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a b s t r a c t

Humans have relied on biomass for survival and development since the Stone Age. All aspects of human

needs for materials are covered by tools, fuel, and buildings. Nowadays, metals and petroleum-based ma-

terials are widely used in highly developed industries. Unfortunately, environmental contamination and

the loss of natural resources have led to the reemergence of biomass resources as efficient and sustainable

energy sources. Notably, simple and direct applications can no longer meet the demand for functional-

ization, high performance of materials and construction materials. Therefore, it is imperative to modify

biomass and combine its utilisation to produce functionalization and high performance materials. For ex-

ample, construction materials with superior mechanical properties and water resistance can be produced

by reinforcing fibres to facilitate crosslinking. Water-oil separation or adsorption effects of hydrogels and

aerogels are determined by the porosity and lightness of biomass, biocomposite conductor is prepared by

chimaeric conductive material. Here, we review the approaches that have been taken to devise an envi-

ronmentally friendly yet fully recyclable and sustainable functionalised biocomposites from biomass and

its potential directions for future research.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Petroleum-based polymers and metal materials with high

strength and flexibility have become the basic requirements of

modern materials [1–3]. However, the production of metal materi-

als and petroleum-based polymers is associated with the emission

of solid atmospheric particles, dust pollution and global warming

[4,5]. Consequently, there is a need for alternative environmentally

friendly and sustainable materials to mitigate these environmental
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issues [6]. There are various alternatives, including the substitution

of synthetic polymers with biomass materials, which has been the

current research focus [7].

Efforts have been made to develop biomaterials that are com-

pletely biodegradable and environmentally friendly [8]. Biocompos-

ites with ideal properties conforming to the definition of “green”

are created using natural fibres as the basis material [9]. Consid-

ering the limited size of natural fibres, it is necessary to cross-link

and bond the fibres artificially to prepare various biocomposites

[10]. For this reason, filler polymers are needed between the fibres

as an intermediate product that connects them and imparts bond

strength in the material [11,12]. At present, petroleum-based resin

adhesives are primarily used as filler polymers in biocomposites

https://doi.org/10.1016/j.cclet.2023.108817
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because they possess high bonding strengths and good water resis-

tance [13]. Since the original intention was to develop green com-

posite materials, the consumption of petroleum resources and the

release of formaldehyde have undermined that goal [14]. Therefore,

the ability of green biocomposites to completely degrade into the

water and carbon dioxide in nature determines whether the ma-

terial is “environmentally friendly” and “recyclable”. Then, optimal

results could be achieved by selecting appropriate substrates and

reinforcement materials [15,16].

The study of high-performance and functional biocomposite has

always been the focus of material scholars [17,18]. Despite be-

ing a great alternative to high-pollution materials, green biocom-

posite materials still have to meet social demand. Plant biomass

is readily available, less expensive, and more suitable as a com-

posite material reinforcement than animal and bacterial biomass

[19]. Plant species contain various materials that provide mechan-

ical strength to their stems [20]. In addition to being lightweight

and high-strength, plant fibres are also useful reinforcement mate-

rials for consideration [21]. However, plant biomass cannot be used

on large scales due to its poor durability and mechanical proper-

ties [22,23]. The current simple and direct application cannot ef-

fectively exploit the advantages of plant biomass, hence these re-

sources are usually modified to cater to modern materials require-

ments [24,25]. Biomass engineering materials have been demon-

strated to solve the problems related to fibre water resistance and

compatibility. For instance, water/aerogels generally use cellulose

skeletons to add and modify functional groups on the skeletons,

which enhances the adsorption capacity and water retention prop-

erties of biomass gels [26,27].

Currently, there are two types of methods for preparing bio-

composites based on their structural characteristics. “Top-down”

biocomposite preparation uses the structure and properties of

biomass to synthesise composite materials adopting lightweight

directional plant fibre as an excellent skeleton [28,29]. From a

macro perspective, this production method is simple, effective,

and cheaper, which allows for massive supply. As oppose to that,

the “bottom-up” method has gradually gained acceptance as in-

creasing awareness of biomass structures and the maturity of mi-

cro/nano structures. Biocomposites can be constructed layer-by-

layer using natural fibres as scaffolds and templates. In addition,

the large interfacial area and tunable properties of micro-nano

interfaces make them ideal for potential functional applications

as well as the replacement of traditional materials for the in-

lay of subsequent scaffolds [30]. In the preparation of biocom-

posites, the “bottom-up” preparation method can effectively con-

trol the inherent structural defects of natural biomass itself, thus

obtaining better performance. In addition, it has more functional

possibilities due to the structure being built from the ground up

[31,32].

With the above two methods, many reports have been pub-

lished on the preparation of new engineering, adsorption, and con-

ductive materials from biomass, suggesting the broad application

prospects of biocomposite materials. However, the biocomposites

reviewed in the existing reviews usually focus on obtaining bet-

ter performance, while ignoring the advantages of biomass recy-

cling. There have been recent reports on high-performance multi-

functional green biomass composites that are fully recyclable and

pollution-free [33,34]. Hence, this article reviews the aspects of

recyclable high-performance functional composite materials pre-

pared from biomass and the existing green biocomposites, dis-

cusses the potential future of green biocomposites, retrieves the

recent development overview of green biocomposites from the as-

pects of preparation technology and applications, expounds the re-

quirements and development trends of green biocomposites, and

provides development prospects for green biocomposites (Fig. 1)

[35–41].

