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ABSTRACT 

This study presents a comprehensive review on biochar-filled polymer composites as a 
sustainable material. Biochar has emerged as one of the most promising reinforcement 
fillers in polymer matrices owing to its high surface area, thermal stability, and 
renewability. In addition, it enhances the mechanical properties of polymer matrices, 
including tensile strength, stiffness, and impact resistance. The study examined 450 
articles published over the past decade, from November 2013 to November 2025, using 
data from Scopus and VOSviewer software to investigate global trends in research and 
international collaborations. It was followed by a critical review of various synthesis 
methods for biochars and their subsequent effects on composite properties, including 
mechanical, thermal, water-absorption, and biodegradability. Several studies have 
reported that incorporating 5–10 wt.% biochar can substantially improve the tensile 
strength, Young’s modulus, hardness, impact strength, thermal properties, and crystal
linity of polymers. Furthermore, it enhances several other properties, while influencing 
water absorption behavior and biodegradability depending on composition. The chal
lenges and prospects for biochar-filled polymer composites are also discussed in depth. 
The study concludes that economic and ecological benefits will render the biochar- 
filled polymer composite an important material for developing eco-friendly construc
tion materials, biomaterials, wastewater treatment, energy storage, CO2 capture, and 
soil remediation. 
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1. Introduction 

In recent years, research on bio-based materials has experienced exponential growth, driven by an 
increasing emphasis on sustainability and ecological awareness. As the environmental impact of traditional 
polymers has become more evident, the demand for sustainable alternatives has increased. To address this 
issue, the principle of 3Rs reduce, reuse, and recycle takes a leading role, thus creating materials that can 
contribute to a circular economy [1]. One of the key solutions lies in polymer composites made from 
combining polymers with bio-based fillers [2,3]. Among the possible alternatives, bio-derived 
reinforcements, in particular, biochar (BC) is a promising reinforcement, as it is a carbon-rich material 
produced from biomass under limited oxygen conditions [4]. BC offers many advantages, as shown in 
Figure 1, such as high surface area, high-temperature stability, renewability, cost-effectiveness, and high 
porosity [5]. Through its porous architecture and functional surface chemistry, biochar (BC) facilitates 
robust interactions between polymer chains, thereby enhancing the overall performance of the composite 
[6]. These interactions are further supported by the presence of graphite-like sp²-hybridised carbon, which 
forms graphitic microdomains within the biochar [7]. These properties make biochar a competitive 
alternative to other biofillers such as chitin, starch, cellulose, and lignin. Though BC is known for its 
light weight and thermal stability, its incorporation into the matrix increases mechanical strength owing to 
its graphitic characteristics, which enhance load transfer and rigidity. BC may be derived from a variety of 
biomass sources such as wood residues, agricultural byproducts, and food waste [8]. Atmospheric 
conditions and temperature during BC processing will have a dominant effect on its performance in 
the polymer matrix [9]. The crystalline peak and other key material elements further enhance the 
composites' mechanical and thermal properties. When BC is processed at a temperature below 800 °C 
and in a N2 atmosphere, the XRD patterns usually show a broad peak between 20° and 30° in 2θ, 
corresponding to an amorphous phase [10]. Biochar exhibits increased graphitization at temperatures 
above 800 °C [11]. On the surface of BC, there are C─O and C═O functional groups. The presence of these 
groups increases the probability of their interaction with the polymer matrix, and hence BC is a promising 
reinforcement for polymer composites [12]. 

