CS 4 Raptors (Wild)
Arias et al. (2015) CR 1 Slender-billed Parakeet (Wild)
Bueno et al. (2015) CS 37 Raptors (Wild, Captive)
Bueno et al. (2019) CR 2 Raptors (Wild)
Burdeaux & Wade (2018) CR 1 Snowy owl (Wild)
Carrasco et al. (2017) CS 35 Pet birds
Folland et al. (2016) CR 1 Bald eagle (Wild)
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Table 1 (continue)

Author (year) Study design  No. of patient Bird species
Hatt et al. (2007) cs 18 fg;ﬁf“/‘;?;:z%"irl’dl;assenne
Hoybergs et al. (2008) CR 1 Harris’s hawk (Captive)
Jones & Redig (2001) CR 1 Red-tailed hawk (Wild)
Katogiritis et al. (2019) CR 2 Psittacines (Pet)
Kavanagh (1997) CR 1 Scarlet macaw (Pet)
Kaya & Ozsoy (2017) cs 19 S;‘;ﬁig?ggﬂ%g and Domestic
Kinney et al. (2015) CR 1 African sacred ibis (Captive)
Martin et al., (1993) CS 8 Raptors
i . (1599 cs e bk Dok o
Montgomery et al. (2011) CR 1 Bald eagle (Wild)
Rahal et al. (2008) CR 1 Toco toucan (Captive)
Rochat et al. (2005) CR 1 Bald eagle (Wild)
Rosenthal et al. (1994) CR 2 Moluccan cockatoo & barn owl
Rui et al. (2017) CR 1 Rock pigeon (Free flying)
Sample et al. (2008) CR 1 Whooping crane (Captive)
Vergneau-Grosset et al. (2019) CS 14 Raptors (Wild)
Vergneau-Grosset et al. (2020) CS 24 Raptors (Wild)
Van Wettere & Redig (2004) CR 2 Raptors (Wild)
Yoon et al. (2008b) CR 1 Great Horned Owl (Wild)
Yoon et al. (2008a) CS 19 Raptors (Wild)

CR: case report, CS: case series.

RESULTS
Descriptive Statistics of ESF Implants Used

In comparison to mammals, the healing of orthopedic conditions in avian patients requires
additional challenges. These challenges are mostly related to thin cortices and low soft tissue
support, including blood vessels and nerves. These challenges have made the stabilization of
fractures more difficult. Moreover, some features of the fractured bone can pose additional
difficulty to the stabilization of avian orthopedic conditions (Helmer & Redig, 2006). For
instance, the relatively small medullary cavity of the tibiotarsus is making the fixation
of tibiotarsal orthopedic conditions more difficult (Kinney et al., 2015). In this regard,
various types of ESF have been developed to provide a practical tool to stabilize the avian
orthopedic condition to fulfill the specific need of certain orthopedic conditions. Figure
1 presents the percentage of different types of ESF used in different avian orthopedic
conditions. Results showed that tie-in was mainly used for humeral, femoral, and tibiotarsal
fractures. For tarsometatarsal and carpometacarpal fractures, ESF type2 was used mainly.
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Figure 1. Percentage of different types of ESF used in different avian orthopedic conditions

Transarticular ESF was the main choice to stabilize luxation in the studies. Both type2 and
tie-in were equally used to stabilize the fractures for radial and ulnar fractures.

Release Percentage of Raptors

Release percentage can indicate the suitability of each ESF technique for different avian
orthopedic cases, especially in injured raptors. The decision on releasing injured raptors into
the wild requires a complete healing of the orthopedic condition without any complications
and comorbidities. The percentage of the injured raptors released for each type of ESF used
to stabilize different orthopedic conditions of raptors can be found in Figure 2. Results
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Figure 2. Release percentage of injured raptors with different orthopedic conditions
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showed that tie-in ESF for the humeral and femoral fractures led to a more successful
release rate of raptors. For carpometacarpal fracture, ESF type 2 had a more successful
release rate. For luxation and radial and ulnar fracture, ESF type 1 was more successful.
In tarsometatarsal fracture, ESF type 1 and type 2 showed an equal successful release rate
of injured raptors. ESF type 1, type 2, and circular ESF had equal success in the release of
injured raptors. Falconry techniques can be very useful in flight assessment and recovery
of these raptors’ flight strength before the injury. These techniques were used in 10% of
the raptor cases. The birds recovered their flight potency in all of these cases and were
successfully released to the wild.

Required Stabilization Period

One of the key factors in the treatment of avian orthopedic conditions is the period
required for the ESF implant to stabilize the fracture or luxation. In other words, the
lesser the time required for ESF, the better the stabilization. This period can also indicate
the suitability of the ESF technique used. This period started when the ESF implant was
employed during the surgery and usually ends when radiography findings approved firm
callus bridging at the fracture site. This period is more highlighted for wild raptors, as
they need to be released to the wild as soon as possible. Fracture severity, fracture type,
and fracture location can influence the ESF implant usage period, especially by looking
at this period from the fracture’s perspective only. Therefore, these factors affect the type
of ESF considered to be used. Table 2 shows the average time required for different ESF
types to stabilize different orthopedic conditions. The ESF removal times reported in the
studies with negative outcomes were excluded from this calculation.

Table 2
Average time spent for different types of ESF to stabilize different orthopedic conditions

Average time required for ESF (week(s) after surgery)

Orthopedic condition Tie-in
Type 1 Type 2 - Circular ~ Transarticular
M ESF pins
Load sharing fracture 6 9 5 8 5 -
Non-load sharing fracture 8.5 7 5 6.5 9 -
Open fracture 10 6 5 6.5 7 -
Close fracture 6 8.5 5.5 7.5 8.5 -
Proximal fracture - 8 6 8 12 -
Midshaft fracture 8 8 5 7 6.5 -
Distal fracture 6 7 3 5 5 -
Osteotomy 9 8 2 5 5 -
Arthrodesis 12 13 - - - -
Luxation 7.5 - - - - 1
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Complications of External Fixation

Complications associated with external fixation can delay the removal of the ESF implant,
which ultimately may fail in the fracture to heal. These complications can be categorized
into major and minor. In major complications, there is a high risk of fracture healing
failure. Minor complications, however, cause discomfort for the patients and seldom
result in healing failure (Egger, 1991). Failure of apparatus to provide adequate stability,
failure of the bone-fixation pin interface, and healing problems of fracture or luxation are
considered major complications. On the other hand, minor complications include pin-tract
drainage, poor limb use, injury to musculotendon structures, and neurovascular damage
(Egger, 1991; Marti & Miller, 1994). Thirty-eight complications were reported among the
166 avian patients with orthopedic conditions (38/166, 22%). Major complications have
formed the majority of the 29/38 (76%). These include 21/29 (72%) reports of fracture
or luxation healing problems, six reports on the failure of the bone-fixation pin interface,
and two reports of failure of the apparatus to provide adequate stability. Forty-two percent
of major complications lead to failure in healing. Failure in healing led to 11 cases of
euthanasia, three cases of amputation, two cases of significant shortening, and two cases of
arthredosis. In addition, two cases of aspergillosis and one case of plasmodium infestation
resulted in the death of patients prior to the healing of the orthopedic condition.

DISCUSSION

This systematic review aimed to summarize and evaluate the use of ESF as the most
common stabilizer in the treatment of avian orthopedic conditions. Compared with
mammals, treatment of avian orthopedic conditions faces additional challenges. Avian bones
have lower soft tissue support, contain a higher proportion of hydroxyapatite, and have
thinner and more brittle cortices (Bennett & Kuzma, 1992; Degernes et al., 1998). External
skeletal fixators can provide fracture reduction without impairing the vascularization of
the fracture site (Bush et al., 1976). Detailed information on different techniques of ESF
and their suitability to stabilize different types of fractures has been reported (Harcout-
Brown, 2002; Orosz, 2002). Apart from summarizing the frequency of each ESF technique
used to stabilize different orthopedic conditions in a larger number of cases, this paper
also provides additional information on two major factors involved in ESF; required
fixation time and complications. One of the main variables that should be considered when
choosing the proper type of ESF is fractured bone. For instance, humeral fractures are
prone to comminuted fractures and hard to stabilize (Bennett & Kuzma, 1992; MacCoy,
1992). Consistent results were observed in the data in which the majority (80%) of the
humeral fractures were comminuted, and all the healed humeral fractures were stabilized
by tie-in ESF. Fractures of tarsometatarsus also inhere additional challenges mainly related
to the small medullary cavity and being hard to stabilize (Helmer & Redig, 2006). Six
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tarsometatarsal fractures were stabilized with either type 2 or tie-in ESF, and most of the
tie-in cases had major or minor complications causing delayed healing or amputation.

This might indicates the unsuitability of tie-in ESF for stabilization of tarsometatarsal
fractures. On the other hand, Circular ESF has been deemed a more proper fixation method
for tarsometatarsal fractures. Circular ESF can also provide distraction osteogenesis,
especially in cases where tibiotarsal shortening happened due to the malunion of the two
fracture ends stabilized by unsuitable fixators (Bueno et al., 2019). Speaking of bones
with a relatively small medullary cavity, radial and ulnar (antebrachial) fractures are the
most complex challenges in avian orthopedics. These bones are always under torsional
forces, making them more susceptible to complex fractures than other forelimb bones (De
Margerie, 2002). Since these bones play a key role in the circumduction of wings, any
impairment in the healing of antebrachial fractures can prevent the pronation and supination
movements of the wing required for adequate flight (Beaufrere, 2009). Tie-in and type 1
ESF techniques are the recommended fixation methods for antebrachial fractures (Orosz,
2002). This study showed that tie-in ESF was slightly more preferable than type 1 ESF.
Synostosis is a common sequela to antebrachial fractures. This complication is common
for external coaptation of antebrachial fractures and can reduce the flight capability of
recovered birds (Orosz et al., 1992). Two cases of synostosis were reported in the included
studies.

Consistent findings can be seen in the successful release of raptors statistics, whereby
the fracture of large bones requires a higher stabilization force, which can be found in tie-
in. However, tie-in might be less suitable for the bones with a small medullary cavity. It
can be noticed by looking at the release percentage of raptors according to which higher
release was seen when type 1 ESF was used for antebrachial fractures. Various factors such
as complications, comorbidities, captivity stress, and species specificity can cause failure to
release raptors into the wild (Bueno et al., 2015; Vergneau-Grosset et al., 2019). Altogether,
31 complications and 12 cases with comorbidities were reported for the injured raptors.
Thirteen cases were recovered from complications and comorbidities, but the rest of the
birds were either euthanized or became captive for various purposes. Species distribution
is the main factor in the frequent representation of a species. However, it is notable that
bald eagle, great horned owl, and red-tailed hawk were the most common admitted raptors.

The severity and type of fracture can also affect bone healing substantially. In this
regard, the average time required for each type of ESF to treat different kinds of orthopedic
conditions with different severity and type can be practical factors to show each ESF
technique’s suitability. A previous study found that none of the severity and type of fracture
were significantly affected the required time for each type of ESF to successfully stabilize
the fracture (Bueno et al., 2015). Clinical trials showed that less than six weeks is required
for the type 1 ESF to stabilize the healing of the experimental transverse fractures of
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ulna in pigeon models (Hatt et al., 2007; Tunio et al., 2014). Using a lightweight external
fixator in a system called Fixateur Externe du Service de Santé des Armées (FESSA) can
reduce the fixation time to 4 weeks in the same type of fracture using both types 1 and
tie-in ESF (Hatt et al., 2007). The adjustable feature of FESSA allows veterinarians to
create numerous construct configurations. For example, one uses hinges to connect two
FESSA tubes as a transarticular fixator to stabilize the luxation. This system can fix the
joint at a desirable angle and makes physical therapy possible without removing the fixator
(Azmanis et al., 2014).

When it comes to extremely complex bone fractures in which there is a need to replace
bone defects, common orthopedic techniques alone might not provide a good prognosis
as the bone itself can only regenerate the small fracture defects. However, different
techniques of bone grafting can provide a practical way to treat bone defects in animal
orthopedic practices (Nunamaker & Rhinelander, 1985). Osteoinductive, osteoconductive,
and osteogenic properties of bone grafts will allow the fractured bone to regenerate the
bone defects feasibly.?? Various techniques of bone grafting have been introduced in avian
orthopedics. These include the use of callus graft, cortical graft, bone morphogenetic
proteins, bone marrow, and hydroxyapatite (HA) (MacCoy & Haschek, 1988; Jones &
Redig, 2001; Sample et al., 2008; Sanaei et al., 2011; Sanaei et al., 2015; Tunio et al.,
2015). Most of these studies used an external skeletal fixator (ESF) as the stabilizer to
expedite fracture healing. Four of the included studies used bone grafting techniques, two
of which are case reports, and the other two are clinical control trials.

Case reports were used autogenous callus and recombinant human bone morphogenetic
protein-2 to treat the humeral bone defects in a red-tailed hawk and a whooping crane,
respectively (Jones & Redig, 2001; Sample et al., 2008). The red-tailed hawk had a
close midshaft comminuted fracture, and healing was achieved within five weeks after
surgery-based radiography findings. On the other hand, the whooping crane suffered
an open proximal comminuted fracture that healed within fourteen weeks after surgery.
Autogenous bone grafts are considered the gold treatment for repairing bone defects.
However, alternative bone graft materials are needed in avian patients due to the limitation
of autogenous bone grafts (Bennett & Kuzma, 1992; Jalila et al., 2004). In a recent study,
it has been found that the allogenic tubular demineralized bone marrow, along with the
application of tie-in ESF, can be a promising alternative to autogenous bone grafts in the
treatment of the critical bone defect of the ulna (Sanaei et al., 2015).

CONCLUSION

The implications of the summarized data suggest that each avian orthopedic condition
requires a specific way of fixation. In the bigger picture, the involved bone or joint,
type of fracture or luxation, and the fracture location are the main factors that should be
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considered when an ESF technique is decided to be employed. This review also provides
guiding principles for choosing a suitable ESF, highlighted more when dealing with the
raptor’s emergency orthopedic cases. However, this systematic review has several important
limitations. These limitations pertain to the incompleteness of the outcome. Complications
and the implementations taken were underreported. Several reports lacked ESF implant
removal time, and some reports lacked sufficient radiographic assessments before and
after the removal of ESF implants. Some studies did not report whether the recovered
birds were returned to their formal status. Given such incompleteness of data, this review
cannot suggest the best ESF technique for different avian orthopedic conditions, making
this review less conclusive than it had hoped. However, it provides clinicians with guiding
principles for choosing suitable ESF techniques and the ESF-related complications they
should know.
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APPENDIX A

The keywords and how Boolean characters (AND, OR) are used for the electronic search.
((((“external skeletal fixator’”) OR (“ESF”’) OR (“external fixator”) OR (“external fixation™)
OR (“external skeletal”) OR (“tie-in”) OR (“hybrid external fixator”) OR (“hybrid external
fixation”)) AND ((“fracture”) OR (“luxation”) OR (“bone”) OR (“bone fracture”) OR
(“osteosynthesis”) OR (“osteogenic”) OR (“osseous defects”) OR (“tarsometatarsal”)
OR (“tibiotarsal””) OR (“femoral”) OR (“humeral”) OR (“rotation”) OR (“dislocation”)
OR (“arthrodesis”) OR (“radial”) OR (“ulnar”) OR (“antebrachial”)) AND ((“avian”
OR (“bird”) OR (“pigeon”) OR (“goose”) OR (“raptor”) OR (“exotic bird”’) OR (“owl”)
OR (“eagle”) OR (“duck”) OR (“chicken”) OR (“turkey”) OR (“poultry”) OR (“fowl”)
OR (“hawk™) OR (“partridges”) OR (“macaw”) OR (“pheasant”) OR (“parrot”) OR
(“psittacine”) OR (“pet bird””) OR (“wild bird”) OR (“hobby bird”) OR (“game bird”’) OR
(“birds of prey”) OR (“falcon’) OR (“kestrel”))

APPENDIX B
PRISMA flow diagram to select the included studies.

105 records were 8 additional records
identified through were identified
database record through other sources

¥

16 duplicates were excluded

97 records were screened o3 Feeonds W

were excluded

43 records subjected to full-text H 16 records W
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27 records included in the study
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ABSTRACT

Solving a system of non-linear equations has always been a complex issue whereby various
methods were carried out. However, most of the methods used are optimization-based
methods. This paper has modified the spectral gradient method with the backtracking line
search technique to solve the non-linear systems. The efficiency of the modified spectral
gradient method is tested by comparing the number of iterations, the number of function
calls, and computational time with some existing methods. As a result, the proposed method
shows better performance and gives more stable results than some existing methods.
Moreover, it can be useful in solving some non-linear application problems. Therefore, the
proposed method can be considered an alternative for solving non-linear systems.

Keywords: Jacobian, log-determinant norm, nonlinear systems, optimization, spectral gradient method

INTRODUCTION

Solving a system of non-linear equations has always been a complex issue whereby various
methods were carried out. The scenario becomes challenging if the system does not show
good linear or polynomial characteristics.

Non-linear equation systems exist in various
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In solving a system of non-linear Equation 1, some iterative methods exist. Most of the
methods used are optimization-based. There is a close relationship between solving a series
of non-linear equations and finding a local minimum. A local minimum of an objective
function corresponds to the point where derivatives of the objective function are zero. If
one considers a system of non-linear equations as the derivatives of a particular objective
function, then seeking a solution to the non-linear system is equivalent to minimizing the
objective function. Such equations satisfied at the current point are considered constraints
at each stage, whereas others are considered objective functions.

This paper proposes modifying the spectral gradient method in solving the non-linear
systems under a modified backtracking line search strategy. The paper is organized as
follows: the section materials and methods introduce standard optimization methods that
compare with the proposed method and the modified spectral gradient method to solve
non-linear systems. Then, the section “Result and Discussion” shows the numerical results
of the test problems and some real-life applications. Finally, conclusions will be presented
in the last section of the paper.

MATERIALS AND METHODS
Standard Optimization Methods

The standard way of solving a non-linear system of Equation 1 is to assume an initial
approximation x, and then perform an iterative formula in the form of Equation 2

X =X, +tpd,, fork=>0 (2)

where x, is the current solution approximation and x; . , is the next approximation of the
solution for the non-linear system. The vector d, represents the search direction, and the
scalar 1, defines the step length. At each step, the results of the current iteration are used
as the initial point for the next iteration. To generate x, , ; closer to the solution, we will
need to choose an appropriate form of d, and y.

The steepest descent (SD) method was first raised by Cauchy (1847). It is one of the
simplest and most well-known methods for minimizing non-linear functions. SD method
updates the current point g, in the opposite direction of the gradient, g; of the function
(Equation 3).

d,=-8 )

Apart from well-conditioned problems, the traditional SD approach performs poorly.
Raydan and Svaiter (2002) noted that the bad behavior of the SD approach is not related
to the choice of search direction. Instead, poor behavior is related to the optimal selection
of step length by Cauchy. Despite the small storage capacity and very low computational
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expense per execution, the SD approach has been known as extremely poor and inefficient
due to the slow convergence speed and oscillatory behavior. Therefore, the SD method is
not often used in practice.

The convergence of the Cauchy traditional SD method has been deeply studied.
It has been found that it is related to the spectral properties of the Hessian matrix. De
Asmundis et al. (2013) recommended a way to improve the SD method. The purpose of
the modification is to force the gradients into a one-dimensional subspace as the iterations
progress. It may avoid the key reason for the SD method’s slow convergence, which is the
classical zigzag pattern.

Hestenes and Stiefel (1952) published the first paper on the conjugate gradient (CG)
method for solving linear systems. Currently, the CG method is a commonly used method
to solve non-linear problems of large-scale systems. It performs the update by combining
the previous and new directions to approximate the optimal solutions. The search direction
d, and the scalar /5, _, are defined as Equations 4 and 5

d.=-g,+B._.4d, “4)
where
g'g
B =—==— (5)
81 8k

CG method has a small space requirement and good properties for global convergence.
CG method is characterized to carry out a learning approach that falls between SD and
Newton’s method (Marini, 2009). The method aims to speed up the convergence rate of
the classic SD method while minimizing the computational load associated with Newton’s
method’s processes, such as storage requirement and computation of the inverse Hessian.

One of the methods that can be used to solve non-linear equations is Newton’s method,
also known as the Newton-Raphson method. The method was first published by Wallis
(1095). Simpson (1740) defined Newton’s method as an iterative approach used to solve
general non-linear equations using calculus. In addition, Simpson claimed that Newton’s
method could also be used to solve optimization problems by setting the slope to zero.

However, the weakness of Newton’s approach is that it often fails to converge and
might be stuck in a repeating cycle. Even the convergence requirements of this approach
are well understood, but still, this approach depends on the assumption that the initial
solution is reasonably good. Thus, this method is not considered a successful practical
procedure. Broyden (1965) also noted another disadvantage: the difficulty of measuring
the Jacobian matrix. Even though the functions are extremely straightforward to obtain
their partial derivatives, the efforts needed to determine the matrix may be excessive. The
execution of Newton’s method will become expensive.

Pertanika J. Sci. & Technol. 30 (3): 1841 - 1859 (2022) 1843
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Therefore, quasi-Newton approaches have developed. Martinez (2000) has mentioned
that the quasi-Newton method is a static Newton method and a discrete Newton method.
If the Jacobian matrix is large for the discrete Newton method, it is not comparable with the
inexpensive linear algebra models. Nevertheless, discrete Newton algorithms are successful
in many large sparse problems. Here a large sparse problem means a problem involving a
high dimensional sparse matrix. In such situations, the limited difference method allows
us to use a small number of functional calculations to measure the estimated Jacobian. The
matrix form is not expensive to be factorized.

Quasi-Newton approaches are used for solving unconstrained optimization problems.
Some quasi-Newton approaches are popular because many linear algebra iterations are
avoided. Martinez (2000) stated that before 1990, there had been many published articles
on numerical analysis research of the quasi-Newton method for solving non-linear systems.
However, the study might be out of practice after the method involved in the usual practice
of problem solvers in other fields, such as engineering and manufacturing. While the users
know these benefits and weaknesses, quasi-Newton methods can be used to solve large-scale
non-linear problems. There are some common quasi-Newton algorithms such as symmetric
rank-one, Davidon-Fletcher-Powell (DFP), Broyden-Fletcher-Goldfarb-Shanno (BFGS),
and Berndt-Hall-Hall-Hausman.

BFGS method is part of the quasi-Newton methods. BFGS method can be used to solve
unconstrained non-linear optimization problems. Instead of directly computing the exact
Hessian matrix, the BFGS method approximates the Hessian matrix by using a full rank
matrix. It is an efficient method to deal with small or medium-scale problems. However, the
BFGS method requires many iterations and function calls in solving large-scale problems.
When the Hessian matrix is ill-conditioned, an inappropriate initial approximation of the
Hessian matrix or a poorly defined search direction will result in the inefficiency of the
method (Cheng & Li, 2010).

The approximation of Hessian B, . ; is defined by Equation 6

B,s,s; B L
B SkSk Dy { yl;yk , lfSkTyk >0 (6)

T
Sk Bk?k Vi Sk
B, , otherwise

Byy=
where s, and y, are defined as Equations 7 and 8
S = Xt — X )

Ve =Fea—Fy ®)

and F is the non-linear equation system.
The presence of Jacobian matrix computation during the selection of the step length
might increase the difficulty. Hence, the modified BFGS approach has been proposed with
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the backtracking line search techniques that avoid computing the Jacobian matrix. Yuan
and Lu (2008) introduced a new backtracking inexact BFGS method for solving symmetric
non-linear equations. The modified BFGS method has a descent property norm, where under
appropriate circumstances, the global and superlinear convergence will be guaranteed. The
authors have shown that the modified BFGS method with the new backtracking line search
is more efficient than the Jacobian matrix computation technique.

Spectral gradient (SG) methods for minimization originated from Barzilai-Borwein.
Barzilai and Borwein (1988) proposed a two-point step size gradient method. Raydan
(1993) has developed the convergence for quadratics of the spectral gradient method. One
unique way of dealing with large-scale problems is the spectral gradient method. This
method is a nonmonotone step length associated with the gradient approach to overcome
the Cauchy method’s weaknesses. Different techniques have been proposed since there
are many variations when choosing the effective step length along the negative gradient
direction (Biglari & Solimanpur, 2013). This method is obtained by approximation of the
secant equation for the SD method. At each iteration, a descent in the objective function
is not guaranteed in the SG method; however, it outperforms the traditional SD method in
practice (Raydan, 1997). This method delivers better efficiency and low-cost computations
than the traditional SD method since it needs a small number of storage locations. By
combining the classical SG method with better nonmonotone line search strategies, the
method’s effectiveness can be greatly increased (Xiao et al., 2010).

If the Hessian matrix of the objective function is ill-conditioned, it will lead to the
inefficiency of the gradient methods. The gradient methods have a fixed condition in
selecting the step length to reduce the function value. Therefore, it will cause the slow
convergence of a stable complex system. Dealing with the problem of inefficiency, Sim
et al. (2019) have modified the SG method. This method is proposed to improve the
slow convergence issues. It operates separately on the gradient vector norm and the
objective function simultaneously. Furthermore, this method is combined with some line
search strategies. The line search reduces the function evaluation, whereas an individual
adaptive parameter damps the gradient vector. The proposed method is developed under
the backtracking and nonmonotone line search. Finally, the comparison is made between
the proposed method and some well-known CG-based methods since the CG methods
have extremely good convergence properties. Sim et al. (2019) proved that the proposed
spectral gradient method is a comparative alternative for solving large-scale problems.

The modification of SG methods and their applications have been studied in recent
years (Abubakar et al., 2020; Antonelli et al., 2016; Ibrahim et al., 2020). For example,
Raydan (1997) combined the Barzilai and Borwein technique with a nonmonotone line
search strategy that ensures global convergence. The results show that using the global
Barzilai and Borwein technique might reduce the gradient evaluations and the number of
line searches. Besides, the SG method can be accelerated by using an alternating strategy
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that cycles between the SD and SG steps (Xiao et al., 2010). The Barzilai-Borwein (CBB)
approach (Dai et al., 2006) contributed significantly to this scheme.

Cruz and Raydan (2003) developed a method for solving non-linear systems of
equations using the spectral method. The authors present an approach for ensuring
global convergence based on nonmonotone line search techniques and details of the
implementation for handling large-scale problems. Zhang and Zhou (2006) have proposed
an approach for solving non-linear monotone equations. A modified spectral gradient
approach and a projection method (Solodov & Svaiter, 1998) are combined in this method.
If the non-linear equations to be solved are monotone and Lipschitz continuous, it has been
proven to be globally convergent to a solution of the system. This method is also able to
solve non-smooth equations.

In recent years, there has been a significant increase in the application of optimization
techniques. Due to the advantages and disadvantages of different classical optimization
methods, many modifications have been made. Modifying those methods aims to improve
the overall performance, such as efficiency, computational time, and convergence rate. In
a nutshell, various optimization methods are proposed to solve the non-linear system, and
the SG method has been modified to solve non-linear systems in this paper.