2. Green biocomposites

2.1. Purposes of the green biocomposites

"Green biocomposites" refers to composite materials that are

environmentally friendly, biodegradable and derived from renew-

able resources [42,43]. Currently, biomass is primarily employed

as a reinforcement material, and its high specific strength and or-

dered three-dimensional structure make it effective as the raw ma-

terials for composites [44,45]. However, most composite materials

are from non-renewable petroleum-based polymers or problematic

inorganic substances [46]. Accordingly, green biocomposites can be

prepared using degradable biomass or natural polymers extracted

as a matrix with natural fibre as reinforcement [47,48]. Neverthe-

less, it should be noted that biomass has structural defects and a

low industrial scale, resulting in inferior performance and prepara-

tion costs compared to highly polluting materials, such as metals

and petroleum-based materials [49,50]. In view of this, the modifi-

cation of mechanical strength and optimisation of the preparation

process to adapt to large-scale production represents the exciting

research focus in biocomposites [51,52].

2.2. Selection of raw materials and disadvantages for biocomposites

The majority of biocomposites are made by extracting natural

fibres from plant biomass or directly using the fibre framework

found within the biomass itself (Fig. 2 and Table 1) [53–56]. Lig-

nocellulosic components could be a suitable substrate for reinforc-

ing green biocomposites [57]. Additionally, fibres from mammals

and insects including silk, possess relevant chemical components

to fabricate green biocomposite materials. Unfortunately, its usage

is restricted due to its expensive price, limited availability, and lim-

ited sources, mass production encountered difficulties [58–60].

In light of their straight structure and rich functional groups,

plant fibres are ideal for targeted modification [61]. Despite this,

the substantial amounts of hydroxyl groups found in natural fibres

is caused by hemicellulose and amorphous cellulose; this makes

the fibre structure easy to degrade (Figs. 3a-d) [62,63]. Since the

matrix and fibre are usually combined through hydrogen bonds

that possess low bond energy (Table 2) [64], hydrogen bonds can

be easily broken under various conditions [65]. Thus, the combi-

nation of fibres and matrix becomes loose and subsequently re-

sulting in poor mechanical properties. As such, adequate modifica-

Table 1

The content of each component of plant fibre.

Fibre source Cellulose (%) Lignin (%) Hemicellulose (%) Ash (%) Ref.

Abaca 56–63 7–9 15–17 3 [54]

Bamboo 26–43 21–31 30 1–2 [54]

Cotton 85–90 – 5.7 0.6 [54]

Flax 71 2.2 18.6–20.6 – [55]

Kenaf 31–57 15–19 21.5–23 2–5 [55]

Poplar 35–40 25–28 26–30 4–6 [56]

Table 2

Common chemical bonds energies [64].

Chemical bond Bond energy (kJ/mol)

C-C 332

C=C 611

C=O 728

C–O 326

H···H 200

C-H 414

O–H 464

S-O 364

C-N 305

2
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Fig. 1. Biomass raw materials and application strategies. Copied with permission [35]. Copyright 2022, Elsevier. Copied with permission [36]. Copyright 2017, Royal Society

of Chemisitry. Copied with permission [37]. Copyright 2018, Advanced Materials. Copied with permission [38]. Copyright 2019, American Chemical Society. Copied with

permission [39]. Copyright 2021, Elsevier. Copied with permission [40]. Copyright 2020, Elsevier. Copied with permission [41]. Copyright 2022, Elsevier.

Fig. 2. Composition classification of natural fibres. Copied with permission [57],

copyright 2018, elsevier.

tions should be performed to enhance the bonding strength and

mechanical characteristics. amongst the commonly used modifi-

cation methods such as treatment of silane, acetylation, toluoyla-

tion and permanganate, acid/alkali treatment represent the greener

and simpler method to pretreat the product [66]. It was found

that when the appropriate temperature and acid/alkali concentra-

tions were applied, the main contributor to hydroxyl groups (i.e.,

hemicellulose and Amorphous region of cellulose) in plant fibres

was removed, which improved the water resistance of the fibres.

Upon acid/alkali treatment, the surface becomes rougher and the

increased surface area provides an avenue for subsequent function-

alisation [67,68].

