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Abstract: Nature is a master engineer. From the bones of the tiniest bird to the sophisticated
bioproduction of a spider’s web, the works of nature are an enigma to the scientific mind. In the
fields of physics, chemistry, biology, and mathematics, studying, understanding, and harnessing the
intricacies of nature’s designs for the benefit of mankind is the bedrock of science and technology.
One such exceptionally engineered natural material is the bamboo plant. This ancient vegetation has,
over dozens of generations, reinvented itself as a legendary, resilient, ubiquitous, and impressive
bioresource that is not just sustainable, but also ecologically and cheaply cultivatable, and invaluable
for soil erosion control, while holding the enormous potential to be transmuted into various useful
chemicals and materials. With the increasing concerns and obligations in rethinking the future of the
environment, sequestration of carbon dioxide, reduction in timber usage, and preservation of already
depleted non-renewable resources, it has become vital for environmentalists, governments, scientists,
and other stakeholders to identify alternatives to fossil-based chemicals and their derivable materials
that are sustainable without compromising efficiency. By coalescing engineering-, chemical-, and
materials science-based approaches, including results from over 100 reports, we demonstrate that the
bamboo plant presents enormous opportunities for sustainable chemicals and materials. In addition,
we highlight the current challenges involving the optimization of bamboo-based technologies and
provide recommendations for future studies.

Keywords: bioresources; lignocellulosic biomass; carbon sink; bamboo plant; sustainable chemicals;
sustainable construction; bioeconomy

1. Introduction

Notwithstanding the advances in science and technology man may have attained,
nature has always proved itself a benign and ingenious creator of materials, structures, and
processes that can be harnessed for man’s advantage. Examples of nature’s unrivalled engi-
neering ingenuity abound all around us, demonstrating highly evolved structure-function
relationships adapted to satisfy specific requirements [1–3]; for example, natural materials
such as tree wood and bones (e.g., crocodilian jaws) comprise superlative composite ma-
terials that are not merely functionally engineered, but tailored to their mechanical and
physical requirements while being biodegradable and benign for the environment [3–6]. A
thorough assessment of naturally occurring systems, materials, and/or processes identifies
certain blueprints that are fundamental in their purposeful designs and functions; these
templates provide scientists, technologists, and engineers with readily available prototypes
that can be copied and/or harnessed in order to meet our needs for the advancement of
humankind [7–10].

One of nature’s indisputable gifts to mankind is solar energy. It has been noted
that the amount of energy that Earth receives from the sun in an hour surpasses all the
combined energy mankind can utilize in an entire year [11]. Despite this, solar energy
provides less than 1.5% of global energy needs, thereby demonstrating a vast gap between
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energy demand and this enormously underutilized clean and abundant energy source [12].
Although there has been increased research toward harnessing the sun’s energy by var-
ious processes and technologies, to date, no manmade technology is comparable to the
sustainable efficiency of solar energy conversion to chemical energy via photosynthesis
in plants [13–16]. Indeed, studies have provided substantial evidence that photosynthesis
was fundamental for Earth’s oxygenation and the subsequent radiation of life [17,18].

In light of the current discourse, various schools of thought maintain the view that
fossil-based resources derived from nature, such as petroleum, coal, natural gas, and
bitumen, are the result of geological processes on hydrocarbon matter stemming from
decayed biological systems that have, directly or indirectly, converted solar energy into
chemical energy, and thus, aided by the actions of heat and pressure in the earth’s crust
over several millenniums, produced fossilized hydrocarbons [19,20]. This concept sounds
plausible based on the well-known first law of thermodynamics regarding the conversion
of energy and matter, which stipulates that energy can neither be created nor destroyed,
but can be converted from one form to another. In addition, assuming the earth is a closed
system, it can be posited that this law is perhaps a self-cleaning process. Furthermore,
recalling that Einstein’s equation holds that E = mc2, we can reconcile the fact that matter
and energy are interchangeable [21,22]. Nevertheless, there are other schools of thought
that oppose this perspective on the origins of fossil-based hydrocarbons [23,24].

For decades, fossil-based natural resources, such as petroleum, coal, natural gas, and
bitumen, have remained the dominant supply for feedstocks to produce chemicals, fuels,
materials, etc. In the current perspective, it is important to note that the usage of fossil-
based hydrocarbons and the development of their related technologies have never been a
modern concept. For example, in 1875 BC, official records of King Hammurabi’s govern-
ment mention the existence of the oil trade in ancient Sumeria [25]. Furthermore, in 450 BC,
Herodotus described how, in Persia, oil and salt were being produced from wells and
springs [25]. Then, sometime in 211 BC, while drilling for salt, natural gas was discovered
in Chi-lui-ching, Szechuan, China, which was used for heating and lighting purposes [25].
Therefore, it is our view that transitioning away from fossil-based hydrocarbons may not
be a process welcomed by many world governments (especially those with oil-dependent
economies), due to the politics and fortunes associated with fossil-hydrocarbons [26,27].
Nevertheless, it remains inarguable that, as a result of the rising concerns regarding energy
security, the protection of territorial integrities, the non-sustainability of depleting reserves
of fossil-hydrocarbon resources, persistent challenges of volatile oil prices, the negative
impact of greenhouse gases (GHGs), and the myriad other environmental challenges asso-
ciated with fossil-based resources, that a synergized and concerted effort by governments
and stakeholders, at all levels, to collaborate and forge a common front for the promotion
and utilization of renewable and sustainable resources is paramount [28,29]. Virtually
every culture known to humankind acknowledges that lignocellulosic biomass is one the
oldest biorenewable resources; however, it remains strange that even today, lignocellulosic
biomass is one of the least harnessed and underdeveloped natural resources in terms of
optimization when compared to the technologies, chemistry, and processing involving
fossilized hydrocarbons.

Taking the example of lignocellulosic biomass, Iroegbu et al. [30] noted that under
4% of the over 200 billion tons of lignocellulosic biomass produced each year is being
harnessed by mankind. Coupled with the indisputable fact that the urgency for rethinking
our fossil-hydrocarbon dominated world cannot be overemphasized [31–34], it has become
imperative to reflect assiduously on the promise that green vegetation (e.g., lignocellulosic
biomass) holds as a sustainable resource for materials, fuels, and chemicals.