2. Bibliometric analysis 

A literature search was conducted in the Scopus database using the keywords ‘biochar’ and ‘polymer 
composite’. A total of 450 articles published from January 2013 to November 2025 were screened based on 
titles, keywords, and abstracts. The database, including research articles, review papers, conference papers, 
and book chapters, were considered in order to capture the complete research landscape. Only duplicate 
records were removed during the data cleaning process. The analysis was performed using VOSviewer 

Figure 1. Advantages of biochar. 
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software (version 1.6.20), as shown in Figure 2a [13]. The result is displayed in Figure 2b as a word cloud, 
with ‘biochar’ at the centre, surrounded by related terms such as ‘composites,’ ‘conductivity,’ ‘adsorbents,’ 
and ‘polyethylene.’ The size of each word reflects its importance or frequency in biochar-related research. 
To map international collaboration networks, a country co-occurrence analysis was performed using 
VOSviewer, by setting a minimum threshold of two publications per country. Figure 2c illustrates the 
global distribution of research in this emerging field and shows the relationships among countries involved 
in biochar research. Each node represents a country, and the connections between them indicate 
collaboration, trade, or shared interests in biochar. Thicker lines (e.g. Canada and Italy) and larger circles 
indicate (e.g. India and China) stronger connections and more active research collaborations on biochar- 
related topics. 

3. Microstructure and elemental analysis 

The microstructure and elemental composition of biochar are essential for understanding the physical 
properties, porosity, and chemical elements of biochar. Vidakis et al. [14] performed microstructural and 
elemental analyses of the olive tree pruning biomass biochar through SEM and EDS elemental analysis as 
shown in Figure 3. Figure 3A (2000× magnification) revealed a porous and heterogeneous structure in the 
SEM image, which is interconnected cavities or channels created during the thermochemical degradation 
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Figure 2. a) Number of articles vs. year [ 13]; b) word cloud visualisation; c) global distribution of research and research 
collaboration. 
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of lignocellulosic biomass. The particle size distribution in Figure 3B shows that most of the particles are in 
the micrometre range with a wide distribution between sub-micron and tens of micrometres. A more 
detailed morphology of individual biochar particles was also observed in the higher-magnification SEM 
images (Figure 3C and D), and these particles had irregular shapes and sharp edges and rough surfaces. 
Figure 3E shows the EDS spectrum gives an idea of the elemental composition of the biochar. The analysis 
shows that carbon was the dominant element (84.29%), confirming the carbon-rich nature of the biochar. 
Oxygen is the second most abundant element (14.31%), which is typically associated with oxygen- 
containing functional groups such as hydroxyl, carbonyl, and carboxyl groups present on the biochar 
surface. Minor amounts of potassium (0.20%) and calcium (1.19%) were also detected, which originate 
from the mineral content of the original biomass feedstock. These inorganic components have the 
potential to modify surface reactivity, catalytic activity and electrical conductivity of biochar. Similar 
observations have been cited in other studies. Guo et al. [15] confirmed the porous structure of wood waste 
biochar, with ZnCl2 serving as the activation agent during pyrolysis. The EDS images confirmed the 
presence of Fe, Zn, and O elements. Sharma et al. [16] demonstrated that the corn biochar from the 
downdraft gasifier exhibited pore openings ranging from 20 to 200 microns, with minerals such as 
potassium (31.7%) and phosphorus (9.6%) concentrated on the surface. 

4. Classification of biochar based on different feedstock 

Biochar is simply a porous, carbon-based substance, which is formed as a result of decomposing organic 
biomass. A variety of feedstocks and production processes can be used to produce any type of biochar. 
Figure 4 indicates that biochar feedstocks can be categorised into four categories according to their source: 
Aqua waste, forestry residues, industry waste, and farming residues [17]. Every category has its own 

