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Abstract: Sugarcane has primarily been used for sugar and ethanol production. It creates large
quantities of residual lignocellulosic biomass such as sugarcane bagasse, leaves, tops, and vinasse.
Biomass is a sustainable prospect for biorefineries aiming to optimize production processes. We detail
recent research developments in recycling sugarcane, including energy generation and pyrolysis to
obtain biofuels, for example. To produce biochar, the energy cost of operating at high temperatures
and large-scale production remain as obstacles. The energy generation prospects can be enhanced by
pellet production; however, it requires an improvement in quality control for long-term storage or
long-distance transportation. In civil construction, the materials still need to prove their long-term
efficiency and reliability. Related to adsorbent materials, the use of sugarcane bagasse has the advan-
tage of being low-cost and environmentally friendly. Nevertheless, the extraction, functionalization,
and modification of cellulose fibers, to improve their adsorption properties or even mode of operation,
still challenges. The synthesis of nanostructures is still lacking high yields and the ability to scale
up. Finally, controlling dispersion and orientation and avoiding fiber agglomeration could improve
the mechanical response of composites using sugarcane bagasse. The different possibilities for using
sugarcane and its residues reinforce the importance of this material for the industry and the global
economy. Thus, the present work addresses current challenges and perspectives of different industrial
processes involving sugarcane aiming to support future research on waste-derived subjects.

Keywords: biomass; sugarcane bagasse; nanocellulose; composites; contaminants; biofuels;
biosorbents; silica; dietary products; biochemicals

1. Introduction

Sugarcane is an important crop originating in Asia and currently cultivated in tropical
and subtropical countries. It became an alternative source of production of ethanol biofuel
for automobiles, avoiding the use of other crops commonly used for food production such
as corn. Furthermore, sugarcane production is considered low-cost, employs clean tech-
nologies, and reuses waste from the production process. Thus, sugarcane is responsible for
the economic development of countries and the sustainability of energy sources. Grinding
sugarcane and extracting the juice is the principal target for sugar and alcohol production.
In addition, sugarcane is used to produce foods and beverages. The world’s sugarcane
production surpassed 1.8 billion tonnes in 2021, with 51.7% contributed by the Americas,
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mainly Brazil, with a production of around 715 million tonnes; 41.4% by Asia; 5.1% by
Africa; and 1.8% by Oceania [1]. The national average productivity of Brazil is estimated at
72 tons per hectare, where the southeast region produces approximately 60% of the total
national harvest, with 380 million tons in 2022/2023 [2]. Among Brazil’s 44.7% of internal
energy offer, sugarcane biomass represents 16.4% [3].

In Brazil, the national biofuel policy is formulated by the RenovaBio Committee;
this determines decarbonization targets, certifies the efficient production of biofuels, and
provides decarbonization credits (CBIOs), which can be used by companies to trade on an
exchange [4,5]. The amount of lignocellulosic feedstock from bagasse (135 kg per ton of
sugarcane) and from tops and leaves (140 kg per ton of sugarcane) has drawn attention
as a promising alternative for enhancing the production and energy optimization of the
ethanol-obtaining process, primarily by the secondary generation of ethanol [6].

Sugarcane bagasse is a fibrous residue that remains after sugarcane juice extraction,
and it is a significant source of cellulose and hemicellulose that could be converted into
biofuels [7]. Among the products generated, sugarcane bagasse constitutes 30% of the mass
of the harvested plants [8]. The annual global sugarcane bagasse production is estimated
at 700 million tons [9]. Most of the sugarcane biomass waste, around 70%, is used to
generate heat by combustion for sugar production boilers. The heat can be used also to
produce steam to move turbines and generate electricity [10]. While sugarcane bagasse
has a non-uniform and massive volume, and has been used for energy generation through
combustion, pellet production has been evaluated to improve fuel handling and storage,
for off-season uses [11,12].

In order to optimize energy generation, or even improve the processes of biofuels and
chemicals production, the current concept of biorefineries became an interesting way by
use byproducts such as biomass and mostly lignocellulosic residues [13]. Pyrolysis is a
standard and efficient method for extracting bio-oil from sugarcane bagasse, for biodiesel
production, which could replace petroleum-based fuels [14,15]. Hydrothermal liquefaction
is a promising method for obtaining bio-oil with a high calorific value and low oxygen con-
tent [16]. Furthermore, sugarcane byproducts are used for biogas and biochar production;
this reduces dependence on fossil fuels and minimizes the environmental impact of using
non-renewable resources [17,18].

In addition, sugarcane bagasse is also used as a biosorbent for dyes and for absorbing
heavy metals in water, to avoid their bioaccumulation and toxicity in humans [19,20].
Nitrocellulose and porous CO2 adsorbent materials are produced from sugarcane bagasse;
these are examples of versatile bio-based products obtained in biorefineries [21,22].

Following energy generation, sugarcane bagasse becomes ash, which could be used as
a substitute for certain civil materials [23,24] and as a source for synthesis of silica nanopar-
ticles [25]. These possibilities are emerging as a sustainable source for the bioeconomy.

All the information cited proves the importance of sugarcane for different industry
sectors. Furthermore, sugarcane bagasse, which is normally the residue of the industrial
process, is also used for several purposes reducing environmental impact and increasing
industry revenue. In this sense, this paper aims to provide an overview of the current
reports on the utilization of sugarcane byproducts (Figure 1), for biofuel and energy
generation, as feedstock for nanocellulose, silica, and carbon activate production, for the
mitigation of contaminants, and as filler reinforcements in civil and polymeric composites.
In addition, addressing the different uses for the sugarcane and its bagasse, this review
identifies the knowledge gaps that can be worked on in future researches.
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Figure 1. Summarized applications of sugarcane bagasse and challenges of each field.

2. Biofuels from Lignocellulosic Biomass

Biofuels made from lignocellulosic biomass are renewable energy sources that can
be produced from a wide variety of plant materials, such as wood [26], straw [27], and
grass [28]. These materials are rich in a complex carbohydrate called cellulose, which can be
broken down and converted into biofuels, such as ethanol, biohydrogen, or biodiesel [29,30].
There are several advantages in producing biofuels from lignocellulosic materials [29,31].
First, lignocellulosic materials are abundant and widely available, providing a potential
source of feedstock for biofuel production. Second, lignocellulosic materials can be grown
and produced in many regions worldwide, providing a more diversified energy supply
than traditional biofuels, which are primarily dependent on a few crops and areas [32].
Third, compared to conventional fossil fuels, biofuels from lignocellulosic materials can
lower greenhouse gas (GHG) emissions [33] throughout the fuel’s life cycle, from feedstock
production to vehicle biofuel use. Notably, CO2 emissions from burning biofuels are offset
by the CO2 absorbed by plants during growth [34]. Using agricultural and forestry waste
as feedstock for biofuel production can reduce waste and minimize the amount of organic
material in landfills [35]. In addition, biofuel production from lignocellulosic materials can
provide economic benefits [36] by creating jobs in rural areas and developing new markets
for agricultural products.

Lignocellulosic biofuels are more sustainable than traditional biofuels made from food
crops such as corn or sugarcane because they do not compete with food production and can
be grown on marginal lands [37]. However, converting lignocellulosic biomass into biofuels
is currently more expensive and less efficient than the traditional methods [38]. In addition,
lignin is a problem when obtaining biofuels from biomass [39] because it is difficult to break
down lignin and extract cellulose and hemicellulose, which are carbohydrates that can be
converted into biofuels.

Failing to remove lignin before converting cellulose to biofuels adds extra steps and
costs to the process. Additionally, lignin can interfere with the efficiency of the enzymes
used to break down cellulose, reducing the overall yield of biofuels [40]. Therefore, devel-
oping more efficient methods to separate and utilize lignin and enhance the breakdown of
cellulose into sugars is critical to overcome these challenges. During the pretreatment pro-
cess, lignin is broken down into minor compounds [41,42], including monomers (vanillin,
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syringaldehyde, and p-coumaryl alcohol), oligomers, aromatic compounds, and lignin-
derived ash.

The compounds derived from lignin during pretreatment can vary depending on the
particular pretreatment method and conditions [43,44]. Oligomers are intermediate-sized
compounds that are formed when lignin is partially broken down. They can be further
broken down into monomers or used as an energy source. Aromatic compounds such as
guaiacol, catechol, and phenol have characteristic fragrances [45]. These compounds can be
used as feedstock to produce chemicals and materials [46,47]. Finally, lignin-derived ash is
a residual byproduct of the pretreatment process and is composed of inorganic compounds,
such as potassium, magnesium, and calcium. Ash can be used as a source of minerals and
nutrients in fertilizers [48] or as a filler in composite materials [49].

The pretreatment of sugarcane bagasse is a critical step in producing biofuels [50,51]
because it helps make cellulose and hemicellulose more accessible to enzymes and microor-
ganisms, leading to improved biofuel yields. This is typically achieved through chemical
or physical treatments, such as acid hydrolysis [52], alkaline pretreatment [53], steam
explosion [54], organosolv pretreatment [55], and pyrolysis [43]. Several factors, including
the type of biofuel required, the availability of equipment, and cost of the process, influence
the choice of technique.

Figure 2 shows the flowchart for obtaining bioethanol from lignocellulosic biomass
residues. The flowchart shows the process starting from acid pretreatment and obtaining
bioethanol through the fermentation of pentoses and hexoses contained in hemicellulose
and cellulose hydrolysates, respectively [56].
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Biofuel Prospects

Developing new catalysts for the pretreatment of sugarcane bagasse is gaining atten-
tion. The aim is to improve the efficiency and sustainability of this process. New catalysts
have been developed and studied; these include enzyme-based catalysts [57], ion-exchange
resins [58], solid acid catalysts [59], supercritical fluids [60], and metal-based catalysts [61].

3. Sugarcane Bagasse Pyrolysis

Energy based on plant biomass is considered clean, sustainable, and carbon-neutral,
because the amount of CO2 emitted into the atmosphere during combustion is equal to
the amount captured through photosynthesis during a plant’s lifetime [62]. Therefore,
the use of lignocellulosic biomass for the synthesis and production of biofuels is widely
studied [43,63–66]. Thermochemical conversion plays a fundamental role in transforming
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lignocellulosic biomass into biofuel, offering several options such as gasification, com-
bustion, torrefaction, pyrolysis, and hydrothermal liquefaction. However, among these
methods, pyrolysis stands out as the most advantageous choice in many respects [67,68]. Py-
rolysis has proven to be highly efficient in producing biofuels from lignocellulosic biomass,
such as sugarcane bagasse. This technique converts the raw material into a variety of useful
products, including high-quality bio-oil, biochar, and combustible gases, with significant
yields compared to other approaches. Additionally, pyrolysis offers unparalleled versatility
in the range of products obtained, providing flexibility and diversity of use for the resulting
products [68]. Another significant advantage of pyrolysis is its ability to reduce the genera-
tion of unwanted waste. While some techniques, such as gasification and combustion, may
produce ashes and other undesired by-products, pyrolysis minimizes waste production,
contributing to process efficiency and reducing environmental impact [62]. Furthermore,
pyrolysis can be engineered to control and minimize emissions of atmospheric pollutants,
such as carbon dioxide and volatile organic compounds (VOCs), making it a more environ-
mentally friendly option compared to other conversion methods. The superior quality of
the final products, such as bio-oil and biochar, makes them highly desirable for a variety of
industrial and commercial applications [69,70].

