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Abstract
As efforts intensify to address the environmental impact of agricultural waste, the valorization of Manihot esculenta peel 
(MEP) for sustainable engineering applications presents a unique opportunity to repurpose this class of agricultural waste to 
achieve environmental sustainability development goals while promoting socio-economic development of this pollutant. The 
inherent properties of MEP, such as its richness in carbohydrates and cellulose, make it a useful raw material for producing 
biofuels, bioethanols, biocomposites, and other sustainable engineering materials. Its resilience to adverse environmental 
conditions also makes MEP well-suited for cultivation in diverse agroecological settings, further enhancing its appeal as a 
sustainable resource. While existing review articles provide valuable insights into Manihot esculenta peel utilization across 
various industries, they often overlook the comprehensive valorization of Manihot esculenta for sustainable engineering 
applications, creating a notable knowledge gap. Through a systematic examination of innovative approaches documented 
in the literature, this research seeks to bridge this gap by elucidating strategies for repurposing cassava waste into valuable 
engineering materials to mitigate environmental pollution and promote sustainable resource utilization. By synthesizing 
existing research and identifying key research gaps, this study advances the understanding of Manihot esculenta peel’s 
potential as a sustainable material and facilitates the transition toward greener engineering practices.

Keywords  Manihot esculenta · Cleaner production · Environmental pollution · Sustainable engineering material · 
Environmental remediation · Valorization · Agro-waste management

Introduction

In the swiftly evolving global landscape, characterized by 
diverse environmental challenges, sustainability has evolved 
as a paramount consideration in addressing issues stemming 
from environmental degradation and resource depletion. 
Sustainable engineering has been underscored as pivotal to 
fostering socio-economic growth while reiterating the need 
for environmental protection (Thorpe 2018). As such, sus-
tainable engineering stands as a key strategy for optimizing 

environmental impact by promoting efficient resource use 
and minimizing depletion, focusing on developing technol-
ogies, processes, and materials that reduce environmental 
harm and enhance resilience against climate change. Amidst 
these imperatives, the issue of environmental pollution from 
agricultural (agro) waste has become increasingly urgent.

The FAO (Food and Agriculture Organization) reported 
a 14% increase in world post-harvest waste in 2019 (FAO 
2022), escalating to a 17% increase by 2021 (Marchant 
2021), highlighting the severity of the issue. The United 
Nations Environmental Programme (UNEP) estimated 
the yearly agro-waste production to be around 931 million 
tonnes, making it the third-largest origin of global green-
house gas emissions (UNEP 2021). Agro-waste is, therefore, 
one of the leading causes of environmental pollution, result-
ing in ecosystem degradation. Recognizing the urgency, the 
United Nations (UN) has targeted the reduction of agro-
waste through Sustainable Development Goal (SDG) 12.3, 
aiming to cut down agro-waste loss by 2030 (UN 2022). 
Repurposing agricultural waste for sustainable engineering 
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applications emerges as a promising solution for a cleaner 
environmental future and for mitigating environmental pol-
lution. This urgency has given rise to innovative approaches 
such as valorization, which holds significant importance in 
effective sustainable engineering and environmental reme-
diation practices.

Valorization involves transforming waste materials into 
useful and valuable products, thereby conserving natural 
resources and reducing environmental pollution. Agro-
waste, encompassing both plant and animal residues, can 
undergo valorization through various engineering tech-
niques to produce materials tailored for specific applica-
tions. Numerous studies have documented the valorization 
of agro-waste products, including the fabrication of compos-
ites with enhanced mechanical, tribological, and structural 
properties (Edhirej et al. 2021; Joseph and Babaremu 2019; 
Jullanun and Yoksan 2020; Vinod et al. 2020), utilization as 
raw materials in building and construction projects (Jayanthi 
et al. 2023; Mendívil et al. 2017; Rao et al. 2021; Ricciardi 
et al. 2020), and integration into remediation processes 
(Elemike et al. 2022; Kapahi and Sachdeva 2019). Through 
valorization, agro-waste materials undergo processes such 
as extraction, purification, modification, and formulation to 
enhance their properties for specific applications. The valori-
zation of agro-waste has contributed to environmental pro-
tection when used as biosorbents for remediating heavy met-
als and minimizing landfill disposals (Simona et al. 2018). 
It has also led to the development of innovative engineering 
materials with applications spanning industries such as auto-
motive, packaging, electronics, aerospace, and water treat-
ment (Aigbodion et al. 2018; Anawar et al. 2015; Elemike 
et al. 2022; Martinaud et al. 2024; Valencia et al. 2021). This 
transformative process not only reduces environmental pol-
lution but also creates opportunities for the development of 
sustainable solutions across various sectors.

Agricultural wastes encompass both animal byproducts, 
including fats, edible offal, meat, skins, hides, shells, bones, 
and feathers, as well as plant residues derived from food 
crops like dates, bananas, pineapples, vegetables, oil crops, 
fiber crops, sugar crops, tree nuts, pulses, cereals, and tubers 
and roots such as yams, potatoes, cassava, and taro (Ben 
and Olubambi 2024a; FAO 2020; Singh et al. 2022). This 
research focuses primarily on Manihot esculenta (ME), com-
monly known as cassava, recognized for its starchy tuber-
ous roots serving as a staple food source worldwide and 
its richness in carbohydrates and cellulose (Adebayo 2023; 
Okoli 2020). Of particular interest are the peels of ME, 
considered a significant environmental pollutant (Ben and 
Olubambi 2024b). Various studies have explored strategies 
to repurpose the Manihot esculenta peels (MEP) for sustain-
able engineering applications (Awokoya et al. 2016; Hartini 
et al. 2015; Mohd-asharuddin et al. 2017; Nida et al. 2022; 
Odeyemi et al. 2023; Ogunbode et al. 2023a; Olatokunbo 

et al. 2018; Olumide et al. 2022; Sudaryanto et al. 2006; 
Versino et al. 2015). For instance, Versino et al. (2015) 
demonstrated an enhancement in the mechanical constraint 
properties of thermoplastic starch (TPS) biocomposites by 
incorporating MEP alongside bagasse as a filler material. 
Awokoya et al. (2016) investigated the efficacy of MEP as a 
biosorbent for removing copper and nickel ions from aque-
ous solutions, achieving efficient performance. Additionally, 
enhancement in the physical properties of MMCs (metal 
matrix composites) reinforced MEP hybrid variants in ash 
form has also been reported by (Ogunbode et al. 2023a; 
Oladele et al. 2020; Olaniran et al. 2021). Olatokunbo et al. 
(2018) observed that Manihot esculenta peel ash (MEPA) 
shares similar chemical constituents with cement, proposing 
its use as a suitable substitute for cement in light construc-
tion activities.

The substantial progress documented in the experimental 
utilization of MEP particulates presents a unique opportu-
nity to repurpose them for sustainable engineering applica-
tions, contributing to a cleaner environment. This progress 
has spurred the emergence of several review articles examin-
ing Manihot esculenta’s potential as a sustainable raw mate-
rial for addressing crucial ecological concerns (Adekunle 
et al. 2016; Andrade et al. 2021; Morgan and Choct 2016; 
Okudoh et al. 2014; Präger et al. 2019; Santos et al. 2015; 
Senanu et al. 2023; Tumwesigye et al. 2016; Wang et al. 
2022; Zhang et al. 2016). These review articles explored 
topics ranging from the use of MEP to produce activated 
carbon (Edhirej et al. 2021; Kayiwa et al. 2021a), to utiliz-
ing MEP wastes for biogas production (Andrade et al. 2021; 
Okudoh et al. 2014; Zhang et al. 2016), and the chemical 
modification of MEP starch to improve its functional proper-
ties (Ifeanyi Charles 2020; Raudhah et al. 2023; Senanu et al. 
2023; Wang et al. 2022). Additionally, the reviews explored 
the potential of MEP biomass for sustainable energy pro-
duction (Andrade et al. 2021; Otun et al. 2023; Präger et al. 
2019), its role in biobased packing materials (Tumwesigye 
et al. 2016), and its nutritive value in poultry and animal 
diets (Devi and Diarra 2021). Despite the breadth of topics 
covered, a significant knowledge gap exists in the literature 
regarding the holistic valorization of ME residues for sus-
tainable engineering applications, particularly in environ-
mental remediation and circular economy principles. While 
some reviews touched upon aspects of ME waste utilization, 
such as biogas production and biomass sources for energy 
supply, there is limited focus on the comprehensive valoriza-
tion of ME residues across multiple sectors.

In addressing this gap, this study investigates Manihot 
esculenta residues as a potential sustainable engineer-
ing material, demonstrating the environmental and socio-
economic utility of transforming Manihot esculenta peels 
(MEP) from agricultural waste into valuable engineer-
ing materials, presenting a viable pathway for sustainable 



65919Environmental Science and Pollution Research (2024) 31:65917–65943	

resource use. By promoting waste valorization, this research 
supports circular economy principles and contributes to 
cleaner production practices, reducing dependency on non-
renewable resources. Specifically, it explores ME peel ash 
(MEPA) for applications in reinforcement materials in bio-
composites, concrete binders, pozzolan for soil stabilization, 
and pollutant remediation. Integrating insights from biotech-
nology, materials science, and environmental engineering, 
this research advances sustainable engineering for a cleaner 
future.

Manihot esculenta

Manihot esculenta, a dicotyledonous plant of the Euphorbi-
aceae family comprising the leaves, stems, and roots (Fig. 1), 
is a vital crop in tropical regions. While the leaves are rich 
in nutrients like vitamins, proteins, and minerals (Otun et al. 
2023), the stems contain approximately 30% starch by dry 
mass, making them suitable for biofuel production (Zhu 
et al. 2015). The tuberous roots contain cyanogen glyco-
side, posing toxicity risks to animals, humans, and patho-
gens (Panghal et al. 2021; Shigaki 2016). Nonetheless, these 
roots are a staple food for over 900 million people glob-
ally, with water-leaching techniques employed to mitigate 
cyanide toxicity. The perennial crop is drought-tolerant and 
thrives in tropical regions with low soil nutrients and rainfall 
(Asogwa et al. 2017).

Despite originating in Latin America, Africa leads in 
Manihot esculenta production at ~ 63%, Asia at 29%, and 
South America at ~ 8% (Fig. 2a). Global production also 
increased over time (Fig. 2b), reaching approximately 330 
million tonnes annually (Knoema 2022), making it the third 
most produced crop after wheat, rice, and maize (Adebayo 
2023). Manihot esculenta is largely produced in Nigeria, 
with about 18.41% contribution to worldwide production 
(FAO 2023). About 30% of Manihot esculenta is used for 
industrial purposes and animal feed (Caccamisi 2010). Its 
rich carbohydrate and mineral content make it a valuable 
crop for both food and biofuel industries (Ifeanyi Charles 
2020; Morgan and Choct 2016).

Manihot esculenta peels

The root of Manihot esculenta is a key global food source, 
but its peel, constituting about 15% of the root mass, is often 
discarded as agricultural waste. These peels contain cyano-
genic glycosides, which release toxic hydrogen cyanide upon 
hydrolysis, posing significant environmental risks. Improper 
disposal, including burning, releases harmful gases persist-
ing in the atmosphere for approximately 150 days (Karlsson 
2004), further contributing to pollution and climate change, 
particularly in regions with limited waste management. Cya-
nide exposure from these wastes can severely affect human 
health, causing symptoms from dizziness to death, and also 

Fig. 1   Illustration of Manihot 
esculenta depicting its various 
components and nutritional 
composition
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contaminates soil and water, impacting local ecosystems 
(Manila and Devi 2021; Jaszczak et al. 2017; Meeussen 
et al. 1995).

Considering that approximately 0.25 tonnes of Manihot 
esculenta peel waste is generated for every 1 ton of fresh 
ME root, Table 1 presents the estimated percentage of MEP 
waste production based on this estimate. Global Manihot 
esculenta peel waste production stands at ~ 82 million tons, 
with Nigeria contributing approximately 18%, or ~ 15 mil-
lion tons (Table 1). This marks a substantial increase from 
2014 (Ben and Olubambi 2024a) and reflects the escalating 
environmental threat of ME peel waste, underscoring the 
urgency of mitigating its environmental impact by trans-
forming Manihot esculenta peels from an environmental 
pollutant into valuable engineering materials, promoting 
waste valorization as a means to support cleaner production 
and sustainable resource use.

Heat treatment strategies for Manihot esculenta 
peels

To mitigate the environmental consequences resulting from 
the indiscriminate disposal of Manihot esculenta peels, the 
heat treatment technique offers a promising solution for 
repurposing MEP wastes into sustainable raw materials for 
diverse applications. The heat treatment process precludes 
carbonization, calcination, or ashing of MEP wastes. This 
valorization approach, inspired by recycling principles as 
described by Festus et al. (2019), typically begins with the 
collection of Manihot esculenta peel wastes, which are then 
subjected to drying to remove moisture content, enhancing 
the stability and storability of MEPs while retaining nutri-
tional and functional properties (Ben et al. 2023).

Sun-drying removes moisture from MEPs and reduces 
cyanide levels by approximately 90% without affecting the 
nutritional content (Devi and Diarra 2021). Oven drying at 
controlled temperatures (46–100 °C) further minimizes cya-
nide levels and moisture content (Nambisan 1994; Leeson 
and Summers 2009). Advanced methods, including vacuum, 
infrared, and hybrid drying, also offer efficient dehydration 
of MEPs, suitable for varied engineering applications (Car-
valho et al. 2023).

The heat treatment strategy presented in Fig. 3 outlines a 
process flow, starting from MEP collection to drying, illus-
trating each step’s role in transforming agricultural waste 
into a resource-efficient material. This valorization approach 
aligns with sustainable production practices, presenting a 
viable pathway for reducing the environmental impacts 
of MEP disposal while producing eco-friendly, renewable 
materials for engineering applications.

Carbonization involves subjecting organic materials to 
heat treatment to remove moisture content and other volatile 
organic compounds, resulting in a carbonaceous residue with 
a high carbon content. This process can convert Manihot 
esculenta peels into valuable activated carbon, offering an 
efficient route for waste valorization. This is achieved by 
heating the peels to eliminate moisture and volatile com-
pounds, yielding a carbon-rich residue with a high surface 
area. The activation, either chemical (e.g., using KOH, 
Na₂S₂O₃) or physical (CO₂ or steam), optimizes the carbon’s 
porosity, enhancing properties like thermal stability and 
electrical conductivity, ideal for supercapacitors and elec-
tric double-layer capacitors (EDLCs) used in energy stor-
age (Ismanto et al. 2010). Research indicates that the pore 
nature of activated carbon is altered by factors such as pore 
volume, impregnation ratio, surface area, and temperature 
of carbonization, while activation time has no significant 

Fig. 2   Production trends of Manihot esculenta depicted regionally (a) and annually (b)
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impact (Chmiola et al. 2006; Ismanto et al. 2010). Activated 
carbon materials offer advantages such as excellent thermal 
properties, high surface area, stability, good electrical con-
ductivity, and resistance to causticity. Table 2 summarizes 
studies illustrating effective activation techniques, carbon 
yields, and properties of activated carbon from MEP.

Calcination involves heating organic residues at ele-
vated temperatures with limited oxygen, leading to thermal 
decomposition or phase transition and chemical or physi-
cal changes in the material’s structure. The process typi-
cally occurs in a muffle furnace at temperatures ranging 
from 500 to 1000 °C for about 4 h, with optimal conditions 
depending on the material’s composition (Abiodun et al. 
2022; Betiku and Ajala 2014; Zemnukhova et al. 2012). 
For Manihot esculenta peel (MEP), calcination has been 
explored for silica extraction, with studies indicating that 
heating MEP at 700 °C for 270 min leads to an 82% weight 
loss and enhanced ash content, making it suitable for use in 
industries such as plastics, metals, and glass (Adebisi et al. 
2019; Deng et al. 2016; Vaibhav et al. 2015). Despite these 

promising findings, research on MEP calcination is limited 
compared to other agro-wastes, suggesting a need for further 
exploration.

Ashing involves heating organic materials with oxygen 
at high temperatures to produce inorganic residues called 
ash, which is essential for elemental analysis and mineral 
composition determination. The process typically occurs in 
an electric muffle furnace at temperatures between 500 and 
900 °C for about 4 h, depending on specific requirements 
(Ben et al. 2023; Ogunbode et al. 2023a; Olaniran et al. 
2021). The utilization of ash particulates derived from Mani-
hot esculenta peel has been explored across various fields, 
including construction, biocompoites, and soil stabilization. 
For example, MEPA particulates have been used as rein-
forcement in hybrid composites (Olaniran et al. 2021), bio-
composite concrete (Ogunbode et al. 2023a), and aluminum 
matrix composites (Ben and Olubambi 2024c). Additionally, 
MEPA has been explored as a partial substitute for Portland 
cement (Olatokunbo et al. 2018) and in soil stabilization 
(Edeh et al. 2014). Beyond these industrial uses, MEPA has 

Table 1   Global, regional, and 
country-specific production of 
Manihot esculenta peel wastes

Source: Author’s extrapolated data from FAO (2023)

Global/regional/country Production of ME (tonnes) Production of ME 
peels (tonnes)

% global produc-
tion of ME peels

Global production 330,408,753.77 82,602,188.44 100.00
Production by region
Africa 208,627,012.53 52,156,753.13 63.14
Asia 95,719,378.86 23,929,844.72 28.97
Americas 25,785,439.73 6,446,359.93 7.80
Oceania 276,922.65 69,230.66 0.08
Production by the top 20 producing countries
Nigeria 60,835,539.96 15,208,884.99 18.41
Democratic Republic of the Congo 48,774,623.00 12,193,655.75 14.76
Thailand 34,068,005.00 8,517,001.25 10.31
Ghana 25,592,014.08 6,398,003.52 7.75
Cambodia 17,698,783.81 4,424,695.95 5.36
Brazil 17,648,564.00 4,412,141.00 5.34
Indonesia 13,574,000.00 3,393,500.00 4.11
Viet Nam 10,626,861.72 2,656,715.43 3.22
Angola 10,547,506.00 2,636,876.50 3.19
Mozambique 6,466,857.00 1,616,714.25 1.96
United Republic of Tanzania 6,354,438.68 1,588,609.67 1.92
Côte d’Ivoire 6,300,000.00 1,575,000.00 1.91
Cameroon 6,267,574.33 1,566,893.58 1.90
Malawi 6,239,912.01 1,559,978.00 1.89
India 6,213,000.00 1,553,250.00 1.88
Lao People’s Democratic Republic 5,286,000.00 1,321,500.00 1.60
China 5,049,032.62 1,262,258.16 1.53
China, mainland 5,040,474.48 1,260,118.62 1.53
Benin 4,350,053.57 1,087,513.39 1.32
Zambia 3,497,600.74 874,400.19 1.06
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even been applied in soap production as a replacement for 
traditional lye (Adaku and Melody 2013).

