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A B S T R A C T

The paper focuses on collection of information on recent multifaceted usage of biomass materials with critical
examination on its sustainability. The use of biomass is becoming popular, with wide global acceptance as it is
considered as green technology. The use of biomass products across industrial parallels, the material combination
and production processes were elucidated in this paper. Biomass materials are seen as affordable alternative to
conventional materials for domestic and industrial applications. The multifaceted use of biomass, which includes,
energy generation, metallurgical applications, construction purposes, reinforcement in metal matrix composite,
microelectromechanical system, biochemical and traditional medicine were discussed. This underscores the need
to develop a sustainable plan to meet with its diverse usage to be beyond laboratory efforts. This paper examined
whether the availability of biomass can sustain its multifaceted usage or not. It also examined the modalities to
ensure sustainable use of biomass. Different policies were highlighted and discussed in line with continuous
multifaceted use of biomass.
1. Introduction

There have been growths in scholarly research on the production,
processing, characterization and use of biomass wastes for various ap-
plications in recent decades (Adeleke et al., 2019a, 2020a). Biomass are
non-fossil resources of organic origin that are available on renewable,
sustainable, clean and recurring bases (Adeleke et al., 2019b, 2021).
Biomass are also referred to as waste materials derived from living or-
ganisms. Yadav et al. (2015a, b) described biomass materials as organic
materials that stores energy from the sun as carbon, hydrogen, hydrogen,
oxygen, nitrogen, and little sulphur content. Biomass materials include
leaves, stalk, stem, husk, saw dust, peelings obtained from plants, dungs
of animal and human, bones, scales and shells of animals. They are waste
products obtained from the use of organic materials. For instance, saw
dust is a byproduct for sawing logs of wood into planks. The planks can be
used for construction and furniture works, while the sawdust can be
utilized in composite material formation or energy generation (Ibikunle
et al., 2020). The sawdust often contributes to waste generation that
constitutes unsightly scene and environmental degradation (Adeleke
et al., 2019a, b, c; Odusote et al., 2019). Similarly, periwinkle shell is
om (C.T. Christopher).
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obtained from the consumption of periwinkle (Taulbee et al., 2009;
Nwabue et al., 2017) and rice husk is derived from the processing of rice
(Ikelle et al., 2017). Studies have shown that when these materials are
compacted, they can be highly beneficial to many domestic and indus-
trial processes (Kulkarni et al., 2019; Sundari et al., 2019). Biomass waste
have been considered as a renewable alternative source of energy, which
will reduce dependency on fossil fuel (Adeleke et al., 2021). Fossil fuel
has many harmful impacts on the environment due to the production of
greenhouse gases (GHGs) such as SOx and NOx, which contribute to
Ozone depletion and consequential global warming. Consumption of
fossil fuel is one of the major anthropoidal causes of global warming due
to huge release of carbon monoxide (CO) gas into the air, which com-
bines with the excess oxygen in the higher part of the atmosphere
(stratosphere), leading to ozone layer depletion. The ozone layer acts as a
shield that prevents the ultraviolent radiation of the sun from reaching
the earth surface. The depletion of the ozone layer due to the formation of
carbon dioxide when carbon monoxide (chemically unstable gas) com-
bines with excess oxygen reduces the protection effect of the ozone layer
thereby leading to some health issues such as skin burns and skin cancers.
Carbon dioxide is also a warm gas, and its formation leads to the warming
tember 2021
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Figure 1. Biomass route to different sources of energy (Adeleke et al.,
2020a, b).
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up of the atmosphere that leads to global warming. The effects of global
warming include, thinning away of the ice in the cold regions of the
earth, climate change issues like excessive rainfall and excessive heats
(Poudel et al., 2011; Gaballah et al., 2015,Odusote et al., 2019; Adeleke
et al., 2019a, b, c; 2020a, b). Droughts are more prolonged in the
southwest region and there is a global sea level rise. Researchers are of
the opinion that the loose biomass when compacted is a cleaner source of
energy supply when compared to fossil fuel due to the low carbon content
of these materials. Yadav et al. (2015a, b) stated that one of the advan-
tages of biomass, as a reliable energy source is that its production can be
domesticated as such, the fluctuations in price of commodities in the
international market does not affect it. The various energy products that
can be derived from biomass include solid fuel, bioethanol, biogas and
biodiesel (Adeleke et al., 2020a, b; Ikubanni et al., 2021). Biomass is also
a reliable raw material for the production of biochemical, biopolymer
poly-hydroxyalkanoates, biopolymer and biocatalysts (Liu et al., 2021).
Biomass is the fourth largest source of energy in the world following coal,
oil, and natural gas. In developing countries, about 2.4 billion people
depend on biomass as their primary source of energy (IEA, 1998).

It has also been discovered that agro-based biomasses are economi-
cally viable source for graphite production. Graphite is one of the allo-
tropes of crystalline carbon is known for its good electrical properties and
high melting point which make it suitable for casting and moulding ap-
plications. This has led scientists to explore synthesizing graphite from
several other sources to complement its natural source due to increased
demand (Raghavan et al., 2017; Joseph and Babaremu, 2019). Samsul
et al. (2020) conducted a robust review on the production of synthetic
graphite from biomass and posited that biomass availability, process
sustainability and cost effectiveness are factors for consideration in its
use. Several other studies have also examined the use of biomass mate-
rials as strengthening agents in material processing. Orhadahwe et al.
(2020) reviewed the use of agricultural wastes such as groundnut shell
ash, coconut shell ash and rice husks as reinforcement materials in the
strengthening of aluminum. The reviewed paper revealed the possibility
of using synthetic ceramics (Al2O3, Al3Ni, Mg Al2O4, SiC, TiC and so on)
and agro waste ash as reinforcement for the production of aluminum
matrix composite. Secondary treatment was suggested for these Al matrix
composites. Similarly, Ikubanni et al. (2020a) examined the production
of hybrid composites comprising ceramic and bio-basedmaterials usually
obtained from biomass waste materials. Bio-based fibers of diverse origin
used in the development of aluminum metal composites (AMCs) were
reviewed. Stir casting was projected as a major route for the production
of composites with good physico-mechanical and wear resistance prop-
erties. The AMCs from the combination of Al alloy and bio-based fibers
were suggestively useful in automobile, aerospace and aviation in-
dustries. These works among several other similar studies showed an
improvement of the base material properties by the addition of the
biomass materials.

Biomass-based industries help in job creation, enterprise develop-
ment and generation of income in rural areas (Goldemberg et al., 2001;
Karekezi, 2002). Biomass are composed of cellulose, hemicelluloses,
lignin, extractives, lipids, proteins, simple sugars, starches, water-soluble
substances, hydrocarbons, ash and other compounds. The various
chemical compositions and structure of biomass are greatly influenced by
origin, climatic conditions, age and the location of the plants and these
compositions determine the value of the biomass (Vo and Navard, 2016).

Despite the numerous benefits of biomass, there is need to search and
research on biomass to know whether the quantities of biomass can
sustain these multifaceted benefits. If yes, how can this production be
sustained and if no, what can be done to ensure improvement in that
regard or should researchers just jettison the idea of biomass utilization
at industrial and commercial scale? This review is designed to explore
these issues vis-�a-vis the production levels across regions, countries and
continents of the world. Recent studies on the production of biomass are
beginning to give credence to the volume of biomass production rather
than just the concept of producing biomass. Martins et al. (2019)
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conducted a study on the management of the supply chain for energy
generation in United States, England, Brazil, India, Italy and Spain. The
report emphasized the needs for researchers to focus on issues that evolve
around the production of biomass such as the supply chain and its sus-
tainability. The next sections discuss extensively the use of biomass in
various area of applications.

2. Biomass and energy production

Energy is very essential for economic growth, development, com-
fortability and wellbeing of everyone in the society (Kheybari et al.,
2019). The negative implication of the use of fossil fuel on the climate has
caused a shift to more ecofriendly and renewable energy sources such as
solar, wind and biofuels (Ahiduzzaman and Islam, 2011). According to
the U.S. Energy Information Administration world energy outlook for the
year 2020 and beyond, the world energy consumption would rise by
nearly 50% by 2050. There would also be a rapid increase for global
demand for renewable energy sources by the year 2050. Different
countries continue to take proactive measures to curb the adverse effect
of global warming and climate change due to the use of fossil fuel. Thus,
renewables energy source will be the most demanded compared to pe-
troleum, natural gas, coal and nuclear by 2050 (EIA, 2020). The use of
biomass, which is a key member of the renewable source for energy
generation, is already gaining global acceptance. As vast as the oppor-
tunities are for biomass in energy field, it still carries some degree of
limitations. These limitations include poor grindability (Toklu, 2017),
low energy content (Adeleke et al., 2019a), high moisture content, high
volatile matter (Adeleke et al., 2019b) and bulkiness. There are different
routes to upgrade and generate energy feed stock from biomass
(Figure 1). Researchers have drifted more of their attention towards
biomass in recent years via upgrading, pyrolysis, conversion, storage and
many more activities on its application for energy purpose (Balogun
et al., 2014; Balogun et al., 2021a; 2021b). Muraina et al. (2017) pro-
duced fuel briquettes from palm kernel shell and mesocarp fibre. The raw
materials were blended and bonded with cassava peel gel. The best
briquette had a fixed carbon of 19.90% that resulted in calorific value of
18.1063 kJ/kg. The fuel briquettes were recommended as energy source
for domestic and industrial applications. Ajimotokan et al. (2019) did
similar work on agglomeration of charcoal fine and sawdust as fuel bri-
quettes using gelatinized cassava peel as binder. The briquettes from
charcoal fines were reported to have the highest heating value of 24. 9
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MJ/kg. These briquettes were reported fit as energy fuel for industrial
and domestic purposes. De la Rubia et al. (2018) worked on mesophilic
anaerobic co-digestion of the organic fraction of municipal and solid
waste with liquid fraction from hydrothermal carbonization of sewage
sludge. Methane production increased at 2.4-fold when co-digestion was
done for pretreated municipal solid waste and carbonization sewage
sludge. The method produced at this point was 453 l/kg. There is huge
potential with this co-digestion process for bio-oil production. Park et al.
(2019) produced bio-oil using fast pyrolysis on biomass through
pilot-scale circulating fluidized bed reactor. Three biomass materials
(sawdust, empty fruit bunch, and giant miscanthus) were used as carbon
substrate. Maximum yield (60%) was achieved while pyrolyzing at
500�C. The bio-oil samples were dependent on the raw materials used.
The study further recommended additional operations for char and metal
removal to achieve an effective and efficient energy source. Kumar et al.
(2019) investigated the effect of mono- and bimetallic/zeolite catalysts
on hydrocarbon production during bio-oil upgrading from ex-situ py-
rolysis. It was reported that CuNi/Zeolite catalytic pyrolysis of biomass
yielded an improved bio-oil in terms of quality compared to the mono-
metallic catalysts. Adeleke et al. (2019a, b, c) upgraded Tectonas grandis
using torrefaction technology to produce a better solid fuel at a tem-
perature range of 240–300�C with a residence time of 30–60 min. The
thermochemical properties of the biomass were reportedly improved
with the calorific value rising from 18.73 to 23.10 MJ/kg Adeleke et al.
(2020a) also examined the ignitability, fuel ratios and ash fusion tem-
perature of torrefied biomass. Melina and teak wood waste were sub-
jected to torrefaction technology under 220–320�C at 60 min residence
time. The fuel ratio and ignitability index of the biomass were increased
with temperature treatment. The ash fusion analyses also showed that the
pretreatment process does not influence the ash content of the biomass.
This made it feasible feedstock for co-firing with coal as partial or total
replacement in existing coal-fired plants. These are few works out of
hundreds recently published on bio-oil, gas and char generation from
various biomass. Further efforts on various biomass for solid, liquid and
gas energy and different route of their generation are presented in
Table 1. The researchers reported various physical and energy properties
of liquid, solid and gases product from different biomass processing
methods. There is a vast opportunity on biomass to energy generation
(Figure 2). However, several factors affect the production of biomass.
These factors include the source of biomass materials, cost of production,
production process and process parameters.

