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Preface 

This book is a noteworthy series of works authored by women from diverse research 
areas and expertise. This book contains research papers from fundamental, experi-
mental, and empirical studies in the fields of mechanical engineering and materials 
science which are included in this book series. Methods for modelling data, struc-
tures and materials using numerical and analytical techniques are described along 
with experimental data and methodologies. 
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Chapter 1 
Review: Role of Nanoparticles Growth 
and Alleviation of Abiotic Stress in Plants 

Shamini Janasekaran, Bassem Farouk Ghorab, Mohamed Al Askari, 
Marawan Hisham Saad, Habib Ullah Khan, and Abdulla Haroun Idriss 

Abstract The changing environment and advancement in the field of agriculture 
haves allowed the technological experts to introduce smart and efficient technolo-
gies. The experts whether they belong to computer science or agriculture are striving 
to increase the level of productivity with an intention to balance the uprising demands 
of world’s population. The introduction of nanotechnology has enhanced the produc-
tion level remarkably by offering technologically advanced equipment. Moreover, 
agriculture nanotechnology has made it possible to enhance the growth of plants 
meanwhile lowering the concerns that may arise from biotic and abiotic stresses. 
Therefore, to identify the available nanoparticles used in the field of agriculture and 
the alleviation of abiotic stresses through the advantageous properties of nanoparti-
cles, a critical analysis of the role of nanoparticles making contribution in the field 
of agriculture has been presented. 
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1.1 Introduction 

Agriculture is considered to be an important sector in the world’s economy as it 
feeds living organisms including human beings and animals. The products related 
to the field of agriculture are comprised of diverse items such as food, textiles, 
fuel, and furniture (Alston and Pardey 2014). All of the mentioned items are mainly 
consumed by human beings, whereas the food produced through agricultural means 
is also consumed by other living organisms. However, factors such as change in the 
climate, limited space, and emerging plants diseases has challenged the productivity 
of agricultural sector (Gupta et al. 2018). According to experts, the only possible 
solution to the agricultural challenges related to the crop’s growth rate is the adoption 
of latest technology (Ku 2019). The development in the agriculture sector can be 
maintained and further accelerated through newly introduced innovative and smart 
techniques such as nanotechnology. 

The concept of “nanotechnology” was initially introduced by a group of experts 
including Professor Norio Taniguchi in 1974 (Sandhu 2006). The invention of 
nanotechnology allowed the experts to introduce an atomic force microscope and 
scanning tunneling microscope for the first time (Bayda et al. 2019). The additional 
developments in the field of nanotechnology resulted in advanced arrangements 
to isolate and demonstrate nanomaterials in a particular and precise way (Thiru-
vengadam et al. 2018). The remarkable and unique properties of nanoparticles are 
currently considered by numerous fields such as medical science, engineering, phar-
maceuticals, electronic, and agriculture. By definition, any material that is less than 
100 nm in size refers to a nanoparticle (NP). According to the European Commis-
sion 2018, nanomaterial refers to “a natural, incidental or manufactured material 
comprising of particles, in an unbound state or as an aggregate or as an agglom-
erate and where, for 50% or more of the particles in the number size distribution, 
one to more external dimensions is in the size range 1–100 nm.” The basic physical 
and chemical properties of nanoparticles are dissimilar from those of corresponding 
substances available in bulk amount (Khan et al. 2019). The studies have provided 
that experts belonging to biochemical field are actively involved in the synthesis of 
metal, inorganic, organic, and other hybrid nanoparticles through various biological, 
physical, and optical activities (Khandel et al. 2018). The methods through which 
nanoparticles are synthesized or created include two basic approaches. The first 
approach is the top-down approach, whereas the other refers to bottom-up approach 
(Kumar and Kumbhat 2016). 

The number of commercial nanoparticles available are around 1300 comprising 
of various applications (Jeevanandam et al. 2018). Additionally, the synthesis of 
nanoparticles on the basis of diverse chemical and physical properties is considered 
by numerous fields particularly in agriculture. The nanoparticles used in the field of 
agriculture are comprised of engineered particles or can be belong to natural sources
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(Prasad et al. 2017). The engineered nanoparticles used in agriculture are divided 
into organic and inorganic and may be of combined materials. Moreover, metals and 
metal oxides have wide range of applications. The physical characteristics such as 
shape and size differentiate nanomaterials from each other. In agriculture, experts 
have reported that engineered nanoparticles are found to be helpful in enhancing 
the growth of plants (Miralles et al. 2012). The traditional methods such as use 
of fertilizers and other pesticides are considered to improve the growth in plants 
and to increase crop yield. However, studies have presented life-threatening adverse 
effects of traditional methods used for the enhancement of crop yield. Therefore, 
it has become a need to introduce an innovative and sustainable technology like 
nanotechnology in the field of agriculture, to eliminate the serious concerns related 
to the life and to enhance the level of productivity. The nanotechnology has a number 
of applications that can be used in the field of agriculture for the purpose of enhancing 
the level of productivity (Pramanik et al. 2020). Adding to this, the applications of 
nanotechnology include solution to crop protection, identification of toxicity in the 
soil, genetic manipulation in plants, and diagnosis of diseases in plants (ShangY et al. 
2019). 

Meanwhile, the Population Institute (Spang et al. 2019) has argued that the 
increase in population has also increased the demand for food. Conversely, the 
concept of civilization, industrialization, and pollution has damaged the soil and 
has adversely affected the agricultural production at global level. The plants growth 
and crop productivity have also suffered from abiotic factors such as drought, salt, 
and soil acidity, and extreme temperature. Moreover, plants damaged by abiotic 
factors are easily attacked by pests and other insects, due to which the quality of 
outcome has suffered, whereas the excessive use of fertilizers comprising of chem-
ical substances has presented unexpected results in the form of hurting the soil and 
physiology of plants. However, in the agriculture field and food industry, the applica-
tions of nanoparticles are used as nano-fertilizers for various purposes such as for the 
protection of crop and distribution of nutrients and for the protection of food-related 
products (Achari and Kowshik 2018). The literature has further supported that the 
use of nanotechnology is benefiting the agricultural by increasing the crop produc-
tion. However, the literature has also discussed that due to the changing properties 
of nanoparticles some of the nanoparticles do not only present beneficial results but 
can also adversely affect the growth of plants. The studies have shared that nanopar-
ticles can produce oxidative stress and reactive oxygen species upon interaction with 
cellular mechanisms and other enzymatic systems in plants (Dolez 2015). While 
reacting to lethal metals, due to oxidative stress, some changes related to biochem-
ical, molecular, and morphophysiological in plants occur. Therefore, in order to 
surpass the effect of toxic pollutants plants naturally generate protective mechanism. 
Furthermore, toxic nanoparticles in excessive amount are considered to be harmful 
to the overall health of plants. Adding to this, the toxicity also damages the structure 
of plant and adversely affects the photosynthetic mechanism in plants, while on the 
other hand, a group of researchers have provided that nanoparticles of some metals 
such as titanium dioxide (TiO2) improve the efficiency of photosynthetic mechanism
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in plants (Hasanpour et al. 2015). This shows that nanoparticles on the basis of their 
physical as well as chemical properties stimulate the growth process in plants. 

1.2 Nanoparticles of Metals 

The considered nanoparticles are comprised of numerous metals such as gold, silver 
and copper and metalloids. On the basis of literature, the discussed nanoparticles 
from various metals are found to be effective in supporting the overall growth in 
plants. 

1.2.1 Gold (Au) 

A group of researchers in an experiment considered seeds of the Arabidopsis thaliana 
plant and presented that the nanoparticles of gold (AuNPs) around 24 nm at a dose of 
10 µg/mL provided a three times high productivity in the yield of seed as compared 
to the controlled germination rate. Furthermore, the application of nanoparticles of 
gold ranging between 10 and 80 µg/mL allowed the researcher to observe a free 
radical scavenging movement, by which microRNAs presented a correlation among 
germination of seed, growth of plant and possible antioxidant potential of plants on 
the nanoparticles of gold exposure (Kumar et al. 2013). 

Moreover, another group of researchers delivered numerous nanoparticles of gold 
ranging between 30 and 80 nm to the plant of watermelon through the aerosol tech-
nique. They observed that the plant of watermelon absorbed the nanoparticles of 
gold (AuNPs). Basically, the nanoparticles were taken up by the plant through 
direct diffusion and by stomatal opening and translocating from the leaf of plant 
to its root by means of phloem transportation mechanism. Additionally, a definite 
stimulation of the root of watermelon plant while treating with gold nanorods was 
presented by Wang et al. (2013). Moreover, high concentration of nano-applications 
of gold presented phytotoxic effects, and an oxidative stress was noticed. This shows 
a harmful effect of nanoparticles of gold when used in high concentration or beyond 
normal levels. 

Furthermore, a constructive charge of nanoparticles of gold (AuNPs) ranging 
between 6 and 10 nm was actively absorbed by the roots of various plants including 
radish, rice, and pumpkin. Additionally, the researcher observed a level of efficiency 
against the negative charge of nanoparticles of gold during the process of transloca-
tion to stems and leaves of plants. The experiment further presented an accumulation 
of 1.1–2.9 ng/mg of nanoparticles of gold in the shoots of rice plants (Zhu et al. 
2012). 

The spraying of nanoparticles of gold (AuNPs) over the leaves of Brassica juncea 
plant presented a positive growth in the physical structure of plant such as gain 
in the height of plant was observed, including positive change in the diameter of
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stem, number of leaves and branches also increased per plant, and particularly, an 
increase in the seed yield was observed. Also, the researchers suggested a dose of 
10 ppm of nanoparticles of gold as an effective quantity (Arora et al. 2012). The 
results of mentioned study were also supported by a group researcher who observed 
an increase in the length of root, while applying the nanoparticle of AuNPs to the 
Brassica juncea plant, whereas the applied dose of nanoparticles ranged between 0 
and 400 mg/l. Conversely, a minor decrease in the growth of roots and length of shoots 
of the Oryza sativa plant was observed when a varying dose of 0 mg/l to 2000 mg/l 
was applied (Ndeh et al. 2017). Adding to this, a decline in the germination of seed, 
and shortening in the roots and shoots of Artemisia absinthium plant was observed, 
when a dose of 30 mg/l of AuNPs was provided to the plant during the experiment 
(Hussain et al. 2017). 

1.2.2 Silver (Ag) 

The silver nanoparticles (AgNPs) when treated with cucumbers at an absorption level 
less than 200 mg/l, an enlargement in the roots of cucumber plants has been observed. 
Meanwhile, the experts have observed that silver nanoparticles when absorbed at a 
level below 5 mg/l by wheat and radish plants are found to be toxic at the stage 
of vegetation growth rather than the seed germination stage (Cui et al. 2014). The 
AgNPs when exposed to the flowers of cucumber plants presented a massive figure 
for male flower, an increase in the period of flowering, and male node (Golabadi 
et al. 2015). The authors have further presented an increase in the number of female 
flowers in cucumber plants found at fifteen-leaf stage. Moreover, the aerosol of 
silver nanoparticles with 200 ppm at the same stage resulted in a huge number of 
male flowers. On the contrary, Yan and Chen 2019, argued that the applications of 
nanoparticles of silver at concentration level of 100 mg/l extended the growth of Napa 
cabbage plant which is scientifically known as Brassica rapa ssp. Pekinensis (Yan and 
Chen 2019). Meanwhile, beyond a concentration level of 250 mg/l, phytotoxic effects 
of silver nanoparticles are noticed (Baskar et al. 2015). Additionally, remarkable 
figures have been observed in the form of seeds per pod, biological yield, including 
pods per plant while treating the aerosol of silver nanoparticles ranging between 
10 and 100 nm on pea seeding (Mehmood and Murtaza 2017). Adding to this, a 
group of researchers have observed an enhanced development and crop yield by 
considering seed soaking and aerosol comprising of biosynthesized nanoparticles of 
silver ranging between 10 and 100 nm (Rashidi et al. 2016). Furthermore, coating 
of maize seeds with silver nanoparticles with 10 ppm dose presented an enhanced 
level of growth, including a positive change in the biochemical and physiological 
characteristics of maize seedlings (Mahakham et al. 2016). 

The low range of silver nanoparticles ranging between 10 and 40 ppm reported 
a significant increase in rice including improved growth of shoot and root of the 
seedlings (Gupta et al. 2018). Besides, exposure of seeds of chickpea with silver 
nanoparticles also reported a significant germination of seed, length of seedling,
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and improved mechanism of enzymes in Cicer arietinum (Anusuya and Banu 2016). 
The experts have also observed that the biomass of inherently transmuted hairy root 
mechanism of Cucumis anguria strongly improved in the presence of AgNPS (Chung 
et al. 2018). 

1.2.3 Copper (Cu) 

The application of copper nanoparticles through aerosol presented an improved 
growth of plants such as maize. Adhikari et al. 2016 observed a significant growth in 
maize plant caused by copper nanoparticles through spraying. They further noticed in 
the study that the nanoparticles of copper are able to access to the plant cell because 
of easy adaption by plants and resulted in a significant growth in the maize plant 
(Adhikari et al. 2016). The dose of copper microparticles and copper nanoparticles 
ranging between 0 and 200 mg Cu/kg improved the water content from 6.9 to 12.5% 
in the plants known as Origanum vulgare, meanwhile, reporting a decrease in the 
biomass (Du et al. 2018). Adding to this, a group of researchers have claimed an 
increase in the number of grains and spike dimension while exposing seeds of wheat 
to 25 ppm copper nanoparticles on the basis of proteomic and biological examina-
tion. They further presented that seeds treated with copper nanoparticles (CuNPs) 
show a significant stress tolerance in wheat seeds mediated by the starch degradation 
process. The 20 µg/mL dose of biosynthesized nanoparticles of copper is found to 
increase mitotic index in cell division of Allium cepa species of plants (Nagaonkar 
et al. 2015). 

Similarly, a study presented by López-Vargas et al. 2018 reported that treating 
tomato plants with copper nanoparticles not only increases the level of production 
but also improves firmness in fruit. The study further presented that nanoparticles of 
copper increases the level of vitamin C, meanwhile decreases glutathione peroxidase 
(López-Vargas et al. 2018). Similarly, it has been found that biogenetic nanoparti-
cles of copper comprising of 20 nm in size present a significant positive change in 
the height and length of root of pigeon pea seedlings (Shende et al. 2017). Further-
more, a study reported an increases yield in tomato fruit due to the application of 
copper nanoparticles. The study further claimed an enhancement in the nutraceutical 
properties of tomato plants and fruits in the form of improved numbers of leaves, 
including the overall biomass of the roots of tomato plants. Moreover, high content of 
lycopene and antioxidant capacity is observed, when a dose of copper nanoparticles 
comprising of 0.02 mg is provided to tomato plants (Hernández et al. 2017). 

Additionally, agriculture grafting is considered to be a cultivation method that 
permits plants to utilize water and other healthy nutrients in an efficient way. The 
copper nanoparticles with chitosen polyvinyl alcohol hydrogels enhances the overall 
growth of grated fruits such as watermelon by making changes in micromorphology 
of leaf. Also, it increases the width of stoma, length of root, and primary stem. This 
collaboration of copper nanoparticles with mentioned hydrogels increases the growth 
in plants (Arif et al. 2018).
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1.3 Possible Abiotic Stresses in Plants and Their Treatment 
with Nanoparticles 

The abiotic stress over plants mainly includes environmental conditions that 
adversely influence the growth and overall level of production. Plants are exposed 
to various abiotic stresses such as drought, flooding, salinity, heat, cold, UV light, 
soil acidity, and lethal metal pollutants which are considered to be abiotic stresses 
and are risk factors to plants and ultimately to food. The adverse effects of abiotic 
stresses could influence the quantity and composition of inferior metabolites in crops 
and alter the nutritional facts and beneficial characteristics to health (Masarovičová 
and Kráľová 2019). However, it is considered to be a challenge to protect the plants 
from abiotic stresses, but the advancement in the technology has made it possible to 
minimize the harmful effects to abiotic stresses through nanotechnology. 

1.3.1 Drought 

Drought is considered to be the physiological state of water deficit. Furthermore, in 
agriculture drought refers to the area where the availability of soil water for irriga-
tion purposes is in inadequate form, due to which the metabolism of plants adversely 
influences and present harmful effects to the productivity of crops. The use of foliar 
application of zinc nanoparticles under drought stress caused by ineffective irri-
gation during the flowering season of wheat plants presents significant impact on 
drought. The studies have provided beneficial impact of zinc nanoparticles in the 
form of increased grain yield that get affected by the deficit of water. Adding to 
this, zinc nanoparticles comprising of 2 g/l dose in flowering period of plants was 
considered to be an efficient solution to the abiotic stress known as drought (Ghas-
semi and Farahvash 2018). Furthermore, nanoparticles of cerium dioxide presented 
a positive impact in improving the leaf carbon adjustment, germination of pollen 
and finally seed yield in plants particularly in abiotic stresses caused by drought 
(Djanaguiraman et al. 2018). The combined treatment of applications of nanopar-
ticles of iron and salicylic acid could provide high quality and increased quantity 
in vitro culture of strawberries that could be considered for the adaption of straw-
berry plants to drought prior to the transplantation of strawberry plants in the field 
(Mozafari et al. 2019). Moreover, studies have provided that the foliar treatment of 
cotton plants with the nanoparticles of titanium oxide and silicon dioxide enhanced 
the total soluble contents of sugar, phenolics, pigment, proteins, proline, and free 
amino acids which were actually influenced by the drought stress (Shallan et al. 
2016). Moreover, the nanoparticles of mentioned metals and metalloids contributed 
in improving the yield-related characteristics in cotton plants which were decreased 
by the drought stress.
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1.3.2 Flooding 

The nanoparticles of silver were used for the treatment of soybean plants that under 
the flooding stress slower their growth. Basically, flooding is an abiotic stress that 
normally occurs due to the run-off of water bodies such as rivers and lakes. The 
early exposure of soybean plants to flooding was treated with silver nanoparticles 
comprising of 15 nm and resulted in the growth of soybean plants. Additionally, 
plants treated in flooding stress with silver nanoparticles presented a small quantity 
of cytotoxic by-products. The studies have also discussed that the better develop-
mental performance of silver nanoparticles in soybean plants under the situation of 
flooding stress could be related to the lower deprivation stress of oxygen]48]. Also, 
fields influenced by flooding stress make it difficult for plants to respire because of the 
excessive amount of water in the soil, deposition of iron plaque on the roots of plants 
influences the fate of nanoparticles comprising of metals. Like, treatment with the 
nanoparticles of copper comprising of 100 mg/l, the presence of iron plaque signifi-
cantly decreased the copper content in the roots of rice plants and also in the shoots 
by 89% and 78%, respectively (Peng et al. 2018). Conversely, it has been found that 
the treatment of soil affected by the waterlogging stress with the nanoparticles of 
copper oxide and titanium dioxide negatively influenced the microbes, composition, 
and variety of microbial community. Meanwhile, it has been presented that nanopar-
ticles of copper oxide possess a strong adverse and toxic feature that could harm the 
soil, whereby the nanoparticles of copper oxide may affect the microbes available in 
soil by altering the nutrient bioavailability (Xu et al. 2015). 

1.3.3 Salinity 

The excessive amount of salt in soil degrades its value with respect to crop produc-
tivity, and also, it is considered to be harmful to the overall growth of plants. Further-
more, research has provided that the soil salinity is considered to be a main environ-
mental issue in reducing crop productivity at global level, meanwhile threatening the 
sustainability of agriculture. The crops such as rice, maize, and wheat are found to be 
prominent crops in feeding the population of world; however, the mentioned crops 
are exposed to salinity stress (Majeed and Muhammad 2019). The adverse effects of 
salt include reduction in the soil water level, imbalance related to the ion, and severe 
toxicity caused by salinity affects seed germination, growth of plants, photosyn-
thesis process, imbalance in nutrients, water relation, crop quality and productivity, 
and oxidative stress. 

In cotton plants, the adverse effects of salinity can be treated with application of 
zinc nanoparticles comprising of dosage of 200 ppm. Furthermore, studies have 
suggested diluted seawater for the irrigation of salty fields, although collabora-
tion of phosphorus fertilizer is required to avoid phosphorus and zinc imbalance 
(Hussein and Abou-Baker 2018). Furthermore, in an experiment, the researchers
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treated salinity with zinc oxide nanoparticles, which resulted in increased growth of 
plants such as Lupinus termis. The results of the study presented an enhanced level 
of photosynthetic pigments, phenols, organic solutes, and ascorbic acid. Adding to 
this, the nanoparticles of zinc oxide provided best results in the process of salt treat-
ment, whereas the considered level of dosage of nanoparticles of zinc oxide was 
comprised of 60 mg/l (Abdel Latef et al. 2017). In case of maize, plants grown 
under the abiotic stress of salinity were applied with zinc oxide nanoparticles and 
ferric oxide nanoparticles in the form of aerosol, which enhanced the root growth 
in maize plants. Contrary to this, in an experiment the field experts sprayed wheat 
plants grown in salinity stress with zinc oxide and ferric oxide nanoparticles in bulk. 
The results presented plants with enlarged heights due to the involvement of ferric 
oxide nanoparticles in the experiment. They on the basis of results concluded that 
the aerosol of nanoparticles may not produce commanding results; therefore, they 
suggested the use of nanoparticles in bulk form for the purpose of alleviating the 
issue of soil salinity (Fathi 2017). 

Moreover, the use of nanoparticles of titanium dioxide did not present promising 
impact in seed germination; however, an enlargement in the root of plant and stem 
was noticed while applying to Zea mays plant. 

1.4 Conclusion 

The role of agriculture is very crucial in strengthening the world’s economy. The 
agriculture sector is considered to be the only source of providing quality food for 
the growing world’s population. Therefore, challenges are always being there to 
interrupt the continuous supply of food coming from agriculture. However, innovative 
and smart technology has made it possible to overcome the challenges concerned to 
productivity of crop and growth of plants. The introduction of nanotechnology in the 
field of agriculture has assisted in meeting the demands related to food. However, 
there is still a lot to discover in the field of nanotechnology as there are numerous 
controversies on the basis of which nanotechnology is striving to find the answers 
regarding to the concerned disagreements. But, the role of nanoparticles used in the 
field of agriculture has allowed the world to overcome alarming issues concerning 
to the life of human beings. 
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Chapter 2 
Performance of Fibreglass Mat 
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Application 
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Abstract In recent years, the public has received the use of polymer composite as 
a prosthetic leg socket due to its excellent compatibility, ease of customisation, and 
high strength-to-weight ratio characteristic. The leg socket is the link that connects 
the prosthetic component to the residual limb. The study aims to fabricate composite 
split-mould and produce fibreglass leg sockets using fibreglass mat and woven fabric. 
Tensile test panels are also fabricated to represent the tensile strength of the leg 
sockets. The compression strength of the leg sockets was evaluated through the 
static failure test. Results indicated that fibreglass woven has higher tensile strength 
but lower compression strength than fibreglass mat. 
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2.1 Introduction 

In general, lower limb amputation (LLA) removes a part or multiple parts of the 
lower limbs. There are various reasons for amputation reported, such as war, natural 
disaster, accidents, or chronic diseases. In Malaysia, according to a study done on 
“Quality of Life Among Lower Limb Amputees in Malaysia”, it is reported that the 
two major causes of LLA among Malaysians are caused by diabetes (57%) and road 
traffic accidents (33.3%) (Razak et al. 2016). The study was done on 43 respondents 
of predominantly Malay Muslim ethnicity. Nurhanisah et al. (2018) and Yusof et al. 
(2015) reported an increasing trend of diabetes type-2 amputees in Malaysia. 

Figure 2.1 shows the combination of the fundamental components for lower limb 
prosthetic amputation. The dimension and size of each component depend on the 
amputee’s height and the residual limb length. The socket or leg socket is the compo-
nent connecting the prosthetic leg to the amputee’s residual limb. At the same time, 
the mechanical knee allows the wearer to change to a different movement angle. The 
mechanical knee and tibia extension or pylon are the key components holding the 
wearer bodyweight (Amrutsagar et al. 2020; Ramírez et al. 2012; Campbell et al. 
2012; Odusote and Kumar 2016). A good prosthetic leg should improve amputee 
mobility and reduce the dependency on others to carry out regular day-to-day activi-
ties. Amputees with LLA need more energy than a normal person to move from one 
place to another. 

Fig. 2.1 Conventional Jaipur prosthesis leg components Campbell et al. 2012. Reprinted with 
permission from SpringerNature publishers
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The leg socket is typically made from polymeric materials or reinforced polymer 
composite using synthetic fibres like carbon or glass fibre. These synthetic fibres will 
increase the leg socket’s mechanical properties compared to polymer materials alone. 
Fibre-reinforced polymers are widely used in various industries, including load-
bearing structures, pipelines, and rotor blades, but lately, many medical applications 
are also moving to reinforced composite. Leg socket is available only as a custom-
made product because of the different individual amputee’s residual stump, while 
other prosthesis components like mechanical knee and tibia extension are usually 
mass-produced in the factory using automation technology (Che Me et al. 2012; 
Reist et al.  2010). Generally, these components are made from lightweight metallic 
materials. 

Material selection for leg socket fabrication is crucial to ensure the amputee is 
comfortable using the prosthetic leg. In recent years, many prosthetic leg socket 
manufacturers choose fibreglass reinforced composite. Fibreglass is lightweight, 
durable, and cheaper than other synthetic fibres like carbon and kevlar. However, 
some of the weaknesses found in fibreglass are non-environmental friendly and 
high hardness (Joshi et al. 2004; Etcheverry and Barbosa 2012). A fibreglass mat 
is a combination of chopped strand fibreglass in random arrangement and held by 
mechanical compression pressure or adhesive resin binder. 

Woven fabrics are made by numerous fill and warp weaving of a few sets of yarn or 
roving (Skrifvars et al. 1998). Woven fibre reinforcement enables easier installation 
for difficult surfaces, lightweight, excellent mechanical performance, and formability 
(Gherissi 2019). Epoxy or polyester resin alone is not recommended for load-bearing 
applications because of brittleness and low strength but is widely used for composite 
matrixes. 

Devendra and Rangaswamy 2013 reported that reinforcement structures, matrix 
types, and additives used in the fabrication process influence the properties of polymer 
composites produced. Results obtained from this project will be a good input to 
understand the performance of different fibreglass fabric orientations and the effect 
of using different resins in their products. The present study is a collaboration with 
Kedidi Kaki Palsu (dD). This project compares the tensile and static failure strength 
of fibreglass mat and woven using polyester and epoxy resin as a binder. 

2.2 Methodology 

2.2.1 Material 

The two types of fibreglass, Chopped Strand Mat (CSM) and woven E-glass, with 
200 g/sm fabric as in Fig. 2.2 were purchased from Chemrex Sdn. Bhd. Epoxy resin 
and polyester resin were used as the matrix for fabricating the composite leg socket. 
The epoxy resin set was from Smooth-On Inc., while the polyester resin set was 
purchased from Multifilla (M) Sdn. Bhd.
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Fig. 2.2 Project uses two types of fibreglass: a CSM and b woven E-glass 

2.2.2 Fabrication of Composite Split-Mould 

An actual mould of the leg was from Plaster of Paris (POP) by dD (Fig. 2.3). The 
POP mould was taken on an actual amputee’s residual limb. This mould was used 
as the female casting mould for the split-mould fabrication. The main reason to 
fabricate a split-mould is to reuse the same mould to produce four different types of 
samples. The reuse of the same mould is not possible when using a POP mould since 
removing the sample from the POP mould will require breaking the POP mould into 
small pieces. 

The fabrication process of split-mould begins by sanding the POP mould with 
sandpaper grit 120 and 240 to get a smoother surface. A layer of mod podge is later 
applied to the POP to give better surface finishing. Mod podge is a water-based sealer

Fig. 2.3 POP mould in a wooden frame 
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or finisher often used by crafters. After the mod podge dried, a split line (half of the 
mould) was marked. About 30 mm flange was created as a barrier for the mould plug 
using plasticine. Any gap between the POP mould surface and barrier is sealed using 
plasticine. Polyvinyl alcohol (PVA) is applied on the exposed side POP surface as 
a mould release. Later, the tooling gel coat with blue colour ink is poured onto the 
surface. Once the gel coat becomes tacky, a fibreglass veil is applied using epoxy 
as a binder. The next consequence layers are the reinforcement layers which are 
fibreglass with 120, 200, 300, and 450 gsm. The mould was left to dry and cure at 
room temperature for 24 h. After the fibreglass has been cured, the barrier is removed, 
and all traces of plasticine are cleaned. Later, the composite mould removes from 
the POP mould and then trimmed or cut to size. The same steps were repeated on 
the other side of the POP mould. 

2.2.3 Fabrication of Composite Leg Socket 

The composite leg socket and test panel were fabricated using the hand layup tech-
nique. Each layer had a cross-sectional area of 300 mm × 300 mm for three layers 
of fibreglass mat and woven. The fibre to resin ratio used was 60:40. The fabrication 
process begins by applying the release agent three times with 15 min separation 
time between cycles to prevent the composite from sticking to the mould later. The 
composite leg socket is prepared by evenly applying a resin layer on the composite 
mould and then placing a fibreglass fabric layer. A hand brush was used to impregnate 
the resin into the fibreglass. These steps are repeated until the third layer on both sides 
of the split-mould and combined properly to the right position. When the composite 
has properly cured, it is removed from the mould and trimmed for the excess part. 
Similar steps were conducted for the test panel fabrication, except layup was done 
on a glass mould and then trimmed according to tensile test panel dimensions. Four 
samples were prepared using two different resins and fibreglass fabrics, in Table 2.1. 

Table 2.1 Sample configuration 

S. No. Sample 

1 Fibreglass mat with polyester resin 

2 Fibreglass mat with epoxy resin 

3 Fibreglass woven with polyester resin 

4 Fibreglass woven with epoxy resin



18 W. N. W. Jusoh et al.

50mm 

250mm 

25mm 

Fig. 2.4 Tensile test specimen dimensions 

2.2.4 Tensile Strength Test 

Five test specimens were prepared and tested according to ASTM D3039 Standard 
Test Method for Tensile Properties of Polymer Matrix Composite Materials. The 
specimens were cut into a rectangular cross section with a thickness of 3 mm. The 
tensile tests were conducted on Shimadzu AG–X (50 kN) Universal Testing Machine 
(UTM). The crosshead speed was set at 2 mm/min with the load applied until failure 
as per recommendation in the ASTM. The dimensions of the tensile test flat sample 
are 250 mm × 25 mm × 3 mm with a 50 mm tab  (Fig.  2.4). 

2.2.5 Static Failure Test 

Static failure of the composite leg sockets was measured using the same UTM as per 
the tensile test. The composite leg socket with dimensions of 240 mm × 100 mm 
was placed inside a metallic box (130 mm × 130 mm × 120 mm) as a holder during 
the test. According to Gerschutz et al. (2012), there is no fixed testing standard for 
prosthetic leg testing. Figure 2.5 presents the picture of the testing set-up applied 
during the static test.

2.3 Results and Discussion 

2.3.1 Composite Split-Mould 

Figure 2.6 is the final product of composite split-mould or duplication of POP 
mould. The split-mould could replicate the POP mould design pattern with glossy 
finishing and smooth texture. The final composite split-mould thickness is about 
5 mm with about 30 mm extra flange around the perimeter. The extra flange allows 
proper bonding and assembly between the two sample parts by clipping the moulds 
together after layup. Few designated points on both moulds were indicated for precise 
alignment.
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Metallic box 

Fibreglass leg 

socket 

Fig. 2.5 Static failure test set up on the universal testing machine

Extra flange 

Fig. 2.6 Composite split-mould 

2.3.2 Composite Leg Socket 

During the leg socket layup process, more resins were required to wet the fibreglass 
mat properly. This condition is due to the high void content within the fibreglass mat 
because of the randomly dispersed fibres. As a result, leg sockets using fibreglass mat 
have a higher thickness of 1 to 1.5 mm than leg sockets made from fibreglass woven. 
Figure 2.7a is an example of leg sockets using a fibreglass mat with polyester after
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(a) (b) 

Excess fibres 

Without excess fibres 

Fig. 2.7 Prosthetic leg socket made from fibreglass mat with polyester resin condition after removed 
from mould: a before trimming to size and b after trimming to size 

being removed from the mould, and Fig. 2.7b is after cutting the excess fibres. From 
physical observation, the bonding line between the two parts from the split-moulds 
is quite good and smooth, without any cracks or voids. Good bonding is achieved 
by compressing and holding the two parts together (while in the mould) as soon as 
layup is finished until it is fully cured. 

2.3.3 Tensile Strength Test Result 

An average of five specimens was calculated for maximum tensile stress, maximum 
strain and modulus elasticity values. Woven fabrics provide better tensile strength 
around 34 to 35 N/mm2 than  mat 24 to 25 N/mm2, as shown in Fig. 2.8a. This result 
is expected since the non-uniform distribution of fibres in the mat contributes to 
the lower tensile strength of the socket. The warp and fill fibres support the higher 
strength in woven fabric tension. Continuous fibres like (0/90)° and (+45)° exhibit 
better resistance against longitudinal force direction compared to CSM due to a higher 
percentage of fibres loading in that particular direction designed by the manufacturer 
hence able to withstand higher load before rupture (Jimit et al. 2017; Banakar et al. 
2012; Rajesh et al. 2020; Nayak et al. 2018; Bhaskar and Srinivas 2017). A slightly 
lower strain value obtained for woven fabrics than mat fabrics, as shown in Fig. 2.8b. 
The effect of different types of resin on the tensile test results is not significantly 
witnessed.

Table 2.2 indicates a higher average value of modulus elasticity in tension for the 
sample with woven fabrics between 4934 and 5227 N/mm2 compared to the sample 
with mat fabrics with an average between 3176 and 3767 N/mm2.
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Fig. 2.8 a Average maximum for tensile stress and b average maximum strain for tensile test

Table 2.2 Average of modulus elasticity in tension 

Sample Average modulus elasticity (N/mm2) 

Fibreglass mat with polyester resin 3176.2 

Fibreglass mat with epoxy resin 3767.0 

Fibreglass woven with polyester resin 4934.0 

Fibreglass woven with epoxy resin 5226.6
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Fig. 2.9 Broken prosthetic leg socket after static failure 

2.3.4 Static Failure Test Result 

The ability of the prosthetic leg socket to withstand the static load was evaluated 
under the static failure test. Figure 2.9 shows the prosthetic leg socket split and 
fractured along the parting line after the static failure test. It is also observed that the 
leg socket is crushed at the bottom of the leg socket. 

The additional resin in fibreglass mat samples increases the load distribution 
within the fibres. As a result, the leg socket provides better compression or bending 
resistance, as shown in Fig. 2.10. This observation is consistent with (Varga et al. 
2010; Guruprasad and Prakash 2018), who highlighted that interface bonding and 
load transfer from matrix to fibres play an important role in determining the mechan-
ical properties of a composite. The highest strain was achieved by fibreglass mat 
epoxy resin at 13%, followed by fibreglass woven epoxy resin at 12.5%, fibreglass 
mat polyester resin at 12%, and fibreglass woven polyester resin at 11%. The pres-
ence of extra resin is believed to improve the ductility properties in samples using 
fibreglass mat. As shown in the previous tensile test result, the use of the different 
types of resin does not substantially affect the static strength of the leg socket.

2.4 Conclusion 

The split-mould was successfully fabricated and able to replicate the original design 
from the POP mould. Each leg socket sample has similar dimensions and design. 
Tensile test results and the modulus elasticity values indicated fibreglass-woven
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Fig. 2.10 Stress–strain graph for fibreglass leg sockets under static failure test

fabrics would give the leg socket better strength than fibreglass mat. On the contrary, 
opposite results were obtained from the static failure test. The fibreglass mat shows 
better compression strength than the fibreglass fabric sample in this test. The pres-
ence of extra resin within the fibreglass mat is the main reason for this improvement. 
The effects of different resins are not significant in either tensile or static failure 
test results. The data obtained through this study can give some suggestions on the 
leg socket performance using either fibreglass mat or woven. It is recommended 
to conduct other mechanical tests such as flexural and impact tests on the sample 
for future work. Besides improving the mechanical properties of the composite leg 
socket, the research should also include the capability study of the leg socket in terms 
of durability test and comfort level of the amputees. 
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Chapter 3 
Investigation of Leakage in Underground 
Pipelines Using the Radiotracer 
Technology 
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Abstract Leakage in underground pipelines is one of the crucial experiences by 
industries especially to oil and gas. The seepage of unattended hydrocarbon will 
easily pollute the groundwater and the environment as a whole. Moreover, Malaysia 
has multiple pipeline networks which carry hydrocarbon, condensate, oil, gas and 
water. Hence, early inspection to the respective pipelines should be carried out to 
avoid the catastrophic incident. Thus, Nuclear Malaysia has established a system 
which comprises the development of hardware and software to curb the respective 
problem using the radiotracer technology. Radiotracer is the radioactive material 
which emits gamma radiation, and the signal is captured by the scintillation detector 
and saved in the Arduino system that acts as data logger. The electrical components 
are kept in water sealed capsule, and the system is launched inside the industrial 
pipeline for leak characterization. However, for this paper, discussion is limited to 
the proof of concept at which the works are carried out in lab scales. 
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3.1 Introduction 

Leak detection using the radiotracer techniques is one of the most widespread applica-
tions of radiotracers in industry. The basic functions of leak detection are the location 
and size measurement of leaks in sealed systems. Radiotracer techniques are very 
sensitive, effective and competitive for on-line leak detection (International Atomic 
Energy Agency 2001, 2008). Radiotracers allow an early detection of small leakages 
before these develop into major pollution incidents. Radiotracer methods used for 
on-line leak detection in heat exchangers and underground pipelines can achieve 
the detection limits up to 0.1% of stream flow (International Atomic Energy Agency 
2009). Moreover, Nuclear Malaysia is the sole industrial radiotracer service provider 
in Malaysia; they are the sole owner of a nuclear research reactor in Malaysia. 

The detection of leakage in underground pipeline is a significant challenge to 
many industries, in particular oil and gas industry. Moreover, Malaysia has multiple 
pipeline networks which carry hydrocarbon, condensate, oil, gas and water (Verdict 
Media Limited 2022; PETRONAS 2022). Therefore, Plant Assessment Technology 
(PAT) team has adopted radiotracer technology (RT) to locate and verify the leakage 
location. RT is the introduction of radioactive material inside the domain, and the 
tracing of gamma radiation emitted by this material is conducted externally using a 
scintillation detector. Any drop of velocity from upstream to downstream fluid flow 
is susceptible to potential leak. RT is very sensitive, effective and competitive for 
on-line leak detection (International Atomic Energy Agency 2001). However, the 
conventional radiotracer technique is very expensive, requires a lot of manpower, is 
cumbersome and is very time consuming. Thus, a radiotracer capsule is developed 
to overcome the aforementioned problems (International Atomic Energy Agency 
2009). 

Insertion of a radiotracer capsule in a pipeline for underground pipe leakage is 
the state of the art of radiotracer technology. Figure 3.1 shows the principle of the 
radiotracer system for leak detection in underground pipelines (International Atomic 
Energy Agency 2009). The liquid radiotracer is injected at the upstream of pipe 
under investigation as tracer plug. The tracer plug follows the fluid inside the pipe 
and seeps out from any cracks and stays outside of the pipe and emits gamma rays. 
The following fluid will wash out the residues of radioactive material inside the 
pipe. Capsule will be launched afterwards and capture the signals emitted by trapped 
radiotracer which mimics the leakage. Upon retrieval of the capsule, analysis is 
carried out by identifying the peak/leak which is the radioactive signal.

The radiotracer capsule is a low-cost prototype system in order to produce a 
proof of concept in the leak detection of underground pipelines using the radio-
tracer approach. Therefore, the ratemeter used in the system development is a pocket 
ratemeter model 9301 manufactured by Minekin, Australia. The crucial ratemeter 
requirements for the system are small size, adjustable high voltage, detector reading 
with time stamp and RS232 data communication interface (Minekin 1993). The 
activities are detected by a NaI(Tl) detector connected to the ratemeter. For standard 
operation, detector reading is acquired by a computer which acts as terminal via the
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Fig. 3.1 Principle of radiotracer system

RS232 serial interface. However, for the radiotracer system, a small stand-alone data 
logger is required to acquire and store the data accordingly while the system moves 
in the pipeline. The RS232 baud rates are selectable from 300 to 38,400 (Minekin 
1993). The Arduino microcontroller is used as the main processor for the data logger. 
The data logger utilizes the simplicity of the Arduino in order to acquire the data 
from the ratemeter and save the data on the SD card. For the radiotracer system data 
logger, the selected digital processor for the implementation is the Arduino Uno. 
Arduino Uno is chosen due to its simplicity and versatility. In this development, the 
Arduino is programmed to have two functions which are for serial data acquisition 
and information storage, respectively. Moreover, two shields are utilized for this 
purpose which are the RS232 shield and the SD card shield. 

3.2 Methodology 

3.2.1 Development of Radiotracer Capsule 

The capsule comprises hardware and software development which is designed to 
ensure the radioactive data is saved inside the system in a watertight capsule. 
It consists of radioactive material (radiotracer), scintillation detector, data logger, 
coaxial cable and battery to power up the system. All these components are incor-
porated and encapsulated in the waterproofing capsule. Programming is done to the
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Arduino system to acquire data from the data logger and save the signals inside the 
SD card. Data logger comprises ratemeter and Arduino system, whereas the radioac-
tive signals are captured by scintillation detectors. The signals are received from 
emitted gamma rays from the radioactive source. The detection of leak is obtained 
by observing the peak that is acquired by the detector. 

3.2.2 Radiotracer Experiments 

The completed radiotracer system was conducted experimentally as a proof of 
concept. 10'' of mild steel pipe was used as non-insulated pipe, whereas 2'' thickness 
of insulation was added to the existing pipe for an insulated pipe study. Since it is 
a proof of concept, the dry experiment was carried for leakage characterizations. 
Therefore, for speed test, the radiotracer capsule was moved inside the pipe using 
the speed controller. The speed controller was designed to control the speed of a 
DC motor to pull the capsule along the pipeline internally. The study is to optimize 
the speed of capsule which is capable to pick up the radioactive signals. In this 
experiment, Caesium-137 (Cs-137) with different activities was used as radioactive 
sources and installed outside of the pipe to mimic the leakage volume. Cs-137 is 
emitting gamma rays with half-life of 30 years and an energy of 0.6617 meV and 
has the ability to penetrate thick and high-density materials. Thus, it is widely used 
for industrial applications. Moreover, a sodium iodide scintillation (NaI) detector is 
used to capture the radioactive signal which is stored inside the SD card which is 
embedded in the Arduino system. Figure 3.2 shows the arrangement of radiotracer 
experiments, whereas Table 3.1 shows the range of parameters for conducting the 
works.

3.3 Results and Discussion 

3.3.1 Radiotracer Capsule 

Figure 3.3 shows the schematic diagram of radiotracer capsule. The ratemeter (1) is 
attached to detector (2) for data acquisition. However, in order to save the data on the 
SD card for data storage (5), the Arduino system is developed and acts as data logger. 
The coaxial cable (4) is connected between the detector (2) and the ratemeter (1). The 
battery (6) is used to power up the system, and all the components are encapsulated 
inside the watertight radiotracer casing (3).

Data is acquired from the ratemeter for every one second. Once the Arduino detects 
the arrival of data, the data is stored on the SD card. The new data is appended in the 
text file created on the SD card prior to the initialization. The format of the acquired 
data which is saved on the SD card is shown in Fig. 3.4.
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Fig. 3.2 Arrangement of radiotracer experiments 

Table 3.1 Parameters of radiotracer experiments 

Leakage parameters 

Specimen Activity (MBq) Travel speed 
(m/s) 

Type of pipe Collimator 
size/slit (mm) 

A101 9.25 1.1 Non-insulated/insulated 5 

A102 51.4 1.4 Non-insulated/insulated 10 

A104 562 1.7 Non-insulated/insulated 15 

A107 851 1.9 Non-insulated/insulated –

3.3.2 Radiotracer Experiments 

Figure 3.5 shows that the radiotracer capsule is able to capture the signal which is 
emitted from each different activity of Cs-137. The variation of Cs-137 activities from 
9.25, 51.43, 562 and 851 MBq (labelled as A101, A102, A104 and A107, respectively) 
indicates that the system is able to detect the smallest amount of leak which is 
dissipated outside of the pipe. Activity is the strength or concentration of the said 
radioactive, and the unit is in MBq. Moreover, Fig. 3.5 also indicates that the system 
is able to detect the radiation signals from all types of pipes in this case insulated 
and non-insulated pipe, respectively.

In order to determine the optimum speed of the radiotracer capsule, several range 
of speed controller manipulation with respect to PWM has been tested. Pulse width



30 N. Othman et al.

Fig. 3.3 Format of the logged data

Fig. 3.4 Arrangement of radiotracer experiments

modulation (PWM) is a modulation technique that generates variable-width pulses 
to represent the amplitude of an analogue input signal. Figure 3.6 shows the wiring 
diagram of the speed controller that comprises DC motor, time relay delay, PWM 
controller and power supply that determines the acceleration in accordance with the 
percentage. The objective is to identify the range of speed of the respective capsule 
that can be picked up by each Cs-137. As a rule of thumb, the effective speed of 
industrial pipe inspection gauge (PIG), the device that is moving inside the liquid 
pipeline, is about 1–5 m/s (Gustavo et al. 2017). Hence, one has to identify the PWM
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Fig. 3.5 Type of pipe experiments

Fig. 3.6 Wiring diagram of the speed controller 

(%) in order to obtain the range of speed as shown in Table 3.2. By adopting all 
these speed arrangements, the radioactive sources, Cs-137 with different activities, 
are outlined along the outer pipe of line. The overall weight of the radiotracer system 
is approximately 11 kg. 

Moreover, each Cs-137 is having different size of pinhole collimator to mimic 
the size of leak. The size of pinhole (slit) collimators is 5 mm, 10 mm and 15 mm, 
respectively. Figure 3.7 shows the ability of capsule to pick up the signal from 
only 15 mm slit of the collimator which is from the 562 MBq of Cs-137. Thus, it 
indicates that the radiotracer capsule can only capture radioactive signals from bigger

Table 3.2 Determination of 
speed parameters 

Parameters 

PWM (%) Timer (s) Average time (s) Speed (m/s) 

38.00 12 3.88 1.55 

40.00 12 3.85 1.56 

42.00 11 3.42 1.76 

44.00 9 2.88 2.08 
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Fig. 3.7 Signal acquisition of 15 mm collimator size (slit) and 562 MBq activity of Cs-137 

size of slit (opening) than smaller slit which signifies the size of leaks with higher 
activity/strength of radioactive source. 

3.4 Conclusion 

The proof of concept of radiotracer capsule has been successfully carried out. The 
capsule is capable to detect the radioactive signals which are arranged outside of 
the pipelines regardless of the type of the pipes (i.e., insulated or non-insulated). 
Moreover, it is capable to detect the signals within stipulated range of speed, low 
volume of liquid leaks and last but not least is able to capture signal of 15 mm size 
of leak. In conclusion, it shows that the capsule is able to be used as a tool of leak 
identification inside the industrial underground/buried pipelines. 
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Chapter 4 
General Characteristics of Endophytes 
and Bioprospecting Potential 
of Endophytic Fungi 

Md Abu Taher, Woei-Yenn Tong, Chean Ring Leong, Syarifah Ab Rashid, 
and Wen-Nee Tan 

Abstract Endophytes are a group of microorganisms including fungi, actino-
mycetes, and bacteria that reside within plant tissues without causing apparent disease 
symptoms in host plants. These underexplored microorganisms are drawing atten-
tion as attractive sources of new compounds, due to their genetic diversity leading 
to structurally diverse secondary metabolites. In this regard, a balanced host–endo-
phyte interaction plays a vital role in facilitating the endophytes to produce bioactive 
compounds along with mimicry of plant-based metabolites. Endophytic fungi are 
great resources of naturally derived drugs as they produce various groups of bioactive 
molecules including alkaloids, flavonoids, peptides, phenolics, quinines, steroids, 
and terpenoids. These compounds have been found to display broad-spectrum biolog-
ical activities such as antimicrobial, antidiabetic, anticancer, anti-inflammatory, 
antioxidant, and immunomodulatory. In this review, endophytes, their interactions 
with host plants are discussed and their mechanism of non-pathogenicity are also
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highlighted. The review also focuses on the therapeutic applications of metabo-
lites derived from plant-associated endophytic fungi. It can be concluded that endo-
phytes are the repository of bioactive metabolites. Therefore, more studies should 
be conducted on bioprospecting novel compounds from these potential resources. 

Keywords Bioactive compound · Bioprospecting · Endophytes · Therapeutic 
applications 

4.1 Introduction 

Endophyte is a Greek word where endo means within, and phyton means plant. It was 
first introduced in 1866 by De Bary and defined as any organism that grows within 
plant tissues (Yan et al. 2015). The well-accepted concept of endophyte was proposed 
by Petrini (1991), and the study-defined endophytes are microorganisms that reside 
within the tissues of almost all living plants, spending a part of their life maintaining 
mutual interactions with no significant symptom of disease. Some microorganisms 
can even spend their whole life as endophytes (Wilson 1995). However, many fungi 
grow as endophytes in the early stage may turn to a pathogenic state in the later 
stage upon impairment of host immunity followed by stress conditions or down to 
age (Duan et al. 2019). Endophytes establish asymptomatic colonization within their 
host, maintaining an equilibrium state of neutral antagonism between the disease-
causing or virulence factors and the cellular defensive mechanisms of plants (Wilson 
1995). 

The endophytes colonize either the intracellular or intercellular regions of several 
plant tissues, including root, stem, bark, leaf, flower, and seed, without interfering 
with the average growth rate of the host plant (Dhayanithy et al. 2019). A microbial 
species living as an endophyte under specific environments may become parasitic 
or pathogenic in different hosts or physiological conditions. Nevertheless, many 
endophytes usually associated with appropriate hosts under favorable environmental 
conditions (Toghueo and Boyom 2019). Usually, plants provide a system that facil-
itate the growth and reproduction of endophytic microorganisms (Dhayanithy et al. 
2019). Endophytes act as the repository of various novel compounds, enabling them to 
adapt to the environmental or ecological changes and the diverse physiology of their 
hosts (Segaran and Sathiavelu 2019). More specifically, endophytes produce different 
types of bioactive metabolites, enzymes, and plant growth hormones (Toghueo and 
Boyom 2019; Strobel 2003). Endophytes of poaceous grasses, for example, are well-
studied due to their economic value, as infected grasses can release alkaloids that 
cause grazing livestock to get intoxicated. The presence of endophytes increases the 
host’s chances of survival (Strobel 2003). Endophytes that live in unique biotopes 
can be a useful source of novel bioactive chemicals because new microorganisms 
have been linked to new bioactive compounds (Strobel 2003). Endophytic microor-
ganism associated with medicinal plants are prominent sources of novel antimi-
crobial compounds. Hence, they have great potential for industrial applications,
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including pharmaceutical, agriculture, biotechnology, food, and textile industries 
(Strobel 2018). 