Chemical and elemental analysis of heat‑treated 
Manihot esculenta peels

The main objective of heat-treating agro-waste residues 
through carbonization, calcination, and ashing, as depicted 
in Fig. 3, is to improve their purity, stability, and suitability 
for specific applications. Studies have examined the com-
position and microstructural analysis of Manihot esculenta 

peels produced using these heat treatment methods. Table 3 
presents the results of chemical investigations conducted on 
ME peels using sun/oven drying methods. The table reveals 
variations in ash content, ranging from 5.16 to 10.70, and 
dry matter, ranging from 17.90 to 92.03. Additionally, nutri-
tive contents such as metabolizable energy, ether extract, 
crude protein, and fiber exhibit varying ranges, indicating 
the diversity in nutritional profiles. These findings indicate 
the potential dietary value of Manihot esculenta peels for 
livestock feeds. Moreover, standard organizations can use 
this information to establish quality control measures for 

Fig. 3   Heat treatment process 
for repurposing Manihot escu-
lenta peels

Table 2   Carbonization techniques and properties of activated carbon from Manihot esculenta peels for valorization applications

Study Activation method Temperature (°C) Carbon yield (%) Key properties Applications

Ahmadpour and Do 
(1997)

Chemical (KOH)  ~ 500 High Enhanced pore structure 
and surface area

Adsorbents, superca-
pacitors

Sudaryanto et al. (2006) Physical (CO₂) 800 29 Good electrical conduc-
tivity and stability

Energy storage

Ismanto et al. (2010) Physical and chemical 
activation

400–900 Varies High thermal stability 
and electrical conduc-
tivity

EDLCs, carbon-based 
electrode materials

Zhang et al., (2021) Chemical (H₂SO₄, 
HNO₃, H₂O₂)

600 Moderate High porosity, causticity 
resistance

Supercapacitors, adsor-
bents

Amakoromo et al. (2021) Chemical (Na₂S₂O₃, 
KCl)

 ~ 600 Moderate Increased surface area, 
reduced cyanide 
content

Soil stabilization, pol-
lutant remediation
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Manihot esculenta peel-based feedstock products, particu-
larly when utilized as alternatives to maize-based feedstocks.

Oxide compositions of heat-treated Manihot esculenta 
peel particulates analyzed using X-ray fluorescence (XRF) 
revealed a predominance of silica (SiO2) and alumina 
(Al2O3), with variations observed in other oxide composi-
tions, such as hematite (Fe2O3), quicklime (CaO), magnesia 
(MgO), potassium feldspar (K2O), soda (Na2O), and sulfuric 
oxide (SO3) (Awolusi et al. 2023; Nwa-David et al. 2023; 
Ogunbode et al. 2023a; Olatokunbo et al. 2018). Table 4 
summarizes the compositions from various studies, high-
lighting the diverse chemical profiles of MEP particulates. 
The variations in oxide compositions across studies are 
likely attributed to differences in heat treatment conditions. 
These variations demonstrate the material’s potential for 
use in composite materials, construction, and as a partial 
replacement for Portland cement. Further discussion of these 
applications is provided in the “Building and construction 
materials” section.

Surface morphology studies of heat-treated MEPs using 
Scanning Electron Microscopy (SEM) provide essential 
insights into their structural properties, which influence their 
potential applications in various fields. SEM images show 
that MEP particulates exhibit a smooth, nonporous, round-
oval morphology (Fig. 4a), making them ideal as fillers in 

composite materials or adsorbents for pollutants seques-
tration from the environment or soil conditioning (Barati 
et al. 2019; Ben and Olubambi 2024b; Kumar et al. 2021; 
Mohd-asharuddin et al. 2017; Samomssa et al. 2021). These 
properties also suggest MEP’s suitability for wastewater 
treatment, soil conditioning, and lightweight concrete appli-
cations due to its porous structure (Fig. 4b) (Awokoya et al. 
2016; Mohd-asharuddin et al. 2017). At higher magnifica-
tion, marginal pores were observed (Fig. 4c), which could 
influence concrete workability by increasing water absorp-
tion tendencies (Ogunbode et al. 2023a). Furthermore, the 
heterogeneous pore size distribution observed in MEP sur-
faces (Daud et al. 2013; Obonukut et al. 2022) affects the 
material’s performance in various industrial applications. 
Additionally, the dominance of amorphous compounds with 
crystalline components on the MEP surface (Belcaid et al. 
2021) emphasizes the importance of processing conditions, 
such as activating agents, in optimizing MEP’s performance 
across diverse applications.

Elemental composition analysis of heat-treated Manihot 
esculenta peels, conducted using energy dispersive X-ray 
(EDX) spectroscopy, showed substantial carbon (C) con-
tent in MEP particles originating from the lignin, cellulose, 
and hemicellulose in MEPs (Kumar et al. 2021). Studies 
consistently report carbon as the dominant element, with 

Table 3   Proximate 
compositions of Manihot 
esculenta peels

Metabolizable 
energy (MJ/kg)

Dry matter Crude protein Crude fibre Ether extract Ash Reference

11.10 - 4.20 12.70 1.40 8.70 (Dayal et al. 2018)
- 88.80 5.24 12.38 3.97 5.16 (Oladunjoye et al. 2010)
- - 3.56 22.65 1.21 6.02 (Ndelekwute et al. 2021)
- 90.60 5.30 11.50 0.70 9.30 (Osei et al. 1990)
11.23 - 6.19 18.9 1.18 6.01 (Dairo 2011)
- 88.96 17.33 9.89 3.61 7.13 (Adesehinwa et al. 2011)
- 17.90 4.20 29.60 3.26 7.47 (Aro et al. 2010)
- 87.90 5.12 12.09 1.19 6.01 (Okechukwu et al. 2019)
- - 7.05 55.14 0.90 10.70 (Versino et al. 2015)
11.85 88.8 2.50 5.20 0.40 5.90 (Garcia 1995)

Table 4   Oxide composition of 
heat-treated Manihot esculenta 
peel particulates

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 Reference

36.79 7.57 2.23 8.20 2.90 1.37 18.74 1.52 (Raheem et al. 2020)
59.72 11.1 1.52 8.42 5.22 2.08 6.82 0.05 (Olatokunbo et al. 2018)
58.02 12.80 1.41 8.53 5.02 0.03 7.67 2.18 (Salau et al. 2012)
39.26 16.98 14.76 5.03 2.42 0.30 4.36 4.54 (Awolusi et al. 2023)
54.86 11.42 11.14 9.30 4.74 2.18 3.56 1.00 (Ajayi et al. 2023)
61.70 12.50 2.52 9.42 6.32 0.05 6.82 2.10 (Nwa-David et al. 2023)
55.93 19.88 6.02 9.85 3.20 0.98 - - (Chimmaobi et al. 2020)
83.00 2.90 2.70 1.30 0.80 - 2.80 0.00 (Ogunbode et al. 2023b)
43.16 3.95 3.32 21.09 3.40 - - - (Abdulwahab and Uche 2021)
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oxygen (O), nitrogen (N), sulfur (S), calcium (Ca), phospho-
rus (P), and sodium (Na) appearing in varying proportions, 
indicating transformations during thermal processing that 
may impact MEP’s applicability (Ogunbode et al. 2023a; 
Odeyemi et al. 2023), especially in industrial contexts such 
as bottom-hole fluids (Idress et al. 2019). Trace elements 
such as aluminum (Al), silicon (Si), and potassium (K), 
associated with starch residues, appear less prominently 
but add to the compositional complexity of MEP (Idress 
et al. 2019; Kumar et al. 2021; Samomssa et al. 2021). This 
composition has significant implications for applications in 
supercapacitors, where carbon’s high concentration provides 
a cost-effective electrode material (Amakoromo et al. 2021; 
Ismanto et al. 2010). Moreover, understanding the emissions 
of combustion-related gases, such as carbon dioxide and 

nitrogen oxides from MEP’s carbon and nitrogen content, 
is crucial for assessing MEP’s environmental footprint in 
energy applications.

Sustainable engineering potential 
of Manihot esculenta peels

Manihot esculenta peels have been repurposed by research-
ers for different sustainability solutions as part of attempts to 
address the environmental menace of this category of agro 
waste. Figure 5 depicts the different sustainability solutions 
that have been developed from MEPs, including biofuel 
production (Zhu et al. 2015), biogas generation (Andrade 
et al. 2021; Okudoh et al. 2014), livestock feed and nutrient 

Fig. 4   Microstrutures of Manihot esculenta peels surface morphology, modified from (Barati et al. 2019; Mohd-asharuddin et al. 2017; Ogun-
bode et al. 2023a) under CC-BY

Fig. 5   Valorization potential of 
ME peels for sustainability
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supplements (Ifeanyi Charles 2020; Khempaka et al. 2014; 
Morgan and Choct 2016; Ndelekwute et al. 2021; Oke-
chukwu et al. 2019), water purification (Kumar et al. 2021), 
human nutrition (Aro et al. 2010; Dairo 2011), construction 
materials (Chimmaobi et al. 2020; Nwa-David et al. 2023; 
Ogunbode et al. 2023b; Olatokunbo et al. 2018; Raheem 
et al. 2020; Salau et al. 2012), biocomposites (Jullanun and 
Yoksan 2020; Martinaud et al. 2024; Ogunbode et al. 2023b; 
Versino et al. 2015; F. Zhu 2015), metal matrix compos-
ites (MMCs) (Edhirej et al. 2017a, b; Oladele et al. 2020; 
Olaniran et al. 2021), packaging materials (Thathsaranee 
et al. 2023; Tumwesigye et al. 2016), detoxifiers (Panghal 
et al. 2021; Tewe 1992), bioremediation (Adesiji and Ade-
mola 2019; Adiaha 2021; Edeh et al. 2014; Kayiwa et al. 
2021b), and supercapacitor electrodes for renewable energy 
(Ismanto et al. 2010; Taer et al. 2022; Versino et al. 2015).

Bioenergy generation

Bioenergy, derived from organic agricultural waste, is a 
renewable energy source that can be converted into biofuels 
for transportation and biopower for heat and electricity gen-
eration. It currently accounts for 55% of global renewable 
energy and has the potential to achieve net-zero emissions, 
potentially displacing fossil fuels by 2030 and contribut-
ing to Sustainable Development Goal 7 for accessible and 
clean energy (Bains et al. 2023; UN 2015; 2023). However, 
achieving near-zero emissions remains challenging as bio-
energy production releases the carbon initially sequestered 
by crops.

Manihot esculenta peels represent a significant bioenergy 
source, with literature documenting their potential in diverse 
applications, from household energy to aerospace (Adebisi 
et al. 2019; Andrade et al. 2021; Edhirej et al. 2021; Oku-
doh et al. 2014; Zhu et al. 2015). MEP can be harnessed for 

bioenergy through several processes, including anaerobic 
digestion to generate biogas, fermentation for bioethanol 
production, combustion or gasification for biopower, and 
pyrolysis for biochar. Bioenergy integration is advancing 
in industries such as aviation, where biofuels are used in a 
blend with jet fuels at a 30% mix (Sarisky-Reed 2016; Ahl-
gren 2002). Biopower has also contributed approximately 
8% of energy to the electric grid (Kirchner and Thrän, 2019). 
The high carbon content of MEP makes it an excellent candi-
date for bioenergy applications, contributing to energy needs 
and supporting sustainable practices through waste valoriza-
tion. These methods, discussed in subsequent sub-sections, 
offer renewable energy options ideal for rural areas where 
MEP is abundant and electricity access may be limited.

Biogas from Manihot esculenta peels

Manihot esculenta peels are a valuable feedstock for biogas 
production, providing renewable energy through methane 
and carbon dioxide output. Anaerobic digestion of MEP pro-
duces biogas with methane concentrations between 48 and 
64%, suitable for heating, cooking, and electricity generation 
applications. However, MEP digestion faces challenges such 
as cyanide production and nitrogen deficiency, which can 
be addressed through digester innovations and co-digestion 
(Cuzin et al. 1992; Sirirote et al. 2010; Sirirote et al. 2010). 
The advantage of co-digestion lies in achieving balance in 
alkalinity, pH, and trace nutrients, contributing to higher 
biogas yields. Key findings and process conditions from 
related studies are summarized in Table 5, focusing on yield 
improvements, methane content, and optimization strategies.

These studies emphasize that optimizing MEP digestion 
methods, especially through co-digestion, yields higher 
methane concentrations and stabilized pH levels. These 

Table 5   Biogas production from Manihot esculenta peels

Study Method/conditions Biogas yield and methane content Remarks

Präger et al. (2019) AD with MEP residues using sto-
chiometric and substrate-specific 
methods

48.6–53% methane Validated MEP as viable for bioen-
ergy applications

Ismail et al. (2022) Continuous digester at 35 °C 
for 25 days, at 0.076 gCOD.
L−1 day−1 organic loading rate

 ~ 1000 mL biogas Enhanced yield with controlled 
mesophilic digestion

Jaro et al. (2021) Pig dung-optimized MEPs through 
AD

4.6–7.3 L/kg biogas, 0.73% 
methane

Optimized yield with specific sub-
strate methods

Sirirote et al. (2010) Co-digesting MEP with dried cow 
dung

64.3% methane and 13.20 L/day 
biogas

High methane content via co-diges-
tion techniques

Aisien and Aisien (2020) MEP-optimized cow dung slurry 
pretreated with NH4Cl

62.3% methane, 104,961 cm3 
biogas

Enhanced methane and biogas yield 
with NH4Cl

Ofoefule and Uzodinma (2009) Co-digestion with livestock dung Increased yield for cattle (4.88 
L), poultry (5.55 L), and swine 
(5.65 L)

Improved yield compared to the 2.29 
L obtained using only MEPs
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advancements can be particularly beneficial in rural areas 
with abundant MEP resources and limited energy access.

Bioethanol from Manihot esculenta peels

Bioethanol is a renewable biofuel produced via fermentation 
of sugars in plant residues, with Manihot esculenta peels 
serving as an efficient feedstock due to their high sugar con-
tent and favorable composition (Safari and Syafaat 2022). 
Figure 6 illustrates the thermochemical gasification process 
used to produce bioethanol from lignocellulosic biomass of 
lignin (C9H10O3(OCH3)0.9–1.7)y, hemicellulose (C5H8O4), 
and cellulose (C6H10O5) present in MEPs (Mukti et  al. 
2023). The production process involves soaking MEP to 
remove toxins, followed by drying, chopping, and pulver-
izing to enhance chemical interactions for hydrolysis, which 
is the breakdown of cellulose and hemicellulose into simple 
sugars (Adekunle et al. 2016; Chaoui and Eckhoff 2014). 
The sugars are then fermented into bioethanol, which can 
be distilled to obtain high-purity bioethanol.

The produced bioethanol can be extracted using the distil-
lation extraction technique (DET) due to the scalability, high 
purity, energy efficiency, continuous operation, and co-prod-
uct recovery of the DET. Carbon dioxide is subsequently 
removed in the form of gas vapor, with the unfermented 
sugar retrieved from the bottom of the distillation tank. The 
bioethanol is subsequently recovered as a vapor stream from 
the distillation column. For optimal bioethanol yield from 
Manihot esculenta peels, eleven factors must be considered 
for process optimization: Inoculum size (5.22%), alpha-
amylase (24.74%), fermentation agitation speed (100 rpm), 
pre-hydrolysis temperature (50 °C), pre-hydrolysis time 

(24 h), pre-hydrolysis pH (pH 4), fermentation pH (pH 5), 
fermentation time (114 h), fermentation temperature (27 °C), 
substrate concentration (69.82 g/L), and the use of glucoam-
ylase concentration (strongly recommended).

Key process optimization factors for high bioethanol 
yields include hydrolysis methods (acidic, alkaline, or enzy-
matic) and fermentation conditions such as temperature, pH, 
and time. These factors ensure the efficiency of bioethanol 
production, which can be enhanced through specific treat-
ments and techniques like Simultaneous Fermentation and 
Saccharification (SFS) (Adekunle et al. 2016; Sivamani and 
Baskar 2015). The bioethanol produced can be used as a fuel 
or for other applications, including solvents and feedstocks 
for pharmaceuticals, with blends like E10 and E85 offering 
pollution-free combustion alternatives to gasoline (Anekwe 
et al. 2023; Khan et al. 2023; Segovia-Hernández et al. 2022; 
Sindhu et al. 2019). Research has demonstrated the high 
potential of MEP as a bioethanol feedstock compared to 
other energy crops residues like sugarcane, sweet sorghum, 
rice, maize, and wheat, as seen in Table 6, with examples 
showing bioethanol yields from MEPs as high as 69.82 g/L 
when using liquefaction and SFS methods. In addition, 
among the different parts of Manihot esculenta, MEPs yield 
the highest reducing sugars among different parts of Manihot 
esculenta, as shown in Fig. 7 (Nuwamanya et al. 2012). This 
makes them especially suitable for fermentation, leading to 
high bioethanol yields.