Yadav et al. (2015a, b) explained that the choice of biomass material
and the production process determine the usage and economic value of
biomass. The authors examined six different criteria which are the total
availability of biomass, technology for conversion, efficiency of the
process, cost of acquiring the biomass materials, cost of production and
level of emission generated. It was submitted that the cost of acquisition
of biomass resources and cost of production were the twomost important
criteria. This shows that the economic impact of biomass renewable
energy resource is a critical factor to consider when deciding on what
material or method to deploy during its production. Similarly, Kaliyan &
Vance Morey (2009) opined that the constituents of biomass feed used in
densification process such as starch, protein, fibre, fat and lignin, as well
as the process parameters like feeding temperature, feed particle size,
type of binder and the densification equipment have specific impact on
the strength and durability of the products which also affect the eco-
nomic value. Frei (2013) decried the ambivalent impact of lignin
component of biomass waste on its energy generation capability
emphasizing the criticality of the conversion route to the quality of the
energy product. High lignin content favours direct combustion methods
but this is not needed for biological conversion methods. Manzone et al.
(2017) reported that one of the major setbacks for bioenergy production
is the availability of biomass. The implication is that the available
biomass cannot sustain its energy demand to rival the use of fossil fuel.
This underscores the need for concerted efforts by researchers and key
industry players to examine critically what measures to ensure the
3

sustainable availability of biomass. In the same vein, Torquati et al.
(2016) noted that process of generating energy from pruning of vineyard
and olive grove cannot be sustained from the economic and environ-
mental perspectives.

The method of processing these biomass materials to generate energy
is also crucial to the availability, sustainability and affordability of
biomass energy. For instance, biodiesel can be obtained by filtration
drying and oil extraction while biogas is produced by gasification pro-
cess. Bioethanol involves the processes of milling, heating, water addi-
tion, fermentation and distillation of biomass materials especially agro-
wastes. Some of these processes pose environmental threat and involve
the use of expensive technology, hence the need to consider technology
and cost as drivers for sustainable bioenergy production (Yadav et al.,
2015b; Khan et al., 2017; Kheybari et al., 2019). Bamboo is a broad group
of woody grass with over 1250 species that can be used for bioenergy
production but just like every other bioenergy material, the constant
supply chain remains a major issue. Scurlock et al. (2008) posited that the
difficulty of selective breeding of bamboo to assure its constant avail-
ability is a major drawback to energy production from the material. In a
quest to proffer solution to the problem of availability of biomass ma-
terials, Sathre et al. (2010) highlighted the relevance of forest fertiliza-
tion to boosting biomass production. Morato et al. (2019) posited the
optimal location of biomass collection points to enhance biomass supply
and bioenergy generation. By optimal location, it means that bioenergy
production facilities should be set-up in areas with huge biomass avail-
ability. Schr€oder et al. (2018) explained that the use of marginal land for
the purposeful cultivation of biomass as a visionary measure to increase
biomass production and supply. The method, which is ecosystem
friendly, would also lead to social and economic growth of most country.
However, there are numerous challenges of intensifying marginal land
for biomass production as stated in some reviewed articles on bioenergy
listed in Table 2.

Figure 3 shows the sources of biomass energy supply for domestic use
across the different continents. The figure shows that Asia is the world
largest producer of biomass energy. Asia is also the world largest pro-
ducer of biogas and solid biofuels. However, Asia has not really benefited
from extracting energy from municipal waste. The figure also shows that
municipal waste accounts for a fraction of the bioenergy in the Americas,
Europe and Oceania but not in Africa. Africa majorly produce biogases
and solid biofuels, while America, Asia and Europe derive bioenergy
from liquid biofuels. The International Energy Agency (2019) gave
outlook of energy situation in Africa. There has been a steady rise in
energy demand in Africa since 2000. However, due to population growth,
there has also been a significant rise in the percentage of the African
population without access to electricity; a rise from 30% in 2000 to 70%
in 2018. This underscores the need for diversified efforts to increase the
energy generation in Africa. There has been an improvement in level of
investment in alternate sources of energy aside fossil fuel in the last
decade but Africa still lags other countries in the volume of renewable
energy especially biofuels generated annually. The International Energy
Agency report (2019) revealed that bioenergy makes up to 60% of the
total energy usage in Sub-Saharan Africa at 2018. Over 800 MW of
electricity can be generated from current installed bioenergy stations in
East and South Africa, but cost of operations is high compared to other
energy sources.

3. Biomass use in biochemical production

The drive for sustainability of the environment has led many re-
searchers to examine alternative ways of generating feedstock for the
biochemical industry. Through various mechanical, biological and ther-
mochemical processes, biomass can be converted into three main prod-
ucts; electrical/heat energy, fuel for transportation and feedstock for
chemical industry (Saxena et al., 2009). Other materials that can be
obtained from biomass include bioplastics and bio-composites which are
applicable in the textile, electronic and healthcare industries (Okolie



Table 1. Properties of solid, liquid and gaseous product of different biomass subject to various treatments.

S/
N

Biomass Type Process Product
Type

Energy/other Properties Recommended usefulness Ref.

1 Melina Torrefaction and agglomeration with
coal fines

Solid Density of 1.18–1.32 g/cm3, drop to
fracture that is greater than 100
(times/2 m), impact resistance index
well above 6000, water resistance
index of 99% and cold crushing
strength of 9 MPa

Feedstock for rotary kiln direct
reduced iron and COREX iron-
making processes as well as fuel for
thermal operations.

Adeleke et al.,
(2019a)

2 Melina and Teak
wood

Torrefaction Solid Proximate, ultimate, 33–56 %
increment in higher hating value was
observed for severe treatment
conditions as against 11–17 % of mild
treatment condition

Can be suitable as feedstock in
thermal or metallurgical
applications.

Adeleke et al.
(2019b)

3 Palm Kernel Shell
(PKS) and
Mesocarp Fibre
(MF) Fuel
Briquette

Densification Solid Proximate/physical analysis, highest
fixed carbon and calorific value of
19.90% and 18.1063 kJ/g,
respectively.

Could serve as alternative source of
energy for domestic and industrial
applications.

Muraina et al.
(2017)

4 Woody biomass
Soberlinia doka
(ID) and Pinus
ponderosa (PP)

Fourier transform infrared (FTIR)
spectroscopy, ther-mogravimetric
analysis, and analytical pyrolysis gas
chromatography/mass spectrometry
(Py-GC/MS).

Solid The apparent activation energy
recorded values of 202–365 kJ mol�1

for ID and 205–583 kJ mol�1 for PP

They have potential uses as
feedstocks for pyrolysis.

Balogun and
McDonald,
2016

5 Musa spp. (banana
and plantain)
residues

Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD),
analytical pyrolysis, and
physicochemical analysis.

solid Ash content (�12.30 wt%) in the Musa
spp., Activation energy reaching a peak
of >290 kJ/mol.

They have potential uses as
feedstocks for pyrolysis.

Balogun et al.
(2018)

6 Tomato peels (TP)
and virgin Olive
husk (OH)

Torrefaction Solid Heating value, Proximate, ultimate,
and SEM analyses

They have potential uses as
feedstocks for pyrolysis.

Brachi et al.
(2017)

7 Wheat straw biological pretreatment using solid-
state fermentation

Solid SEM, moisture content Relatively loose single fibers
improve the physical quality of the
compressed pellets which is better
for feedstocks purposes.

Gao et al.
(2017)

8. soybean culture,
sugarcane bagasse
and eucalyptus
wood

Densification Solid Heating value, bulk density, energetic
density and proximate analysis

Suitable for heat energy generation
and commercial purposes

Scatolino et al.
(2018)

9 Teak and Melina Torrefaction Solid calorific value, fuel ratio, ignitability
index, ash compositions and ash fusion
temperatures

These solid fuels properties met with
the conditions required for energy
generation in thermal plants

Adeleke et al.
(2020a), b

10 Rice husk Wet Torrefaction Solid Physicochemical properties It can be used as the feedstock for
preparation of nanosilica.

Zhang et al.,
(2017)

11 Oak wood Ether treatment Liquid Viscosity, moisture content and HHV
of 44.32 MJ/kg

Suitable for the present
transportation fuel infrastructure

Farooq et al.
(2019)

12 Pine wood Ultrasound and Mechanical agitation Liquid HHV of 19.5 MJ/kg It can be used for transportation fuel
infrastructure.

Zhang et al.
(2018)

13 Saccharina
japonica

Fast Pyrolysis Liquid HHVs of the organic and aqueous bio-
oils were 31.47 and 5.41 MJ/kg

Suitable for application in a
commercial 100 MWe generation
plant.

Choi et al.
(2017)

14 Wall nut shell Combination of Ultrasonic Treatment
and Mutual Solvent

Liquid HHV of 18.87 MJ/kg Can be used as a renewable fuel and
chemical feedstock.

Xu et al.
(2018)

15 Rice husk Untreated Wet Torrefaction Liquid HHV of -12.2 MJ/kg The bio-oil obtained can be directly
used as a fuel oil for combustion in a
boiler or a furnace without any
upgrading. Alternatively, the fuel
can be refined to be used by
vehicles.