Line Search Strategy

The backtracking Armijo algorithm (BTA) is a line search strategy to select the best step
length. The BTA algorithm begins with a large approximation of the step length. Then,
depending on the local gradient of the objective function, it will gradually reduce the step
length, known as “backtracking,” until a satisfactory reduction is detected in the objective
function. The algorithm for modified backtracking line search strategy with Armijo
condition is given as Equation 9:

Step 0: Given constants 0 € (0,1).

Step 1: Set k=0and =1,

Step 2: Test the relation

WF (g + ped )2 S NF Qe)l12 + Sp2FTdy )

where d, =—-B,'g, . 1
Step 3: If Equation 9 does not satisty, choose a new y — SH and set k =k +1, then go

to Step 2. Otherwise, set 4, = ¢ and x,,, = x, + 1, d,.

Spectral Gradient Method with Log-Determinant Norm

In order to derive an updated scheme for B;, a restriction for components of B, under some
measures is imposed by minimizing the log-determinant norm and allowing them to satisfy
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the secant equation. Hence, for any positive matrix B, the solution is given by the updated
B, ., (Equations 10 & 11):

mintr( k+1) ln(det( k+1)) (10)
S.t.5 By, =SV, (11)

where ¢7 is the trace of a square matrix, defined as the sum of elements on the main diagonal
of the matrix;det is the determinant of a matrix. Note that B, is a symmetric matrix; for
simplicity, this paper only consider the case B, is diagonal.

Let B,,, =diag(B.",,...,B")) and s] =(s\",...,s"), the minimization Equations

10 and 11 become Equations 12 and 13:
min(zB@,J_m(H ngj (12)
i=1 i=1

s.t. (z(sk )’ Bk+1) zslil)yl(cl) (13)

By applying the Lagrange method to the minimization, Equations 12 and 13 become
Equation 14:

@:(ZB,QJ 1n(HBk+lj+w[Z(s (B~ s,fyk:| (14)

where o is the Lagrange multiplier.
Differentiate Equation 14 with respect to B,E?l and set the derivatives to zero (Equation
15):

oL 1 (i)\2 .
—=1- +w(s,’) =0,i=1,2,...,n 15
oB), B, )

then gives Equation 16

Bk+1(i)=%,i=l, 2,...,n (16)
l+a)(sk(’) )

By substituting Equation 16 into constraint Equation 13 and rewriting the left-hand
side of Equation 13 as a function of w (Equation 17):

F(CO) 21:1+(Sk() )2

where the Lagrange multiplier @ can be obtained by solving the non-linear equation

~ 5, Yy (17)

F(w)=0. It can be approximated by applying only one iteration of Newton-Raphson,
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with @ = 0. When s, s, > s, ¥, , Equation 17 has a unique positive solution and hence,
the Lagrange multiplier @, can be approximated by using Equation 18:

F(o)
R
_ S, S =8 W (18)

n
25
i=1

Lastly, the updating formula for B,,, is given as Equation 19

: 1 o T T
dlag(B,EJr)1 ,...,B]E:’_I) ), if s 5 >8; Vi
Bien= Sk kg , otherwise (19)
Sk Sk

T

Where % Vi exactly the Oren-Luenberger scaling (Luenberger and Ye, 1984), B, ,, as

T
St Sk

defined in Equation 19 and @ is defined in Equation 18.
The algorithm for modified spectral gradient method is shown below:
Step 0: Set k = 0. Given initial guessing point x,,, tolerance € (0,1) and B, .
Step 1: If lIFy1l, = 0, then stop.
Step 2: Calculate y, = F,,, - F,, y, = F,,, — F}, and @ based on Equation 18.
Step 3: Calculate B,,, from Equation 19.
Step 4: Obtain g, through the modified BTA algorithm.
Step 5: Compute x,,, =X, + g, d,, for k>0, where d, = -B'F,.
Step 6: Set k =k +1 and go to Step 1.

Convergence Analysis

This section briefly discusses the convergence of the modified spectral gradient method.
The detailed proofs can be referred to Sim et al. (2019).

Assumption 1.

a. The objective function f is twice continuously differentiable.

b. The level set D = {x eR": f(x)< f(xo)} is convex.

c. There exist positive constants M, and M, such that

Myl1zI3 < zTG(x)z < M,lizI13,

forVz € D and Vz € D . It implies that the objective function f has a unique minimize
X ’ in¥ .

Lemma 1. Let x, be a starting pointand B, = [ , where [ isthe nx n identity matrix.
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Then for C; defined by Equation 19, the sequence {lIByll;} is bounded by some positive
constants ¢, and ¢,, ie. 0 < ¢ < B, < B, < .. < B, <..<g,.

The proof of Lemma 1 is based on the assumptions provided by Byrd and Nocedal
(1989). The next lemma is a direct result of Lemma 1.

Lemma 2. Suppose that the assumptions in Lemma 1 hold, then there exist positive
constants ¢, and ¢, such that

d;lggk < _C3||Fk”% and ”dk”% < _C4”Fk”%l

where d, =—B;'F, where ¢, is defined by Equation 19.

The convergence of the spectral gradient method using the BTA line search algorithm
is presented in the next theorem.

Theorem 1. Under assumption by Bryd and Nocedal (1989), there exist positive
constants ¢, and ¢, such that, for any x, and any d, with F,/ d, <0, the step length z,
produced by the BTA Algorithm will satisfy either

(Fe dk)z

”F(xk + I’lkdk)”% - ”F(xk)”% < —C 2
I dy |12

or
IIF(xk + :ukdk)”% - ”F(X'k)”% < —Cngdk
Furthermore, if d, satisfies the following conditions:

Fld, < c3lIF(x)l13,

Ndilly < —cyllFgll,

for some positive constants ¢, and c¢,, then
lim lIFll, =0.

k—oo

In the next section, numerical experiments are conducted to compare the efficiency
of the proposed method.

RESULTS AND DISCUSSIONS
Numerical Experiments and Discussion

This section applies the modified SG method to solve some non-linear systems. The

comparison is made between the modified SG method and three other methods under the

modified BTA line search strategy. The following methods are taken into consideration:
1. Modified Spectral Gradient Method (Modified SG)

Pertanika J. Sci. & Technol. 30 (3): 1841 - 1859 (2022) 1849



Yeong Lin Koay, Hong Seng Sim, Yong Kheng Goh and Sing Yee Chua

2. Broyden-Fletcher-Goldfarb-Shanno Method (BFGS)

3. Steepest Descent Method (SD)

4. Conjugate Gradient Method (CG)

The step lengths 4, are generated by the BTA algorithm with the parameter 6 =0.1.
The step length 1 =1is used as the initial step length and reduced if the Armijo condition
does not satisfy. The minimum value for step length is set as 27'. Since the modified SG
method and BFGS method require the computation of matrix B, , the matrix B, is initialized
to an identity matrix with dimension #.

There are two termination criteria for these methods: the norm of the non-linear
functions and the number of iterations. The first termination criterion is IFll, < 107*
and the maximum number of iterations is set to be 10*. If the number of iterations exceeds
10%, the tested problem will be considered “fail to converge.” The codes are written in
Python 3.7.9.

A total of 31 problems given by Fang et al. (2018) and Andrei (2008) have been used
to test the performance of these methods. The dimensions of the tested problems are set
as n =10, 100, 200 and 500, if the dimensions are not provided in the tested problems.

Using Dolan and Mor¢’s (2002) performance profile, the performance of the modified
SG, BFGS, SD, and CG methods can be evaluated clearly. The performance of problem
p by solver s is defined as Equation 20:

|
P(t<7)= msme{p ePit, <7} (20)
where the function P(t <7 ) is the cumulative distribution function for the performance
ratio, P is a set of test problems, | P | denotes the cardinality of P and 7, , represents the
performance ratio within a factor z which is a real number (Equation 21)

m
=t @
min{m,  :s €S}

tp,s

where m, ; represents the performance measure of interest accordingly. It is obtained for
each pair (p,s) of solver s in a set S of optimization solvers and problem p in a set P of
test problems.

Figures 1, 2, and 3 are the performance profiling graphs for these methods, based
on the number of iterations, function calls, and computational time. Figures 1 to 3 show
that the BFGS method performs the best among these methods in terms of the number
of iterations, function calls, and computational time. The modified SG method indicates
a better performance compared to SD and CG methods. Besides, SD and CG methods
exhibit a similar pattern, which shows a poorer performance than the modified SG and
BFGS methods.
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For the BFGS method, some of the tested problems require an extremely high number
of iterations, number of function calls, and computational time compared to the modified
SG method. Therefore, this study concludes that the modified SG method gives a more
stable result than the BFGS method. One of the reasons the BFGS method gives better
performance is that it uses the full rank matrix for B, while the modified SG method uses
the diagonal matrix in the updating formula of B;. Numerous researchers have suggested
that the BFGS method is not appropriate for solving large-scale problems since high storage
is required. Although the modified SG method is not showing the best performance among
these methods, it is still considered an alternative to solve the non-linear tested problems.

Applications

Systems of non-linear equations occur in many areas of practical importance, such as

engineering. In order to evaluate the performance of the modified SG method, six systems

of nonlinear equations are considered. The application problems are provided by Chen et

al. (2017), Grosan and Abraham (2008), Buzzi-Ferraris and Manenti (2013), and Turgut et

al. (2014). These problems [(a) - (f)] are applied in both the engineering and science fields.
(a) Kinematic Application

xP+xl, -1=0

aX Xy + Ay X X, + Ay, XX+ a,,X,X, +

A5, X, X7 + Qg X Xg + Ay X Xy + Ao, X Xg +

Qo X) + 0y Xy Gy X5+ Ay X, + 03 X5 +

g X + 5,5 + ;X + g =0

1<i<4

The initial guessing point used is
x(® = [-0.06,0.78,—0.05,0.38,—0.56, —0.70, 0.40, 0.09]”

and the coefficients a,;, 1 <k <17,1<i<4, are given in Table 1.

Table 1
Coefficients ay, for the Kinematic Application

i Ay as s Ay
a; - 0.249150680 +0.125016350 -0.635550070 +1.48947730
as; +1.609135400 - 0.686607360 -0.115719920 +0.23062341
as; +0.279423430 - 0.119228120 - 0.666404480 +1.32810730
ay; +1.434801600 - 0.719940470 +0.110362110 - 0.25864503
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i Ay s s Ay

as; +0.000000000 -0.432419270 +0.290702030 +1.16517200
ag +0.400263840 +0.000000000 +1.258776700 - 0.26908494
as; - 0.800527680 +0.000000000 - 0.629388360 +0.53816987
as; +0.000000000 - 0.864838550 +0.581404060 +0.58258598
ay; +0.074052388 -0.037157270 +0.195946620 - 0.20816985
a g - 0.083050031 +0.035436896 - 1.228034200 +2.68683200
ap; -0.386159610 +0.085383482 +0.000000000 -0.69910317
aps - 0.755266030 +0.000000000 -0.079034221 +0.35744413
agsi +0.504201680 -0.039251967 +0.026387877 +1.24991170
a4 - 1.091628700 +0.000000000 -0.057131430 +1.46773600
asi +0.000000000 -0.432419270 - 1.162808100 +1.16517200
a6 +0.049207290 +0.000000000 +1.258776700 +1.07633970
a;z +0.049207290 +0.013873010 +2.162575000 - 0.69686809

(b) Interval Arithmetic Benchmark Application

The initial guessing point used is x® = [1,1,1,1,1,1,1,1,1,1]".

(%, — 0.25428722 — 0.18324757x,x3%¢ = 0
x, — 0.37842197 — 0.16275449x, x;gXg = 0

X3 - 027162577 - 0.16955071X1XZX10 = 0

x, — 019807914 — 0.15585316x,x,x5 = 0
x5 — 0.44166728 — 0.19950920x,xgx3 = 0
xs — 0.14654113 — 0.14654113xgxsx10 = 0
x; —0.42937161 — 0.21180486x,x5xg = 0
xg — 0.07056438 — 0.17081208x, x,xs = 0
X9 — 0.34504906 — 0.19612740x;yx¢xg = 0

(10 — 0.42651102 — 0.21466544x,xg%, = 0
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(c) Chemical Equilibrium

x+x,-3=0

2x, + X, + X, + X+ X+ X +2x, - R=0
2x, +2x, +x,+x,-8=0
2x,+x,—4R=0

xxs—0.193x,x, =0

10
xoyx% —0.002597, [x,x,- Y x, =0

i=1

10
x,4[x, —0.003448, |x,x,- > x, =0

i=1

10
X% —1.799x107x, - > x, =0

i=1

10
XX, —2.155x107*x, [, ~Zx,. =0
i=1

10
XX, —3.846x107 x> x, =0

i=1

where R is 4.056734.
The initial guessing point used is

x(® =1[0.15884,0.89358,8.11340,2.84116,3.08473,
0.04039,0.00300,0.00002,0.00013,0.00058]"

(d) Neurophysiology application

fi=x+x-1=0

fi=xi+x;,-1=0

fi=x +xx, =0

fi=xx +x.x, =0

Js = X2, + x,x,x, =0

— 2 2.
Jo = XXX, +x,x5x, =0

The initial guessing point used is x(® = [0.446, —0.446,0.895,0.367,0.367]".
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(e) Combustion application

fi=x,+2x, +x, +2x,-107 =0
fo=x+x-310"=0

Sy =% 4%+ 2%, 42X, + X, +x,-5-107 =0
f,=x,+2x,-107 =0

£, =0.5140437-10"x, —x; =0

£, =0.100632-10°x, —2x; =0
f,=0.7816278-10""x, —x; =0

S =0.1496236-10°x, — x,x, =0

£, =0.6194411-107"x, — x,x, =0

fs =0.2089296-10 " x,, — x,x,” =0

The initial guessing point used is

x(©® =[-59286 - 1078, —6.9428 - 1075, —0.2980, —8.8526 - 1075, —0.4127,

—0.0547,4.9253 - 1075,0.2981,0.9453, —0.4179]".

(f) Experimental Test

£ (x,,x,) =cos(2x;)—cos(2x,)—0.4=0
£ (x,x,)=2(x, —x,)+sin(2x, ) —sin(2x,)-1.2=0

The initial guessing point used is x(® = [0.15,0.49]".

The results of the application problems are listed in Table 2. According to Table 2, it
can be concluded that the modified SG method serves as another option to solve different
systems of non-linear equations in real-life applications. Although the modified SG method
gives a higher number of iterations, function calls, and computation time than the SD
method in problems a and f, it performs better than CG and BFGS methods since they fail to
converge in these two problems. Generally, the modified SG method indicates comparable
results with the other three existing methods. In certain situations, the modified SG method
exhibits more robust convergence properties than CG and BFGS.

CONCLUSION

This paper proposes a modified spectral gradient method for solving non-linear systems.
The modification is performed since the actual Hessian is unavailable or requires large
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Table 2
Numerical results for application problems

Number of Iteration

Problem Dim Modified SG BFGS SD CG
a 8 169 - 152 -
b 10 4 4 3
c 10 2 2 2 2
d 6 2 2 2
e 10 2 2 2
f 2 8171 - 881 -

Number of Function Call

Problem Dim Modified SG BFGS SD CG
a 8 3450 - 2644 -
b 10 18 26 18 14
c 10 19 41 25 37
d 6 52 56 52 52
e 10 10 14 10 13
f 2 193489 - 21241 -

Computational Time

Problem Dim Modified SG BFGS SD CG
a 8 1.8066 - 1.2886 -
b 10 0.0100 0.0139 0.0096 0.0070
[ 10 0.0091 0.0107 0.0087 0.0069
d 6 0.0070 0.0091 0.0082 0.0072
e 10 0.0060 0.0110 0.0060 0.0060
f 2 16.3163 - 1.5309 -

Note: The symbol ‘-’ represents that the method failed to converge.

storage when handling large-scale problems. The proposed method uses a diagonal matrix
to approximate the actual Hessian matrix instead of the full rank matrix.

It uses the eigenvalues of the actual Hessian matrix as the diagonal entries to
approximate the inverse of Hessian. The proposed method is derived based on the log-
determinant norm, where the Lagrange multiplier is approximated by using only one
step of the Newton-Raphson method. The standard line search strategy with the Armijo
condition is modified to solve the non-linear systems. The proposed method is compared
with the common existing methods regarding the number of iterations, function calls,
and computational time. The numerical results show that the proposed method can be
an alternative in solving systems of non-linear equations in research-tested problems
and real-life applications, therefore, justifying the contribution of the modified spectral
gradient method.
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ABSTRACT

The peculiarities of wetland commodities are unique and can produce new materials
which function as catalysts. The objective was to determine the best catalyst components,
crystalline properties, pore size, catalyst morphology, and selectivity in producing acetin.
The research started with sampling, sorting, purification, extraction, catalyst synthesis,
characterization, and determining the molar ratio between glycerol sourced from biodiesel
industry by-products and CH;COOH. Determination of catalyst components by XRF
spectrometry, crystallinity by XRD, pore size by Brunauer-Emmett-Teller, and morphology
of the resulting catalyst used SEM/EDS. Selectivity of the target compound in the form of
acetin, either monoacetin, diacetin, or triacetin, used GC-MS. The catalyst of orange peels
obtained silica 29.201% and alumina 4.115%, pineapple leaves obtained silica 34.072%
and alumina 0.074%, and sugar palm peels obtained silica 40.017% and alumina 0.953%.
The diffractogram results showed that all heterogeneous catalysts had sharp-narrow
peaks, meaning the crystallinity of the sample was high according to the typical peak

of Si0,. The pore size of the orange peel

catalyst was 4.328 nm with a surface

area of 263.475 m* g, the pineapple leaf

catalyst was 4.850 nm and 35.983 m?> g,
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and the sugar palm peel catalyst was 5.658
nm and 10.884 m? g'!. The results of the
morphological test of orange peels were
composed of a very heterogeneous dense
porous structure; pineapple leaves were
amorphous, while sugar palm peels were
composed of small, irregular pores. All the
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resulting heterogeneous catalysts met the characteristics of standard SiO, silica catalysts.
The best acetin selectivity result is a 1:9 molar ratio.

Keywords: Acetin, biodiesel, catalyst, esterification, selectivity

INTRODUCTION

Most of the processes done by developing countries in manufacturing industry activities
involve homogeneous and heterogeneous catalysts, reaching 80% (Hermann et al., 2016;
Bravo-Suarez et al., 2013). Along with technology and innovation development to reduce
environmental degradation, agricultural biomass sources have potential as new basic
materials for heterogeneous catalysts in replacing commercial catalysts to meet industrial
needs, including biodiesel, biogas, bioethanol, and biosorbents to remove heavy metals
in water (Heryani & Yanti, 2020). In recent years, agricultural waste has been considered
and has proven to be an excellent source of solid catalysts and catalyst supports (Sharma
etal., 2012; Sadh et al., 2018; Khan et al., 2021). Sources of biomass come from the agro-
industry, which is categorized into two types, namely agricultural waste and industrial
waste. Agricultural waste as field residue is in the form of the waste left in the field, such
as stems, leaf stems, and seed pods. Process waste after harvesting is residue up to the
point where the crop is converted into another valuable resource. These remains consist of
leaf straw, stems, husks, bagasse, the bark of stem shells, and roots. Meanwhile, industrial
waste can be generated from food processing plants, such as potato chips, juice, candy, and
fruit industries, producing large organic residue every year (Sadh et al., 2018).
Agricultural waste material has been identified to contain high levels of potassium
produced as a by-product of the combustion of agricultural biomass waste. It is a potential
source of alkali, which can be used as an alternative to inorganic alkalis such as KOH
and NaOH. Research shows that the high catalytic potential of this waste ash can be
attributed to the high content of metal oxides, especially potassium and other metals such
as calcium, sodium, and magnesium, which are important sources of alkali production
(Betiku & Ajala, 2014; Abdullah et al., 2017b; Etim et al., 2020). Potassium derived from
agricultural waste is chemically pure and poses no threat to its development and use (Khan
et al., 2021). However, millions of tons of this waste biomass are found in various world
regions. Therefore, proper waste management is needed for optimal utilization, especially in
reducing environmental pollution and will reduce pollution. Various sources of agricultural
waste which have been studied are plantain peels (Betiku & Ajala, 2014; Onoji et al.,
2016), banana peels (Betiku et al., 2016; Gohain et al., 2017), orange peels (Lathiya et al.,
2018), cocoa pod husks (Syamsiro et al., 2012; Betiku et al., 2017; Campos-Vega et al.,
2018; Ofori-Boateng & Lee, 2013), coconut shell (Endut et al., 2017), rubber seed shell
(Onoji et al., 2016), oil palm trunk (Zulkefli et al., 2017) and rice husk (Chen et al., 2015).
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Agricultural waste has not been used, especially in rural areas, due to the lack of
knowledge and technology (Marshall & Farahbakhsh, 2013). The utilization of pineapple,
sugar palm, and orange plants so far has only been limited to fruit, while the leaves or
peels of each plant have not been widely used. According to the Food and Agriculture
Organization, citrus production, which dominates the global fruit market, reaches 68
million tons, with orange peel waste accounting for 44% of the weight of citrus fruits
(Widmer et al., 2010). Then the pineapple, whose leaves are only removed by burning
or left to rot (Yusof et al., 2015). Waste from pineapple plants is rich in lignocellulosic
materials, especially the pineapple leaves. Many studies show that pineapple leaves are
rich in insoluble fiber-rich fractions, wherein cellulose generally accounts for 20%—-25% of
dry weight (Huang et al., 2011). Similarly, pineapple leaf fiber has a high content of lignin
and cellulose, most of which are in the crystalline structure and hemicellulose (6%-19%).
The remainder consists of lignin (4%—15%), wax (4%), and ash (1%—5%) (Huang et al.,
2011; Hemalatha & Anbuselvi, 2013). Meanwhile, orange waste has 2.34% ash content,
42.7% carbon, 6.4% hydrogen, 1% nitrogen, and 47.6% oxygen. Furthermore, the pectin
content is 35.3%, hemicellulose is 16.6%, cellulose is 17.1%, and the remaining 28.7% is
lignin, protein and dissolved sugars, and some fats (Alvarez et al., 2018). The chemical
composition of sugar palm peels is fiber consisting of 43.88% cellulose, 33.24% lignin,
7.24% hemicellulose, 51.12% holocellulose, 1.01% ash, and 8.36% moisture content (Ilyas
et al., 2019). The three commodities above have biomass waste which can be processed
to produce new or smart materials, apart from the fact that their availability is continuous
and does not depend on the season.

In South Kalimantan, the well-known waste of pineapple leaves is from the Tamban
Pineapple Varieties, sugar palms growing well on land near swamps, have sap, sugar palm
fruit, and sugar palm peels which can be used as new materials. Marabahan Oranges or
Madang Oranges, also known in Malaysia and Saudi Arabia, compete with Bali Oranges for
their sweet taste. Remnants are fully utilized before they are converted into other valuable
resources. One of them is unconventional catalysts as a viable alternative to chemical
catalysts, and it has received considerable attention because it comes from biogenic/
biomass waste sources. It is renewable, non-toxic, biodegradable, easy and safe to develop,
non-corrosive, does not produce used water, is abundantly available and can be recovered
and reused (Giileg et al., 2019; Chakraborty et al., 2016). Heterogeneous catalysts derived
from biomass materials (sugarcane bagasse, wood ash, Lemna perpusilla Torrey, palm
kernel shell, banana peduncle, Enterolobium cyclocarpum pod husk, kola nut pod husk,
and tucuma peels) is effective and very efficient in biodiesel production. Transesterification
can catalyze oil with a high Free Fatty Acid (FFA) content of up to 3% or more and can
operate under mild conditions with a short residence time. The final product is pure and
does not cause any difficulties during the separation and purification process. There has
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been a great increase in the discovery of new biomass materials with effective catalytic
power, but most of them have not been studied. It is, therefore, necessary to develop a
database of biomass waste materials with the effective catalytic potential to exploit waste
biomass sources for the development of heterogeneous catalysis for biodiesel synthesis
(Sharma et al., 2012; Chouhan & Sarma, 2013; Abdullah et al., 2017a; Balajii & Niju,
2019; Falowo et al., 2019; Betiku et al., 2019; Mendonga et al., 2019; Etim et al., 2020).

Biodiesel is a potential option among existing biofuel production technologies. It has
renewable nature, low toxicity, and environmental impact if it is compared to petroleum-
based diesel (Daud et al., 2015). The biodiesel process is a production to process Refined
Bleached Deodorized Palm Oil (RBDPO) into Fatty Acid Methyl Ester (biodiesel). There
are several benefits of biodiesel for the environment, such as reducing CO, emissions,
particulates, and unburned hydrocarbons. These benefits make it promising (Mahmudul
et al., 2017). However, industrial developments, especially in South Kalimantan, have
generated waste of fatty matter and crude glycerol, which amounts to 10% of the daily
biodiesel production capacity of 1100 metric tons (mt).

Crude glycerol is a by-product of the biodiesel industry, which has begun to develop
in research in recent years. It is triggered by the development of the search for alternative
energy to meet energy needs in the future. The increasing target for biodiesel production
from year to year will also increase the crude glycerol produced as a by-product (Monteiro
et al., 2018; Chong et al., 2020). The source of glycerol comes from crude glycerol from
the biodiesel industry waste, which is previously purified. Crude glycerol can be used as
a starting material to produce valuable products such as mono, di and triacylglycerols and
through the esterification process.

It is estimated that in 2027 the annual production of crude glycerol globally will reach
3.9 billion liters (Ciriminna et al., 2014; Ardi et al., 2015). One solution for converting
glycerol into acetin derivative products is the esterification of glycerol with acetic acid
using a catalyst to obtain monoacetin, diacetin, and triacetin (Rastegari & Ghaziaskar,
2015; Oliverio et al., 2016; Nda-Umar et al., 2019). The group of acetin compounds such
as monoacetin (MAGQG), diacetin (DAG), and triacetin (TAG) are compounds that are widely
needed in the industry. Monoacetin and diacetin have applications in the food industry,
cryogenics for biodegradable polymers, and solvents (Kale et al., 2015; Gorji & Ghaziaskar,
2016). In addition, diacetin and triacetin can act as additives in various fuels to reduce
engine knocking, namely the ability to increase engine performance, octane rating, and
are used as an additive for biodiesel (Malaika & Koztowski, 2019; Herrada-Vidales et al.,
2020; Tasuna et al., 2021).

Several researchers have carried out the use of solid catalysts in the production of
acetin due to the ease in the product purification process, including ion exchange resins
(Dosuna-Rodriguez & Gaigneaux, 2012; Mufrodi et al., 2018; Caballero et al., 2019),
heteropoly acids, HPAs (Ferreira et al., 2011; de Abreu Dessimoni et al., 2018), clays
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(Dill et al., 2019; Yanti et al., 2019). The target is to reduce the import of chemicals,
especially new materials such as catalysts, by replacing the source of materials based on
wetland biomass which is very potential in South Kalimantan. From an eco-friendly point
of view, functionalized clay and activated carbon (Sulphonated Hydrothermal Carbon
(SHTC)) have been used in glycerol acetylation reactions to synthesize glycerol esters
(mono, di, and triacetin) (Ferreira et al., 2011; Khayoon & Hameed, 2011; de la Calle et
al., 2015). Studies that have been conducted (Ferreira et al., 2011; Khayoon & Hameed,
2011) using carboxylic acid reported that sulfonated carbon obtained by mild hydrothermal
carbonization of D-glucose achieved a combined selectivity of DAG of 74% and TAG of
64% at 120°C with a reaction time of 3 hours.