Green plants such as lignocellulosic biomass are not only ubiquitous [35], but can be
readily sourced from inedible and non-competitive food sources such as agricultural wastes,
forestry residues, grasses, and woody materials [36,37], offering the opportunity to harvest
the sun’s abundant energy rather than the current capital resources represented by fossil-
hydrocarbons [38–40]. As previously noted, green vegetation remains the most eco-friendly,
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low carbon footprint, and resourceful solar-energy-converting machine [41,42]. In addition,
plant resources as a result of natural quantum conversion processes afford vast possibilities
to derive industrially applicable alternatives to hydrocarbon-based chemicals, fuels, and
materials, with characteristic properties analogous to and even surpassing those of fossil-
based resources [43–49]. As shown in Figure 1, the structural design and components of
lignocellulosic biomass cell walls comprise a complex mix of various systems, including
cellulose, lignin, hemicellulose, and other non-structural materials such as proteins [41].
These systems present chemists, materials engineers, and technologists with an assortment
of derivable macro-, micro-, and nanostructured materials, including fibers, polymers,
chemicals, and fuels, that are useful for modern industries (see Table 1) [39,50–56].
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Table 1. Selected applications (with references) of plant cell wall components (lignocellulosic biomass) and their derivable
products. Red represents cellulose, blue represents hemicellulose (xylan/pentosan), and green represents lignin. As adapted
from Guerriero et al. [41].

Nanomaterials, pharmaceuticals, food,
filler, fibers, cosmetics, particle board,

films, gelling agent, paper,
membranes, adhesives, plastics,

printing inks, coatings, water
remediation etc.
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Despite the current state-of-the-art research and development demonstrating the 
enormous inroads made to date on the valorization of lignocellulosic biomass into sus-
tainable chemicals and materials, [44,78–83] emerging literature asserts that we have 
barely scratched the surface with respect to the vast application portfolios, technologies, 
and chemical processes, and in the understanding of the fundamental theories presented 
by lignocellulosic biomass valorization [72,73]. For example, the World Economic Forum 
noted that biobased lignin feedstock ranks amongst the top emerging technologies of the 
future, as it will play a significant role in the pursuits for energy security and a circular 
economy [74]. Moreover, the exigencies concerning our materials needs, energy, and fuel 
security, and the pursuit for a circular economy, whereby we are able to meet our current 
demands without jeopardizing those of future generations, has necessitated the need to 
sustain these lignocellulosic biomass supplies to meet existing and emerging global de-
mands. One way to achieve this is to harness the vast opportunities presented by peren-
nial plants such as the bamboos (see Figure 2), with certain species sharing the world rec-
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Despite the current state-of-the-art research and development demonstrating the
enormous inroads made to date on the valorization of lignocellulosic biomass into sustain-
able chemicals and materials, [44,78–83] emerging literature asserts that we have barely
scratched the surface with respect to the vast application portfolios, technologies, and
chemical processes, and in the understanding of the fundamental theories presented by
lignocellulosic biomass valorization [72,73]. For example, the World Economic Forum
noted that biobased lignin feedstock ranks amongst the top emerging technologies of the
future, as it will play a significant role in the pursuits for energy security and a circular
economy [74]. Moreover, the exigencies concerning our materials needs, energy, and fuel
security, and the pursuit for a circular economy, whereby we are able to meet our current
demands without jeopardizing those of future generations, has necessitated the need to
sustain these lignocellulosic biomass supplies to meet existing and emerging global de-
mands. One way to achieve this is to harness the vast opportunities presented by perennial
plants such as the bamboos (see Figure 2), with certain species sharing the world record as
the fastest-growing plants on earth; these species grow at an average of 2.92 feet per day,
which translates to a rate of 0.83 × 10−5 m/s [75].
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Scope of Review

The perennial bamboo plant is a rich source of lignocellulosic biomass (such as cel-
lulose, lignin, and pentosan) with a huge potential as a resource that can overcome the
current challenges being faced in the use of lignocellulosic biomass as structural materials,
in scalable and affordable biofuels production, in bioderivable chemicals and materials
production, and as biobased power for energy security, and for mitigating deforestation,
improving carbon sequestration, and enhancing the oxygenation of the environment. Fur-
thermore, bamboo cultivation offers positive economic impacts to local economies. In this
review, we explore the nexus between engineering-fuel-and-material science to demon-
strate that the bamboo plant presents enormous opportunities for technologists, scientists,
economists, environmentalists, governments, and engineers. In addition, we highlight the
current state-of-the-art bamboo-based green technologies and the challenges restricting
the further advancement of such technologies, and we provide recommendations for the
direction of future bamboo-based research.
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2. Background

Descriptions of the historical uses/applications and other associated benefits of bam-
boo plants date back centuries. For example, in 400 BC in China, pipes were made from
bamboo culm, which was then wrapped in waxed clothes and used in the transporta-
tion of natural gas. In another instance, derrick-like structures/scaffolds and winding
gears constructed from bamboo were employed in drilling technology in China, in ca.
347 AD [25,77]. It has also been claimed that, in Japanese ancient tradition and culture,
bamboo-based materials and implements were used for record-keeping, performing cal-
culations, household accounting, and the making of toys, such as the “bamboo dragon
fly” and “bamboo-horse”, with the former reported as dating as far back as 400 BC [78].
It is on record that, during a famine period in Orissa (now known as Odisha), India, in
1812, the seeds of the bamboo plant were cooked and eaten as rice, thereby sustaining
thousands of people [79]. Furthermore, it has been reported that the young shoots of
several bamboos are eaten, and the seeds of one are made both into a fermented drink
and into bread by people living in Himalayan regions [80]. Elsewhere, it is claimed that
bamboo materials were employed in the fabrication of one of the earliest light bulbs made
by Thomas Edison [81]. Moreover, local belief in Japan has it that, in the event of an
earthquake, it is better to run into a bamboo grove for safety [82]. Furthermore, the work
of Wang [83] has suggested that bamboo plantations played a significant role in resisting
the flow of landslides by shortening the possible sliding distance of the loose earth and
debris. In addition, several parts of bamboo plants, including their roots, shoots, and
culms, have been used in medicinal applications for thousands of years. For example,
Chyawanprash, a well-known Indian health tonic prepared from bamboo, has been noted
for its anti-stress and anti-ageing properties [84], and bamboo leaves have also found
use in traditional Chinese medicines, such as in the preparation of lotions for particular
eye conditions [85]. The report of Freeman-Mitford in 1896, in which he referred to the
bamboo as a servant-of-all-work [79], noted that certain bamboo species can grow as high
as 40–50 feet in height. Freeman-Mitford’s account described the successful cultivation
of bamboo plantations in Europe (e.g., France) by the transplantation of selected species
from India and Africa (e.g., Algeria), thus enhancing the resilience of the bamboo plant
to adapt and flourish anywhere irrespective of the climatic conditions. In 1945, following
12 years of extensive studies in Africa, Wimbush [86] published his work on African alpine
bamboos (Arundinaria alpina, K. Schum). In this work, he reported that these bamboos grew
to an impressive height of 45–50 feet on average and held an average of 4000–7000 culms
per plant. The report also presented evidence for the average life cycle of these African
bamboos being around 40 years, with the life of a single culm ranging from 12 to 14 years,
or 8–9 years after clear-cutting of the culms, or 7–8 years when about 10% of the old culms
are left standing at the time of cutting (harvesting), thereby demonstrating the suppleness
of this plant.