Zhang et al.,
2016

16 Cultivar Willow Untreated wet Torrefaction
(conventional heating using a
micropyrolyzer, Py-GC/MS) and
microwave-assisted heating using a
laboratory scale microwave reactor and
activated charcoal as an added
microwave absorber).

Liquid HHV of 29.5 MJ/kg It can be suitable for energy
generation.

Tarves et al.
(2017)

17 Trembling aspen Fast pyrolysis Liquid HHV of 13.1 MJ/kg It is a genuine alternative to fossil
resources

Le Roux et al.
(2015)

18 Napier grass Extraction of mineral retardants using
deionized water, dilute sodium
hydroxide and sulfuric acid and

Liquid HHV of 22.22, 27.96, 21.94 and 20.97
MJ/kg respectively.

It can support a large energy project
to create more energy security.

Mohammed
et al. (2017)

(continued on next page)
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Table 1 (continued )

S/
N

Biomass Type Process Product
Type

Energy/other Properties Recommended usefulness Ref.

subsequent pyrolysis in a fixed bed
reactor

19 Saccharina
japonica

Pyrolysis Liquid HHV of 35.0 MJ/kg Suitable for hydrocarbon production
for energy generation

Choi et al.
(2014)

20 Rice husk Fast Pyrolysis Liquid HHV of 22.99 MJ/kg The results indicated that the rice
husk bio-oil is a valuable liquid fuel
but with some undesired properties.

Zhang et al.
(2014)

21 Wheat straw Fungal pretreatment (Polyporus
brumalis BRFM 985 strain)

Biomethane 280.5 (mL/g VS) Suitable for fuel for heating
purposes and energy conversion
from gas to electricity.

Rouches et al.
(2016)

22 Rice straw Fungal pretreatment with Pleurotus
ostreatus and Trichoderma reesei.

Bio
methane

219.2 (mL/g VS) Suitable for heat generation Ahmed et al.
(2016)

23 Non sterile, rotten
Maize straw

Microbial pretreatment Biomethane 304 (mL/g VS) Suitable for cooking purposes Binbin et al.
(2016)

24 Rice straw Physical (milling) and Biological
(fungal)pretreatment

Bio
methane

299 (mL/g VS) Suitable for heat generation Ahmed et al.
(2017)

25 Microalgae Enzymatic pretreatment Biomethane 217.3 (mL/g VS) Suitable for heat generation Fabiana et al.
(2016)

26 Algae (Ulva
rigida)

ultrasonic, acid, thermo-alkaline and
enzymatic pre-treatments

Biomethane 626.5 (mL/g VS) Suitable for heat and energy
generation

Raida et al.
(2015)

27 Paper mill sludge Microbial pretreatment Biomethane 429.1 (mL/g VS) Suitable for heat and energy
generation

Yunqin et al.
(2017)

28 Sewage sludge Microaerobic pretreatment Biomethane 833.5 (mL/g VS) Suitable for heat and energy
generation

Montalvo et al.
(2016)

29 Wheat straw Micro-aeration pretreatment Biomethane 264 (mL/g VS) Suitable for heat and energy
generation

Tsapekos et al.
(2017)

30 municipal solid
waste

Microbial consortium pretreatment Biomethane 89.8 (mL/g VS) Suitable for heat and electricity
generation

Ge et al., 2016

31 Citrus waste biodegradation pretreatment Biomethane 308.9 (mL/g VS) Suitable for heat and electricity
generation

Haifeng et al.,
2016

Figure 2. Biomass upgrade as feedstock for energy usage.
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et al., 2020). The production of polyhydroxyalkanoates (PHA) has been
viewed as a good replacement for polypropylene and polystyrene derived
from petroleum. Khatami et al. (2020) established that PHA can be
derived from cellulose biomass as a biopolymer that can be used in the
biochemical industry. However, the authors highlighted that low pro-
duction yield and inconsistencies of obtaining biopolymers have neces-
sitated bioaugmentation and metabolic engineering to ensure
sustainability of producing PHA at commercial level. The process of
metabolic engineering involves the deliberate change in the cellular
network of organisms to boost the production of metabolic substances
5

that can be used in biochemical processes while bioaugmentation in-
volves adding culture of microoganisms to soils and groundwater to
enhance biodegrading of contaminants. According to Khatami et al.
(2020), the combined of effect of mixed microbial culture and metabolic
engineering will assure the future of PHA production.

Over the last decades, new pretreatment methods have been discov-
ered including supercritical fluid based, low temperature steep deligni-
fication, cosolvent-enhanced lignocellulosic fractionation and ionic
lignification (Patel et al., 2019). Despite the success recorded using these
methods including maximizing sugar yield and minimizing the



Table 2. Some reviewed articles on bioenergy and its challenges by country.

Biomass Material
used/Process

Country (ies) Challenges Reference

Kiwi Italy Transportation distance,
production technique,
production cost

Manzone et al.
(2017)

Vineyard and
Olive grove

Italy Torquati et al.
(2016)

Bamboo USA High production cost due
to fragmentation of farms,
environmental impact of
production process

Scurlock et al.
(2008)

Rice husk Turkey Production process,
research and design

Toklu (2017)

Agricultural
residue

Bolivia Location of biomass
facility

Morato et al.
(2019)

Wood and
municipal sources

Poland Difficulty in combustion,
need to optimize
combustion parameters

Greinert et al.
(2019)

Analytical
hierarchy process

Iran Water use, production
technology

Kheybari et al.
(2019)

Animal and plant
wastes, municipal
waste

Ethiopia Value chain issues Gabisa &
Gheewala (2018)

Intensifying
biomass
production by
using marginal
lands

Germany,
Spain, Ireland,
Italy and
Norway

The low use of marginal
land for agricultural
activities

Schr€oder et al.
(2018)

Biodiesel from
Algae

China Identification of suitable
specie, technical
expertise

Khan et al. (2017)

Tree species Spain Selection of the right
specie, biomass fraction
in use

�Alvarez-�Alvarez
et al. (2018)

Figure 3. Biomass sources across continents as at 2017 (World Bioenergy As-
sociation, 2019).
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production of inhibitors, there is still a need for improvement in the
production process. Yu et al. (2020) carried out a comparison study on
different routes of producing chemicals from lignocellulosic biomass. The
various routes identified are biochemical, microwave and thermochem-
ical conversion methods. Biochemical conversion involves the disruption
of biomass structure by enzymatic hydrolysis whereby polysaccharides
are converted to monosaccharides and disaccharides. Thermochemical
conversion methods deploy the use of pyrolysis to break down ligno-
cellulosic biomass into useful chemical products for industrial applica-
tion. Such processes include conventional pyrolysis, and hydrothermal
processes. Pyrolysis takes place in the absence of air while hydrothermal
conversion occurs in the presence of water. Microwave processing re-
quires the use of microwave irradiation which ensures effective
6

distribution of heat to molecules through ionic conduction. The study
emphasized on the importance of microwave processing over the other
two methods. The reaction time in microwave processing is shortened
and energy consumption cost is reduced. Some of the chemical products
of the conversion of lignocellulosic biomass include; levoglucosan, lev-
oglucosenone, furfural, phenol, syngas, gluconic acid, xylan and so on.

Similarly, Ahorsu et al. (2018) examined the significance and chal-
lenges of producing feedstock from biomass materials. It was stated that
the availability of biomass in our environment makes it a suitable option
for sustainable production of feedstock for bioenergy and biochemical
industries. However, the challenges associated with depolymerization of
biomass and the high energy consumption are critical issues that can be
addressed by the improvement on the production process, provision of
financial incentives and supportive regulations for commercial
scalability.

This view is shared by Cherubini (2010) who discussed the impor-
tance of biorefinery as a replacement for oil refinery and a platform for
commercialization of the production of biochemicals and biofuels. While
stating the disadvantages of biorefinery which basically are the wide
range of feedstock and the seasonality of biomass, it was stated that there
are more viable range of products from biorefinery than oil refinery. The
development of technical capacity for biorefineries to handle wide range
of feedstock, carryout depolymerization and deoxygenation will make
the process of refining seamless and similar to the conventional oil re-
finery. To this extent, research should focus on developing methods and
techniques that can assure sustainable biomass conversion for
biochemical application.

4. The use of biomass in construction

The construction industry is a very large industry with high demand
for diverse materials including granite, cement, tiles, wood, steel, sand,
water, and bricks. Some of these materials are produced locally, others
are imported. The supply of these materials is often influenced by the
fluctuation of prices in global market. Biomass is useful as raw material
in its as-received or ash forms. Figure 4 shows some routes to the uti-
lization of biomass for various construction purposes. Biomass ash could
be obtained from thermal plants or other metallurgical processes
(Adeleke et al., 2021). However, the ash can used directly into cement
aggregates, a better route to its usefulness is now in vogue in the sci-
entific world. This route is geopolymer cement. It is useful for various
constructions applications such as particleboard, ceiling board, tiles,
cements, adhesive and more as shown in Figure 4. In a quest for
minimizing the cost of construction and turning waste into wealth, re-
searchers have examined the production of construction materials from
biomass. Several authors have examined the use of biomass as con-
struction materials in various countries of the world. Table 3 present
some of the biomass used in their raw form or ashed for different
construction purposes. Ikubanni et al. (2018) produced particleboards
from locally sourced materials. The particleboards were formulated
from the blend of sawdust and rice husk with the inclusion of metallic
chips and adhesives. The highest modulus of rupture and modulus of
elasticity were 26.08 and 412.4 MPa, respectively. The particleboards
could be used for indoor and outdoor purposes. Wood-polypropylene
plastic-cement composite board was developed and characterized by
Ohijeagbon et al. (2020). The board was developed from the blend of
sawdust and polypropylene plastic wastes using cement and expanded
polystyrene as adhesives. The developed composites were recom-
mended as partitioning wall based on the highest flexural (7.10 MPa),
tensile (1.52 MPa) and compressive (3.72 MPa) strengths. Expanded
polystyrene waste was also reported as good adhesive for the board.
Ohijeagbon et al. (2021) did another work on cement bonded ceiling
board developed from teak and African locust bean wood residue. The
attempt was to reduce environmental pollution while turning the
biomass waste to wealth. The ceiling board was produced at various



