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Foreword

This volume contains selected peer-reviewed articles presented at the International Con-
ference on Innovative Research ICIR EUROINVENT 2023 Conference. The event was
held in Iaşi, România, from the 11th to the 12th of May 2023.

The organizers are the Romanian Inventors Forum; Faculty of Materials Sci-
ence and Engineering, The “Gheorghe Asachi” Technical University of Iasi, Roma-
nia; ARHEOINVEST Platform, Alexandru Ioan Cuza University of Iasi; Centre of
Excellence Geopolymer and Green Technology (CEGeoGTech), Universiti Malaysia
Perlis (UniMAP) and Department of Physics, Czestochowa University of Technology,
Częstochowa, Poland, with the support of University Malaysia Terengganu.

The ICIR Conference is organized under the auspices of EUROINVENT. This is a
joint event promoting creativity in a European context, by displaying the contributions of
consecrated schools from higher education and academic research and also of individual
inventors and researchers.

The EUROINVENT International Conference on Innovative Research (ICIR) brings
together leading researchers, engineers and scientists who will present actual research
results in the field of Materials Science and Engineering.

The conference aims to provide a high-level international forum for researchers,
engineers and scientists to present their new advances and research results in the field
of materials science and engineering.

The volume covers all the aspects of materials science, from synthesis and charac-
terization of materials to procedures and technologies for materials engineering, as well
as materials application and their involvement in the life sciences.

All the papers have been reviewed by at least two expert referees in their relevant topic
disciplines, and only 18 were accepted. The papers selected for the volume depended on
their quality and relevancy to the conference. All articles were checked with plagiarism
software.

The conference was very dynamic with many questions and replies from the partici-
pants. At the conference closure ceremony, on the decision of the Scientific Board, Best
Oral Presentation Award was presented next to two Best Poster Awards.

The editors hope that this volume will provide the reader with a broad overview of
the latest advances in the field of materials science and engineering and that they will
be a valuable reference source for further research.

The editors would like to express their sincere appreciation and thanks to all the
committee members of the ICIR 2023 for their tremendous efforts.

Finally, the editors would like to thank all the authors for their contribution to this
valuable volume.
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State-of-the-Art and Future Trends
of Thermoelectric Generation Systems

in Automotive Industry

George Achitei(B) , Andrei Ionut Dontu , Bogdan Chiriac ,
and Aristotel Popescu

Faculty of Mechanical Engineering, “Gheorghe Asachi” Technical University of Iasi,
61 Prof. Dimitrie Mangeron Street, 700050 Iasi, Romania

george.achitei@academic.tuiasi.ro

Abstract. Recovery of the energy contained within the waste heat from various
processes represents an important concern for the efficiency of energy utiliza-
tion. This paper aims to present an overview of currently employed methods for
waste heat energy recovery in the automotive industry, with an emphasis on pro-
cesseswithin thermal combustion engines and recoverymethods based on thermo-
electric generators (TEG). While TEG technology is capable of direct conversion
of heat into electricity, conversion efficiency is quite low. Efforts are made to
optimize these systems (number, size, form, positioning, location, etc.) in order
to minimize heat loss and maximize energy recovery. The review concluded that
the efficiency of TEG conversion might be improved by choosing appropriate
characteristics for the recovery system for specific processes analyzed, such as
thermoelectric materials, geometry, location, and type of cooling fluid.

Keywords: Thermoelectric generator · Thermal management ·Waste energy ·
Automotive

1 Introduction

Originally identified by Peltier in 1834, this phenomenon generates electrical power for
thermoelectric devices (thermoelectric modules). In the past, semiconductor materials
were rarely used to generate cooling or heating effects. Through the development of
semiconductor materials, a wide range of thermoelectric refrigeration applications have
become possible [1].

A semiconductor material’s Seebeck coefficient and its absolute temperature deter-
mine the Peltier coefficient, which governs the Peltier effect. In the case of current
flowing from an n-type material to a p-type material, there is a cooling effect, and in the
case of current flowing from a p-type material to an n-type material, there is a heating
effect. As the current direction changes, the temperature at the hot and cold ends of the
circuit is reversed [2].

In a perfect world, the ratio of the Peltier coefficient [3] to the current running through
the semiconductor material will determine how much heat is absorbed at the cold end

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
A. V. Sandu et al. (Eds.): ICIR EUROINVENT 2023, SPM 38, pp. 1–8, 2023.
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and how much heat is dissipated at the hot end. Two sources, conducted heat and joule
heat, effectively limit the net quantity of heat absorbed at the cold end due to the Peltier
effect. Heat will conduct through the semiconductor material from the hot to the cold
ends as a result of the temperature difference between the cold and hot ends [4].

The Seebeck effect, which was first identified in 1821, is a property of thermoelectric
devices that allows them to transform thermal energy from temperature gradients into
electric energy. When there is a temperature difference between the hot and cold ends of
a semiconductor material, a voltage is produced known as the Seebeck voltage. Thus, the
Seebeck effect [5] really has the opposite impact as the Peltier effect. A thermoelectric
device may also serve as a power generator as a result of the Seebeck effect. As a result
of heating one junction, an electric current flow through the circuit, providing power to
the device. As a matter of fact, a “module” is created by connecting a number of these
thermocouples in series with each other [6].

A thermoelectric device (module) is typically built using more than one pair of semi-
conductors. Each semiconductor used in the module is referred to as a thermoelement,
and a thermocouple is a pair of thermoelements [7].

2 State-of-the-Art

The thermoelectric generator (TEG), which is used for thermal energy harvesting, can
directly convert heat into electricity. The thermopile, which is composed of thermo-
couples coupled electrically in series and thermally in parallel, is the basic structural
component of TEG. Micro TEG (-TEG), which has the advantages of small volume
and high output voltage, has attracted attention in the past 20 years as a result of the
enormous advancements made in microelectromechanical systems technology.

One of the innovative technologies being used to cut gas emissions and manage the
effects of global warming is the thermoelectric generator (TEG) [8]. TEGs use a direct,
ecologically friendly conversion of thermal energy into electrical energy to implement
the Seebeck effect [9]. TEGs have various benefits in addition to not having an influence
on the environment. They are adaptable in terms of size and design and have a long lifes-
pan due to the lack of moving components, circulation fluids, or chemical compounds.
TEGs are built of numerous thermopiles, and each thermopile has a number of thermo-
couples that are coupled electrically and thermally in series and parallel, respectively,
as shown in Fig. 1, [10–12].

A semiconductor material’s capacity for refrigeration depends on the interaction
of its Seebeck voltage, electrical resistivity, and thermal conductivity throughout its
operational temperature range between the cold and hot ends. The figure of merit Z is
defined as the Seebeck coefficient squared divided by the electrical resistivity and thermal
conductivity products. The figure of merit for each n- and p-type semiconductor material
is temperature-dependent since each of their attributes changes with temperature. It can
be demonstrated that the “temperature averaged” figure of merit of each semiconductor
material is directly related to the largest temperature differential that a single pair of n-
type and p-type materials may attain [13, 14].

As a result, the main goal in choosing and perfecting thermoelectric materials is
to maximize the figure of merit. The heat pumping capacity of each n- and p-type
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Fig. 1. Thermoelectric Generator (TEG).

semiconductor material is determined by its length-to-area ratio, while the temperature
difference is constrained by the semiconductor material’s figure of merit. A pseudo-
binary alloy known as (Bi,Sb)2(Te,Se)3 is the most often used thermoelectric material
for refrigeration in the temperature range of 120 to 230 °C.

P-type and N-type Bismuth Telluride thermoelements are connected electrically in
series and thermally in parallel between the ceramic substrates in a conventional ther-
moelectric device, which is made up of two ceramic substrates that act as a foundation
and electrical insulation. The dimensions range from 3 mm square by 4 mm thick to
60 mm square by 5 mm thick, and the maximal heat-pumping rate ranges from 1 to
125 W for conventional thermoelectric devices. The hot and cold sides can differ in
temperature by a maximum of 70 °C. The devices range in thermocouple count from 3
to 127. It is possible to find multistage (cascade) series thermoelectric devices that can
handle considerable temperature differences (up to 130 °C). About 100 °C is the lowest
practicable temperature that may be reached.

Additionally, according to several studies, the majority of commercially available
TEGmodules manufactured of bismuth telluride have low operating temperatures (up to
260°C), a maximum figure of merit of 1.2, and low conversion efficiencies (up to 5%).
Research on substitutes with superior temperature ranges and figures of merit, such as
SiGe alloys, clathrates, skutterudites, and complementary metal-oxide semiconductors,
is advised.

The vast majority of TEGs are used in various fields, such as Space Energy - where
solar panels [15] are not sufficient, the thermoelectric generator is used to produce
electricity in extreme conditions [16], such as in space travel [17–19].

Oil and gas industry - the thermoelectric generator is used to power sensors and other
devices in extraction facilities, which are often in extreme conditions [20, 21].

Military technology - the thermoelectric generator [22] is used to power surveillance
and communications devices in the field, where conventional power sources are not
available. Medical industry - the thermoelectric generator is used in medical devices
that need to operate in extreme conditions, such as sterilization rooms or blood cooling
and heating devices [23–26].

Last but not least, these can be and are used in the Automotive Industry. The thermo-
electric generator is used in hybrid and electric vehicles to charge the batteries, replacing
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the traditional alternator, which is less efficient at low temperatures, but much research
shows that they have also been tried in vehicles with internal combustion engines. As
we all know, some components in internal combustion cars have various areas where
waste heat is dissipated without being reused to its full potential. In this respect, based on
TEGs, research has been carried out by positioning these devices in the exhaust or engine
compartment area, where the level of heat release is very high and high temperatures
can be reached.

One of the first tests using a TEG was carried out by Nissan in 1998 [27] when they
developed an advanced type of thermoelectric module based on SiGe for application to
a gasoline engine. This module consists of 8 pairs of these SiGe elements, which are
electrically connected in series and have a maximum electrical power of 1.2 W, with a
standing temperature difference of about 300 degrees Celsius. The modules are arranged
between an exhaust pipe with a rectangular cross section and a water jacket around the
exhaust pipe.

Another study shows that the thermal efficiency of brakes (BTE) can be improved
by TEG, as they can recover significant heat losses from old internal combustion engine
vehicles. Sok and Kusaka [28] conducted an experimental and modeling analysis of
thermal recovery in a 2.2 L diesel engine to maximize its performance by demonstrating
that a thermoelectric module (TEM) layout in TEG must be optimized, taking into
account a trade-off between increased pump loss and TEG effective power, in order to
fully utilize TEG in the engine. First, a high-fidelity 1D TEG model is created, and a
fresh approach to model calibration is suggested by leveraging condensed user-defined
functions for flow friction and heat transfer. The TEGheat exchanger’smeasured thermal
performances are replicated for a variety of fin pitches, Reynolds numbers, and inlet gas
conditions.

To increase its BTE and power, the TEGmodel is coupled with a precisely calibrated
engine. Peak BTE at 2250 RPM, 60% load, and BTE = 48.7% and 52.1 kW braking
power are the conditions that yield the highest efficiency. These results are obtained under
the base scenariowithout TEG. The 3-layer TEG type (1.5A4 paper size, 150mmheight,
36 kg weight) produces 1.1 kW of effective power in an ideal 9× 10 TEM configuration.
Finally, a next-generation, extremely efficient hybridized diesel engine is developed that
achieves a 1.1% BTE improvement without sacrificing output.

This article examines the capabilities of thermoelectricmaterials, such as their ability
to recover lost energy, cool electronic equipment, and use a heat source to regenerate
electrical energy by using the thermoelectric effect.

Authors Zhang and Zhao [29] conducted extensive research on the thermoelectric
quality factor, figure of merit, and thermoelectric material properties. All these factors
are highly significant in determining the ability to transfer heat into electricity as well
as the efficiency of thermoelectric materials.

At the same time, the authors examine various thermoelectric material classes,
including semiconductors, graphite-based materials, intermetallics, and organic materi-
als. Thermoelectric materials have enormous promise for enhancing energy efficiency
and lowering CO2 emissions.

The influence of metal foam thickness inside an automotive exhaust gas line with
external thermoelectric generators (TEGs) is quantitatively examined in this paper by
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Buonomo et al. [30]. Considered is a forced convective regime two-dimensional steady
state heat transfer problem in a porous medium inside a conduit. The study enables a
comparison of metal foam’s impact on TEG performance for various foam thicknesses,
porosities, pore densities, and mass flow rates of exhaust gas. The findings are displayed
as temperature and pressure drop profiles. The major parameters are estimated and used
to represent TEG efficiency and electric power. The major conclusions demonstrate that
the channel’s wall temperatures significantly increase when metal foams are used. As a
result, increases in TEG efficiency are seen for a variety of metal foam thickness values.

According to the authors, Fernández-Yañez, P et al. [31], the main goal of this
research is to examine the potential of TEGs in light-duty diesel engines, where there
is less energy accessible in the exhaust systems and more difficulty in achieving energy
recovery. Additionally, the engine was tested far from the full-load curve in the region of
the engine map that is most frequently employed for passenger automobiles. This work
also fills in the gaps in the development and deployment of thermoelectric generator
prototypes by offering a fresh, practical understanding of the flow inside TEGs and the
impact of catalysts. A TEG was created using a distinct methodology that focused on
both minimizing engine impact (not always taken into account) and increasing electrical
power production. Using computational fluid dynamics (CFD), the main design issues
for the devices in this scenario are identified, and the implications of size and internal
topology are researched. An innovative and detailed module-by-module methodology
was used to thoroughly validate the CFD model that calculates electricity production.
The engine map’s common driving situations region of high load, high engine speed can
recover some energy, according to the results [31].

Another piece of research demonstrates the importance of on-board power generation
in light of the growing trend of electrification in road vehicles. The performance of a
unique temperature-controlled thermoelectric generator (TCTG) concept in a light duty
vehicle is evaluated in the current work, as well its effects on fuel efficiency and GHG
emissions under actual driving situations. Corrugated pipes integrated in a matrix of cast
aluminummake up the new exhaust heat exchanger (HE) idea, and variable conductance
heat pipes (VCHPs) serve as spreaders of extra heat along the longitudinal direction.
Due to its ability to prevent overheating by dispersing heat rather than squandering it
through by-pass devices, this technology appears to have pretty excellent potential for
highly variable thermal load applications. In addition, it does not require gravity aid
and has a form factor similar to conventional generators, which are differences from the
group’s earlier designs. With as much as 572 W and 1538 W of average and maximum
electric powers during a driving cycle, respectively, and a very promising reduction of
5.4% in fuel consumption and CO2 emissions, it also seems to be capable of delivering
a breakthrough electric output for TEG systems in such light vehicles [32].

In general, this branch of renewable energy is growing, and solutions are being
sought to reduce pollution levels in the first place, but in this part of the vehicle sector,
the aim is to make maximum use of waste or waste heat, mainly from vehicles equipped
with internal combustion engines. It must be recognized that research in this area has
been limited in number and that the cost of producing these devices is quite high. For
this reason, the search is on for the best way to make a thermoelectric generator that is
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productive for a vehicle but at the same time costs as little as possible, but so far good
results have been achieved in this direction.

3 Conclusions

This review presents the current status of thermoelectric generators, as well as the Peltier
and Seebeck effects used in several fields of activity, with the main emphasis on the field
of road vehicles. We note that in this industry, attempts are being made to optimize a
device based on a TEG using the Seebeck effect by positioning it in a vehicle with an
internal combustion engine in the most suitable places, where heat is wasted in nature
and the temperature difference is quite high. In the future, it is hoped to develop such
devices to produce auxiliary electrical energy for the vehicle, which can be used in
various forms but at the lowest possible production cost.
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Abstract. In recent years, improving the surface of titanium implants is increas-
ingly being studied, in order to reduce their rejection rate. Thus, there are several
methods by which the properties of the base material, in this case, the titanium
alloy, can be improved, such as anodizing, micro-arc oxidation, plasma spraying,
physical vapour deposition, biomimetic deposition, chemical conversion deposi-
tion etc.Regarding the deposition process by chemical conversion, the phosphating
process presents a multitude of advantages, including good adhesion to the sub-
strate and the capacity of improving cellular adhesion due to the porosity of the
layer. Therefore, the paper aims to study the tribological characteristics by eval-
uating the adhesion and coefficient of friction of three types of phosphate layers
deposited on the surface of the titanium alloy, Ti6Al4V, using a UMTR 2M-CTR
Micro-tribometer and SEM. The results of the scratch tests revealed that the phos-
phate layers have good adhesion at the substrate and the values of the coefficient
of friction were increased due to the roughness of the surface.

Keywords: Tribological characterization · Titanium · Phosphate layers

1 Introduction

Researchers’ interest in bioengineering has expanded as a result of the accelerated expan-
sion in demand for orthopaedic implants. Metallic materials, such as titanium alloys,
stainless steel, and Co-Cr alloys, have long been employed in medical applications.
Among these, titanium and its alloys, particularly Ti6Al4V, are the most often utilized
biomaterials for the production of orthopaedic implants. The latter offers a variety of
benefits, including good biocompatibility, low density, adequate corrosion and wear
resistance, etc. The biggest drawback of Ti6Al4V titanium alloy, according to Pesode
and Barve [1], is that it cannot interact with human bone because of its bio-inert surface,
which can result in implant failure. Multiple studies [2–4] mentioned the likelihood of
aluminium or vanadium being absorbed by the human body. This will have negative
effects on the human body [5].

To find a solution to these identified problems, several researchers have tried to
modify the surface characteristics of titanium and its alloys by depositing layers on the
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A. V. Sandu et al. (Eds.): ICIR EUROINVENT 2023, SPM 38, pp. 9–21, 2023.
https://doi.org/10.1007/978-3-031-45964-1_2

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-45964-1_2&domain=pdf
http://orcid.org/0000-0002-0680-9885
http://orcid.org/0000-0002-9292-749X
https://orcid.org/0000-0003-4373-017X
http://orcid.org/0000-0001-9961-5125
http://orcid.org/0000-0002-8509-7395
http://orcid.org/0000-0003-1973-7240
https://doi.org/10.1007/978-3-031-45964-1_2


10 D.-P. Burduhos-Nergis et al.

metal surface [6–9]. Thus, one of the most studied types of coatings is the deposition of
hydroxyapatite, by different processes such as electrochemical deposition [10], physical
vapor deposition (PVD), sol-gel method [11] etc. Regarding the tribological character-
istics, it was observed that the deposited layer has good resistance to the pressure of
the blade, but its adhesion to the substrate is lower compared to those deposited by the
chemical conversion process [5, 12].

Sovak [13] studied the osseointegration ofTi6Al4Vafter its coatingwithTiNcoating,
observing as a disadvantage a low adhesion of the layer to the substrate. Also, Qin [14]
analyzed the improvements in the antibacterial andwear characteristics of Ti6Al4V after
the deposition of a composite layer on the metal surface. The authors observed that the
coefficient of friction decreased significantly and the antibacterial and cytocompatibility
are good.

Recently, much attention has been paid to coatings on biometals surfaces deposited
by a chemical conversion process called phosphating [15, 16]. The advantages of this
method are highlighted in many studies, the most significant being: the promotion of
osseointegration, the low cost of the deposition process, the enhancement of corrosion
and wear resistance etc. [17, 18]. In addition, the deposited layers show high adhesion
to the substrate due to the chemical conversion reactions between the metal and the
phosphating solution [19].

Regarding the deposition of phosphate layers on titanium or its alloys, three types
of coatings based on zinc, strontium, zinc-strontium, and zinc-calcium are known [17,
20, 21], depending on the nature of the metal ion in the phosphating solution. So, one
of the novelties of this work is the use of three types of phosphate solutions. Two are
completely original, based on zinc-magnesium and zinc-zirconium. The third one is
based on zinc-calcium but with different activators and inhibitors. Over time, it has been
observed that the bonding strength between the base material and the phosphate layer
is influenced by the surface roughness, the activation process, the morphology of the
coating, etc. [16].

Solanke [22] tested from the point of view of wear resistance several metal bioma-
terials, including Ti6Al4V, thus concluding that of all those tested, the titanium alloy is
one of the most suitable for medical implants, however, considering that it is essential
to use a surface coating. Even if the mechanical properties of the Ti6Al4V alloy have
been analyzed, it is also necessary to analyze the tribological characteristics of the layers
formed on its surface. Thus, this work studies the possibility of promoting cell adhesion
and enhancing the surface properties of the titanium alloy. This is done by depositing
new phosphate layers deposited by the chemical conversion process (phosphating). In
this case, adhesion, coefficient of friction and surface scratch behaviour are studied for
three different phosphate layers based on Mg-Zn, Zr-Zn, and Ca-Zn and also for the
Ti6Al4V uncoated sample.
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2 Materials and Methods

2.1 Material

The material used as the substrate for the deposition is Ti6Al4V, which was purchased
from AEMMetal (Hunan, China). Its chemical composition according to the supplier is
shown in Table 1.

Table 1. The chemical composition of Ti6Al4V.

Element Titanium Aluminium Vanadium Iron Oxygen Carbon

wt,% balance 6.14 4.22 0.12 0.11 0.03

2.2 Phosphating Process

Before the phosphating process, the bars were cut into 10x10x55 mm square samples.
After this, the samples were sanded up to 1200 grit to obtain a homogeneous surface.

The steps involved in the phosphating process are shown in Fig. 1. The process
starts with the degreasing of the samples by washing them, for 10 min, in an ultrasonic
cleaner, by immersing them subsequently in three different media: technical acetone,
ethanol, and distilled water. The second stage of the process is the removal of oxides
and the activation of the surface. This is done by immersing for 15 s in a 2% HF
solution and for 30 s in a titanium colloidal solution, at room temperature. During the
third stage, the layer is obtained by immersing the samples in the phosphating solution
for 60 min at 90 °C. In this paper, three different phosphating solutions based on zinc-
magnesium, zinc-zirconium, and zinc-calciumwere used. The phosphating solutions are
a mixture of nitric acid, orthophosphoric acid, iron powder, sodium tripolyphosphate,

Fig. 1. The flow of the phosphating process and the types of samples obtained.
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sodium hydroxide, sodium nitrite, sodium fluoride, zinc, and, depending on the type of
solution, magnesium carbonate, zirconium oxide, or calcium nitride.

In order to be easier to understand, was used the following abbreviations:

Ti64 − for Ti6Al4V uncoated;
Mg-Zn − for the samples coated with a magnesium-zinc phosphate layer;
Zr-Zn − for the samples coated with a zirconium-zinc phosphate layer;
Ca-Zn − for the samples coated with a calcium-zinc phosphate layer.

2.3 Characterization Methods

A scanning electron microscope (Vega Tescan LMH II), equipped with Energy-
dispersive X-ray spectroscopy (EDX) analysis equipment was used to examine the
morphology and scratch traces of the samples.

Scratch tests were performed using aUMTR2M-CTRMicro-tribometer. The scratch
test settings are as follows: the distance covered by the blade is 10 mm, the blade speed
is 167 μm/second, and the normal force grows with time from 0 to 10N. Using this
test, the layer was gradually removed from the Ti6Al4V surface. This test examines the
parameters described further: Fx, which is the response force value, Fz, which is the
normal load force, Ff which is the friction force, COF, which is the coefficient of friction
and AE which is acoustic emission.

3 Results and Discussions

The Ti6Al4V uncoated sample. The Ti64 sample presents an approximately constant
value with small variations of the coefficient of friction due to its homogeneous surface,
as can be observed in Fig. 2.

Fig. 2. Time variation of Fx, Fz, Ff and COF during the scratch test for the Ti64 sample.

In this case the average value of the coefficient of friction was close to 0.26 value,
with a standard deviation (std) of 0.03. Between 40–45 s can be observed that it is a
significant increase in the values of COF close to the 3 N, followed by a decrease of
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the Fx value. This can be explained by the material that was blocked in the front of the
blade. Also, the average value of Ff is close to 2.21, with a std of 0.09. Furthermore, as
can be seen from Fig. 3, the acoustic emission is decreasing after the COF has stabilized,
its average value being close to 0.07 with a std of 0.003. These values are influenced by
the mechanical preparation of the surface, this one being grinding at 800 grids.

Fig. 3. Time variation of AE during the scratch test for the Ti64 sample.

The microstructural analysis of the scratch and the trace profile are presented in
Figs. 4a and 4c. Also, in Fig. 4b and the 3D profile (Fig. 4d) can be observed close to
the end of the scratch, the material parts stuck.

TheMg-Zn sample.After deposition of the magnesium-zinc phosphate layer on the
Ti6Al4V alloy surface, the average value of the coefficient of friction almost doubles to
0.48, with a std of 0.09. Close to 25 s, the slope of the COF and Ff is changing, probably
due to the cracking of the phosphate crystals (Fig. 5), close to a load value of 3 N. The
fluctuation of the COF values is related to the roughness of the phosphate layer, which
has a value of 2.21 μm. The AE presented in Fig. 6 shows a constant profile, with small
variations which are probably appearing due to the crystal’s cracks. The AE average
value is 0.002 with a std of 0.002.

The SEM analysis of the Mg-Zn phosphate layer deposited on the Ti6Al4V surface
shows crystals specific to the phosphate layer based on Zn, whichwere partially removed
from the titanium alloy surface, close to the final part of the scratch (Fig. 7a). This aspect
can be observed, also, in Fig. 7b, where can be seen parts of the crystals on the scratch
track. The roughness of the surface is visible in Figs. 7c and 7d. The elemental mapping
shows the end of the scratch track. As can be seen from Fig. 8, due to the fact that
the layer was obtained by a chemical conversion process, the presence of the principal
elements of the layer (Zn, Mg, Fe, P and O) can be observed, but in small quantities
compared with the edges. Also, at this moment, a big part of the layer was removed and
the quantity of Ti in that zone was increased.

The Zr-Zn sample. The scratching behaviour of the Zr-Zn sample is different from
that of the Mg-Zn solution phosphate sample (Fig. 9). Thus, a sudden increase in the
coefficient of friction can be observed, which corresponds to a load force of 4.7 N, close
to 22 s. The mean value of COF is 0.34, with a std of 0.12, while the mean value of Ff is
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Fig. 4. Ti64 microstructure after scratch test a) SEM morphology of the trace 250x; b) SEM
image of stuck material 1kx; c) scratch profile; d) 3D profile.

Fig. 5. Time variation of Fx, Fz, Ff and COF during the scratch test for the Mg-Zn sample.

2.07 N, with a std of 1.26. Compared to the Mg-Zn phosphate-coated sample, the Zr-Zn
sample has a much lower roughness value, approximately 0.96 μm, thus explaining the
lower values of COF and Ff. The same change close to 22 s can be observed also in
Fig. 10, where the AE curve presents variations after this time, probably due to different
dimensions and positions of crystals which are cracking at contact with the blade. In this
case, the AE average value is 0.003 with a std of 0.003.

The SEM images of the Zr-Zn phosphate layer show crystals specific to compounds
formed on the surface of Ti6Al4V, especially of zinc phosphate tetrahydrate (Fig. 11a). In
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Fig. 6. Time variation of AE during the scratch test for the Mg-Zn sample.

Fig. 7. Mg-Zn sample microstructure after scratch test a) SEM morphology of the trace 100x; b)
SEM morphology with crack crystals 500x; c) scratch profile; d) 3D profile.

this case, compared with the Mg-Zn sample, the phosphate crystals are denser, covering
the entire surface of the sample (Fig. 11b). Also, can be observed that the intercrystalline
zones are smaller compared with the Mg-Zn phosphate layer, which determines a lower
roughness value (Figs. 11c and 11d). Moreover, can be observed that the phosphate
layer was removed from the surface of Ti6Al4V, with only small parts of the crystals
remaining. The EDX analysis determined the elemental mapping of the main elements
of the layer at the end of the scratch (Fig. 12). As can be seen, the presents of Ti in
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Fig. 8. The elemental mapping of the main elements of the Mg-Zn sample after the scratch test.

Fig. 9. Time variation of Fx, Fz, Ff and COF during the scratch test for the Zr-Zn sample.

high quantity indicates that the phosphate layer was partially removed, but taken into
consideration that the phosphate layer was formed by chemical conversion process and
just a small quantity of ZrO2 was used in the phosphating solution, the Zn, Zr, P, O and
Fe can be detected on the track’s blade.

The Ca-Zn sample. The sample on which was deposited a Ca-Zn phosphate layer
shows similar scratching behaviour to the sample coated with an Mg-Zn layer, as can be
seen in Fig. 13. At the same time, the average value of the friction coefficient is 0.47, with
a std of 0.1, very close to the value of the Mg-Zn sample (0.48). This behaviour is also
due to the specific roughness of the layer, amounting to 1.34 μm. As can be observed in
Fig. 13, close to 19 s the crystals started to yield under the pressure of the blade and the
COF becomes almost constant, at a load force of 2.1 N. Also, the AE graphic presents
many peaks which can be attributed to the which can be attributed to the failure of big
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Fig. 10. Time variation of AE during the scratch test for the Zr-Zn sample.

Fig. 11. Zr-Zn sample microstructure after scratch test a) SEM morphology of the trace 100x; b)
SEM morphology with the entire scratch track 25x; c) scratch profile; d) 3D profile.

phosphate crystals at contact with the blade, the average AE value being 0.004 with a
std of 0.002, Fig. 14.

The difference between themorphology of theCa-Zn phosphate layer comparedwith
the Zr-Zn and Mg-Zn layer can be observed in Figs. 15a and 15b. The biggest difference
in structure is between the Zr-Zn and Ca-Zn layers, especially regarding the dimensions
of the crystals, which are smaller for the Zr-Zn sample. The Ca-Zn layer also presents
intercrystallite zones which are similar to the Mg-Zn sample structure. The presence of
these zones and the dimension of crystals explain the value of roughness, which and be
observed also in Figs. 15c and 15d. The elemental mapping of the main elements of the
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Fig. 12. The elemental mapping of themain elements of the Zr-Zn sample at the end of the scratch
track.

Fig. 13. Time variation of Fx, Fz, Ff and COF during the scratch test for the Ca-Zn sample.

Fig. 14. Time variation of AE during the scratch test for the Ca-Zn sample.
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Ca-Zn phosphate layer after the scratch test is presented in Fig. 16. As can be observed,
the phosphate layer was removed partially, but as in other cases (Mg-Zn and Zr-Zn)
some parts of the crystals remain on the surface of Ti6Al4V. Another important aspect
is the big quantity of Ti, which indicates that in the intercrystalline zone, the layer of
phosphate is very thin, being easier for the blade to remove the layer in those areas.

Fig. 15. Ca-Zn sample microstructure after scratch test; SEM morphologies of the trace a) 250x
and b) 100x; c) scratch profile; d) 3D profile.

Fig. 16. The elemental mapping of the main elements of the Ca-Zn sample at the end of the
scratch track.
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4 Conclusions

To promote the surface characteristics of the Ti6Al4V alloy was deposited by chem-
ical conversion process three different phosphate layers based on magnesium-zinc,
zirconium-zinc and calcium-zinc. The tribological properties of the layers obtained and
the uncoated sample were studied using the scratch method. Also, the scratch track
was analyzed by SEM and EDX. After deposition, the roughness value of the surface
obtained was increased considerably. Influenced by the roughness of the surface, the
value of the coefficient of friction has doubled from 0.24 for the uncoated sample to
0.48 and 0.47 for Mg-Zn and Ca-Zn samples. From the coated samples, the one with
the smallest roughness is the Zr-Zn sample, the SEMmicrographs show that the layer is
more compact. Also, the scratch test and EDX analysis revealed that this sample has the
best adhesion to the substrate, even if the layer was not completely removed from the
other samples either. Due to the modification of the surface characteristics by enhancing
the roughness of the layer, can be concluded that the phosphate layer obtained on the
surface of Ti6Al4V can promote cell adhesion.
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Abstract. This study investigates the performance of a subsurface stormwater
perforated pipe as a subsurface conveyance component in a laboratory flume at
Physical Laboratory, River Engineering and Urban Drainage Research Centre
(REDAC), Universiti Sains Malaysia. The Manning’s roughness coefficient (n)
was measured at 9 points along the pipe to assess its relationship with the velocity,
depth, and Froude number of simulated runoff flows. In this paper, a case study
of Gate partially open for slope 1:500 with 10 cm water depth is investigated.
The results show that flow in the perforated pipe was mostly turbulent, and the
calculated flow discharges and velocities from the outlets were higher under the
effects of the calculated Manning coefficients ranged from 0.009 to 0.011, and an
inverse linear relationship between Manning’s n and flow velocity was observed.
Higher values of Manning’s n reduced flow velocity in the pipe, indicating the
potential for peak flow attenuation and better control of stormwater quantity in
subsurface urban drainage.

Keywords: Sustainable Urban Drainage System · Manning coefficient ·
Perforated Pipe · Storm water runoff

1 Introduction

Flash floods are a recurrent natural calamity inMalaysia that poses substantial risks to the
nation. Malaysia, characterized by a tropical climate, witnesses abundant rainfall year-
round, especially during the monsoon seasons. Flash floods transpire when an excessive
volume of precipitation transpireswithin a condensed timeframe, surpassing the capacity
of drainage systems and leading to rapid water accumulation.

The implementation of subsurface stormwater drains is recognized as an effective
measure to reduce the risk of flash floods in Malaysia. Subsurface stormwater drains,
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also known as underground or subsurface drainage systems, involve the installation of
pipes or channels beneath the ground to collect and convey excess water away from the
surface.

The implementation of subsurface stormwater drainage involves the installation of
an artificial pathway or conduit beneath the water table, ensuring that the hydraulic
head of the conduit is lower than that of the soil being drained. Various types of subsoil
drain commonly utilized, including the basic system, geotextile filter, pipe drain, pipe
drain with a cap to prevent surface water intrusion, geotextile surrounding the pipe,
geocomposite drain in a narrow trench, geocomposite drain in a shallow trench, and soil
filter layer to mitigate the risk of geotextile clogging. [1].

The use of perforated pipes reduces subgrade moisture, which is crucial for durable
and healthy pavement. These pipes are buried close to the foundation of the pavement
construction for efficient water drainage [2]. In aquifer dewatering applications, Stuyt
et al. (2005) [3] indicated that the inflow per unit length of a perforated pipe could not be
constant. If native soils are permeable, Abida and Sabourin (2006) [4] discovered that a
perforated pipe–grass swale design might substantially minimize storm runoff. Several
researchers referred to a porous pipe as an orifice [5]. However, experimental findings
reported in support of the orifice hypothesis have limitations due to the restricted number
and range of variables investigated [6].

The installation of a perforated subsurface drain serves the purpose of intercept-
ing, collecting, and conveying excessive groundwater to a stable outlet. It is commonly
employed for drainage applications. Perforated subsurface drains aremanufactured using
a combination of high-frequency vibration and extrusion techniques, resulting in the
production of durable pipes with consistent and exceptional quality. These pipes are
extensively utilized for subsoil drainage, catering to various requirements. An interest-
ing characteristic of perforated subsurface drainage pipes is their ability to facilitate
water infiltration across the entire surface.

The performance of subsurface drain for different parameters is also investigated by
Zakaria et al.,[7], Ab. Ghani,A., et al. [8], and Abdullah et al. (2023)[9]. The objective
of this study is to analyze the flow characteristics of perforated subsurface stormwater
drains by incorporating the backflow effects for drainage system applications.

2 Methodology

2.1 Experimental Setup

In this section, a concise overview of the experimental procedure is provided. The exper-
iment took place in a rectangular straight flumemeasuring 5.9 m in length at the Physical
Laboratory, River Engineering and Urban Drainage Research Centre (REDAC), Univer-
siti Sains Malaysia. The slope of this channel can be adjusted using an adjusting jack,
allowing for variability. For the purposes of the experiment, a longitudinal slope of 1/500
with a water depth of 10cm was employed. This experiment investigates the backflow
of water with 2cm gate partially open at the outlets.

As illustrated in Fig. 1, this laboratory test was set up with a single arrangement of
corrugated High- Density Polyethylene (HDPE) with a standard diameter of 300 mm.
In this investigation, nine segments were analyses. During the experiment, the depth
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and velocity of the flow were measured. Three measurements were averaged for each
measurement to determine the average velocity and depth. The velocity is measured at
0.6Y, which is (Y = flow depth). All measurements were performed with a consistent
flow. 10 to 20 min are required for this experiment to steady the flow. Figures 2, 3
represents the measurements of depth and velocity while Fig. 4 represents the Outlet
condition of Gate Partially Open with opening 2cm.

Fig. 1. The experiment was set up.

Fig. 2. Depth Measurement.
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Fig. 3. Velocity Measurement.

Fig. 4. Outlet condition of Gate Partially Open with opening 2cm.

2.2 Hydraulic Parameters

This study took into account several hydraulic parameters, including the Froude Number
(Fr), Reynolds Number (Re), flow depth (y), flow velocity (v), and discharge (Q). The
laboratory results were analyzed using the Manning Formula, which was calculated
based on the reference [10].

n = 1

v
R

2
3 S

1
2 (1)

where

n = Mannings,
v = Velocity (m/s),
R = Hydraulic Radius and
S = Slope.
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Froude number relates to the state of flow and is described in Table 1 [10].

Fr = V√
gY

(2)

where Fr = Froude number,

V = the velocity of flow in m/s,
g = acceleration of gravity in m2/s,
Y = the depth of the flow section in m.

Table 1. State of Flow described by Froude Number.

Froude Number Fr State of Flow Description

Fr = 1 Critical Flow celerity equal to flow velocity

Fr < 1 Subcritical Slow flow-tranquil and streaming

Fr > 1 Supercritical High velocity-rapid, shooting and torrential

The performance of the Manning formula was evaluated by determining the
coefficient of R2 determination [10].

R2 =
⎡
⎣

n∑
i=1

(Oi −
−
O)(Pi −

−
P)/

√√√√
n∑

i=1

(Oi −
−
O)2

n∑
i=1

(Pi −
−
P)2

⎤
⎦
2

(3)

3 Results and Discussion

This section presents the experimental results and discussion. Figure 5 illustrates the
relationship between manning and depth. The trend has been observed to be directly
proportionate. The calculated range of manning is 0.009–0.011, while the calculated
range of depth, y, is 0.08–0.10. The correlation value, r value, is 0.61, which is a positive
addition, and the p- value is calculated to be 0.01, which is statistically significant (p <
0.05). There is a slight correlation between the highest depth as well as the highest value
of manning, n.

Figure 6 shows the relationship of manning, n, with velocity (m/s). It was observed
that the trend is inversely proportional. The standardmanning’s value of Polyethylene PE
Corrugated with smooth inner walls the range of 0.009 - 0.015[4]. However, the value of
manning for this study was calculated to be 0.009–0.011 which is good agreements with
the standard manning, n. The range of velocity is examined to be 0.59–0.66 m/s. From
the graph, it can be seen that the correlation value, r value is 0.17, which is these results
if fluctuating value. And the p-value is analyses to be 0.001, which is significant (p <

0.05). It can be related that the lowest velocity gives the higher value of the manning, n.
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n = 0.0885Y + 0.0018
R² = 0.6178
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Fig. 5. The relationship between Manning, n and depth (m).

n = -0.0213V + 0.0235
R² = 0.7958
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Fig. 6. The relationship between Manning, n and velocity (m/s).

Figure 7 illustrates the relationship between the Manning coefficient (n) and dis-
charge (m3/s). The distribution pattern observed is inversely proportional. The calcu-
lated R-value of 0.14 indicates the fluctuating between the variables. Furthermore, the
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relationship between the Manning coefficient (n) and discharge can be expressed as n =
0.2625Q - 0.0072.

n = 0.2625Q + 0.0072
R² = 0.1372

0.009

0.010

0.010

0.011

0.011

0.012

0.011 0.012 0.012 0.013 0.013 0.014

Manning, n vs Discharge, Q (m3/s)

Fig. 7. The relationship between Manning, n and discharge (m3/s).