The fractionation or yield of the pyrolysis products is determined by the operational
factors of the equipment and the nature of the biomass. The operational variables that most
influence the conversion are the reactor type, biomass diameter, temperature, heating rate,
process operating time, and inert gas flow [71]. Pyrolysis can be classified as slow, fast, or
flash, depending on the operating variables, particularly the working time and heating
rate [72].

3.1. Slow or Conventional Pyrolysis

The slow or conventional pyrolysis of sugarcane bagasse favors the high production
of solids such as biochar and generally occurs at 5–10 ◦C·min−1, with an extended length
of stay of more than 30 min, and particles with a diameter between 5–50 mm [9]. The
transformation of lignocellulosic waste into products with high economic value is studied.
Boer et al. (2021) analyzed slow pyrolysis in a fixed-bed reactor under two operating
conditions. The results showed that high-quality biochar (28.97%) and high pyrolysis liquid
yield (55.46%) could be achieved by processing the residue at 500 ◦C and 10 ◦C·min−1 [73].
Rodier et al. (2019) used a slow pyrolysis reactor at 200 ◦C, with particles between 0.4–1 mm,
a heating rate of 10 ◦C·min−1, nitrogen (N2) flow of 2 L h−1, and residence time of 2 h, in
which sugarcane bagasse biochars were produced to be incorporated into the cement base
and used as an insulation material [74].

Okonkwo et al. (2021) prepared mesoporous carbon via ice-water-controlled pyrolysis
and used it to improve the capacitance of the electrode of a supercapacitor. They used
sugarcane bagasse particles with an average diameter of 150 µm in a quartz tube pyrolizer
at 800 ◦C for 3 h under N2 flow at 20 mL·min−1. The incorporation of mesoporous carbon
enhanced the electrochemical behavior and allowed the capacitor to attain a high energy
density [75].

3.2. Fast Pyrolysis

The production of liquid biofuels through fast pyrolysis of sugarcane bagasse can
be carried out by operating the reactor at an attenuation temperature (500–750 ◦C), with
a high heating rate between 100–500 ◦C·s−1, a brief stay of around 1 s, and particles
with a diameter of less than 1 mm [9,43]. Ghorbannezhad et al. (2018) introduced a new
methodology using fast pyrolysis to produce volatile substances such as benzene, toluene,
and xylene (BTX), which are widely used in the chemical industry. They evaluated the effect
of pyrolysis temperature, type of catalyst, and varying proportions of different types of
catalyst mixtures on the yield of BTX from sugarcane bagasse via ex situ catalytic pyrolysis.
It is possible to estimate optimal operating conditions using low-cost raw materials [76].
Another approach for the extraction of volatile compounds with high commercial value
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and wide use in organic synthesis was proposed by Lu et al. (2018). They increased the
yield and selectivity of the phenolic compound, 4-ethyl phenol (4-EP), in the fast catalytic
pyrolysis of bagasse, using particles with a diameter between 0.1–0.2 mm and a hydrogen
atmosphere to provide hydrogen donors. This promoted significant increases in the yield
of 4-EP compared to that from using an inert atmosphere [77].

Soongprasit (2021) aimed to minimize the undesirable byproduct aromatic furan (2,3-
dihydro benzofuran), the main product from bagasse lignin and commercial organosolv
lignin in the pyrolysis process, to promote the production of aromatic hydrocarbons. A
zeolite-based catalyst was used in the pyrolyzer at 600 ◦C for improving the selectivity of
the desired chemical compounds. This enables developing biorefinery process strategies
for target chemicals, such as BTX [78].

3.3. Flash or Ultrafast Pyrolysis

The main product from sugarcane bagasse following flash or ultra-fast pyrolysis is bio-
fuel. The process involves a grinding step, for making the particles small enough (0.2 mm)
to fluidize inside the flash reactor, before pyrolysis [79]. The operation is characterized by
high heating and temperature rates, a short steam length of stay (generally less than one
second), and rapid cooling of the pyrolysis steam [80]. Ayyadurai and Arunachalam (2022)
analyzed the pyrolytic oil produced from the flash pyrolysis of sugarcane bagasse, per-
formed at a pressure of 0.03 bar and an average temperature of 550 ◦C. The flash pyrolysis
process converted all biomass residues, excluding ash, into three components: bio-oil with
70% yield, pyrolysis gas with 14% yield, and charcoal with 16% yield [81]. Flash pyrolysis
can mimic gasification under certain conditions, such as at temperatures exceeding 800 ◦C,
length of stay in the reactor less than 1 s, heating rates exceeding 1000 ◦C·s−1, and particles
with sizes less than 0.2 mm. This process primarily generates non-condensable gases such
as hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2), methane (CH3), ethane
(C2H6), and ethene (C2H4) [72].

3.4. Comparative Studies

Knowledge of the types of pyrolysis and the various operating parameters is often
required to select the best process conditions. It is common practice to compare various
methodologies or aspects of biomass production under identical circumstances to improve
the process. Arni (2018) compared the results of conventional and fast pyrolysis of sugar-
cane bagasse to convert biomass into biogas fuel. A batch reactor was used at temperatures
of 480, 580, and 680 ◦C. Slow pyrolysis produced the highest syngas yield with increasing
temperature. The solid yield was higher for fast pyrolysis. During thermal decomposition
of the lignocellulosic residue, H2 gas, CO, CO2, CH3, and some low molecular weight
hydrocarbons, such as C2H4 and C2H6, were produced [82].

Pradana et al. (2019) investigated the effect of calcium oxide (CaO) and magnesium
oxide (MgO) catalysts on the catalytic and non-catalytic pyrolysis of sugarcane bagasse,
in a fixed-bed reactor at a temperature range of 20−480 ◦C. Calcium oxide exhibited the
highest reaction kinetics, with the lowest reaction order in the catalytic and non-catalytic
processes of MgO. Thus, the incorporation of calcium oxide (CaO) as a catalyst would
improve the pyrolysis kinetics of sugarcane bagasse [83].

Hass and Lima (2018) investigated different food sources such as fresh sugarcane
straw, fresh bagasse, and old bagasse for potential conversion into biochars and activated
biochars for metal sorption. The pyrolysis process was evaluated at 350, 500, 650, and
800 ◦C. The ash content was higher in fresh sugarcane straw and old bagasse compared
to that in fresh bagasse biochar. In addition, the surface area of the activated biochar was
higher for that from fresh bagasse (493 m2·g−1) compared to that for biochars from old
bagasse (262 m2·g−1) and fresh sugarcane straw (204 m2·g−1). Aged sugarcane bagasse
produces biochar with a high sorption capacity for metals such as cadmium (Cd), lead (Pb),
and copper (Cu). Sorption capacity is associated with the ash content, surface area, and
composition of the biochar [84].
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3.5. Pyrolysis Prospects

Pyrolysis emerges as a highly beneficial alternative in the production of biofuels
from sugarcane bagasse, offering positive environmental value. This process presents
several advantages, including the reduction in greenhouse gas emissions and the efficient
utilization of agricultural waste, thus contributing to climate change mitigation and pro-
moting environmental sustainability. However, despite its environmental advantages, the
commercialization of biofuels produced by pyrolysis faces significant challenges. This is
largely due to the high costs associated with the acquisition and operation of the equipment
required to implement the pyrolysis process on a commercial scale. Additionally, the lack
of policies supporting the production and consumption of sustainable biofuels can hinder
the penetration of these products into the market, especially compared to traditional fossil
fuels. To overcome these challenges, it is essential for governments and relevant institutions
to implement policies and regulations that incentivize the production and use of biofuels
derived from sugarcane bagasse pyrolysis. This may include financial incentives, subsidies,
and tax incentive programs for producers and consumers. Additionally, investment in
research and development of new technologies to reduce production costs and improve the
efficiency of the pyrolysis process is needed. Through a comprehensive set of measures
addressing both economic and environmental aspects, it is possible to enable the commer-
cialization and widespread adoption of biofuels produced by sugarcane bagasse pyrolysis,
thus contributing to the transition to a greener and more sustainable economy [62].

4. Biochar from Sugarcane

Organic solid waste from agriculture, forestry, municipal solid waste, food, and
other residues are potential sources for biochar production [85]. Biochar obtained from
biomass using thermal combustion in an oxygen-free environment has a high carbon
content [86]. The unique properties of biochar, such as its large surface area, high porosity,
functional groups, high cation exchange capacity, and stability, allow its use in various
applications [87,88]. Figure 3 shows a flowchart with two paths for energy use from
sugarcane bagasse. The first way is the production of pellets used as solid biofuel and the
generation of thermal energy and electrical energy. The second way shows the biochar
route from the pyrolysis process [9,18]. Biochar can be used to obtain syngas and used
in combustion engines [89]. It has applications as a solid biofuel as well as for energy
conversion and storage, such as hydrogen production and storage [90], supercapacitor
electrodes [91], and lithium/sodium ion batteries [92].

The multifunctionalities of biochar and its efficiency as a contaminant adsorbent, GHG
remover, electrochemical component, and reinforcing filler in polymer composites have
attracted wide attention [93,94]. The quality and yield of biochar depend on the thermal
conversion process parameters, such as biomass type, temperature, residence time, heating
rate, and pressure [95]. The thermochemical conversion methodology used to obtain
biochar includes pyrolysis, torrefaction, hydrothermal carbonization, flash carbonization,
and gasification [93]. Pyrolysis is an established alternative method for degrading organic
compounds in lignocellulosic waste to produce biochar. However, this methodology
requires knowledge of the reactor type, a specific operating temperature, and a limited
oxygen environment [96]. Determining biochar particulars is relevant for evaluating the
chemical composition, properties, and reactivity of the biochar surface [97].

The generation of large amounts of lignocellulosic waste, combined with the desire to
reduce environmental impact and the search for sustainable resources, has influenced the
development and optimization of the thermoconversion process for biochar. Table 1 lists
the thermoconversion methods and the operating conditions. Temperature is the primary
operating variable in a thermoconversion reactor; it directly influences the efficiency of the
process because degradation of the biomass constituents occurs during thermochemical
conversion [98–107]. According to Stegen and Kaparaju (2020), the maximum yield of
biochar from sugarcane bagasse is obtained in a moderate temperature range (450 ◦C)
in pyrolysis [108]. Temperatures above 450 ◦C could impair biochar yield because they
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favor the formation of non-condensable gases. Guida and Hannioui (2017) studied another
critical parameter influencing the heating rate in a pyrolysis reactor and demonstrated that
high heating rates tend to depolymerize the biomass, significantly reducing the biochar
yield [109]. Other factors, such as residence time, particle diameter, catalyst, type of
biomass pretreatment, and use of inert gases, such as N2, can contribute to a better biochar
yield [110], being indicated for many applications, including pollutant remediation and as
a sensor component.
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Table 1. Typical operating conditions and product yields for thermoconversion of lignocellulosic
biomass.