Figure 3. A) SEM image at 2000×; B) particle size distribution; C) SEM image at 45,000×; D) EDS mapping; E) critical 
elements of biochar [ 14]. 
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organic materials, which are excellent in the production of biochar. Aqua waste contains substances such 
as seaweed, winkle-shell pearls, fish scales and algae, all of which are rich in carbon and provide the 
resulting biochars with high surface areas and high adsorption capacities. Water filtration and soil 
improvement are some of the common uses of these biochars. Forestry residues entail wood chips, 
sawdust, tree bark and logging residues. The raw material is lignocellulosic in nature, loaded with cellulose, 
hemicellulose, and lignin, and thus these feedstocks produce porous biochars, which are perfect in carbon 
sequestration, improving soil health, and energy storage [18]. Industry waste includes peels, fibres, textile 
fibres, paper waste and leather waste, as well as manufacturing by-products that are rich in organic matter. 
This group of materials contains a lot of cellulose and lignin that enhance the mechanical and adsorptive 
characteristics of biochars, which are applicable in pollution control, wastewater treatment, and soil 
amendments [19]. Farming residues include rice husk, sugarcane bagasse, manure, and weeds, which 
are rich, renewable sources of biochar. These feedstocks are lignocellulosic biomass in nature and thus they 
are applicable in processes that require biochars that contain high amounts of fixed carbon to enhance soil 
fertility and to sequester carbon and energy. 

5. Synthesis techniques of biochar 

The biochar feedstock plays a key role in creating eco-friendly materials for use in various industries and 
environmental applications. In general, biochar classification from different feedstocks is based on their 
physicochemical and surface characteristics. Biochar generally synthesized using various methods, includ
ing pyrolysis, torrefaction, gasification, hydrothermal liquefaction, and solvothermal liquefaction, as 
shown in Figure 5, and discussed in the subsequent section [20,21]. 

5.1. Pyrolysis 

Pyrolysis is one of the most widely adopted methods for producing biochar, as shown in Figure 6a [22]. 
The significant elements of biomass feedstock are cellulose, hemicellulose, and lignin. It uses heat to break 
down biomass in an oxygen-free atmosphere, which creates solid (biochar or pyrochar), liquid, and gas 
products. Pyrolysis typically occurs in a closed reactor at temperatures between 400 and 800 °C. There are 
four basic types of pyrolysis based on the heat source: thermal, solar, infra-red, and microwave-assisted 
[23]. It is also commonly divided into slow, intermediate, and fast pyrolysis based on how quickly it heats 
up and how long it stays in the system [24]. Liu et al. [25] demonstrated that the pyrolysis temperature 

Figure 4. Classification of biochar based on different feedstock. 
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influences the biochar pore formation as depicted in Figure 6b (i) to (v). It was observed that when the 
pyrolysis temperature increased from 300 to 600 °C, the surface area and pore volume of biochar 
increased, which improved filler–matrix interactions and facilitated mechanical interlocking and stress 
transfer within the composite. However, excessively high temperatures (e.g. ~700 °C) may lead to 
structural damage or pore collapse, which can reduce these reinforcing effects. The study by Singh 
et al. [26] confirmed that higher pyrolysis temperatures (300 to 600 °C) reduce biochar yield but increase 
carbon content, pH, and conductivity. 

5.2. Hydrothermal liquefaction (HTL) 

HTL is a modern thermochemical conversion technology that effectively converts wet or moist biomass 
into high-value energy products, as illustrated in Figure 7a. This technique is particularly appropriate for 
treating feedstocks with high moisture contents, such as sewage sludge, food residues, algae, agricultural 
waste, and municipal organic matter, without prior drying. A study by Aktas et al. [27] examined 
municipal sludge biochar produced via HTL, and its microstructure is illustrated in Figure 7b. The 
SEM images in Figure 7b (i, ii, iii) depict biochar, hydrochar (iv, v, vi), and GAC (vii, viii, ix) at different 
magnifications. Here, abundant macropores characterise biochar, hydrochar displays limited pore struc
tures, and GAC features interconnected pores and a coarse surface, demonstrating significant adsorption 
potential. The HTL process is usually performed in a water medium at high pressure and temperature, 
generally in a subcritical regime, where water serves as a solvent, reactant, and catalyst simultaneously [28]. 
Under those conditions, biomass decomposes into bio-oil, gaseous products, and a carbon-rich solid, 
known as hydrochar [29]. Generally, four successive steps are involved in the HTL process: feedstock 
conditioning, pressurisation and heating, liquefaction, and final separation of product phases. Hydrochar 

Figure 5. Synthesis techniques of biochar. 