A similar pattern was observed between the Manning coefficient (n) and Froude
Number (Fr), as depicted in Fig. 8. It is evident that there is an inverse proportional-
ity between Manning coefficient (n) and Froude Number (Fr). The range of Manning
coefficient was found to be 0.009–0.011, while the calculated range of Froude Number
was 0.59–0.73. Supercritical flow conditions were observed in this study. The observed
correlation value (R-value) was 0.997, indicating a slightly strong agreement (close to
1) between the variables.

To validate the experimental findings, a comparison was made with the results of
Muhammad et al. (2018) [11] in terms of depth, velocity, discharge, andManning coeffi-
cient. The data collected in the previous study are presented in Table 2. A notable differ-
ence was observed in the water level depth, with Muhammad et al. (2018) [11] reporting
higher values (0.07–0.18) compared to the present study (0.09–0.120). Similarly, the
velocity and discharge values from Muhammad et al. (2018) [11] were consistently
higher than those obtained in the present study. Regarding the Manning coefficient, the
present study yielded values in the range of 0.009–0.011, which were notably lower
than the range reported in the previous study (0.067–0.206) by Muhammad et al. (2018)
[11]. At overall, these findings indicate a good agreement between the present study and
Muhammad et al. (2018[11] in terms of water discharge capacity.
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n = -0.0156Fr + 0.0203
R² = 0.997
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Manning, n vs Froude Number, Fr

Fig. 8. The relationship between Manning, n and Froude Number.

4 Conclusion

The research was carried out to investigate flow resistance along the perforated subsur-
face stormwater drain. The outlet condition of a gate partially open with a longitudinal
slope of 1/500 and water depth 10cm is considered in this study to analyses the back
flow effects of water. The finding shows the relationship between manning, n and dis-
charge, Q is the strongly agreement with r value is close to 1 (0.99). The sub-critical
(slow flow-tranquil and streaming) turbulence flow has occurred in this study. In general,
this study verify that the current research aligns well with Muhammad et al. (2018) [13]
findings regarding the water discharge capacity by incorporating the backflow effects of
water. In order to gain a comprehensive understanding of the impact of flow resistance
on the perforated subsurface stormwater drain leading to the flash flood effects, it is
recommended to incorporate other forms of subsurface stormwater channels.
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Abstract. Geopolymerization is the most suitable method for the valorization of
mineral wastes with high contents of Si and Al oxides. Compared to Ordinary
Portland Cement (OPC) materials, the geopolymers exhibit better compressive
strength and thermal stability, but their flexural strength is also limited by their
brittle matrix. The aim of this study is to evaluate the thermal behavior of ambient-
cured fly ash-based geopolymers reinforced with recycled glass fibers in order to
estimate the possibility of manufacturing precast concrete products. The thermo-
gravimetric analysis (TGA) showed a low weight loss up to 200 °C, followed by a
much lower decrease in the 200 °C–500 °C temperature range. The TA curves fol-
low closely the trend of the Differential Thermodynamic Analysis (DTA) curves,
which confirm a highly endothermic reaction in the 20 °C–200 °C temperature
range due to the removal of free or physically boundwater.Above this temperature,
small peaks corresponding to the dihydroxylation of -FeOOH or transformation
of Ca(OH)2 to CaCO3 can be observed. The thermal behavior of both samples is
similar, confirming that the presence of glass fibers doesn’t influence the thermal
behavior of fly ash-based geopolymers.

Keywords: Recycled glass fibers ·Microstructural analysis · Thermal behavior ·
Eco-friendly · Fly ash · Geopolymer composite

1 Introduction

The demand for construction materials showed a significant increase over the past few
years [1]. This trend may be explained by the high tendency to move from urban to rural
areas, which consequently resulted in a high need for building new houses and infrastruc-
ture. Among the constructionmaterials, ordinary Portland cement (OPC)-based products
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are the most common [2]. Therefore, a significant increase in OPC manufacturing and
use took place. The increased demand for OPC is explained, especially, by its low price.
However, in terms of environmental costs, the effects produced by its manufacturing
cannot be removed or substituted by any means. OPC production is considered to be
responsible for more than 9% of the total CO2 emissions worldwide [3].

To overcome these disadvantages, the principles of sustainable development have
been formulated and supported by the authorities in most countries. According to these
directions, the circular economy concept has been developed [4]. Accordingly, many
technologies were designed to incorporate the secondary products from one stage as
raw materials in further manufacturing stages or to find innovative solutions to valorize
the secondary products of other industries. In the manufacture of OPC, due to the costs
associated with virgin raw material consumption and the high temperatures necessary
for calcination, the researchers found different methods to incorporate other types of
cementitious byproducts or decrease the calcination temperature [5, 6]. Moreover, a
totally different method of obtaining products with properties similar to those based on
OPC was found in the geopolymerization technology [7].

Geopolymers are inorganic materials based on aluminum and silicon oxides [8].
Compared to OPC-based products, these materials showed tailored properties, high
chemical attachment resistance, capacity to incorporate heavy metals, etc. while using
only recycled minerals as raw materials. One of the main secondary products used to
manufacture geopolymers is fly ash [9]. This powder, rich in aluminum and silicon
oxides, is still available in large quantities in most of the countries that use coal as fuel
for thermal power plants. The properties of fly ash depend on its characteristics and the
type of coal that has been burned. The coal ash’s physicochemical properties, particle
size distribution, fineness modulus, particle morphology, and other types of specific
characteristics will influence the dissolution degree and the behavior of the coal ash
during activation [10]. Therefore, its performances as a raw material are varied, which
consequently leads to the need for experimental validation for any application.

The influence of the raw materials characteristics on the properties of the final prod-
uct is usually applicable to most byproducts that can be recycled. Another aspect of these
wastes is their large range of quality parameters (homogeneity cannot be strictly assured,
while different types of contaminants can also be found in some parts of the dumps) [11].
To reduce the influence of these negative aspects and to remove the intrinsic disadvan-
tages of cementitious products, different types of additives or reinforcing elements may
be introduced into the structure. In the case of geopolymers, commonly, the setting time
can be reduced by increasing the activator concentration; the water permeability and
freeze-thaw resistance can be increased by increasing the amount of sodium silicate;
higher compressive strength can be achieved with aggregate addition; and most of the
fibers compatible with OPC-based products can also be incorporated into the geopoly-
mer matrix to improve their flexural strength. The addition of fibers is mainly necessary
to prevent the sudden failure of concrete products. Due to fiber presence, the product’s
failure will be slower with enough visible signs (crack appearance, fiber exposure, debris
etc.) to assure the necessary time for repair before failure [12]. Zuaiter et al. [13] studied
the influence of hybrid glass fiber introduction on the properties of slag-fly ash-based
geopolymers. According to their publication, the addition of glass fibers of different
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lengths can significantly increase the buildability of geopolymers due to fiber interlock-
ing, while their value can be controlled by mixing short with long fibers. Moreover, fiber
addition will result in better performance for all evaluated characteristics: modulus of
elasticity, splitting test, water absorption, abrasion resistance, and compressive strength.

Some publications also address the relationship between the behavior of the rein-
forced structure and the type of fiber. As presented in [14], carbon fibers performed better
than E-glass fibers as reinforcements. Carbon fibers remained intact during three-point
bending, while glass fibers showed weak interlaminar strength. Steinerova et al. [15]
observed that both the amount of fiber and the amount of sand influence the brittleness
and chemical resistance of geopolymer composites. In their study, a 5 wt.% replacement
of the matrix with 4.5 mm-long glass fibers and an addition of 50–70 wt.% sand aggre-
gates resulted in the optimum mechanical and chemical properties. The amount of glass
fiber in the previously described study was significantly high compared to the literature;
most of the studies showed that an addition of over 3 wt.% wouldn’t lead to better per-
formances but rather challenges in filling the form or removing the air bubbles from the
composition. In the case of carbon fiber addition, the maximum amount is even lower;
as Gu et al. [16] observed, when the addition exceeds 0.4 wt.% of the matrix weight, the
carbon fibers tend to agglomerate. However, considering the high manufacturing costs
of carbon fibers, the introduction of this type of reinforcement is justified only when
high electrical conductivity is sought.

Despite the type of reinforcement, the mechanical performance of the developed
composite will be influenced by different factors specific to the interface and compati-
bility between the matrix and the fiber, such as chemical adhesion, friction, and mechan-
ical interlocking. All three parameters can be evaluated through mechanical tests such
as beam anchorage tests, pull-out tests, flexural strength tests, and spliced beam tests
[17]. However, when it comes to the thermal behavior of the developed composites, the
exposure temperature along with the phase composition of the matrix can significantly
influence the performance of the product. Up to now, the previous studies focused on
the fresh, mechanical, or chemical properties of the fiber-reinforced geopolymer com-
posites, but very few studies have examined the thermal behavior of these products, and
none of them used recycled glass fibers as reinforcements. In this study, coal ash-based
geopolymers reinforced with two types of recycled glass fibers have been obtained, and
their thermal behavior and phase composition have been studied through simultaneous
thermal analysis and X-ray diffraction.

2 Materials and Methods

Any waste that is available or can be ground to powder form and contains suitable
amounts of silicon and aluminum oxides can be used as raw materials to manufacture
geopolymer composites. However, the rationale for choosing the type of waste that will
be recycled through technology strongly depends on the availability of that byproduct
along with the target product for that manufacturing technology. For example, if the
raw material is available in small quantities, only a technology that will produce high-
value products related to the amount of used waste will be suitable, while if the waste
is available in large quantities, the technology can be developed to manufacture any
product that can substitute those based on OPC.
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2.1 Materials

In this study, two types of coal ashes (fly ash and flue gas desulfurization fly ash -
noted as lime fly ash) have been used as an aluminosilicate component in order to
obtain a geopolymeric matrix suitable for the incorporation of recycled glass fibers.
Both coal ashes are byproducts available in high amounts and deposited in land fields by
a local thermal power plant (S.C. Holboca C.E.T. II S.A., Iasi, Romania). The chemical
composition of both rawmaterials has been analyzed byX-ray fluorescence (XRF) using
an XRF S8 Tiger (Bruker GmbH, Karlsruhe, Germany) in order to establish a suitable
activation method. Also, to assure experiment repeatability, the collected wastes have
been dried until a constant weight (as described in [18]) and sifted (according to SR EN
933–1:2012) to remove any impurities larger than 100 μm in diameter.

To reinforce the geopolymeric matrix, two types of glass fibers were collected from
the waste resulting from the manufacture of different types of products that consist of
glass fibers impregnated with resins. The waste was collected from the dump site of a
local factory (Prod Company Romania, which manufactures products from polystyrene
reinforced with glass fiber). Moreover, to further improve the mechanical properties of
the developed composites, a mixture of fine and coarse aggregates [19] was introduced
into the mixture.

As activators, commercially available sodiumsilicate solution (S.C.KYNITAS.R.L.,
Valcea, Romania) and sodium hydroxide flakes from the same supplier were chosen.
Prior to mixing with the Na2SiO3 solution, the NaOH flakes were dissolving in tap
water at the desired concentration.

2.2 Sample Design and Preparation

To find the optimum composition from compressive strength point of view, the Taguchi
method was used, while the influence factors and their values were selected based on
preliminary studies [7, 20]. In accordance with Taguchi’s L9 orthogonal matrix method
(36), 9 different mixtures were designed to establish the influence of the following
involved factors (Table 1).

Table 1. The composition of the solid component.

Raw material, wt.%

FA FS A

Mixture code C1 67.5 7.5 25

C2 45 5 50

C3 22.5 2.5 75

The description of the designed samples is as follows: (a) three combinations between
the both types of coal ash (fly ash - FA, lime fly ash - FS) and aggregates (A) consisting
of C1 = 67.5% FA + 7.5% FS + 25% A, C2 = 45% FA + 5% FS + 50% A and C3 =
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22.5% FA + 2.5% FS + 75% A (Table 2), (b) three different Na/Al ratios (0.50, 0.625
and 0.75), (c) three different liquid/solid ratios (0.70, 0.75 and 0.80). The design of the
three-factor, three-level experiments are shown in Table 3.

Table 2. Experimental factors and levels.

Experimental factor Level 1 Level 2 Level 3

A. Mixture code C1 C2 C3

B. Na/Al ratio 0.5 0.625 0.75

C. Liquid/solid ratio 0.7 0.75 0.8

Table 3. The composition of the geopolymers without reinforcing fibers.

Sample code

S1 S2 S3 S4 S5 S6 S7 S8 S9

Experimental
factor

A C1 C1 C1 C2 C2 C2 C3 C3 C3

B 0.50 0.625 0.75 0.50 0.625 0.75 0.50 0.625 0.75

C 0.70 0.75 0.80 0.75 0.80 0.71 0.80 0.70 0.75

Compressive strength,
MPa

5.71 5.92 7.25 3.81 4.31 10.58 4.95 6.52 7.25

Further, the geopolymer that exhibited the highest compressive strength was opti-
mized by introducing two types of recycled glass fibers into its composition. According
to the compressive strength results, the mixture specific to sample code S6 exhibits
the highest mechanical properties. Therefore, its composition was further chosen as the
matrix for the glass fiber-reinforced composites.

The glass fibers were prepared at two different lengths (25 and 60 mm, respectively)
and incorporated in three different amounts (1, 2, or 3 wt.%) related to the amount of
coal ash in the composition of each sample. The composition of the studied samples is
presented in Table 4, while the process flow diagram for obtaining these fiber-reinforced
geopolymers is shown in Fig. 1.

According to the three-point bending strength test, the addition of glass fibers signif-
icantly increases the flexural strength of the geopolymers without affecting their com-
pressive strength. Moreover, of all six mixtures, the composite with a 2 wt.% addition
of long fibers (S6-Fl2) exhibited the optimum mechanical performances.

2.3 Methods

The phase transition of both types of coal ashes during alkali activation has been studied
through X-ray diffraction (XRD). Furthermore, the structure stability and the chemical
reactions that took place during heating the obtained materials have been evaluated
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Table 4. The composition of fiber reinforced geopolymer composite.

Solid component Liquid component Flexural
strength,
MPa

FA,
wt.%

FS,
wt.%

A,
wt.%

Fiber,
wt.%

Na2SiO3,
wt.%

NaOH
10.8M,
wt.%

Sample
code

S6-NoF 45 5 50 0 84.60 15.40 0.017

S6-Fs1 1 0.049

S6-Fs2 2 0.026

S6-Fs3 3 0.017

S6-Fl1 1 0.062

S6-Fl2 2 0.063

S6-Fl3 3 0.050

Fig. 1. Process flow diagram of obtaining geopolymer composites reinforced with different types
of recycled glass fibers.
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by simultaneous thermal analysis (STA), which combines thermogravimetric analysis
(TGA) with differential thermal analysis (DTA).

X-ray Diffraction. XRD analysis was carried out on both the raw materials and the
obtainedgeopolymers.A true representative sample of each typeof coal ash has been ana-
lyzed,while for the evaluation of the geopolymers, some chips resulting frommechanical
tests have been ground up to powder form. The diffraction patterns were collected using
X’Pert Pro MPD equipment (Malvern Panalytical Ltd., Eindhoven, Netherlands) with
a CuK source at 45 kV/40 mA. The radiation was recorded between 5° and 60° 2θ at a
step of 0.013°.

Simultaneous Thermal Analysis. The phase transition and weight evolution in the
range of 25–500 °Cwere analyzed in a static air atmosphere at a heating rate of 10 °C/min.
Both the thermogravimetric analysis (TGA) and the differential thermal analysis (DTA)
were performed at the same time by means of STA PT-1600 equipment (Linseis, Selb,
Germany).

3 Results and Discussions

3.1 Microstructural Analysis

The morphology of the fly ash particles influences the dissolution rate as well as the
characteristics of the final product. As presented in literature [21], raw materials with
finer particles will react faster and result in structures with better mechanical properties
than those that contain a high amount of large particles. Higher proportions of spherical
particles will result in better fluidity, a slightly lower reaction degree, and higher com-
pressive strength [22]. This behavior is related to the impossibility of the activator to
dissolute and activate the surface of some large sphere particles that have been created
at high temperatures and have a thicker wall than the others. Therefore, those particles
will remain almost intact in the geopolymer and act as large dimension pores which will
negatively affect the mechanical properties of the developed product. However, different
methods, such as mechanical (grinding) [23], fusion [24] or chemical activation (frontal
polymerization) [25] can be involved to improve the reactivity of the raw materials. In
this study, only dried and sifted coal ash has been used; any supplementary activation
has been avoided in order to keep the manufacturing method simple and as cost-effective
as possible. Also, both initial processing steps (drying and sifting) can be eliminated in
industrial applications by performing a moisture test on raw materials and adjusting the
water content of the activator depending on the amount of water in the coal ash and sand.

The microstructural analysis of the obtained geopolymers and the raw materials was
studied bymeans of scanning electronmicroscopy (SEM) using anSEM typeFEIQuanta
FEG 450 (FEI Company, Washington, DC, USA). The morphological analysis of both
types of coal ashes shows that the collected fly ash has a homogenous composition with
a significantly high amount of spherical particles (Fig. 2). Moreover, the microstructural
analysis at high magnifications shows that most of the spherical particles have diameters
lower than 30 μm, while the larger particles are porous and irregularly shaped. The lime
fly ash (Fig. 3) is much finer; most particles from its composition are irregularly shaped
and have a diameter lower than 20 μm.
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Fig. 2. Morphology of fly ash at different magnification.

Fig. 3. Morphology of lime fly ash at different magnification.

The oxide chemical composition analyzed byX-ray fluorescence (XRF) using aXRF
S8 Tiger equipment (Bruker, Karlsruhe, Germany) shows a class F fly ash (according
to ASTM C618) with a high content of SiO2 (50.16 wt.%), Al2O3 (27.02 wt.%), FexOy
(8.40 wt.%) and CaO (6.49 wt.%), while the rest of the oxides from its composition
(K2O, MgO, TiO2, Na2O, P2O5, SOx etc.) are available in quantities lower than 2 wt.%.
The lime fly ash, instead, has a significantly high CaO concentration (68.22 wt.%), SOx
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(26.87 wt.%) and SiO2 (4.86 wt.%), while the rest of the elements (Al, Fe, Ti, P etc.)
are lower than 0.01 wt.%.

Considering the morphological analysis as well as the chemical composition of both
types of ashes, it is expected that FS will exhibit a higher reaction degree than FA due to
its fines and high content of Ca [26, 27]. However, considering the fine line that separates
geopolymers of alkali-activated materials [28], the FS content was maintained at low
addition, so the system will have a higher Al/Si ratio than a Ca/Si ratio.

Themicrostructure of the obtained geopolymers is presented inFig. 4.As can be seen,
the geopolymer without reinforcing fibers (Fig. 4 a) shows a homogenous structure with
large voids and pores and some unreacted particles in areas close to the voids; probably,
the particles were captured into the air bubbles and didn’t get into contact with the
activator. The glass fiber-reinforced composite (Fig. 4 b) shows similar morphology.

Fig. 4. Microstructure of the obtained samples: a) the geopolymer without reinforcing fibers
(S6-NoF); b) the fiber reinforced geopolymer composite (S6-Fl2).

The microstructural analysis of the obtained geopolymers was performed on frac-
ture surfaces; therefore, the presence of cracks could also be related to the destruction
mechanism that occurred during the compressive strength test.

3.2 Mineralogical Analysis

The XRD analysis of both rawmaterials confirms the presence of quartz or silicon oxide
as well as multiple complex phases that include the main chemical elements detected
through the chemical composition analysis, Fig. 5. The XRD pattern of the FA sample
also shows the presence of sillimanite, mullite, goethite and anorthite [18, 29]. In the case
of the FS sample, different phases with Ca or S content are detected, such as portlandite
and hannebachite [30], as well as calcite, pyrite, gypsum and sphalerite, which were also
observed in the composition of ashes with high sulphur content [31, 32].
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Fig. 5. XRD patterns of the raw materials and the obtained geopolymers.

After activation, the XRD pattern of both raw materials is significantly changed;
mostly, the phases corresponding to FS have been converted to amorphous phases spe-
cific to geopolymerization, while those from FA have only changed in intensity. The
geopolymerization reaction is also confirmed by the formation of a new semi-crystalline
phase, hydroxysodalite (Na4Al3Si3O12OH),whichwas also observed by [33].Moreover,
it seems that the addition of recycled glass fibers won’t influence the phase transition in
alkali-activated geopolymers.

3.3 Thermal Behavior Analysis

In order to evaluate the possibility of using recycled glass fibers to develop geopoly-
mers that can be used for the manufacture of different types of products suitable for
civil engineering applications, the thermal behavior of the obtained materials has been
evaluated through simultaneous thermal analysis. The DTA analysis (Fig. 6 a) of both
samples show highly similar behavior. Both curves exhibit multiple fluctuations cor-
responding to water evaporation or oxidation reactions. The highest endothermic peak
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is the one around 130 °C (indicated with “A” on the DTA curves), which corresponds
to the evaporation of free and physically bound water [18, 34]. As indicated with “B,”
around 230 °C, water evaporation from zeolitic channels occurs, while the transition of
FeO(OH) to Fe2O3 is detected around 300 °C (“C”). When the temperature increases to
490 °C, Portlandite decomposition to calcium carbonate takes place (“D”).

Fig. 6. TG-DTA analysis of fly ash-based geopolymers with and without glass fiber addition: a)
DTA curves; b) TGA curves.

The TGA curves (Fig. 6 b) showed a low mass loss, especially in the range of water
evaporation. Geopolymers are known for their porous matrix; therefore, the introduction
of compact glass fiber explains the difference between the curves.Moreover, all reactions
that lead to mass fluctuations are associated with water elimination or oxidation of
compounds specific to the phases detected in the matrix, i.e., not in the composition of
glass fibers.
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4 Conclusions

This study evaluates the influence of recycled glass fiber addition on the structure and
thermal behavior of different fly ash-based geopolymers. According to the obtained
results, the following conclusions can be drawn:

• flue gas desulfurization Fly ash can be incorporated into geopolymermixtureswithout
having a negative influence on the mineralogical composition or thermal behavior of
these sustainable products.

• the addition of recycled glass fibers into the matrix of coal ash-based geopolymer
will improve the mechanical properties, even though a slight increase in mass loss
was observed.

• the phase transition during activation won’t be influenced by the presence of glass
fibers. During alkali activation, some of the phases from the raw materials will
be converted to amorphous content, while only one new semi-crystalline phase
(hydroxysodalite) will be created.

• the mass loss will be slightly higher for the reinforced composite due to a higher
content of water in the composition, while the phase transition will remain the same
as for the geopolymer without glass fiber addition.
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Abstract. The study aimed to evaluate the effectiveness of hybrid polymer
ZOPAT compared to single polymers in treating textile wastewater. The research
analyzed reduction of color, chemical oxygen demand (COD), turbidity, and
suspended solids using jar testing. Response Surface Methodology (RSM) was
employed to optimize the treatment, analyze variance, and create pertur-bation and
desirability plots formultiple responses. The storage conditions of the hybrid poly-
mer were also investigated. The results showed that ZOPATwas highly effective in
reducing color, with a 93% reduction compared to other treatments. Additionally,
turbidity and suspended solids were reduced by 100%, and COD was reduced by
up to 80%. The RSMmulti-response outcome showed a desirability plot of 0.592.
The hybrid polymer required only 17.5 min for coagulation treatment, while the
other treatments re-quired more than 40 min to achieve maximum effectiveness.
The validation test showed that the optimization model’s error rate was less than
1%. The study recommended that hybrid polymer solutions be stored in a cold
room for up to 20 days to maintain consistency. The findings suggest that hybrid
polymer is a highly effective coagulant for treating textile wastewater, with signif-
icant reductions in color, turbidity, and suspended solids. The use of RSM allowed
for the optimization of the treatment, and the storage conditions were determined
to ensure consistent results over time. Overall, the study’s results have signifi-
cant implications for the water treatment industry, with potential applications in
treating wastewater in other industries.
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1 Introduction

Malaysia’s textile and apparel industry is ranked eleventh in the country’s manufacturing
sector, with 84.1 million meters of cotton cloth exported in 2020 [1]. However, after the
textile treatment process, the discharge is typically released into nearby rivers. This issue
has been reported extensively in China and India, with textile contamination causing
significant problems in rivers [2]. The concentration of textile effluent ranges from 10 to
250 mg/L [3], depending on the dye types, with the highest concentration reaching up
to 7,000 mg/L in the reactive dye industry [4]. It is estimated that the production of 1kg
of textile material requires 200 L of water [5], and studies indicate that approximately
half of the dyes used in the textile industry end up as discharge wastewater containing
organic and inorganic chemicals, dyestuffs, bleaching agents, finishing chemicals, starch,
thickening agents, surface-active chemicals, wetting and dispersing agents, as well as
metal salts [6]. This discharge contributes to high levels of pH, COD, BOD, color,
suspended solids, turbidity, heavy metals, and other contaminants. As a result, it is
crucial for wastewater treatment plants in every industry to be effective and systematic
in their approach.

Currently, coagulation andflocculation are employed in primary treatment to separate
gritty materials and suspended solids, and pH is an important factor that influences the
effectiveness of coagulation. Typically, metal salts are used for coagulation, along with
coagulant aids, which create larger flocs during slow mixing. The destabilization of
charged particles allowsflocs to formand settle during sedimentation. Inorganic, organic,
and modified coagulants are commonly used today, but the effectiveness of inorganic
coagulants is limited to a small pH range, typically between 5.5 and 7.5. To address
this limitation, a hybrid coagulant has been developed that is effective over a wider pH
range. In a study conducted by [7], a hybrid coagulant made of polyacrylamide and
polymeric aluminum ferric chloride was found to be effective for the removal of Congo
Red over a pH range of 6 to 9, and for the removal of Fast Turquoise Blue GL over a pH
range of 4 to 7, with more than 90% removal achieved. The hybrid coagulant showed a
high capability for adsorption bridging. Since pH is a critical factor in the coagulation
process [8], it is important to determine the optimum conditions for coagulation, and the
Response Surface Methodology is a useful analytical tool for achieving this.

Hybrid or modified coagulants have gained popularity in recent times due to their
ability to enhance the efficiency of the coagulation and flocculation process. This is
achieved by generating a high capacity of hydroxyl ions for charge neutralisation, as
reported in literature [7]. The effectiveness ofmodified coagulants has beendemonstrated
in studies where they were able to reduce almost 90% of dye color [9] and more than
70% of organic compounds [8]. These coagulants can be composed of various combina-
tions such as inorganic-inorganic, inorganic-organic, inorganic-natural, organic-organic,
organic-natural and natural-natural polymers. Previous studies have explored the use of
hybrid coagulants with zinc and various inorganic or organic polymers in the coagulation
process [10–12].

The use of Zinc Oxide as a coagulant for pharmaceutical wastewater has been proven
effective in reducing COD from 19,850 mg/L to 500 mg/L [13]. By modifying ZnO
with an organic polymer such as polyacrylamide, longer chains can be produced, result-
ing in an abundance of binding sites. This modified ZnO has a broad pH range and
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high adsorption bridging capabilities [7]. Zhu et al. [11] discovered that blending poly-
acrylamide with iron and zinc as a coagulant base resulted in a higher floc growth rate
(119.82µm/min) and recovery factor (26.96) than non-hybrid versions. This hybrid also
had a more significant effect on turbidity and dissolved organic nitrogen removal com-
pared to non-hybrid versions such as polymeric Al-Zn-Fe and Polyaluminium chloride
[9].

In this study, the various impacts of color, COD, turbidity, and suspended solids
were examined using single polymers (zinc oxide, zinc oxide+ acrylamide, acrylamide,
tannin, and polyaluminium chloride (PACl)), as well as a hybrid polymer composed of
zinc oxide, acrylamide, and tannin. TheResponse SurfaceMethodology -Central Hybrid
Design (RSM-CCD) was employed to analyze the perturbation plot at the optimized pH
and ZOPAT dose, as well as the impact of multiple responses on the desirability plot.
Additionally, the effects of storage conditions at both cold room temperature (4–6°C)
and room temperature (30°C) were studied, with a duration of up to 60 days.

2 Experiments

The method involved using zinc chloride (ZnCl2), acetic acid (CH3COOH), sulfuric
acid (H2SO4), sodium hydroxide (NaOH), glycerol (C3H8O3), and ethanol (C2H5OH)
obtained from Qrec without any purification to synthesize zinc oxide. Tannin with a
molecular weight of 1701.18 g/mol was procured from Shaanxi Kanglai Ecology Agri-
culture Co., Ltd. Cationic polyacrylamide with a molecular weight of 1 million g/mol
was purchased fromR&Mchemicals. The raw textile wastewater was collected six times
from textile industries in 2018, with an average pH of 11.25, turbidity of 150.58 NTU,
COD of 2250 mg/L, color of 1724 Pt/Co, and suspended solids of 172.58 mg/L.

A homogeneous solution was created by blending zinc oxide, polyacrylamide, and
tannin in different weight ratios (1:1:1) using 2% w/w. Glycerol was used as a stabilizer,
and its effectiveness was confirmed in a previous study [14]. To reduce turbidity, color,
COD, and suspended solids, one-factor-at-a-time experimentation was conducted. To
achieve the highest removal efficiency, various ratios of ZnO, polyacrylamide, and tannin
were tested to determine a suitable proportion of these ingredients. The best pH and
ZOPAT dosage were also investigated.

In this study, a standard jar-test apparatus (Velp Scientifica JLT 6) equipped with
six stainless steel paddles and a stirrer was used as the experimental setup. The reactor
was a 1000 mL glass beaker with a sample volume of 500 mL. The maximum allowable
addition of ZOPATwas 10mL from a stock solution of 20,000mg/L. The pH adjustment
was made using NaOH or H2SO4, with a maximum addition of 30 mL for each beaker,
which was less than 10% of the total 500 mL of textile wastewater. The preliminary test
was used to determine the optimal range for pH, dosage, speed of rapid mixing, duration
of rapid mixing, speed of slowmixing, duration of slowmixing, and sedimentation time.

Following the previous method [15], the impact of storage conditions was evaluated
for a 60-day period. ZOPAT samples were subjected to two different conditions: room
temperature (30 °C) and cold storage (4–6 °C). The percentage reduction of color and
COD was monitored and graphed over the course of the experiment to observe any
differences between the two storage conditions.
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3 Results and Discussion

3.1 A Comparative Analysis of Coagulation Studies Utilizing Different Polymers

Various polymers, including ZnO, ZnO + PAM, PAM, ZOPAT, and Tannin, were
employed to treat wastewater to reduce turbidity, color, COD, and SS. Table 1 presents
the parameters used for each polymer in the coagulation treatment based on the results
obtained in the preliminary study. The residual values, measured in mg/L (except for
turbidity and color, which were measured in NTU and Pt/Co, respectively), were used to
report the results. As shown in Fig. 1, the hybrid polymer ZOPAT demonstrated strong
performance in reducing turbidity, color, and suspended solids in textile wastewater.
The study also showed that the hybrid polymer is effective over a wide range of pH [7].
Previous studies have reported that hybrid polymers can lengthen polymer chains and
provide additional binding sites with various functional groups, which may contribute
to their effectiveness [8].

Fig. 1. The residual value of turbidity, colour, COD and SS for different type polymer.

ZOPAT demonstrated excellent performance in decolorizing wastewater, with resid-
ual color of less than 100 Pt/Co observed across a wide pH range (from pH 4 to pH 10).
The broad pH range treatment provides significant benefits for treating various types of
wastewater, and the low cost of pH adjustment prior to treatment is advantageous [16].
The reduction of color was consistently higher than the reduction of COD due to the
formation of complex coagulants. Even if the wastewater is colorless after treatment,
the combined complex with the surface of the dye molecule may reduce the color point
but not the COD. Previous studies have reported that the reduction of color is faster than
the oxidation of organic compounds (COD) [17]. At pH 8 and 800 mg/L of ZOPAT, the
reduction rate of color was 94%, while the oxidation of COD was only 79%. Thus, it
can be concluded that the rate of COD reduction is lower than that of color, even under
the same treatment conditions.

In contrast, tannin at a dose of 400 mg/L resulted in the best residual COD concen-
tration, achieving a value of 380 mg/L, although it did not show the best performance in
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reducing turbidity, colour, and suspended solids. However, a previous study [18] reported
achieving a water quality of less than 10 NTU using 3000 mg/L tannin obtained from
Acacia catechu. In this study, the reduction of colour was observed up to 574 Pt/Co at
a minimal concentration of less than 400 mg/L. However, exceeding the limit of tannin
concentration can lead to re-stabilisation, resulting in high colour content in the wastew-
ater. It is generally observed that increasing the amount of coagulant improves efficiency
before reaching a point of overdosing [19]. Furthermore, the bridging site must not be
limited by the adsorbed amount.

A complete removal of suspended solidswas achieved at a concentration of 200mg/L
and 800 mg/L of PAM and ZOPAT, respectively, while ZnO required a concentration
of 1200 mg/L to achieve a concentration of 1 mg/L of suspended solids. However, ZnO
showed better removal of colour, achieving a reduction of up to 90%, but requiring a
dosageofmore than1000mg/L.WhenPAMwas added alone, aworse reductionof colour
was observed. However, when added in combination with ZnO as the primary coagulant,
the colour degradation showed better performance. This indicates that PAM requires
a metal coagulant to achieve an efficient coagulation-flocculation process. Regarding
turbidity reduction, ZOPAT, PACl, and ZnO achieved almost 100% efficiency, while
PAM, ZnO + PAM, and Tannin showed the worst reduction. Tannin required pH 2 to
perform at its best. Generally, natural organic polymers have optimum pH conditions in
the acidic range [20]. If strong alkaline is applied, it may cause another problem such
as high colour content in the water, which is not favourable for textile wastewater, as it
usually releases raw effluent at alkaline pH [5].

The effectiveness of PACl in reducing colour in textile wastewater was found to be
less favourable compared to COD reduction. Even with the application of 200 mg/L
PACl, the residual colour in the wastewater was still high at 900 Pt/Co, and up to
4000 mg/L PACl was required to achieve a reduction to 300 Pt/Co. However, a study
involving the use of 300 mg/L of PACl under the influence of temperature reported
positive results [21]. This indicates that PACl alone may not be suitable for treating tex-
tile wastewater due to the high colour residue. In contrast, the COD reduction achieved
with 200 mg/L of PACl was near 500 mg/L. Nonetheless, a previous study reported
that 100 mg/L of PACl as a flocculant could reduce COD to 700 mg/L [22]. Therefore,

Fig. 2. The coagulation process after the treatment using ZOPAT, PACl and ZnO at optimum
condition.
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PACl needs to be used in combination with other polymers to achieve better coagulation
results. Figure 2 provides a comparison of the sedimentation phase between ZOPAT,
PACl, ZnO, and raw textile wastewater.

3.2 Optimization of Using RSM-CCD

In this section, a study on optimization using RSM-CCDwas conducted with a rotatable
design to reduce prediction errors and provide constant prediction variance at all points.
The pH and dose ranges were selected based on the highest reduction observed in the
preliminary jar test condition. The pH range was narrowed down to pH 8 for the lower
limit and pH 10 for the upper limit, while the ZOPAT dosage range was set at 600 mg/L
for the lower limit and 1000 mg/L for the upper limit. The speed and duration of rapid
mixing, slow mixing, and sedimentation time were kept constant at the best reduction as
observed in Table 1. The results showed almost 100% removal of turbidity and suspended
solids, but only 93% and 78% reduction in colour and COD, respectively. ANOVA was
then used to calculate the results obtained from the CCD experimental design, which are
tabulated in Table 2. Further analysis, such as ANOVA, 3D plot surface, and validation
for optimization, will be discussed in detail.

Table 1. Set of optimum parameters for each polymer applied in the jar testing.

Parameters ZnO ZnO + PAM PAM Tannin PACl ZOPAT

pH 12.0 12.0 2.0 12.0 8.0 7.2

Dose (mg/L) 1000 1000 400 400 800 800

Speed of rapid mixing 280 280 200 200 200 280

Time of rapid mixing 2.5 2.5 2 2 3 2.5

Speed of slow mixing 50 50 75 75 50 50

Time of slow mixing 5 5 15 15 15 5

Sedimentation time 30 30 30 30 30 10

3.3 Analysis of Variance (ANOVA)

The results in Table 2 present the P-values for four different responses, namely (a)
turbidity, (b) colour, (c) COD, and (d) suspended solids, with two variables, pH and
ZOPAT dose. The quadratic model was found to be statistically significant based on
the P-value of less than 0.05 and the coefficient of determination (r2) of 0.95. The
significance of the model equation was confirmed by the 95% confidence interval (P <

0.05), indicating the effects of quadratic and interaction terms on the predicted responses.
The r2 value represents the proportion of variability in the response data that is explained
by the fitted regression line, with values close to 1 indicating a good fit. The r2 values
for the reduction percentages of turbidity, colour, COD, and suspended solids using
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Table 2. The P-value of factors and responses included in RSM-CCD. *A: pH, B: ZOPAT dose.

Source Sum of Squares Mean Square F Value Prob > F R- squared

Colour Model 258.73 51.75 26.68 0.00 0.95

A 10.12 10.12 5.22 0.05

B 41.92 41.92 21.62 0.00

A2 11.98 11.98 6.18 0.04

B2 161.11 161.11 83.07 0.00

AB 42.25 42.25 21.78 0.00

COD Model 66.25 13.25 22.88 0.00 0.94

A 4.25 4.25 7.33 0.03

B 1.12 1.12 1.94 0.21

A2 23.49 23.49 40.56 0.00

B2 38.01 38.01 65.64 0.00

AB 6.25 6.25 10.79 0.13

Turbidity Model 211.70 42.34 22.42 0.00 0.94

A 8.00 8.00 4.24 0.08

B 115.40 115.40 61.10 0.00

A2 0.03 0.03 0.01 0.91

B2 70.68 70.68 37.42 0.00

AB 16.00 16.00 8.47 0.02

SS Model 230.40 46.08 13.49 0.00 0.96

A 21.92 21.92 6.42 0.04

B 134.47 134.47 39.37 0.00

A2 0.35 0.35 0.10 0.76

B2 61.57 61.57 18.03 0.00

AB 12.25 12.25 3.59 0.10

ZOPAT were 0.94, 0.95, 0.94, and 0.91, respectively, suggesting that more than 90% of
the total variation was explained by the empirical models, with less than 10% remaining
unexplained. Overall, the coefficient of determination values was satisfactory, as r2
values close to 1 were obtained.

The significance of the factors on the response was determined by P-values, where
lower values indicated a greater impact of the factors [23]. In this study, all responses
showed a fittedmodel with P< 0.05, except for the ZOPAT dose, whichwas insignificant
only in relation to COD, indicating that COD was not affected by varying amounts of
ZOPAT. Similarly, the effects of pH on turbidity and colour were not significant with P-
values greater than 0.05, indicating that these responses were not influenced by changes
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in pH. However, the interaction between pH and ZOPAT dose was found to be significant
for all responses except suspended solids, with P < 0.05.

Thepurpose of plottingFig. 3was to examine the impact of different conditions on the
percentage reduction. It was observed that sets 4 and 9 performed poorly due to a higher
dosage of ZOPAT, which caused an overdose reaction resulting in re-dispersion of parti-
cles and a positive charge. This is supported by a significant P value of coagulant dose in
Table 2. On the other hand, set 2 with a pH of 9 and 800 mg/L of ZOPAT showed excel-
lent performance, achieving the highest reduction for all associated responses. Although
COD had the lowest removal rate of approximately 80%, turbidity and suspended solids
were effectively removed from the wastewater.