According to Zheng et al. [69], bamboo fibres can be success-

fully treated by a simple acid treatment followed by mechanical

ball milling. The combined action of the ball mill and acidic con-

ditions resulted in decreased hemicellulose content in the fibres

and increased relative cellulose content (Fig. 4a). As can be seen

from the SEM picture and XRD pattern, bamboo fibres are more

compatible with composite materials prepared after acid treatment

(Figs. 4b-d). Thus, the increase in the proportion of fibre crystalli-

sation area greatly enhances the water-resistance of the fibre. In

a study by Vijay et al. [70], the alkali treatment of natural fibres

obtained from three-edged moss resulted in smaller diameters as

well as a rougher surface. The results indicate that the alkali treat-

ment removes the amorphous region and hemicellulose of the fi-

bre. The XRD peaks showed that the damage is concentrated in the

amorphous regions of cellulose, hemicellulose, and lignin, which

is evident from the increased intensity of peaks after alkali treat-

ment (Fig. 4e). Through the destruction of amorphous cellulose and

hemicellulose, free hydroxyl groups are reduced and fibre compati-

bility is increased (Figs. 4f and g). Table 3 [71–79] shows the treat-

ment processes.

3
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Fig. 3. Impact of natural fibres absorbing water on the mechanical characteristics of composite laminate. (a) Fibres swell upon hydration. (b) Water molecules move along

the fibre-matrix contact in capillary action. (c) Leaching of a water-soluble compounds from fibres. (d) Ultimate fibre-debonding. Copied with permission [63]. Copyright

2021, MDPI.

Fig. 4. (a) Acid treatment of bamboo fibre. (b) Acid treatment of the impact of crystallisation in the characterisation of XRD. (c, d) Acid pretreatment of fibre SEM image

changes. (e) Alkali treatment of the impact of crystallisation in the characterisation of XRD. (f, g) Alkali pretreatment of fibre SEM image changes. Copied with permission

[69]. Copyright 2023, Elsevier. Copied with permission [70]. Copyright 2019, Elsevier.

The study of biomass is not limited to plant fibres, but also

includes studies on animals and bacteria [80,81]. A degradable

biomass-derived poly(polybutadiene adipate-co-furanoate) (PBAF)

has been developed from sulfated chitin nanowhiskers (SCHWs)

under alkaline conditions (Fig. 5a) [82]. The polymerised film pro-

duced by SCHW is easier to degrade (Figs. 5b and c), and the

degradation products produced are harmless, which highlights its

great potential beyond the laboratory. Recent research also focuses

on existing bacterial cellulose preparation technologies [83]. A

functionalised bacterial cellulose solution was proposed by Gilbert

et al. [84] to maximise the use of bacterial cellulose with high

fineness and crystallinity as biomass. Through an in situ synthesis

technique, Wan et al. [85] developed a composite film of Ti3C2Tx
MXene and bacterial cellular (BC) that is ultrathin, strong, and

highly flexible. This ultrathin film has both electrical conductivity

and mechanical strength suitable for electromagnetic interference

(EMI) shielding applications (Fig. 5d). As a result of this approach,

Ti3C2Tx MXene nanosheets are uniformly dispersed through the 3D

BC network to provide the film with excellent mechanical strength

and flexibility (Fig. 5e).

4
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Table 3

Commonly used fibre pretreatment methods.

Biomass raw material Pretreated methods Refs.

Radiata pine 10 wt% NaOH solution, 110 °C, 25 min [71]

Empty fruit bunches 2 wt% NaOH solutiion, 100 °C, 30 min [72]

Kenaf bast lactic acid (80 wt%), microwave heating for 30min, 130 °C [73]

Bamboo residues 2 wt% H2SO4 solution, 180 °C, 1 h [74]

Sugarcane bagasse 2 wt% NaOH, 120 °C, 1 h [75]

Reed 75 wt% p-toluenesulfonic acid, ball-milling, 90 °C, 30 min [76]

Balsa wood choline chloride and oxalic acid at 100 °C, 1 h, dipped into a deep eutectic solvent for 2 h, 80 °C [77]

Poplar the vapour of H2O2 and acetic acid, 5:4 the volume ratio, 160 °C, 4 h [58]

Raw bamboo 10 v/v% peroxyformic acid solution (30% hydrogen peroxide and formic acid 1:1 substance volume, 1 wt% sulfuric acid), 50 °C, 12 h [78]

Nature wood 2.5mol/L NaOH, 0.4mol/L Na2SO3, 100 °C, 7 h [79]

Fig. 5. (a) The Tyndall effect is produced by SCHW, and photographs of SCHW dispersions in the 1,4-butanediol monomer at different concentrations (wt%) have been

obtained. (b) In situ polymerization is used to produce composites of PBAF and PBAT loaded with SCHW. (c) Optical illustrations of the films (10×10 cm) taken during

composting. The insets are the corresponding SEM images (scale bars: 5 μm) Copied with permission [82]. Copyright 2022, ACS Sustainable Chemistry & Engineering. (d)

Schematic illustration of EMI shielding mechanism of Ti3C2Tx/BC composite films. (e) Structure of Ti3C2Tx/BC hydrogel and Ti3C2Tx/BC film. Copied with permission [85].

Copyright 2021, American Chemical Society.

Biocomposite materials require a matrix that integrates rein-

forcement efficiently to maximise material performance through

internal interactions. The matrix serves the purposes of bond-

ing, balancing and dispersing loads as well as protecting the fi-

bres. In this regard, the choice of matrix and reinforcement for

green biomass composite materials is different. The natural adhe-

sive properties of lignin, chitin, and proteins make them suitable

for use as biomass substrates.