Figure 6. a) Schematic diagram of the pyrolysis method [ 22]; b) morphology of biochar at pyrolysis temperatures: 
li) PC300, ii) PC400, iii) PC500, iv) PC600, and v) PC700 [ 25]. 
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is produced via hydrothermal carbonisation, a process similar to HTL that transforms the solid fraction of 
biomass into a carbon-rich residue under subcritical water conditions. Both biochar and hydrochar are 
carbonaceous materials, yet they differ in their synthesis routes, raw materials, and eventual chemical and 
structural properties. Rather than in a simple linear sequence in HTL, complex reactions such as 
hydrolysis, decarboxylation, dehydration, polymerisation, and aromatisation occur simultaneously and 
interactively to determine the transformation of biopolymers such as cellulose, hemicellulose, lignin, and 
proteins into energy-rich intermediates and solid carbon frameworks. 

5.3. Gasification 

Gasification is an advanced thermochemical conversion that transforms carbon-based materials into a 
combustible gaseous mixture, synthesis gas, as shown in Figure 8a [30]. These are usually obtained from 
biomass such as wood, crop residues, forestry by-products, and agricultural wastes. Figure 8b highlights 
the significant role of the gasifier, where more oxidative (reactive) environments lead to a decrease in 
biochar yield, as more mass is converted into product gas [31]. Unlike combustion, which fully oxidises the 

Figure 7. a) Schematic diagram of the HTL reactor; b) SEM image at different magnifications of biochar (i, ii, iii), 
hydrochar (iv, v, vi), and GAC (vii, viii, ix) [ 27]. 

Figure 8. a) Schematic diagram of gasification technique for biochar synthesis [ 30]; b) effect of temperature and 
gasification medium on biochar yield and composition [ 31]. 
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feedstock, gasification takes place under conditions of limited oxygen or steam, producing a mixture of 
carbon monoxide, hydrogen, methane, and other light hydrocarbons. It has been considered an envir
onmentally sustainable route for renewable energy and chemical feedstocks from low-value/waste biomass 
[32]. Before feeding into the gasifier, the raw biomass is pretreated by drying, size reduction, and 
homogenisation to enhance reactivity and ensure stable feeding into the reactor. Inside the gasifier, partial 
oxidation reactions at elevated temperatures break down organic matter, producing syngas and a small 
amount of solid residue called biochar. The produced syngas can be used directly for heat and power 
generation or upgraded to liquid fuels and valuable chemicals. In general, the biochar residual from 
gasification has a high ash and mineral content due to the intense thermal treatment; thus, it is suitable for 
soil improvement, nutrient recovery, and carbon sequestration [33]. 

5.4. Torrefaction 

A schematic of the typical torrefaction process is shown in Figure 9 [34]. Here, a mild thermal treatment of 
biomass is generally conducted at 200–350 °C under oxygen-free or inert conditions. Its primary purpose is to 
eliminate moisture and some volatile compounds, thereby improving the physical and chemical properties of 
biomass [35]. The treated material is consequently more energy dense, hydrophobic, biologically stable, and 
easier to grind and store than the raw material. Torrefaction thermally decomposes the significant components 
of lignocellulosic biomass, hemicellulose, cellulose, and lignin. Among them, hemicellulose is the most 
temperature sensitive and degrades into gases, including CO₂ and H₂O [36]. Such a selective decomposition 
reduces the hydrogen and oxygen contents and increases the carbon concentration in the product. Figure 9b and 
c show the effects of torrefaction on biochar yield [37]. Figure 9b demonstrates that non-oxidative torrefaction of 
pine wood pellets under N2 for 60 minutes increased biochar yield from 34% to 98%, while Figure 9c shows that 
oxidative torrefaction with air achieved a similar biochar yield in a shorter processing time. In recent years, 
microwave-assisted torrefaction has emerged as an alternative to conventional heating [38]. This kind of 
torrefaction offers greater control, high process efficiency, and a lower. Oxygen-to-carbon ratio in the obtained 
material. 