4.2 Characteristics of Endophytes 

4.2.1 Origin 

Plant hosts facilitate the coexistence of wide ranges of microorganisms. The host and 
the adopted organisms develop a symbiotic relationship. The stable symbiotic inter-
actions provide benefits to both the parties in terms of growth, survival, biodiversity, 
and functional roles in the ecosystem (Sasse et al. 2017). In most cases, endophytic 
fungi originate from the host’s surrounding environment, such as the rhizosphere 
microorganisms or air-borne fungal spores that settle on the epidermal tissues of 
plants (Sasse et al. 2017; Robertson-Albertyn et al. 2017). A few basic mechanisms 
explain the establishment of endosymbiosis, leading to colonization of the endo-
phytic fungi. Most of the fungi can enter through the natural openings of roots in the 
ground or stromata on the plant’s aerial parts such as stems, leaves, or flowers, and 
any other artificial injuries on surfaces. Fungi produce many exoenzymes, including 
hydrolases, cellulases, pectinases, and xylanases that hydrolyze plant tissues. The 
fungi with haustoria or appressoria can access the plants through specialized struc-
tures (Yan et al. 2015). Various low to high molecular weight compounds, including 
organic acids, sugars, nucleotides, and polysaccharides exudating from roots, induce 
fungal penetration into the plant tissues (Busby et al. 2017). However, bacteria and 
actinomycetes also follow similar mechanisms of plant-entry. In the early stages of 
adhesion, bacteria are attracted by various organic exudates such as sugars, organic 
acids, proteins secreted through natural or artificial openings like root hairs or stomata 
of the plant. These exudates act as signaling molecules inducing the nearby microor-
ganism to accumulate to the openings that allow them to enter the intracellular spaces 
in the plant tissue (Kawasaki et al. 2016). Endophytic bacteria producing cellulolytic 
enzymes, including cellulase, pectinase, and endoglucanase, can easily break down 
the cell wall to enter and spread inside the plant (Naveed et al. 2014). Some bacteria, 
for example Gluconacetobacter, produce exopolysaccharides that mediate biofilm 
formation and plant colonization (Meneses et al. 2017). 

4.2.2 Distribution 

Endophytes are very diverse and ubiquitous in the natural environment. They can 
survive within plants in a wide range of environments ranging from polar regions 
to temperate to tropical regions, from desert to aquatic environments, rainforests,
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mangroves to coastal forests (Toghueo and Boyom 2019). They are commonly asso-
ciated with various types of plants regardless of the taxonomic categories (Chowdhary 
and Kaushik 2015). Endophytes can be introduced to the new host through vertical 
or horizontal transmission. In the vertical mode, the endophytes integrated into the 
seeds are transferred to the offspring during seed germination. On the other side, 
many fungi transmit via fragmentation of hyphae, dispersion of spores, biotic (herbi-
vores or insects), or abiotic means (wind or rain) from one plant to another plant 
(Gagic et al. 2018). The route of entry for colonization depends on the type of plants 
and microorganisms. Many endophytes penetrated in the host tissues remain latent 
for their entire life or a period until they have the proper environmental conditions 
(Nogueira-Lopez et al. 2018). However, the endophytes colonizing various plant 
tissues away from their initial point of colonization are called systemic or true endo-
phytes. Moreover, the transients or non-systemic endophytes remain localized for 
part of their life (Gagic et al. 2018). In the absence of competition and compromised 
immunity, the endophytes can distribute randomly and enter the next potential host 
plants (Higgins et al. 2014). 

4.2.3 Host Plant Interaction 

The interaction between the host and endophyte follows a symbiotic or mutualistic 
relationship, and both parties get benefited from such association (Nogueira-Lopez 
et al. 2018). Once the endophytes successfully evade the host defense systems, both 
the partners extend cooperation depending on their inherent characteristics and envi-
ronmental factors. The endophytes generate various metabolites providing chemical 
signals, and the hosts responses accordingly (Jia et al. 2016). However, the interac-
tions of the endophytes with their hosts may not always be mutualistic during the 
coexisting periods. Several studies have explained that the symbiotic relationship may 
extend to the mutuality, neutrality, commensal, synergistic, antagonistic, or parasitic 
phase depending on the host types, their immunity, nutrient availability, genetics of 
the microorganisms, and ecological factors (Jia et al. 2016; Rai and Agarkar 2016). 

The interactions between the endophytes and the host can be interpreted by a 
widely accepted hypothesis called balanced antagonism (Higgins et al. 2014). It states 
that a continuous antagonistic interaction is balanced by the inherent immunity of the 
host plant and virulence factors of endophyte, leading to the overall asymptomatic 
colonization. In addition, endophytes develop resistance mechanisms to the plant’s 
toxic metabolites. If the equilibrium is disturbed by any party or environmental 
factors such as drought, salinity, temperature, and humidity, the balanced antagonism 
is also disturbed. As a result, the endophytes change their status to pathogens (Schulz 
et al. 2015). The hypothesis also narrates that the reciprocity between endophytes 
and pathogens are not universal. For example, endophytic fungus, Colletotrichum 
magna, switches to a pathogenic state due to humidity, leading to anthracnose in the 
cucurbit plant (Rai and Agarkar 2016). Moreover, the endophyte and host maintain 
symbiotic or coexisting phases where they impart some of their activities, including
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induction and execution of metabolism and partially sharing metabolic pathways 
(Ludwig-Müller 2015). In addition, the specific interactions between the host and 
endophytes contribute to the quality and quantity of bioactive constituents of the 
plant. 

Plants and endophytes interactions are mutualistic (Aly et al. 2011). The host 
provides a shelter, facilitates nutrients and ecological niches appropriate for the 
growth and survival, and protects the endophytes from their physical, chemical, 
and biological enemies (Yan et al. 2015; Sasse et al. 2017). On the other hand, endo-
phytes are the synthesizers of bioactive molecules, many of which are utilized by the 
hosts (Tidke et al. 2017). They produce metabolites supplementing nutrients, fixing 
nitrogen, solubilizing minerals, essential microelements, and cofactors of enzymes. 
They also release growth hormones that enhance biomass and plants’ survival (Aly 
et al. 2011). As part of metabolisms, they also synthesize bioactive compounds 
conferring host defense to the pathogens (Singh et al. 2017). Endophytes enable 
the host plants to manage the herbivores in several ways, including reducing insect 
growth rate, compelling feeding deterrence, and reducing survival and oviposition 
(Tidke et al. 2017). Several investigations reported that endophytes secrete cell wall 
degrading extracellular enzymes to break complex substrates into simple molecules 
that can be easily up taken by the host plant (Zhejian et al. 2015). 

4.3 Endophytic Fungi 

Endophytic fungi are a group of fungal microorganisms, inter or intra-cellularly 
living the whole or part of their life cycle inside the plant tissues without causing 
any apparent illness to the host (Yan et al. 2015). Endophytic fungi have been widely 
described to produce various bioactive molecules comprising alkaloids, flavonoids, 
peptides, phenolics, quinines, steroids, and terpenoids, which play a vital role as 
antimicrobial, antiviral, anti-insecticidal, anticancer, and antidiabetic agents (Strobel 
2003). In addition, endophytic fungi can survive in hostile environmental conditions 
such as extreme temperature, pressure, and pH. These adverse conditions trigger them 
to produce secondary metabolites as the survival strategies, which, upon recovery, 
may possess various bioactive properties (Toghueo 2020). 

In this context, endophytic fungi act as sustainable natural reservoirs of 
compounds and have been drawing the attention of the researchers. The bioactive 
compounds derived from biological sources are useful and relatively less toxic, with a 
negligible effect on the environment (Pham et al. 2019). This group of underexplored 
endophytic fungi exhibits diverse genetic and metabolic capabilities, and these char-
acteristics enable them to produce a high abundance of bioactive compounds and 
adapt well to environmental stresses. As a part of mutual relationships, endophytes 
generate many biologically active compounds protecting themselves and their hosts 
from the enemies (Yan et al. 2015; Chen et al. 2016). However, selecting a suit-
able host plant is the prerequisite to successful bioprospecting of novel bioactive
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compounds from the endophytic fungi. From the beginning, ethnobotanical knowl-
edge has helped the discovery of novel bioactive compounds (Alvin et al. 2014). 
Usually, the plants having the ethnobotanical history of applications by the local 
and indigenous people are good sources of potential endophytes (Strobel and Daisy 
2003). In addition, plants surrounded by the pathogen-infected plants are potential 
candidates that harbor antimicrobial compounds producing endophytes. 

Endophytic fungi are heterogeneous groups of microorganisms and present in 
almost every plant, and till now, no study has found the absence of endophyte in 
plants (Nisa et al. 2015). Although endophytic fungi are ubiquitous and morpho-
logically and functionally diverse microorganisms, a significant part of them is still 
unexplored. They are usually associated with various tissues, including roots, stems, 
and leaves of host plants (Tidke et al. 2017). Most of the endophytic fungi are 
non-specific to the host plants, while some are considered genus or family specific. 
Besides, several factors, including geographic location, seasonal conditions, initial 
endophyte colonization, the type of tissue, and physicochemical states of plants, regu-
late the endophytic establishment (Toghueo and Boyom 2019). The fungal genera 
dominating as endophytes are Alternaria, Aspergillus, Botryosharia, Chaetomium, 
Cladosporium, Colletotrichum, Diaporthe, Fusarium, Nigrospora, Pestalotiopsis, 
Phoma, Taxomyces, and Xylaria (Rashmi et al. 2019). Colletotrichum, Phoma, 
Phomopsis, and Phyllosticta are the most common fungal genera distributed in a 
broad range of host plants (Segaran and Sathiavelu 2019). 

The endophytic fungi obtain growth and survival facilities from the host and return 
some benefits such as protection from biotic agents like pathogens and herbivores, and 
abiotic stresses (Yao et al. 2017). Many studies have reported that Aspergillus, Penicil-
lium, and Phoma can produce compounds acting against common bacterial and fungal 
pathogens (Shikano et al. 2017). For example, the host plants excrete excess sali-
cylic acid along with some defensive proteins and enzymes, providing immunity to 
downy mildew pathogen, Sclerospora graminicola in pearl millet when Trichoderma 
hamatun colonizes as an endophytic fungus (Siddaiah et al. 2017). 

Fungal endophytes are broadly classified into two main groups. These are 
clavicipitaceous or balansiaceous endophytes, and non-clavicipitaceous or non-
balansiaceous endophytic fungi (Strobel and Daisy 2003). Moreover, all endophytic 
fungi are aligned into four classes based on taxonomy or phylogeny, ecological 
roles, modes of transmission, life-history traits, host plant range, and fitness bene-
fits (Santangelo et al. 2015). Class 1 belongs to the Clavicipitaceous group, and 
the rest of the classes (classes 2, 3, and 4) are included in the non-clavicipitaceous 
group (Tidke et al. 2017). Besides, endophytic fungi can be systemic and transient 
endophytes based on their genetics and transmission modes. Systemic endophytes 
complete their whole life cycle within the plant, and they are vertically transmitted 
from the parents to offspring plants. On the other hand, non-systemic fungal endo-
phytes horizontally colonize, and they are transient inhabitants of host plants (Wani 
et al. 2015).
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4.4 Natural Products from Endophytic Fungi 

The term bioactive (the Greek, bio-life, and active from the Latin activus-dynamic, 
or full of energy or involves to activity) or biologically active compound means 
any substance with an effect, triggers a reaction, or induces a response to the living 
organism or tissue. The effects may either be positive or negative, depending on the 
type of compounds, dose, and bioavailability (Guaadaoui et al. 2014). Chemicals with 
medicinal benefits are called active ingredients of natural medicines (Zhang et al. 
2018). The compounds have a wide range of functional spectra, including antial-
lergens, anti-cancers, antidiabetics, anti-inflammatory, antimicrobials, antioxidants, 
antispasmodics, anti-ulcers, auxins, herbicides, natural pesticides, neuro-active, and 
toxins (Strobel 2003). 

Bioprospecting is the process of exploring and commercializing of potential new 
products from biological resources. It should involve a systematic search for, and 
development of new products from compounds, genes, micro- or macroorganisms 
in the nature. Therefore, bioprospecting indicates the scientific ways of exploring 
natural products from the biological sources (Tidke et al. 2017). Searching for novel 
compounds has been practicing for centuries from biological sources, especially 
microorganisms, plants, or animals. This interest has recently been significantly 
increased, focusing additional attention on endophytes for several reasons such as 
treatment of emerging or recurring infections, antimicrobial resistance to existing 
antibiotics, managing wounds, and transplant infections (Guaadaoui et al. 2014). 
The microorganisms being renewable sources may act as a good source of bioactive 
compounds. Simultaneously, this also bypasses the dependency on the synthetic 
compounds that are sometimes xenobiotic, difficult to metabolize in the body, and 
selectively detrimental to the environment due to non-degradability (Aly et al. 2011). 

The discovery of new therapeutic alternatives is a continuous process of drug 
development study. The common ways of developing the medically important 
compounds are logical drug design to specific targets, synthesis of molecules using 
combinatorial chemistry, and natural products discover from biological sources 
(Alvin et al. 2014). Although the first two methods use advanced technological 
tools, they are very costly, having long-term effects on health and the environment 
(Strobel and Daisy 2003). Therefore, continuous studies are conducted to explore 
industrially important compounds from renewable biological sources like endophytic 
fungi. The critical issues of medicinal compounds are efficacy and cytotoxicity. Since 
endophytes’ products are naturally derived or analogous to plant compounds, they 
are relatively less cytotoxic than compounds produced by the hosts (Strobel 2003; 
Strobel and Daisy 2003).
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Table 4.1 Antimicrobial compounds produced by endophytic fungi 

Product Endophyte Host References 

Berberine Alternaria sp. Phellodendron 
amurense 

Strobel (2003) 

Camptothecin Fusarium solani Camptotheca 
acuminate 

Abdalla and McGaw 
(2018) 

Cinchonidine Diaporthe sp. Cinchona 
ledgeriana 

Maehara et al. (2012) 

Pestalotiopamide E Aureobasidium 
pullulans 

A. vera El-Amrani et al.  (2016) 

Thiodiketopiperazines Phoma sp. Glycyrrhiza 
glabra 

Arora et al. (2016) 

Fumigaclavine C Aspergillus sp. Bauhinia 
guianensis 

Ma et al. (2006) 

Isoquinolin Penicillium sp. Nerium indicum Ma et al. (2017) 

Chaetomugilin A, D Chaetomium 
globosum 

Ginkgo biloba Qin et al. (2009) 

Griseofulvin Xylaria sp. Abies holophylla Park et al. (2005) 

Gavodermside Phomopsis sp. Aconitum 
carmichaeli 

Wu et al. (2013) 

Piperine C. gloeosporioides Piper nigrum Chithra et al. (2014) 

Quinine Diaporthe sp. Cinchona 
ledgeriana 

Maehara et al. (2012) 

4.4.1 Antimicrobial Compounds 

Endophytic fungi are the common producers of various bioactive compounds, which 
are able to inhibit the growth of microorganisms including bacteria, fungi, viruses, 
and protozoa (Strobel 2003). Penicillin is the first antimicrobial compound discov-
ered by Sir Alexander Fleming in 1929 from a fungus later identified as Penicillium 
notatum. Since then, numerous studies have been conducted to search for new antibi-
otics from the endophytic fungi (Toghueo and Boyom 2019). Table 4.1 presents a 
list of antimicrobial compounds produced by endophytic fungi. 

4.4.2 Anticancer 

Endophytic fungi are the most promising sources of compounds for treating various 
cancers due to the unregulated multiplication of abnormal or functionally deviated 
cells. The available chemotherapeutic agents have proven to have many non-specific 
cyto-toxicities leading to severe complications of patients (Strobel 2003). Taxol, the 
world’s first billion-dollar anticancer medication, was discovered from Taxomyces
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Table 4.2 Anticancer compounds produced by endophytic fungi 

Product Endophyte Host References 

Altertoxin Alternaria sp. Broussonetia 
papyrifera 

Zhang et al. (2018) 

Arugosin J, 
Xylarugosin 

Xylaria sp. Curcuma 
xanthorrhiza 

Hammerschmidt et al. 
(2015) 

Camptothecin Fusarium solani Camptotheca 
acuminate 

Abdalla and McGaw 
(2018) 

5-hydroxyramulosin Phoma sp. Cinnamomum 
mollisimum 

Santiago et al. (2012) 

Paclitaxel Taxomyces andreanae Taxus brevifolia Stierle et al. (1993) 

Podophyllotoxin Aspergillus fumigatus Juniperus 
communis 

Kusari et al. (2012) 

Vinblastine, 
Vincristine 

F. oxysporum Catharanthus 
roseus 

Kumar et al. (2013) 

andreanae, an endophytic fungus of the pacific yew Taxus brevifolia (Stierle et al. 
1993). Because only the inner bark of matured pacific yew can produce taxol, the 
drug’s price is high, and the yield is minimal. Because the same molecule can be 
synthesized by its endophyte, the drug’s manufacturing costs can be reduced because 
industrial fermentation can be used to harvest the compound. After discovering the 
renowned anticancer drug paclitaxel produced by T. andreanae, an endophyte of T. 
brevifolia, several investigations have found endophyte-derived potent anticancer 
agents (Stierle et al. 1993). 

Camptothecin, a pentacyclic quinoline alkaloid with anti-neoplastic action by 
blocking intranuclear topoisomerase I, is found in the wood of Camptotheca 
acuminota (Puri et al. 2018). Because of the increasing demand for the medicine, 
massive cropping of the plants occurred in China and India, necessitating the search 
for a microbiological source of the cancer chemotherapeutic treatment. The first 
report of camptothecin from fungal endophyte was from Entrophospora infrequens 
residing in Nothapodytes foetida (Puri et al. 2018). Table 4.2 summarizes the related 
studies conducted on anticancer molecules identified from the endophytic fungi. The 
toxic compounds are released as a part of the defense strategies and spread at the 
site of colonization of the endophytes (Rajamanikyam et al. 2017). Consequently, 
the secreted compounds also protect their natural habitat for the host. 

4.4.3 Antidiabetic 

Endophytic fungi are potential resources to explore the effective and safe therapeutic 
alternative for the treatment of diabetes. Several compounds derived from endophytes 
have been tested for antidiabetic and hypolipidemic activity. A study was performed 
to investigate the effects of extracts of Aspergillus sp. on Wistar albino rats with
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glucose and alloxan induced diabetes (Dhankhar et al. 2013). They concluded that 
the fungal species produce antidiabetic compounds, significantly lowering blood 
glucose levels. Alternaria sp. and Xylaria sp. produce N-acetylgalactosamine and 8-
hydroxy-6,7-dimethoxy-3-methyl isocoumarin, respectively, which act as inhibitors 
of α-glucosidase (Govindappa et al. 2015). The enzyme hydrolyzes dietary carbo-
hydrates to glucose, of which increased level in blood is an indicator of diabetic 
condition. Table 4.3 refers to some products with antidiabetic activity of endophytic 
fungi.

4.4.4 Antioxidant 

The study of antioxidants is becoming the topic of interest due to the degen-
erative diseases caused by various free radicals generated through physiological 
processes. Endophytic fungi generate metabolites with antioxidant activity to capture 
the oxygen-derived toxic free radicals based on radical scavenging assays. The 
methanolic extract of Fusarium lateritium, an endophyte of Rhizophora mucronata, 
has free radical scavenging property (Hamzah et al. 2018). An effective antioxi-
dant, L-ascorbic acid, was isolated from endophytic Penicillium citrinum, residing 
in Tragia involucrate (Danagoudar et al. 2018). 

4.4.5 Immunosuppressive 

Immunosuppressive compounds are essential mediators to deal with immunological 
disorders, especially in graft rejection and autoimmune diseases (Rajamanikyam et al. 
2017). Subsequently, several fungal metabolites with immunomodulatory functions 
have been isolated. Two well-known immunosuppressive agents, subglutinol A and 
subglutinol B, were isolated from Fusarium subglutinans, an endophyte of fungus 
found in Tripterygium wilfordii (Lee et al. 1995). The drugs relieve the patients 
undergoing organ transplant, hence reduce the chance of allograft rejection in the 
treatment of autoimmune diseases (Padhi et al. 2013). The intense immunomodu-
latory activity was shown with the crude extracts of Penicillium species. Delayed-
type hypersensitivity responses were noticed with the chloroform and methanolic 
extracts (Pur et al. 2007). Recently, the immunosuppressive cytochalasins produced 
by the endophytic Xylaria sp. can resist concanavalin-A-induced T-lymphocyte and 
lipopolysaccharide-induced B-lymphocyte proliferation (Wang et al. 2019).



4 General Characteristics of Endophytes and Bioprospecting Potential … 45

Ta
bl
e 
4.
3 

A
nt
id
ia
be
tic
, a
nt
io
xi
da
nt
, a
nd
 im

m
un
os
up
pr
es
si
ve
 c
om

po
un
ds
 p
ro
du
ce
d 
by
 e
nd
op
hy
tic
 f
un
gi
 

Pr
od
uc
t

E
nd
op
hy
te

H
os
t

R
ef
er
en
ce
s 

A
nt
id
ia
be
ti
c 

N
-a
ce
ty
lg
al
ac
to
sa
m
in
e

A
lt
er
na

ri
a 
sp
.

Vi
sc
um

 a
lb
um

G
ov
in
da
pp
a 
et
 a
l. 
(2
01
5)
 

8-
hy
dr
ox
y-
6,
7-
di
m
et
ho
xy
-3
-m

et
hy
lis
oc
ou
m
ar
in
e

X
yl
ar
ia
 s
p.

Q
ue
rc
us
 g
il
va

In
dr
ia
ni
ng
si
h 
an
d 
Ta
ch
ib
an
a 
(2
01
7)
 

2,
6-
di
-t
er
tb
ut
yl
-p
-c
re
so
l

A
sp
er
gi
ll
us
 s
p.
 J
PY

1
Sa
lv
ad
or
a 
ol
eo
id
es

D
ha
nk
ha
r 
et
 a
l. 
(2
01
3)
 

A
nt
io
xi
da
nt
 

L
-a
sc
or
bi
c 
ac
id

Pe
ni
ci
ll
iu
m
 c
it
ri
nu

m
Tr
ag
ia
 in
vo
lu
cr
at
e

D
an
ag
ou
da
r 
et
 a
l. 
(2
01
8)
 

C
aj
an
in
st
ilb

en
e 
ac
id

F
us
ar
iu
m
 s
p.

C
aj
an
us
 c
aj
an

Z
ha
o 
et
 a
l. 
(2
01
2)
 

G
al
lic

 a
ci
d

A
sp
er
gi
ll
us
 s
p.

C
al
ot
ro
pi
s 
pr
oc
er
a

K
hi
ra
lla

 e
t a
l. 
(2
01
5)
 

G
ra
ph
is
la
ct
on
e 
A

C
ep
ha
lo
sp
or
iu
m
 s
p.

Tr
ac
he
lo
sp
er
m
um

 ja
sm

in
oi
de
s

So
ng
 e
t a
l. 
(2
00
5)
 

Sa
lid

ro
si
de
s,
 p
-t
yr
os
ol

R
ho
di
ol
a 
sp
.

A
lp
in
e 
pl
an
ts

C
ui

et
al
. (
20
16
) 

Im
m
un
os
up
pr
es
si
ve
 

C
ol
ut
el
lin

 A
C
ol
le
to
tr
ic
hu

m
 s
p.

P
te
ro
m
is
ch
um

 s
p.

R
en
 e
t a
l. 
(2
00
8)
 

R
ig
id
iu
sc
ul
am

id
e 
E
, O

xy
sp
or
id
in
on
e

F
us
ar
iu
m
 tr
ic
in
ct
um

Pa
na
x 
no
to
gi
ns
en
g

Su
n 
et
 a
l. 
(2
01
8)



46 M. Abu Taher et al.

4.5 Conclusion 

Endophytes are rich and a reliable source of various compounds with various medic-
inal and agricultural applications. These poorly investigated microorganisms are 
proven to be the reservoir of diverse bioactive molecules. These compounds having 
unique chemical structures exhibit a wide range of biological activities such as 
antimicrobial, antidiabetic, anti-inflammatory, antioxidant, anticancer, and immuno-
suppression. However, further studies should be conducted at the molecular level in 
this field for a clear understanding of the interactions between host and endophyte 
which may expedite the discovery of novel compounds with diverse bioactivities. 
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Chapter 5 
Biochar-Based Graphitic Carbon Nitride 
Derived from Biomass Waste 
for Degradation of Pyrene 

Noor Aina Mohd Nazri, Syarifah Nurhusna Qadirah Syed Abd Halim, 
and Sabrina Karim 

Abstract A series of biochar (BC)/graphitic carbon nitride (g-C3N4) derived from 
different biomasses were synthesized via the thermal polycondensation method. The 
photocatalyst was characterized by FTIR, N2 sorption isotherm, Tauc plot method and 
XRD. The performance of the BC/g-C3N4 photocatalyst was evaluated by assessing 
the efficiency of the photocatalyst for the degradation of pyrene as model pollutants. 
The types of biomasses used and surface area generally influenced the photocatalytic 
performance. Experiment results revealed that the BC/g-C3N4 demonstrated a higher 
band gap (~ 3.27) as compared to pristine g-C3N4. Among the photocatalysts tested, 
g-C3N4 derived from sugarcane bagasse exhibited the highest degradation of pyrene. 
Several factors such as photocatalyst dosage and initial concentration of pyrene 
during photocatalytic experiment influenced the performance of BC/g-C3N4. The 
experimental results demonstrated the potential of utilization of abundance biomass 
waste as low-cost material to produce a biochar-based photocatalyst which is part of 
the effort to promote a green and sustainable solution for water reclamation. 
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5.1 Introduction 

The photocatalysis technology has attracted significant attention by researchers due 
to its green, high efficiency and low energy consumption. Recently, the technology 
has emerged as one of the promising alternatives for degradation of various pollu-
tants (i.e., pesticide, pharmaceutical compounds, textile wastewater, etc.) (Koe et al. 
2020). However, in spite of the broad application of the photocatalysis process, 
several issues such as low efficiency under visible light and fast recombination rate 
of the photoinduced electron–hole which could decrease the efficiency of photocat-
alyst could hinder its wider application particularly for industrial applications (Cui 
et al. 2020; Hasija et al. 2021; Karpuraranjith et al. 2021). For example, g-C3N4 has 
received immense attention for various applications due to its high chemical stability, 
non-toxicity and low band gap of around 2.7 eV which makes it as an attractive visible 
light active. However, its relatively low visible light absorption, quick recombination 
of excited charges and low surface area have become main concern by researchers 
(Qi et al. 2020). 

In this regard, various strategies such as doping with foreign elements, intro-
duction of co-catalysts and integration with noble metals have been proposed to 
further enhance the properties and performance of the g-C3N4 (Hasija et al. 2021; 
Karpuraranjith et al. 2021; Zhu et al. 2018; Fronczak et al. 2018). The strategies 
also include the utilization of low-cost photocatalysts derived from biomass waste. 
Biomass waste with high carbon content that can be converted into a value-added 
material can be used to produce biochar-based photocatalysts with the addition of a 
precursor (i.e., melamine, urea). The carbon-modified (biochar-based) photocatalyst 
can be considered as a potential new class of green photocatalyst due to its promising 
visible-light-active property and its versatile characteristics such as easy to synthe-
size, low-cost starting compounds and considerable physicochemical stability (Zhu 
et al. 2018; Ahmed 2022; Lu et al.  2022; Tseng et al. 2022). Waste biomass derived 
from agriculture that consists of cellulose, lignin and hemicellulose can be converted 
to value-added carbon material via the pyrolysis method. This approach provides an 
attractive route for environmentally friendly solutions (Wang and Wang 2022; Shi 
et al. 2020). 

Recently, different types of biomasses such as hazelnut shell, olive residue, with-
ered magnolia blossoms, bamboo charcoal, sugarcane bagasse, urea and chestnut 
leaves have been used to synthesize the BC/g-C3N4 photocatalyst (Zhu et al. 2018; 
Lu et al. 2022; Tseng et al. 2022; Jeon et al. 2017; Pi et al.  2015; Sliem et al. 2018). 
Recent studies highlighted that BC/g-C3N4 derived from biomasses (i.e., leaf, red 
mud) demonstrated a long-term stability, better separation efficiency for the degra-
dation of various pollutants such as 2-mercaptobenzothiazole, antibiotics and dyes 
under visible light due to enhanced properties of BC/g-C3N4 with the introduction 
of biomass (Zhu et al. 2018; Shi et al. 2020; Pi et al.  2015).
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In this study, BC/g-C3N4 were synthesized from different types of biomasses (i.e., 
sugarcane bagasse (SB), palm kernel shell (PKS) and rice husk (RH)) via a one-step 
thermal polycondensation method using melamine as precursor. The photocatalytic 
degradation performance of the BC/g-C3N4 was evaluated with pyrene, a polycyclic 
aromatic hydrocarbons (PAHs) as model pollutants. The performance of the BC/g-
C3N4 photocatalyst synthesized at different ratio of biomass to precursor was also 
evaluated at various parameters such as initial concentration of pyrene and photo-
catalyst dosage. Up to date, limited studies have been performed to understand the 
performance of BC/g-C3N4 derived from different types of biomasses. Thus, this 
study could provide a better understanding on the selection of biomass to synthe-
size photocatalyst as well as better insight into the performance of BC/g-C3N4 for 
degradation of pollutants from various wastewater. This study also provides an attrac-
tive sustainable approach for water treatment by the utilization of biomass waste as 
low-cost material. 

5.2 Methodology 

BC/g-C3N4 were synthesized via the thermal polycondensation method. Prior to 
synthesis, all the biomass wastes were firstly pre-treated by washing and drying 
at 100 °C for 8 h. This was followed by crushing the pre-treated biomasses with 
grinder (12,000 rpm) and sieving through a 30 mesh sieve (0.6 mm). In the first 
part of the experiment, BC/g-C3N4 at ratio of melamine to biomass of 75:25 were 
selected to understand the effect of temperature and time during synthesis of the 
photocatalyst. The samples were then heated in a muffle furnace at various synthesis 
temperature (450–600 °C) and time (2, 3, 4 h) at constant rate of 5 °C/min. The 
optimum temperature and time which were identified based on the first part of the 
experiment were used to synthesize BC/g-C3N4 at different ratios (second part). 

For the second part, in a typical experiment, melamine which was used as a 
precursor was mixed with the biomass waste (i.e., SB, PKS, RH) according to the 
specified ratio as shown in Table 5.1. The prepared samples were then collected and 
used as a photocatalyst in the photocatalytic degradation experiments.

The Fourier transform infrared (FTIR) spectra were collected from Thermo Scien-
tific, US in the range of 400–4500 cm−1 with a resolution of 4 cm−1 and 8 accu-
mulation modes. The specific surface area of the prepared samples was analyzed 
via N2 sorption isotherm by the Brunauer–Emmett–Teller (BET) method. The UV– 
vis diffuse reflection spectra (UV-DRS) were obtained from a Scan UV–vis spec-
trophotometer (Perkin Elmer Lambda 35) equipped with a 60 mm integrating sphere 
assembly and BaSO4 as the reflectance sample. The optical band gap of the synthe-
sized photocatalyst was determined from Tauc plot methods. The X-ray diffraction 
(XRD) patterns were recorded on a X´pert, PANalytical Advance diffractometer with 
Cu K radiation (1.54050 Å).
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Table 5.1 Ratio of melamine 
to biomass for the prepared 
samples 

Sample name Melamine (Wt. %) Biomass (Wt. %) 

BC(SB) 0 100 

SB/g-C3N4-M75 75 25 

SB/g-C3N4-M50 50 50 

SB/g-C3N4-M25 25 75 

BC (PKS) 0 100 

PKS/g-C3N4-M75 75 25 

PKS/g-C3N4-M50 50 50 

PKS/g-C3N4-M25 25 75 

BC (RH) 0 100 

RH/g-C3N4-M75 75 25 

RH/g-C3N4-M50 50 50 

RH/g-C3N4-M25 25 75 

SB sugarcane bagasse, PKS palm kernel shell and RH rice husk

5.3 Results and Discussion 

Effect of Operating Conditions During Synthesis of BC/g-C3N4 via Thermal 
Polycondensation 

In this study, BC/g-C3N4 derived from sugarcane bagasse (SB), palm kernel shell 
(PKS) and rice husk (RH) were synthesized via a one-step thermal polycondensa-
tion method. The performance of BC/g-C3N4 was evaluated by varying the synthesis 
temperature (450–600 °C) and synthesis time (2–4 h). Figure 5.1 implies that the 
highest degradation efficiency can be observed from BC(SB)/g-C3N4-M75 synthe-
sized at 600 °C with synthesis time of 3 h. Previous studies highlighted that the 
synthesis temperature of 500–650 °C can be used to synthesize g-C3N4 (Alwin et al. 
2020). Generally, synthesis temperature plays an importance role which could affect 
the surface area and pore volume of the synthesized g-C3N4 and consequently the effi-
ciency of the photocatalyst (Alwin et al. 2020). It was also reported that higher degree 
of condensation and lower interplanar spacing was observed at g-C3N4 prepared from 
melamine as precursor at 600 °C (Alwin et al. 2020). Thus, it can be concluded that 
the highest degradation efficiency could be obtained from BC(SB)/g-C3N4 synthe-
sized at 600 °C which is probably due to the increase in surface area/pore volume 
and complete condensation (fully condensed g-C3N4).

The photocatalytic performance of BC/g-C3N4 indicated that BC/g-C3N4 

produced at thermal polycondensation time more than 2 h demonstrated higher 
degradation efficiency for pyrene. This condition might be due to the increase in 
pore volume of the photocatalyst which is helpful during adsorption-photocatalytic 
degradation of pyrene (Alwin et al. 2020). However, further increase of synthesis 
time more than 3 h could result in lower degradation efficiency. Thus, based on the 
results for this part, temperature of 600 °C and time of 3 h were used further to 
synthesize BC/g-C3N4.
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Fig. 5.1 Photocatalytic degradation of pyrene by BC/g-C3N4-M75 synthesized at different 
temperature and synthesis duration

Characterization of BC/g-C3N4 

In order to investigate the structural properties of BC/g-C3N4, FTIR analysis was 
performed in the range of 4000–500 cm−1. Figure 5.2 illustrates the FTIR spectra of 
BC(PKS)/g-C3N4 which is a typical FTIR spectra for BC/g-C3N4 for other photocat-
alyst derived from other biomasses (i.e., SB and RH). The peak observed at 3100– 
3400 cm−1 indicated the stretching mode of hydroxyl radicals and/or water. The 
band at around 2900 cm−1 was attributed to the interaction of C–H with the carbon. 
For the g-C3N4 and BC(SB)/g-C3N4, the band observed at 3200–3600 cm−1 was 
correlated to the vibration mode of N–H and O–H (Lu et al. 2022). Additionally, 
series of bands at around 1200–1650 cm−1 indicated the stretching vibration modes 
of C = C, CN heterocycles and N–H deformation (Lu et al. 2022). As compared to 
the other samples, pure g-C3N4 demonstrated a strong bending vibration mode of 
the tri-s-triazine unit at around 800 cm−1 (Lu et al. 2022; Pi et al.  2015). It was also 
noted that the relative intensity of peak at around 1600 cm−1 (CN heterocycles) to 
1400–1500 (N–H deformation) for biochar-based g-C3N4 is higher as compared to 
pristine g-C3N4 (Lu et al. 2022; Nitayaphat et al. 2009). This verified the presence 
of biochar in the photocatalyst.

N2 sorption isotherm by the BET method was used to evaluate the specific surface 
area SBET (m2 g−1) of the prepared samples, as shown in Table 5.2. Overall, it 
can be observed that photocatalyst derived from SB demonstrated higher SBET as 
compared to photocatalyst derived from PKS and RH, suggesting that the higher 
specific surface area could enhance the adsorption of pollutants onto the surface of 
the photocatalyst. It was also noted that the surface area of BC/g-C3N4 is significantly
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Fig. 5.2 FTIR spectra of the synthesized BC(RH)/g-C3N4

higher as compared to pristine g-C3N4, indicating that the introduction of biochar 
promotes better surface area. In addition, the optical band gap of the synthesized 
photocatalyst which was determined from Tauc plot methods is also shown in Table 
5.2. It was noted that the pristine g-C3N4 prepared from melamine alone demonstrated 
the lowest band gap of ~ 2.6 eV which was in accordance with previous studies (Hasija 
et al. 2021; Karpuraranjith et al. 2021). From Table 5.2, it was noted that the band gap 
of g-C3N4 derived from biomass waste was around 3.27–3.28 eV. The results were 
also contradicted with previous literature that stated that introduction of BC would 
narrow the band gap of photocatalyst which could promote higher photocatalytic 
activity (Cui et al. 2020; Zhu et al. 2020). It was believed that the types of biomasses 
might have different influence to the values of the band gap. Up to date, limited 
studies have been conducted to understand the performance of BC/g-C3N4 derived 
from SB, PKS and RH. 

Table 5.2 Specific surface area (SBET, m2 g−1) and bandgap (eV) of the prepared samples 

Samples SBET (m2 g−1) Bandgap (eV) 

g-C3N4 14.7 2.60 

BC(SB)/g-C3N4-M75 188.3415 3.27 

BC(SB)/g-C3N4-M50 327.4769 3.28 

BC(SB)/g-C3N4-M25 360.5751 3.28 

BC(SB) 425.0549 3.28 

BC(PKS)/g-C3N4-M75 53.4258 3.28 

BC(PKS)/g-C3N4-M50 140.1428 3.28 

BC(PKS)/g-C3N4-M25 233.6312 3.28 

BC(PKS) 236.7198 3.30

(continued)
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(continued)

Samples SBET (m2 g−1) Bandgap (eV)

Fig. 5.3 XRD spectra of the photocatalyst prepared with different precursor/biochar ratio 

BC(RH)/g-C3N4-M75 51.9355 3.30 

BC(RH)/g-C3N4-M50 124.5723 3.28 

BC(RH)/g-C3N4-M25 137.8122 3.28 

BC(RH) 167.7793 3.28 

XRD analysis was helpful to assess the crystallinity of the prepared photocatalyst. 
It was reported that typical graphitic carbon nitride has in-plane s-triazines unit with 
crystallinity at 13° and a conjugated graphitic stacking is normally observed at 27.5° 
(Jeon et al. 2017). In addition, biochar which is an amorphous carbon normally did not 
show any characteristic peak for XRD spectra. Figure 5.3 shows the XRD spectra of 
the photocatalyst prepared with different precursor/biochar ratios. The XRD spectra 
of the g-C3N4 prepared from melamine alone are also included as reference. g-C3N4 

photocatalyst shows two significant peaks of graphitic carbon nitride. A diffraction 
peak observed at about 13° can be correlated to the in-planar structural packing, and 
another peak at around 27° is a typical interplanar stacking peak (Zhu et al. 2018). 
For the biochar-based g-C3N4, a characteristic peak which can be associated with 
the interplanar stacking peak can be observed at around 27° (Zhu et al. 2018, 2020). 
However, the intensity of the peak was reducing with addition of biochar. The finding 
from XRD results suggested the successful formation of BC/g-C3N4.
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Effect of Various Parameters During Photocatalytic Degradation 

In general, the ratio of biochar to precursor in photocatalyst would affect the proper-
ties of the produced photocatalyst. Thus, investigation on the effect of ratio of biomass 
to precursor was further studied to understand the effect of percentage of biochar 
during thermal polycondensation. As can be referred in Table 5.1, different ratio of 
melamine to biomass was used to produce the photocatalyst. Figure 5.4a–c show the 
percentage of degradation (%) of pyrene for different types of biomass waste. It was 
noted that BC/g-C3N4 derived from SB and PKS prepared from highest content of 
melamine generally demonstrated the higher degradation efficiency of pyrene. The 
highest degradation efficiency (38%) can be observed from photocatalyst derived 
from SB prepared with the highest percentage of melamine (BC(SB)/g-C3N4-M75). 
This was probably due to the narrow band gap of BC(SB)/g-C3N4-M75 as compared 
to other BC/g-C3N4 as can be referred in Table 5.2. The result is in accordance with 
a previous study that suggested that higher surface area could impart better degrada-
tion efficiency (Song et al. 2019). It can also be concluded that an increase in biochar 
content in the photocatalyst could result to the lower degradation of pyrene. This 
was mainly due to the higher coverage of biochar on the surface of the photocatalyst 
which could suppress the absorption of light and generation of electron thus reducing 
the effectiveness of the photocatalyst to degrade pyrene (Cui et al. 2020; Zhu et al. 
2018). For the BC/g-C3N4 derived from RH, it can be concluded that the introduction 
of RH is not desirable due to low percentage of degradation of pyrene (< 20%). It can 
also be pointed out that the selection of biomass waste for synthesis of BC/g-C3N4 

is crucial that will influence the properties and performance of the photocatalyst.
Photocatalyst dosage plays an essential role affecting the photocatalytic degra-

dation of pollutants. In this study, the effect of photocatalyst dosage was evaluated 
as shown in Fig. 5.5a–c. It can be deduced that further increase of photocatalyst 
dosage to more than the optimum value (around 1.0–1.5 g/L) could decrease the 
degradation efficiency. It can be clearly seen that an increase of photocatalyst dosage 
initially increased the degradation of pyrene due to desirable formation of active 
sites. However, further increase of photocatalyst dosage could suppress the absorp-
tion of light due to turbidity of the solution with an increase of concentration of 
photocatalyst in the solution. Additionally, previous work by Lu et al. (2015) also  
confirmed that the degradation efficiency decreased when the dosage of photocata-
lyst exceeded the optimum dosage. This is because the excess of g-C3N4 could lead 
to high recombination rate of electron–hole pair, thus inhibits the effectiveness of 
charge transfer, hence affecting the overall degradation efficiency.

The initial concentration of pollutants significantly affects the degradation effi-
ciency of photocatalyst. Figure 5.6a–c illustrate the degradation efficiency of pyrene 
by BC/g-C3N4-M75 studied at various initial concentrations of pyrene. In general, 
it can be inferred that for all types of photocatalyst, the degradation efficiency 
decreased with increasing concentration of pyrene (more than 2 ppm) which was 
also in accordance with previous studies (Aisien et al. 2014; Zango et al. 2020). This
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Fig. 5.4 Photocatalytic degradation of pyrene for a BC(SB)/g-C3N4, b BC(PKS)/g-C3N4 and 
c BC(RH)/g-C3N4

was mainly due to adsorption and deposition of pyrene onto the surface of photocata-
lyst which could decrease the formation of active sites, hence reducing the formation 
and generation of reactive radicals by the photocatalyst.

5.4 Conclusion 

In this study, BC/g-C3N4 photocatalysts have been successfully prepared from SB, 
PKS and RH via the thermal polycondensation method with melamine as precursor. 
FTIR and XRD exhibited the main peaks of BC and g-C3N4 which confirms the 
successful formation of BC/g-C3N4. Photocatalyst prepared from SB demonstrated 
better surface area as compared to other g-C3N4 derived from PKS and RH, which 
could explain the better degradation efficiency of g-C3N4 derived from SB. Band gap
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Fig. 5.5 Photocatalytic degradation of BC/g-C3N4-M75 derived from different biomasses (a: SB;  
b: PKS;  c: RH) studied at different photocatalyst dosage

values indicated that the optical band gap is around 3.27–3.28 for all BC/g-C3N4. 
Overall results suggested that BC/g-C3N4 derived from SB demonstrated the highest 
degradation of pyrene as compared to g-C3N4 prepared from rice husk and palm 
kernel. It is suggested that the selection of biomass waste for preparation of photo-
catalyst is essential that will significantly affect the performance of the photocatalyst. 
Experimental results also suggested that the optimum temperature and duration of 
synthesis via thermal polycondensation were 600 °C and 3 h. Photocatalytic degra-
dation experiments verified that the optimum parameters during photocatalytic reac-
tion were 1.0–1.5 g/L photocatalyst dosage and 1–2 ppm of initial concentration of 
pyrene. This work could provide better understanding on the performance of photo-
catalyst prepared from biomass waste which indicated the potential of biomasses 
from agriculture to be utilized as low-cost photocatalyst for water and wastewater 
treatment.
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Fig. 5.6 Photocatalytic degradation of BC/g-C3N4-M75 derived from different biomasses (a: SB;  
b: PKS;  c: RH) at different initial concentration of pyrene
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Chapter 6 
Response Surface Methodology 
for the Optimisation of a 96-Well 
Microtitre Plate Coagulation Activity 
Assay 

Farah Salma Baharudin, Mussarat Saleem, and Robert Thomas Bachmann 

Abstract In order to assess the impacts of physical and chemical factors on coagu-
lation and flocculation processes, the 1 L jar test has been employed for decades as 
an effective laboratory procedure. However, it is not suitable for studies involving 
screening of minute quantities of coagulants isolated from flora and fauna via chro-
matographic or solubility-based fractionation. The primary objective of this study 
was to develop and optimise a coagulation activity assay based on 96-well microtiter 
plates (MTP). The coagulation activity was determined in round bottom-shaped 
polystyrene MTPs due to a better signal-to-noise ratio. The response surface method-
ology via central composite design was used to optimise coagulation activity for 
shaking time (10–70 s), shaking frequency (300–1100 rpm), settling time (20– 
60 min) and coagulant dosage (0–140 mg/L). Alum was used as standard inorganic 
coagulant treating a ~ 200 µL, 100 NTU colloidal bentonite solution. MTP-based 
coagulation activity experiments with optimised parameters as well as conventional 
jar tests were also carried out with crude Moringa oleifera seed extracts. The coag-
ulation activity was optimum at 40 s shaking time, 700 rpm shaking frequency, 
40 min settling time and 70 mg/L alum. A further experiment on turbid river water 
was conducted using different dosages of crude MO seed extract with the newly 
developed 96 MTP coagulation activity assay. The optimum dosage was 105 mg/L 
confirming that the MTP assay can be applied for natural coagulants too. The coagu-
lation activities for alum and M. oleifera in the MTP-based assay displayed a similar 
pattern. Our results demonstrate that the 96-well MTP coagulation activity assay can 
be used as an alternative method to the jar test approach.
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6.1 Introduction 

Coagulation–flocculation is an essential industrial process that removes colloids by 
using a variety of metal and polymeric coagulants such as aluminium sulphate (alum) 
(Aziz et al. 2007; Manda et al. 2016), poly-aluminium chloride (PACl) (Matsui et al. 
1998), ferric chloride (Aziz et al. 2007; Song et al. 2015), ferrous sulphate (Aziz et al. 
2007; Snodgras 1905) and ferric chloro-sulphate (Bratby 2006). Alum and PACl are 
among the most commonly used coagulants in the water industry (Bratby 2006). 
The efficiency of turbidity reduction with metallic coagulants is known to depend on 
the type and dosage of the coagulant (Lind 1994; Benschoten and Edzwald 1990), 
solution’s pH (Cao et al. 2011; Lee et al. 2012; Binnie et al. 2017), mixing intensity 
and duration (Lee et al. 2012; Rossini et al. 1999; Young and Smith 2000) and 
temperature (Benschoten and Edzwald 1990; Lee et al. 2012; Guo et al. 2008). 

However, metal coagulants have many shortcomings such as high carbon footprint, 
potential detrimental health effects and environmental pollution (Saleem and Bach-
mann 2019). In search for a more sustainable replacement, plant components such as 
seeds, leaves and barks are increasingly screened for the presence of natural coagu-
lants (Qureshi et al. 2011; Unnisa et al. 2010; Ramamurthy et al. 2012). The greatest 
attention was given to seed extracts from M. oleifera, frequently tested at bench scale 
for coagulation (Ndabigengesere et al. 1995; Pritchard et al. 2010; Dezfooli et al. 
2016) and known to contain coagulant-active albumin (Baptista et al. 2017). The 
biomolecules are classified as cationic (Gassenschmidt et al. 1995; Shebek et al. 
2015) and hemagglutinating proteins (Ferreira et al. 2011; Santos et al. 2009). 

The jar test has been employed for many decades in teaching, research and 
commercial laboratories to identify optimum process conditions for a given test 
water and coagulant using the one-factor-at-a-time (OFAT) method. A typical jar 
test unit comprises of four to six 1 L beakers each equipped with a paddle stirrer 
(Ramamurthy et al. 2012; Ndabigengesere et al. 1995; Dalen et al. 2010; Antov et al. 
2007; Sánchez-Martín et al. 2010; Miller et al. 2008). While the jar test has proven 
to be useful in the water industry its use as a screening tool for new coagulants in 
research laboratories poses several challenges due to the comparatively large quantity 
of coagulants and colloidal test solution required as well as limited number of tests 
that can be executed concurrently. Ghebremichael et al. (2005) developed a coagula-
tion activity assay based on 2.4 mL semi-micro-cuvettes using a micro-pipettor for 
mixing and measuring the absorbance of the supernatant at 500 nm. The method was 
adopted by a number of researchers investigating the activity of natural coagulants 
(Ferreira et al. 2011; Santos et al. 2009; Arunkumar et al. 2019; Gunaratna et al. 
2007; Marobhe et al. 2010). This approach reduced the quantity and cost of coag-
ulants, reagents as well as waste produced by a factor of a hundred. Nonetheless, 
rapid multi-factorial investigations are still not practical.
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Ninety-six well microtiter plate (MTP) assays are frequently used for rapid 
sample screening and analysis in the field of biochemistry, biotechnology, micro-
biology (Hermann et al. 2003) and food chemistry (Sin et al. 2006). Its use in chem-
ical and environmental laboratories is gaining popularity (Uttran et al. 2018) since 
many analytes of interest are measured spectrophotometrically. The 96-well MTP 
is commercially available in different designs (flat, U- and V-shaped bottom) and 
materials (polystyrene and polypropylene). To avoid the shortcomings of the OFAT 
approach and identify optimum process conditions for coagulation, statistical tools 
such as response surface methodology (RSM) can be combined with the MTP-based 
coagulation activity assay. This allows the simultaneous analysis of many samples 
using multiple factors. In addition, RSM enables the user to investigate the presence 
of synergistic or antagonistic interactions between selected process parameters while 
keeping the number of required experiments relatively low (Trinh and Kang 2011). 

Hence, this research aims to identify the suitability of the 96-well MTP assay 
for coagulation activity studies. The MTP-based coagulation assay was studied via 
the RSM approach with alum as model coagulant and a total of four parameters 
(shaking frequency, shaking time, coagulant dosage and settling time). The coagu-
lation activity of crude M. oleifera seed extracts was also investigated and compared 
with alum. 

6.2 Methodology 

6.2.1 Synthetic Turbid Water Samples 

Synthetic turbid water samples were prepared with bentonite clay (R&M Chemicals, 
Essex, UK) using the Dezfooli et al. (2016) method. All water samples were of 100 
± 2 NTU and pH 6.5. The pH was adjusted with 0.1 M HCL (Merck, Germany) 
and 0.1 M NaOH (Merck, Germany) solutions. All necessary measurements were 
done using a pre-calibrated turbidity (HACH, 2100P) as well as pH meter (Mettler 
Toledo, LP115). 