These studies collectively highlight the significant poten-
tial of MEP as a feedstock for bioethanol production, dem-
onstrating high yields and the need for optimized processing 
methods, particularly with alkaline hydrolysis and efficient 
fermentation techniques. However, bioethanol production 

Fig. 6   Flowchart of the gasifica-
tion process
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faces other drawbacks beyond feedstock utilization. One 
such significant issue is the requirement for large cultiva-
tion areas, which can pose land use and agricultural sustain-
ability challenges. In addition, the use of nitrogen fertilizers 
can contribute to eutrophication, an environmental concern 
associated with excessive nutrient runoff into water bodies 
(Andrade et al. 2021). Interestingly, the inherent compo-
sition of MEPs provides some advantages in this context, 
further enhancing their suitability as feedstocks for bioetha-
nol production. Furthermore, MEPs may require less land 
for cultivation compared to other feedstocks, potentially 
mitigating concerns related to land use. Moreover, Manihot 
esculenta peels can thrive in various environmental condi-
tions, thus reducing the reliance on nitrogen fertilizers and 
minimizing the risk of eutrophication.

Biochar from Manihot esculenta peels

Biochar is a sustainable material with high carbon content 
that is produced by heating organic waste in the absence of 
oxygen. It is resistant to decomposition due to its fine granu-
larity and varied chemical surface properties, which can be 
hydrophilic, basic, acidic, or hydrophobic. This diversity in 
chemical properties contributes to its high reactivity poten-
tial. Biochar has diverse applications, including heat produc-
tion, soil remediation, medical uses, metallurgy, and flue gas 
cleaning (Weber and Quicker 2018). Biochar is particularly 
notable for its greenhouse gas emissions. Its use can signifi-
cantly reduce the emission of N2O (nitrous oxide), CO2, and 
CH4 (methane) by altering soil microbial activity, thereby 
decreasing anaerobic processes (Mosa et al. 2023; Shrestha 

Table 6   Bioethanol production from Manihot esculenta peels

Study Methodology Bioethanol yield and characteristics Remarks

Okudoh et al. (2014) Energy crop residue comparison 6 t/ha yr of MEP, highest among 
crops

High bioethanol yield from MEP 
compared to other crops

Nuwamanya et al. (2012) Hydrolysis (acidic, alkaline, enzy-
matic)

59.5–61.4% bioethanol, high reduc-
ing sugars

MEPs produce the highest yield of 
reducing sugars, which is desirable 
for fermentation

Ziska et al. (2009) Field-based study (Alabama, 
Maryland)

55% bioethanol from MEP MEPs show promising yields even in 
diverse environments

Sivamani and Baskar (2015) Liquefaction and SFS 69.82 g/L bioethanol Optimized fermentation and SFS for 
enhanced yield

Fig. 7   Result of hydrolysis of Manihot esculenta parts using acidic (HClx=1,2,..), alkaline (NaOHx=1,2,..), and enzymes. Reproduced from 
Nuwamanya et al. (2012) under CC-BY
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et al. 2023; Zhou et al. 2023). These properties make biochar 
an effective tool in mitigating climate change.

Another crucial application of biochar is carbon seques-
tration. Biochar’s high carbon content enables it to capture 
and store carbon when added to soils, inhibiting the disper-
sion of CO2 into the atmosphere (Kumar et al. 2023). This 
long-term sequestration helps in reducing the overall concen-
tration of greenhouse gases. Biochar’s highly porous struc-
ture enhances its suitability as a soil conditioner. It improves 
soil fertility, structure, and water retention capability (Odey-
emi et al. 2023). These properties make biochar beneficial 
for agricultural productivity, especially in degraded soils. 
Biochar has also been used to remove phenol from industrial 
waste with a removal efficiency of about 82.3% (Emenike 
et al. 2022). These applications demonstrate biochar’s poten-
tial as a valuable tool in wastewater treatment, sustainable 
agriculture, and environmental remediation.

Several studies have explored the potential of using 
Manihot esculenta peels as feedstocks for biochar produc-
tion (Anas et al. 2022; da Silva et al. 2022; Egbosiuba 2022; 
Grema et al. 2023; Li et al. 2018; Odeyemi et al. 2023). 
These investigations, summarized in Table 7, indicate that 
pyrolysis is the most commonly used method for produc-
ing biochar, with yields ranging from 24.60 to 68.59%. At 
lower pyrolysis temperatures, biochar yield was higher and 
reduced with temperature increase (Table 7). The higher bio-
char yields at lower temperatures are due to partial or incom-
plete pyrolysis of MEPs (Angın et al. 2013). Conversely, the 
rapid lignocellulosic decomposition of Manihot esculenta 
peels at higher temperatures increases volatile material pro-
duction, which impacts the secondary decomposition of bio-
char residues, resulting in a lower yield (Hasan et al. 2019).

Microstructure investigations of MEP-based biochar con-
sistently show that as temperature rises, uniformly distrib-
uted micropores with increased porosity are formed (Fig. 8). 
The porous properties of MEPs have been experimentally 
validated by (Ben and Olubambi 2024b), showing that 
mesopores and micropores are produced through the car-
bonization process of MEPs. The rough and porous surfaces 
make MEP-based biochar effective as absorbents and for soil 
remediation. Additionally, MEP-based biochar’s pH rises 
with increasing pyrolysis temperature (da Silva et al. 2022) 
and is useful for reducing soil acidity and enhancing nutri-
ent availability (Al-Wabel et al. 2018; Lehmann et al. 2011; 
Shi et al. 2019). All the studies assessed in Table 4 reveal 
that carbon is the most dominant element in MEP-based 
biochar, with a maximum value of 78.65% observed by 
(Grema et al. 2023). Other elemental compositions observed 
in MEP-based biochar include O, H, N, Ca, silver (Ag), and 
trace amounts of Si, Al, P, K, and Mg. Fourier Transform 
Infrared (FTIR) spectroscopic investigations confirmed the 
existence of hydroxyl, aromatic, and oxygenated functional 
groups at varying band peaks influenced by the pyrolysis 

temperatures. Thermogravimetric analysis (TGA) indicates 
that thermal efficiency is a function of both the pyrolysis 
temperature (Egbosiuba 2022) and the amount of biomass 
used for biochar production (da Silva et al. 2022).

Despite the significant benefits associated with high-yield 
biochar production using Manihot esculenta peels, several 
drawbacks have been identified from reviewed experimental 
studies. These include high ash content (Anas et al. 2022; 
Andiani et al. 2022), high moisture content (Rudiyanto 
et al. 2023), presence of toxic compounds (Aso et al. 2018), 
limited surface area (Anas et al. 2022), nutrient imbalance 
(Andiani et al. 2022; Odeyemi et al. 2023), and high pro-
duction costs (Odeyemi et al. 2023). These drawbacks have 
been shown to limit the biochar yield from MEPs compared 
to other materials. For instance, the limited surface area of 
MEP-based biochar impacts its adsorption properties (Anas 
et al. 2022; Odeyemi et al. 2023). Among the different ME 
parts, biochar produced from the ME peels has a limited 
surface area due to fewer functional groups (Mopoung et al. 
2012). However, the surface area can be enhanced through 
an improved activation process, which increases micropores 
(Anas et al. 2022; Mopoung et al. 2012). Optimizing pyroly-
sis temperature can effectively address the high ash content, 
as seen in Table 7, where lower pyrolysis temperatures result 
in higher biochar yields.

High moisture content can be mitigated by ensuring 
Manihot esculenta peel biomass is well-dried before pyrol-
ysis. Cyanogenic glycosides (toxic compounds) in MEPs 
necessitate further studies to understand their impact on 
biochar yields. However, proper pre-treatment techniques 
like soaking and appropriate drying methods can effectively 
reduce cyanide content (Ben and Olubambi 2024a). The high 
potassium content in MEPs can lead to ash-related issues and 
negatively impact the quality of the produced biochar (Andi-
ani et al. 2022). For instance, a 10.8 wt% potassium value 
was observed for MEPs by (Ben and Olubambi 2024b). High 
potassium values can result in nutrient imbalances in soils 
where MEP-based biochar is applied. Blending MEPs with 
other nutrient-rich biochars, such as poultry litter or animal 
droppings, is recommended to address drawbacks associ-
ated with nutrient imbalance. Regarding production costs, a 
relatively cheap and environmentally friendly non-electrical 
reactor has been proposed and demonstrated by (Odeyemi 
et al. 2023), with results consistent with existing studies.

Biocomposites

Synthetic polymers face challenges like insufficient organic 
matter, environmental pollution, non-biodegradability, con-
sumer toxicity risks, and cross-contamination issues (Nagalak-
shmaiah et al. 2019; Siracusa et al. 2008), biocomposites offer 
a sustainable solution. Biocomposites are composite materials 
that use biodegradable polymers as the matrix, reinforced by 
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natural fibers primarily derived from residues of agricultural 
wastes. The utilization of agro-waste residues in biocomposites 
is driven by their natural abundance and the need to address 
environmental concerns associated with pollution from these 
wastes. Reinforcing biopolymers with agro-waste residues 
enhances mechanical strength and thermal stability and pro-
vides a sustainable strategy for managing agricultural waste 
(Benito-González et al. 2019; Lomelí Ramírez et al. 2011).

Biocomposites have found diverse applications (Fig. 9), 
including bioengineering (Huang 2023), biomedical materi-
als for hard tissues, soft tissues, and implants (Ramakrishna 
and Huang 2016), and as replacements for non-biodegrada-
ble petroleum-based materials (Nagalakshmaiah et al. 2019). 
They are also used in vehicle interior paneling, brake linings, 
canoes, aircraft models (Riedel 2012), and food packaging 
(Siracusa et al. 2008). Agro-waste residues like Manihot 
esculenta peels, rice husk, and livestock droppings have 
been researched to develop innovative bio-based materials 
to mitigate greenhouse gases by lowering carbon dioxide 
emissions to the atmosphere. Biocomposites reinforced with 
agro-wastes have been shown to exhibit enhanced mechani-
cal properties, improved electronic performance, superior 
wear resistance, flame retardance, and thermal insulation 
(Koronis et al. 2013; Nagalakshmaiah et al. 2019).

Studies on the use of Manihot esculenta bagasse 
(MEB) as reinforcing filler agents have been extensively 
documented, driven by the high starch content in this 
category of food crop (Edhirej et al. 2021; Edhirej et al. 
2017a, b; Edhirej et al. 2017a, b). However, there has been 
limited research on using Manihot esculenta peels for the 
same purpose despite evidence suggesting that the crude 
fiber content in MEPs surpasses that in other parts of the 
plant (Abotbina et al. 2022; Ben and Olubambi 2024b). 
For instance, MEPs contain 10.6% crude fiber compared 
to only 2.0% in MEB (Marx and Nquma 2013). Similarly, 
dried MEPs have a higher cellulose content, whereas 
MEB contains about 38% cellulose (Versino et al. 2015). 
Cellulose from MEPs is crucial in biocomposite fabrication 
due to its biodegradability, high tensile strength, stiffness, 
lightweight, compatibility, thermal stability, abundance, 
and cost-effectiveness. Cellulose nanofibers, extracted from 
starch-based food crops, are used to reinforce biocomposites 
for use in the production of high-strength materials, eco-
friendly packaging, biomedical devices, and filtration 
systems. Table  8 provides examples of studies using 
Manihot esculenta peels as a reinforcement material in 
biocomposites, demonstrating the effectiveness of various 
processing methods.

Fig. 8   Surface micrograph of 
MEP-based biochar at different 
temperatures. Modified from 
(Egbosiuba 2022) under CC-BY
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These studies suggest that the presence of lignin and protein 
in MEPs can enhance biocomposites’ mechanical stability and 
strength. Chemical and physical modifications can also boost 
the mechanical strength of biocomposites (Czaikoski et al. 
2020), while pre-conditioning methods optimize starch gelati-
nization to achieve effective barrier characteristics (Benito-
González et al. 2019). Incorporating MEPs reduces ductility 
but enhances properties such as tensile and flexural strength, 
influenced by factors like filler-matrix adhesion (Fig. 10), 

processing, and filler treatment (Ben and Olubambi 2024b; 
Gomes et al. 2007). Additionally, the low density of MEPs 
makes them suitable for lightweight applications, including 
aerospace technology. MEPs also contribute to biocompos-
ites’ biodegradability and water absorption, with soil burial 
tests confirming a steady decline in biocomposite weight over 
time (Nwiyoronu et al. 2022). FTIR analysis has shown that 
lignin and protein in MEPs enhance mechanical stability, while 
MEPs’ phenolic compounds improve UV absorption and 

Fig. 9   Potential application 
areas of MEPs fiber-reinforced 
biocomposites

Table 8   Selected studies on Manihot esculenta peel as reinforcement in biocomposites

Study Processing method Key findings Potential applications

Leite et al. (2017) Acid hydrolysis Produced high-crystallinity nanofibers 
with diameters of 2.3–5.4 nm

Biomedical materials, high-strength 
goods

Travalini et al. (2019) Alkali treatment, bleaching Created cellulose nanofibers with 
improved thermal stability with mean 
diameters of 6.7 nm and 8.2 nm

Food packaging, eco-friendly bioplastics

Nwiyoronu et al. (2022) Soil burial test Enhanced biodegradability and adjusted 
water absorption properties

Biodegradable packaging

Versino et al. (2015) FTIR, microstructural analysis Improved thermodynamic properties 
of TPS biocomposites with enhanced 
opacity and UV-blocking

Thermoplastic starch products, UV 
shields

Thathsaranee et al. (2023) Crystallinity phase analysis Found α-amylose dihydrate, enhancing 
stability and thermal properties

Sustainable packaging materials
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opacity (Chaurasia and Lal 2016). Furthermore, the reduced 
transparency and increased opacity from larger MEP particles 
indicate their potential in applications such as biodegradable 
food packaging, where cost-effectiveness, non-toxicity, and 
durability are essential.

Some drawbacks in using Manihot esculenta peels for 
biocomposite production include high ash and moisture con-
tent, toxicity, and compatibility issues. MEPs’ high ash and 
moisture content can negatively impact the produced bio-
composite’s mechanical performance and thermal stability 
as a result of poor interfacial bonding between fibers and the 
matrix. Additionally, cyanide compounds present in MEPs 
can make the biocomposite toxic, posing significant health 
risks, especially in applications like food packaging and car 
seats. Effective pre-treatment techniques can address high 
ash and cyanide content challenges, while thorough drying 
of the MEPs before use will mitigate the moisture content 
problem. Chemical treatments have been explored to reduce 
moisture susceptibility (Azwa et al. 2013). Incompatibility 
issues between fiber and matrix can reduce the mechani-
cal strength of the produced biocomposite arising from the 
hydrophilic nature of natural fibers, with the likelihood of 
forming aggregates during processing, which limits their 
processing temperatures (Versino et al. 2015). Therefore, it 
is imperative to grasp natural fibers’ inherent compositions 
and characteristics to be used as polymer fillers. FTIR, XRD, 
SEM, TGA, and crystallinity tests are crucial for assessing 
the suitability of natural fibers for biocomposite production.

Building and construction materials

Cement is an essential material peculiar to the building and 
construction industries. However, it has been identified as 
a significant carbon dioxide emitter, accounting for ~ 8% of 
global carbon dioxide emissions, compared to 2.5% from 
aviation fuel (Rodgers 2018). China is the leading cement 
producer worldwide at ~ 2.1 billion metric tons, with India 
and Vietnam at ~ 410 and ~ 110 million metric tons, respec-
tively (Jaganmohan 2024; Tkachenko et  al. 2023). The 
manufacturing process, particularly during the clinker 

production at the calcination stage, contributes significantly 
to greenhouse gas emissions, at approximately 7% (Miller 
et al. 2021). This environmental impact has spurred a search 
for environmentally friendly and sustainable construction 
materials to mitigate the detrimental effects of conventional 
construction materials. Agro-wastes has emerged as a prom-
ising alternative binder in cement and concrete formulations, 
offering a dual benefit of effective waste management and 
the development of “green cement” (AlBiajawi et al. 2022; 
Amare et al. 2023; He et al. 2020; Manikanta et al. 2020). 
This green cement provides a sustainable, eco-friendly alter-
native to Ordinary Portland Cement (OPC), with a carbon 
capture potential that highlights the valorization of MEPA 
in sustainable cement production. Studies demonstrate that 
MEPA exhibits high pozzolanic properties, especially when 
calcined under specific conditions (Salau and Olonade 2011; 
Aliu et al. 2023). MEPA’s oxide composition, which is rich 
in K₂O, SiO₂, MgO, and Al₂O₃ (Table 4), meets the ASTM 
C618 standards, with the required trioxide totals of Fe₂O₃, 
Al₂O₃, and SiO₂ expected to have a minimum of 70% for 
Class N, and 50% for Classes F and C (Akinkunmi and Olan-
rewaju 2018; Olatokunbo et al. 2018; ASTM 2023).

Manihot esculenta peel ashes as a supplementary con-
crete additive in the building and construction industries 
have been extensively studied (Table 9). This exploration 
is driven mainly by the rising costs of pozzolans, whose 
production costs have increased significantly over the years 
(Olatokunbo et al. 2018). MEPA’s pozzolanic potential has 
been found to enhance compressive strength and durability, 
making it an effective supplementary cementitious mate-
rial. For example, in comparative studies (Table 9), MEPA 
showed a compressive strength of 14.87 N/mm2 after 7 days, 
slightly surpassing RHA (rice husk ash) and PSA (periwin-
kle shell ash) alternatives, indicating its robust mechanical 
performance (Akinkunmi and Olanrewaju 2018). When 
applied in biocomposites, MEPA’s oxide-rich composition 
contributes to reduced environmental impact by partially 
substituting OPC, aligning with ASTM standards for envi-
ronmentally friendly construction materials. The chemi-
cal characteristics of MEPA make it viable for lightweight 

Fig. 10   Surface morphol-
ogy of MEP-reinforced TPS 
biocomposite. Reproduced from 
(Versino et al. 2015) under 
CC-BY
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applications requiring high strength and stiffness, suitable 
for a range of engineering uses.