Fig. 3. Nine sets of different pH and polymer dose of ZOPAT were plotted to see the percentage
of reduction for turbidity, colour, COD and suspended solids.

Previous researchhas demonstrated that the removal of suspended solids is influenced
by gravity. The addition of chemicals can attract charges on the surface of colloidal
particles, causing them to clump together and settle due to the effects of gravity [24].
Set 2 managed to achieve a color reduction of up to 94%. This is because the blended
ZnO, PAM, and tannin generated reactive functional groups such as carboxyl, hydroxyl,
and amide groups that can attack dye compounds. For instance, the reaction between the
hydroxyl group (OH-) and sodium (Na +) forms sodium hydroxide compound. When a
negatively charged ion forms a bondwith a positively charged ion, and one atom transfers
electrons to another, an ionic bond is formed. This destabilizes the colloidal particles,
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neutralizes the electrostatic charges on the dye particles, facilitates agglomeration, and
results in separation from the aqueous phase.

The best result obtained was an 80% reduction in COD, which could be due to the
strong oxidizing behavior of the process, which causes a reduction in pH, resulting in a
more transparent solution and compact sludge. On the other hand, the worst conditions
were observed in sets 4 and 9, where a higher dose of ZOPAT (>1000 mg/L) resulted in
lower efficiency for all responses. The increase in COD is mainly attributed to the redis-
persion of solids containing inorganic material [25]. This can occur because the amount
of metal ions used can destabilize negatively charged colloids, leading to their adsorp-
tion onto the solid. Additionally, the use of Ethylenediaminetetraacetic acid (EDTA) or
Diethylenetriamine pentaacetic acid (DTPA) in the bleaching process can also disrupt
the metallic ions, resulting in lower COD reduction [26]. Moreover, the presence of
substantial chemicals and auxiliaries in textile wastewater can make it challenging to
remove [27].

3.4 Perturbation Plot of pH and Dose of ZOPAT

Figure 4, which is a perturbation plot, shows the effect of A (pH2) and B (the dose
of ZOPAT2) on the reduction percentage of turbidity, color, COD, and SS. The sharp
curvature observed in the plot indicates that the pH and the dose of ZOPAT are highly
sensitive towards the reduction of color and COD. It can be observed from the plot that
increasing the dose of coagulant leads to an increase in the percentage reduction for all
parameters. However, overdosing with more than 1000 mg/L causes a certain degree of
charge reversal of the particles, which reduces the effectiveness of the treatment [8]. The
effect of overdosing results in the re-stabilization of dye particles and increased sludge
formation due to the high amount of added chemicals [28].

In addition, Fig. 4 shows a straight line for A, which represents pH2, in relation
to (c) turbidity and (d) suspended solid. This suggests that both lines are less sensitive
when compared to the others. The perturbation plot also reveals that the p-value for pH2
for turbidity and suspended solid was 0.91 and 0.76, respectively. These values indicate
that both variables have insignificant p-values> 0.05. The flat surface of pH on the plot
indicates less sensitivity towards the pH environment between pH 8 and pH 10. This
finding is consistent with a previous study that rejected the correlation between pH and
turbidity of wastewater samples in India, as the correlation coefficient was only 0.11
[29]. This supports the idea that both studies involved real wastewater from the textile
industry, which can influence the correlation between pH and turbidity.

The purpose of Fig. 5 is desirability ramp is to optimize multiple responses concur-
rently. The desirability range for a given response ranges from zero to one, indicating
how close the response is to its ideal value.

As shown in Fig. 6, the desirability ramp resulted in a desirability value of 0.592.
A value of one indicates a significant P-value for all parameters, whereas a value near
zero indicates that one or more responses fall outside the desirability range. The low
desirability value suggests that suspended solids were responsible for the reduced per-
formance. According to the p-value, suspended solids were not significant for the inter-
action between pH and ZOPAT dose. Therefore, higher suspended solid removal can be
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Fig. 4. Perturbation plot for each reduction such as a) colour, b) COD, c) turbidity and d)
suspended solid at different pH2(A) and dose2(B).

Fig. 5. The desirability ramp based on the outcome solution.

achieved with any pH and dose within the specified range. The gravitational effect and
floc size make it easier to remove suspended solids during the sedimentation phase [30].

The optimization process was validated three times, as outlined in Table 3, using the
outcome solution obtained from the desirability ramp.

The results of the chosen pH and ZOPAT dosage were evaluated based on their per-
centage reduction of turbidity, colour, COD, and suspended solids. The desirability ramp
suggested the conditions that achieved the highest percentage reduction. The validation
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Fig. 6. The desirability plot at varied pH and doze ZOPAT.

Table 3. Validation of experimental results based on desirable ramp.

Experimental of percentage reduction (%)

Set of
Exp

pH ZOPAT
dosage
(mg/L)

Turbidity (%) Colour (%) COD (%) Suspended Solid
(%)

1 9.22 737 100 93 79 99

2 9.20 737 100 92 78 99

3 9.22 737 100 93 80 100
* The initial concentration of the raw textile wastewater: Turbidity: 151 NTU, Colour: 1724 Pt/Co;
COD: 2250 mg/L, Suspended Solid: 173 mg/L.

tests demonstrated that the reduction of colour, COD, turbidity, and suspended solids dif-
fered by less than 1%. The model’s accuracy in estimating the reduction percentage for
all parameters was acceptable. Therefore, the final optimal condition, which involved
applying 737 mg/L of ZOPAT at pH 9.22, successfully achieved a high reduction of
colour, COD, turbidity, and suspended solids.

3.5 Influence on pH After the Treatment with ZOPAT

Table 4 shows that there was a slight pH difference before and after the coagulation
treatment, which was attributed to the addition of ZOPAT to the suspension. The data in
Table 4 reveals that the initial pH values for pH 4, pH 6, pH 8, and pH 12 were lowered
as a result of the influence of ZOPAT.

Whenmetal coagulants are added during the treatment of wastewater, the pH value of
the wastewater decreases [31]. Additionally, some hydrolytic reactions take place during



56 S. A. Ishak et al.

Tabel 4. Result of pH before and after treatment with ZOPAT.

pH before treatment pH after treatment with
ZOPAT

2 2.0

4 3.9

6 5.4

8 6.5

10 8.0

12 10.2

the coagulation process, producing numerous positively charged hydrolysis products that
interact chemically with negatively charged dye colloids. This generates multivalent
charged hydroxyl species [32], as shown in Eqs. 1, 2, 3, 4, 5, and 6. The formation of
metal hydrolysis also contributes to the solubility constant in Eq. 6.

ZOPAT ⇔ Zn2+ + O2− + PAM + Tannin (1)

H2O ⇔ H+ + (OH)− (2)

Zn2+ + H2O ⇔ Zn(OH)+ + H+ (3)

Zn(OH)+ + H2O ⇔ Zn(OH)2 + H+ (4)

Zn(OH)2 + H2O ⇔ Zn(OH)−3 + H+ (5)

Zn(OH)2 ⇔ Zn2+ + 2OH− (6)

The ANOVA test indicated that both the pH and the dose of ZOPAT had a significant
effect, as indicated by their P-values. This suggests that there is a strong correlation
between the pH and the coagulant dose.

3.6 Zeta Potential at Optimum Condition

Table 5 presents the evaluation of the zeta potential of ZOPAT, aswell as the zeta potential
of the agglomerated dye particles during jar testing. Prior to treatment, the wastewater
sample exhibited a zeta potential of −28 mV. However, with the introduction of ZOPAT
into the textile wastewater, destabilization occurred among the particles.

The negatively charged particles on the colloids were neutralized by cations in the
polymer. In this case, the cations may include Zn2 + and Zn(OH) +, which attract neg-
ative dye compounds such as Cl-, SO32-, OH-, and O2-, causing agglomeration among
the flocs. This indicates that bond breakage occurs in the dye structure. During the rapid
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Table 5. Different sample wsamplesken for wastewater (WW), during rapid mixing (RM), slow
mixing (SM) and after sedimentation (AS) for zeta potential analysis.

Coagulation phase Zeta Potential (mV)

Initial wastewater -28

Rapid mixing (RM) 3.0

Slow mixing (SM) 2.4

After sedimentation
(AS)

0.9

mixing phase, the zeta potential was close to 5 mV, which is consistent with a previous
study that reported agglomeration occurring between −5 mV to + 5 mV [33]. Charge
neutralization and sweep flocculation occurred due to the reaction between the positively
charged polymers and the sulfonic group of dye molecules [34]. The zeta potential of the
flocs during the slow mixing time remained positive, and their size gradually increased
through adsorption-bridging ability. As the flocs became larger, they settled and reduced
the color in the wastewater. Surface adsorption was also activated, which removed the
balance of free colloids by enmeshing them in the flocs [35]. After sedimentation, the
treated wastewater had a zeta potential closer to + 1 mV. The maximum agglomeration
can be between 0 charges and 3 mV [33].

Effect of Temperature on Storage Conditions. A previous study [15] conducted
a storage test on ZOPAT, analyzing the effect of storage temperature in a cold room
(4–6 °C) and at room temperature (30 °C) for a duration ranging from 0 to 60 days.
The results were presented for color reduction and COD reduction in Fig. 7. Figure 7
illustrates that the reduction of colorwas notably affected after 28 days, but it deteriorated
considerably after 60 days at room temperature. This suggests that storing ZOPAT in a
cold environment can help stabilize it.

Additionally, Fig. 8 shows that the physical appearance of ZOPAT became foamy
and darker after 60 days. Similar observations were made in another study involving the
use of natural coagulant (M. oleifera) in the hybrid coagulant, which resulted in changes
after 30 days [15].

This indicates that natural coagulants can also affect the storage stability of hybrid
coagulants. The reduction of COD followed a similar pattern to that of color reduction,
with no significant difference in the efficiency of the hybrid coagulant within a week.
The COD percentage reduction began to decline significantly after 28 days, from 70% to
60%, and then decreased slowly until 60 days. According to [8], the aging of the hybrid
coagulant may trigger some chemical reactions, such as an increase in temperature and
duration of time. Based on these findings, it is recommended to store ZOPAT in a cold
room for not more than 20 days to maintain its quality.
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Fig. 7. The storage stability of ZOPAT in colour and COD reduction for 60 days *CT: Cold
temperature and RT: Room temperature.

Fig. 8. ZOPAT appearance after 60 days in room temperature.

4 Conclusions

The study evaluated the effectiveness of different polymers in treating textile wastewater,
including a hybrid polymer ZOPAT composed of zinc oxide, acrylamide, and tannin.
ZOPAT demonstrated strong performance in reducing turbidity, color, and suspended
solids in a wide range of pH levels. It was alsomore effective in reducing color than COD
and consistent at low doses. Tannin showed the best residual COD concentration, but its
performance in reducing other pollutants was not as good as ZOPAT. ZnO showed better
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removal of color but required a high dosage. PACl alone was found to be less effective
in reducing color but could be used in combination with other polymers. According to
the RSM-CCD, the model showed a strong relationship between the independent (pH
and ZOPAT dose) and dependent variables, and the hybrid polymer had the highest effi-
ciency in removing pollutants from wastewater. The plot indicated that the pH and the
dose of ZOPAT had a significant effect on the reduction of color and COD. Increasing
the dose of coagulant led to an increase in the percentage reduction for all parameters
but overdosing with more than 1000 mg/L reduced the effectiveness of the treatment.
The study recommended storing ZOPAT in a cold room for not more than 20 days to
maintain its quality. Overall, the study provides valuable insights into the use of hybrid
polymer ZOPAT in treating wastewater and sheds light on the optimal storage condi-
tions for the hybrid polymer. It highlights the importance of using multiple polymers in
treating wastewater to achieve better coagulation results. The study’s findings can aid in
developing efficient and cost-effective wastewater treatment methods.
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Abstract. Sustainability of hydroelectric dams has been questioned due to the
sedimentation, erosion and vortex formation at the dams. This study had assessed
the potential of sedimentation, erosion and vortex formation based on the flow
pattern formed via hydraulic physical model (Scale of 1:100). Four cases have
been tested which are Case 1 (the position of water inlet at the middle with stage
of 0.38 m), Case 2 (the position of water inlet at the middle with stage 0.34 m),
Case 3 (the position of water inlet at the side with stage of 0.38 m) and Case 4
(the position of water inlet at side with stage 0.34 m). Based on Case 3, the range
of flow velocities obtained was 0.3–2.1 m/s at 20% from water surface, leading to
erosion at the dam bank and sedimentation which focused on the side of the dam
that threatened the stability of the dam due to the concentrated load of sediment.
Vortex type 5–6 had been identified for a period of 15–30 s. Overall, the flow
pattern at the dam up-stream was influenced by the position of water inlet from
dam’s upstream, flowrate of the dam and the depth from the water level.

Keywords: Flow Pattern · Hydraulic Physical Model · Dam

1 Introduction

A dam is a massive impounding construction or barrier which is built on a watercourse
to contain vast amount of water and regulate the water flow. Typically, a reservoir and
a dam are existed together [1]. For the hydroelectric generation, water level has been
raised to create sufficient head which may rotate the turbines in an electricity generating
power plant that usually located at the dam’s toe [2]. To ensure high efficiency and safe
hydroelectric dams, factors such as flow pattern of the dam and its impacts towards
sedimentation, erosion and vortex formation should be acknowledged. In order to assess
these factors, physical hydraulic model should be made.
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Physical model can be referred as a scaled representation of hydraulic flow scenario
in which the flow field and geometry conditions must be scaled accordingly [3]. For this
study, the flow pattern will be assessed via dam physical model approach. In order to
assess the flow pattern, a hydraulic physical dam model with a scale of 1:100 (model to
prototype ratio) has been made and its flow pattern along the model has been analysed.
Flow pattern can be significantly influenced by the flow rate of the system, pressure,
surface tension, density, geometry and distance from the inlet [4]. According to [5], flow
pattern formed will assist in determining the sediment deposition and erosion based on
the flow velocity. Deposition of sediment occurs at dam due to the low flow velocity due
to the increased of flow depth in which reduces the transport of sediment capacity and
accelerates the sedimentation process [6]. Many studies indicated that sedimentation
has reduced the dam storage capacity [9–11]. Reduction of reservoir storage capacity
may lead to high-cost maintenance due to more frequent and high cost of dredging
and removal [10]. According [11], the depleted dam storage does not only reduce the
hydropower generation, but also can lead to the impairment of dam’s mechanical com-
ponents. Besides, according to [12], erosion consists of removal and transportation of
solid material due to the action of water, wind or ice which also includes the abrasion
of the sediments they transport. Erosion may lead to deposition of sediment in dams as
stated by [13] where soil erosion has led to the serious accumulation of sedimentation.
Therefore, a study of the flow pattern based on the hydraulic physical dam model can
provide overall view of the exact condition of the dam.

2 Methodology

For this study, the first stage is focusing on the collection of data. It should start after
the calibration of velocity meter and the efficiency of the hydraulic physical model have
been validated and certified, Fig. 1 and Fig. 2. The velocity of flow with different depths
(20%, 60% and 80%) at every measurement point had been recorded with the aid of
Nixon Streamflo Velocity Meter and 403 Standard Low Speed Velocity Probe which
had been calibrated. It is important to ensure that the velocity meter had been calibrated
in order to ensure that all the data obtained were valid. Besides, the formation of vortex
throughout the laboratory test had been observed and its duration and typewere recorded.

For the collection of data, there were two positions of the inlet – middle and side
positions which can be observed from Fig. 3. For every inlet position, it will have two
sets of tests will be conducted for the maximum (0.38 m) and minimum (0.34 m) water
level respectively as depicted in Fig. 4. The influence of the inlet position and water level
in the model towards the flow pattern and formation of vortex will be studied. Overall,
there will be four cases for the data collection based on the position of water inlet and
stage as illustrated in Table 1.

The second stage of the study is to analyse the collected data for all the sets of tests
by using a modelling software, known as Surfer version 13.0. Surfer is a 2D and 3D
visualization, contouring and surface modelling software which able to display the data
and maintain the accuracy via interpolation feature [14]. As mentioned, the collected
data were based on velocity, hence by using the software, contours of flow pattern for
all the sets of measurement along the upstream of the dam can be realised. Contouring
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of flow pattern will assist in verifying the areas which were prone to sedimentation and
erosion in a better representation.

For contouring purpose via the Surfer version 13.0, KrigingMethod had been imple-
mented for the gridding method as it is more flexible which able to provide a better and
accurate contouring map for unevenly spaced with minimum variance. In this method,
all the data obtained will be weighted in their importance based on their spatial location
and degree of correlation so that the estimation error is minimized [15]. Thus, by using
this Surfer via Kriging Method, all the data can be presented clearly and visually which
aids in better understanding of the flow pattern along the hydraulic physical dam model.

Fig. 1. Hydraulic physical dam model.

Fig. 2. Outlets of the physical model.
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Fig. 3. Inlet Position (a) Side Position; (b) Middle Position.

Fig. 4. Water level.

Table 1. Cases for Data Collection.

Case Water Inlet Stage (m)

1 Middle 0.38

2 Middle 0.34

3 Side 0.38

4 Side 0.34

3 Results and Discussions

3.1 Flow Pattern Contours

The flow velocity collected from the hydraulic physical model had been illustrated in
the form of contours via Surfer 13.0 software. The flow pattern from the upstream of the
dam until the flow reached the penstocks have been illustrated. For interpolationmethod,
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Kriging Method was implemented into the modelling. The results for every case have
been depicted in Fig. 5, Fig. 6, Fig. 7 and Fig. 8.

Fig. 5. Flow Pattern of Case 1 (a) 20% from water surface; (b) 60% from water surface; (c) 80%
from water surface.

Fig. 6. Flow Pattern of Case 2 (a) 20% from water surface; (b) 60% from water surface; (c) 80%
from water surface.

Based on the figures above, it can be observed that the elevation ofwater at the dam or
also known as stage influenced the flow pattern at the upstream of the dam significantly.
Based on Case 1 – Fig. 5(a) and Case 2 – Fig. 6(a), it can be compared that at higher
stage, the flow velocity is greater due to higher flow rate. The same condition occurred
for Case 3 and Case 4 which can be observed from Fig. 7(a) and Fig. 8(a) respectively.
Based on the Continuity Equation, flow rate is directly proportional to velocity of flow
if the cross-sectional area is constant, but from the data collection, it can be depicted
that even though the stage (cross-sectional area of flow) had increased but the change in
velocity can still be identified with different stages of water at the upstream of the dam.
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Fig. 7. Flow Pattern of Case 3 (a) 20% from water surface; (b) 60% from water surface; (c) 80%
from water surface.

Fig. 8. Flow Pattern of Case 4 (a) 20% from water surface; (b) 60% from water surface; (c) 80%
from water surface.

Besides, it can also be observed that the flow pattern can be greatly influenced by
the water depth. For example, in Case 1, it can be illustrated that the velocity of flow
reduced with depth as shown in Fig. 5 (a–c). At greater depth from the water surface,
the velocity of flow decreased. The velocity of flow near the bed low due to the presence
of friction at the bed surface. However, at the depth of 60% from the water surface
(Fig. 5(b), Fig. 6(b), Fig. 7(b) and Fig. 8(b)) the velocity of flow was higher due to the
existence of penstocks which allowed the water to flow from the upstream of the dam to
the power generation center.

However, in this research, it can be noticed that distribution of flow pattern along the
dam can be influenced significantly by the position of water inlet from the upstream of
the dam. This condition can be observed when Case 1 and Case 3 were being compared.
From Fig. 5(a) and Fig. 6(a), the flow pattern for inlet at the middle was more uniform
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and stable flow pattern compared to the inlet at the side. From Case 3, water flows
from inlet at the side produced greater velocity with the range of 0.3–2.1 m/s especially,
alongside the bank of the dam and its maximum velocity was greater compared to water
flows from inlet at the middle. Unstable distribution of velocity flow or flow pattern may
lead to adverse effects towards the dam safety.

3.2 Erosion

From the flow contours, areas which prone to erosion along the model had been deter-
mined for every case. The determination is based on the minimum velocity required for
erosion to occur. According to [18, 19], the minimum velocity for erosion to occur for
natural ground equal to 1.5 m/s. The determination of the value has been made after
considering the type and size pf particles. The locations which exposed to erosion had
been depicted in Fig. 9, Fig. 10, Fig. 11 and Fig. 12.

Based on Case 1 and Case 2, for 20% and 80% from the water surface, it can be
observed that the erosion affect may not be so significant due to the well-distributed flow
velocity along the dam because of the position of water inlet (upstream) at the middle.
At this level from water surface, the velocity of water below than 1.5 m/s, resulting low
potential for erosion to occur along the dam. Besides, at the greater depth, for example,
at 80% from water surface, due to higher surface roughness at the bed, has slowed down
the velocity of flow, lowering the risk for erosion to occur at the bed of the dam. The
same condition has occurred for Case 3 and Case 4 at 80% from water surface. This
phenomenon has proven the relationship between thewater depth and the risk for erosion
to occur.

Fig. 9. Erosion potential area for Case 1 (60%
from water surface).

Fig. 10. Erosion potential area for Case 2
(60% from water surface).
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For Case 3 and Case 4, for 20% from the water surface, it can be observed from
Fig. 11(a) and Fig. 12(a) respectively, high velocity of more than 1.5 m/s occurred along
the side of the damwhichmay resulted in bank erosion. High flow velocity at the side can
be due to the position of water inlet from the upstream. Hence, this condition signifies
the importance of ensuring the stable distribution of flow velocity along the dam so
that the erosion at the concentrated point can be reduced as flow velocity had been
distributed uniformly. Besides, it can be compared from both figures that at higher stage,
the potential for erosion to occur is greater, resulting wider area for erosion to occur. For
instance, Case 3 with greater stage (0.38 m) had resulted wider area which potential for
erosion to occur at the dam’s bank compared to Case 4 with lower stage (0.34 m). Higher
stage can be resulted from higher discharge from upstream which flow into the dam.
Hence, indicating the relationship of upstream discharge towards the risk of erosion
at the dam. Besides, from the contours and analysis which had been made, it can be
observed that by identifying location with high risk of erosion, erosion protections can
be installed at these identified areas to ensure there will be no occurrence of landslides
or bank slumping at the dam.

Fig. 11. Erosion potential area for Case 3 (a) 20% fromwater surface; (b) 60% fromwater surface.

However, for velocity flow at 60% from water surface for all cases (Fig. 9, Fig. 10,
Fig. 11(b) and Fig. 12 (b)) indicated high velocity at the penstockwhich exceeded 1.5m/s
and up to 8.4 m/s, leading to high risk for erosion to occur at the area. The high flow
velocity at the penstocks is due to the high kinetic energy. This high energy has been
produced by the accumulated water at the upstream of the damwhich stores high amount
of gravitational potential energy.

As the water flows through the penstocks which are located at the lower part of
the dam, the gravitational potential energy will be converted into high kinetic energy,
resulting high velocity at the penstocks. This phenomenon also fulfilled the Principle of
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Fig. 12. Erosion potential area for Case 4 (a) 20% fromwater surface; (b) 60% fromwater surface.

Conservation of Energy [18]. Hence, erosion protections are essential in order to ensure
the safety of the dam especially at the area near to the penstocks by selecting the right
material for the dam and penstocks (outlets) accordingly.

3.3 Sedimentation

From the flow contours, areas which prone to sedimentation along the model can be
determined when the velocity of flow had reduced to 0.6 m/s [18, 19]. The areas which
prone to the sedimentation can be observed from Fig. 13, Fig. 14, Fig. 15 and Fig. 16.

For Case 1 and Case 2 at 20% from water surface as indicated in Fig. 13(a) and
Fig. 14 (a) respectively, due to the position of upstream flow at the middle, velocity
of flow had been distributed almost uniformly, leading to low value of flow velocity at
both sides of the dam which may promote sedimentation at both sides of the dam. Since
Case 1 had higher stage compared to Case 2, it can be observed that wider areas will
be exposed to sedimentation for Case 2 compared to Case 1. This phenomenon can also
be proven from Case 3 and Case 4 based on the Fig. 15(a) and Fig. 16(a). Thus, higher
stage may result in greater velocity of flow, lowering the risk for the sedimentation to
occur by reducing the area for sedimentation to occur. Hence, signifying the relationship
between the stage of water and the risk for sedimentation to occur at dam.

Besides, for every case, it can be observed that at the greater depth, wider area will be
exposed to the deposition of sediment. For example, Case 1, the area which will be prone
to sedimentation became wider extent at greater depth from the water surface as shown
in Fig. 13 (a–c). At the greater depth, the velocity of flow reduced due to the surface
roughness of the bed. As the velocity of flow reduced, deposition of sediments may
occur which led to the occurrence of sedimentation, causing reduction of dam storage
[19].
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Fig. 13. Sedimentation potential area for Case 1 (a) 20% from water surface; (b) 60% from water
surface; (c) 80% from water surface.

Fig. 14. Sedimentation potential area for Case 2 (a) 20% from water surface; (b) 60% from water
surface; (c) 80% from water surface.

For Case 3 and Case 4, it can be depicted that the deposition of the sediment may
occur at the left side of the dam due to the low flow velocity within that area as shown in
Fig. 15(a) and Fig. 16(a). This condition occurred due to the position of the water inlet at
the upstream of the dam. The position of water inlet at the side had created non-uniform
flow pattern, leading to unstable distribution of sediment deposition. Besides, it may
also result in concentrated load at the one-side of the dam due to the accumulation of
sediment, effecting the ground stability. Thus, from the result, it can also be depicted
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Fig. 15. Sedimentation potential area for Case 3 (a) 20% from water surface; (b) 60% from water
surface; (c) 80% from water surface.

Fig. 16. Sedimentation potential area for Case 4 (a) 20% from water surface; (b) 60% from water
surface; (c) 80% from water surface.

the relationship between the position of water inlet at the upstream and the risk for
sedimentation to occur at the dam.
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3.4 Vortex Formation

The vortices formed along the hydraulic physical dam model were observed for every
case. The vortex properties such its types, duration and location of where it was formed
was recorded as tabulated in Table 2.

Table 2. Vortex formation and its properties.

Vortex Formation

Case Location Diameter (cm) Type Duration (s)

1 P1 0.6 1–2 2–3

P2 0.7 1–2 2–3

2 P1 0.6 1–2 2–4

P2 0.7 1–2 2–4

3 P1 1.0 1–2 5–10

P4 2.0 5–6 15–30

4 P1 1.0 1–2 5–10

P2 0.6 1–2 2–5

P4 2.0–2.5 5–6 30–60

To identify the type of vortex, Alden Research Laboratory has been referred [20].
The locations for every vortex had been illustrated in Fig. 17.

From the data obtained, based on Case 1 and Case 2, vortices formed at P1 and P2
which had been classified as Type 1 and Type 2 due to weak rotations of flow or slight
surface drop on the water surface. However, due to the lower stage (water level), it can
be observed that the vortices formed for Case 2 were more significant compared to Case
1 where the duration of vortices formed were longer (2–4 s) compared to the Case 1
(2–3 s). The condition can be due the water level below critical submergence, therefore
the possibility of vortex formation is high and more significant [21]. Besides, vortex
formation was observed to be quite consistent at the same location for both cases due to
the asymmetric flow conditions and abrupt changes in flow direction.

Moving on to Case 3 and Case 4, it can be observed that vortex formed were more
severe compared to Case 1 and Case 2. The main factor is due to the position of upstream
flow at the side had caused non-uniformly distributed flow pattern along the dam.

It can also be observed for both cases, the vortices formed at P4 were Type 5 and
Type 6 which able to pull constant stream of air into intake and may damage the turbine
significantly. The durations of the vortices were quite long in period as stated from
Table 2, leading to adverse impact to the hydroelectric turbines such cavitation and
vibration [22]. Besides, the existence of air core into the intake due to the formation of
Type 5 and Type 6 vortex, amount of discharge and electricity generation will reduce
[20].

For vortices formed at P1, their durations forCase 3 andCase 4were longer compared
to Case 1 and Case 2 which can be due to the unstable flow pattern. For Case 4, it can
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Fig. 17. Location of vortex (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4.

also be observed that there was another vortex formed at P2 for a period of 2–5 s and
this can be due to the condition of lower water level and unstable flow pattern because
of the position of upstream inlet.
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4 Conclusion

Flow pattern greatly impacts the safety and sustainability of the dam. Based on the
contours generated, it had proven that flow pattern is influenced by the position of the
upstream inlet, the depth from water level and flowrate of the dam. Position of water
inlet from upstream at side had caused non-uniform and unstable flow pattern which
adversely impacted the dam. Meanwhile, position of upstream flow at the middle had
created more stable flow pattern along the dam. From the flow patterns generated, it
can be observed that Case 3 had the maximum velocity of 2.1 m/s at 20% from the
water surface. Besides, the range of velocities obtained near the penstocks for all the
cases were within 4.1–8.0 m/s. Unstable flow pattern had resulted severe condition of
erosion, sedimentation and vortex formation. Upstream flow from side position had
caused erosion which occurred alongside the dam as observed in Case 3 and Case 4.
Unstable flow pattern due to position of water inlet from side had caused non-uniform
distribution of sediment deposition which not only affect the storage but also the stability
of the dam. From Case 3 and Case 4, the deposition of sediment which focused on one-
side of the dam caused high concentrated load at the region which adversely affect
the stability of the dam. Case 3 and Case 4 caused the formation of Type 5 and Type 6
vortices at the dam’s penstockswhen the upstreamflowwas from side position. Although
vortices (Type 1 and Type 2) were formed in Case 1 and Case 2, the impact due to these
vortices were not critical. However, vortices shall be minimized in order to ensure the
effectiveness and sustainability of the hydroelectric dam. These vortices which formed
shall be reduced by installing anti-vortex inhibitors. Besides, proper mitigationmeasures
have also been proposed in order to improve the efficiency and sustain the dam by
minimizing the impacts of sedimentation, erosion and vortex formation at the dam.
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Abstract. High volatile fatty acid natural rubber latex foam (H-VFA NRLF)
was prepared via the Dunlop process using sodium bicarbonate, NaHCO3 as the
blowing agent. The influence of different foaming temperatures (140 °C, 150 °C,
160 °C, 170 °C, and 180 °C) on relative foam density, average cell size, cell
size distribution frequency and compression stress-strain of H-VFA NRLF were
studied. The average cell sizes were related to the relative foam density of H-VFA
NRLF. As the temperature increased, the relative foam density increased, and
eventually the average cell size decreased due to high amount of gas generated
by blowing agents simultaneously. Meanwhile, smaller cell sizes were distributed
as the temperature increased. It was found that the optimum temperature for H-
VFA NRLF was 150 °C due to the lowest relative foam density and significantly
larger uniform cell size were produced. Thus, the lowest compression stress up
to 60% of strain was found at 150 °C and increased with increasing temperature.
The mechanical properties were correlated with the morphology and physical
properties of the H-VFA NRLF, respectively.

Keywords: Natural Rubber Latex · Volatile Fatty Acid · Foams · Sodium
Bicarbonate · Foaming Temperature · Compressive

1 Introduction

Natural rubber latex foam (NRLF) is typically manufactured directly in liquid form
using the Dunlop method since the 1920s [1–4]. It is known that natural rubber latex is
a stable colloidal dispersion of latex particles in aqueous medium [5, 6]. The colloidal
properties of NRLF depend on a delayed-gelling agent or heat-sensitize gelling agent
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to perform colloidal destabilization to set the foam [7–10]. Also, the colloidal system
of latex foam consists of an aqueous phase – rubber particles and aqueous phase – air
needs to be manipulated to produce the successful latex foam manufacturing [11, 12].

Manufacturing NRLF requires surfactant to maintain its colloidal stability system,
which consists of potassium oleate (P.O.) as a foaming agent and diphenyl guanidine
(DPG) as a secondary gelling agent, while sodium silicofluoride (SSF) acts as a primary
gelling agent that determines the foam’s microcellular structure. Long storage natural
rubber latex or high-volatile fatty acid (H-VFA) latex is the latex which is typically
rejected due to its unsuitability for processing. The pre-gelled high volatile fatty acid
natural latex with high viscosity formed due to long preservation and inhibition by
microbes. High volatile fatty acids result in the loss of colloidal stability and coagulation
of latex where the VFA No. exceeds than 0.06 [13]. Theoretically the colloidal stability
system of the H-VFA NRLF can be maintained by using of sodium bicarbonate as
blowing agent. This is due to the sodium bicarbonate could breaks down to form sodium
and bicarbonate when exposed into the water and thus makes a solution alkaline [14].
Where the mild alkaline properties of this sodium bicarbonate which is like ammonia
could stabilize NRL [15]. Over the years, NaHCO3 has also received increasing attention
on rubber foams for applications such as sound absorption, where most open-cell foams
are produced using compounds containing sodium bicarbonate as their blowing agent
[16]. Furthermore, NaHCO3 possesses the properties of decomposing endothermically
at a wide temperature range between 119 °C–188 °C [17] and is soluble in water making
it suitable for use in NRLF [18, 19].

There have been previous studies conducted on the use of sodium bicarbonate as a
blowing agent but most of them were used with dry rubber [20–24]. Ariff et al. [25]
emphasized that processing parameters including variation of foaming temperatures
could yield different foam properties. In their study, higher temperatures caused higher
gas decomposition of the blowing agent, thus inducing higher foam cell expansion in
natural rubber (NR) foam. Several studies have also reported that different foaming
temperatures in EPDM foam with blowing agents increased crosslink density which
subsequently produced larger cell size [26]. Accurate determination of foaming tem-
perature is necessary as it can adversely affect the colloidal stability of the lattices to
ensure the end properties of the NRLF. However, little effort has been carried out to
study the optimum processing temperature of NRLF. Therefore, a study on the decom-
position temperature of the blowing agent is essential to understand their effect towards
properties of H-VFA NRLF with blowing agent.

In this study, the effects of different foaming temperatures on H-VFA NRLF proper-
ties were investigated according to physical properties, including cell morphology, cell
size distribution and foam density, as well as mechanical properties such as compression
stress-strain of H-VFA NRLF using sodium bicarbonate as the blowing agent.
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2 Materials and Methods

2.1 Materials

High volatile fatty acid (H-VFA) latex and other compounding ingredients such as
sulphur dioxide (SiO2), zinc oxide (ZnO), zinc diethyldithiocarbamate (ZDEC), zinc
dibuthyldithiocarbamate (ZDBC), and antioxidant and diphenyl guanidine (DPG), pre-
pared in dispersion form, were supplied by Zarm Scientific & Supplies Sdn. Bhd.
Malaysia. Sodium bicarbonate (NaHCO3) was used as the blowing agent obtained from
AR Alatan Sains (K) Sdn. Bhd., Malaysia. Table 1 shows the alternative formulation of
NRLF compound prepared according to 100 parts by weight of rubber (phr).

Table 1. Formulation of NRLF compounds.

Ingredient Part by Weight

Dry Weight Wet Weight

62% High Volatile Fatty Acid (H-VFA) Latex 100 161.3

50% Sulphur (SiO2) 2.0 4

50% Zinc Oxide (ZnO) 1.0 2

50% Zinc Diethyldithiocarbamate (ZDEC) 0.5 1

50% Zinc Dibuthyldithiocarbamate (ZDBC) 0.5 1

50% Antioxidant 2.0 4

40% Diphenyl Guanidine (DPG) 0.5 1.25

Sodium Bicarbonate (NaHCO3) added as dry 10 10

2.2 Sample Preparation

High volatile fatty acid natural latex rubber foam (H-VFA NLRF) was prepared using
the formulation shown in Table 1. To begin with, the HA latex was measured and poured
into the beaker. The natural rubber latex was stirred with a mechanical stirrer at 230 rpm
for 30 min. After 30 min, sulphur, ZDEC, ZDBC and antioxidant were poured into the
latex, and the stirrer speed was increased to 400–500 rpm for maturation process and left
for 2 h. Using a mixer, the latex compounding was thoroughly beaten (about 6 min) and
then formed foam up to twice or more than the initial volume. Subsequently, the speed
was slowly decreased to obtain finer foam. While stirring and beating continuously for
90 s, ZnO and DPG were added to the NRLF compounding. Sodium bicarbonate was
then added to the foam for 45 s with continuous stirring and immediately poured into
the mold, followed by simultaneous curing and foaming in an air circulating oven at
different temperatures of 140 °C, 150 °C, 160 °C, 170 °C and 180 °C for 45 min. The
cured foamwas stripped from themold andwashed thoroughly. After washing, the cured
NRLF was dried in an air circulating oven at 60 °C for 2 h.
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2.3 Morphology

The morphology of H-VFA NRLF was observed using scanning electron microscope
(SEM) model TM 3000. ImageJ was used to analyze and measure the average cell size
of the H-VFA NRLF. The foam surface was razor cut perpendicular to the direction of
foaming and covered with soot. The average cell size of the foam cell was evaluated
from 300 measurements and the cell distribution frequency was calculated.

2.4 Relative Foam Density

The relative foam density was measured according to ASTM D3575 using Eq. (1).

ρ∗ = ρf

ρs
(1)

where ρ∗ is the relative density of the foam, ρf is NRLF foam density, and ρs is NRLF
solid density.

2.5 Compression Stress-Strain

A crosshead speed of 25 mm/min was used in accordance with ASTM D575-91. Five
samples of latex foamwere preparedwith dimensions of 30mm× 30mm× 30mm from
different batches were deflected to a maximum strain to produce compression strains up
to 80% between two parallel flat plates.

3 Results and Discussion

3.1 Relative Foam Density

Variations of relative foam density with different foaming temperatures are shown in
Fig. 1. It can be perceived that the relative foam density of the NRLF increased as the
foaming temperature increased. It was assured that the decrease in the relative density
could involve the cell wall thickness and the presence of excess matrix in the H-VFA
NRLF. As cells continue to grow in the continuous aqueous phase due to higher colloidal
destabilization/cure rate at higher temperatures, the cells are restricted to growth and form
certain smaller open–cells interconnected with each other. Besides, sodium bicarbonate
used releases carbon dioxide gas during its decomposition, and this will produce an open
cell structure [18, 26]. Smaller open–cells interconnected are formed due to the inability
of the foam to hold the gas and thus rupture or coalesce with each other to form cell
opening [28, 29]. Furthermore, this also due to the high curing rate was occur at high
temperature thus restricted the free expansion of foam [30]. Thus, more open–cells in
smaller size accumulate in the continuous phase at higher temperatureswhich suppresses
foam formation and then leaves an excess of the matrix. Meanwhile, the lowest relative
foam density was observed at 150 °C. This indicated that the cell foams expanded and
combined to form larger cell size which relatively contributed to lower relative density
of the NRL foam. This was consistent with results of morphology and cell distribution
of H-VFA NRLF.
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Fig. 1. Relative foam density of H-VFA NRLF at different foaming temperatures.

3.2 Average Cell Size

Figure 2 shows the plot of average cell size of H-VFA NRLF with SEM images and
supported by cell distribution frequency of each sample as shown in Fig. 3 (a)–(e) at
different foaming temperatures.

Fig. 2. Average cell diameter of the H-VFA NRLF at different foaming temperatures.