6.2.2 Preparation of Coagulant Solutions 

Alum as well as crude M. oleifera seed extracts were used as coagulants. Aluminium 
sulphate (Al2(SO4)3: 18 H2O) (R&M Chemicals, Essex, UK) stock solution was 
prepared by first dissolving 1 g of alum salt in 1 L of deionised water. Four  different  
concentrations (35, 70, 105 and 140 mg/L) were subsequently prepared by dilution 
with deionised water. M. oleifera crude extract was prepared by first crushing the 
deshelled seeds (Borneo Company Sdn. Bhd, Malaysia) into a fine powder using 
pestle and mortar. Two grams of fine M. oleifera powder were transferred to 100 g



66 F. S. Baharudin et al.

deionised water and mixed for 8 min at room temperature using a magnetic stirrer 
(Bibby). The solution was then topped up to 500 mL with deionised water and mixed 
again for 8 min. Afterwards, the solution was allowed to stand for 30 min before 
being filtered with a muslin cloth (Muyibi and Evison 1995). This was labelled as 
0.4% M. oleifera crude extract. M. oleifera extracts were prepared fresh prior to each 
day’s experiment. 

6.2.3 Development of the 96-Well MTP Coagulation Activity 
Assay 

Ninety-six well coagulation activity assays were conducted using round (U-) bottom-
shaped MTP (Greiner Bio-One) of polystyrene (PS) material after preliminary coagu-
lation activity tests demonstrated better signal-to-noise ratios compared to flat bottom 
and V-shaped wells (Table 6.1). 

MTP wells manufactured from polypropylene (PP) exhibited lower coagulation 
activity. This is due to the adhesion of aggregation of flocs onto the wall of PP MTP 
wells which affected the absorbance measurement.

Table 6.1 ANOVA of factors, shaking frequency (A) [rpm], shaking time (B) [s], alum dosage (C) 
[mg/L] and settling time (D) [min], in different MTP geometry of polystyrene material 

Source Coefficient p-Value 

F-bottom V-bottom F-bottom V-bottom 

Model −1.453 −1.630 0.0498 (poor) < 0.0001 

A + 3.606 × 10–3 + 1.477 × 10–3 0.6666 < 0.0001 

B + 0.0345 + 0.0550 0.1908 0.0126 

C + 0.0127 + 0.0259 0.0014 < 0.0001 

D + 0.0415 −0.0181 0.5995 0.5245 

AB −1.534 × 10–6 −4.811 × 10–5 0.9193 0.0006 

AC + 8.165 × 10–7 + 3.239 × 10–6 0.8999 0.5102 

AD −1.599 × 10–6 −5.846 × 10–6 0.9438 0.7328 

BC −1.189 × 10–6 −2.868 × 10–4 0.9890 0.0004 

BD −2.861 × 10–5 + 2.538 × 10–5 0.9247 0.9113 

CD −2.630 × 10–6 + 1.347 × 10–5 0.9838 0.8903 

A2 −2.584 × 10–6 + 9.920 × 10–7 0.0084 0.1431 

B2 −3.613 × 10–4 + 3.548 × 10–5 0.0308 0.7601 

C2 −6.494 × 10–5 −8.136 × 10–5 0.0340 0.0015 

D2 −4.648 × 10–4 + 2.761 × 10–4 0.1930 0.2991 

Lack of fit 0.0277 0.0039 

Status Not significant Significant 
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The total working volume per well was 200 µL which comprised of 196 µL 
synthetic turbid water and 4 µL of alum solution. The alum solution was first added 
to wells with a manual pipettor (Eppendorf) and subjected to desiccation at 60 °C for 
20 min (Eppendorf 5305 Concentrator Plus). This was followed by the transfer of 
synthetic turbid water into designated MTP wells with an 8-channel semi-automatic 
pipettor (Eppendorf Xplorer). In case of blank samples, synthetic turbid water was 
substituted with 196 µL 1 mM NaCl solution and 4 µL of deionised water. The 
negative controls comprised of 196 µL of synthetic turbid water and 4 µL of deionised 
water. The 4 µL deionised water was desiccated as described before. Multiple loaded 
MTPs were then shaken at different speeds and durations using an MTP shaker 
(Eppendorf Thermomixer) as detailed in Sect. 2.4. Subsequently, absorbance was 
measured at 595 nm using an MTP reader (Bio-Rad, iMark) at various settling times. 

6.2.4 Experimental Design using RSM 

In order to determine the optimum coagulation activity, impact and correlations 
of four influential factors on the coagulation activity, the central composite design 
(CCD) was adopted. The four independent factors chosen in this study were shaking 
frequency, shaking time, alum dosage time and settling (Table 6.1). Coagulation 
activity, CAMTP, was measured as the response (Y ) using  Eq. (6.2.1) 

CAMTP = 
AS − ABlank 

ANC − ABlank 
(6.2.1) 

where AS represents the absorbance of the sample, ANC is the absorbance of the 
negative control (synthetic turbid water only), and ABlank is the absorbance of the 
blank (1 mM NaCl solution and deionised water), respectively. 

The range and levels of independent variables are summarised in Table 6.2. 
Design-Expert software (version 9.0.1.0, Stat-Ease) was used to create 3D surface 
and 2D contour plots of the response models. 

Table 6.2 Experimental range and levels used for the optimisation of the MTP-based coagulation 
activity assay 

Independent variable Range and level 

−2 −1 0 1 2 

A 300 500 700 900 1100 

B 10 25 40 55 70 

C 0 35 70 105 140 

D 20 30 40 50 60 

A shaking frequency [rpm]; B shaking time [s]; C alum dosage [mg/L]; D settling time [min]
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Commonly, the interaction between the independent factors and response in coag-
ulation–flocculation processes cannot be simulated with a linear function model 
(Trinh and Kang 2011). The quadratic model used for predicting the optimal 
conditions is provided in Eq. (6.2.2) 

Y = β0 + 
kΣ 

i=1 

βi Xi + 
kΣ 

i=1 

βi i  X
2 
i + 

kΣ 

i1< j 

kΣ 

j 

βi j  Xi X j +  · · · +  ∈ (6.2.2) 

where Y is the response to be modelled (coagulation activity), β0 is a constant, β i 

is the linear coefficient, β ii is the quadratic coefficient, and β ij is the cross-product 
coefficient. Xi and Xj are levels of the independent factors, X2 are square of the 
independent factors, XiXj are interaction factors while k equals to the number of 
tested factors (k = 4). ∈   represents the residual error observed in response Y. 

ANOVA was used to determine the effect and regression coefficients of indi-
vidual linear, quadratic and interaction terms (Table 6.3). The regression coefficients 
were then used for statistical calculations to generate contour maps from the regres-
sion models (Sin et al. 2006). All experiments were performed with a total of three 
replicates. 

Additional conformation experiments were performed in two trials with triplicates 
to validate the predicted coagulation activity under optimal conditions. 

Table 6.3 ANOVA of 
coagulation activity at 
different combinations of 
shaking frequency (A) [rpm], 
shaking time (B) [s], alum 
dosage (C) [mg/L] and  
settling time (D) [min]  in  
U-bottom MTP geometry 

Source Coefficient p-Value 

Model −2.953 < 0.0001 

A + 7.625 × 10–3 0.0003 

B + 0.0500 0.1781 

C + 0.0230 0.0390 

D + 8.436 × 10–3 0.3738 

AB −1.505 × 10–5 0.1441 

AC + 2.676 × 10–6 0.5352 

AD −8.519 × 10–6 0.5697 

BC −5.483 × 10–5 0.3417 

BD + 4.119 × 10–5 0.8359 

CD + 1.493 × 10–5 0.8608 

A2 −4.505 × 10–6 < 0.0001 

B2 −4.377 × 10–4 0.0005 

C2 −1.558 × 10–4 < 0.0001 

D2 −3.714 × 10–5 0.8704 

Lack of fit 0.0727 

Status Not significant
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6.2.5 Coagulation Activity of M. Oleifera Coagulant 

The optimised 96-well MTP assay was subsequently used to study the coagulation 
activity of M. oleifera seed extract in synthetic turbid water samples. The negative 
control and blank were similar to controls described in Sect. 2.3. The absorbance 
of samples was measured at 595 nm using a MTP reader (Bio-Rad, iMark). All 
experiments were performed in triplicates. 

6.2.6 Statistical Analysis 

The regression and graphical analysis of the experimental data was carried out using 
the Design-Expert 9.0.1.0 (Stat-Ease Inc., USA) software. The quadratic model 
quality was expressed by the coefficient of determination R2 and its statistical 
significance checked by the F-test. 

6.3 Results and Discussion 

6.3.1 Statistical Analysis 

The actual and predicted effects of four independent variables (shaking frequency, 
shaking time, alum dosage and settling time) coagulation activity are shown in Table 
6.4.

The results from Table 6.4 were used to develop a quadratic model to predict 
coagulation activity as a function of shaking frequency, shaking time, alum dosage 
and settling time according to Eq. 6.2.2. The model obtained was subsequently anal-
ysed by ANOVA to identify terms that are statistically insignificant. Equation 6.3.1 
illustrates the reduced quadratic model based on coded independent factors. 

Coagulation Activity(CAMTP) = −2.953 + 
( 
7.625 × 10−3

) 
A + 0.0500B 

+ 0.0230C − 
( 
4.505 × 10−6

) 
A2 

− 
( 
4.377 × 10−4

) 
B2 − 

( 
1.558 × 10−4

) 
C2 

(6.3.1) 

Among the various model terms, the linear and quadratic forms of independent 
factors shaking frequency, shaking time and alum dosage were significant at p = 
0.05 level (Table 6.3). The interaction terms of the quadratic model had no significant 
effect on the response. From Eq. 6.3.1, it can be seen that the coagulation activity 
increases initially with shaking frequency, shaking time and alum dosage.
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Table 6.4 CCD of four independent variables and their effect on coagulation activity (CA) in 
U-bottom 96-well MTP geometry 

Run A B C D Coagulation activity (CA) 

Actual Predicted Standard deviation 

1 700 40 70 40 2.0896 2.0299 0.04 

2 700 40 140 40 1.3995 1.3737 0.02 

3 900 25 105 50 1.9136 1.7842 0.09 

4 900 55 105 30 1.6455 1.7073 0.04 

5 700 40 0 40 1.0694 1.1623 0.07 

6 900 55 35 30 1.7111 1.6217 0.06 

7 900 25 105 30 1.8844 1.7842 0.07 

8 500 55 35 30 1.4309 1.5247 0.07 

9 500 55 35 50 1.4453 1.5247 0.06 

10 700 40 70 40 1.9942 2.0299 0.03 

11 700 40 70 60 2.0567 2.0299 0.02 

12 900 25 35 30 1.5485 1.5835 0.02 

13 700 40 70 40 1.9584 2.0299 0.05 

14 900 55 105 50 1.5709 1.7073 0.10 

15 700 10 70 40 1.476 1.567 0.06 

16 500 55 105 50 1.6988 1.5354 0.12 

17 900 55 35 50 1.746 1.6217 0.09 

18 700 70 70 40 1.7327 1.7091 0.02 

19 500 25 105 30 1.3466 1.4315 0.06 

20 300 40 70 40 1.0789 1.0863 0.01 

21 500 55 105 30 1.5073 1.5354 0.02 

22 700 40 70 40 2.1161 2.0299 0.06 

23 500 25 105 50 1.3591 1.4315 0.05 

24 500 25 35 50 1.4504 1.3057 0.10 

25 700 40 70 40 2.0712 2.0299 0.03 

26 1100 40 70 40 1.476 1.536 0.04 

27 900 25 35 50 1.5394 1.5835 0.03 

28 700 40 70 20 1.9102 2.0299 0.08 

29 700 40 70 40 1.9641 2.0299 0.05 

30 500 25 35 30 1.4157 1.3057 0.08 

A shaking frequency [rpm]; B shaking time [s]; C alum dosage [mg/L]; D settling time [min]
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The lack of fit (LOF) F-test illustrates the deviation of the experimental data 
from the fitted surface, relative to pure error. A p-value > 0.05 is preferred because 
it indicates that the LOF is insignificant. The large p-value presented in Table 6.3 
therefore suggests that the independent factors of the reduced model and the response 
are significantly correlated. 

The R2 coefficient represents the fraction of the total variation in the response that 
is predicted by the reduced quadratic model. A value close to 1 is desirable requiring 
also a reasonable agreement with the adjusted R2. The correlation coefficient of the 
reduced model was found to be 0.9096 and in good agreement with R2 

adj (0.8390). 
Adequate precision (AP) refers to the signal-to-noise ratio. AP values > 4 indicate 

that the model has acceptable predictive power. The AP value of the reduced quadratic 
model is 15.448 which confirms that this model is suitable to navigate the design 
space as defined by CCD. 

The diagnostic plot (Fig. 6.1) shows the predicted vs. actual coagulation activity 
and is used to ascertain the model performance. Both the experimental and predicted 
values are in good agreement. 

The coefficient of variance (CV) defined as the ratio of the standard error of the 
predicted to the mean experimental value of coagulation activity reflects the repro-
ducibility of the model. Models with CV values < 10% are considered reproducible.

Fig. 6.1 Diagnostic plot of predicted versus actual coagulation activity of alum in U-bottom MTP 
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The CV value of the reduced quadratic model was found to be 6.4% demonstrating 
its good reproducibility. 

6.3.2 Process Analysis of the MTP Coagulation Activity 
Assay 

Settling time in this study was insignificant probably due to the mode of absorbance 
measurement. In conventional jar but also downscaled cuvette tests, the absorbance 
of the supernatent is analysed. As flocs sediment, the particle concentration in the 
supernatent decreases until reaching an equilibrium. In the 96-well MTP test flocs 
also settle but due to the small volume the sedimentation path is very short. In 
addition, the light in MTP assays always passes vertically through the solution from 
the bottom to the top making this essay insensitive to settling time. Once flocs have 
formed at the appropriate coagulant dosage, shaking frequency and time, the 96-well 
MTP coagulation activity assay can be stopped for data analysis and interpretation. 

The significant factors shaking frequency, shaking time and alum dosage were 
analysed by contour plots and 3D surface analysis (Figs. 6.2, 6.3 and 6.4). All contour 
plots display almost symmetrical, circular shapes. The peaks are clearly visible in 
the centre of the response surfaces demonstrating that the optimal conditions for 
shaking frequency, shaking time and alum dosage were located within the experi-
mental boundaries. The contour plot and 3D surface analysis of shaking frequency 
and shaking time in Fig. 6.2a and b suggests optimum process conditions at 700– 
800 rpm and 37–46 s. Shaking frequency and shaking time are important factors 
to ensure homogeneous particle dispersion (Micheletti et al. 2006) while providing 
sufficient energy for inter-particle collision to form flocs (Tissot et al. 2010). However, 
excessive shaking frequency and time are detrimental causing the flocs to break due 
to high shear forces (Yu et al. 2010). Conversely, the tilted ellipsoids in Fig. 6.2a also  
illustrates that a given coagulation activity can be maintained when increasing the 
shaking frequency while simultaneous reducing the shaking time. Flocs form faster 
when increasing the shaking frequency due to greater number of particle collisions. 
A similar trend was reported by Bratby (2006).

Figure 6.3a and b shows the effect of alum dosage and shaking frequency on coag-
ulation activity. Optimal coagulation activity was found between 55 and 75 mg/L 
and 700–800 rpm. Beyond the optimum dosage, a decline in coagulation activity was 
noticed. The observed trend suggests that for a given shaking frequency, coagulation 
occurred within two alum dosages, the critical coagulant and the critical stabilisation 
concentration (Bratby 2006). Within these two critical concentrations, the colloids are 
destabilised by the adsorption and bridging mechanism. Alum dosages greater than 
the critical stabilisation dosage preserve individual colloids due to charge reversal 
until reaching a second critical coagulant concentration. At this point and beyond, 
alum starts to precipitate causing an enmeshment of colloidal particles in solid-phase
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Fig. 6.2 a Contour plot and 
b 3D surface showing the 
effect of shaking time and 
shaking frequency on 
coagulation activity at 
70 mg/L alum dosage

hydroxide flocs (Xiao et al. 2008). This zone is commonly referred to as the sweep-
floc region. However, no renewed increase in coagulation activity was observed 
implying that the alum dosages used in this study did not reach the second critical 
coagulant concentration. It is worthwhile noting that coagulation activity was low at 
shaking frequencies < 550 rpm regardless of alum dosage. This stage is known as 
perikinetic flocculation in which microflocs form due to thermal agitation (Brownian 
movement) (Bratby 2006). Macrofloc formation is limited owing to the increasing 
energy barrier between larger flocs which cannot be overcome by Brownian move-
ment. In contrast, similar alum dosages at shaking frequencies > 700 ppm resulted in 
macrofloc formation (Table 6.5) and by greater coagulation activities (Fig. 6.3). This 
region is known as orthokinetic flocculation in which the shaking-induced velocity 
gradients were greater than Brownian movement thus providing additional opportu-
nities and energy for contact between microflocs (Bratby 2006). Our findings agree 
with those of Ndabigengesere and Narasiah (1996) who discovered that low-intensity 
mixing does not produce enough energy to sustain floc formation.

The contour plot and 3D surface analysis of alum dosage and shaking time effects 
on coagulation activity are shown in Fig. 6.4a and b. The optimal range of alum
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Fig. 6.3 a Contour plot of 
alum dosage and shaking 
frequency and b 3D surface 
of coagulation activity 
showing the effect of alum 
dosage and shaking 
frequency at 40 s of shaking 
time

dosage and shaking time appears to be between 65 and 85 mg/L as well as 37– 
48 s. The initially observed increase in coagulation activity with shaking time is 
synonymous with an increase in floc size. However, exceeding the optimal contact 
time results in the formation of flocs that are so large in size that they become prone 
to breakage. Consequently, coagulation activity declined as seen in Fig. 6.4. Similar 
trends were reported in the literature (Kan et al. 2002). 

6.3.3 MTP Coagulation Activity Assay Optimisation 
and Model Verification 

According to the RSM model (Sect. 3.1) and process analysis in Sect. 3.2, optimum 
coagulation activity of alum for round bottom MTP geometry can be achieved in the
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Fig. 6.4 a Contour plot of 
alum dosage and shaking 
time and b 3D surface of 
coagulation activity showing 
the effect of alum dosage and 
shaking time at 700 rpm of 
shaking frequency

Table 6.5 Verification experiments for optimum conditions of MTP-based coagulation activity 
assay 

Replicate trial Expected CAMTP Experimental 
CAMTP 

Image of flocs formed in 96-well MTP 

Trial 1 1.808 1.80 ± 0.01 

Trial 2 1.808 1.83 ± 0.03
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bentonite solution with a shaking frequency of 700 rpm, a shaking time of 40 s, a 
dosage of 40 mg/L and a settling time of 40 s. 

Optimal conditions for coagulation activity were confirmed experimentally (Table 
6.5). The coagulation activity was rated as desirable with a score of 0.922. The results 
in Table 6.5 indicate that the measured coagulation activity was reasonably close to 
the RSM predicted value. This finding validates the RSM approach and model for 
optimising the operational conditions of the coagulation activity in 96-well MTP 
round bottom geometry. 

6.3.4 MTP Coagulation Activity Assay with Crude M. 
Oleifera Seed Extracts 

The experimental coagulation activities of M. oleifera crude extract and alum as a 
model coagulant are shown in Fig. 6.5. A greater M. oleifera seed coagulant dosage 
(105–140 mg/L) was required to obtain a coagulation activity comparable to alum. 
M. oleifera seed proteins in crude and purified forms result in clay removal efficien-
cies ranging from 70–92% (Ferreira et al. 2011; Santos et al. 2009; Madrona et al. 
2010). At an apparent dose of 15 mg/L, a coagulation activity similar to alum was 
attained (Ghebremichael et al. 2005). We therefore conclude that in our study the 
low coagulation effects at 35 mg/L is produced because of lower concentrations of 
coagulant-active molecules. To have similar effects to alum, a higher dosage of M. 
oleifera against tested water samples is required. 

For experiments with alum the greatest coagulation activity was found between 
70 and 100 mg/L dosage. This finding is also in accordance with previous results 
(Alley 2000). At 140 mg/L the coagulation activity of alum slightly decreased due 
to restablisation of colloid particles (Bratby 2006).

1 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 

2 

0 20 40 60 80 100 120 140 160 

Co
ag

ul
at

io
n 

ac
tiv

ity
 (/

) 

Coagulant dosage (mg/L) 

Alum 
MO 

Fig. 6.5 Coagulation activity of M. oleifera and alum in 100 NTU synthetic turbid water based on 
96-U MTPs and shaking frequency of 700 rpm, shaking time of 40 s and settling time of 40 min 
used as coagulation conditions 
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6.4 Conclusion 

A 96-well MTP-based coagulation activity assay was successfully developed and 
optimised via RSM. U-shaped polystyrene MTP can be used to screen for coagulation 
activity natural and inorganic coagulants at 700 rpm shaking frequency and 40 s 
shaking time in 100 NTU bentonite colloidal solution of pH 6.5. 
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as fertiliser can avoid pollution and generate value-added products. We investigated 
the feasibility of recovering nutrients from anaerobically pretreated POME using 
palm kernel shell biochar (PKSBC) and deoiled spent bleaching earth (DSBE) as 
sorption agents. Nursery trials were conducted to study the effect of the nutrient-
enriched PKSBC and DSBE on Haplic Acrisol soil fertility and oil palm seedling 
growth. About 14% of P, 43% of NH3 and 42% of Fe content present in DSBE-
pretreated POME were recovered by PKSBC, while DSBE was able to recover 47% 
of NH3 and 27% of Fe from anaerobically pretreated POME. Both nutrient-enriched 
sorption agents enhanced soil properties, with DSBE-treated soil showing superior 
fertility and performance. The cation exchange capacity of Haplic Acrisol increased 
from 6.6 to 11.8 meq/100 g for DSBE-treated soil and to 8.7 meq/100 g for PKSBC 
treatment. The growth and health of oil palm seedlings, measured in terms of collar 
diameter and leaf colour index, was greatest for DSBE-treated soils, followed by 
PKSBC-treated soils and control. This study shows the reuse potential of palm oil 
industry by-products towards a circular palm oil economy. 

Keywords Nutrient recovery · Palm oil mill effluent · Deoiled spent bleaching 
earth · Palm kernel shell biochar · Biofertiliser 

7.1 Introduction 

Palm oil is one of the major edible oils consumed worldwide and produced in coun-
tries such as Indonesia, Malaysia, Thailand, Nigeria, Colombia, Guatemala, Ghana, 
Papua New Guinea and Brazil (Charles et al. 2019; Tan and Lim 2019). While palm oil 
has contributed significantly to the economic development of the producing coun-
tries, there is a growing concern over the detrimental environmental impact of its 
production. The production of palm oil at the mills entails various processes, which 
generate by-products such as empty fruit bunches, palm kernel shells (PKS) and 
palm oil mill effluent (POME) (Gamaralalage et al. 2019; Kong et al. 2014). Further 
by-products streams are generated in palm oil refineries such as spent bleaching earth 
(Loh et al. 2017a). 

Among these streams, POME has received wide attention due to its quantity 
and high organic strength. It is estimated that for every tonne of crude palm oil 
produced, 2.5–3.75 tonnes of POME are generated, which is characterised by high 
chemical oxygen demand, COD (40,000–100,000 mg/L), biological oxygen demand, 
BOD (25,000–65,000 mg/L), oil and grease (4000–6000 mg/L) and other organic 
compounds (Liew et al. 2015; Ng et al.  2016). Various technologies have been devel-
oped for the treatment of POME, ranging from biological (Ahmad Farid et al. 2019; 
Jalaludin et al. 2016), physico-chemical (Hossain et al. 2019; Huzir et al. 2019) to  
advanced oxidation processes (Charles and Cheng 2019; Bello and Abdul Raman 
2017). While a lot of progress has been made in developing treatment technolo-
gies, there is a growing interest to shift from the conventional approach of treat-
and-dispose to a circular economy approach of recover-and-reuse (Chojnacka et al.
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2019; Kasprzyk and Gajewska 2019; Loh et al. 2013a). Indeed, recent interest in 
wastewater treatment is evolving towards resource recovery and the use of the 
recovered materials as fertiliser (Hukari et al. 2016; Yuan et al. 2020). The high 
organic load coupled with its essential nutrient content (Cheng et al. 2016) renders 
POME as an attractive candidate for energy (Loh et al. 2017b) and nutrient recovery 
(Foo et al. 2020). 

Recognising the fertiliser potential of POME, attempts have been made to apply 
it directly on agricultural lands under regulations regarding land application of 
biosolids such as that by the Department of Environment Malaysia (Legal Research 
Board 1974). However, there are some practical challenges in direct applications of 
POME, including transportation cost, clogging and waterlogging of soil, and possible 
groundwater pollution (Liew et al. 2015; Wu et al.  2009). A more practical alterna-
tive will be to recover the nutrients prior to land application using suitable materials 
(Foo et al. 2020). However, there is still a lack of studies on nutrient recovery from 
POME and their potential application as fertiliser. The few reported studies have 
largely focused on removal of nutrients which are traditionally perceived as pollu-
tants, without investigating the subsequent utilisation of the nutrient-loaded sorbents 
(Liew et al. 2015; Ding et al. 2016; Wu et al.  2007). 

In order to enhance the sustainability of the palm oil industry, there is a need 
to adopt a circular model through resource recovery and diversification of reusable 
materials from both the palm oil mills and refineries. PKS and spent bleaching earth 
are two potential polluting solid by-products that can be valorised for subsequent 
recovery of plant nutrients from anaerobically pretreated POME via carbonisation 
(Kong et al. 2019) and deoiling (Loh et al. 2006), respectively. Previous studies 
have shown the potential of biochars (BC) to recover nutrients due to their adsorp-
tion–desorption behaviours (Gong et al. 2019). The application of nutrient-enriched 
sorbents to agricultural soils could enhance soil condition and support plant growth 
(Kasak et al. 2018; Pandit et al. 2018). In addition, the recycling of these nutri-
ents will reduce consumption of energy and non-renewable resources associated 
with the production of conventional fertilisers (Spångberg et al. 2014). The deoiled 
spent bleaching earth (DSBE) has slow release properties (Loh et al. 2017a) and has 
recently proven selective in nutrient recovery from POME (Foo et al. 2020). The 
reuse of by-products from the palm oil processing plant to recover nutrients from 
wastewater generated from the same process presents an attractive albeit unproven 
circular approach (Kushairi et al. 2018). 

The first objective of this study was therefore to examine the ability of PKSBC 
and DSBE to recover nutrients from anaerobically pretreated POME. The second 
objective was to investigate the effect of the nutrient-enriched PKSBC and DSBE on 
Haplic Acrisol soil fertility and oil palm seedling growth under nursery conditions.
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7.2 Methodology 

7.2.1 Materials 

Anaerobically pretreated POME was collected from Sime Darby KKS East, Carey 
Island, Selangor, Malaysia. PKS was obtained from Sime Darby Labu Palm Oil 
Mill, Negeri Sembilan. DSBE was supplied by Eco Oil, Nilai, Negeri Sembilan, 
Malaysia. DSBE characteristics such as cation exchange capacity (CEC), BET (N2) 
surface area, pore volume and elemental composition were reported in one of our 
previous studies (Foo et al. 2020). The oil palm seedlings were obtained from a 
commercial plantation (geo coordinates 2° 18' 08.5'' N 102° 11' 49.9'' E) located at 
Ladang Kelapa Sawit Paya Rumput, 76,450 Melaka. Haplic Acrisol soil (Rengam 
series) was obtained from the Malaysian Palm Oil Board Kluang Research Station, 
Johor, Malaysia. All chemicals used were of analytical grades and used without 
further purification. 

7.2.2 Preparation of Nutrient-Enriched Sorbents 

PKS was first air-dried for 2 days, followed by additional oven drying at 105 °C 
for 24 h. PKSBC was prepared according to Zainal et al. (2018). 18.4 ± 0.6 kg 
of the PKS were then fed into a multimode Biochar Experimental Kit (BEK) (All 
Power Lab LLC, USA) (Zainal et al. 2018). The pyrolysis was done at 500 °C 
with a holding time of 75 min using propane gas via bypass mode before shifting 
to retort mode after the reactor reached 100 °C. The burning of syngas assisted in 
reaching and maintaining the final temperature of 500 °C. The temperature of the 
pyrolysis was monitored using K-type thermocouples. At the end of the pyrolysis 
process, the PKSBC was collected, rapidly cooled down by spreading onto a clean 
concrete surface before storage in airtight plastic bags. The properties of original 
and pyrolysed PKS were determined using methods as described previously (Zainal 
et al. 2018) and are provided in Table 7.1.

The PKSBC was ground and sieved to obtain particles between 1–2 mm in size. 
6.00 kg DSBE and 300 g PKSBC were separately weighed and stored in an airtight 
container before use. A mixture of POME-DSBE (10:1, v/wt.) was prepared by firstly 
pouring 60 L of POME into the mixing tank connected to a plate and frame filter 
press. The pre-weighed DSBE was gradually added into the tank and mixed for 2 h. 
At the final 5 min of the 2 h mixing, the plate and frame filter press was initiated 
by opening the air regulator outlet valve. After the DSBE filter cake formed it was 
collected by carefully scraping it off the filter fabric into several trays. Finally, the 
collected DSBE filter cake was transferred to the nursery for sun drying. The POME 
supernatant collected from the filter press outlet was poured into a plastic container, 
and 300 g of the PKSBC gradually added and mixed for 2 h using a mechanical
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Table 7.1 Physico-chemical properties of original and pyrolysed palm kernel shell (PKS) 

Property Original PKSBC 

Product yield (wt% d.b.) 

Biochar – 29.8 ± 1.5 
Bio-oil – 6.9 ± 2.1 
Syngas – 63.2 ± 2.9 

Proximate analysis 

Moisture content (wt%) 9.1 ± 3.1 3.1 ± 1.1 
Volatile matter (wt% d.b.) 72.2 ± 0.9 18.9 ± 8.8 
Fixed carbon (wt% d.b.) 23.9 ± 1.2 71.5 ± 6.8 
Ash content (wt% d.b.) 2.0 ± 0.6 9.7 ± 4.4 
VM/FC (/) 3.0 ± 0.2 0.3 ± 0.2 

Ultimate analysis 

Carbon (wt% d.b.) 45.8 ± 1.4 66.2 ± 8.6 
Hydrogen (wt% d.b.) 6.1 ± 0.3 2.6 ± 0.5 
Nitrogen (wt% d.b.) BDL 1.2 ± 1.5 
Oxygen (wt% d.b.) 46.1 ± 1.5 20.4 ± 9.5 
H/C (molar) 1.60 ± 0.08 0.48 ± 0.12 
O/C (molar) 0.76 ± 0.05 0.25 ± 0.14 

pH N /D 9.34 

PKS were pyrolysed at 500 ºC for 75 min (n = 8; d.b.—dry basis; PKSBC)

agitator. The mixture was then left to settle for 2 h. The supernatant was decanted to 
collect and sundry the PKSBC. 

7.2.3 Nursery Trial 

A nursery trial using germinated oil palm seedlings with 4 leaves was conducted 
at the Malaysian Institute Chemical and Bio-Engineering Technology, Universiti 
Kuala Lumpur (geo coordinates 2o 27' 14.32'' N, 102o 10' 26.38'' E). The trial was 
conducted for a period of 60 days starting 9 March 2019 until 8 May 2019. Irrigation 
tubes were first set up, and concrete bricks were aligned in alternate manner alongside 
the irrigation tube and labelled. Calibration of drippers was carried out to ensure 
each dripper delivers a similar amount of water. The nursery trial consisted of a 
completely randomised design with different treatments of (1) control (T1), (2) soil 
with PKSBC addition (T2–T3), (3) soil with DSBE addition (T4–T5) and (4) soil 
with PKSBC-DSBE addition (T6–T7) (Table 7.2).

The Haplic Acrisol soil was mixed with nutrient-enriched PKSBC and DSBE at 
different concentrations and combinations (Table 7.2) to yield seven soil treatment
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Fig. 7.1 Collar diameter measurement under different soil treatments using palm kernel shell 
biochar and deoiled spent bleaching earth 

Table 7.2 Soil treatment composition (dry basis) containing soil and palm kernel shell biochar 
(PKSBC) and/or deoiled spent bleaching earth (DSBE) 

Treatment Constituent, 
soil:sorbent 

Weight of soil, 
Msoil (kg) 

Weight of BC, 
MPKSBC (kg) 

Weight of DSBE, 
MDSBE (kg) 

T1 Soil only 3.659 0 0 

T2 Soil: PKSBC 3.653 0.00598 0 

T3 Soil: PKSBC 3.646 0.01196 0 

T4 Soil: DSBE 3.575 0 0.0802 

T5 Soil: DSBE 3.490 0 0.1605 

T6 Soil: PKSBC: 
DSBE 

3.568 0.00598 0.0802 

T7 Soil: PKSBC: 
DSBE 

3.477 0.01196 0.1605 

T1—soil only; T2—0.163 wt% PKSBC in soil; T3—0.327 wt% PKSBC in soil; T4—2.24 wt% 
DSBE in soil; T5—4.58 wt% DSBE in soil; T6—1.61 wt% PKSBC + 2.16 wt% DSBE in soil; 
T7—3.18 wt% PKSB + 4.27 wt% DSBE in soil
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compositions designated as treatment groups T1–T7. The moisture content of each 
composition was predetermined to obtain the mass required on dry basis. The compo-
sition was weighed accordingly and prepared for five replicates per treatment. The 
PKSBC concentration in soil was 0.16 (T2) and 0.33 wt% (T3), whereas the concen-
tration of DSBE in soil was 2.2 (T4) and 4.4 wt% (T5). The PKSBC concentration 
of 0.16 wt% in topsoil (30 cm) with a bulk density of 1,700 kg/m3 is equivalent 
to an application rate of 8.16 MT/ha. Based on a meta-analysis carried out by Liu 
et al. (2013), the greatest changes in crop productivity were observed for biochar 
applications rate between < 10 MT/ha and 10–20 MT/ha. 

Once the soil compositions were ready, the oil palm seedlings were assigned to 
each treatment group to form five replicates. For T1, for example, 2.50 kg of soil 
was loosely packed in a polybag and labelled. The seedling was transplanted by 
placing it on top of the soil and the remaining 1.16 kg of soil added to achieve the 
required final weight of 3.66 kg per polybag. The polybag was then labelled as T1R1 
(replicate no. 1 of T1). The process was repeated for the rest of replicates to form 
T1R2, T1R3, T1R4 and T1R5. These steps were repeated for the other treatments 
namely T2 (T2R1–T2R5), T3 (T3R1–T3R5), T4 (T4R1–T4R5), T5 (T5R1–T5R5), 
T6 (T6R1–T6R5) and T7 (T7R1–T7R5). 

The polybags with the transplanted oil palms were arranged at the nursery site via 
a completely randomised design to eliminate any external factors that might affect the 
growth of oil palm seedlings if arranged in groups. Watering was conducted through 
drippers, which were pegged onto the polybag to avoid fallout. An automated timer 
was set to deliver 170 mL of water in the morning (7.30 am) and 70 mL in the evening 
(6.30 pm) for the first month, and 90 mL of water for morning (8.30 am) and evening 
(7.30 pm) for the remainder of the experimental trial as suggested by Radin et al. 
(2018). 

Collar diameter and plant health were monitored based on methods reported previ-
ously (Bachmann et al. 2018). For growth rate monitoring, the plant’s collar diam-
eter was determined using a Vernier calliper at 2 cm height from soil surface. The 
diameter measurements were carried out once every three days in the morning and 
evening before watering. The growth rate (cm/h) was determined by plotting the 
collar diameter measurements against time. 

Plant health was monitored by a 9-scale leaf colour chart obtained from Top Fruits 
Sdn. Bhd (Bachmann et al. 2018). The chart scales range from 1-very healthy to 9-
dead. Green leaf indicates healthy growth of the plant whereas brown shows a dying 
or dead plant. The score of each plant for four leaves per plant was taken, and average 
value was obtained. The average value of each plant representing the plant health 
index was taken.
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7.2.4 Analytical Techniques 

7.2.4.1 Nutrient Analysis 

Nutrient recovery efficiency of DSBE and PKSBC was determined as follows. A 
POME sample (control) was put into a 50 mL centrifuge tube. After 2 h of mixing 
at 150 rpm, the final sample was taken. For the DSBE- and PKSBC-treated POME, 
samples were collected at initial and final stages of the 2 hmixing process. Control for 
POME supernatant was included as jar test for comparison with the PKSBC-treated 
POME. The collected POME samples were centrifuged at 3900 rpm for 30 min. Then, 
the supernatant was collected and preserved. The preservation medium for colour 
and NH3 was sulphuric acid while nitric acid was used for P and trace elements in 
accordance with the standard methods (American Public Health Association 2005). 

Sample analysis was carried out as described previously (Foo et al. 2020). In 
brief, the colour of the POME samples was determined using a colorimeter (HACH, 
DR900), while the NH3 content was measured via HACH method 8155 using a 
colorimeter (HACH, DR900). P and trace elements analyses were conducted using a 
UV–Vis spectrophotometer. The concentration of P in the samples was determined 
following the molybdenum blue method while trace elements were analysed using 
the atomic absorption spectrophotometer (Perkin Elmer, AAnalyst 400). 

7.2.4.2 PH and Electrical Conductivity of Soil Treatments 

Soil pH and electrical conductivity were determined before and after nursery trials 
according to the procedure reported by Rajkovich et al. (2012). For pre-nursery soil 
analysis, samples were collected from soil mixing process (T1–T7) and stored in 
labelled bags. 1 g of sample was placed in a 250 mL Erlenmeyer flask, and 20 mL 
of water was added. The prepared samples were stirred using a shaker incubator at 
150 rpm for 1.5 h. Afterwards, the pH measurement was carried out by inserting a pH 
probe metre into the sample solution. The electrical conductivity (EC) measurement 
was carried out via a similar method. For post-nursery soil analysis, three replicates 
were chosen from each treatment. Soil sample from each replicate at three different 
locations was obtained using a spatula and stored. The pH and EC measurements of 
post-nursery soils were conducted in the same manner. 

7.2.4.3 Soil Analysis 

Organic carbon, total organic carbon, total nitrogen, total phosphorus, potassium, 
calcium, magnesium, sodium, CEC and base saturation of composite samples of each 
treatment were determined in duplicate at a SAMM-accredited laboratory (ESPEK 
Research Advisory Services, Malaysia).
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7.2.4.4 Statistical Analysis 

Statistical analysis was carried out using MINITAB version 14.0. The number of 
replicates involved in the analysis for each parameter was 5. For growth rate data, 
a t-test was performed to determine if there was a significant difference in growth 
rate taken in the morning compared to the evening. The data taken for growth rate 
was also analysed using a two-way analysis of variance (ANOVA) to investigate the 
effect of time and treatment on the collar diameter. Tukey’s test by one-way ANOVA 
was utilised for the post hoc test. Statistical analysis was also applied to the data 
of the leave health index. The effect of soil treatment and time were analysed using 
two-way ANOVA. Tukey’s test via one-way ANOVA was also carried out for the 
leaf colour data. A significance level of 0.05 was used to test these effects. 

7.3 Results and Discussion 

7.3.1 Nutrient Recovery 

DSBE and PKSBC were utilised as media for nutrient recovery from POME and 
mixed with soil to test their effect on oil palm seedling growth. To evaluate the nutrient 
recovery efficiency of DSBE and PKSBC, the nutrient concentrations in raw POME 
(control) and POME samples treated with DSBE and PKSBC were determined. The 
untreated POME served as a control to account for naturally occurring microbial 
degradation and physical effects (e.g. precipitation, volatilisation). Tables 7.3 and 
7.4 display the results of nutrient recovery from POME using DSBE and PKSBC, 
respectively.

Analysis showed that anaerobic POME before nutrient recovery contained 
substantial macro-(N, P, K) and micronutrients (Fe, Cu, Zn and Mn) beneficial for 
plant growth. The concentrations of NH3, P and Mn in POME prior to nutrient 
recovery agrees with values reported in literature, while Fe, Cu and Zn concentra-
tions were below the reported range (Table 7.5). Variations in POME composition 
may arise due to plantation and oil palm mill-specific operation conditions as well as 
analytical methods deployed. Variations observed in the control during the 2 h treat-
ment period are attributed to microbial activities, physico-chemical processes such 
as adsorption, desorption and precipitation as well as methodological uncertainties.

A net colour removal was achieved in both the DSBE-treated (17%) and PKSBC-
treated (7%) POME samples. However, the treated POME must undergo further 
treatment in order to meet the final discharge limit of 200 (Zainal et al. 2017). The 
observed removal of colour indicates that adsorption of dissolved organic matter such 
as humic acid had taken place. Humic substances contain quinonoid, carboxylic and 
phenolic functional groups capable of attracting cationic nutrients (Wu et al. 2009). 
Previous studies have suggested that humic substances from POME could be involved
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Table 7.5 Characteristics of raw and anaerobically digested palm oil mill effluent (POME) 

Parameter Unit Raw POME Digested POME 

Loh et al. 
(2017b) 

Lam and Lee 
(2011) 

Zainal et al. 
(2017), Loh 
et al. (2013b) 

Loh et al. 
(2017b) 

Foo 
et al. 
(2020) 

pH – 3.3–5.7 3.4–5.2 4.7 5.8–8.9 6.6 

Oil and grease mg/L 5,614–8,812 130–18,000 4,000–6,000 1,432–2,120 NR 

BOD mg/L 18,225–23,900 10,250–43,750 25,000 236–1,266 518 

COD mg/L 45,818–54,861 15,000–100,000 51,000 3,303–6,830 2,257 

Total solids mg/L 46,304–63,192 11,500–79,000 40,000 9,891–17,089 NR 

Suspended 
solids 

mg/L 24,846 -30,920 5,000–54,000 18,000 2,539–5,713 1,567 

Volatile fatty 
acids 

mg/L 1,057–1,073 NR NR 572–584 NR 

Ammoniacal 
nitrogen 

mg/L 77–101 4–80 35 135–165 261 

Total Kjeldahl 
nitrogen 

mg/L 670–780 180–1,400 750 288–483 480 

Phosphorus, P mg/L 109–136 NR 180 30–84 361 

Potassium, K mg/L 1,696–2,043 NR 2,270 1,569–1,879 28,356 

Magnesium, 
Mg 

mg/L 279–296 NR 615 320–334 NR 

Calcium, Ca mg/L 282–290 NR 439 212–229 NR 

Iron, Fe mg/L 65–67 NR 46.5 9–15 348 

Manganese, 
Mn 

mg/L 2.67–2.93 NR 2.0 0.90 4.56 

Copper, Cu mg/L 0.80–0.90 NR 0.89 0.22–0.24 6.15 

Zinc, Zn mg/L 1.24–2.72 NR 2.3 0.47–0.53 1.82 

Chromium, Cr mg/L 10.2 NR NR NR NR 

Nickel, Ni mg/L 0.10–2.70 NR NR 0.14–3.60 NR 

NR—not reported

in urease inhibition, urea adsorption and ammonia fixation, which would be beneficial 
for enhanced soil fertility (Siva et al. 2000). 

For NH3, DSBE and PKSBC achieved 47 and 43% net recoveries from POME. The 
substantial recovery of NH3 is important for the subsequent application in agricultural 
soils. The recovery of P was negative for DSBE suggesting a release of valuable P 
from DSBE. The presence of P in DSBE is due to its use as bleaching agent in 
palm oil refining removing phospholipids and other substances from the crude palm 
oil (Loh et al.  2013b, 2015). However, the released P could be recovered during 
PKSBC treatment at a net recovery of 14%. The recovery of P is highly desirable, 
since P is a major element required for plant growth. Rock phosphate deposits are 
also finite and often located in geopolitically unstable areas, thus posing a potential
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risk to food production security (Blackwell et al. 2019). Further research is required 
to understand and ultimately prevent the release of P from DSBE for maximum 
recovery of this mineral commodity. 

For the recovery of micronutrients, different observations were made. While the 
DSBE could recover about 42% of the initial concentration of Mn, an increase in Cu 
and Zn concentrations in DSBE-pretreated POME was observed. These micronutri-
ents possibly originated from the DSBE which could have been inherited from its 
previous application in palm oil refining (Loh et al. 2013b, 2015). The more reac-
tive Mn cationic form in POME showed higher affinity to DSBE than the rest of 
the micronutrients. Due to higher Lewis acid strength of Zn and Cu than Mn, their 
ability to dissociate from DSBE would be greater in acidic POME condition. On the 
other hand, their presence in cationic form in DSBE-pretreated POME provided more 
flexible coordination geometry and lesser steric hindrance for them to bind onto the 
negatively charged PKSBC, hence resulted in higher nutrient recovery of Zn (89%) 
and Fe (42%), respectively, but none for Cu as its initial presence was considered 
negligible (Table 7.4). It is clear from the results presented, that the combination 
of DSBE and PKSBC resulted in the net recovery of most nutrients for subsequent 
application as fertiliser and soil modifier. 

7.3.2 Effect of Nutrient-Enriched Sorbents on Soil Properties 

The effect of different soil treatments on soil properties was investigated. Table 7.6 
shows the amount of nutrients and CEC for the various treatments. The recommended 
molar ratio of carbon to nitrogen (C/N) of the soil is 9–21 for optimum plant develop-
ment (Loh et al. 2013b; Li et al.  2019). A high C/N ratio is undesirable as it indicates 
too much carbon in the soil, which can hinder the bioavailability of N and affect 
plant growth. In this study, the C/N ratio of all treatment was similar (Table 7.6) and 
within the recommended range. The C/N ratio of the control soil (T1) was similar 
to that reported for Rengam soil (Sabrina et al. 2009).

In terms of carbon and nitrogen content, an increase was observed for all treat-
ments compared to the control. In addition, treatments T3, T5 and T7 had greater 
carbon and nitrogen contents compared to T2, T4 and T6. This can be attributed to 
the greater concentration of PKSBC, DSBE and PKSBC + DSBE (Table 7.2). 

Table 7.6 also depicts the elemental composition for each soil treatment. The 
concentration of P was greatest in the DSBE-treated soil, followed by PKSBC + 
DSBE and PKSBC. The same trend was also observed for all other monitored plant 
nutrients (K, Ca, Mg and Na). The findings may be attributed to the intrinsic compo-
sition of bleaching earth, the precursor of the DSBE, the nutrients present in the filter 
cake comprising of DSBE and suspended POME solids. Bleaching earth comprises 
mainly of bentonite, which is rich in elements such as Na, Ca, K and P (Loh et al. 
2017a; Lim et al. 2013). PKSBC, on the other hand, did not benefit from the presence 
of POME solids and thus had correspondingly lower values.
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CEC of the soil measures its ability to retain important nutrients (exchangeable 
cations) for plant growth. Thus, soil with high CEC can hold more nutrients and water 
for effective plant growth. As shown in Table 7.6, the addition of DSBE resulted in 
a twofold increase compared to the control (T1). Similar effects were reported by 
(Loh et al. 2017a, 2013b). Although these CEC values were typical of sandy loam 
soils (Peats et al. 2007), the addition of DSBE and PKSBC + DSBE enhanced the 
CEC to a range similar to clay loam. Hence, the addition of DSBE and PKSBC could 
improve the soil properties, which should benefit plant growth and health. 

For the base saturation, which is the percentage of the CEC occupied by the basic 
cations (nutrients), similar observations were made. The soil base saturation was 
improved with the addition of both the DSBE and PKSBC. For the control, the base 
saturation was 15.5%, and it increased to 21.4–23.6% for the PKSBC-treated soils. 
The highest base saturations were obtained for the DSBE- and (DSEB + PKSBC)-
treated soils (71–125%). For T5, T6 and T7, the base saturations were higher than 
100%. This is likely due to the unattached Ca, Mg, and/or Na that might have been 
technically unavoidably extracted by the soil testing process (Csuros 2018). Although 
there are controversies on adopting a particular optimum base saturation (Kopittke 
and Menzies 2007), soils with high base saturation are considered good for plant 
growth. 

Table 7.7 shows the pH and EC for the different soil treatments. The soil used 
in this study was classified as Rengam soil, which has sandy loam characteristics 
(Sabrina et al. 2009). The pH of the control soil (T1) before the commencement 
of the nursery trial was pH 4.26, which is similar to the pH range for Rengam soil 
series (4.06–4.10) (Houmani et al. 2012). Addition of 0.19% and 0.37% alkaline 
PKSBC (Table 7.2) naturally increased the soil pH. The DSBE-treated soil (T4 and 
T5) experienced a greater increase in pH compared to the PKSBC-treated soils. The 
observed increase is in agreement with Loh et al. (2015), who reported a pH of 
4.5–5.2 for spent bleaching earth. However, the pH of T7 (5.83) was the greatest 
among all the treatments. Tiemann et al. (2018) reported that 95% of oil palms in 
Southeast Asia are planted on soils with a pH < 5. A soil pH of 4.0–4.2 is regarded as 
moderately suitable while a pH > 4.2 is considered as highly suitable. In general, the 
initial pH values for all the soil treatments were above 4.2, indicating the suitability 
of the soil conditions for oil palm cultivation. 

After 60 days of trial, a further increase in pH was observed for each soil treatment, 
ranging from 5.13 (T2) to 7.05 (T5). The increase of pH could be deduced by 
the presence of nutrient cations in the soil treatments, which were released from 
the PKSBC and DSBE over time in exchange for H+. Microbial degradation of 
lignocellulosic fibres present in the biosolids was also expected to release cations 
bound to the organic matrix. Although the soil pH has no direct effect on the plant 
growth, it controls the availability of nutrients such as P and trace elements. For 
example, P is more available in neutral pH soil while trace elements such as Mn 
and Zn prefer much lower soil pH (Faloye et al. 2017). These results showed that 
addition of both the PKSBC and DSBE increased the soil pH, which is similar to the 
results reported earlier by Pandit et al. (2018).
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Table 7.7 pH and electrical conductivity (EC) of soils under different treatments 

Soil treatment pHinitial 
(/) 

pHfinal 
(/) 

ECinitial 
(µS/cm) 

ECfinal 
(µS/cm) 

T1 4.26 ± 0.02 4.95 ± 0.14 78.4 ± 0.2 39.4 ± 5.1 
T2 4.39 ± 0.02 5.03 ± 0.14 39.4 ± 1.4 46.5 ± 7.2 
T3 4.54 ± 0.03 5.03 ± 0.31 57.6 ± 0.5 63 ± 33 
T4 5.18 ± 0.01 6.71 ± 0.39 120 ± 0.3 98 ± 40 
T5 5.67 ± 0.04 7.43 ± 0.24 171 ± 0.4 188 ± 208 
T6 4.71 ± 0.13 7.06 ± 0.32 70.1 ± 0.5 78 ± 32 
T7 5.83 ± 0.03 7.56 ± 0.11 189 ± 1 381 ± 254 

T1—soil only; T2—0.163 wt% PKSBC in soil; T3—0.327 wt% PKSBC in soil; T4—2.24 wt% 
DSBE in soil; T5—4.58 wt% DSBE in soil; T6—1.61 wt% PKSBC + 2.16 wt% DSBE in soil; 
T7—3.18 wt% PKSB + 4.27 wt% DSBE in soil. 