Figure 4. Biomass for construction purposes.
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ratios of the raw materials. The authors reported that the highest ten-
sile, compressive and flexural strengths were 1.09, 0.82 and 0.56 MPa.
The composites were deemed fit for interior usage. Lasode et al. (2021)
produced and characterized composite tiles from granite dusts and
municipal wastes. The work utilized tree pruning and bamboo wastes as
partial replacement for granite dusts in producing composite tiles. The
aggregates were blended with cement binder. Maximum flexural (1.53
MPa) and compressive (1.12 MPa) were reported for samples produced
with 70% granite dust, 10% tree pruning and 20% cement. The tiles had
low thermal conductivities (0.02197–0.022313 W/mk) that made them
suitable as low load bearing insulating construction materials. da Costa
et al. (2019) examined the use of woody biomass ash as a construction
material. The authors assess the impact of incorporating woody biomass
ash into cement mortars, adhesive mortars, concrete blocks and bitu-
minous asphalts on the environment. It was noted that the biomass ash
can replace either the aggregate or binder in cement production
depending on the type of ash used. Four types of biomass ash were
obtained from two production processes; fly and bottom ash obtained
from a vibrating grate and fly and bottom ash obtained from a fluidized
bed process. The results of the study showed that only the use of woody
biomass ash for landfilling posed a major threat to the environment. By
implications, it can be asserted that the use of woody biomass ash in
construction materials is environmentally safe. In a similar study,
Nagrockien _e and Daug _ela (2018) partially replaced cement in the pro-
duction of concrete in the range of 5–30% volume and carried out
compressive strength analysis. The researchers used 7 days and 28 days
as curing periods. The results of the compressive strength test are as
shown in Figure 5. There was an increase in the compressive strength of
concrete from 0% vol to 5% vol of biomass combustion fly ash. The
compressive strength increased from 32.4 to 39.4 MPa for samples
cured for 7 days and 36.6–48.5 MPa for samples cured for 28 days.
Further increase in the volume of biomass fly ash led to decrease in the
compressive strength in both sets of samples. However, it can also be
observed that the samples cured for 28 days had higher compressive
strengths at all vol% addition of the biomass fly ash. This shows that
curing for 28 days and 5% replacement of cement in concrete produc-
tion is enough to increase the compressive strength. The study also
highlighted the need for parametric optimization in the process of using
biomass as a partial replacement in construction materials. Biomass has
been effective and efficiently used in construction purposes. Biomass is
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also useful in development of metal matrix composite as discussed in the
next section.

5. Biomass materials utilization as reinforcements in metal
matrix composite

Biomasses in recent years have also been used extensively in the
production of metal matrix composite (MMC) due to some useful
elemental oxides that are present in their ash content. They are used as
reinforcements alongside with synthetic reinforcing materials such as
SiC, Al2O3, B4C, and so on, in MMC production (Alaneme et al., 2013;
Ikubanni et al., 2020a). The combustion of biomass produces very rich
residual ash. The enrichment contains silica (SiO2) as the main constit-
uent, which can be used as reinforcement in MMCs. Biomass materials
(bio-materials) or their derivatives utilization for MMCs production
could be due to some of the following reasons. Biomaterials are good and
cheap source of silica and carbon as well as other strength giving oxides.
Biomaterials and their derivate could provide unique structures that are
not obtainable using conventional ceramic processing methods (Bahrami
et al., 2016). Of all the ceramics derivatives obtainable from bio-
materials, the most investigated of them all is silicon carbide synthesized
from various plants (Bahrami et al., 2016; Aigbodion and Ezema, 2019).
Most of the oxides present in the derivatives of biomaterials are
strengtheners in MMCs (Ikubanni et al., 2020b). Hence, the continual
delving of more research into their usage as partial replacement of con-
ventional ceramic materials in MMCS. Some agro-wastes and their de-
rivatives that have been used in the development of MMCs are discussed
in this section. More so, how sustainable these agro-wastes would be
considering other competing interest in the application of these wastes
for other uses are discussed.

5.1. Utilization of rice husk and its derivatives

Rice husk is a renewable energy source and very abundant in rice
producing areas of the world such as Indian, China, USA, and so on. Rice
husk has been reported to be a potential source of energy as well as a
value-added byproduct (Alaneme et al., 2013; Soltani et al., 2014). Rice
gain plant contains 20% husk, which could be combusted to form ash.
Both organic and inorganic substances are present in rice husk. Due to the
abundant nature of rice husk, its residue after combustion is rice husk ash



Table 3. Biomass type and construction purposes.

Biomass Type Ashing process Chemical properties Construction purposes Ref.

Sawdust N/A N/A Composite boards as
partitioning wall in
building

Ohijeagbon et al.
(2020)

Sawdust and rice husk N/A N/A For indoor and outdoor
purposes

Ikubanni et al.
(2018)

Teak and African locust
bean tree wood residue

N/A N/A Cemented bonded ceiling
board

Ohijeagbon et al.
(2021)

Biomass fly ash N/A SiO2 (68.53%); Al2O3 (6.51%); Fe2O3 (2.15%); CaO (9.96%); K2O
(7.16%); SO2 (1.04%); Na2O (0.98%); P2O5 (2.09%), MgO (1.14%);
MnO2 (0.33%); and Cl (0.11%)

For construction works Nagrockien _e and
Daug _ela (2018)

Rice husk ash Burnt in laboratory mill under
600 �C temperature for 5 h

SiO2 (86.73%); Al2O3 (0.04%); Fe2O3 (0.61%); CaO (0.39%); K2O
(0.01%); SO3 (1.32%); Na2O3 (9.76%); MgO (0.08%); LOI (0.54%)

Construction work Zareei et al. (2017)

Rice husk ash Uncontrolled temperature SiO2 (96.20%); Al2O3 (0.26%); Fe2O3 (0.57%); CaO (0.47%); K2O
(0.67%); SO3 (0.15%); Na2O (0.12%); (MgO (0.35%); LOI (1.15%)

Building construction work Amin and
Abdesalam (2019)

*N/A means “Not Applicable”.
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(RHA). This have found utilization in some industries including cement
industry, pigments, coatings, rubber filler, and so on (Lee et al., 2013;
Saleh, 2015; Bahrami et al., 2016; Adediran et al., 2018). It is very
important to investigate the chemical composition of RHA. Table 4 gives
some chemical composition of RHA from previous studies for various
applications ranging from cement to composites.

Table 3 shows that silica which gives strength to MMCs as rein-
forcement is the major constituent present in the RHA. Numerous re-
searchers have studied the use of RHA as reinforcement in MMCs.
Adediran et al. (2018) investigated the processing and structural char-
acterization of Si-based carbothermal derivatives of rice husk. In a
controlled environment, the processing temperature window was be-
tween 900 and 1900 �C at 10 �C/min heating rate. The functional groups,
crystalline and amorphous phases, and the morphological characteristics
of the products were done using Fourier transform infrared (FTIR)
spectroscopy, X-ray diffractometer (XRD), and scanning electron micro-
scopy (SEM), respectively. Hydroxyl, siloxane, and Si–C groups are re-
ported to be present in the rice husk as the major functional groups with
different polytype of silicon carbide (SiC). The XRD identified the crys-
talline phases of SiC. It was reportedly concluded that the carbothermal
treatment is viable in the production of Si-based refractory compounds.
Prasad et al. (2016) studied the damping behaviour of hybrid composite
when RHA and SiC were used as hybrid reinforcement for the production
Figure 5. Compressive strength of biomass combustion fly ash (Nagrockien _e
and Daug _ela, 2018).
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of the MMCs. Aluminium served as the matrix metal, while two stage stir
casting technique was employed for the production. All the samples were
subjected to damping measurement using the dynamic mechanical
analyzer at different frequencies. The damping capacity of the compos-
ites was greatly influenced due to the thermal mismatch that occurred
between the matrix and the reinforcement as well as the porosity.
Alumina, graphite, and RHA were experimentally mixed in various
weight ratios to develop hybrid aluminium matrix composite (AMC)
using Al–Mg–Si alloy as the matrix by Alaneme and Sanusi (2015). The
development of the AMCs was done using the two-step stir casting. The
rice husk was obtained from a rice processing plant, burnt to ash in an
incinerator, conditioned by heat-treating in a furnace, and then sieved. It
was reported that the increment of RHA and graphite weight ratio
reduced the hardness of the composites. The tensile strength of the
composite was higher when up to 50% RHA and 0.5 wt.% of graphite
were used. However, the toughness values of the composites were lower
than that of other composites with the increment in RHA content.

Aluminium hybrid composite with equal amount of RHA and SiC
incorporation from 2 to 8% was produced via stir casting route. The
reinforcementwas homogeneously distributed in themetalmatrix. All the
mechanical properties increasedwith the reinforcement increment except
for the percentage elongation, which reduced. More so, the coefficient of
thermal expansion reduced with rising reinforcement (Prasad et al.,
2016). The thermal mismatch that led to the increment in the dislocation
density due to the reinforcement increase was the strengthening mecha-
nism. The tensile, yield, and specific strengths of hybrid composites made
from Al 6063 with 5, 7.5, and 10 wt% reinforcement (SiC and RHA)
showed increment with increment in the reinforcements’ weight per-
centage. However, the fracture toughness declined as the weight per-
centage of the reinforcing materials increased (Alaneme and Adewale,
2013). The study revealed that there was reduction in the yield, ultimate
tensile, and specific strength of the composites as the RHA content in-
creases in the reinforcements. The reduction observedwas suggested to be
as a result of the lower hardness as well as the modulus of elasticity of the
Table 4. Chemical composition of RHA based on some studies.

Chemical composition (%) Alaneme and
Sanusi (2015)

Prasad
et al. (2016)

Silica (SiO2) 91.56 90.23

Carbon 4.8 4.77

Calcium oxide (CaO) 1.58 1.58

Magnesium oxide, MgO 0.53 0.53

Potassium oxide (K2O) 0.39 0.39

Hematite (Fe2O3) 0.21 0.21

Others 0.93 -



Figure 6. Groundnut production in Nigeria (Food and Agriculture Organiza-
tion, 2020).
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silica that is present in theRHAwhen compared to the hardness of SiC. It is
noteworthy to state that, the study observed that the hybrid composites
with RHA gave better fracture toughness as a result of the reduction of the
hard SiC particles. Alaneme et al. (2013) produced hybrid composites
having 10 wt.% reinforcement with SiC and RHA in weight ratios of 1:0,
3:1, 1:1, 1:3, and 0:1, respectively. The produced composites were sub-
jected to thermal cycling and the corrosion behaviour of the hybrid
composites were investigated using potentiodynamic polarization mea-
surement. It was reported that there was lower corrosion tendency for the
hybrid composites with a higher RHA content in comparison with other
composite grades. Investigation was carried out by Prasad and Krishna
(2010a, b) on characterizing and examining the mechanical properties of
A356-RHA composite fabricated by stir casting. RHA used was produced
from rice husk and it was incorporated into the A356 at different weight
percentages. It was revealed that RHA particles weight percentage
increment led to an increase in the hardness and UTS of the composites.
However, density of composite decreased with RHA particles increment.