There are several types of proteins with wide sources plus easy

modification options. Proteins are usually incorporated into adhe-

sive substrates as substrates. However, proteins have hydrophilic

groups on their surfaces, and green biocomposites prepared with

protein-based adhesives would have poor water resistance. Hence,

modifications are necessary to the protein matrix to improve wa-

ter resistance and binding strength for green biocomposites [86].

Zhang et al. prepared a strong viscous actuation by gecko toe

brush-like structure through bionic gecko toe and oyster bio-

mineralised structure. A bio-mineralised structure is formed when

Ca3(PO4)2 binds to soybean protein (SP) through this polymer (Fig.

6a) [87]. Mildew resistance and flame-retardant properties are im-

5
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Fig. 6. (a) Brush-like polymers combine Ca3(PO4)2 with soy protein in biomineralised structures. TGA: triglycidylamine. Copied with permission [87]. Copyright 2022, Elsevier.

(b) The intermolecular interactions in the adhesive system and the preparation process of the SF-Ca-TA-HDE adhesive. Copied with permission [88]. Copyright 2022, Elsevier.

proved as a result of this inorganic-organic composite structure.

In addition, Bai et al. forms a stable and tough cross-linked net-

work inside the protein through strong metal coordination and in-

creased covalent bonds, endowing the adhesive with better perfor-

mance (Fig. 6b) [88]. Notably, these biomass adhesives serve as a

good matrix and are considerably greener than resin or petroleum

macromolecular polymers.

It is still premature to consider protein adhesives to be the pre-

ferred alternative to petroleum-based materials in composite ma-

trices given the current state of development. Moreover, if the dis-

advantages of non-reusable adhesives are considered, the recycla-

bility of green biocomposites is compromised. Therefore, reinforce-

ments should be bonded and protected by other substances instead

of adhesives when producing green biocomposites [89]. In the last

century, plastics have been used as a matrix to produce glue-free

biocomposites [90]. The thermoplasticity of plastics allows the re-

inforcing materials to be connected through plastic melting and

resolidification when preparing biocomposites [91]. Moreover, the

wear resistance and water resistance of the plastic surface can ef-

fectively protect the reinforcement inside [92]. Recycling plastic

could be used as the base material to reduce petroleum resource

consumption during the pretreatment and manufacturing process

of wood-plastic composite materials [93]. While industrial poly-

mers such as plastics originate from petroleum, they are still en-

vironmentally harmful when discharged and disposed of [94]. A

plastic-free binder and even a petroleum-free strategy is therefore

essential for sustainable and recyclable green biocomposites.

Plastic-free binder strategies enable materials to be prepared

without adverse environmental effects, as well as increase product

recovery rates. While biomass fillers such as lignin and chitosan

can be used to link reinforcements, these connections lack strength

and diversity. By manipulating the connection method and selec-

tively modifying functional groups, the biomass substrate can im-

prove strength and functionality (Figs. 7a and b) [95,96]. It has

been proposed by Jiao et al. [96] that lignin may be used as a hy-

drogel substrate instead of a petroleum base and sulfomethylated

to increase water solubility (Fig. 7a). Ultrasonic-assisted free radi-

cal polymerisation has also been proposed as another strategy for

the synthesis of lignin-based hydrogels, which can be achieved in

aqueous systems with milder reaction conditions and shorter re-

action times [97]. According to Moreno et al. [98], the viability

of lignin-based smart materials for novel high-performance appli-

cations may be shown, while the difficulties and possibilities for

their development can be found.

Unlike fibers used as engineering materials, water-retaining

fibers have been reported in the preparation of biomass hydrogels.

Contrary to the method of water-repellent treatment of fibers, the

hydrophobic components in the fibers, such as lignin, need to be

removed during the preparation of water-retaining fibers. Exposing

the free hydroxyl groups in cellulose to the external environment

can effectively retain water. Kong et al. prepared water-retaining

wood-based fibers from wood and combined them with polyacry-

lamide (PAM) polymers to create strong, anisotropic, flexible, and

ionically conductive wood-based hydrogels [37].

6
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Fig. 7. (a) Representation of the production and subsequent use of SL-g-PAA hydrogel for the chemiluminescence and adsorption of heavy metal ions in a schematic form.

Copied with permission [96]. Copyright 2022, Elsevier. (b) Hexavalent chromium removal from aqueous solution using composite microspheres made of chitosan. Copied

with permission [95]. Copyright 2022, Elsevier.

3. Preparation of green biocomposites

Biocomposites can be prepared in two ways. As seen from the

macroscopic perspective, the “top-down” method of directly util-

ising the biomass structure is a mature and low-cost technol-

ogy suitable for large-scale production and utilisation. However,

biomass presents structural defects that are difficult to modify

with limited structure expansion, the result being that it cannot be

fully qualified for applications requiring greater performance and

diversification. As people become more aware of the microstruc-

ture of biomass and nanotechnology matures, “bottom-up” prepa-

ration methods are becoming increasingly popular. It is more con-

venient to achieve homogeneous and excellent performance using

biomass materials as the base layer of composite materials.