The results of Tables 4 and 9 suggest that integrating agro-
waste particles like MEPA in cement production can reduce 
costs and minimize greenhouse gas emissions, but only as 
partial replacements in pozzolanic production. However, it 
should be noted that this green cement, despite the promising 
results, should be limited to lightweight concrete production, 
as there is currently no evidence to support or recommend 
their use as complete cement replacement in the building 
and construction sectors. Furthermore, extensive studies are 
still required to be done with strict adherence to the ASTM 
C1709-22 standard guide (ASTM 2022), as all of the studies 
assessed in Table 9, except for (Olatokunbo et al. 2018), did not 
fully comply with the ASTM C1709 test guides for alternative 
cementitious materials as many important test validations were 
not carried out, making it difficult to ascertain the potential of 
MEPA particulate replacements in concretes.

Supercapacitor electrodes for renewable energy

Supercapacitor electrodes are essential components of 
supercapacitor batteries used for energy harvesting and storage 
in renewable energy applications. These devices can store 
energy through electrochemical processes and release it through 
electrostatic discharge much faster than regular batteries. 
Supercapacitors are gaining rapid application in electric and 
hybrid vehicles, portable and wearable devices, power grids, 
renewable energy systems, robotics, military devices, and 

telecommunication base stations. Their exceptional performance 
is attributed to a broad temperature tolerance, elevated power 
density, extended life cycle, and swift discharging and charging 
times (González et al. 2016; Kandalkar et al. 2010; Meng 
et al. 2017). The nature of electrode material is fundamental 
in determining a supercapacitor’s performance characteristics. 
Commonly used materials as supercapacitor electrodes include 
manganese, ruthenium, and nickel metal oxides (Song et al. 
2012; Yang et al. 2014), polypyrrole and polyaniline conducting 
polymers (Deng et al. 2017; Meng et al. 2017), and carbon-based 
materials (activated carbon, graphene, and CNTs) (Andiani et al. 
2022; Ismanto et al. 2010; Kayiwa et al. 2021b; Sudaryanto et al. 
2006; Yang et al. 2015; Zou et al. 2018).

Activated carbon is largely adopted for electrode production 
as a result of its high surface area, chemical stability, good 
conductivity, environmental abundance and sustainability, and 
compatibility with diverse electrolytes (Ismanto et al. 2010; 
Sevilla and Mokaya 2014). Although CNTs and graphene 
are also widely utilized for their excellent conductivity and 
mechanical strength (Afzal et al. 2017; Yang et al. 2015). How-
ever, they are less cost-effective than activated carbon, mostly 
obtained from agro-waste sources (Wang et al. 2020). Exam-
ples of agro-wastes studied for producing activated carbon for 
supercapacitors include corn cob ash (Yang and Zhang 2018), 
rice husk ash (Zhong et al. 2018), sugarcane bagasse ash (Zou 
et al. 2018), coconut shell ash (Xia et al. 2018), orange peel 
ash (Ranaweera et al. 2017), and Manihot esculenta peel ash 
(Amakoromo et al. 2021). Studies utilizing MEPA as electrode 
materials (Table 10) have shown excellent porosity and rough 

Table 10   Performance analysis of MEPA-based supercapcitor electrodes

Study Electrode material Activating agent Specfic capacitance Remark

Ismanto et al. (2010) MEPA HNO₃, H₂O₂, and H₂SO₄ 264.08 F/g Surface area was not sig-
nificantly modified but 
carbon surface chemsitry was 
enhanced

Amakoromo et al. (2021) MEPA KHCO₃, KOH, and a blend of 
KCl-Na₂S₂O₃

300 F/g at 0.5 A/g 98% capacitance retention, and 
828 m2/g specific surface area 
with excellent porosity and 
rough surface areas

Taer et al. (2022) MEPA KOH, H₂SO₄, and Na₂SO₄ 
aqueous electrolytes

112 F/g (Na₂SO₄), 150 
F/g (KOH), and 183 F/g 
(H₂SO₄) at 1 mV/s scan rate

The fabricated electrodes were 
found suitable for applica-
tions requiring frequent 
cycling, with an equivalent 
series resistance (ESR) of 
0.21 to 0.42 Ω and Coulom-
bic efficiency of 89%

Ospino et al. (2020) MEPA KOH and H₃PO₄ 64.18 F/g Cyclic voltammetry potential 
ranging from −0.4 V to 0.6 V, 
with 398.46 m2/g specific 
surface area was obtained

Harahap et al. (2022) MEPA Chemical impregnation 
techniques with 94.61% 
carbon and 2.67% self-doped 
oxygen

257 F/g at 1 A/g High-performance electrode 
material with Coulombic effi-
ciency of 91.10% observed 
at 10 A/g
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surface areas, with activated carbon significantly enhancing 
the performance of these MEPA-based carbon electrodes for 
surface modifications. Furthermore, carbon samples from 
MEPA have been shown to enhance ionic reactions during the 
electrochemical process, with the cyclic voltammogram result, 
as seen in Fig. 11 at 5 to 10 mV/s scan rates.

The use of Manihot esculenta peels as potential raw 
materials for producing electrodes in supercapacitors 
has its drawbacks. For instance, the quality of MEPA 
particulates can affect processing conditions, leading to 
inconsistent properties in the fabricated activated carbon 
electrodes, as observed in various studies (Amakoromo 
et al. 2021; Ismanto et al. 2010; Taer et al. 2022; Ospino 
et al. 2020; Harahap et al. 2022). Furthermore, agro-waste 
biomass often exhibits irregular morphologies, which can 
affect pore properties and limit performance rate and power 
density (Wang et al. 2020). Therefore, industries adopting 
MEPA particulates must develop adequate chemical 
treatment techniques to minimize differences in chemical 
composition, surface area, and porosity. The incorporation 
of heteroatoms has been proposed to shorten the ion/charge 
transportation distance, thereby enhancing the properties 
of supercapacitor electrodes made from agro-wastes (Wang 
et al. 2020). In addition, MEPA-based activated carbons 
specific capacitance is relatively lesser than materials 
like graphene or CNTs, impacting their electrochemical 
performance and structural integrity.

There is also a need to research non-toxic activating 
chemicals to mitigate the side effects and hazardous nature 
of commonly used activating agents such as KOH, H₃PO₄, 
and H₂SO₄. The activation process is equally energy-
intensive, which can increase the overall production 
cost. Therefore, further studies should explore strategies 
to reduce the environmental impact associated with 
this process. Standardized methods for estimating the 
performance of agro-waste residues like MEPA particulates 
are required due to the wide variation in supercapacitor 

electrode performance reported. A supercapacitor cell 
typically has two electrodes, which can be identical or 
different, with a separator immersed in an electrolyte 
to prevent electrical contact between the electrodes 
(González et  al. 2016). For enhanced measurement, 
one of these electrodes can be made from a reference 
carbon material with well-established surface area and 
capacitance values, while the second electrode can be 
made from MEPA particulates. This approach effectively 
assesses the potential of MEPA particulates in fabricating 
supercapacitor electrodes.

Conclusion and future outlook

This study reviewed the waste management challenges 
associated with Manihot esculenta peels and presented 
innovative solutions to repurpose this agro-waste into 
valuable materials for sustainable engineering applications. 
The review explored heat treatment techniques like 
carbonization, calcination, and ashing, revealing promising 
applications for Manihot esculenta peels. Key findings 
include the following:

1.	 The oxide composition of MEPs makes them suitable 
for partial replacement of Portland cement due to their 
high pozzolanic properties, meeting ASTM standards 
for Classes N, F, and C.

2.	 MEPs’ smooth, non-porous surface suggests effectiveness 
as fillers in composites, enhancing mechanical properties 
for biocomposites, wastewater treatment, and soil 
conditioning.

3.	 MEPs’ high carbon content offers strong bioenergy 
potential, with yields exceeding other agro-waste residues 
like rice husk, corn cob, periwinkle, sugarcane, and 
coconut shell ashes, making them suitable for sustainable 
biogas, bioethanol, and biochar production.

Fig. 11   Cyclic voltammogram of MEPA particulate-based electrodes activated KHCO3, KOH, and Na₂SO₄ electrolytes. Modified from (Amako-
romo et al. 2021) under CC-BY
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4.	 MEP-based biodegradable biocomposites have excel-
lent ductility, strength, and thermal stability, support-
ing aerospace, automotive, and lightweight construction 
applications.

5.	 Supercapacitor electrodes made from MEPs exhibit high 
porosity and specific capacitance, showing improved 
performance over electrodes from other agro-waste resi-
dues.

Despite extensive research on valorizing Manihot escu-
lenta peels as from an environmental pollutant to sustain-
able engineering materials, future studies could address 
key limitations identified in the literature by considering 
the following:

	 1.	 Optimize pyrolysis temperatures for enhanced biochar 
production to reduce high ash content.

	 2.	 Additional research is needed to evaluate MEPA's 
potential as a reinforcing filler in hybrid and mono-
lithic biocomposites for improved mechanical and 
electrochemical properties.

	 3.	 New processing techniques should be developed to 
address compatibility issues between MEPA-based 
fillers and matrix materials, preventing aggregates that 
impact mechanical properties.

	 4.	 Comprehensive studies should follow ASTM C1709 
guidelines to validate MEPA particles as alternative 
cementitious materials in concrete applications.

	 5.	 For supercapacitor electrodes, standardized chemical 
treatment methods are essential to achieve consistent 
performance by minimizing chemical composition, 
surface area, and porosity variations in MEPA par-
ticulates.

	 6.	 Research is required on safe, non-toxic activating 
chemicals to reduce environmental risks in MEPA 
applications.

	 7.	 Standardized performance metrics for agro-waste resi-
dues like MEPA in supercapacitors would ensure reli-
able comparison across studies.

	 8.	 Solutions are needed for cyanide inhibition in MEP-
based biogas production and for overcoming limita-
tions in bioethanol yield due to high cellulose.

	 9.	 Innovations in processing can improve MEP-based bio-
char and biocomposites, making them more competi-
tive with other agro-waste residues.

	10.	 Increasing MEP replacement percentages in cement 
applications can reduce environmental impacts and 
enhance cost-effectiveness, necessitating rigorous 
studies to optimize pozzolanic properties.

	11.	 Developing high-quality MEP-derived electrodes for 
supercapacitors is vital for renewable energy; further 
research should refine activation techniques to enhance 
electrode quality for energy storage systems.

Finally, the sustainable utilization of Manihot esculenta 
peels holds great potential for a cleaner and sustainable 
engineering future. Continued investigations and innovation 
are essential to unlock this potential and transform Manihot 
esculenta peels into a key resource for various engineering 
applications. By addressing the current challenges and 
optimizing processing techniques, Manihot esculenta peels 
can transition from being an environmental burden to a 
valuable resource. Increased and continued advancements 
in processing technologies and material science provide 
a veritable pathway for the broader application and 
optimization of Manihot esculenta peels in sustainable 
engineering solutions.

Author contribution  Festus Ben: conceptualization, investigation, 
writing of the original draft, methodology, formal and data analysis, 
fund acquisition, and writing—reviewing and editing.

Funding  Open access funding provided by University of Johannesburg. 
The Tertiary Education Trust Fund (TETFUND), Nigeria, is acknowl-
edged for supporting and funding this study.

Data availability  No dataset was analyzed or generated as this study 
proceeds within a theoretical and mathematical approach.

Declarations 

Competing interests  The author declares no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdulwahab MT, Uche OAU (2021) Durability properties of self-
compacting concrete (SCC) incorporating cassava peel ash 
(CPA). Niger J Technol 40(4):584–590. https://​doi.​org/​10.​4314/​
njt.​v40i4.​4Dura​bility

Abiodun O, Oladipo B, Ezekiel A, Tomiwa A, Oyekola OO, Betiku E 
(2022) Green heterogeneous base catalyst from ripe and unripe 
plantain peels mixture for the transesterification of waste cook-
ing oil. Chem Eng J Adv 10(January):100293. https://​doi.​org/​10.​
1016/j.​ceja.​2022.​100293

Abotbina W, Sapuan SM, Ilyas RA, Sultan MTH, Alkbir MFM, 
Sulaiman S, Harussani MM, Bayraktar E (2022) Recent devel-
opments in cassava (Manihot esculenta) based biocomposites and 
their potential industrial applications: a comprehensive review. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4314/njt.v40i4.4Durability
https://doi.org/10.4314/njt.v40i4.4Durability
https://doi.org/10.1016/j.ceja.2022.100293
https://doi.org/10.1016/j.ceja.2022.100293


65937Environmental Science and Pollution Research (2024) 31:65917–65943	

Materials (Basel, Switzerland) 15(19):6992. https://​doi.​org/​10.​
3390/​ma151​96992

Adaku U, Melody M (2013) Soap production using waste materials 
of cassava peel and plantain peel ash as an alternative active 
ingredient, implication for entrepreneurship. IOSR J VLSI Sig 
Process 3(3):1–5

Adebayo WG (2023) Cassava production in Africa: a panel analysis of 
the drivers and trends. Heliyon 9(9):e19939. https://​doi.​org/​10.​
1016/j.​heliy​on.​2023.​e19939

Adebisi JA, Agunsoye JO, Bello SA, Kolawole FO, Ramakokovhu 
MM, Daramola MO, Hassan SB (2019) Extraction of silica 
from sugarcane bagasse, cassava periderm and maize stalk: 
proximate analysis and physico-chemical properties of wastes. 
Waste Biomass Valorization 10(3):617–629. https://​doi.​org/​10.​
1007/​s12649-​017-​0089-5

Adekunle A, Orsat V, Raghavan V (2016) Lignocellulosic bioetha-
nol: a review and design conceptualization study of production 
from cassava peels. Renew Sustain Energy Rev 64:518–530. 
https://​doi.​org/​10.​1016/j.​rser.​2016.​06.​064

Adesehinwa AOK, Obi OO, Makanjuola BA, Oluwole OO, Adesina 
MA (2011) Growing pigs fed cassava peel based diet sup-
plemented with or without Farmazyme 3000 proenx: effect 
on growth, carcass and blood parameters. Afr J Biotech 
10(14):2791–2796. https://​doi.​org/​10.​5897/​AJB10.​967

Adesiji NE, Ademola JA (2019) Soil-to-cassava plant transfer factor 
of natural radionuclides on a mining impacted soil in a tropical 
ecosystem of Nigeria. J Environ Radioact 201(February):1–4. 
https://​doi.​org/​10.​1016/j.​jenvr​ad.​2019.​01.​011

Adiaha MS (2021) Potential of cassava peel as a biotechnical nutri-
ent carrier for organic fertilizer production to increase crop 
production and soil fertility. World Sci News 72:103–107

Afzal A, Abuilaiwi FA, Habib A, Awais M, Waje SB, Atieh MA 
(2017) Polypyrrole/carbon nanotube supercapacitors: techno-
logical advances and challenges. J Power Sources 352:174–
186. https://​doi.​org/​10.​1016/j.​jpows​our.​2017.​03.​128

Ahlgren DC, Jagannathan B, Jeng S-J, Smith P, Angell D, Chen H, 
Khater M, Pagette F, Rieh J-S, Schonenberg K, Stricker A, 
Freeman G, Joseph A, Stein K, Subbanna S (2002) Process 
variability analysis of a Si/SiGe HBT technology with greater 
than 200 GHz performance. In: Proceedings of the bipolar/
BiCMOS circuits and technology meeting, pp 80–83. https://​
doi.​org/​10.​1109/​BIPOL.​2002.​10428​91

Ahmadpour A, Do DD (1997) The preparation of activated carbon 
from macadamia nutshell by chemical activation. Carbon 
35(12):1723–1732

Aigbodion VS, Agunsoye OJ, Edokpia RO, Ezema IC (2018) Perfor-
mance analysis of a connecting rod produced with Al-Cu-Mg/
bean pod ash nanoparticles. SILICON 10:107–113. https://​doi.​
org/​10.​1007/​s12633-​015-​9382-8

Aisien FA, Aisien ET (2020) Biogas from cassava peels waste. 
Multidiscip J Waste Resour Residues 10:100–108

Ajayi JA, Gana AJ, Ayinnuola G, Adanikin A, Faleye E, Popoola 
O (2023) Suppression of alkali-silica reactions in concrete by 
partially replacing cement with cassava peel ash. 2023 Int Conf 
Sci Eng Bus Sustain Dev Goals (SEB-SDG), 1–4. https://​doi.​
org/​10.​1109/​SEB-​SDG57​117.​2023.​10124​626

Akinkunmi OS, Olanrewaju II (2018) Pozzolanicity and effectiveu-
tilization of agro-waste materials forconventional concrete 
production. IOSR J Mech Civ Eng 15(4):54–61. https://​doi.​
org/​10.​9790/​1684-​15040​45461

AlBiajawi MI, Embong R, Muthusamy K (2022) An overview of the 
utilization and method for improving pozzolanic performance 
of agricultural and industrial wastes in concrete. Mater Today: 
Proc 48:778–783. https://​doi.​org/​10.​1016/j.​matpr.​2021.​02.​260

Aliu AO, Olalusi OB, Awoyera PO, Kiliswa M (2023) Evalua-
tion of pozzolanic reactivity of maize straw ash as a binder 

supplement in concrete. Case Stud Constr Mater 18:e01790. 
https://​doi.​org/​10.​1016/j.​cscm.​2022.​e01790

Al-Wabel MI, Hussain Q, Usman ARA, Ahmad M, Abduljabbar A, 
Sallam AS, Ok YS (2018) Impact of biochar properties on 
soil conditions and agricultural sustainability: a review. Land 
Degrad Dev 29(7):2124–2161