Optimizing the by-product and waste industry must become industrial supporting
materials and pioneering materials for future hopes (Kemenristekdikti RIRN 2017-2045,
2017). Therefore, the opportunity to be upgraded into applied research with Micro and
Small Enterprises and then into development research for commercialization in partnership
with the industry has a very big opportunity. The study aims to obtain the best catalyst
of the three types of wetland biomass by using catalyst characterization tests, including
catalyst components using X-Ray Fluorescence spectrometry (XRF), crystallinity using
X-ray Diffraction (XRD), pore size using Brunauer-Emmett-Teller (BET), and morphology
of the resulting catalyst using Scanning Electron Microscopy- Energy Dispersive X-Ray
(SEM-EDX). Furthermore, testing the performance of heterogeneous catalysts produced
to produce acetin (monoacetin, diacetin, and triacetin) used glycerol as a by-product of
the biodiesel industry purification.

MATERIALS AND METHODS
Materials

The raw material for biomass waste comes from sugar palm peels, Tamban pineapple leaves,
and Madang orange peels located in wetlands or swamps. Furthermore, crude glycerol was
a by-product of industrial biodiesel sourced from the palm oil agro-industry in Kotabaru
Regency, South Kalimantan. The materials used include active carbon, CH;COOH, H,SO,,
NaOH, NalO,, KOH, C,H0,, C,HsOH, HCI, bromthymol blue (BTP), and phenolphthalein
indicator, had a pre-analysis degree. Meanwhile, all heterogeneous catalysts were sourced
from orange peels, pineapple leaves, and sugar palm peels.

Preparation of Catalyst Source Material

The stage of providing catalyst material began with taking it at the source and sorting it to
ensure it was not mixed with other materials or biomass. Furthermore, washing, drying, and
drying in the sun are done until the water content is 10% (Moni et al., 2016). Furthermore,
the samples were mashed with a porcelain mortar and pestle and sieved using an 80 mesh
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sieve. The refined sample was then put into the NaberthErm brand furnace from Germany
for the calcination process. The furnace process was carried out for 4 hours at a temperature
of 800°C at a heating rate of 15°C min' and below a nitrogen flow rate of 150 ml min™
for an inert atmosphere. Furthermore, the charcoal was pulverized to 200 mesh by sifting
using an ASTM sieve measuring 200 mesh until a uniform size was obtained (Ogungbenro
et al., 2018; Yanti et al., 2019).

Synthesis of Wetland Biomass-Based Heterogeneous Catalyst

Sources of biomass that had gone through the preparation stage and calcined were extracted
using 3M NaOH solution in a ratio of 1:4 (w/t) from the weight of the biomass used. It
referred to previous research done by Heryani and Yanti (2020), which had produced silica
(Si0,) from the hydrolysis process with the addition of NaOH under alkaline conditions so
that the concentration of NaOH set to 3M could dissolve silica in biomass and produced
a gel-shaped solid. The leaching process was then carried out at 90°C for 12 hours, at a
speed of 300 rpm, using a magnetic stirrer. Furthermore, the extracted filtrate and residue
were separated with filter paper. The filtrate was then added with 1M HCI drop by drop
until the pH reached neutral (pH 7), and a white precipitate was formed. The precipitate
obtained was then washed with distilled water and baked in an oven at a temperature of
110°C for 6 hours for the drying process to form dry silica gel. The dry silica gel was then
ground into powder. Its final calcination was carried out at 700°C for 3 hours to obtain a
heterogeneous catalyst (silica) at a heating rate of 15°C min! and below a nitrogen flow
rate of 150 ml min™' for an inert atmosphere (Ogungbenro et al., 2018; Yanti et al., 2019).

Glycerol Crude Refining

The distillation process was carried out among by-products of glycerol from the biodiesel
industry and added with distilled water in a ratio of 2: 3 (v/v). Furthermore, 5% (v/v)
activated carbon was added after washing. The sample mixture and activated carbon were
stirred for 30 minutes, then allowed to stand for 24 hours. After 24 hours, the sample was
filtered using filter paper. Next, the sample was put into a rotary evaporator set at a vacuum
pressure and a temperature of 60°C. To increase the purity of glycerol, the bottom product of
the rotary evaporator was distilled for 4 hours. Then the physical properties were analyzed,
including glycerol content, water content, ash content, and density or density (Tan et al.,
2013; Domingos et al., 2019).

Characterization of Wetland Biomass-Based Heterogeneous Catalyst Synthesis

The characterization of the synthesis of heterogeneous biomass-based catalysts could be
carried out using the X-Ray Fluorescence (XRF) method with the PANalytical Epsilon 3
apparatus, which was used to determine the composition of the elements in the sample.
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The instrument was equipped with a Benchtop tube under a dispersive X-ray fluorescence
spectrometer. Then, characterization using the X-Ray Diffraction (XRD) method was
carried out with a Shimadzu XRD 7000 apparatus. The XRD pattern was measured at 30
mA and 40 kV under Cu-Ka radiation conditions at k = 1.54. The diffraction pattern was
observed at an angle of 20 from 10 to 90° with a step time of 0.5 s. The data obtained were
then processed using match software (Match Copyright 2003—-2016 Crystal Impact, Bonn,
Germany-Phase Analysis Report) to find the peak intensity component. Furthermore, the
Brunauer Emmett—Teller (BET) method was used to estimate the sample’s surface area.
Characterization was carried out using the ChemBET PULSAR Quantachrome apparatus
using the Nitrogen adsorption-desorption method at 195.8°C (77.35 K). The samples
were degassed at 300°C (573.15 K) for 5 hours under vacuum (6.58 x 10—5 1Torr!)
before adsorption. Finally, to determine the surface structure (morphology) and catalyst
components using Scanning Electron Microscopy-Energy Dispersive of X-ray Spectroscopy
(SEM-EDX) with the Hitachi SEM S-4700 tool (Buchori et al., 2020; Yanti et al., 2019)

Production of Acetin Additive

There were three types of acetin produced in this research: monoacetin, diacetin, and
triacetin. The production principle started from glycerol material derived from the crude
glycerol biodiesel industry. First, glycerol with a certain volume was put into a three-neck
flask, then heated to a temperature close to 100°C. Second, the acetic acid with a certain
volume was heated to a temperature of 100°C in an Erlenmeyer. Third, the acetic acid was
put into a three-neck flask, then heated to maintain the temperature while the magnetic stirrer
continued to run; the stirring speed was constant at 600 rpm. Next, put the heterogeneous
catalyst as much as 3% by weight of glycerol; the reaction process ran at a temperature
of 115°C for 180 minutes. Finally, the solution resulting from acetic acid and glycerol
reaction with a biomass-based silica catalyst was analyzed using Gas Chromatography-
Mass Spectrometry (GC-MS) from the Shimadzu (GCMS QP2010 Plus). The column oven
temperature is set to 100.0°C, with the split mode injection temperature of 250.00°C. The
flow control mode linear velocity is set to 107.2 kPa pressure, the total flow of 433.8 mL
min-1, column flow of 1.43 mL min-1, the linear velocity of 44.5 cm sec-1, purge flow of
3.0 mL min-1, a split ratio of 300.0 and injection volume of 1 microliter. The mixture of
compounds containing glycerol, acetic acid, monoacetin, diacetin, and triacetin could be
easily separated in gas chromatography so that GC identified all compounds.

RESULTS AND DISCUSSIONS
Characterization of Heterogeneous Catalyst Extract Yield

X-Ray Spectroscopy (XRF) showed that the highest Si element content was from sugar
palm peels at 40.017%, followed by Si element content from pineapple leaves at 34.072%
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and Si element content from orange peels at 29.201%. It showed that the calcination
process at 700°C in the catalyst extract of SiO, sugar palm peel was able to remove
dissolved impurities to increase the crystallinity of high-purity SiO,. In addition, according
to Ilyas et al. (2019), components contained in sugar palm peel, namely cellulose, lignin,
hemicellulose, holocellulose, were a constituent of fiber in a plant. Furthermore, the highest
Al content based on XRF results from orange peels was at 4.115%, followed by the content
of Al elements from sugar palm peels at 0.953%, and the catalyst extract from pineapple
leaves at 0.074%, as could be seen in Figure 1.
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Figure 1. Yield of wetland biomass-based heterogeneous catalyst extract

From Figure 1, it could be seen that the silica produced from the extraction of wetland
commodity sources contained Si elements having a high level of purity and was an element
that made up SiO, in plants. The results of previous research showed that the content of Si
elements from calcined pineapple leaves was 34.131%, orange peels were 30.102%, and
sugar palm peels were 12.281% (Heryani & Yanti, 2020). NaOH concentration, leaching
process, and temperature would affect the Si/Al content in silica sources obtained from
wetland-based plants. The higher the Si/Al ratio, the lower the crystallinity was. It was
known that citrus Si/AL is 7.10%., Pineapple Si/AL was 460.43%, sugar palm rind Si/AL
was 41.99%, and the catalyst was amorphous when the Si/AL ratio was 75%. After adding
acid, a clear glassy [Si(OH),] hydrogel was formed in the gelling stage. It was then dried
at 110°C to a constant weight. Drying was carried out to remove the water content in the
sample by evaporating water from its surface, obtaining dry silica gel by removing the
liquid present in the gel’s pores, and obtaining a white silica powder.

Characterization of Wetland Biomass-Based Heterogeneous Catalyst Synthesis

The characterization using X-ray diffraction (XRD) determined the crystallinity of the
heterogeneous catalyst synthesis material based on wetland biomass produced. The
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material’s crystallinity could be observed from the peak intensity generated on the
diffractogram. The results of the X-ray diffraction pattern using a long angle of 260 were
between 10° and 90°. The hump formed from the X-ray diffraction pattern showed that
all synthesis of heterogeneous catalysts based on wetland biomass was a combination
of amorphous and crystalline. Peaks that were clearly visible, high, sharp, and had high
intensity indicated an increasingly regular crystal arrangement so that it had a high level
of crystallinity. Then, if the material had low regularity (amorphous), the peak intensity
appearing on the diffractogram looked low, less clear, and wide.

The hump indicated that the amorphous structure was sloping and wide. In the synthesis
of sugar palm peel catalyst extract, the highest amorphous structure was at 20 at 10.17°,
while the highest amorphous structure in the synthesis of orange peel catalyst extract
was at 20 at 10.27°, and the highest amorphous structure in the synthesis of pineapple
leaf catalyst extract was at 20 at 10.09°. It showed that when the sample was calcined at
a temperature of 700°C with a holding time of 3 hours, a change began to occur, namely
the appearance of crystal peaks. The amorphous structure had enough energy to transform
into a crystalline structure, as shown in Figure 2. These broad peaks indicated that the
heterogeneous catalyst synthesis material based on wetland biomass had a crystalline
structure, meaning an orderly arrangement of particles.

From that Figure 2, it was obtained data in the form of distance among planes, intensity,
and angle (20), which was then matched with data on the JCPDS (Joint Committee for
Powder Diffraction) X-ray diffraction pattern. It was done so that the compounds contained
in the sample could be identified, as presented in Table 1.
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Figure 2. X-ray diffraction pattern of silica synthesized from wetland biomass-based heterogeneous catalyst
extract
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Table 1
Diffractogram peaks for the synthesis of wetland biomass-based heterogeneous catalysts
. Peak of Difactogram .
Silica Source Information
26 26 26
SiO, standard 26,640° 45,793° 50,139° JCPDS No. 46-1045
Si0, orange peel extract 25,664° 46,715° 50,727° Research
Si0, pineapple leaf extract 27,302° 45,410° 53,861° Research
Si0, sugar palm peel extract 28.331° 45.421° 50,183° Research

From Table 1, the diffractogram showed that all the results of the wetland biomass-
based synthesis of heterogeneous catalyst extracts identified the quartz SiO, form with a
sharp peak typical of silicon oxide (Si0O,). Similar XRD resulted in the catalysts of orange
peels and sugar palm peels because they had close Si/Al ratios. It was following the XRD
standard for the structure of silicon oxide (SiO,) JCPDS card No. 46-1045 in the ICDD
database. The wetland biomass-based synthesis of silica catalyst extract, whose process
ended with calcination at a temperature of 700°C, was able to form a fairly high intensity of
the crystalline and reduce the amorphous form. The results of previous research conducted
by Heryani and Yanti, 2020 were also following the XRD standard for the structure of
silicon oxide (SiO,) JCPDS card No. 46-1045 at 20 in the range of 25.917°-45.660° at a
temperature of 700°C that the product had a crystallinity which met the standard of silicon
oxide (Si0,).

Furthermore, the pore size measurement of the catalyst of the wetland biomass-
based synthesis obtained from the adsorption isotherm describes the type of adsorption
of the solid produced using the Brunauer Emmett Teller (BET) method. The pore size of
the material was classified into three according to its range: the microporous (<2 nm),
mesoporous (2—-50 nm), and macropore (>50 nm) areas. The pore size of the catalyst of
the synthesis of orange peel extract was 4.328 nm, that of pineapple leaf extract was 4.850
nm, and that of sugar palm peel extract was 5.658 nm. The organic matter content of large
sugar palm peels reached 69.59%, with the calcination process reaching a temperature of
700°C, causing the loss of these components to open the previously closed pores due to
the complex composition. It was higher than orange peels and pineapple leaves. It was in
line with research (Trisunaryanti et al., 2018) which successfully synthesized mesoporous
silica with a pore size diameter of 3.43 nm. It showed that the final leaching and calcination
process at 700°C for 3 hours was able to open the pores of the catalyst surface so that water
evaporation occurred on the porous catalyst surface. Pore size without calcination ranged
from 0.04 nm to 0.05 nm. The reaction for the formation of biomass-based silica through
the calcination process was as follows:

Compounds C, H, and Si + O, — CO, + H,0 +Si0,
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According to ALOthman (2012), this reaction produced silica in the form of a solid
such as a gel. The gel-shaped solid was then heated to remove the water content on the silica
surface and pulverized to obtain white silica powder. It was for various applications such
as gas and liquid separation, optical coatings, protective films, membranes, and catalysis.

Furthermore, the Brunauer Emmett—Teller (BET) results showed that silica synthesized
catalyst of orange peels had a surface area of 263.475 m? g'!. This result was in line with
research (Zhang et al., 2010), showing that SBET nano-silica catalyst synthesized surface
area was 120 to 288 m? g'!. The surface area of the catalyst of the synthesis of silica from
sugar palm peels was 10.884 m* g' and that from pineapple leaves was 35.983 m?* g
This result was in line with the silica catalyst research done by Putra et al. (2017), which
had a surface area of 39.7 m? g'!. Silica nanoparticles took an important role in scientific
research due to their easy preparation methodology and wide use in various applications.
The results of XRF analysis showed the presence of different ratios of Si and Al. The
ratio of Si and Al on the orange peel catalyst of 7.10% gave a sharper and narrower XRD
diffractogram meaning that the surface area of SiO, was much larger than the other two
catalysts. This phenomenon meant that there was high sample crystallinity. It showed that
the catalyst produced from biomass waste had the potential as a supporting catalyst in the
production process.

The characterization of the synthesis of wetland biomass-based heterogeneous catalysts
on orange peels, sugar palm, and pineapple leaves using Scanning Electron Microscopy-
Energy Dispersive X-Ray to determine the morphology and elemental content can be seen
in Figure 3.

Figure 3 shows the shape and size of the solids of the synthesis of wetland biomass-
based heterogeneous catalysts at a magnification of 10000x. The morphology of the orange
peel catalyst synthesis showed the presence of large lumps, but it had pores on the surface.
The pineapple leaf catalyst synthesis results showed that the morphology of the solid
surface filled with the pores was very dense, relatively small. The synthesis results of the

() (®)
Figure 3. SEM morphology of catalyst solids of (a) orange peels, (b) pineapple leaves, and (c) sugar
palm peels

Pertanika J. Sci. & Technol. 30 (3): 1861 - 1882 (2022) 1871



Hesty Heryani, Abdul Ghofur and Nursiah Chairunnisa

sugar palm peel catalyst showed that the surface morphology of the solids was irregular,

denser, and perforated on the surface. In addition, it showed that the silica particles were

not evenly distributed; some formed small particles, and some formed uneven lumps.
In line with the research results conducted (Heryani & Yanti, 2020), the SiO, catalyst of

orange peel extract was composed of a very
heterogeneous dense porous structure. The
Si0, catalyst of pineapple leaf extract was
composed of round lumps, and the SiO,
catalyst of sugar palm peel extract was
composed of small pores orderly.

The solid morphological results of
the catalyst using SEM supported the
diffractogram data in the International
Center for Diffraction Data database. The
catalysts synthesized from extracts of orange
peels, pineapple leaves, and sugar palm
peels had peaks already representing the
Si0, diffractogram with high crystallinity.
In the SiO, catalyst of orange peel extract
and the pineapple leaf extract, there was an
increase in fiber crystallinity caused by the
removal of non-cellulose fiber compounds
(lignin and hemicellulose) by chemical
treatment and calcination. The process
caused the SiO, catalyst of sugar palm peel
extract, pineapple leaf extract, and orange
peel extract to crystallize more with open
pores so that the surface area increased.

Then in the analysis of the Energy
Dispersive X-Ray test, the results of the
content contained in the wetland biomass-
based catalyst solids in Figure 4 showed that
the composition of the orange peel element
was O by 28.86%, Na by 21.83%, Al by
05.46%, C1 of 40.66% and K of 11.19%.
The elemental composition of pineapple
leaves was 38.44% O, 17.46% Na, 10.97%
Al, 17.50% CI, and 15.62% Si. Meanwhile,
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the composition of the sugar palm peel elements was O by 43.36%, Mg by 0.816%, Al by
01.39%, Siby 01.17%, P by 03.70%, and Ca by 42.22%. It showed that the ratio of Si and
AL indicated a high crystallinity process. It could increase the percentage of silica purity
due to the increasing number of impurities in the form of volatile compounds released,
and organic compounds can be degraded by heat. In addition, it meant that the catalyst had
a high selectivity. The elements contained in the wetland biomass-based catalyst solids
were micro and macronutrients which were very important for the growth process and
productivity of a plant.

Analysis of Acetin Products from Glycerol Esterification Results By-Products from
the Biodiesel Industry with Acetic Acid

Glycerol Crude Refining. The crude glycerol used came from the by-product of the
biodiesel industry in South Kalimantan. Before being used as a raw material to manufacture
acetin products, the impurities of crude glycerol needed to be removed using activated
carbon and purified using the evaporation method to remove water, methanol, and residual
acid. After purification, the yield obtained was 57.5% glycerol, while 42.5% impurities
such as water, residual methanol, catalysts, and others were lost. Therefore, the area was
57.5%, whereas the selectivity of triacetin was 100% when it was calculated. The total
area produced was only 57.5% because, in the esterification process, the main product was
triacetin. However, there were also by-products in the form of water and residual acetic acid.

Based on the chemical properties analysis carried out on the purified crude glycerol
and glycerol, it was known that the water content of crude glycerol before purification was
13.52%, and crude glycerol purified was 2.33%. The evaporation process influenced the
decrease during purification. According to Wu et al. (2020), the decrease in water content
was due to some of the water absorbed by the adsorbent (activated carbon). For the ash
content, the ash content of crude glycerol before purification was 4.54% and crude glycerol
purified was 4.35%. It showed that the low inorganic compounds in the form of metal and
mineral remnants contained therein. In terms of color, the crude glycerol turns from reddish
yellow to yellowish clear after purification. It was caused by the adsorption process using
activated carbon. According to Babayemi et al. (2021), activated carbon was a bleaching
agent that could adsorb color on glycerol. The activated carbon adsorption process could
separate glycerol from various impurities, including beta carotene dyes, MONG (non-
glycerin organic matter), and other compounds.

Furthermore, it was known that the pH of crude glycerol was 3.9 and the purified crude
glycerol obtained was a pH of 3.7. For crude glycerol before purification, it was known that
the glycerol content was 32.23%, and the glycerol content of the purified crude glycerol was
99.5%. Then, the density of crude glycerol, having not gone through the purification stage
of 1.255 g ml"' looked lower than the density of crude glycerol after purification of 1.265
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g ml"'. However, it followed the pro analysis glycerol standard, which was 1.260 g ml!,
due to other compounds present in crude glycerol before purification, such as methanol,
catalyst, water, gum, and others affecting its density. In this study, glycerol from crude
glycerol, a by-product of the biodiesel industry, which had been purified, was used as a
raw material to manufacture acetin products.

Testing the Performance of Heterogeneous Catalysts on Acetin Products

The products resulting from the esterification of glycerol and acetic acid with a
heterogeneous catalyst based on biomass waste were analyzed using Gas Chromatography-
Mass Spectrometry GC-MS. This treatment used variations in moles of reactants, namely
the formulation of moles of reactants 1:7, 1:8, 1:9, 1:10, 1:12 with a heterogeneous catalyst
ratio of 3% by weight of glycerol. A ratio of 12 acetic acids could produce a glycerol
conversion of 100% with a selectivity of 99.9% (Souza et al., 2017) and 75% glycerol
conversion with 91% selectivity (Chamack et al., 2018).

According to the attached journal, in general, it could be said that there was no
significant difference between 3% and 5% catalyst concentrations; thus, it could be

70
60
(2]
g 950
=}
B
5 40
£
®
<c):>30
X
20
10§
0
S S R S S S R S S S S SN S S
S 2 £ £ £ & % 2 B ¢ 2 & 8 & %
EE;EEQ&Q&Q_Q_Q_Q_QQ.
g & & & &8 & & a2 a9 a §& §& & 8 C
T ®© ® ® ®© £ £ £ = < 5 5 &6 o o
¢ ¢ ¢ 92 ¢ F §F & & & & o o o o
a4 & & & &a B3 B3 » » - 2 9 o O 0O
N N NN NN NN o oo o @ u
O g 9 9 9 9o 9 o 9o o
" 5 ® ©® ©® b B B B D
1.7 18 19 110 112 1.7 18 19 1:10 112 1.7 1.8 19 110 1:12

OMonoacetin (%) BDiacetin (%) BTriacetin (%)
Acetin Product Formulation with wetland commodity-based catalyst

Figure 5. The products of the esterification of glycerol and acetic acid with heterogeneous catalysts based
on biomass waste
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concluded that 3% catalyst concentration was the optimum concentration. The products
obtained were monoacetin, diacetin, and triacetin, presented in Figure 5.

From Figure 5, the results of the GC-MS analysis of acetin products showed at a
temperature of 115°C with a mole ratio of glycerol reagent with acetic acid 1:7; 1:8; 1:9;
1:10; and 1:12 resulted in different compositions of monoacetin, diacetin and triacetin
formed in the esterification reaction, some of which were formed but some were not.
This condition was because heterogeneous catalysts involved several reaction steps on
the catalyst surface, such as external and internal diffusion, the adsorption of molecules,
surface reactions, desorption, internal diffusion away from the catalyst surface, and external
diffusion. Therefore, variations in the molar ratio and catalyst concentration of 3% were
used, referring to the preliminary study using the same glycerol source as the esterification
process. It was in line with Arsyad et al. (2015) research.

The mole formulation of reactants at 1:7 and 1:9 with heterogeneous catalyst SiO,
derived from pineapple leaf extract resulted in acetin with the composition of monoacetin,
diacetin, and triacetin in the esterification reaction. The presence of Si and AL with a ratio of
1.42 indicated the crystallinity of the X-Ray Diffraction test, which aimed at characterizing
the crystal structure, crystal size of a solid material. An increase in crystallinity could be
seen from the peak formed by sharp and narrow X-ray diffraction, which showed the high
crystallinity of the sample. Each crystal gave a specific pattern so that the peaks’ position
in the diffractogram indicated the presence of a particular compound. The good selectivity
of pineapple leaves was shown by the results of XRF analysis on the characterization of
components, especially the difference between Si and Al ratios of 1.42. It showed the high
crystallinity of the sample and meaning each crystal gave a special pattern at the peak
position indicating the presence of the target compound, namely acetin.

At a mole ratio of 1:10, reactants with a heterogeneous catalyst SiO, pineapple leaf
extract formed the highest monoacetin composition of 57.14% at Mass Spectrometry Peak
8 with a retention time of 4.86 minutes. It was due to the difference in temperature of the
monoacetin production process.