Thermoconversion Temperature (◦C) Length of Stay Efficiency (%) Reference

Pyrolysis
300–500 (slow) h/days 30–40

[98,99]300–700 (intermediate) 10–30 s 25–30
300–750 (fast) 1–2 s 12–20

Hydrothermal
carbonization 150–200 min/h 75–80 [100–102]

Gasification 700–1400 10–30 min 10–13 [103–105]

Torrefaction 200–300 30 min–2 h 55–95 [106,107]

4.1. Remediation of Soil Pollutants and Gas Removal

Biochar has multiple uses in agriculture, including that as a substrate to improve and
increase crop yields, reduce the potential of heavy metals in soil, prevent the release of
nitrous oxide (N2O) gases, and sequester carbon [111]. The outer layer of biochar contains
several active chemical groups, such as carboxylic acids and ketones, among other groups
with a high capacity to adsorb heavy metals from soil [112].

Heavy metal mining activities, such as that for chromium (Cr) and lead (Pb), cause
damage to soil ecosystems because they are absorbed by food crops, causing environmental
damage and problems for human health. Khan et al. (2020) analyzed the effectiveness
of biochar from sugarcane bagasse and poplar for the remediation of contaminated soil.
Biochar could extract heavy metals from the ground, reducing their absorption by plants,
such as lettuce [87]. Bashir et al. (2020) showed that the combined use of biochar and
elemental sulfur could alleviate the harmful effects of Cr in maize and reduce the uptake
of Cr by plants [88]. Matos et al. (2021) showed that sugarcane bagasse biochar could be
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used for mitigating N2O (a GHG) emissions. In addition, it can be applied to soil as a
reducer or sorbent for species involved in the nitrification and denitrification processes in
agricultural soils [113]. Accidents caused by crude oil extraction or transportation have
become a growing concern because their impacts on ecosystems are long-lasting. Wei et al.
(2020) successfully produced sugarcane bagasse biochar using a rhamnolipid biosurfactant
and N2; their synergistic effects could adsorb aromatic compounds and degrade aliphatic
compounds. Biogas, which could replace liquefied petroleum gas, is generated through
fermentation and it is composed of CH3 and CO2. The presence of CO2 decreased the
calorific value of biogas [114]. Wuri et al. (2021) produced a biochar composite with natural
zeolite that showed promising results for adsorbing CO2 [115].

4.2. Biochar as an Electrochemical Component

Several studies on wastewater, geothermal, and seawater treatments have been con-
ducted worldwide [116]. Capacitive deionization via electrochemical desalination is widely
used as an alternative to water treatment. Tang et al. (2020) developed a mesoporous carbon
electrode with excellent electrosorption capacity from sugarcane bagasse biochar. Biochar
has functional oxygen groups on its surface that allow it to interact with different species
and to be used as a modified electrochemical sensor for the determination of inorganic and
organic species [117]. Valenga et al. (2023) developed an electrochemical immunosensor for
detecting antibodies against SARS-CoV-2 by replacing the carbon electrodes with sugarcane
bagasse-based biochar. The device responded with a confidence level of 95% and remained
selective, even in the presence of other drugs [118].

4.3. Biochar Prospects

Sugarcane bagasse biochar is a promising renewable source for several market seg-
ments. However, the energy cost of operating at high temperatures remains an obstacle.
Continuous large-scale production for industrial applications could make the method
viable. Scaling up biochar production, by using biomass from plants with short life cy-
cles, maintaining high quality even with changes in feedstock properties, and minimizing
environmental impact are challenges in the way of market acceptance of biochar.

5. Boosting Energy Efficiency Using Sugarcane Bagasse Pellets

Biomass, as a renewable resource, has significant environmental and socioeconomic
benefits in waste utilization and mitigation of environmental impacts [119]. Various types
of biomasses and their residues (sugarcane bagasse, palm tree residues, coconut fiber,
rice husk, wheat straw, and tree pruning) [120–122], can be used as feedstock for modern
bioenergy production chains by generating electricity, heat, and other benefits for the
bioeconomy [123]. However, lignocellulosic biomass residues have substantial limitations,
such as large volumes and low apparent density associated with transportation and storage,
and low energy efficiency compared with petroleum-derived fuels [124]. These limita-
tions in biomass characteristics demonstrate the need for planning logistics supply chains.
However, the diversity of biomass residue species and their idleness instigate the need
for a more dynamic product design to supply production and consumption cycles [125].
Densification methods, such as pelletization, could be an alternative to reduce the costs
associated with the logistics of transport, storage, and handling of biomass and to increase
energy efficiency [126].

The global market for solid fuels based on lignocellulosic residues has grown in recent
years, with a focus on the consumption of pellets and briquettes in rising economies [124].
Albashabsheh and Stamm (2021) reported that the cost of logistics from the field to the
energy plants represents about 35 to 65% of the total cost of biofuel production [126]. It
is recommended that the logistical prices of the biomass supply chain be at most 25%
of the total output. Strategies such as raw material densification and transportation are
essential for minimizing total supply chain cost [127]. Among the densification techniques,
pelletization is considered the most advantageous.
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Pelletization generally increases the density by about 70 kg·m−3 up to 1000 kg·m−3

and reduces the moisture content to less than 10% (weight basis) [128]. A high density also
reduces the costs associated with transporting and storing biomass. The particles produced
from agricultural or agro-forestry waste, compacted under high pressure, have the shape of
a small cylinder between 6.3–6.5 mm in diameter and 6–20 mm in length; these are called
pellets, and they can be made available mainly to local industries to feed boilers for heat
generation, thermoelectric plants for conversion of heat into electricity, and to traders and
households as a source of thermal energy [129].

The European Union remains the global leader in wood pellet production, followed
by the United States (US) and Canada. Pellet consumption in the European Union reached
24.5 million tons in 2021, with the residential and commercial sectors accounting for two-
thirds of this consumption, and industry and utilities for the remaining [130].

Large sugar and ethanol producers, such as Brazil, use sugarcane bagasse to heat
the boilers at the plants; this is called energy cogeneration [131]. However, the energy
gain from direct burning was only 26% [132]. Therefore, there is a need to focus on the
densification of lignocellulosic waste, emphasizing pellet production [133].

5.1. Parameters Influencing Sugarcane Bagasse Pellets

The densification process generally includes biomass selection and collection, drying,
particle size reduction, pretreatment, pelleting, densification, and bulk storage. They can
be characterized by evaluating the physicochemical, mechanical, and fuel properties of
biomass pellets [134]. Chen et al. (2021) assessed some of these parameters, such as pellet
density, specific energy consumption, and maximum radial pressure of bagasse pellets, and
how they were affected by temperature, moisture content, particle size, and waiting time.
At the optimal temperature, it is possible to achieve 1172 kg·m−3 pellet density, 7.1 kJ·kg−1

specific energy consumption, and 2539.4 N maximum radial pressure for sugarcane bagasse
pellets [135].

Silva et al. (2020) evaluated the physical, chemical, and energy characteristics of pellets
produced from mixtures of lignocellulosic biomass, such as elephant grass, eucalyptus
wood, and sugarcane bagasse, to generate bioenergy. There was an increase in calorific
value and energy density, and a reduction in moisture content. In addition, the pellets
produced with biomass mixtures exhibited better energy and mechanical performance
compared to those made with only one type of biomass [136].

The resistance of the pellets can be increased using additives called binders. Akbar
et al. (2021) analyzed the effect of bovine manure and molasses in pellet formation. Under
ideal conditions, the pellet had a calorific value of 16.43 MJ·kg−1 with a resistance index
of 84.2%. During biomass torrefaction, heat treatment improved the energy content of the
biomass and slightly increased the durability of the pellets [137].

5.2. Sugarcane Bagasse Pellets as Energy Sources

Excess ash after biomass burning hinders the combustion efficiency in boilers. There-
fore, it is necessary to develop alternatives for the proper combustion of biomass. A study
by Moreira et al. (2024) used an automated pelletizer at 200 MPa and 125 ◦C to co-press
sugarcane bagasse with pine sawdust or peanut shells in the typical 50/50 ratio to create
pellets. The ash content decreased in the biomass mixture, making them highly energetic.
In addition, the concentrations of volatile compounds and permanent toxic gases (nitrogen
oxides (NOX), sulfur dioxide (SO2), CO, CO2) decreased [138].

Scatolino et al. (2018) studied biomass mixtures for pellet production using soybean
waste, sugarcane bagasse, and sawdust from eucalyptus wood, focusing on thermal energy
generation. The hybrid pellets showed a higher calorific value, mechanical resistance, and
hardness, and lower amounts of fines and ash, compared to that of those composed only of
soybean residues [133].

Santana et al. (2021) manufactured pellets from soybean, sorghum, pine needles, rice
powder, eucalyptus sawdust, and small coal particles. In addition, pure pellets made



Clean Technol. 2024, 6 672

from soybean leftovers, sugarcane bagasse, and pinewood were tested. Pellets made from
soybean waste have high N2 and ash levels, and limited mechanical durability, making it
difficult to sell them for industrial use. In contrast, the sugarcane bagasse pellets presented
a net calorific value, mechanical durability, and N2 and ash contents suitable for industrial
energy generation [139].

Using agro-industrial residues is an exciting possibility for generating energy and heat
in homes. Cardozo and Malmquist (2019) compare the performances of wood pellets and
sugarcane bagasse in a micro-cogeneration system using a Stirling engine. The sugarcane
bagasse and wood pellets had similar Stirling engine hot-end temperatures, power outputs,
and emission levels. However, the Stirling heat exchanger fouling factors increased after
shorter operating times when bagasse pellets were used compared to that when wood
pellets were used [11].

5.3. Other Applications of Sugarcane Bagasse Pallets

Sugarcane bagasse pellets could be used as low-cost adsorbents for removing heavy
metals such as Ni2+ ions from an aqueous solution in batch and fixed-bed column operation
modes [140]. Fly ash was used from sugarcane bagasse as a matrix to produce pellets with
fertilizers (ammonium sulfate and potassium chloride), for the slow release of fertilizers into
the soil. Moreover, the application of a sintering process to sugarcane bagasse pellets was
investigated for lightweight aggregate production intended for use in the civil engineering
field, thus maximizing their potential applications [141].

5.4. Pellets Prospects

Pelletizing improves energy efficiency, transport, produces lightweight aggregates,
and results in easier storage of biomass; in addition, it results in the emission of fewer
GHGs than petroleum-derived fuels [142]. However, the high concentration of inorganics
in the ash and the low mechanical resistance are the most significant limitations for the
energy applications of pellets produced from agro-industrial residues [6].

Controlling the quality of pellets, during long-term storage or long-distance trans-
portation, remains a challenge. This can be achieved by torrefaction; however, this increases
the pelletization cost. Therefore, operating and logistical costs are the key barriers; some
of these costs can be reduced by automating the pelletizing and densification. No-wood
pellets should have optimal values for parameters, such as moisture content and particle
size, and should offer a high calorific value to reach market acceptance.

6. Second-Generation Ethanol (2G)

The high consumption of ethanol has enabled the development of several works
searching for new methods and raw materials for production of this fuel production [143].
However, the sugar-cane industrial process continues to produce a large amount of lignocel-
lulosic residues, which is one of the main sources having great potential for the production
of second-generation ethanol (2G) [56,144]. Ethanol 2G is a bioethanol produced from
biomass, mainly lignocellulosic fractions of sugar cane (bagasse and leaves), which has
a high market potential as a fuel for motor vehicles [145], but can be also used to other
application, such as hand sanitizers [146].