Amakoromo TE, Abumere OE, Amusan JA, Anye V, Bello A (2021) 
Porous carbon from Manihot esculenta (cassava) peels waste 
for charge storage applications. Curr Res Green Sustain Chem 
4(March):100098. https://​doi.​org/​10.​1016/j.​crgsc.​2021.​100098

Amare M, Swara S, Haish M, Pani AK, Saha P (2023) Performance 
of agro-wastes and chemical admixtures used in concrete: a 
review. Mater Today: Proc. https://​doi.​org/​10.​1016/j.​matpr.​
2023.​08.​058

Anas AK, Mutiara R, Musawwa MM (2022) Influence of mixing time 
and mass ratio of precursor on preparation of magnetic biochar 
derived from cassava peel (Manihot utilissima). J Sci Data Anal 
3(1):10–16. https://​doi.​org/​10.​20885/​EKSAK​TA.​vol3.​iss1.​art

Anawar HM, Akter F, Solaiman ZM, Strezov V (2015) Biochar: an 
emerging panacea for remediation of soil contaminants from 
mining, industry and sewage wastes. Pedosphere 25(5):654–665. 
https://​doi.​org/​10.​1016/​S1002-​0160(15)​30046-1

Andiani BY, Riyanto CA, Martono DY (2022) Characterization of 
cassava (Manihot esculenta Crantz) peel activated carbon based 
on impregnation ratio and activation temperature. Jurnal Sains Dan 
Terapan Kimia 4(2):19–29. https://​doi.​org/​10.​33019/​jstk.​v4i1.​2533

Andrade I, Renata L, Andrade S, Naresh R, Kumar A, Bilal M, Tavares 
R, Fernando L, Ferreira R (2021) Valorization of cassava residues 
for biogas production in Brazil based on the circular economy: an 
updated and comprehensive review. Clean Eng Technol 4(December 
2020):100196. https://​doi.​org/​10.​1016/j.​clet.​2021.​100196

Anekwe IMS, Isa YM, Oboirien B (2023) Bioethanol as a potential 
eco-friendlier feedstock for catalytic production of fuels and 
petrochemicals. J Chem Technol Biotechnol 98(9):2077–2094. 
https://​doi.​org/​10.​1002/​jctb.​7399

Angın D, Altintig E, Ennil T (2013) Influence of process parameters on 
the surface and chemical properties of activated carbon obtained 
from biochar by chemical activation. Biores Technol 148:542–
549. https://​doi.​org/​10.​1016/j.​biort​ech.​2013.​08.​164

Aro SO, Aletor VA, Tewe OO, Agbede JO (2010) Nutritional potentials 
of cassava tuber wastes: a case study of a cassava starch processing 
factory in south-western Nigeria. Livestock Res Rural Dev 22. http://​
www.​lrrd.​org/​lrrd22/​11/​aro22​213.​htm. Accessed 10 Apr 2024

Aso SN, Teixeira AA, Achinewhu SC (2018) Cassava residues could 
provide sustainable bioenergy for cassava producing nations. In: 
Waisundara V (Ed.), Cassava. IntechOpen. https://​doi.​org/​10.​
5772/​intec​hopen.​72166

Asogwa IS, Okoye J, Oni K (2017) Promotion of indigenous food preserva-
tion and processing knowledge and the challenge of food security in 
Africa. J Food Secur 5(3):75–87. https://​doi.​org/​10.​12691/​jfs-5-​3-3

ASTM C-22 (2022) Standard guide for evaluation of alternative sup-
plementary cementitious materials (ASCM) for use in concrete 
(ASTM C1709 − 22). https://​doi.​org/​10.​1520/​C1709-​22.2

ASTM C (2023) Standard specification for coal ash and raw or cal-
cined natural Pozzolan for use in concrete. https://​doi.​org/​10.​
1520/​C0618-​23E01.2

Awokoya KN, Owoade OJ, Moronkola B. . ., Oguntade BK, Ibikunle 
A. . ., Atewolara-Odule O, Ogundare S (2016) Morphological 
characteristics of cassava peel and its effect on the adsorption 
of heavy metal ions from aqueous media. J Multidiscip Eng Sci 
Technol, 3(8):5342–5348

Awolusi TF, Aladegboye OJ, Babalola OE, Ayo EK, Azab M, 
Deifalla AF (2023) Optimizing the flexural behavior of bamboo 
reinforced concrete beams containing cassava peel ash using 
response surface methodology. Civ Eng J 9(08):1971–1990

https://doi.org/10.3390/ma15196992
https://doi.org/10.3390/ma15196992
https://doi.org/10.1016/j.heliyon.2023.e19939
https://doi.org/10.1016/j.heliyon.2023.e19939
https://doi.org/10.1007/s12649-017-0089-5
https://doi.org/10.1007/s12649-017-0089-5
https://doi.org/10.1016/j.rser.2016.06.064
https://doi.org/10.5897/AJB10.967
https://doi.org/10.1016/j.jenvrad.2019.01.011
https://doi.org/10.1016/j.jpowsour.2017.03.128
https://doi.org/10.1109/BIPOL.2002.1042891
https://doi.org/10.1109/BIPOL.2002.1042891
https://doi.org/10.1007/s12633-015-9382-8
https://doi.org/10.1007/s12633-015-9382-8
https://doi.org/10.1109/SEB-SDG57117.2023.10124626
https://doi.org/10.1109/SEB-SDG57117.2023.10124626
https://doi.org/10.9790/1684-1504045461
https://doi.org/10.9790/1684-1504045461
https://doi.org/10.1016/j.matpr.2021.02.260
https://doi.org/10.1016/j.cscm.2022.e01790
https://doi.org/10.1016/j.crgsc.2021.100098
https://doi.org/10.1016/j.matpr.2023.08.058
https://doi.org/10.1016/j.matpr.2023.08.058
https://doi.org/10.20885/EKSAKTA.vol3.iss1.art
https://doi.org/10.1016/S1002-0160(15)30046-1
https://doi.org/10.33019/jstk.v4i1.2533
https://doi.org/10.1016/j.clet.2021.100196
https://doi.org/10.1002/jctb.7399
https://doi.org/10.1016/j.biortech.2013.08.164
https://www.lrrd.org/lrrd22/11/aro22213.htm
https://www.lrrd.org/lrrd22/11/aro22213.htm
https://doi.org/10.5772/intechopen.72166
https://doi.org/10.5772/intechopen.72166
https://doi.org/10.12691/jfs-5-3-3
https://doi.org/10.1520/C1709-22.2
https://doi.org/10.1520/C0618-23E01.2
https://doi.org/10.1520/C0618-23E01.2


65938	 Environmental Science and Pollution Research (2024) 31:65917–65943

Azwa ZN, Yousif BF, Manalo AC, Karunasena W (2013) A review 
on the degradability of polymeric composites based on natural 
fibres. Mater Des 47:424–442

Bains P, Moorhouse J, Hodgson D (2023) Bioenergy. International 
Energy Agency. https://​www.​iea.​org/​energy-​system/​renew​ables/​
bioen​ergy. Accessed 10 Apr 2024

Barati Z, Latif S, Romuli S, Müller J (2019) Freeze–thaw pre-treatment 
of cassava tubers to improve efficiency of mechanical peeling. 
Appl Sci 9(14):2856. https://​doi.​org/​10.​3390/​app91​42856

Belcaid A, Beakou BH, Hassani KE, Bouhsina S, Anouar A (2021) 
Efficient removal of Cr (VI) and Co (II) from aqueous solution 
by activated carbon from Manihot esculenta Crantz agricultural 
bio-waste. Water Sci Technol 83(3):556–566. https://​doi.​org/​10.​
2166/​wst.​2020.​585

Ben F, Amodu FR, Olubambi PA (2023) Influence of green plantain 
peel ash and alumina reinforcement on the physio-mechanical 
properties of aluminium matrix hybrid composites. In: Mate-
rials Science Forum Vol. 1107, pp. 33–45. https://​doi.​org/​10.​
4028/p-​5CdJMw

Ben F, Olubambi PA (2024a) Agro waste reinforcement of metal 
matrix composites, a veritable sustainable engineering achieve-
ment, or an effort in futility? A critical review. Mater Res Express 
11(6):1–37. https://​doi.​org/​10.​1088/​2053-​1591/​ad5642

Ben F, Olubambi PA (2024b) In-situ reinforcement of AA6063/
Al2O3 hybrid composite: comparative wear and hardness 
evaluation of Manihot esculenta and green Plantago major par-
ticulates. Discov Appl Sci 6(280):1–19. https://​doi.​org/​10.​1007/​
s42452-​024-​05946-7

Ben F, Olubambi PA (2024c) Investigating the tribological behavior 
of bioinspired surfaces in agro-waste and alumina reinforced 
AA6063 matrix composites. Vacuum 230(113687):1–17. https://​
doi.​org/​10.​1016/j.​vacuum.​2024.​113687

Benito-González I, López-Rubio A, Martínez-Sanz M (2019) High-
performance starch biocomposites with celullose from waste 
biomass: film properties and retrogradation behaviour. Carbo-
hyd Polym 216:180–188. https://​doi.​org/​10.​1016/j.​carbp​ol.​2019.​
04.​030

Betiku E, Ajala SO (2014) Modeling and optimization of Thevetia 
peruviana (yellow oleander) oil biodiesel synthesis via Musa 
paradisiacal (plantain) peels as heterogeneous base catalyst: a 
case of artificial neural network vs. response surface methodol-
ogy. Ind Crops Prod 53:314–322. https://​doi.​org/​10.​1016/j.​indcr​
op.​2013.​12.​046

Caccamisi DS (2010) Cassava: global production and market trends. 
In: CHRONICA HORTICULTURAE, 50(2):15–18

Carvalho GR, Santos KC, Guedes JS, Bitencourt BS, Rojas ML, 
Augusto PED (2023) 17 - Drying of roots and tubers. In: Jafari 
SM, Malekjani N (Eds.), Drying technology in food process-
ing. Woodhead Publishing, pp 587–628. https://​doi.​org/​10.​1016/​
B978-0-​12-​819895-​7.​00018-3

Chaoui H, Eckhoff SR (2014) Biomass feedstock storage for quantity 
and quality preservation. In: Shastri Y, Hansen A, Rodríguez L, 
Ting KC (Eds.), Engineering and science of biomass feedstock 
production and provision, Springer New York, pp 165–193. 
https://​doi.​org/​10.​1007/​978-1-​4899-​8014-4_7

Chaurasia S, Lal A (2016) Development of biodegradable packaging 
film using potato starch. Int J Curr Eng Technol 6(3):915–925

Chimmaobi O, Mbadike EM, Alaneme GU (2020) Experimental inves-
tigation of cassava peel ash in the production of concrete and 
mortar. Umudike J Eng Technol 6(2):10–21. https://​doi.​org/​10.​
33922/j.​ujet_​v6i2_2

Chmiola J, Yushin G, Dash R, Gogotsi Y (2006) Effect of pore size and 
surface area of carbide derived carbons on specific capacitance. J 
Power Sources 158(1):765–772. https://​doi.​org/​10.​1016/j.​jpows​
our.​2005.​09.​008

Cuzin N, Farinet JL, Segretain C, Labat M (1992) Methanogenic fer-
mentation of cassava peel using a pilot plug flow digester. Biores 
Technol 41(3):259–264. https://​doi.​org/​10.​1016/​0960-​8524(92)​
90011-L

Czaikoski A, da Cunha RL, Menegalli FC (2020) Rheological behav-
ior of cellulose nanofibers from cassava peel obtained by com-
bination of chemical and physical processes. Carbohyd Polym 
248:116744. https://​doi.​org/​10.​1016/j.​carbp​ol.​2020.​116744

da Silva RR, de Oliveira LC, Gabriel GV, Soletti J, Bispo MD, Paulino 
SS, Meneghetti SM, de Assis GC, Fernandes AP, Botero WG 
(2022) Interaction of lead and calcium with biochar produced 
from cassava waste: perspectives for agricultural and environ-
mental application. J Brazil Chem Soc 33(12):1–12

Dairo F (2011) Utilization of ensiled metabolizable mixture of cassava 
peel and caged layers’ manure as energy source in broiler diets. 
Afr J Food Agric Nutr Dev 11(5):5110–5124

Daud Z, Tun U, Onn H, Sari A, Kassim M, Tun U, Onn H, Aripin 
AM, Tun U, Onn H, Awang H, Tun U, Onn H (2013) Chemical 
composition and morphological of cocoa pod husks and cas-
sava peels for pulp and paper production. Aust J Basic Appl 
Sci 7(9):406–411

Dayal AD, Diarra SS, Lameta S, Devi A, Amosa F (2018) High 
cassava peel meal-based diets with animal fat and enzyme for 
broilers. Livestock Res Rural Dev 30(6). http://​www.​lrrd.​org/​
lrrd30/​6/​siaka​30099.​html. Accessed 10 Apr 2024

Deng M, Zhang G, Zeng Y, Pei X, Huang R, Lin J (2016) Simple 
process for synthesis of layered sodium silicates using rice 
husk ash as silica source. J Alloy Compd 683:412–417. https://​
doi.​org/​10.​1016/j.​jallc​om.​2016.​05.​115

Deng J, Wang T, Guo J, Liu P (2017) Electrochemical capacity fad-
ing of polyaniline electrode in supercapacitor: an XPS analy-
sis. Prog Nat Sci: Mater Int 27(2):257–260. https://​doi.​org/​10.​
1016/j.​pnsc.​2017.​02.​007

Devi A, Diarra SS (2021) Factors affecting the utilisation of cas-
sava products for poultry feeding [review]. Egypt J Vet Sci 
52(3):387–403

Edeh JE, Tyav ST, Osinubi KJ (2014) Cassava peel ash stabilized 
lateritc soil as highway pavement material. In: Pavement Mate-
rials, Structures, and Performance, pp 375–382. https://​doi.​org/​
10.​1061/​97807​84413​418.​037

Edhirej A, Sapuan SM, Jawaid M, Ismarrubie N (2017a) Cassava/
sugar palm fiber reinforced cassava starch hybrid composites: 
physical, thermal and structural properties. Int J Biol 
Macromol 101:75–83. https://​doi.​org/​10.​1016/j.​ijbio​mac.​
2017.​03.​045

Edhirej A, Sapuan SM, Jawaid M, Zahari NI (2017b) Preparation and 
characterization of cassava bagasse reinforced thermoplastic 
cassava starch. Fibers Polym 18(1):162–171. https://​doi.​org/​
10.​1007/​s12221-​017-​6251-7

Edhirej A, Sapuan SM, Jawaid M, Ismarrubie N, Hoziefa W, Toschi 
S, Ahmed MMZ, Morri A, Mahdy AA, Seleman MME, 
El-mahallawi I, Ceschini L, Atlam A, Moustafa EB, Melaibari 
A, Basha M, Kumar CNS, Bauri R, Yadav D, … Radheshyam 
GI (2021) Bioresource Technology Reports. The potential 
for commercial scale production and application of activated 
carbon from cassava peels in Africa : a review. Mater Today: 
Proc 101(3):47–87. https://​doi.​org/​10.​1016/j.​matpr.​2020.​07.​360

Egbosiuba TC (2022) Biochar and bio-oil fuel properties from 
nickel nanoparticles assisted pyrolysis of cassava peel. Heliyon 
8(8):e10114. https://​doi.​org/​10.​1016/j.​heliy​on.​2022.​e10114

Elemike EE, Ekennia AC, Onwudiwe DC, Ezeani RO (2022) Agro-
waste materials: sustainable substrates in nanotechnology. 
In: Agri-Waste and Microbes for Production of Sustainable 
Nanomaterials. Elsevier Inc. https://​doi.​org/​10.​1016/​b978-0-​
12-​823575-​1.​00022-6

https://www.iea.org/energy-system/renewables/bioenergy
https://www.iea.org/energy-system/renewables/bioenergy
https://doi.org/10.3390/app9142856
https://doi.org/10.2166/wst.2020.585
https://doi.org/10.2166/wst.2020.585
https://doi.org/10.4028/p-5CdJMw
https://doi.org/10.4028/p-5CdJMw
https://doi.org/10.1088/2053-1591/ad5642
https://doi.org/10.1007/s42452-024-05946-7
https://doi.org/10.1007/s42452-024-05946-7
https://doi.org/10.1016/j.vacuum.2024.113687
https://doi.org/10.1016/j.vacuum.2024.113687
https://doi.org/10.1016/j.carbpol.2019.04.030
https://doi.org/10.1016/j.carbpol.2019.04.030
https://doi.org/10.1016/j.indcrop.2013.12.046
https://doi.org/10.1016/j.indcrop.2013.12.046
https://doi.org/10.1016/B978-0-12-819895-7.00018-3
https://doi.org/10.1016/B978-0-12-819895-7.00018-3
https://doi.org/10.1007/978-1-4899-8014-4_7
https://doi.org/10.33922/j.ujet_v6i2_2
https://doi.org/10.33922/j.ujet_v6i2_2
https://doi.org/10.1016/j.jpowsour.2005.09.008
https://doi.org/10.1016/j.jpowsour.2005.09.008
https://doi.org/10.1016/0960-8524(92)90011-L
https://doi.org/10.1016/0960-8524(92)90011-L
https://doi.org/10.1016/j.carbpol.2020.116744
https://www.lrrd.org/lrrd30/6/siaka30099.html
https://www.lrrd.org/lrrd30/6/siaka30099.html
https://doi.org/10.1016/j.jallcom.2016.05.115
https://doi.org/10.1016/j.jallcom.2016.05.115
https://doi.org/10.1016/j.pnsc.2017.02.007
https://doi.org/10.1016/j.pnsc.2017.02.007
https://doi.org/10.1061/9780784413418.037
https://doi.org/10.1061/9780784413418.037
https://doi.org/10.1016/j.ijbiomac.2017.03.045
https://doi.org/10.1016/j.ijbiomac.2017.03.045
https://doi.org/10.1007/s12221-017-6251-7
https://doi.org/10.1007/s12221-017-6251-7
https://doi.org/10.1016/j.matpr.2020.07.360
https://doi.org/10.1016/j.heliyon.2022.e10114
https://doi.org/10.1016/b978-0-12-823575-1.00022-6
https://doi.org/10.1016/b978-0-12-823575-1.00022-6


65939Environmental Science and Pollution Research (2024) 31:65917–65943	

Emenike EC, Ogunniyi S, Ighalo JO, Iwuozor KO, Okoro HK, 
Adeniyi AG (2022) Delonix regia biochar potential in 
removing phenol from industrial wastewater. Bioresour 
Technol Rep 19:101195. https://​doi.​org/​10.​1016/j.​biteb.​2022.​
101195

Eziefula UG, Opara HE, Eziefula BI (2019) Behaviour of concrete 
containing cassava peel ash as pozzolan. Umudike J Eng Tech-
nol 5(3):1–5. https://​doi.​org/​10.​33922/j.​ujet_​si1_6

FAO (2020) Chapter 10 - using charcoal efficiently. In: Simple tech-
nologies for charcoal making. Food and Agriculture Organi-
zation of the United Nations. https://​www.​fao.​org/3/​x5328e/​
x5328​e0b.​htm. 