Deshmukh et al. (2012) produced AMCs reinforced with RHA and
metallurgical grade SiO2. Varying amount ofMg inweight percentage (0.5,
1, 2.5, and 5 wt.%) were also added in the production of the AMCs. The
mechanical properties of AMCs produced were examined based on stan-
dard ASTM protocol. The particle size for the RHAwas between 32 and 56
nm, while 10 mm average size was used for metallurgical grade SiO2. Stir
casting route was used in the production of the AMCs. The study reported
increment in hardness values in the developed AMCs as the weight per-
centage of the Mg increased up to 2.5 wt.%. This was considered to be the
result of a better SiO2 particles wettability as well as hard phase spinel
formation. This led to the extreme lattice distortion of the Al alloy, which
metamorphosized into finer grain formation with higher hardness.
Furthermore, SiO2 obtained from RHA is more reactive and with higher
surface area withmolten alloy than themetallurgical grade SiO2. Thewear
loss of AMCwith 2.5wt.%Mg composite reinforcedwithRH silicawas also
found to beminimum than that of other samples of composites. Combined
reinforcements such as RHA, SiC, and graphite particles in varying weight
ratios were employed in the development of Zn–27Al based composites.
The mechanical properties and the microstructure of the composites were
examined. The microstructural examination revealed the fine distribution
of the reinforcing particles and the dendritic structure of the Zn–27Al alloy
matrix. With a corresponding decrease in SiC and increase of RHA parti-
cles, the composites showed decline in hardness values. More so, there was
slight decrease in the yield and tensile strengths of the composites with
RHA weight ratio increment. Percentage elongation was observed to be
invariant to the composite RHA content; however, composites with RHA
particulates had percentage elongation slightly higher those without RHA.
More so, with increment in RHA content, the fracture toughness value of
the composite increases. In the study of Dinaharan et al. (2017), 18 vol%
RHA was used in the development of AMCs via friction stir processing
route. The matrix used was AA6061. The produced composites were
characterized and microstructural examination was performed. The
microstructure showed homogenously distributed RHA particles in the
composites with no agglomeration or segregation. More so, fine and
equiaxed grain structure was observed from the compositemicrostructure.
There was an improvement in the tensile strength due to the RHA particles
reinforcement addition. Among other works that have been done using
RHA as reinforcing material in MMCs production include Saravanan et al.
(2013); Saravanana & Kumar (2013); Prasad and Krishna (2010a, 2010b,
2012a, 2012b), and so on.

5.2. Utilization of groundnut shell and its derivatives

Groundnut is a leguminous crop, which is nutritious and mainly
grown for seed and oil worldwide. It is more abundant in India, China,
and Nigeria. In Nigeria, the amount of groundnut production between
2011 and 2018 are displayed in Figure 6. Groundnut seeds are enclosed
in groundnut shells (pods). After groundnuts are removed from the pods,
the leftover products are the groundnut shells (Duc et al., 2019). Zheng
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et al. (2013) reported that groundnut shell is an abundant agro-waste in
which the rate of degradation is very slow. Groundnut shells have
numerous benefits due to bioactive and functional components (Duc
et al., 2019). With the abundance of these groundnut shells, they have
become pollution to the environment. Hence, to reduce these environ-
mental wastes, they have been meaningfully used in different applica-
tions by obtaining its derivative as ash, which is used as reinforcement
particulates in metal matrix composites (Ajibola and Fakeye, 2016;
Alaneme et al., 2015; Joseph and Babaremu, 2019). The ash is produced
by carbonizing the groundnut shell and conditioning it in a furnace.
Groundnut shell ash (GSA), in line with RHA, contains chemical com-
positions such as SiO2, Al2O3, CaO, MnO, K2O, and so on, which them
find usefulness in metal matrix production. Most of these chemical oxides
affect the properties of metal alloys including aluminium. The chemical
composition of GSA used in the study of Alaneme et al. (2018) consists of:
SiO2 (34.2 wt.%), Al2O3 (12.42 wt.%), Fe2O3 (14.0 wt.%), CaO (14.3
wt.%), MgO (2.0 wt.%), Na2O (0.048 wt.%), K2O (15.46 wt.%), P2O3 (2.1
wt.%), MnO (0.36 wt.%), SO3 (0.64 wt.%), and LOI (4.85 wt.%). The
SiO2 content of the GSA was very low and have high Fe2O3, CaO, Al2O3,
and Al2O3 compared to what was obtainable for the RHA. In the quest to
investigate the influence of GSA blended with SiC reinforcement on the
mechanical properties of Al–Mg–Si alloy. The different mix ratios of the
GSA and SiC are: 10:0, 7.5:2.5, 5.0:5.0, 2.5:7.5, and 0:10, which made up
6 and 10 wt.% of the reinforcing phase. For the production of the AMCs,
two-step stir casting technique was utilized. For both the 6 and 10 wt.%
reinforced Al–Mg–Si based composites, the hardness, ultimate tensile
strength, and specific strength slightly reduced as the GSA content of the
reinforcing phase was increased. Meanwhile, the fracture toughness
varies directly with the increment of the GSA content, while the per-
centage elongation improved marginally. The influence of the GSA
content on the AMCs was due to the amount of the oxides of Si, Mg, Al,
Ca, and K present in its composition. More so, the corrosion behaviour of
the produced hybrid reinforced AMCs in 3.5% NaCl and 0.3M H2SO4
solutions, as studied by Alaneme et al. (2015) showed that the hybrid
composites were more susceptible to corrosion in 0.3M H2SO4 solution
than in 3.5% NaCl solution.

Groundnut shell powder and ash forms were used particulate re-
inforcements in the development of composite using Al–Mg–Si alloy. The
alloy was reinforced with between 2 and 10 wt.% of the groundnut shell
particulates and the composites were developed using the stir-casting
method. Tensile strength, impact strength, hardness, and microstruc-
ture of the different developed composites were investigated by Tile et al.
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(2018). The mechanical properties investigated were improved with the
inclusion of the groundnut shell particulate. Naidu et al. (2013) inves-
tigated the mechanical properties of polymer metal matrix composites
reinforced with groundnut shell fiber (coir) and epoxy resin. The com-
posites were developed using between 0 and 6 wt. % variation of the
groundnut shell. The samples were heat-treated and experimental data
were obtained before and after the heat-treatment. The composites
properties were improved. However, due to the heat-treatment, it was
concluded that the composites cannot last during long heating period.
Jadhav et al. (2019) investigated the microstructural influence of hybrid
ash of groundnut and coconut shells as reinforcement in A356 alloy
matrix composite. There was uniform distribution of the particulates in
the alloy, which led to the increment in the hardness value as the rein-
forcement increased.
5.3. Utilization of coconut shell and its derivatives as reinforcement

In tropical countries of the world, amongst the agricultural wastes
found in huge quantities are coconut shell and coir (Bahrami et al.,
2016). Coconut production in Nigeria as given by Food and Agriculture
Organization (2020) between 2011 and 2018 are displayed in Figure 7.
Coconut shell and coir are obtained from coconut. The coconut shell is
the hard core of the coconut, which is non-edible. The notable way of
disposing coconut shell is through burning indiscriminately; hence,
contributing to the greenhouse gas effect through the release of signifi-
cant CO2 and other gases. However, coconut shell is fast becoming a new
biomass source of renewable energy (biofuel) after undergoing densifi-
cation or using it without densifying. Aside other usefulness of coconut
shell such as source of fuel for castings and forging by Blacksmiths
(Bamgboye and Jekayinfa, 2006), functional filler in polyolefin for
properties enhancement, road maintenance in rural areas in filling
swampy roads, handicraft application, and so on (Bahrami et al., 2016;
Bamgboye and Jekayinfa, 2006); coconut shell after being carbonized
and transformed into ash have found usefulness in the development of
MMCs. The coconut shell ash (CSA) is used as partial reinforcement
material in combination with synthetic reinforcements like SiC, B4C, TiC,
and so on, in the MMCs development. The potential utilization of CSA in
MMCs for automotive applications was investigated by Madakson et al.
(2012). The density, particle size, refractoriness, chemical composition,
functional groups, crystallinity, and its microstructure were studied. It
was revealed that the density was 2.05 g/cm3 while XRD showed silica
(SiO2) as the primary compound present in the CSA with diffraction
peaks and phases at the peaks to be quartz (SiO2), corderite
Figure 7. Coconut production in Nigeria (Food and Agriculture Organiza-
tion, 2020).
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(Mg2AlSi5O18), and moissanite (SiC). Hard phases, such as SiO2
(45.05%), Al2O3 (15.6%), MgO (16.2%), and Fe2O3 (12.4%), are present
through the XRF analysis done. Other oxides such as CaO (0.57%), K2O
(0.52%), Na2O (0.45%), MnO (0.22%), and ZnO (0.3%) are found to be
in traces. The FTIR results showed quartz, mullite and vitereous, carbon
phases to be present in the CSA. The CSA particles under the back scat-
tered electron (BSE) were observed to be solid and irregular in size. CSA
was concluded to be a low cost, light-weight material that could poten-
tially serve as reinforcement in MMCs.

The study of Kumar et al. (2019) aimed at understanding the
microstructure and mechanical properties of Al 6082 matrix composites
with zirconium oxide (ZrO2) and CSA particles as reinforcement varying
from 0 to 10%. The fabrication technique employed was stir casting
process. The presence of ZrO2 and CSA were confirmed through XRD and
SEM utilization. The results of the mechanical properties tests showed
that the hardness reduced when adding 10% CSA while the addition of
ZrO2 increased the hardness. The reduction in the hardness when CSA
was added was attributed to the lubrication effect of the fine CSA. More
so, the addition of both reinforcing materials increased the ultimate
tensile and yield strength. However, the ductility of the composites
reduced. The addition of both reinforcements reduced both the impact
strength and fracture toughness of the composites. The CSA lubrication
effect was suggested to be the reason for the impact strength reduction,
while plastic deformation energy reduction, fracture consumption energy
rise, and increment in debonding between the aluminium alloy and the
reinforcement. Varalakshmi et al. (2019) characterized MMCs produced
via stir casting method. CSA was reinforced into Al 6061 alloy at a pro-
portion of 1, 3, and 5% of the synthesized CSA. The mechanical prop-
erties were found to improve as the CSA content increased. Some other
studies on the usage of CSA as reinforcing material in MMCs include the
studies of Raju et al. (2019); Poornesh et al. (2017); Lakshmikanthan and
Prabu (2016); Pinto et al. (2016), Daramola et al. (2015), and so on.