EC is a measure of dissolved cations and anions present in soil. The initial EC of 
the control soil (T1) was found to be 78 µS/cm (Table 7.7). The soil EC depends on 
soil type, particle size and consistency, and moisture content. The typical ranges of 
EC are highest in clay (100–10,000 µS/cm), intermediate in silt type (50–500 µS/cm) 
and lowest in sandy soil (2–40 µS/cm) (Grisso et al. 2009). The Rengam soil utilised 
in this study is reported to comprise 50% sand, 13% silt and 37% clay (Houmani et al. 
2012). Thus, the observed EC falls under the intermediate range as expected. The 
addition of DSBE, which comprises primarily of bentonite clay, further increased 
the EC of the soil, which agrees with the study of Grisso et al. (2009). The addition 
of PKSBC, however, had a somewhat opposite effect, suggesting that mobile ions 
might have been adsorbed by the BC. The EC values for post-nursery soil ranged 
from 39.4 (T1) to 381 µS/cm (T7). The lower EC for T1 suggests that the test plants 
had taken up the nutrients while most other soil treatments released nutrients which 
could result in enhanced plant growth. 

7.3.3 Effect of Nutrient-Enriched Sorbents on Growth of Oil 
Palm Seedlings 

To investigate the effect of different soil treatments (T1–T7) on the growth of the 
oil palm seedlings, the collar diameters of the seedlings were measured daily over a 
period of 60 days. Figure 7.1 depicts the average collar diameters of each treatment 
against time for the observed period. The collar diameters for all treatments at the 
start of the trial ranged from 0.4 to 0.5 cm. The collar diameters were then monitored 
in the morning (am) and evening (pm). In the first week, all treatments displayed 
a declining trend of collar diameter, indicating that the plants were adapting to the 
new environment. At the end of the growth trial, the greatest collar diameter was 
obtained for soil treated with 2.31% DSBE (T4), followed by T7 and T5. The superior
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collar diameter in the DSBE-treated soils can be linked to the higher CEC and base 
saturation as discussed previously. However, the collar diameters for both the DSBE 
and PKSBC-treated soils were greater than the control. This indicates that both the 
DSBE and PKSBC have a positive effect on the plant growth, due to the enhancement 
of soil properties and the presence of recovered plant nutrients. 

During the nursery trials, the morning-measured collar diameter was consis-
tently greater than the evening-measured collar diameter, regardless of soil treatment 
(Fig. 7.2). This is expected due to the differences in evapotranspiration between 
the two measuring periods. During daytime, there is higher evapotranspiration due 
to warmer temperature and photosynthesis. Consequently, the plants were able to 
replenish their cells with water at night-time, resulting in the observed increase collar 
diameter. However, the observed differences gradually diminished. As the plants 
grew older, the xylem of plants became more rigid and the effect less pronounced 
(Zeng et al. 2018). 

From the collar diameter data obtained, the growth rate of the oil palm seedlings for 
each soil treatment was determined. Table 7.8 displays the lag phase (h), growth phase 
(h) and linear growth rate (cm/h). The fastest linear growth rate among the treatments 
was obtained from T4 at 0.0003 cm/h followed by T1, T2, T5 and T6 at equal 
linear growth rate of 0.0002 cm/h. The linear growth rate of T4 was in agreement 
with the collar diameter and plant health index, with a correlation coefficient (R2) 
of 0.9905. T3 experienced a slower growth compared to T2, indicating that a lower 
dosage of PKSBC may be preferred.
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Fig. 7.2 Shrinkage of collar diameter between morning and evening measurements in response to 
treatments with palm kernel shell biochar (PKSBC), deoiled bleaching earth (DSBE) and mixture 
of PKSBC with DSBE. Effect of soil treatment was not significant (p = 0.06) 
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Table 7.8 Growth rate of oil palm seedlings 

Treatment Lag phase (h) Growth phase (h) Linear growth rate 
(cm/h) 

Correlation coefficient 
(R2) 

T1 865 576 0.0002 0.8960 

T2 793 649 0.0002 0.9788 

T3 721 720 0.0001 0.8744 

T4 721 720 0.0003 0.9905 

T5 145 1,296 0.0002 0.8700 

T6 360 1,081 0.0002 0.6211 

T7 145 1,296 0.0001 0.9125 

T1—soil only; T2—0.163 wt% PKSBC in soil; T3—0.327 wt% PKSBC in soil; T4—2.24 wt% 
DSBE in soil; T5—4.58 wt% DSBE in soil; T6—1.61 wt% PKSBC + 2.16 wt% DSBE in soil; 
T7—3.18 wt% PKSB + 4.27 wt% DSBE in soil 

7.3.4 Comparison of Soil Treatment Performance 

The collar diameter on 8 May 2019 was used to compare the effect of each treatment 
type on plant growth in relation to the control. The overall highest measured collar 
diameter was obtained in T4 (0.82 ± 0.11 cm), followed by T7 (0.68 ± 0.12 cm) 
and T2 (0.55 ± 0.12 cm). The corresponding soil pH and conductivity were 6.25 
and 97.6 µS/cm (T4), 6.97 and 381 µS/cm (T7) and 5.13 and 46.5 µS/cm (T2). 
The nutrient recovery performed during soil mixing process proved that the PKSBC 
could recover NH3, P and traces of Zn and Fe, which aid plant growth. Figure 7.3a 
compares the effect of PKSBC concentrations (T1 = 0, T2 = 0.19, and T3 = 0.38%) 
on the collar diameter. While there was no significant difference between treatments 
T1–T3, the highest collar diameter at T2 indicates detrimental effects of higher 
amount of PKSBC on plant growth. Similarly, the effect of lower amount of DSBE 
in T4 (2.33%) on the collar diameter was greater than T5 (4.62% DSBE), indicating 
that higher treatment of DSBE might also be detrimental to plant growth (Fig. 7.3b). 
Although the nutrient recovery by DSBE was lower than that of PKSBC, the fertility 
of soil was somewhat enhanced probably due to the presence of POME solids in the 
DSBE filter cake. Water holding capacity and nutrients availability are higher in soils 
with high CEC, thus allowing nutrient uptake by the plant roots. For the combined 
PKSBC and DSBE treatments (T6 and T7), a different trend was observed (Fig. 7.3c). 
The higher mixed concentration (T7 = 5% PKSBC + DSBE) resulted in a greater 
collar diameter than both the T6 (2.5% PKSBC +DSBE) and T1 (control). However, 
the effect was not statistically significant.
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Fig. 7.3 Effect of palm kernel shell biochar (a), DSBE (b) and palm kernel shell biochar + DSBE 
(c) on the collar diameter of oil palm seedling
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7.3.5 Plant Health by Leaf Colour Data Analysis 

The effect of different soil treatments on plant health was also monitored through the 
leaf health index analysis. Figure 7.4 illustrates the health index for all soil treatments. 
In general, the health index for control and PKSBC treatments (T1, T2 and T3) 
fluctuated between scores of 4 (slightly healthy) and 5 (slightly sick) throughout the 
experimental period without a clear trend for T2. Plant health for DSBE treatment 
alone and in combination with PKSBC, however, had improved noticeably with time 
in the order of T2 (0.0022 1/h) > T6 (0.0017 1/h), T4 (0.0016 1/h) and T5 (0.0014 
1/h). This finding is in good agreement with collar diameter results. 
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Fig. 7.4 Effect of soil treatment on leaf health index using palm kernel shell biochar and deoiled 
spent bleaching earth (a), replicate with dead leaves (b) and replicate with health index 4.0 (c)
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Leaf colour data were analysed similar to collar diameter data. A two-way ANOVA 
was used to determine whether there was a correlation between observation time and 
treatments applied to the result of plant health. Although statistically there was no 
significant interaction between observation time and treatment types, each individual 
parameter had a highly significant effect on plant health index (p < 0.001). Overall, 
the findings in statistical analysis favours T4 as the superior treatment for this study. 

7.4 Conclusion 

The current interest towards circular economy necessitates the development of appro-
priate technologies for resources recovery. In this work, we utilised DSBE and 
PKSBC for nutrient recovery from POME waste stream followed by subsequent 
nursery trials with oil palm seedlings. DSBE and PKSBC were overall able to recover 
most nutrients and enhanced soil properties in terms of pH, conductivity, carbon, 
nitrogen and phosphor content as well as CEC. The seedlings grown in DSBE- and 
PKSBC-treated soils exhibited higher growth rates than those under control treat-
ment. This study shows that reutilising DSBE and PKSBC together with high organic 
strength anaerobic POME could be synergistic in enhancing growth and health of 
oil palm seedlings due to substantial enrichment of beneficial nutrients. It serves 
to contribute partly towards the continued efforts in adopting a circular palm oil 
economy. 
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Chapter 8 
Red Tilapia By-Product (Oreochromis 
Sp.) Hydrolysates: Bioactivities, 
Bioprocessing, and Potential Applications 

Emmy Liza Anak Yaji, Nur Suraya Abdul Wahab, Norfahana Abd-Talib, 
Mohammad Zulkeflee Sabri, Kelly Yong Tau Len, Nadia Razali, 
and Khairul Faizal Pa’ee 

Abstract The aquaculture and fishery industry has expanded dramatically in recent 
years, producing by-products that are still underutilised. This article provides a 
detailed review of relevant observations and studies that encompasses current 
research on the red tilapia by-product as a precursor for ACE-inhibitory peptides. 
The review includes (i) red tilapia by-product generation and its potential protein 
precursor for bioactive peptides, (ii) current findings on bioactive peptides and 
their mechanism, (iii) common and new empirical approaches to bioactive peptides
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production, and (iv) limitation and future outlook of bioactive peptides which 
includes molecular dynamics simulation and bioinformatic approach. 

Keywords Red Tilapia by-product · Bioactive peptides · Bioinformatics ·
Functional food · Bioprocessing technology 

8.1 Introductions to Red Tilapia Production and Its 
Processing By-Products 

Over the last decade, the capture fisheries’ practice has plateaued due to climate 
changes, environmental issues, and overfishing (Allan et al. 2005). The capture fish-
eries are no longer expected to meet the growing global demand in the supply of 
edible fishes (Subasinghe et al. 2009). The fishing industry is evolving in much the 
same way that man no longer hunts for meat. Consumers will increasingly rely on 
aquaculture or farmed fish as dependable high-nutritional-value protein sources that 
are responsibly sourced and available year-round in the future years. Aside from that, 
the aquaculture industry offers significant job and revenue opportunities, particularly 
in impoverished rural areas (Halwart et al. 2003). 

Tilapia is the freshwater cichlid fish found in streams, wetlands, rivers, lakes, 
and brackish water. The group is made up of three important aquaculture genera: 
Oreochromis, Sarotherodon, and Tilapia. Several characteristics distinguish these 
three genera, but the most important may be the reproductive behaviour. Nests are 
built by all tilapia species, and fertilised eggs are guarded in the nest by a brooding 
parent. Sarotherodon and Oreochromis species are mouthbrooders; eggs are fertilised 
in the nest, but parents immediately pick up the eggs in their mouths and hold them 
during incubation and several days after hatching. Mouthbrooding is only practised 
by females in Oreochromis species, whereas mouthbrooding is practised by either the 
male or both the male and female in Sarotherodon species. The genus Oreochromis 
now encompasses all commercially farmed tilapia, with Nile tilapia accounting for 
more than 90% of all economically farmed tilapia. Oreochromis aureus (blue tilapia), 
Oreochromis mossambicus (Mozambique tilapia), and Zanzibar tilapia (Oreochromis 
mossambicus) are less typically farmed species (O. urolepis hornorum). Tilapia 
resembles sunfish or crappie in appearance, but they have an interrupted lateral 
line that is peculiar to the Cichlid family of fish. They have lengthy dorsal fins and 
a deep body and are laterally compressed. The anterior portion of the dorsal fins is 
heavily spined. Spines can also be found in the pelvis and anal fins. Tilapias are more 
resistant to high salinity, high water temperature, low dissolved oxygen, and high 
ammonia concentrations than most commonly farmed freshwater fish (Popma and 
Masser 1999). Earthen ponds, concrete tanks, and floating net cages raise the fish 
(wooden, galvanised, HDPE frame). Because of the encouraging aquaculture char-
acteristics, low input costs, stable market prices, rapid maturity, and mild and sweet 
tastes, tilapia is the most widely cultured freshwater fish in tropical and subtropical 
countries (Wang and Lu 2016; Prabu et al. 2019).
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The industrial activity of tilapia processing and filleting generates an enormous 
amount of waste which can affect the environment. Based on Medina-Medrano 
(Medina-Medrano et al. 2019), approximately 30% to 70% of the initial fish’s weight 
are blood, viscera, carcass, skin, scales, and head, which will be discarded to landfill 
without any pre-treatment. However, emerging studies regarding the valorisation of 
tilapia waste such as head, bones, viscera, muscle, skin, and scales have allowed the 
manufacturing industry to explore alternative raw materials, gaining its popularity 
(Roslan et al. 2014; Coppola et al. 2021). Converting tilapia by-products into new 
products with good functional or biological qualities is one of the most intriguing and 
promising alternatives as to the by-products from tilapia processing still contain rich 
sources of several excellent compounds such as collagen, proteins, gelatin, lipids, 
amino acids, and enzymes (Zamora-Sillero et al. 2018). Several researchers reported 
various applications that could convert tilapia by-products into value-added prod-
ucts to reduce food loss and waste while also improving fish waste management 
strategies. Afreen & Ucak (Afreen and Ucak 2020) explored the potential of tilapia 
waste as animal feed ingredients by utilising several biotechnologies and biopreser-
vation methods. Researchers extracted fish oil from various tilapia waste to make 
biodiesel (Oliveira et al. 2021). The moisture and free fatty acid (FFA) content of 
tilapia’s visceral oil is low and beneficial for transesterification and conversion into 
high-yield biodiesel. Skin collagen from tilapia has been used as a scaffold in carti-
lage repair through in vitro (chondrocytes from rabbit auricula) and in vivo tests 
(rabbit) (Li et al. 2020). The by-products are also employed as a substrate for the 
ACE-inhibitory protein hydrolysate acid or alkaline hydrolysis, autolysis, and enzy-
matic hydrolysis (Lin et al. 2017). Fish waste is converted into a liquid mixture of 
hydrolysed proteins, lipids, minerals, and other nutrients easily digestible by both 
terrestrial and aquatic animals through the fish silage process. Other products can be 
made from the by-products of industrial tilapia filleting, such as surimi (minced fish) 
or gluten-free tapioca starch (Market 2019). As a result, a detailed analysis of its 
production, product features, and feasibility for larger-scale production is required, 
focusing on the process’s cost-effectiveness and consequent reduction in pollution. 

Food chemical composition is critical for human nutritional well-being and deter-
mining the future production and implementation of food materials in the food 
industry. Table 8.1 summarises the findings of several reports on proximate anal-
yses of tilapia by-products. Roslan (Roslan et al. 2014) performed comparative 
studies on tilapia by-products and tilapia by-product hydrolysate, finding that tilapia 
by-products contained 14.60 ± 0.30% crude protein, 8.93 ± 0.46% ash, 66.57 ± 
0.39% moisture, and 5.50 ± 0.30% fat. These findings were found to be significantly 
different with protein, ash, moisture, and fat content of tilapia by-product hydrolysate 
(62.71 ± 0.29%, 25.34 ± 0.94%, 6.48 ± 0.40%, 0.08 ± 0.05%, respectively). This 
high variability in protein content is due to the fact that the hydrolysate was dried, 
while the values for the raw material were expressed as a percentage of wet weight.

The high protein content was due to protein solubilisation during hydrolysis, the 
elimination of insoluble undigested non-protein molecules, and the partial removal of 
lipids following hydrolysis (Roslan et al. 2014; Robert et al. 2015). The proportion 
of solubilised protein was shown to be affected by the amount of fat in the raw
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Table 8.1 Proximate composition of tilapia by-product 

Sample Moisture 
content 

Crude protein Fat Ash References 

Tilapia 
by-product 

66.57% ± 0.39 14.60% ± 0.30 5.50% ± 0.30 8.93% ± 0.46 Roslan et al. 
(2014) 

Tilapia 
by-product 
hydrolysate 
powder 

6.48% ± 0.40 62.71% ± 0.29 0.08% ± 0.05 25.34% ± 0.94 

Spray-dried 
tilapia 
by-product 
hydrolysate 

3.5% 80.2% 7.4% 5.4% Robert et al. 
(2015) 

Powder 
tilapia 
by-product 
hydrolysate 

2.14% 44.80% 0.32% 21.06% Paris et al. 
(2016) 

Dry tilapia 
filleting 
by-product 

94.89% (Dry 
matter) 

47.25% 2.27% 19.58% Sary et al. 
(2017) 

Freeze-dried 
tilapia 
viscera 
hydrolysate 

16% 42.2% ± 1.1 3.6% ± 0.1 22.9% ± 0.6 Sepúlveda 
et al. (2021)

material, with raw materials having the highest amount of fat providing the lowest 
percentage of solubilised protein (Šližyte et al. 2005). During hydrolysis, muscle 
cell membranes begin to circle up and form insoluble vesicles. The situation led to 
decreased fat concentration in the tilapia by-product hydrolysate due to the removal 
of structured membrane lipids during centrifugation to recover soluble protein. The 
addition of sodium phosphate buffer during enzymatic processing may have led to 
the significantly high ash concentration of tilapia by-product hydrolysate. According 
to the data, the moisture percentage of tilapia by-product hydrolysate powder was 
6.48 ± 40%, which could be due to the sample form and evaporation temperatures 
utilised, which led the sample to lose a lot of moisture (Roslan et al. 2014). 

According to Table 8.1 (Robert et al. 2015) obtained the highest protein content in 
tilapia by-product hydrolysate at 80.2%, compared to other studies that found protein 
content ranging from 42 to 63%. Nonetheless, these results revealed that the tilapia 
by-product hydrolysate contained a significant amount of protein. These hydrolysates 
were all produced by enzymatic hydrolysis using protease enzyme; however, the 
parameters were different. Variations in protein content in the hydrolysate could be 
caused by the enzyme and parameters used during enzymatic hydrolysis. The high 
protein and low-fat content shows that fish hydrolysates can be used in animal or 
human nutrition (Robert et al. 2015). Typically, numerous separation processes are 
performed sequentially to purify a dietary protein. In general, the purity of a protein
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preparation may be enhanced by including more separation processes; however, this 
often results in a decrease in recovery or yield (Smith 2017). 

8.2 Bioactive Peptides 

Specific protein fragments known as bioactive peptides are defined as those that posi-
tively impact the body function or condition and may ultimately positively impact 
health (Ishak and Sarbon 2018). Hydrolysis is when proteins are broken down into 
smaller peptide chains, each containing specific peptide sequences with distinct 
bioactivities. Depending on their inherent amino acid composition and sequence, 
these bioactive peptides can exhibit potential bioactivities such as an angiotensin-
converting enzyme (ACE) inhibitory activity, antimicrobial, antioxidative, antithrom-
botic, and immunomodulatory activities, among other properties (FitzGerald and 
Meisel 2003; Korhonen and Pihlanto 2006). The ACE-inhibitory and antioxidant 
activity of various protein sources was the bioactivity that had received the most 
attention (Murray and FitzGerald 2007; Paiva et al. 2017). Producing bioactive 
peptides from foods and food by-products is a feasible method of achieving this 
goal. Sánchez and Vázquez (Sánchez and Vázquez 2017) investigated the bioactivity 
of high-protein foods such as milk and dairy products, meat and various fish species, 
wheat, and legumes to determine their nutritional value. 

The potential benefits of these compounds to human health have been investi-
gated, and the peptide information shown in Table 8.2 can be obtained through the 
BIOPEP database, which is available online (Minkiewicz and Darewicz. 2019). Over 
the past several decades, protein-containing by-product materials have also gained 
popularity as a source of bioactive peptides for pharmaceutical and biotechnology 
applications. The most common sources of bioactive peptides have traditionally been 
cheese whey and meat processing by-products (Ishak and Sarbon 2018). According 
to Pa’ee et al. (2015), the production of hydrolysates with high potency (IC50 = 206– 
353 μg/mL) from acid whey with a high ionic calcium concentration in acid whey 
contributed to the ACE-inhibitory. The slaughter of animals produces several types of 
by-product materials for human consumption, including organs, limbs, bones, meat 
trimmings, blood, and fatty tissues, all of which are used in the meat industry. Further-
more, because of its high protein content and availability, the by-product from fish 
processing can be used to produce bioactive peptides due to its high protein content 
and availability, which accounts for approximately 50% of the total weight of fish 
(Ishak and Sarbon 2018).

8.2.1 Antioxidant Peptides 

The antioxidant reserves are depleted due to reactive oxygen species (ROS) produc-
tion by physiological processes of exogenous molecules, resulting in oxidative 
damage (Zamora-Sillero et al. 2018). A dynamic antioxidant protection mechanism
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Table 8.2 Example of bioactive peptides with known activity available in BIOPEP (Minkiewicz 
and Darewicz 2019) 

ID Name of 
peptides 

Activity Sequence 

2595 Tachyplesin 
III from 
haemocytes of 
horseshoe crab 

Antibacterial KWCFRVCYRGICYRRCR ~ 

3522 ACE inhibitor 
(from bovine 
beta-CN) 

ACE inhibitor IPP 

5419 Porcine 
lactoferrin 
LFP 

Antibacterial SKCRQWSKIRRTNP 

7051 Lactoferricin 
B, bovine 
(Bos taurus) 

Anticancer FKCRRWQWRMKKLGAPSITCVRRAF 

7514 ACE inhibitor 
(from soy 
protein) 

ACE inhibitor NWGPLV 

7570 ACE inhibitor 
from chicken 
muscle 

ACE inhibitor LAP 

7678 ACE inhibitor 
from dried 
bonito 

ACE inhibitor LKPNM 

7756 Anticoagulant 
peptide from 
marine 
echiuroid 
worm 

Antithrombotic GELTPESGPDLFVHFLDGNPSYSLYADAVPR 

7757 Antioxidant 
from grass 
carp muscle 

Antioxidative PSKYEPFV 

8110 Peptide 
derived from 
tuna backbone 
protein 

Antioxidative VKAGFAWTANQQLS 

8118 Peptide 
derived from 
sardinella 
by-product 
proteins 
(Sardinella 
aurita) 

Antioxidative GALAAH

(continued)
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Table 8.2 (continued)

ID Name of
peptides

Activity Sequence

8137 Anticancer 
peptide from 
algae protein 
waste 
(Chlorella 
vulgaris) 

Anticancer VECYGPNRPQF 

8165 Peptide 
derived from 
bovine 
k-casein 
(112–116) 

Antithrombotic KNQDK 

8173 Peptide 
derived from 
bovine 
b-casein 
(1–28) 

Immunomodulating RELEELNVPGEIVESLSSSEESITRINK 

8176 Peptide 
derived from 
ovine colostral 
whey 

Immunomodulating VESYVPLFP 

9691 Antibacterial 
peptide from 
pig 

Antibacterial RLWKIGKVLKWI

protects organisms from such harmful effects. High levels of reactive oxygen species 
(ROS) can be highly harmful to cell constituents. In this case, oxidative stress occurs 
when the number of reactive oxygen species (ROS) generated exceeds the antiox-
idant defences’ ability. Protein disruption, lipid peroxidation, enzyme inactivation, 
and DNA breakage are all linked to oxidative stress. These processes promote the 
development of tumours or cancer, heart disease, rheumatoid arthritis, and ageing, 
among other diseases or pathologies (Zamora-Sillero et al. 2018). Many research 
areas have addressed lipid oxidation mediated by free radicals, oxidative stress, and 
antioxidants (Sila and Bougatef 2016). 

Several studies have demonstrated that peptides derived from fish and fish by-
products are effective antioxidants. Salmon parts (Ahn et al. 2012), tilapia skin 
(Zhang et al. 2012), and horse mackerel (Sampath Kumar et al. 2012) were among the 
substrates tested. The degree of hydrolysis (DH) varies from 13 to 75% hydrolysates 
to exert potential antioxidative peptides. Furthermore, the molecular weight of these 
peptides ranged from 200 to 2000 Da (Ishak and Sarbon 2018). The majority of 
known antioxidant peptides are short chains of 5 to 16 polar and hydrophobic amino 
acids, with the amino acids Asp, Glu, Gly, Ala, Leu, His, Pro, Tyr, Phe, and Lys 
being the most common. Asp, Glu, Gly, Ala, Leu, His, Pro, Tyr, Phe, and Lys the 
precise contribution of individual amino acid residues to antioxidant activity, on
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the other hand, is dependent on the presence of reactive oxygen species (ROS) or 
free radicals, as well as the reaction medium (Udenigwe and Aluko 2012). The 
findings concluded that the peptides extracted from fish by-product hydrolysis are 
active antioxidants with low IC50 values. They could be used to replace synthetic 
antioxidants in various industries, including the pharmaceutical and food industries. 
It is important to conduct more experiments to produce a more conclusive argument 
regarding the feasibility of using peptides in vivo studies as bioactive compounds. 

8.2.2 Anticancer Peptides 

Resistance to synthetic anticancer drugs has recently been frequently observed; as a 
result, natural anticancer drugs are receiving a lot of attention. Interest in recognising 
and characterising natural antitumor agents has risen with the need for more efficient 
and less toxic pharmaceuticals (Udenigwe and Aluko 2012). Protein hydrolysates 
and peptides derived from seafood have been studied extensively for their potential 
therapeutic value in preventing and treating diseases, especially cancer. Bioactivity 
against breast cancer (MCF-7), colon cancer (HT-29, DLD-1), gastric cancer (AGS), 
glioma (U87), cervical cancer (HeLa), and prostate cancer (PC-3, DU-145, H-1299) 
cell lines have been reported by these studies that have examined solitary tunicate 
(Jumeri Kim 2011), shellfish (Kim et al. 2013), and oysters (Umayaparvathi et al. 
2014). Furthermore, bioactivities were linked to amino acids noted for their anti-
cancer activity, such as Pro, Gly, Lys, Arg, and Tyr. A previous study by Jumeri 
Kim (2011) indicated that anticancer peptides (IC50 = 0.10–2.90 mg/mL) derived 
from various by-product sources had low molecular weights of 300 and 1950 Da. 
Low-molecular-weight peptides had higher mobility and diffusivity. As a result, it 
enhances anticancer activity by increasing interactions with cancer cell components 
(Ishak and Sarbon 2018). However, the anticancer activity of fish-derived protein 
hydrolysates, primarily its by-product, has yet to be thoroughly investigated. 

8.2.3 Antimicrobial Activity 

A peptide with a molecular weight of less than 10 kDa and a chain length of less than 
50 amino acids, with approximately half of them being hydrophobic, is considered 
an antimicrobial peptide (Najafian and Babji 2012). In the case of these peptides, 
their interaction with the bacterial membrane could result in the formation of pores 
or the blocking of membrane ion gradients, which would destroy cell constituents 
(Wald et al. 2016). These antimicrobial peptides may be helpful in the develop-
ment of antibacterial, antiviral, antifungal, immunomodulatory, and antitumor agents 
(Zamora-Sillero et al. 2018). Candidates for new antibiotic discovery in the pharma-
ceutical industry and antimicrobial agents for use in the food industry are studied. 
Ennaas (Ennaas et al. 2015) used proteolytic enzymes such as Protamex, Neutrase,
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Papain, and Flavourzyme to hydrolyse mackerel by-products in their research. These 
hydrolysates were found to inhibit both Gram-positive (L. innocua) and Gram-
negative (E. coli) bacteria in the laboratory setting. Using trout pepsin, an antibac-
terial trout by-product protein hydrolysate was created that was effective against 
food contamination and fish farming pathogens (Wald et al. 2016). In the study, the 
hydrolysates with the highest activity against Flavobacterium psychrophilum and 
Salmoninarum renibacterium were those with a hydrolysis degree of 30% or higher. 

Furthermore, the amino acids lysine, leucine, alanine, arginine, glycine, aspartic 
acid, and glutamic acid were found in the highest concentrations in this hydrolysate, 
as were the amino acids alanine, arginine, glycine, and aspartic acid (Zamora-Sillero 
et al. 2018). The Protamex enzyme was also used by Robert and colleagues (Robert 
et al. 2015) to hydrolyse the tilapia’s head, frames, and viscera, among other things. 
In addition to having a well-balanced amino acid profile, these hydrolysates were 
found to have antibacterial activity against Edwardsiella tarda and Bacillus subtilis. 

8.2.4 Angiotensin I-Converting Enzyme (ACE)-Inhibitory 
Peptides 

A regulatory factor in the renin-angiotensin system (RAS), the angiotensin-
converting enzyme (ACE; peptidyldipeptide hydrolase, EC 3.4.25.1), plays an essen-
tial role in maintaining cardiovascular homeostasis, such as blood pressure regula-
tion. Angiotensinogen, a plasma protein synthesised in the liver, is converted into 
angiotensin I by the renin-angiotensin system (Fig. 8.1). Angiotensin-converting 
enzymes (ACE) catalyse the conversion of angiotensin I into angiotensin II, a potent 
vasoconstrictor that mediates the effects of RAS. In addition, ACE is a compo-
nent of the kallikrein-kinin system. The enzyme deactivates bradykinin and kallidin, 
releasing aldosterone, increasing blood pressure (Ortiz-Chao and Jauregi 2007). As 
a result, inhibiting the angiotensin-converting enzyme (ACE) may lower blood pres-
sure by preventing an angiotensin I conversion to angiotensin II. Synthetic ACE 
inhibitors, such as captopril, imidapril, and enalapril, are widely used to treat severe 
hypertension, especially in the elderly. Captopril, for example, has an IC50 of 0.021 
± 0.013 μM, making it a highly effective drug. Numerous side effects are associated 
with these medications, including dry coughing, taste disturbances, and skin rashes 
(Ghassem et al. 2011).

In improving the management of human diseases, bioactive peptides play crit-
ical roles in developing nutraceuticals and functional foods as naturally derived 
components that contribute to optimal health (Udenigwe and Aluko 2012). Alter-
native sources of ACE-inhibitory peptides include dairy products and fish, obtained 
through diet (Kim et al. 2012). It was discovered that two tripeptides that inhibit 
ACE, namely Ile-Pro-Pro (IPP) and Val-Pro-Pro (VPP), could be isolated from 
sour milk fermented with L. helveticus and Saccharomyces cerevisiae (Möller et al. 
2008). Ile-Pro-Pro (IPP) and Val-Pro-Pro (VPP) were found to inhibit ACE. It has
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Fig. 8.1 Renin-angiotensin system (RAS) and the kallikrein-kinin system (KKS) in blood pressure 
regulation

been demonstrated that long-term administration of this IPP and VPP can prevent 
hypertension in rats and that a single oral administration can reduce blood pres-
sure (Tuomilehto et al. 2004). The Alcalase enzyme hydrolysed rice protein, and 
the resulting hydrolysate was tested for ACE-inhibitory activity, yielding an IC50 

value of 0.14 mg/mL. In another study, rice protein was hydrolysed by Alcalase, and 
the resulting hydrolysate was tested for ACE-inhibitory activity. Thr-Gln-Val-Tyr 
(IC50 = 18.2 μM) is an amino acid sequence that was isolated and identified from 
the hydrolysate. This ACE-inhibitory peptide significantly decreased blood pres-
sure spontaneously in hypertensive rats (SHR) when administered (Li et al. 2007). 
Several natural ACE inhibitor products are now available for purchase as dietary 
supplements, intending to maintain normal blood pressure levels in the body. As 
an example, the peptides bonito peptide, VasotensinR, and PeptAceTM, which are 
derived from the fish bonito (Sarda orientalis), demonstrate that the hydrolysate of 
bonito is sufficiently well absorbed in humans to effectively lower the systolic blood 
pressure of hypertensive and borderline hypertensive subjects in vivo (Fujita et al. 
2001). 

Natural ACE-inhibiting peptides are currently being sought in various aquatic 
protein sources (Table 8.3), mainly fish by-products, which are being investigated. 
Ahn (Ahn et al. 2012) identified salmon pectoral fin as a possible source, as well 
as skipjack roe (Intarasirisawat et al. 2012) and skate skin (Ngo et al. 2014). Skip-
jack roe, when compared to skate skin (Leu-Gly-Pro-Leu-Gly-His-Gln) (IC50 = 
3.09 μM) and salmon pectoral fin (Pro-Ala-Val-Pro-Leu-Thr-Gly) (IC50 = 7.72 μM),
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Table 8.3 Example of ACE-inhibitory peptides with known potency available in BIOPEP 
(Minkiewicz and Darewicz 2019) 

ID Name of peptides Activity IC50 (μM) Sequence 

3361 ACE inhibitor from sardine ACE inhibitor 188.00 LKL 

3522 ACE inhibitor (from bovine beta-CN) ACE inhibitor 5.00 IPP 

3524 ACE inhibitor (from bovine beta-CN) ACE inhibitor 9.00 VPP 

5419 ACE inhibitor from Alaskan pollack skin ACE inhibitor 2.65 GPL 

7514 ACE inhibitor (from soy protein) ACE inhibitor 21.00 NWGPLV 

7638 ACE inhibitor from tuna muscles ACE inhibitor 330.00 LTF 

7678 ACE inhibitor from dried bonito ACE inhibitor 2.40 LKPNM 

7747 ACE inhibitor from Alaska Pollack frame 
protein 

ACE inhibitor 14.70 FGASTRGA 

7751 ACE inhibitor from shark meat 
hydrolysate 

ACE inhibitor 1.96 CF 

7757 ACE inhibitor from thornback ray muscle 
(Raja clavata) 

ACE inhibitor 170 TLKYP 

7811 ACE inhibitor from tuna ACE inhibitor 110 VWIG 

7812 ACE inhibitor from blue mussel ACE inhibitor 2.98 EVMAGNYLPG 

7813 ACE inhibitor from yellowfish sole ACE inhibitor 0.03 MIFPGAGGPEL 

has shorter amino acid sequences (Met-Leu-Val-Phe-Ala-Val) and higher ACE-
inhibitory activity (IC50 = 3.07 μM). Up to this point, various fish by-products have 
been shown to have ACE-inhibitory activity, with IC50 values ranging from 3.07 to 
35.7 μM and ACE-inhibition rates ranging from 64%–85% reported so far. However, 
the IC50 values (3.07–35.7 μM) of these various fish by-product hydrolysate were 
significantly higher than those of the synthetic ACE-inhibitory inhibitor captopril, 
which had IC50 values ranging from 0.019 to 0.1 μM (Picot et al. 2010). The findings 
emphasised the importance that these peptides are not intended to replace synthetic 
drugs in the treatment of hypertension completely. Instead, they can be used as a 
complementary treatment in conjunction with lifestyle modifications, such as weight 
loss, exercise, and a controlled diet that have been reported to be some of the essential 
tools for effective reduction of bloating (Hermansen 2000). 

8.3 The Production of ACE-Inhibitory Peptides 

ACE-inhibitory peptides have been produced either through microbial fermenta-
tion, enzymatic hydrolysis, and chemical hydrolysis. Figure 8.2 outlines the general 
processing steps for peptide production. The production of bioactive peptides 
involves several steps, including pre-treatments, the hydrolysis process, and the 
purification and fractionation of protein hydrolysate.
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Fig. 8.2 Conversion of protein derived food item to bioactive peptides 

8.3.1 Microbial Fermentation 

Instead of using purified enzymes, microbial fermentation is used in several coun-
tries to produce ACE-inhibitory peptides, an important component of developing 
nutritious foods. Natto and tempeh are fermented soybean products that contain 
bioactivity peptides produced by fungal proteases. Because of the low cost and posi-
tive nutritional image associated with fermented milk drinks and yoghurt, fermen-
tation of milk proteins using lactic acid bacteria proteolytic systems is an appealing 
approach for producing functional foods rich in bioactive peptides and other bioac-
tive compounds (Hayes et al. 2007). Storage yoghurt fermented by L. acidophilus
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was examined for its fermentation properties, ACE-inhibitory activity, and content 
of the peptides Val-Pro-Pro (VPP) and Ile-Pro-Pro (IPP). Wang et al. (2015) investi-
gated the L. helveticus isolate H9 obtained from cow, mare, and soymilk samples. All 
milk types and inoculation concentrations were used to make the yoghurt, and the 
pH and titratable acidity of the yoghurts remained stable during storage. According 
to the ultra-performance liquid chromatography-tandem mass spectrometry results, 
the ACE-inhibitory tripeptides VPP and IPP were not detected in yoghurt made from 
soy milk or mare milk. It has solid probiotic properties, and it may be an excellent 
option for fermented foods that contain probiotics. L. helveticus H9 is a strain of 
bacteria with strong probiotic properties that have been isolated from a fermented 
food (Wang et al. 2015). 

8.3.2 Chemical Hydrolysis 

Organic chemical synthesis is a crucial technique for obtaining organic molecules 
with specific physicochemical properties. In silico techniques and existing exper-
imental methods in solution or solid phase allow the design and development 
of molecules with varying molecular complexities for use in biological research 
(Sánchez and Vázquez 2017). There has been a growing interest in developing 
potent peptide analogues and peptidomimetics with specific pharmaceutical proper-
ties using de novo design and development of novel synthetic peptides that imitate 
protein conformational changes. Bioactive peptides are a future innovation of biolog-
ically active regulators that can help treat various diseases and disorders and prevent 
oxidation and microbial deterioration of foods (Lemes et al. 2016). Some emerging 
technologies are currently being investigated to recover by-products from residual 
waste and convert them into added-value products, as well as to facilitate large-scale 
recovery (Agyei and Danquah 2011) and purification of peptides for future applica-
tions in the pharmaceutical (Agyei and Danquah 2011) and food industries (Korhonen 
and Pihlanto 2006). The progress of liquid chromatography and mass spectrometry 
technologies has opened up a slew of new BP detection options. However, the direct 
application of this method does not always allow for the identification of peptides 
due to signal suppression (Sánchez and Vázquez 2017). 

8.3.3 Enzymatic Hydrolysis 

Enzymatic hydrolysis is the most effective and reliable approach for producing 
ACE-inhibitory peptides, and it is widely used to make highly functional and even 
nutritional protein hydrolysates (Sánchez and Vázquez 2017). Processors also prefer 
enzymatic hydrolysis since it does not leave any residual organic solvents in the 
end products (Najafian and Babji 2012). The end-product hydrolysate properties are 
influenced by pH, temperature, time, and enzyme concentration during hydrolysis
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(Intarasirisawat et al. 2012). For the various enzymes employed to hydrolyse fish 
protein, the effective ranges are as follows: pH (1.5–11), temperature (35–60 °C), 
time (10–600 min), and enzyme concentration (0.01% –5%) (Ghassem et al. 2011; 
Intarasirisawat et al. 2012). 

Specific protease selection is necessary to achieve desired functional properties 
in protein hydrolysates derived from fish by-products. Proteases may be derived 
from a variety of sources, including plants, animals, and microorganisms. Papain 
(Chi et al. 2015) and bromelain (Forghani et al. 2012) are the most extensively used 
plant proteases, while pepsin (Jumeri Kim 2011), trypsin (Lee et al. 2011; Hatanaka 
et al. 2009), and α-chymotrypsin (Lee et al. 2011) are the most widely used animal 
proteases. Alcalase (Smith 2017; Ahn et al. 2012), protamex (Ngo et al. 2014), 
flavourzyme, and neutrase (Chi et al. 2015) are examples of functional microbial 
proteases that have been used to hydrolyse fish protein. 

ACE-inhibitory hydrolysate can be made with Thermoase PC10F. The enzyme 
is a commercial proteolytic mixture from AMANO Enzyme Inc., a bacterial neutral 
metalloprotease (EC 3.4.24.27) made from Geobacillus stearothermophilus. The  
enzyme has the benefit of catalysing the hydrolysis of peptide bonds, including 
hydrophobic amino acids. The powerful ACE-inhibitory peptides produced from red 
tilapia are most likely made up of hydrophobic amino acids. However, Thermoase’s 
data on ACE-inhibitory peptide inhibition is limited. Hatanaka et al. (2009) claimed 
that Thermoase PC10F could create potent ACE inhibitor peptides Val-Trp (IC50 = 
12.9 μM) and Leu-Lys-Tyr (IC50 = 10.1 μM) from peeled Antarctic krill tail flesh 
hydrolysate. Val or Ile at the N-terminus and Pro, Phe, or Tyr at the C-terminus are 
typical of powerful ACE-inhibitory peptides. The most effective ACE inhibitor is 
dipeptide Val-Trp, a competitive inhibitor of ACE (Ortiz-Chao and Jauregi 2007). 
Ikeda et al. (2015) used nine enzymes to hydrolyse dwarf gulper shark (Centrophorus 
atromarginatus), including Umamizyme, Newlase F3G, Peptidase R, Papain W-40, 
Protease A “Amano” SD, Protease M “Amano” 3SD, Protin SD-AC10F, and Ther-
moase PC10F. Among these enzymes, Thermoase PC10F showed the potent ACE-
inhibitory activity with an IC50 value of 84.2 μg mL−1 and Val-Trp were found as 
the most potent inhibitory peptide (IC50 = 3.3 μg/mL). Thermoase PC10F Val-Trp 
inhibition for ACE had a competitive mechanism. Val-Trp also has antioxidant prop-
erties, implying that bifunctional peptides can help prevent hypertension (Ikeda et al. 
2015). There is currently no information about the enzyme’s use in the manufacture 
of ACE-inhibitory peptides from tilapia by-products. 

8.4 Purification of Peptides 

Purification of bioactive peptides from protein hydrolysates is often accomplished 
using selective precipitation, membrane filtration, and chromatographic approaches 
(Korhonen and Marnila 2013). Table 8.4 summarises many proteins fractionation and 
purification methods, along with their recommended applications. A combination 
of several methods is often used in a trial-and-error approach to obtain peptides
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with the specified purity and activity during peptide purification. This method is 
time-consuming and mostly expensive (Agyei et al. 2016). Each bioprocess activity 
should strive to minimise unit operations and to achieve simple, inexpensive isolation 
processes. 

However, without sufficient knowledge of the characteristics of bioactive peptides, 
it is challenging to rationally design suitable purification procedures, particularly 
when attempting to discover new peptides (Agyei et al. 2016). High-performance 
liquid chromatography (HPLC) is often employed in the laboratory and pilot plant 
scales to separate, identify, and purify bioactive peptides. Purification of peptides 
based on their molecular mass may be accomplished using the size exclusion chro-
matography. The RP-HPLC technique may be used to separate peptides based on their

Table 8.4 Several techniques for protein fractionation and purification 

Technique Property required Remarks Recommended 
application 

Membrane 
ultrafiltration 

Molecular size Fractionation through a 
membrane with specific 
molecular weight 
cut-off (MWCO) 
without significant 
biological activity loss 
and produced 
concentrated proteins 

At the beginning of a 
purification procedure 

Ion-exchange 
chromatography 

Charge Separation of ionic 
compounds in the 
mobile phase by the 
counter ion of the 
opposite and protein 
binding capacity 
usually high 

At the beginning of a 
purification procedure 

Reverse-phase HPLC Hydrophobicity Resolution varies 
according to gel size 
and commonly used for  
peptide separation 

Used for separation of 
peptides, digested 
purified proteins, and 
other applications 
where loss of protein’s 
biological activity is 
not a concern 

Gel filtration (size 
exclusion) 

Molecular size Usually, low resolution 
and provide 
information about 
protein molecular 
weight 

At the end of a 
purification procedure 

Preparative isoelectric 
focusing 

Isoelectric point (pI) Separate peptides and 
proteins according to 
their pI and proteins 
precipitate in the 
rotofor chamber 

Perform subsequent 
analyses as RP-HPLC 
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hydrophobic characteristics. It was primarily used to investigate bioactive sequences’ 
structural and functional characteristics (Pownall et al. 2010). 

In the post-production of protein hydrolysate from fish waste, the desired bioactive 
peptides must be purified as an essential precondition to study their molecular and 
biological properties. Hydrolysates themselves are functional as commercial sources 
of bioactivity compounds, but it has been noted that biological activity is higher in 
purified peptides (Chi et al. 2015). Several techniques have investigated the purifi-
cation of protein hydrolysates, including ultrafiltration (UF), gel filtration (GF), ion-
exchange chromatography, and reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC) (Smith 2017). These purification steps are essential to determine 
the effect of peptides’ specific activity, including molecular size, hydrophobicity, and 
surface charge on ACE-inhibitory activity. 

8.4.1 Ultrafiltration (UF) 

UF refines the hydrolysate to maximise its specific activity to industrialise bioac-
tive peptides derived fish by-products for human or animal use (Picot et al. 2010). 
UF allows the separation of the most active peptides from a complex mixture of 
protein hydrolysate. As a result, the purified hydrolysate would improve its potency 
(low IC50). Weight cut-off (MWCO) ranging from 1000 to 10,000 Da was commonly 
used to fractionate protein hydrolysates (Ngo et al. 2014; Picot et al. 2010). The purity 
increases 1.51- to 525-fold (Intarasirisawat et al. 2013). This phase has been refer-
enced in many studies that have successfully tested the derived fractions for biological 
activities. Antihypertensive activity (Ghassem et al. 2011; Ngo et al. 2014), radical 
scavenging (Picot et al. 2010), and antioxidation (Intarasirisawat et al. 2012) are  
among the identified activities. Permeate of low-molecular-weight fraction displayed 
the highest bioactivity after sequential ultrafiltration. 

Through UF, membrane separation depends on the membrane pore size, solute-
membrane interactions, macromolecule structure and size, and concentration polari-
sation. Initially, UF membranes were employed to purify biological fluids to preserve 
macromolecules such as proteins. For optimum separation effectiveness, the sizes 
of the peptides to be separated should be at least tenfold different (Singh 2006). 
Additionally, since all liquid separation membranes have a predetermined pore size 
distribution, the molecular weight cut-off (MWCO) of the UF membrane should be 
at least one-half the molecular weight of the smallest solute to be removed. The 
phase-inversion technique is used to produce the UF membranes. Although polysul-
phone (PS) is the most utilised polymer, alternative polymers such as cellulose acetate 
(CA), polyether sulphone (PES), polyacrylonitrile (PAN), and polyvinylidene fluo-
ride (PVDF) are increasingly being utilised. CA-based membranes, on average, have 
a greater flux at comparable rejections than PS membranes. While CA membranes 
are less prone to fouling, PS membranes are required in a wide variety of applications 
due to their more excellent stability (Singh 2006). PES is utilised in place of PS in the 
food sector when steam sterilisation is needed. Polyimide (PI) polymeric membranes
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are one of the most recent membranes to be used. Polyimide UF membranes have 
great potential due to their resistance to a wide variety of organic solvents, including 
acetic acid, acetone, benzene, hexane, methanol, ethyl ether, ethoxy ethanol, and 
chlorinated hydrocarbons (Singh and Hankins 2016). 

The approach of using UF to separate protein hydrolysate is sophisticated. 
Numerous constraints can affect the membrane filtration, including concentration 
polarisation, which occurs when retained molecules accumulate near the membrane 
surface, protein adsorption inside the porous structure of the membrane, protein depo-
sition on the membrane surface, and protein–protein interactions in the feed solution. 
Such constraints may result in membrane fouling, thus impairing membrane function 
(Roslan et al. 2017). The feed-in UF is directly pushed towards the filter media under 
applied pressure, known as dead-end filtration. The smaller molecules diffuse across 
the membrane to the downstream side, whereas the larger particles accumulate on 
the membrane surface or in the depth of the filtering medium. Considering filtration 
is not sustainable without eliminating accumulated particles, backwashing and filter 
media replacement are done frequently. Furthermore, as the filtration continues in 
dead-end filtration, the filter cake thickens, resulting in a lower filtration rate (at a 
constant transmembrane pressure) (Todaro and Vogel 2014). 

Filtration needs to be discontinued when the flow or transmembrane pressure 
reaches a critical value to clean or replace the membrane filter. This discontinuous 
style of operation may be a significant drawback when dealing with process streams 
that include a high proportion of solids. Tangential flow filtration (TFF) may circum-
vent this constraint by controlling the thickness of the concentration-polarisation 
layer via effective fluid management. TFF is a technique of filtration in which the 
filtered fluid travels tangentially to the filter surface, which is composed of a perm-
selective membrane (Musumeci et al. 2018). In TFF, the feed flows parallel to the 
filter medium to create shear stress and scrub the surface, while an applied pressure 
forces some of the fluid through the membrane to the filtrate side. Molecules that are 
too big to pass through the membrane’s pores are held on the upstream side. There-
fore, the retained components do not accumulate on the membrane’s surface but are 
carried along by the tangential flow. TFF or “cross flow filtration” has been studied 
extensively in the food sector and biotechnology (Lin et al. 2015). Additionally, the 
pharmaceutical industry has embraced TFF during the past decade to overcome the 
limitations of conventional purifying techniques. 

8.4.2 Chromatographic Approach 

Gel filtration chromatography (GFC), also known as size exclusion chromatography, 
has been utilised to separate, desalt, and determine the molecular weight of peptides 
and proteins for over 40 years. GFC is the most straightforward and delicate of all 
chromatography methods, separating molecules based on size differences (Wang 
et al. 2017). Its separation process is based on the fact that smaller molecules enter 
the pores of the gel and travel a greater distance, which takes longer. In comparison,
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bigger molecules are excluded from the pores, resulting in much shorter retention 
periods. In general, size exclusion chromatography and membrane fractionation are 
frequently utilised as the early phase of protein hydrolysate fractionation to achieve 
desired chain lengths or molecular weights before further characterisation (Acquah 
et al. 2019). Using a gel filtration chromatographic approach, Lee et al. (2011) isolated 
skate skin hydrolysates using a Sephadex G-25 gel filtration column (2.5 × 70 cm). 
The IC50 of the hydrolysates with ACE-inhibitory activity decreases from 0.63 mg/ml 
to 0.21 mg/ml after the purification process. Unlike ion exchange and other types 
of chromatography, molecules do not adhere to the chromatography medium, and 
therefore, the buffer composition has no direct effect on the resolution. As a result, a 
significant benefit of GFC is that elution parameters may be adjusted to suit the kind 
of sample and the need for further purification, analysis, or storage without affecting 
the separation. GFC is well suited for biomolecules that are sensitive to changes in pH, 
metal ion concentrations, or cofactor concentrations, as well as harsh environmental 
conditions, and can be used directly following ion-exchange chromatography, as 
the buffer composition has hardly any effect on the final separation (Wang et al. 
2017). Additionally, GFC has excellent selectivity and resolution, which are critical 
characteristics in a purification method. 

In recent years, ion-exchange chromatography (IEX) has become increasingly 
popular for separating, detecting, and structural characterisation of proteins, peptides, 
and short nucleotides. In IEX media, charged functional groups bind molecules with 
a negative charge. Bonded molecules are eluted from the medium by displacement 
by raising the concentration of a similarly charged molecule. Many functional groups 
in proteins can be positively or negatively charged (Wang et al. 2017). Proteins can 
be separated by altering the mobile phase’s pH or ionic concentration. IEX is used 
to capture the required protein or bulk contaminants from large amounts of material, 
either as an intermediate step in the purifying process or as a final step to removing 
impurities. Ion-exchange chromatography has been widely explored to enhance 
calcium-binding phosphopeptides (CPPs) from casein hydrolysates (Korhonen and 
Pihlanto 2006). A process-scale method for isolating high-purity CPPs was estab-
lished in prior work using acid precipitation, diafiltration, and anion-exchange chro-
matography. Recio et al. (2000) discovered a method in which a target protein was 
concentrated in a chromatographic media and then hydrolysed in situ by an enzyme. 
The inactive peptides were washed away, while the active peptides were kept on the 
ion exchanger. Finally, the fraction containing the active peptides was eluted from 
the chromatographic medium. This method was used to identify and purify cationic 
antimicrobial peptides from lactoferrin and s2-casein, as well as negatively charged 
phosphopeptides from -casein (Korhonen and Pihlanto 2006). This technique has 
the advantage of not requiring the isolation of the precursor protein and allowing the 
recovery of the enzyme utilised in the process. This approach offers new avenues 
for enriching low-molecular-mass peptides, and it can readily be scaled up to yield 
gramme or kilogramme quantities (Recio et al. 2000). 