5.5. Solvothermal liquefaction (STL) 

A schematic of the typical STL process is shown in Figure 10 [39]. It follows an advanced thermochemical 
conversion route that employs heat, pressure, and a solvent medium to convert raw solid biomass into liquid 
biofuels and biochar. Complementary to hydrothermal liquefaction, which uses water as the reaction medium, 
STL uses a range of organic solvents that may interact more selectively with biomass's structural components. 

Figure 9. a) Schematic diagram of the torrefaction process for synthesis of biochar [ 34]; biochar yield from 
b) non-oxidative torrefaction of pine wood pellets under N2; c) oxidative torrefaction of pine wood pellets with air [ 37]. 
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These organic solvents, mainly alcohols, phenols, or other polar organics, allow the dissolution and depoly
merisation of biopolymers under controlled thermal conditions [40]. STL includes several key steps: prepara
tion of feedstock, high-temperature and high-pressure reaction, and subsequent separation of the resulting 
phases. Due to the cooperative effects of heat, pressure, and solvent chemistry in the reactor, lignocellulosic 
feedstock components such as cellulose, hemicellulose, and lignin degrade into smaller organic molecules, 
thereby suppressing excessive char formation. STL can provide liquid and solid products, typically a high- 
quality bio-oil rich in oxygenated compounds and a carbonaceous residue, biochar, depending on the solvent 
and reaction parameters [41]. This feature opens an avenue for controlling product composition and, in recent 
years, has attracted growing interest as a pathway to efficient biomass valorisation. 

6. Activation of biochar 

Activation alters structural and surface characteristics, increases surface area, develops pore networks, and 
introduces functional groups that enhance reactivity and adsorption potential [42,43]. Activation involves 
treating either the carbonized material with reactive gases at high temperature or impregnating it with 
chemical agents that alter its internal structure during thermal treatment. Various physical and chemical 
activation strategies can significantly improve biochar performance. 

6.1. Physical activation 

Physical activation improves textural, structural, and surface properties, enhancing material performance 
in adsorption, catalysis, and electrochemistry [44]. In physical activation, an oxidising gas is used at high 
temperature to react with the solid in controlled gas‒solid reactions, generating porosity and modifying 
surface functionalities. The carbonized precursor is treated with activating gases-steam, carbon dioxide, or 
air-usually in the temperature range from 500 to 900 °C [45]. The partial reactions of these gases with the 
carbon matrix during activation, C + H₂O → CO + H₂ and C + CO₂ → 2CO, selectively remove amorphous 
carbon and open sealed pores. This leads to the development of a specific surface area, enhanced pore 
connectivity, and the formation of oxygenated functional groups (–C–O, –C = O, and –COOH), which 
strengthen ion-exchange capacity and surface reactivity [46]. Carbon dioxide activation leads to a slow and 
uniform process of etching, developing well-defined pores and stable surface functionalities [47]. The pore 
geometry and surface chemistry of biochar formed during activation depend strongly on process variables, 
such as activation temperature, gas flow rate, and residence time. Advanced techniques such as purging 
gases under low-oxygen atmospheres further refine the activation process. 

Figure 10. Schematic image of the STL process for the synthesis of biochar [ 39]. 
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6.2. Chemical activation 