The lignocellulosic biomass (LCB) can be found in various agricultural residues being
abundant, easily available, and cheap feedstock for ethanol 2G production [147]. Chem-
ically, LCBs consists mainly of lignin (10–25%), cellulose (40–60%), and hemicellulose
(20–40%), which bind tightly together forming a heterogeneous recalcitrant matrix, resis-
tant to chemical and biochemical degradation [148].

There are several factors that involve the process of recalcitrance to lignocellulosic
hydrolysis to produce 2G ethanol, such as cellulose crystallinity, degree of polymerization,
surface area, pore size, and volume. Transforming LCB into 2G ethanol is challenging when
compared to the transformation required into 1G ethanol. This fact is mainly due to the
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resistance of the biomass matrix, the high lignin content, and the inefficient breakdown of
the complete carbohydrate-lignin structure [148].

According to Vieira et al. (2020), despite the great efforts made by researchers, the use
of sugarcane bagasse to produce 2G ethanol has not yet reached commercial scales due to
the high costs involved in the pretreatment processes that enable hydrolysis to be carried
out for production of 2G ethanol [149].

In this sense, there are authors researching different techniques to improve the 2G
ethanol production process. For example, Prajapati et al. (2020) presented a saccharification
of sugarcane bagasse using an Aspergillus tubingensis enzymatic cocktail. The enzymatic
cocktail used by the authors performed hydrolysis efficiently on different residues and,
therefore, was considered promising for achieving greater cellulase production and saccha-
rification of sugarcane bagasse to produce 2G ethanol [150]. For Vanmarcke et al. (2021), it
is extremely important to evaluate the ethanol produced using different techniques, as well
as analyze yeast inhibitors to improve the economy of industrial processes [151].

7. Sugarcane Bagasse: The Potential Cellulose Source for Biosorbents

Sugarcane bagasse is mainly composed of cellulose (42–58.2%), hemicellulose (9.2–25%),
and lignin (13.4–20%) [8,152], a potential residue to obtain these biopolymers to apply
in different applications. Considering its renewability, biocompatibility, chemical stabil-
ity, biodegradability, and excellent mechanical properties, cellulose has been extensively
applied in various scientific fields [153,154]. It comprises repeated units of D-glucose
linked through β-1,4 glycosidic linkages; it is mainly composed of carbon, hydrogen,
and oxygen [155], a natural polymer abundant worldwide with annual yields of approxi-
mately 1.5 × 1012 tons. Massive intra- and inter-molecular hydrogen bonds between the
hydroxyl groups, originating from elementary fibrils, form microfibers with diameters of
approximately 5–50 nm; these are responsible for the high cohesiveness [154,155]. Nanos-
tructured cellulose adsorbents with surface modifications through functionalization enable
decontamination of wastewater and air through an adsorption mechanism.

7.1. Removal of Contaminants from Wastewater

The most important resource for human survival is water, which is threatened by
unprecedented pollution. Global industrialization has improved society; however, it
has resulted in the production of several wastewater and pollutant gases from complex
substances, such as organic pollutants and toxic metals. The persistence of these compounds
is caused by inappropriate treatment; therefore, drinking water is subject to contamination,
posing a risk to human health. This makes it necessary to develop new treatment types, such
as adsorption-based methods, that are more efficient and can be widely used owing to their
low cost, simplicity, and efficient application [154,156]. The development of biosorbents
based on cellulose nanofibers (CNFs), hydrogels, aerogels, and xerogel nanostructures is
promising [154].

To increase the affinity between the biosorbent and contaminants, chemical modifica-
tions of the cellulose structure, including sulfonation, oxidation, amidation, carboxylation,
cationization, etherification, phosphorylation, and esterification are studied [157].

7.2. Heavy Metal Removal Using Sugarcane Bagasse

Various toxic metals are considered the most hazardous compounds that pose a
risk to human and animal health owing to their toxicity and bioaccumulation. These
metals are pollutants in soil, marine environments, and in untreated industrial wastewater;
developing methods for their efficient removal is necessary [158]. Negatively charged
functional groups are efficiently utilized for heavy metal removal, such as Cr6+ removal.
Polypyrrole/sugarcane bagasse, a material obtained through facile treatment of bagasse
with pyrrole monomer under room temperature, has an adsorption maximum capacity
(qm) of 156 mg·g−1 [159]. Sugarcane bagasse was used for the synthesis of hybrid cellulose
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nanofibers doped with MgS/FeS, with an adsorption capacity of 142.8 mg·g−1; these were
used for Cr6+ removal [160].

Guleria et al. (2020) studied sugarcane cellulose nanofibers that form a copolymer
with a binary monomer, acrylamide/acrylic acid, resulting in metal adsorption capacities of
101.73 (Cd2+), 61.84 (Cu2+), 209.64 (Pb2+), and 55.04 mg·g−1 (Zn2+), under pH 5.5–6.0, with
a contact time of 49.7 min, and at room temperature [161]. Different treatments with sugar-
cane bagasse showed promising results for the adsorption of other heavy metals. Sugarcane
treated with ferric chloride (FeCl3) presented an adsorption capacity of 20 mg·g−1 for As3+

removal (at pH 4, contact time of 3 h, and 22 ◦C) [162]. Sugarcane bagasse-treated alkaline
and nitric acid solutions were applied as a Pb2+ adsorbent with a maximum adsorption
capacity of 200.3 mg·g−1 (at pH 5, contact time of 2h, and 25 ◦C). The use of trimellitic
anhydride to promote the esterification of sugarcane bagasse (STA) resulted in adsorption
capacities of 1.140, 1.197, and 1.563 mmol·g−1 (at pH 5.5 to 5.75) for Co2+, Cu2+, and Ni2+,
respectively [158].

Modification or functionalization of the biochar surface can improve its properties and
adsorption capacities. The adsorption of arsenic using raw biochar without modification
and with chemical modification using iron coating was investigated. Biochars coated with
Fe3+ were more efficient in removing arsenic, and the adsorption capacity was influenced
by the type of biomass and pyrolysis temperature [162]. Optimized biochars derived from
rotten sugarcane bagasse demonstrated a higher Pb2+ adsorption capacity than biochars
prepared from fresh bagasse. Raw sugarcane bagasse is highly efficient for treating effluents
containing more than one metal ion [163]. A work by Jiang et al. (2022) produced an
iron sulfide composite with sugarcane bagasse biochar modified with zinc chloride for
the adsorption of Cr6+ ions [164]. Zhu et al. (2021) developed three-dimensional nickel
nanoparticles embedded in N2-doped carbon nanotubes supported on the surface of porous
biochar [165].

This study contributes to the consideration of sugarcane bagasse under soft conditions
and as natural raw fibers by modifying the hydroxyl groups, making it a potential adsorbent
for treating wastewater polluted by toxic metal ions.

7.3. Dye Removal by Sugarcane Bagasse

The levels of emerging contaminants, such as dyes, have increased drastically in water
sources; they are released mainly from the textile industries [166]. These compounds
can exist freely, in metabolic form, or in combination with other environmental organic
pollutants. The persistence of dyes in the environment is linked to damage to marine
species and in humans, causing numerous diseases, such as allergies, skin flushing, and
carcinogenesis, justifying the importance of their remediation.

Kamran et al. (2022) applied pyrrole to the surface of sugarcane bagasse to generate a
polypyrrole biocomposite (Ppy-SB), which can be used to remove acid red 1 dye. At pH 2,
30 ◦C, and a contact time of 75 min, Ppy-SB had an adsorption capacity of 205.1 mg·g−1,
while untreated sugarcane bagasse had an adsorption capacity of 143.4 mg·g−1 [166].
Studies on the behaviors of different composites based on sugarcane bagasse coupled to
chitosan, starch, polyaniline, and polypyrrole have determined that polypyrrole/sugarcane
bagasse (Ppy-SB) is the most efficient, with an adsorption capacity of 100 mg·g−1 for acid
black dye (at pH 3, 60 min) [167]. Sugarcane bagasse functionalized with β-cyclodextrin
(SB-β-CD) was used to remove the cationic dye. Generation of carboxylic groups and the
presence of hydroxyl groups on SB promote effective adsorption at room temperature, in
240–300 min, at 292.8 and 193.1 mg·g−1 for methylene blue and neutral red, respectively.
All these treatments demonstrate the possible applications of sugarcane bagasse in dyeing
wastewater remediation [168].

7.4. Organic Compound Removal

In addition to dyes, other organic compounds are emerging as contaminants, generat-
ing huge concerns about water pollution worldwide. Pesticides [169], pharmaceutical and
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personal care products (PPCPs) [170], and veterinary medicines [171] are listed among the
primary water contaminants. To remove these contaminants, composites, nanocomposites,
and treatments have been applied to sugarcane bagasse, promoting properties that allow
for a higher removal efficiency.

Magnetic nanocomposites were produced from sugarcane bagasse (N/S-MCA) to
obtain a highly porous material for the removal of bisphenol A (BPA) from water. The
maximum reduction obtained for this organic contaminant was approximately 98–99% at
pH 7 and a temperature of 70 ◦C. Therefore, N/S-MCA is a highly efficient alternative
material for adsorbing environmental pollutants [172]. In addition, a composite of sug-
arcane bagasse (BG) and carboxymethyl cellulose (CMC) was modified using micelles of
cetyltrimethylammonium bromide (CTAB) (CMCBG-CTAB) by [173]. This was applied
for the simultaneous removal of methylene blue (MB), bisphenol A (BPA), and Cr6+ ions,
reaching removal capacities of 100%, 95%, and 70%, respectively.

Other phenolic compounds (vanillin and tannic acid) generated during the pretreat-
ment of sugarcane in liquid hot water (LHW) were removed using sugarcane bagasse fly
ash. In addition, fly ash as an adsorbent removed 80% of the phenolic compounds from the
LHW liquor, similar to the performance obtained using commercial activated carbon [174].

A graft copolymerization process (PBCF) was used to create a sugarcane bagasse-
based flocculant to remove humic acid (HA) from an aqueous solution. The removal
effectiveness was up to 90.6% in synthetic water and 91.6% in lake water [175]. Komal et al.
(2020) functionalized cellulose nanofibers (CNFs) and modified graphene oxide (GO) using
mechanical and chemical processes to remove drug species from aqueous solutions. For
ciprofloxacin and ofloxacin, maximal removal capacities of 45.04 mg·g−1 and 85.30 mg·g−1,
respectively, were observed [176].

Hydrothermal carbonization (HTC) and sodium hydroxide (NaOH) activation was
used to produce biochar from sugarcane bagasse to remove sulfamethoxazole, an antibiotic,
from water. Isotherm studies showed the Freundlich model well described the isotherm of
a heterogeneous and spontaneously interacting compound with a maximum adsorption
capacity of 400 mg·g−1 [177]. Diclofenac sodium (DFC), an anti-inflammatory drug, can be
adsorbed on to sugarcane bagasse. Naga et al. produced a porous activated carbon from
sugarcane bagasse (SCB-AC) for high DFC removal; this reached an adsorption capacity of
315.0 mg·g−1 with 92.4% removal after five cycles [178].