FAO (2022) Tackling food loss and waste: a triple win opportunity. 
Food and Agriculture Organization (FAO) of the United States. 
https://​www.​fao.​org/​newsr​oom/​detail/​FAO-​UNEP-​agric​ulture-​
envir​onment-​food-​loss-​waste-​day-​2022/​en#:​~:​text=​Meanw​
hile%​2C according to FAO’s State of Food and,in retail and 
by consumers%2C particularly in households. Accessed 25 Jul 
2023

FAO (2023) Crops and livestock products. https://​www.​fao.​org/​faost​
at/​en/#​data/​QCL. Accessed 15 Feb 2024

Festus B, Ewetumo T, Adedayo KD, Oluyamo SS (2019) Development 
of a low-cost thermal heater-cooler blocks using locally recycled 
waste. J Biosens Bioelectron 10(2):1–4. https://​www.​hilar​ispub​
lisher.​com/​open-​access/​devel​opment-​of-a-​lowco​st-​therm​al-​heate​
rcool​er-​blocks-​using-​local​ly-​recyc​led-​waste.​pdf. Accessed 27 
May 2024

Garcia M (1995) Cassava root meal for poultry. J Appl Poultry Res 
8(1):132–137. https://​doi.​org/​10.​1093/​japr/8.​1.​132

Gomes A, Matsuo T, Goda K, Ohgi J (2007) Development and effect 
of alkali treatment on tensile properties of curaua fiber green 
composites. Compos Part A: Appl Sci Manuf 38:1811–1820

González A, Goikolea E, Barrena JA, Mysyk R (2016) Review on 
supercapacitors: technologies and materials. Renew Sustain 
Energy Rev 58:1189–1206. https://​doi.​org/​10.​1016/j.​rser.​2015.​
12.​249

Grema I, Hamissou M, Esaie K, Appiah K (2023) Valorization of cas-
sava peelings into biochar: physical and chemical characteriza-
tions of biochar prepared for agricultural purposes. Sci Afr J 
20:1–12. https://​doi.​org/​10.​1016/j.​sciaf.​2023.​e01737

Harahap EW, Taer E, Rini AS, Taslim R, Apriwandi A (2022) Cassava 
peel derived self-doped and hierarchical porous carbon as an 
optimized electrode for the ultra-high energy density of superca-
pacitor. Diam Relat Mater 129:109407. https://​doi.​org/​10.​1016/j.​
diamo​nd.​2022.​109407

Hartini Y, Hidayat M, Jurusan Kimia F (2015) Study pore characteriza-
tion of γ-alumina – activated carbon composite made of cassava 
peels (Manihot esculenta Cranz). ALCHEMY Jurnal Penelitian 
Kimia 11(1):47–57

Hasan MM, Bachmann R, Loh S, Manroshan S, Ong S (2019) Effect 
of pyrolysis temperature and time on properties of palm kernel 
shell-based biochar. IOP Confe Ser: Mater Sci Eng 548:012020

He J, Kawasaki S, Achal V (2020) The utilization of agricultural waste 
as agro-cement in concrete: a review. Sustainability 12(17):6971. 
https://​doi.​org/​10.​3390/​su121​76971

Huang Z-M (2023) Biocomposites. In: Aliabadi MHF, Soboyejo WO 
(Eds.), Comprehensive structural integrity (second edition) Sec-
ond Edi, Elsevier, pp 197–263. https://​doi.​org/​10.​1016/​B978-0-​
12-​822944-​6.​00069-4

Idress M, Shahril MA, Zuraidin AS, Jasamai M (2019) Experimental 
investigation of methane hydrate induction time in the presence 
of cassava peel as a hydrate inhibitor. Energies 12(12):2314. 
https://​doi.​org/​10.​3390/​en121​22314

Ifeanyi Charles O (2020) Cassava waste as feedstuff: cassava peel pro-
duction, processing, and nutrient composition. https://​resea​rchtr​
opica.​com/​cassa​va-​waste-​as-​feeds​tuff-​1/#:​~:​text= Cassava peels 

constitute about 5 – 15 percent,peel waste per year are produced 
in Africa. Accessed 15 Mar 2024

Ismail N, Fauzi NF, Salehabadi A, Latif S, Awiszus S, Müller J 
(2022) A study on biogas production from cassava peel and 
stem in anaerobic digestion reactor. Int J Environ Sci Technol 
19(3):1695–1704. https://​doi.​org/​10.​1007/​s13762-​021-​03222-4

Ismanto AE, Wang S, Soetaredjo FE, Ismadji S (2010) Preparation of 
capacitor’s electrode from cassava peel waste. Biores Technol 
101(10):3534–3540. https://​doi.​org/​10.​1016/j.​biort​ech.​2009.​12.​
123

Jaganmohan M (2024) Leading cement producing countries worldwide 
2023. In Statista. https://​www.​stati​sta.​com/​stati​stics/​267364/​
world-​cement-​produ​ction-​by-​count​ry/. Accessed 17 Apr 2024

Jaro RH, Icalina MAA, Talemporos RT, Napiňas PM, Potato DNC, 
Manuel LG, Cubio GM, Ido AL, Arazo RO (2021) Biogas pro-
duction from waste pulps of cassava (Manihot esculenta Crantz) 
via anaerobic digestion. Energy Ecol Environ 6(3):204–212. 
https://​doi.​org/​10.​1007/​s40974-​020-​00182-2

Jaszczak E, Polkowska Ż, Narkowicz S, Namieśnik J (2017) Cyanides 
in the environment—analysis—problems and challenges. Envi-
ron Sci Pollut Res 24(19):15929–15948. https://​doi.​org/​10.​1007/​
s11356-​017-​9081-7

Jayanthi V, Avudaiappan S, Amran M, Arunachalam KP, Qader DN, 
Delgado MC, Flores EIS, Rashid RSM (2023) Innovative use of 
micronized biomass silica-GGBS as agro-industrial by-products 
for the production of a sustainable high-strength geopolymer 
concrete. Case Stud Constr Mater 18:e01782. https://​doi.​org/​10.​
1016/j.​cscm.​2022.​e01782

Joseph OO, Babaremu KO (2019) Agricultural waste as a reinforcement 
particulate for aluminum metal matrix composite (AMMCs): a 
review. Fibers 7(4):33. https://​doi.​org/​10.​3390/​fib70​40033

Jullanun P, Yoksan R (2020) Morphological characteristics and properties 
of TPS/PLA/cassava pulp biocomposites. Polym Testing 88:1–10. 
https://​doi.​org/​10.​1016/J.​POLYM​ERTES​TING.​2020.​106522

Kandalkar SG, Dhawale DS, Kim C-K, Lokhande CD (2010) Chemical 
synthesis of cobalt oxide thin film electrode for supercapacitor 
application. Synth Met 160(11):1299–1302. https://​doi.​org/​10.​
1016/j.​synth​met.​2010.​04.​003

Kapahi M, Sachdeva S (2019) Bioremediation options for heavy metal 
pollution. J Health Pollut 9(24). WE - Emerging Sources Citation 
Index (ESCI). https://​doi.​org/​10.​5696/​2156-​9614-9.​24.​191203

Karlsson HL (2004) Ammonia, nitrous oxide and hydrogen cyanide 
emissions from five passenger vehicles. Sci Total Environ 334–
335:125–132. https://​doi.​org/​10.​1016/j.​scito​tenv.​2004.​04.​061

Kayiwa R, Kasedde H, Lubwama M, Kirabira JB (2021a) The potential 
for commercial scale production and application of activated carbon 
from cassava peels in Africa: a review. Bioresour Technol Rep 
15(June):100772. https://​doi.​org/​10.​1016/j.​biteb.​2021.​100772

Kayiwa R, Kasedde H, Lubwama M, Kirabira JB (2021b) Mesoporous 
activated carbon yielded from pre - leached cassava peels. Biore-
sour Bioprocess. https://​doi.​org/​10.​1186/​s40643-​021-​00407-0

Khan SA, Kumar D, Kumar S, Isha A, D’Silva TC, Chandra R, Vijay 
VK (2023) Biofuel applications. In Biofuel Extraction Tech-
niques. John Wiley and Sons, Ltd., pp 367–420. https://​doi.​org/​
10.​1002/​97811​19829​522.​ch13

Khempaka S, Thongkratok R, Okrathok S, Molee W (2014) An evalu-
ation of cassava pulp feedstuff fermented with A. oryzae, on 
growth performance, nutrient digestibility and carcass quality 
of broilers. J Poult Sci 51:71–79

Kirchner D, Thrän D (2019) Integrating biogas plants into microgrids 
for bridging temporary power supply interruptions. Chem Eng 
Technol 42(5):1078–1087. https://​doi.​org/​10.​1002/​ceat.​20180​
0154

Knoema (2022) Cassava production in the World. https://​knoema.​
com/​data/​cassa​va+​agric​ulture-​indic​ators-​produ​ction. Accessed 
18 Dec 2023

https://doi.org/10.1016/j.biteb.2022.101195
https://doi.org/10.1016/j.biteb.2022.101195
https://doi.org/10.33922/j.ujet_si1_6
https://www.fao.org/3/x5328e/x5328e0b.htm
https://www.fao.org/3/x5328e/x5328e0b.htm
https://www.fao.org/newsroom/detail/FAO-UNEP-agriculture-environment-food-loss-waste-day-2022/en#:~:text=Meanwhile%2C
https://www.fao.org/newsroom/detail/FAO-UNEP-agriculture-environment-food-loss-waste-day-2022/en#:~:text=Meanwhile%2C
https://www.fao.org/newsroom/detail/FAO-UNEP-agriculture-environment-food-loss-waste-day-2022/en#:~:text=Meanwhile%2C
https://www.fao.org/faostat/en/#data/QCL
https://www.fao.org/faostat/en/#data/QCL
https://www.hilarispublisher.com/open-access/development-of-a-lowcost-thermal-heatercooler-blocks-using-locally-recycled-waste.pdf
https://www.hilarispublisher.com/open-access/development-of-a-lowcost-thermal-heatercooler-blocks-using-locally-recycled-waste.pdf
https://www.hilarispublisher.com/open-access/development-of-a-lowcost-thermal-heatercooler-blocks-using-locally-recycled-waste.pdf
https://doi.org/10.1093/japr/8.1.132
https://doi.org/10.1016/j.rser.2015.12.249
https://doi.org/10.1016/j.rser.2015.12.249
https://doi.org/10.1016/j.sciaf.2023.e01737
https://doi.org/10.1016/j.diamond.2022.109407
https://doi.org/10.1016/j.diamond.2022.109407
https://doi.org/10.3390/su12176971
https://doi.org/10.1016/B978-0-12-822944-6.00069-4
https://doi.org/10.1016/B978-0-12-822944-6.00069-4
https://doi.org/10.3390/en12122314
https://researchtropica.com/cassava-waste-as-feedstuff-1/#:~:text
https://researchtropica.com/cassava-waste-as-feedstuff-1/#:~:text
https://doi.org/10.1007/s13762-021-03222-4
https://doi.org/10.1016/j.biortech.2009.12.123
https://doi.org/10.1016/j.biortech.2009.12.123
https://www.statista.com/statistics/267364/world-cement-production-by-country/
https://www.statista.com/statistics/267364/world-cement-production-by-country/
https://doi.org/10.1007/s40974-020-00182-2
https://doi.org/10.1007/s11356-017-9081-7
https://doi.org/10.1007/s11356-017-9081-7
https://doi.org/10.1016/j.cscm.2022.e01782
https://doi.org/10.1016/j.cscm.2022.e01782
https://doi.org/10.3390/fib7040033
https://doi.org/10.1016/J.POLYMERTESTING.2020.106522
https://doi.org/10.1016/j.synthmet.2010.04.003
https://doi.org/10.1016/j.synthmet.2010.04.003
https://doi.org/10.5696/2156-9614-9.24.191203
https://doi.org/10.1016/j.scitotenv.2004.04.061
https://doi.org/10.1016/j.biteb.2021.100772
https://doi.org/10.1186/s40643-021-00407-0
https://doi.org/10.1002/9781119829522.ch13
https://doi.org/10.1002/9781119829522.ch13
https://doi.org/10.1002/ceat.201800154
https://doi.org/10.1002/ceat.201800154
https://knoema.com/data/cassava+agriculture-indicators-production
https://knoema.com/data/cassava+agriculture-indicators-production


65940	 Environmental Science and Pollution Research (2024) 31:65917–65943

Koronis G, Silva A, Fontul M (2013) Green composites: a review of 
adequate materials for automotive applications. Compos B Eng 
44(1):120–127. https://​doi.​org/​10.​1016/j.​compo​sitesb.​2012.​07.​
004

Kumar V, Al-gheethi A, Mohd S, Othman N (2021) Potential of cassava 
peels as a sustainable coagulant aid for institutional wastewater 
treatment: characterisation, optimisation and techno-economic 
analysis. Chem Eng J 420(P2):127642. https://​doi.​org/​10.​1016/j.​
cej.​2020.​127642

Kumar T, Sonia, Sodhi PK, Gupta S, Nadda AK, Singh GB, Sharma S 
(2023) 10 - Application of biochar and carbon-based adsorbent 
for CO2 capture. In: Kumar Nadda A, Sharma S, Kalia S (Eds.), 
CO2-philic polymers, nanocomposites and chemical solvents. 
Elsevier., pp 239–269. https://​doi.​org/​10.​1016/​B978-0-​323-​
85777-2.​00006-8

Leeson S, Summers JD (2009) Commercial poultry nutrition, 3rd edn. 
Nottingham University Press

Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley 
D (2011) Biochar effects on soil biota – a review. Soil Biol Bio-
chem 43(9):1812–1836. https://​doi.​org/​10.​1016/j.​soilb​io.​2011.​
04.​022

Leite ALMP, Zanon CD, Menegalli FC (2017) Isolation and char-
acterization of cellulose nanofibers from cassava root bagasse 
and peelings. Carbohyd Polym 157:962–970. https://​doi.​org/​
10.​1016/j.​carbp​ol.​2016.​10.​048

Li X, Luo J, Deng H, Huang P, Ge C, Yu H, Xu W (2018) Effect 
of cassava waste biochar on sorption and release behavior of 
atrazine in soil. Sci Total Environ 644:1617–1624. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2018.​07.​239

LomelíRamírez MG, Satyanarayana KG, Iwakiri S, de Muniz GB, 
Tanobe V, Flores-Sahagun TS (2011) Study of the properties 
of biocomposites. Part I. Cassava starch-green coir fibers from 
Brazil. Carbohydr Polym 86(4):1712–1722. https://​doi.​org/​10.​
1016/j.​carbp​ol.​2011.​07.​002

Manikanta C, Manikandan P, Duraimurugan S, Elavenil S, Vasugi V 
(2020) Pozzolanic properties of agro waste ashes for potential 
cement replacement predicted using ANN. J Phys: Conf Ser 
1716(1):12018. https://​doi.​org/​10.​1088/​1742-​6596/​1716/1/​
012018

Manila, Devi P (2021) Chapter 15 - Hydrogen cyanide: risk assess-
ment, environmental, and health hazard. In: Singh J, Kaushik 
RD, Chawla M (Eds.), Hazardous gases. Academic Press, 
pp 183–195. https://​doi.​org/​10.​1016/​B978-0-​323-​89857-7.​
00010-4

Marchant N (2021) The world’s food waste problem is bigger than we 
thought - here’s what we can do about it. Food Security (World 
Economic Forum). https://​www.​wefor​um.​org/​agenda/​2021/​03/​
global-​food-​waste-​solut​ions/. Accessed 17 Mar 2024

Martinaud E, Hierro-Iglesias C, Hammerton J, Hadad B, Evans R, 
Sacharczuk J, Lester D, Derry MJ, Topham PD, Fernandez-
Castane A (2024) Valorising cassava peel waste into plasticized 
polyhydroxyalkanoates blended with polycaprolactone with con-
trollable thermal and mechanical properties. J Polym Environ. 
https://​doi.​org/​10.​1007/​s10924-​023-​03167-4

Marx S, Nquma TY (2013) Cassava as feedstock for ethanol production 
in South Africa. Afr J Biotech 12(31):4975–4983. https://​doi.​org/​
10.​5897/​AJB12.​861

Meeussen JCL, van Riemsdijk WH, van der Zee SEATM (1995) 
Transport of complexed cyanide in soil. Geoderma 67(1):73–85. 
https://​doi.​org/​10.​1016/​0016-​7061(94)​00061-E

Mendívil MA, Muñoz P, Morales MP, Letelier V, Juárez MC (2017) 
Grapevine shoots for improving thermal properties of structural 
fired clay bricks: new method of agricultural-waste valorization. 
J Mater Civ Eng 29(8):192. https://​doi.​org/​10.​1061/​(ASCE)​MT.​
1943-​5533.​00018​92