The principle of reverse-phase high-performance liquid chromatography (RP-
HPLC) is based on the interaction of a hydrophobic stationary phase with 
hydrophobic analytes in a polar mobile phase (Acquah et al. 2019). RP-HPLC
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is extensively utilised to separate peptides, digesting purified proteins, and other 
applications based on its hydrophobicity. The hydrophobicity of the peptides was 
evaluated via elution of the mobile phase’s polarity changes. Increased column 
length may enhance the resolution of tiny peptides and proteins. Peptides are eluted 
according to their hydrophobicity and molecular weight during the fractionation 
process. Owing to their amino acid sequence, peptides with low molecular weight 
and low hydrophobicity have a shorter retention period on the column and therefore 
elute first (Acquah et al. 2019). For instance, Welderufael and Jauregi (2010) frac-
tionated the 6-h hydrolysate permeated into eight fractions utilising RP-HPLC and 
analysed them for antihypertensive activity. Fractions A, B, and C eluted from RP-
HPLC first and exhibited the most significant percentage of ACE inhibition, with an 
IC50 value of 71.4, 70.2, and 376 μg/ml correspondingly. This indicates that more 
polar peptides exhibited more significant bioactivity than less polar peptides. 

To summarise, there are a growing number of high efficiency and high-resolution 
separation and purification technologies. As a result, researchers must choose suitable 
separation techniques and mediums. Although specific separation techniques remain 
challenging, time-consuming, and expensive, researchers are dedicated to developing 
more sophisticated ways to replace them. 

8.5 Red Tilapia By-Product as Protein Precursor 
for ACE-Inhibitory Peptides 

Raghavan and Kristinsson (2009) tested tilapia protein hydrolysates from its 
processing by-product (tilapia white muscle) for their ACE-inhibitory activity, as 
well as their equivalent fractionates. Rather than utilising a raw by-product, the 
author employed the protein extract as feed. At pH 11.0, a by-product of tilapia 
was solubilised, and the protein was recovered at pH 5.5. The protein was hydrol-
ysed to 7.5% and 25% DH using Cryotin-F and Flavourzyme, respectively. The 
hydrolysates were ultrafiltered at three levels: > 30 kDa, 10–30 kDa, and 10 kDa. 
Cryotin and Flavourzyme hydrolysates containing 25% DH had the highest ACE-
inhibitory action, at 71% and 73%, respectively. At a 25% degree of hydrolysis (DH), 
both Cryotin and Flavourzyme hydrolysates displayed some light bands between 40 
and 60 kDa, but most of the peptide bands were smaller than 40 kDa. The work 
suggests that Protamex, Neutrase, and Alcalase can create low-molecular-weight 
peptides when DH levels are high. Low-molecular-weight peptides (< 40 kDa) inhib-
ited ACE more effectively than large molecular weight peptides. All 7.5% DH Cryotin 
fractions and 25% DH Flavourzyme fractions showed the best percentage of ACE 
inhibition among fractionates. 

The use of red tilapia by-products for protein hydrolysate has already been shown 
to have significant ACE-inhibitory activity. According to the results of BIOPEP 
analysis, proteins from tilapia frame and skin could potentially be precursors of
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ACE-inhibitory peptides, according to Lin et al. (2017). The frequency of ACE-
inhibitory peptides in tilapia skin protein isolates (SPI)-derived collagen alpha-1(I) 
and collagen alpha-2(I) was 0.722 and 0.756, respectively, according to BIOPEP. 
From tilapia frame protein isolates (FPI), the proteins (myosin heavy chain, troponin 
T, creatine kinase, fructose-bisphosphate aldolase A, and alpha actin) were discov-
ered; the frequency of peptides with ACE-inhibitory action was 0.350–0.414. SPI 
may be a better protein source of ACE-inhibitory peptides than FPI, according to 
the results of the in silico research. Pepsin, papain, or bromelain were employed to 
hydrolyse the frame and skin in their investigation. According to the in silico findings, 
pepsin and papain released more ACE-inhibitory peptides from FPI than bromelain. 
In silico digestion of SPI with papain provided 129 and 121 ACE-inhibitory peptides, 
respectively, higher than the numbers produced by pepsin (54 and 51) and bromelain 
(97 and 85). The ACE-inhibitory action was best in the pepsin-hydrolysed frame 
protein isolates with the highest DH (23%) (IC50 = 0.57 mg/mL). In additional 
experiments, ultrafiltration was used to increase the potency of the hydrolysate (< 
1 kDa, 1–3 kDa, 3–5 kDa, and 5–10 kDa). The peptides with the lowest molecular 
weight (< 1 kDa) increased the efficacy of both ACE (IC50 = 0.41 mg/mL) and renin 
activities more efficiently than those with a higher molecular weight. The < 1 kDa 
ultrafiltration fraction from FPHPe (FPHPe1) had the largest inhibitory effect on 
ACE activity, according to the results of the ACE-inhibition testing (Lin et al. 2017). 

Ultrafiltration membrane is frequently utilised to fractionate fish protein 
hydrolysate and recover peptide fractions with high ACE-inhibitory activity. 
According to Roslan et al. (2017), the tilapia by-product permeates from multi-
layer 5/5, and 10/5 kDa membranes have stronger ACE-inhibitory activity (84.04% 
and 75.59%, respectively) than single membranes (5 kDa—71.83% and 10 kDa— 
64.32%). It could be because the permeate is high in tiny peptides. The authors 
investigated the use of multilayer ultrafiltration to increase the number of short 
peptides in the tilapia by-product protein hydrolysate separation and thereby improve 
selectivity. The performance of the multilayer membrane was compared to that of 
a single membrane system based on permeate flux and peptide transmission (5 and 
10 kDa). According to selectivity analysis, most of the permeate produced contained 
peptides with a molecular weight of less than 1500 Da. The amount of small-sized 
peptides (500 Da) increased when the smaller membrane’s pore size was utilised 
(5 kDa membrane and 5/5 multilayer membranes), demonstrating that selectivity 
(particularly on small-sized peptides) can be improved. As a result, using a multi-
layer membrane to recover strong ACE-inhibitory activity from a tilapia by-product 
shows promise. Fish skin, a by-product of the fishing industry, still contains a substan-
tial amount of protein-rich substances. Proteases such as bromelain, papain, trypsin, 
flavourzyme, Alcalase, and neutrase were used to hydrolyse gelatin isolated from 
Nile tilapia skin with a yield of 20.77 ± 0.80% wet weight. The gelatin hydrolysates 
were tested and shown to have a high level of antihypertensive action, ranging from 
89.02% to 92.55%. The inhibiting activity of the angiotensin-converting enzyme 
shows that all hydrolysates are effective antihypertensive agents. All tilapia skin
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gelatin hydrolysates investigated have strong antioxidant and antihypertensive prop-
erties. The gelatin hydrolysate from tilapia skin can be an available antihypertensive 
drug (Choonpicharn et al. 2015). 

8.5.1 Amino Acid Compositions of Tilapia By-Products 

Because of their nutritional value and impact on functional properties, the amino acid 
compositions of fish protein hydrolysates are important. The results of several studies 
on the amino acid composition of tilapia by-products are summarised in Table 8.5. 
According to Sepúlveda et al. (2021), the most abundant amino acids in their tilapia 
by-product were glutamic acid, aspartic acid, and glycine, followed in descending 
order alanine, leucine, and serine, while cystine was the least abundant. These results 
agree with other studies in tilapia (Roslan et al. 2014; Robert et al. 2015). 

Table 8.5 Amino acid composition of tilapia by-product 

Amino Acid aTilapia 
by-product (in 
mg/g of protein) 

aTilapia 
by-product 
hydrolysate 
powder (in mg/g 
of protein) 

bSpray-dried tilapia 
by-product 
hydrolysate (% of 
the product) 

cFreeze-dried 
tilapia viscera 
hydrolysate 
(residues/1000 
residues) 

Aspartic acid 9.90 ± 0.27 45.85 ± 0.50 6.26 109 ± 7 
Glutamic acid 18.61 ± 0.05 79.60 ± 0.25 9.57 117 ± 7 
Serine 5.74 ± 0.11 23.31 ± 0.53 3.01 74 ± 4 
Glycine 15.43 ± 0.16 67.82 ± 0.96 7.00 109 ± 7 
Alanine 10.38 ± 0.04 45.64 ± 0.27 5.06 95 ± 6 
Cysteine 0.09 ± 0.06 0.86 ± 0.54 0.53 6 ± 0 
Tyrosine 4.07 ± 0.11 15.86 ± 0.28 1.94 35 ± 2 
Arginine 9.98 ± 0.13 32.22 ± 0.04 4.91 31 ± 2 
Proline 9.61 ± 0.05 41.84 ± 0.48 4.82 58 ± 3 
Valine 6.07 ± 0.04 24.64 ± 0.33 3.14 53 ± 3 
Methionine 3.37 ± 0.08 14.84 ± 0.05 1.71 24 ± 1 
Isoleucine 5.27 ± 0.13 21.47 ± 0.03 2.66 37 ± 2 
Leucine 9.41 ± 0.19 39.22 ± 0.97 4.68 77 ± 5 
Phenylalanine 5.51 ± 0.05 22.37 ± 0.55 2.64 43 ± 3 
Histidine 2.95 ± 0.08 11.68 ± 0.69 1.53 18 ± 1 
Lysine 10.53 ± 0.17 40.47 ± 0.47 5.09 58 ± 3 
Threonine 5.37 ± 0.01 24.48 ± 0.73 3.03 57 ± 3 
aRoslan et al. (2014) 
bRobert et al. (2015) 
cSepúlveda et al. (2021)
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The nutritional value of any component is determined by the protein’s ability 
to fulfil the organism’s needs for vital amino acids. Several factors, including raw 
material, enzyme source, and hydrolysis conditions, have been identified to affect the 
amino acid composition of fish protein hydrolysates (Roslan et al. 2014). Peptides 
derived from fish proteins have been extensively studied as functional foods, espe-
cially in synthesising ACE-inhibitory compounds. There is a correlation between 
amino acid sequences and ACE-inhibition activity. The most potent and basic peptide 
inhibitors have similar structures, and the C-terminal tripeptide sequence strongly 
influences ACE activity. Because of interactions with three subsites at the ACE 
active site, tripeptides with Trp, Tyr, Phe, Pro, and a hydrophobic amino acid at 
the C-terminus have ACE-inhibitory activity (Pihlanto-Leppälä 2000). Tilapia by-
products were found to have higher concentrations of hydrophobic amino acids in 
these studies, leading to ACE-inhibitory activity. 

8.6 Future Outlook 

The most effective use of bioactive peptides for human nutrition and health poses a 
fascinating scientific and technical challenge while also presenting opportunities for 
commercial success. Bioactive peptides can be used as ingredients in functional and 
novel foods, dietary supplements, and pharmaceuticals to provide specific health 
benefits (Korhonen and Pihlanto 2006; Sánchez and Vázquez 2017). To improve 
health through nutrition, such personalised dietary formulations are currently being 
developed around the world. This strategy was primarily applied to target groups, but 
it will eventually be applied to individuals (Korhonen and Pihlanto 2006). However, 
many scientific, technical, and regulatory concerns must be addressed before these 
substances can be fully used for this purpose. 

Much effort is being put into isolating and identifying peptides from food protein 
using novel high-throughput proteomic techniques. A growing number of peptides 
with a broader range of functionalities are expected to emerge. The majority of these 
are being studied in vitro, and several support their bioactivity in vivo. However, 
research into technologies for producing these bioactive peptides is not progressing 
simultaneously (Ortiz-Chao and Jauregi 2007). As a result, there is a clear need 
to develop novel technologies that will enable the delivery of these functions. The 
most common batch reactor had the advantage of being the most straightforward 
approach; however, the process produced a complex mixture of peptides and reduced 
the enzyme activity. 

Thus, the process will require a longer processing time and additional enzymes, 
and the hydrolysate produced requires subsequent purification due to low potency. 
Using the integrative approach suggested by Pa’ee et al. (2015), the production 
and purification of ACE-inhibitory peptides occur in the same reactor. It uses the 
ion-exchange technique and membrane filtration to separate peptides based on their
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Fig. 8.3 Integrative process to produce ACE-inhibitory peptides (Abd-Talib et al. 2022) 

charge and size (Fig. 8.3). The procedure revealed the possibility of being a cost-
effective procedure. As a result, the next challenge would be to increase the process’s 
scalability using available technologies. 

It is critical to investigate the technical properties of active peptide fractions and 
to develop model foods that contain these peptides and maintain their activity for 
a specified period after they have been produced. Because of their lower molecular 
weight, peptides are more reactive than proteins, and the peptides present in the food 
matrix can react with other food constituents. Bioactive peptides from red tilapia by-
products can produce an unpleasant odour and bitter taste (Pa’ee et al. 2021). There 
should be a consideration for peptide interactions with carbohydrates and lipids and 
the impact of processing conditions (particularly heating) on peptide activity and 
bioavailability, among other things (Korhonen and Pihlanto 2006). Further investi-
gation is required due to the possibility of the formation of poisonous, allergenic, or 
carcinogenic substances. The development of modern analytical methods is required 
to investigate the safety of foods containing biologically active peptides. 

Using modern computational approaches such as bioinformatics, proteomics, and 
molecular dynamic would expand bioactive peptides research. Such an approach 
would allow researchers to expand the findings on peptide sequences obtained to 
discern the mechanism of specific bioactivity, i.e. ACE inhibition. In the case of 
red tilapia by-product, the information regarding the structure implication of ACE-
inhibitory peptides on ACE inhibition has not yet been unravelled due to the scarcity 
of information on peptide sequences. Thus, the sequence information is of importance 
to further elucidate the bioactivity at structural interaction behaviour.
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8.7 Conclusions 

The revolutionary study of protein hydrolysates derived from fish by-products would 
allow researchers further to discern the peptides’ fundamental aspects regarding their 
bioactivities. The use of red tilapia by-products as feedstock has been shown to 
exert potential ACE-inhibitory activity. Unlike other fish protein sources, red tilapia 
by-product research is still in its infancy. Due to its important commodities and 
an effort to revolutionise the fish industrial processing by-product, researchers can 
expand the knowledge further. The chemical characterisation is essential to allow the 
researcher to predict the bioactivity and processing consideration. The hydrophobic 
amino acid residue, normally Pro, at the C-terminus is the most distinguishing feature 
of ACE-inhibitory peptides. Purification can also benefit from extending the chemical 
information, i.e. charged, hydrophobicity, and molecular size, as these are the main 
characteristics determining the bioactivity potency. 

Furthermore, a cost-effective process must be of priority to allow the feasibility of 
the process at a commercial scale. Using freely accessible bioinformatics databases, 
i.e. BIOPEP, EXPaSY, UniProt, and NCBI, would enable us to search and analyse 
bioactive peptides in silico digestion, theoretical peptides released, sensory profile, 
and peptide allergenicity. Most importantly, these protein hydrolysates containing 
bioactive peptides can be utilised as functional food ingredients. They both elimi-
nate environmental risks and provide job prospects, resulting in increased economic 
opportunities and an overall improvement in our societies’ quality of living. 
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Chapter 9 
Microhardness and Process Parameter 
Optimization of Friction Stir Welding 
on an AA5052 Thin Plate 

Bakhtiar Ariff Baharudin, Mazli Mustapha, Azman Ismail, 
Fatin Nur Zulkipli, Fauzuddin Ayob, and Azlan Ahmad 

Abstract The most important advancement in metal joining technique is FSW, 
which is utilized to weld high strength aluminium alloys. The joining process param-
eters, including tool rotational speed, travel speed, and axial force, must be tuned 
in order to increase the dependability and quality of the products produced by the 
FSW process. The process parameters for the FSW are optimized in this work using 
the Taguchi design of experiment (DOE) approach. The findings of the study and 
determination of the optimal condition using L9 orthogonal arrays of Taguchi were 
subjected to S/N analysis and analysis of variance (ANOVA) to identify the major 
welding factors impacting the weld quality. The relevant parameters for each welding 
performance criterion, such as the microhardness, were identified using ANOVA.
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According to the results, the optimum settings are tool rotation speed of 350 rpm, 
welding speed of 550 mm/min, and axial load of 900 kg. 

Keywords Taguchi’s design · Friction stir welding ·Microhardness 

9.1 Introduction 

A relatively recent method of joining metals, ferrous and non-ferrous, is friction 
stir welding (FSW). The method has been used to join for example ship parts and 
structures, aircraft structures, automobile parts, train carriages, motorcycle frames, 
and other parts from the energy and refrigeration industries. 

In comparison with traditional fusion welds, FSW in aluminium alloys has a 
lower rate of cracking and evaporative loss of alloying components than typical 
fusion welds. This is as a result of the fact that the FSW technique used in solid-
state joining results in a weld region with a finely worked or precipitated grain 
boundary. FSW joints are formed at temperatures below the melting point, resulting 
in reduced shrinkage and superior mechanical characteristics, as well as a decrease 
in residual stress inside the joints. In order to create a robust process design with a 
variety of quality features, the Taguchi dynamic experiment approach is quite useful. 
The primary goal of this study is to ascertain if the Taguchi dynamic technique 
can improve the system’s robustness, high performance, and dimensional accuracy. 
A variety of industries have used the experimental design process known as the 
Taguchi method. In order to determine the ideal combination of parameters, the 
Taguchi approach examines the impact of varying quality standards on a sample of 
orthogonal arrays. These arrays create a tonne of data, even if they only require a few 
test runs. In this study, we show how to use the Taguchi approach to examine how 
FSW process factors affect the final product (Siva Rama Krishna and Pavan Kumar 
2016). 

This study examines the mechanical characteristics of the aluminium alloy 2250 
alloy under various tool rotational speeds, transverse speeds, and axial load condi-
tions. The tests and subsequent analyses follow the Taguchi design of experiment. 
The impact of various parameters on microhardness is examined using the analysis 
of variance (ANOVA) approach. 

9.1.1 FSW Developments 

Prasad and Namala experimented using the Taguchi parametric design approach 
for FSW of the RDE-40 aluminium alloy. The estimated optimal tensile strength 
value of the RDE-40 alloy friction stir welded is 303 MP (Prasad and Kumar 2018). 
Ghosh et al. performed experimental welding on the aluminium alloys A356 and 
A6061 with tool rotational rates ranging from 1000 to 1400 rpm and traversal speeds
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ranging from 80 to 240 mm/min. The shifting process window is what causes the 
fluctuation in the overall heat input and cooling volume during welding. Al-Si’s 
eutectic network breaking and recovery recrystallization were observed in the stir-
ring region (Ghosh et al. 2010). The FSW process parameters for the 6061 aluminium 
alloy were optimized by Nourani et al. using a rapid and computationally efficient 
method. The heat-affected zone (HAZ) region from the weld location was reduced 
using a thermal finite element model and the Taguchi optimization method. Addition-
ally, during the procedure, the peak temperature was lowered (Nourani et al. 2011). 
Koilraj et al. experimented using the FSW technology to join two dissimilar Al-Cu 
alloy plates. In relation to the joint’s tensile strength, the ideal process parameters 
were computed. The proportion of tool shoulder diameter to the pin diameter was 
critical in determining the joint integrity, as well as parameters such as pin shape 
and welding speed. The HAZ on the 5083 alloy side had the lowest hardness, where 
tensile failures were observed (Koilraj et al. 2012). Research shows the feasibility 
of using FSW to join two distinct sheets of commercially pure aluminium thickness. 
When welding sheets of various thicknesses, the angle of the tool is significant. The 
joint performance was 87.5% for the friction stir welded aluminium alloy 5052-
H32 as opposed to the substance of the base. For the 5052-H32 aluminium alloy 
sheets that have been welded, it was also observed decreasing hardness properties 
in the weld region (Reddy et al. 2012). An enhanced modelling framework for the 
FSW of the aluminium alloys 6xxx series was developed by Simar et al. The model 
suite consists of a temperature in-process evolution model, a model of the evolu-
tion of microstructures, a model of strength and strain hardening, and a model of 
damage (Simar et al. 2012). An additional investigation examined the characteristics 
of two dissimilar aluminium alloys, AA5052 and AA6061, which were friction stir 
welded with two distinct feed rates of 28 mm per minute and 20 mm per minute 
and at a constant speed of 710 rpm. It is anticipated that by comparing mechanical 
and metallurgical characteristics, the sample’s ductility was improved by welding 
it at a slower feed rate (RajKumar et al. 2014). As the three key impact parameters 
in FSW, Elanchizian et al. conducted experiments on rotational velocity, welding 
traversing velocity, and pressure applied on the joint. High strength to weight ratios 
are seen in the aluminium alloys AA6061 and AA811 (Elanchezhian et al. 2014). 
By combining FSW process features, Rambabu et al. created a mathematical model 
for the prediction of corrosion resistance of friction stir welded AA2219 aluminium 
alloy. The model was then optimized using the simulated annealing algorithm opti-
mization technique (Rambabu et al. 2015). Another research on, friction stir welding 
aluminium alloys AA5052-H32 to AA6061-T6, each 1 mm and 1.5 mm thickness 
blanks was achieved. At constant tool spindle speeds of 1500 rpm, good welds were 
obtained. The weld produced at 63 mm/min velocity offers more ductility for both 
thicknesses than the weld at 98 mm/min. It was found that 1.5 mm thick tailor welded 
blank’s elongation prior failure was 47 per cent more than that of 1 mm thickness weld 
(Doley and Kore 2016). Shanavas et al. during their investigation of submerged FSW 
of aluminium alloy 5052 achieved welded joint strength of 208.9 MPa at 700 rpm 
tool rotational speed and welding speed of 65 mm/min. Despite the fact that under-
water welding did not produce a heat-affected region, the welded joint broke on the
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Table 9.1 Taguchi’s design for optimization 

S. No Factor Level 1 Level 2 Level 3 

1 Rotational speed 350 450 550 

2 Welding speed 350 450 550 

3 Axial load 800 900 1000 

withdrawing side and the microhardness was marginally decreased close to the stir 
zone (Shanavas et al. 2018). A different study uses the FSW method to join plates 
made of the different aluminium alloys AA6063 and AA5052. The application of 
process parameters optimizes the tensile strength of the weld joint. The outcome 
demonstrates that the welding speed is the more significant parameter (Shunmuga-
sundaram et al. 2020). Maneiah et al. performed an experiment on the FSW of a 
3 mm thick aluminium 6061-T6 alloy using the H13 method steel pin and found the 
highest tensile strength of 191 MPa. The weld joint’s 10% elongation shows that 
it is ductile in nature, making it suitable for use in the construction of aircraft and 
automobiles (Maneiah et al. 2020). 

9.2 Methodology 

9.2.1 Taguchi’s Method 

The Taguchi method is an effective resource for creating high quality systems. This 
approach is an efficient method for improving output and quality. The number of 
experiments is lowered to nine using this method. Calculating the total degree of 
freedom is necessary to select the best orthogonal array. The orthogonal array should 
have at least as many degrees of freedom as the process parameters. As a result, the 
L9 orthogonal array with 8° of freedom was selected. Using Taguchi’s L9 orthogonal 
arrays, nine experimental runs were carried out. Table 9.1 displays the parameters 
that were chosen. 

9.2.2 ANOVA Analysis 

To investigate the relative importance of the complete control factor, the statistical 
method of ANOVA is applied. The functions of each parameter are also determined 
using them. Fisher’s F-test is used as a supplementary tool for analysis. As a result, 
the parameters become more dominant as the F-test value increases.
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9.2.3 S/N Ratio 

Additionally, Taguchi advised utilizing the S/N ratio to assess the value. It uses a 
conceptual method that plots the influence and pinpoints the significant values. 

9.2.4 Experimental Procedure 

Sample preparation was achieved by cutting and work preparation prior to the FSW 
process. Using the shearing machine, the base metal sheets with dimensions of 
200 mm × 100 mm × 1.5 mm were cut. The surfaces of sheared edges were 
ground and examined to obtain a fine finish in order to secure perpendicularity. Using 
mechanical clamps and backing plates, the initial joint layout secures the plates into 
place. 

The welding direction is normal in reference to the rolling direction. Single pass 
welding techniques are employed to create the joints. The joints are created using a 
non-consumable cylindrical tool composed of high carbon steel. 

To enable insertion of the tool into the protruding edges of the sheets or plates that 
will be crossed along the joint axis during the joining operation, the pin and shoulder 
are precisely designed. 

The instruments’ principal function is to heat the workpiece and transport mate-
rial to produce joints. Friction between the tool and the workpiece causes plastic 
deformation. The material surrounding the pin turns softer due to the strong heat 
produced. The movement of materials from the front to the rear of the pin is caused 
by the combined effects of instrument rotational movement. The consequence is the 
creation of a “solid-state” joint. Fine and uniform re-crystallized grains arise as a 
result of the material’s plastic deformation at high temperatures throughout the FSW 
procedure. The fine microstructure generated by the FSW technique is responsible 
for the workpiece’s strong mechanical characteristics. 

9.2.5 Microhardness Measurement 

The Vickers hardness profile of the welded plates was measured using a HWPMT-
X7B Highwood Micro-Vickers Hardness Tester under 500 gf load for 10 s at the 
cross-sectional thickness at the centre, parallel to the welding direction. Each sample 
was given 15 hardness points in accordance with ASTM: E384-17.
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9.3 Results and Discussion 

Table 9.2 displays the findings for microhardness at the centre of samples 1 through 
9, the many tests that were run in accordance with Taguchi’s L9 orthogonal array. 
The microhardness ANOVA table is shown in Table 9.3. 

The signal-to-noise (S/N) ratio must be determined in order to establish which 
FSW process parameters have the greatest effect on the microhardness values. For 
S/N ratio analysis, there are three kinds of performance criteria to consider: the lower 
the better, the higher the better, and the nominal the better. This study considers the 
higher the better feature of microhardness. 

The microhardness of the response characteristic is what is affected by each 
component, as seen by the main effects graphs. When an attribute is affected differen-
tially by various quantities of a component, a major impact is apparent. In this study, 
the characteristic average for each component level is plotted using MINITAB to 
construct the main effects plot (Fig. 9.1). These averages correspond to those that are 
shown in the response table (Table 9.4). The points for each component are connected 
by a line. The rotational speed has the greatest impact on the microhardness, as shown 
by Table 9.4 and Fig. 9.1.

Table 9.2 Experimental results 

Specimen No Rotational speed 
(RPM) 

Travel speed 
(mm/min) 

Axial load (kg) Hardness (Hv) 

1 350 350 1000 64.30 

2 350 450 800 63.50 

3 350 550 900 66.60 

4 450 350 800 61.50 

5 450 450 900 61.20 

6 450 550 1000 63.10 

7 550 350 900 61.40 

8 550 450 1000 58.60 

9 550 550 800 58.90 

Table 9.3 ANOVA of the experiment 

Source Degree of 
freedom 

Sum of 
squares 

Mean of 
squares 

F-value P-value Contribution 
(%) 

Rotational 
speed (RPM) 

2 40.202 20.101 18.15 0.052 77.02 

Travel speed 2 5.029 2.514 2.27 0.306 9.63 

Axial load 2 4.749 2.374 2.14 0.318 9.10 

Error 2 2.216 1.108 4.25 

Total 8 52.196 
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Fig. 9.1 Main effects plot for SN ratios 

Table 9.4 Respond table for 
SN ratios 

Level Rotational speed (RPM) Travel speed Axial load 

1 36.23 35.90 35.75 

2 35.84 35.72 35.99 

3 35.51 35.96 35.84 

Delta 0.72 0.24 0.24 

Rank 1 3 2 

It is feasible to assess the significance of the relationship between the quality 
characteristic and FSW process factors using ANOVA. To do this, the entire S/N 
ratio variability is broken down into contributions from the error and each FSW 
process parameter. The total S/N ratio variability is calculated as the sum of the 
squared deviations from the S/N ratio’s overall mean. Table 9.3 displays the ANOVA’s 
outcomes, which were utilized to optimize the FSW procedure. To determine which 
of the experimental factors has a substantial influence, the Taguchi analysis’s p-values 
(P) are utilized. The software calculates each factor’s p-value (P) and compares it to 
the level of significance or α-level. A significant quadratic impact is present if the 
p-value for the squared effects is less than the α-level, which is often set at 0.05. It is 
clear from Table 9.3 that the tool rotational speed significantly affects microhardness 
since the p-value (P) is less than 0.05. 

As shown in Table 9.3, the combined contribution of welding speed and axial 
load is much less than the contribution of tool rotational speed. The tool’s rotating
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speed is a major factor of 77.02%. The response table in Table 9.4 can be used to 
determine the appropriate welding parameter. Table 9.4 and Fig. 9.1 show that the 
optimum welding conditions for achieving high microhardness are 350 rpm tool 
rotation speed, 550 mm/min welding speed, and 900 kg axial load. The main effects 
plot for microhardness is shown in Fig. 9.1. 

9.4 Conclusion 

In this work, the Taguchi technique was employed to create optimal FSW conditions 
for thin sheets of the aluminium alloy AA5052. ANOVA was used to analyse the 
experimental findings. According to the findings, the centre of the FSW joints had a 
maximum microhardness value of 66.6 Hv. Tool rotation speed of 350 rpm, welding 
speed of 550 mm/min, and axial load of 900 kg are the optimum welding conditions 
for obtaining high microhardness. With a 77.02 per cent contribution, tool rotational 
speed was the major factor impacting microhardness. 
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Chapter 10 
Residual Stress Optimization of Friction 
Stir Welding on an AA5052 Thin Plate 

Bakhtiar Ariff Baharudin, Mazli Mustapha, Azman Ismail, 
Fatin Nur Zulkipli, Fauzuddin Ayob, and Azlan Ahmad 

Abstract Friction stir welding (FSW) is the most important advancement in metal 
joining technology for joining high-strength aluminium alloys. The input process 
parameters, including tool rotational speed, travel speed, and axial load, must be 
optimized in order to increase the reliability and quality of the products made by the 
FSW process. To identify the optimum parameters, the Taguchi design of experiment 
(DOE) approach was utilized. Taguchi’s L9 orthogonal arrays were used to assess and 
determine the optimal condition, and the results were submitted to S/N analysis and 
analysis of variance (ANOVA) to identify the important welding factors impacting 
weld quality. The important parameters for each welding performance criterion, such
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as residual stress, were evaluated using ANOVA. The optimal parameters obtained 
are 450 rpm for the tool rotation speed, 350 mm/min for the travel speed, and 900 kg 
for the axial load. 

Keywords Taguchi’s design · Friction stir welding · Residual stress 

10.1 Introduction 

Friction stir welding (FSW) is a technique for joining materials that are similar or 
dissimilar. It is an approach that is both cost-effective and environmentally friendly. 
It provides a number of advantages over typical fusion welding techniques. Among 
the most noteworthy of these advantages are low distortions and residual pressures, 
the absence of gases and spatters, and the absence of arc flash. It works especially 
well for joining alloys that are challenging or impossible to join using fusion welding 
since the procedure is carried out in the solid state. No filler metal or shielding gases 
are needed because the process is entirely self-contained. Therefore, there are no 
filler or slag inclusions in friction stir (FS) welded joints. For welding steels, this 
is crucial since they are less likely to crack because they are less likely to absorb 
hydrogen. 

In comparison with traditional fusion welds, FSW in aluminium alloys provides 
several advantages, including the prevention of fracture and evaporative loss of 
alloying components. This is due to the solid-state joining mechanism used in the 
FSW process, which results in a weld zone with a finely wrought or recrystallized 
grain structure created by stirring and welding. FSW joints are formed at tempera-
tures below the melting point, leading in minimal shrinkage, enhanced mechanical 
characteristics, and a reduction in residual stress inside the joints. 

A non-replaceable rotary tool with a particular profile probe and shoulder may 
rotate at a specified speed in the FSW operation. Due to frictional heat, the device 
plunges between two materials in the shape of sheets or plates on the workpiece, 
generating “localized plastic deformation” in the interface region. As a result, the 
joint surface can be stirred down in the joining direction by the instrument. During the 
tool plunge operation, the “dwelling period” is the time during which the instrument 
spins at just one position before contact between the shoulder and the work surface 
occurs. During the welding process, lateral forces are generated that are parallel to 
the welding path (Gite et al. 2019). 

The material is stirred by the pin, and the joint is created by the material’s rubber 
deformation, while the metal is distorted by the frictional heat of the revolving 
instrument. The pin travels along the length of the weld while rotating, connecting the 
two plates. On one hand, referred to as advancing side (AS), and on the other, referred 
to as retreading side (RS), the tool rotation and weld orientations are comparable. 
As a result, an FSW joint features asymmetry, which is a distinguishing feature of 
the joint. Examining the mechanism’s physical phenomena will reveal the important 
process parameters that control the joint’s force (Prasad and Kumar Namala 2018).
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Residual stresses are the stresses that continue to be present inside a material 
after they have been formed, even when external loads are not present or temperature 
gradients. Residual stresses can have an impact on a variety of technical aspects of 
industrial equipment, including fatigue life, dimension stability, corrosion resistance, 
and brittle fracture. There are a lot of residual stresses created by welding proce-
dures, which are crucial industrial processes in the sector. The non-uniform thermal 
expansions and solidifications of welding procedures result in residual stresses. 

The evaluation of mechanical equipment dependability in real-world settings, as 
well as the construction of structures, requires the measurement of residual stresses. 
The three primary categories of stress measuring techniques available are destructive, 
semi-destructive, and non-destructive processes. Often referred to as mechanical 
methods, destructive and semi-destructive procedures measure deformations brought 
on by residual stresses released after the specimen has been removed. For the purpose 
of estimating residual stresses, sectioning and the contour approach entirely destroy 
the specimen, whereas hole drilling, ring-core drilling, and deep-hole drilling leave 
microscopic holes on the surface of the material. 

To assess stress-related characteristics, non-destructive techniques including 
ultrasonic, radiography, and magnetic particle inspection are frequently utilized. 
As more structural elements, including airframe structures and offshore rigs and 
bridges, need to be regularly inspected to prevent catastrophic damage or collapse, 
non-destructive stress assessment is becoming increasingly important. 

10.1.1 Development of FSW 

A study on the FSW of 0.8 mm thick aluminium sheets that are welded in the rolling 
direction using the alloys 2024-T3 and 6082-T6 was conducted. The mechanical 
properties of joints were exceptional. According to tensile testing, failure occurs at 
the welded region (Scialpi et al. 2008). 

Rodriguez studied FSWs manufactured in 1 mm thick aluminium alloy plates 
from AA6016-T4 using two different tools. In terms of microstructure and mechan-
ical qualities, the manufactured joint was examined and compared. The mechanical 
qualities of “hot” welds made using the fastest tool rotating speed and slowest traverse 
speed are enhanced (Rodrigues et al. 2009). 

Another investigation was done by Zhang on the use of rotary tools without pins 
to join thin Al alloy plates. The FSW joint’s tensile strength increases as the welding 
velocity for the tool with a three-spiral-flute shoulder is decreased. Around 398 MPa 
of tensile strength is obtained while welding at 20 mm/min and 1800 r/min, which 
is about 80% more than the parent material’s tensile strength (Zhang et al. 2011). 

Another research that employed FSW to join 1 mm thick aluminium, copper, 
copper-zinc, and zinc alloy plates discovered that doing so is feasible and acceptable. 
In actuality, the nugget’s welds demonstrated strong morphological characteristics
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and significant grain refinement, regardless of the base material used. According 
to tensile and hardness testing, both welds were at least equally matched to the 
properties of the underlying material (Galvão et al. 2012). 

At thicknesses of 1 mm and 1.5 mm, the FSW of AA5052 H32 to AA6061-
T6 blanks was examined. Two tool traverse rates of 63 mm/min and a constant 
tool spindle speed of 1500 rpm were used to successfully perform the welds. The 
elongation before failure of a 1.5 mm thick tailor welded blank was found to be 47% 
larger compared to the 1 mm thick weld. Intermetallic compounds are created during 
welding, decreasing the joint’s fracture strength (Doley and Kore 2016). 

With a high rotation speed FSW, it was feasible to effectively weld thin plates 
of 6061-T6 aluminium alloy. The temperature distribution, microstructure develop-
ment, and tensile properties of friction stir welded 6061-T6 joints were significantly 
impacted by high rotational and transverse speeds. The friction stir welded 6061-
T6 joints have exceptional mechanical properties as a result of a combination of 
high rotational and transverse speeds. The greatest tensile strength measured was 
301.8 MPa, or 85.8% of the strength of the underlying material (Liu et al. 2018a). 

In a separate research, high-speed friction stir welding was used to join ultra-thin 
tubes made of an aluminium alloy (HS-FSW). The use of a Fe backing plate in 
conjunction with post-weld artificial ageing was discovered to be the most efficient 
way to improve the mechanical characteristics of the HS-FSW AA6061-T6 ultra-thin 
sheet joint (Liu et al. 2018b). 

10.2 Methodology 

10.2.1 Selection of Orthogonal Arrays 

Analysing the characteristic data collected via orthogonal arrays yields the optimal 
process parameters (OA). To choose an acceptable orthogonal array for the experi-
ments, the degree must be determined. As a result, Taguchi offers several linear graphs 
and regular orthogonal arrays. In this study, we examine three variables, namely the 
FSW process parameters for the three variables. Taguchi suggests a standard array at 
three phases. L9 OA (33) was hence chosen for this investigation, as shown in Table 
10.1. Three columns and nine experimental runs are specified in this array. 

Table 10.1 Taguchi’s design for optimization 

S. No. Factor Level 1 Level 2 Level 3 

1 Rotational speed 350 450 550 

2 Welding speed 350 450 550 

3 Axial load 800 900 1000
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10.2.2 ANOVA Analysis 

Using the statistical technique of analysis of variance (ANOVA), the relative value 
of the entire control factor is explored. They are also used to figure out how much 
each parameter contributes. As an additional inspection technique, Fisher’s F-test is 
employed. With a higher F-test score, the parameters become more prominent. 

Taguchi also suggested utilizing the S/N ratio to analyse the values. It incorpo-
rates a conceptual method in which the effect is graphed and important values are 
identified. 

10.2.3 Experimental Procedure 

Prior to the FSW procedure, sample preparation was accomplished by cutting and 
work preparation. The basic metal sheets with dimensions of 200 mm × 100 mm × 
1.5 mm were cut with a shearing machine. The edges of sheared faces were ground 
and checked for a clean finish to guarantee perpendicularity. Mechanical clamps and 
backing plates are used in the initial joint arrangement to secure the plates in place. 

The welding direction is normal compared to the rolling direction. The joints are 
created using single pass welding processes. The cylindrical instrument made of high 
carbon steel is non-consumable. It is used to make the joints. The pin and shoulder 
are made to insert a non-consumable rotating tool into projecting edges of sheets or 
plates to be bonded and crossed along the joint axis. 

The fundamental function of the instruments is to heat the workpiece. Joints are 
created by material movement. The workpiece deforms plastically as a result of 
friction between the tool and the workpiece. The material covering the pin becomes 
softer due to the strong heat produced. Material transfers from the front to the back 
of the pin as a consequence of the combined effects of instrument rotation and 
translation. A “solid-state” joint is thus created. The material is plastically distorted 
at high temperatures during the FSW process, producing small, uniform grains that 
have undergone re-crystallization. Strong mechanical properties of the workpiece 
are a result of the fine microstructure attained by the FSW process. 

10.2.4 Residual Stress Measurement 

The residual stress was measured using a Rigaku AutoMATE II. The centre point of 
the sample was measured and marked. The sample was set up as shown in Fig. 10.1. 
The measurement conditions are as shown in Table 10.2. The longitudinal residual 
stress was measured.
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Fig. 10.1 Sample set-up in XRD chamber 

Table 10.2 Residual stress measurement and analysis conditions 

Radiation 
source 

Collimator 
size (mm) 

Measuring 
method 

Psi angle 
(°) 

Sample 
rotation 

Processing 
range, 
2theta (°) 

Voltage 
(kV)/ 
Current 
(mA) 

Cr 1.0 iso-inclination 0, 20.7, 
30.0, 
37.8, 
45.0 

No 146.14 to 
166.24 

40/30 

10.3 Results and Discussion 

Table 10.3 displays the residual stress data. The many investigations and test findings 
are based on Taguchi’s L9 orthogonal array. The residual stress ANOVA table is 
shown in Table 10.4

In order to identify which FSW process factors have the largest impact on residual 
stress, the signal-to-noise (S/N) ratio must be calculated. There are three different 
types of performance criteria to take into account for S/N ratio analysis: the lower the 
better, the higher the better, and the nominal the better. This study takes into account 
residual stress’s smaller-is-better characteristic. 

The longitudinal residual stress, which is the response characteristic, is depicted 
in the main effects plots in relation to each component. When a factor’s impact on a 
characteristic varies depending on its level, a primary effect is evident. By charting 
the characteristic average for each component level in this study, MINITAB is utilized 
to construct the major effects plot (Fig. 10.2). These averages correspond to those 
shown in the response (Table 10.5). The points for each component are connected
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Table 10.3 Experimental results 

Specimen no Rotational speed 
(RPM) 

Travel speed 
(mm/min) 

Axial load (kg) Residual stress 
(MPa) 

1 350 350 1000 − 52.90 
2 350 450 800 − 62.27 
3 350 550 900 − 79.81 
4 450 350 800 − 34.36 
5 450 450 900 − 36.80 
6 450 550 1000 4.27 

7 550 350 900 43.97 

8 550 450 1000 − 48.27 
9 550 550 800 − 53.18 

Table 10.4 ANOVA of the experiment 

Source Degree of 
freedom 

Sum of 
squares 

Mean of 
squares 

F-value P-value Contribution 
(%) 

Rotational 
speed (RPM) 

2 0.25673 0.12837 0.91 0.524 34.63 

Travel speed 2 0.13395 0.06698 0.47 0.679 18.07 

Axial load 2 0.06776 0.03388 0.24 0.807 9.14 

Error 2 0.28290 0.14145 38.16 

Total 8 0.74135

by a line. The rotational speed has the greatest impact on the residual stress, as seen 
in both the image and the Table 10.5.

The FSW process elements that have a substantial impact on the quality attribute 
are identified using an ANOVA. This is achieved by isolating the contributions from 
each FSW process parameter and the error, which is expressed as the sum of squared 
deviations from the total mean of the S/N ratio. Table 10.4 lists the ANOVA findings 
for the FSW process optimization. The p-values (P) are utilized in the Taguchi 
analysis to identify which experimental component has a significant effect. The 
computer calculates the p-value (P) of each factor and compares it to the level of 
significance (α-level). If the p-value for the squared effects is smaller than the α-
level, then there is a significant quadratic impact (which is commonly believed to be 
0.05). As shown in Table 10.4, it is evident that the combined contribution of travel 
speed and axial load is significantly less than that of the tool rotational speed. Tool 
rotational speed contributes 34.63% of the total. By using the response in Table 10.4, 
it is possible to determine the optimum manufacturing parameter. 

According to Table 10.5 and Fig. 10.2, the optimum machining conditions for 
minimal residual stress are 450 rpm tool rotation speed, 350 mm/min travel speed, 
and 900 kg axial load. Figure 10.2 depicts the residual stress main effects plot.
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Fig. 10.2 Main effects plot for S/N ratios 

Table 10.5 Respond table for S/N ratio 

Level Rotational speed (RPM) Travel speed Axial load 

1 15.114 7.319 13.007 

2 7.081 12.677 4.591 

3 8.407 8.352 9.497 

Delta 8.033 5.358 8.416 

Rank 2 3 1

10.4 Conclusion 

The Taguchi technique was employed in this study to find the best conditions for 
FSW of thin sheet AA5052 aluminium alloy. The results of the studies were examined 
using ANOVA. The FSW joints manufactured showed a minimal residual stress of 
−79.81 MPa, according to the data. The ideal welding conditions were determined 
to be 450 rpm tool rotation, 350 mm/min travel speed, and 900 kg axial load. With 
a contribution of 34.63%, rotational speed was the most important factor affecting 
residual stress. 
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Chapter 11 
The Effects of Fly Ash and Aluminium 
Trihydrate Incorporation on the Tensile 
and Thermal Properties of Epoxy Resin 
Mixtures 

Wan Nursheila Wan Jusoh, Muhd Zulfadhli, Nurafiqah Naqiyah Khalid, 
Annur Ashran, Muhammad Hafiz, Mohamad Firzani, Rashidi Rahim, 
Syed Nur Azman Syed Mustaffa, and Norlaila Ramlee 

Abstract This study explored the effects of adding fly ash and aluminium trihydrate 
(ATH) to an epoxy resin. The cementitious composite consists of epoxy resin as a 
binder with 5, 10, 15, and 20 (wt.%) fly ash. To enhance the fire retardant behaviour 
of the composite, 40 wt.% of ATH was added as a fire retardant. The tensile strength 
and strain were evaluated using a universal testing machine. The thermal stability 
of the material up to 700 °C was investigated through thermogravimetry analysis 
(TGA). The relative flammability of the composite was observed using the vertical
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flame test. Based on the results, the tensile strength and strain of the composite 
declined as the amount of fly ash increased. The presence of fly ash in the mixture 
produced a positive but insignificant impact on the thermal stability of the composite. 
Nevertheless, considerable improvement was observed in the TGA and vertical flame 
tests of composite mixtures with ATH. The flammability of the composites was 
improved as the combustion rate decreased with higher fly ash content. The results 
suggested that fly ash and fire retardant additives such as ATH could provide sufficient 
fire retardant properties to mixtures. 

Keywords Fly ash · Flammability · Epoxy resin · Aluminium trihydrate 

11.1 Introduction 

Fly ash is deposited from the combustion of coal-fired electric power plants. The 
coal was used as a fuel source in a boiler to generate steam for electricity. The 
high-pressure produce flows into a turbine, which drives a generator to generate 
electricity. Without proper waste management, the large quantity of fly ash in the 
plants can cause pollution to the air, and water, and also has been shown to endanger 
human health (Gajić et al.  2019; Scarlat et al. 2019; Zanoletti and Ciacci 2022). 

Fly ash is viewed as a potential epoxy additive that is eco-friendly and has been 
a subject of interest for many researchers due to its low cost and abundance (Dhar-
malingam et al. 2015). Fly ash consists of aluminosilicate, calcium oxide, and ferric 
oxide. The size of fly ash ranges from less than 0.5 to 300 µm (Nithin Kumar et al. 
2018) and can be used as fillers in composite applications, building, and polymer 
manufacturing (Dharmalingam et al. 2015; Ibrahim et al. 2020). Numerous polymer 
composite sectors are striving for environmentally friendly products while achieving 
the required properties. The recycling of this by-product will allow a competitive 
price for their final products (Sim et al. 2020). 

Nagrockiene and Rutkauskas replaced cement with varying amounts of fly ash 
in the concrete mixture and found that 65% of fly ash produced concrete with 
higher density, ultrasonic pulse velocity, and low water absorption rate (Nagrockienė 
and Rutkauskas 2019). Gnanavel et al. observed that by adding fly ash particles in 
epoxy resins, the impact and hardness properties were enhanced while decreasing 
the tensile and flexural properties (Gnanavel et al. 2019). However, adding 5% fly 
ash to epoxy resin enhanced the tensile modulus slightly. Arijit Patra et al. stated that 
the glass transition temperature of the investigated resin was 140.4 °C, and shifted 
to a higher temperature of around 190 °C after fly ash was added (Patra et al. 2018). 
Another investigation discovered that the specific heat capacity of bagasse with fly 
ash particles was significantly higher than that without fly ash (Sunil and Manavendra 
2017). 

In general, prior work focused on the effect of fly ash on the mechanical properties 
of construction industry applications (Latip et al. 2020) due to the similar chemical 
composition and qualities of fly ash to commercial compounds used for partitioning
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in the construction industry (Arenas et al. 2021). As a result of the low cost and 
high strength of fly ash, various researchers have expressed interest in its use as a 
filler in polymer products (Chand 1988; Kishore et al. 2002; Kulkarni and Kishore, 
2003; Garde et al. 2013; Sombatsompop et al. 2004) and the mechanical properties 
of polymer composite using fly ash as a filler also have been investigated (Nakamura 
et al. 1992a, 1992b; Mohammed Altaweel et al. 2011). Epoxy resin although it can 
provide good strength and stiffness to the structure, unfortunately, is a flammable 
material. 

In this study, the influence of fly ash on the epoxy resin flammability with and 
without the flame retardant additive is explored. A common flame retardant additive, 
aluminium trihydrate (ATH), is added to explore the mixture’s flame retardancy. 
The utilisation of ATH in the mixture was due to its low cost and effectiveness in 
reducing the flammability of a material (Chapple and Anandjiwala 2010). Samples 
were prepared by adding 0, 5, 10, 15, and 20 (wt.%) fly ash and 40 wt.% ATH to 
the epoxy resin. This investigation employed the thermal gravimetric analysis and 
vertical flame test on the composite mixture to determine the thermal properties of the 
mixture together with the tensile strength test to observe the changes in mechanical 
properties of the mixture. 

11.2 Methodology 

11.2.1 Preparation of Sample 

The fly ash was collected from a thermal power plant company in Malaysia. The fly 
ash was dark brown and had a greyish tint. The epoxy resin used was an aviation-
grade resin obtained from Aircraft Spruce. The ratio of resin to hardener mixture 
was fixed at 2:1. The samples were made by mixing the epoxy resin with 0, 5, 10, 15, 
and 20 wt.% fly ash. Another set of samples with 40 wt.% ATH was also prepared. 
The ATH was purchased from J.M. Huber Corporation. The list of sample content 
variations is given in Table 11.1.

The prepared sample mixtures were poured into silicone moulds. The use of sili-
cone moulds has been widely accepted due to their flexibility and ability to withstand 
high temperatures without changing shape (Kang et al. 2004; Feng et al. 2020). All 
cured samples were trimmed to size and were stored in airtight zip lock bags. 

11.2.2 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was employed to determine the thermal stability 
and the rate of change of the weight of the materials in the epoxy resin samples. 
The method is often utilised for inorganic materials, plastics, polymers, glasses,
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Table 11.1 Sample 
composition 

S. No. Sample composition 

1 0 wt.% fly ash  

2 5 wt.% fly ash  

3 10 wt.% fly ash 

4 15 wt.% fly ash 

5 20 wt.% fly ash 

6 5 wt.% fly ash  + ATH 
7 10 wt.% fly ash + ATH 
8 15 wt.% fly ash + ATH 
9 20 wt.% fly ash + ATH

and composite materials (Abraham et al. 2018). The samples were analysed using 
a TGA4000 Perkin Elmer. The samples were exposed to a controlled nitrogen gas 
environment at a 10 °C/min heating rate up to 700 °C. 

11.2.3 Tensile Strength Test 

Tensile test was conducted using a Shimadzu AG–X 50 kN universal testing machine 
according to the standard test method for tensile properties of polymer matrix 
composite materials, American Society for Testing and Materials (ASTM) D3039. 
The speed of the machine was 5 mm/min for all specimens. 