3.1. “Top-down” preparation of green biocomposites

The top-down material preparation method is to prepare com-

posite materials by various techniques such as etching or heat

treatment through substances of larger size (from micrometre to

centimetre). The structure and properties of the material largely

depend on the properties of the biomass used as raw materials

[78,99]. This preparation method has the advantages of high preci-

sion, controllable structure, and adjustable properties and has seen

widespread use in industries like electronic and optical materi-

als [100]. Biomass can be used as a scaffold for creating compos-

ite materials by retaining their original skeleton, and this method

maximises the porosity, lightweight, and specific strength of natu-

ral fibre raw materials.

The skeletons of natural plant fibres, such as wood and bam-

boo, contain a great deal of amorphous cellulose and abundant hy-

droxyl groups, which need to be partially or completely removed

in order to facilitate the modification of cellulose [101–104]. Fol-

lowing air drying or hot pressing, the binding inside the fibre is

strengthened, thereby replacing pores and defects within natural

fibres with dense clusters of fibres, covering up some defects such

as hydroxyl group exposure caused by porosity as well as increas-

ing hydrophilicity and destroying mechanical structure (Figs. 8a-c)

[79,101,105]. As a result, fibres exhibit excellent mechanical prop-

erties, specific strength, and anisotropy due to an increase in their

distribution of unit area [106]. Overall, this method can provide

suitable materials for hydrogel or aerogel preparation owing to

the extensive surface area of the preserved original fibre structure

(Figs. 8d and e) [107,108].

Xia et al. proposed a method for preparing lignocellulosic bio-

plastics through in-situ lignin regeneration, which produced a uni-

form and highly viscous cellulose-lignin pulp [109]. A highly dense

structure is created due to the lignin filling the micro/nano fi-

bre space in the fibre cellulose network. Since the raw material

is entirely biomass, the finished product is safely biodegradable

in nature or readily recyclable [110]. Additionally, lignin with mi-

cro/nano cellulose original fibres is entangled on a nanoscale and

hydrogen bonds are formed between them. The bioplastics re-

sulted from lignocellulosic exhibit excellent water stability, high

7
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Fig. 8. (a) Rapidly prepare strong microwave-induced dense bamboo structure by microwave heating and partial delignification. Copied with permission [105]. Copyright

2020, American Chemical Society. (b) Schematic of a top-down, two-step approach to directly transforming large pieces of natural wood into ultra-strong, tough, dense

wood. Copied with permission [79]. Copyright 2018, Springer Nature. (c) Reinforced bamboo prepared from natural bamboo. Copied with permission [101]. Copyright 2020,

John Wilcy and Sons. (d) Fabrication of anisotropic airgel by leveraging the wood anisotropic structure and natural hierarchy. Copied with permission [107]. Copyright 2020,

ACS Publications. (e) Preparation of anisotropic, lightweight, superamphiphobic and thermally insulating rattan airgel. Copied with permission [108]. Copyright 2022, Elsevier.

mechanical strength, improved thermal stability and UV resistance

[111].

3.2. “Bottom-up” preparation of green biocomposites

The bottom-up preparation approach produces biomass com-

posite materials based on the microstructure of materials such

as atoms, molecules, and crystalline grains, providing macroscopic

structures through layer-by-layer assembly and self-assembly [112].

By contrast to traditional top-down processing methods, the

bottom-up approach alters the underlying logic of the biomass

in order to control the properties of the biomass and to im-

prove its performance and scalability [113,114]. Additionally, the

reconstituted biomass exhibits a higher strength and stability than

biomass, making it a suitable material for various engineering pur-

poses and functional applications [115].

The biomass scaffold constructed at the microscale has excel-

lent performance and multifunctionality due to component align-

ment [116,117]. Therefore, when developing biomimetic materials,

controlling the orientation of nanoparticles is crucial [118]. The

mechanical, optical, and swelling properties of a material may

be enhanced after the nanoparticles have been aligned success-

fully. Several scaffold frameworks were made from nanocellulose,

and new arrangements, including porous and fibrous materials,

could be obtained by altering the underlying structure of the scaf-

fold and its layered arrangement (Fig. 9a) [30]. Since nanocel-

lulose is anisotropic, various external forces can be used to po-

sition it, such as rotational coatings, immersion coatings, extru-

sion/rotation, stretching/stretching, and casting. Complex networks

can be achieved by actively aligning nanofibres in a uniaxial man-

ner using shear forces. Therefore, the “bottom-up” approach gen-

erally produces hydrogels and aerogels that have a complex struc-

tural composition, or layered fibres or films (Figs. 9b-d) [119–122].

Nanocellulose and lignin have been proposed as materials for re-

constructing reinforced materials and enhancing biomaterials from

the bottom up (Fig. 9e) [123]. This pure natural, biodegradable ma-

terial has high water stability, low cost and excellent mechanical

properties, it is therefore a promising contender for replacing plas-

tic products.