Clearly, the average cell size of NRL foam increased up to 150 °C and then decreased
for further foaming temperature increases. It was found that larger cell size of H-VFA
NRLF was produced at foaming temperature of 150 °C (Fig. 3 (a)). Moreover, the cell
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Fig. 3. SEM micrograph images of cell size distribution of H-VFA NRLF at different forming
temperatures; (a) 140 °C, (b) 150 °C, (c) 160 °C, (d) 170 °C and (e) 180 °C.
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size distribution at 150 °C resulted in awider range to the right indicatingmainly uniform
large cell size as shown in Fig. 3 (b). This may be due to the relatively low colloidal
destabilization/cure rate during heating on the colloid latex which allowed cell formation
to contact and combine. As the temperature increases, the cell formation was restricted
due to fast curing rate. Besides, Zhang et al. [31] and Kajon et al. [32] explained that at
high foaming temperature, the cells are smaller because of the limited gas solubility in
the polymer. According to Fasihi and Targhi [33], temperature rise will adversely affect
the viscosity and curing rate of natural rubber foam.

In Fig. 3 (c)–(e), it can be clearly observed that the foam structure produced was
an open cell at all temperatures. The distribution of the cell size formerly became nar-
rowed and shifted towards left as the temperature increased, indicating that each cell size
decreased. This was likely due to the decomposition of blowing agent occurring simul-
taneously at higher foaming temperatures and leading to a smaller cell size distribution
above 150 °C. From Kim et al. [20] rubber foams result in larger cell size as the temper-
ature increases. This situation contrasted with H-VFA NRLF which was influenced by
rapid destabilization or high cure rate of NRLF colloidal system associated with more
gases generated fromblowing agent decomposition at higher temperatures. Furthermore,
when the polymer viscosity decreases via a temperature increase, the rate of cell growth
increases because of the decrease in resistance against it [34]. Consequently, the cells
were restrained from further expansion forming smaller open-cell sizes in the continu-
ous aqueous phase of the colloidal system. Overall, the data obtained for the effects of
different foaming temperatures on the morphology of NRLF supported the qualitative
findings depicted in Fig. 1.

3.3 Compressive Stress

Figure 4 summarizes the effects of different foaming temperatures on the compressive
stress–strain of H-VFA NRLF. It can be seen that the compressive stress increased as
the foaming temperature increased. NRL foam at 150 °C exhibited the lowest stress
among other foaming temperatures with compressive modulus 0.642 MPa. This was
due to larger and uniform distribution of cell size at 150 °C as previously discussed,
which subsequently provided less resistance to buckling and collapse, thus decreasing
the modulus. Meanwhile, the increase in stress for foaming temperatures above 150
°C was influenced by the smaller open–cells formation packed together, which offered
stiffness to the NRL foam. This is further supported by the observation of morphology in
Fig. 3, the sample produced at 150 °C dominants with gas phase, meanwhile the sample
at 180 °C is solid phase dominant.

This can be seen fromTable 2 at temperature 180 °C presents high compressive stress
at all strains. On the contrary, temperatures below 150 °C demonstrated predominantly
smaller cell distribution present in the H-VFA NRLF that increased stress. Furthermore,
it can be observed in Fig. 5 (a) that the linear elasticity region for NRL foam cells at
each temperature started to bend in 20% strain.

Moreover, the cell walls then collapsed as the elastic buckling stage was above 20%
strain. Significant changes of NRL foam at 150 °C can be seen during the progressive cell
collapse due to larger cell size and almost similar to the others with increasing foaming
temperature below 150 °C as shown in Table 2, respectively.
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Fig. 4. Compressive stress of H-VFA NRLF at different foaming temperatures.

Table 2. Data for compression stress – strain of the H-VFA NRLF at different foaming
temperatures.

H-VFA NRLF
Compressive
Stress

Temperature (oC)

140 150 160 170 180

Compression
Strength (MPa)

0.188 ± 0.023 0.116 ± 0.004 0.136 ± 0.050 0.138 ± 0.018 0.168 ± 0.010

Compression
Modulus (MPa)

1.109 ± 0.164 0.642 ± 0.012 0.764 ± 0.038 0.779 ± 0.013 0.919 ± 0.038

At 20% strain
rate (kPa)

6.177 ± 1.202 4.345 ± 0.353 5.086 ± 1.742 4.557 ± 0.320 6.260 ± 0.878

At 60% strain
rate (kPa)

28.436 ± 3.605 21.755 ± 1.476 23.733 ± 4.432 23.689 ± 2.016 32.047 ± 3.696

This may be contributed by the smaller cells size produced at temperatures above
150 °C by increasing the stress from the bend and extending or contracting the cell
membranes until ruptured.

According to Prasopdee & Smitthipong [35], the pore sizes structure significantly
influenced the properties of their elasticity. The decrease in cell sizes (smaller cell sizes)
to some extent could increase the stiffness of the foam. Moreover, the interconnected
foammatrix also affects the mechanical properties of H-VFANRLF not only depending
on the morphological properties [34].

In addition, it was postulated that densification region occurred when the opposing
cell walls collapsed in contact with each other and further strain compressed the solid
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Fig. 5. Compression stress – strain at: (a) 20% strain (kPa); (b) 60% strain (kPa) of the H-VFA
NRLF.

NRL foam, obtaining a rapidly increasing stress [37]. This is the strain at which all the
interconnected open porous cells space has been collapsed and knownas the densification
regime [38]. This occurred at strain above 60% as depicted in the compression stress–
strain (Fig. 5 (b)). Therefore, the changes in the compression stress-strain properties
of H-VFA NRLF can be appreciated in the densification region trend which further
supported the morphological and density properties.
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4 Conclusion

The effects of different foaming temperatures on the properties of NaHCO3-H-VFA
NRLF were examined. It was found that the relative density of H-VFA NRLF increased
with increasing foaming temperature. As the temperature increased, more excess
matrixes were formed in relation to the average cell size. From the results obtained,
the cell size decreased as the uniformly distributed cell size was smaller. It was evi-
denced from the compression stress-strain results, that progressive increase of stress
occurred as the temperature increased. However, the foaming temperature at 150 °C
had the greatest influence on the foam density, followed by cell size morphology and
compression stress-strain. It is suggested that future work will seek to involve viscosity
and crosslink density which could improve the foundation in the future.
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Abstract. Landslides in tropical hilly terrain have become a threat to the commu-
nity. The difficulty of predicting future landslides can be overcome by detecting
signs of past landslides especially in tropical hilly terrain like Cameron Highland,
Pahang Darul Makmur. Basic skills in geomorphology and remote sensing are
needed in detecting and mapping past landslides due to its geomorphological fea-
tures that have been modified because of erosion, weathering, and development.
However, an approach by using remote sensing and Geographic Information Sys-
tem techniques, the detection of geomorphological features can be done. Among
the features that can be seen is hummocky topography, existence of articulating
head scarps, crowns, main scarp, side scarps and convex hillslopes followed by
concave hillslopes. The activation of inactive landslides is usually caused by nat-
ural factors and human factors. Natural factors consist of high rainfall distribution
which weakens the soil structure and causes physical and chemical weathering
process or rate to increase. About 40% of slopes in the study area with the steep-
ness of 25° which is identified as the main natural factor to slope failures. Human
factors comprise of the construction of permanent and large-scale infrastructure
which exerts load hence weakening the slope strength. This causes a growth of
tension cracks which are perpendicular to the slope face and is expanding up to
this day.

Keywords: Landslide · Geohazard · Slope failure

1 Introduction

Research related to landslide in Gunung Pass, Cameron Highlands have actively
been studied [1–6]. Various parties had proposed multiple methods in predicting and
mitigating the potential dangers of such landslides.
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The study area covers the Cameron Highland district in Pahang Darul Makmur.
Gunung Pass is located at the border between Pahang and Perak. The location is approx-
imately 31 km from Tanah Rata and 46 km from Ringlet. This study focuses on Gunung
Pass which is commonly known as FT185 Simpang Pulai-Cameron Highland Road.
This road was built as an alternative to access Cameron Highland from Perak. The con-
struction of paved road by the cut slope of Gunung Pass had caused reactivation of past
landslides which disturbs the stability of the slope. This location was chosen due to
past histories of previous landslides which can be seen clearly using Google Maps. This
study is important to obtain the latest information regarding geological aspects based
on remote sensing observations and identifying early signs of geohazards to alert the
public.

Highlands with tropical climate are prone to geohazards such as landslides and
flooding. This causes destruction of public properties, disruption of daily activities, and
a danger to the public. In this research, the word geohazard refers to an occurrence that
is hazardous and could potentially be a geo-disaster. Geo-disasters on the other hand
refers to an event of a geologically related disaster.

2 General Geology

PeninsularMalaysia is divided into three longitudinal belts,Western, Central andEastern
based on the geology and rock distribution. Cameron Highland is at the eastern side of
the Main Range Granite of Peninsular Malaysia, or commonly known as the Titiwangsa
Mountains. According to the geological map of PeninsularMalaysia, CameronHighland
and Gunung Pass comprise of twomain lithologies which are: igneous and metamorphic
rocks. Thesemetamorphic rocks originated from sedimentary rockswhichwere intruded
by granitic body during Upper Triassic [7].

Jamaluddin and Hassan [8] described the igneous rocks in Ringlet, Cameron High-
land as granite biotite with hypidiomorphic coarse grain. This granite biotite contains
quartz, feldspar, and black spots which is believed to be biotite and/or tourmaline.
Krähenbuhl [9] described the granitoid to be brittle to ductile rocks due to fault zone
deformation. The feldspar is disturbed and filled with quartz and albite. K-feldspars
are mostly perthite, cross mixture with chlorite/muscovite shows growth of pseudomor-
phic (amphibole?); zoned plagioclase with saussurite core, muscovite absent, tourmaline
growth present.

Metasedimentary rocks in the study area have obvious and perfect schistosity. Zaid
et al. [10] states that there are three types of schists in Gunung Pass namely Quartz-Mica
Schist, Quartz Schist and Garnet-Mica Schist. (a) Quartz-Mica Schist which has the
lowest metamorphic grade where muscovite and biotite forms foliation, quarts mineral
has strain and wavy distinction, and oxidized iron exist as accessory mineral. (b) Quartz
Schist has the same structure as quartz-mica schist where the only difference is the quartz
mineral percentage is over 80% in the quartz schist. Biotite and muscovite exist in plates
and forms foliation. However, some muscovite plates are second generation minerals.
(c) Garnet-Mica Schist is described by the presence of porphyroblastic garnets, and this
disrupts the schistosity of the rock which is formed by plates of biotite and muscovite.



Mapping of Geological Structures: Potential Geohazards 91

3 Geohazardous Natural Terrain

Hussin et al. [11] defines geohazards as geologically related events which are threat-
ening to the public, properties, and the environment. Article [12] defines geohazard as
a geological process or phenomenon that can cause loss of lives, injuries and health
complications, damage to public properties, loss of livelihood and services, social and
economic disruption, and destruction of the environment. The processes and phenom-
ena include internal earth processes such as earthquakes, volcanic activities, and related
geophysical processes – mass movement, landslides, rock slips, and debris/mud flows.
Landslides are disastrous events that affect to the people, public properties, and social
activities even though no accurate statistics obtained, the frequency of slope failures and
landslides are related closely to the growth of infrastructure in hilly terrains [13]. Slope
failures are the aftermath of geomorphological, hydrological, and geological conditions
that is caused by geodynamic processes, plants and human activities, rainfall distribution
and seismicity [14] due to various shapes of slope failures, [15] defines slope failure as
a complex phenomenon and has many causing factors. Cruden and Varnes [16] defines
landslides as downwards movement of rock body, earth, or debris where gravity and
water are the main cause of this geomorphological process [17]. Záruba, andMencl [18]
also defined landslides as rapid sliding movements of a layer of rock separated from the
base a stationary slope. Landslides are often associated with unstable slope structure,
uncontrolled human activity in hazard prone area and chemical watering which weakens
the body. Komoo and Lim [19] refers landslides in natural tropical terrain such as in
Malaysia can be found in units, systems, or complexes.

4 Methodology

Assessing landslide hazards is a complexmethod that requires a combination of different
techniques and methodology. A flow chart of the methodology of this study is shown in
Fig. 1.

4.1 Geomorphology of Landslides

Old landslides are landslides that might have happened tens to hundreds of years ago and
can be reactivated by main factor or other factors. To understand previous landslides,
the basic principle of geology “uniformitarianism” [20] must be applied which is the
past and present is the key to the future. This principle clearly shows that slope failure,
either happening in the past or future will show the same features as present landslides.
However, these featureswill not last forever due to the tropical climate andwill disappear
due to erosion, weathering, and vegetation growth.

Usually, a landslide will produce some notable features and most of them can be
identified, class andmapped on field or through aerial photograph [16].Most features left
behind are morphological features such as changes in the shape, position, or appearance
of topography [21].

Though these features are difficult to find on field, main features can be identified
through the landscapeof the landslide itself in natural terrain. Thesemain features include
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Fig. 1. Methodology of the study.

crown, main scalp, longitudinal cracks, zone of depletion and zone of accumulation.
According to [21], the features that will be the main clues to detect old landslides are
the crown, curved scarps on the head or foot, side scarps, convex slopes followed by a
concave topography and hummocky at the slope foot. Other features include presence
of colluvium accumulation on the slope foot, Y-shaped drainage at the head of the slope,
step like morphology and vegetation density can be used as clues to assist in identifying
old landslides. Other geomorphological features are present as well such as cracks,
grabens, ponds, vegetation displacements and other changes in morphology can be used
as additional information to estimate a landslide activity. Remote sensing by satellite
image is used in this study to identify old landslides.

Evaluation ismade according to guidelines prepared by [21]which focuses on certain
factors; (1) topography and geomorphology, (2) streams and drainage, and (3) vegetation
growth.

5 Geohazards in Tropical Highlands – Gunung Pass, Cameron
Highland

Landslides are a natural phenomenon that constantly becomes a threat to the public.
Obviously, a new landslide can easily be mapped by observing the “wound” itself.
However, time heals only the pain but never the scars. In this study, Gunung Pass and
Cameron Highland were chosen due to their history with landslides and still show signif-
icant movements until today. Image satellites from Google Earth were used to conduct
the observations and analysis was done through Geographic Information System (GIS)
software.
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5.1 Topographic Features

Gunung Pass has a hilly topography and receives high volumes of downpour annually
hence promotes mechanical and chemical weathering. Figure 2 shows the curvature
profile of Gunung Pass generated by ArcMap 10.5. The map portrays the geometry of
Gunung Pass by showing the positively curved area marked in green and negatively
curved area marked in red. Areas marked in yellow are considered neutral or planar. The
map shows that both sides of Gunung Pass have similar and repetitive curvature patterns
which are negative-neutral-positive -neutral. This pattern can be used as evidence of
mass movement happening periodically.

Fig. 2. Curvature Profile Map of Gunung Pass.

According to [22], a slope with convex topography has the highest stability followed
by planar slopes and concaved slopes are the least stable. These convex-concave slopes
are often associatedwith the presence of depletion and accumulation zones of a landslide.
Figure 3 shows a three-dimensional view of the western side of Gunung Pass. Concaved
slopes can be seen more often by the cut slope compared to convexed slopes. These poor
stability slopes might be caused by the construction of the highway (black). A similar
pattern can be seen at the eastern side where concaved slopes are more dominant by
the roadside compared to convex slopes. The presence of both these features can be
related to depletion zone and accumulation zone of a landslide. The convex slope might
be caused by past landslide activity which results in mass movement on the foot slope
thus creates a concaved slope. The eastern side (Fig. 4) shows a very similar pattern to
the western side. These patterns may have been caused by the construction of Simpang
Pulai-CameronHighland Roadwhichmight have affected the stability of the slope itself.
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Fig. 3. Three-Dimensional view of Gunung Pass (west) overlain by the Curvature Profile Map.

Fig. 4. Three-dimensional view of Gunung Pass (east) overlain by Curvature Profile.

5.2 Secondary Vegetation

Vegetation growth can be a key indicator to identifying geohazards in natural hilly
terrains such as Cameron Highland. Secondary vegetation growth is often younger and
more sparse compared to other plants surrounding them. This vegetation coverage can
be seen clearly through satellite images.

The trend in vegetation coverage can be observed by analyzing the boundaries of sec-
ondary vegetations through past satellite images. Figure 5 shows the trend of vegetation
growth on past landslides using satellite images from the year 2001 to 2019.
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Fig. 5. Trend in vegetation coverage of Gunung Pass from 2001 to 2019.

A landslide event in 2001 had caused a bald spot in the incident area. Restoration
has been done in 2008 by building terraces to reduce the risk of future landslides. In
2015, secondary vegetation starts to partially cover the scars left by the 2001 landslide
and covers entirely in 2019. A small slope failure occurred in 2015 caused a few sparse
spots in the area. These spots begin to be covered up by second generation of secondary
vegetation in 2019.

5.3 Factors Causing Landslide Geohazard

A slope is considered a failure when the build material detaches away from the surface of
the slope. A slope failure can happen due to various factors such as its build material, rate
of movement, failure mechanism, shape, and geometry of the failure [23]. A landslide
can occur either naturally or caused by human interference.

Natural Factors. A naturally induced landslide can be broken down into a few aspects
which includes the climate, geology, and natural disasters. Cameron Highland has a
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hilly topography and receives high volumes of downpour annually. The mean monthly
downpour in Cameron Highland can be up to 2500 mm to 3000 mm. Rainfall, which is
a weathering agent, speeds up the oxidation and degeneration rates of a rock body thus
turns hard solid rocks into loose soil units. These promote erosion hence weakens the
stability of the slope. Naturally steep slopes in Cameron Highlands can also be a factor.
The steeper the slope is, the less stable it becomes. An analysis of the slope steepness
map shows about 40% of slopes in Gunung Pass have a steepness of more than 25%.
These areas of very steep slopes are dominant on the western side of Gunung Pass and
worryingly very close to the roadside.

Man-Made Factors. Slope failure caused by human interference can neither be
detected by laboratory nor field test. These factors can only be observed through field
investigations [23]. However, these factors can also be observed on a large scale by using
satellite images. Large scale constructions can cause a disturbance to the stability of a
certain slope.

Figure 6 shows the evolution of tension cracks on the eastern side of Gunung Pass.

Fig. 6. Trend in tension cracks of Gunung Pass from year 2001 to 2019.

This disturbance weakens the natural structure of the slope thus causing growth of
tension cracks. The crack will grow larger due to overburden and erosion and eventually
cause slope failure.

These thin cracks can be seen rapidly growing perpendicularly to the face of the
slope and eventually cause a potentially massive failure to the slope in the future.
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6 Discussion

Landslides are a type of natural terrain geohazard in tropical highlands. Either small
or large, this geohazard is very hazardous and disastrous if reactivated. Landslides may
exist in forms of units, system and complexes and can be classified based on its geomor-
phic cycle, which is new landslides, adolescence, mature and old. These classifications
are based on geometry, geomorphic features, physical characteristics, stream pattern and
vegetation coverage. By using remote sensing techniques and GIS, making early assess-
ments, and observing the trend of physical changes of the slope is possible. Cardinali
et al. [24] proposed a similar method by studying geomorphology of landslides. The
study was done by observing the changes in the distribution and pattern of landslides in
a period of 60 years. The collected data was then compiled into a multi-temporal map
which shows the evolution of slopes and distribution and pattern of existing and past
landslides. The proposed method was proven to be reliable and cost effective, allowing
for a detailed definition of landslide hazard and risk in urban and rural areas. However,
like this research, the method requires extensive geomorphological judgement which
should be done by skilled geomorphologist.

To study the temporal behaviour of a certain landslide requires years of observation
and evaluation. A longer observation period will produce an even better evaluation thus
an even better multi-temporal inventory map can be produced. If a study is done in a
shorter period, the reliability of the hazard forecast is reduced [24]. Failure to recognize
a landslide event may lead to negative consequences. To create better judgement and
prediction, multiple sets of aerial photographs and satellite images from different periods
of time are required. Though this information is sometimes very difficult to obtain even
with the help of the world wide web.

7 Conclusion

Geohazards features on Gunung Pass can be seen clearly through different aspects,
The random topographic pattern of Gunung Pass plus its hummocky terrain affects
the stability of the slopes. The concave-convex profile of the slope topography is clear
evidence of depletion zone and accumulation zones. Other features such as curved head
scarps, crowns, main scarps, and side scarps can also be seen though satellite images.
Other evidence such as secondary vegetation and stream patterns are also crucial as
they can be visual clues to identify past landslides. With the help pf satellite images,
comparison can be made between newer images and old ones. These comparisons are
done to observe the trend in secondary vegetation growth and presence of tensions cracks
which weakens a certain slope.

Cause of landslides can be divided into twomain factors, natural cause, or man-made
factors. Gunung Pass has a high altitude which receives frequent rainfall hence rapids
the erosion process thus promoting slope failures. High weathering activity weakens
the physical structure and eventually will fail when heavy rain comes. Very steep cut
slopes also increase the risk of reactivation of past landslides. Man-made factors are
also heavily related which can be seen its effects by observing the rapid growth of
tension cracks. All these factors certainly play a role in reducing the slope stability of
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Gunung Pass. However, we must not blame certain parties whenever a slope failure
happens. Countermeasures must be taken by everyone to reduce the risk of this tragedy
happening again.
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Abstract. The use of coal additives in concrete has acquired popularity in recent
years due to their potential performance-enhancing benefits. The ability to mit-
igate aggressive ion penetration, a chemical reaction that can cause concrete to
degrade and potentially fail, is one of their most significant advantages. This lit-
erature review concentrates on the effect of coal additives, specifically coal fly
ash and bottom ash, on the performance of concrete, with an emphasis on its
strength and resistance to chemical attack. The review investigates several studies
that investigate the properties of coal additive concrete, including its compressive
strength, durability, and chemical penetration resistance. The findings indicate that
the addition of coal to concrete can improve its properties, resulting in enhanced
performance and durability. However, certain limitationsmust be considered, such
as variations in the properties of coal residue based on the source and combustion
process, for which geochemical analysis can provide insight into the causes. To
fully comprehend the potential of coal additives in concrete and to address any
limitations associated with their use, additional research is required.

Keywords: Coal · Bottom Ash · Coal additive concrete

1 Introduction

Coal is a fossil fuel that has been used for many years as a source of energy. Coal
accounts for 27% of global energy consumption and 38% of electricity generation,
with projections indicating 47% of global electricity supply will come from coal-fed
thermal plants by 2030. Global coal consumption rose by 0.9% in 2019, mainly driven
by Asia. This has resulted in a divide between countries transitioning to renewable
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energy and those heavily reliant on coal power generation like China and India, making
it challenging to build agreements on coal emissions and reductions. The surge in demand
to provide electricity in those developing countries, especially for industrial purposes,
has left dreadful carbon footprints to the environment with coal untreated coal wastage
and the pollutants that it caused. However, in recent times, there has been a shift towards
sustainable practices and the use of waste materials in construction. Coal waste, such as
fly ash and bottom ash, is produced during the combustion of coal in power plants. This
waste material has been found to have potential benefits when used as an additive in
concrete. On the other hand, cities are struck with major developments, exploration of
untouched lands for the erections of buildings for commercial and industrial purposes had
increased the demand for buildingmaterials such as sand and cement. Cement production
is a significant contributor to greenhouse gas emissions and has a negative impact on
the environment. The demand for cement has been steadily increasing, particularly in
developing countries, which has further exacerbated the issue.

According to a research paper published in the Journal of Cleaner Production in
2018, the cement industry is responsible for approximately 8% of global CO2 emissions,
with this percentage expected to increase due to the growing demand for cement [1].
Another study published in the same journal in 2019 found that cement production is
also a significant contributor to air pollution, with particulate matter, nitrogen oxides,
and sulfur oxides emitted during the production process [2].

Furthermore, cement production also has a significant impact on land use and bio-
diversity. Cement production requires the extraction of raw materials, which can lead
to habitat destruction and soil erosion. A study published in the journal Nature in 2018
found that global demand for sand and gravel, which are used as aggregates in cement
production, has resulted in significant impacts on rivers and ecosystems, including loss
of habitats and biodiversity. The use of coal additives in concrete has been found to
improve several properties of the material. For example, the use of coal fly ash in con-
crete can reduce the amount of cement required in themixture, resulting in a lower carbon
footprint. Coal fly ash has also been found to improve the workability and pumpability
of concrete, making it easier to handle and place. Additionally, the use of coal additives
has been found to improve the durability of concrete, making it more resistant to water
and chemicals.

2 Significance of Research

The review contains information on the production, use, and disposal of ashes from
thermal power facilities that burn coal. It emphasizes the importance of using the ashes in
a meaningful way rather than to simply disposing of the waste. Concrete made with coal
ashes has the potential to be more affordable and environmentally friendly. The review
discusses the impact of various coal ash types on the qualities of conventional and self-
compacting concrete made with natural and recycled aggregates in terms of freshness,
strength, and resistance to aggressive ions. The well-burned ashes can be used in the
concrete industry as fine aggregate or a cement substitute since they have high pozzolanic
qualities. Utilizing ashes in the concrete-making process preserves natural resources and
yields concrete that is affordable, long-lasting, resilient, and energy-efficient.
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2.1 Concrete

Concrete’s heterogeneousmicrostructure comprises three components which are cement
paste, pore structure, and an interfacial transition zone (ITZ) between the cement paste
and aggregates. Increasing the quality of these three elements improves the mechan-
ical strength and durability of concrete. The primary source of concrete’s strength is
the interfacial bonding between the solid constituents of hydrated cement paste. This
bonding can be ascribed to the van der Waals laws, with the degree of adhesiveness
depending on the size and composition of the solid surfaces involved. Particularly, cer-
tain hydrated products, such as C-S-H crystals, calcium sulfoaluminate hydrates, and
hexagonal calcium aluminate hydrates, possess large surface areas coupled with strong
adhesion properties, facilitating their adhesion to each other particles, including as lime,
aggregate as well as anhydrous cement particles. To cater for practicality and its usage,
additives can be introduced in the raw material mixes to meet desirable properties of the
concrete [3], Fig. 1.

Fig. 1. Consisting of the chemical elements of cement and consisting elements of concrete pore
structure.

To increase the durability as well the strength requirement, the impact would not be
significant if the effort only focuses on reducing the capillary porosity as it is vital to
reduce the gel porosity as it plays a role to the C-S-H structure from porous to needle-
like crystalline phase, i.e., change in concrete microstructure. About one quarter of the
overall volume of CSH-gel is comprised of the gel’s pores, which take up roughly one
quarter of the total volume. The definition of these holes is anything smaller than 20 nm.
Capillary pores are defined as pores with a size greater than 20 nm.

As per SEM imaging above, Fig. 2, the needle-like structure of C-S-H gel phase was
from a reaction of alite and belite in cement that resulting into calcium silicate hydrate
and calcium hydroxide phases [4].
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Fig. 2. Illustrate a needle-like C-S-H structure erected under SEM imaging.

2.2 Coal

Coal, one of the most abundant fossil fuels and has been an important energy source for
generations, Table 1. It is primarily used to generate electricity and heat in industrial and
residential settings. Coal’s energy is released during combustion, which generates heat,
vapor, and other byproducts such as fly ash.

Table 1. Table represent the classification of coal based on the value % if chemical composition.

Chemical
component

Values in (%)

Anthracite or Bituminous Sub-bituminous coal Lignite

SiO3 20–60 40–60 15–45

Al2O3 5–35 20–30 20–25

Fe2O3 10–40 4–10 4–15

CaO 1–2 5–30 5–40

LOI 0–15 0–3 0–5

Depending on its carbon content and energy density, coal can be classified based and
graded accordingly based on its chemical composition.

• Anthracite is the highest grade of coal and is distinguished by its high carbon content,
low moisture content, and high energy density. When incinerated, anthracite coal
produces a pristine and intense heat.

• Bituminous coal is the most common form of coal and contains a moderate amount
of carbon. It is widely employed in the production of electricity and industrial
applications.
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• Sub-bituminous coal has a lower carbon content and a higher moisture content than
bituminous coal. Subbituminous coal is frequently used for energy production.

• Lignite is the lowest rank of coal, containing the least carbon and the most moisture.
Lignite is primarily used to generate electricity and is less energy-dense than other
forms of coal.

Fly ash, spherical shapewith sub amorphous and sub crystalline structure, commonly
form in fine size averaging in 10 µm, and further classification as below:

• Class F fly ash is produced by the combustion of anthracite or bituminous coal. It is
distinguished by a high concentration of silica, alumina, and iron oxide. Class F fly
ash has weaker reactive qualities than Class C fly ash, which means it takes longer to
build strength in concrete. It is often used in concrete as a pozzolanic material, which
improves workability, reduces water consumption, and improves long-term strength
and durability.

• On the other hand, the combustion of sub-bituminous or lignite coal forms Class C
fly ash. It includes more calcium, silica, alumina, and iron oxide than Class F fly ash,
making it more chemically reactive. Class C fly ash has self-cementing capabilities,
which means it hardens and gains strength faster in the presence of water. It is fre-
quently used in concrete as a cementitious ingredient, partially replacing Portland
cement. Class C fly ash benefits the concrete in terms of increased early strength
development and lower heat of hydration, Fig. 3.

While for coal bottom ash (CBA), spherical shape particles and it is obtained from the
bottom part of the boiler making it much coarser in size and usually act as replacement
to coarse aggregate. Even though the chemical composition can be said to be derived
from FA, the carbon content tends to be higher for CBA.

Fig. 3. Showing the shape of fly ash, a glassy pherospheres surface can be seen under scanning
electron microscope.
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3 Effect of FA on Fresh Properties

The addition of ash in concrete is believed to retain water-cement ratio in the system,
leading to an increase inworkability of fresh cementmix. During fresh concrete state, the
concrete is formed as plastic state where no strength loss or gained that contributes to the
final reading and additives like superplasticizer can be added to aid the curing process.
In contrast to cement, FA has a lower specific gravity, and this results in greater paste
volume per unit volume. Hence, when FA is substituted with cement t while maintaining
the same water-to-cement ratio, the outcome is an increase in concrete cohesiveness
and plasticity. Additionally, past research pointed that spherical nature of FA particles
had better transportability which benefits in reducing the water requirements [5–7]. On
the other hand, the characteristics of FA with low levels of loss of ignition (LOI) also
exhibits in low water requirements as well as having increased compressive strength,
decreased water permeability, slowed chloride diffusion, and lowered carbonation rate.
An experimental study has confirmed the findings where samples with 11% LOI had
showed better strength and resistance as compared to other lower percentage samples.
This peculiar finding seems debatable to others as high value of unburnt cellular carbon
represents low quality of ashwith high level of carbonation andwater entrapment, hence,
the water demand would increase simultaneously. The samples however consist of silica
fumes as an aid to prevent delayed in pozzolanic activity, as higher surface areas of silica
fume particles increase the water requirement. These effects of fly ash and silica fume
possess an impact on slump properties making it increase in workability and performed
better than OPC [8].

While in terms of setting time, Nochaiya claimed that when compared to regular
Portland cement paste, the addition of fly ash lengthens the initial and final setting
durations. Fly ashes with a high carbon content (donated by a high LOI) are said to
slow the setting time of mortars given their chemical composition. Research, where FA
and CBA were being used as replacement for cement, a similar trend of longer setting
time being observed such that low cement content causing low heat development as
limited availability of Tricalcium aluminate (C3A) [9–12]. However, with additional
of admixtures, the excessive water can be curb that ultimately improves setting time.
In conclusion, regardless of the theory of reaction, chemical combination of elements
would definitely produce several possibilities of reaction. Hence, in-depth knowledge
in the material as well as to determine the crucial element such as water ratio important
during design phase.

4 Effect of Coal on Hardened Concrete - Mechanical Properties

4.1 Compressive Strength

It is common practice in today’s application of adding coal as partial replacement for
fine aggregate or the cement itself. Various positive experimental results to conclude the
compressive test findings on addition as well as substitution of coal in concrete design
mix [13, 14] have been recorded. A trend has been observed where consistent positive
performance has been seen in lower amount of fine aggregate substitutionwhereas higher
amount substitution only resulting to decreased in workability as well as compressive
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strength results. This scenario occurs as performance of cement mix does not reply
entirely to percentage of additives added, however, several variable factors that may
influence the reaction such as water/cement ratio that aided in hydration process which
leads to strength performance of a concrete.

Subsequently, Singh and Siddique conducted a study involving various levels of
CBA as fine aggregates replacement, ranging from 0% to 100% as compared to differing
cement content in concrete mixes. The results revealed similar trends which support the
statement of higher replacement of FA tend to decrease the quality of concrete. The
recommended amount of up to 40% CBA replacement has been found to be the most
practicable composition for producing concrete with satisfactory strength compared to
conventional concrete [15]. By implementing SEM scanning, the decline of strength
in concrete comprising CBA as fine aggregate replacement was examined, and it was
discovered that CBA-containing concrete is far more porous than concrete comprised of
natural sand, Fig. 4.

Fig. 4. Showing SEM imaging of coal gangue being used as coarse aggregate as compared to
natural gravel. The formation in (b) showing compact and denser surfaces as of (a).

On the other hand, a study conducted by Kang et al. [16], proved that volume of fly
ash replacement by itself has null impact to the performancewhile it also influenced fairly
from the chemical composition of each type of particle as well as period of curing. He
found that sampleswith categories contain reactive componentswith high concentrations
ofAl2O3,CaO, andSiO2; the increasing alumina content significantly affects the reaction
rate. The compressive strength of composite cement mortars containing synthesised
CaO-Al2O3-SiO2 glasses is an outcome of two variables: the degree of glass reaction
and the real stage of composition. Apart from that, these categories also highlighted a
relatively high percentage of P2O5 as well as MgO. The reaction leads to the formation
of magnesium phosphate, which could shorten setting time, enhance early strength AFm
and AFt, and exhibit exceptional durability, including resistance to chemical attack and
penetration. As a result, the findings associated with strength performance for both 20%
and 40% high reactivity fly ash replacement [16, 17].

Another experimental study has been performed by substituting coal bottom ash as
coarse aggregate to be utilized as concrete road paving block had published unclear
correlation between the concrete’s performance with the percentage of coal added in
concrete. It was found that even with 20%–40% replacement of coarse aggregate to coal,
the strength of concrete is heavily dependent on the correct w/c ratio of the design mix.
Two mixtures without CBA and six with CBA were utilized with two water-to-cement
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ratios (0.63 and 0.73). These two values were selected based on research conducted by
Silva et al. [18], using the same materials for dried concrete. The most suitable water-
to-cement ratios for concrete with cement-coal production were found to be 0.63 and
0.73. The testing results showed sample consisting of CBA (w/c ratio of 0.73) exhibited
a better reading fc (25.05 MPa) at 28 days in relation to the alternative mix with a w/c
ratio of 0.63 (11.38 MPa).

Due to its brittle state, the utilization of CBA as coarse aggregate has not been a
popular option. However, CBA as coarse aggregate shows good prospect for low-cost
concrete application with satisfactory strength as to control concrete with slight effect
in compressional test while decrease in flexural strength due to CBA’s filler condition.
Flexural load cracks propagated through bottom ash particles but were hard to penetrate
by typical aggregates, changing the crack propagation direction. As for w/c ratio, the
research does not emphasize on the impact to the concrete but rather showing a high
absorption rate in CBA followed by FA (Shanmugan et al. [19]; Kim and Lee [20]). This
finding validates the fact that that coal requires more water as compared to mortar con-
taining only Ordinary Portland Cement (OPC) which closely related to the availability
of unburnt carbon. Consequently, a higher w/c ratio facilitates hydration, resulting in
the release of the silicate component, which interacts with the additional free lime sup-
plied by the dissolution of limestone. Therefore, more calcium silicate hydrate (CSH) is
released, which is responsible for the strength (Olubajo et al. [21]).

As proven in previous research, factors such as low specific gravity, porous
microstructure, low crushing value, and w/c ratio regulate the decrease in strength,
Fig. 5. The high absorbance capability of CBA resulting in losses of amount of free
water available for reaction, resulting in a lower w/c ratio for concrete. In general, a
lower w/c ratio results in enhanced strength. However, with CBA in place for substitu-
tion to sand, the contribution of CBA’s low crushing value is unscathed to the concrete’s
performance.

Fig. 5. Showing the results of compressive tests of samples with varying w/c ratio from 0.4 to
0.55 of OPC blended with 10wt% coal bottom ash.

Alternately, interesting observation has been recorded where fly ash is being used
as cement replacement and tested in three different categories of LVFA, MVFA as well
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Fig. 6. Showing the compressive strength with various percentage FA added in relation to mixes
without FA.

as HVFA. The strength gain potential of LVFA is up to 30% FA in concrete, whereas
MVFA (FAbetween 30% and 50%) andHVFA (50% to 60%) have a slower strength gain
in early stages but increases at later stages of curing. The insufficient heat of hydration
demonstrated by fly ash (FA) within the concrete matrix prevents sufficient hydration for
attaining strength when fly ash (FA) is used in excess of 60% of the concrete mix. This
phenomenon results from the differences between low-volume fly ash (LVFA) and high-
volume fly ash (HVFA) in terms of their influence on strength development. Particularly,
LVFA contributes to the enhancement of strength by promoting the formation of calcium
silicates and calciumaluminate hydrates, thereby enhancing the interfacial bond strength.
On the contrary, HVFA tends to reduce strength due to its reduced hydration rates
and limited pozzolanic activity. As for 70% of FA, the strength was not even on par
with cement concrete due to excessive FA being added as illustrated in Fig. 6. The
analysis depicted in Fig. 6 demonstrates conclusively that incorporating up to 10% fly
ash (FA) in concrete has a negligible effect on strength, making it a promising material
for practical applications. Due to the complete reaction of calcium hydroxide (CH)
via pozzolanic activity and concomitant pore-filling, the potential for strength gain in
concrete containing up to 30% low-volume fly ash (LVFA) can be accurately predicted.
In LVFA concrete, the rate of early strength development deviates from that of FA-free
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concrete, increasing during later curing phases due to the pozzolanic effect and secondary
reaction of FA, consequently leading to the development of calcium-silicate-hydrate
(C-S-H) gel.

In moderate-volume fly ash (MVFA) concrete, with a fly ash content between 30%
and 50%, the early strength increase is not as pronounced as in FA-free concrete. How-
ever, similar to LVFA concrete, the strength increases during later curing phases due
to the synergistic effect of the pozzolanic outcome and the subsequent reaction of FA,
which results in the formation of a C-S-H gel. In high-volume fly ash (HVFA) con-
crete with fly ash (FA) content between 50 and 60%, the early strength development
is negligible. In the later phases, however, the strength begins to increase, primarily
due to the low heat of hydration exhibited by FA in the concrete matrix. Additionally,
exceeding the 60% FA threshold does not result in a significant strength increase in the
investigated concrete system. Hence, it can be concluded that strength gain of concrete
does not entirely depend on the type nor level of replacement, the increase in strength
of concrete comprising coal varies depending on several factors, including the type and
grade of coal used, the amount of coal replaced by other materials, such as cement or
fine aggregates, and the curing conditions. If optimal conditions are fulfilled, using coal
as a partial replacement for cement in concrete can increase the compressive strength of
the concrete. The chemical and mineralogical properties of coal ash, such as its calcium
oxide (CaO), silicon dioxide (SiO2), and aluminium oxide (Al2O3) content, can play a
significant role in determining the strength gain, coupled with the rate and duration of
curing also influence the increase in strength of concrete containing anthracite. Concrete
can take several weeks or even months to attain its maximum strength potential after
proper curing.