Bamboos are grasses belonging to the taxonomic family known as Poaceae/Andropogoneae
(subfamily Bambusoideae), which consists of more than 1000 species and over 100 genera. Most
species of bamboos are known to be fast-growing, with a maturity age between 3 and 5 years.
Some bamboos may be a few centimeters tall on maturity (dwarf bamboos), whereas others can
reach heights of over 40 feet. These grasses are indigenous to all continents, with the exception
of Europe and Antarctica [87]. It has been noted that despite the fact that bamboos are used for
various applications by over 2 billion people, it remains a neglected bioresource that could con-
tribute substantially to achieving the UN’s sustainable development goals [88]. The anatomical
construction of the cell walls of bamboos (Figure 3) and root structural morphology, demonstrate
that they are woody giant herbages that can replace timber, improve soil compactness, mitigate
deforestation and desertification [87,89,90]. Like all woody plants, bamboo stores carbonaceous
materials in the forms of cellulose, hemicellulose, tannins, fats, proteins, pigments, pectin, and
lignin, with the lignocellulosic biomass components constituting more than 90% of the total
dry mass [91,92]. It has been reported that the yellowness observed in bamboo is caused by
the presence of lignin, and no amount of treatment can remove the lignin content present in
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bamboo fibers completely. Moreover, the characteristics of the fibers of bamboo plants, after
extraction and treatment, are also dependent on the non-cellulosic components it contains. In
contrast to the sandwich-like structure of other woody materials, bamboo fibers are almost
axially oriented along the walls of the fibers, thereby maximizing its longitudinal elastic modulus
and possessing alternating broad and narrow polymellate structures in the tissue and cell wall
of the plant. These characteristics are contributing factors to the high buckling resistance of the
bamboo plant [93,94]. Nevertheless, fundamental to understanding, harnessing, and optimizing
the structural characteristics of bamboos relies on the comprehensive knowledge of their physio-
logical and anatomical properties [89,95]. Li et al. [95] pointed out that the distinct structure and
distribution of biomass components in bamboos is key to their utilization and valorization. This
review does not cover this subject in greater depth; however, the reader is referred to other texts
that have extensively discussed the subject [96–112].
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3. Bamboo in Textiles

The versatility of bamboo-based textiles affords the opportunity for sustainable devel-
opment. Indeed, bamboo fibers have been used for decades in the production of textile
materials. For example, in 1864, Philip Lichtenstadt patented the technology for the fabri-
cation of cloths, mats, and/or pulp for paper from bamboo [104]. Bamboo fibers, shown in
Figure 4, and other natural fibers such as jute, flax, and hemp, are primarily lignocellulosic
and are 100% biodegradable, irrespective of whether they are regenerated (e.g., bamboo
viscose) or mechanically and/or biologically extracted [105,106], thereby reducing their
environmental impact as pollutants and contaminants. Hence, bamboo-based textiles
present an advantage compared to fossil-based textiles such as polyester, acrylics, nylons,
and polypropylene, which have been noted as contributing to microplastic pollution in the
environment [107,108].

Almost every part of the bamboo plant can be applied to the production of fibers and
natural dyes. It has been argued that fibers obtained from these plants demonstrate out-
standing characteristics, such as excellent wicking capabilities (exceeding those of cotton
fibers), and antimicrobial and anti-odor properties, with these characteristics retained even
after multiple wash cycles. In addition, the high carbon content of bamboo fibers promotes
enhanced porosity, leading to fabrics with a higher surface area, which is advantageous for
the adhesion of organic molecules [109,110]. However, the antimicrobial properties associ-
ated with bamboo fibers are severely depleted when these fibers undergo the regenerative
processes widely employed in industry [111]. This was established as part of the response



Sustainability 2021, 13, 12200 7 of 25

to a previous study by Hardin et al. [112], which claimed that the inherent antimicrobial
properties of bamboo fibers were exaggerated.

Rathod et al. [113] analyzed the physical characteristics of both pure bamboo and
bamboo-cotton (50:50) blended fabrics, demonstrating that bamboo fabric exhibited im-
proved tensile strength, higher elongation values, and superior tearing resistance in com-
parison to the bamboo-cotton (50:50) blend, thereby concluding that the bamboo fabric
demonstrated better performance than the blended fabric. This position is supported by
the report of Iqbal et al. [114], who established that the properties of bamboo strips, in-
cluding the tensile, flexural, and compressive strengths, were superior in comparison with
those of wood and other bioderived fibers. In addition, the bamboo fibers demonstrated
better impact and thermal properties [114]. Patent documents reveal proposed technolo-
gies intending to exploit the exceptional thermal properties of bamboo fibers to fabricate
clothing materials that provide effective insulation in the winter while being breathable
in the summer [115]. Related work has justified the need for developing winter apparel
using a blend of 100% regenerated bamboo fabric and 100% cotton. The study concluded
that, for 60 tex ring-spun yarn in a bamboo-cotton fabric blend (50:50), the contributory air
permeability of the regenerated bamboo fabric had a positive impact on the breathability
of the blended textile. Moreover, the plain-woven bamboo-cotton fabric in a 50:50 ratio
demonstrated improved thermal conductivity and heat retention properties [116]. This
study corroborated the work of Basit et al. [117].

Furthermore, it has been shown that there is no remarkable distinction between cel-
lulose acetate derived from traditional wood pulp and that derived from bamboo plants,
indicating that bamboo has the potential to replace wood pulp for cellulose-derived fibrous
materials, thereby mitigating deforestation and enabling forest sustainability [118]. An-
other report has evidenced a clean production method for bamboo fibers. The proposed
method involves an efficient, continuous production line using purely biological treatment
processes capable of producing bamboo textiles of high quality. Consequently, this method
produces minimal pollution and has a limited or no chemical footprint, with the added ad-
vantage of energy conservation and being environmentally friendly [119], thus presenting
an opportunity for the production of sustainable and eco-friendly textiles.
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Kaur et al. [109] demonstrated a two-stage methodology for the treatment of coarse
and stiff bamboo fibers to enhance their fibrillation and spinnability for use in the textile
industry. Their study claims that their treatment methodology produced more lightweight
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bamboo fibers with reduced lignin content, in addition to an acceptable level of whiteness,
impressive tensile strength and fibrillation, and sufficient fiber length. This suggests that,
to obtain the optimal properties offered by bamboo fibers, an improved method for fiber
treatment is essential for maintaining the ideal lignin content while ensuring that the
fibers retain their natural mien. A recent study by Ławińska et al. [121] investigated the
application of bamboo textiles in the fabrication of children’s footwear. Their findings
are summarized as follows: (i) it is feasible to weave or knit fabrics from bamboo fibers
suited for children’s footwear; (ii) particular cases demonstrated that bamboo fibers ex-
hibited improved mechanical properties when compared to traditional cotton fibers; and
(iii) bamboo fibers demonstrated improved hygienic characteristics relative to the standard
requirements for the production of children’s footwear. Moreover, it has been reported
that the United States Office of Naval Research, in partnership with Research Triangle
Park, North Carolina, developed a bandage (Stasilon™|FR), that can effectively stop the
bleeding of wounds inflicted during combat. This novel bandage was developed from a
combination of medical grade continuous-glass-fiber and bamboo textile [122].