Furthermore, the composition of diacetin formed at the ratio of moles of reactants
to moles of 1:7 with heterogeneous catalyst SiO, pineapple leaf extract was highest at
38.16% at Mass Spectrometry Peak 6 with a retention time of 8.23 minutes. Then for the
composition of triacetin formed at the ratio of moles of reactants to moles of reactants 1:12
with a heterogeneous catalyst SiO, orange peel extract, the highest was 60.54% at Mass
Spectrometry Peak 26 with a retention time of 13.232 minutes, which could be seen in
Figure 6. Selectivity was a measure of the catalyst in accelerating the reaction in forming
a product. In this study, the difference in the molar ratio used in producing acetin was a
determining factor for selectivity.
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Figure 6. Results of GC-MS analysis of Acetin products

CONCLUSION

The study results show that the three types of catalysts originating from wetland biomass,
namely Madang Orange peels, Tamban pineapple leaves, and sugar palm peels, are
heterogeneous catalysts that can produce acetin from biodiesel industry products in
the esterification process. The results of XRF analysis were on orange peels obtained
silica 29.201% and alumina 4.115%, pineapple leaves obtained silica 34.072% and
alumina 0.074%, and sugar palm peels obtained silica 40.017% and alumina 0.953%.
The diffractogram from XRD analysis showed that all heterogeneous catalysts had sharp
and narrow peaks, meaning that the crystallinity of the sample was high according to the
typical peak of silicon oxide (SiO,). The results of the BET analysis showed that the pore
size of the catalysts of orange peels was 4.328 nm with a surface area of 263.475 m? g”!,
pineapple leaves had a pore size of 4.850 nm, and a surface area 0f 35.983 m? g! and sugar
palm peels was 5.658 nm with a surface area of 10.884 m? g'!. Morphological tests using
SEM-EDX found that the catalyst of orange peels was composed of a very heterogeneous
dense porous structure, that of pineapple leaves was amorphous. In contrast, sugar palm
peels were composed of small, irregular pores. All the resulting heterogeneous catalysts
met the characteristics of standard SiO, silica catalysts. The ratio used in the esterification
process for acetin production was 1:7; 1:8; 1:9; 1:10; and 1:12. The molar ratio which gave
the best acetin product selectivity was 1:9. In fulfillment in the industry, acetin can be used
for the food and non-food industries.
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ABSTRACT

The Performance of Discrete Fourier Transform (DFT)-based watermarking methods has
been carefully examined in the literature. Although the watermark in most of the literature
was embedded in the DFT magnitudes using bit plane embedding, it was recently embedded
in the Direct Current (DC) coefficient in the spatial domain. However, data loss due to
rounding and replacement operations are still evident. Therefore, the objective of the method
proposed here was to combine previous literature designs to implement a reversible DFT-
based watermarking method for image ownership protection using bit plane embedding in
the DC coefficient. The watermark was embedded in a middle bit plane of the DC coefficient
for each DFT-transformed image block. In order to ensure reversibility and improve the
security level, a combination of double Feynman and XOR gates was used to shuffle the
watermark bits. The results revealed that the 8" (PSNR/SSIM = 32dB/0.8826), the 9"
(PSNR/SSIM = 38dB/0.0.9587), and the 10™ (PSNR/SSIM = 44dB/0.9917) bit planes for
block sizes of 4x4, 8§x8, and 16x16, respectively, were the best bit planes showing good
imperceptibility and resistance to compression, filtering, and noise attacks. In conclusion,
embedding the DC coefficients rather than all the magnitudes has influentially increased
the watermarking robustness. In contrast, embedding the DC coefficients in the frequency
domain rather than the spatial domain reduced the image’s structural contents distortion.
Furthermore, the proposed method for
grayscale images is effective in applications
where reversibility is desired. However,
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INTRODUCTION

Protection of intellectual rights has recently become crucial due to the huge amounts of
digital media being increasingly transmitted throughout the internet. Watermarking is one
of the most powerful techniques to protect digital media from intentional or unintentional
tampering behaviors (Feng et al., 2019). It is widely used in applications of ownership
pretensions and confirming copyrights (Luo et al., 2021). Digital watermarking embeds
watermark information in the host media in some way that prevents it from being destroyed
and being matched later with those of the owners (Feng et al., 2019). The basic requirements
that must be taken into consideration in designing a digital watermarking system are
imperceptibility, payload, and robustness, where imperceptibility means the amount of
perceptual effect of an embedded watermark on the quality of the host media, while payload
refers to the amount of information that can be embedded in the host media without affecting
the quality (Qasim et al., 2018). Robustness denotes the ability of a watermarking method
to resist attacks. However, not all watermarking methods can resist all types of attacks. For
instance, fragile watermarking methods cannot resist slight tampering of host media. On
the other hand, robust watermarking methods can resist intentional and malicious attacks.
There are semi-fragile methods that can withstand only unintended attacks, such as noise
attacks and JPEG compression (Menendez-Ortiz et al., 2019). There is a trade-off between
payload and both robustness and imperceptibility. A large payload can be acquired by
compromising either robustness or imperceptibility (Ansari et al., 2018).

In some critical applications, such as medical applications, reversible watermarking
methods are required to restore the original copy of the host media. Indeed, reversible
watermarking methods recover the host media without any loss if the channel is noise-
free. In contrast, a complete recovery of the host media cannot be guaranteed if there are
attacks (Menendez-Ortiz et al., 2019).

Watermarking methods can be divided into three categories according to the extraction
process. Blind extraction does not require additional information other than the secret key
to retrieve the watermark. Non-blind extraction, on the other hand, necessitates both the
watermark and the original media, whereas semi-blind extraction necessitates the watermark
to extract the embedded watermarks (Khalilidan et al., 2020). A watermark is embedded
either in the spatial or frequency domain. In the frequency domain, the most commonly used
transforms are the Discrete Cosine Transform (DCT), Discrete Wavelet Transform (DWT),
and Discrete Fourier Transform (DFT) (Jimson & Hemachandran, 2018). The performance
of DFT-based digital watermarking methods has been carefully examined in various studies
(Table 1). For instance, Ahmed and Moskowitz (2004) proposed a bit plane embedding
method to embed the watermark in the middle bit plane of the rounded magnitude. This
study found that the 13% bit plane was the optimum plane for embedding. In additional
work, Ahmed and Moskowitz (2006) proposed a semi-reversible method where the bit plane
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(i-1) was replaced with the embedding bit plane (i) prior to the embedding process to
recover the most impact bit plane on image quality during the extraction process.

In another study, Zhu et al. (2007) examined the fragility of the method proposed
by Ahmed and Moskowitz (2004) against malicious attacks. This study found that the
embedding in the 9" bit plane did not resist any unintended or malicious attacks but reserved
good image quality. In contrast, embedding in the 13" bit plane showed good resistance to
JPEG compression; however, it was very fragile against tampering. On the other hand, Su
et al. (2019) embedded the watermarking bits by modifying the pixels of colored image
blocks based on the Direct Current (DC) coefficients, which were calculated in the spatial
domain, and their optimal boundary values. Finally, Zhang et al. (2020) proposed a blind
color image watermarking algorithm in the spatial domain. The embedding strategy in
this study was designed based on the similarity between the values of the DC coefficients
of adjacent blocks.

Table 1
The design of the related DF T-based watermarking method

Host Watermark  Embedding Place of

Method Domain image image technique  embedding Reversibility

Ahmed and Frequenc 512x512 512x512 Bit plane Real Irreversible

Moskowitz (2004) d Y grayscale Binary embedding  magnitudes

Ahmed and Frequenc 512x512 512x512 Bit plane Real Semi-

Moskowitz (2006) d y grayscale Binary embedding magnitudes  reversible

512x512 512x512 Bit plane Real .

Zhu et al. (2007)  Frequency grayscale Binary embedding  magnitudes Irreversible
. 512x512 32x32 Quantization DC .

Su et al. (2019) Spatial RGB RGB technique coefficient Irreversible

Zhang et al. Spatial 512x512 32x32 Quantization DC Irreversible

(2020) p RGB RGB technique coefficient

Previous studies, however, suffered from data loss due to rounding and replacement
operations which made them irreversible. Therefore, the objective of the proposed method
here was to implement a reversible watermarking method. The current method combines
the designs of the abovementioned studies listed in Table 1. It implemented a bit plane
embedding in the DC coefficient in the frequency domain. The watermark was embedded
in a middle bit plane of the DC coefficient for each DFT-transformed image block (Figure
1). In order to ensure reversibility and improve the security level, the proposed method
used a combination of double Feynman and XOR gates to shuffle the watermark bits with
both the secret key and the original bit of the selected bit plane.
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MATERIALS AND METHOD

is
Discrete Fourier Transform (DFT)

DFT is one of the most widely used transforms in the digital watermarking algorithm. For
example, the digital image can be transformed into the DFT domain by Equation 1 below

(Qasim et al., 2018):

N—1M—-1 fux )
F(u,v) = f(x,y)e_jzn Ntw [1]

where M and N are the image dimensions, and f{x,y) is the image’s pixel. DFT coefficients,
F(u, v), are complex numbers. In polar form, the real R(u, v) and imaginary /(u, v) parts
of the coefficients are expressed as the magnitude and phase, which can be computed by

Equations 2 and 3, respectively (Qasim et al., 2018):

|F(u,v)| = [R*(u,v) + I*(u, v)]% [2]

I(u,v

(w,v) = tan™?! [R(u, ”

The phase is more significant than the magnitude since the magnitude includes fewer
pieces of information (Jimson & Hemachandran, 2018). F(0,0) is often called the DC
coefficient, representing the image’s average brightness (Zhang et al., 2020). The Inverse
Discrete Fourier Transform (IDFT) can be computed by the following Equation 4 (Qasim

et al., 2018):
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N-1M-
1 ux v
fy) = 5 Z z F(u, v)e 2" i) [4]

Feynman Gate

The reversible logical gate maps one input to one output without data loss, e.g., NOT
and XOR gates. Feynman gate is a reversible logical gate of two inputs and two outputs.
The first input is the control and the second one is the target. The Feynman gate negates
the target input only if the control input is set. Therefore, it is known as the “Controlled
NOT” gate. The Double Feynman gate comprises two Feynman gates (Figure 2) (Krishna
& Ramesh, 2019).

A 4 X=A
A ’L X=A

B o Y =A®B
B \ Y =A®B A
U

Z=A®C

(a) (b)

Figure 2. (a) Feynman gate (b) Double Feynman gate (Krishna & Ramesh, 2019)

Proposed Method

Embedding Process. The in-detail steps of the embedding process included the following
(Figure 3):

Step-1: The host image /, of size M*xM, was subdivided into non-overlapping blocks of
size NXN.

Step-2: Each block was transformed to the frequency domain using DFT.

Step-3: The original watermark W was shuffled with the secret key K and the selected
middle bit plane BP of the DC coefficient of each block using a combination of
double Feynman and XOR gates. Both W and K were binary images of size M/
NxM/N.

Step-4: Every bit of the shuffled watermark Wy was embedded in the selected middle bit
plane BP of the DC coefficients.

Step-5: IDFT was applied to produce the watermarked image /.
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Figure 3. The embedding process of the proposed method

Extraction Process. The extraction process required the original watermark to extract the
hidden watermark because the proposed method was a semi-blind watermarking method.
The extraction process included the following steps (Figure 4):

Step-1: The watermarked image /,, was subdivided into non-overlapping blocks of size
NXN.

Step-2: Each block was transformed to the frequency domain using DFT.

Step-3: The hidden watermark W was extracted from the selected bit plane of the DC
coefficients of each block.

Step-4: The original watermark W was re-initialized using the secret key K, such that Wy
= WPK.

Step-5: W, was passed to XOR gate along with Wy;.
Step-6: The result of Step 5 was passed to XOR twice with the following:

1st. The original watermark W to recover the original bit plane of the DC
coefficient, replaced by those of each block.
2nd. The recovered bit plane of the DC coefficient to extract the watermark.

Step-7: The magnitude and the unchanged phase were passed to IDFT to recover an
identical copy of the host image.
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Figure 4. The extraction process of the proposed method

Analysis of the Performance

Several metrics can ensure that the digital watermarking methods achieve the most
important requirements of secure watermarking. Peak Signal-to-Noise Ratio (PSNR) is the
most widely measure used to test the method’s imperceptibility. PSNR can be computed
according to the following Equation 5 (Qasim et al., 2018):

MAX}?
MSE

PSNR(I,1,,) = 10 X log;, [5]

where [ and /w are the host and watermarked images, respectively. MAX denotes the value of
the maximum sample, and MSE, the Mean Square Error (Equation 6) (Qasim et al., 2018):

M—-1N-1

1
MSEQL L) = 7= >° > (G = hy()? (6]
i=0 j=0

The main component of PSNR is the squared error values that refer to the difference
between the co-located pixel values. The accepted value of PSNR is greater than 30 dB
(Setiadi, 2021). When the two images are identical, the value of the corresponding PSNR
is infinite. Accordingly, the value of PSNR must be sufficiently large to assert that the
watermarking methods are imperceptible (Begum & Uddin, 2021). Structural Similarity
Index (SSIM) is a more recent measurement than PSNR that measures the similarity
between two images based on the luminance, contrast, and correlation coefficients (Setiadi,
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2021). The SSIM between the host image / and the watermarked image /; can be computed
as the following Equation 7 (Qasim et al., 2018):

(Zu,u,w + cl)(Zcov +c;)
(12 + i, + ¢ )(o? + af + c;)

where u, o, and cov are the mean, standard deviations, and covariance, which

[7]

SSIM (1, 1,,) =

measure the luminance, the contrast, and the structure, respectively.
¢;=(0.01L)* and ¢, = (0.03L)* where L= 25-1.

The value of SSIM is between -1 and 1 (Qasim et al., 2018), where one is for the
structurally identical images. Therefore, the closer the SSIM value is to 1, the more
imperceptibility is (Begum & Uddin, 2021).

Normalized Cross-Correlation (NCC) was used to evaluate the robustness of the
watermarking method. First, it is computed between the extracted watermark " and the
original watermark  according to the following Equation 8 (Su et al., 2019):

L 2 W3EDW'(E))

NCC =
\/Eﬁil W) JZ?L L WD

[8]

where M and N are the image dimension (Su et al., 2019). The optimal value of NCC is 1.
Thus, the closer the NCC value to the optimal value, the more robust the method is (Begum
& Uddin, 2021). On the other hand, Accuracy Ratio (AR) is the ratio of the correctly
extracted bits C, to the original watermark bits &,. It can be computed as the following
Equation 9 (Qasim et al., 2018):

AR - Cb/Nb [9]

RESULT AND DISCUSSION

Inclusive experiments have been performed using MATLAB to evaluate the performance
of the proposed method. These experiments have been conducted on a set of both colored
and grayscale standard images of size 512 x 512 as host images and a binary image of
size 512/N x 512/N as a watermark image where N = {4, 8, 16}. N also represents the
dimension of the host image’s squared blocks (Figure 5). Because the image’s blocks are
square, N will be used throughout the rest of this paper to represent block size.

The strategy of the experiments included the following sequential steps:

1. Investigate the appropriate bit planes for embedding for each block size.
2. Investigate the suitable block size among those blocks.
3. Compare the proposed method to other related works.
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(b)

Figure 5. The dataset used in the experiments (a) the host images (b) the watermark image

Experiments on Grayscale Images

The grayscale image of “Lena.bmp” was used to investigate the appropriate bit plane
for embedding to fulfill the requirements of digital watermarking methods and achieve

reversibility. The experiments were performed for N = {4, 8, 16} and BP = {4,

L15).

PSNR and SSIM were computed between the original and watermarked images to measure
the imperceptibility. Furthermore, they were computed again between the original and
recovered host images to check the reversibility (Figures 6 & 7). The NCC and AR were
calculated for the same N and BP values to assess the robustness (Figure 8).
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Figure 6. The PSNR of the proposed method uses different bit planes BP and block size N of the grayscale

image of "Lena.bmp"
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Figure 7. The SSIM of the proposed method uses different bit planes BP and block size N of the grayscale
image of “Lena.bmp”
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Figure 8. The robustness of the proposed method using different bit planes BP and block size N of the non-
attacked grayscale image of “Lena.bmp”

Equation 10 represents the relationship between block size N and the bit plane BP.

BP; = BP; + 2 x (log,(N;) —log,(N))) [10]

According to Equation 10, the difference between the original and the watermarked
images was almost constant for different N values. The PSNR in the case of embedding in
BP =6 for N = 8 was almost the same as the PSNR of embedding in BP =4 and BP = § for
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N=4 and N=16, respectively. However, this relationship did not apply clearly to the values
of SSIM. Figures 6, 7, and 8 show that, for each value of V, there is a set of bit planes BP
that fulfills good imperceptibility (PSNR > 32 dB) and reversibility (PSNR = Inf) as well
as full robustness when no attacks (NCC = 1). These sets were BP= {5, 6, 7, 8}, BP = {7,
8,9,10}, and BP = {9, 10, 11 ,12} for N=4, N=8, and N=16, respectively. Accordingly,
further tests have been performed to decide the embedding bit plane among those ranges
that could achieve the highest robustness against JPEG compression 50%, filtering attack
(Median filter 3 x 3, and Low pass filter 3 x 3), and noise attack (Gaussian noise, Poisson
noise, Salt & pepper noise, and Speckle noise) (Figures 9, 10, & 11).
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Figure 9. The robustness of the proposed method against JPEG compression 50% using the grayscale image
of “Lena.bmp”

Figures 9, 10, and 11 show that the greater the value of BP, the lower the imperceptibility
(Figure 12) but the higher the resistance to attacks conversely (Table 2). Therefore, the
appropriate bit planes are BP=8, BP=9, and BP= 10 for N =4, N =8, and N=16, respectively.
However, the embedding in bit plane BP =9 in the case of N = § could be considered a suitable
choice that fulfills the tradeoff between the basic digital watermarking requirements. Finally,
it is worth noting that the payloads of the proposed method are 0.0625 bit/pixel, 0.0156 bit/
pixel, and 0.0039 bit/pixel for N =4, N =8, and N = 16, respectively.

Additional grayscale images were used to test the efficiency of the proposed method in
the case of embedding in the bit plane BP =9 for block size N = § (Table 3).
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Figure 12. The imperceptibility of the proposed method using the grayscale image of “Lena.bmp”
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BP =10, N=8, BP = 10, N=16, BP =11, N=16,
PSNR/SSIM= 323504/ 0.8248 PSNR/SSIM=44.1942/ 0.9837 PSNR/SSIM= 38.1736/ 0.9534

Figure 12. (Continue)

Table 2
The NCC/AR of the proposed method on the attacked grayscale image of “Lena.bmp”
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The efficiency of the proposed method in the case of embedding in bit planes BP =9
and BP =13 for N = 8 was compared with the bit plane embedding method proposed by
Ahmed & Moskowitz (2004) (Figure 13). Despite the high capacity and imperceptibility
of the method proposed by Ahmed and Moskowitz (2004), which involved all the
magnitudes in the embedding process, it showed low robustness compared to the current
method. The proposed method utilized only the DC coefficients in the embedding.
Furthermore, according to the proposed method, embedding in the 9" bit plane showed
higher imperceptibility and robustness than the embedding in the 13" bit plane, according
to Ahmed and Moskowitz (2004).

pavioad (i/pixe) o

Robustness against median filter (3x3)-NCC

Robustness against gaussian noise 0.001-NCC

13

Robustness against JPEG compression 95%-NCC

Robustness against JPEG compression 40%-ncc [ SETE NI S
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PSNR
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PSNR
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m The proposed method m Method of Ahmed & Moskowitz (2004)

Figure 13. The comparison between the proposed method and the method of Ahmed and Moskowitz (2004)

Experiments on Colored Images

For the colored images, the same steps of the proposed method were carried out on the
luminance components (Y) after converting the host image into YUV color space. The
previous experiments were performed again on the colored image of “Lena.bmp” to
investigate the appropriate bit planes for embedding (Figures 14, 15, & 16). It should be
pointed out that the PSNR of the colored images was computed for only the luminance
channel.

Figures 14 and 15 show that reversibility was not achieved for the colored images using
the embedding into any bit plane (PSNR # Inf) regardless of the block size despite the high
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corresponding SSIM values. However, the set of bit planes that fulfill good imperceptibility

and some levels of robustness (Figure 16) were BP = {5, 6, 7, 8}, BP = {7, §, 9, 10}, BP
={9, 10, 11, 12} for N=4, N =&, and N = 16, respectively.
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Figure 14. The PSNR of the proposed method using different bit planes BP and block size N of the colored
image of “Lena.bmp”
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Figure 15. The SSIM of the proposed method using different bit planes BP and block size N of the colored
image of “Lena.bmp”
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Figure 16. The robustness of the proposed method using different bit planes BP and block size N of the non-
attacked colored image of “lena.bmp”

I 0.9211

Figures 17, 18, and 19 show the robustness of the proposed method against attacks. In
addition, Figures 17, 18, and 19 reveal that the bit planes BP =8, PB=9, BP =10 for N =
4,N =8, and N = 16, respectively, could be used for semi-fragile watermarking depending
on the system requirement (Table 4) (Figure 20).
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Figure 17. The robustness of the proposed method against JPEG compression 50% using the colored image
of “Lena.bmp”
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Figure 19. The robustness of the proposed method against noise attacks using the colored image of “Lena.bmp”
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Table 4
The NCC/AR of the proposed method on the attacked colored image of “Lena.bmp”
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BP =7, N=4, BP = 8, N=4, BP =9, N=8,
PSNR/SSIM= 38.2767/0.9975 PSNR/SSIM= 32.2592/0.991 PSNR/SSIM= 38.2769/0.9983

BP =10, N=8, BP = 10, N=16, BP =11, N=16,
PSNR/SSIM= 32.2589/0.9939 PSNR/SSIM=44.0996/0.9997 PSNR/SSIM= 38.0798/0.9989

Figure 20. The imperceptibility of the proposed method using the colored image of “Lena.bmp”

Additional colored images were used to test embedding efficiency in the bit plane BP
=9 for block size N = 8 (Table 5).

The efficiency of the proposed method was compared with both methods of Zhang
et al. (2020) and Su et al. (2019) (Figure 21). In this comparison, the embedding was
performed on the colored image of “Lena.bmp” in RGB color space. The watermark was
embedded in the DC coefficients of red, green, and blue components in the bit plane BP
= 8, and BP=10 for block sizes N = 4, and N = 8, respectively. Despite the high PSNR
of Zhang et al. (2020) and Su et al. (2019), the proposed method outperformed these two
methods in terms of SSIM values regardless of the payload. It means that the distortion in
the structural contents of the image due to embedding was less in the currently proposed
method. Figure 21 shows that both Zhang et al. (2020) and Su et al. (2019) methods were
more robust against JPEG compression. In contrast, the level of robustness against salt &
pepper noise was very close in all the methods, despite the high payload of the proposed
method in the case of N =4, which reached double the payload of both Zhang et al. (2020)
and Su et al. (2019) methods. On the other hand, the robustness of the median filter was
less robust in the proposed method when N = 4.
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® The proposed method, N=4, BP=8 ® The proposed method, N=8, BP=10

H Method of Su et al. (2019) ® Method of Zhang et al. (2020)
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Figure 21. The comparison between the proposed method and the methods of Zhang et al. (2020) and Su et
al. (2019)

CONCLUSION

This paper proposed a semi-fragile, semi-blind watermarking method for image ownership
protection. The watermark was embedded in a middle bit plane of the DC coefficients
of the DFT magnitudes. The proposed method used a combination of double Feynman
and XOR reversible gates to shuffle the watermark with the secret key and original bit
plane of the DC coefficients to improve the security level and ensure reversibility. The
experimental results on grayscale and colored images show that the greater the bit plane
of DC coefficients, the more robust but less imperceptible the watermarking method is.
However, the best bit planes used for semi-fragile embedding were BP =8, PB=9, BP =
10 for block sizes N =4, N =&, and N = 16, respectively. Compared to related works, it
was discovered that utilizing only the DC coefficients rather than all the DFT magnitudes
has a significant impact on increasing robustness. In addition, embedding a watermark
in the DC coefficients in the frequency domain rather than the spatial domain reduces
the structural content’s distortion of the image. Furthermore, the proposed method using
grayscale images is particularly effective in applications where reversibility is desired.
However, further studies are recommended to find a reversible embedding method for
colored images.
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ABSTRACT

The Middle Eastern region has witnessed many cyber-attacks in recent years, especially
in Saudi Arabia. Saudi Arabian organisations face problems anticipating, detecting,
mitigating, or preventing cyber-attacks despite policies and regulations. The reasons for
this have not been investigated adequately. This research aims to study the methods used
to address cyber security issues in the private sector. A survey of IT managers of private
organisations yielded 230 usable responses. The data were analysed for descriptive statistics
and frequency estimations of responses, and the results are presented in this paper. Poor
awareness of cyber security issues is reflected in the survey responses. The expenditure
on cyber security, especially by large firms, was inadequate. There was a greater tendency
to outsource many aspects of cyber security without concern about the risks. A very small
percentage of IT managers considered the certainty of a cyber threat within the next year.
It is important from the point of proactive strategies to prevent attacks. The findings
highlight a lack of required knowledge and skills in performing their expected roles well.
Additionally, many weaknesses have been detected in cyber security management in
Saudi private organisations, and there is room to improve the quality of computer security
systems. The published literature largely supported this. The findings from this study have
implications for the stakeholders, especially IT managers working in the private sector of

Saudi Arabia. The learnings from this study

may be used to address the vulnerabilities
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INTRODUCTION

The occurrence of cybercrimes has increased in recent years. In 2020, Interpol reported
that the global health crisis due to Covid-19 had been further complicated by cyber-
attacks related to the pandemic, thereby causing a considerable strain on healthcare and
law enforcement authorities worldwide. It is estimated that approximately 907,000 spam
messages, 737 incidents related to the malware, and 48,000 malicious URLs, all related to
Covid-19, were identified between January and April 2020. The attacks have increasingly
been aimed at big corporations, governments, and critical infrastructure, all of which have
a significant role in dealing with the pandemic. Out of 194 countries, 48 participated in
an Interpol survey from April to May 2020. Thirteen private partners provided additional
data. The results showed Europe sharing 42% of the attacks and the MENA region sharing
10% of the attacks. The types of attacks were online phishing and scams (most frequent),
disruptive malware such as DDoS, data harvesting malware, malicious domains, and
misinformation (Stock, 2020).

The global costs of cybercrime increased from $3 trillion in 2015 to $6 trillion in 2021
and are expected to increase further to over $10.5 trillion by 2025. These estimates do not
include non-monetary cybercrimes like violence, stalking, and sexual exploitation through
the internet (Hawdon, 2021).

Most cyber-attacks occur due to a lack of awareness and vigil when dealing with
the internet leading to inadvertent actions which attract cyber-attackers. Therefore, the
main issue arising from the above trends is creating awareness to reduce vulnerability to
cyberattacks at all levels.

Saudi Arabia continues to be a key target for cyberattacks due to its oil resources and
its location in the geopolitically tense Middle East. The International Data Corporation’s
(IDC) most recent Chief Information Officer (CIO) Survey conducted in Saudi Arabia
revealed that about 60% of Saudi CIOs perceive their biggest technological challenge
as cyber security management. The impact of this perception may be on about 46% of
Saudi CIOs. An estimated 75% of them have their highest priority business objective
as investments in privacy and cybersecurity, especially with their digital transformation
agendas. Cyber security readiness is becoming an important performance indicator of Saudi
Arabian firms for addressing the country’s goals for achieving its Vision 2030 (Wright
& Allan, 2020). These observations show that lack of awareness by internet users leads
to increased vulnerability to cyber-attacks. The global observation of creating increased
awareness to reduce vulnerability is equally important to Saudi Arabia.

Hence, this research investigates the awareness and the methods used to address cyber
security issues in the Saudi private sector. It is the opportune moment for such a study
because Saudi Arabia, as in the case of the rest of the world, is during the new waves
of delta and Omicron variants of the covid pandemic, providing cybercriminals with an
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excellent opportunity for their nefarious activities. The intention is to use the survey findings
to recommend improvements in the current database systems of Saudi private sectors for
enhanced cyber security.

The findings show that IT managers of Saudi private organisations are not adequately
aware of the issues related to cyber security and how to protect and mitigate cyber security
breaches. These observations stress the need to train them on possible types of cyber security
breaches, proactive and mitigation strategies.

The rest of this paper is organised in the following manner. The next section reviews
the published literature related to the topic to justify this study. It is followed by the
Methodology section describing the procedure adopted for collecting and analysing data
to achieve the aim of this study. The results obtained from the collected and analysed data
are presented in the Results section. These results are discussed, interpreted and explained
with the literature support in the Discussion section. The Conclusion section captures the
main points of this research. Some recommendations to improve cyber security in Saudi
private organisations are derived from the findings listed in the Recommendations section.
Finally, some limitations of the study are enumerated with explanations.