Meng Q, Cai K, Chen Y, Chen L (2017) Research progress on con-
ducting polymer based supercapacitor electrode materials. Nano 
Energy 36:268–285. https://​doi.​org/​10.​1016/j.​nanoen.​2017.​04.​
040

Miller SA, Habert G, Myers RJ, Harvey JT (2021) Achieving net zero 
greenhouse gas emissions in the cement industry via value chain 
mitigation strategies. One Earth 4(10):1398–1411. https://​doi.​
org/​10.​1016/j.​oneear.​2021.​09.​011

Mohd-asharuddin S, Othman N, Nur Shaylinda MZ, Tajarudin HA 
(2017) A chemical and morphological study of cassava peel: a 
potential waste as coagulant aid. MATEC Web Conf 06012:1–8

Mopoung S, Thammee N, Kekngoun M (2012) The surface properties 
of activated carbon prepared from the trunk, root and peel of 
cassava. NU Int J Sci 9(1):80–97

Morgan NK, Choct M (2016) Cassava: nutrient composition and nutri-
tive value in poultry diets. Anim Nutr 2(4):253–261. https://​doi.​
org/​10.​1016/j.​aninu.​2016.​08.​010

Mosa A, Mansour MM, Soliman E, El-Ghamry A, El Alfy M, El 
Kenawy AM (2023) Biochar as a soil amendment for restrain-
ing greenhouse gases emission and improving soil carbon sink: 
current situation and ways forward. Sustainability 15(2):1206. 
https://​doi.​org/​10.​3390/​su150​21206

Mukti R, Setiadi T, Kresnowati MTAP (2023) Challenges in syngas 
fermentation for bioethanol production: syngas composition. Eng 
Chem 1:9–19. https://​doi.​org/​10.​4028/p-​9g14o1

Nagalakshmaiah M, Afrin S, Malladi RP, Elkoun S, Robert M, Ansari MA, 
Svedberg A, Karim Z (2019) Chapter 9 - Biocomposites: present 
trends and challenges for the future. In: Koronis G, Silva A (Eds.), 
Green composites for automotive applications. Woodhead Publishing, 
pp 197–215. https://​doi.​org/​10.​1016/​B978-0-​08-​102177-​4.​00009-4

Nambisan B (1994) Evaluation of the effect of various processing 
techniques on cyanogens reduction in cassava. Acta Horticult 
375(75):193–202

Ndelekwute EK, Okereke CO, Assam ED, Obongekpe R (2021) Evalu-
ation of dietary effect of cassava peel meal bio-improved with 
calopogonium mucunoides on nutrient retention and growth 
performance of broiler chickens. Nig J Anim Prod 48(1):91–101

Nida S, Moses JA, Anandharamakrishnan C (2022) 3D extrusion print-
ability of sugarcane bagasse blended with banana peel for pro-
spective food packaging applications. Sugar Tech 24(3):764–778. 
https://​doi.​org/​10.​1007/​s12355-​021-​01095-y

Nuwamanya E, Chiwona-Karltun L, Kawuki RS, Baguma Y (2012) 
Bio-ethanol production from non-food parts of cassava (Mani-
hot esculenta Crantz). Ambio 41(3):262–270. https://​doi.​org/​10.​
1007/​s13280-​011-​0183-z

Nwa-David CD, Onwuka DO, Njoku FC, Ibearugbulem OM (2023) 
Prediction of fresh and hardened properties of concrete con-
taining nanostructured cassava peel ash using Ibearugbulem’s 
approach. Eng Technol J 41(05):652–665

Nwiyoronu J, Umeileka CC, Duru RU, Otaigbe JOE (2022) Effects 
of cassava peel and eggshell on some properties of high-den-
sity polyethylene composites. Pak J Sci Ind Res Ser A: Phy Sci 
65A(3):214–225

Obonukut M, Alabi S, Jock A (2022) Biochar from cassava waste: a 
paradigm shift from waste to wealth. In: Biochar - productive 
technologies, properties and applications, pp 1–21. https://​doi.​
org/​10.​5772/​intec​hopen.​105965

Odeyemi SO, Iwuozor KO, Chizitere E, Titilayo O, George A (2023) 
Valorization of waste cassava peel into biochar: an alternative 
to electrically-powered process. Total Environ Res Themes 
6(August 2022):100029. https://​doi.​org/​10.​1016/j.​totert.​2023.​
100029

Ofoefule AU, Uzodinma EO (2009) Biogas production from blends of 
cassava (Manihot utilissima) peels with some animal wastes. Int 
J Phys Sci 4(7):398–402

https://doi.org/10.1016/j.compositesb.2012.07.004
https://doi.org/10.1016/j.compositesb.2012.07.004
https://doi.org/10.1016/j.cej.2020.127642
https://doi.org/10.1016/j.cej.2020.127642
https://doi.org/10.1016/B978-0-323-85777-2.00006-8
https://doi.org/10.1016/B978-0-323-85777-2.00006-8
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.carbpol.2016.10.048
https://doi.org/10.1016/j.carbpol.2016.10.048
https://doi.org/10.1016/j.scitotenv.2018.07.239
https://doi.org/10.1016/j.scitotenv.2018.07.239
https://doi.org/10.1016/j.carbpol.2011.07.002
https://doi.org/10.1016/j.carbpol.2011.07.002
https://doi.org/10.1088/1742-6596/1716/1/012018
https://doi.org/10.1088/1742-6596/1716/1/012018
https://doi.org/10.1016/B978-0-323-89857-7.00010-4
https://doi.org/10.1016/B978-0-323-89857-7.00010-4
https://www.weforum.org/agenda/2021/03/global-food-waste-solutions/
https://www.weforum.org/agenda/2021/03/global-food-waste-solutions/
https://doi.org/10.1007/s10924-023-03167-4
https://doi.org/10.5897/AJB12.861
https://doi.org/10.5897/AJB12.861
https://doi.org/10.1016/0016-7061(94)00061-E
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001892
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001892
https://doi.org/10.1016/j.nanoen.2017.04.040
https://doi.org/10.1016/j.nanoen.2017.04.040
https://doi.org/10.1016/j.oneear.2021.09.011
https://doi.org/10.1016/j.oneear.2021.09.011
https://doi.org/10.1016/j.aninu.2016.08.010
https://doi.org/10.1016/j.aninu.2016.08.010
https://doi.org/10.3390/su15021206
https://doi.org/10.4028/p-9g14o1
https://doi.org/10.1016/B978-0-08-102177-4.00009-4
https://doi.org/10.1007/s12355-021-01095-y
https://doi.org/10.1007/s13280-011-0183-z
https://doi.org/10.1007/s13280-011-0183-z
https://doi.org/10.5772/intechopen.105965
https://doi.org/10.5772/intechopen.105965
https://doi.org/10.1016/j.totert.2023.100029
https://doi.org/10.1016/j.totert.2023.100029


65941Environmental Science and Pollution Research (2024) 31:65917–65943	

Ogunbode EB, Akanmu WP (2012) Turning waste to wealth: poten-
tial of laterized concrete using cassava peels ash (CPA) blended 
cement. Int J Eng Res Technol 1(3):1–12

Ogunbode EB, Nyakuma BB, Jimoh RA, Lawal TA, Nmadu HG 
(2023a) Mechanical and microstructure properties of cassava 
peel ash-based kenaf bio-fibrous concrete composites. Biomass 
Convers Biorefinery 13:6515–6525. https://​doi.​org/​10.​1007/​
s13399-​021-​01588-6/​Publi​shed

Ogunbode EB, Nyakuma BB, Jimoh RA, Lawal TA, Nmadu HG 
(2023b) Mechanical and microstructure properties of cassava 
peel ash–based kenaf bio-fibrous concrete composites. Biomass 
Convers Biorefinery 13(8):6515–6525. https://​doi.​org/​10.​1007/​
S13399-​021-​01588-6/​FIGUR​ES/​10

Okechukwu SO, Jiwuba PC, State E (2019) Effects of cassava and 
yam peel meals on carcass traits and economics of production of 
finishing broilers. Sustain Agri Food Environ Res 7(3):221–229

Okoli IC (2020) Banana and Plantain Wastes 4: Use of banana and 
plantain peels as animal feed. In: Research Tropica. https://​resea​
rchtr​opica.​com/​banana-​and-​plant​ain-​wastes-​4/. Accesed 19 Mar 
2024

Okudoh V, Trois C, Workneh T, Schmidt S (2014) The potential of cas-
sava biomass and applicable technologies for sustainable biogas 
production in South Africa: a review. Renew Sustain Energy Rev 
39:1035–1052. https://​doi.​org/​10.​1016/j.​rser.​2014.​07.​142

Oladele IO, Ibrahim IO, Adediran AA, Akinwekomi AD, Adetula YV, 
Olayanju TMA (2020) Modified palm kernel shell fiber/particu-
late cassava peel hybrid reinforced epoxy composites. Results 
Mater 5:1–7. https://​doi.​org/​10.​1016/j.​rinma.​2019.​100053

Oladunjoye IO, Ojebiyi O, Amao OA (2010) Effect of feeding pro-
cessed Cassava (Manihot esculenta Crantz) peel meal based diet 
on the performance characteristics, egg quality and blood profile 
of laying chicken. Agric Trop Subtrop 43(2):119–126

Olaniran O, Oyetunji A, Oji B (2021) Influence of silicon carbide-
cassava peel ash weight ratio on the mechanical and tribological 
characteristics of Al-Mg-Si alloy hybrid composites. J Chem 
Technol Metall 56(5):1082–1088

Olatokunbo O, Ede AN, Rotimi O, Solomon O, Tolulope A, John O, 
Adeoye O (2018) Assessment of strength properties of cassava 
peel ash-concrete. Int J Civ Eng Technol 9(1):965–974

Olumide O, Ramdas V, Aderibigbe EA, Gbenga C, Ramchuran S, 
Al-nageim H (2022) Improving strength and hydraulic charac-
teristics of regional clayey soils using biopolymers. Case Stud 
Constr Mater 17(July):e01319. https://​doi.​org/​10.​1016/j.​cscm.​
2022.​e01319

Osei SA, Asiamah M, Atuahene CC (1990) Effects of fermented cas-
sava peel meal on the performance of layers. Anim Feed Sci 
Technol 29:295–301

Ospino J, Parra-Barraza JP, Cervera S, Coral-Escobar EE, Vargas-
Ceballos OÁ (2020) Activated carbon from cassava peel: a 
promising electrode material for supercapacitors. Rev Fac de 
Ing Univ de Antioquia 102:88–95. https://​doi.​org/​10.​17533/​
udea.​redin.​20200​803

Otun S, Escrich A, Achilonu I, Rauwane M, Lerma-escalera A, 
Morones-ramírez JR, Rios-solis L (2023) The future of cassava in 
the era of biotechnology in Southern Africa. Crit Rev Biotechnol 
43(4):594–612. https://​doi.​org/​10.​1080/​07388​551.​2022.​20487​91

Panghal A, Munezero C, Sharma P, Chhikara N (2021) Cassava toxic-
ity, detoxification and its food applications: a review. Toxin Rev 
40(1):1–16. https://​doi.​org/​10.​1080/​15569​543.​2018.​15603​34

Präger F, Paczkowski S, Sailer G, Sarfo N, Derkyi A, Pelz S (2019) 
Biomass sources for a sustainable energy supply in Ghana – a 
case study for Sunyani. Renew Sustain Energy Rev 107(Novem-
ber 2018):413–424. https://​doi.​org/​10.​1016/j.​rser.​2019.​03.​016

Raheem SB, Arubike ED, Awogboro OS (2020) Effects of cassava peel 
ash (CPA) as alternative binder in concrete. Int J Constr Res Civ 
Eng (IJCRCE) 1(2):27–32

Ramakrishna S. Huang Z-M (2016) Biocomposites. In: Reference 
module in materials science and materials engineering. Elsevier. 
https://​doi.​org/​10.​1016/​B978-0-​12-​803581-​8.​00965-6

Ranaweera CK, Kahol PK, Ghimire M, Mishra SR, Gupta RK (2017) 
Orange-peel-derived carbon: designing sustainable and high-
performance supercapacitor electrodes. J Carbon Res 3(3):25. 
https://​doi.​org/​10.​3390/​c3030​025

Rao MSC, Vijayalakshmi MM, Praveenkumar TR (2021) Behaviour 
of green concrete (blended concrete) using agro-industrial waste 
as partial replacement of cement along with nanoparticles. Appl 
Nanosci. https://​doi.​org/​10.​1007/​s13204-​021-​01917-1

Raudhah S, Shifa N, Mohidin P, Moshawih S (2023) Cassava (Manihot 
esculenta Crantz): a systematic review for the pharmacological 
activities, traditional uses, nutritional values, and phytochemis-
try. J Evid-Based Integr Med 28:1–26. https://​doi.​org/​10.​1177/​
25156​90X23​12062​27

Ricciardi P, Cillari G, Miino MC, Collivignarelli MC (2020) Valoriza-
tion of agro-industry residues in the building and environmental 
sector: a review. Waste Manag Res 38(5):487–513. https://​doi.​
org/​10.​1177/​07342​42X20​904426

Riedel U (2012) 10.18 - Biocomposites: long natural fiber-reinforced 
biopolymers. In: Matyjaszewski K, Möller M (Eds.), Polymer 
science: a comprehensive reference. Elsevier, pp 295–315. 
https://​doi.​org/​10.​1016/​B978-0-​444-​53349-4.​00268-5

Rodgers L (2018) Climate change: the massive CO2 emitter you may 
not know about. In: BBC News. https://​www.​bbc.​com/​news/​
scien​ce-​envir​onment-​46455​844. Accessed 10 Apr 2024

Rudiyanto B, Rida I, Ulma Z, Ari D, Hijiriawan M (2023) Utiliza-
tion of cassava peel (Manihot utilissima) waste as an adhesive 
in the manufacture of coconut shell (Cocos nucifera) charcoal 
briquettes. Int J Renew Energy Dev 12(2):270–276

Safari WF, Syafaat M (2022) Effect of pretreatment and composition 
of Trichoderma Viride and Zymomonas Mobilis consortium on 
bioethanol production from leaf litter. Indonesian Journal of 
Biotechnology and Biodiversity 6(2):52–60

Salau MA, Ikponmwosa EE, Olonode KA (2012) Structural strength 
characteristics of cement-cassava peel ash blended concrete. 
Civ Environ Res 2(10):68–77. https://​www.​iiste.​org/​Journ​als/​
index.​php/​CER/​artic​le/​view/​3541. Accessed 15 May 2024

Salau MA, Olonade KA (2011) Pozzolanic potentials of cassava peel 
ash. J Eng Res 16(1):10–21

Samomssa I, Nono YJ, Cârâc G, Gurău G, Dinică MR, Kamga R 
(2021) Optimization of fuel briquette production from cas-
sava peels, plantain peels and corn cobs. J Mater Cycles 
Waste Manag 23(5):1905–1917. https://​doi.​org/​10.​1007/​
s10163-​021-​01260-1

Santos VLF, Ferreira MA, Siqueira MCB, Melo TTB, Silva JL, 
Andrade IB, Soares AA, Costa CTF (2015) Rumen param-
eters of sheep fed cassava peel as a replacement for corn. Small 
Rumin Res 133:88–92

Sarisky-Reed V (2016) Bioenergy: renewable, sustainable, attain-
able. Office of Energy Efficiency and Renewable Energy. 
https://​www.​energy.​gov/​eere/​artic​les/​bioen​ergy-​renew​able-​
susta​inable-​attai​nable. Accessed 17 Mar 2024

Segovia-Hernández JG, Sánchez-Ramírez E, Ramírez-Márquez 
C, Contreras-Zarazúa G (2022) Chapter 4 - Bioethanol. In: 
Segovia-Hernández JG, Sánchez-Ramírez E, Ramírez-Márquez 
C, Contreras-Zarazúa G (Eds.), Improvements in bio-based 
building blocks production through process intensification and 
sustainability concepts. Elsevier, pp 33–60. https://​doi.​org/​10.​
1016/​B978-0-​323-​89870-6.​00005-6

Senanu LD, Kranjac-berisavljevic G, Cobbina SJ (2023) The use of 
local materials to remove heavy metals for household-scale 
drinking water treatment: a review. Environ Technol Innov 
29:103005. https://​doi.​org/​10.​1016/j.​eti.​2023.​103005

https://doi.org/10.1007/s13399-021-01588-6/Published
https://doi.org/10.1007/s13399-021-01588-6/Published
https://doi.org/10.1007/S13399-021-01588-6/FIGURES/10
https://doi.org/10.1007/S13399-021-01588-6/FIGURES/10
https://researchtropica.com/banana-and-plantain-wastes-4/
https://researchtropica.com/banana-and-plantain-wastes-4/
https://doi.org/10.1016/j.rser.2014.07.142
https://doi.org/10.1016/j.rinma.2019.100053
https://doi.org/10.1016/j.cscm.2022.e01319
https://doi.org/10.1016/j.cscm.2022.e01319
https://doi.org/10.17533/udea.redin.20200803
https://doi.org/10.17533/udea.redin.20200803
https://doi.org/10.1080/07388551.2022.2048791
https://doi.org/10.1080/15569543.2018.1560334
https://doi.org/10.1016/j.rser.2019.03.016
https://doi.org/10.1016/B978-0-12-803581-8.00965-6
https://doi.org/10.3390/c3030025
https://doi.org/10.1007/s13204-021-01917-1
https://doi.org/10.1177/2515690X231206227
https://doi.org/10.1177/2515690X231206227
https://doi.org/10.1177/0734242X20904426
https://doi.org/10.1177/0734242X20904426
https://doi.org/10.1016/B978-0-444-53349-4.00268-5
https://www.bbc.com/news/science-environment-46455844
https://www.bbc.com/news/science-environment-46455844
https://www.iiste.org/Journals/index.php/CER/article/view/3541
https://www.iiste.org/Journals/index.php/CER/article/view/3541
https://doi.org/10.1007/s10163-021-01260-1
https://doi.org/10.1007/s10163-021-01260-1
https://www.energy.gov/eere/articles/bioenergy-renewable-sustainable-attainable
https://www.energy.gov/eere/articles/bioenergy-renewable-sustainable-attainable
https://doi.org/10.1016/B978-0-323-89870-6.00005-6
https://doi.org/10.1016/B978-0-323-89870-6.00005-6
https://doi.org/10.1016/j.eti.2023.103005