Elsewhere, Jhatial et al. [123] demonstrated that it is feasible to affix silica nanoparticles
and titania nanoparticles on bamboo cellulose fabrics by the sol-gel (dip-pad-dry-pad-cure)
method using citric acid as a crosslinking agent. The optimum water contact angles
exhibited by this material were ~127◦ and ~116◦ before and after washing, respectively,
indicating that this material has impressive hydrophobicity, low wettability, and can retain
its impressive water repellence for up to five industrial washes. It also retained its original
air permeability, fabric feel, and good soil release potentials, the inherent fabric comfort
was not compromised, and it exhibited effective UV resistance, reducing transmittance
from 49% to 6% [123]. The findings of another recent study, which analyzed footwear
materials based on bamboo fabrics and cotton fabrics, provided the following conclusions:
bamboo fabrics are a suitable replacement for cotton materials in footwear fabrication,
with bamboo outperforming cotton in several key parameters, namely hygiene and/or
mechanical properties, such as breathability [124]. Compared to non-biodegradable fossil-
derived fibers (e.g., nylon, polyesters, polyethylene terephthalate [PET]), which have been
shown to contribute substantially to microplastic pollution [108,125,126], it is safe to posit
that natural fibers such as those derived from bamboo offer the scientific community a
wealth of possibilities.

4. Bamboo in Composites and Construction

The quest to mitigate environmental degradation while seeking ways to fabricate
and/or develop composite materials that are both cost-effective and eco-friendly has been
the impelling cause behind the scientific community’s search for viable alternatives to
traditional materials currently in use. Recent years have witnessed the growth in the
fabrication of composite materials from renewable resources, such as bamboo-reinforced
materials, with these materials gradually gaining recognition in response to the growing
exigency for environmental sustainability and recyclable materials. [93]. This line of
thought is supported by the work of Okubo et al. [127], who showed that bamboo fibers
exhibit commensurate strength to conventional fiber-glass polymer composites. Their
work demonstrated further that the most effective process in the extraction of bamboo
fibers for use in polymer reinforced composite materials is the steam explosion technique.
Alternatively, another report describes an innovative approach involving fast pyrolysis and
short processing times for the cleaner conversion of bamboo into carbon fibers. These fibers
were shown to possess interesting physicochemical and capacitive properties (possessing
high carbon contents resulted in improved capacitive properties of the fibers), in addition to
enhanced carbon fixation and surface area. Moreover, these fibers demonstrated potential
for use in electrode production for energy storage [128].

Moreover, Wang et al. [129] indicated that, in addition to studies considering the macro-
scale properties of bamboo fiber-reinforced structures, in order to optimize the properties
of bamboo fibers as reinforcement agents in composite materials, there is a need for more
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comprehensive analyses of the micro- and nano- structural properties of bamboo fibers.
This is because bamboo fibers consist of a complicated multi-hierarchical configuration
that includes macro-, micro-, and nanofiber systems, with each of these demonstrating
specific characteristics and properties [130]. Typically, failures in fiber-reinforced composite
materials can, among other factors (e.g., treatment processes), be attributed to the fiber
orientation in the matrix system, i.e., fibers aligned parallel (0◦ orientation) to the applied
tensile force results in better resistance to failure and breakage than fibers aligned above
0◦ to the applied force [131]. Hence, for fiber-reinforced matrices such as bamboo fiber-
reinforced epoxy resin, the strength of the composite system was observed to increase when
the orientation of the fibers shifted from 90◦ towards 0◦ [132]. Because bamboo fibers are
characterized by a complex multi-hierarchical structure of macro-, micro-, and nanoscale
fibers, the variability of the fundamental fiber diameters has a significant effect on the
bamboo fiber strength. For example, at the micro-scale level, it was observed that with an
increase in the mean diameter of the fibers from 196.6 to 584.3 µm, the average strength of
the bamboo fibers decreased from 568 to 483 Mpa; because inter-fiber diameter variation
is key to the fibers’ tensile strength, it is paramount that technologists, scientists, and
material engineers have a proper understanding of this statistical strength distribution and
consider it when modelling and fabricating polymer composites employing bamboo fibers
as a reinforcement agent [129]. In addition, the tensile behavior of chemical treatments
for bamboo epoxy composites has been investigated [132]. This study highlighted the
optimal treatment required to enhance the surface adhesion chemistry of bamboo fibers
within an epoxy matrix. In summary, the results showed that an alkali treatment of the
bamboo fibers improved the bonding chemistry between the fibers and the polymer matrix.
According to the subsequent statistical analysis, it was evidenced that variables (such as
concentration of the chemical solution, duration soaking, and drying time of fibers) and
their interaction parameters such as alkali concentration, soaking, and drying time were
significant in this improved bonding. The work concluded that an optimal tensile strength
of 335.84 MPa was obtained from the composite system after soaking (in 3% wt. of NaOH
before incorporation into the epoxy matrix) and drying the bamboo fibers for 9 h of soaking
and 55 h of drying. Any deviation in these optimal values impacted negatively on the
tensile strength of the composite material [132]. The impact of moisture on the mechanical
properties of bamboo fiber-reinforced composites has been reported by Depuydt et al. [133].
The static and hygroscopic cyclic conditioning was evaluated, and it was deduced from
the study that only a minute decrease in Young’s modulus was observed under the static
conditioning of bamboo fiber-reinforced composites, representing a remarkable departure
from what was observed in other natural fiber-reinforced composites, e.g., flax-reinforced
polymer composites [133].

A recent report from France narrated how a consortium of various industry stakehold-
ers, companies, and research laboratories are pooling their expertise in order to develop a
bioresourced composite material using bamboo fibers. The report stated that following the
possibility of a review of the European Registration, Evaluation, Authorisation and Restriction
of Chemicals regulation concerning traditional polymer composites currently employed in
the aerospace industry, such as glass/phenolic composites, there is an urgent need for eco-
friendly replacement materials that are equally effective. Therefore, this French consortium
has proposed a new composite material known as BAMCO (Bamboo long-fibers-reinforced
biobased Matrix Composite). The aim is to reduce the detrimental environmental footprint of
the aircraft manufacturing processes and for the delivery of associated benefits beyond the
industry. As this new composite material intends to reduce the overall weight of aircraft, it
should lead to reduced fuel consumption and operational costs for the aviation industry, while
also contributing favorable thermal and mechanical properties in terms of impact/vibration
absorption. The concept for this biocomposite has undergone both laboratory and industrial-
scale validation by French aviation authorities [134].