LITERATURE REVIEW

The vulnerability to cyber-attacks increases with the increasing use of the internet. The
rapid increase in internet and social media use by Saudi people makes them increasingly
vulnerable. According to the statistics published by ITU (2021), 4.9 billion people (63%
of the population) were using the internet in 2021 worldwide. About 66% of the Arab
population was using the internet this year. More male and young population in urban areas
was using the internet than the female and older population in rural areas. The Middle
East and specifically Saudi Arabia, have witnessed a surge in the number of internet users,
reaching approximately 22.4 million in 2016 (Alzarhani & Alomar, 2016) and 33.58
million out of an estimated population of 35.08 million (95% of the population are internet
users) in 2021, spending an average of 7 hrs and 45 minutes on the internet (The Global
Statistics, 2022). There is also a substantial increase in different internet services in Saudi
Arabia. According to GMI (2021), 27.8 million (79.25% of the population) use and spend
about three hours daily on social media. More than 25 million (70%) of the population
uses YouTube, Instagram, Facebook, and Twitter. Most people send and receive messages
on WhatsApp (80%), followed by Facebook and Snapchat (about 54%). Men and the
younger generation see social media ads more than women and the older generation. It
has meant that the number of internet users has increased over the years, and the variety
of services utilising the internet and providing their services online has also risen. The
Saudi population’s increased vulnerability due to increased internet and online services
usage is compounded by a lack of Information Security Awareness (ISA) found in Saudi
Arabia (Alzarhani & Alomar, 2016).
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Cybercrimes include a host of different activities such as hacking, identity theft, virus
dissemination, denial of service attack, phishing, spamming, cyberstalking, and cyber
terrorism, to name a few (Elnaim, 2013). In Saudi Arabia, the largest cyber-attack took place
on the Aramco oil plant in August 2012. A Shamoon virus attack damaged an estimated
30,000 computers to stop oil and gas production at the biggest OPEC exporter. Aramco
had been the prime target for repeated cyber-attacks with malware like Emotet. Increased
frequency of attacks was noted even as late as the final quarter of 2019 (Hydrocarbon
Processing, 2020). However, Aramco had been able to survive these attacks through
methodical strategies. Many other companies in Saudi Arabia may not have had the
resources and know-how to do so. The Aramco incidences show how awareness helps to
devise strategies against cyber-attacks.

According to Perlroth and Krauss (2018), the August 2012 attack was meant to trigger
an explosion. Instead, it represented the threatening intensification of international hacking
by anonymous operatives who possessed the drive and the ability to cause severe physical
damage. The incident also posed a similar threat to other countries.

In 2017 there was a string of hacking attacks on petrochemical plants in Saudi Arabia.
Computer screens went blank at the National Industrialization Company (Tasnee), one of
the very few privately owned Saudi petrochemical companies leading to the hard drives
being destroyed and data erased to appear the image of a Syrian child who had drowned
off the Turkey coast when the family was fleeing civil war. Thus, a political message
was also intended. Simultaneously, about 15 miles away, computers crashed at Sadara
Chemical Company, a joint venture between Saudi Aramco and Dow Chemical. These
attacks thwart Crown Prince Mohammed bin Salman’s aim to accelerate Saudi Arabia’s
economic growth through private participation and diversification from oil. The attack on
a private oil processing firm was interpreted as an indication. This attack compromised
the computerised controllers, which are also used for many worldwide applications. The
official website of King Saud University, too, suffered a hack by unknown entities, which
led to a data dump of users’ information (Alzarhani & Alomar, 2016). Therefore, these
attacks exposed the vulnerability of even the most dependable systems in the country. The
success of cyber-attacks on private firms shows how the lack of awareness can prevent
implementing strategies to protect vital installations.

It is even more alarming when the study by Kaspersky Lab states that approximately
60% of institutions in Saudi Arabia have experienced virus and malware attacks from
August 2016 to August 2017 (Alshammari & Singh, 2018). Another alarming statistic is
that from 2012, 40% of social media users in the country fell victim to some cybercrime. In
the same year, such cybercrimes cost the country approximately $693 million (Alshammari
& Singh, 2018). Therefore, it is evident that cybercrime is on the rise in Saudi Arabia and
requires strict and effective measures to prevent them from reducing the cost burden.
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In the wider context of the region, poor preparedness against cyber-attacks in Muslim
countries could be the cause of recent increased incidences of grave impacts in Saudi Arabia
and a few other Muslim countries (Basamh et al., 2014). The need for organisational efforts
to enhance the awareness and skills to deal with cyber threats was highlighted by AlMindeel
and Martins (2020) through a single case study of a Saudi public organisation. The required
knowledge involves an awareness of information security, knowledge, and behaviour at
individual levels. Customisation to the needs of stakeholders, the organisational needs,
integration of both electronic and physical learning resources, and a range of other factors
all facilitate this.

Cyber Security Awareness in Saudi Arabia

Some recent findings on the cyber security awareness of Saudi people are reviewed here.
Earlier works have been cited and discussed already in the discussed works (Alotaibi et
al., 2016; Alsmadi & Zarour, 2018; Alotaibi, 2019; AlMindeel & Martins, 2020; Alzubaidi,
2021).

Very limited awareness was noted among Saudi people about cyber security and the
role of the government and other organisations in ensuring cyber safety, despite their
good knowledge about IT, from an online survey by Alotaibi et al. (2016). A low level of
awareness leading to high-risk internet behaviour among Saudi people was also reported
by Alzubaidi (2021), with the second-highest cyber security breachers attracting cyber-
attacks due to its wealth and high level of active internet and social media uses. Many
researchers observed this lack of awareness among regions, industry sectors, types of
internet services, attacks, and specific demographic groups. A low level of cyber security
awareness and a preference for mobile applications for learning about cyber security was
observed among a sample of the Saudi population in a survey by Alotaibi (2019). The need
for information security awareness among employees was highlighted using a case study of
a government organisation by AlMindeel and Martins (2020). Alsmadi and Zarour’s (2018)
survey results showed that many Saudi Arabian people knew security tools, but many did
not know or use them. Employers had provided no awareness or training programmes on
cyber security or mitigating methods. As a result, most Saudis did not know how to or did
not report cybercrimes. Healthcare, financial, technology, multiple, individual/private, and
public sectors were particularly vulnerable to cyber-attacks; hence, these sectors need to
be given priority for awareness training programmes.

Saudi Government Initiatives to Solve the Problems

The government has taken several initiatives to address the growing risk of cyber-attacks
in Saudi Arabia. The Communications and Information Technology Commission (CITC)
initiative was set up in 2005. It is equipped with the responsibility of regulating ‘the
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necessary organisational procedures and implementing policies and laws enacted by the
government in the sphere of IT” (Quadri & Khan, 2019). In addition, the Commission
grants licenses and upholds Saudi statutes about IT and cybersecurity. This Commission
also has the power to identify and block websites that it mandates as being inappropriate
or dangerous.

Another step the government took in tackling cybersecurity was the setting up the
Computer Emergency Response Team (CERT) in 2006. This team works under the CITC
to spread awareness about cybersecurity threats in the country and how to mitigate them.

In 2007, Saudi Arabia issued a cybercrime law known as the Anti-Cyber Crime Law
or ACCL. The law aims to protect information security and protect against identity theft,
piracy, and other cybercrimes (Alshammari & Singh, 2018).

In addition to this, the National Cybersecurity Authority (NCA) was established in
2017 with the aim ‘to boost the state cybersecurity and defend the national infrastructure’
(Quadri & Khan, 2019). The NCA is mandated to achieve this goal by analysing, drafting,
mandating, and regulating ‘cybersecurity policies, frameworks, criteria, and guidelines’
(Quadri & Khan, 2019). Furthermore, as per Saudi Vision 2030, the NCA must create ‘a
national cybersecurity industry’ to enable Saudi Arabia to become a ‘leader in cybersecurity
in the region’ (Quadri & Khan, 2019). Hence, it is evident that the government has taken
steps in the right direction to address the threats posed by the spate of cyber-attacks and
further enhance its cybersecurity infrastructure.

It must be mentioned here that although the relevant laws exist in Saudi Arabia to
address cybersecurity, there is a corresponding need to raise awareness among citizens
regarding safe usage of the internet. Spreading awareness about the financial impact of
cybercrimes may be a step in the right direction.

The literature review reveals, therefore, the vulnerability of Saudi Arabia’s
cybersecurity infrastructure. The government has enacted certain laws and made provisions
that treat cybercrimes as punishable offences to address this vulnerability. While this is
a step in the right direction, simultaneous efforts must also be made to spread awareness
about cyberattacks’ nature, types, and impact. It is essential to ensure that people remain
vigilant and avoid falling into traps laid out by criminals online. It is even more relevant
in Covid-19, which has seen an escalation in online services, especially for education,
shopping, financial services, and health. Many people access goods and services online
and may be vulnerable to cyberattacks. While effective laws must be in place to punish
those who perpetrate such crimes, they must go hand in hand with raising awareness levels.

Based on the observation that the Saudi people preferred mobile applications for cyber
security tools, Alotaibi (2019) developed two mobile-based game applications to enhance
cyber security awareness. In a detailed discussion, Alshammari and Singh (2018) observed
that to solve the cyber security issues, Saudi Arabia enacted the anti-cybercrimes law in
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2007. Anti-cybercrimes law covers important areas to fight against cybercrimes and states
their penalties. However, it is deficient in protecting against identity theft and invasion of
privacy. As a result, the country is among the top ranks in cyber security measures. The
Global Cyber-Security Index of 2017 placed Saudi Arabia in the maturing stage behind the
leading nations. Thus, Saudi Arabia may be considered a semi-prepared nation concerning
the capability to defend itself against cybercrimes. To improve its GCI ranking to the top
levels, Saudi Arabia needs to strengthen its cybercrimes law, cyber-security regulations
and authorities. Also, it is important to develop clear cyber-security strategies, standards,
metrics, and R&D programs. Furthermore, the domestic cyber-security industry needs to
be promoted by incentivising them and encouraging them into multi-lateral agreements.

Talib et al. (2018) proposed an ontology-based cyber security policy for Saudi Arabia.
The ontological approach aims to arrive at a desirable cyber security strategic environment
by identifying and suggesting a formal, encoded description. A multi-layered protection
strategy specifying their roles, responsibilities, and obligations was the core of the strategic
environment.

Three models, derived from the basic model of NIST, for the cyber security of Saudi
SMEs in the education, healthcare, and commercial sectors were developed by Ajmi et al.
(2019). These models help to identify cyber threats of different types based on the structure
of the SMEs.

METHODOLOGY

This study uses quantitative methods, relying on data collection and analysis. Quantitative
methods may be understood as scientific and precise, relying on statistical analysis to
draw inferences. These inferences may then inform the results drawn. It may be said
that quantitative methods emphasise measurable data. Quantitative research can best be
understood as being data-oriented. Adopting such methods has several advantages. It
is possible to arrive at a definitive and precise answer to the research question through
quantitative research. The results may be generalised to a larger target group depending
on the sample. However, these methods also have their disadvantages. While it is possible
to arrive at a clear solution through quantitative methods, they do not provide the ‘why’
or ‘how’ behind the data collected.

Quantitative methods are different from qualitative methods. Qualitative research
seeks to understand the ‘how’ and ‘why’ behind the phenomenon and data; those are less
tangible and difficult to quantify. Studies may choose to adopt qualitative, quantitative,
or mixed methods.

For this study, it was determined that choosing quantitative methods would be useful.

Several tools may be adopted while conducting a quantitative study. Examples of such
tools include surveys, interviews, and questionnaires. Once the sample is determined for
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the study, data is collected. This data is then analysed using statistical tools through which
the results may be interpreted.

A study conducted a computer security awareness survey on Saudi private sector firms.
A simple questionnaire was designed to capture the basic characteristics of the company
and the computer security awareness of its employees. The questionnaires were adapted
from the literature to the Saudi context. The objective was to understand the extent and
factors affecting cyber security awareness among the Saudi public, which can facilitate
the recommendation of protection strategies.

The IT managers of the companies participated in the survey. The participants were
contacted via email, and their contact information was obtained from private sector business
directories (e.g., https://www.eyeofriyadh.com/directory) in Saudi Arabia. The survey was
deployed in Survey Monkey and contained a cover letter describing the purpose of the
research and the voluntary nature of participation. The cover letter also advised the potential
participants that they were free to withdraw at any point, and their private details were not
being collected. The link to the survey questionnaire in Survey Monkey was emailed to
more than 1000 people, from which 230 usable responses were obtained, giving an overall
response rate of 23%. The results of this survey are presented in the following section.

All ethical requirements of conducting research using human beings have complied
with university regulations. The required permissions were obtained. The privacy and
confidentiality of participants were ensured. The hard copies and electronic data of the
research were fully protected from theft, malware attacks on the laptop, and other likely
losses.

RESULTS
Industry Profile of Survey Participants

The profile of industries sampled for this survey is given below in Table 1. It depicts that
more than half (53%) of the participants were from the construction sector. Manufacturing
(approximately 15%) and retail (about 8%) were the next two sectors of highest
participation. All the others were <5%.

Table 1
Sample distribution by industry

Industry Number of participants Percentage
Construction 122 53.0%
Manufacturing 34 14.8%
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Table 1 (Continue)

Industry Number of participants Percentage
Electricity, Gas, Water and Waste Services 7 3.0%
Mining, Oil and Gas 11 4.8%
Retail Trade 19 8.3%
Accommodation and Food Services 6 2.6%
Transport, Postal and Warehousing 9 3.9%
Information Media and Telecommunications 3 1.3%
Financial and Insurance Services 5 2.2%
Administrative and Support Services 5 2.2%
Public Administration and Safety 2 0.9%
Education and Training 3 1.3%
Health Care and Social Assistance 4 1.7%
Total 230 100.0%

Cyber Security Expenditure

The seriousness attached to the issue of cyber security will be evident from the amount
spent by any company to ensure the security and privacy of their data and transactions.
Figure 1 provides the amounts spent by the sampled companies on cyber security every year.

Annual cyber security expenditure (percent)
- Business (%)
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Figure 1. Annual cyber security expenditure of Saudi private organisations
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About 82% of the firms spent less than SAR 5000/ per annum. Nearly half (47%) spent
anominal SAR 500 or less on this. Only 6% of the companies spent SAR 10000 or more.
The amounts spent may reflect their unawareness of the seriousness of cyber security, no
record of such instances, or just the risk-taking behaviour of the management.

Gross Income of the Participating Firms

Relative cyber security threats and the need to spend on cyber security may be related to
the company’s gross income. Cyber attackers may not be interested in the small stakes
of low-income firms. However, the threat may be real in the case of high-income firms.
However, no cut-off income can be placed on the probability of cyber threats. Figure 2
below provides the frequency of firms in different gross income ranges.

Percentage of responding businesses by gross income category
- Business (%)
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<SARS50,000 SAR50,000-  SAR250,000— SAR500,000— SARI million— >SAR3 million+ Not disclosed
SAR249,999 SAR499,999  less than SARI  less than SAR3
million million

Figure 2. Percentage of businesses based on their gross income ranges

According to data in Figure 2, the gross income of approximately 70% of the firms is
less than a million SAR. Cyber attackers may not be interested in these firms. However,
cyber threat is a strong possibility for the remaining 30 firms with higher than 1 million
SAR. In this respect, the study assumes that the 8% not disclosed belongs to the high-
income group, so they do not want to disclose. Sizeable expenditure on cyber security
(10000 or more SAR) in Table 2 was seen only by 12% of the firms sampled. Suppose
this 12% represents the high-income firms (as low-income firms cannot afford it), leaving
about 18% of high-income firms doing nothing to protect their data and transactions. The
stakeholders with whom they are in contact may also be vulnerable due to this reason.
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IT Security Outsourcing

A firm may outsource security as a management strategy or out of compulsion like lack
of resources or expertise or being too small to have a separate system. In Table 2, the
scenario related to outsourcing based on the size of the business in terms of employee
size is presented.

Table 2

Responsibility for IT security management by business size (per cent)

Business size Internal and outsourced IT response (per cent)
Internal IT Outsourced sourced IT
security security
1 person company 98 2
2—-4 employees 90 10
5-19 employees 60 40
20-199 employees 55 45

The general trend in Table 2 is the tendency of bigger firms to outsource their
cybersecurity responsibility. The threat is real and big for them, and they may like
experts to handle this issue. Smaller firms may not have to face cyber threats due to their
unattractiveness. Single-person companies may not be too concerned about it or may not
be aware of these issues. Hence, the requirement and outsourcing of cyber security are
very low in their cases.

Security Aspects Outsourced

Within outsourcing, not all aspects are outsourced as a complete package in most cases.
The company may prefer to handle smaller problems by themselves. For example, where
outsourcing involves compromising business secrets or sensitive data, such aspects may
not be outsourced. Thus, many times, only certain aspects of cyber security may be
selectively outsourced due to a lack of expertise or resources. This picture is clear from
the data presented in Figure 3.

Restricted admin access, disabling macros, and daily backups could be handled
by them, as they do not involve the use of complicated protection systems. However,
allowlisting, patching applications, system operations, and hardening applications require
sufficient expertise even for daily management. So, these were best outsourced.
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One of the duties of IT managers is to assess and manage the cyber security risks of the
company. Table 3 provides the data on how these managers did this in their firms.

Table 3

Self-assessed risk of experiencing a cyber incident
in the next year

Risk of experiencing a
cyber incident

Category n %
Almost 10 4.3%
certain

Likely 16 7.0%
Possible 137 59.6%
Unlikely 56 24.3%
Highly 6 2.6%
unlikely

Don’t know 5 2.2%

In these days of almost uncontrolled
internet traffic of various types and equally
frequent attacks on even highly protected
countries’ defence systems, it is prudent
to expect a major cyber threat at any time.
Therefore, expecting at least one such major
instance every year makes sense. It will
enable us to prepare for such instances well
in advance so that they can be prevented,
managed with the least impact, or mitigated.
Unfortunately, only <5% of the IT managers
thought such a possibility to be certain.
Overall, nearly 60% of IT managers thought
that it was possible. Approximately 70% of
all IT managers thought cyberattacks were
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possible or more than possible or more than possible. That leaves the rest, 30% of highly
vulnerable firms, which is very serious.

Understanding Cyber Security

It should be noted that IT managers participated in this survey. So, they are expected to
understand and explain the phenomenon of cyber security risks of various types. To what
extent this is true is known from the data presented in Figure 4.

Percent of respondents who could understand
and explain each term
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Figure 4. Percentage of survey respondents who understood and explained terms related to cyber threats

About 70-80% of the participants knew and could explain malware, phishing,
ransomware, and Trojan, which are the most common types. Surprisingly, insider threat
was known only to less than half of them. If an insider threat occurs in their own company,
they may not be able to detect it and take countermeasures. These I'T managers need to be
educated and equipped to handle all types of cyber security risks to make them effective
in their organisations.
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DISCUSSION

Overall, in the case of Saudi private firms, there is much to be desired for near-perfect
prevention/management of cyber-attacks in the future. Gaps were seen inadequate
expenditure on cyber security even by high-income firms. Outsourcing may be a suitable
strategy in many ways.

Equally, the security dimensions which can be outsourced and the parties to whom these
are entrusted are critically important. Just to save money, outsourcing to unreliable parties
may be self-defeating and even dangerous. Improvements in risk assessment are possible
only if the current and future IT managers are equipped with the required knowledge and
skills, which are highly inadequate at present.

One reason for this state of affairs may be awareness itself. In this study, the level of
awareness, even among [T managers of private firms, was inadequate and quite serious
in the case of certain types of security threats. There is a poor status of cyber security and
its awareness at the public level, as was noted by Alarifi et al. (2012) through a survey.
The highly censored, patriarchal, and tribal cultures were attributed as the reasons for the
poor information security rating of the country. Even where awareness needs to exist at
operational levels, intentional and deliberate security breaches of computerised accounting
information systems (CAIS) could happen in Saudi organisations, as Abu-Musa (2006)
reported. The types of security breaches identified were the accidental or intentional
entry of bad data, accidental destruction of data by employees, unauthorised sharing of
passwords among employees, the introduction of computer viruses to CAIS deliberately
or accidentally, suppression and destruction of output; unauthorised document visibility
and directing prints and distributed information to people who are not empowered to
receive them.

A security culture should lead to sound information security management systems at
the organisational level. Alnatheer and Nelson (2009) reported Saudi Arabian firms to lack
in both these aspects. Although Saudi Arabia started promoting a National Commissions
and IT Plan (NCITP) in 2005, cyber security does not find any place in that plan but only
in the Ministry documents. Even in these documents, there is no adequate description
of policies and strategies related to information security management. Security culture
includes social, cultural, and ethical measures to improve the security-related behaviour
by the organisational members as an organisational subculture. The earlier cited paper of
Abu-Musa (2006) demonstrates the absence of such a culture in Saudi organisations. As
measured by Hofstede (2019), the national cultural dimensions of Saudi Arabia show high
power distance, uncertainty avoidance, and collectivism, which indicates that Saudi society
is hesitant in adopting and implementing new practices that do not fit in their culture. As
could be expected, Saudi organisations reflect the national culture. Overall, it means poor
security culture and management in Saudi organisations (Alnatheer & Nelson, 2009).
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In the studies of Alzamil (2018), most of the surveyed Saudi organisations had
established an information security policy and deployed adequate levels of technology.
However, ineffective and inefficient enforcement and publication and inadequate
comprehensibility and clarity of these policies affected the level of cyber protection,
even with the best systems. The use of the phrase ‘fair technology’ is important. These
organisations did not have the best systems, but only good ones, which still provided enough
room for malware attacks, affecting protection levels seriously. The results of this study
also confirm these trends. Organisations are hesitant to spend money on cyber security and
prefer to outsource a large part of their security components. In addition, IT managers are
not adequately knowledgeable or equipped with risk assessment and analysis skills. These
observations are borne out by the fact that, even after implementing information security
and enforcement policies for data security management in many organisations, some
critical issues were identified by Almutairi et al. (2020) for the attention of the national
information security management authority.

According to the cyber security maturity model proposed in SAMA (2017), most
Saudi organisations can be included in the first three levels (0,1,2) of non-existent, ad
hoc, or repeatable but informal. These levels do not require high levels of knowledge.
The observation of a low level of knowledge possessed by IT managers in this study is
adequate for these three maturity levels. In a survey study of Saudi private organisations,
similar to this study, Al-Harethi and Al-Amoodi (2019) observed that about 70% of IT
managers were not aware of the security standards of Saudi Arabia. About two-thirds of the
firms surveyed experienced different types of information security breaches. This finding
reiterates the observation in the current study of poor risk perceptions of various types
of cyber-attacks on their firms. Companies gave inadequate attention to proper security
policy, access control, communications and operation management, personnel security,
and organisational security. IT managers must explain these things to the top management.

Unfortunately, they lack awareness and knowledge on this subject. A strategy for
business continuity management needs to be in place to restore economically important
operations soon after any cyber-attack is countered. Outsourcing should be determined
based on a risk assessment compared to internal development or different options of
outsourcing. These findings support the observations of this study. The need for Saudi
IT workers to develop their skills in many areas of cyber threat was noted by Al-Ghamdi
(In Press). The gap in the knowledge between the Security Operation Team and other IT
experts also needs to be narrowed down. This study showed that IT managers themselves
do not have the required knowledge, narrowing the said gap will be a problem.

The findings point out the need to train the I'T managers of Saudi private organisations
on the possible cyber security breaches and the proactive strategies of protection and
mitigating strategies when an attack occurs. I'T managers need more than awareness to do
their jobs effectively.
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CONCLUSION

This study shows that Saudi private organisations do not invest adequately in cyber security.
The tendency for outsourcing security management needs to be reviewed because of its
risks. IT managers do not possess adequate knowledge or skills to anticipate the possibility
of cyber-attacks and risk assessment procedures for proactive and mitigation strategies.
They do not even possess the skills to identify internal security threats. Saudi private
organisations need to take steps to rectify the organisational problems. IT managers can
be sent to attend useful courses and workshops to acquire adequate knowledge and skills
offered by various international organisations.
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ABSTRACT

The frequent removal of sediment accumulation from reservoirs by dredging requires
interruption of power generation. Alternatively, this can be avoided by using a slit weir.
In the present study, the impact of sediment nonuniformity, slit weir dimensions, weir
slit position, and discharge on the effectiveness of sediment removal was experimentally
investigated using a flume with a length of 12 m, a width of 0.30 m, and a depth of 0.30
m. In the flume, a slit weir was tightly fixed at the end of a 2 m working section filled
with nonuniform sediments up to 110mm. Results showed that using coarser sediment
(dso =0.70 mm) reduces the scour volume by 22-folds compared to finer sediment (ds,
=0.30 mm). This study tested five different slit weir dimensions using two weir slit
positions (slit positioned in the center and slit positioned on the side). The maximum
scour volume was recorded when the crest level, z of the slit weir, was 0 cm from
the mobile bed. The study concluded that a 3-fold increase in discharge corresponds
to a 10-fold increase in scour volume regardless of bed material nonuniformity. The
existing model for estimating scour volume for uniform sediments was validated using

the data of this study, and it was observed
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INTRODUCTION

Erosion in river basins increases sediment loading in surface water runoff from the basins
during a rainfall event. The runoff with the high sediment load will eventually reach rivers
and storage reservoirs. In reservoirs, the sediments carried by the inflow water usually settle
at different locations, including near the hydropower intake. The continuous accumulation
of sediments in reservoirs reduces storage capacity and hence hydropower production. In
addition, the passage of sediments through the hydropower intake can damage the turbine
blades. Generally, the removal of sediments accumulation from reservoirs by dredging is a
costly and time-consuming process and causes interruption to the hydropower generation
process. Ota et al. (2017a) proposed an economical method by discharging the sediments
utilizing flowing water through a slit weir.

However, the amount of water used to carry the sediment accumulation away from
the hydropower intake should be controlled to minimize the wastage of water storage in
reservoirs. The design and operation of the slit weir are essential for evaluating the volume
of released sediment and temporal variation in scouring depth since it affects the structure’s
safety. Thus, the accurate estimation of sediment volume and temporal variation in scour
depth at the site of the slit weir requires intensive research. However, the phenomena of
scouring at slit weirs have not been researched sufficiently, and hence few solutions are
available. In addition, studies on sediment removal by scouring near a hydropower intake
are also limited. The major studies on scouring upstream of a slit weir were conducted
by Ota and Sato (2015), Ota et al. (2016), Ota et al. (2017a), and Ota et al. (2017b). In
order to simulate the scouring process around the slit weir, Ota and Sato (2015) proposed
a numerical model based on solving the Reynolds-averaged Navier Stockes equation
coupled with the Volume of Fluid Method, VOF, and the k- turbulence closure model.
The concept of the above model was later utilized by Zhang et al. (2016) to predict the
clear water scour depth below a submarine pipeline for a range of steady flow conditions.