4.2 Chemical Attack

The basis of having a durable concrete structure is emphasized by having to incorporate
the raw materials effectively to kick start a chemical reaction and coupled with ade-
quate curing time. As mentioned above, the critical criterion that should be tested and
confirmed prior to starting a project, is the w/c ration, type of aggregate, grade, and
percentage of additives as well as during curing stage. Chloride and sulfate attack is one
of the common chemical attacks that usually occur with the availability of water within
the vicinity, Fig. 7. The active minerals in the concrete structure were exposed to chlo-
ride and sulphate, and not limiting to submersions condition or under freeze and thaw
situation would have the risk of attack. With prolong exposure to extreme weathering,
such attack would penetrate the available pore cervices of the structure and assisted by
difference in capillary pressure, the harmful particles could advance further and attack-
ing the reinforcement structure which then led to corrosion and ultimately affecting the
overall durability of the structure.

It is believed that with the help of additives, it would act as a shield or form of
resistance to cancerous chemical attack. Once the penetration succeeded, prolonged
attack will cause a greater impact such as ASR formation that causing gel-like structure
to form and expand. A study has been performed byMaliki et al., to analyze the physical
properties of OPC concrete with CBA as a partial sand replacement under influence of
chloride and sulfate solution. Concrete samples were left for curing until desired strength
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Fig. 7. The condition of deteriorated structure after sulphate and chloride attack.

is obtained which then continued to be kept under water and of 5% Na2SO4 and in 5%
NaCl solution for a period of 90 days and the weight of samples being recorded on
intervals of 28, 45 and 90 days of submersion.

The weight of concrete samples was recorded under pre- and post-exposure condi-
tions under sodium sulphate and sodium chloride (ASTMC39/ C39M-18). The weight
changes of the control mix (M1) and the concrete mix containing 10% pulverized CBA
(M2) were scrupulously recorded over the 28-day, 56-day, and 90-day curing periods to
assess the level of damage incurred during this time. Under normal water curing con-
ditions, the weight stability of both varieties of concrete was unaltered. However, when
exposed to 5% Na2SO4 and 5% NaCl solutions, all combinations exhibited substan-
tial weight variations. In particular, M1 (control mix) exposed to Na2SO4 for 56 days
gained the most weight, whereas M2 (concrete containing pulverized CBA) gained sig-
nificantly less weight under the same conditions. Upon compressional test, 60% of CBA
added as sand replacement depicted as the effective amount to produce maximum target
strength while 30% CBA replacement as an optimal to achieve the target value [22] as in
Fig. 8. This finding suggests that incorporating pulverized CBA into concrete effectively
prevents the penetration of ions, resulting in less weight change than the control mix.

A similar method was being adopted with longer curing time till 270 days to assess
the depth of attack in corresponding to duration of curing in the 5%Na2SO4 solution. The
fly ash for this study was taken from Tongshan Electricity Plant, a Class F Grade II as per
ASTMC618 classification and aidedwith Superplasticizer to produce high-performance
concrete HPC samples.

Though the results obtained were in-line as Malik’s, however, they found that there
were two stages involved in the process. Initially, the weight recorded was decreased
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Fig. 8. Represent specimens curing conditions (above) as well as the performance after the
exposure (below).

before the specimen mass increased again at a later stage. The reason for this scenario
is explained as COH dissolution rate had surpassed the sulphate diffusion rate at early
stage and resulting in weight loss during the immersion days. As the reaction is stable,
the sulphate ions penetrate to the pores, advance through the capillary line causing a
reaction with hydration products and resurrect an expansive gel formation. The gel had
the ability to expand and fill the capillary pores making the structure to be denser which
contributes to mass gain. Compressional tests were done and as predicted; it was found
that it improves HPC resistance towards sulphate attack due to better microstructural
condition followed by the higher thewater-to-cement ratio, the faster sulphate ionsmight
infiltrate the concrete [23].

Apart from that, two different solutions, MgSO4 and Na2SO4 have been used to
immerse the concrete with FA incorporated as partial cement replacement had found a
chain of reaction that explains the strength loss but gain in sulphate resistance while the
ability to curb gel expansion. After the samples were immersed for 400 days, the Self-
compacting concrete (SCC) samples being tested for sulphate attack were subjected
to a comprehensive visual inspection to assess the apparent softening, cracking, and
spalling indications. Typical examples of SCC specimens damaged by sulphate attack
after 400 days of immersion in both sulphate solutions are displayed in Fig. 9. Although a
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Fig. 9. Showing a comparison of concrete condition after immersion with Na2SO4 for 400 days.
(A) SCC with FA (B) SCC FA-free.

small amount of spallingwas observed at the edges and corners of the highest-performing
specimen, GBFS40, the model showed no visible deterioration and no detectable weight
loss upon visual inspection after 400 days of immersion in a sodium sulphate solution.
On the control specimen, visual examination yielded distinct results while no visual
indication for FA samples being discussed in the paper. Upon the compressional testing,
FA series performed very well resistance to sodium sulphate attack and showed lower
strength loss than other specimens though GBFS40 has null effect to the sulfate attack
[24].

The usage of fly ash may improve the microstructural condition, by restricting the
porosity and permeability of the concrete, limiting the ingression of active ions. As
aforementioned, the curing period has great impact to the durability of the concrete as
well as higher water-cement ratio brought benefits of resistance towards chemical attack
[23, 25]. Interestingly, the fineness of the FA also plays an important role in determining
the microstructural condition of the concrete as it was found that grounded or blended
FA incorporated to the cement mix will have a denser and refined pore system. Hence,
it will ultimately cease the ability of active ions like sulphate and chloride to ingress in
the pore structure due to high interfacial tension between aggregates interfaces [26].

On the other hand, the absorption rate is claimed to be closely dependent on the
percentage of FA content in the concrete due to large pore size observed during early
time which delays the hydration products to form and fill the micropores, making the
concrete to be porous and permeable. When FA, a low alkali and low lime content is
replaced with cement, it reduces the amount of alkali and hydroxyl ions in the pore
solution, which in turn reduces the amount of chloride penetration. The exact amount
of this reduction is determined by the proportion of cement that is replaced by the FA in
the concrete. As the interconnectedness of pores is connecting with absorption rate, the
water-cement ratio can be appointed as one of the crucial factors to be consider during
design process as higher w-c ratio also influences absorption on the rising side, as larger
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w-c ratios generate greater open porosity [26, 27]. Both the pore-filling and pozzolanic
activities of FA have a key influence in the concrete’s ability to resist chloride ion
penetration. Pore filling is particularly critical. Thus, it can be concluded that absorption
is a function of curing regime and curing period.

5 Conclusion

It is apparent that the usage of coal ash in concrete would benefit the structure as well
as the environmental health. Based on the research, several conclusions can be drawn:

• A general strength gain for concrete with additional of FA and CBA as per discussed
in this paper proves that percentage of additive/replacement added will not depicted
the end results as there are several factors to consider.

• The FA/CBA application in concrete improves workability and bleeding given its
spherical form with a large surface area but increases the setting time which related
to low hydration heat as well as unburnt carbon (LOI).

• Low hydration in concrete containing FA/CBA causing delayed strength gain which
will improves after subjected to curing period due to pozzolanic activities and pore
filling.

• CBA/FA utilization has better impact as fine and grounded form, it improves
microstructural condition in terms of compaction which inhibit later penetration of
aggressive ions as compared to being utilized as coarse aggregate alone but promising
in standard.
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Abstract. This study aims to compare and assess the quality of twobiogas reform-
ingprocesses: steam reformingof biogas (SRB) and tri-reformingof biogas (TRB).
SRB if the conventional method of producing hydrogen efficiently. TRB, on the
other hand, is a relatively new innovative way to achieve higher hydrogen yield at
less energy expense and lower carbon dioxide (CO2) production. Both processes
still have room for improvement, so optimizations should be considered to attain
higher hydrogen yields and assess the effectiveness of both processes. The pro-
cess simulation and sensitivity analysis were carried out using chemical process
simulator (CPS), Aspen HYSYS, and its built-in sensitivity analysis tool. Direct
comparisons of the results and evaluations of specific parameters targeted in the
sensitivity analysiswere then conducted,where the effects of changingmolar ratio,
temperature, and pressure were analyzed. The conversion of methane, conversion
of CO2, ratio of hydrogen to carbonmonoxide (CO) produced, and hydrogen yield
were also calculated. Since this study was only simulated on Aspen HYSYS, the
results should be taken as an estimation of the processes under ideal conditions.
The results lack chemical analysis and are limited to the software’s mathemati-
cal and computational abilities. However, the sensitivity analysis obtained decent
correlation with literature and recorded trends that showed the feasibility of SRB
and TRB in industrial conditions.

Keywords: Biogas · Steam Reforming · Tri-reforming · Sensitivity Analysis ·
Aspen HYSYS

1 Introduction

1.1 Hydrogen as Renewable Energy

Renewable hydrogen industry is seeing a surge as the world turns towards sustainability
efforts and greener approach to mitigate climate change. Hydrogen as an Attractive New
Energy Source/Carrier, 2021; Grand View Research, Inc., 2020; expect that the global
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market for green hydrogen produced from renewable sources that supposedly yields zero
carbon footprints will meet 24% of the world’s energy demand by 2050 with a CAGR of
about 14.24% from 2020 to 2027. Despite the encouraging market, only 4% percentage
of hydrogen is produced via electrolysis of water, an eco-friendly method, due to its
costliness [1, 2].

Nevertheless, valorization of biowastes is a growing trend among green alterna-
tive for hydrogen production, albeit controversially due to effective carbon neutrality
and expectation of methane (CH4) leakage along the process, respectively. One of the
biowaste sources commonly utilized for this method is biogas which could be acquired
from biomass, landfill gases and gases emitted from anaerobic digester.

In Malaysia, biogas industry has been identified as one of the National Key Eco-
nomic Area since 2015. The southeast Asian country, second only to the major player
in the palm oil industry dominated by Indonesia, led a sizeable production of crude
palm oil (CPO) worth 19 900 metric tons in 2021 [3]. The palm oil industry generates
enormous quantities of wastewater known as palm oil mill effluent (POME) which is
an oily brownish colloidal mixture. Raw and partially treated POME are still released
irresponsibly into waterways because of its costly treatment causing prominent levels of
water pollution and severe damage to the aquatic ecosystem.

USDA forecasted 20 million metric tons of CPO production for Malaysia in the year
2021/2022 [4]. For every ton of CPO produced, around 2.5 to 3 tons of POME is gen-
erated [5]. Therefore, Malaysia’s annual POME production sits around 50 to 60 million
metric tons. In recent years, POME has been utilized to generate biogas via anaerobic
fermentation. POME-based biogas amount to an average of 65% methane, 35% CO2
and 1–2% water and traces of impurities including hydrogen sulphide (H2S) [6–9]. As
methane is eighty times more effective than CO2 in warming up the Earth, irresponsible
waste management of POME could lead to serious environmental consequences (EDF,
2021). This also aligns with UN’s SDG 7 (United Nations, 2021). Hence, it is an absolute
necessity to channel this resource towards an eco-friendly business venture.

Currently, green hydrogen costs around 3 to 6.5 $/kg as it is considerably complicated
to produce [10]. However, there are many alternatives to hydrogen production from
biogas including biogas steam reforming (SBR), and combined reforming process such
as tri-reforming of methane (TRM). This research is done to compare two methods of
hydrogen-rich syngas generation from biogas via SBR and TRM method for feasible
and profitable hydrogen production. The former is the conventional method of producing
hydrogen efficiently. In contrast, the latter stands as a reasonably new innovative way to
achieve higher hydrogen yield at less energy expense and lower CO2 production [11].

Despite its cost-effectiveness andmaturity, SBR is still plagued by amyriad of issues
including coke deposition on catalyst and thermodynamic complications. In contrast,
TRM is an energy-efficient method allowing simultaneous reaction of CO2 reforming,
SBR, and POX without additional equipment. Notably, this method allows methane
conversion of up to 97% alongside decent CO2 conversion of about 80% without issues
of coke deposition on catalyst used [12]. However, as it is relatively new, further research
is needed to confirm its reliability in industrial setting.

Both processes still have rooms for improvement, thus, optimizations should be
considered in attaining higher yield of hydrogen and assessing the effectiveness of both
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processes. To date, there has not been thorough research and comparison between these
processes in terms of POME-based biogas. Thus, the area of research is necessary for
Malaysia’s renewable energy scene. Simulation software such as Aspen HYSYS enables
studies to be conducted without incurring actual production cost and timewhile reducing
or preventing human errors in calculations for chemical process design [13].

2 Literature Review

2.1 Background

About half of the global hydrogen production is currently produced from natural gas
via steam methane reforming (SMR) method. Reforming of methane tend to yield high
percentage of hydrogen, hence, ensuring its dominance in the production of hydrogen
industry.

Low-cost production of hydrogen from natural gas which comprises of predomi-
nantly methane at a fraction of the cost of other renewable resource, is achieved after
years of maturity in the process industry as shown in Table 1.

Table 1. Cost of conventional hydrogen production via SMR.

Aspect Percentage (%) Approximate cost Unit

Overall 100.0 1.8–2.0 $/kg

Overall 100.0 0.96 $/kg

Reformer 22.0 21.1 $/kg

Pressure swing adsorption (PSA) 20.8 20.0 $/kg

Heat exchanger network 18.1 17.4 $/kg

Compressor 13.4 12.9 $/kg

Pre-reformer 10.0 9.6 $/kg

Expanders 7.7 7.4 $/kg

Water gas shift (WGS) 7.5 7.2 $/kg

Apart from the convenience of a mainly methane source, the process is optimized
by implementation of performance-enhancing catalyst, sorption-enhancer and microre-
actors [5]. Unfortunately, despite its efficiency, rising cost of electricity and energy is
projected to push the overall cost up [6].

Reforming processes of biogas has been studied over the years by many researchers
through experiments and simulations, albeit less extensively than methane reforming
processes. Significant parameters of biogas reforming include temperature, pressure,
feed gas composition, space velocity and catalysis. Temperature and space velocity of
reforming process varies depending on the process. However, low pressure is gener-
ally favoured for reforming processes. High percentage of CH4 in feed stream is also
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favoured [7]. Nickel-based catalyst are commonly utilized due to effectiveness, cost-
efficiency, and availability as compared to noble metal catalysts despite falling short to
coke deposition at high temperatures [8, 9].

It is generally known that SBR and SMR are slightly different due to the difference in
composition of CH4 andCO2 in biogas and natural gas. Biogas is largelymade up of CH4
(50–70%) and CO2 (20–40%) whilst natural gas consists of primarily CH4 (≤70%) and
around 20% of other hydrocarbons such as ethane, propane, and butane [10]. However,
biomethane with more than 94% v/v purity like compressed natural gas (CNG) may be
generated from biogas at a cost through upgrading processes such as pressure swing
adsorption (PSA) and chemical scrubbing as shown in Table 2.

Table 2. Performance and cost of upgrading POME biogas.

Upgrading Technology Maximum
CH4 yield (%)

CH4 purity (% v/v) Operating cost (RM/m3)

Water scrubbing 94 98 2.00

Physical scrubbing 90 98 4.150

Chemical scrubbing 90 99 12.60

PSA 91 98 2.00

Membrane separation 99.5 99 2.00

These processes are essentially targeting CO2 removal, hence, cost of pre-treatment
of biogas to remove toxic H2S prior to SBR is also incurred unless included in the
upgrading process as with the case of water scrubbing [11]. It is necessary to remove
CO2 and all H2S for corrosion prevention and simultaneously qualifying it as natural
gas [12, 13]. H2S removal is mandatory due to its hazardous implication on human and
the environment [14].

Hong et al. [11] found that off-site water scrubbing, and lorry transportation may be
feasible for upgrading process off-site. Thus, on-site usage of upgraded biogas should be
more feasible but considerations for cost of transportation still needs further validation
depending on the plant design.

Disregarding the economic aspect of biogas pre-treatment, it is assumed that H2S
removal has been done as most literatures found do not include H2S into their respective
biogas composition.

2.2 Steam Reforming of Methane (SRM)

The most mature of the methods available, SMR remains the most widely implemented
method for hydrogen production [15]. As shown in Table 3, a total of eight reactions
could take place during SMR, although the initial three, Eq. (1) to (3), are the most
significant [16, 17].

A life-cycle assessment (LCA) done on a hydrogen plant based on steam reforming
of biogas simulation using Aspen Plus found the process very lucrative [18]. Optimal
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conditions of P=1bar, T=1008–1063K,O2/CH4 =0–0.1,H2O/CH4 =2.4–3was cited
for the optimization of process conditions of mixed reforming of biogas for hydrogen
production [19].

Table 3. List of possible reactions occurring during SMR.

Name Equation �H0
298K( kJ

mol )

Steam methane reforming (SMR) �H0
298K( kJ

mol ) 206

Reverse methanation (RM) �H0
298K( kJ

mol ) 165

Water gas shift (WGS) �H0
298K( kJ

mol ) −41

Dry reforming of methane (DRM) CH4 + CO2 ↔ 2CO + 2H2 247

Carbon monoxide reduction CO + H2O ↔ CO2 + H2 −131

Decomposition of methane CH4 ↔ C + 2H2 75

Boudouard reaction 2CO ↔ C + CO2 −172

Carbon dioxide reduction CO2 + 2H2 ↔ C + 2H2O −90

2.3 Autothermal Reforming of Methane (ATR)

Autothermal reforming (ATR) of biogas is a combination of SMR, and catalytic par-
tial oxidation of methane (POX), [20–22]. Other possible reactions that could occur
alongside ATR include WGS, Eq. (3); DRM; and methane oxidation, Eq. (2).

CH4 + 1

2
O2 ↔ CO + 2H2 �H0

298K = −36
kJ

mol
(1)

CH4 + 2O2 ↔ CO2 + 2H2 �H0
298K = −802

kJ

mol
(2)

Currently,ATR is less feasible for hydrogen production in terms of cost and efficiency
when compared to SMR. Several studies have illustrated that SMR is better than ATR
in terms of both energy and exergy comparison [20–23]. The lower performance is
attributed to ATR’s high energy consumption resulting from lower quality of syngas
produced and hydrogen compression requirements [20, 22].

2.4 Dry-Reforming of Methane (DRM)

Dry reforming of biogas, not to be mistaken with DRM reaction, otherwise known as
CO2 reforming, is a process still investigated. It involves the Boudouard reaction, 54;
two reverse methanation processes, Eq. (1) and Eq. (2); and CO reduction, Eq. (3).

CO + 3H2 ↔ CH4 + H2O �H0
298K = −206

kJ

mol
(3)
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Performance of DRM is not on par with SMR and TRM due to the irregularity
of its performance. Apart from being more energy intensive than both processes, it is
marred by rapid coke deposition on its catalyst surface due to CH4 dehydrogenation.
Despite presumptions that reaction temperature is the most important factor in this
process, inconsistent results that cannot be replicated by other researchers can be found
in the literature, suggesting that the kinetics and mechanism of this process are not well
understood or that a catalyst may also play a significant role. For example, a study found
that good performance is expected at temperature above 850 °C reaching more than 98%
CH4 conversion at 900 °C [24]. Meanwhile, another literature cited low performance
overall and loss of performance after 500 °C, citing catalyst optimization, usage of H2
membrane and operation condition at play [25].

2.5 Tri-Reforming of Methane (TRM)

Tri-reforming of methane is a synergistic process involving three methane reforming
processes which are DRM; SMR; and POX, with other expected occurring reactions
such as WGS; and reverse CO reduction [7].

C + H2O ↔ CO + H2 �H0
298K = 131

kJ

mol
(4)

It is a reasonably new innovative way to achieve higher hydrogen yield at less energy
expense and lower CO2 production [26–34]. The process is advantageous due to its
energy, cost, and environmental friendliness [7]. The process involves major player
playing several roles to increase its success. CO2 is used in the DRM reaction, thus,
eliminating extra cost in pre-removal of CO2, encouraging carbon neutrality and cost-
effectiveness. Steam is used in prevention of coke deposition on catalyst surface and
SMR which is less energy intensive than DRM. POX is energy efficient as compared
to the rest of the processes mentioned, allowing for high energy efficiency [7]. Apart
from reduction of cost due to less energy-intensive process, TRM is space-efficient as a
specialized reactor is employed to enable simultaneous reactions shown above to occur
in one equipment. Theoretically, it should be free of all the setbacks experienced byDRB
and SBR [26, 35–42]. TRM also has high performance of up to 99% CH4 conversion
and 80% CO2 conversion due to the use of SMR, a mature and well-understood process
[43–50].

3 Methodology

3.1 Material

The process simulation and sensitivity analysis are done using a chemical process
simulator (CPS), Aspen HYSYS and its sensitivity analysis tool.

3.2 Methods

Experimental Set-Up. Aspen HYSYS is used to simulate two methods of hydrogen
production via biogas reforming. Then, direct comparison of the results and evaluation
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of specific parameters targeted in the sensitivity analysis are conducted where the effect
of changing molar ratio, temperature and pressure are analyzed. Data synthesized from
the study will be considered regarding optimization of both conventional and innovative
method of reforming biogas into hydrogen-rich syngas. There are two methods consid-
ered, SBR and TRM, respectively. The biogas is modelled based on palm oil mill effluent
(POME) with average composition of 65% methane, 35% carbon dioxide (CO2).

Software Set-Up. Aspen HYSYS must be set up appropriately before conducting the
process simulation. Usage of chemical process simulation software (CPSS) such as
Aspen HYSYS, generally follow a similar set of steps. The steps below are taken prior
to performing the simulation as shown in Fig. 1.

Fig. 1. Steps prior to simulation in Aspen HYSYS.

Firstly, set up a component list including all significant chemical components after
starting the software and opening a new case. For both processes, methane, carbon diox-
ide, water, carbon monoxide, hydrogen, and steam, are chosen from HYSYS’s com-
ponent database. Secondly, choose the appropriate property package and equation of
state (EOS) for the process. The options include Peng-Robinson (PR) and Predictive
Soave-Redlich-Kwong (PSRK) for these processes. Well-chosen thermodynamic pack-
age will determine the reliability of the process simulation. Thirdly, set the heterogenous
catalytic reaction constants according to suitable operation parameters for the reactor
based on widely used kinetics model [27, 28]. Fourthly, set up the streams and blocks
for equipment and their respective worksheets or flow sheeting. Specify units used in
the process simulation. Once done, drag individual unit operation onto the process flow
area and connect them using streams consecutively. Each unit operation requires three
unknown specifications, usually temperature, pressure, and vapor fraction, to complete
its degree of freedom to zero, enabling HYSYS to approximate or determine the rest
of the parameters. This step includes keying in important parameters such as volume
or flow rate of biogas feed and main thermodynamic properties including flow, temper-
ature, or pressure. Repeat this step until the simulation is completely set up. Finally,
the simulation set up can be checked for convergence to ensure correct set up. HYSYS
indicates convergence with a green bar underneath the process simulation block. Non-
convergence could indicate several faults including over-specifying stream conditions
or unit operation parameters, using the wrong property package and causing iteration
issues due to intricate recycle systems [29].
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Process Considered. In this study, steam reforming of methane, steam reforming of
biogas, tri-reforming of methane and tri-reforming of biogas will be considered for
simulation study.

Process Simulation Set-Up. After setting up component list, appropriate fluid package
was chosen. Soave-Redlich-Kwong (SRK) equation of state is used as PSRK is unavail-
able in the Aspen HYSYS built-in set. The initial simulation in model validation is tested
with SRK, PR and a combination of non-random two-liquid model and Redlich-Kwong
equation of state, known as NRTL-RK. As SBR is highly endothermic, simulation is
done at an initial ideal condition of 700 °C at 1 atm (1.013 bar) and H2O/CH4 ratio
of 2, well above the range of possibility for carbon formation or coke deposition [24].
Then, sensitivity analysis is done within the temperature range of 700 °C to 1000 °C, at
pressure range of 1 to 60 bar andH2O/CH4 ratio of 2 to 5 [30]. Finally, for each trial, CH4
conversion, CO2 conversion, H2/CO ratio, H2/CH4 ratio and H2 yield are calculated as
follows.

CH4 conversion = CH4 in − CH4 out

CH4 in
(5)

CO2 conversion = CO2 in − CO2 out

CO2 in
(6)

H 2

CO
ratio of product = H 2 out

CO out
(7)

H 2 yield = H 2 out − H 2 in

CH 4 in
(8)

3.3 Kinetic Models

SMR and SBR. Several model validations were done for industrial processes using the
widely used kinetics model [28, 31]. In consideration of membrane reactors, model val-
idation is also done for macro-scale membrane reactor [27]. Then, the validated models
of SMR processes are fed with biogas, modelled of POME with average composition of
65% methane, 35% carbon dioxide (CO2).

TRM and TRB. According to some researchers [51–55] just a few of the lab-scale
processes for which model validation has been carried out. Then, the validated models
of TRM processes are fed with biogas, modelled of POME with average composition of
65% methane, 35% carbon dioxide (CO2).

4 Results and Discussion

4.1 Set-Up

Several set-ups were tested prior to the simulation phase. Finally, the set-up shown in
Fig. 2 was chosen and maintained throughout the research process. The data controlled
are tabulated in Table 4. Pressure drop in the pipelines was not considered as it is
insignificant towards the research goals. For each sensitivity analysis, the conditions
manipulated are tabulated in Table 5.
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Fig. 2. Block set-up in Aspen HYSYS.

Table 4. Control data for Fig. 2.

Block Temperature (°C) Pressure (bar) Composition Molar flowrate
(kmol/h)

Biogas 25 1.013 Methane 3600

Steam 400 1.013 Steam 7200

PFR IN 700 1.013 0.3333 Methane,
0.6667 Steam

10800

SEP IN 25 1.013 – 10800

SEP D 25 1.013 – 10800

SEP B 25 1.013 – 10800

Table 5. Conditions for sensitivity analysis.

Block Current value Units Start End Step size No. of steps

SET-1 2.0 – 2.0 5.0 0.5 7

PFR IN 700 °C 400 1000 50.0 13

PFR IN 1.013 bar 1.0 60 500.0 12

4.2 Model Validation

Three fluid packages were considered for each design, namely, Peng-Robinson (PR),
Soave-Redlich-Kwong (SRK), and non-random two-liquid model and Redlich-Kwong
equation of state (NRTL-RK). PSRK was not used due to its unavailability in the Aspen
HYSYS built-in set. Finally, SRK was chosen due to its accuracy in modelling the
specific systems. Due to limited data, model validation was not done specifically for on
biogas reforming systems.

4.3 Sensitivity Analysis

Ratio of S/C. When S/C ratio in feed was increased from 2 to 5, upward trends were
found in SMR, SBR and TRM processes as shown in Fig. 3. SMR and SBR have very
similar trend of 21% and 28% rising to 38% and 53%, respectively. TRM was found to
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have a conversion of 83%, 99% and 100% throughout S/C ratio of 2, 2.5, 3 and above.
TRBwas recorded to achieve 100% conversion at S/C of 2 until 4, before dropping to 0%
at S/C of 4.5 and 5, Chouhan et al. [32]. The endothermic reactions involved in biogas
reforming should result in a decrease in methane conversion at constant temperature
while increasing S/C ratios as RM reaction is reduced.
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Fig. 3. Methane conversion for different steam to carbon (S/C) ratio for sensitivity.

CO2 conversion for SBR showed a downward trend whilst TRB dipped down to a
minimum of −1.8 at S/C of 4 before rising steeply to 0 at S/C of 4.5 in Fig. 4. Thus,
the trend of TRB matches literature trends [24]. Negative values may be attributed to
elevated presence of CO2 resulting from reverse WGS reaction [32].
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Fig. 4. Carbon dioxide conversion for different steam to carbon (S/C) ratio for sensitivity analysis.

H2/CO ratio is a significant parameter in characterising syngas. SMR and SBR
showed a rising trend from 64.68 and 22.58 to 92.71 and 44.58, respectively in Fig. 5.
On the other hand, TRM and TRB rose and dropped slightly at S/C of 3.5 and above in
the same figure.
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Fig. 5. Ratio of hydrogen to carbon monoxide in different processes for sensitivity analysis.

Hydrogen yield recorded similar trends in Fig. 6 to methane conversion in Fig. 3 due
to its dependence on the SMR reaction. When S/C ratio in feed was increased from 2 to
5, upward trends were found in SMR, SBR and TRM processes as shown in Fig. 6. SMR
and SBR have very similar trend of 0.82 and 1.07 rising to 1.50 and 2.06, respectively.
TRM was found to have a yield of 2.49, 2.97 and 3.00 at S/C ratio of 2, 2.5 and 3
before gradually rising to 3.29 at S/C of 5. TRB was recorded rising from 3.00 to 4.00
throughout S/C of 2 until 4, before dropping to 0 at S/C of 4.5 and 5.

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

2.00 2.50 3.00 3.50 4.00 4.50 5.00

H
2

y
ie

ld

S/C

SMR SBR TRM TRB

Fig. 6. Hydrogen yield in different processes for sensitivity analysis.

Despite S/C ratio increase enabling CH4 conversion increase, when it reaches over
half, the large amount of excess water burdens the system’s energy balance [24]. Apart
from that, there is a possibility that the kinetics model of TRM used is not suitable for
high S/C conversion as it was not validated at industrial scale or not suitable for TRB
due to its CO2-rich composition.
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Temperature. When temperaturewas increased from400 °C to 1000 °C, upward trends
were found in all four processes as shown in Fig. 7 as cited in literature [24]. SMR, SBR
and TRM have very similar trend of 6%, 7% and 66% rising to 39%, 54% and 100%,
respectively. TRB was recorded at a constant conversion of 100% throughout the trial.
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Fig. 7. Methane conversion at different temperature in different processes at different tempera-
tures.

CO2 conversion for both SBR and TRB show downward trends at increasing tem-
perature in Fig. 8 as CO2 is constantly present in temperatures above 400 °C [24]. SBR
dropped from−13% to−61%.Meanwhile, TRB recorded 0% conversion before 700 °C
where conversion was at −1% dipped down to a minimum of −39%.
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Fig. 8. Carbon dioxide conversion in SBR and TBR at different temperatures.

Both SMR and SBR showed a downward trend from 764.00 and 119.20 to 17.49
and 9.34, respectively in Fig. 9. TRM recorded a constant H2/CO ratio of 3 throughout
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the trial. Meanwhile, TRB remained constant until 700 °C where a ratio of 3.02 was
recorded. Then, its values rose gradually to 4.06 at 1000 °C.
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Fig. 9. Ratio of hydrogen to carbon monoxide in different processes at different temperature
ranges.

Hydrogen yield recorded similar trends in Fig. 10 to methane conversion in Fig. 7
due to its correlation. It is positively impacted by rising temperature as SMR and DRM
reactions are endothermic [33].When temperaturewas increased from400 °C to 1000 °C,
upward trends were found in all processes as shown in Fig. 10. SMR, SBR and TRM
have very similar trend in yield of 0.24, 0.28, and 1.98 rising to 1.47, 1.94 and 3.00,
respectively. TRB has a constant yield of 3.00 until 750 °C where yield of 3.02 was
recorded. Then, its values rose gradually to 3.21 at 1000 °C.
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Fig. 10. Hydrogen yield in different processes for different temperatures.
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Pressure. Sensitivity analysiswas also done for pressure range of 1 to 60 bar.Downward
trends were obtained for all processes. SMR, SRB, have methane conversion of 2%, and
28% which dropped to 1% and 16% throughout the trial. TRMmaintained 61% at 1 bar
to 6 bar before dropping to 60% throughout the rest of the trial. TRB maintained a
constant 100% methane conversion throughout the trials, Fig. 11.
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Fig. 11. Methane conversion in different processes at different pressures.

SBR has −43% CO2 conversion at 1 bar which rose to −22% by 60 bar. TRB has
−1% conversion initially before decreasing to −50% at 46 bar onwards, Fig. 12.
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Fig. 12. Carbon dioxide conversion in SRB and TRB at different pressures.

The H2/CO ratio for SBR dropped from 22.61 to 13.32 throughout the trial. Mean-
while, TRM recorded constant value of 3 throughout the trial. TRB has an initial value
of 3.02 at 1 bar which rose gradually to 4.47 at 60 bar, Fig. 13.

Hydrogen yield, Fig. 14, recorded similar trends to methane conversion due to its
correlation.
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Fig. 13. Ratio of hydrogen to carbon monoxide in different processes at different pressures.
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Fig. 14. Hydrogen yield in different processes at different pressures.

It is negatively impacted by rising pressure as cited in many literatures [7, 24, 32].
When pressure was increased from 1 bar to 60 bar, downward trends were found for
SMR, SBR and TRM where yield of 0.10, 1.08, and 1.83 decreased to 0.02, 0.57 and
1.79, respectively. TRB has an upward trend where its hydrogen yield increased from
3.00 to 3.27 throughout the trial.

4.4 Limitations

The results for biogas reforming systems are based on retrofitting average POME biogas
feed into conventional reforming system, thus, further studies need to be conducted to
create specific biogas reforming kinetic models to allow for accurate results. This is
due to the characteristically different reaction kinetics and equilibrium involved in the
reforming of biogas which has substantial amount of CO2 naturally.
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5 Conclusion

This study achieved its objective to compare and assess the quality of biogas reforming
processes via steam reforming of biogas and tri-reforming of biogas with conventional
steam reforming (SMR), and tri-reforming (TRM). Sensitivity analysis on S/C ratio,
temperature and pressure obtained decent correlation with literature and recorded trends
that showed feasibility of SBR and TRB in industrial conditions. Further studies should
be done to create and model better biogas reforming kinetics and thermodynamics.
Lastly, SRK fluid package was set for the whole experiment due to its accuracy in
modelling the specific system. However, within more time, a better prediction might be
possible with the usage of PSRK for streams above 10 bar.
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Abstract. Various types of compositematerials were being used in boatmanufac-
turing especially for hull production as a main part. Natural composite materials
such as teak sawdust, wood ash and silica particles have been utilized in boat
hull making from previous researchers. This paper revised mechanical properties
impact on several composite materials mixed with epoxy resin matrix by using
hand lay-upmethod. Other than that, the main focused in this study is on the appli-
cation of ceramic particles waste as a composite material. In-stead of being used
as land-filling, ceramic particles waste can be reused in becoming value-added
composite materials in specific area which brings benefits to environment and
enhance the properties for other materials in terms of physical and mechanical.
This study also presents an assembled and up-to-date review of physical, mechani-
cal, durability and other durable potential abilities of ceramic fine aggregate which
have huge ability usage in concrete production, soil stabilization, bricks block and
road pavement structure. The percentage of particles usage from previous studies
were from 2% up to 20% and the findings indicate that usage of ceramic waste
particles improves flexural, durability, compressive, geotechnical and mechanical
strength properties compare to standard materials usage. Thus, a new application
area will be explored from this study on the usage of ceramic particles waste to
the resin on the interface between the composite materials and core materials used
in production of boat hull.

Keywords: Ceramic Waste Aggregate · Boat Manufacturing · Composite ·
Mechanical Strength · Boat Hull

1 Introduction

A composite material is a combination of two or more materials that exhibits superior
qualities than those of the component parts utilized separately. A reinforcement and a
matrix are the two constituents [1].
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We can find a matrix-based classification such as the classification through the many
composite material classification schemes, where the important types of advanced com-
posites can be depicted in the pie chart below Fig. 1, which describes the five principal
types of advanced composite material in wide use. Polymer Matrix Composites (PMC),
MetalMatrix Composites (MMC), CeramicMatrix Composites (CMC), Carbon-Carbon
(CC), andHybrids comprisedof a combinationof the aforementionedmatrices are among
the composite varieties [2].

Fig. 1. Composite reinforcement flow [2].

The field of composite materials science is rich and full of design varieties and
potentials. In depth study is needed in order to understand the relevant design aspects,
methodology and tools of composites; because they differ greatly from those for standard
building materials such as steel and aluminum.

The aim of this study is the assessment of the filler properties used within PVC foam
for boat hull production using waste ceramic waste particles as natural fine aggregate
partial substitute for structural adhesive bond. In order to achieve this, waste ceramic
particles were mix in several percentage ratio to test the mechanical properties from the
mixing samples.

2 Composite for Boat Hull Production

Compositeswill play a growing role in boat building due to their lightness, strength, dura-
bility, and ease of production. Nonetheless, composites are just recently becoming a key
material of choice in some industries. The use of composites in the construction industry
is steadily expanding. Fiber reinforced polymer (FRP) composites are widely used for
fortifying boat hull because they have many advantages over conventional strengthening
methods [3]. Carbon, glass, and aramid fibres are commonly employed in the manufac-
ture of FRP composites for construction. All of these fibres are commercially accessible
as continuous filaments. To bind the fibres together, the polymer resin surrounds and
encapsulates them, safeguard them from adverse effects, sustain their proper position,
and facilitate the division of load between them.
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2.1 Natural Composite for Boat Hull Production

Historically, the vast bulk of the maritime sector has relied on various recreational or
pleasure boats of various sizes, generallymade of conventional composites. Furthermore,
the shipbuilding industry has been seeking for many years to include more composite
materials in major merchant and passenger ships via hybrid hull designs [4]. Some uses
include a composite bow and stern structure, a composite outer layer that is supported
by a steel truss, straightforward integration of composite load-carrying decks within a
traditional steel ship structure, and even a complete ship hull composed of composite
material.

The economics of bio-composites, mechanical properties of different types of bio-
composites in standard and marine environments, fouling resistance, and the effects
of hygroscopicity, biodegradability, and eutrophication on structural integrity and the
marine environment are all addressed in research and development of bio-composites.
Study presented by [5] for the usage of epoxy resin mix together for ship hull compo-
nents studied on tensile and flexural durability with 28 m% bio-based carbon content
supplemented with flax and hemp (dry and wet). The results of tensile were 68.6 MPa
and 73.8 MPa for dry and wet flax, 73.8 MPa and 39.1 MPa results for flexural test for
dry and wet flax. Meanwhile, for tensile test of dry and wet hemp were 45.7 MPa and
31.3 MPa, flexural test resulted in 81.2 MPa and 60.4 MPa for dry and wet hemp. It
shows that flax and hemp have different strength in tensile and flexural test. Dry flax has
the highest tensile strength for overall results and wet hemp has higher flexural strength
compare with dry hemp.

Usage of CeramicWaste for Improvement inVariousAreas. It is believed that around
30% of the daily manufacturing of ceramic tiles goes into waste, which waste will not
be recycled in any way at this time [6]. However, Ceramic waste was long-lasting,
robust, and resistant to biological, chemical, and physical degrading processes [7]. As
the ceramic tiles piled up every day, the ceramic industries were under pressure to find
a solution for this form of disposal. Meanwhile, conventional stone crushed aggregate
reserves are rapidly dwindling; however, the effective use of inorganic industrial leftover
products will result in a more sustainable and environmentally friendly environment [8].

Recyclables ceramic tiles are far too impure to be re-used in tile production and
are typically disposed of as junk in landfills. The elimination of ceramic tiles in the
surroundings causes problems due to the vast amount of waste produced every single
day, which may increase the cost of management. If this waste becomes a burden on the
ceramic industries to adopt a feasible solution for this type of disposal, it would have
a negative influence on the environment. Unfortunately, the removal of waste ceramic
tiles will add an additional maintenance cost to the total production costs [9]. Using this
waste for other purposes is one solution to this challenge [10]. Thus, waste ceramic tiles
can be recycled in order to save money and introduced as new materials from waste to
wealth [11].

Several research have been conducted on the application of ceramic waste as coarse
particles, powder, and filler in cement mortar preparation [12–14], concrete [15–17]
and self-compacting concretes [18–20], high strength concrete [21] and ultra-high per-
formance concrete [22]. Researchers have also researched and analyzed the mechanical
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properties ofmortar and concrete containing ceramicwaste. Themajority of data demon-
strated that the mechanical strength of concrete is comparable or even better than those
containing natural aggregates for up to optimal percentage substitution of natural sand
by ceramic waste. The influence of ceramic waste as aggregate (CW), dust (FTDA), and
their combinations on the production of concrete was investigated. They discovered an
increase in compressive and flexural strength of around 13.53, 16.70, 2.91% and 23.21,
0.10, 19.47% at 2, 7, and 28 days [7].