65942	 Environmental Science and Pollution Research (2024) 31:65917–65943

Sevilla M, Mokaya R (2014) Energy storage applications of activated 
carbons: supercapacitors and hydrogen storage. Energy 
Environ Sci 7(4):1250–1280. https://​doi.​org/​10.​1039/​C3EE4​
3525C

Shi R, Li J, Ni N, Xu R (2019) Understanding the biochar’s role 
in ameliorating soil acidity. J Integr Agric 18(7):1508–1517. 
https://​doi.​org/​10.​1016/​S2095-​3119(18)​62148-3

Shigaki T (2016) Cassava: the nature and uses. In: Caballero B, 
Finglas PM, Toldrá F (Eds.), Encyclopedia of food and health. 
Academic Press, pp 687–693. https://​doi.​org/​10.​1016/​B978-0-​
12-​384947-​2.​00124-0

Shrestha RK, Jacinthe P-A, Lal R, Lorenz K, Singh MP, Demyan 
SM, Ren W, Lindsey LE (2023) Biochar as a negative emis-
sion technology: a synthesis of field research on greenhouse 
gas emissions. J Environ Qual 52(4):769–798. https://​doi.​org/​
10.​1002/​jeq2.​20475

Simona I, Bulgariu D, Ahmad I, Bulgariu L (2018) Valorisation 
possibilities of exhausted biosorbents loaded with metal ions 
– a review. J Environ Manag 224:288–297. https://​doi.​org/​10.​
1016/j.​jenvm​an.​2018.​07.​066

Sindhu R, Binod P, Pandey A, Ankaram S, Duan Y, Awasthi MK 
(2019) Biofuel production from biomass: toward sustainable 
development. In: Current developments in biotechnology and 
bioengineering. Elsevier, pp 79–92. https://​doi.​org/​10.​1016/​
B978-0-​444-​64083-3.​00005-1

Singh DN, Tripathi M, Singh VS, Singh R, Gaur R, Pathak N (2022) 
Management of agriculture waste: bioconversion of agro-
waste into valued products. In: Bioremediation: challenges and 
advancements. Bentham Science Publisher, p 224. https://​doi.​
org/​10.​2174/​97898​15036​03912​20100​11

Siracusa V, Rocculi P, Romani S, Dalla-Rosa M (2008) Biodegradable 
polymers for food packaging: a review. Trends Food Sci Technol 
19:634–643

Sirirote P, Thanaboripat D, Klinkroon N, Tripak S (2010) The pro-
duction of biogas from cassava tubers. KMITL Sci Tech J 
10(1):30–36

Sivamani S, Baskar R (2015) Optimization of bioethanol production 
from cassava peel using statistical experimental design. Environ 
Prog Sustain Energy 34(2):567–574. https://​doi.​org/​10.​1002/​ep.​
11984

Song J, Wang L, Zibart A, Koch C (2012) Corrosion protection of 
electrically conductive surfaces. Metals 2(4):450–477. https://​
doi.​org/​10.​3390/​met20​40450

Sudaryanto Y, Hartono SB, Irawaty W, Hindarso H, Ismadji S (2006) 
High surface area activated carbon prepared from cassava peel 
by chemical activation. Biores Technol 97:734–739. https://​doi.​
org/​10.​1016/j.​biort​ech.​2005.​04.​029

Taer E, Harahap EW, Apriwandi A, Taslim R (2022) High-performance 
aqueous electrolyte symmetrical supercapacitor using porous car-
bon derived cassava peel waste. Appl Mater Technol 4(1):1–10. 
https://​doi.​org/​10.​31258/​Jamt.4.​1.1-​10

Tewe OO (1992) Detoxification of cassava products and effects of 
residual toxins on consuming animals. In: Machin D, Nyold S 
(eds) Root, tubers, plantains, and bananas in animal feeding, vol 
95. FAO Animal Production and Health

Thathsaranee V, Thuppahige W, Moghaddam L, Welsh ZG, Wang T, 
Karim A (2023) Investigation of critical properties of Cassava 
(Manihot esculenta) peel and bagasse as starch-rich fibrous agro-
industrial wastes for biodegradable food packaging. Food Chem 
422(January):136200. https://​doi.​org/​10.​1016/j.​foodc​hem.​2023.​
136200

Thorpe D (2018) Meeting the challenges of engineering a sustainable 
future. Int J Geomate 14(43):8–18. https://​doi.​org/​10.​21660/​
2018.​43.​key2

Tkachenko N, Tang K, McCarten M, Reece S, Kampmann D, Hickey 
C, Bayaraa M, Foster P, Layman C, Rossi C, Scott K, Yoken 

D, Christiaen C, Caldecott B (2023) Global database of cement 
production assets and upstream suppliers. Sci Data 10(1):696. 
https://​doi.​org/​10.​1038/​s41597-​023-​02599-w

Travalini AP, Lamsal B, Magalhães WLE, Demiate IM (2019) Cassava 
starch films reinforced with lignocellulose nanofibers from cas-
sava bagasse. Int J Biol Macromol 139:1151–1161. https://​doi.​
org/​10.​1016/j.​ijbio​mac.​2019.​08.​115

Tumwesigye KS, Oliveira JC, Sousa MJ (2016) Integrated sustain-
able process design framework for cassava biobased packaging 
materials: critical review of current challenges, emerging trends 
and prospects. Trends Food Sci Technol 56:103–114. https://​doi.​
org/​10.​1016/j.​tifs.​2016.​08.​001

UN (2015) Transforming our world: the 2030 agenda for sustainable 
development | Department of Economic and Social Affairs. 
https://​sdgs.​un.​org/​publi​catio​ns/​trans​formi​ng-​our-​world-​2030-​
agenda-​susta​inable-​devel​opment-​17981. Accessed 15 Sept 2023

UN (2022) THE 17 GOALS. Sustainable development goals. https://​
sdgs.​un.​org/​goals. Accessed 18 Jan 2024

UNEP (2021) UNEP Food Waste Index Report 2021. https://​www.​
unep.​org/​resou​rces/​report/​unep-​food-​waste-​index-​report-​
2021. Accessed 15 Sept 2023

United Nations (UN) (2023) Achieving universal access by 2030 and 
net-zero emissions By 2050: a global roadmap for just and inclu-
sive clean cooking transition. UN Energy Policy Brief. https://​
sdgs.​un.​org/​sites/​defau​lt/​files/​2023-​07/​UN-​Energ​yPoli​cyBri​ef-​
Clean​Cooki​ngNet​zerop​athway-​7-​12-​23cle​anwit​hcove​rpage2_​0.​
pdf. Accessed 20 Apr 2024

Vaibhav V, Vijayalakshmi U, Roopan SM (2015) Agricultural waste as 
a source for the production of silica nanoparticles. Spectrochim 
Acta Part A Mol Biomol Spectrosc 139:515–520. https://​doi.​org/​
10.​1016/j.​saa.​2014.​12.​083

Valencia GA, de Andrade CJ, Ienczak JL, Monteiro AR, Gutiérrez TJ 
(2021) Valorization of agri-food wastes. In: Shah S, Venkatra-
manan V, Prasad R (Eds.), Bio-valorization of waste: trends and 
perspectives. Springer Singapore, pp 111–132. https://​doi.​org/​
10.​1007/​978-​981-​15-​9696-4_5

Versino F, López OV, García MA (2015) Sustainable use of cassava 
(Manihot esculenta) roots as raw material for biocomposites 
development. Ind Crops Prod 65:79–89. https://​doi.​org/​10.​
1016/j.​indcr​op.​2014.​11.​054

Vinod A, Sanjay MR, Suchart S, Jyotishkumar P (2020) Renewable and 
sustainable biobased materials: an assessment on biofibers, bio-
films, biopolymers and biocomposites. J Clean Prod 258:1–27. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2020.​120978

Wang J, Zhang X, Li Z, Ma Y, Ma L (2020) Recent progress of bio-
mass-derived carbon materials for supercapacitors. J Power 
Sources 451:227794. https://​doi.​org/​10.​1016/j.​jpows​our.​2020.​
227794

Wang Z, Mhaske P, Farahnaky A, Kasapis S, Majzoobi M (2022) 
Cassava starch: chemical modification and its impact on func-
tional properties and digestibility, a review. Food Hydrocoll 
129(October 2021):107542. https://​doi.​org/​10.​1016/j.​foodh​yd.​
2022.​107542

Weber K, Quicker P (2018) Properties of biochar. Fuel 217:240–261. 
https://​doi.​org/​10.​1016/j.​fuel.​2017.​12.​054

Xia J, Zhang N, Chong S, Li D, Chen Y, Sun C (2018) Three-dimen-
sional porous graphene-like sheets synthesized from biocarbon 
via low-temperature graphitization for a supercapacitor. Green 
Chem 20(3):694–700. https://​doi.​org/​10.​1039/​C7GC0​3426A

Yang S, Zhang K (2018) Converting corncob to activated porous car-
bon for supercapacitor application. Nanomaterials 8(4):181. 
https://​doi.​org/​10.​3390/​nano8​040181

Yang W, Gao Z, Ma J, Zhang X, Wang J (2014) Controlled synthesis 
of Co3O4 and Co3O4@MnO2 nanoarchitectures and their elec-
trochemical capacitor application. J Alloy Compd 611:171–178. 
https://​doi.​org/​10.​1016/j.​jallc​om.​2014.​04.​085

https://doi.org/10.1039/C3EE43525C
https://doi.org/10.1039/C3EE43525C
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/B978-0-12-384947-2.00124-0
https://doi.org/10.1016/B978-0-12-384947-2.00124-0
https://doi.org/10.1002/jeq2.20475
https://doi.org/10.1002/jeq2.20475
https://doi.org/10.1016/j.jenvman.2018.07.066
https://doi.org/10.1016/j.jenvman.2018.07.066
https://doi.org/10.1016/B978-0-444-64083-3.00005-1
https://doi.org/10.1016/B978-0-444-64083-3.00005-1
https://doi.org/10.2174/9789815036039122010011
https://doi.org/10.2174/9789815036039122010011
https://doi.org/10.1002/ep.11984
https://doi.org/10.1002/ep.11984
https://doi.org/10.3390/met2040450
https://doi.org/10.3390/met2040450
https://doi.org/10.1016/j.biortech.2005.04.029
https://doi.org/10.1016/j.biortech.2005.04.029
https://doi.org/10.31258/Jamt.4.1.1-10
https://doi.org/10.1016/j.foodchem.2023.136200
https://doi.org/10.1016/j.foodchem.2023.136200
https://doi.org/10.21660/2018.43.key2
https://doi.org/10.21660/2018.43.key2
https://doi.org/10.1038/s41597-023-02599-w
https://doi.org/10.1016/j.ijbiomac.2019.08.115
https://doi.org/10.1016/j.ijbiomac.2019.08.115
https://doi.org/10.1016/j.tifs.2016.08.001
https://doi.org/10.1016/j.tifs.2016.08.001
https://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-development-17981
https://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-development-17981
https://sdgs.un.org/goals
https://sdgs.un.org/goals
https://www.unep.org/resources/report/unep-food-waste-index-report-2021
https://www.unep.org/resources/report/unep-food-waste-index-report-2021
https://www.unep.org/resources/report/unep-food-waste-index-report-2021
https://sdgs.un.org/sites/default/files/2023-07/UN-EnergyPolicyBrief-CleanCookingNetzeropathway-7-12-23cleanwithcoverpage2_0.pdf
https://sdgs.un.org/sites/default/files/2023-07/UN-EnergyPolicyBrief-CleanCookingNetzeropathway-7-12-23cleanwithcoverpage2_0.pdf
https://sdgs.un.org/sites/default/files/2023-07/UN-EnergyPolicyBrief-CleanCookingNetzeropathway-7-12-23cleanwithcoverpage2_0.pdf
https://sdgs.un.org/sites/default/files/2023-07/UN-EnergyPolicyBrief-CleanCookingNetzeropathway-7-12-23cleanwithcoverpage2_0.pdf
https://doi.org/10.1016/j.saa.2014.12.083
https://doi.org/10.1016/j.saa.2014.12.083
https://doi.org/10.1007/978-981-15-9696-4_5
https://doi.org/10.1007/978-981-15-9696-4_5
https://doi.org/10.1016/j.indcrop.2014.11.054
https://doi.org/10.1016/j.indcrop.2014.11.054
https://doi.org/10.1016/j.jclepro.2020.120978
https://doi.org/10.1016/j.jpowsour.2020.227794
https://doi.org/10.1016/j.jpowsour.2020.227794
https://doi.org/10.1016/j.foodhyd.2022.107542
https://doi.org/10.1016/j.foodhyd.2022.107542
https://doi.org/10.1016/j.fuel.2017.12.054
https://doi.org/10.1039/C7GC03426A
https://doi.org/10.3390/nano8040181
https://doi.org/10.1016/j.jallcom.2014.04.085


65943Environmental Science and Pollution Research (2024) 31:65917–65943	

Yang W, Ni M, Ren X, Tian Y, Li N, Su Y, Zhang X (2015) Graphene 
in supercapacitor applications. Curr Opin Colloid Interface Sci 
20(5):416–428. https://​doi.​org/​10.​1016/j.​cocis.​2015.​10.​009

Zemnukhova LA, Panasenko AE, Fedorishcheva GA, Ziatdinov AM, 
Polyakova NV, Kuryavyi VG (2012) Properties of silicon pre-
pared from plant raw materials. Inorg Mater 48(10):1097–1102. 
https://​doi.​org/​10.​1134/​S0020​16851​21001​59

Zhang M, Xie L, Yin Z, Kumar S, Zhou Q (2016) Biorefinery approach 
for cassava-based industrial wastes: current status and opportuni-
ties. Biores Technol 215:50–62. https://​doi.​org/​10.​1016/j.​biort​
ech.​2016.​04.​026

Zhang J, Chen H, Bai J, Xu M, Luo C, Yang L, Bai L, Wei D, Wang W, 
Yang H (2021) N-doped hierarchically porous carbon derived from 
grape marcs for high-performance supercapacitors. J Alloy Compd 
854:157207. https://​doi.​org/​10.​1016/j.​jallc​om.​2020.​157207

Zhong Y, Xia X, Deng S, Zhan J, Fang R, Xia Y, Wang X, Zhang Q, Tu J 
(2018) Popcorn inspired porous macrocellular carbon: rapid puffing 
fabrication from rice and its applications in lithium–sulfur batteries. 
Adv Energy Mater 8(1). https://​doi.​org/​10.​1002/​aenm.​20170​1110

Zhou Y, Li D, Li Z, Guo S, Chen Z, Wu L, Zhao Y (2023) Greenhouse 
gas emissions from soils amended with cornstalk biochar at dif-
ferent addition ratios. Int J Environ Res Public Health 20(2):927. 
https://​doi.​org/​10.​3390/​ijerp​h2002​0927

Zhu F (2015) Composition, structure, physicochemical properties, and 
modifications of cassava starch. Carbohyd Polym 122:456–480. 
https://​doi.​org/​10.​1016/j.​carbp​ol.​2014.​10.​063

Zhu W, Lestander TA, Örberg H, Wei M, Hedman B, Ren J, Xie G, 
Xiong S (2015) Cassava stems: a new resource to increase food 
and fuel production. GCB Bioenergy 7(1):72–83. https://​doi.​org/​
10.​1111/​gcbb.​12112

Ziska LH, Runion GB, Tomecek M, Prior SA, Torbet HA, Sicher R 
(2009) An evaluation of cassava, sweet potato and field corn 
as potential carbohydrate sources for bioethanol production in 
Alabama and Maryland. Biomass Bioenerg 33(11):1503–1508

Zou K, Deng Y, Chen J, Qian Y, Yang Y, Li Y, Chen G (2018) Hierar-
chically porous nitrogen-doped carbon derived from the activa-
tion of agriculture waste by potassium hydroxide and urea for 
high-performance supercapacitors. J Power Sources 378:579–
588. https://​doi.​org/​10.​1016/j.​jpows​our.​2017.​12.​081

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.cocis.2015.10.009
https://doi.org/10.1134/S0020168512100159
https://doi.org/10.1016/j.biortech.2016.04.026
https://doi.org/10.1016/j.biortech.2016.04.026
https://doi.org/10.1016/j.jallcom.2020.157207
https://doi.org/10.1002/aenm.201701110
https://doi.org/10.3390/ijerph20020927
https://doi.org/10.1016/j.carbpol.2014.10.063
https://doi.org/10.1111/gcbb.12112
https://doi.org/10.1111/gcbb.12112
https://doi.org/10.1016/j.jpowsour.2017.12.081

	Valorization of Manihot esculenta peel from environmental pollutant to sustainable engineering solutions for a cleaner future
	Abstract
	Introduction
	Manihot esculenta
	Manihot esculenta peels
	Heat treatment strategies for Manihot esculenta peels
	Chemical and elemental analysis of heat-treated Manihot esculenta peels

	Sustainable engineering potential of Manihot esculenta peels
	Bioenergy generation
	Biogas from Manihot esculenta peels
	Bioethanol from Manihot esculenta peels
	Biochar from Manihot esculenta peels

	Biocomposites
	Building and construction materials
	Supercapacitor electrodes for renewable energy

	Conclusion and future outlook
	References