11.2.4 Vertical Flame Test 

The vertical flame tests performed were conducted based on a standard test method 
for measuring the comparative burning characteristics of solid plastics in a vertical 
position, according to the ASTM D3801. The test determined the ability of the 
samples to extinguish themselves after the removal of the fire source. Schartel and 
Kebelmann reported that the reaction of the composite after being fed or exposed to 
a fire source for a short time can be observed using a vertical flame test (Schartel and 
Kebelmann 2019). 

Each specimen was clamped at a 20° angle using a retort stand placed inside the 
flame test chamber. The test set-up and sample size are displayed in Fig. 11.1. The  
distance between the flame and the specimens was fixed at 7 cm. Before heating the 
specimens, the fire temperature was measured and kept constant at about 1000 °C 
using a thermocouple with a temperature recorder or data logger. Once the specimen 
caught fire, the fire source was removed to observe the flammability rate. If the
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Fig. 11.1 Vertical flame test set-up 

specimen did not burn, the specimen was heated for another minute, and the afterglow 
was observed. Any physical changes and duration of combustion were recorded. 

11.3 Results and Discussion 

11.3.1 Thermogravimetric Analysis 

As shown in Fig. 11.2, the resin without fly ash demonstrated the highest weight 
decomposition, followed by the resins with 5, 10, 15, and 20 wt.% fly ash. Weight 
decomposition decreased with increased fly ash content. Additionally, upon heating 
the resins to 700 °C, the weight decomposition ranged between 69 and 85%. The 
samples also illustrated thermal stability and maximum decomposition within the 
range of 330–360 °C. The findings were consistent with a previous study that discov-
ered that the burning rate decreased as the amount of fly ash added increased (Nguyen 
et al. 2019). As a result, a high amount of fly ash was preferable for decreased 
flammability.

The TGA curves of samples with ATH are displayed in Fig. 11.3. Based on the 
results, ATH promoted earlier decomposition temperatures of around 250–260 °C 
compared to samples without ATH. Another significant decomposition occurred 
around 330–360 °C, which was consistent with the results displayed in Fig. 11.1. 
The earlier decomposition temperature was due to the endothermic reaction of ATH 
after the temperature hit about 220 °C as mentioned by Chapple and Anandjiwala 
(2010). The samples with 20 wt.% fly ash and ATH with 30% char balance exhibited
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the lowest weight decomposition as ATH and the fly ash mixture improved the thermal 
stability. 
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11.3.2 Tensile Strength Test 

The effects of fly ash and ATH addition on the tensile strength of the epoxy resin 
are illustrated in Fig. 11.4. The addition of fly ash and ATH significantly reduced 
the tensile strength from 33 MPa displayed by the resin without fly ash (0 wt.%) 
to 9.7 MPa for 20 wt.% fly ash with ATH. The tensile strength of the composites 
with fly ash followed the order 10 > 5 and 15 > 20 wt.%. The tensile strengths of 
the composites with ATH followed the order 10 > 15 > 20 > 5 wt.%. Based on the 
results, fly ash and ATH reduced the ductility of the samples by changing them from 
polymer to composite-like mixtures. The transformation from ductile to brittle was 
due to a significant additive load. The samples with 10 wt.% fly ash demonstrated 
the highest tensile strength. However, the value was not apparent in fly ash with ATH 
composites.

The presented results were consistent with previous investigations, where tensile 
tests were conducted on fly ash embedded with epoxy (Anh et al. 2019; Nguyen 
and Nguyen 2020). The insufficient amount of resin to cover the fly ash and ATH 
particles reduced the bonding strength within the particle, decreasing the tensile 
strength. Therefore, the tensile strength was significantly decreased when ATH was 
added. The same pattern was observed for the tensile strain, illustrated in Fig. 11.5.

11.3.3 Vertical Flame Test 

The vertical flame test results are illustrated in Fig. 11.6 with an insert image of the 
burning of a sample. The time recorded spanned the moment the samples caught fire to 
once the fire was completely extinguished. The samples without fly ash immediately 
caught fire and took two minutes to burn completely. However, an increased amount 
of fly ash resulted in a significantly longer burning time, ranging from six to eight 
minutes.

All samples burnt vigorously, dripped and produced a moderate amount of soot 
during the flame test with remaining char less than 1 cm. Samples with 40 wt.% ATH 
demonstrated the afterglow effect once the fire was removed. Figure 11.7 shows the 
condition of the sample after vertical flame testing. Additionally, the samples demon-
strated reduced weight decomposition with increased fly ash content. According to 
Table 11.2, the sample with 5 wt.% fly ash and ATH exhibited the highest weight 
decomposition of 13%, while the sample with 20 wt.% fly ash and ATH with the 
least decomposition.

The sample with 5 wt.% fly ash and ATH displayed an afterglow that lasted about 
three seconds after one minute of exposure to fire. The afterglow of the samples with 
10 and 15% wt.% fly ash and ATH lasted about two and one seconds, respectively, 
while the 20 wt.% fly ash and ATH sample did not demonstrate an afterglow. Based 
on the results, the inclusion of ATH significantly increased the fire retardancy of the 
composites due to the endothermic reaction of ATH upon exposure to temperatures
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5 wt.% 10 wt.% 15 wt.% 20 wt.% 

Fig. 11.7 Resin samples with fly ash and ATH after vertical flame test 

Table 11.2 Sample weight 
decomposition after vertical 
test 

Sample Weight decomposition (%) 

5 wt.% fly ash  + ATH 13 

10 wt.% fly ash + ATH 10 

15 wt.% fly ash + ATH 4 

20 wt.% fly ash + ATH 2

higher than 180 °C (Fan and Fu 2016). Hence, better fire retardancy performance on 
the composite mixture. 

11.4 Conclusion 

The remains from the decomposition reaction and flammability properties of the 
composites increased with fillers. However, the addition of fly ash did not improve 
the tensile strength or strain of the composites. Additionally, the high fly ash and 
ATH content significantly increased the viscosity of the mixtures, forming brittle 
mixtures. Only epoxy and fly ash were burnt during the flame test, considering that 
the total burnout time was prolonged with increased fly ash content. Samples with 
ATH exhibited satisfactory flammability resistance, illustrated when they did not 
ignite on their own when the fire source was removed. Based on the findings, the use 
of fly ash with ATH is recommended to promote the flammability resistance of epoxy 
resin. However, the low tensile strength of the composite makes it only suitable for 
non-load-bearing applications.
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Chapter 12 
Modeling and Simulation of Planar 
Micro-coils for Invasive Pressure Sensing 
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Noor Hidayah Mohd Yunus, and Norhayati Soin 

Abstract A design modeling and simulation of a planar-based micro-coil for wire-
less invasive pressure sensing is presented. The rectangular-shaped micro-coil was 
designed using computer simulation technology (CST) software, and the finite 
element analysis (FEA) was conducted to analyze inductance values, quality factors 
and outer diameter size of the micro-coil. The width, gap, thickness, number of 
turns and inner diameter of the micro-coil was varied in a specific range based on 
the design specifications for invasive pressure sensing. The simulation results are 
in good agreement with the previous report and the related theory. The designed 
model and simulation can highly contribute to determine geometrical parameters of 
micro-coils for future processes, thus reducing the fabrication process and cost. 
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12.1 Introduction 

The capability of wireless data transmission is one of the main advantages of 
inductive-capacitive (LC) pressure sensors. Sensor’s measurement reading which 
applied the wireless concept or without physical connection allowing the LC pres-
sure sensor to be used in measuring pressure variation detection. The main advantage 
of the LC pressure sensor is that no power source is required for operation. These 
battery-free sensors have two advantages: small size and long lifespan, making LC 
pressure sensors superior in conditions such as sealed environments and implantable 
biomedicine (Cao et al. 2013). The typical structure of the LC pressure sensor also 
achieves low cost. The rapid development of the Internet of things (IoT) for applica-
tions such as implantable sensors and wearable devices (Santis and Cacciotti 2020) 
makes LC passive wireless sensors an extensive field of research (Huang et al. 2016). 
The past decade has seen the rapid advancement of LC pressure sensors, especially 
for MEMS biomedical sensor applications (Yusof et al. 2017, 2018, 2021; Al-Nosairy 
et al. 2021; Farooq et al. 2020; Hu et al.  2021; Li et al.  2020a, 2020b). 

In an LC pressure sensor system, two crucial components that must be developed 
are capacitors and inductors. The elastomer dielectric layer changes when external 
pressure is applied to the capacitor membrane and produces capacitance variations. 
The sensor circuit model is shown in Fig. 12.1, with the sensor modeled by the 
capacitor, Cs and inductor, Ls as well as resistance, Rs. 

The quality factor is an essential performance parameter for measuring the effec-
tiveness of energy transmission for LC resonance sensors. The higher the quality 
factor, the better the energy transmission performance. Therefore, to design micro-
coils with a high-quality factor, the coils must exhibit high conductivity and low serial 
resistance (Zhai et al. 2010). The inductor’s quality factor is the ratio of the inductive 
reactance to its resistance at a given frequency, which measures its efficiency. The 
higher the inductor’s quality factor, the closer it is to the ideal inductor properties. 
Inductors with high-quality factors are coupled with capacitors to produce resonant 
circuits in radio transmitters and receivers.

Fig. 12.1 Circuit model equivalent to telemetric reading approximation 
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The value of the quality factor, Q can be calculated using Eq. (12.1): 

Q = ω0L 

R 
(12.1) 

where ω0 is the angular resonance frequency (ω0 = 2π f ), L is the inductance value 
and R is the coil resistance value. 

For a rectangular micro-coil, the inductance value in the low-frequency range 
(0–20 MHz) can be calculated via Eq. (12.2) (Neagu et al. 1997): 

L = μD3 
out 

4πρ2 

( 
1 − α2

) 
(1 − α) 

[ 
ln  

(1 + α) 
(1 − α) 

+ 0.2235 (1 − α) 
(1 + α) 

+ 0.726 
] 

(12.2) 

with μ, Dout, α and p encompassing the relative permeability of air, the outer diameter 
of the coil, the ratio of the inner diameter of the coil and the outer diameter of the 
coil and the distance between two adjacent coil tracks. The serial resistance of the 
inductor can be calculated by Eq. (12.3), while the influence of the skin effect can 
be calculated by Eq. (12.4): 

R = ρl 

wδ 
( 
1 − e−h/δ 

) (12.3) 

δ =
/

2 

ωμσ 
(12.4) 

where ρ is the internal resistance, l is the length of the coil, w is the width of the 
coil, h is the thickness of the coil, δ is the influence of the skin effect, ω is the 
angular frequency, μ is the magnetic permeability of the core material and σ is the 
conductivity of the coil. As the frequency increases, the influence of the skin effect 
decreases, and consequently, the parasitic serial resistance increases. An increase in 
such parasitic resistance reduces the ability of the sensor to make detection (Akar 
et al. 2001). 

In this study, the design and simulation of a planar micro-coil was developed with 
modeling and simulation methods to determine the values of inductance, resistance 
and quality factor for the frequency range of 0–100 MHz. 

12.2 Methodology 

The rectangular micro-coil was designed using a computer simulation technology 
(CST) software as shown in Fig. 12.2. One of the inductors often used for MEMS 
pressure sensors is a rectangular micro-coil. Rectangular micro-coils were chosen 
because they fill the existing spatial shape most effectively compared to octagonal 
and circular circles (Fearday et al. 2017). Finite element analysis (FEA) was applied
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Fig. 12.2 Cross section of a rectangular micro-coil 

Table 12.1 Parameters for 
micro-coil model simulation 

Parameter Value 

Copper resistance, ρk 1.68 × 10−8 Ω.m 

Young’s modulus of copper, Ek 117 GPa 

Reference impedance terminal, Z 50 Ω 

to analyze the micro-coil’s inductance value, quality factor and outer diameter size. 
The setting parameters for the micro-coil simulation are set as shown in Table 12.1. 
From the CST simulation, the values of inductance, resistance and quality factors 
of the rectangular micro-coils can be studied and analyzed. This study analyzes 
four geometric dimensional parameters: coil width, coil thickness, coil gap and the 
number of turns. Figure 12.2 shows a cross section of a rectangular micro-coil with 
width, w, of the coil, gap, s, of the coil, thickness, h, of the coil, inner diameter, Din, 
of the coil and outer diameter, Dout, of the coil. The number of turns, N, also affects 
the performance measurement of the micro-coil. 

12.3 Results and Discussion 

Through the finite element analysis (FEA) method, the micro-coil parameters are set 
at; coil width = 50 μm, coil gap = 50 μm, coil thickness = 4 μm, inner diameter = 
1000 μm and the number of turns = 15—30 with copper material. Figures 12.3, 12.4 
and 12.5 shows the simulation results for the values of resistance, inductance and 
quality factors, respectively, for the planar micro-coils from the frequency range 0– 
100 MHz. Through Fig. 12.3, it can be seen that as the frequency increases, the resis-
tance value of the coil also increases. This is due to the skin depth factor decreasing 
with increasing frequency which causes the resistance value of the micro-coil to 
decrease (Akar et al. 2001).  Based on Fig.  12.3, it can be seen that the resistance 
value is in the range of 0–40 Ω, which proves that the micro-coils analyzed with this 
parameter have high electrical conductivity.

Figure 12.4 shows the simulation results of micro-coil inductance values for 
frequencies of 0–100 MHz. The inductance values are almost fixed with the change
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Fig. 12.3 Simulation results 
of micro-coil resistance 
values for frequencies 
0–100 MHz 

Fig. 12.4 Simulation results of micro-coil inductance values for frequencies 0–100 MHz

in frequency for the number of coil turns of 15, 20 and 25. For the number of turns of 
coil N = 30, the value of horizontal inductance for frequencies below 40 MHz and 
increasing for frequencies above 40 MHz. This is because the inductance value is 
influenced by the resistance value which refers to the inductance impedance value, 
ZL = R + XL, with XL = 2πfL. Referring to Fig. 12.4, the inductance value for the 
simulated micro-coil is in the range of 3.5–4.25 μH for the number of turns of the 
coil, N = 30. While for the number of turns of the coil, N = 25, the inductance value
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Fig. 12.5 Simulation results of the micro-coil quality factor value for the frequency 0–100 MHz

is in the range of 2.25–2.5 μH. The inductance value decreases with a decrease in 
the number of turns of the coil. For the number of turns of the coil, N = 20 and N = 
15; the inductance values were recorded at 1.25 μH and 0.625 μH, respectively. 

Figure 12.5 shows the simulation analysis results of the micro-coil quality factor 
against the frequency for four coil turns, N = 15, 20, 25 and 30. Referring to Fig. 12.5, 
it can be observed that the shape of the micro-coil quality factor graph is a semi-
parabolic curve with factor values quality increasing with increasing frequency. The 
shape of the quality factor graph in the form of a parabolic curve is the effect of 
the resonance angle frequency, ωo while its value is influenced by the combination 
of inductance and resistance values with the quality factor formula, Q = ωoL/R. 
Figure 12.5 also shows that the higher the value of the number of micro-coils, the 
higher the quality factor. The increase in the quality factor proportional to the increase 
in the number of coils is due to the increase in the inductance value (Akar et al. 2001). 
Through Fig. 12.5, it can also be observed that the maximum quality factor value is 
close to the value of 70 for this analysis. The high value of the quality factor adds 
value in improving the ability of a wireless sensor to transmit data signals better. 

Referring to the sensor design specifications shown in Table 12.1, the selected 
frequency response is 0–100 MHz. However, the value of the self-resonance 
frequency (self-resonance) of the micro-coil also needs to be known to ensure that 
this self-resonance frequency does not interfere with the data measurement process. 
Figure 12.6 shows the operating frequency inductance characteristics of the simu-
lated sensor from the frequency range of 0–1000 MHz. Figure 12.6 shows that the 
self-resonance frequency’s value is 278.3 MHz. This confirms that the value of this
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Fig. 12.6 Results of simulation of self-resonance frequency values for the frequency range 0– 
1000 MHz 

self-resonance frequency is much higher than the sensor’s operating frequency, which 
is at 0–100 MHz only. Therefore, this study’s selection of the sensor frequency 
response is justified. The future experimental data measurement process is believed 
to be feasible without interference from the self-resonance frequency values. 

12.4 Conclusion 

A planar micro-coil was simulated by computer simulation technology (CST) and 
has been presented in this work. The geometrical parameter of simulated micro-coil 
was aimed to fit on the design specification for wireless invasive pressure application. 
The effect of geometric parameters, i.e., coil width, coil thickness, coil gap and the 
number of turns to the value of inductance, resistance and quality factors of micro-coil 
were investigated. From simulation results, the mechanical (geometrical parameters) 
and electrical (inductance, resistance and quality factors) behavior of micro-coil 
can be analyzed. Results indicate that the developed model of micro-coil from this 
simulation is satisfactorily compliant with the previous report and the related theory. 
This simulation provides benefits in terms of reducing the future fabrication cost as 
the geometrical design of micro-coil can be immediately determined according to 
the targeted performances and specifications.
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Chapter 13 
Review on Electrochemical 
and Biosensors and Their Application 

Norilhamiah Yahya and Nur Afifah Mat Razali 

Abstract Analysis of environmental, food and pharmaceutical compounds is crucial 
in determining the compounds content in the food products, drinking water and 
medicines. These compounds correspond to the health of human, thus presence of 
forbidden additives in the products of food, liquid samples and medicines may be 
harmful toward humans. Due to that, there is a high demand for analytical strategies to 
analyze food products and to detect harmful compounds in materials. Various studies 
have been done to develop low-cost, stable, high selectivity and sensitivity analytical 
methods. Among the analytical methods proposed, electrochemical methods show 
fast and selective analysis, ease of operation, portability, and they are inexpensive. 
On the other hand, electrochemical biosensors, which directly convert biological 
activities into electrical impulses, offer a different technique in analyzing the content 
of biological samples for the biochemical processes or biological quantification. 
Traditional techniques such as chronoamperometry, amperometry and potentiom-
etry have been developed and will be further discussed in this review. Some of the 
challenges faced with electrochemical biosensors are instability, low signal response 
and selectivity affected by the presence of fouling agent and interference induced by 
chemicals present in the sample matrix. This shortcoming can be overcome through 
modification of the electrochemical electrode to improve the performance of the 
sensor. Detailed classification of sensors and working principle will be discussed in 
this review along with the review of application of electrochemical sensors in food 
safety, environmental analysis, glucose detection and medical diagnosis. 
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13.1 Introduction 

For the past few years, fabrication for analytical sensors in investigating quality of 
water, pharmaceutical compounds, food safety, environmental analysis has been done 
through spectroscopic and chromatographic methods. Although these methods are 
advantageous for various compounds analysis, they are not selective, reveal limita-
tions for in toxic solvent, require time-consuming analysis and difficult operation for 
compounds analysis such as food and pharmaceutical samples. Due to that, low-cost 
analytical tools, selective and sensitive sensors have garnered attention as an alter-
native for spectroscopic and chromatographic methods (Karimi-Maleh et al. 2020). 
A sensor is a device receiving signals and responds to them (Patel et al. 2020). The 
state, measure or property that was sensed opposed the stimulated signals, while the 
output comes in the form of charge, current or voltage. Active and passive sensors are 
the two types of sensors where they are categorized depending on their applications, 
material used, cost, range or accuracy of the sensor (Patel et al. 2020). A passive 
sensor turns the input energy into output energy without the requirement of any 
additional energy sources. Thermal, electric field sensing, chemical and infrared are 
examples of passive sensors. On the other hand, an active sensor requires additional 
outside energy sources to respond toward excitation signals (Zhao and Chen 2009). 
Due to capability in modifying their properties in response to an exterior effect and 
changing them to electric signals, active sensors are called as parametric sensors. 
Features of a perfect sensor are response time, sensitivity, calibration, selectivity, 
linearity and reproducibility (Naresh and Lee 2021). 

Over the past decades, research on biosensors has grown astronomically for 
various applications. Due to ability in designing unique reaction of chemicals by 
immobilizing recognition of biological components on the sensor substrate that have 
a precise binding affinity to the intended molecules, biosensors are highly selec-
tive. Enzymes are the most prevalent of these recognition elements for biosensors, 
alongside with the whole cells, nucleic acids, antibodies and receptors (Chaubey 
and Malhotra 2002). The surface layout of the sensor must inhibit any non-specific 
contact to fully utilize the specific interaction through biorecognition. Thus, various 
studies are carried out to find the surface modification with particular interaction 
capabilities for excellent sensor performance (Kasemo 2002). Evolution of biosen-
sors had undergone three generations depending on the attachment of the biorecogni-
tion element (bioreceptor) to the transducer with the first-generation glucose oxidase 
(GOx) biosensor in 1962 by Clark and Lyons. Since then, GOx sensors have been 
widely used and undergo modifications since 1960s. 

Limitation in high sensor configuration complexity and expenses is not incurred 
by electrochemical biosensors, as illustrated by glucose sensors (Grieshaber et al. 
2008). This is due to their strong relationship to advancements in economical micro-
electronic circuit production and simple interference with conventional electronic 
readout and processing. Aside from that, they are effective analysis tools used in 
various applications. Fabrication of electrochemical devices garnered attention in
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micro- and nanotechnologies due to unique properties such as miniaturization, acces-
sibility, low cost, ease of use, specificity, selectivity and real-time on sight monitoring 
capabilities (Baracu and Dinu Gugoasa 2021). Due to small volume of sample and 
wide active surface achieved by utilization of nanomaterials as sensing layers, electro-
chemical sensors exhibit significant sensitivity in detection of biomolecules (Baracu 
and Dinu Gugoasa 2021). For fabrication of electrochemical sensors, they can either 
be (1) carbon paste-based electrodes (CPE), (2) screen-printed electrodes (SPE) and 
(3) microfabricated electrodes (MFEs) (Baracu and Dinu Gugoasa 2021). Among 
this fabrication technology, MFEs show a better stability in time, easily integrated 
to portable devices and ease of miniaturization. On the other hand, CPEs have limi-
tations in size-reduction and assimilation in a miniaturized device, while SPEs are 
not-reusable and easily damaged (Gugoasa et al. 2019; Alam et al. 2020; Moussa 
and Mauzeroll 2019). 

Electrochemical sensors cover several classes of sensors depending on their inves-
tigated signal from the chemical response, such as (i) amperometric sensors, (ii) 
potentiometric sensors and (iii) conductometric sensors. In this chapter, classifica-
tion of biosensors and their components will be discussed. Detailed working principle 
for the classes of electrochemical sensors will be discussed in the second part of this 
chapter, and the last of part of the chapter will review the application of electrochem-
ical sensors in various implementations such as environmental analysis, food safety, 
medical diagnosis and glucose detection. 

13.2 Classification of Sensors 

13.2.1 Sensor 

Sensors can be categorized into diverse groups, depending on physical quantity such 
as their energy source (either they are passive or active sensor), physical contact, 
comparability, digital and sensors and in terms of their signal detection toward phys-
ical, chemical, thermal and biological quantities. For instance, through biological 
sensors or biosensors, interactions of deoxyribonucleic acid (DNA), antibody or 
antigen or other biological components can be detected. 

13.2.2 Biosensor 

A device or probe which utilizes biological components in generating measurable 
component is known as a biosensor (Naresh and Lee 2021). These biosensors are 
available in a variety of dimensions and formations, and they can distinguish and 
estimate even low amounts of infections, harmful chemicals and pH values (Naresh
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Table 13.1 Component of a biosensor 

Components Description 

Analyte Material of interest in which the contents are being detected such as alcohol, 
ammonia and glucose 

Bioreceptor Biological molecule that detects targeted substrate such as DNA or antibodies 

Transducer Important part in biosensor that converts energy from one form to another form 

Electronics Received electrical signals from transducers and transforms into the display unit 

Display Display the interpretation of the system and generate results of the biosensor. The 
display generates output signal in terms of numeric, graphic or tabular 

Fig. 13.1 Schematic diagram of biosensor 

and Lee 2021). A biosensor consists of several components such as analyte, biore-
ceptor, transducer, electronics and display (Naresh and Lee 2021). Table 13.1 shows 
detailed explanations of the components, while a schematic diagram for a biosensor 
is shown in Fig. 13.1. 

An ideal biosensor should possess certain requirements to achieve better perfor-
mance for commercialized uses. One of the key features of biosensors is having a good 
selectivity to ease detection of target analyte molecule by bioreceptors in a sample 
that is compromised of unwanted contaminants. Aside from that, the biosensor needs 
to be sensitive toward the targeted analyte especially during detection of analyte in 
low concentrations or minimum number of steps while having ideal stability as most 
of biosensors require continuous monitoring (Grieshaber et al. 2008). Biosensors 
can be classified according to the primary component in biosensor construction; 
bioreceptor and transducer. Biosensors are divided into four categories according 
to the type of bioreceptor they use: enzymatic biosensors, immunosensors, nucleic 
acid-based biosensors and microbial sensors. The second division of biosensors is 
based on the transducer: electrochemical biosensor (further divided into potentio-
metric, amperometric, impedance and conductometric groups), electronic biosensor, 
thermal biosensor and optical biosensors (Naresh and Lee 2021; Biswas et al. 2017).
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13.2.3 Biosensors Based on Bioreceptors 

13.2.3.1 Enzymes-Based Biosensors 

Enzymes are a conventional biocatalyst, and they are effective in boosting the biolog-
ical reaction rate. This catalytic reaction and binding properties for the targeted 
analyte detection highly affected the function of enzyme-based sensors. The inhi-
bition or catalysis of enzymes by the target analyte can be measured by enzymatic 
biosensors through several possible mechanisms (Naresh and Lee 2021; Justino et al. 
2015): 

(a) measurement for analyte’s catalytic transformation by the enzyme determined 
the analyte concentration since the analyte can be metabolized by enzyme 

(b) concentration of analyte is associated with reduction in formation of enzymatic 
production due to the enzyme can be inhibited or inhibited by the analyte 

(c) monitoring of changes in enzyme properties 

Since the development of enzymatic sensors in 1962 by Clark and Lyons, various 
biosensors are produced based on the enzyme specificity. However due to high cost 
and intrinsic nature of the enzyme that is sensitive, the stability, sensitivity and 
adaptability of this sensors are considered complicated (Naresh and Lee 2021; Justino 
et al. 2015). Glucose and urea biosensors are examples of the common enzyme-based 
biosensors. Recent studies integrate enzymes with nanomaterials which caused the 
high use of enzymes as recognition elements in biosensors. 

13.2.3.2 Antibody-Based Biosensors 

Antibodies are affinity biorecognition elements that were employed for more than 
two decades due to their broad application range such as environmental moni-
toring, medical diagnosis, food safety and clinical analysis and robust antigen–anti-
body interactions (Naresh and Lee 2021; Justino et al. 2015). Antibodies consist 
of “Y” formation of immunoglobulins (Ig), with two heavy and two light polypep-
tide chains joined by the disulfide bonds. Based on the difference in heavy chains, 
five kinds of antibodies have been defined: IgG, IgM, IgA, IgD and IgE antibodies 
(Schroeder and Cavacini 2010). Antibody implanted on biosensors that act as a 
ligand or perform on the antibody-antigen interaction is known as immunosen-
sors and can be categorized as non-labeled and labeled. Detection of antigen– 
antibody complex is known from the calculation of physical changes due to 
complex’s formation, and this system is defined as non-labeled immunosensors. 
On the other hand, labeled immunosensors are used for analysis of the antigen–anti-
body complex (Lima and Ahmed 2019; Lim and Ahmed 2016). Typically, estima-
tion of proteins, biological toxins and biomarkers in numerous research domains 
such as food safety, clinical and environmental monitoring has been done by 
immunosensors (Willander et al. 2014).
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13.2.3.3 Aptamer-Based Biosensors 

Aptamers, single-stranded oligonucleotides (usually DNA or RNA) or peptides, can 
attach to their targets with high degree of specificity and affinity and can be formed 
into two-dimensional (2D) and three-dimensional (3D) structures (Naresh and Lee 
2021; Li et al.  2019). Through these structures, it leads to high density of surface 
and reduced blocking of space which results in the high-binding performance of the 
target. Through an in vitro selection mechanisms known as systematic evolutions 
of Ligands by exponential enrichment (SELEX), the process is used for isolating 
oligonucleotide probes from wide libraries of oligonucleotides (usually RNA or 
single-stranded DNA) (Li et al. 2019). These biosensors are further divided into 
labeled and label-free aptasensors based on various transduction techniques. An 
example of a label-free aptasensor is surface plasmon resonance (SPR), while fluo-
rescent dyes are an example for a label-based sensor. According to Shen et al., 
aptamers can be generated and screened against a wide range of targets including 
peptides, proteins, entire cell, small molecules and metal ions and are frequently 
between 25 and 90 bases long (Shen et al. 2014). Owing to the characteristics of 
nucleic acid of aptamers, the sensors can withstand various temperature ranges and 
conditions of storage, and importantly, they are functionally stable (Naresh and Lee 
2021). In comparison with molecular recognition elements (MRE) such as antibodies 
which need a biological system to be formed, aptamers can be chemically synthe-
sized and are stable in pH range of 2–12, and they have the potential for thermal 
refolding (Labib et al. 2016; Zhou et al. 2014). Another pro of aptamers is they are 
capable to be chemically altered in accordance with the target molecule’s detection 
criteria. 

13.2.3.4 Whole Cells-Based Biosensors 

Bacteria, fungus, molds, algae, viruses and protozoa are used in designing of whole 
cell-based biosensors due to possession of potential biorecognition elements. Since 
they are self-replicating, this sensor is capable in producing recognition elements 
(e.g., antibodies) with the absence of extraction and purification (Gui et al. 2017; 
Kylilis et al. 2019). Analytical signals are recognized by analyzing the general 
metabolic of biological agents for whole cell-based biosensors which includes 
cell respiration or bacterial bioluminescence, growth inhibition, cell viability, and 
substrate. In comparison with enzymes, whole cell-based sensors are preferable as 
they reveal a high stability, low needs in purification, inexpensive production and 
capability detection (Carvalho 2011). With the unique characteristics possessed by 
these biosensors, they are being employed for environmental analysis such as for 
detection of heavy metals, pesticides, organic contaminants, for food analysis and 
drug screening (Berepiki et al. 2020).
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13.2.4 Biosensors Based on Transducer 

13.2.4.1 Optical Sensors 

Optical glucose sensors employ fiber optics for the detection of analytes through 
absorption, illumination or light scattering and include various optical methods such 
as absorptiometry, fluorescence and surface plasmon resonance (SPR) (Bruen et al. 
2017; Ju et al.  2020). An optical biosensor works by producing signals that are 
inversely proportional to the analyte’s concentration and offers label-free and in 
the moment parallel detection. The transduction process in optical biosensors leads 
to change in absorption, reflection, transmission refraction, phase, frequency and 
light polarization due to physical or chemical changes produced by biorecogni-
tion elements (Naresh and Lee 2021). Enzymes, antibodies, tissues, whole cells and 
aptamers are examples of biorecognition components in optical biosensors. Through 
optical biosensors, they offer rapid reaction time, cost-saving, free electrical interfer-
ence and distant sensing (Hassan et al. 2021). However, optical biosensors have their 
drawbacks including light interference, the narrow concentration range and necessity 
for powerful light sources (Kausar et al. 2015). 

13.2.4.2 Thermal Sensors 

Thermal biosensors employed characteristics such measuring the amount of energy 
consumed or emitted (exothermic or endothermic) during the process. Measure-
ment of heat change that is directly observed for extent of process calculation for 
catalyst or dynamic structure of biomolecules in the dissolved state is monitored 
by this sensor (Danielsson 1991). Thermal biosensor can overcome the shortcom-
ings of calorimetric-based biosensors that have long experimental procedures and 
are unable to specify the temperature measurement. Thermal biosensors typically 
utilize an immobilized enzyme reactor and flow injection analysis method, with 
distinctive temperature analysis across the enzyme reactor. For the conversion of 
a specific substrate to product, thermistors or thermopiles, common temperature 
sensors, are positioned across an enzyme column packed with mobilized enzymes. 
The heat signals produced by the catalytic reaction are inversely proportional to 
the substrate concentration (Sivarajasekar et al. 2019). Detection of thermometric 
conductivity is advantageous especially for multiple reactions since they give the sum 
of all enthalpies for determination of the assay sensitivity (Naresh and Lee 2021). 
Currently, microelectromechanical (MEMS) thermal sensors have garnered atten-
tion in monitoring metabolic applications on the basis for detection of temperature. 
Inexpensive integration of miniaturized devices and inexpensive batch fabrication 
is the benefits of these sensors. It was observed that the sensor exhibited excellent 
performance by improving thermal isolation, low thermal mass, high sensitivity, less 
consumption of power and wide linear range (Wang et al. 2008).
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13.3 Electrochemical Sensors 

To determine the information from the biological systems, the measurement of elec-
trical properties is usually done electrochemically. Differs to biosensors, electro-
chemical detection technique is based on enzymes which may be affected from their 
biocatalytic activity and their binding capabilities (Naresh and Lee 2021). Typically, 
electrochemical sensors consist of three important components: receptor, analyte 
and transducer for conversion of reaction to measurable signal. During the reaction 
on the transducer surface, measurable current (amperometric), charge accumula-
tion (potentiometric) or measurable in characteristic changes of conductive material 
(conductometric) between electrodes may be generated (Fig. 13.2). The surface of 
the electrode is commonly used for reaction site in which oxidation or reduction 
of analyte will occur. From the reaction, the current or voltage produced will be 
monitored to obtain data of the analyte such as the concentration of the sample. 
Therefore, the selection of electrode surface in terms of material, surface modifica-
tion or dimensions plays a vital roles in their detection capability (Grieshaber et al. 
2008). An electrochemical sensor is illustrated as shown in Fig. 13.3.

The electrodes in electrochemical sensing are known as reference electrode and 
usually are silver/silver chloride (Ag/AgCl), counter electrode and working electrode. 
The counter electrode acts as the supplier of currents toward the working electrode, 
while the working electrode on the other hand works as the transduction elements 
in the biochemical reaction. To ensure these electrodes result in excellent sensing 
performance, they need to be stable and conductive. The use of nanoparticles in the 
sensors are one of the alteration in increasing the sensor’s accuracy and sensitivity 
while improving their thermal and electrical properties (Faridbod et al. 2011). Various 
studies have been conducted to explore ultra-sensitivity detection, mass produc-
tion capability, and low-cost manufacturing electrochemical sensors (Abdel-Karim 
et al. 2020). Inexpensive nanostructured transition metals oxides (TMOs) such as 
copper oxide (CuO), zinc oxide (ZnO), manganese (IV) oxide (MnO2) and iron oxide 
(Fe2O3) were made into electrochemical electrode to detect the analyte for their large 
surface area, selective and sensitive electrocatalytic activity and biocompatibility 
(Wang et al. 2018). 

13.3.1 Potentiometric Biosensors 

13.3.1.1 Working Principle 

Combination of a biorecognition element with a transducer that senses changes in 
protons quantity, the accumulated analytical signal correlated with the concentration 
of the analyte and produces potentiometric biosensors. Typically, measurements of 
potentiometric are applied in determining organic and inorganic species, pesticides, 
ammonia and carbon dioxide (Pisoschi 2016). Information on the ion activity during
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electrochemical reaction is provided by potentiometry. Using the Nernst equation, the 
relationship of concentration and the charge potential can be observed. The equation 
is as follow (Skoog et al. 2016; Simões and Xavier 2017): 

EMF or Ecell = E◦ 
cell − 

RT 

nF  
ln Q (13.1)

Fig. 13.2 Experimental setup for a potentiometric sensor, b amperometric sensor and c conducto-
metric sensor
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Fig. 13.2 (continued)

where EMF or Ecell is the examined cell potential at zero current, E◦
cell is the constant 

potential contribution to the cell, R is the universal gas constant, T is the absolute 
temperature (Kelvin), F is the Faraday constant and Q is the ratio of ion concentration 
at the anode to ion concentration at the cathode. 

Ion-selective electrodes for potentiometric devices are often capable in detecting 
the lowest limit of detection in ranges between 10−8 and 10−11 M. It is worth 
mentioning that potentiometric sensors are useful in observing low concentration 
in a limited number of samples without altering the sample. Although low detection 
limits are possible with potentiometric devices, detection of analytes such as nickel, 
mercury, nickel and arsenate ions is still limited. Potentiometry is also known as 
potentiometric titration which is an alternative technique in electrically determining 
the point in biochemical reaction. 

Potentiometric consists of three basic devices, namely as ion-selective electrodes 
(ISE), coated wire electrodes (CWES) and field effect transistors (FETS). IES are 
capable in assessing the movement of certain analyte selectively (Stradiotto et al. 
2003). The electrodes are usually membrane-based devices in which one electrode 
acts as the working electrode, while the second electrode is the reference electrode 
(Stradiotto et al. 2003). While the potential difference of the reference electrode 
is constant, it can be determined based on the concentration of the dissolved ion 
(Stradiotto et al. 2003). ISEs can be categorized into three groups; glass, liquid 
or solid, and the glass pH electrode is considered as the simplest transducer, and
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they can be found in assorted sizes and shapes. Through this pH electrode, the 
potentiometric sensors for glucose oxidase immobilization made of cellophane, nylon 
or nitrocellulose membranes are capable in detecting glucose in fruit juices with a 
linear range of 10−4 to 5 × 10−2 M. Despite the successfulness of the glass membrane 
electrode in detecting solution’s pH, the limitation toward measurement in aqueous 
media has become a drawback for this electrode. 

CWEs on the other hand fabricated the conductor with a polymer membrane 
in designing the electrode system that is sensitive toward the concentration of the 
electrolyte. Having similar response with IES in regards to detectability and range 
of concentration, CWEs overcome miniaturization of electrodes by eliminating the 
internal reference electrode, making them useful in vitro and in vivo analysis (Stra-
diotto et al. 2003). FETs are an extension of CWEs, and they have gained interest 
among researchers for their built-in potential in easing miniaturization (Menon et al. 
2020). FETs semiconductor consists of three terminals; source, drain and gate in 
which the dielectric material gate terminal is modified with the targeted biorecep-
tors. Changes in surface-charge on the gate terminal through charged biomolecules 
(such as DNA) cause alteration of the gate voltage and thus the charge transport 
capabilities of the FETs channel (Menon et al. 2020; Pachauri and Ingebrandt 2016). 
Flaws such as semiconductor impurities become a constraint of FET-based sensors 
(Lee et al. 2009). 

13.3.1.2 Potentiometric Sensor for Detection Application 

Having fast response time is important for potentiometric sensors. To observe the 
response time for detection of diclofenac, a non-narcotic pain reliever, Kormosh 
and co-workers developed potentiometric sensors in detecting the drug, and it was 
observed that the sensor exhibited short response time of 2–3 s, wide concentra-
tion of 5.0 × 10−5 to 5.0 × 10−2 and range of working pH of 9.0–12.0. With the 
excellent performance shown by the modified sensor, pharmaceutical preparations 
of Diclofenac were determined (Kormosh et al. 2009). Another work by Tumur et al. 
(2020) a PVC-membrane potentiometric sensor was proposed for determination of 
Cysteamine. The developed sensors show an excellent performance with time of 
response of 5 s, linear concentration range of 1.0 × 10−5 to 1.0 × 10−1 mol L−1 , 
limit of detection 1.0 × 10−5 mol L−1 and wide pH range of 3.0–7.0. Aside from 
that, Gupta and colleague prepared a cobalt (II)-selective potentiometric sensor based 
on bridge modified calixarene. With detection limit of 0.3 ppm, wide concentration 
range of 5.3 × 10−6 to 1.0 × 10−1 mol L−1 and response time of 10 s, the devel-
oped sensor shows potential application in analyzing cobalt in real samples such as 
effluent and beer samples (Gupta et al. 2008).
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13.3.2 Amperometric Biosensors 

13.3.2.1 Working Principle 

When the current is measured at constant potential, it is referred as amperometry, 
and if the current is analyzed at different controlled potential, it is referred as voltam-
metry (Grieshaber et al. 2008). Since the background charging current from different 
voltage is prohibited, amperometry is generally thought to be a more sensitive tech-
nique compared to voltammetry (Ryu et al. 2020). When a functioning electrode is 
subjected to a constant voltage, the current is measured. The target concentration 
relates to the cathodic or anodic current, resulting from the reduction or oxidation 
reaction by the applied voltage within the surface of electrode. To obtain the reduction 
or oxidation potential of the analyte, cyclic voltammetry is suggested (Hanrahan et al. 
2004; Bard  2001). The target analyte is measured by the charge transfer at the inter-
face. When stepped potential is given to the working electrode for a variety of applica-
tions, chronoamperometry is a highly effective sensing technique since it measures 
the current at the electrode as a function of time (Ryu et al. 2020). The analyte 
concentration is illustrated via the corresponding current change. The working elec-
trode highly affected the performance of the amperometric sensors which resulted 
in various research of materials for electrode fabrication and maintenance including 
mercury, noble metals and carbons (Stradiotto et al. 2003). Among the suggested 
materials, carbons and noble metals have been suggested for fabrication of the elec-
trode, and they are inexpensive, low background current, chemical inertness and 
capable to be used in various sensing and detection applications (Stradiotto et al. 
2003). Nevertheless, this technique is effective in monitoring diffusion-controlled 
processes, and they are highly sensitive (Ryu et al. 2020). 

13.3.2.2 Amperometric Sensor for Detection Application 

Amperometric sensors have been developed for the usage of various fields and appli-
cation especially for sensing industry by modifying the electrode for several condi-
tions to enhance the electrode sensitivity. Yang et al. proposed a modified Fe2O3 

nanoparticles electrochemical sensor supported by N-doped graphene for electro-
catalytic oxidation and detection of L-Cys. The modified electrode exhibits effec-
tive electrocatalytic activity in oxidizing L-Cys in 0.1 M PBS at pH of 7. It was 
observed that the electrocatalytic current results in a direct increase with the concen-
tration of L-Cys ranging within 0.2–400 µM, and the least detectable concentra-
tion is 0.1 µM (Yang et al. 2017). Another work of Zhad et al., proposed a silver 
carbon electrode (Ag/CE) and silver-silver electrode (Ag/AgE) ultramicroelectrodes 
(UMEs) for evaluation of the electrodes toward the reduction of nitrate. Deposit of 
nickel silver (AgNS) was done by pulse amperometry, while the deposition problem 
was overcome by ammonia acting as the complexation agent. It was observed
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that Ag/AgE exhibits a higher sensitivity and lower detection limit compared to 
Ag/CE. Through this research, it can be concluded that Ag-modified UMEs has 
high potential application for real-time monitoring of nitrate in the environment 
(Zhad and Lai 2015). 

13.3.3 Conductometric Biosensors 

13.3.3.1 Working Principle 

Conductometric sensors depend on the electric changes in conduction of a film or 
a bulk material where the analyte present affected the conductivity (Stradiotto et al. 
2003; Ryu et al. 2020). A small amplitude alternating current signal is applied within 
a wide range of frequencies to disrupt the electrode surface and measures the corre-
sponding electrical responses, usually impedance. Impedance measurement offers 
information of capacitance, inductance or mass diffusion (Ryu et al. 2020). These 
data are then utilized in analyzing the electron charge transfer, electrolyte resis-
tance, electroactive chemical adsorption and analyte mass transfer. This sensor is 
particularly useful for monitoring of target analyte adsorption on the surface of 
the electrode (Ryu et al. 2020). Due to the accumulation on the electrode surface, 
certain analytes are not capable in generating electrochemical reactions at which 
then impedance measurement is one of the alternative methods to overcome this 
drawback. Aside from that, impedance measurement can be utilized to investigate 
surface attributes and acquire a motion concentration correlation at various analytes 
(Stradiotto et al. 2003; Macdonald and Andreas 2014). In association with enzymes, 
changes in conductivity and ionic strength of a solution between two electrodes are 
the result of enzymatic reaction (Grieshaber et al. 2008). Due to that, conducto-
metric sensors are used in enzymatic reactions study which generate variations in 
the concentration of charged species in a solution. 

13.3.3.2 Conductometric Sensor for Detection Application 

Saipiana and co-workers designed a hybrid of calixarene and the ionophore 18-
crown-6, labeled 25,27-di-(5-thio-octyloxy) calix (Naresh and Lee 2021) arene-
crown-6 conductometric sensor for detection of ammonium in aqueous solution. The 
combination of calixarenes and 18-crown-6 allows them to detect ammonium cations 
efficiently and highly selective. Analytical properties of the modified electrode such 
as their stability, selectivity toward ammonium and performance in different buffers 
were investigated, and it is best to mention, the modified electrode was found to be 
a promising instrument for detection of ammonium (Saiapina et al. 2012). Another 
work of Wu et al. developed a cuprous oxide (Cu2O)/carbon nanotubes (CNTs) 
conductometric sensor for detecting nitrite in water. A simple hydrothermal method 
was employed for preparation of Cu2O and CNTs for improvement of the sensor
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sensitivity. Electrochemical impedance spectroscopy (EIS) was used in obtaining the 
measurement for the detection mechanism due to the finding of electron transport on 
the electrode because of nitrite addition. Changes in charge transfer resistance before 
and after nitrite were observed which can be presumed that the higher the content 
of nitrite, the higher the changes in the charge transfer resistance. Wu et al. then 
concluded that the proposed sensor was able to detect a broad range concentration of 
nitrite, and it is highly sensitive (Wu et al. 2018). The performance for potentiometric, 
amperometic and conductometric sensors is summarized in Table 13.2.

13.4 Application of Electrochemical Sensors 

Electrochemical sensors have been used for various applications as illustrated in 
Fig. 13.4.

13.4.1 Electrochemical Biosensors for Glucose Detection 

To this date, electrochemical glucose biosensors have been widely used in glucose 
detection especially in diabetes diagnosis, providing a better life for diabetic patients. 
The use of electrochemical glucose sensors is still not well-known, but the previous 
research has proven that this biosensor is comparable to commercialized glucose 
sensors. In general, glucose biosensors can be categorized into two categories: enzy-
matic sensors and non-enzymatic sensors. Enzymatic sensors are depended on the 
features of GOx, where GOx is unstable, and the enzyme activities are affected 
by the environment surrounding such as humidity and temperature. While for non-
enzymatic glucose sensors, they are based on the direct oxidation of glucose on the 
surface of an electrode with a transition metal center and excellent electrocatalytic 
activity (Hovancová et al. 2017). A reliable glucose sensor should have the following 
properties: selectivity, sensitivity, stability, accuracy, precision, inexpensive and easy 
fabrication. Glucose sensors should be sensitive to glucose with sensitivity a of 
1 µ A mM−1 cm−2 and having precision and accuracy within the error scale of ± 
20% for 95% of the application time (Toghill and Compton 2010). 

The use of metallic nanomaterials with different size of surface morphology 
enhanced the electrocatalytic activity due to the enlargement of active electrode 
surface area. Aside from structure and morphology of the electrode, the coating 
substance and pH value of the substance affected the performance of the sensor. 
Platinum (Pt) and gold (Au) are used as the electrode in detecting glucose in acidic, 
neutral and alkalic solutions, where glucose is unreactive in acidic solutions. It was 
also discovered that adsorption of chloride ions toward Pt surface was the weakest in 
alkaline solution, while it was the greatest in acidic solution (Hovancová et al. 2017; 
Tian et al. 2014). Nevertheless, there is a drawback for some of the glucose sensors, 
which chances in adsorbing poisonous compounds such as amino acids, uric acid
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Fig. 13.4 Application of electrochemical sensors

(UA) or ascorbic acids (ACA) are high (Hovancová et al. 2017). These compounds 
can cling onto the electrode surface, thus preventing the glucose molecules from 
being adsorbed. Coating materials such as Nafion (Hovancová et al. 2017; Guang-
Xian et al. 2015) and polyethylene glycol (Hovancová et al. 2017; Zaidi and Shin 
2016) are utilized to minimize adsorption of unwanted toxic chemicals. With this 
modification, the performance of glucose sensors can be improved and painless as 
well as frequent blood glucose measurement can be developed. 

13.4.2 Electrochemical Biosensors for Medical Diagnosis 

Detection of biomolecules such as DNA, proteins, genetic disorders diagnosis and 
measurement of drug response was based on electrochemical biosensors. Elec-
trochemical methods have been discussed as one of important analytical tool in
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examining biochemical behavior in the environment, providing parameters of ther-
modynamic and kinetic depending on their conditions. Carbon-based nanomate-
rials have gained interest in wound healing, anti-microbial applications and drug 
delivery, owing to their high surface-to-volume ratio, shape and structural composi-
tions (Shinde et al. 2020; Laurent et al. 2014; Veerapandian and Yun 2013). NPs show 
potential in detection and staging of diseases such as cancer, making them reliable in 
detection of pathogens and other biomolecules such as proteins and nucleic acid. NPs 
are also used as carriers in tissue engineering to carry medications and molecules in a 
controlled manner. Antibiotic-adsorbed nanoparticles can be employed in scaffolds 
to overcome infections of bacteria (Shinde et al. 2020; Vieira et al. 2017). Antimicro-
bial properties owned by silver NPs and conduction and surface conjugation in gold 
NPs have gain interest from researchers in employing NPs for tissue engineering 
application. 

Aside from that, development of nanomaterials has also been discussed for detec-
tion of blood clotting and treatments. Activation of thrombin (converts soluble 
fibrinogen to fibrin) causes blood clotting, which then can be analyzed through 
electrochemical sensing. Carbon-nanotubes-based electrochemical strain sensors 
are implanted into micropillars and detect mechanical force due to blood clotting 
droplets, at which then the resulting force is transmitted to a resistive nanotube strain 
sensor (Liu et al. 2018). GCE was modified with rGO and AuNPs to produce a molec-
ularly imprinted polymer (MIP)-aptamer (Apt) hybrid-based thrombin sensor. In 
comparison with non-molecularly imprinted and non-aptamer molecularly imprinted 
sensors, MIP-Apt exhibits greater sensitivity and selectivity due to the hybrid 
recognition of MIP and Apt. The proposed MIP-Apt sensors demonstrated good 
linear range of 2.5 × 10–9 mg/mL to 1.3 × 10–6 mg/mL with LOD of 1.6 × 
10–10 mg/mL (Yang et al. 2019). Another work of Cheng and co-worker modified the 
metal–organic framework with platinum particles in creating a dual-readout colori-
metric/electrochemical aptamer based in detecting thrombin. The thrombin sensor 
shows low LOD, 0.33 fM and 0.17 pM for electrochemical and colorimetric method, 
respectively (Cheng et al. 2019). 

A novel work of Wang and co-workers demonstrated a biosensor in detecting 
nucleic acid and residue removal by modifying nanoparticle-based biosensors (NB)-
and antarctic thermal sensitive uracil-DNA-glycosylase (ATSU)-supplemented poly-
merase spiral reaction (PSR;NB-ATSU-PSR). Synthesis of nucleic acid and removal 
of residue is carried out in single pot; hence, the utilization of a closed-tube process 
can remove any unwanted results due to residue. Klebsiella pneumoniae is used 
in demonstrating the applicability of NB-ATSU-PSR assay, and it was observed 
the amplification products can be detected at as low as 100 fg genomioc DNAs 
and from ~ 550 colony-forming unit (CFU) in 1 mL of spiked sputum samples 
(Wang et al. 2019). The use of electrochemical technique has also been employed 
in tumor biomarker detection. Chang and co-authors designed a homogenous tumor 
biomarkers electrochemical biosensor with reference to metal–organic frameworks 
(MOFs). The functionalized MOFs were created by using UIO-66-NH2 as nanocon-
tainer to load electroactive dyes and sealing them with dsDNA. Two functionalized 
MOFs (MB@IUO and TMB@UIO) were utilized in detecting let-7a and miRNA-21
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simultaneously. The proposed sensor results in detection limit of 3.6 and 8.2 for lt-7a 
and minRNA-21, lower than reported strategies focusing on single miRNAs detec-
tion. The developed sensor has been effectively detecting the target miRNAs spiked 
in a serum sample, making them as a reliable application in diagnosis of diseases 
and clinical biomedicine (Chang et al. 2019). 