Aside from that, ceramic tile waste is used for road slope embankment. Study was
done by [23], evaluated the utility of ceramic tile waste (CTW) as an admixture for fine
sand, with a focus on increasing the engineering qualities of fine sand to make it capable
of reducing cross section of embankment for roadway construction. Results shows that
when CTWwere used up to 12%, may also increase the height of embankment and at the
same time reduce the cost of working materials which varies from 16% to 20% cost of
reduction. It shows that the properties of the CTW which is high durability and strength
can be used for another replacement in various field of area.

Study done by [24] related with percentage of ceramic particles used in boat hulls
production to accelerate aging test and alsomechanical test using2%ofnano-silicawhich
is from the ceramic waste particles. Results from this study shows that the addition of 2
wt% nano-silica permitted to increase the material flexural strength in 5.8%. The study
also reported for 1000h aged configuration and sample with additional of 2% nano-silica
resulted in increased flexural strength up to 8.7%. Silicon painting was applied in order
to protect the hull from corrosive environment.

Study done by [25] related with the utilization of ceramic tile demolition waste
(CTDW) as a paste were used up to 30% of CTDW comparing with limestone as a
reference filler in Portland cement. The results show better increment up to 5% for
CTDW comparing with limestone. Throughout this study, the material preparation of
CTDW were being follow up as a reference. CTDW powder was processed for 1 h at
300 rpm in a planetary ball mill, yielding a diameter of 76.5 μm.

3 Material and Methodology

Multiple processes are required, beginning with the processing of the ceramic particles
from raw sizing into smaller particle sizes via milling. Then, the particles will undergo
meshing process using mechanical sieve shaker to segregate the size of ceramic particles
before being compared with existing composite industrial filler, which are KONASIL
K200 and Q-Cell 5020. The finest ceramic particles from sieving process will be test
through the Particle Size Analyzer (PSA) to analyze the peak size of the particles and
also undergo morphology to investigate quantified information physical relationship of
the size of ceramic particles and existing composite industrial filler. Table 1 shows the
properties and application of industrial filler used for production of hull.
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Table 1. Properties of industrial filler used for hull production.

KONASIL K200 Q-CEL 5020

PROPERTIES • Fluffy, white powder of
nano-sized amorphous structure

• Extremely small particle size and
spherical, morphology, high
surface area, unique surface
chemistry and high purity

• Single cell hollow
microspheres appear as a
white free flowing powder

• As filler to reduce density but
can enhance other properties
as well

CHEMICAL
COMPOSITION

• SiO2 > 99.8% min
• Al2O3 < 0.05% max
• Fe2O3 < 0.003% max
• TiO2 < 0.003% max

• SiO2 + B2O3 > 99.5% min
• Siloxane < 0.5% max
• Methyl Hydrogen < 0.5%
max

PARTICLE SIZE 7 μm to 40 μm 30 μm -125μm

3.1 Milling Process

Preparation of the ceramic particles by undergo laboratory mill using Retsch Planetary
Ball Mill PM-100 by using several milling speeds in Table 2. The purpose of having
milling process is to verify the particles distribution andobtained specific sizes of ceramic
particles up to micrometer sizing.

Table 2. Milling Parameter Ball Mill PM-100.

Milling speed
(RPM)

Milling time per
cycle (min)

Jar sizes Milling ball
types

Milling ball
charge (piece)

300 30 250ml Stainless Steel
Grinding Balls

7

350 30

380 30

Particle Size. The cone and quartering technique were applied to get the necessary
sample for the analysis of ceramic particles following crush, then optimum sieving time,
30 min per cycle to get particle size distributions, it was determined for all samples. For
dry sieving testing, a Ro-Tap shaker (Retsch GmbH, Haan, Germany) was utilised (with
an amplitude of 50 on a 0–100 scale and a constant vibration frequency of continuous).
Apertures on laboratory wire mesh sieves were 425 m, 250 m, 150 m, 63 m, and 32 m.
Related with sieving rate, the after milling particles where weight for 50g to be sieved
for 30 min. This is because the water absorption for ceramic particles were 4% to 6%
when exposed to the surrounding making the particles agglomerate and clumped when
the quantity is overload.

Particle Size Analyzer (PSA) Anton Paar 1190 multi-laser system with measure-
ment range liquid of 0.04 m to 2500 m and dry range of 0.1 μm to 2500 μm was
used to analyse the distribution of ceramic particles after sieving procedure. In order
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to obtain the average distribution pattern for each powder, all sieving samples powder
with milling ranges of 300 RPM, 350 RPM, 380 RPM, and existing industrial filler were
examined. The particle size distribution and zeta potential of the samples were deter-
mined. Dynamic light scattering (DLS) studies with the Litesizer 500 in were used to
accomplish laser diffraction measurements. Surfactant must be applied before running
to avoid powder agglomeration when the samples are inserted into the PSA medium.
Surfactants are amphiphilic molecules that support particle dispersion by reducing sur-
face tension between particles and the surrounding medium. Thus, for ceramic particles
4% of Calgon solution (sodiummetaphosphate) were applied to the PSAmedium shown
in Table 3.

Table 3. PSA setting parameter.

Surfactant media Ultrasound Stirrer
speed

Pump
speed

Measuring time

4% Calgon Solution During measurement Medium Medium 30 s

Themorphology of each fillerwas examined using a JEOL JSMSEM-6360Scanning
Electron Microscope (SEM). Fillers were placed in a graphite die with an external and
internal diameter of 30 mm and 15.5 mm, respectively, as well as a graphite punch with
a diameter of 15 mm and a height of 20 mm. Subsequently, the powders coated using
Aurum (Au) by Auto-Fine coater model JEOL JFC-1600 (Fig. 3.6b) for 5 to 10 min for
each sample under an applied pressure of 5 Pa and carried out in a vacuum.

4 Results

4.1 Particle Size Distribution

The screening of ceramic waste particles after milling reveals that a speed of 380 RPM
produces the closest mean size to industrial filler, which is in the range of 15 μm to
16 μm as shown in Fig. 2. It shows that ceramic waste particles able to achieve nearest
particles size towards the industrial filler (KONASIL K200 and Q-CEL 5020) whereas
the highest percentage of materials content in the ceramic waste particles were silica
(SiO2) content which is in the range of 70% to 75%. Thus, this material is suitable to be
formulated as filler content in PVC foam for the hull production.

Apparent Density. Perceived density is affected by moisture content, solid type, and
air volume percentage. The apparent density of ceramic waste particles was in the range
of 0.542 to 0.55 g/cm3 which is higher than industrial filler as shown in Table 4. Results
shows that ceramic waste apparent density higher than industrial filler. Thus, it will
slightly affect the weight volume applied on the PVC core in hull production.

https://doi.org/10.1007/978-3-031-45964-1_3
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300 RPM

350 RPM

380 RPM

Fig. 2. Mean size after milling for ceramic waste particles.

Table 4. Apparent density of industrial filler and ceramic waste particles.

Fillers Type KONASIL K200 Q-CEL 5020 CERAMIC WASTE PARICLES

Apparent
Density (g/cm3)

0.212 – 0.2 0.14 – 0.2 0.542 – 0.55

Through this comparison, the mixing formulation for the filler must be considered
by this apparent density as it will affect the overall volume and density of the hull
production. By the properties presented by industrial filler, it shows that industrial filler
has lower Elastic Modulus (E), Hardness (HR) and Tensile Strength (σ) comparing to
ceramic waste particles. These properties are related with the apparent density of the
materials.



Physical Properties Characterization of Ceramic Waste Particles 141

Apparent Density. Specimen Morphology. Zoom magnifications of 150x and 400x,
the microstructures of KONASIL K200, Q-CEL 5020, and ceramic waste particles are
shown in Fig. 3.

KONASIL K200

Q-CELL 5020

CERAMIC WASTE 

Fig. 3. Microstructure of KONASIL K200, Q-Cel 5020 and ceramic waste particles in 150x and
400x magnification through SEM.

KONASIL K200 has spherical and pure forms. The same occurs for Q-Cell 5020,
which contains hollow microsphere forms. Through the properties of these two types
materials used for hull production, The microstructure features balloon-type qualities
with a density around one-fifth that of ordinary thermoset resins. On an equal weight
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basis, Q-Cel hollowmicro-spheres take up five times the volume of an equivalent weight
resin. They have the ability to displace heavy fillers, reducing the weight of composite
materials.Because spheres have the smallest surface area, they require the least amount of
resin. Lower viscosities are prevalent, allowing less resin to be utilized while increasing
production volume, leading in cost reductions in many applications.

When compared to industrial filler, ceramic waste particles have uneven forms and
fill voids. In terms of characteristics, this material is composed of crystalline solids with
polyhedral individual particles. This is significant because the underlying dynamics of
polyhedral particles differ greatly from those of spherical particles, resulting in tighter
packing fractions, distinct flow patterns, and percolation.

5 Conclusion

In this paper, the focused on proposed using ceramic waste particles as filler in boat hull
production. The properties of this material were being compared with industrial filler
in terms of particle size distribution, apparent density and morphology of the particles.
It shows that ceramic waste particles have similar properties and suitable to be mix
with the industrial filler in several suitable range. For the achievement of the above
work, an experimental work was being prepared where all the necessary inputs will be
made. Results from mechanical milling (300 rpm, 350 rpm & 380 rpm), mechanical
sieving and particle size characterization were related with achievement in characterize
physical properties of ceramic waste particles to be used as filler materials in boat hull
production (fromwaste towealth). Packing arrangement of the specimens show different
characteristics for each specimenwhichwill be closely related to themechanical behavior
of the fillers.

In the future, the mechanical and physical properties of ceramic waste particles will
be evaluated using the influence of the mixing ratio of ceramic waste particles mixed
with industrial fillers and varied ranges of epoxy resin attached to PVC core.
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Abstract. This study explores the potential of shrimp shells (SS), a widely avail-
able waste material, for biofuel production through torrefaction, offering an alter-
native approach to address environmental and energy scarcity issues. The tor-
refaction was conducted at 200, 250, and 300 °C in a fixed bed reactor, resulting
in varying yields of biochar, bio-oils, and biogas. As the temperature increased,
the biochar yield declined from 64% to 34%, while the bio-oils and biogas yields
rose to 28% and 38% respectively. Compositional changes were investigated using
proximate andultimate analyses, revealing significant reductions inmoisture (from
22.97% to 4.55%) and volatile matter (from 71.67% to 20.19%), while the fixed
carbon content increased from 3.48% to 68.91%. FTIR spectroscopy confirmed
structural alterations in the SS, including dehydration and transformations of spe-
cific compounds. The results suggest the feasibility of SS torrefaction for biochar
production, which has potential applications in carbon sequestration and energy
generation.

Keywords: Shrimp shell · Torrefaction · Biochar · Ultimate and proximate
analysis · FTIR spectroscopy

1 Introduction

The shrimp industry is a rapidly growing sector globally, with countries like Malaysia
significantly contributing to worldwide shrimp production. However, this expansion
comes with an increase in waste generation. It is estimated that 50–60% of the total
shrimpmass results in solid waste by-products, including the head, viscera, and shell [1].
Shrimp shells, primarily composed of chitin, protein, and mineral salts, offer consider-
able potential in a range of applications. Additionally, they contain bioactive compounds,
including lipids and carotenoids, which are invaluable in food, feed, and functional food
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preparation. These bioactive compounds have also shown promise in energy conversion,
bioremediation, and bioplastic sectors [1]. Biochar production through thermochemical
conversion processes, like pyrolysis, has been identified as an innovative approach for
shrimp shell waste utilization. Recent studies, such as those by Elango et al. [2] and
Yang et al. [3], have highlighted the innovative uses of SS biochar in the synthesis of
carbon quantum dots (CQDs) and the recovery of valuable compounds, respectively.
Huang [4] also demonstrated the viability of biochar frommantis shrimp shells as active
electrode materials for supercapacitors. Similarly, Yang et al. [3] and Wu et al. [5]
provided evidence for using SS-derived biochar to efficiently remove environmental
pollutants. Vandecasteele’s work [6] further revealed the potential of chemically and
thermally processed shrimp shells as sources of chitin, nutrients, salts, and microbial
stimulants in soilless strawberry cultivation. Torrefaction, a milder form of pyrolysis, not
only yields biochar but also serves as a beneficial preparatory step, potentially enhanc-
ing the efficiency of subsequent pyrolysis and thereby improving biochar properties.
Despite the considerable amount of research on shrimp shell pyrolysis, studies focusing
specifically on shrimp shell torrefaction are relatively scarce. This study, therefore, aims
to address this research gap by evaluating the torrefaction process of shrimp shells at
varying temperatures, focusing on its impact on biochar yield. In addition, this research
delves into the compositional changes in torrefied shrimp shells using proximate, ulti-
mate, and Fourier-transform infrared (FTIR) analyses. Doing so provides insights into
the structural and chemical transformations that occur during torrefaction.

2 Materials and Methodology

This study employed white leg shrimp shell (Litopenaeus vannamei) as the feedstock,
obtained from the local fish market. The SS underwent a drying process under ambient
conditions of 25 – 28 °C for 24 h, followed by grinding and sieving to achieve a particle
size of less than 150 µm. The prepared SS was then subjected to torrefaction in a fixed
bed reactor, similar to the one used in a previous study [7], at temperatures of 200,
250, and 300 °C. Nitrogen flow was maintained at 50 ml/min for 30 min. Following the
torrefaction process, the reactor and samples were cooled down to room temperature,
with the volatile byproducts collected and weighed. This procedure was replicated three
times to calculate the yield of the solid char, condensable liquid, and gas product with
a recorded uncertainty of less than ±1.5%. The raw and torrefied SS solid char were
then analyzed for their carbon (C), hydrogen (H), and nitrogen (N) content using a
Vario MICRO Cube elemental analyzer, while the oxygen (O) content was calculated
by subtracting the sum of the C, H, and N percentages from 100. The moisture content
(MC), volatile matter (VM), and ash content (AC) were identified according to the JIS
M8812 standards, and the fixed carbon (FC) content was calculated by subtracting the
MC, VM, and AC percentages from 100. The functional groups present on the biochar’s
surface were analyzed using a SHIMADZU IRTracer-100 Fourier-transform infrared
(FTIR) spectrometer, scanning the IR spectral region between 4000 to 400 cm−1.
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3 Results and Discussions

3.1 Mass Product Yields

The torrefaction of SS at varying temperatures (200 °C, 250 °C, and 300 °C) resulted in
different proportions of biochar, bio-oils, and biogas as presented in Fig. 1. An observed
trend shows a decrease in biochar yield and an increase in bio-oils and biogas production
as the torrefaction temperature rises.

0%

10%

20%

30%

40%

50%

60%

70%

2 0 0 2 5 0 3 0 0

M
as

s 
y

ie
ld

 [
w

t.
%

]

Biochar

Bio-oils

Biogas

Fig. 1. Mass recovery from the torrefaction process of 30 min.

At the torrefaction temperature of 200 °C, biochar constituted the majority of the
product, amounting to 64% of the total yield. The remaining yield was composed of bio-
oils and biogas, which accounted for 16% and 20% respectively. Raising the torrefaction
temperature to 250 °C led to a reduction in biochar yield to 49%, while the yields of
bio-oils and biogas experienced an increase to 22% and 29% respectively. This shift
in product distribution favours the production of bio-oils and biogas over biochar with
an increase in temperature. At the highest torrefaction temperature of 300 °C, the trend
continued, with biochar yield-reducing further to 34%. Meanwhile, the yield of bio-oils
and biogas increased to 28% and 38% respectively, indicating a significant enhancement
in bio-oils and biogas production at this temperature. These results suggest that the
torrefaction temperature plays a significant role in determining the yield and type of bio-
products from SS. The higher the torrefaction temperature, the lower the biochar yield,
while the bio-oils and biogas yield increases. This trend can be attributed to the increased
thermal cracking of the organic compounds present in the SS at elevated temperatures,
leading to a higher production of volatile compounds, which in turn form the bio-oils
and biogas.

3.2 Ultimate and Proximate Analysis

The proximate and ultimate compositions of the raw SS and the biochar obtained at
different torrefaction temperatures (200 °C, 250 °C, and 300 °C) were depicted in Fig. 2.
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Initially, the raw SS showed a moisture content (MC) of 22.97% and a volatile matter
(VM) of 71.67%. The fixed carbon (FC) and ash content (AC) was relatively low at
3.48% and 1.88% respectively. Torrefaction at 200 °C led to a significant reduction in
MC and VM to 7.73% and 44.01% respectively.
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Fig. 2. Ultimate and proximate analysis of raw and torrefied SS.

This reduction can be attributed to the thermal degradation of organic matter and
is consistent with a higher yield of biochar than raw SS discussed previously. The FC
content increased dramatically to 48.20%, indicating a higher carbon-rich biochar yield.
The AC remained minimal, suggesting less formation of inorganic waste products. As
the torrefaction temperature increased to 250 °C, the MC reduced further to 4.62%,
indicating a continued dehydration process which could increase the energy density
of the biochar. The VM showed little change, while FC decreased slightly to 45.30%.
However, a notable increase in AC to 6.18% may suggest a higher yield of inorganic
compounds due to thermal breakdown.At the highest torrefaction temperature of 300 °C,
MC fell slightly to 4.55%, butVMsawa large decrease to 20.19%, indicative of extensive
thermal breakdown. The FC content soared to 68.91%, implying a high yield of thermally
stable carbon structures. AC fell to 3.42%, suggesting less thermal conversion from
organic to inorganic compounds at this temperature. The ultimate analysis revealed
that the raw SS were composed of 66.70% carbon (C), 17.21% hydrogen (H), 5.20%
nitrogen (N), and 10.89% oxygen (O). After torrefaction at 200 °C, the C content raised
to 68.94% while the H content decreased to 12.48%. This shift suggests the initiation
of thermal decomposition and devolatilization processes, translating organic matter into
carbon-rich structures. TheN contentminimally decreased to 5.05%,while theO content
slightly rose to 13.53%. At a higher torrefaction temperature of 250 °C, the C content
further increased to 69.58%, while the H content increased to 16.46%. This increase
in hydrogen content might be due to the rearrangement or reformation of hydrogen-
containing compounds under increased thermal conditions. Notably, the nitrogen content
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rose to 7.13%, implying thermal stability and lower volatility of nitrogenous compounds
during torrefaction. The O content experienced a significant drop to 6.84%, possibly due
to intensified decarboxylation and other oxygen-releasing reactions. At the maximum
torrefaction temperature of 300 °C, the C content reached a high of 70.71%, while the
H content decreased to its lowest at 10.86%. The declining hydrogen content suggests
an enhanced thermal breakdown of hydrogen-rich compounds, releasing hydrogen as a
gaseous product. The N content continued to rise, reaching 8.52%, further substantiating
its thermal stability. TheO content pattern remained complex, with a slight rise to 9.91%,
which could be due to the restructuring of the remaining biomass, causing a relative
increase in the O content. The reduction in MC and VM, variation in FC and AC,
increase in C, and decrease in H content with temperature are consistent with the thermal
degradation and carbonization processes reported in the literature [8–10]. The complex
trends observed for N and O suggest more intricate reactions and transformations taking
place during torrefaction. These results, alongside the highC in biochar, suggest potential
applications of this biochar as a soil amendment to improve carbon sequestration and as
a feedstock for energy production given its high FC content and reduced VM.

3.3 FTIR Analysis

FTIR analysis was carried out to determine the functional groups and structural changes
in the SS before and after torrefaction. Figure 3 presents the FTIR spectra of raw and
torrefied SS, revealing several well-defined peaks associated with different functional
groups. In the case of rawSS, peaks corresponding toO–Hstretching (3600–3000 cm−1)
were observed for hydrogen bonds of the surface hydroxyl and H2O. Aliphatic C – H
stretching vibrations were also noticeable in the 2900–2800 cm−1 range. Other peaks
within the 1470–1750 cm−1 range were assigned to C = O and C = C stretching
vibrations of aromatic groups. Additionally, the C – O stretching for alcohol compounds
was detected within the 1200–950 cm−1 range. Upon torrefaction, the spectra revealed
significant structural changes. At 250 and 300 °C, the O-H bond disappeared, suggesting
due to dehydration reactions [11]. The loss or reduction of hydroxyl groups in SS during
torrefaction contributes to the dehydration observed in the proximate analysis, were MC
decreases with increasing torrefaction temperature. At 200 °C, the C – H peaks in the
2900–2800 cm−1 range vanished, suggesting the breakdown of aliphatic C – H bonds.
However, the intensity of these peaks increased at 250 and 300 °C, possibly due to the
recombination of C – H compounds at higher temperatures. This phenomenon correlates
with the fluctuating H content seen in the ultimate analysis. The appearance of peaks in
the 2250–2300 cm−1 range after torrefaction can be attributed to the C ≡ N stretching,
suggesting that the nitrogen in rawSS transformed into nitrile groups during torrefaction.
This change in nitrogenous compounds corresponds to the observed increase in N in the
ultimate analysis as the torrefaction temperature increases.

Other than that, the peaks indicating the existence of C = O, C = C, and C – O in
the raw SS either reduced in intensity or disappeared after torrefaction, indicating the
deoxygenation, and decarboxylation of the torrefied SS, aligning with the changes in
C and O reported in the ultimate analysis. Overall, the FTIR results complement the
findings from the proximate and ultimate analyses, providing a deeper understanding of
the structural and compositional changes occurring during the torrefaction process.
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Fig. 3. FTIR spectra of raw and torrefied SS.

4 Conclusions

This study demonstrated the characterization of the torrefaction process of SS, focusing
on its impact on the yield and composition of solid biochar. The torrefaction tempera-
ture emerged as a crucial factor in biochar, bio-oils, and biogas yield, with a decrease in
biochar yield and an increase in bio-oils and biogas yield observed as the temperature
increased. Proximate and ultimate analyses indicated notable shifts in the SS’s com-
position during torrefaction, with MC and VM content decreasing, FC increasing, and
intricate variations observed for AC, C, H, N, and O contents. Further, FTIR analysis
affirmed these findings by illustrating significant structural changes in the SS, including
dehydration, thermal breakdown of aliphatic C-H bonds, and transformation of nitroge-
nous compounds. These findings provide a basis for optimizing the production of biochar
from SS, which holds the potential for use in carbon sequestration and energy gener-
ation. Future research should delve into these applications and evaluate the associated
environmental impacts.
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Abstract. The development of filler- and fibre-reinforced vegetable oil compos-
ites has received considerable attention in recent years due to their environmental
friendliness and potential to replace synthetic composites. Vegetable oil compos-
ites can be reinforced with either natural or synthetic fillers/fibres, resulting in par-
tially or fully green composites. However, synthetic fibers have the disadvantage
of being non-renewable and unsustainable due to their production from petroleum-
based sources. To address this limitation, there is a growing trend toward hybridiz-
ing two or more types of filler/fibers as a hybrid reinforcement system, which can
improve the supporting properties of the composites. Therefore, this review article
specifically focuses on the use of hybrid filler/fibers in vegetable oil-based com-
posites, including the various types of hybrid fiber/fibers, vegetable oils used, and
their potential applications. Additionally, the mechanical and thermal properties
of these composites are also being reviewed.

Keywords: Hybrid · Composites · Vegetable Oil ·Mechanical Properties ·
Thermal Properties

1 Introduction

In recent years, plant oils have gained attention as a potential source for creating resins
and pre-polymers that could replace petroleum-based resources. Vegetable oils such
as soybean, linseed, cottonseed, and castor oils have shown promise in the develop-
ment of composite materials due to their abundance, low cost, and renewable nature
[1]. These oils can be functionalized through the addition of crosslinking agents to cre-
ate crosslinked functionalized oils, which can then be reinforced with natural fibers to
enhance their mechanical and thermophysical characteristics.

The utilization of natural or synthetic fillers/fibers in vegetable oil-based composites
can make them partly or fully eco-friendly. There are two categories of fillers/fiber rein-
forcements: natural and synthetic. Natural fibers comprise cotton, flax, hemp, coconut,
flaxseed, kenaf, and jute, while synthetic fibers include glass, carbon, nylon, rayon,
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acrylic, and Lycra [2]. Figure 1 demonstrates the classification of fibers, while Table 1
provides annual statistics on natural fiber production. Industrial applications typically
use glass fibers because of their strength and stiffness compared to natural fibers [3].

Fig. 1. Classification of the fibers [4]. Open access.

However, synthetic fibers have certain drawbacks such as poor renewability, high
production cost, poor recyclability, high energy consumption, machine abrasion, and
health risks [4, 5].

In recent times, natural fibers have emerged as a promising alternative to petroleum-
based fiber products owing to their eco-friendliness and renewability, providing an edge
over synthetic materials [4]. Despite these advantages, natural fiber composites have
some disadvantages, including poor chemical and fire resistance, low liquefaction point,
weak interaction between the matrix and the fibers, and low moisture absorption [4,
6]. As a result, plant fibers must undergo surface treatment using chemical or physical
methods before being used in composites. Surface properties should be modified to
reduce flammability and water absorption for best results [7]. Alkali and silane are
commonly used chemical treatments [8].

Hybridization is an active area of research because combining two or more
fillers/fibres to produce composites can create sustainable materials with improved
properties. Hybrid fillers/fibres can compensate for the disadvantages of one type of
reinforcement with another, resulting in composites with higher stiffness and strength
than single reinforced polymer composites [5]. The three types of fillers/fibers used in
hybridization are fiber-fiber, filler-fiber, and filler-filler. Hybrid composites have gained
significant attention compared to single reinforced fillers/fibers composites, such as nat-
ural fiber composites or glass fiber compounds. The concept of hybridization is prevalent
in various fields of study, including mechanics, polymer and chemical chemistry, met-
alworking, physics, science and technology, and energy sources, with the main goal
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Table 1. The yearly manufacture of natural fiber [9].

Natural fiber Origin World production (x 103 Tons)

Coir Fruit 100

Banana Stem 200

Bamboo Stem 10.000

Jute Stem 2500

Hemp Stem 215

Flax Stem 810

Abaca Leaf 70

Kenaf Stem 770

Roselle Stem 250

Ramie Stem 100

Sisal Leaf 380

Sun hemp Stem 70

Cotton lint Fruit 18.500

Wood Stem 1.750.000

Broom Stem Abundant

Elephant Grass Stem Abundant

Linseed Fruit Abundant

Oil Palm Fruit Fruit Abundant

Rice Husk Fruit/grain Abundant

of mixing three or more elements to produce superior performance or qualities for the
intended purposes.

In this context, the present study aims to provide an overview of hybrid filler- and
fibre- reinforced vegetable oil-based composites and their mechanical and thermal prop-
erties. By understanding the properties and potential applications of these materials,
we hope to pave the way for their wider use in various industries while reducing the
environmental impact of the manufacturing processes.

2 Hybrid Fiber-Fiber Reinforced Vegetable Oil Composites

Hybridfiber-reinforced thermoset composites offermanypossibilities, and natural fibers,
organic-synthetic fibers, and synthetic-synthetic fibers can be used, as shown in Fig. 2.
In various applications, including medical devices, furnishings, structural elements, and
vehicle parts, vegetable oil reinforced with hybrid natural fiber can replace synthetic
fibers. However, creating these hybrid composites can be challenging, as their varied
characteristics and cross-sectional adhesion must be considered [10]. Different pro-
cessing techniques, such as simple mixing, lattice structures, and segmented sandwich



Hybrid Fiber/Filler Reinforced Vegetable Oil-Based Composites 155

laminates, can be used [11]. Natural fibers can be combined with other natural fibers or
incorporated into a polymer matrix to balance cost while improving functionality and
quality [10].

Fig. 2. An overview of natural fiber hybridization.

While research on natural-natural fiber reinforced hybrid composites as alterna-
tives to synthetic fibers is ongoing, limitations exist when hybridizing natural-natural
fibers due to factors such as fiber arrangement, matrix selection, interfaces tension, and
permeability, which can affect natural fiber performance [4, 5].

For instance, in an experiment conducted by Hanan et al. [12], the tensile and flex-
ural properties of oil palm empty fruit bunch (EFB) composites improved significantly
when kenaf fiber content was increased, while pure EFB composites had better impact
characteristics than hybrid composites. When natural-natural fiber reinforced hybrids
are subjected to high strain, their tensile strength is maximized.

Furthermore, Uriquiza et al. [13] found that the hybridization of Henequen and ixtle
yarn fibers as a reinforcement for bio-laminates improved viscoelasticity and increased
fabric compaction compared to henequen laminate alone. The post-curing process of all
the laminates investigated in this study was aided by an increase in the glass transition
temperature.

Queiroz et al. [14] investigated the differences in reinforcement between interlaminar
jute/glass fiber hybrids and pure jute and discovered that the mechanical properties of
jute fiber-based composites were significantly improved by macroscopic hybridization
of the interaction. The improvements in flexural strength were attributed to the higher
interlaminar shear strength of the outer plastic layers.

Finally, Darshan et al. [15] conducted a study on silk fiber reinforced epoxy compos-
ites and basalt and hybrid fiber reinforced epoxy composites. Hybridization of silk/basalt
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fibers outperformed silk fiber-reinforced epoxy composites because the two reinforc-
ing fibers act synergistically, resulting in an epoxy matrix with exceptional hardness,
strength, modulus, and toughness.

In recent years, several researchers have conducted research on hybrid fiber rein-
forced vegetable oil composites. The development of vegetable oil composites using
hybrid fibers as reinforcement in vegetable oil-based resins are still in progress owing
to their potential as a sustainable and eco-friendly alternative to conventional thermoset
resins/composites. There is limited literature available regarding hybrid fiber reinforced
composites that utilize vegetable oil as a base. Few researchers have reported on this
topic.

For example, a study conducted byLascano et al. [16] carried out a comparative study
on the flexural and impact strength of hybrid basalt-flax fiber reinforced vegetable oil-
based epoxy composites made from basalt/basalt, basalt/flax, and flax/flax. According
to their findings, the composite materials that utilized hybrid basalt/basalt exhibited
superior properties compared to other composites. However, when one of the basalt
fabrics in the face sheets was replaced with a flax fabric, it had a significant impact on
the overall properties, particularly the flexural strength and modulus, while the impact
strength remained largely unaffected.

On the other hand, Mustapha et al. [17] investigate the effects of hybrid kenaf
and glass fiber reinforced acrylated epoxidized palm oil (AEPO)/epoxy filled nanoclay
composites on water absorption properties. They found that using glass fibers as the
outer layer of the composites (GKKG, G- glass, K- kenaf) and alternated layer KGKG
exhibited the lowest water uptake than other layering sequences.

Motoc et al. [18], investigated the dynamic mechanical and thermal decomposition
properties of flax/basalt hybrid laminates, which were made from an epoxidized linseed
oil-polymer composite. The researchers examined the impact of maleinized linseed oil
(MLO) and glutaric anhydride (GA) as crosslinking agents, analyzed the effects of
stacking order as the primary factor, and assessed the dynamic mechanical and thermal
decomposition properties of the composites. The findings showed that incorporating
glutaric anhydride (GA) led to the production of relatively brittle flax and flax/basalt
laminates with high hardness. The loss moduli decreased as the number of basalt layers
increased. In addition, the glass transition temperatures (Tg) shifted from 70 °C to 59 °C
and 56 °C with increasing MLO content in the GA:MLO curing agent system, resulting
in lower brittleness of the crosslinked resin.

In the study by Santhosh and Rao [19], the mechanical and thermal behavior of
cotton/nylon fiber hybrid composites were compared with and without the addition
of castor oil. The results showed that the composites with castor oil exhibited higher
tensile, flexural and impact strength than the composites without castor oil. The thermal
properties of the composites were analyzed by DMA, which indicated an improvement
in the damping properties of the composites with castor oil. In addition, the decrease
in glass transition temperature for the composites with castor oil indicated improved
damping performance at higher temperatures.
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3 Hybrid Fiber-Filler Reinforced Vegetable Oil Composites

Another type of hybrid composites are filler-and fiber-reinforced vegetable oil compos-
ites, which are made bymixing several types of fillers and fibers with resins derived from
vegetable oil. These composites are versatile and can be used in a variety of industries,
including automotive, aerospace, construction, and consumer goods. The fillers used in
these composites serve to improve their mechanical properties and can be either organic
or inorganic. Some commonly used organic fillers include cellulose, lignin, and starch,
while inorganic fillers can be made frommaterials like silica, clay, or calcium carbonate.
Fibers are incorporated into the composites to reinforce and strengthen them. Natural
fibers such as jute, hemp and flax are commonly used, but synthetic fibers such as glass
and carbon are also used.

In a study by Arun Prakash and Viswanthan [20], researchers investigated the
mechanical and thermal properties of a neem oil-blended epoxy composite reinforced
with sea urchin tips and kenaf tissue fibers with surface modifications. The addition of
neem oil to the epoxy resin degraded the mechanical and thermal properties, but trans-
formed the epoxy composite into a bioform. Incorporation of surface-modified kenaf
fibers into the epoxy-nem bio-mixture resulted in improvedmechanical properties, while
the use of surface-modified sea urchin particles further improved both mechanical and
thermal properties compared to the starting material. In addition, water uptake results
showed that the designations of the surface-modified composites remained unchanged
after immersion.

Yang et al. [21] studied the tensile test, water resistance, and thermal analysis of
bioplastic composites reinforced with epoxidized oils based on hybrid starch and empty
fruit grapes. The researchers found that low epoxidized oil content (EO) resulted in
smoother composite surfaces,while highEOcontent resulted in voids and discontinuities
due to phase separation. The addition of epoxidized soybean oil (ESO) increased the
thermal stability of the bioplastics due to its strong interaction with starch/EFB. In
addition, a small amount of EO acted as a compatibilizer and improved the mechanical
properties of the bioplastic composites, while a higher content of EOhad a negative effect
on the mechanical properties. The introduction of EO resulted in a moderate decrease
in water absorption and solubility, but increased water vapour permeability.

Khandelwal et al. [22] conducted a study to evaluate the electrical, morphological,
thermal, and mechanical properties of epoxy linseed oil (ELO) composites. These com-
posites were composed of biobased materials and were filled with carbon nanotubes
(CNTs) and polyaniline (PANI). Through morphological analyses, it was confirmed that
both CNTs and PANIwere distributed uniformlywithin the ELOmatrix. Results showed
that the tensile strength and elastic modulus of the composite increased considerably
upon incorporating CNTs, indicating that the composite was reinforced. Furthermore,
the toughness of the ELO/PANI5 composite improved when 0.1% CNTs were added,
demonstrating an increase in the composite’s impact strength.
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4 Hybrid Filler-Filler Reinforced Vegetable Oil Composites

One of the options for hybrid composites is the hybrid filler-fiber reinforced vegetable
oil-based composites. These composites are made by combining two different types of
fillers with resins based on vegetable oil. The primary objective of using two types of
fillers is to achieve a synergistic effect that enhances themechanical properties compared
to using a single type of filler.

The fillers used in these composites can be organic or inorganic, and common organic
fillers include cellulose, lignin, and starch.Meanwhile, inorganic fillers can bemade from
materials like silica, clay, or calcium carbonate. Using two different types of fillers can
enable the composite to benefit from the unique properties of each filler, which can result
in a combination of properties that cannot be achieved using only one type of filler.

Kaatubi et al. [23] investigated an environmentally friendly method to improve the
mechanical properties of soybean oil-based composites reinforcedwith flaxseed and alu-
minium tris hydroxide (ATH), as well as with an ethylene-methyl acrylate (EMA)-based
polyamide nanocomposite. The inclusion of ATH particles into the organic polymer
enabled the composites to maintain stiffness without sacrificing durability, while also
improving barrier and material characteristics. The researchers conducted mechanical
tests, such as tensile and impact strength, using the conventional ASTM test plan. The
study’s results highlight the possibility of achieving best-practice designs that maximize
constituent interactions, thereby broadening the spectrum of microbiologically polymer
nanocomposites.

Dutta et al. [24] investigated the potential of epoxidized soybean oil (ESO) as a com-
patibilizer and plasticizer in a nanocomposite of polyvinyl chloride (PVC)/rice husk
ashand modified montmorillonite (OMMT). The team fabricated several composites,
keeping the optimized ESO constant and varying the OMMT content. The composites
were characterized and their properties studied using sophisticated instrumentation. The
results showed that the addition of 1 phrOMMT significantly improved the tensile, flexu-
ral and hardness properties by 97%, 90% and 91%, respectively. In addition, the addition
of OMMT increased the hydrophobicity of the composites, making them suitable for
outdoor applications.

5 Disadvantages of Hybrid Fiber/Fiber Reinforced Vegetable Oil
Composites

Most natural fiber, including kenaf fibers, must undergo chemical modification because
they are highly polar, whichmakes them incompatiblewith non-polar polymers and leads
to lower composite performance. Alkali treatments are a common method of modifying
and treating cellulose fibers such as kenaf fiber. This is because alkali treatments are
an inexpensive and relatively effective method of removing lignin and other soluble
substances from the cellulose surface, increasing the roughness of the fiber surface and
improving adhesion at the fiber-matrix interface [25]. The reaction for alkali treatment
using sodium hydroxide (NaOH) is shown below:

Fiber− OH + NaOH −− Fiber− O− Na+ + H2O (1)
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Although NFRPs have the potential to replace synthetic fibers, they have two major
issues that limit their widespread application. First, they have a low processing tempera-
ture. Second, natural fibers have a poor mechanical strength that cannot rival the strength
of synthetic fibers.

Therefore, recent studies have focused on developing hybrid composites with two
or more types of reinforcing filler/fiber in a single matrix. Hybrid reinforced polymer
composites are very attractive materials for high performance applications because they
have the ability to develop products with better mechanical properties, environmental
performance, and cost effective. There is a growing interest in enhancing polymer prop-
erties by employing hybrid natural-synthetic filler/fibers to replace existing natural fiber
or glass fiber composites. Hybrid composites have properties that could not attained
by mono-fiber composites. They offer more advanced composites with reduced cost,
acceptable corrosion resistance, good mechanical properties i.e. flexural modulus, good
strength properties, and good thermal stability.

Natural fiber/filler reinforced vegetable oil-based composites also are susceptible to
water absorption, which can lead to swelling and degradation over time. This can be a
major issue in applications where the composite is exposed to water or high humidity
levels, as it can result in a loss of mechanical properties and reduced lifespan.

To mitigate this issue, researchers have been investigating different strategies to
improve thewater resistance of these composites. These includemodifying the vegetable
oil-based resins to enhance their water resistance, applying water-resistant coatings or
treatments to the natural fibers and fillers, and blending natural fibers with hydrophobic
synthetic fibers or fillers to create composites that are more resistant to water absorption.
While some progress has been made in improving the water resistance of vegetable oil-
based composites reinforced with natural fibers/fillers, there remains a need for further
optimization to enhance their suitability for various applications.

6 Current Application on Hybrid Fiber-Reinforced Vegetable Oil
Composites

The extensive mechanical properties exhibited by NFRP composites render them well-
suited for various structural applications. These properties include impact strength, ten-
sile strength, flexural strength, compressive strength, creep resistance, and fatigue resis-
tance. Hybrid NFRPs are particularly attractive due to their low production cost, high
strength-to-weight ratio, and ease of fabrication [26].However, natural fibers have certain
drawbacks, such as inconsistent raw material and property characteristics, poor water
barrier capabilities, and unfavorable bonding behavior with the matrix. The variability
in characteristics due to factors such as the plant section, climate, and plant age makes it
difficult to utilize natural fibers in industrial applications, which has led to the develop-
ment of hybrid biocomposites. Despite the common use of hybrid fiber as a reinforcer,
little research has been conducted on composites made of vegetable oil.