Elsewhere, Mofidi et al. [135] reported on the performance of innovative bamboo com-
posite materials (shown in Figure 5), which they claimed exhibited compressive strengths
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of 30 and 76 MPa, respectively, highlighting the possibilities of such composites for use as
construction materials. Citing their motivation from the fact that certain bamboo species em-
ployed in construction have exhibited tensile strengths ranging between 400 and 1000 MPa,
they opined that, with further elucidation, bamboos are a viable alternative to timber and
possibly outperform construction steel with respect to their weight-to-strength ratios. They
deduced that engineered bamboo composite materials made of small diameter bamboo
culms have the potential to replace other carbon-intensive traditional materials, such as
concrete, steel, and aluminum, without any attendant negative impact on forest reserves.
Moreover, the study emphasized the advantages presented by these fabricated materials,
including proportionate strength, better ductility, and improved energy absorbency relative
to non-composite bamboo materials [135]. Another study investigated the possibility of
developing a low-cost and benign composite material that can be applied in the blades
of wind turbines. This report claims that hybridization of natural fibers such as jute and
bamboo in a polyester matrix at a ratio of 10:20:70, respectively, yielded a material with an
impressive tensile strength of 72.03 MPa. Notwithstanding this result, it was inferred that
bamboo-polyester matrix in a ratio of 30:70 yielded better flexural strength (133.9 MPa).
These results demonstrate that hybridized natural fiber materials have the potential to
optimize the strength of composites in particular applications, such as wind turbines [136].
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In an attempt to revive the days when bicycles dominated the cities of China, a project
founded by David Chin-Fei Wang has initiated advocacy for the construction of bamboo
bicycles for sustainable mobility. Since 2017, this project, known as bamboo bicycle Beijing (BBB),
has gained steadily increasing recognition of local populations. Coupled with reports that
more than 15% of recorded deaths in China result from air pollution, accompanying an
associated reduction in the average life expectancy by more than four years, and with the
“Greenpeace initiative” championing the cause for Beijing to be ranked among the healthiest
cities in the world, the BBB project is a welcome development. This project further demon-
strates that bamboo as a construction material can displace metal-based materials in bicycle
manufacturing in terms of its relative lightness, strength, inherent capability to withstand
shock, and ability to dampen vibrations resulting from use [137,138].

A report by researchers based at the University of Cambridge in the United King-
dom stated that the mapping of heat-flow processes across biological materials, such as
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bamboo, using advanced scanning thermal microscopy, provided new insights into how
the variations in thermal conductivity throughout the structure of bamboo can be utilized
to develop improved energy-efficient and fire-safe buildings. The thermal properties of
materials, such as their thermal conductivities, play a significant role in the selection of
materials for building/construction purposes because they determine the rate at which
temperature is distributed throughout a building’s structure, and affect the spread and
control of fire [139]. The consumption of energy in buildings has been reported to account
for more than 30% of global energy depletion and to be a significant contributor to CO2
emissions. Hence, the need for energy-efficient materials for sustainable buildings cannot
be overemphasized [140]. A team of architects and engineers constructed an ambitious
bamboo structure that serves as a sizeable sports hall. The structure is reported as promot-
ing natural ventilation and possessing sufficient robustness to withstand severe weather
while also having a zero-carbon footprint [141].

A symposium consisting of multidisciplinary experts drawn from over ten countries
and territories, including those working in academia, construction, architecture, civil so-
ciety groups, etc., reached a consensus to raise awareness on the critical role bamboo
holds, not only in the provision of safe and affordable housing, but also as an industry
leader for a global green movement. The meeting was organized jointly by the University
of Pittsburgh, Coventry University, and the International Network for Bamboo and Rattan
(INBAR) [142,143], and is hoped to expand the opportunities of bamboo usage in diverse
applications for sustainable development. Elsewhere, a collaboration between the Univer-
sity of Queensland, Australia, and MosoTM bamboo demonstrated that during fire-testing,
bamboo produces a protective outer layer of char, which protects its inner layers from
direct fire exposure, an indication that bamboo exhibits relatively good fire resistance and
can be used for construction [144]. For example, terminal 4 at the Adolfo Suárez Madrid-
Barajas International Airport is composed entirely of curved bamboo ceilings; completed
in 2005, this magnificent structure is one of the reference projects championing bamboo as
a construction material [145].

The possibility of replacing steel with bamboo strips in concrete reinforcement has
been proposed, and is plausible because of the possibilities of the high rate of biomass
renewability and sustainability through a well-managed bamboo plantation [146]. The
characteristic strength of bamboo in the dry mass ranges between 30 and 50 Mpa, respec-
tively, and in some instances, can reach 250 Mpa, commensurate to about 20% of the tensile
strength of grade-60 steel, and a modulus of elasticity of ~20 GPa, proportionate to 10%
of the grade-60 steel. A clear indication that, the assumptions that bamboo is comparable
to steel without any form of material modifications are not valid [146]. Nevertheless, it
was evidenced that among the challenges encountered in the utilization of bamboo as rein-
forcement in concrete was the failure of tensile samples of the bamboo-reinforced concrete
without warning. This highlighted that the weakness of the nodes is more pronounced than
the weakness of the internodes when both are subjected to the same tensile loads. Moreover,
the variance in both the tensile and bond strengths of bamboo posed further challenges
for realizing its reinforcement potential. However, various methodologies employed to
improve the bamboo-concrete reinforcement were observed to be beneficial. For example,
wired reinforcement showed a strength increase of 17%, and strips with corrugations
showed a strength increase of more than 70%. Cracking of the bamboo-reinforced concrete
beams became noticeable within a load range of 12–14 kN [147]. A related study claimed
that using bamboo-reinforced-epoxy-composites (BRECs) as an alternative for steel-rods
in concrete-reinforced beams improved the flexural strength of the concrete. The study
reported that the load-bearing capacity of the beam with BRECs without preloading was
increased by 21.2%, increasing to 37% for BRECs with 40% preloading and 39.3% for the
beam with BRECs preloaded at 60%. The study concluded that using embedded BRECs rep-
resents an effective technique to improve the flexural strength of reinforced concrete [148].
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5. Bamboo as a Sustainable Resource for Cellulose, Hemicellulose, and Lignin

Iroegbu et al. [34] noted that the complex hetero-matrix constituents of lignocellulosic
biomass comprising primarily of cellulose, lignin, and hemicellulose affords an array of
possible derivative chemicals and fuels. It was also suggested that if efforts (including
research, funding, and support) commensurate to those that have sustained fossil-based
chemistry were redirected into biobased-chemistry, it would significantly accelerate the
resolution of current sustainability challenges [34]. Moreover, as the approximate chemical
constituents of bamboos are comparable to those of traditional woods, with the excep-
tion of bamboos’ substantial alkaline extracts, ash, and silica components [149], bamboos
offer a renewable and sustainable alternative for the augmentation of derivable lignocel-
lulosic biomass materials, such as cellulose, hemicellulose, lignin, and other extractable
constituents [90]. Although these components vary due to the age of bamboo plants,
the range of variation is estimated at between 1.4% and 3.8%. In addition, Table 2 lists
the average values for holocellulose (cellulose, hemicellulose) and lignin as 40–48% and
25.8–30%, respectively, corresponding approximately to the averages reported for soft-
woods and hardwoods, respectively. Therefore, the lignocellulosic composition of bamboo
represents a useful feedstock not only for pulp production, but also for industrial pro-
cesses that require lignocellulosic biomass for conversion into fuels, chemicals, and various
biobased products [88].