5.4. Utilization of bamboo leaf and its derivatives as reinforcement

Bamboos are evergreen perennial flowering plants, with some species
growing as much as 30 cm per day. Bamboo, one of the fastest growing
plants, has become one of the most essential non-woody forest products
in the world (Kumar and Birru, 2017). In Nigeria, two varieties of
bamboo exist, which are Bambusa vulgaris and Oxystenanthera abyssynica.
Bamboo grows mostly around river courses since there is no specific
established bamboo plantation yet in the country. Bamboo has been
utilized in numerous areas. Some of the applications of bamboo are in
construction works (building, roads and bridges), medicines, clothes,
food, fuel, furniture, scaffolding, rugs and textiles, paper making, and
many more. These applications involved the use of the bamboo stems,
while the bamboo leaves become environmental wastes. In a bid to
reduce the bamboo leaves residue in the environment, many researchers
have worked on obtaining hard phases that would be useful as rein-
forcing materials in MMCs. These leaves are subjected to carbonization to
obtain ash known as bamboo leaf ash (BLA) (Alaneme et al., 2014, 2018;
Alaneme and Adewuyi, 2013). The chemical composition of BLA as re-
ported by Alaneme et al. (2014a,b) was SiO2 (75.9 wt.%), Al2O3 (4.13
wt.%), CaO (7.47 wt.%), MgO (1.85 wt.%), K2O (5.62 wt.%), Fe2O3 (1.22
wt.%), and TiO2 (0.20 wt.%), while the chemical composition reported
by Alaneme and Adewuyi (2013), showed the main components of BLA
to be SiO2 (76.4 wt.%), Al2O3 (5.04 wt.%), MgO (2.05 wt.%), K2O (5.76
wt.%), CaO (6.68 wt.%), and Fe2O3 (1.82 wt.%). The variation between
these two chemical compositions of BLAmight be due to the source of the
bamboo leaf used. However, BLA was used as a complementing rein-
forcing material along with alumina in the development of AMCs using
Al–Mg–Si as the matrix material. The influence of the BLA on the me-
chanical properties of the developed AMCs was examined. The BLA
constitutes 2, 4, and 6 wt.% of the total 10 wt.% of the reinforcements.
The BLA increment in the reinforcement affects the tensile strength, yield
strength, and specific strength by reducing these properties. There was an
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increase in ductility as the BLA content increases in the reinforcements
used since the fracture toughness was improved (Alaneme and Adewale,
2013). Hence, BLA introduction as complementing reinforcing material
does not have substantial effects on the hybrid AMCs performance. In a
related study by Alaneme et al. (2013), the mechanical properties and
corrosion behaviour of hybrid AMCs reinforced with SiC and BLA were
investigated. Such as BLA was used as a complementing reinforcing
material with alumina in the study of Alaneme and Adewuyi (2013), it
was utilized with silicon carbide. The BLA particulates added to the SiC to
make 10 wt.% of the reinforcing phase were 0, 2, 3, and 4 wt.%, while
Al–Mg–Si alloy was used as the matrix. Two-step stir casting method was
used for the development of the composites. As the BLA content increases
in the reinforcing phase of the composites, the mechanical properties
such as hardness, ultimate tensile strength, and % elongation decreased.
However, superior fracture toughness was observed for the hybrid rein-
forcing materials than that of the single reinforcing material (Al-10 wt.%)
used. The microstructure showed that the BLA and SiC particulates were
visibly delineated and fairly well distributed in matrix alloy (Al–Mg–Si
alloy) with minimal clustering of the particulates. The hybrid reinforced
AMCs showed higher corrosion resistance than the single reinforced
AMCs. The presence of silica in the BLA as the major constituent was
attributed to be the reason for the corrosion resistance improvement.
This silica has the tendency of inhibiting Al4C3 phase formation due to
the adverse effect Al4C3 phase has on the corrosion resistance of AMCs
(Alaneme et al., 2013). This shows that the usage of BLA as a reinforcing
material has good usage in improving both themechanical properties and
the corrosion behaviour of the matrix alloy it is incorporated into, to form
AMCs.

5.5. Utilization of bean pod and its derivatives as reinforcement

Bean is a leguminous plant seeds available for consumption by both
human and animals. Beans seeds are covered in a housing known as the
pod. After the harvest of green beans, it is usually allowed to dry (sundry)
before removing the pods. Beans pods are agro-wastes product obtained
after the seeds have been separated from the pods. Most times, these
beans pod are burnt in open air contributing to environmental pollution
and ozone layer depletion. Hence, in an effort to recycling them, they
have found applications in AMCs development as a complementing
reinforcing material. Bean pod is recycled by carbonizing it to form bean
pod ash (BPA). BPA has been considered to be a promising reinforcement
for the bio-composites production due to its low density, cheapness, and
availability in huge amount (Aigbodion, 2019). The BPA used in the
study of Aigbodion (2019) was obtained using sol-gel method after the
bean pod has been calcined at 850 �C for 5 h. The AMCs produced was
developed using double stir casting method and double layer feeding
method, where the BPA particulates (1–4 wt.%) were incorporated into
the A2009 aluminium alloy. The XRD results for the BPA particulates
showed the formation of SiO2, NaAlSi3O8, CaCO3, and Al4O4C of nano-
structure. The micrograph of the AMCs showed uniform distribution of
the reinforcement particulates in which better wettability between the
matrix and reinforcement was reported since pores were not observed.
The hardness and tensile strength of the AMCs increased as the BPA
particles increase. The fracture toughness also increased with BPA par-
ticle increase. This implied that the reinforced alloy showed better
properties than the unreinforced alloy. However, the impact energy and
wear reduced with BPA particulates increase. The composite with the
best properties was used to produce a connecting rod for Toyota Carina
one. It was reported that the connecting rod developed fuel consumption
is lower as the running engine duration increased. Further analysis of the
connecting rod produced using Al–Cu–Mg alloy and BPA nanoparticles
was examined by Aigbodion et al. (2016). More so, the effect of particle
size on the fatigue behaviour of composites produced from Al–Cu–Mg
and BPA nanoparticles reinforcement was investigated by Aigbodion
et al. (2015). It was reported that BPA nanoparticles are promising
bio-ceramics that could improve the properties of AMCs.
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5.6. Utilization of palm kernel shell and its derivatives as reinforcement

The oil palm trees plantations are cultivated for a long period of time
in Nigeria, Malaysia, and other parts of the world. They have moisture
contents that ranged between 11-13% (Ikumapayi and Akinlabi, 2018).
The oil palm trees produce oil palm fruits. These palm fruits have palm
kernel shells that are covered by the fleshy red parts that could be
referred to as the mesocarp. After the process of oil derivation from the
oil palm fruits, the remaining part is a hard shell that contains kernel
inside of it. The hard shell is referred to as the palm kernel shell (PKS),
which contain high lignocellulose content. The PKS is the shell that is left
after the removal of the nut (kernel) after it has been forcefully crushed
(Ibikunle et al., 2018; Ikubanni et al., 2020b; Ikumapayi and Akinlabi,
2018). The PKS is found in abundance as wastes in palm oil producing
areas and has been a biomass waste of choice interest amongst other
biomass wastes from oil palm trees. Its abundance nature in palm oil
producing areas will continually results in major environmental chal-
lenges (Ikubanni et al., 2020b; Ikumapayi and Akinlabi, 2018). Some
applications of PKS were reported by Ikumapayi and Akinlabi (2018).
The applications include concrete reinforcement, aggregate and addi-
tives, energy and fuel production, water purification, and so on. When
PKS are used for energy and fuel production, the residue obtained is
known as palm kernel shell ash (PKSA). They can be scientifically
generated through carbonization in an electric furnace at 900 �C for
about 4–5 h (Aigbodion and Ezema, 2019). The PKSA has been found to
be useful in the development of MMCs as partial reinforcement with
synthetic ceramic materials such as SiO2, Al2O3, and so on. Sol gel
method has also been used in obtaining PKSA in nanoparticle forms
(Aigbodion and Ezema, 2019). The chemical composition of the PKSAnp
obtained by Sol gel method showed the value of SiO2 to be 96.09 wt.%,
CaO (0.30 wt.%), Fe2O3 (0.39 wt.%), K2O (0.32 wt.%), Na2O (0.1 wt.%),
SO3 (0.05 wt.%), MnO (0.06 wt.%), and Cr2O3 (0.001 wt.%) (Aigbodion
and Ezema, 2019). However, the chemical composition of the PKSA
obtained in the study of Oladele and Okoro (2016) are SiO2 (31.73wt.%),
CaO (20.27 wt.%), Fe2O3 (1.78 wt.%), K2O (1.51 wt.%), Na2O (1.38
wt.%), Al2O3 (3.46 wt.%), TiO2 (12.39 wt.%), MnO (1.27 wt.%). SiO2
content in the PKSA has been observed from other studies (Aigbodion
and Ezema, 2019; Ikubanni et al., 2020b; Oladele and Okoro, 2016) to be
higher than other contents. However, variations exist in the chemical
compositions from different studies. These variations could be attributed
to the kind of method used in obtaining the ash, and the environmental
condition where the oil palm tree was planted.

Some of the studies on the utilization of PKSA as partial reinforcement
in AMCs are highlighted in this section. Single reinforcement of PKSA
nanoparticles was incorporated into A356 alloy for the development of
AMCs in the study of Aigbodion and Ezema (2019). The weight per-
centage of the PKSAnp incorporated into the matrix alloy ranged from
1-4 wt.%, and double layer feeding stir casting method was utilized in the
production of the composites. It was observed from the morphology ex-
amination that there was uniform distribution of the reinforcement
particles in the matrix alloy. The mechanical properties of the composites
developed showed improvement as the reinforcement contents increased
in the alloy. It was concluded that the developed composites could find
multifunctional applications in areas where toughness and strength are
crucial. Hybrid reinforcement of PKSA and SiC was utilized in the pro-
duction of AMCs using Zinc-Aluminium alloy matrix. The PKSA content
was varied between 0.2 and 1.0 wt.% with an interval of 0.2 wt.%, while
the SiC content was made to be constant. As the wt.% of the PKSA
increased in the composition formulation, the hardness and tensile
strength increased while the impact energy reduced (Ajibola and Fakeye,
2016). Oladele and Okoro (2016) examined the effect of using PKSA as
reinforcement upon the mechanical properties of recycled aluminium
alloy obtained from an automobile engine block's cylinder. A portion of
the PKSA used was treated with NaOH solution while the other was
untreated. The chemically treated and untreated PKSAwere incorporated
into the as-cast aluminium with wt.% ranging from 5 to 15%,
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respectively. Increasing the wt.% of the PKSA beyond 5 wt.% reduced the
hardness of the developed composites. Generally, the mechanical prop-
erties of the developed composites were improved. Hence, PKSA was
suggested to be useful as potential reinforcing material in automobile
application. The influence of temperature variation of PKSA produced
from PKS at temperatures 900, 1000, and 1100 �C, respectively was
investigated by Ikubanni et al. (2020b). The results obtained were
compared with raw PKS. It was reported that there were changes in the
colours of the ash formed as the temperature was increased. The presence
of silica content was the highest amongst all the oxides present in the ash.
A trace of SiC was confirmed through the FTIR conducted. It was
concluded that temperature 900 �C was enough to produce ash from PKS.
Temperature increment beyond 900 �C could lead to the formation of
some geological minerals. The produced PKSAwas said to be useful in the
development of MMCs as partial reinforcing material. More studies are
on-going to confirm the effects of PKSA addition as reinforcement on
metal matrix alloy for the production of AMCs. Furthermore, hybrid
reinforcement of PKSA and SiC at some varied ratios were incorporated
into Al6063 matrix for the production of Aluminium matrix composites.
The incorporated PKSA particulates helped to obtain reduced weight and
improved strength in the composites (Ikubanni et al., 2021a), while the
tribological properties of the composites synthesized from the usage of
the PKSA particulates as well as SiC were optimized (Ikubanni et al.,
2021b). Table 5 shows some other studies that have been done using
agro-wastes as reinforcements in AMCs, their compositions, method of
production of the AMCs, and the general remarks.