The construction of functional composite materials can be

achieved using a variety of biomass substrates as part of an or-

dered framework of nanofibres with various functionalities de-

pending on the functional groups on the fibre surface, as well as

the characteristics of the substrate [17,124]. An environmentally

friendly, low-cost piezoelectric film was developed by Hänninen

by combining chitosan with a nanofibre framework to produce a

piezoelectric substrate that can be used as a sensor and energy

harvester [125].

4. Application prospects and development trends of green

biocomposites

Biocomposites that are environmentally friendly and sustain-

able are not limited to the use of existing biomass. It is necessary

to use high-performance and functional materials to obtain higher

performance and broader application value as a means of replac-

ing some high-polluting production materials. Preparation methods

should be selected according to the application scenario and re-

quired performance, as well as changing their physical and chemi-

cal structures in order to cater to several uses including packaging,

construction, and medicine. The functional utilization and superior

performance of biomass composites is anticipated to become a sig-

nificant research area as technology advances.

8
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Fig. 9. (a) Schematic illustration of Cellulose nanocrystals and Cellulose nanofibers (CNC and CNF) production from natural wood sources and their hierarchical organisation

into new aligned, porous, and fibrous materials through bottom-up fabrication. Copied with permission [30]. Copyright 2020, Advanced Materials. (b) Nanocellulose hydrogel.

Copied with permission [120]. Copyright 2018, Royal Society of Chemistry. (c) Nanocellulose film. Copied with permission [121]. Copyright 2014, Elsevier. (d) Nanocellulose

hydrogel prepared by in situ radical polymerisation of graphene-coated CNFs, acrylic acid monomers, and Fe3+ ions. Copied with permission [122]. Copyright 2020, Elsevier.

(e) Schematic diagram of plant fibre-lignin reinforced composites. Copied with permission [123]. Copyright 2021, John Wilcy and Sons.

4.1. Biocomposites for engineering materials

Biocomposites, such as resin-based wood-based panels like par-

ticleboard, medium-density fibreboard, and plywood, are com-

monly used in engineering materials [126]. However, their

mechanical properties are limited and rely on petrochemical adhe-

sives, resulting in significant pollution and non-recyclable products

that do not meet the sustainability requirements of green biocom-

posites [127,128]. Therefore, it is imperative to introduce advanced

strategies to design and manufacture new sustainable structural

materials (Figs. 10a-i) [129–135]. Mechanical properties and wa-

ter resistance are the primary criteria for engineering materials,

while low costs are needed to meet large-scale production de-

mands [136]. As a result, the top-down approach should be used

more extensively in the preparation of engineering materials in or-

der to reduce costs and increase output [137]. Moreover, it is perti-

nent not to undervalue the potential applications of bottom-up re-

combinant biocomposites. High-performance supports and outdoor

applications are more popular due to their higher performance and

greater controllability.

Despite the inherent strength of natural fibres, the density of

biomass is significantly lower than its actual density due to struc-

tural defects and sparse fibre distribution. This material does not

meet the usage standards of engineering materials, and its poor

water resistance renders it unsuitable for wet environments [138].

To address this problem, two solutions have been proposed. One

involves promoting fibre bonding through fibre improvement [139].

By blocking the interaction between surface hydroxyl groups and

moisture, dense binding produces more hydrogen bonds between

fibres, thus enhancing the mechanical performance of fibres per

unit area [104,140]. Guan [141] embeds metal ions into wood flours

by nano-etching and surface activation. The addition of metal ions

strengthens the binding between fibres, making the green biocom-

posite material have better mechanical properties. Also, the addi-

tion of metal ions greatly increases the specific surface area, which

provides a strategy for the preparation of functional engineering

materials in the future.

The second method involves modifying the matrix of biocom-

posite materials to improve the compatibility and water resistance

amongst the matrix and fibres, thereby enhancing the overall per-

formance of the biocomposite material [142]. By filling the matrix

between fibres, the modified matrix prevents water, air, and bacte-

ria from damaging the structure of the material and connects the

fibres to enhance its hardness and impact resistance. amongst the

excellent biomass-based materials are chitosan, lignin, and various

biomass adhesives [143]. Rath strengthened the material using chi-

tosan and flax fibre, creating a biocomposite material with lower

density but stronger performance [144]. Zhu has developed bio-

composites far superior to conventional plastics by adding lignin

to nanocellulose [145].

9
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Fig. 10. Application of green biocomposites. (a, b) Bionic green engineering biocomposite materials have high performance and mechanical strength. Copied with permission

[169]. Copyright 2020, ACS Nano. (c) Large surfaces can be used to engineer green biocomposites. Copied with permission [134]. Copyright 2020, Oxford University Press. (d)

Some applications of green biocomposites in engineering materials. Copied with permission [170]. Copyright 2022, Elseiver. (e) Removal of heavy metal ions from water by

green bio-sorbent materials. Copied with permission [171]. Copyright 2023, Elseiver. (f) Efficient removal of NaCl from salt solution by biomass activated carbon. Copied with

permission [172]. Copyright 2019, Elseiver. (g) Green biocomposites in water-oil separation. Copied with permission [173]. Copyright 2022, Elseiver. (h) Biocompiste solar

powered water evaporation system. Copied with permission [174]. Copyright 2021, Elseiver. (i) Green biomaterial in electromagnetic shielding with fire resistance. Copied

with permission [175]. Copyright 2020, Elseiver.