Ota et al. (2016) modified the three-dimensional (3D) numerical model that was
proposed by Ota and Sato (2015) and used it to produce a scour geometry around a slit weir.
Also, Ota et al. (2017a) proposed another numerical model based on an ordinary differential
equation that can compute the time variation of scouring volume and maximum scour depth
upstream of a slit weir for steady and unsteady flow conditions. The data from experimental
runs in a laboratory utilizing a mobile bed with uniform sediments were used by Ota et al.
(2017a) to produce the following relationship between the scour volume, V,, maximum
scour depth, d,, slit weir width, by, and channel width, B for uniform flow (Equation 1):

do/(V5)13=0.39(b/B) 0383 [1]

A hybrid Euler-Lagrange numerical model that considers the interaction between the
suspended sediment transport and bedload to reproduce temporal variation of the three-
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dimensional bed geometry around a weir-type structure with sufficient accuracy was
proposed by Ota et al. (2017b).

Based on intensive experimental investigations on fine uniform sand, Wang et al. (2018)
concluded that no upstream clear water scour depth was observed at a sloped submerged
weir and that the downstream scour depth was independent of the upstream weir slope.
In addition, Guan et al. (2019) used coarse uniform sand to study the time evolution of
scouring downstream of submerged weirs. The analysis of sediment passage over a piano
key weir (PKW) with different configurations was studied by Noseda et al. (2019). The
impact of W-weir configuration and height on scour depth occurring downstream of the
weir location were studied by Abdollahpour et al. (2017), while Khalili and Honar (2017)
studied the impact of height and radius of a semi-circular labyrinth side weir on discharge.
Muller et al. (2011) studied the impact of weir height and discharge on the size of the dunes
formed in an open channel. Finally, Lauchlan (2004) undertook experimental investigations
to model the bedload transport and suspended-load sediments over steep-sloped weirs.

Other experimental investigations on uniform mobile beds were carried out by
Powell and Khan (2012) and Wang et al. (2019) where the former work was focused on
scouring upstream of an orifice while the latter focused on the effectiveness of local scour
countermeasure by using “anti-scour collar” around physical pier model.

Moreover, many soft computing methods were employed to predict the scour depths
occurring in various hydraulic structures. For example, Azamathulla et al. (2008) used
the neuro-fuzzy scheme for predicting scour depth downstream of ski-jump spillways,
while Sayed et al. (2019) utilized genetic expression programming (GEP) and multivariate
adaptive regression splines (MARS) to estimate clear-water local scour depth at pile groups
while Rajkumar et al. (2016) utilized published data in the literature to demonstrate the
efficiency of artificial neural network (ANN) and genetic algorithm (GA) in predicting
scour depth within channel contractions.

In summary, the studies covered in the literature were experimental, numerical, and
statistical. The numerical and statistical studies proposed models for scouring prediction,
and these models were validated using experimental data. However, most studies were
related to scouring downstream of weirs with different configurations and flow conditions.
By reviewing the published literature, it is noted that the experimental studies on scouring
upstream of a slit weir were limited, and studies that used numerical simulation models for
estimation of scouring volume upstream of a slit weir have underestimated the experimental
scour volume by up to 30% (Ota & Sato, 2015). The above findings highlighted the need
for more experimental studies.

In addition, other cases covered in the literature were related to scouring upstream of
a circular orifice, scour depth within channel contractions, scouring around a circular pier,
scour depth below a submarine pipeline and scour depth for ski-jump type of spillways.
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However, the findings of all the studies were mainly related to scouring mobile beds with
uniform sediments.

In this study, extensive experimental work was conducted on the occurrence of
scouring upstream of a slit weir in a nonuniform mobile bed. The combined effect of slit
weir location, dimensions, sediment coarseness, and flow intensity was studied. Thus, the
present study aims to contribute to the gap currently found in the literature.

MATERIALS AND METHODS

A series of experimental investigations were conducted in a glass-sided tilting flume 0.30m
wide, 12 m long, and 0.30 m deep. The flume is located at the hydraulics laboratory of
the College of Engineering, University of Baghdad, Iraq. The slit weirs used in the trials
were made up of Plexiglas with a thickness of 6mm. In this study, two different positions
for the slit of the weir were tested, as shown in Figure 1. Table 1 shows the dimensions
and positions of the weir slit used in this study.

()

Figure 1. Diagrammatic sketch for the experimental investigations; (a) The working section before scouring;
(b) The formation of scour hole (weir slit positioned in the center); (¢) The formation of scour hole (the weir
slit positioned in the side)

The slit weir was located at 9m from the flume inlet and was fixed and sealed at the end
of the working section to eliminate leakage from the weir bottom and sides. The working
section of the weir is 2 m long and 0.3 cm wide (the same width as the flume). The section
was filled with sediments up to a depth of 11 cm. In a real-world scenario and according
to Subramanya (2015), sediments have a nonuniform size distribution, and hence it is a
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common practice to use the median size, ds, as a representative size of sediments. In this
study, two types of nonuniform sand were used in the working section of the flume, and
these types were obtained by mixing sand with differing grading. The percentage finer and
size of the sediments, which were determined from sieve analysis, are shown in Figure 2
and 3. The median size, ds, for the first type of sediments, was 0.30 mm (Figure 2), while
the ds for the second type of sediments was 0.70 mm. In addition, the values of geometric
standard deviation, o, for the first type and the second type of the sediments were found to
be 1.58 and 1.60, respectively. Therefore, the geometric standard deviation for nonuniform
sediments should be more than 1.30, and it was calculated using the following Equation
2 (Melville & Coleman 2000):

dss

0, = 2
g d16 []

where sediment sizes with diameters of dg, and d, were determined from the grading curve
of each sediment type.

Table 1

Dimensions and locations of the slit weirs

Slit location Dimensions (hy x by) z*
Center 11x6 cm Ocm
Center 10x6 cm lcm
Center 9x6 cm 2cm
Center 8x6 cm 3cm
Center 7x6 cm 4cm

Side 10x6¢cm lcm

z* is the distance in cm between the crest of the weir and the bed of the working section before the
commencement of the experiments

From the grading curves of nonuniform sediments (Figures 2 & 3), d,..« and d,;, can
be determined. While the values of ds, for the sediment used in the working section were
calculated using the following Equation 3 (Melville & Coleman 2000):

dmax
— _max 3
dSOa 1.8 [ ]

where the d,,, is the largest sediment size for the nonuniform sediments.

In practice, dy, can be used instead of d,,.., which is unlikely to be known (Melville
& Coleman 2000). However, in this study, the largest size of the sediment was taken as

Pertanika J. Sci. & Technol. 30 (3): 1927 - 1947 (2022) 1931



Naeem Zaer Nkad, Thamer Ahmad Mohammad and Haider Mohammed Hammoodi

100 _...r_*

20

80

i
L

70

4
50
Sedimept ! Armar Layer
40
/1114
30

20 / rd

Percentage Finer

10 <

0.01 0.1 1 10
Grain Size (mm)

Figure 2. Grain size distribution curves for the sediments (ds,=0.30mm) and armor layer

100

o 7
80
70
60
50
40
30
20

—
~

—

Armor|Layer

he Ny

Sediment

Percentage Finer

0 =
0.01 0.1 1 10

Grain Size (mm)

Figure 3. Grain size distribution curves for the sediments (ds,=0.70mm) and armor layer

dinae, While the smallest size was taken as d,;,. The values of dmax, ds,, and d,;, were used
to plot the grading curves for the armor layers of the nonuniform sediments used in the
working section (Figures 2 & 3). In the present study, the shapes of the plotted grading
curves for the armor layer are similar to the typical grading curves for the armor layer
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presented by Melville and Coleman (2000). All experimental runs were carried out for 300
minutes under clear water scour conditions. The clear water scours conditions usually exist
when the flow intensity v/v.<1 (the approach velocity,v/critical velocity,v. is less than one).
The clear water scour conditions exist for both uniform and nonuniform sediments when
flow intensity, v/v.<1 or [v-(v,-v.)]/v.<I respectively. In this study, the maximum value
of the flow intensity was 0.80. However, v, is called the armor peak velocity (Melville &
Coleman 2000). A general view of the working section before and after the experiments
are shown in Figure 4.

The weir was calibrated before the experiments were carried out; the calibration was
conducted by measuring the discharge and head above the weir crest. The head over the
weir was measured at 50 cm upstream of the weir, while a volumetric method was used
to measure the discharge. The discharge in the flume ranged from a minimum of 2.6 I/s
to a maximum of 81/s. At the flume entrance, a honeycomb flow straighter was used to
eliminate the effect of flow turbulence on the sediment within the working section. In
addition, a ramp with a slope of 1:10 was used to make a smooth flow transition from the
original flume bed to the mobile bed of the working section. Although all the flows in the
flume were steady and subcritical, the flow types were defined by the Froude number after
measuring the approach velocity in the flume. The water depth was measured using a point
gauge with an accuracy of +1 mm. After each trial, the scour depth upstream of the slit
weir was measured, as shown in Figure 4. Scour depth measurements were carried out on
a Smm grid basis around the scour hole.

a. Before the experiment fore b. After four hours (Experiment was completed)

Figure 4. The measurements of scour depth upstream of the slit weir; (a) Before the experiment; (b) after the

experiment
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After each run, the scouring data upstream of the slit weir were measured manually
using a calibrated point gauge which was later fed into the Surfer® program. The Surfer®
program was used to calculate the scouring volume and represent the contours of the areas
affected by scouring.

RESULTS AND DISCUSSION

The velocity, v, is called armor peak velocity, which marks the transition from clear
water scour to live bed conditions for nonuniform sediments, and it is equivalent to v, in
the uniform sediment. For nonuniform sediment, the geometric standard deviation of the
particle size distribution, 6, should be more than 1.30. In this case, armoring occurs on
the mobile bed of the working section and in the scour hole. Armor layer formation within
the scour hole reduces the scour volume around the weir. The ratio v/v, is a measure of
flow intensity for the scouring that occurred within the nonuniform mobile bed, and it is
equivalent to v/v, for the uniform sediment. Therefore, the armor peak velocity, v, marks
the transition from clear water scours to live bed conditions for nonuniform sediments. In
this study, two types of sediments were used in the working section; the first sediments
type were with ds,= 0.30mm and geometric standard deviation, 6,= 1.60, while the second
sediments type were with d5,=0.70mm and 6,= 1.58. It showed that both sediments were
nonuniform, and Equations 4 and 5 were used to calculate the v, and v, and these equations
are based on a shields diagram or quartz sand in the water at 20°C. Equation 4 can be applied
to determine the critical mean approach flow velocity for entrainment of bed sediment, v,
when 0.10mm <dse< Ilmm. However, Equation 5 can be applied to determine the armor
peak velocity, v, when 0.10mm<0.55dg,<1mm.

v.=0.049+0.053(dso)*+{0.066+0.072(ds,)“} log(y/dso) [4]
v,=0.039+0.018(dg0)"*+{0.052+0.025(ds)*} log(y/dso) [5]

where y is approach flow depth, and dy, is used in place of d,,,, which is unlikely to be
known (Melville and Coleman 2000).

In this study, laboratory measurement showed that the maximum value of the flow
intensity, [v-(v,-v.)]/v. was 0.80, which is less than 1 and confirms that clear-water
conditions for nonuniform sediments occurred during the experimental runs. Ota et al.
(2017a) mathematically simulated the local scour upstream of a slit weir using an ordinary
differential equation and laboratory data for scour holes formed in uniform sediments.
In addition, Ota et al. (2017a) recommended researching the influence of sediment
nonuniformity on the scour volume and scouring depth upstream of a slit weir. Based on
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this recommendation, two types of nonuniform sediments were tested in the present study.
However, the temporal variation of scour volume, V, and scour depth, d, of nonuniform
sediments recorded upstream of the slit weir were compared with that of uniform sediments,
as shown in Figures 5 and 6. The comparison was made to demonstrate the difference in
behavior between uniform and nonuniform sediments, and the temporal scour data (t =
3000 seconds) were taken from Ota et al. (2017a). Since the objective of this study is to
compare the data with Ota et al. (2017a), the comparison between the two studies can only
be carried out on the scour data up to 3000 seconds. After t = 3000 seconds, the scour
volumes and depths occurring in uniform sediments and nonuniform sediments upstream
of a slit weir were 20 folds and 4 folds, respectively. The difference between them can be
attributed to forming an armor layer within the scour hole of the nonuniform sediments,
which did not occur in the scour hole of uniform sediments.

However, previous experimental works on local scour around hydraulic structures
indicate that the scour depth tends to decrease with the increase in the nonuniformity of
the sediments (Ota et al., 2017a). In addition, Figures 5 and 6 demonstrate the impact of
o, for uniform and nonuniform sediments on scour volume and scour depth upstream of a
slit weir. In the present study, the median size, ds, and geometric standard deviation, c, for
the nonuniform sediments were 0.70 mm and 1.60, respectively, while Ota et al. (2017a)
used uniform sediments with ds,=0.77mm and o, 1.30. Therefore, a comparison was made
between uniform and nonuniform sediments of approximate ds,. In addition, the bed shear
stress in a scour hole decreases as the scour hole develops over time; this contributes to
the expansion in the flow area as the scour develops (Ota et al., 2017a).
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Figure 5. Impact of sediment nonuniformity on scour volume
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Figure 6. Impact of sediment nonuniformity on scour depth

In this study, it was observed that the increment in scour volume after 300 minutes was
not significant, although it is recommended that future studies extend the experimental runs
beyond 300 minutes. Figure 7 shows temporal scour data for both types of nonuniform
sediments (dso= 0.70 mm and ds,= 0.30 mm), slit weir positioned in the center, slit weir
crest level, z=1 cm, and Q = 8 I/s. In this study, the coarseness of nonuniform sediments
was also investigated. Two sediments were used for this objective; the first sediment had
a median size, ds,= 0.30 mm, while the second type had d5,=0.70 mm. Table 2 shows the
behavior of the nonuniform sediments under low and high discharges. For weir dimensions
of 50 mm x 110 mm (slit positioned at the center), z = 0 cm, and the same sediment size,
when the discharge increased by three folds, the scour volume increased by 10 folds.
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Figure 7. The temporal scour data for Q= 8 /s, z=1 c¢m, and weir with slit located in the center
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Table 2

The behavior of different sediment sizes used in the working section

Slit Discharge ds, z Scour Scour Scour Time
location (1/s) (mm) (mm) depth Volume (hour)
(mm) (mm?)
center 2.601/s 0.30 0 28 34894 4
center 8 1/s 0.30 0 42 371532 4
center 2.60 1/s 0.70 0 6 1560 4
center 81/s 0.70 0 30 16340 4

ds, is the median size, and z is the weir crest level from the mobile bed

On the contrary, when the sediments in the working section of the flume were changed
from dso= 0.30 mm to ds,= 0.70mm, the scour volume was reduced by 22 folds. The
reduction in the scour volume can be attributed to the armoring layer that develops at the
top of the nonuniform sediments and requires greater shear stresses for particles’ incipient
motion.

However, the incipient motion for nonuniform sediments with dso= 0.70mm requires
greater shear stress than that for nonuniform sediments with ds;= 0.30mm. All the above
laboratory trials were conducted under steady flow conditions. Steady and unsteady flow
may be encountered in real-world scenarios. This study demonstrated the time variation
of V, and d; under steady and unsteady flow conditions for engineering applications. The
behavior of the nonuniform sediments under unsteady flow conditions was achieved
when the flow rate was increased step-wise from 3 to 5 I/s and decreased in a step-wise
manner. This used step-wise procedure matches the procedure used by Ota et al. (2017a)
to demonstrate the behavior of uniform sediments under unsteady flow conditions. In
addition, the flow ranges and time duration in this study for unsteady flow were similar
to that used by Ota et al. (2017a). Figures 8 and 9 show the time-varying flow rate with
scouring volume and depth. The peak scour volume was observed at the peak flow rate
(5 I/s) and decreased afterward. The scour volume continued to develop after the peak
flow rate until it reached a value of 150 cm? for the sediments with ds,= 0.30mm, while it
reached a value of 54 cm?® for sediment with ds,= 0.70mm. For unsteady flow, when the
median size of the sediments was changed from 0.30 mm to 0.70 mm, the scour volume
was decreased by three folds, while the scour depth was decreased by 60%. However, for
the same gradual increment in flow rate (from 3-5 1/s) and time, the scour volume obtained
by Ota et al. (2017a) for uniform sediments was approximately 20 folds greater than scour
volume occurred in the nonuniform sediments. So, in this study, the behavior of nonuniform
and uniform sediments was demonstrated under steady and unsteady flow conditions.
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Figure 9. Temporal variation of scour depth under stepwise unsteady flow

Ota et al. (2017a) proposed Equation 1 based on multi regression analysis by
considering the geometric features of the scour hole formed upstream of the slit weir for
different flows and noncohesive uniform sediments. In addition, they recommend applying
Equation 1 without calibration for uniform sediment when 0.10b,/B<0.40, q,/q<8.70, and
v/v<l, where by is the width of the weir notch, B is the channel width, g is the flow rate
passing through the slit per unit slit width and q is the flow rate per unit width of the channel.
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In this study, although the sediment used was nonuniform but values of by/B = 0.20,
qs/q=5, and [v-(v,-v.)]/v.<1, the slope between V, and d, was found to be approximately
equal to 3 (Figure 10). The maximum scour depth for the flow conditions of the present
study were predicted using Equation 1, and the results were compared with the measured
values, as shown in Figure 11. The accuracy of the prediction was tested using the coefficient
of determination, R?, and the model efficiency, ME, which is described by the following
Equation 6:

ME=1-[Y)d, ~d,,)/(de-d.)? ] (6]

where the d; is the measured experimental maximum scour depth for n experiments, d; , is
the predicted scour depth for n number of cases, dg, is the mean of measured scours depth
for n number of experiments. The value of R* between d,, and d,, was found to be 0.87,
reflecting the accuracy of the prediction since it is closer to 1. In statistics, ME compares
calculated values with measured values to indicate the model prediction accuracy or
efficiency. A value of 1 means a perfect fit between measured and predicted data, and this
value can be negative. The ME value was calculated and found to be 0.87, which confirms
the efficiency of Equation 1.
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Figure 10. Relationship between maximum scour depth and scour volume for nonuniform sediments
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Figure 11. Validation of Equation 1 ]
(by= 6 cm) and different crest levels (z=0,

1, 2, 3, and 4cm) or different slit heights, hy (hg= 11, 10, 9, 8 and 7cm). The maximum
scours volume was recorded in a slit weir with crest level, z= 0cm or hy= 11cm (i.e., the
crest was at the same level of the mobile bed before the commencement of scouring) and
for maximum flow intensity. Figure 12 shows the recorded scour volume after 2 and 4
hours from the commencement of the scour for a flow rate of 8 I/s and different slit weir
crest levels. In addition, the maximum scour depth for the scour hole resulted from using
slit weirs with different crest levels or different slit height was recorded, and the results
are shown in Figure 13. For nonuniform sediments with a median size of 0.30mm, it was
observed that the crest level or slit height influenced the size of the scour hole and scour
depth. The maximum volume of scour occurred when the crest level, z, was 0 cm from
the mobile bed (when hy= 11cm). Therefore, the efficiency of sediment removal from the
mobile bed was greatly affected by the location of the slit weir (at the side or the center),
crest weir level, z or slit height, hy. From the present study results, it can be concluded
that the maximum efficiency of the slit weir in sediment removal was obtained when the
slit weir is positioned at the center and when the weir crest level is minimum (z = 0 cm).

When the flowing water impinges the right and left wings of the slit weir, a flow
vortex develops near the slit weir and causes a circulating flow. Later, the circulating flow
caused the sediment particles to entrain into suspension, and the flowing water carried the
sediments through the weir notch or slit. At the initial stage, two small scour holes were
formed on the left and right of the slit, and with time, the scour holes grew, as shown in
Figure 14(a). Finally, the scour holes extended and merged with time to form one larger
scour hole, as shown in Figure 14(b). The scour hole reached its maximum volume when
the sediment entrained within the scour hole decreased as the scour developed temporally.
It can be explained by the increase in flow area and hence a reduction in shear stress. The
above explanation of the scour mechanism is based on continuous observation throughout
the laboratory work.
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(a) (b)
Figure 14. The mechanism of scour hole development upstream of slit weir; (a) The formation of two holes;
(b) the final resulting hole
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Ota et al. (2017a) also observed the above-described phenomena. The circulating
flows were stretched by the contracting flow, accompanied by the overfalling nappe. As
a result, the bed shear stresses were amplified around the weir; hence, the occurrence of
local scour at the weir site. In this case, vortices caused more sediments entrainment,
and these sediments passed over the slit weir downstream. However, when the crest was
at a higher level from the flume bed, fewer sediment particles crossed over the slit weir
downstream. It is because sediment particles require strong vortices to overcome the effect
of gravity to be entrained and carried by the flowing water through the slit weir. Figure
15 illustrates how the flow intensity was affected by the crest level of the slit weir, which
is presented in dimensionless form, z/b, (z is the vertical distance between the slit weir
crest and the mobile bed while by, is the width of the slit weir). Figure 16 shows a sample
of contours for scour holes measured after 2 hours and 4 hours from the commencement of
the experiments for slits weirs with z=1cm, O = 8 1/s and slit positioned in the center and
the side of the channel. For example, when a slit weir with a dimension of 60 mm x 100
mm (z=1 cm) was positioned in the center of the flume, the scour volume in the working
section with sediments of ds,= 0.30mm after 4 hours was found to be approximately 6.80
folds greater than the scour occurring in a slit weir with the same conditions but with the
weir slit positioned in the side of the flume.

In open channel flow, the maximum velocity occurs in the center of the channel in both
longitudinal and transverse sections, while the minimum velocity occurs to the sides of the
open channel. Therefore, it justifies why the maximum scour volume was observed when
the slit of the weir was positioned within the center of the channel. In this study, it was
observed that when the weir’s slit was positioned near the side of the flume, the formed
vortices were weaker, which generated a smaller scour hole. Reservoir sedimentation
endangers the sustainability of all types of hydropower plants located in impoundments
and/or rivers. For impoundment hydropower plants, sedimentation of reservoirs is causing
various issues such as increasing flood risk of infrastructure and decreasing the active water
capacity of reservoirs, leading to a loss of power generation. Many hydropower reservoirs
worldwide exhibit sedimentation issues and the loss of power generation associated with it.
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According to Okumura and Sumi (2012), reservoirs of hydropower plants in Japan
were affected by increasing sedimentation and flood risk. Boroujeni (2012) estimated
the volume of sediments accumulation in the Dez Dam hydropower reservoir, Iran, for
50 years, and it was estimated at approximately 840 million cubic meters (million m?).
Kamarudin et al. (2018) discussed the sedimentation problem in the lake of Kenyir dam,
Terengganu, Malaysia, which affected the production of the Sultan Muhmud hydroelectric
power station. Reisenbiichler et al. (2020) warned that the run of a river hydropower plant
located on the Saalach River in southeastern Germany was subjected to sedimentation.
Given the above issues, the results of this study can be used by design engineers, project
operators, and other stakeholders doing business in hydropower production. Using a slit
weir to cause scouring upstream in or around a hydropower intake is a sustainable method
for sedimentation management. The results of scouring depth upstream of the slit weir
can be used in the design of the weir floor. On the one hand, fine sediments are causing
erosion of turbine blades, and this can be mitigated by conveying more fine sediments from
upstream to downstream by utilizing structures such as a slit weir.

CONCLUSION

In this study, a 2 m working section with a mobile bed and Plexiglass slit weir models have
been arranged in a glass-sided tilting flume (12 m in length, 0.30 m in width, and 0.30 m
deep) to be used for investigating the impact of sediment nonuniformity, slit weir crest
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level, slit weir location, and flow intensity on the scour volume upstream of the slit weir
location. Nonuniform sediments with median diameters of 0.30 mm and 0.70 mm were
tested. For a discharge of 8 I/s, the scour volume upstream of the weir with the slit at the
center was reduced by 22 folds when the median size of sediments in the working section,
ds, was increased from 0.30mm to 0.70mm. In addition, the temporal variation of scours
volume was monitored and compared with the published data of uniform sediments (ds,
= (.77mm) with similar flow conditions. Comparisons show that the scour volume and
maximum scour depth in uniform sediments of ds, = 0.77 mm were 20 folds and 4 folds,
respectively, greater than those used in this study in nonuniform sediments with a ds,=
0.7mm.

In addition, the experimental results revealed that the scour volume was affected
significantly by the level and location of the weir’s slit. For the same flow conditions, slit
level from the mobile bed, z, and sediment median size, ds,, the scour volume was much
higher when the slit of the weir was positioned at the center than that position at the side.
For OQ=281/s,z=1 cm, and ds,= 0.30 mm, the scour volume was 14 folds greater when
the slit was positioned at the center compared to a slit position at the side. The strength
of the formed vortices is affected by slit location, which eventually affects the size of the
scour hole. Therefore, maximum efficiency of the slit weir in removing sediments can be
obtained when the slit weir is positioned in the center of the flume in conjunction with the
weir crest level is at the same level as the mobile bed before the commencement of the
scouring phenomena (z = 0 cm).
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ABSTRACT

Remazol yellow is a synthetic dye that pollutes the environment and causes disease because
it is carcinogenic and mutagenic. Photocatalyst is one of the technologies to remove the
dye concentration, and tin oxide (SnO,) with cobalt (Co) dopant has the potential to be
a good semiconductor in the process. Therefore, this study aims to synthesize SnO,/Co
composites as a photocatalyst to degrade Remazol yellow dye. The photodegradation
process was carried out with several variables, including the effect of time and the initial
concentration of the dye and conditions under pHpzc. Furthermore, the composites were
made with SnO, to Co mass ratios of (2:1), (2:2), (2:3), and were characterized using X-Ray
Diffraction (XRD), Scanning Electron Microscope-Energy Dispersive X-Ray (SEM-EDX),
and Ultraviolet-Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS) instruments.
Based on the results, the SnO,/Co (2:3) composite was selected as a photocatalyst to
degrade the dye as the XRD characterization showed the formation of a typical peak of
20 at 33°. The energy bandgap of SnO, is 3.05 eV, while the (2:3) composite had a value
of 2.8eV. Moreover, the SEM characterization showed a non-uniform surface with pores

and elements composition of Sn, O, and Co

with the values 61.24, 24.67, and 14.09 wt%,
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INTRODUCTION

Azo compounds and their derivatives in the form of benzene groups are one of the
main sources of environmental pollution caused by dyes. One of these compounds is
Remazol yellow FG, a synthetic dye often used in the batik industry (Handayani et al.,
2016). However, it pollutes the environment and potentially causes disease due to its
carcinogenic and mutagenic properties. Several studies have been carried out on the
processing of color wastes using the adsorption method (Guezzen et al., 2018), with the
bacteria Pseudomonas sp (Shah et al., 2013) and the photocatalyst method (Ba-Abbad et
al., 2017). Photocatalyst utilizes semiconductor materials and light energy, from sunlight
and UV lamps, to degrade dye waste. Light energy is used to activate a catalytic process
on the surface of semiconductor materials to produce free electrons and holes (Bouaine
et al., 2007). The electron-holes formed will migrate to the semiconductor surface and
then react with O, and H,O to form reactive oxidation species (O, and -OH), capable of
oxidizing the organic molecules (Mohammed et al., 2017). The photocatalytic degradation
process can be operated under room temperature and atmospheric pressure and mineralize
organic molecules into environment-friendly products (Akti, 2018).