13.4.3 Electrochemical Biosensors for Environmental 
Analysis 

Air pollution has become a serious problem, causing poor air quality that can be 
harmful for humankind and ecosystem. Transportation and industrial activity some-
times produce pollutants that exceed the limit enforced by the law, therefore it is 
crucial for air quality to be regularly monitored. Aside from that, water and soil 
contamination are the result of heavy metals that are bound in fossil fuels and water 
minerals and being released to the environment. Excess level of heavy metals in 
water and soil can cause denaturation to both human well-being and environment. 
Degradation in the environment is possible due to microbial degradation and chem-
ical hydrolysis as tons of pesticides are used in agriculture and horticulture each year 
(Cosnier 2014). Intermediate products, more toxic than initial products, are gener-
ated during this process. With these problems occurring, portable, highly sensitive 
and low-cost analytical instruments are needed in measuring and detecting these 
compounds. 

Environment friendly electrochemical sensors are commercially available with 
metal and metal oxide electrochemical sensors design are applied. Detection of 
cadmium in real life samples (soil, tea, vegetables, cow liver) was developed by fabri-
cating an ion-selective electrode (ISE) with electro polymerization of 4-vinylpyridine 
on 2B pencil graphite as ionosphere for Cd2+. The modified electrode shows excel-
lent electrocatalytic activity with a wide range of 4.0–7.5 and detection limit of 2.5 × 
10–8 M (Wee Ling et al. 2012). Detection of hydrazine (N2H4) was done by an AuNPs 
modified graphite pencil electrode (GPE). GPE was immersed in the ascorbic solu-
tion mixed with gold (III) chloride and undergoes heating for 15 min at 75 °C. AuNPs 
were attached directly onto GPE, exhibiting quantification limit of 100 nM and limit 
of detection 42 nM, using square-wave voltammetry as mode of detection (Abdul 
Aziz and Kawde 2013). Coupling of Ag/FeOOH was bound on GPE for amperometric 
detection of hydrogen peroxide. FeOOH nanomaterials with broad surface area can 
give superior support for AgNPs immobilization. After 3 weeks of modification, the 
proposed electrode was able to display excellent long-term stability by maintaining 
90% of the signal and reached LOD of 22.8 mM. With the great attributes shown by 
the modified electrode, it was used in detecting hydrogen peroxide in disinfectants 
(Zhang and Zheng 2015).
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Rana et al. pre-treated GPE in NaOH solution to charge the surface of GPE for 
detecting phenol. GPE was capable of self-electro polymerization of phenol on its 
surface upon charging, making it more sensitive toward phenol. A very low detec-
tion limit of 4.17 nM was attained by the pre-charged sensor (Rana and Kawde 
2016). Another work by Fartas et al. developed a graphene-decorated gold nanopar-
ticles/chitosan (Gr–Au–Chit/Tyr) nanocomposite-modified screen-printed carbon 
electrode (SPCE) for detection of phenol. The solution casting method was used 
to construct the nanocomposites films and observed the proposed sensor perfor-
mance via differential pulse voltammetry (DPV) and cyclic voltammetry (CV). With 
sensitivity of 0.624 A/M and detection limit of 0.016 M (S/N = 3), the biosensor 
displays linearity toward phenol concentration within the range of 0.05–15 M. The 
biosensor demonstrates high repeatability, stability and selectivity within one month 
of usage (Fartas et al. 2017). 

13.4.4 Electrochemical Biosensors for Food Monitoring 

Issues on food safety are concerning, and almost every year, there will be cases 
of food poisoning or existence of illegal additives and ingredients used in the food 
and beverages production. Still, proper guidelines or enforcement on food safety 
are lacking, leading to foodborne diseases. The issue with foodborne diseases is that 
they are affecting both health and economical systems of a country. Proper analytical 
techniques are needed leading to the use of electrochemical methods to ease detection 
of contaminants and additives in a large-scale food and beverages production. Like 
other industries, simple, easy operation and highly sensitive analytical methods are 
required to analyze while improving the quality and safety in food production. 

Excessive number of inedible substances in such as melamine, clenbuterol and 
Sudan 1 (food dye) affected the safety of the food products. For instance, melamine-
contaminated milk leads to kidney failures for infants. MIL-53@XC-72 nanohybrid 
modified GCE was developed to detect melamine in the dairy products, exhibiting 
sensitive and selective performance with linear range of 0.04–10 µM and LOD of 
0.005 µM (S/N = 3) (Zhang et al. 2016). On the other hand, Sudan 1 in chili powder 
and ketchup was determined by AuNPs/rGO electrode. The modified sensors have 
proven satisfactory selectivity and sensitivity (Li et al. 2015). Caffeine, an active 
alkaloid component, is present in coffee-based, teas and in soft drinks. Excessive 
consumption of caffeine can cause headaches and high heart rate. AuNPs synthe-
sized with chitosan were used in detecting caffeine. The synthesized AuNPS-chitosan 
reduced the oxalic acid in the caffeine, exhibiting a wide detection range of 5.0 µM 
to 50.0 Mm and limit of detection of 1.0 µM (Trani et al. 2017). Carbon-based 
sensors are also applied in food industry, for instance in detecting ascorbic acid 
(AA). AA acts as an antioxidant in fighting free-radical induced diseases and devel-
opment of collagen. As graphene is actively used in the electrochemical method, a 
novel graphene/platinum (Pt) electrochemical sensor was developed by Sun et al. 
(2011). With the properties owned by graphene, it helps in uniformly distribute Pt
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nanoparticles thus increases the electrocatalytic activity. The modified graphene/Pt 
sensor has a good performance with detection limit of 0.15 µM and calibration range 
in between 0.15 and 34.40 µM. 

Electrochemical sensors are used in detecting microbial pathogens such as 
bacteria, viruses and protozoa that may be present during the production of food 
products, or sometimes, they are used in the food products itself. A new electro-
chemical biosensor for detection of Listeria monocytogenes (LM) is based on mouse 
monoclonal antibody adsorbed on self-assembled monolayers (SAM)-modified gold 
(Au) electrodes. LM in milk can be detected without sample pre-treatment, making it 
a reliable and simple technique for LM detection with easy-ease operation and high 
sensitivity at low cost (Cheng et al. 2014). Salmonella typhimurium was detected an 
with iron/gold core/shell nanoparticles (Fe@Au) electrochemical biosensor, conju-
gated with anti-Salmonella. Square-wave anodic stripping voltammetry with the use 
of CdS nanocrystals determined S. typhimurium on screen-printed carbon electrodes. 
The modified sensor achieved a calibration curve of 1 × 101 and 1 × 106 cells/mL 
and LOD of 13 cells/mL. Detection of bacteria in dairy products at low concentration 
is possible with the modified method, and effective for fast (less than 1 h) exposure 
of S. typhimurium in the physical sample (Freitas et al. 2014). 

13.5 Conclusion 

Electrochemical sensors are becoming an increasingly important analytical instru-
ment due to the growth of demand for sensitive, fast and selective analyte detec-
tion. In comparison with spectroscopic and chromatographic devices, electrochem-
ical biosensors can be easily altered in detection of a wide range of analytes while 
remaining affordable. Aside from that, the sensors can be integrated into portable, 
sturdy or miniaturized devices according to specific applications. For environmental 
analysis, electrochemical sensors are capable to track down onsite pollution and meet 
the environmental requirements. Relevant information at different steps for ease of 
decision-making process is obtained due to control checking for different points of 
measurement. Strategies for materials incorporation of nanomaterials varying from 
noble metals, carbon-based and inexpensive metal oxides for the electrochemical 
electrode in enhancing the speed, sensitivity and selectivity of the sensors have piqued 
the researchers’ interest. Development of nanotechnology and custom engineering 
biorecognition components promotes the development of reliable and useful sensors 
and electrochemical sensors. Combination of multifunctional materials, recogni-
tion elements and electrochemical techniques improves the selectivity, sensitivity, 
stability and reproducibility of the sensors while promoting growth of assays and 
bioassays sensors. Typically, the fields of electrochemical sensors are still growing 
and continues to find new areas for various implementations. 
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Chapter 14 
Development of a Wireless Solar Power 
Transmission for Battery Chargers 

Nur Amirah Liyana Abdul Hadi, Noor Hidayah Mohd Yunus, 
and Mohd Shahrul Mohd Nadzir 

Abstract This paper presents a wireless power transmission technology from solar 
energy to efficiently charge a phone battery. The idea was derived from the issues 
of the cable supply costs for needs in wired charging as well as the limited non-
renewable energy resources for electricity supplies. This paper proposed a solar 
power wireless charging system for mobile phones which should be able to monitor 
the presence of solar power displayed on the liquid–crystal display (LCD) I2C. The 
system is composed of an Arduino Uno as a microcontroller, photovoltaic (PV) 
solar panel, both primary and secondary copper coils at the transmitter and receiver 
(transceiver) circuits, LC-tuned circuit and a power-charging unit. The PV solar 
panel converts solar energy into electrical energy. For wireless power transmission, 
magnetic resonant coupling based on the Faraday law was utilized at the transceiver 
coils. The LC-tuned circuit was designed to resonate at 900 ± 15 kHz. The result 
indicated the electricity supplies from the solar charging corresponded to the solar 
energy source in terms of time taken, environment and weather per day. The proposed 
system has been designed to charge a phone battery without a physical connection 
and the need for a power plug. Solar-based renewable energy for wireless power 
transmission will be the charging solution of the future in the modern era.
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Keywords Solar panel · Arduino Uno ·Wireless power · Copper coil · Coils 
resonance 

14.1 Introduction 

Several shortcomings in traditional energy sources have forced energy providers to 
seek renewable energies (Liu and Yin 2019; Yunus et al. 2017a). Solar energy is 
becoming the choice as a renewable energy source because it is an environmentally 
friendly energy source without incurring costs. Solar energy can generate electricity 
without causing environmental damage. Electricity would be generated by the light of 
an electrode immersed in a conductive fluid (Bisquert et al. 2004; Yun et al. 2022). 
When photons from the sun strike a solar panel, they knock electrons away from 
atoms and generate electricity. For wireless charging, this began using the principle of 
wireless power transmission (WPT) to create a wide range of technologies, including 
electric smart watches, surgically implanted gadgets, electric vehicles and now cell 
phone chargers. When an alternating current (AC) travels through a close loop coil, 
a magnetic field is formed around the coil, according to the general concept of WPT 
(Barman et al. 2015). 

A wireless solar battery charger is a power electronic device that converts solar 
radiation into electrical energy for the purpose of charging batteries (Dhal et al. 2016; 
Yunus et al. 2017b). This is accomplished by converting, regulating and conditioning 
the flow of electrical energy from a source which is a solar panel to charge cell phones 
according to load requirements. However, the alternative of charging batteries at 
public charging stations is difficult because these facilities are frequently crowded, 
limited and require generators as well (Huang et al. 2019). Mobile phone theft is 
also prevalent at public charging stations. There is a possibility of a fire incident 
occurring at the charging station due to excessive cable supply load and unprofes-
sionally designed connections. In addition, wire wear and tear will arise as a result 
of frequent use and incorrect wire handling. As a result, wires must be serviced 
regularly to maintain transmission capacity and efficiency. 

For that reason, this paper aims to introduce the design of a solar power wireless 
transmission system for a battery charger with voltage values monitoring display. 
Faraday law has been implemented for the concept of wireless power transmis-
sion. There are several research articles related to this project. Researchers (Yilmaz 
et al. 2018) introduced a charge controller technique for solar PV. This introduces a 
controller that controls the flow of reverse current, aids in battery protection when 
the battery voltage increases to some extent, extends the battery life cycle and mini-
mizes system maintenance efficiently. These proposed charge controllers include 
a shunt as well as a series regulator. In small solar PV arrays, shunt controllers are 
used. When the battery voltage reaches a predetermined voltage, the series controller 
opens the PV array circuit from the battery. With a series arrangement, this regulator 
switch element offers a channel between the battery and the array (Boyea 2021). The 
work by Aziz et al. (2019) is on revolutionary inductively coupled remote power
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trade. This creates a safe, efficient and irreplaceable technique for transferring capa-
bilities to remote static equipment or thought-provoking flexible tools. Studies by 
LokeshReddy et al. (2017) disclosed the use of solar cells to capture and store light 
energy, generating more than 5 W in both indoor and outdoor settings. The system 
uses a matching network to maximize power transfer, tune coils and minimize losses 
by moving power from the battery through both transmission and receiving induc-
tive coupling circuits. Through the use of a female USB type-B connection on the 
receiving circuit, the system can support any standard charging. 

14.2 Methodology 

14.2.1 Project Development 

Figure 14.1 shows the block diagram of this project. The battery charging is from 
solar energy and raising the voltage to 5 V is required by the Arduino Uno. At this 
point, the Arduino Uno has been turned on and linked to the USB port booster. 
The Arduino Uno will continue to run until the battery runs out. The battery will 
begin charging automatically when there is adequate sunlight. DC power is then 
used to track the maximum power point. Following that, the maximum power point 
tracking checks the output panel and compresses it to the battery voltage. Basically, it 
calculates the best power that can be generated by the panel to charge the battery and 
converts the received voltage to the optimum voltage to deliver the largest amperes 
to the battery. 

Figure 14.2 shows the flowchart of this project. Initially, the solar energy goes to 
the solar panel, then goes into the Arduino. After that, the energy result will be read 
by the Arduino which serves to protect against overvoltage. The Arduino controller 
monitors the battery voltage. When it detects a low voltage, it allows the entire flow of 
current from the panel to enter the battery. When the battery voltage reaches a certain 
point, the energy flow is reduced to prevent the battery from being overcharged.

Fig. 14.1 Block diagram of solar power transmission charger 
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Fig. 14.2 Flowchart of solar power transmission charger
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The controller allows energy to flow fully into the battery when the battery voltage 
decreases due to lack of sunlight or high electrical energy consumption. The trans-
mitter which is the diode inside the solar charge controller, on the other hand, only 
permits current to flow in one direction from the solar panel to the battery. Then, 
after the energy is transmitted, the receiver will take over the energy. The secondary 
coil drives voltage and current to flow so that energy can be supplied to the mobile 
phones. 

This project works to convert solar energy into electricity. Then, the charge 
controller keeps the charging voltage from overheating and then goes into the primary 
coil, which acts as a power transmitter. The secondary coil, which is the receiving 
part, functions as magnetic induction or wireless. Finally, the LED light will illumi-
nate when the receiver part is complete or indicates a voltage ready to be charged 
to the mobile phone. When the LED is not illuminated, the transmission operation 
must be repeated until the LED illuminates. 

14.2.2 Hardware Development 

Figure 14.3 shows the set of Arduino Uno. The Arduino Uno is basically a free 
operating system. The basic program and function of the operating system are to 
make the Arduino Uno activated. It is sufficient to connect the module to the Arduino 
port to switch on the panel, LCD display and battery. 

Figure 14.4 shows a set of solar panels. A storage device is required since the 
hardware implementation process is to store the energy generated by solar cells. A 
battery is a type of storage device commonly used to store electrical energy generated

Fig. 14.3 Set for Arduino Uno 
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by solar cells. The charge controller is an essential equipment for replacing a battery 
with solar PV. As a result, the charge controller must be linked in series between the 
solar panels and the battery. 

Figure 14.5 shows the transmitter and the receiver sides. The transmitter side is 
comprised of 4 capacitors, a 10 kΩ resistor, an IC L7805CV, a 1000 µF capacitor 
and an LED and a primary coil. The receiver side only has a secondary coil and a 
USB charger for the mobile phone. 

Fig. 14.4 Solar panel with battery 

Fig. 14.5 Transmitter and receiver end sides
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14.3 Results and Discussion 

Figures 14.6 and 14.7 show a prototype in which the Arduino is powered by a 9 V 
battery and charged by the solar panel, respectively. Basically, the Arduino Uno is 
linked to a LCD and a solar panel to display voltage readings. LCD and solar panel 
are ensured to be connected to the correct ports; GND to GND, VCC to 5 V, SDA 
to A4 and SCL to A5 are the connections for the LCD port. For the solar panel 
connection, it is punctured at GND to GND and VCC to A2. 

Figure 14.8 shows the graph of solar charging at the time taken on the day. This 
data collection is based on the values and conditions collected on average over a 
month according to the time of the presence of sunlight in Malaysia starting from 
8.00 AM to 6.00 PM. The most obvious is the increase in voltage value as a result 
of the presence of sunlight.

Initially, at around 8.00 AM, it was found that the solar panel only had 2.45 V for 
full charging at this time. At 10.00 AM, it was found that the voltage taken was higher 
than at 8.00 AM which was 3.98 V for a fully solar-charged battery. The fastest time 
for a fully charged solar is at 2.00 PM. Finally, it was checked at about 6.00 PM that 
3.76 V data had been collected. This means it is the best time to charge the battery, 
and it indicates that the battery has been fully charged at noon. However, it dropped 
to 3 V in the evening.

Fig. 14.6 Prototype of solar power transmission charger
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Fig. 14.7 Prototype when charging a mobile phone

Fig. 14.8 Graph of solar charging at the time taken on the day

14.4 Conclusion 

In this paper, the development of a wireless solar power battery charger based on 
magnetic resonance coupling is presented. The implementation by experimenting 
and troubleshooting with the battery charging unit was carried out several times 
to demonstrate the wireless charging operation. The project has achieved a func-
tional battery charger unit, which captures solar sources through the PV solar panel 
and display the received voltage values. However, extending more distance during 
wireless charging is unsuccessful to produce sufficient power.
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The improvement in hardware design in terms of copper coil turns can be imple-
mented in order to charge the battery efficiently. Future work should be carried out 
to research the electromagnetic field of wireless power transmission and adapt the 
remote wireless charging capabilities. 
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Chapter 15 
Short-Term Study on the Potential of Oil 
Palm Frond Biochar for Acid Sulphate 
Soil Amelioration 

Amelia Md Som, Abdul Addahary Abdul Yahya, Padmini Karananidi, 
and Robert Thomas Bachmann 

Abstract The potential of oil palm frond biochar to ameliorate acid sulphate soil 
was evaluated. In Malaysia, acid sulphate soil can be found mainly in coastal regions 
where waterlogged soil was drained for agriculture purposes. The soil has a very low 
pH value and high dissolved aluminium concentration which are both detrimental for 
plant growth. In this study, biochar was produced from sundried, 3 × 3 cm oil palm 
frond by allothermal pyrolysis at 345 °C for 45 min. Acid sulphate soil was obtained 
from Kampung Sungai Raya (Negeri Sembilan), characterized and incubated with 
three oil palm frond biochar application rates (20, 40 and 60 g/kg). The changes 
on acid sulphate soil pH and electrical conductivity (EC) value were monitored for 
40 days. Oil palm frond biochar application rate had a significant effect (p < 0.05) on 
acid sulphate soil pH and EC. While incubation period had no significant effect (p 
> 0.05) on EC, the pH at oil palm frond biochar application rates of 40 and 60 g/kg 
was significantly greater than the control and 20 g/kg (p < 0.05). Our study clearly 
demonstrates that acid sulphate soil from Kampug Sungai Raya can benefit from 
the addition of low-temperature oil palm frond biochar at moderate dosage rates of 
20–60 kg per kg soil. 

Keywords Acid sulphate soil · OPF biochar
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15.1 Introduction 

Acid sulphate soil is the result from oxidation of sulphidic material in the soil which 
occurs when water logged soil such as peat and coastal alluvium are dried or drained 
due to natural changes or by man intervention for agriculture or other purposes 
(Fanning et al. 2017). It is characterized by low pH (< 4) and high amount of soluble 
aluminium (Dent 1986). Acid sulphate soils contain pyrite (FeS2), the main oxidis-
able sulphidic material that forms from microbial decomposition of organic matter 
under anaerobic conditions. Once the sulfidic material is exposed to oxygen, it will 
oxidize and produce sulphuric acid according to Eq. (15.1). 

4FeS2 + 15O2 + 14H2O → 4Fe(OH)3 + 8SO2− 
4 + 16H+ (15.1) 

The presence of a sulphuric horizon above the sulphidic material can be verified 
by the presence of 0.05% of water-soluble sulphate and jarosite (KFe3(SO4)2(OH)6) 
(Soil Survey Staff 2014). Jarosite is a straw-yellow mineral formed as a result of 
pyrite oxidation. The acidic nature initiates dissolution of clay minerals releasing Fe 
and Al (Shamshuddin et al. 2014). Figure 15.1 illustrates aluminium speciation at 
different pH by using the Visual Minteq software (USEPA 1991). It shows that at 
pH < 4, most of aluminium is present as Al3+. Accumulation of aluminium in the 
root tissue will prevent elongation and division of cells resulting in a stunted and 
deformed root system. Soluble aluminium may also react with soluble phosphate 
and forms insoluble compounds such as AlPO4 and hence reduces the availability of 
phosphate for plant intake (Rorison 1973). 

Globally, there are about 14–24 million ha of acid sulphate soil (Fanning et al. 
2017), and about 7.5 million ha are found mainly in Southeast Asia (Kawalec 1972). 
In Malaysia, acid sulphate soils are present in the plains of the west coast states of 
Peninsular Malaysia, east coast of Kelantan (Shamshuddin et al. 2004a) and Sarawak 
(Teng 2005). Undisturbed acid sulphate soil is stable and environmentally friendly; 
however, concerns over food security have resulted in an increased utilization of 
marginalized soils for agricultural purpose. Once disturbed, sulphidic material will
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start to oxidize producing a sulphuric horizon. Three courses of action have been 
proposed in dealing with acid sulphate soil: avoiding disturbance, minimizing distur-
bance or rehabilitation (CSIRO Land and Water 2008). Application of lime (Ca(OH)2, 
CaO or CaCO3) is the conventional rehabilitation method. However, applying up 60 
t of lime per ha can be an economic burden for most farmers. Studies on alternative 
ameliorants able to substitute lime are currently receiving considerable amount of 
attention in the scientific community. For example, application of organic matter 
will result in the depletion of oxygen due to its decomposition by aerobic bacteria 
which in turn slows down the pyrite oxidation (Michael et al. 2015). A number 
of studies have been carried out using accessible organic waste materials such as 
wheat straw (Jayalath et al. 2016), leafy materials (Castellano et al. 2015) peat, palm 
oil mill sludge, rice straw, sawdust and poultry dungs (Shamshuddin et al. 2004a) to  
improve crop growth on acidic soil. The use of biochar, a carbonaceous porous mate-
rial produced by heating of biomass in presence of limited amount of oxygen, has 
also been proposed (Manickam et al. 2015). Biochar generally has a good adsorption 
capacity and its ability to adsorb aluminium (Qian and Chen 2013) has the potential 
to reduce Al toxicity to crops. Biochar in combination with compost has significantly 
increased bioavailability of phosphorus (Qayyum et al. 2015). Application of 5 wt.% 
rice husk biochar was able to increase the pH by 0.8 pH units after 95 days (Manickam 
et al. 2015). Similarly, the soil pH increased by up to 0.7 pH units upon application 
40 t/ha of oil palm empty fruit bunch (EFB) biochar after 118 days (Abu Bakar et al. 
2015). Both studies also reported an increase in crop yield by 20–100%. In general, 
rice husk and EFB biochars have shown better ameliorating effects in comparison to 
poultry litter biochar (Fraser et al. 2012; Hass et al.  2012). Amelioration effects of 
biochar should be investigated on a “char by char” basis due to its varying properties 
(Jeffery et al. 2015). Even though the basic properties such as alkaline pH are similar, 
its surface areas and the presence of specific functional groups on its surface varies 
considerably based on its precursor and its pyrolysis temperature. Beside rice husk 
and EFB, there are several other locally accessible biomass types such as oil palm 
fronds that can be used for conversion into biochar. 

Malaysia is the second largest producer of palm oil in the world, and by end of 
December 2021, the total area planted by oil palm was 5,737,731 ha (MPOB 2022). 
The best planting density is 143 trees planted per hectare of land (FAO 2017) while 
the fronds have to be pruned twice yearly. In total, 82.5 kg of fronds/(palm year) are 
produced (Chan et al. 1981), and this has generated masses of agricultural waste. 
Studies have been conducted on the potential use of oil palm fronds for ruminants 
(Wan Zahari et al. 2003), adsorption of heavy metals (Som et al. 2012), carbon source 
in biorefineries (Tan et al. 2016), fermentation substrate (Che Maail et al. 2014) and 
bioethanol production (Abdullah et al. 2015). The potential use of oil palm frond for 
acid sulphate soil amelioration has not been explored so far. 

In this study, we produced biochar from oil palm fronds and evaluated the effect 
of biochar application rate and incubation time on acidic sulphate soil in terms of 
pH, electrical conductivity and sulphate content in laboratory scale experiments.
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Fig. 15.2 Sampling site. Kampung Sungai Raya, 71,150 Linggi, Negeri Sembilan, Malaysia. 2° 25' 
48.0'' N and 101° 57' 29.5''E 

15.2 Methodology 

15.2.1 Soil Location 

The acidic soil was collected from 20 cm top layer at Kampung Sungai Raya, 71,150 
Linggi, Negeri Sembilan, Malaysia which is located at 2° 25' 48.0'' N and 101° 57' 
29.5'' E (Fig. 15.2). The soil was spread on plastic sheet and air-dried for 2 weeks 
before the experiments commenced. 

15.2.2 Oil Palm Frond Collection 

The stems of oil palm fronds were chosen as feedstock to produce the biochar. Fresh 
oil palm fronds were collected from an oil palm plantation at Kampong Cherana 
Putih, Alor Gajah, Melaka (Nizam 2016). 

15.2.3 Preparation of Oil Palm Frond Biochar 

Fresh oil palm fronds were cut into 3 cm × 3 cm dimensions. The oil palm fronds 
were sundried for three days to reduce its water content. The sundried oil palm 
fronds were spread as a single layer on the aluminium foil (Fig. 15.3) and wrapped 
with aluminium foil. A second layer of aluminium foil was wrapped around the 
oil palm fronds in order to reduce the presence of oxygen during pyrolysis. The 
pyrolysis process parameters were 345 °C for 45 min, which were chosen based on 
previous studies to produce biochar with nearest to neutral pH value and minimum 
hydrophobicity (Wan Zahari et al. 2003; Abdullah et al. 2015).
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Fig. 15.3 a Freshly cut oil palm frond, b sundried oil palm frond and c oil palm frond biochar 

Mix Biochar Application 
A 0  
B 20 g/kg  
C 40 g/kg  
D 60 g/kg  

Fig. 15.4 Soil design mix in the containers 

15.2.4 Preparation of Soil Sample and Incubation 

Approximately, 14 kg of soil was used for this project. The soil was air-dried and 
sieved to eliminate pebbles and other foreign objects. The soil was weighed and 
1000 g transferred into plastic containers. The containers were perforated with a 
small hole to allow gaseous exchange. Oil palm frond biochar was added to each of 
the container according to experimental design in Fig. 15.4 and mixed thoroughly. 
The samples were incubated for 40 days at room temperature on a work bench, and 
samples were collected every 5 days for pH and conductivity determination. All 
experiments were carried out in triplicate. 

15.2.5 pH and Conductivity Measurements 

For pH and conductivity measurements, an in-house method base on BS1377: Part 
3:1990 was followed. In brief, 30 ± 0.1 g of soil was weighed and placed in a 100 mL 
beaker. 75 mL of distilled water was added into the beaker and the suspension stirred 
for a few minutes. The beakers were then covered with a cover glass and allowed to 
stand for at least 8 h. The suspension pH was measured using a Mettler Toledo pH 5 
Easy meter. The same sample was used for electrical conductivity (EC) measurement 
with a Mettler Toledo 5 Easy conductivity meter.
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15.2.6 Particle Size Distribution 

The particle size distribution was determined using the Malvern Mastersizer 2000 
particle size analyser. The analyser was set at obscuration of 5%, 1700 rpm stir rates, 
and stability was reached at 3 min. 

15.2.7 Water-Soluble Sulphate 

Water-soluble sulphate was determined by using BS 1377: Part 3:1990. A 2:1 water 
extract was obtained from soil samples dried at 75 °C overnight. The sulphate in the 
extract was precipitated by using BaCl2. 

15.2.8 Statistical Study 

The significant effect of application rate and incubation time was analysed by using 
analysis of variance (ANOVA) in Minitab 17. 

15.3 Results and Discussion 

15.3.1 Characterization of Soil and Oil Palm Frond Biochar 

The acid sulphate soil was collected from the 20 cm top layer in what was suspected 
to be a sulphuric horizon. The soil initial pH was 3.7 that indicates the presence of 
sulphidic materials. The soil sulphuric horizon was further confirmed with the soil 
water-soluble sulphate content of 0.07% (Soil Survey Staff 2014). According to our 
particle size analaysis, the soil consists of 60% silt, 30% of very fine and fine sand and 
10% of clay (Fig. 15.5). This classifies the soil as silt loam under soil texture triangle 
(Cruz 1983). The low amount of clay further indicates the presence of sulphuric acid 
from oxidation of pyrite that caused disintegration of clay minerals (Shamshuddin 
et al. 2004b).

The oil palm frond biochar used in this study has a pH value of 7.6. Other physico-
chemical properties of the oil palm frond biochar have been discussed elsewhere 
(Som et al. 2012).
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Fig. 15.5 Particle size distribution of acid sulphate soil

15.3.2 Effect on Soil pH 

The soil pH value increased upon incremental addition of 20, 40 and 60 g/kg oil palm 
frond biochar to 4.13, 4.31 and 4.56, respectively. Oil palm frond biochar’s alkaline 
nature may have caused the initial rise of soil pH value while a minor dilution effect 
caused by the substitution of acid sulphate soil with biochar also contributed to the 
observed increase. Soluble organic and inorganic alkalis present on the biochar have 
been reported to contribute for the short-term acid amelioration (Silber et al. 2010). 
It was proposed that cations (K+, Na+, Mg2+ and Si2+) presence in the feedstock such 
as oil palm fronds will form carbonates during pyrolysis process and become the 
main alkaline components in the biochar (Brewer et al. 2012). Correlation studies 
have also shown that soil acidity is more strongly correlated to biochar alkalinity 
value (R2 = 0.95) rather than its pH value (R2 = 0.46) (Yuan and Xu 2011). The 
alkalinity neutralizes the acidity presence in the soil. Nevertheless, in this study, pH 
decreased after 5 days for 40 and 60 g/kg amendment and on the 10 days for 20 g/kg 
application. Soluble alkalis present in the biochar may have been fully utilized to 
neutralise the acidity presence. Nevertheless, the pH values were still above those 
of the control (0 g/kg). It was anticipated that acid sulphate soil will experience a 
drop in pH when incubated under moist condition at room temperature due to pyrite 
oxidation (Soil Survey Staff 2014). However, in this study, control samples only 
recorded a reduction of 0.02 pH unit, whereas larger reductions were temporarily 
observed in soil with oil palm frond biochar (Fig. 15.6). The pH decrease was more 
prominent with higher increment of biochar application. After 5 days, the pH value 
of soil amended with oil palm frond biochar started to climb due to onset of soil 
compaction caused by watering. In comparison, the control sample fluctuated steadily 
at 0.02 pH unit. Low-temperature oil palm frond biochar has functional groups such 
as –COO− present on its surface (Som et al. 2012) that would contributes to its 
alkalinity (Yuan and Xu 2011). It has been identified that surface organic functional
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Fig. 15.6 Changes in pH value upon application of 20, 40 and 60 g/kg of oil palm frond biochar 
and changes during incubation. 0 g/kg are control sample. Standard deviation of means is marked 
as error bars (n = 3) 

groups on the biochar contribute to long-term soil CEC and pH buffering capacity 
(Mao et al. 2012). Negatively charge phenolic, carboxyl and hydroxyl group will 
bind with H+ ions from the soil solution (Chintala et al. 2014). The pH fluctuated 
until it reached 4.14, 4.34 and 4.67 pH unit at the end of incubation period for 20, 
40 and 60 g/kg, respectively. One-way ANOVA showed that there are significant 
differences (p < 0.05) on the effect of oil palm frond biochar application rate on pH 
value, whereas there are no significant differences (p > 0.05) on the incubation period 
for 20 g/kg application but significant difference for 40 and 60 g/kg (p < 0.05). 

15.3.3 Effect on Soil Electrical Conductivity 

Soil EC indicates the presence of soluble positively (Na+, Ca+2, K+ and Mg+2) or  
negatively charged (Cl−, SO4

−2, CO3
−2, HCO3

−, NO3
−2 and PO4

−3) ions. These 
ions are important indicators for soil health (Laishram et al. 2012). The original soil 
tested had an EC of 450 µS/cm. The relationship between the apparent soil electrical 
conductivity and average clay content in specific soil profile has been described as 

EC25 = 2.735 + 1.044 TW (15.2) 

whereby EC25 is the electro-conductivity at 25 °C (10 × µS/cm), and TW is the 
relative weight fraction of clay in the sample (w/w%) (Domsch and Giebel 2001). 

According to Eq. (15.2), 10 w/w % clay should have an EC25 value of 132 µS/cm. 
However, EC value detected in this study was three times greater. It may have been 
caused by the presence of water-soluble sulphates and may also indicate seeping of
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Fig. 15.7 EC value upon application of 20, 40 and 60 g/Kg of oil palm frond biochar and changes 
during incubation. 0 g/Kg is control sample. Standard deviation of means is marked as error bars 
(n = 3) 

salinity to the soil. EC value of 450 µS/cm indicates sodicity of soil (FAO 1999). 
The area where the soil was collected is sporadically flooded with seawater during 
high tide that may have caused the soil sodicity to occur. 

Figure 15.7 proves that incorporation of oil palm frond biochar increased the 
EC. The EC values increased by nearly 100 units with every 10 g increment of oil 
palm frond biochar application rates. Oil palm frond biochar has been reported to 
contain a high amount of base cations K+, Ca2+, Mg2+ and Na+ (Som et al. 2012) 
which upon release to soil water contributed to EC. The electrostatic forces that bind 
cations onto the biochar surface may not be strong enough, especially in the presence 
of high H+ concentration causing their release into soil pore water (Chintala et al. 
2014). Furthermore, incorporation of biochar has already been found to increase 
exchangeable base cations of the soil (Yuan and Xu 2011). Application rate and 
incubation time was reported to have a significant effect on EC. In our study, one-
way ANOVA shows that there are significant differences (p < 0.05) on the effect 
of oil palm frond biochar application rate on EC value, but there are no significant 
differences (p > 0.05) on the incubation period. 

15.4 Conclusion 

Oil palm frond biochar was able to increase ASS pH value from 3.7 to a maximum 
of 4.7 by incremental application of 20, 40 and 60 g/kg. One-way ANOVA shows 
that the application rate has a significant difference (p < 0.05) towards pH value. 
The pH value fluctuated throughout the incubation period. Incubation period shows 
significant difference (p < 0.05) for 40 and 60 g/kg but no significant difference 
for 20 g/kg (p > 0.05). Acid sulphate soil EC value also increased upon incremental



218 A. M. Som et al.

application of oil palm frond biochar with significant difference (p < 0.05). Incubation 
period shows no significant difference (p > 0.05) in the EC value for each application 
rate. The presence of sulphuric horizon was ascertained from the presence of 0.07% 
of water-soluble sulphate and low pH value of 3.7. Our study shows that oil palm 
frond biochar application can assist with the amelioration of acid sulphate soil. Future 
study must focus on integration effect of oil palm frond biochar, acid sulphate soil, 
plant growth, fertilizer and other additives. 
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Chapter 16 
The Stress Analysis of the Jack Rod 
Crankshaft on a Single-Cylinder Engine: 
A Study Using the Finite Element Method 

Eida Nadirah Roslin, Ikhsan Wafiy Ishak, Mohd Zaki Bahrom, 
and Hasan Muhamad Abid Hasan 

Abstract The crankshaft is an important component in an engine that converts the 
reciprocating displacement of the piston into a rotary motion. The maximum possi-
bility of crankshaft failure on the crankpin occurs because the load of pistons and 
connecting rods are indirectly induced onto the crankshaft. Therefore, crankshaft 
failure will occur due to the decrease in fatigue strength. The main purpose of this 
research is to investigate the stress performance on single-cylinder engine crankshaft 
by setting up differing heights of the crankpin. By using finite element analysis, the 
analytical data on the stress and the effect of the crankshaft in the occurrence of geom-
etry changes has shown that the high stress value is the main factor that contributes 
towards the reduction of the crankshaft lifecycle in the engine. A comprehensive 
study on the material types is recommended for future improvement on the study. 

Keywords Crankshaft · Single-cylinder engine · Jack rod · Stress analysis 

16.1 Introduction 

The main function of the crankshaft is to convert the mechanical energy on the conver-
sion of the piston driven by pneumatic energy to move back and forth and it is due 
to pressure changes that occur as a result of the combustion reaction. The crankshaft 
is also an engine component that involves an internal combustion process for high
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volume production and it is usually used in vehicle engines. In engine operation, the 
reciprocating motion of the piston is a linear motion and is converted to rotary motion 
by passing through the crankshaft (Mathapati and Dhamejani 2015). The maximum 
gas pressure on the piston will release the maximum force on the crankpin in the plane 
of the crankshaft which will cause only the bending of the shaft to occur (Joshi and 
Patel 2017). In addition, the crankpin and crank web of the crankshaft will experience 
a bending moment. The maximum possibility of crankshaft failure on the crankpin 
occurs because the load of pistons and connecting rods are indirectly induced on 
the crankshaft. Therefore, crankshaft failure will occur due to a decrease in fatigue 
strength. 

The pressure on the shaft is subjected to a force variable; however, in general, 
it should be divided into two positions. First, at the maximum bending position, it 
is likely to allow failure in the central region of the crank or at both ends ((Amit 
and Jaydeepsinh 2014; Durga Prasad et al. 2018)). The pressure in this position is 
a maximum pressure but it is a small fraction of the maximum. Furthermore, there 
is a possibility of a curved failure on the wrench that makes the interfacing bar 
to be affected by the shear in the maximum bending position (Aatish et al. 2020). 
Crankshafts are generally subject to torsional stresses and bending stresses arising 
from the weight of the crankshaft itself or the possibility of misalignment between 
journal bearings or the weight of components on the crankshaft (Kumar et al. 2014). 
The reliability and service life of the engine are influenced by the crankshaft having 
stiffness and intensity or not. This is because the design on the crankshaft and its 
load is quite complex which uses classical mechanical methods to analyse structures 
that often have limited characteristics (Yingkui and Zhibo 2011; Ding and Li 2011). 

The finite element analysis (FEA) by using the ANSYS software is to analyse the 
stresses, models and harmonics on the crankshaft. Hence, the results of the stress 
analysis on the crankshaft found the values of the maximum stress point, maximum 
deformation and critical points areas on the crankshaft (Mathapati and Dhamejani 
2015). The force that has been applied through the crankshaft will make it very 
stressed on the crank pin area with the web crank and the junction of the journal 
with the web crank. Therefore, it will provide a response on the fillet radius area 
to reduce stress and this stress has a high level of achievement on material strength 
and fatigue life (Karthick et al. 2021; Thriveni and Chandraiah 2013; Metkar et al. 
2013). The location at the failure critical on the crankshaft is in the critical fillet 
area that connects the crankpin with the web crank and the web crank with the shaft 
(Mathapati and Dhamejani 2015; Sorte and Sheikh 2013; Pandiyan et al. 2018). 
The reduction in crankshaft weight will provide cost reduction on the crankshaft as 
well as improvements upon engine performance in the internal combustion engine 
(Karthick et al. 2021). Maximum deformation often occurs in the mid-crankpin 
region and maximum stresses appear in the area between the crank cheeks and the 
journal but the design against the crankshaft is safe or strong because the von Mises 
stress value is less than the yield stress value of the material (Joshi and Patel 2017; 
Amit and Jaydeepsinh 2014). The edge of the main journal is an area of high stresses 
(Solanki and Dodiya 2014; Singh et al. 2014).
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The performance single-cylinder engine crankshaft has various heights on the 
crankshaft in other terms it is called as “Jack rod”. In this paper, the values empha-
sized in crankpin heights start from 1.15, 2, 3 and to 4 mm. The main purpose of this 
paper is to observe the change in resistance resulting from these differences made in 
crankpin height and whether it provides variable changes. In addition, observations 
in the changes that occur at each height difference on the crankpin involve a vari-
able of force applied to the crankshaft whether it allows the occurrence of bending 
moments and in the area most affected. Thus, the crankshaft performance for the 
135 cc 4-stroke motorcycle model is made the reference in this paper. Hence, the 
analysis is performed after performing the modelling process on the crankshaft. In 
addition, static analysis was chosen in order to determine von Mises stress, strain and 
deformation. A force variable will be applied to each crankpin height difference to 
observe how the stress builds up and the resistance that will result from each crankpin 
height difference on the crankshaft. Thus, the results released by ANSYS software 
will be the main output of this research. 

16.2 Methodology 

The research is focused to determine the stress on the crankpin height difference on 
the performance of a single-cylinder crankshaft. Therefore, CATIA V5 software and 
ANSYS workbench are used in this research. Performance single-cylinder crankshaft 
on the Yamaha 135 LC model is used as references. Measurements on the perfor-
mance of the crankshaft must be made accurately and without errors to ensure that 
every result that comes out is a reliable source. Furthermore, the single-cylinder 
performance crankshaft was modelled with four different crankpin heights, namely 
1.15, 2, 3 and 4 mm. Therefore, there are four crankshafts to be modelled in this 
software. Once the design is completed, the performance single cylinder of this 
crankshaft will be simulated using ANSYS. All data will be collected and analysed. 

16.2.1 Analytical Calculation 

The design calculation of a single-cylinder petrol engine crankshaft with specific 
two-wheeler Yamaha 135LC regular model is as per description. The dimension of 
the engine is given in Table 16.1.

. Moment on pin: 

M = Pp 
2 

× lc 
2 
= 20000 

2 
× 45 

2 
= 225 × 103 Nmm (16.1)
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Table 16.1 Yamaha 135LC 
engine specification 

Engine type 4-stroke, 1 cylinder. Liquid-cooled 

Valve system SOHC, 4-valve 

Cylinder bore 54 mm 

Stroke 58.7 mm 

Displacement 134.4 cm3 

Compressor ratio 10.9:1 

Maximum power 8.45 kW/8500 r/min 

Maximum torque 11.65 Nm/5500 r/min

. Section module of crankpin: 

Z = π 
32 

× (dc)3 = π 
32 

× ( 27.83) = 2109.82 mm3 . (16.2) 

. Torque obtained at a maximum power of Yamaha 135LC engine: 

P = 2π NT  

60 
where 8.45 × 103 = 2 × π × 8500 × T 

60 
. (16.3) 

T = 8.45 × 103 × 60 
2 × π × 8500 = 507000 

53407.0751 
= 9.4931 × 103 Nmm (16.4) 

. Von Mises stress: 

σvon = Meq 

Z 
(16.5) 

where 

Meq = equivalent bending moment 

So, the Equivalent bending moment 

Mev = 
/

(kb × M)2 + 3 
4 
(kc × T )2 (16.6) 

where 

kb = Combined shock and fatigue for bending = 1 
kt = Combined shock and fatigue for bending = 1 
Mmax = Bending moment 

=
/

( 
1 × 225 × 103 )2 + 3 

4 
(1 × 9.4931 × 103)2 = 225.15 × 103 Nmm
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Now, 

σvon = 106.72 MPa 

. Stain 

ε = σvon 

ε 
= 106.72 

21000 
= 0.0005082 (16.7) 

Analytical calculation at force 40,000 N 

Description Value 

Moment on pin, M 450 × 103 Nmm 

Section module of crankpin, Z 2109.82 mm3 

Torque at maximum power, P 9.4931 × 103 Nmm 

Von Mises stress, σvon 213.32 MPa 

Strain, ε 0.001524 

Analytical calculation at force 80,000 N 

Description Value 

Moment on pin, M 900 × 103 Nmm 

Section module of crankpin, Z 2109.82 mm3 

Torque at maximum power, P 9.4931 × 103 Nmm 

Von Mises stress, σvon 426.59 MPa 

Strain, ε 0.002031 

Analytical calculation at force 100,000 N 

Description Value 

Moment on pin, M 1125 × 103 Nmm 

Section module of crankpin, Z 2109.82 mm3 

Torque at maximum power, P 9.4931 × 103 Nmm 

Von Mises stress, σvon 533.24 MPa 

Strain, ε 0.002539
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Fig. 16.1 Models of single-cylinder engine crankshaft 

16.2.2 Models of Single-Cylinder Engine Crankshaft 

Four differences crankpin height of single-cylinder performance crankshaft model 
have been modelled in the CATIA V5 software and exported into ANSYS workbench 
software which is saved as STP file format to perform further analysis. The models 
are shown in Fig. 16.1. 

16.2.3 Material Properties of Crankshaft 

The material properties of the crankshaft are given in Table 16.2. 

Table 16.2 Material 
properties of forged steel 
crankshaft 

Material type Forged steel 

Density (kg/m3) 
1.15 mm 
2 mm  
3 mm  
4 mm  

: 
8395 
8420 
8444 
8469 

Young’s modulus (GPa) 210 

Poisson’s ratio 0.3 

Yield strength (MPa) 540 

Ultimate tensile strength (MPa) 845
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16.2.4 Crankshaft Meshing 

The finite element model for the crankshaft geometry will be meshed with tetrahedral 
elements. Therefore, mesh refinement will be done on the crankpin fillet area and 
journal fillet in order to obtain a fine mesh on the fillet area. Elements of tetrahedral 
shapes are used to connect complex geometries that have been imported into the 
ANSYS workbench software. Mesh optimization is carried out until results from 
FEA and analytical solutions are obtained and similar to each other. Table 16.3 
gives the details of the crankshaft meshing and Fig. 16.2 shows the meshing of the 
single-cylinder engine crankshaft. 

Table 16.3 Details of crankshaft meshing 

Height of crankpin (mm) Type of meshing Sizing (mm) Nodes Elements 

1.15 Tetrahedral shapes 1.0 334,847 196,513 

2 Tetrahedral shapes 1.0 334,976 196,561 

3 Tetrahedral shapes 1.0 338,660 199,109 

4 Tetrahedral shapes 1.0 335,912 197,180 

Fig. 16.2 Meshing of single-cylinder engine crankshaft
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Fig. 16.3 Applied load and boundary conditions 

16.2.5 Apply Load and Boundary Conditions 

The component is charged with a load to observe whether the crankshaft is in the 
maximum bending moment position or is in the dead centre. In this study, the force 
will be variable with the gas load on the piston obtained is 20000, 40,000, 60,000, 
80,000 and 100,000 N, which is applied at the centre of the crankpin. Therefore, load 
data was taken from the crankshaft journal. The boundary condition is based on the 
supporting condition of the crankshaft, which is that crankshaft journals are fixed 
on both sides of the crank web. Figure 16.3 shows the applied load and boundary 
conditions. 

16.3 Results and Discussion 

16.3.1 Deformation 

Figure 16.4 shows the critical deformation area involved in this single-cylinder 
crankshaft located in the crank pin area, i.e. on the surface of the crank pin. From the 
analysis, the highest deformation for 1.15 mm value is at 100,000 N which is placed 
with a total of 0.034184 mm and while the lowest deformation value is at 20,000 N 
which has been placed with a total of 0.006837 mm. The highest deformation for 
2 mm value is at 100,000 N which is placed with a total of 0.034408 mm and while 
the lowest deformation value is at 20,000 N which has been placed with a total of 
0.006882 mm. The highest deformation for 3 mm value was at 100,000 N which was 
placed with a total of 0.034743 mm and while the lowest deformation value was at 
20,000 N which was placed with a total of 0.006949 mm. The highest deformation 
for 4 mm value is at 100,000 N which is placed with a total of 0.0350990 mm and 
while the lowest deformation value is at 20,000 N which has been placed with a total 
of 0.0070199 mm. Hence, the higher the force applied, the higher the deformation 
value.



16 The Stress Analysis of the Jack Rod Crankshaft on a Single-Cylinder … 229

Fig. 16.4 Graphs and data for deformation on height of crank pin 

16.3.2 Strain 

Based on the strain results obtained, there are two results from the strain, namely 
the analytical result and the computational result. These results analytical results and 
software results which produce different data outputs. Figure 16.5 shows that the 
critical strain area involved in this single-cylinder engine crankshaft is located in the 
area between the fillet crank web and the shaft. The strain value of the highest strain 
analytical result is at 100,000 N which is placed with a total of 0.0005082 and while 
the lowest strain value is at 20,000 N which has been placed with a total of 0.0025390. 
The highest strain for 1.15 mm value on the result software is at 100,000 N which 
is placed with a total of 0.0046062 and while the lowest strain value is at 20,000 N 
which has been placed with a total of 0.0009212. The highest strain value for 2 mm 
on the result software is at 100,000 N which is placed with a total of 0.0040417 and 
while the lowest strain value is at 20,000 N which has been placed with a total of 
0.0008083. The highest deformation for 3 mm value was at 100,000 N which was 
placed with a total of 0.034743 mm and while the lowest deformation value was 
at 20,000 N which was placed with a total of 0.006949 mm. The highest strain for 
4 mm value on the result software is at 100,000 N which is placed with a total of 
0.0048726 and while the lowest strain value is at 20,000 N which has been placed 
with a total of 0.0009745. Hence, the higher the force applied, the higher the strain 
value.

Referring to Fig. 16.5, the higher the value of force applied resulted higher value 
of strain obtained. The crankshaft is also expanded based on the amount of force 
that has been applied. The value of stress and strain will increase together if it is
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Fig. 16.5 Graphs and data for strain on height of crank pin

in the elastic limit phase. Moreover, the percentage rate difference values at all the 
crank pin heights have shown that the strain rate percentage values at 3 mm crankpin 
heights are the highest compared to the crank pin heights at 1.15, 2 and 4 mm. This 
can be translated because the value of stress experienced at the 3 mm crankpin height 
is high which has been influenced by the location and height of the crank pin. 

16.3.3 Stress 

Figure 16.6 shows that the critical stress area involved in this single-cylinder engine 
crankshaft is located in the area between the fillet crank web and the crank pin. The 
highest stress value on the analytical result is at 100,000 N which is placed with a 
total of 533.24 MPa and while the lowest stress value is at 20,000 N which has been 
placed with a total of 106.72 MPa. The highest stress for 1.15 mm value on the result 
software is at 100,000 N which is placed with a total of 563.47 MPa and while the 
lowest stress value is at 20,000 N which has been placed with a total of 112.69 MPa. 
The highest stress for 2 mm value on the result software is at 100,000 N which is 
placed with a total of 575.49 MPa and while the lowest stress value is at 20,000 N 
which has been placed with a total of 115.10 MPa. The highest stress for 3 mm value 
on the software result is at 100,000 N which is placed with a total of 684.91 MPa 
and while the lowest stress value is at 20,000 N which has been placed with a total of 
136.98 MPa. The highest stress for 4 mm value on the result software is at 100,000 N
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Fig. 16.6 Graphs and data for stress on height of crank pin 

which is placed with a total of 555.62 MPa and while the lowest stress value is at 
20,000 N which has been placed with a total of 111.12 MPa. 