Recently, researchers have been exploring the use of plant oils, such as soybean,
linseed, cottonseed, and castor oils, as a replacement for petroleum-based resources
in the creation of resins and pre-polymers. However, crosslinked functionalized oils
have inferior mechanical and thermophysical characteristics, which can be improved



160 R. Mustapha et al.

by reinforcing them with renewable bio-fibers. Although fully biocomposites (matrix
and filler of natural origin) are still in the research stage, hybrid materials already have
a wide range of uses. For instance, Kamarudin et al. [27] discovered that composite
materials made by epoxidizing fiber and resins derived from soybean oil are employed
in the walls, floors, and roofs of residential and low-rise commercial buildings. These
panels were produced using a resin vacuum infusion method or vacuum-assisted resin
transfer moulding.

O’Donnell et al. [28] also produced panels from acrylated epoxidized soybean oils
(AESO) and natural fibermats (flax, cellulose, pulp and recycled paper, hemp) for indoor
uses such as housing, building components, furniture, and vehicle parts. These materials
exhibited good mechanical properties compared to woven AESO composites reinforced
with E-glass fibers, although the flexural modulus values varied depending on the type
of fibers used, although the latter exhibited higher strength. Guna et al. [29] mentioned
that hybrid composites are used in the automotive, construction, sports, and medical
industries. Many hybrid biocomposites, such as tanks, piping, and vessels, are being
investigated as alternatives to glass- and fiber-reinforced composites.

7 Conclusion

In summary, the field of hybrid filler/fiber reinforced vegetable oil composites is rel-
atively new, with ongoing studies exploring the use of multiple fillers and fibers with
vegetable oil-based resins. There is still much to be learned about the benefits and lim-
itations of these materials. As the demand for environmentally friendly materials in
applications such as automotive and housing construction continues to rise, there is a
need to develop compatible composites that are sustainable and eco-friendly. The prop-
erties of these composites depend on the types of resin, vegetable oil, fiber/filler, as well
as the chemical and physical modifications used. Developing fully green composites is
a challenging task, but further research can lead to innovative ways of creating high-
performance composites with commercial viability and increased bio-based content.
Therefore, future studies should focus on developing composites with highermechanical
performance and bio-based contents to meet the demand for eco-friendly materials.
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Abstract. Over the years, the extrusion technique has captured the attention of
polymer industries by meeting the demand for polymer processing and fabrication
of final products. Extrusion is a continuous process, and it has a lot of potential in
the increasing polymer sector, especially in the three-dimensional (3D) printing
sector. 3D printing is popular because the feedstock filament form is accessible
and produce able. The properties of the filament used influence the printed part
qualities regardless of the FDM parameters. This study provides information on
how extrusion parameters affect the diameter of extruded filaments. This study
reviews previous studies on the effect of varied extrusion settings on filament
diameter. The review will serve as a resource for researchers in the 3D printing
sector to fabricate their filaments for 3D printing. Overall, this paper will provide
solutions to overcome issues in obtaining optimal filament diameters for future
research projects.

Keywords: Extruder · Extrusion · Filament · Barrel Temperature · Extrusion
Speed · Diameter

1 Introduction

One of the most well-known polymer processing methods is extrusion. The extrusion
method applies to melt blending, homogenizing of material, forming finished goods,
and pelletizing polymeric melt [1–6]. Single-screw extruders and twin-screw extruders
are two kinds of extruders available in polymer processing.

The major components of the extruder are the heating barrel, screw profile along the
barrel, motor for screw rotation, and die for the shaping of extrudates [7, 8]. There are
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three sections in the extruder’s flow channel of the barrel: the feed zone, the transition
zone, and the metering zone. The feed material enters the feed zone from the hopper,
and the melted polymer is conveyed to the transition zone through pressure and shear
generated within the barrel. Here is where the mixing and intermixing occur. Then, the
molten polymer flows towards the die and out of the nozzle [9, 10]. The extruded filament
solidified through a water bath or a cooling fan [11].

The source material for the 3D printer is filament form. Many kinds of thermoplastic
filament materials are available in the 3D printing industry [12, 13]. Regardless of the
material availability, the research interest in producing new filament material is rising
to fabricate diverse 3D printing feedstock materials. Filament fabrication covers a range
of materials, such as thermoplastic elastomer, composite, blend, and recycled filament.
Each filament fabrication has different processing requirements. They standardised the
filament diameter, with typical sizes of 1.75 mm, 2.85 mm, and 3 mm [14]. The diameter
and quality of the filament are affected by extrusion processing factors, such as extrusion
temperature, extrusion speed, nozzle diameter, spindle speed, and cooling conditions.
Extrusion parameters are crucial for forming filaments with consistent roundness and
dimensional precision while manufacturing filaments.

2 Effect of Extrusion Parameter on Filament Properties

Extrusion parameters are crucial for forming filaments with consistent roundness and
dimensional precision while manufacturing filaments. The dimensional accuracy affects
the quality of the filament. Diameter tolerance refers to the variance in the filament
dimension during extrusion. To achieve a uniform diameter and continuous filament
with optimum form, 3D printer filaments are typically generated using a single screw
extruder, and adjusting the filament extruder settings is required. The quality of the
filament influences the properties of 3D-printed components [14]. This section discusses
the influence of filament extruder settings on filament diameter. Table 1 presents the
summary of the research works for filament diameter.

Nassar et al. (2019) [11] performed filament fabrication using high-density polyethy-
lene (HDPE) by varying extrusion speed and coolingmethodwhile maintaining constant
extrusion temperature. Table 2 represents the reading of filament diameter under differ-
ent extrusion parameters. The researcher focused on the cooling effect of filament to
ensure the roundness of filament with a consistent diameter. Based on the results, a
higher extrusion rate did not melt feed materials completely to form uniform dimen-
sions. The solidification happens at a faster pace by using a cold air gun. Thus, these
studies reveal the filament does not have sufficient time to extend to achieve the ideal
diameter under tension between the nozzle and the spooler. At a lower extrusion rate,
the material has adequate time to melt to the desired stage, and the melt flow rate is
in a controlled condition. Cooling of filament using a water bath allows the filament to
extend further upon tension and form a smaller-diameter filament. A slower extrusion
rate and solidification via a cold air gun produced the preferred filament size [11].

Mirón et al. (2017) [15] conducted research work to manufacture filament for a
3D printer with a diameter of 2.85mm. They implemented an extrusion temperature
range of 175 °C to 195 °C for processing polylactic acid (PLA) pellets into filaments
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Table 2. Error!No text of specified style in document..Filament diameter under different extrusion
parameters.

Run Extrusion temperature (°C) Extrusion speed
(rpm)

Cooling method Filament diameter
(mm)

1 180 22 Cold air gun 1.81 ± 0.02

2 180 22 Water bath 1.68 ± 0.02

3 180 18 Cold air gun 1.74 ± 0.02

4 180 18 Water bath 1.65 ± 0.02

under automatic extrusion speed. Extruding at a lower temperature of 165 °C produces
filament with a high diameter. In addition, a smaller diameter with a blister on the surface
of filaments was obtained at a high extrusion temperature of 185 °C to 190 °C. Their
findings highlight issues with manufacturing filaments under various temperatures, and
troubleshooting methods are shown in Table 3 below. Based on their studies, the ideal
extrusion temperature is 175 °C-180 °C for the extrusion of PLA. However, further
analysis regarding the effect of extrusion speed and observations on the roundness of
the filament is required to understand the impact of extrusion speed. Since the extrusion
speed of the screw profile along the barrel affects torque and shear, that influences
transition behaviour and flow output.

Table 3. Extrusion parameters and troubleshooting methods

Extrusion temperature (°C) Extrusion speed Troubleshooting Solutions

165 Very slow High diameter Increase
temperature

170 Slow High diameter Increase
temperature

175 Good - -

180 Good - -

185 Fast Filament with
blister and small
diameter

Decrease
temperature

190 Too fast Filament with blister and small
diameter

Decrease
temperature

Another research by Herianto et al., (2020) [16] focused on optimizing extrusion
parameters such as spooler speed, extrusion rate, and temperature to achieve a consistent
filament diameter using recycled polypropylene. The target diameter of the filament was
1.75mm with 0.05mm tolerance. As per the findings, they obtained the desired filament
diameter with an extrusion temperature of 200 °C, 4 rpm spooler speed, and extrusion
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Table 4. Filaments diameter obtained under various extrusion temperatures and screw speeds

Screw speed (rpm) Extrusion temperature (°C)

185 190 195 200

2 1.756 1.680 1.620 1.448

3 1.760 1.721 1.680 1.575

4 - 1.791 1.727 1.665

5 - 1.831 1.810 1.747

6 - 1.946 1.888 1.857

speed at 40 rpm. Under a slower spooler speed of 2 rpm and an extrusion speed of
40 rpm, the diameter of the filament is larger. The faster setting for the spooler and
screw speed causes the filament to have a smaller diameter. According to the Analysis of
Variance (ANOVA) result, the spooler and extrusion speed highly influence the filament
diameter. They found that the filaments produced have rougher textures. The rougher
filament produces printed parts with irregular surfaces. Thus, the researchers are required
to focus on enhancing the filament quality, roundness and smoothness to achieve good
printing quality.

Kuo et al. (2021) [17] conducted research to fabricate filaments made from PLA by
manipulating extrusion variables, such as extrusion temperature, extrusion speed, and
cooling distance between the nozzle and the spooler. The findings show that a rise in
barrel temperature from176 °C to 182 °C leads to an increase in filament diameter. Extru-
sion temperature at 182 °C is optimal to achieve a filament diameter of 1.75mm. Further
temperature rise above the ideal temperature reduces the filament diameter. The fila-
ment diameter gets smaller with faster extrusion speed. Extrusion speed at 490 mm/min
produced filament with 1.7 mm with smaller standard deviations, while 480 mm/min
produced filament with 1.65 mm with minimal variations. Solidification is necessary
for fabricating filament. A cooling distance of 55 mm fabricates a filament with the tar-
get diameter. The research highlighted that filament size accuracy is highly affected by
extrusion temperature compared to other parameters. The variations in filament diameter
reflect how minor changes in variables can affect the output filaments. In the future, the
researchers should perform melt flow index testing to understand rheological behaviour,
which reveals the structural stability of filament in maintaining the desired shape and
diameter in filament fabrication.

Liu et al. 2018 [18] studied the effect of filament extruder parameters that affect the
diameter of the filament. Table 3 shows the filament diameter achieved under various
extrusion temperatures and screw speeds. The researcher reported that, as temperature
increases, the diameter decreases. This phenomenon shows melting viscosity behaviour.
Higher extrusion temperature reduces die swelling and improves the volume flow rate.
However, a rise in extrusion rate shows an increasing trend in filament diameter because
of the high volumeofmaterial extruded. The data revealed that,with an extrusion speedof
5 rpm and 200 °C, a satisfied filament diameter of 1.75 mmwas produced. However, the
research study could have added the study factor of spooler speed in filament fabrication.
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The spooler speed matching the extrusion speed is necessary to produce a filament with
a constant diameter. An imbalanced speed between the spooler and screw will cause
higher tension, which causes variations in filament diameter.

3 Conclusion

In summary, the filament diameter relies onmultiple settings of the filament extruder. The
primary motive is to achieve a consistent filament diameter by optimizing the extruder’s
parameters and ensuring the prepared filament has good printing ability and denotes
good properties in printed parts. Based on the findings above, the temperature setting
depends on the material melting point, glass transition temperature, and degradation
temperature, and it highly affects the material rheological behaviour. Besides, the speed
of the spooler has a high effect on filament diameter as it determines the output ofmaterial
flow, which eventually influences the filament size. The winding process causes tension
in the filament. Thus, speed optimization is necessary. The process needed to be smooth
to avoid the coiling effect and stretching of the filament. On the last note, cooling assists
in solidifying a filament into the desired shape and size. Less cooling affects the filament
quality, where the roundness is inconsistent, and the size will be non-uniform.
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Abstract. Geopolymers are emerging as an eco-friendly alternative to conven-
tional building materials. These materials exhibit enormous potential as a substi-
tute for traditional technologies like concrete, but more applied studies are needed
to evaluate their practicality on an industrial scale. Moreover, each type of raw
material needs to be optimized in terms of parameters that influence the properties
of the final product. In order to optimize geopolymers in terms of mechanical per-
formance, the obtaining parameters and the possibilities offered by the Taguchi
method were considered to design a series of geopolymers suitable for civil engi-
neering applications. The optimizationwas conducted considering: (i) three blends
comprising a different percentage of fly ash (FA), fly ash with S (FS) and red mud
(RM), (ii) three different liquids to solid ratios (0.70, 0.75 and 0.80), (iii) three
different Na2SiO3 to NaOH ratios (1.0, 1.25 and 1.5) and (iv) three different molar
concentrations of NaOH solution (3, 6.5 and 10M). The mechanical strength tests
showed that the mixture with the best compressive strength is the one consisting
of 35 wt.% FA, 15 wt.% FS and 50 wt.% RM, with liquid: solid ratio (L/S) of
0.7, Na2SiO3: NaOH of 1.5 and 10 M NaOH, respectively. In terms of flexural
strength, the mixture with the same amounts of raw materials, but the follow-
ing parameters exhibited the highest value after 28 days of curing: L/S of 0.75,
Na2SiO3:NaOH of 1 and 7M NaOH.

Keywords: Mine tailings · Circular economy · Geopolymers · Taguchi design ·
Fly ash · Liquid to solid ratio · Na2SiO3 to NaOH ratio · NaOH concentration

1 Introduction

A crucial component of the circular economy is the reduction of waste by substituting
non-renewable raw materials with recycled by-products that have similar characteris-
tics [1]. Moreover, to associate with this concept, the manufacturing technologies must
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include proper management of the resulted by-products, including recycling and reuse
stages [2]. The circular economy’s primary mission is to ensure the transition to a low-
carbon economy while maintaining the quality of the final products [3]. Therefore,
finding new, efficient, and innovative techniques for enhancing the usage of different
types of materials that are now categorized as waste and primarily end up in landfills is
a priority in multiple manufacturing sectors. The term “waste valorisation” refers to any
industrial processing operations that try to reuse, recycle, or compost wastes, therefore
transforming them into useful goods or energy resources [4, 5].

When it comes to raw material consumption and high CO2 emissions, the con-
struction materials sector is a priority since the production of Ordinary Portland Cement
(OPC) is responsible for more than 8% of the total CO2 emissions worldwide, alongwith
a significant consumption of limestone [6]. To overcome these limitations and integrate
the circular economy concept into this sector, in the last few years many studies have
aimed to find sustainable solutions for replacing OPC [7, 8]. Therefore, they focus on
both developing techniques that use low processing temperatures and identifying wastes
that are suitable to replace cementitious materials. Accordingly, different types of waste
have been identified that partially substitute for OPC in concrete. However, to totally
replace it, an innovative method of manufacturing concrete with similar properties was
developed, i.e., geopolymers. Geopolymers are oxidematerials with similar properties to
those of OPC-based materials but that can use aluminosilicate wastes instead of natural
limestone [9]. Along with the most commonly used rawmaterials (metakaolin, coal ash,
slags, etc.) for geopolymers, mine tailings (MT) are identified as a sustainable resource
that can boost the transition of the construction sector toward sustainable development
[10–12].

Waste from extractive activities (i.e., waste from mineral resource extraction and
processing) is one of the EU’s main waste streams [13]. Mining and quarrying branches
(exploration, prospecting, extraction, and processing of ores) produced large amounts of
wastes in last decades. Re-processing and valorising suchwaste can result in the recovery
and production of “clean” secondary tailings, as well as a cost reduction and an increased
environmental benefit. Although new construction designs of tailing dumps have been
developed, the waste facilities are filled to capacity due to the constantly increasing
amounts of mine tailings generated as lower grades of ore must be processed [14].
Accordingly, by introducing and encouraging the use of mine tailings in geopolymer-
ization, a conveyable source of raw materials for building materials will be developed.
Moreover, the foundation of circular economy for mining industry will be obtained.

Currently, close to 55 billion cubic meters of mine tailings are stored worldwide, and
the amount is expected to increase by up to 23% until 2025 [15]. Moreover, many tail-
ings Storage Facilities are also very fragile structures, with well over 100 major tailings
dam failures recorded since 1960, some with dramatic casualties and all with important
environmental impacts [14]. Considering the consumption of virgin rawmaterials due to
concrete manufacturing, the use of mine tailings as a substitute can support the conser-
vation of virgin resources for 4 to 5 years. The use of mine tailings as raw materials for
geopolymers has also been analysed by Zhang et al. [16]. In their study, a partial replace-
ment of fly ash with molybdenum tailings has been researched to obtain a cost-effective
method of waste valorisation. However, the authors observed that a substitution of FA
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with MT higher than 20 wt.% will result in a decrease in mechanical performance due
to the increase in macropore volume fraction. Orozco et al. [17] obtained sustainable
bricks using gold mine tailings activated with NaOH or Ca(OH)2 and a low curing tem-
perature of 80 °C. In another study [18], an enhancement of the mechanical properties
of gold mine tailings-based geopolymer bricks was obtained by introducing 10% palm
oil fuel ash. Moreover, due to the addition of fuel ash, the samples could be cured at
room temperature, promoting even further reductions in costs and CO2 emissions. Since
obtaining geopolymers with good mechanical properties using MT as raw materials is
challenging because of the high content of nonreacting phases, especially quartz, Qing
et al. [19] obtained geopolymer concrete with a compressive strength of 47.6 MPa by
applying alkali-hydrothermal activation at 300 °C to the quartz powder. Yet, despite the
fact that the material meets the requirements of 42.5 cement, such high temperatures
could drive this technology away from the sustainability concept. The low reactivity of
MT was also identified by Krishna et al. [20] when assessing the use of mine tailings as
aggregates or precursors for geopolymers manufacturing.Moreover, they concluded that
due to the heterogeneity of theMT, a tailored processing technique should be researched
for each region and the available MT. Moreover, the performance of the final products
will be affected by multiple parameters, such as the characteristics of the raw materials,
the type and concentration of the activator, and curing conditions.

Despite the fact that obtaining good mechanical properties and room temperature
curing is challenging, the biggest issue in the integration of mine tailings into geopoly-
mer manufacture is related to the containment of heavy metals and leaching possibilities
during the operation of the developed products. Wang et al. [9] conducted a comprehen-
sive literature analysis on the possible applications of geopolymers containing wastes
with high levels of heavy metals. According to their study, the products developed by
this method are safe and durable due to the physical encapsulation, covalent bonding,
ion exchange, and compound formation mechanisms used by the geopolymerization
reaction to solidify and stabilize heavy metals. The production of tailings and the related
issues, together with Greenhouse Gas Emissions from mineral and metal production,
are the two main environmental challenges for the future of the construction materials
industry. At the same time, mineral production is expected to further grow rapidly in the
coming decades to meet the material demand for the energy transition [21].

Although multiple studies focus on finding different parameters to increase the reac-
tivity of MT to achieve room temperature curing, there is a major research gap regarding
developing blended mixtures that can integrate MT as raw materials for geopolymeriza-
tion. In this study, coal ash and mine tailings blended geopolymers have been designed
considering the advantages of the Taguchi method in order to find the optimum mixing
combination to achieve good mechanical performance and room temperature curing.

2 Materials and Methods

Any material rich in silicon and aluminium that can be dissolved by an alkaline solution
is a source of raw material for obtaining geopolymers. Globally, several wastes with
potential for geopolymerization have been identified, such as power plant ash, red mud,
blast furnace slag, etc. However, the rationale for choosing the type of waste is related to
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the type of product that will be manufactured along with the availability and alternatives
for the valorisation of that residue. For example, if the raw material can be further
processed to extract high-valueminerals or elements, it shouldn’t be used as rawmaterial
for concrete, but if the waste cannot be processed through another method or the other
methods don’t use relevant quantities, i.e., a low rate of recycling, the mineral waste
should be seen as a candidate for construction materials.

2.1 Materials

In this study, two types of coal ashes (fly ash and flue gas desulfurization fly ash - noted as
fly ash with sulphur) have been used as an aluminosilicate component in order to obtain
geopolymers suitable for civil engineering applications. Both coal ashes are by-products
available in high amounts and deposited in land fields by a local thermal power plant
(S.C. Holboca C.E.T. II S.A., Iasi, Romania). As mine tailings, the residues resulted
from the extraction of alumina from bauxite, i.e., red mud, was used. This was collected
from the dumps of Alum S.A., Tulcea, Romania. The chemical composition of the used
raw materials has been analysed by X-ray fluorescence (XRF) using an XRF S8 Tiger
(Bruker GmbH, Karlsruhe, Germany) in order to establish a suitable activation method.
Also, to assure experiment repeatability, the collected wastes have been dried until a
constant weight (as described in [12]).

As activators, commercially available sodiumsilicate solution (S.C.KYNITAS.R.L.,
Valcea, Romania) and sodiumhydroxide flakes (98%purity) from the same supplierwere
chosen. Prior to mixing with the Na2SiO3 solution, the NaOH flakes were dissolving
in tap water at the desired concentration. The sodium silicate solution had a density
of 1.52 g/cm3 and a pH of 11.5. Also, according to its quality certificate, the solu-
tion contains sodium silicate min. 44.8%, min. 31.10% SiO2, min. 13.70% Na2O and
additives.

2.2 Sample Design and Preparation

Designing material parameters aims to optimize quality features while being least sensi-
tive. The Taguchi technique is a systematic process for determining the best combination
of parameters. Orthogonal networks allow for exploration of multiple influencing ele-
ments with a reduced number of tests, minimizing research techniques and applying
essential discoveries to various investigations.

Table 1. Solid component mixture.

Raw material, wt.%

FA FS RM

Mixture code B1 45 5 50

B2 40 10 50

B3 35 15 50
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Based on preliminary experiments and literature, the following geopolymer design
factors (parameters) were chosen in this study: (i) three mixtures comprising a different
percentage of fly ash (FA), fly ash with sulphur (FS) and red mud (RM) designated as
B1 = 45% FA + 5% FS + 50% RM, B2 = 40% FA + 10% FS + 50% RM and B3
= 35% FA + 15% FS + 50% RM (Table 1), (ii) three different liquid to solid ratios
(0.70, 0.75, and 0.80), (iii) three different Na2SiO3/NaOH ratios (1.0, 1.25, and 1, 5)
and (iv) three different molar concentrations of NaOH solution (3, 6.5 and 10). The
design of experiments with three factors and three levels is shown in Table 2. Consistent
with the L9 orthogonal matrix Taguchi method (36), 9 different mixtures were required
to establish the influence of all factors involved, as presented in Table 3. The casting
procedure of the obtained geopolymers consisted of the following steps: first, the dry
materials (FA, FS and RM) were mixed for 3 min (until a homogeneous mixture was
obtained).

Table 2. Experimental factors and levels.

Experimental factor Level 1 Level 2 Level 3

A. Solid component mixture B1 B2 B3

B. Liquid to solid ratio (L/S), wt.% 0.7 0.75 0.8

C. Na2SiO3 to NaOH ratio, wt.% 1 1.25 1.5

D. Molar concentration of NaOH solution 3 6.5 10

Table 3. The coal ash-mine tailings blended geopolymers mixtures.

Sample code

S1 S2 S3 S4 S5 S6 S7 S8 S9

Experimental factor A B1 B1 B1 B2 B2 B2 B3 B3 B3

B 0.7 0.75 0.8 0.7 0.75 0.8 0.7 0.75 0.8

C 1 1.25 1.5 1.25 1.5 1 1.5 1 1.25

D 3 10 6.5 6.5 3 10 10 6.5 3

During the process, sodium silicate and sodium hydroxide solution were mixed
according to the composition. Afterwards, the liquid component (activator) was added
over the solid component (raw materials) and mixed for 3 min to obtain a homogeneous
mixture. The mixing of the components was done with the help of a planetary mixer
with variable speed, according to the EN 196–1:2016 standard, and the flow of obtaining
them is presented in Fig. 1.

After the mixing stage, the obtained binder was poured into moulds with sample
dimensions of 40 mm χ 40 mm χ 160 mm and their vibration was applied in order to
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Fig. 1. Schematic representation of the technological flow for obtaining geopolymers.

obtain a uniform mixture with reduced air bubbles. The filled moulds were then cured at
room temperature (22± 2 °C), the upper surface of the mould was covered with a plastic
sheet in order to reduce the evaporation rate of the liquid. The samples were unwrapped
after 24 h and kept under laboratory conditions until the day of testing.

The most energy-efficient raw materials and processing procedures were examined
to ensure that the developed technology is eco-friendly and has a low CO2 footprint.

2.3 Methods

Both the compressive and flexural strengths of the developed materials have been tested
at 14 and 28 days, respectively. The sample size and testing conditions have been fol-
lowed according to SREN196–1:2016 requirements. Themicrostructural analysis of the
obtained geopolymers was conducted on the fracture surface after the mechanical tests
using a scanning electron microscope (SEM) type FEI Quanta FEG 450 (FEI Company,
Washington, DC, USA).

3 Results and Discussions

3.1 Raw Materials Characterization

Coal Ash. Two types of coal ashes have been used in the manufacture of the geopoly-
mer samples. The chemical composition of the collected fly ash (Table 4) shows a high
content of chemical elements that can contribute to the geopolymerization reaction. As
can be seen, the fly ash meets the requirements of ASTM C 618 for class F fly ash since
the sum of the main three oxides (SiO2, Al2O3 and FexOy) is above 75wt.%. However,
the fly ash with sulphur (FS) has a high content of Ca and sulphur oxides and insignifi-
cant quantities of other elements that are present in FA. This type of waste results from
the desulfurization process of flue gases contains hydrated calcium sulphate (CaSO4 ·
2H2O), calcium sulphites (CaSO3 · 1/2H2O), anhydrous calcium sulphate and sulphite
(CaSO4 and CaSO3), other calcium compounds (Ca(OH)2, CaCO3, CaCl2), as well
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as unbound water (H2O) mixed with fly ash and its mineral components. Considering
the chemical composition of the coal ashes, it is expected that the FA will contribute
to the sodium aluminosilicate hydrate (N-A-S-H) or aluminium-modified calcium sili-
cate hydrate (C-A-S-H) formation, while the FS addition will promote calcium silicate
hydrate (C-S-H), which will result in lower setting time and higher content of ettringite
and gypsum [22, 23].

Table 4. Oxide chemical composition of the collected coal ashes.

Oxide content, wt.%

SiO2 Al2O3 FexOy CaO K2O MgO TiO2 Na2O P2O5 SOx oth

FA 50.16 27.02 8.40 6.49 1.60 1.59 1.54 0.65 1.16 0.78 < 0.3

FS 4.86 0.01 0.01 68.22 – – 0.02 – 0.01 26.87 < 0.01

The SEM analysis of the collected coal ashes shows the morphology of the particles
from the composition of the fly ash (Fig. 2, a) as well as structural particularities of the
FS (Fig. 2, b). As can be seen, the fly ash is a mix of spherical particles with different
diameters, ranging from a few micrometers to some that exceed 50 μm. Compared to
FA, FS shows a finer composition consisting mostly of irregular-shaped particles mixed
with spherical particles with diameters lower than 5 μm.

Fig. 2. The morphology of collected coal ashes: a) fly ash; b) fly ash with sulphur.

Red Mud. This waste is a byproduct of the Bayer process used to process bauxite. Its
chemical composition is presented in Table 5. The characteristics of alumina mining
residues vary depending on the type of bauxite and the alumina production process.
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However, the resulting red mud is mainly composed of a mixture of course and fine par-
ticles. Through the comparative analysis of the SEM micrographs obtained at different
magnifications (Fig. 3), it can be seen that the collected material consists of a mixture
of millimeter-sized particles but also a considerable fraction of micrometric-sized parti-
cles. Also, the microstructural analysis highlights a mixture with high homogeneity and
porosity.

Figure 4 shows the distribution of chemical elements on the surface of the studied
red mud sample. As can be seen, if we exclude the particle with a high silicon content,
this residue shows a homogeneous chemical distribution. However, by correlating the
EDAX results with those obtained by SEM analyses, it can be stated that the collected
material has a high content of sand particles dispersed relatively uniformly throughout
the volume of the material.

Table 5. Oxide chemical composition of red mud.

Oxide content, wt.%

SiO2 Al2O3 FexOy CaO K2O MgO TiO2 Na2O P2O5 SOx oth

RM 12.74 16.05 47.33 5.31 0.03 – 3.60 13.86 0.61 0.37 < 0.30

Fig. 3. The morphology of collected red mud particles.

Moreover, among the chemical elements identified, O, Al, and Fe are uniformly
distributed over the entire surface, but Ca, Ti, Na, and S present significant concentrations
only at the level of small, randomly dispersed particles.

3.2 Mechanical Performance Evaluation

Flexural Strength. The flexural strength of the obtained geopolymers increased in
most of the cases from 14 days to 28 days (Fig. 5). Except for sample S2, where a slight
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O Si Al Fe Ca
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Fig. 4. The distribution of chemical elements on the surface of the analyzed red mud.

decrease can be observed when the age of the samples increases, most of the samples
showed a significant improvement in flexural strength. For example, from 14 to 28 days,
the value of S3 increased 48 times, the value of S4 increased 10 times, and the lowest
increase was that of S1, which increased almost two times. This behavior is related to
the NaOH concentration; as also observed in previous studies, higher concentrations
will result in better mechanical properties at earlier stages. The high distribution of the
flexural strength values confirms that the obtaining parameters are interdependent, i.e.,
they affect each other. The highest flexural strength at 14 days was presented by the
sample S2, which was activated with NaOH (10 M), a Na2SiO3 to NaOH ratio of 1.25,
and a L/S of 0.75. However, at 28 days, S8 showed the optimum mixture to achieve the
highest flexural strength.
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Fig. 5. The flexural strength of the obtained geopolymers.

Compressive Strength. Figure 6 shows the evolution of compressive strength from 14
to 28 days. As can be seen, the mixture specific to S2 didn’t perform too well at this
test, being one of the samples with almost the same lost value at 28 days. In this case,
S7 exhibited the optimum composition despite the aging time, while S4 showed a slight
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decrease after 28 days of curing. The increase in compressive strength was in the range
of 10 to 130%; the highest evolution was presented by S3, while the lowest was shown
by S2. Overall, most of the samples showed an increase of almost 50%. Moreover, the
tested mixtures showed a low deviation value, which confirm that the obtained samples
had a homogenous structure and composition.
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Fig. 6. The compressive strength of the obtained geopolymers.

To better understand the influence of the obtained parameters on the mechanical
properties of the obtained geopolymers, 3D plots were drawn.

Figure 7, shows the influence of FS content and Na2SiO3/NaOH ratio on the com-
pressive strength value. As can be observed, the sodium silicate to sodium hydroxide
ratio has a high influence on the compressive strength; lower ratios will result in poor
mechanical properties. Moreover, FS content will also affect the performance of the
blended geopolymers. As depicted in Fig. 8, a 10 wt.% addition will show almost con-
stant mechanical properties despite the Na2SiO3/NaOH ratio, while an addition of 5 or
15 wt.% will improve the compressive strength depending on this ratio.

Fig. 7. The influence of FS content and Na2SiO3/NaOH ratio on the compressive strength.
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L/S is another parameter that can influence the performance of geopolymers. As
presented in Fig. 8, at low NaOH concentrations, i.e., 3 or 6.5 M, higher ratios of L/S
will promote better compressive strength, while for 10M NaOH, the mixture with L/S
of 0.7 showed the optimum composition.

Fig. 8. Influence of liquid/solid ratio and NaOH molarity on compressive strength.

This behavior could be related to activator loss during curing. The OH− from the
activator, especially from the NaOH solution, is responsible for the leaching process of
Si4+ and Al3+ ions; therefore, a loss of activator will also result in a loss of the necessary
ions to assure the dissolution of the aluminosilicate material.

Considering the influence of NaOH concentration and FS content (Fig. 9), it can
be observed that a combination of high FS and sodium hydroxide solutions will show
increased mechanical properties. Moreover, the 3D plot shows that for 5 wt.% of FS, a
6.5M solution of NaOH would be optimum; at 10 wt.% addition, the 6.5 M solution
showed higher compressive strength, while for 15 wt.% addition of FS, the NaOH
solution with a 10 M concentration showed higher compressive strength.

Fig. 9. Influence of FS content and NaOH molarity ratio on compressive strength.
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3.3 Microstructural Analysis of the Obtained Geopolymers

In order to highlight the relationship between the morphological particularities of the
developed materials and their mechanical performances, the mixture with the lowest
compressive strength, i.e., S1, was compared with the one with the highest value for this
property, i.e., S7. As can be seen from Fig. 10, the microstructure of the S1 geopolymer
(Fig. 10, a) shows multiple unreacted coal ash particles, especially those with high
dimensions.

Fig. 10. Microstructural analysis of the obtained geopolymers: a) sample S1; b) sample S7.

Moreover, the entire matrix shows interconnected cracks and a large zone with a high
number of pores and voids. Compared to S1, the microstructure of S7 geopolymer shows
a much more compact matrix, a low number of cracks, and unreacted particles only in
small zones. Moreover, most of the unreacted particles are embedded in the compact
matrix.

Considering the composition of the compared mixture, it can be stated that higher
NaOH concentrations and Na2SiO3 to NaOH ratios will increase the dissolution of the
aluminosilicate source and increase the compactness of the matrix, promoting higher
mechanical properties.

4 Conclusions

• This study evaluates the influence of liquid-to-solid ratios, Na2SiO3/NaOH ratios,
and NaOH molarity on the mechanical properties of coal ash-red mud blended
geopolymers. According to the obtained results, the following conclusions can be
drawn:

• The analysed parameters influence each other. Therefore, it cannot be stated that one
parameter will promote better mechanical properties despite the values of the other.

• The addition of 5 wt.% and 15 wt.% of flue gas desulfurization fly ash (fly ash
with sulphur) improved the compressive strength of the geopolymers. However, a
10% addition keeps the mechanical properties of the tested materials almost constant
despite the fluctuations of the other parameters.
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• The mechanical strength tests showed that the mixture with the best compressive
strength is the one consisting of 35 wt.% FA, 15 wt.% FS, and 50 wt.% RM, with a
liquid to solid ratio (L/S) of 0.7, a Na2SiO3 to NaOH ratio of 1.5, and 10 M NaOH,
respectively. In terms of flexural strength, the mixture with the same amounts of raw
materials exhibited the highest value after 28 days of curing: L/S of 0.75, Na2SiO3
to NaOH of 1, and 7M NaOH.
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Abstract. Nepheline geopolymer ceramics have emerged as a promising sustain-
able alternative to traditional cementitious materials in various applications. As
the sintering mechanism plays a crucial role in the densification and mechani-
cal performance of ceramics, therefore, in this paper, a preliminary study was
conducted to examine the effects of densification towards mechanical proper-
ties of geopolymer-based nepheline ceramics upon sintering. The said innovative
geopolymer technology can convert raw materials of aluminosilicate activating
with alkaline activator into ceramic-likematerials requiring low temperatures. The
experimental procedure includes the synthesis of nepheline geopolymer ceramics
through the geopolymerization method, then sintered at different temperatures
to explore the sintering behavior and its impact on the materials’ microstructure
and mechanical performance. The densification behavior of nepheline geopoly-
mer ceramics during sintering was analyzed by evaluating the changes in den-
sity, shrinkage, and porosity.The microstructural evolution and are determined by
using SEM. The relationships between sintering conditions, microstructure, and
mechanical performance were investigated to understand the underlying mecha-
nisms affecting the material’s strength and durability. The geopolymer exhibited
its highest flexural strength of 54.93 MPa when sintered at 1200 °C, while the
lowest strength of 6.07 MPa was observed at a sintering temperature of 200 °C.
The findings demonstrate a positive correlation between the sintering temperature
and the flexural strength of the geopolymer ceramics, indicating that higher tem-
peratures lead to increased strength. Ultimately, this knowledge can facilitate the
broader utilization of nepheline geopolymer ceramics as sustainable materials in
various engineering and construction applications.
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1 Introduction

In the production of high-strength ceramics, the conventional method often involves
high processing temperatures exceeding 1600 °C. However, this high temperature can
have adverse effects on the resultant materials, particularly on pore size and distribution,
which are critical factors influencing mechanical properties. Methods like Hot Isostatic
Pressing (HIP) and Spark Plasma Sintering (SPS) have been utilized to produce high-
density ceramics. However, these methods often pose challenges in terms of cost and
complexity, making them inaccessible to many industries and research institutions that
lack the necessary equipment and expertise to carry out the intricate sintering process and
control requirements [1]. Conventionally, sintering of glass-ceramics typically involved
two main steps. Firstly, the raw materials are heated to high temperatures, reaching
up to 1500 °C, to achieve vitrification, followed by the processes of nucleation and
crystal growth [2]. Besides, the requirement for high sintering temperature, the resulting
ceramics also suffer from various complications such as agglomeration, abnormal grain
growth, and furnace contamination. Therefore, the novel method of using geopolymer
in producing ceramic materials is introduced.

In the 1970s, a researcher Davidovits introduced geopolymer firstly as an alterna-
tive to developing inorganic polymer materials. Geopolymers, classified as ceramic-like
inorganic polymers, are synthesised at temperatures below 100 °C. These materials
consist of interconnected mineral molecules bonded by covalent links. The composi-
tion of geopolymers typically involves aluminosilicates, including rock-forming miner-
als, amorphous silica, and aluminosilicate-rich industrial by-products like coal fly ash
and blast furnace slag. These raw materials offer ample sources of aluminosilicates for
geopolymer production.Bymixing the aluminosilicate sources into a strong alkali activa-
tor such as sodium hydroxide (NaOH), geopolymers were synthesised by the dissolution
and polycondensation of aluminosilicate materials in alkali-activated solutions [3, 4].
Geopolymers offer numerous desirable characteristics, including lowweight, impressive
thermal and mechanical properties, strong resistance to chemicals, and good permeabil-
ity. These advantageous traits make geopolymers suitable for various applications, such
as high-temperature-resistant ceramics, heat-resistant coatings and adhesives, contain-
ment of radioactive waste, and as cementitious components in constructionmaterials [5].
Moreover, geopolymers are gaining recognition as suitable matrices for reinforced com-
posites, various refractory applications, corrosion-resistant coatings, and as precursors
for the formation of ceramics [6].

In contemporary times, there has been a burgeoning interest in innovative ceramic
materials based on geopolymers, owing to their remarkable mechanical characteristics
and ecological compatibility. These materials have garnered significant attention and are
poised to exhibit substantial applicability in the times ahead.Geopolymer exposed to high
temperatures by the sintering process produces ceramicmaterials. This is due to the effect
of the sintering mechanism when heat is applied to the geopolymer body. For example,
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geopolymer was used to produce high-flexural strength ceramics and one-part-mixing
GP [7]. Nevertheless, the utilization of high-temperature sintering alone can induce
undesirable shrinkage and cracking, consequently compromising the overall strength of
the end products. The utilization of low-temperature geopolymer-based ceramics offers
convenience in the production of diverse and intricately shaped products. Moreover,
these ceramics exhibit commendable fire resistance, environmental friendliness, and
exceptional thermal properties [8]. Furthermore, the exploration of porous geopolymer-
based ceramic materials has gained significant attention in current research due to their
notable stability, high surface area, and permeability. These materials hold promise for
various applications in lightweight structural components, filters, and other relevant
areas.