Different studies on semiconductor materials as photocatalysts have been reported,
including Sudha and Sivakumar (2015), which used ZnO, TiO,, WO,, and SnO, as
semiconductors. Tin oxide (SnQ,) is a semiconductor oxide material with good potential
as a photocatalyst as it has good optical properties and electrical conductivity, wide surface
area, high physicochemical stability, small energy bandgap, environmentally friendly, and
non-destructive (Mani et al., 2016). Meanwhile, SnO, photocatalytic ability to degrade
dye is increased by modification, such as the addition of metal dopants (Malvankar et
al., 2020). Generally, the metal commonly used as a dopant is cobalt (Co) with various
concentrations, as Pirmoradi et al. (2011) reported, which used the sol-gel method in the
doping process. The result showed a decrease in the energy bandgap from 3.19 eV to 2.97
eV. The addition of dopant Co to SnO, was also carried out by Wan et al. (2016), and a
homogeneous distribution of the metal particles on the semiconductor surface was found.
Moreover, this process affects the crystal size of SnO,-Co. The smaller the crystal size, the
larger the surface area, thereby increasing the degradation and adsorption performance of
the crystals (Attar, 2018). SnO,-Co composites are widely used for various purposes such
as gas sensor applications (Rukkumani et al., 2017), antibacterial studies (Qamar et al.,
2017), and dye degradation (Naje et al., 2013).

The photocatalytic degradation of synthetic dyes was carried out by Sivakarthik et al.
(2016), which used SnO,-Co to degrade methyl violet and obtained 60-70% degradation
with the optimum time of 200—225 minutes using sunlight irradiation. The photocatalytic
degradation using SnO,-Co was also used by Ragupathy and Ramamoorthy (2021) to
degrade methylene blue dye and obtained an efficiency degradation of 95.38%. Furthermore,
Remazol yellow photocatalytic degradation studies using various photocatalysis have been
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reported. Purnawan et al. (2021) used TiO, doped Cd, Co, and Mn. The highest percentages
degradation for 30 minutes (74.61%) was achieved using TiO,-Co. Bhuiyan et al. (2020)
used iron oxide extracted from Carica papaya leaf. The optimum conditions were obtained
at a catalyst dose of 0.8 g/L, pH of 2, for 6 hours with a maximum color degradation of
76.6%. Akti (2018) used Polyaniline doped SnO,-diatomite. It was found that the use of a
catalyst dose of 1 g/L in 1 hour resulted in a degradation achieved of 96%. Akti and Balci
(2022) used APTES (3-aminopropy! triethoxysilane) and ethyl alcohol modified Sn/SBA-
15. The study showed that the Remazol yellow degradation was obtained up to 58.2%.
According to the literature review, studies on photocatalytic degradation of Remazol red
using SnO,-Co semiconductor have not been well reported. Therefore, this study aims to
synthesize and modify the semiconductor of SnO, doped with cobalt (SnO,-Co) for Remazol
red photodegradation. It was conducted with several variables, including the effect of
degradation time and the initial concentration of the dye, while the characterizations used
to test the material were XRD (X-ray diffraction), SEM (scanning electron microscopy),
and UV-Vis DRS (UV-vis diffuse reflectance spectroscopy).

METHODS
SnO, Preparation

3 g of SnCl, was dissolved in 150 mL of distilled water and stirred for 1 hour, then NH,OH
solution was added dropwise with constant stirring until it reached pH 7. The gel produced
was filtered and dried in an oven at 80°C for 24 hours to remove water molecules (Naje et
al., 2013). The powder obtained was characterized using XRD, SEM, and DRS instruments.

Synthesis of SnO,-Co with Variation in the Concentration of Doping Materials

2 g of SnO, powder was added with Co(NOs), with various concentration ratios of 2:1;
2:2, 2:3, and then dissolved in 100 mL of distilled water with constant stirring for 1 hour.
Furthermore, NaOH solution was added dropwise with constant stirring until a pH of 7 was
reached. The solution was filtered, while the filtrate was mixed with ethanol, precipitated,
and then filtered. The precipitate was washed and dried in an oven at 400°C for 1 hour,
while the powder obtained was used for characterization and photocatalytic examination
(Saravanakumar et al., 2016). The characterization was carried out using XRD, DRS, and
SEM instruments. The material from the best characterization results was used to degrade
the dye.

Degradation of Remazol Yellow

Effect of Degradation Time. The effect of time on the degradation process was determined
using a sample solution of 25 ppm Remazol yellow FG. 0.50 g of SnO,-Co was added into
1000 mL of beaker glass and 10 mL of Remazol yellow sample solution. The mixture was
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stirred with a magnetic stirrer and exposed to a UV lamp (20 watts) with an irradiation time
of 30, 60, 90, 120, 150, and 180 minutes in the radiation box. Furthermore, the degraded
dye solution was centrifuged for 20 minutes at a speed of 3000 rpm to separate SnO,-Co
from the solution. 1mL of the solution was then taken, and the absorbance was measured
using a UV-Vis spectrophotometer at the maximum wavelength with distilled water. The
concentration calculation was carried out by entering the absorbance obtained into the
standard curve equation for Remazol yellow. As a control, Remazol yellow degradation
process was also carried out without UV lamp irradiation with the same variation of
contact time.

Effect of Initial Concentration of Remazol Yellow. The effect of Remazol yellow dye
initial concentration was determined using a standard solution of 10 mL of 10, 15, 20, 25,
30 ppm, respectively. Five beakers of 100 mL were added with 0.50 g of SnO,-Co and a
standard solution of Remazol yellow FG. The mixture was stirred with a magnetic stirrer
and then exposed to a UV lamp (20 watts) in a radiation box to determine the optimum
exposure time. The degraded dye solution was centrifuged for 20 minutes at a speed of
3000 rpm to separate SnO,-Co from the solution. Furthermore, 1 mL of the solution was
taken, and the absorbance was measured using a UV-Vis spectrophotometer at the maximum
wavelength with distilled water. The initial concentration was calculated by entering the
absorbance obtained into the standard curve equation for the Remazol yellow. As a control,
Remazol yellow degradation process was also carried out without UV lamp irradiation
with the same variation of initial concentration.

Data Analysis. The percent decrease in Remazol yellow FG concentration was calculated
using Equation 1 with the triple measurement as follows:

Co - Ct
P=—x100% (D)
Co

Where,

P = Percentage decrease in solution concentration.

Co = Initial concentration of solution before degradation (ppm).
Ct = concentration of solution after degradation at time t (ppm).

RESULTS AND DISCUSSIONS
Characterization of X-Ray Diffraction (XRD)

Characterization using XRD was carried out to identify the crystal’s phase, structure, and
size type. The results were identified by comparing the formed peaks with data from the
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JCPDS card No. 41-1445. SnO, and the SnO,-Co composite XRD characterization results
are shown in Figure 1.

Figure 1(a) shows the results of the SnO, material diffractogram, and the 20 angle
characterization was compared with the JCPDS card data No.41- 1445. Based on the data,
the angle characteristic of 20 SnO, is 26.6°; 33.8°; 37.9°; 51.8° 57.9° and 62.0° with field
indexes (110), (101), (200), (211), (002) and (310) (Bhagwat et al., 2015). The SnO, result
showed similarities with JCPDS card No.41-1445 data with a slight shift of the peaks, in
angles 26.52°, 32.1°, and 51.8°. Meanwhile, Figure 1(b) shows the result of the SnO,-Co
(2:1) composite diffractogram with peaks at 20 angles of 33.510°; 37.22°; 57.50°, and 62.38°
while the (2:2) composite diffractogram showed peaks at an angle of 20 26.9°; 33,516°;
37.32°;57.61° and 62.41°as shown in Figure 1(c). Furthermore, the SnO, —Co (2:3) sample
diffractogram, as presented in Figure 1(d), indicated peaks at angles of 20 26.60°; 33.40°;
37.26° 51.0° 57.61° and 62.54°.

The XRD diffractogram results in Figure 1 showed the type of phase produced by the
nanocrystalline. The crystal size was below 100 nm with a tetragonal crystal structure as
indicated by the formed peaks at a typical angle of 26°, 33°, and 51° (Saravanakumar et al,
2016). Based on Figure 1, in each SnO,-Co composite, the highest peak intensity was at
30° 26 angle. According to Lokhand (2015), the diffraction pattern of cobalt doping peaks
generally appears at a 20 angle between 20 to 50° with a characteristic diffraction peak at
30°. The highest intensity of the peak at 30° is due to an incomplete reaction which causes
excessive reactants and by-products in each of the composite synthesis processes. Another
problem Ibarguen et al. (2007) reported was that the formation of a peak at a 30° in the
diffraction pattern is caused by the excess amount of NH,OH, which makes the pH of

(d)
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Figure 1. XRD Spectra of (a) SnO, (b) Sn0,-Co (2:1) (¢) Sn0,-Co(2:2) (d) SnO,-Co (2:3)
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the solution to be alkaline. Therefore, the best XRD characterization from each SnO,-Co
composite was selected for the photodegradation process. One of the factors to determine
the best composite for photodegradation applications is the crystal size. Sharma et al.
(2014) reported that crystal size affects photodegradation. As the crystal size increases, the
degradation efficiency decreases due to the reduction of the surface area and active sites on
the surface of the photocatalyst, which in turn decreases the number of hydroxyl radicals
and superoxide. A similar finding has also been reported by Peng et al. (2005) that the
small crystal size of the photocatalyst indicated high photocatalytic activity. The SnO,-Co
crystal size was calculated using the Debye-Scherrer formula, and the (2:1) (2:2) and (2:3)
composites have a value of 48.87 nm, 48.80 nm, and 39.61 nm, respectively. Based on
the diffractogram and crystal size data, the SnO,-Co (2:3) composite was selected for the
photodegradation of Remazol yellow because its peaks have a typical angle of 26, 33, and
51°, which are similar to the JCPDS card No.41-1445 data and has the smallest crystal size.

Characterization of UV-Visible Diffuse Reflectance Spectrophotometer (UV-Vis DRS)

The DRS UV-Vis characterization was carried out to determine the energy bandgap value
of SnO, and the SnO,-Co composite (2:3). In general, semiconductor materials have two
energy bands: valence, and conduction. The distance between the valence to the conduction
band is called the energy bandgap. The standard value of the energy bandgap of SnO, is 3.6
eV (Pirmoradi et al., 2011). The measurement in the SnO, and SnO,-Co (2: 3) composite
with UV-Vis DRS characterization was carried out by providing energy at a wavelength
of 200-800 nm. When the electrons in the valence band absorb the appropriate photon
energy, then the conduction band is excited. The electrons also transmit some energy back
to the ground state, while the transmitted energy by the material is equal to the width of
the energy bandgap.

The UV-Vis DRS measurement results of the energy bandgap value of the SnO, and
Sn0,-Co composite (2:3) are shown in Figure 2. The energy bandgap of SnO, was 3.05
eV, while for SnO,-Co was 2.8 eV. The energy bandgap of SnO,-Co composite was smaller
than SnO, due to the influence of doping with Co. This phenomenon was also reported
by Mani et al. (2016), which stated that Co metal has a smaller value than Sn; therefore,
Co acts as an electron acceptor and decreases the energy bandgap value. The addition of
dopant Co to SnO, reduced the energy required for electrons to excite from the valence
to the conduction band, reducing the bandgap value. Furthermore, Pirmoradi et al. (2011)
stated that the addition of cobalt as doping to semiconductors reduces the bandgap energy.
Therefore, its application as a photocatalyst was carried out in visible light to reduce energy
efficiency. It is caused by cobalt, which acts as an absorber to collect the photoelectrons
produced from the semiconductor conduction band.
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Figure 2. UV-Vis DRS of (a) SnO, (b) SnO,-Co (2:3)

Characterization of Scanning Electron Microscopy (SEM)

SEM characterization was carried out to determine the morphological shape of the SnO,
semiconductor and SnO,-Co (2:3) composite to determine the constituent elements. It was
performed at 3000x magnification, as shown in Figure 3. The surface morphology presented
in Figure 3 (a) showed that the SnO, obtained was in the amorphous/crystalline phase.
Meanwhile, Yehia et al. (2019) reported that amorphous/crystalline SnO, has a distinct
porous surface with uneven particles. Furthermore, the surface morphology of the SnO,-Co
composite demonstrated in Figure 3 (b) showed that the particle size of SnO,-Co was bigger
than SnO,. The SnO,-Co composite has a round morphology with an uneven surface. It is
due to Co doping which aggregates on the surface of SnO, and forms pores, as previously
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Figure 3. SEM morphology at x3000 magnification of (a) SnO, surface (b) SnO,-Co (2:3)
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reported by Sivakhartik et al. (2016). The Table 1

Composition of the constituent SnO, and composite

analysis results of the constituent elements clements Sn0./Co (2-3)

of SnO, and SnO,-Co composites (2:3) are

shown in Table 1. S0 (w%) snoz/(jco(:n(lz)?;)it:wt%)
Based on Table 1, the success of the Sn 62.63 6124

SnO,-Co composite (2:3) was indicated by o 29.78 24.67

the presence of Sn, O, and Co elements. Co 3 14.09

The Sn composition, namely 61.24 wt%, C 5.61 -

was higher than the Co, which was only N 1.98 -

14.09 wt% and the presence of O at 24.67

wt% indicates that the composite was successfully synthesized. Meanwhile, the Sn and
O percentages in the SnO, semiconductor were 62.62 wt% and 29.78 wt%, respectively,
which indicates successful synthesis with only a few impurities such as carbon (5.61 wt%)
and nitrogen (1.98 wt%).

pH Point Zero Charge (pHpzc) SnO,-Co (2:3) Composite

The pH point zero charges (pH pzc) is the meeting point between the straight lines from
the initial to the final pH curve of the solution in a neutral charge state. It is also the point
between the initial and final pH after immersion for 24 hours. The pHpzc data is used to
determine the appropriate pH conditions for the photodegradation process, as shown in
Figure 4.

Figure 4 shows that the pHpzc for the SnO,/Co (2:3) was 5.18, which indicates the
composite is in a neutral charge. Qin et al. (2015) reported that at a pH value below
pHpzc, the composite surface charge tends to be positive, degrading anionic dyes. In
contrast, when the pH value is above pHpzc,

the surface charge tends to be negative
for degrading cationic dyes. Since the 101 e hitial pH
: . ApH
dye used in the photodegradation process gf P
was anionic, namely Remazol yellow, the
photodegradation will be favorable if the 8
pH of the solution is adjusted below pHpzc. | + 7
&)

6-
Remazol Yellow Photodegradation
Effect of Variation in Photodegradation %
Time. The curve showing the effectiveness 41
of reduction in the concentration of the 4 5 6 7 8 9 10
Remazol yellow dye with variation in time Initial pH
is shown in Figure 5. Figure 4. pHpzc SnO,-Co (2:3)
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Figure 5. Effect of time on Remazol yellow removal

Based on the curve obtained in Figure 5, at 30 to 180 minutes, there was an increase in
the percentage of effectiveness from 11.46 to 66.78%. This percentage shows the degraded
dye; hence, the greater the value, the more degraded the Remazol yellow dye. The most
effective percentage increase in reducing the dye concentration was found at 30 minutes
of irradiation time. Furthermore, at 60 to 180 minutes, the percentage effectiveness of
decreasing the concentration was relatively low. The ability of photocatalysts to excite
electrons from the valence to the conduction band does not increase; hence, the free
electrons produced are widely used to degrade intermediates in the photodegradation
process (Kumar & Pandey, 2017). The irradiation time in the photodegradation process
describes the length of interaction between the photocatalyst and UV light to produce free
electrons (e”) with holes (h") and form a redox reaction that ultimately degrades the dye
(Alshabanat & AL-Anazy, 2018). As shown in Figure 5, the highest percentage was at 180
minutes; therefore, it was concluded that the best time for the photodegradation of Remazol
dye is at 180 minutes. Moreover, controls as a comparison were also carried out through
the adsorption process of Remazol yellow or without UV light irradiation. Based on the
curve in Figure 5, there was also an increase in the percentage of effectiveness in decreasing
the dye concentration over time. The percentage was smaller without UV light irradiation
compared to UV light irradiation of 57.94%. Therefore, the percentage difference in the
effectiveness of reducing the concentration with or without UV light irradiation was not
significant. The dye and the composite undergo an adsorption process before interacting
with UV light during the photodegradation process. Besides, the SnO, photocatalyst is also
widely used as an adsorbent in dye absorption. Abdelkader et al. (2016) reported that SnO,
is applicable as a dye adsorbent because it has a wide and dense surface; hence, its ability
to absorb dye is relatively large. Paramarta et al. (2016) combined the SnO, with graphene
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and nanographene to increase the adsorption capacity to degrade the Methylene blue. The
results show that the SnO, composite with graphene achieves a higher adsorption capacity
of about 20% than the composite with NGP. Meanwhile, a SnO,/CeO, Nano-Composite
Catalyst was used to adsorb the Alizarin Dye. The removal efficiencies of Alizarin-3-
methylimino-diacetic acid, alizarin yellow, and alizarin red S dyes were showed 95.0%,
95.3%, and 87.8%, respectively (Hassan et al., 2020).

Effect of Variation in Initial Concentration of Remazol Yellow. The effectiveness of
decreasing Remazol yellow concentration with variations in the initial concentration of
the dye is shown in Figure 6.

Based on the curve obtained in Figure 6, the lowest reduction of Remazol yellow
is at a concentration of 10 ppm, namely 74.41%. The most effective percentage, which
ranged from 10 to 20 ppm, decreased from 74.41 to 64.46%, but at 25 to 30 ppm, the
percentage increased from 67.57 to 71.04%. Wahyuningsih et al. (2017) stated that the
higher the concentration of the dye used, the larger the number of the molecules, affecting
the interaction between the catalyst and UV light. Dyes with large concentrations tend to
have a darker color, thereby blocking UV rays for the catalyst. The minimum interaction
between UV light and the catalyst produced less photon energy; hence, the catalyst tends
to act as an adsorbent at a large dye concentration. Comparative control was also carried
out on the effect of variations in the initial concentration of the dye using adsorption or
without UV light irradiation. Based on the curve in Figure 6, the largest reduction in the
dye concentration was at 30 ppm, with a percentage of 58.96%. This composite is potential
in dye removal, and it can be compared with other methods, as Purnawan et al. (2021).
Meanwhile, Shu et al. (2015) stated that the higher the concentration, the greater the amount
of dye adsorbed on the composite surface.

It is consistent with the data obtained in

the adsorption process of Remazol yellow 754

using the SnO,/Co composite with or

without UV light irradiation. Based on the | 570]

results, the reduction effectiveness with g 65 ]

UV light irradiation or photodegradation % 1= /I_D\gg(t_)%crtaigarllyst

was greater than that of adsorption without | 555

UV light irradiation. It is because the §50-

light from the UV lamp interacts with the |

photocatalysts, which in turn degrades 454

the Remazol yellow solution. Therefore, 10 15 20 5 20
the decrease in concentration is greater Concentration of Remazol yellow (ppm)

Compared to the use of SnO,-Co, which Only Figure 6. Effect of initial dye concentration of
absorbs particles on the surface. Remazol yellow removal
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CONCLUSION

SnO,/Co composites with mass ratios of (2:1), (2:2), and (2:3) were successfully synthesized,
and the characterization results using XRD showed similarities with the typical peak of
the JCPDS card No. data. 41-1445 at 20 of 33°. The UV-Vis DRS characterization results
for SnO, showed an energy bandgap of 3.05 eV, while the SnO,/Co composite (2:3) was
2.8 eV. Furthermore, the surface morphology of the SnO,/Co composite (2:3) determined
using SEM characterization showed an uneven round surface and forms pores caused by
an aggregate of Co doping on the surface of SnO, with the constituent percentage of 61.24,
24.67, and 14.09% for Sn, O, and Co respectively. Therefore, the optimal condition for
the reduction in the concentration of Remazol yellow was at 180 minutes contact time
and 10 ppm for the initial concentration with the highest percentage of 66.78 and 74.41%,
respectively.
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ABSTRACT

The populations of fireflies (Coleoptera: Lampyridae) are increasingly being threatened,
and it is, thus, a significant problem in Southeast Asia, particularly Malaysia. Fireflies and
their habitat must immediately be protected before they go extinct. Simpson’s Diversity
Index used in this paper review to measure the diversity of firefly species across Malaysia.
The Simpson’s Diversity Index showed that the richness and evenness of firefly species
in Malaysia is infinite diversity with D = 0.2255. The authors compiled and reviewed the
studies on the firefly species to incorporate available information/data and emphasised
their preferred habitat/display trees in response to the issue. Therefore, this paper was also
able to track down records of fireflies’ species’ distribution through the previous studies in
eight states in West Malaysia (Peninsula), namely Johor, Kelantan, Kuala Lumpur, Pahang,
Perak, Negeri Sembilan, Selangor, and Terengganu, as well as two states in East Malaysia
(Borneo), namely Sabah and Sarawak. It indicates that firefly species, especially from the
genera Pteroptyx (Pteroptyx tener species), are widely distributed in Peninsular Malaysia
and East Malaysia. Based on the records from the study conducted by previous researchers,
it was found that the population of fireflies is declining in some areas in Malaysia, and
so are their habitats and host/display trees that have suffered the same decline. Perhaps,
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INTRODUCTION

Fireflies are categorised in the beetle family Lampyridae. They are made up of ten
subfamilies, with around 2200 species described worldwide (Martin et al., 2019). Fireflies
are from the Lampyridae family and are not classified as “flies” since flies have only one
pair of wings while all other winged insects have two or four wings (Mahadimenakbar &
Saikim, 2016). Fireflies have four growth stages: eggs, larvae, pupae, and adults. Within 24
to 48 hours post-mating, adult female fireflies will lay 80 to 150 eggs. Adult female fireflies
will die two to three hours after oviposition. After that, the eggs will be incubated for two
to four weeks. The newly emerged larvae will feed on the mangrove snail (Cyclotropis
carinata) (Nallakumar, 2003). If these snails are not found in the area, the larvae will eat
any species of snail that is available. Lastly, the larvae prepare for pupation by making a
soiled space in the soil, where they will dwell for six to ten days until they emerge as adult
fireflies (Nallakumar, 2003).

Luciola pupilla, Pteroptyx malaccae, and Pteroptyx tener are three species found
predominantly in Southeast Asian countries, including Malaysia (Razak & Sulaiman,
2016), and this region is home to a wide range of Pteroptyx fireflies (Ballantyne et al.,
2019; Jusoh et al., 2018). The most common species of fireflies in Malaysia are Pteroptyx
tener and Pteroptyx bearni (Jusoh et al., 2018). The fireflies from the genus Pteroptyx
are mainly linked with the aquatic-terrestrial ecotone near the edge of mangrove forests,
where they congregate (Foo & Mahadimenakbar, 2017). Pteroptyx tener congregates in
large colonies every night in certain mangrove trees along tidal rivers, providing a stunning
bioluminescent flash (Jusoh et al., 2010b), ranking them among the fascinating insects due
to their spectacular bioluminescent flash (Oba et al., 2011). Male and female fireflies have
distinct flashes of light to help them find mates (Buck & Buck, 1968).

In certain regions, it is reported that habitat loss and degradation have led to the
reduction of firefly populations (Khoo et al., 2012; Wong & Yeap, 2012). For example, in
Malaysia, the mangrove Pteroptyx tener have already experienced a significant decline
(Jusoh & Hashim, 2012). A recent global survey has identified three major threats to
firefly species in Australia, Central America, East Asia, North America, South America,
South Asia, Southeast Asia and the United Kingdom and Europe that include habitat loss
and fragmentation, adult dating disorders due to the artificial light at night (ALAN) and
excessive use of pesticides (Lewis et al., 2020). It is critical to address this issue since there
is a possibility that fireflies are a vital natural pollinator in ecosystems (Sulaiman et al.,
2020). As well known, insects are vital pollinators, and many plants rely exclusively on
insects for reproduction (Ollerton, 2017; Paudel et al., 2015). Furthermore, fireflies feed
primarily on nectar (Nallakumar, 2003).

For the effective conservation of firefly populations, a thorough understanding of
their range, abundance, and habitat requirements is needed (Takeda et al., 2006). Cheng
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et al. (2020) mentioned that fireflies in the genus Preroptyx are designated as a potential
flagship group, umbrella species or indicator species for biodiversity conservation and
environmental health in Southeast Asia. It is based on several characteristics, such as adult
fireflies in estuarine ecosystems in areas of the region are easier to spot and quantify because
of their synchronised flashing behaviour. The Pteroptyx tener larvae reside in the topsoil
horizon/organic layer, daily inundated by the tidal river. They spend most of their time in
this area hunting for their host (Cyclotropis carinata; Assimineidae); Finally, their eggs
and pupae that also live in the topsoil horizon can be used as effective gauges/indicators
of environmental health. Settling on the topsoil horizon makes them extremely sensitive
to water and soil quality changes.

Looking at the problems faced by this insect species (fireflies) as well as the lack
of studies conducted in some areas, for example, Jusoh et al. (2020) mentioned that
although synchronous flashing fireflies of the genus Pteroptyx are found across Southeast
Asia, very little is known about their biodiversity. Abdullah et al. (2021) also stated that
in Malaysia, the records of firefly populations in Sarawak are still lacking compared to
Malaysia Peninsula and Sabah. Then according to Chung (2007), a body of research on
the diversity of beetles has been conducted in Malaysia; however, due to the high diversity
of beetles, the understanding of taxonomy, diversity, species groupings, and ecology is
still insufficient. Therefore, the primary purpose of this paper is to compile the records of
congregating firefly distribution throughout Malaysia. By knowing the areas that have not
yet been covered in the study related to the biodiversity of this species, the researchers and
those responsible for wildlife management and forestry can do better planning. Meanwhile,
the second objective of this paper is to identify the display tree species favoured by fireflies
in Malaysia. Listing the types of tree species chosen by fireflies as host/display trees will
help preserve and conserve the tree species.

FIREFLY LIST AND SPECIES DIVERSITY IN MALAYSIA

Bassot and Polunin (1967) were the first to study congregating fireflies in Peninsular
Malaysia (Benut River mangrove on the west coast of Johore). Colophotia, Luciola,
Lychnuris, and Pteroptyx are the four groups of fireflies found in Peninsular Malaysia
(Nada & Kirton, 2004; Nallakumar, 2003). The Pteroptyx population size changed over
time is very concerning (Jusoh et al., 2010a) because one of these species, Pteroptyx
tener, was a widespread species in Malaysia (Foo & Mahadimenakbar, 2017). If there is a
reduction in the number of these species, then it will affect the number of fireflies species
found throughout Malaysia. The Pteroptyx tener is found at various locations in Peninsular
Malaysia, such as in Sungai Sepetang, Perak (Hazmi & Sagaff, 2018; Norela et al., 2017),
Sungai Bernam, Selangor (Shahara et al., 2017), Sungai Johor, Johor (Norela et al., 2016)
and Chukai River, Kemaman (Mahmod et al., 2018). The Malaysian Nature Society (MNS)
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performed a nationwide survey on Congregating Firefly Zones (CFZs) in Malaysia between
2009 and 2010. The goal of the survey was to determine the status of land use, hazards,
ecotourism potential, and other features in 28 main CFZs. The majority of CFZs have
one to four congregating firefly species, with the east coast having a larger concentration
of CFZs. Figure 1 below shows the 58 Congregating Firefly Zones (CFZs) in Peninsular
Malaysia (Wong & Yeap, 2012), while Figure 2 shows the location of firefly species that
have been found throughout Peninsular Malaysia and Borneo (Sabah and Sarawak).