This shows the crankshaft at 100,000 N for all crankshaft heights, i.e., 1.15, 2, 
3 and 4 mm in phase to fracture or cracking because the stress value obtained has 
exceeded the yield strength value of 540 MPa. However, for a height of 3 mm, the 
phase to fracture or crack is experienced earlier at a force value of 80000 N because 
the resulting stress value exceeds the yield stress value. 

The critical stress area for 3 mm height of crank involved in this single-cylinder 
engine crankshaft is located in the area between the fillet crank web and the crank pin. 
The higher the value of stress placed, the higher the value of stress obtained. As the 
stress of the crankshaft is increased, this will decrease fatigue life of the crankshaft. 
The critical strain area involved in the crankshaft of this single-cylinder engine is 
located in the area between the fillet crank web and the shaft. The higher the value of 
force applied, the higher the value of strain obtained. This is because the higher the 
force that will make the crankshaft to expand according to the amount of force that 
has been applied. Thus at the critical deformation area for 3 mm height of crankpin 
involved in this single-cylinder crankshaft located in the crank pin area, i.e., on the 
surface of the crank pin. Normal deformation may occur due to the maximum load 
of the crankshaft that needs to be taken for confirmation of work with von Mises 
stresses. 

The stress at 3 mm height of crankpin is higher than the height of other crankpin 
location. This means fatigue life at 3 mm height of crankpin will decrease. This is 
because the location of the 3 mm height of the crankpin is not practical because it will 
put pressure on the web crank to accommodate the crankpin when it experiences any
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Fig. 16.7 Results and detail for 3 mm height of crankpin 

pressure. However, the deformation value for 3 mm height of crankpin is lower than 
the deformation value at 4 mm. This is because the geometry shape at the crankpin 
height at 3 mm is lower than 4 mm. If it is getting higher, the crankpin position will 
be at the end of the web crank which will cause the deformation value to increase. 
In addition, for the Yamaha 135 LC, crankshaft model at 3 mm height of crankpin is 
not practiced in the field of modification and it is difficult to find in the market. After 
performing this simulation analysis, it is proven that this 3 mm height of crankpin has 
a high stress value compared to the crankpin height at 1.15, 2 and 4 mm. Figure 16.7 
shows the results and detail for 3 mm height of crankpin. 

16.4 Conclusion 

As part of this study, the main purpose is about stress effect on the performance of a 
single-cylinder four-stroke cycle engine. There are four different crank pin heights 
on the crankshaft starting from 1.15, 2, 3 and 4 mm from similar engines which were 
studied in this research. The single-cylinder engine crankshaft models with different 
crank pin heights, i.e. 1.15, 2, 3 and 4 mm were created by CATIA software. Then, the 
model that has been designed in CATIA software has been imported into ANSYS soft-
ware. Thus, finite element analysis using ANSYS software and analytical methods 
has been performed. The maximum stress results in all differences in crankshaft 
height in the area between the crank pin and the crank web where the edge of the
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crank pin is the main area for maximum stress in the crankshaft. Mesh refinement is 
performed on the fillet crank pin and fillet shaft, so that a fine mesh is obtained on the 
fillet area, which is generally a critical location on the crankshaft. The failure in the 
crankshaft is initiated at the crank pin area and strain is initiated at the area between 
the crank web and the shaft. The results of comparison at all crankpin heights with 
different force values show the effect of stress on the crankshaft. Finally, the differ-
ence between the analytical result and the software result is dependent on the height 
of the crank pin. This is because the data output produced by the analytical result 
is the same even though the geometry on the crankshaft has changed. Therefore, 
this can be summarized that the software has produced data based on geometry and 
parameters, while the analytic result is not sensitive with the changes that occur in 
the crankshaft geometry. 
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Chapter 17 
Antimicrobial Peptides, An Alternative 
Antimicrobial Agent Against 
Multi-drug-Resistant Microbes: Source, 
Application, and Potential 

Nur Husna Hafiza Lyana Ramzah, Tong Woei Yenn, Wing-Hin Lee, 
Ching-Yee Loo, Wen-Nee Tan, and Leong Chean Ring 

Abstract Pathogenic microorganisms are often associated with infectious diseases 
in humans, plants, or animals. Over the past 100 years, antibiotics have been often 
used to combat the infections caused by these pathogenic microorganisms. The 
frequent and overuse of antibiotics has led to the rapid emergence of multi-drug-
resistant microorganisms. There has been a worldwide quest for a new antibacte-
rial agent. In recent years, antimicrobial peptides (AMPs), produced naturally by 
bacteria, insects, amphibians, and mammals, have gained attention as an alternative 
antimicrobial agent against multi-drug resistant microbes. Contrary to conventional 
antibiotics, which typically work by targeting a specific high-affinity antimicrobial 
target and may lead to the development of resistance in microorganisms, AMPs 
exert various antimicrobial activities that may offer a strategy to stop bacterial resis-
tance. In addition, AMPs have a wide range of applications as they are effective in
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eradicating microorganisms and are non-toxic or harmful to humans and the envi-
ronment. This paper reviews the sources, application, and potential of AMPs against 
multi-drug-resistant microorganisms and their risks to humankind. 

Keywords Antimicrobial peptides ·Multi-drug-resistant microorganisms ·
Source · Applications · Potential 

17.1 Introduction 

In this new era of medicine, antibiotics are not only prescribed to treat infectious 
diseases, but they have also emerged as therapeutic agents for various medical 
procedures including chemotherapy for cancer treatment, organ transplantation, hip 
replacement surgery, and many other practices (Prestinaci et al. 2015). Patients who 
undergo these treatments are more likely to develop a high risk of morbidity and 
mortality as they are more susceptible to bacteria-associated infections. Neverthe-
less, in the past few decades, bacteria-associated infections have developed resistance 
toward every antibiotic introduced on the market (Prestinaci et al. 2015). Frequent 
and widely use of antibiotics has caused bacteria to build resistance against them, 
resulting in poor efficiency of the drugs (Holt 2018). The World Health Organiza-
tion (WHO) mentioned that the world is moving toward a post-antibiotic era where 
infectious diseases are possibly fatal if no action is taken to eliminate multi-drug-
resistant microorganisms. In 2016, the World Bank reported that multi-drug-resistant 
microorganisms would cause a financial burden on low-income and middle-income 
countries (World Health Organization ROFS-EA 2018; Naeemmudeen et al. 2021). 
As infections caused by multi-drug-resistant microorganisms increase, death and 
loss of productivity worldwide would also surge. As stated in the review by Adebisi 
et al. in 2021, it is estimated that by 2050, multi-drug-resistant microorganisms 
could result in 10 million deaths globally, in which people are dying more due to 
drug-resistant infections rather than cancer (Adebisi et al. 2021; Akpan et al. 2020). 
Additionally, during the past three decades, fewer new antibiotics have received 
approval and been introduced into the market. Therefore, there is an urgent need to 
develop novel antimicrobial agents to overcome the issues of infections caused by 
multi-drug-resistant microorganisms. 

Antimicrobial peptides (AMPs) are generally known as small biological 
molecules (<10 kDa) that possess inhibitory activity against bacteria, fungi, protozoa, 
and some viruses. AMPs are produced naturally by certain plants, animals, and 
microorganisms as defense mechanisms against the invasion and attack of other 
microorganisms (Maria-Neto et al. 2015). The first AMP—Gramicidin, an antibac-
terial compound produced from a soil-based Bacillus strain, was discovered more 
than 80 years ago (Rima et al. 2021). Since then, great interest has been gener-
ated among the scientific community due to their excellent property of almost no or 
limited resistance development (Rima et al. 2021; Yu et al.  2018). 3240 AMPs have 
been discovered and reported to the antimicrobial peptide database (APD3). AMPs
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can be another option for available antibiotics that develop resistance rather quickly 
(Maria-Neto et al. 2015; Rima et al. 2021; Forde and Devocelle 2015). Thus, this 
paper focuses on the source, application, and potential of AMPs moving forward to 
fight against multi-drug-resistant microorganisms in this globalized era. 

17.2 Source, Mechanism of Action, Application, 
and Potential of Antimicrobial Peptides 

17.2.1 The Source of AMP and Diversity 

AMPs can be found in prokaryotes (microorganisms such as bacteria) and eukaryotes 
(fungi, plants, and animals) (Bagley 2014; Berglund et al. 2015; Rai et al. 2016). As 
of 2021, there are 3324 AMPs recorded in the APD from 6 life kingdoms; 391 from 
bacteria, 5 from archaea, 8 from protists, 22 from fungi, 364 from plants, and 2446 
from animals (AMP Database Search 2017). AMPs can be classified according to 
their biological sources; bacterial AMPs (bacteriocins), plant AMPs, and animal 
AMPs (insect AMPs, amphibian AMPs, fish AMPs, reptile AMPs, mammal AMPs, 
and others, depending on the source family names) (AMP Database Search 2017). 

Figure 17.1 shows the main sources of AMPs and some of their examples. 

17.2.1.1 Bacterial AMPs 

To minimize the usage of antibiotics and consequently infections caused by multi-
drug-resistant microorganisms, peptides, or small proteins from bacteria (bacteri-
ocins) have been developed to eradicate other bacteria (Jamali et al. 2019; Martinez

Fig. 17.1 AMPs and their main sources 
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et al. 2013). In a study by Lazdunski in 1988, bacteriocins were first characterized 
in Gram-negative bacteria and applied to ensure food safety (Jamali et al. 2019; 
Lazdunski 1988). Bacteriocins are beneficial as natural AMPs in foods where risks 
of food safety and infections associated with bacteria in humans and livestock can be 
lowered (Jamali et al. 2019). In 2018, isolation of Bacillus cereus from Tunisian dairy 
products produced an AMP when grown in casein through the production of extra-
cellular enzymes (Ouertani et al. 2018). This AMP was active against some Bacillus 
and Listeria monocytogenes species. Ouertani et al. stated that this production of 
new AMP from contaminants like B. cereus can further garner researchers’ interest 
in developing eco-friendly preservatives in dairy products from specific proteolytic 
enzymes, thus reducing the usage of chemical preservatives. Another AMP produced 
from bacteria was developed by Zhu et al. in (2021), a human oral actinomyces-
sourced defensin–actinomycesin. Actinomycesin was present in the defensins from 
actinomyces found in the human oral cavity, ruminant rumen, and dental plaque, 
which it showed great adaption to many bacteria species in said human body parts. 
Actinomycesin inhibited bacterial peptidoglycan synthesis and imposed low toxicity 
on human and mammalian cells in the heart and nervous system. This AMP was also 
active against Streptococcus pneumoniae-infected mice and MRSA-induced infection 
mice. 

17.2.1.2 Plant AMPs 

In plants, AMPs serve as protection against bacterial and fungal infection, as plants 
are lacked of adaptive immunity (Kumar et al. 2018). Plant AMPs can be classi-
fied based on their sequence similarity, cysteine motifs presence, and tertiary struc-
tures (Hammami et al. 2009; Li et al.  2021). The classification of these AMPs 
includes thionin, plant defensin, hevein-like peptides, a-hairpinin, lipid transfer 
protein, snakins, and cyclotide family (Li et al. 2021). AMPs derived from plants 
can be detected in their leaves, flowers, seed, and tubers (Kumar et al. 2018; Jenssen 
et al. 2006). In 2017, an AMP that belonged to lipid transfer protein was isolated 
from Morinda citrifolia L. or noni seeds and identified as McLTP1 (Souza et al. 
2018). This AMP exhibited antibacterial properties as it can reduce Staphylococcus 
aureus and Staphylococcus epidermis planktonic growth, with maximal inhibition 
up to 50% and 98%, respectively. Biofilm formation of S. aureus strains tested was 
also successfully inhibited by McLTP1. In the in vivo experiments, McLTP1-treated 
mice were still alive after three days before or after cecal ligation and puncture 
(CLP). McLTP1 also reduced body weight loss, fever, leukocytosis, organ damage, 
and inflammatory serum cytokines level for sepsis-induced animals. Based on the 
study conducted by Kerenga et al. (2019), they have studied the relationship between 
the charge of an AMP and its activity in media with elevated concentrations by using 
plant defensins. At certain salt concentrations, it was observed that AMPs experi-
enced a loss of activity, thus limiting their clinical applications. This leads to poor 
electrostatic interactions between the cationic AMPs and anionic surfaces of micro-
bial cells when salt is present. Kerenga and his colleagues have discovered ZmD32, a
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defensin from Zea mays or corn with charge of + 10.1 and pH 7 to be antifungal and 
antibacterial. ZmD32 was active against fungal species in media with high concen-
tration of salt and retained activity against Candida albicans biofilm, Gram-negative 
and Gram-positive bacteria. 

17.2.1.3 Animal AMPs 

Invertebrates and vertebrates require host defense peptides (HDPs) as their innate 
immune systems (Wang 2014). Like plants, invertebrates such as insects and crus-
taceans do not have an adaptive immune system. Hence, their primary defense mech-
anism is the innate defense system. As for vertebrates, their innate immune systems 
help kill microbes in the early stages and assist the adaptive immune system in being 
active against infections. 

Human host defense peptides protect against infections caused by microbes and 
can be detected in different stages of human growth. For instance, cathelicidin LL-
37 can be found in the skin of newborn infants while human beta-defensin 2 is 
detected in the elderly human bodies (Gschwandtner et al. 2014; Huan et al. 2020). 
Some major families of human AMPs include defensins, histatins, cathelicidins, 
dermicin, hepcidins, AMPs derived from known proteins, antimicrobial proteins, 
and many more (Wang 2014). In 2016, palmoplantar pustulosis (PPP) vesicle was 
found to contain AMP human cathelicidin (hCAP)-18/LL-37 (Murakami et al. 2017). 
hCAP-18/LL-37 was depleted using an LL-37 antibody affinity column after lesional 
PPP vesicles were recovered from PPP patients. A designed recombinant hCAP-18 
peptide was produced and treated with the depleted PPP vesicle fluid, in which an 
extra form was later identified as TLN-58. TLN-58 has shown antibacterial action 
against S. aureus, S. epidermidis, and Group A Streptococcus, similar to LL-37. On 
the other hand, dermcidin is detected in human sweat, unlike human defensins and 
cathelicidins found in inflamed and injured skin (Wang 2014; Rieg et al. 2004). It is 
observed that the dermcidin level found in healthy people is similar to that of infected 
patients (Wang 2014; Rieg et al. 2014), and it might be associated with cancer and 
atherosclerosis (Wang 2014; Schittek 2012; Ghosh et al. 2012). 

AMPs derived from insects can be classified into three main groups according to 
amino acid sequence and structures; cecropins which have linear peptides with a-helix 
but no cysteine residues, defensins with 6–8 conserved cysteine residues, 3 or 4 disul-
fide bridges, and 3 domains consisting in a flexible amino-terminal loop and lastly, 
peptides with proline and/or glycine residues (Makarova et al. 2018; Wu et al.  2018). 
In 2017, a study conducted by Zheng et al. have discovered cecropin A2 peptide 
from mosquito Aedes aegypti which was active against Pseudomonas aeruginosa 
and other Gram-negative bacterial biofilm, with minimum inhibitory concentration 
(MIC) recorded to be ranging from 2 to 64 μg/mL (Sahoo et al. 2021; Zheng et al. 
2017). Another study in 2015, a defensin-like peptide known as DLP4 was isolated 
from black soldier fly (Hermetia illucens) larvae (Sahoo et al. 2021; Park et al.  2015). 
This AMP was effective in eradicating S. aureus, S. epidermis, Escherichia coli, and 
Bacillus subtilis biofilm formation with MIC of 0.02–1.17 μM. One of the examples
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of AMP that has glycine residues is detected in 2018, known as gloverin glycine-rich 
peptide (Sahoo et al. 2021; Nayak et al. 2018). This AMP was derived from muga 
silkworm (Antheraea assamensis) and could eliminate bacterial biofilm formation 
of E. coli and Enterobacter cloacae with MIC of 16.24 and 18.56 μg/mL. 

AMPs from the frog or anuran species have been studied and developed over 
the past few years, for their benefits in lowering risks of antimicrobial resistance. 
According to Guangshun Wang, based on the APD, 99.9% of the AMPs derived from 
frogs are less than 50 amino acids long and have an average length of 24 residues and 
a net charge of + 2.5 (Wang 2020; Mangoni and Casciaro 2020). Amphibian peptides 
such as temporins, brevinins, and esculentins are correlated through multiple length-
dependent relationships; when the length of the peptide increases, the net charge 
increases and hydrophobic content decreases (Wang 2020). Peptides like glycine, 
leucine, lysine, and proline, on the other hand, are linearly correlated with the peptide 
length (Wang 2020). One example of the anuran AMPs discovered is a novel temporin 
peptide, Temporin-PF (TPF), extracted from ranid frog Pelophylax fukienensis skin 
(Zai et al. 2021). TPF showed excellent activity against Gram-positive bacteria but 
not against Gram-negative bacteria. The aggregation pattern of this AMP was also 
studied by conducting “salting out” assays and MD simulation to ensure the peptide 
conformation. When aromaticity was added to the AMP, its bioactivities were not 
improved and binding affinity to the lipid membrane of microbes decreased. In 2020, 
in a study by Cuesta et al., two novel cruzioseptins peptides, namely cruzioseptin-16 
and -17 were produced from leaf frog Cruziohyla calcarifer through solid-phase 
peptide synthesis (Cuesta et al. 2021). These amphibian AMPs were 21–23 residues 
long, alpha-helical cationic peptides, and active against E. coli, S. aureus, and C. 
albicans. AMPs, their sources, and target microorganisms are summarized in Table 
17.1.

17.2.2 AMP Mechanisms of Action 

AMPs are advantageous compared to conventional antibiotics as they are more active 
against resistance-developing bacteria due to their electrostatic interactions with the 
bacterial cell membrane (Boparai and Sharma 2019; Hollmann et al. 2018; Pfalzgraff 
et al. 2018). As more AMPs are recently being discovered, it is vital to study and 
comprehend the mechanism of action of these peptides to ensure continuous improve-
ment in their performance against multi-drug resistant microbes. There are five main 
processes of interaction between AMPs and their hosts; (1) initial contact with 
target cells through biochemical or biophysical relationships such as electrostatic 
or hydrophobic interactions, (2) adjusting their structures in the target membrane 
(conformation into a helix or barrel structure), (3) aggregation until an active stoi-
chiometric level is reached, (4) disrupting the target membrane by permeabilization 
or depolarization, or causing other direct/indirect, temporary or permanent irregu-
larity in its function, and (5) obtaining access to the targets via the membrane or 
from within the cell (Moravej et al. 2018; Koprivnjak and Peschel 2011). AMPs
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Table 17.1 AMPs from various sources and their targeting microorganisms 

Sources AMP Targeting organisms References 

Bacteria AMP derived from B. 
cereus RC6 strain 

B. cereus ATCC 11,778 
(BC45), B. thuringiensis 
USDA HD22, and L. 
monocytogenes DISTAM 
MACa1 

Ouertani et al. (2018) 

Defensin 
(Actinomycesin) 

S. pneumoniae and MRSA Zhu et al. (2021) 

Plants McLTP1 S. aureus and S. epidermis Souza et al. (2018) 

Defensin (ZmD32) C. albicans, 
Gram-negative, and 
Gram-positive bacteria 

Kerenga et al. (2019) 

Animals Design recombinant of 
human cathelicidin 
((hCAP)-18/LL-37) 
(TLN-58) 

S. aureus, S. epidermidis, 
and Group A-
Streptococcus 

Murakami et al. (2017) 

Cecropin A2 P. aeruginosa and 
Gram-negative bacteria 

Sahoo et al. (2021); Zheng 
et al. (2017) 

Defensin (DLP4) S. aureus, S. epidermis, E. 
coli, and B. subtilis 

Sahoo et al. (2021), Park 
et al. (2015) 

Gloverin glycine-rich 
peptide 

E. coli and E. cloacae Sahoo et al. (2021), Nayak 
et al. (2018) 

Temporin (Temporin-PF 
(TPF)) 

Gram-positive bacteria Zai et al. (2021) 

Cruzioseptins 
(cruzioseptin-16 and
-17) 

E. coli, S. aureus, and C. 
albicans 

Cuesta et al. (2021)

can be divided into two mechanisms of action: direct killing (membrane acting and 
non-membrane acting) and immune modulation (Kumar et al. 2018; Boparai and 
Sharma 2019) as in Figure. Peptides acting via membrane acting mechanism disrupt 
the cell membrane of microorganisms, while non-membrane peptides can traverse 
the membrane without causing damage (Boparai and Sharma 2019; Hancock and 
Patrzykat 2002). AMPs acting via immune modulation mechanism can generate an 
immune response to attract other immune cells and regulate inflammation in case of 
infections (Kumar et al. 2018) (Fig. 17.2).

17.2.2.1 Direct Killing: Membrane Targeting Mechanism of Action 

After initial electrostatic and hydrophobic interactions between bacteria and AMPs, 
AMPs will aggregate on the bacterial membrane at a particular concentration (Kumar 
et al. 2018; Epand et al. 2016; Andersson et al. 2016). This process stage is best 
represented in models: toroidal pore model, barrel-stave pore model, and carpet-like
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Fig. 17.2 Mechanism action of AMPs: a Direct killing mechanism via membrane-targeting, b 
direct killing mechanism via non-membrane targeting, and c immune modulation mechanism
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model (Huan et al. 2020). Two major categories of models are transmembrane pore 
model and non-pore model, where toroidal pore and barrel-stave pore models belong 
to the first category (Kumar et al. 2018). 

Toroidal pore model or wormhole model indicates that AMPs are inserted perpen-
dicularly in the lipid bilayer; however, specific peptide–peptide interactions are 
absent (Kumar et al. 2018; WC,  2010). Hence, the peptides cause the lipid bilayer to 
curve and pores are formed by the peptides as well as the phospholipid head group. 
The major difference between the toroidal pore model and barrel-stave model is the 
bilayer net arrangement, where the hydrophobic and hydrophilic arrangements of 
lipids in toroidal pore model are interrupted unlike in the latter model. This condition 
allows the interaction between the lipid tail and lipid head. Some peptides may enter 
the cytoplasm via inner cytoplasmic leaflet when the pores disintegrate, allowing 
them to target intracellular components. Some AMPs that exhibit the toroidal pore 
model are magainin 2, lacticin Q, and arenicin (Huan et al. 2020). 

For the barrel-stave pore model, the AMPs first oriented parallel to the membrane 
and subsequently entered the lipid bilayer perpendicularly (Kumar et al. 2018; Ehren-
stein and Lecar 1977). Peptide-peptide interactions are hence present. In the barrel-
stave model, multimers of AMPs penetrate the cell membrane and produce channels 
that allow cytoplasmic outflow (Huan et al. 2020). It is also reported that AMPs 
in this pore model can disrupt cell membranes and cause cell death (Huan et al. 
2020; Lohner and Prossnigg 2009). The amphipathic structure of peptide plays an 
important role in forming pores for this model; the hydrophobic part will interact 
with lipids while hydrophilic residues will form lumen of the channels (Kumar et al. 
2018; Brogden 2005; Breukink and Kruijff 1999). AMPs such as alamethicin (Kumar 
et al. 2018; WC W,  2010), pardaxin (Kumar et al. 2018; Rapaport and Shai 1991; 
Shai et al. 1990), and protegrins (Kumar et al. 2018; Brogden 2005) are shown to 
form these model channels. 

AMPs may also function without generating pores in the membrane, which is 
presented by the carpet model (Kumar et al. 2018). In this model, AMPs are arranged 
parallel to the cell membrane, forming a “carpet” such that; the hydrophilic end is in 
contact with the solution while the hydrophobic end is in contact with the phospho-
lipid bilayer (Huan et al. 2020). The carpet on the membrane surface is formed when 
the AMPs are attached to the lipid bilayer and a certain concentration threshold is 
achieved (Kumar et al. 2018). As interactions on the membrane surface are disturbed, 
membrane integrity is then destroyed in a detergent-like manner by forming micelles 
(Kumar et al. 2018; Huan et al. 2020; Oren and Shai 1998). Membrane bilayer struc-
ture made up of micelles is known as the detergent-like model (Kumar et al. 2018). 
In the carpet-like model, there is no need for peptide–peptide interactions between 
the membrane-bound peptide monomers also for the peptide to transverse into the 
hydrophobic core to create transmembrane channels or specific peptide structures 
(Kumar et al. 2018; Yeaman and Yount 2003). Some of the examples of AMPs that 
act like the model are cecropin (Kumar et al. 2018; Sitaram and Nagaraj 1999), 
indolicidin (Kumar et al. 2018; Rozek et al. 2000), aurein 1.2 (Kumar et al. 2018; 
Fernandez et al. 2012), and LL-37 (Kumar et al. 2018; Shai 2002).
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17.2.2.2 Direct Killing: Non-membrane Targeting Mechanism of Action 

After entering the cytoplasm via direct penetration or endocytosis, AMPs will identify 
their surroundings and later act on the target cells (Huan et al. 2020). Inhibition of 
AMPs on the target cell can be categorized into protein biosynthesis, nucleic acid 
biosynthesis, protease activity, and cell division (Huan et al. 2020). 

Transcription, translation, and assembly into functional peptides are affected by 
the AMPs where they disrupt related enzymes and effector molecules (Huan et al. 
2020). Based on a study by Mardirossian et al., 2 AMPs called Bac7 1–35 and Tur1A 
were observed to exhibit this mechanism of action (Huan et al. 2020; Mardirossian 
et al. 2014). To inhibit protein translation in E. coli and Thermus thermophilus, Bac7 
135 targets ribosomes while Tur1A inhibits the transitions from the early phase to 
extension phase. Nucleic acid biosynthesis is inhibited as key enzymes are affected 
or nucleic acid molecules are degraded by AMPs. This is proven by TFP1-1TC24, an 
AMP derived from tongues, which gets into the cells after cell membrane disruption 
and later causes DNA and RNA degradation (Huan et al. 2020; He et al.  2017). 

Metabolic activities of microorganisms can be disrupted when protease activity 
is inhibited (Huan et al. 2020). It was observed that histatin 5 peptide effectively 
inhibits proteases discharged by the host and bacteria. Another example of AMP 
that acts in the same manner is cathelicidin-BF peptide, derived from the venom 
of Bungarus fasciatus (Huan et al. 2020; Shu et al. 2019). This AMP could inhibit 
thrombin-induced platelet aggregation and block receptor 4, activated by protease. 

For inhibition of cell division in microbes, one example of AMPs that exhibit said 
mechanism of action is APP(GLARALTRLLRQLTRQLTRA) (Huan et al. 2020; Li  
et al. 2016). C. albicans were destroyed due to the ability of this AMP to penetrate the 
cells efficiently, had strong DNA-binding affinity, and induced S-phase arrest in the 
intracellular environment. AMPs can also target differences in cell wall composition 
like lipopolysaccharide, lipid A, and mannoproteins (Huan et al. 2020). Teichoic acid 
and lipoteichoic acid in the cell wall of microbes can also be the target of AMPs, in 
which AMPs with low toxicity are developed to exhibit this action. 

17.2.2.3 Immune Modulation Mechanism of Action 

Besides the direct killing mechanism of action via the two methods, AMPs also 
display various immunomodulatory activities (Hilchie et al. 2013). AMPs can capti-
vate and stimulate immune cells to further destroy the microorganisms and/or regu-
late inflammation-induced (Kumar et al. 2018; Hilchie et al. 2013; J. Afacan N, T.Y. 
Yeung A, M. Pena O, E.W. Hancock R, 2012; Mader and Hoskin 2006). AMPs are the 
first defense mechanism to come in contact with intruding microorganisms as they 
are generated by immune cells like neutrophils and macrophages (Kumar et al. 2018; 
Jenssen et al. 2006). Some of the immune responses activated by AMPs are (1) white 
blood cells activation, attraction, and differentiation, (2) angiogenesis stimulation, 
(3) lowering expression of proinflammatory chemokines to reduce inflammation, 
and (4) controlling expression of chemokines and reactive oxygen/nitrogen species
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(Hilchie et al. 2013; Afacan et al. 2012; Nijnik and Hancock 2009; Lai and Gallo 
2009; Hancock et al. 2012). AMPs recorded to exhibit immunomodulatory activ-
ities in vivo according to Hilchie et al. are HNP-1 (Hilchie et al. 2013; Welling 
et al. 1998; Tani et al. 2000) and IDR-1 (Hilchie et al. 2013; Scott et al. 2007). 
Defensin HNP-1 produced three disulfide bridges that connect Cys1-Cys6, Cys2-
Cys4, and Cys3-Cys5. It was active in both in vitro and in vivo immunomodulatory 
activities. In in vivo activity, even at 0.4 ng of concentration, HNP-1 could protect 
mice-induced Klebsiella pneumoniae and S. aureus (Hilchie et al. 2013; Welling et al. 
1998). Despite being a less effective AMP, HNP-1 is biologically active due to its 
immune-cell function manipulation, direct antimicrobial activities, or both (Hilchie 
et al. 2013). Nevertheless, HNP-1 tends to lose its antibacterial properties because of 
several conditions; monovalent and divalent cations, glycosaminoglycans, and serum 
(Hilchie et al. 2013); thus, this proves that HNP-1 is mostly biologically active due to 
its immunomodulatory activities. IDR-1, on the other hand, was inactive in in vitro 
activity but could protect mice-induced Gram-negative and Gram-positive bacteria; 
methicillin-resistant S. aureus, vancomycin-resistant Enterococcus, and Salmonella 
typhimurium (Hilchie et al. 2013; Scott et al. 2007). 

17.2.3 The Applications of AMP 

As diverse as the sources and mechanism of action of the AMPs, there are various 
applications of AMPs to this date, including in medicine and healthcare settings, food 
industry, agriculture, aquaculture, and cosmetics industry. Applications of AMPs are 
summarized in Fig. 17.3. 

Fig. 17.3 Applications of AMPs in various industries



246 N. H. H. L. Ramzah et al.

17.2.3.1 Application of AMP in Medicine and Healthcare Settings 

In healthcare settings, biofilms caused by microorganisms can be formed on the 
surfaces of devices such as catheters, orthopedic implants, ventilators, heart valves, 
stents, shunts, and contact lenses (Kazemzadeh-Narbat et al. 2021). Medical devices 
such as implants can be coated with AMPs due to their efficacy even at low concentra-
tions and functionalized surfaces of these devices can release AMPs locally in situ. In 
this case, polymers are commonly used in conjugating AMPs to an immobilized and 
functionalized polymer, where AMPs can be specifically released to coat the implant 
surface. AMPs are susceptible to proteolytic enzymes as they can hydrolyze peptide 
bonds and alter the structure, which eventually reduces the antimicrobial activity of 
the AMPs. Thus, liposomes can be used to encapsulate AMPs to protect their func-
tions and properties. Another coating type of biomedical device used was surface 
tethering on titanium surface in 2016 and 2017 (Nie et al. 2016, 2017; Riool et al. 
2017). Bacitracin peptide was coupled onto medical devices with titanium material 
and could reduce S. aureus adhesion in vitro and implant and tissue colonization by 
the bacteria in vivo. 

AMPs conjugated with polymers are also used in wound treatment. To promote 
wound healing, dressing with profound properties must be used (Lin et al. 2019). 
Natural polymer materials are used in wound healing due to their good biocompati-
bility and biodegradability (Lin et al. 2019; Asghari et al. 2016). A study by Lin et al. 
in 2019 has conjugated AMP Tet213 onto a natural composite substrate consisting of 
alginate (ALG), hyaluronic acid (HA), and collagen (COL) through chemicals which 
are (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and Nhydroxysuccin-
imide (NHS) cross-linking method (Lin et al. 2019). Amide bonds between the AMP 
and the polymers resulted in fine-tuning of the wound dressing properties such as 
porosity, swelling profile, tensile strength, elongation at break, and biodegradability 
in vitro. The AMP-polymers composite effectively treated rats infected with E. coli 
and S. aureus, where these bacteria were killed in the infected wounds. As release 
of Tet213 was in good and sustainable manner, rapid healing of the wounds was 
observed. The wound dressing was also able to regulate inflammation, improved the 
deposition of collagen also enhance angiogenesis. 

17.2.3.2 Application of AMP in Food Industry 

Conventionally, the food industry utilizes chemicals to preserve food products to 
extend their shelf lives. However, it is noted that using chemical preservatives poses 
several health threats to humans and affects the quality and safety of the food itself. 
Hence, natural preservatives have been developed over the past few years which 
include the usage of AMPs. AMPs can preserve food without affecting its quality 
and safety, consequently extending its shelf-life (Rai et al. 2016; Wang et al. 2016; 
Gálvez et al. 2014; Song et al. 2014). 

Bacteriocin synthesized by lactic acid bacteria (LAB) is widely used as a bio-
preservative in the food industry (Rai et al. 2016). According to Galvez et al.,
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the advantages of this AMP are; food-containing bacteriocin is safe to consume 
as protease enzymes rapidly digest bacteriocin in gastrointestinal tract, also active 
against pathogens (Elayaraja et al. 2014), non-toxic for eukaryotic cells, efficient in 
eradicating food-spoiling microbes as well as good resistance toward pH and heat 
(Rai et al. 2016;Gálvez et al.  2014). There are three main methods used to incorporate 
the usage of bacteriocin in the food industry: (1) production of bacteriocin through 
bacteria inoculation in food, (2) addition of purified or semi-purified bacteriocin as 
preservatives, and (3) use of a fermented product with bacteriocin-producing strain 
in food process (Jones et al. 2005; Chen and Hoover 2003; Müller-Auffermann et al. 
2015). 

Nisin is one example of bacteriocin used in food preservation as it is active 
against Gram-positive bacteria even though it shows little or no effect of antimicro-
bial activity on Gram-negative bacteria, yeasts, or fungi (Müller-Auffermann et al. 
2015; Gharsallaoui et al. 2016). Nisin acts on the cell membranes of the microor-
ganisms by binding to their anionic phospholipids (including lipid II) and inserted 
to the cell membranes. Biosynthetic processes in Gram-positive bacteria are halted 
which eventually kills them. However, nisin is ineffective on Gram-negative bacteria 
as it is impermeable to their cell walls (Müller-Auffermann et al. 2015; Han  2020). 
In dairy products such as cheese, nisin is used to fight against Lactobacillus spp, 
Listeria monocytogenes, and S. aureus, which cause flavor change and gas produc-
tion in the cheese (Rai et al. 2016; Upendra et al. 2016). As cheese of different forms 
is considered processed food, it is prone to spoilage by Clostridium spp. due to its 
high pH and a very low redox potential (Rai et al. 2016; D’Amato and Sinigaglia 
2010; Suganthi et al. 2012). In another study in 2013, Zohri et al. have discovered that 
nisin loaded with chitosan/alginate nanoparticles could preserve ultrafiltered (UF) 
Feta cheese (Rai et al. 2016; Zohri et al.  2013). It had greater antibacterial strength 
and better features compared to free nisin. Nisin-loaded nanoparticles had decreased 
up to fivefold of S. aureus and sevenfold of L. monocytogenes populations. There 
were also improvements in the sensory acceptance and physicochemical properties 
of the tested cheese treated with nisin-encapsulated nanoparticles. 

Nisin is also used to preserve canned food products which are potentially spoiled 
by heat-resistant microorganisms (Rai et al. 2016). Other than pasteurization treat-
ments, nisin is effective in eliminating thermophilic spores that are produced by 
the microbes. It was proven that the addition of nisin into canned vegetables at 
room temperature can extend their shelf-lives (Rai et al. 2016; Suganthi et al. 2012). 
Nisin, nisin-pediocin, or enterocin AS-48 addition into cooked or canned vegeta-
bles can hinder growth of endospore and enterotoxins production during storage, 
also improving thermal treatments against the endospores (Gálvez et al. 2014, 2008; 
Thomas et al. 2000; López Cabo et al. 2009; Abriouel et al. 2010). In 2007, a study 
was conducted to test enterocin AS-48 against Bacillus cereus LWL1, in which the 
endospore-forming bacteria was inhibited in all vegetable products tested for up to 
30 days (Gálvez et al. 2014; Grande et al. 2007). Enterocin AS-48 with concentra-
tion up to 50  μg/mL were also able to exhibit antimicrobial activity against Bacillus 
species and Paenibacillus species isolated from purees. In 2010, enterocin EJ97 
derived from Enterococcus faecalis EJ97 was tested to inhibit G. stearothermophilus
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cells in canned foods for 30 days at 45 °C (Gálvez et al. 2014; Viedma et al. 2009). 
The microbe was inactivated at a concentration of 7 μg/g. Concurrent application 
of EJ97 with optimum concentration and heat treatments of 90 and 95 °C on the 
endospores have increased the antimicrobial effects against the vegetative cells and 
spores of G. stearothermophilus. 

In food packaging, AMPs are also used to ensure food quality is preserved and 
safe for consumption, with extended shelf-life. Consumers have been demanding for 
better food packaging to provide food safety, prolonged shelf-life, easy handling, and 
protection from physical hazard (Liu et al. 2021). In context of this, active materials 
are used for food packaging to destroy microorganisms or inhibit their growth on 
the food surface or in the surrounding (Agrillo et al. 2019). Polymers loaded with 
antimicrobial agents or bioactive compounds are chosen due to their excellent physic-
ochemical properties, efficiency, resistance, and long-lasting. Among the wide range 
of antimicrobial polymers, plastics exhibit great benefits as they are low in cost, easy 
to use, and abundantly available. Hence, the incorporation of AMPs via covalent 
or physical binding into these polymers has been studied extensively (Agrillo et al. 
2019; Sobczak et al. 2013; Irkin and Esmer 2015). 

In 2019, polyethylene terephthalate (PET) material was pre-activated via cold 
oxygen plasma technique, before being functionalized with 1018K6 peptide to test 
its efficacy as antimicrobial packaging (Agrillo et al. 2019). When tested using 
mozzarella cheese as the food sample, aerobic plate count (APC), yeast, and mold 
counts were decreased after 24 h. 1018K6 was seen to possess antimicrobial prop-
erties even after conjugation with PET. This antimicrobial polymer was also active 
against Listeria biofilms. 

Meat is a perishable food, thus prone to microbial spoilage and lipid oxidation, 
due to its high contents of fatty acids, nutrients, and vitamins (Liu et al. 2021). These 
microbes can affect its physical and biological properties such as color, flavor, texture, 
odor, and pH imbalance, leading to its deterioration. A study by Gogliettino et al. in 
2020 has discovered that PET functionalized with MTP1, a mitochondrial-targeting 
peptide, reduced microbes causing spoilage, and extended the shelf-life of ricotta 
cheese and buffalo meat (Gogliettino et al. 2020). MTP1 characterized from a study 
(Gogliettino et al. 2020; Palmieri et al. 2016) has been functionalized with PET to 
create an active food packaging to retain the nutritional values and prolong the shelf-
life of the food. Another study in the same year was conducted to develop an AMP 
derived from a fish (turbot viscera hydrolysate) (Bi et al. 2020). Several peptides 
were identified by ultraperformance liquid chromatography-quadrupole time-of-
flight mass spectroscopy, and their properties were studied. Among the peptides, Sm-
A1 was very active against Gram-positive and Gram-negative bacteria by disrupting 
the integrity of their cell membrane. To enhance its antibacterial activity and effi-
ciency in eradicating biofilm formation, Sm-A1 was incorporated into hydroxyl-
rich polyvinyl alcohol (PVA)/chitosan hydrogel. This AMP-hydrogel was able to 
preserve salmon muscle from contamination caused by microorganisms and texture 
deterioration.
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17.2.3.3 Application of AMP in Agriculture 

AMPs derived from insects are stable against heat and do not threaten eukaryotic cells 
(Józefiak and Engberg 2017). These AMPs can be used as single peptides, complex 
of different AMPs, or active fraction of insect proteins in livestock nutrition. Insect 
AMPs are mostly derived from their larval stage (Józefiak and Engberg 2017). Genes 
encoding the peptides are developed after a septic injury and their expression goes 
on for 3 days. In adult insects, AMPs are produced by the fat body cells and various 
epithelia, which are then secreted into the hemolymph at concentration up to 0.5 mM. 
It is mentioned that the AMPs’ concentration is higher than what is required to kill 
most microorganisms in vitro (Park et al. 2015; Józefiak and Engberg 2017; Bulet and 
Stocklin 2005; Choi et al. 2012). Also, termicin, AMP that has antifungal properties 
is found in hemocyte granules and salivary glands of termite Pseudacanthotermes 
spiniger (Isoptera). 

When synthetic cecropin is added in broilers diets in a dose-dependent manner, it 
can decrease aerobic bacterial counts in their jejunal and caecal digesta and increase 
intestinal villus height in their duodenum (Józefiak and Engberg 2017; Wen and He 
2012). Like in human foods, nisin is also used in animal feed as an antibacterial 
additive, where consumption of nisin helps to reduce Bacteroides and Enterobac-
teriaceae in ileal digesta of broilers (Józefiak and Engberg 2017; Józefiak et al. 
2013; Kierończyk et al. 2016). An AMP derived from bovine milk known as lacto-
ferrin has been used as dietary supplement for pigs. Lactoferrin stimulates active 
peptides of the animals’ gastric digestion; it reaches the lower gastrointestinal tract 
and applies its effects. In pigs, lactoferrin improves their growth, reduces diarrhea, 
lessens pathogens counts such as E. coli, increases number of beneficial bacteria as 
Lactobacilli and Bifidobacteria (Józefiak and Engberg 2017; Yoon et al. 2012; Xiao  
et al. 2015), and increases height of the villus and depth of crypt in their jejunum 
and ileum (Józefiak and Engberg 2017; Xiao et al. 2015). 

To accommodate for global food security and prevention of crops loss due to 
plant pathogens, research has been made in agriculture to develop non-toxic and 
non-polluting treatments (Datta et al. 2015). A study was conducted in 2015 to 
investigate the application of AMP derived from an active fragment of Dengue virus 
fusion peptide to control plant disease (Datta et al. 2015). VG16KRKP, an analogue 
of VG16, was active against Gram-negative E. coli, plant pathogens X. oryzae and X. 
campestris, and human fungal pathogens C. albicans and C. grubii. Disease progres-
sion in rice and cabbage was studied via application of peptide-treated pathogens, 
which effectively prevented the disease. 

17.2.3.4 Application of AMP in Aquaculture 

Marine invertebrates include arthropods, mollusks, and cnidarians (Destoumieux-
Garzón et al. 2016). Microbial communities in the aquatic environment can cause 
several effects to the marine invertebrates such as infectious diseases; temperature-
dependent vibriosis; and polymicrobial diseases (Destoumieux-Garzón et al. 2016;
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Ben-Haim et al. 2003; Fukui et al. 2010; Petton et al. 2015; Barneah et al. 2007). In 
marine arthropods, extreme cultural practices can lead to diseases associated with 
penaeid shrimp. For instance, an outbreak of shrimp disease in 2010 was caused 
by Vibrio parahaemolyticus, which obtained a virulent plasmid containing bacterial 
toxin. This toxin was observed to be as toxic as Bacillus Cry toxin that can kill 
insects (Destoumieux-Garzón et al. 2016; Lee et al. 2015). While for mollusks or 
shellfish, exploitation and ecosystem health are the main factors of the emergence of 
infections. Oysters are mainly infected by vibrio strains and have affected the USA, 
Japan, Australia, and Western Europe for many decades. 

Marine invertebrates can survive in the complex marine environment even though 
they do not possess immunoglobulin, complement, and immune system components 
(Wu et al. 2021). This is most probably due to their immune defenses (Wu et al. 
2021). AMPs derived from the bodies of marine invertebrates are among the best 
immune effectors of these organisms (Destoumieux-Garzón et al. 2016). They are 
cationic, hydrophobic and able to target specific cell walls and membranes of the 
pathogenic microorganisms (Destoumieux-Garzón et al. 2016; Schmitt et al. 2016). 
AMPs in marine invertebrates control infections in their hosts through RNA inter-
ference, and this was shown in the eradication of bacteria in shrimp hemolymph 
by Type I crustins from Marsupenaeus japonicus (Destoumieux-Garzón et al. 2016; 
Yang et al. 2015; Liu et al. 2015). AMPs are also active against microbiota I marine 
invertebrates through gene silencing, in which ALFs are active against microbial 
communities present in shrimp (Destoumieux-Garzón et al. 2016; Ponprateep et al. 
2012; Wang et al. 2014). Other than that, an AMP called armicins help to protect 
freshwater cnidarians from bacterial associations (Destoumieux-Garzón et al. 2016; 
Franzenburg et al. 2013). 

17.2.3.5 Application of AMPs in Skincare and Cosmetics Industry 

AMPs are naturally produced by human skin and further application of AMPs can 
treat skin diseases besides eliminating skin pathogens to improve skin health (Rahna-
maeian and Vilcinskas 2015). AMPs are often formulated in ointments, lotions, 
shampoos, creams, or wound dressings to fight against pathogens on the skin and 
prevent the complexities of anti-infectives. C. albicans can result in skin infec-
tions and atopic eczema, where neutrophils are accumulated in the inflammatory 
responses and enzymatic proteins are secreted. High-molecular-weight-kininogen 
(HK) is present and causes antifungal AMPs to protect human skin against pathogens. 
Therapeutic application to eliminate yeast-causing skin infections includes formula-
tions of antifungal and anti-inflammatory agents such as topical azole-type antifungal 
agents. Malassezia furfur a lipophilic yeast can cause recalcitrant skin conditions, 
and cathelicidin peptide is active against the pathogen (Rahnamaeian and Vilcinskas 
2015; López-García et al. 2006). 

Besides protecting human skin from diseases, AMPs are also used to eliminate 
bacterial adhesion in contact lenses (Salvagni et al. 2020). Eye microbial infection, 
such as severe corneal infection, is often associated with contact lens usage, which
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may lead to vision loss. Conjugation of two cationic AMPs; melittin and protamine 
(linked in a single molecule) with contact lenses were able to immobilize the AMP 
melamine and found to be active against bacteria (Salvagni et al. 2020; Yasir et al. 
2018; Chen et al. 2009; Kampshoff et al. 2019). Also, a shorter peptide KNKRKR-
RRRRRGGRRRR named as mel4 was observed to possess similar antibacterial prop-
erties that can be functionalized into commercial contact lenses (Salvagni et al. 2020; 
Dutta et al. 2018). Up to 80% of bacterial adhesion caused by P. aeruginosa and S. 
aureus was reduced when melimine was used in contact lenses. As melimine is not 
cytotoxic, contact lenses anchored with this AMP were safe when tested on rabbits 
and humans (Salvagni et al. 2020; Dutta et al. 2016, 2014). They did not cause ocular 
irritation and had the same properties of wettability, surface deposits, and lens fitting 
on rabbits, compared to contact lenses without the AMP. The antimicrobial activity 
of the contact lenses remained even after being used (Salvagni et al. 2020; Dutta et al. 
2014). In 2020, a study by Salvagni et al., a short and an ultrashort AMPs; LKKLLK-
LLKKLLKL (LK) and IRIRIRIR (IR) were anchored onto hydrogel contact lenses 
using 1,4-butanediol diglycidyl ether as a linker at room temperature and 7.4 of 
pH (Salvagni et al. 2020). 100% and 98% reduction of bacterial adhesion of S. 
aureus and P. aeruginosa were recorded when these peptides were introduced into 
the contact lenses. Also, it was observed that optical properties of the AMP-anchored 
contact lenses, such as transmittance and refractive index were not altered. All in all, 
conjugating AMPs onto the contact lenses could reduce corneal infections caused 
by bacteria without changing their properties or purposes. 

17.3 The Clinical Potential of Antimicrobial Peptides 

Among many factors that contribute toward antimicrobial resistance, main factor 
causing it to be a serious global issue is the misuse of antibiotics and unavailability of 
effective antibiotics in the market (Alanis 2005; Browne et al.  2020). Naturally occur-
ring class of AMPs are being researched globally to limit the spread of pathogens 
that are resistance toward AMPs. Some available antibiotics in therapeutic appli-
cations that contain AMPs include bacitracin, dalbavancin, daptomycin, and many 
more (Browne et al. 2020). In a study to treat skin infections, bacitracin peptide was 
admitted through 3 routes: topical, ophthalmic, and intramuscular. The mechanism 
of action of this AMP is by inhibiting cell wall synthesis, and it was able to kill Gram-
positive bacteria (Browne et al. 2020; Nguyen et al. 2021). AMP called dalbavancin, 
derived from teicoplanin derivative, has a similar target organism and mechanism of 
action like bacitracin (Browne et al. 2020; Chen et al. 2007; Malabarba and Gold-
stein 2005). Dalbavancin was also used to treat skin infections and administered 
intravenously. 

It was observed that many developed AMPs have encountered failure throughout 
different stages of clinical trials (Browne et al. 2020). This is due to the complicated 
nature of human diseases, unlike in animal models or in vitro (Browne et al. 2020;Bart  
van der Worp et al. 2010). Other than that, AMPs produced do not possess improved
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activity than current antibiotics available in the market, and thus, hesitation is present 
to fulfill the need for a particular indication in clinical trials. The toxicity level of 
these AMPs toward hosts is also to be considered for developing AMPs with safe 
and better properties. Based on much research to improve and enhance the efficacy 
of AMPs, chemical modifications of AMPs show definite possibilities (Browne et al. 
2020). In clinical trials, many compounds undergo chemical modification to enhance 
their ability in drug delivery. Digital libraries and modeling software are also seen 
to facilitate the development of better AMPs (Browne et al. 2020). 

17.4 Conclusion 

AMPs exhibit various advantages over conventional antibiotics, including the 
potency, broad-spectrum activity, diversity of sources found in nature, absence 
of quick development of resistance, low accumulation in tissue, and rapid killing 
activity. Nevertheless, most of the AMPs with amphipathic structure can incorpo-
rate into the anionic cell wall and phospholipid membranes of microorganisms and 
induce membrane lysis. Thus, they can be exploited as alternative antimicrobial 
therapeutic agents for microbial infections and have gained significant interest in 
recent years. More AMPs are being discovered over the years, and these AMPs 
are applied in medicine and healthcare settings, food industry, agriculture, aquacul-
ture, and cosmetics industry. This review provides a comprehensive insight into the 
source, application, and potential of AMPs. In healthcare settings, AMPs can be 
used to coat medical devices due to their efficacy and functionalized surfaces of the 
devices using polymers can release AMPs locally in situ. AMP-polymers composite 
Tet213-immobilized ALG/HA/COL dressing effectively killed E. coli and S. aureus 
in infected wounds (Lin et al. 2019). In the food industry, chemical preservatives are 
substituted with natural preservatives that use AMPs without affecting food quality 
and safety, also extending its shelf-life. In the cosmetics industry, AMPs formu-
lated in ointments, lotions, shampoos, creams, or wound dressings are active against 
pathogens on the skin. AMPs also eliminate bacterial adhesion in contact lenses that 
may lead to corneal infections. Indeed, AMPs have shown great potential applications 
in various industries. On these bases, it is also important to improve the metabolic and 
chemical stability of these AMPs. The development of novel strategies and formula-
tion is critical to improve the delivery of these AMPs as well as their bioavailability 
and activity. 
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