6. Microelectromechanical system

Sensors of high sensitivity are needed in many applications to sense
small biological entities such as low concentrated solution and stiffness of
object (Nnodim et al., 2019a, 2019b). Further miniaturization using
nanofabrication techniques allows for higher mass sensitivity but in-
cludes low device-to-device reproducibility and electrical interface dif-
ficulties to measuring equipment (Grieshaber et al., 2008; Nnodim et al.,
2021; Okolie et al., 2017). Heidari et al. (2011) developed a biomass
sensor with ultrasensitive dielectric filled Lam�e mode. Compared to
previous biomass sensors, the sensor demonstrated a high potential for
detecting small biological agents by providing a high-quality output
signal at atmospheric pressure. A biomass sensor comprise of micro-
machined silicon squared plate that is excited in the Lam�e bulk acoustic
resonant mode with a mass sensitivity of -400 Hz/pg, at a frequency of
37.8 MHz, and quality factor of 10,000 as shown in Figure 8. The reso-
nators were manufactured using the MEMS silicon on insulator process.
The micro-resonator consists of a square plate, backed by four beams
from the corners connected to it. For Lam�e-mode square resonator, the
measurements were performed to obtain the motion resistance, Rx,
quality factor Q, and resonance frequency. The findings obtained indicate
greater sensitivity of the mass for smaller resonators. A 100μm approxi-
mate sensitivity to the mass is -400 Hz/pg. These findings open up new
possibilities for biomass sensors of higher sensitivity and even
multi-arrayed parallel mass detection.

Chudnovsky et al. (2018) monitored complex mixtures of mono-
saccharides extracted from macroalgae biomass by incorporating micro-
electromechanical and optical techniques. The study was intended to
encourage the production of macroalgal biomass for applications in the
biorefinery. The authors tested two orthogonal techniques for rapid phe-
notyping of the green macroalga Ulva based on its content of glucose,
rhamnose, xylose and glucuronic acid as obtained by acid hydrolysis for
comparison. Partial Least Squares (PLS) regression analyzes, slope calcu-
lations and correlations through various spectral ranges/frequencies were
used to predict monosaccharide content using two complementary
methods: Near Infrared Reflection Spectroscopy (NIRS) and Resonant
MembraneVibrometryMicroelectromechanical System (MEMS). The best
estimate for the contents of rhamnose andglucosewasmade. In estimating
the concentrations, greater accuracy forMEMSwas obtained. This result is
12
crucial to opening new perspectives for the development of simple,
multifunctional sensors for downstream processing control of biomass in
biorefinery and biometric applications. Takei (2012) conducted a UV
nanoimprint lithography using plant resistance materials with biomass
and medicinal derivative lactulose. In the specified UV nanoimprint
conditions of multilayer etching processes using silicon-based middle
layer and novolac-based bottom layer, authors demonstrated seventy
nanometers of half pitch line patterning. Their research aimed at inves-
tigating a new chemical approach to resistant material derived from
biomass and medicinal drugs and providing precise UV nanoimprint
process conditions semiconductor and bio-nanoelectronic lithography for
next-generation manufacture. For UV nanoimprint lithography a
high-resolution plant-based resistant material that had unique desired
properties has been successfully demonstrated. This result will assist in
generating MEMS biomass sensors with high resolution.

7. The use of biomass in traditional medicine

Biomass especially the lignocellulosic types such as wood dust, agri-
cultural residues and herbaceous (grasses) are ancient raw materials that
are natural ingredient for traditional medicine. Biomass contains cellu-
lose, hemicellulose, lignin, and some natural or extractive compounds.
The key links and procedures from extraction to construction of drug/
medicine deliveries are shown in Figure 9 (Si, 2019). The role of ligno-
cellulosic biomass is increasingly receiving much attention in medi-
cine/drug development amidst researchers in the last decades. For
example, Kopania et al. (2014) extracted galactoglucommas (GMMs)
from sprue sawdust for medical applications. The GGMs were extracted
using thermal enzymatic treatment in aqueous environment. The
biopolymer composite obtained with the combination of GGMs with
microcrystalline chitosan was reported suitable for wound dressing in
form of sponges. The sprue sawdust which is a reliable source of energy
and can be applied in construction is also a confirm ingredient as wound
dressing materials. Panee (2015) examined the potential medicinal
application of bamboo extracts and its toxicity. Bamboo was evaluated to
have wide range of protective effects such as protection against oxidative
stress, cancer, inflammation, lipotoxicity and cardiovascular diseases.
Extracts from bamboo parts such as stems, shoots and leaves were found
effective in the regards of the stated medical functions. Researches are
still vastly pinned on the use of bamboo vigor to cure skin diseases.
Lemon grass, a lignocellulosic biomass applicable for other purposes, was
suggested for medicinal application because of its therapeutic values:
anticulsant, anti-cancer, hypoglycemic, hypolipdemic, anti-viral, anxio-
lytic, anti-inflammatory, anti-microbial and hypercholesteremic (Ranade
and Thiagarajan, 2015). There are vast arrays of ethnopharmacological
applications of lemon grass. The grass contains bioactive compounds
such as flavonoids, phenols, saponins and tannis. These makes it a potent
herb for pharmacognostic application. Kumar et al. (2020a,b) developed
Zinc-loaded nano particles hydrogel from sugarcane bagasse for special
medical applications. It was developed through an in-situ method.
ZnO-NPs hydrogels extracted showed a great antibacterial action through
Gram-positive and negative bacterial. The ZnO-NPs hydrogel was rec-
ommended for biomedical applications. Another work on sugarcane
bagasse by Harish et al. (2020) centered on facile synthesis of
SiO2/CMC/Ag hybrids derived from biomass waste (sugarcane bagasse)
for special medical applications. The research used sol gel technique to
synthesize amorphous SiO2 hybrids from lab-made CMC using sugarcane
bagasse and tetraethoxysilane comprising silve nano particles. Different
bacterial tests were carried out and the Ag-NPs hybrids performed better
compared with synthetic CMC from the market. Lignocellulosic biomass
are useful for medical purposes in terms of tissue engineering, drug de-
livery (hydrogel, membranes, nanoparticles, and microcapsules),
biosensor and so on. Biomass have great potential as they continue to be
explored for biological applications. Thus, making biomass valuably
needed in several sphere.



Table 5. Chemical compositions and MMCs production method of some agro-wastes.

Agro waste/
Reference

Main Chemical Composition (wt.%) Production
method

General remarks Reference

SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 Na2O MnO

Coconut shell
ash (CSA)

36 23 7 3.2 2.5 0.75 - - - Compo
casting

5, 10, and 15% of CSA was used in Al-
1100 alloy for the production of the MMC
using compo-casting. The hardness and
tensile strength increase while density
and percentage elongation reduced as
CSA particles increased. The wear
parameters were optimized.

Rallabandi and
Rao (2019)

Coconut shell
ash (CSA)

36–40 23–25 11–16 3–5 2–3 0.7–0.95 - - - Stir casting The particulates of CSA at 5, 10, 15 wt.%
were incorporated into Al-1100 alloy.
The study optimized the wear behaviour
of the composites developed using the
load, CSA wt.% and sliding distance to
obtain responses and such as wear, wear
rate, and coefficient of friction.

Raju et al.
(2019)

Lemon Grass
ash (LGA)

57.9 0.17 - 6.45 3.55 29.7 - - - Compo
casting

MMC was fabricated using Al 6061 alloy
and reinforced with LGA at 3, 5, and 7
wt.%. The mechanical properties tested
showed linear improvement at the
optimum LGA reinforcement addition.

Jose et al.
(2018)

Rice husk ash
(RHA)

93.4 0.238 0.167 0.82 0.53 1.94 - 0.25 - Stir casting Al–Si alloy was incorporated separately
with RHA and fly ash (FA). Mechanical
tests carried out on the samples
developed showed improvement when
RHA and FA were added.

Ajit et al.
(2017)

Bamboo leaf
ash (BLA)

75.9 4.13 1.22 7.47 1.85 5.62 0.2 - - Double stir
casting

Hybrid reinforcement of BLA and SiC was
utilized in the MMCs development using
Zn–27Al alloy as matrix. The mechanical
and corrosion behaviour of the
composites were examined.

Alaneme et al.
(2014)

Corn cob ash
(CCA)

77.1 5.64 2.97 2.45 1.71 3.81 0.25 0.49 0.23 Two-step stir
casting

Hybrid reinforcement (SiC and CCA) was
utilized to develop MMCs using as
Al–Si–Mg alloy as matrix at 10 wt.% of
the reinforcement. The mechanical
properties of the developed MMCs were
characterized as well as the
microstructure. The usage of CCA was
concluded to have great potential as
reinforcing material for AMCs
development.

Fatile et al.
(2014)

Rice husk ash
(RHA)

90.2 3.54 0.21 1.23 0.53 - - - - Double stir
casting

The AMCs were produced using hybrid
reinforcement of RHA and FA. The study
majorly studied the tribological
characteristics of the reinforcements in
the Al–7Si-0.3Mg matrix.

Vinod et al.
(2019)

Coconut shell
ash (CCA)

44.1 14.6 13.4 0.67 17.2 0.42 - 0.35 0.22 Squeeze
casting

LM 24 alloy was reinforced with hybrid
SiC and CSA reinforcements. The
developed composites were characterized
for physico-mechanical properties, wear
characteristics, and the process was
optimized. The usage of CSA was found
useful in MMCs development.