Table 2. Selected studies show the percentages (%) of holocellulose (cellulose, hemicellulose) and
lignin in the composition of the bamboo plant.

Bamboo Species
Sampled Cellulose, Hemicellulose and Lignin Contents (%) Ref.

Unspecified Cellulose (73.8%), hemicellulose (12.5%), lignin (10.2%) [150]

Phyllostachys (nigra,
bambusoides, bissetii) Cellulose (47%), hemicellulose (23%), lignin (28%) [88]

Phyllostachys edulis Cellulose (43%), hemicellulose (15%), lignin (26%) [151]

Dendrocalamus
giganteus Cellulose (47%), hemicellulose (16%), lignin (18%) [152]

Unspecified Cellulose (44%), hemicellulose (30%), lignin (26%) [153]

Phyllostachys edulis Cellulose (46%), hemicellulose (23%), lignin (26%) [154]

Dendrocalamus asper Cellulose (41%), hemicellulose (27%), lignin (27%) [155]

Phyllostachys (dulcis,
viridiglaucescens) Cellulose (38.4%), hemicellulose (20.5%), lignin (20.8%) [156]

Phyllostachys
heterocycla Cellulose (37%), hemicellulose (22%), lignin (24%) [157]

5.1. Cellulose

Arguably, this unbranched polymeric material, with the well-known molecular struc-
ture illustrated in Figure 6, is the most significant component within the plant cell structure.
A naturally occurring polymer with almost boundless application potential in the field
of chemical sciences, cellulose has, over the years, gained increasing prominence in mul-
tidisciplinary research studies and product development. In addition to its unlimited
availability, cellulose is characterized by its highly functional groups, hydrophilicity, chi-
rality, biodegradability, versatility in chemical modifications, and its capability to form
numerous semi-crystalline fibers morphologies, thus making it a cornerstone of many
natural structures [158,159].
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The potential applications of cellulose have been known for over a century. Among
the earliest demonstrations of cellulose as a versatile chemical compound that can be
transmuted into various fuels, materials, and chemicals is patent documentation dating
to 1894, which proposed the possibility for producing a water-soluble plastic material
using cellulose, a caustic alkali, and carbon disulfide [160]. Then, in 1900, Augustus
G. Winter [161] demonstrated the possibility of fireproofing cellulose material to enable
it to withstand a temperature of approximately 1000 ◦C. Over the years, cellulose has
found increasing application in the production of biofuels (e.g., ethanol), nanomaterials
(e.g., for water remediation), particle board production, membranes for water desalination,
adhesives, packaging, printing, coatings, glucose (e.g., for human energy source, sweetener,
polyols, fructose, polydextrose, etc.), paper, cellulose esters and composites, gelling agents,
cellulose ethers for drilling technologies and building materials, cosmetics, pharmaceuticals,
and many more [63,81,159,162–166].

5.2. Hemicellulose

A branched, amorphous, and complex polymeric material (see Figure 7), which is a
rich source for pentosan (xylan or polypentose), hemicellulose is a feedstock for the produc-
tion of chemicals such as furans. It can be hydrolyzed with ease by employing dilute acids
and/or bases. In addition, hemicellulose is biodegradable and, by employing enzymes,
selected bacteria and/or fungi can be broken down to form smaller sugar systems [30,55].
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Among the fuels, materials, and chemicals derived from hemicelluloses, ethanol,
xylitol, and 2,3-butanediol are perhaps the best known. In addition, hemicellulose has
found use in medical and pharmaceutical applications, and the production of furfural
(which can be used as an automobile fuel or used for the production of diesel, jet fuel, etc.),
furfuryl alcohol (used for producing kerosene, rigid foams, molecular sieves for water
desalination, antiknock additive, composites, diesel, etc.), hydroxymethyl furfural (a very
important building block in organic synthesis), levulinic acid, adipic acid, caprolactone,
caprolactam, 1,6-hexanediol, and 2,5-furandicarboxylic acid, which is a versatile and
industrially important chemical compound that finds application in the production of
ropes, textiles, coatings, gums, footwear, and polyethylene furanoate (PEF) [34,55,59,166].

5.3. Lignin

A 2019 report by the World Economic Forum posited that lignin will rank amongst
the top emerging technologies of tomorrow and is predicted to play a momentous role
in the quest and progress of the circular economy and in the production of sustainable
chemicals, materials, and fuels in the near future [74]. Lignin is not only an abundant
aromatic polymer, but it is also sustainable and demonstrates the potential to replace fossil-
derived aromatics and products due to its unrivalled functionality (shown in Figure 8).
As a consequence, the chemical modification of lignin offers numerous possibilities in
terms of creating targeted value-added products. In addition to its polymeric network
structure, which can be an added advantage for enhancing its composite applications, lignin
can also be depolymerized, transformed, or even copolymerized with other polymeric
systems, such as phenol-formaldehyde, to obtain materials with unique properties for
industrial and domestic applications [167]. Lignin finds application in a range of industries
and products, including construction, electronics, composites, adhesives, plastics, cement
additives, antioxidants, carbon nanotubes, sizing agents, lubricants, cresols, catechols,
resorcinols, quinones, crosslinking agents, vanillin, guaiacols, binders and/or emulsifiers,
soil remediation agents, dispersants, complexing agents for paints and coatings, dyes, and
oil drilling muds [72,73,75,77,167–178].
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6. Bamboo as a Resource for Functional Biochar and Charcoal

As a potential material for soil remediation and management, biochar has been studied
for over 150 years. For instance, in 1851, the positive effect of charcoal dust in quickening
and increasing vegetation yield was observed by Trimble [171]. Then, in 1915, Retan [172]
published a report on the positive results that soil impregnation with charcoal had on
nursery seedlings. Since the 1980s, research into biochar optimization in various horticul-
tural activities has intensified [173]. The potential of bamboo for biochar production is
recognized as being uncomplicated, low-cost, and environmentally benign. Coupled with
the fact that bamboos are a fast-growing source of vegetation, they hold a huge potential
for carbon sequestration through their biomass pyrolysis to produce biochar for soil re-
mediation and environmental management [174]. Furthermore, it has been demonstrated
that bamboo biochar is an efficient carbonaceous material for the mitigation of organic
pollutants. One study argued that impregnating soils with biochar from bamboo abated the
leaching of pentachlorophenol (PCP) into the soil by decreasing the cumulative leach-loss
content by 42%, while also reducing the PCP concentrations by 56% and 65% in methanol
and distilled water, respectively. These results indicate that bamboo biochar can protect
groundwater from being contaminated by leachates [175].