Perfluorooctane sulphonate (PFOS), a persistent bioaccumulative and toxic com-
pound, was removed from water. Magnetic biochar (MBC) was synthesized by modifying
sugarcane bagasse (SB) through contact with hematite nanoparticles for PFOS adsorp-
tion [179]. The maximum adsorption capacity was 120.44 ± 12.37 mg·g−1. Silanized
cellulose nanofibers (SCNFs) are derived from sugarcane bagasse with cadmium sulfide
(CdS) nanoparticles; this is used as an adsorbent to remove chlorpyrifos, an insecticide
widely used in agriculture, from wastewater. The adsorption shows a removal capacity of
93.16% for chlorpyrifos (initial concentration of 8 × 10−5 M and pH 3) [176].

Simpler treatments such as acid and alkaline treatments have been explored. Sulfuric
acid modification of sugarcane bagasse (SBAC) exhibits an efficient adsorption capacity of
771.1 mg·g−1 for toluene (30 ◦C), which is three times higher than that for the commercial
activated carbons [180]. Alkaline treatment with NaOH was used to functionalize sugarcane
bagasse fibers (SBNaOH) for the removal of glyphosate from an aqueous medium. Chemical
treatment increased the surface area of the fiber. Sugarcane bagasse (SB) and SBNaOH are
promising as adsorbents for removing herbicides, with efficiencies greater than 65% [181].

7.5. Cellulose Hydrogel, Aerogel, and Xerogel

Hydrogels, aerogels, and xerogels are three-dimensional materials that can be classified
according to their fabrication method [182]. The aerogels develop large pores during freeze-
drying once the ice crystal is formed, followed by sublimation into its 3D structure [183].
Evaporation drying results in the conventional collapse of pores owing to the high capillary
pressure, giving rise to xerogels with high density and low porosity [182]. Hydrogels
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encapsulate water molecules inside the network and present a synergistic action between
the preserved pores and functional groups chosen to compound the structure [182].

Ahamad et al. (2019) produced a magnetic carbon aerogel based on sugarcane bagasse
for BPA removal; removal of 98–99% of the initial concentration of 100 ppm was achieved.
A comparison with other materials with higher porosities was presented. However, BPA
adsorption onto this organic compound was superior, even though it was a natural product
source derivative [172]. Xerogel porosity depends on the solvent used for drying; Ganesan
et al. (2016) showed that using isopropanol and ethanol resulted in 80% and 70% porosity,
respectively [182]. The properties of the composite obtained using isopropanol was better
with a surface area of 100 m2·g−1, with more pores, and fewer agglomeration nanofibers, as
elucidated by SEM; this has potential for application in adsorption. A hydrogel biosorbent
was developed based on cellulose from sugarcane bagasse and modified with thiourea
groups; this exhibited the maximum adsorption capacities for methylene blue and crystal
violet, which reached 632.9 and 574.7 mg·g−1, respectively. In addition, it was amenable
to efficient regeneration that enabled reuse in the ion-exchange process. This new produc-
tion of structures based on cellulose from sugarcane bagasse opens possibilities for their
application in other natural polymeric systems to improve the material’s biodegradability,
efficiency, and toxicity [184].

7.6. Gas Adsorption by Sugarcane Bagasse

Sugarcane bagasse adsorbents have been applied in CO2 adsorption. A selective CO2
adsorbent from sugarcane bagasse was produced, exhibiting the highest CO2 removal of
4.8 mmol·g−1 (pressure of 1 bar and 25 ◦C). The produced active carbon showed excellent
CO2/N2 selectivity, guaranteeing high application efficiency [175]. Gou et al. (2020)
studied the production of porous activated carbons from sugarcane bagasse. This study
investigates different activating agents (H3PO4, CO2, NaOH, and air). Carbon activation
using NaOH (CAC-S) with a large pore volume and a high specific surface area showed CO2
removal efficiencies of 5.50 and 4.28 mmol·g−1 (1 bar, 0 ◦C, and 25 ◦C, respectively) [21].
Porous carbon was modified with N2 by varying the ratio of carbon–melamine from
sugarcane bagasse to solid-state melamine to investigate alternatives for CO2 adsorption.
The modified carbon–melamine demonstrates the highest CO2 removal of 3.34 mmol·g−1

(ambient pressure and temperature) [185]. All sugarcane bagasse-based adsorbents were
comparable to similar materials reported in the literature.

7.7. Adsorption Prospects

Adsorbents from sugarcane bagasse have the advantage of being low-cost and eco-
friendly materials that can contribute to a circular economy. However, despite the promis-
ing findings, the development of new biosorbents from sugarcane bagasse has several
challenges. Table 2 summarizes the results obtained using sugarcane bagasse byproducts
as adsorbents, comparing the adsorption capacity and removal efficiency. Its effects on
different contaminants were tested, revealing the importance of sugarcane bagasse in this
field. Adsorbent tests should consider the temperature, pH, dosage, and contact time. The
extraction, functionalization, and modification of cellulose fibers to enhance their adsorp-
tion properties is challenging. Simple extraction can yield nano- and micro-cellulose from
cellulosic fibers, such as sugarcane bagasse residue. However, most of these modifications
are based on complex syntheses and treatments. Therefore, finding a cleaner, cheaper,
and more accessible treatment is a priority [186,187]. In addition, the operation mode, the
application to real samples, and the regeneration of the biosorbent are concerns pertaining
to the application of these materials. Factors such as the pH of the wastewater, contaminant
concentration, temperature, adsorbent dosage, and various interfering agents can hinder
the interaction between the target contaminant and the biosorbent material, reducing its
treatment efficiency [188].
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Table 2. Several adsorbents, their respective experimental parameters, and the removal capacity.

Adsorbent
Treatment/

Functionalization
Contaminant

Removed pH
Dosage

Contact Time
Temperature

(◦C)
Adsorption

Capacity
Removal

Efficiency (%) Reference
(g·L−1)

Carboxylated-
functionalized

sugarcane bagasse
(STA)

Chemical
modification with

trimellitic
anhydride (TA)

Co2+, Cu2+, and
Ni2+

5,75, 5.75,
and 5.50 0.2 180, 250, and 75

min 25 1.140, 1.197, and
1.563 mmol·g−1 n.c. [158]

Polypyrrole/
sugarcane bagasse

composites
(Ppy-SB)

Chemical
modification with
pyrrole monomer

Cr6+ 2.0 1.0 16 h 25 and 45 156 and 251
mg·g−1 n.c. [159]

NanoMgS/FeS
doped cellulose

nanofibers
(FeMgSCNF)

Functionalization
with FeSO4·7H2O

and Na2S
Cr6+ 5.0 0.5 16 h 25 142.8 mg·g−1 n.c. [160]

Cellulose-g-poly-
(acrylamide-co-

acrylic acid)

Free
radical-induced

graft
copolymerization of

acrylamide and
acrylic acid

Cd2+, Cu2+,
Pb2+, and Zn2+

6.0, 5.5, 5.5,
and 6.5 1.0 90, 70, 120, and

120 min 25
101.73, 61.84,
209.64, and

55.04 mg·g−1
n.c. [161]

Bio-based
nanoheterojunctio

of cadmium sulfide
nanoparticles

(CdS@10%SCNF)

CdS nanoparticles
deposited onto the
matrix of bacterial

cellulose nanofibers
by hydrothermal

technique

Methylene blue,
safranin O, and

chlorpyrifos
3, 3, and 11 1.0 60, and 120 min 25 26.66, 17.86, and

86.96 mg·g−1
96.04, 91.30, and

82.28 * [176]

Iron-biocomposite
(FeCl3@NaBH4-SB)

and Polypyrrole-
biocomposite

(Ppy-SB)

Chemically
modified sugarcane

bagasse with
FeCl3·6H2O and

NaBH4
(FeCl3@NaBH4-SB),
and pyrrole solution

(Ppy-SB)

Acid red 1 2 1.0 60 and 75 min 30

192.2
(FeCl3@NaBH4-

SB) and 205.1
(Ppy-SB)
mg·g−1

n.c. [166]
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Table 2. Cont.

Adsorbent
Treatment/

Functionalization
Contaminant

Removed pH
Dosage

Contact Time
Temperature

(◦C)
Adsorption

Capacity
Removal

Efficiency (%) Reference
(g·L−1)

Polymeric
biocomposite

polypyr-
role/sugarcane

bagasse (Ppy-SB)

Chemical
modification with

polypyrrole

Acid Black-234
(AB-234) 3 1.0 60 min 30 100 mg·g−1 n.c. [167]

Bagasse-β-
cyclodextrin

polymer (SB-β-CD)

Chemical
modification with
β-cyclodextrin and

citric acid

Bisphenol A
(BPA),

methylene blue
(MB), and

neutral red (NR)

7.0, 9.0, and
6.0 1.0 300, 300, and

240 min 25 121, 963, and
685 mg·g−1 n.c. [168]

Highly porous N/S
doped magnetic
carbon aerogel

(N/S-MCA)

Chemically
activated with

potassium
hydroxide;

functionalization
with thiourea and

hydrothermal
process

Bisphenol A
(BPA) 7.0 5.0 120 min 25 197.6 mg·g−1 99.5 [172]

CTAB-modified
carboxymethyl

cellulose/bagasse
cryogel

Crosslinking
method and

freeze-drying under
vacuum

Bisphenol A,
methylene blue,

and Cr6+

7.0, 2.0, and
5.5 5 × 10−5 110 min 23 ± 1 n.c., n.c., and

899 mg·g−1 100, 70, and 95 [173]

Sugarcane Bagasse
Fly Ash

Pretreatment liquor
followed by
enzymatic
hydrolysis

Vanillin and
tannic acid 5 10 24 h 30 0.11 and 0.16

g·g−1 95 [174]

N-doped activated
carbon

Activation via
urea-KOH method CO2 n.c. n.c. n.c. 25 4.8 mmol·g−1 n.c. [175]
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Table 2. Cont.

Adsorbent
Treatment/

Functionalization
Contaminant

Removed pH
Dosage

Contact Time
Temperature

(◦C)
Adsorption

Capacity
Removal

Efficiency (%) Reference
(g·L−1)

Activated biochar
(ABC)

Hydrothermal
carbonization

(HTC)

Sulfamethoxazole
(SMX) 5.4 0.1 10–150 min 25 400 mg·g−1 99.41 [177]

Porous-activated
carbon (SCB-AC) ZnCl2 activation diclofenac

sodium (DFC) 2.0 0.4 15 min 25 315 mg·g−1 92.4 [178]

Magnetic biochar
(MBC)

Pre-modification of
mineral-rich

sugarcane bagasse
with hematite
nanoparticles

Perfluorooctane
sulphonate

(PFOS)
5.0 1.0 24 h 25 120.44 mg·g−1 n.c. [179]

Sugarcane bagasse
biochar (SBAC-7)

In situ sulfuric
acid–modified

biochar by
hydrothermal
carbonization

process

Toluene n.c. n.c. 80 min 30 771.1 mg·g−1 n.c. [180]

SBNAOH Alkaline treatment Glyphosate 9.0 10.0 40 min 25 13.72 mg·g−1 86.2 [181]

N/S doped
magnetic carbon

aerogel (N/S-MCA)

Reaction with
thiourea and FeCl3
and hydrothermal

carbonization

Bisphenol A
(BPA) 7.0 0.1 60 min 70 199.8 mg·g−1 98–99 [172]

Gel-like
bioadsorbert

By crosslinking
thiourea-modified
sugarcane bagasse

cellulose

Methylene blue
(MB) and crystal

violet (CV)

9.0 0.5 n.c. 25
632.9 and 574.7

mg·g−1 n.c. [184]

(TCH)

Porous activated
carbons from

sugarcane bagasse

Chemically activate
with different

agents (air, CO2,
H3PO4, and NaOH)

CO2 n.c. 1.0 (g/column) n.c. 0 5.50 mmol·g−1 n.c. [21]

Nitrogen-modified
porous carbon

material

Functionalization
by melamine CO2 n.c. 0.1 (g/column) n.c. 40 3.34 mmol·g−1 n.c. [185]

n.c. is the non-cited data. * After 360 min.
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However, large-scale application, which is rarely reported, is the main challenge for
this type of adsorbent. Dotto et al. (2020) reported that less than 10% of the reported
studies covered fixed-bed column studies, which can be efficiently applied to large-scale
adsorption systems [189]. The development of cellulose nanocomposite membranes has
gained attention because of the synergistic effects of filtration and adsorption. However,
developing adsorptive membranes with high interaction and biosorbent stability in the
membrane matrix is a challenge that makes large-scale applications difficult [190].