Arulraj (2019)

Bamboo leaf
ash (BLA)

76.2 4.13 1.32 6.68 1.85 5.62 - - - Stir casting BLA particles of 2, 4, and 6 wt.% were
used as reinforcement in Al-4.5%Cu
alloy. The developed AMCs were
characterized for the physical and
mechanical properties. The density
reduced as BLA content increased and the
hardness and tensile strength increased
up to 4 wt.% BLA.

Kumar and
Birru (2017)

Bagasse ash
(BA)

77.3 10.95 3.66 2.09 1.49 3.16 - 0.381 - Stir casting BA was used as reinforcement in the
composite developed using Al as the base
metal. The results showed better
mechanical properties improvement. The
obtained results were compared with the
AMCs developed using RHA as
reinforcement.

Usman et al.
(2014)

Sugar cane
bagasse ash
(SCBA)

71.1 1.8 1.28 4.02 4.96 10.7 0.11 1.02 - Vacuum-
assisted stir
casting

Al 6061 hybrid composites were
produced using alumina and SCBA as
reinforcements. The development MMCs
were characterized to indicate

Chandla et al.
(2020)

(continued on next page)
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Table 5 (continued )

Agro waste/
Reference

Main Chemical Composition (wt.%) Production
method

General remarks Reference

SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 Na2O MnO

improvement of properties over un-
reinforced alloy.

Groundnut
shell ash
(GSA)

17.6 5.93 3.43 9.89 9.79 18.3 0.22 4.85 0.08 Stir casting Al 6063 alloy was reinforced GSA at 3, 6,
9, 12 wt.% of the ash. The mechanical
properties were observed to be improved
as a result of the GSA addition.

Singh et al.
(2015)

Groundnut
shell ash
(GSA)

41.4 11.75 12.6 11.2 3.51 11.9 0.63 1.02 0.23 Two-step stir
casting

The mechanical and corrosion behaviour
of SiC and GSA reinforced Zn-s7Al alloy
composites were studied.

Alaneme et al.
(2014)

Palm kernel
shell (PKS)

55.7 9.43 3.32 11.2 4.85 9.71 - 1.76 0.72 Stir casting Monolithic reinforcement of PKS
particulate ranging between 2.5 and 15
wt.% was incorporated into Al 6063
matrix. The composites developed were
characterized to obtain different
parameters.

Edoziuno et al.
(2020)

Palm kernel
shell ash
(PKSA)

31.7 3.46 1.78 20.3 1.01 1.51 12.4 1.38 1.27 - The impact of age-hardening on the
mechanical properties of as-cast
aluminium alloy composites obtained
from cylinders of automobile engine
block was reinforced with PKSA.

Oluwole and
Okoro (2016)

Melon shell
ash (MSA)

75.3 2.67 1.3 2.11 0.37 4.7 0.16 0.53 0.37 Stir casting MSA was used as reinforcement in the
production of MMC using Al–7%Si-0.3Mg
base alloy. The microstructure and
thermal behavioural studies were
investigated. The study showed improved
property of Al–Si–Mg alloy up to 20 wt.%.

Abdulwahab
et al. (2017)

Melon shell
ash (MSA)

84.3 3.54 1.3 2.11 0.37 4.7 - 0.53 0.36 Gravity die
stir casting

MMCs were developed using Al–12%Si
matrix and MSA reinforcement
particulates. The mechanical,
microstructure, and wear behaviours of
the developed composites were
examined.

Suleiman et al.
(2018)

Figure 8. Schematic image of the biomass sensor.
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8. The sustainability of multifaceted use of biomass

Despite the numerous applications of biomass, the volume of biomass
produced cannot sustain its multifaceted usage. Considering the power
sector for instance, biomass is viewed as an alternative to fossil fuel. If the
whole world were to abandon other means of energy supply and rely
massively on biofuels, then there will be pronounced shortage of energy
globally. In Sweden alone, the demand for forests fuels is expected to rise to
40 TWh by 2050 (B€orjesson et al., 2017). Similarly, if limestonewere to be
replaced by periwinkle shell ash, or snail shell ash or other biomass sub-
stitutes in the production of cement, there would not be enough tomeet its
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demands. This implies that there is need to either streamline the usage of
biomass to certain applications or make deliberate efforts to improve the
supply chain of biomass tomeet its multifaceted usage. Several researchers
have attempted to postulate measures to increase the supply of biomass.
The use of municipal wastes has been viewed as an option. Only a few
countries derive biomass from municipal wastes. Many countries, partic-
ularly Africa, are yet to maximize municipal wastes for various purposes.
Municipalwasteswill always be generatedbasedondaily activities ofman.
It can be a steady supply of biomass for energy generation and other usages
if collected and segregated appropriately. Bacha et al. (2011) postulated
the deliberate production of yeast from agro-waste for food formulation.
Agro-waste is one of the numerous wastes generated from man activities,
which are usually dumped in municipal refuse dump sites (Massaro et al.,
2014; Gabisa and Gheewala, 2018; Wang et al., 2018).

Also, deliberate cultivation of certain crops and trees in forest areas
and unused or marginal lands for the purpose of biomass generation is a
way to improve and ensure steady supply of biomass materials for diverse
uses. Similarly, the practice of ranching will ensure that animal wastes
are collected in quantities large enough for biomass application as
against the open grazing method practiced in many African countries.
This view was supported by Guldhe et al. (2017) who proposed the
cultivation of microalgae in waste aquatic water and the setting up of
biorefinery for the sustained production of biomass and nutrient recir-
culation. Mehmood et al. (2017) proposed the use of marginal lands for
intentional cultivation of biomass for its multipurpose usage. The setting
up of biomass conversion plants in specific locations will create a value
chain industry that is capable of self-sustainability. Tan et al. (2012)
posited the multi-regional input-output model for biomass production,
which implies that each region should cultivate and grow biomass crops
specific to them in order to reduce the cost of trading or importing and
the impact of overdependence on one region for biomass supply on the
climate of that region. By implication, siting of local biomass conversion
factories on regional basis is one way to ensure the sustainability of



Figure 9. Links from extraction to deliveries of drug/medicine using biomass.
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biomass production without negatively affecting climatic conditions.
Few factories work on biomass wastes in most countries. This makes the
collection of biomass wastes unattractive to citizens. Most biomass
products in Nigeria for instance are by research organizations and uni-
versities, which often end at that level. Commercialization of biomass
products will bring out its economic relevance and create a supply chain
that will readily sustain the production of biomass products (Manzone
et al., 2017; IEA, 2019). Sherwood (2020) viewed biomass production as
minimizing food and agricultural wastes and returning value to the
economy. By this, biomass production is a way of maintaining a circular
economy with minimal loss of resources.

One of the major challenges to the use of biomass products that affects
its sustainability is the issue of public acceptance of biomass materials
and products as reliable alternatives to the conventional ones. Robust
public awareness campaign and proper productization in terms of
packaging of biomass products can be deployed to eradicate this chal-
lenge. Bhattacharya et al. (2003) analyzed the financial prospects of
biomass production for energy generation in specific Asian countries. It
was discovered that investment cost for producing a hectare of biomass
ranges fromUS$381 to 1842within the selected countries. The study also
discovered that biomass plantation is a major source of biomass supply
and the major barrier to the expansion of these plantations is the low
commercial demand for biomass. The authors recommended the need for
public policies to promote the use of biomass utilities in order to drive
demand. B€orjesson et al. (2017) decried the rising future demand for
biomass production and proposed combined regulation and incentive
approach to motivate key players in the sector. Daioglou et al. (2019)
stated that biomass production requires land and also emphasized that
strict mitigation targets are vital on the availability of advanced tech-
nologies in the use of biomass fuel for energy generation. In the study
carried out by Sherwood (2020), it was stated that enhancing coopera-
tion among value chain actors is one of measures that can sustain biomass
supply for its multifaceted demands.

9. Some recommended policies and future work

Biomass multipurpose utilization has come to stay. The set policies
suggested by the European Union (EU) on energy should be spread to all
arms of its application. Maximumuse of biomass should be encouraged to
deliver robust and verifiable greenhouse gas savings. This will enable fair
competition between various uses of biomass materials. Thus, an
encompassing sustainable use of land and forest management. Five key
strategies, which were developed from EU's recommendations are;
ensure the use of biomaterials to mitigate climate change, avoid direct
and indirect land use change, minimize biodiversity impacts, ensure
biomass multifaceted usage and discourage trade barriers of biomass
world widely. In order to facilitate these suggestions, facing the following
risks will help develop policies by stakeholders across the globe. These
includes supply chain rated greenhouse gas emission, greenhouse gas
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emission related to biogenic carbon stocks, greenhouse has emission
related to indirect use of land change, impact on biodiversity, soil and
water, impact on air, efficiency of biomass conversion, competition
amidst multiusers and distortion of single market. These factors will help
in developing a robust policy by stakeholders (Banja et al., 2019).

The research works hitherto on biomass is encouraging across the
globe in using it for various application. Future works that have been
found across this review effort is the necessity for pilot scale studies on
various laboratory efforts from different researchers on the specific use
they worked on. There should be more research work on biomass energy
application in terms of liquid, gas and solid products. The use of biomass
in construction is also viable. Thus, the need for pilot scale studies in
geopolymer production, tiles development, interior building materials
and others. Research works should also focus on pilot scale work on the
use in the development of aluminum alloy matrix. These efforts will
ensure its commercialization across continents.

10. Conclusion

The review work brought out the multifaceted use of biomass.
Biomass has been successfully utilized as energy source. Solid liquid and
gas products have formed from various biomass types at laboratory scale.
Methods such as torrefaction, carbonization, densification, hydrolysis,
fermentation, transesterification, acetogenesis and pyrolysis are common
for biomass energy extraction. The reviewed heating value for liquid
product from biomass processing varied from 12.2 to 35 MJ/kg. Biomass
are useful for construction work as raw materials in tiles, concrete
aggregate and geopolymer production. The recent advent is biomass use
for geopolymer based on biomass ash composition that is rich in SiO2 and
Al2 O3 (aluminosilicate). The review also conclude that is useful as
reinforcement for the development of metal matrix composites. Signifi-
cantly, the ash of various biomass are cogent in this application. Biomass
is also a raw material for microelectromechanical system and traditional
medicine. Based on the current supply chain, biomass multifaceted use
may still end at the laboratory stage. Advances in technology of pro-
duction and public policies on biomass utilities will translate to sustained
biomass demands that will indirectly drive supply.
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