In Rembau River, a total of 87 colonies of Pteroptyx were detected, while in Linggi
(two colonies), Ramuan China Besar (13 colonies), and Ramuan China Kechil (20 colonies)
(Jusoh et al., 2010a). Hazmi and Sagaft (2018) carried out a study in March, May, and
June 2014, successfully collecting 3044 individuals of adult Pteroptyx tener fireflies
along the Sungai Sepetang in Kampung Dew Perak. The study found that the abundance
of the firefly population in Sungai Sepetang dropped as the concentration of heavy metals
in the river water increased where the Water Quality Index (WQI) was acquired with
polluted status (59%). Meanwhile, firefly eggs and larvae have been discovered to survive
on soil with a high percentage of silt (Hazmi & Sagaff, 2018). Mahmod et al. (2018)
collected 505 fireflies in Chukai River Kemaman, Terengganu, between November 2017
and April 2018, representing three species: Pteroptyx tener Olivier (503 individuals,
99.6%), Pteroptyx malaccae Gorham, and Pteroptyx valida Olivier (1 individual, 0.2%
respectively). In addition, Pteroptyx valida is very uncommon in the Klias Peninsula, Sabah
(Mahadimenakbar et al., 2007).

In the meantime, a study conducted by Foo and Mahadimenakbar (2017) in the eastern
part of Malaysia in three locations in Sabah (Garama River, Teratak River and Weston
River) recorded about 1,750 individuals representing four species (namely Pteroptyx bearni
Ballantyne, Pteroptyx malaccae Gorham, Pteroptyx tener Olivier, and Pteroptyx valida
Olivier). Pteroptyx tener (344 individuals) and Pteroptyx malaccae (306 individuals) were
the most common species in Weston River. In contrast, Pteroptyx tener (187 individuals)
was the most common in Garama River and Pteroptyx bearni (255 individuals) was most
common in Teratak River. In addition, Foo and Mahadimenakbar (2016) reported that
the Pteroptyx bearni was also a dominant firefly species found in the mangrove forest of
Kawang in Sabah, Malaysia.

Pteroptyx bearni was documented in Miri, Sarawak (Niah River, Sibuti River and Raan
River), Terengganu (Kerteh River) on the East Coast of Peninsular Malaysia (Jusoh et al.,
2011; Abdullah et al., 2021). In Sarawak, Pteroptyx bearni has also been recorded in various
locations, including Balingian, Bintulu, Kadulit, and Raan, indicating that both species are
widespread in Sarawak (Jusoh et al., 2018). Two hundred ninety-six individual fireflies were
reported in Miri, Sarawak, Malaysia, notably Pteroptyx bearni Olivier 1909 and Pteroptyx
malaccae Gorham 1880. Both species were found in the Niah River (146 individuals), the
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Sibuti River (97 individuals), and the Raan River (53 individuals) (Abdullah et al., 2021).
The population of Pteroptyx bearni in Likas, Sabah, recorded a very alarming decline
triggered by the loss of mangroves. Most worrying is when Pteroptyx bearni is found to
no longer exist in Likas, and it can be concluded that it is likely that the species is going
to extinct (Mahadimenakbar & Saikim, 2016). At the same time, Pteroptyx gelasina also
suffered the same fate as Preroptyx bearni when the species was no longer found in Likas,
Sabah (Mahadimenakbar & Saikim, 2016). Therefore, a study needs to be done in the
Likas area, Sabah, to determine the actual situation of these two species, whether they are
entirely extinct, and the cause of the loss of the species there.

In the work of Jusoh et al. (2018), there was only one record of Pteroptyx malaccae
in Sarawak, which is in Limbang. Meanwhile, Abdullah et al. (2021) have successfully
recorded the first presence of this species in Niah River, Miri, Sarawak. In 2014 this species
was also found in Teratak River, Sabah (Foo & Mahadimenakbar, 2015). Apart from Sabah
and Sarawak, this species has also been recorded in Rembau, Negeri Sembilan (Jusoh et al.,
2010a), then in Muar, Johor, Chukai, Terengganu and Sungai Pahang Tua, Pahang (Jusoh
etal., 2018). However, due to urbanisation and resettlement, fireflies in the Rembau-Linggi
River are almost gone (Jusoh & Hashim, 2012). At the same time, Pteroptyx asymmetria
has only been found in the western region of Peninsular Malaysia (Jusoh et al., 2018).
Pteroptyx fireflies are known to flash synchronously but not the Pteroptyx asymmetria
males. Instead of perching on the display trees, Pteroptyx asymmetria males are likely to
fly about the tops of their trees (Jusoh et al., 2018).

In October 2018, a new record of three species, Pygoluciola wittmeri, Luciola sp., and
eleven out of 17 larvae, was discovered in Kangkawat Research Station, Imbak Canyon,
Sabah (genus Pyrocoelia sp.). There were 33 solitary fireflies (3 adult males; 13 adult
females), and 17 larvae were collected (Mobilim & Mahadimenakbar, 2020). Ballantyne
and Lambkin (2006) and Nada and Ballantyne (2018) also stated that the species of
Pygoluciola fireflies was found in Malaysia, which proves that other species of fireflies
other than Pteroptyx also exist in Malaysia. It suggests that there is a possibility that there
are not many studies done concerning the species that are still not widely covered. Perhaps
Pteroptyx is somewhat synonymous with its habitat in mangrove areas, but other species
inhabit the non-mangrove areas. These species are not as well known as Preroptyx because
they can only be found in a few places. For example, Luciola sp. in the Maliau Basin
(Muslim et al., 2010); Lychnuris opaca in Tabin Wildlife Reserve (Chung & Binti, 2008);
Pygoluciola dunguna Nada sp. nov in Dungun, Jengai Forest Reserve (Nada & Ballantyne,
2018); Pygoluciola guigliae and Pygoluciola wittmeri in Mahua, Sabah (Ballantyne &
Lambkin, 2006); Pygoluciola kinabalua found in Mesilau, Sabah (Ballantyne & Lambkin,
2001) and Pygoluciola wittmeri in Kionsom, Sabah (Chey, 2008). Three non-synchronised
firefly genera were found from December 2011 until January 2013 in UNESCO Chini Lake
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Biosphere Reserve, namely Colophotia sp., Pygoluciola sp. and Pyrocoelia sp. (Roslan
& Sulaiman, 2015). However, no further studies have been done to prove the existence of
fireflies except Pteroptyx in non-mangrove areas.

To conclude the findings of this paper review, the authors have utilised Simpson’s
Diversity Index to highlight the diversity of firefly species found throughout Malaysia.
Simpson’s Diversity Index showed that the richness and evenness of firefly species in
Malaysia is infinite diversity with D = 0.2255 (Table 2).

LEGEND

12 CFZ site number
—— State boundary
== == Country boundry

Extent of the CFZ
along the river

Figure 1. The 58 congregating firefly zones (CFZs) in Peninsular Malaysia (Wong and Yeap, 2012)
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Table 2
Simpson's Diversity Index of firefly species in Malaysia
. Number of Adult
Species Fireflies (n) n(n-1) References

Luciola sp. 2 2 Mobilim and Mahadimenakbar (2020)

Pteroptyx asymmetria 2 2 Asri et al. (2020)

Ballantyne

Pteroptyx bearni 1750 3,060,750  Foo and Mahadimenakbar (2017)

Ballantyne

Pteroptyx bearni or 2655 7,046,370  Faudzi et al. (2021); Foo et al. (2017);

Pteroptyx similis Foo and Mahadimenakbar (2016);
Mahadimenakbar et al. (2007);
Mahadimenakbar et al. (2018)

Pteroptyx bearni 277 76,452 Abdullah et al. (2021)

(Olivier, 1909)

Pteroptyx gelasina 2 2 Mahadimenakbar et al. (2018)

Pteroptyx malaccae 9 72 Mahadimenakbar (2015);
Mahadimenakbar et al. (2018)

Pteroptyx malaccae 375 140,250 Asri et al. (2020); Foo and

Gorham Mahadimenakbar (2017);
Mahadimenakbar et al. (2007); Mahmod et
al. (2018)

Pteroptyx  malaccae 19 342 Abdullah et al. (2021)

(Gorham, 1880)

Pteroptyx tener 3051 9,305,550  Foo and Mahadimenakbar (2015); Hazmi
and Sagaft (2018); Mahadimenakbar et al.
(2018)

Pteroptyx tener 2594 6,726,242  Asri et al. (2020); Mahadimenakbar et al.

Olivier (2007); Foo and Mahadimenakbar (2017);
Mahmod et al. (2018)

Pteroptyx valida 10 90 Foo and Mahadimenakbar (2015);
Mahadimenakbar et al. (2018)

Pteroptyx valida 28 756 Foo and Mahadimenakbar (2017);

Olivier Mahadimenakbar et al. (2007); Mahmod et
al. (2018)

Pygoluciola dunguna 37 1,332 Nada and Ballantyne (2018)

Nada sp. nov.

Pygoluciola wittmeri 1 0 Mobilim and Mahadimenakbar (2020)

Total

N =10812

Zn(n —1) = 26,358,212

Simpson's Diversity Index = 0.2255

*Notes. D = 0 represents infinite diversity and 1, no diversity

1974
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LOCATION OF FIREFLIES SPECIES IN MALAYSIA
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Figure 2. Location of firefly species throughout Malaysia

FIREFLY HABITAT AND HOST/DISPLAY TREES IN MALAYSIA

Firefly habitat is typically situated near the water areas, particularly in mangroves. They
lay their eggs near the Nypa tree on the riverbanks, and their larvae eat tiny river snails and
insects (Hazmi & Sagaff, 2018). According to Ballantyne and McLean (1970), fireflies of the
species Pteroptyx live in wetlands, estuaries, and brackish water environments. Pteroptyx
fireflies have been recorded in various mangrove species as display trees (Chey, 2004);
however, they are most seen congregating in Sonneratia caseolaris (L.) Engl. Trees (Cheng
et al., 2017; Jusoh et al., 2010b; Ohba & Wong, 2004) (see figure 3). In conformity with
Mahmod et al. (2018), most synchronous fireflies in Chukai River, Terengganu, inhabit
Sonneratia caseolaris (L.) Engl, which are 432 individuals (85%). Forty-four individuals
(9%) inhabit Hibiscus tiliaceus L., and 29 individuals (6%) inhabit Nypa fruticans Wurmb.
They also detected fireflies in different vegetation types, such as Guilandina bonduc L. and
Barringtonia sp. However, it does not demonstrate the best synchronisation.

According to Nallakumar (2003), adult fireflies only occupy the young berembang tree
(Sonneratia caseolaris) associated with nectaries. This nectar is a vital nutrient for adult
fireflies and a catalyst for the chemical processes that result in synchronised photon flashes.
It was also found that this tree is a food source for Preroptyx tener because it contains some
amount of sucrose in the sap (Jaafar et al., 2010; Juliana et al., 2012; Nada et al., 2009).
The density of firefly larvae was significantly higher in Sago palm groves than in oil palm
stands (Kirton et al., 2006). Streambank palms (Nypa fruticans and Metroxylon sago) are
essential food sources for the snail predators the firefly larvae feed (Nada & Kirton, 2004).
It is in line with the work of Juliana et al. (2012), who found that the fireflies in Selangor
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River are found in Sago’s palms (Metroxylon sago) and Rengas air (Gluta velutina). Kirton
etal. (2006) have made a preliminary study to determine firefly larval habitat requirements
that show that Pteroptyx tener larval densities were high in sago patches (Metroxylon spp.),
They are low in orchards (mixed fruit tree species) and low in all but one of five oil palm
plantation locations (Elaeis guineensis).

Pteroptyx tener and Pteroptyx bearni adults in Kerteh River, Terengganu, in 2009 were
found to select 170 trees from 27 different species located 2—15 km from the estuary as
display trees. For instance, most of these fireflies congregated on Sonneratia caseolaris (L.)
Engl. (22%) of total display sections. Then, this is followed by Gluta velutina Blume (15%),
Hibiscus tiliaceus L. (13%), Xvlocarpus granatum J. Konig (9%), Avicennia alba Blume
(8%), Rhizophora apiculata Blume (6%) whilst the remaining individuals were found on
other display tree species such as Brownlowia argentata Kurtz, Barringtonia racemosa (L.)
Spreng., Bruguiera gymnorrhiza (L.) Lam., Ceriops decandra (Griff.) Ding Hou, Derris
trifoliata Lour, Excoecaria agallocha L., and Nypa fruticans Wurmb (Jusoh et al., 2011).

In contrast to Sonneratia caseolaris, fireflies are also reported to be mainly congregating
on Heritiera littoralis (the dominant trees found in Klias River, Sabah) (Chey, 2004) durian
and bachang trees (Nada & Kirton, 2004). In a study conducted by Abdullah et al. (2021),
it was found that fireflies were detected to be present in Pandanus sp. as a display tree
in Sibuti River Sarawak for the first time it was recorded. Meanwhile, fireflies in Bako
National Park Sarawak (Sibuti River and Raan River) prefer Avicennia marina trees as their
display tree (Buck & Buck, 1966). The study conducted by Abdullah et al. (2021) found that
Rhizophora apiculata was the most preferred display tree for the firefly population in
Miri, Sarawak. Aside from that, Derris sp., in Raan River, was previously identified as
a good display tree for the firefly population in Kerteh River, Terengganu (Jusoh et al.,
2011). Pteroptyx and its display trees in the Rembau-Linggi Estuary have been studied and
found to have the highest abundance percentage (6%) in November and December, while
the lowest abundance percentage was observed in January and March (2%). It was also
discovered that firefly colonies for two display trees (no. 7 and 10; species unspecified)
had disappeared for two months, namely January and March.

Furthermore, one of the display trees died, and the colony that occupied it was relocated
to another tree nearby. A tree 50 metres away from the dead tree has around 3% firefly cover
(Jusoh et al., 2010a). It concludes that fireflies can inhabit different display trees, and they
will need to adapt to the tree species if their original display tree dies or is destroyed. It also
proves that fireflies can live or choose display trees other than their common display trees.

Pteroptyx tener is found in estuary ecosystems in Peninsular Malaysia’s coastal areas,
and it is particularly well-known in Selangor (Selangor River), Rembau, Negeri Sembilan
(Sungai Linggi), Kuala Sepetang, Perak (Sungai Sepetang), Johore (Sungai Muar),
and Chukai, Terengganu (Chukai River) (Jusoh et al., 2013). In Peninsular Malaysia’s
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mangrove forests, Pteroptyx tener Olivier congregated on several mangrove species,
notably Sonneratia sp. (Ohba & Wong, 2004). They also suggested that several factors
influence firefly species’ selection of display trees, including a) the display tree should be
at the water’s edge, as this allows fireflies to communicate more easily; b) each display
tree’s leaf arrangement must be ideal for mating (see Figure 3); ¢) the display tree must be
in a healthy condition; d) display trees must have nectar or rubber for adult fireflies if they
eat; and e) the larval prey food plant must be closer to the display tree (Ohba & Wong,
2004). Meanwhile, Jusoh et al. (2010b) proposed that favourable display trees for Pteroptyx
include those that are: a) near the water’s edge; b) strong trees; ¢) near larval food sources;
d) supply nectar or rubber for the adults’ diet; and e) have an easy-to-communicate leaf
arrangement.

According to Cheng et al. (2017), adult Pteroptyx tener dietary requirements were
unknown, except the suggestion that these insects feed on the nectar and rubber of mangrove
trees. In the same investigation, they found only plant DNA and fireflies DNA in extracts
of Pteroptyx tener gut content DNA fragments which used adult samples of Pteroptyx
tener fireflies collected from the wild from Selangor, Sepetang (Perak) and Rembau
Rivers (Negeri Sembilan) along the west coast of Peninsular Malaysia. The study analysis
did not detect Sonneratia caseolaris and Hibiscus tiliaceus in their gut DNA extracts,
although these species relied on the plant for most of their adult lives. In contrast, the
analysis discovered a single plant DNA sequence from Pteroptyx tener that was similar to
the rbcL sequences of Heritiera littoralis (Malvaceae), Lawsonia inermis (Lythraceae),
Agquilaria sp. and Gonystylus bancanus (Thyme laeaceae). All these plants are cultivated
and natural, and they may have originated either in hamlets or isolated freshwater swamps
located further inland. Thus, with the identification of these four plant DNA sequences in
Pteroptyx tener gut DNA extracts, possible that the insect species went deep inland to find
this host (Cheng et al., 2017).

Pteroptyx mangrove forest habitats are currently jeopardised by urbanisation,
industrialisation, and firefly tourism activities (Wong & Yeap, 2012). The destruction of
firefly habitats is due to ecotourism activities and local socioeconomic activities (Jaafar
et al., 2010). One of the most famous areas for firefly population distribution was around
Cherating River in Pahang, Malaysia (Mohd et al., 2019). According to Jusoh and Hashim
(2012), 14 of 122 tree species utilised as firefly display trees in 2008 were destroyed in
2010. Based on their mapping, the number of trees inhabited by fireflies has reduced by
more than half, from 122 to 57, and no new trees have been used for displays (Figure 4).
The decrease and destruction of these trees occurred over a two-decade period due to
the Rembau River’s mangrove forest being altered. This mangrove forest has also been
extensively converted to various land uses like agriculture, aquaculture, and urban areas
(Jusoh & Hashim, 2012). According to Kirton et al. (2006), there are three contributors
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to the reduction in the total population of fireflies in Kuala Selangor, namely: a) the loss
of riverbank vegetation near firefly habitat for development and agricultural activities;
b) pesticide usage in oil palm plantations that can affect firefly larvae survival; and c)
changes in river water quality caused by pollution or the development of dams and barrages
further upstream will also affect the survival of snails and riverside plants on which the
fireflies depend. The map in Figure 5 illustrates the distribution of fireflies’ display trees

in Peninsular Malaysia and Malaysia Borneo (Sabah and Sarawak).

Table 3
Display trees of fireflies in Malaysia
No. Scientific Name Location References
1 Acrostichum aureum . Teratak River, Sabah Foo and Mahadimenakbar (2015);
*  Sepetang Estuary Jusoh et al. (2010b); Juliana et al.
*  Selangor River, (2012)
Kampung Kuantan
2 Aegiceras floridum »  Kawang River, Sabah Foo and Mahadimenakbar (2016)
3 Avicennia alba *  Teratak River, Sabah Chey (2006); Foo and
»  Paitan River, Sabah Mahadimenakbar (2015); Foo and
*  Klias Peninsula, Sabah Mahadimenakbar (2017)
Avicennia alba Blume »  Kerteh River, Terengganu Jusoh et al. (2011)
Avicennia marina *  Sibuti River, Miri, Sarawak Abdullah et al. (2021)
e Raan River, Miri, Sarawak
6  Avicennia rumphiana *  Niah River, Miri, Sarawak Abdullah et al. (2021)
7 Barringtonia sp. *  Chukai River Kemaman, Mahmod et al. (2018)
Terengganu
8 Barringtonia racemosa  »  Kerteh River, Terengganu Jusoh et al. (2011)
(L.) Spreng.
9 Brownlowia argentata »  Kerteh River, Terengganu Jusoh et al. (2011)
Kurtz
10  Bruguiera gymnorrhiza  +  Kerteh River, Terengganu Jusoh et al. (2011)
(L.) Lam.
11 Bruguiera parvifolia *  Raan River, Miri, Sarawak Abdullah et al. (2021);
*  Niah River, Miri, Sarawak Mahadimenakbar et al. (2007)
. Garama River, Sabah
12 Ceriops decandra »  Kerteh River, Terengganu Jusoh et al. (2011)
(Grift.) Ding Hou
13 Clerodendrum inerme *  Garama River, Klias Chey (2010)
(Verbenaceae)
14  Derris sp. *  Raan River, Miri, Sarawak Abdullah et al. (2021)
15  Derris trifoliata Lour »  Kerteh River, Terengganu Jusoh et al. (2011)
16  Excoecaria agallocha L. +  Teratak River Foo and Mahadimenakbar (2017);
»  Kerteh River, Terengganu Jusoh et al. (2011)
17  Excoecaria indica L. *  Garama River, Sabah Foo and Mahadimenakbar (2017)

1978
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No. Scientific Name

Location

References

18  Excoecaria indica
(Willd.) Muell. Arg.
(Euphorbiaceae)

19  Ficus binjamina

20  Ficus microcarpa
(Moraceae)

21  Ficus sp.

22 Glochidion littorale
(Euphorbiaceae)

23 Gluta velutina Blume
24  Guilandina bonduc L.

25 Heritiera littoralis Dry.
ex W. Ait. (Sterculiaceae)

26  Hibiscus tiliaceous

27  Hibiscus tiliaceus L.

28  Lumnitzera littorea
(Combretaceae)

29  Nypa fruticans

30  Nypa fruticans Wurmb

31 Pandanus sp.

32 Rhizophora apiculata
(Rhizophoraceae)

Garama River, Sabah
Klias River, Sabah

Garama River, Sabah

Garama River, Sabah
Klias River, Sabah

Selangor River, Kampung
Kuantan

Sungai Bernam, Selangor
Klias River, Sabah

Kerteh River, Terengganu

Chukai River Kemaman,
Terengganu

Klias River, Sabah

Raan River, Miri, Sarawak
Garama River, Sabah

Kerteh River, Terengganu
Chukai River Kemaman,
Terengganu

Kawang River, Sabah

Garama River, Sabah
Sungai Selangor, Kampung
Kuantan

Kerteh River, Terengganu
Chukai River Kemaman,
Terengganu

Sibuti River, Miri, Sarawak

Raan River, Miri, Sarawak
Sibuti River, Miri, Sarawak
Niah River, Miri, Sarawak
Garama River, Sabah
Klias, River

Teratak River, Sabah
Paitan River, Sabah
Mangrove of Sepilok Forest
Reserve, Sandakan

Sakar Island off coast of
Lahad Datu Sabah

Chey (2004); Mahadimenakbar et
al. (2007)

Mahadimenakbar et al. (2007)
Chey (2010)

Juliana et al. (2012); Shahara et al.
(2017)

Chey (2010)

Jusoh et al. (2011)
Mahmod et al. (2018)

Chey (2004)

Abdullah et al. (2021); Cheng et al.
(2017); Foo and Mahadimenakbar
(2017); Juliana et al. (2012);
Mahadimenakbar et al. (2007)

Jusoh et al. (2011); Mahmod ef al.
(2018)

Chey (2008); Chey (2009); Foo
and Mahadimenakbar (2016)

Foo and Mahadimenakbar (2015);
Foo and Mahadimenakbar (2017);
Jusoh et al. (2010b); Juliana et al.
(2012); Mahadimenakbar et al.
(2007)

Jusoh et al. (2011); Mahmod et al.
(2018)

Abdullah et al. (2021)

Abdullah et al. (2021); Chey
(2004); Chey (2006); Chey (2008);
Chey (2010); Chey (2011); Foo
and Mahadimenakbar (2015); Foo
and Mahadimenakbar (2017);
Mahadimenakbar et al. (2007)
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No. Scientific Name Location References
33 Rhizophora apiculata Kerteh River, Terengganu Jusoh et al. (2011)
Blume
34  Rhizophora mucronata Mangrove of Sepilok Forest Chey (2008); Chey (2011); Foo
(Rhizophoraceae) Reserve, Sandakan and Mahadimenakbar (2016)
Sakar Island off coast of
Lahad Datu Sabah
Kawang River, Sabah
35 Rhizophora sp. Sepetang Estuary Jusoh et al. (2010b)
36  Rhizophora stylosa Sakar Island off coast of Chey (2011)
Lahad Datu Sabah
37 Scyphiphora Sakar Island off coast of Chey (2006); Chey (2008); Chey
hydrophyllacea Lahad Datu Sabah (2009); Chey (2011)
(Rubiaceae) Paitan River, Sabah
Mangrove of Sepilok Forest
Reserve, Sandakan
Trayong, Tuaran
38 Sonneratia alba J. Smith Weston River, Sabah Foo and Mahadimenakbar (2017)
39  Sonneratia caseolaris Sepetang River, Kampung Cheng et al. (2017); Hazmi
Dew and Sagaff (2018); Juliana et
Sungai Selangor, Kampung al. (2012); Jusoh et al. (2010b);
Kuantan Shahara et al. (2017)
Sepetang Estuary
Bernam River, Selangor
40  Sonneratia caseolaris Kerteh River, Terengganu Cheng et al. (2017); Jusoh et al.
(L.) Engl. Chukai River Kemaman, (2011); Mahmod et al. (2018)
Terengganu
41  Thespesia populnea Raan River, Miri, Sarawak Abdullah et al. (2021)
42 Xylocarpus granatum Sibuti River, Miri, Sarawak Abdullah et al. (2021); Chey
(2006)
43 Xylocarpus granatum J. Kerteh River, Terengganu Jusoh et al. (2011)

Konig

1980

(b)
Figure 3. (a) Pteroptyx tener larvae feed on Plectostoma fraternum in Sukau, Kinabatangan, Sabah; (b) A
pair of Pteroptyx tener flashes synchronously on a mangrove tree (Malaysia); (c) Pteroptyx fener mating in
Sonneratia caseolaris (Berembang tree) during the day (Malaysia) (Cheng et al., 2021)
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Figure 4. Changes in the number of firefly display trees (orange dots) along the banks of the Rembau-Linggi
estuary (2008-2010) (Jusoh and Hashim, 2012)

LOCATION MAP OF DISPLAY TREES IN MALAYSIA
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Figure 5. Distribution of firefly’s display trees throughout Malaysia
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CONCLUSION

Fireflies undergo a complete metamorphosis with four phases in their life cycle: egg, larva,
pupa, and adult, all highly dependent on mangrove plants. Although they have been shown
to rely on mangrove plants, particularly Sonneratia caseolaris, there are trees of other
species that also host or display trees for fireflies. Therefore, there is a need to conserve
all plant species near their habitat, including the host/display trees utilised by fireflies at
different phases of their lifespan. The host/display trees are essential as they depend on
different plant species for protection and feed (mangrove snails are a source for their diet).
At the same time, the conservation of these plant species would aid in the protection of
the diminishing firefly species, particularly in ecotourism hotspots such as Sabah (Likas),
Rembau River (Negeri Sembilan), and Kuala Selangor (Selangor). Lastly, the richness and
evenness of firefly species in Malaysia are infinite diverse with D = 0.2255 according to
the Simpson’s Diversity Index.
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