The characteristics of the pores, such as their shape, volume, and distribution, in
porous geopolymer-based ceramics are influenced significantly by the manufacturing
technique and the composition of the composites. Research has demonstrated that by
altering the chemical composition of the geopolymer-based ceramics, it is possible to
control the water retention and adjust the porosity accordingly [9]. The progression of
phase formation subsequent to the sintering process is contingent upon multiple vari-
ables, including the composition of the rawmaterials, the preparation of the ceramicmix-
tures, and the specific optimum temperature at which the ceramic structure is subjected
to the sintering procedure [10]. However, there is a lack of studies investigating how the
sintering mechanism affects the densification and crystallisation of geopolymer-based
ceramics as it correlates with the mechanical properties of the end product. Therefore,
in this paper, the sintering mechanism of geopolymer-based ceramics is studied. Effects
on the densification of ceramics products and the mechanical performance are analysed
when heat is applied during the sintering process.

2 Experimental Method

2.1 Geopolymer-Based Ceramic Sample Preparation

The aluminosilicate used in this study was kaolin supplied by Associated Kaolin Indus-
tries Sdn. Bhd, Petaling Jaya, Selangor, Malaysia. Kaolin has a chemical formula of
Al2Si2O5(OH)4, where SiO2 and Al2O3 contribute a large amount to its composition.
The alkali activatorwas prepared bymixing liquid sodium silicate (Na2SiO3) and sodium
hydroxide (NaOH) solution. The NaOH solution was prepared by mixing distilled water
with caustic soda pellets from Formosoda-P, Taiwan. The liquid sodium silicate was
supplied by South Pacific Chemicals Industries Sdn. Bhd. (SPCI), Pahang, Malaysia. It
is composed of 30.1% SiO2, 9.4% Na2O, and 60.5% H2O.

A fully dissolved 12MNaOH solutionwasmixedwithNa2SiO3 with amolar ratio of
0.24. Geopolymer-based nepheline ceramic is prepared by mixing kaolin raw materials
with an alkali activator, producing a slurry geopolymer paste. The paste then being cured
at 80 °C for 24 h before the geopolymer sample was milled and sieved using a 150 µm
siever to obtain a fine geopolymer powder. The fine powder was compressed at 4.5 tons
for 2 min. The geopolymer was sintered at six different temperatures of 200 °C, 400 °C,
600 °C, 800 °C, 1000 °C, and 1200 °C, soaking time of 180 min and 5 °C/min heating
rate. Later, the nepheline geopolymer-based ceramics produced were characterized to
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study the density behaviour and itsmechanical properties upon the increment of sintering
temperature.

2.2 Characterization of Geopolymer Ceramic

The flexural strength of the geopolymer-based ceramics was evaluated as a measure
of their mechanical properties. The testing was conducted using a three-point bending
fixture with dimensions of 7 mm x 5 mm x 52 mm, following the ASTM C-1163b
standard. To determine the flexural strength of kaolin geopolymer ceramic samples,
an Instron-500 tester is utilized. The specimens are subjected to a three-point bending
test using a fixture with a span length of 30 mm, and the crosshead speed is set at
0.3 mm/min. The density of geopolymer-based ceramics was determined by applying
Archimedes’ Rule. The percentage of shrinkage of the geopolymer-based ceramics after
sintering at high temperatures was calculated by knowing the dimension before and after
the sintering process. The JSM-6460LA model Scanning Electron Microscope (JEOL,
Peabody,MS,USA)was utilized to examine themicrostructural changes in the nepheline
geopolymer-based ceramic. Prior to imaging, the samples were coated with a layer of
gold using the JEOL JFC 1600 Auto Fine Coater (Peabody, MS, USA).

3 Results and Discussion

3.1 Physical and Mechanical Properties of Geopolymer-Based Ceramic

Figure 1 presents the changes in the density of unsintered and sintered geopolymer-
based ceramics. It is observed that the sintering mechanism for geopolymer sintered at
1200 °Chas the highest density (2.254g/cm3) compared to geopolymer sintered at 200 °C
(1.396 g/cm3) and unsintered geopolymer (1.349 g/cm3). As the sintering temperature
increase, the bulk density shows an increment. The sintering mechanism facilitates the
increase in viscous flow as a result of the presence of a dissolved glassy phase. The
highest density, indicating the completion of the densification process, was achieved at a
temperature of 1200 °C. Upon sintering to 1200 °C, the water vapour liberates from the
pores, of the geopolymer structure [11], lead to the pore formation. This outcome is due to
the thermal influence, which facilitates the expansion of the geopolymer matrix [12]. As
the sintering process takes place, the application of higher temperatures encourages the
densification of kaolin geopolymer-based ceramics. This process involves the migration,
rearrangement, and shrinkage of particles, which leads to changes in the bulk density of
the ceramics. When the temperature is increased, the diffusion of grains near each other
is enhanced, causing a decrease in the distance between alumina grains and promoting
grain growth. Consequently, the ceramics become more compact and denser in structure
[13, 14].

The sintering temperature plays a significant role in determining the flexural
strength of the kaolin-based geopolymer. Figure 2 shows the trend of flexural strength
for kaolin-based geopolymer when the sintering temperature increased. The flexural
strength of geopolymer-based ceramics sintered at 1200 °C recorded the highest read-
ing (54.932 MPa), while the unsintered geopolymer had the lowest flexural strength
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Fig. 1. Density of unsintered and sintered geopolymer-based nepheline ceramics at various
temperatures.

Fig. 2. Flexural strength of unsintered and sintered geopolymer-based nepheline ceramics at
various temperatures.

(1.588 MPa). The geopolymer-based ceramics happen to increase a drastic strength
when sintered at 1000 °C as the geopolymer matrices start to densify.

Overall, the flexural strength of geopolymer-based ceramics exhibited an upward
trend as the exposure temperature increased. The observed enhancement in strength can
be attributed to exothermic reactions that facilitated the continued geopolymerization of
unreacted precursor materials. This led to the generation of additional reaction products,
contributing to the overall strength improvement. Additionally, the densification of the
geopolymer structure, facilitated by the solidifying melt and the development of refrac-
tory phases within thin geopolymers, contributed to enhanced flexural strength [18].
The elevated temperature played a crucial role in promoting the densification process
within the geopolymer matrix, allowing it to fill voids and cracks, ultimately leading to
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improved strength. The formation of a more compact structure played a significant role
in enhancing the overall strength performance [19].

The enhanced strength observed at 1200 °C can be attributed to the effective diffusion
and coalescence of particles, forming large sintered area and a uniform geopolymer
matrix. The exposure to elevated temperatures facilitated the sintering process, leading to
increased strength by promoting stronger interparticle bonding and effectivelymitigating
thermal damage at high temperatures. The synergy of polymerization and sintering
mechanisms likely contributes to the observed enhancement in geopolymer strength. By
subjecting the sample to high temperatures, not only did it solidify, but it also underwent
crystallization, leading to enhanced mechanical properties. The flexural strength of the
materials improves as the sintering temperature increases, primarily due to the promotion
of densification and the suppression of significant grain growth [20].

3.2 Microstructural Evolution of Geopolymer-Based Ceramic

Figure 3 illustrates the results of morphological analyses conducted on kaolin geopoly-
mer ceramics subjected to high-temperature sintering.

a) b) c)

d) e) f)

Pores

g)

Pores

Fig. 3. SEM images of unsintered and sintered geopolymer-based nepheline ceramics at various
temperatures.
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SEM images of kaolin geopolymer ceramics sintered at temperatures between 200 °C
and 400 °C, display the scanning image that closely resembles the unsintered samples.

These images depict a network of amorphous geopolymerswith visible cracks,which
may be associated with the mechanical strength tests or the evaporation of water during
sintering.

Distinctmorphological variations are observedwhen comparing the sintered samples
at 800 °C, 1000 °C and 1200 °C with the unsintered geopolymers. These differences
signify the crystallization of geopolymers beyond 800 °C, resulting in the elimination
of surface irregularities and the formation of a crystalline structure. The transformation
from an amorphous network to a crystalline in kaolin geopolymers thereby enhancing
their resistance to high temperatures. Although the porosity remains relatively steady
above 1000 °C, the open pores decrease due to the partial melting of the geopolymer
matrix and the release of gases [21].

The presence of small pores indicates the occurrence of a phase transition from
amorphous to crystalline. At higher temperatures, there is a notable expansion of pores
as liquid water undergoes a transformation into vapour. This transformation applies
pressure on the walls of the pores and creates connections between neighbouring pores,
leading to the elimination of smaller pores.

The elevated sintering temperature contributes to the formation of a uniform and
smooth microstructure. Densification occurs as fine particles are eliminated, leading to
the entrapment of certain pores within the grains and the development of irregular pore
sizes [22]. These phenomena arise from thermal expansion due to the release of residual
water content, oxidation, and crystallization processes occurring within the geopolymer.
Consequently, pore formation and the initiation of cracks are observed.

4 Conclusion

The preliminary results indicate that the sintering mechanism significantly influences
the densification behavior and mechanical properties of nepheline geopolymer-based
ceramics. Higher sintering temperatures led to enhanced densification, resulting in
increased density and reduced porosity. Themicrostructural analysis revealed that sinter-
ing promoted grain growth, leading to the formation of denser and more interconnected
microstructures. The presence of well-developed interparticle bonding contributed to
the improved mechanical properties of the sintered ceramics.

The findings from this study contribute to the fundamental understanding of sin-
tering processes in nepheline geopolymer ceramics, aiding in the development of opti-
mized manufacturing techniques and improved mechanical properties. Ultimately, this
knowledge can facilitate the broader utilization of nepheline geopolymer ceramics as
sustainable materials in various engineering and construction applications.
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Abstract. By replacing traditional Portland cement (OPC) with crumb rubber
in fly ash-based geopolymer mortar, waste tyre disposal and natural mineral
aggregate use can be reduced, resulting in lower CO2 emissions. Crumb rub-
ber geopolymer mortar is formed when sodium hydroxide (NaOH) and sodium
silicate (Na2SiO3) aremixedwith fly ash (class F) tomake aluminosilicate gel. All
of the fly ash geopolymer preparations followed the same ratio of solid to liquid
(2:1) and the same ratio of NaOH solution (12M) to Na2SiO3 solution (2.5). Dif-
ferent amounts of crumb rubber (0%, 5%, 10%, 15%, and 20% by weight of solid)
were added to the mixture. The results show that the compressive strength of the
geopolymer mortar decreased with increasing crumb rubber loading. The results
of the analysis show that the compressive strengths of CR-0%, CR-5%, CR-10%,
CR-15%, and CR-20% are 25,59,14,31,11.19,10.38, and 8.16 MPa. The strength
is diminished because of inadequate interfacial adhesion between the crumb rub-
ber and geopolymer paste. As the sample weight fell, the percentage of crumb
rubber in the geopolymer mortar in-creased, but the density decreased.

Keywords: Crumb Rubber · Fly Ash · Geopolymer Mortar · Compressive ·
Density ·Water absorption

1 Introduction

Geopolymer mortar uses the same materials as traditional mortar, with the exception of
cement, which is completely substituted by industrial products like fly ash from coal-
fired power plants [1]. Fly ash, an ingredient in geopolymer mortar, reduces carbon
emissions by as much as 80% compared to ordinary mortar while maintaining all of its
structural integrity [2]. Geopolymer is created by activating aluminosilicate materials
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by using an alkaline solution known as ‘geopolymerization’ process [3]. The geopoly-
merization process is aided by a concentrated solution of alkali-based chemicals like
sodium hydroxide (NaOH) and sodium silicate (Na2SiO3).

Due to rising vehicle numbers, economic growth, and the automotive industry,
tire production has grown worldwide [4]. Population expansion, urbanization, higher
incomes, and better roads have increased tire consumption. Tire production has increased
waste, posing environmental issues [5]. Tire stockpiles, caused by tire landfilling and
unlawful dumping, take up precious area and generate mosquitoes and pests [6]. Tire
stacks can burn for long periods, creating harmful smoke and chemicals that harm air
quality and public health. Decomposing tires can pollute soil andwater. Tires also release
microplastics, adding to microplastic contamination. These microscopic particles can
penetrate ecosystems, threatening aquatic life and the food chain [7]. One of the solu-
tions to reduce waste tires is processing this waste into alternative aggregates such
as shredded, chipped or crumb rubber through the incorporation in manufacturing of
geopolymer construction composites (binders, mortar, concrete) [8].

Considering the above, there have been several studies conducted on both geopoly-
mer mortar as well as rubberized mortar or concrete [9–13]. It improves geopolymer
matrix ductility [14, 15], crack resistance [16] and impact resistance [17]. It also reduces
thermal sound properties [18] and increases the elevated temperature exposure of crumb
rubber geopolymer mortar [2, 19]. However, challenges such as optimizing rubber con-
tent, understanding long-term behavior, and establishing standardization remain areas
for further research. Overcoming these obstacles can unlock the potential of crumb
rubber in geopolymer to enhance environmental sustainability and the performance of
cementitious materials [20].

2 Materials and Samples Preparation

The low calcium class F fly ash was taken from the Sultan Abdul Aziz Power Station in
Kapar, Selangor, Malaysia. The fly ash is used as a source material in the geopolymer
mortar mixture. X-Ray Fluorescence (XRF) used to determine the composition of fly
ash (Table 1).

Table 1. The composition of fly ash.

Elements % Mass

Al2O3
SiO2
SO3
K2O
CaO
TiO2
MnO
Fe2O3

23.40
50.00
0.08
1.41
5.06
1.60
0.22
17.29
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Meanwhile, the crumb rubber from Gcycle Factory Sdn. Bhd. in Sungai Petani,
Kedah. The used of crumb rubber is used to replace fine aggregates. Crumb rubber has
particles size ranging from 73 um to 375 um in order to reduce the unit weight of the
geopolymer mortar mixture.

NaOHwas obtained from Formosa Plastic Corporation, Taiwan. The 480 g of NaOH
powder were dissolved in 1L distilled water and allowed to cool down at room temper-
ature to make 12M NaOH solution. Musbash Resources Sdn. Bhd., located in Kuala
Lumpur, was the company that provided the Na2SiO3.

The NaOH and Na2SiO3 are combined with the ratio of Na2SiO3 to NaOHwas fixed
at 2.0 and agitated for at least 5 min, or until a homogeneous solution is obtained. The
alkali activator solution is combined with fly ash raw materials at least 24 h before use.
The NaOH/ Na2SiO3 ratio employed for the alkali activator solution was 2.5.

The manufacturing process of producing crumb rubber geopolymer mortar involves
several processes. The processes include the preparation of fly ash geopolymer mortar,
which is the mixing, molding and curing process. The crumb rubber geopolymer mortar
was molded into the shape of a cube with dimensions of 50mm on each side, as specified
by ASTM C109. The proportions of the mix for the crumb rubber geopolymer mortar
are shown in Table 2.

The crumb rubber aggregate was employed to replace sand aggregate at replacement
of 5%, 10%, 15%, and 20% by weight of the solid. These percentages refer to the total
mass of the mortar. The control mixture is the one that simply has fly ash in it and does
not have any crumb rubber added to it.

Table 2. Mix proportion of Crumb rubber geopolymer mortar.

Samples Fly ash (g) Crumb rubber (g)

CR-0% 800 0

CR-5% 760 40

CR-10% 720 80

CR-15% 680 120

CR-20% 640 160

In the beginning, fly ash and crumb rubber are combined and blended in a large
mixing container until they form a consistent mixture. It is necessary to give the alkali
activator solution a good shake before adding it to the handmixer that is already carrying
the combination of fly ash and crumb rubber. In accordance with the specifications of
the ASTM C109 standard, the geopolymer mortar mixture with variable crumb rubber
loadings is poured into steel cube molds measuring 50mm x 50mm x 50mm. During the
curing process, the samples are either hermetically sealed or coated with a thin coating
of plastic to avoid contamination and loss of moisture. This covering helps to maintain
a regulated atmosphere for the curing process, and it also stops the samples from drying
out too soon. The curing time lasts for a total of 28 days.
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3 Testing

3.1 Water Absorption Test

The water absorption test was carried out in line with ASTM C1585 as part of the study
of crumb rubber geopolymer mortar. After 28 days, the cubes were then submerged in
room-temperature water for a whole day (24 H). In this way, the mortar may absorb
water in a contained manner. Before (W1) and after (W2) immersion, the weight of each
mortar cube was recorded (W2). A precise weighing scale or balance was used for the
measurements. The Eq. 1 was used to determine the crumb rubber geopolymer mortar’s
ability to absorb water:

Percentage absorbent of water = ((W2 −W1)/W1)× 100% (1)

3.2 Density Measurement

ASTMC138was used to determine the density of the samples used in the study of crumb
rubber geopolymer mortar. Density, a measure of the mass contained inside a given
volume, may be calculated with relative ease. Each sample of crumb rubber geopolymer
mortar was weighed on a precision balance or scale to determine its mass. This equation
was used to determine the density (Eq. 2).

Density (kg/m3) = Mass (kg)/Volume (m3) (2)

3.3 Compressive Strength Test

The compressive strength test was carried out using a Shimadzu UH-1000kN Universal
TestingMachine in accordance with the standard established by the ASTMC109. In this
instance, a loading rate of 1.0 MPa per second was applied to the system. After curing
for a total of 28 days, a test of the material’s compressive strength was carried out.

3.4 Scanning Electron Microscopy (SEM)

In accordance with ASTM B748, the SEM has been used to perform a morphological
study. After compression testing, the microscopic images of crumb rubber geopolymer
mortar were captured and this image was used to analyze the distribution of stress and
failure mechanisms in crumb rubber geopolymer mortar samples.

4 Discussion

4.1 Water Absorption Analysis

Analysed the amount of water that can be absorbed following a 24-h of immersion with
the cure duration of 28 days is shown in Fig. 1. Figure 1 demonstrates that when the
crumb rubber loading rises, the water absorption capacity of the resulting geopolymer
mortar increases as well. The percentages of water absorption capacity are as follows:
CR-1% had 1.18%, CR-5% had 5.56%, CR- 10% had 9%, CR-15% had 14.52%, and
CR-20% had 19.12%.
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Fig. 1. The percentage of water absorption analysis at 28 days of curing time with 24 h of
immersion.

When examining water absorption, consider crumb rubber’s impact on mortar den-
sity, porosity, and surface. Crumb rubber’s water-absorbing ability increases with the
mortar’s crumb rubber content. Crumb rubber particles allow air to enter and weaken
mortar. These spaces allow water to permeate and absorb the material more, enhancing
its water-holding capacity. Crumb rubber also makes mortar less dense. Crumb rubber
particles are lighter than the geopolymer matrix, causing the density reduction. Crumb
rubber particles make mortar lighter. If the material is less dense, it may absorb more
water. Crumb rubber geopolymer mortar’s water absorption may be modified by other
variables. Changing the mixture’s ingredients can change its water-absorbing proper-
ties. Crumb rubber’s porous nature, reduced mortar density, and increased surface area
promote water absorption at higher percentages.

4.2 Density Analysis

The density study of various mixes of crumb rubber geopolymer mortar of curing period
for 28 days is shown in Fig. 2. According to Fig. 2, there was a rise in the percentage
of crumb rubber found in geopolymer mortar, while there was a drop in the density
also recorded when the weight of sample decreased. According to the findings, mixes
includingCR-5%,CR-10%,CR-15%, andCR-20%all demonstrated a decreased density
in comparison to CR-0% for the same amount of crumb rubber loading. CR-0% had a
density of 2040 kg/m3, CR-5% had a density of 1872 kg/m3, CR-10% had a density
of 1688 kg/m3, CR-15% had a density of 1488 kg/m3, and CR-20% had a density of
1366 kg/m3.

Crumb rubber absorbs water better than other geopolymer mortar components. After
absorbing water, crumb rubber expands, reducing mortar density. Crumb rubber has a
lower density than usual aggregates, which reduces mortar density when applied. Crumb
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Fig. 2. The density analysis for 28 days of curing time.

rubber geopolymer mortar density decreases as crumb rubber concentration increases.
Mortar density decreases with weight. Since mortar density is directly connected to
weight, lighter mortars have lower densities, suggesting a relationship between the two.
Research found that rubberized geopolymer mortar with more crumb rubber was less
dense. Larger-particle crumb rubber may increase mortar pore volume. These additional
pores may affect mortar density. Crumb rubber’s insulating properties may reduce heat
transfer. This attribute may reduce the mortar’s density by affecting its mass and thermal
conductivity.

4.3 Compressive Strength Analysis

Figure 3 shows the compressive strength of the five crumb rubber geopolymer mortar
ratios. Figure 3 indicates that crumb rubber geopolymer cement compressive strength
decreased as crumb rubber loading increased. According to the analysis, the compressive
strength of CR-0% was 25.59 MPa, CR-5% was 14.31 MPa, CR-10% was 11.19 MPa,
CR-15% was 10.38 MPa, and CR-20% was 8.16 MPa.

Crumb rubber enhances geopolymer mixtures and achieves specific goals. Recycled
tyres yield crumbs. However, crumb rubber may reduce the compressive strength of the
geopolymer mortar made from it. Crumb rubber particles can disrupt the formation and
structure of the geopolymer matrix. Rubber particles may not bond with the geopolymer
binder, resulting in weak interfaces or voids. This may reduce crumb rubber geopolymer
mortar strength. Entrapped air in geopolymer mortar mixes creates voids and weak
spots. Alkaline activators prevent crumb rubber and fly ash bonding. Geopolymer mortar
compressive strength decreases as void content increases.
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Fig. 3. The compressive strength of crumb rubber geopolymer mortar for 28 days of curing time.

Additionally, the crumb rubber geopolymer mortar decreased because it was more
elasticallymalleable than thematrix. Loadedmortar specimens’ fracture in porous areas.
In otherwords, crumb rubber in concrete indicates internal flaws that reduce compressive
strength. Solution as crumb rubber is added, it replaces geopolymer binder.Rubber’s non-
cementitious nature dilutes the geopolymer binder. The drop in binder availability for
binding and forming a strong matrix decreases compressive strength. Inability to bond,
shredded rubber particles differ in composition and surface features from the geopolymer
binder. This may cause weak surfaces and decreased interparticle cohesion due to an
insufficient link between the rubber particles and the geopolymer matrix. Poor bonding
weakens the load transmission mechanism inside crumb rubber geopolymer mortar,
lowering its compressive strength. Distribution that is not uniform may make crumb
rubber particle dispersion and distribution homogeneous throughout the geopolymer
matrix difficult. Inhomogeneous rubber particle distribution may weaken crumb rubber
geopolymer mortar’s compressive strength.

4.4 Scanning Electron Microscopy

The SEM micrograph of crumb rubber geopolymer mortar were compare under
magnification of 500x as shown in Fig. 4.

These images show the crumb rubber geopolymer mortar interfaces in each sample.
The matrix in CR-0% has become a highly compressed paste, as seen in (a). The matrix
contains the semispherical imprints of some of the grains that did react, and the non-
reacted fly ash particles are lodged within this matrix. They are incorporated into the
sodium aluminosilicate gel that is created as a result of the reaction.When the percentage
of crumb rubber in the geopolymer mortar is 10%, as shown in (c), the interfacial zones
became denser as the number of voids rises. Themicrostructure of themortar reveals that
the matrix looked to have much larger porosity as the crumb rubber content increased to
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(a) (b)

(c) (d)

(e)

Unreacted fly ash

Crumb rubber

Void

Void

Fig. 4. SEMmicrographs of (a) CR-0%, (b) CR-5%, (c) CR-10%, (d) CR-15%, and (e) CR-20%
under magnification of 500x.

15% and 20% as in (d) and (e), which led to relatively poor adhesion between the crumb
rubber and geopolymer paste.

5 Conclusion

After the investigation, geopolymer mortar was tested with crumb rubber instead of fine
aggregate. Loading with 0%, 5%, 10%, 15%, and 20% crumb rubber was examined.
The compressive strength, density, and water absorption of crumb rubber geopolymer
mortar were significantly affected by increasing the amount of crumb rubber employed.
The crumb rubber geopolymer’s mechanical performance was assessed using specimen
compressive strength. As crumb rubber increased, compressive strength presumably
decreased. Crumb rubber’s flexibility may have lowered the mortar’s strength. Crumb
rubber particles may have caused this decline by stress concentration effects, particle
packing disruption, and geopolymerization interference.
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Density affects weight and lifespan. As crumb rubber quantities changed, researchers
presumably noted density changes. Crumb rubber, a lighter fine aggregate, may have
made the geopolymer mortar less dense. Water absorption capacity is a material’s ability
to absorb water. As crumb rubber loading increased, the geopolymer mortar with crumb
rubber probably absorbed more water. Crumb rubber is porous; therefore water may
have penetrated deeper, causing the observed outcome.

In conclusion, substituting crumb rubber for fine aggregate in geopolymermortar sig-
nificantly affected its compressive strength, density, and water absorbing capacity.When
crumb rubber loading increased, compressive strength, density, and water absorption
capacity decreased.
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Abstract. Finding solutions regarding the promotion of the biological response of
metallic implants became thoroughly researched, especially by surface modifica-
tion treatments, due to the high number of clinical demands and the advantageous
commercial context. Most of the researchers focused on hydroxyapatite or metal
oxide coatings deposited by different methods (electrodeposition, sol-gel, phys-
ical vapor deposition, etc.). However, in the last few years, chemical conversion
coatings have increased attention in the field of biomaterials. The phosphate lay-
ers obtained by this technology have multiple benefits, among which are high
adherence to the substrate, similar morphology with the bone, high corrosion
resistance, etc. Also, the phosphate coatings present chemical stability and good
wear resistance and don’t have an impact on the mechanical properties of the sub-
strate. Therefore, this paper aims to analyze the evolution of research in the field
of coatings for metallic biomaterials, focusing on conversion coatings deposited
on biomaterials, using bibliometric analysis. The results show an increase in the
number of publications regarding the chemical conversion process since 2012,
many of which are about the layers deposited on magnesium and titanium alloys.

Keywords: conversion coatings · biocompatibility · biomaterials · bibliometric
analysis

1 Introduction

In 2020, USD 49.02 billion was spent on orthopaedic implants worldwide, anticipating
brisk growth of 5.1% in the coming period. This development is mainly due to the
increase in osteoporosis and osteoarthritis cases [1].

In the case of products made from biocompatible materials, worldwide, medical
technology manufacturers are continuing to develop their products [2]. His evolution
is due, first of all, to the significant increase in demand for these products but also to
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unprecedented technological progress. Thus, a growing number of companies focus their
activity on the design, development, production, and marketing of human implants and
prostheses [3].

Biomaterials can be classified according to several criteria, including material type
such as: metallic, polymeric, ceramic, and composite [4].

Regarding the value of the global market for implants made of metallic biomaterials,
it was valued at $86.3 billion in 2020 and is expected to grow by 5.4% by 2030 [5]. This
data is based on reports of the number of people living withmusculoskeletal diseases [6].
For example, according to the Romanian statistics office, in 2020, 15% of the population
needed orthopaedic implants. This can be attributed to the increasing number of road
accidents and trauma cases across the globe. In addition, there is an increasing demand
for minimally invasive surgery among people [7]. Therefore, there is a lot of research on
continuously improving the biological response of existing biomaterials on the market
through surface treatments [8].

Biomaterials have diverse applications [9] and can be classified according to the
systems in the body where they are used:

– For bone systems: bone prosthesis, implant;
– Muscular and digestive system: stitches;
– Circulatory system: valves or artificial vessels;
– Respiratory system: a device for artificial respiration;
– Urinary system: catheters, renal dialysis devices;
– Nervous system: hydrocephalic drain, cardiac pacemaker;
– Endocrine system: groups of encapsulated pancreatic cells;
– Reproductive system: mammoplasty, etc.

Regarding the metallic materials, which are used to replace joints, bone screws, and
implants, they are based on titanium [10], stainless steel [11], Co-Cr alloys [12] and
gold [13]. Their advantages are represented by superior mechanical properties (high
mechanical resistance, elasticity), but the biggest disadvantage is represented by low
resistance to corrosion when interacting with substances in the body (NaCl, HF, H2O2
etc.) [14].

Due to the low corrosion resistance properties that can eliminate toxic corrosion
products in the body, aswell as the bio-inert surface of thematerial, there is the possibility
of an inflammatory reaction in the body, and this aspect often leads to the failure of
the implant [14, 15]. Therefore, among the key conditions necessary for the efficient
functioning of the implant are, among others, biocompatibility, biofunctionality, and
biodegradability [16].

Therefore, there is a need to develop high-performance materials or coatings aimed
at obtaining characteristics suitable for the human body.

Biometals can be encapsulated by depositing a thin film layer on their surface. This
will enable thematerial to be accepted by the body after implanting it, due to its improved
characteristics. Several techniques are used to coat bio-metallicmaterial surfaces, includ-
ing hydroxyapatite coatings, glass-ceramic coatings with tricalcium phosphate, oxide
coatings, composite coatings, etc. [17, 18].

The most common metallic materials for biomedical uses in the world are titanium
alloys. They are utilized inmedicine for implants that replace damaged bones and tissues.
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Examples include artificial hip joints, knee joints, and bone plates. In addition, artificial
hearts, prosthetic heart valves, pacemakers, and screws for fracture fixation are also
made from titanium and its alloys. [19, 20].

They show superior mechanical properties, chemical and mechanical stability, and
favorable biocompatibility, having been used for many years as implant materials [21].
Due to corrosive properties and bio-inert surfaces, significant problems have arisen,
including long-term failures and tissue necrosis as a result of them. Therefore, these
defects must be substituted by surface treatments [19–21].

This paper analyzes the evolution of research in the field of coatings for metallic
biomaterials, focusing on conversion coatings.

2 Methods

The evolution of research in the field of coatings used to improve biomaterial prop-
erties was carried out with the help of bibliometric analysis, with the implementation
methodology being presented in Fig. 1.

Fig. 1. The methodology of the study.

The data were extracted from Scopus, resulting in 978 research types published
worldwide. This was done following the search for “coating metallic biomaterial” with
the search query “Article Title, Abstract, Keywords”. The papers published were written
in English (95%), Chinese (1.84%), German and Spanish (0.51%), Russian (0.41%),
Italian, Czech, Japanese, and Portuguese (0.31%), and Hungarian (0.2%). In terms of
research on conversion coatings, the search was conducted for “conversion coating bio-
material” thus obtaining 202 papers, of which 96.04% are written in English, 2.97% in
Chinese, and 1% in Japanese and Spanish.

The software chosen for the bibliometric analysis was Bibliometrix, with the Bib-
lioshiny application [22]. Also, the data was visualized and verified in Microsoft Excel.
The results were analyzed quantitatively and qualitatively. Publication years, types of
research, writing languages, types of journals, and research constituent information
(authors, countries, etc.) were analyzed quantitatively. Keyword mapping and thematic
areas were considered in the qualitative analysis.
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3 Results and Discussion

3.1 Data Obtained for “Coating Metallic Biomaterial”

The bibliometric analysis presents statistical information about publications, sources,
citations, authors, frequency, etc. Table 1 presents a summary of the information related
to research publications. Also, the number of sources from which publications were
extracted is 455, and the number of documents is 978. This is with an average citation
per document of 29.42 and 49878 references. The documents were articles (670), books
(5), book chapters (58), conference papers (128), conference reviews (9), letters (1),
retracted (1), and reviews (106).

Table 1. The main information about the data obtained between 1977 and 2022.

Document contents

Keywords Plus 7595

Author’s Keywords 2014

Authors

Authors 3791

Authors of single-authored docs 54

Authors collaboration

Single-authored docs 73

Co-Authors per Doc 4.8

International co-authorships % 23.72%

In Fig. 2, it is shown how interest in coatings used for metallic biomaterials has
evolved over time. It can be observed that the annual growth rate is 8.72% in 2022. As
can also be seen in the figure, the first research was published in 1977, and the number
of studies increased exponentially from 2000 onward.

Regarding the first 10 sources according to the number of publications, these are
presented in Table 2. As can be seen, most articles were published in top journals, with
their impact factor exceeding 4. Also, these sources are significant journals in the fields
of materials and bioengineering.

Regarding the distribution of publications according to the corresponding author’s
country of affiliation, it canbeobserved that researchon improvingbiomaterial properties
through surface treatments has been carried out on all continents. However, little research
has been carried out in certain parts of South America, Northern and Eastern Europe, as
well as Africa.

Table 3 shows the first 10 countries that produced scientific publications in the field
of metallic biomaterial coatings. Over the years, 59 countries have been interested in
this field, and 20 have published at least 10 articles in the field.

Among these countries, China and the USA are among the first to produce medical
devices, explaining researchers’ high interest.
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Fig. 2. Annual scientific production on coatings used for metallic biomaterials.

Table 2. Top 10 most relevant sources.

Sources Publisher Number of publication IF 2021

Materials Science and
Engineering C

Elsevier 46 7.328

Surface and Coatings
Technology

Elsevier 27 4.865

Journal Of Biomedical
Materials Research -
Part A

Wiley 26 4.854

Biomaterials Elsevier 23 15.304

Journal of Materials
Science: Materials in
Medicine

Springer Science + Business
Media

19 4.727

Acta Biomaterialia Elsevier 18 10.633

Acs Applied Materials
and Interfaces

American Chemical Society
(United States)

16 10.383

Colloids and Surfaces
B: Biointerfaces

Elsevier 15 5.999

Journal of Biomedical
Materials Research

Wiley 14 4.854

Applied Surface
Science

Elsevier 13 7.392

The worldwide distribution of authors with publications in “coating metallic bioma-
terial” is shown in Fig. 3. The countries that don’t have any authors affiliated with them
are colored gray. The intensity of the blue color is related to the number of publications
associated with that country. Joint publications by authors from different countries are
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Table 3. Top 10 countries regarding the number of publications according to the corresponding
author’s country of affiliation on coatings used for metallic biomaterials.

Country Number of publications Frequency

USA 136 0.105

China 98 0.100

India 57 0.058

Germany 47 0.048

Brazil 41 0.042

Poland 41 0.042

Japan 37 0.038

France 34 0.035

Italy 33 0.034

United Kingdom 32 0.033

indicated with pink lines. Furthermore, no publication appears to be associated with
authors from Russia or multiple African countries. European countries have at least one
publication in this field.

Fig. 3. The collaboration worldmap of authors with publication in the field of “coating metallic
biomaterial”.

Regarding the top 50 words as keywords, they are represented in Fig. 4. It can
be observed that the subjects of the articles focus on the modification of biomaterial
surfaces through biocompatible coatings. As a result, the most commonly used coatings
are those based on hydroxyapatite. It also appears that most studies investigate corrosion
resistance properties as well as antibacterial or toxicity properties. The most widely used
biocompatiblematerials for research are titanium-based alloys,magnesium-based alloys,
and stainless steels.
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Fig. 4. Thematic map based on the author’s keywords.

3.2 Data Obtained for “Conversion Coating Biomaterial”

From the bibliometric analysis carried out for the database obtained by searching the
terms “conversion coating biomaterial” on Scopus, 111 sources were obtained from
which publications were extracted, the number of documents being 202, with an average
citation per document of 37.82 and 9670 references. The documents were articles (157),
book chapters (3), conference papers (21), conference reviews (6), and reviews (15).
Table 4 shows the main information about the data gathered between 1986 and 2022.

Table 4. The main information about the data obtained between 1986 and 2022.

Document contents

Keywords Plus 3119

Author’s Keywords 586

Authors

Authors 889

Authors of single-authored docs 4

Authors collaboration

Single-authored docs 9

Co-Authors per Doc 5.42

International co-authorships % 24.26%

The annual scientific production regarding publications about conversion coatings
is presented in Fig. 5, where it can be seen that the annual growth rate is 6.29% in 2021.
In addition, the first research was published in 1986, and from 2001 onward, research
numbers increased exponentially between 2000 and 2018.

Depending on the number of publications, Table 5 shows the first 10 sources. Con-
sidering that most of the articles were published in prestigious journals (with an impact
factor between 3 and 15), it can be seen that the field of deposition by chemical con-
version is of great interest in terms of its use for improving the surface of biomaterials.
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Fig. 5. Annual scientific production on conversion coatings.

Table 6 shows the first 10 countries with the most publications in the field of biomaterial
conversion coatings.

Table 5. Top 10 most relevant sources.

Sources Publisher Number of publications IF 2021

Acs Applied Materials and
Interfaces

American Chemical
Society (United States)

16 10.383

Biomaterials Elsevier 9 15.304

Materials Science and
Engineering C

Elsevier 9 7.328

Journal of Applied Polymer
Science

Wiley 7 3.057

Acta Biomaterialia Elsevier 6 10.633

Advanced Materials
Research

Trans Tech Publications
Ltd

6 0

Key Engineering Materials Trans Tech Publications
Ltd

4 0

Advanced Healthcare
Materials

Wiley 3 9.933

Applied Surface Science Elsevier 3 7.392

Acs Biomaterials Science
and Engineering

American Chemical
Society (United States)

3 14.310

Over the years, 30 countries have been interested in this field, and 9 of them have
published at least 5 articles in the field.
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Table 6. Top 10 countries regarding the number of publications according to the corresponding
author’s country of affiliation on conversion coatings.

Country Number of publications Frequency

China 76 0.376

USA 23 0.114

Australia 9 0.045

Germany 9 0.045

Brazil 7 0.035

Japan 7 0.035

Korea 6 0.030

India 5 0.025

Malaysia 5 0.025

United Kingdom 4 0.020

An analysis of the worldwide distribution of authors with publications in this field
is presented in Fig. 6. The countries that do not have any publications in the analyzed
field are presented in gray. While, depending on the number of publications, the blue
color intensifies. Also, collaboration links between countries are indicated with pink
lines. Regarding the distribution of publications according to the country of affiliation
of the corresponding author, it can be observed that research on improving biomaterial
properties through chemical conversion deposition has been carried out on all continents.
However, not much research has been carried out in certain parts of Asia, Africa, and
Eastern Europe.

Fig. 6. The collaboration worldmap of authors with publication in the field of “conversion coating
biomaterial”.
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Moreover, the 50 most frequent authors’ keywords are presented in Fig. 7. It can be
seen that research focuses mainly on improving the surface properties of magnesium
alloys. Considering the properties obtained by coating biomaterials through chemical
conversion, the corrosion properties, microstructure, cytocompatibility, osseointegra-
tion, and biodegradation are mainly studied.

Even in Fig. 7, it can be observed that the major material studied for chemical
conversion coatings was magnesium alloy. There are studies regarding the improvement
of the surface properties of the titanium alloys by depositing on their surface layers based
on calcium-zinc phosphate [23], strontium-zinc phosphate [24], strontium-zinc-calcium
[25] phosphate using chemical conversion process. The low number of publications
regarding this subject is due to the bio-inert surface of titanium, which is difficult to
activate to cause a chemical reaction between the phosphate solution and the metal.

Fig. 7. Thematic-map.

4 Conclusions

Surface characteristics of biomaterials, such as roughness, chemical composition, and
wettability, have a direct impact on the human body. These properties can be modified
by coating the surfaces with various layers deposited by different methods.

Therefore, over time, many methods were studied to enhance the characteristics of
the base biomaterial. These methods included electrochemical deposition, the sol-gel
method, plasma spraying, etc. Many of them are used for hydroxyapatite deposition. As
can be observed from the bibliometric analysis, the majority of studies were focused
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on this type of coating. These studies were trying to improve the properties of the
hydroxyapatite layer being deposited on various biomaterials.

Also, the bibliometric analysis shows that in the last few years, phosphate chemical
conversion coatings have steadily drawn a lot of interest when it comes to the surface
modification of biomaterials, especially magnesium alloys but also titanium and zinc
alloys, and are one of the methods suitable for medical devices due to their advantages.
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