To develop sugarcane bagasse-based biosorbents as potential substitutes for decontam-
inating wastewater and removing various types of emerging contaminants, new materials,
extraction techniques, analysis methodologies, adsorption mechanisms, and adaptation of
natural systems have been studied.

8. Sugarcane Bagasse in Civil Construction

The issue of sustainability in civil construction is being addressed continuously. This
sector accounts for 36% of global final energy consumption and 37% of energy-related CO2
emissions. The use of materials is expected to more than double by 2060, with one-third
of this increase attributable to raw materials used in construction [191]. In addition, the
uncontrolled extraction of natural resources triggered during the industrial revolution and
intensified by the industrial actions of the 20th and 21st centuries is a significant cause of
environmental instability [192].

To overcome these issues, new eco-friendly solutions were studied and developed,
to minimize the environmental impact. Agro-industrial residues from the production of
sugarcane and alcohol are promising as alternative materials for sustainable civil construc-
tion, to obtain eco-efficient resources [23,193]. Byproducts such as sugarcane bagasse have
a high moisture content and are used as a mill fuel source [194,195]. Furthermore, bagasse
burned in boilers yields ash rich in silica, which has the potential for pozzolanic reactivity
and filling effects in concrete and other civil construction combinations [196].

Sugarcane bagasse is an organic material that contains water, lignin, and other com-
ponents; therefore, treatments that improve interfacial adhesion and its physical and
mechanical properties, are important. Santos et al. (2022) compared composites reinforced
with sugarcane bagasse fibers with and without chemical treatment. Fiber treatment signif-
icantly influences most of the physical and mechanical properties; it increases the strength
and tenacity, water absorption, and porosity with an increase in the amount of fiber, mak-
ing it difficult to treat and use them [197]. Hernández-Olivares et al. (2020) studied the
effects of pretreatment of sugarcane fibers; pretreatment proved to be practical, cheap, and
straightforward, increasing the hardness of the composites following carbonation; this
offered excellent acoustic and thermal insulation [198].

The potential applications of this residue as a thermal and acoustic insulating material
have been studied. Boards with sugarcane bagasse, polyvinyl alcohol, and polymeric
compounds with fibers from empty clusters of sugarcane bagasse and palm oil proved to
be efficient, significantly reducing excess energy and costs [199,200].

Mortar was compared with sugarcane bagasse fibers and ash. Tests showed that, with
up to 2% bagasse and 5% ash, the mechanical properties exceeded the expected resistance
following curing [195].

Owing to its composition, several researchers have studied sugarcane bagasse ash; it is
mainly applied in cementitious compounds; 10% ash is ideal to improve
performance [23,195,201,202]. However, 20% is ideal for improving the transition zone
by thinning and closing the gap between aggregates and folders, decreasing the porosity
of the samples by 35%, improving the diffusion resistance of chlorides by 10 times, and
increasing the compressive strength of the mortars by up to 62% [203]. A high ash compo-
sition was studied; it showed poor workability in the dough. However, it exhibited 50%
better performance in terms of compressive strength and rapid permeability to chloride
ions [204]. The application of ash in asphalt mixtures was studied. A 5% replacement of
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Portland cement showed superior resistance to fatigue cracking owing to increased stiffness
and cohesion between the bitumen and the filler [205].

In a study on the pozzolanic effect, sugarcane bagasse ash stood out from bamboo
cortex ash and performed better than pure cement [206]. In addition, a comparison was
made between the cement with slag and bagasse ash; the ash showed better performance
with 20% replacement and superior pozzolanic performance owing to its greater specific
surface area and resistance gain [207].

Compounds with other byproducts, including concrete with nano-eggshell powder
and sugarcane bagasse ash, were examined. The ideal mixture included 15% ash; the
concrete presented a dense shape without pores and cracks and consequently better re-
sistance [208]. A geopolymer composed of fly ash and bagasse was developed, and the
percentage of 10% was considered ideal, as the increase in SCBA led to a decrease in me-
chanical properties. The main reason is that, due to the highly crystalline quartz phase of
SCBA, which is very stable and non-reactive, the bagasse did not dissolve in the activated
alkaline solution and did not participate in the geopolymerization process (Figure 4).
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In addition, geopolymeric compounds with metakaolin and sugarcane bagasse ash
were studied for various parameters such as the Si/Al ratio, number of alkaline activators
in each remnant, and propylene filaments incorporated into the ash. In both cases, rigid
polymeric structures were obtained with an increase of 60% in resistance [210,211].

Prospects for Sugarcane Bagasse in Civil Construction

The substitution of civil construction materials enables developing products with
remarkable mechanical performance and durability. Many researchers have attempted
to use these residues in different ways. Few studies have compared the economic and
environmental effects of applications such as sieving, burning, grinding, and chemical treat-
ment, and the strategies to enhance the pozzolanic effect and reduce the water-absorption
modulus of elasticity. However, these studies have focused solely on technical performance.
Therefore, many related parameters, such as total added value, profit, pollution, and soil
depletion, among others, need further studies.

9. Fiber-Based Filler in Polymer Composites

Sugarcane bagasse fibers have applications in polymer composites [212–215]; they are
emerging as an alternative to new technological materials, for example, in thermal insula-
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tion and sound-absorbing building materials [200] (Figure 5), and in multilayered armor
with aligned fibers, with a ballistic performance similar to that of commercial products [216].
Natural fibers are biodegradable, have a low density, are nontoxic, have proven heat and
noise insulation properties, and are inexpensive. Therefore, their application in polymeric
composites has several advantages, such as low manufacturing costs, high-quality end
materials, easy obtainability, and large-volume byproducts. However, the use of natural
fibers as reinforcement in polymer composites still needs to overcome the limitation of
poor interfacial adhesion between the fibers and the polymeric matrix. The commonly used
treatments include chemical processes with acids or alkalis through delignification and mer-
cerization, because of their low cost. These help remove lignin and other components from
the fiber cell, improving its solubility and compatibility with polymers. Long fibers tend to
agglomerate and reduce the mechanical properties. To overcome this, sugarcane bagasse
fibers are treated using an alkaline route [212], alkaline treatment and acetylation [217,218],
silane [213], and steam treatments [219].

Clean Technol. 2024, 6, FOR PEER REVIEW  22 
 

 

overcome this, sugarcane bagasse fibers are treated using an alkaline route [212], alkaline 
treatment and acetylation [217,218], silane [213], and steam treatments [219]. 

 
Figure 5. Different preparation stages of sugarcane bagasse waste samples for thermal insulation 
and sound-absorbing building materials. Reproduced from Mehrzad et al. (2022) with permission 
from Elsevier [200]. 

Sugarcane bagasse fiber reinforcement in various polymer matrices (natural and 
synthetic) and biodegradable polymer materials has been studied. Fiber loadings of 30, 
35, and 40 wt.% untreated and treated (5% NaOH, 30 min, 30 °C, liquor ratio of 20:1) 
reinforcing epoxy resin matrix were analyzed [212]. Alkaline treatment improved the 
mechanical properties (elongation percentage, flexural and tensile strength, and 
modulus), with the best results obtained at 40 wt.% of sugarcane bagasse fiber. SEM 
showed that NaOH treatment partially removed hemicellulose, lignin, and other soluble 
substances, thereby promoting significant interfacial fiber/matrix interactions. Finally, the 
optimal mixture of 40 wt.% was used to make a dashboard for automotive applications, 
reducing the car’s weight and influencing the increase in fuel economy [212]. 

For applications using thermal insulation materials, made a composite panel with 
phenolic resin and sugarcane bagasse fibers treated with silane (2% v/v) and hydrogen 
peroxide (H2O2) (4% v/v) [199,213]. Silane-treated composites exhibited improved 
compressive, flexural, and tensile strengths. In addition, owing to the better interfacial 
bonding between the fiber and the phenolic matrix with silane treatment, the composites 
showed lower water absorption and thickness swelling, suggesting future studies on 
thermal and acoustic properties for applications as sustainable wall-building materials 
[213]. Ramlee et al. (2019) evaluated the thermal stability of sugarcane bagasse fibers 
treated with silane and H2O2. Only silane treatment increased the thermal stability of the 
fiber, possibly because of the breakdown of the molecular structure and the linkages 
between the cell wall molecules, such as hemicellulose and lignin [220]. Abedom et al. 
(2021) evaluated alkaline treatment (10 wt.% NaOH, 3 h) of sugarcane bagasse fiber mixed 
with bamboo charcoal, using a biodegradable polyurethane resin as a matrix, for making 
panels for automotive thermal applications. The mixed composites with sugarcane 
bagasse fiber/bamboo (30:70) resulted in lower thermal conductivity (0.084 W·(mK)−1). The 
combined use of sugarcane bagasse fiber and bamboo charcoal combines the advantages 
of thermal insulation of vegetable fiber with that of bamboo charcoal, which provides a 
low density to the composite, resulting in an engineering material with a high potential 
[221]. 

Owing to the long time required for the degradation of polymeric composites and 
synthetic fibers, biodegradable materials with environmental benefits have been 
developed. For example, Guna et al. (2019) developed biodegradable tiles using raw 
sugarcane bagasse fibers (80 wt.%) as reinforcement and wheat gluten (20 wt.%) as the 

Figure 5. Different preparation stages of sugarcane bagasse waste samples for thermal insulation and
sound-absorbing building materials. Reproduced from Mehrzad et al. (2022) with permission from
Elsevier [200].

Sugarcane bagasse fiber reinforcement in various polymer matrices (natural and
synthetic) and biodegradable polymer materials has been studied. Fiber loadings of 30,
35, and 40 wt.% untreated and treated (5% NaOH, 30 min, 30 ◦C, liquor ratio of 20:1)
reinforcing epoxy resin matrix were analyzed [212]. Alkaline treatment improved the
mechanical properties (elongation percentage, flexural and tensile strength, and modulus),
with the best results obtained at 40 wt.% of sugarcane bagasse fiber. SEM showed that
NaOH treatment partially removed hemicellulose, lignin, and other soluble substances,
thereby promoting significant interfacial fiber/matrix interactions. Finally, the optimal
mixture of 40 wt.% was used to make a dashboard for automotive applications, reducing
the car’s weight and influencing the increase in fuel economy [212].