A study to investigate the role of bamboo biochar in the aerobic composting of poultry
manure showed that bamboo char aided the porosity, air permeability, and oxygen supply
of the compost. It was also demonstrated that the bamboo biochar helped to reduce green-
house gases such as CO2, CH4, and N2O, in addition to reducing ammonia emissions. For
a weight-to-volume ratio of 10%, low-cost bamboo biochar was found to aid organic matter
degradation and compost maturity. Together, the outcomes of this study highlight the huge
potential that bamboo biochar holds for poultry compost management [176]. A related
study considered the effect of bamboo biochar on fungal biota progression during poultry
manure compositing, providing evidence that bamboo biochar efficiently activated fungal
dynamism throughout the composting process, with an increase in the relative abundance
of the fungal biota as the biochar dosage increased [177]. Switching focus to wastewater
remediation, antibiotics such as fluoroquinone present an environmental hazard. How-
ever, the work of Wang et al. [178] demonstrated the possibility of adsorptive removal
of fluoroquinone antibiotics from polluted wastewater systems using bamboo biochar.
Their study reported a 99% efficiency for the bamboo biochar with respect to removing
the antibiotic pollutant. However, it was noted that a pH change from 3 to 10 impacted
the adsorption capacity of the biochar. The study reported that the maximum adsorption
capacity (45.88 ± 0.90 mg·g−1) of the biochar was recorded when the concentration of
bamboo biochar exceeded that of fluoroquinone by a factor of 10.

Bamboo biochar has also been deployed for other important industrial applications,
such as in lithium battery manufacturing. For example, Gu et al. [179] showed that
porous bamboo biochar, activated using the KOH/annealing process, was able to create
a microporous structure, thereby enhancing the surface area of the biochar for improved
electronic conductivity. This activated microporous biochar was used in the encapsulation
of elemental sulfur to prepare a microporous bamboo carbon-sulfur (BC-S) nanocom-
posite, which was employed as the cathode end for lithium batteries. This innovative
nanocomposite composition consisted of 50 wt.% sulfur content and was found to deliver
an impressive initial capacity of 1295 mA·h/g at a low discharge rate of 160 mA/g, while
exhibiting high-capacity retention of 550 mA·h/g after 150 cycles at a discharge rate of
800 mA/g with an impressive coulombic efficiency (≥95%). Hence, it was concluded that
the BC-S nanocomposite shows promise as an efficient cathode material for next-generation
lithium-sulfur batteries [179]. Similarly, another study demonstrated the fabrication of a
sulfonated-polyaniline coated with bamboo-derived biochar, which exhibited exceptional
dual conductivity and affinity for polysulfides, for application as a cathode in lithium-
sulfur batteries. This cathode, which consisted of 64% wt. of sulfur, demonstrated an
impressive initial discharge capacity of 1484 mA·h/g at 0.1 C and improved cycling sta-
bility of 853 mA·h/g after 100 cycles at 0.1 C, with a significant rate performance of 810.2,
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682.7, and 353.0 mA·h/g at 2, 3, and 5 C, respectively. Furthermore, the study presented
electrochemical impedance spectroscopy and density functional theory calculations that
confirmed that this composite cathode possesses extremely high electron and Li-ion con-
ductivities, which are critical in the enhancement of redox reaction kinetics during the
long-term cycling of these batteries [180].

Elsewhere, a functionalized bamboo charcoal for the improvement of indoor environ-
mental air quality was reported by Ren et al. [181]. By loading the multifunctional bamboo
charcoal with silver-doped titanium dioxide (Ag/TiO2) via a sol-gel process, a composite
material was developed that showed remarkable antibacterial efficiency in response to
both Escherichia coli and Staphylococcus aureus strains. In short, the results concluded that
biobased bamboo charcoal holds the possibility of developing materials with bactericidal
and humidity control functions [181]. It has been claimed that because bamboo charcoal
possesses a natural hierarchical porous three-dimensional network structure and good elec-
trical conductivity, it can be used to produce anodal terminals for lithium-ion batteries. Xu
et al. [182] demonstrated that by employing a superficial synthetic method in tandem with
electrochemical methods, activated bamboo charcoal-supported molybdenum disulfide
(MoS2) nanoflakes could be developed as an anode material for lithium-ion batteries. In
addition to its impressive high-rate capacity of 581 mA·h/g corresponding to a current
density of 1600 mA/g, the optimal MoS2/bamboo-charcoal material delivered an initial ca-
pacity of 1867 mA·h/g at a current density of 200 mA/g, accompanied by a stable reversible
capacity of 672 mA·h/g over 200 cycles. This impressive electrochemical accomplishment
of the MoS2/bamboo charcoal material was attributed to the synergistic effects between
the MoS2 and the aforementioned hierarchical porous structure of the bamboo charcoal,
which was significant in buffering the volume change and enhancing the conductivity of
the hybridized composite material [182]. Bamboo charcoal has also found usage in oral
dental care products. For example, it has been pointed out that bamboo charcoal fibers
impart freshness, relieve bacteriostatic itching, and help remove atypical mouth odors.
Other noted characteristics of bamboo charcoal in oral dental care include teeth whitening
and the absorption of dirt from oral cavities, thereby reducing bacterial growth [183].

7. Sundry Uses of Bamboos

Bamboo plants are also used in a variety of other capacities, a few of which are
discussed in this section. Bamboo has been used to manufacture sustainable and eco-
friendly straws as an alternative to the pervasive plastic straws derived from fossil-based
hydrocarbons [126]. In addition, bamboo is used to produce household furniture, including
ceilings, floors, and staircases [184]. Bamboo also represents a food source for humans and
animals, as well as being used in traditional medicine in Asia and India [185].

8. Economic and Environmental Perspectives

The Netherlands Ministry of Economic Affairs reported that bamboo plants hold
enormous potential for sustainable resources in the quest for a global biobased economy.
In addition to presenting itself as a formidable substitute for timber and the subsequent
mitigation of deforestation, with research optimization, bamboo can offer an almost inex-
haustible resource for biomass and energy security in the future. The report highlighted
that bamboo pulp can replace wood pulp for cellulose derived textiles and other cellulose
derivatives such as viscose-rayon, cellulose esters, and cellulose ethers. It was further noted
that managing bamboo crops requires little or no need for pesticides and/or biocides as it
is seldom attacked by pests or diseases, thereby making bamboos both environmentally
and ecologically benign [186]. Manandhar et al. [187] highlighted that bamboos are only
sustainable construction materials provided that they are cultivated and harvested using
sustainable practices, i.e., by employing a variety of harvesting cycles, which is healthy
for the bamboo plantation. Moreover, because bamboo plantations can co-exist with other
plantations, they offer added advantages for land economy and optimization. In addition,
bamboos can be used for regenerating lands devasted by flood and deforestation and, with
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some species known to be drought-tolerant, it may be possible to cultivate bamboo planta-
tions in large areas of dessert [188] that are ordinarily untended. Moreover, bamboos, as
construction materials, demonstrate the lowest energy requirements and cost implications
compared with conventional brick and concrete materials, with the added advantage of
impacting positively on the local economy by creating both direct and indirect jobs [187].