4.2. Applications of biocomposites in adsorption

Dense biomass is not the only development direction for bio-

composite materials, the naturally porous structure makes it ideal

for adsorption materials [146,147]. Moreover, biomass is very suit-

able for functional modification due to its diverse functional

groups [148]. The porous nature of biomass is also well suited to

serve as attachment sites for highly adsorbent materials [149]. Ma

et al. prepared magnetic WC–Co composites by carbonising ZIF-

67@wood obtained by in situ growth of ZIF-67 on wood, which can

effectively adsorb organic dyes in water and can be reused, which

has broad application prospects in practical wastewater treatment

[41]. It is possible to obtain porous cellulose gel networks by per-

forming a top-down chemical process. It has been demonstrated

that biomass hydrogels can be manufactured at a low cost due to

the natural water-retaining ability of fibres [150]. In natural plant

fibres, hydrophobic substances such as lignin and dense-hard cel-

lulose crystals require proper treatment to reveal the porous and

water-absorbing cellulose network [151]. Compared with the di-

rect use of natural wood, Chao et al. selectively removed lignin

and hemicellulose to prepare a highly compressible wood sponge,

this improved adhesion characteristics and produced a greater spe-

cific surface area, thereby making it possible for graphene oxide to

be adhered to crude oil to adsorb it [152]. The product has an es-

sential significance in the prevention of crude oil pollution in the

ocean.

It is also feasible to construct bio-based hydrogels with mi-

crostructures for adsorption. Building 3D scaffolds artificially us-
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ing nanocellulose can result in higher specific surface areas and

greater ease of adding other polymers for modification [153–155].

The use of green biocomposites has been extensively explored and

applied as they have several advantages in recyclability and envi-

ronmental friendliness compared with existing adsorbent materials

prepared from petroleum-based materials [156]. Reduced graphene

oxide and nano-chitosan were introduced into cellulose network

aerogels to prepare hydrophobic and lipophilic adsorption aero-

gels [157]. Zhao et al. prepared a highly efficient adsorbent using

sodium alginate and cellulose nanofibers using simple crosslink-

ing, which is capable of efficiently adsorbing Pb(II) in water. Since

biomass fibres have a wide range of functional groups, chimaeric

polymers can be easily fabricated with high stability [158].

Not only absorbing organic solvents and heavy metal ions, but

also using the natural hydrophilicity of fibers to effectively prepare

a new type of biomass sponge, And completely use solar thermal

technology to realize interface evaporation and water resource ex-

traction, which provides a new strategy for water resource utiliza-

tion in inland areas [159]. Meng et al. extracted hydrophobic lignin

from the cell wall of natural wood and combined it with MOF ma-

terials to prepare a solar-driven evaporator with a high light ab-

sorption capacity and super hydrophilicity of 5.69 kg/m2 [160,161].

Compared with other semiconductor types of solar evaporators,

this natural biomass as a substrate is lower in cost and completely

more environmentally friendly, without any environmental pres-

sure, and provides help for environmental governance [162].

4.3. Applications of biocomposites as a conductive polymer

Electronic products from biomass materials are more environ-

mentally friendly than traditional electronic products from plas-

tics and glass [163,164]. Biomass contains many reactive and po-

lar groups that can be used to prepare conductive biomaterials

[163,165]. The porosity of biomass and the presence of a large

number of functional groups enable polymers or conductive ions to

be carried over the surface to make it conductive [166]. Conductive

biomass can resist electromagnetic interference, thereby protecting

high-precision electronic equipment from failure and degradation

and minimising the risk of health problems. An alkaline pretreat-

ment of bamboo cellulose fibres followed by an in situ reduction of

silver nanofibers was used by Lin et al. to manufacture conductive

bamboo cellulose fibers [167]. An alkaline pretreatment method

can be adopted to a broad range of biomass materials, including

wood fibres, and allow selective conductivity to be achieved. Gan

et al. fabricated a fully recyclable EMI shielding material with high

mechanical properties using the abundant lignin channels of delig-

nified wood as conductive sites via in situ chemical vapour deposi-

tion [168].

Some biomasses offer excellent performance management ca-

pabilities due to their high dielectric constants and unique double-

layer electric effects; natural plant fibres can form flexible elec-

tronic materials due to their many reactive and polar groups

[169,170]. Furthermore, the toughness and flexibility of the fi-

bre make it suitable for use in flexible electronic devices and

sensors for bioimaging. Wang et al. introduced sodium ions into

nanocellulose fibres to prepare a lignocellulose nanopaper with

high ionic conductivity, electronic insulation, effective capacitance,

transparency, and ultra-smooth surface [171]. The carboxyl and hy-

droxyl groups present on the cellulose surface promote the trans-

fer of ions by absorbing water molecules, which then changes

the effective dielectric constant of the film to detect the relative

humidity of the environment. In another study, polyaniline was

added to the cellulose/chitosan composite material, resulting in

improved electrical conductivity, low voltage stress, good sensitiv-

ity, and good compression stress and strain cycle stability [172].