For applications using thermal insulation materials, made a composite panel with
phenolic resin and sugarcane bagasse fibers treated with silane (2% v/v) and hydrogen
peroxide (H2O2) (4% v/v) [199,213]. Silane-treated composites exhibited improved com-
pressive, flexural, and tensile strengths. In addition, owing to the better interfacial bonding
between the fiber and the phenolic matrix with silane treatment, the composites showed
lower water absorption and thickness swelling, suggesting future studies on thermal and
acoustic properties for applications as sustainable wall-building materials [213]. Ramlee
et al. (2019) evaluated the thermal stability of sugarcane bagasse fibers treated with silane
and H2O2. Only silane treatment increased the thermal stability of the fiber, possibly
because of the breakdown of the molecular structure and the linkages between the cell wall
molecules, such as hemicellulose and lignin [220]. Abedom et al. (2021) evaluated alkaline
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treatment (10 wt.% NaOH, 3 h) of sugarcane bagasse fiber mixed with bamboo charcoal,
using a biodegradable polyurethane resin as a matrix, for making panels for automotive
thermal applications. The mixed composites with sugarcane bagasse fiber/bamboo (30:70)
resulted in lower thermal conductivity (0.084 W·(mK)−1). The combined use of sugarcane
bagasse fiber and bamboo charcoal combines the advantages of thermal insulation of veg-
etable fiber with that of bamboo charcoal, which provides a low density to the composite,
resulting in an engineering material with a high potential [221].

Owing to the long time required for the degradation of polymeric composites and
synthetic fibers, biodegradable materials with environmental benefits have been developed.
For example, Guna et al. (2019) developed biodegradable tiles using raw sugarcane bagasse
fibers (80 wt.%) as reinforcement and wheat gluten (20 wt.%) as the polymer matrix.
Compared to the ceiling tiles, the bagasse–gluten composites increased flexural strength by
63%, reduced the maximum water absolved, increased thermal stability up to 250 ◦C, and
exhibited similar flammability to ceiling tiles. In addition, the bagasse–gluten compound
exhibited a higher heat transmission than the ceiling tiles because the fabrication reduced
the weight, resulting in greater porosity. The higher porosity also resulted in the lower
acoustic absorption of the bagasse–gluten compound [214]. Santos et al. (2018) studied
biodegradable thermoplastic starch composites (TPSs) with sugarcane bagasse fibers. The
fibers were immersed in deionized water for 36 h to remove impurities, ground in a knife
mill, and retained in 28, 48, and 60 mesh sizes. To the TPS, 10 wt.% of the fibers was added.
Adding different fiber size ranges influences the increase in the mechanical properties of
Young’s modulus (660%) and tensile strength (100%) compared to that in the TPS control.
The optimal size range was 297–595 µm (mesh 30) [222].

Due to its ease of processing, low density, and low cost, natural rubber has become a
promising alternative for preparing biocomposites. Paiva et al. (2019) manufactured a pro-
totype using sand with natural rubber reinforced with sugarcane bagasse fibers (Figure 6).
The hydrophilic characteristics of natural fibers, owing to strongly polarized hydroxyl
groups, require alkaline treatment (NaOH, 24 h) to promote the interfacial adhesion of the
fiber/matrix. The fiber roughness increased after treatment, possibly owing to reduced
surface impurities and lignin/hemicellulose. The increased contact area and better disper-
sion of the treated filler increased the abrasion and mechanical resistances. This allowed its
application in sandals according to the guidelines of the Testing and Research Institute for
Footwear Production [215,223].
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Nakanishi et al. (2018) studied sugarcane bagasse with natural latex for particleboard
production. Particleboard was produced with 28, 42, and 56% latex in its composition,
and molded using thermal pressure at 160 ◦C for 10 min. The density was not affected by
the increasing latex concentration. However, mechanical properties (modulus of rupture
and elasticity) were better with 42% latex/bagasse, with values of 6.32 and 1275 MPa,
respectively. Samples with 50 mm diameter were evaluated for thermal conductivity. The
results varied between 0.158 and 0.174 W·(mK)−1; materials for thermal insulation should
have thermal conductivity lower than 0.25 W·(mK)−1 [224].

Composites with resin and sugarcane bagasse fiber are usually evaluated for parti-
cleboard panels because of the porosity of natural fibers; the internal voids provide high
thermal resistance and excellent acoustic absorption, in addition to environmental com-
fort. Ribeiro et al. (2020) evaluated urea-formaldehyde adhesives and sugarcane bagasse
particles for application in particleboard panels. Sugarcane bagasse was heat-treated at
170, 200, and 230 ◦C to provide superior dimensional stability and resistance to xylophage
attacks. The water absorption (24 h) of the panels produced with the fibers treated at 200
and 230 ◦C was lower. The decrease in hygroscopicity could be attributed to a reduction in
the accessibility of free hydroxyl groups and the formation of furfural polymers due to the
degradation of hemicellulose, which is less hygroscopic. In addition, the rupture modulus
was negatively affected when heat-treated at 170 and 200 ◦C; this could be associated with
a lower internal adhesion rate due to the inhibition of adhesive curing [195]. Yano et al.
(2020) studied the incorporation of sugarcane bagasse (0, 10, 20, 30, 40, and 50%) and
timber waste into a castor-oil-based bicomponent polyurethane resin for application in
particleboards. The best result was obtained with 50% bagasse and a 2 to 4 mm particle
size. Using sugarcane bagasse fiber with timber waste contributed to greater dimensional
stability, reduced moisture content, and met the physical-mechanical requirements for
non-structural indoor use and dry conditions.

Liu et al. (2019) investigated the effect of fiber orientation on the mechanical properties,
using three-dimensional printing of poly (lactic acid) with cellulose fibers isolated from
sugarcane bagasse. The mechanical response improved as the fibers and molecular chains
were oriented parallel to the direction of the loading stress [225].

The substitution of synthetic fibers with eco-friendly natural fibers is studied exten-
sively; however, the requirement of fiber treatments and reduction in particle size or fiber
length, consequently, introduces further necessity for economic viability studies. Sugarcane
bagasse is a natural biodegradable material; its easy degradation poses a challenge to the
durability of the developed materials. Controlling dispersion and orientation and avoid-
ing fiber agglomeration could improve the mechanical response. In addition, production
methods must be enhanced to reach the industrial scale.

9.1. Sugarcane Bagasse Ash as Filler in Polymer Composites

Sugarcane bagasse ash is mainly composed of silica with different structural char-
acteristics, such as amorphous or crystalline forms, based on the firing temperature of
the bagasse [226]. Sugarcane bagasse ash with particle sizes between 45 and 150 µm and
concentrations of 15, 30, and 45 phr (per hundred of rubber) are used in natural rubber
(NR)-based composites [227]. Adding sugarcane bagasse ash did not affect the curing time;
however, inclusion of higher proportions increased the hardness of the composites and,
consequently, the rheometric torque. In addition, the tensile strength is low owing to parti-
cle aggregation and poor dispersion. Therefore, sugarcane bagasse ash is recommended as
an alternative filler to silica in NR at concentrations of up to 15 phr.

Sugarcane bagasse ash (SCBA) could improve the physical and mechanical properties
of polymer matrices. The reinforcement characteristics are mainly attributed to the higher
concentration of ash in silica [228]. The incorporation of sugarcane bagasse ash was
evaluated with silane as a coupling agent to improve the waste/matrix interactions. First,
sugarcane bagasse was burned at 650 ◦C and then sieved through sieves with diameter
ranges between 44–125 µm (mesh 115–400). Sugarcane bagasse ash of 125 µm had more
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thermal stability, with 95.4% residue in thermogravimetric analysis and following treatment
at 750 ◦C. The coupling agent (silane) contributed to the greater homogenization of ash
in natural rubber, enabling better physical and mechanical properties; this is a promising
ecological alternative to inorganic additives such as carbon black and conventional silica.

Chandrika et al. (2022) studied hybrid biocomposites with sugarcane bagasse ash and
fabricated fiber-reinforced epoxy-based composites. The samples were molded into layers
through compression: three layers of epoxy and two layers of fiber and ash in different
proportions. The ideal composition was 28% and 7% of madar fiber and ash, respectively,
which exhibited maximum flexural strength of 147 MPa and 17.5 kJ·m−2, respectively, in
the impact test [229]. Balachandran et al. (2021) reported optimal mechanical strength
when 7% ash was incorporated into silicone rubber. In addition, this biocomposite was
studied for its application as an electrical insulator; an electric breakdown maximum
of 108.65 × 105 V·m−1 was obtained, which enabled better interaction with the matrix
molecules [230].

Purification of the silica present in sugarcane bagasse ash was carried out by
Huabcharoen et al. (2017); they evaluated natural rubber composites with ash, with-
out treatment, and with two treatments: hydrochloric acid (HCl) and HCl/ammonium
fluoride (HCl/NH4F). The silica in the untreated ash was 77.2%; this increased to 90.6% and
97% when treated with HCl and HCl/NH4F, respectively. In addition, in natural rubber, the
treated ash underwent a second treatment process with silane to improve surface adhesion.
Increasing the purity of silica increased the curing time. This could be associated with the
fewer metallic oxides in the purer silica, which could act as co-activators to reduce the
curing time [231].

In contrast, the mechanical strength was only optimized when treated with HCl and
up to 15 phr ash. There was better dispersion and strong silica/rubber interactions; higher
amounts resulted in particle aggregation and strong filler/filler interactions. Boonmee
et al. (2020) synthesized silica nanoparticles from sugarcane bagasse and used them as
a filler in rubber composites, reaching sizes of approximately 90 nm, and increasing the
tensile strength resistance from approximately 10 MPa for natural rubber without filler to
approximately 20 MPa with 5 phr filler incorporation [232].

9.2. Prospects for Sugarcane Bagasse Ash

Challenges related to sugarcane bagasse ash include the search for sustainable methods
of sugarcane bagasse burning. The pyrolysis process represents an alternative approach
to obtain value-added products from biomass, with controlled parameters, which are
economical and environmentally friendly. Energy production from sugarcane biomass
shifts the focus to biogas production, which is an eco-friendly procedure that is easy to
commercialize and can reach high calorific power; in addition, the residues could be used
as fertilizers in sugarcane production.

10. Sugarcane-Based Silica

Sugarcane-based silica is obtained from biomass through acid leaching or calcination
(ash) followed by pyrolysis, sol-gel, or precipitation methods [233,234], yielding micro-
[235] and nano-sized particles [25]. The reduction of silica to obtain silicon is performed
using different techniques such as metallothermic, carbothermic, and electrochemical
reduction processes [236].

Silica from sugarcane bagasse is used for its antibacterial activities [237], photocatalysis
ability against dyes [238,239] and heavy metals [152], used in agriculture [240], and has
applications in hydrophobic coatings [241], insect control [242], membranes for wastewater
purification [243,244], and fillers in polymeric composites [232].

Hikmah et al. (2021) developed Fe3+-doped SiO2/TiO2 composites using silica from
sugarcane bagasse ash as an adsorption site to TiO2 particles and promoted 98.18% degrada-
tion of Congo red dye through photocatalysis [238]. Goswami and Mathur (2022) evaluated
the use of silica nanoparticles obtained from sugarcane bagasse in sustainable agricul-
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ture. Seed germination and growth were measured; silica improved plant biometrics
and physiology. In addition, it served as an antifungal agent, with 73.42% inhibition of
mycelia growth [240]. Saed et al. (2021) tested the use of local diatomaceous earth with
silica from sugarcane bagasse against insect pests. The addition of silica enhanced the
insecticidal activity, with 95.5% mortality over galvanized steel surfaces for Rhyzopertha
dominica specimens [242].