Chemical activation is a very efficient and widely adopted approach in tailoring surface chemistry and pore 
structure. In this process, biomass precursors or preformed biochar were treated with particular chemical 
activating agents [48]. Upon thermal treatment, it promotes decomposition, pore development, and the 
incorporation of reactive surface groups within the carbon matrix [49]. Generally, the activation agents for 
biochar modification include acids, alkalis, and salts, which induce specific structural and chemical 
transformations of the carbon matrix. Acidic activators, including phosphoric acid (H₃PO₄) and sulphuric 
acid (H₂SO₄), promote dehydration reactions and introduce oxygen-containing functional groups, such as 
–OH, –COOH, and –C═O, thereby improving the adsorption of heavy metals, dyes, and other polar 
contaminants during water purification [50]. In contrast, alkaline activators, such as potassium hydroxide 
and sodium hydroxide, react vigorously with the carbon skeleton, forming micropores and mesopores and 
thus considerably increasing the specific surface area, which holds great promise for supercapacitors, 
battery electrodes, and catalytic supports [51]. In the same vein, salt-based activators such as zinc chloride 
and ferric chloride act as dehydrating and templating agents, facilitating pore development and the 
thermal stabilisation of the carbon network [52,53]. Precisely, the type of activating agent, impregnation 
ratio, and activation temperature were adjusted to tune the pore structure and surface chemistry of 
biochar. Moreover, it can be combined synergistically with heteroatom doping (e.g. nitrogen, sulphur, or 
phosphorus) or metal incorporation (e.g. Fe, Mn, or Ni) to enhance selectivity, electrical conductivity, and 
catalytic reactivity. A chemical activation route appears to be versatile and controllable for designing 
tailored biochar materials with superior structural and chemical properties for environmental remediation, 
catalysis, and energy storage. 

7. Polymers matrix for biochar composite 

Polymer matrices are broadly divided into two major groups, namely thermoplastics and thermosets. 
Thermosetting materials belong to the class of polymers that, upon curing, form cross-link structures that 
render them rigid and non-meltable. The other class, thermoplastics, retains the ability to be heated and 
remoulded. Therefore, in general, thermoplastics allow more flexible manufacturing processes than 
thermosets do [54–56]. Although the consumption of thermoplastics has increased significantly over 
the last few decades, thermoset composites still dominate the market and account for about two-thirds of 
the total composite industry. This superiority in heat resistance and mechanical properties, along with 
lower manufacturing costs compared to thermoplastics, makes thermosets suitable for high-performance 
applications across a wide range of industries, including automotive, aerospace, and construction [57]. 
Furthermore, the wide range of matrix systems and producers within the thermoset category has 
contributed to its sustained dominance. On the other hand, thermoplastics offer significant advantages, 
including faster processing, durability, and recyclability. Thus, their great importance has now been 
recognised in today's market for sustainable development. These properties make thermoplastic compo
sites quite attractive to industries seeking efficient, ecologically friendly production methods. The potential 
for reuse and recycling of thermoplastic composites enhances their prospects for high-volume applications. 
Thus, thermoplastic composites are now finding their way into such sectors as consumer goods and the 
automotive industry. Table 1 summarises some key mechanical properties of thermoplastic and thermoset 
composites. 

Table 1. Mechanical properties of some adopted thermoplastic and thermoset matrices. 
Type of polymer matrix Matrix name Density (g/cm3) Tensile strength (MPa) Young's modulus (GPa) Reference 

Thermoplastic Polylactic acid 1.24 25.80 0.867 [ 58] 
Polypropylene 0.98 68.4 2.3 [ 59] 
Polyethylene 0.95 − 1 [ 60] 
Polystyrene 1.04–1.05 35.9–56.5 1.2–2.6 [ 61] 

Polyurethane 0.83 6 0.162 [ 62] 
Thermoset Epoxy 0.917 60–275 2–12 [ 63] 

Vinyl ester 1.29 4.85 − [ 64] 
Polyester 1.20 276.60 5.90 [ 65] 
Phenolic 1.2–1.4 35–60 2.7–4.1 [ 66] 
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7.1. Fabrication methods for biochar-filled polymer composite 

7.1.1. Solution casting 
A schematic diagram of the solution casting method is shown in Figure 11a. In the solution-casting 
process, a mandrel or mould, typically made of metal, glass, or Teflon, is immersed in or coated with a 
polymer solution or molten resin, allowing a thin, uniform film to form on its surface. After controlled 
withdrawal, the coated mould is dried, cured, or solvent evaporated to solidify the polymer layer. For 
example, polylactic acid (PLA) dissolved in suitable solvents can be cast into films that incorporate biochar 
and exhibit improved barrier and mechanical properties [67]. The simplicity and versatility of casting 
make it ideal for producing thin films, coatings, or membranes, especially in laboratory-scale studies. 
However, polymers with high melt viscosity or poor thermal stability, such as polyoxymethylene (POM), 
polycarbonate (PC), and polypropylene (PP), are generally unsuitable for casting due to difficulties in 
achieving homogeneous flow and defect-free solidification. 