The product demonstrated a wide range of applications in real-

time health monitoring and human motion recognition owing to

its non-toxicity, biocompatibility, biodegradability, high mechanical

strength and porosity.

Different from the commonly used chemical adsorption, the re-

port of the new capacitive deionization (CDI) method is gradually

increasing. This new method can be effectively used in water pol-

lution control and seawater desalination and effectively reduces

the problem of water shortage. CDI is usually performed at low

voltage, applied between two electrodes that can adsorb counte-

rions from a solution according to the principle of electric dou-

ble layer (EDL). Naturally porous biomass and its derivatives have

become the precursors for making this electrode adsorption mate-

rial, and there have been many reports. Lu et al. used the pyrolysis

of xylose mixed with KHCO3 to prepare porous carbon nanosheets

from natural biomass. This low-cost and environmentally friendly

novel preparation strategy also has a salt adsorption capacity of

16.29mg/g [173]. Sheng et al. prepared nitrogenated porous car-

bon by pyrolysis of natural biomass containing urea as a nitrogen

source in natural willow and has a natural hollow microtube struc-

ture, which makes it have good desalination ability and good cycle

performance [174]. These reports provide a biomass solution for

green material preparation [175].

5. Challenges and future prospective

Biomass has gained attention recently because of its sustain-

ability and recyclability. With the development of advanced pro-

cessing technology and an in-depth understanding of biomass

structure, it became possible to transform abundantly available

biomass materials into high-performance multifunctional biocom-

posites. Following are the challenges and prospects for the devel-

opment of green biomass composite materials:

(1) It is imperative that biocomposites maintain their environmen-

tal protection characteristics since they are meant to replace

old, highly polluting and non-recyclable materials.

(2) Existing biomass materials are limited to simple but inefficient

applications such as wooden furniture and outdoor decoration,

which cannot be used to rectify their shortcomings effectively.

In the future, biocomposites should be modified to provide

higher performance or to have additional functions that allow

them to be used in wider applications.

(3) The life cycle of biocomposites needs to be regulated even

though they are completely decomposable under natural con-

ditions and environmentally friendly. When materials have a

short life cycle, they cannot be used under natural conditions,

and when they have a long-life cycle, they cannot decompose.

Hence, the durability of green biocomposites should be de-

signed to match the life cycle of the scenarios in which they

are used.

(4) The potential of fully recyclable glue-free biocomposites for en-

gineering applications remains limited, and a better method is

required to produce materials from biomass through a fully re-

cyclable preparation process.

(5) In terms of applying adsorption materials, modification to in-

crease the adsorption effect is necessary, but the current ad-

sorption and complicated preparation methods hinder the ap-

plication of green biosorption materials. Broader adsorption se-

lectivity and simpler preparation process are the development

direction of green biosorbent materials.

(6) Although biomass-based “green” electronics have made signif-

icant progress at the fundamental research level, major bottle-

necks remain to be resolved before these technologies can be

widely adopted. Nevertheless, the uncertainty of biomass struc-

ture and the low degree of electrical conductivity remain prob-

lems to be resolved. New strategies are required to achieve
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more precise control of the structure and molecular size of

biomass materials, as well as the design of special molecular

domains and device structures to improve their performance

further.

Therefore, the preparation of green biocomposites requires

biomass as the basic material, and plant fibre as the main source

may be a good method. Other reinforcing materials can increase

functionality through a large number of active groups in the

biomass itself or as attachment sites, suitable additives are cru-

cial, not only do not destroy the recyclability of the biomass itself,

but also endow the material with more functions. The mechanical

properties of the material itself depend on the combination of the

fibers themselves, so improving the compatibility and combination

of fibers may be one of the strategies to enhance the mechanical

properties.

6. Conclusion and outlook

This review provides an overview of recent green biocompos-

ites that have received significant attention for their recyclability

and degradability. Development, composition, preparation meth-

ods, and current applications of green biocomposites are discussed,

as well as their challenges and prospects. As raw materials for

green biocomposites are widely available and have a high yield,

they are cost-effective and could be produced and utilised on a

large scale. Top-down and bottom-up methods can be used to

prepare consumer-grade materials with high yields and low costs

as well as enterprise-grade materials with high performance and

precision. Various applications of green biocomposites have been

highlighted in the article, including engineering, adsorption, and

conductive materials, due to their inherent characteristics, such

as natural porosity, high specific strength, diversity of functional

groups, and high reactivity. amongst the trends in future materi-

als development will be high-efficiency adsorbents, low-cost engi-

neering materials without formaldehyde emissions, and green con-

ductive materials. Moreover, green biocomposites are environmen-

tally friendly and can partially replace non-renewable and highly

polluting materials. The use of these materials can effectively re-

duce their environmental impact and encourage the practice of

green production and living. In conclusion, green biocomposites

have broad application prospects. Future technology will result

in a greater variety of application scenarios, a wide distribution

throughout society, and a greater generation of economic and so-

cial benefits.
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