Prospects for Sugarcane Bagasse Silica

To reach an industrial level, the synthesis of silica from sugarcane bagasse must
overcome challenges such as the toxicity of chemicals and the high energy required for
production while maintaining a high yield.

11. Carbon Dot Synthesis

Carbon dot synthesis based on sugarcane bagasse is a renewable source alternative.
This class of nanomaterials is usually photoluminescent, has low toxicity, and can be easily
functionalized or solubilized. They are mainly obtained through hydrothermal methods,
carbonization, or chemical oxidation [60,245]. Carbon dots are evaluated for ion and heavy
metal detection [246,247], medical [248] and gas [249] sensors, antimicrobial/bacterial
activity, drug delivery [250,251], and the removal of pollutants such as dyes [252] and
polycyclic aromatic hydrocarbons from water [253].

Kasinathan et al. (2022) prepared carbon quantum dots from sugarcane bagasse using
a hydrothermal method (Figure 7). Waste is dried in the sun before stirring in citric acid to
obtain carbon dots with sizes ranging from 2 to 8 nm. The photoluminescence of quantum
dots is used for Hg2+ ion sensing because the formation of complexes between the dots
and Hg2+ causes luminescence quenching [246]. Alfi et al. (2022) synthesized carbon dot
nanoparticles with an average size of 5–8 nm from sugarcane bagasse using a hydrothermal
method and embedded them in a cellulose paper assay for use in a platform for tetracycline
antibiotic sensors. The results showed high reversibility and stability with a low detection
limit of 0.01 mM [248].

Clean Technol. 2024, 6, FOR PEER REVIEW  27 
 

 

11. Carbon Dot Synthesis 
Carbon dot synthesis based on sugarcane bagasse is a renewable source alternative. 

This class of nanomaterials is usually photoluminescent, has low toxicity, and can be 
easily functionalized or solubilized. They are mainly obtained through hydrothermal 
methods, carbonization, or chemical oxidation [60,245]. Carbon dots are evaluated for ion 
and heavy metal detection [246,247], medical [248] and gas [249] sensors, 
antimicrobial/bacterial activity, drug delivery [250,251], and the removal of pollutants 
such as dyes [252] and polycyclic aromatic hydrocarbons from water [253]. 

Kasinathan et al. (2022) prepared carbon quantum dots from sugarcane bagasse using 
a hydrothermal method (Figure 7). Waste is dried in the sun before stirring in citric acid 
to obtain carbon dots with sizes ranging from 2 to 8 nm. The photoluminescence of 
quantum dots is used for Hg2+ ion sensing because the formation of complexes between 
the dots and Hg2+ causes luminescence quenching [246]. Alfi et al. (2022) synthesized 
carbon dot nanoparticles with an average size of 5–8 nm from sugarcane bagasse using a 
hydrothermal method and embedded them in a cellulose paper assay for use in a platform 
for tetracycline antibiotic sensors. The results showed high reversibility and stability with 
a low detection limit of 0.01 mM [248]. 

Nugraha et al. (2021) produced tungsten oxide-functionalized carbon quantum dot 
composites (WO3/N-CQDs) from sugarcane bagasse. They evaluated the photocatalytic 
performance of the composites in removing methylene blue dye from an aqueous 
solution; the composite had 96.86% removal efficiency, making it a potential alternative 
for future wastewater treatment [254]. 

 
Figure 7. (a) HR-TEM images of CQDs at 10 nm of magnifications (b) Fluorescent quenching of 
CQDs in the presence of Hg2+ ions concentration varying from 0 to 300 µM (c) Schematic 
representation of the synthesis of carbon quantum dots by hydrothermal method. Reproduced from 
Kasinathan et al. (2022) with permission from Elsevier [Color figure can be viewed at 
sciencedirect.com accessed on 27 March 2024] [246]. 

Prospects for Carbon Dots 
Biomass is a renewable source; however, to improve the synthesis of carbon dots, 

developing synthesis methods for large-scale (over gram scale of yields) and low-cost 
production is essential. In addition, controlling nanoparticle dimensions, doping, and 
chemical functionalization, to suit the heterogeneity of waste sources, is a challenge. 

Figure 7. (a) HR-TEM images of CQDs at 10 nm of magnifications (b) Fluorescent quenching of CQDs
in the presence of Hg2+ ions concentration varying from 0 to 300 µM (c) Schematic representation of
the synthesis of carbon quantum dots by hydrothermal method. Reproduced from Kasinathan et al.
(2022) with permission from Elsevier (Color figure can be viewed at sciencedirect.com, accessed on
27 March 2024) [246].

sciencedirect.com


Clean Technol. 2024, 6 687

Nugraha et al. (2021) produced tungsten oxide-functionalized carbon quantum dot
composites (WO3/N-CQDs) from sugarcane bagasse. They evaluated the photocatalytic
performance of the composites in removing methylene blue dye from an aqueous solution;
the composite had 96.86% removal efficiency, making it a potential alternative for future
wastewater treatment [254].

Prospects for Carbon Dots

Biomass is a renewable source; however, to improve the synthesis of carbon dots,
developing synthesis methods for large-scale (over gram scale of yields) and low-cost
production is essential. In addition, controlling nanoparticle dimensions, doping, and
chemical functionalization, to suit the heterogeneity of waste sources, is a challenge.

12. Dietary Products

In dietary contexts, diverse applications are found using sugarcane bagasse, show-
casing its potential for enhancing nutritional quality and serving as a valuable resource
in the animal feed and food industries. In the study by So et al. (2020), additives like
Lactobacillus, cellulase, and molasses are employed to improve sugarcane bagasse fermen-
tation, positively influencing key nutritional parameters for optimizing its role as ruminant
feed [255].

In aquaculture, the positive effects of sugarcane bagasse powder as a feed additive in
Nile tilapia were demonstrated, enhancing growth performance, immune response, and
acting as a prebiotic source [256]. Afrazeh et al. (2021) explore sugarcane bagasse dietary
fiber, emphasizing its higher content and superior properties compared to date seed dietary
fiber, offering prebiotic effects and antioxidant properties [257]. Additionally, Gil-López
et al. (2019) focus on sustainable dietary products, highlighting the benefits of sugarcane
bagasse and tops in improving the nutritional quality of food products [258]. Moreover,
sugarcane bagasse treated with additives was used as a feed source for Thai native steers,
showcasing improved feed utilization, digestibility, and nutrient utilization [259].

Molavian et al. (2020) assess sugarcane bagasse as a low-cost alternative for mid-
lactation dairy cows, revealing its potential as a fiber source without significant impacts
on milk production [260]. Finally, Hesam et al. (2023) explore the production of xy-
looligosaccharides from sugarcane bagasse, demonstrating their prebiotic function in
synbiotic pomegranate juice, offering a promising solution for preserving probiotic bacteria
in acidic environments [252].

13. Source of Biochemicals

Sugarcane bagasse takes center stage in various biochemical applications, showcasing
its versatility and potential. In the study by Munagala et al. (2021), the focus is on
lactic acid (LA) production, with a detailed exploration of sugarcane bagasse’s viability
through life cycle assessment (LCA) and techno-economic analysis (TEA). Another work
highlights sugarcane bagasse as a key feedstock for isopropanol, butanol, and ethanol
(IBE) production through clostridia, emphasizing its role in sustainable and economically
viable biochemical processes. Both studies underscore the crucial importance of sugarcane
bagasse in advancing diverse applications within the realm of biochemical products [261].

Sugarcane bagasse appears as a versatile feedstock for xylitol production, presenting
various innovative approaches across different studies. Antunes et al. (2021) conduct
a multi-scale study, exploring integrated developments for utilizing sugarcane bagasse
carbohydrates in sustainable processes for both ethanol and xylitol production [262]. Ahuja
et al. (2022) adopt a microbial fermentation approach with Pseudomonas gessardii VXlt-16,
designing a cost-effective process for xylitol production from untreated sugarcane bagasse
hydrolysate [263]. Narisetty et al. (2021) leverage hemicellulosic sugars from sugarcane
bagasse and olive pits, demonstrating high-level xylitol production with Pichia fermen-
tans [264]. Queiroz et al. (2023) focus on co-production systems, evaluating xylitol and
ethanol co-production by Candida tropicalis using sugarcane bagasse and straw hemi-
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cellulosic hydrolysate supplemented with molasses. These studies collectively highlight
the potential of sugarcane bagasse in diverse pathways for xylitol production, provid-
ing insights into sustainable and economically viable approaches, setting the stage for a
comprehensive review on the subject [265].

Sugarcane bagasse emerges as a valuable resource for furfural production, offering di-
verse pathways for sustainable and economically viable processes. One approach involves
the co-production of furfural and ethanol from bagasse, demonstrating the challenges of
maximizing yields for both products [266]. Li et al. (2021) innovatively employs coconut
shell activated carbon for sulfonated Al-CSAC catalysis, achieving high yields of furfural
from KOH-pretreated sugarcane bagasse [202]. Trung et al. (2020) introduce magnetic
sulfonated graphene oxide as a catalyst, showcasing efficient furfural synthesis from sug-
arcane bagasse [267]. Silva et al. (2023) focus on the production of sulfonated activated
carbons from sugarcane bagasse for furfural synthesis in aqueous media, highlighting
the importance of Lewis and Brønsted acid sites for selective xylose dehydration [268].
These studies collectively underscore the potential of sugarcane bagasse as a versatile and
renewable feedstock for furfural production, emphasizing the need for further exploration
and optimization in this promising field.

14. Packaging

Sugarcane bagasse has also been used in the manufacture of packages for various
purposes. Gupta et al. (2019), for example, use sugarcane bagasse, together with rice
husk, to produce food packaging material. To this end, an alkaline treatment is carried out
on the sugarcane bagasse before carrying out acid hydrolysis to remove lignin and other
impurities [269]. It is also possible to use bleached bagasse pulp as raw material to produce
hydrogel as a colorimetric freshness indicator for smart food packaging [270] and other
applications, such as sugarcane bagasse in the production of food packages in agroindus-
try [244,271,272] and as packing material in filters for hydrogen sulfide removal [141].

15. Conclusions

Environmental harm due to the use of fossil fuels has been a concern over the years.
The use of biomass as source of energy appears as an environmentally friendly alternative.
Currently, especially sugarcane biomass, even after the extraction of sugar and ethanol,
or even the burning of bagasse, presents several possibilities for using waste to produce
new engineering materials or new biofuels. Here, we present the recent developments
and challenges in recycling sugarcane, including such areas as energy generation and
pyrolysis to obtain biofuels, producing biochar or pellets. Furthermore, we state the use
of bagasse in construction contributing to the broader field of sustainable and ecological
construction materials. The obtaining of cellulose fibers and the synthesis of nanostructures
are also addressed, as they have emerged as a distinct new field in the reuse of sugarcane
waste. The definition of challenges related the use of sugarcane bagasse supports future
research on waste-derived subjects and can contribute significant breakthrough in the
recycling methods.
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