Gasparatos et al. [189] posited that, in relation to the life cycle assessment (LCA)
of biobased derived fuels, it would be naive to argue that a single classification of their
impacts and sustainability will suffice, without considering further contributory factors
such as an environmental and socioeconomic framework for current biobased processes and
technologies. It was argued that these contributory factors are fundamental to delivering a
well-rounded and unbiased assessment of the associated trade-offs and factors that lead
to bioderived fuels being advocated. Hence, presenting a one-sided impact assessment
without a comprehensive geopolitical consideration is unlikely to gain acceptance. In
addition, there are no reliable processes to comprehensively demonstrate the environmental
and socioeconomic impacts of bioderived fuels [190].

Bamboo plantations act as windbreakers, sun shields, air purifiers (providing 35%
more oxygen equivalents relative to trees), and carbon dioxide recyclers (an estimated
12 tons per hectare). Furthermore, they can control erosion to mitigate desertification,
sustain watersheds, and mitigate the disappearance of wetlands (which are disappearing
three times faster than forests) [87,191]. Typically, advancements in material science and
engineering give rise to significant economic gains. These gains have associated benefits,
such as the advancement in the standard of living, the enhancement of environmental
quality, and a reduction in the demand for imported materials (thereby conserving scarce
foreign exchange reserves), thus improving a nation’s trade balance [192]. Therefore, a
synergized and concerted collaboration between governments, industries, policymakers,
and other key players along the bamboo-economy value-chain will create pathways for
the mitigation of global warming, improved energy security, and the creation of jobs. This
should correspond to a marked reduction in the dependence on fossil-based hydrocarbons
and their derivatives, thus impacting global energy politics [193–195].

9. Constraints on Lignocellulosic Biomass Optimization

Among the top-ranking factors constraining lignocellulosic biomass optimization to
produce value-added chemicals and fuels are the transmutation processes and technologies.
Unlike the well-established petroleum chemistry and technological processes, the recalci-
trant nature of lignocellulosic biomass stemming from its complex chemical constitution
(i.e., the dissimilarity in the chemical compositions, structures, and reaction conditions of its
components), interwoven connectivity via covalent bonds, and heterogeneity of feedstocks,
presents severe challenges to attaining optimal yields for targeted products. Comparatively,
the breakdown of lignin and hemicellulose is easier to achieve than cellulose, the decompo-
sition and depolymerization of which can be challenging and energy-consuming. Moreover,
the heterogeneity of bamboo biomass constituents, even within the same species, requires
continuous adjustment of the pretreatment processes and technologies, thereby hampering
process integration and resulting in high-cost implications. Further to the intricate and
inert nature of lignocellulosic biomass, the constitutional ratios of elemental carbon, oxy-
gen, and hydrogen inherent in lignocellulosic biomass present additional challenges in its
chemocatalytic and enzymatic transmutation [46,196]. For example, Kabbour et al. [197]
highlighted the challenges presented by the autocatalytic processes employed in lignocel-
lulosic biomass valorization into furfural, which, they argued, are not convincing in terms
of yield and selectivity. They further posited that although the use of biphasic systems
shows promise, this process is limited by the difficulty of solvent recovery, thereby ham-
pering the commercialization of these technologies. Similarly, Kawamoto [198] reported
that pyrolysis-based (e.g., fast pyrolysis and gasification) technologies present promising
pathways for the efficient and high-yield valorization of lignin into bioderived chemicals
and materials. However, this study also asserted that more advanced research, especially
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in understanding the mechanisms and chemistry involved in lignin transmutation during
pyrolysis/gasification technologies, which are in infant stages, may be significant in the
development of the controlled pyrolysis and gasification processes in order to overcome
the current limitations in product yield and selectivity [198].

Furthermore, the economy, availability, and cost of lignocellulosic biomass feedstocks
for the production of materials, chemicals, and fuels is another hurdle facing the opti-
mization of these processes. It is was reported that around 1 billion tons of lignocellulosic
biomass are needed annually to compensate for about 30% of the petroleum consumption in
the United States [199,200]. To put this into context, in 2012, only about 341 million tons of
lignocellulosic biomass were readily available, with a projected estimate of 1.0–1.3 billion
tons of lignocellulosic biomass expected to be readily available by 2030 [196], thereby
highlighting a huge demand and supply gap. Other factors, such as soil requirements and
climatic conditions, must also be considered in order for optimal cultivation to be achieved.
Moreover, lignocellulosic biomass harvesting can be affected by issues ranging from ma-
chinery requirements, soil contamination, and moisture content during harvesting to
logistical challenges (i.e., the supply chain), and different lignocellulosic biomasses require
different harvesting methodologies, machinery, and pre-transportation treatments [201].

It is possible that, as bamboo plants gain global prominence as commercially viable
crops, the challenge of navigating the risks of biodiversity depletion due to monocultures
may need to be considered. In addition, the possibility of “cultivation abuse”, such as the
use of chemical fertilizers to enhance yields and increase profits, cannot be overlooked [202].
Therefore, there is a requirement for international standardization to promulgate guidelines
for bamboo lignocellulosic biomass resources, processing, and product derivation.

10. Conclusions

In the past, notable advancements have been made in the utilization of materials
based on experiential knowledge of their characteristics and attributes in relation to their
origin, treatment, and subsequent applications. These concepts are similarly invaluable
in approaching the optimization of bamboo biomass, which is a critical component of
strategies for achieving a circular economy and for the development and enhancement of
sustainable materials. The utilization of bamboos in various applications and uses has been
demonstrated as a potential alternative for timber, thereby presenting an opportunity for
mitigating deforestation. In addition, bamboo grooves can also help in mitigating dessert
encroachment, soil erosion control, and the preservation of vanishing wetlands, which are
critical to Earth’s ecosystems.

In addition to considering bamboo-derived hydrocarbons as benign alternatives to
fossil-based hydrocarbons, not to mention the momentous role played by green vegetation
in the oxygenation of the Earth and the subsequent radiation of life, it has been demon-
strated that bamboos possess suppleness, are ecologically viable, exhibit performance in
applications such as construction, and are sustainable. Hence, green vegetation such as
bamboo plants presents an unrivalled opportunity for scientists and engineers to meet our
current technological needs while not endangering the environment for future generations
through the mass harnessing of solar energy. Moreover, it may not be unrealistic to opti-
mize Earth’s deserts for bamboo plantations and renewable biomass cultivation to mitigate
challenges associated with land demand.
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