7.1.2. In-situ polymerisation 
The in situ polymerisation method is a technique that allows the generation of polymer chains within a 
host material, as depicted in Figure 11b [68], resulting in a uniform dispersion and strong interfacial 
bonding. During this process, the monomer to be used, together with an initiator or catalyst, is introduced 
into the matrix, typically biochar, which facilitates impregnation and proper anchorage of the monomer. 
Upon dispersion, heat, radiation, or chemical activation will initiate controlled polymerisation. Such 
polymerisation initiates the growth of polymer chains around and onto the embedded phase [70]. This 
localised polymerisation reduces phase separation, enhances mechanical integrity, and improves load 
transfer efficiency between the polymer and biochar. Since polymer formation occurs only where needed, 
composites prepared by this approach typically exhibit enhanced stability, characterised by fewer voids and 
greater dispersion of functional additives. Thus, the extensive use of in situ polymerisation can also be 
found in many advanced composites, coatings, and filler-reinforced systems. 

7.1.3. Melt blending 
A schematic diagram of the melt-blending process is presented in Figure 11c. Melt blending is one of the 
most efficient and widely used techniques for fabricating biochar-reinforced polymer composites, owing to 
its simplicity, environmental compatibility, and industrial scalability. In this process, biochar particles are 
physically mixed into a molten thermoplastic polymer (PP, PE, PLA, or PCL) under controlled tempera
ture and shear conditions to achieve homogeneous dispersion [71,72]. No solvent or chemical surface 
modification of biochar is used in this approach, making it environmentally friendly, cost-effective, and 
suitable for scaled-up production. During melt blending, the polymer pellets are initially melted in an 
extruder, internal mixer, or two-roll mill. The biochar feed is then introduced into the melted matrix. High 
viscosity in the polymer melt prevents the reagglomeration of biochar particles, resulting in better 
dispersion and uniform distribution. 

7.1.4. Fused deposition modelling 
Fused deposition modelling (FDM) is the most popular, cost-effective AM technique for fabricating 
biochar-polymer composites, as shown in Figure 11d [69]. A thermoplastic filament filled with biochar 
is heated to a semi-molten state and extruded via the nozzle to form a 3D object layer by layer, following a 
computer-aided design (CAD) model. This technique enables the development of customised, sustainable 
composite parts via a simple, clean, and scalable process. PLA, PP, and PETG are thermoplastics 
commonly used as matrix polymers for biochar-filled filaments owing to their low melting temperatures, 
good flow behaviour, and printability [73]. 

8. Evaluation of physical properties 

8.1. Mechanical properties 

Mechanical characterisation is crucial for understanding how biochar reinforcement affects the tensile 
strength, stiffness, impact resistance, hardness, and flexibility of these composites. These tests provide 
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Figure 11. Fabrication process schematic diagram using a) solution casting; b) In situ polymerisation [ 68]; c) melt 
blending; d) fused deposition modelling [ 69]. 
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valuable insights into the load transfer efficiency, interfacial adhesion, and structural integrity, guiding 
their optimisation for engineering and sustainable applications. Various studies examine the mechanical 
performance of biochar-reinforced polymers under different processing and loading conditions. Baniasadi 
et al. [74] reported an evaluation of the mechanical properties of PA1010 and wood-chip biochar. 
Figure 12a depicts the tensile stress–strain response, Figure 12b the bending curve, and Figure 12c a 
comparative view of the PA1010/biochar (0–50 wt.%) biocomposites. Results demonstrate improvements 
of 44% in tensile strength, 112% in tensile modulus, and 82% in flexural strength due to biochar 
reinforcement. The SEM fractography images in Figure 13 show structural changes in PA 11 upon 
incorporation of biochar and APP. Figure 13a shows the typical ductile fracture of neat PA 11, with fibril 
tears. In Figure 13b (BC_APP_PA 11_COMP), the addition of APP-doped biochar results in crystalline 
chunks with clean edges, indicating the nucleation effect. Figure 13c (BC_APP_WG_COMP) shows 
successful doping of APP inside the biochar pores, with the formation of phosphoric acid crystals, as 
the doping mechanism differs for APP. Figure 13d (BC_APP_WG_INJ) reveals injection-moulding issues, 
with large gaps in the polymer matrix and exposed phosphoric acid crystals, which likely hindered 
cohesive fusion [75]. The impact strength and interlaminar shear strength (ILSS) results of biochar 

Figure 12. a) Stress vs. strain; b) flexural stress vs. strain; c) comparative view of mechanical properties [ 74]. 
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fibre composites are shown in Figure 14 [76]. The results showed that the impact strength and ILSS of 
composites increased up to 9 wt.% biochar, with peak improvements of 42.3% and 78.3%, respectively. 
Beyond 9 wt.%, both properties decreased due to particle agglomeration and weakened bonding. The 
increase in pyrolysis temperature (>300 °C) was reported to result in increased Young's modulus values in 
the range of 5.64–5.95 GPa for the softwood and hemp-derived biochars [77]. The PLA/PEMA matrices 
reinforced with optimised Jatropha seed biochar through Doptimal mixture design and microwave 

Figure 13. SEM fractography of a). Neat PA 11; b) BC_APP_PA 11_COMP); c) (BC_APP_WG_COMP); d) BC_APP_WG_INJ 
sample [ 75]. 

Figure 14. Impact strength and interlaminar shear strength (ILSS) vs. samples [ 76]. 
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pyrolysis showed improved mechanical properties with a tensile strength of nine wood/polypropylene (PP) 
biocomposites reinforced with waste-derived activated biochar (1–3 wt.%) exhibited enhanced tensile, 
flexural, impact, and microhardness properties due to the high surface area of the filler (335 m²/g), which 
provided strong interfacial interlocking. The optimised 1 wt.% compatibilizer content maintained mechan
ical and flammability performance while reducing production costs by ~18% [78]. Polypropylene (PP) 
biocomposites reinforced with cashew and bael shell biochar (2.5–7.5 wt.%) showed notable mechanical 
improvement, with five wt.% bael biochar achieving a 54.66% increase in tensile strength, while higher 
filler loadings reduced interfacial bonding and overall strength [79]. PLA/hydrochar composites contain
ing 5–20 wt.% rice straw hydrochar showed a substantial rise in tensile modulus from 2.63 GPa (neat PLA) 
to 6.18 GPa—an increase of about 135%. The enhanced stiffness and storage modulus confirm strong 
interfacial interactions between PLA and hydrochar [80]. Rice husk biochar particles (45–510 nm) were 
incorporated into an unsaturated polyester matrix at 0.5–2.5 wt.% loading. The composite with 2.5 wt.% of 
45 nm biochar showed a 56.36% reduction in specific wear rate and a 6.42% decrease in friction coefficient 
compared to pure resin, demonstrating that finer biochar particles significantly enhance tribological 
performance [81]. Sugarcane bagasse biochar (5–12 wt.%) reinforced PVA biocomposite films exhibited 
a decline in tensile strength with increasing filler content, reaching a minimum of 3.12 MPa at 12 wt.% 
biochar produced at 1000 °C. The reduction in strength at higher pyrolysis temperatures was attributed to 
thermal degradation of fibrous residues and functional groups, weakening the interfacial bonding between 
the biochar and the PVA matrix [82]. The impact strength of the polyester composite samples increased 
with the addition of sugarcane biochar, reaching its peak at 10 wt.% reinforcement, where a 27% increase 
in impact strength was observed compared to neat polyester. Mechanical analysis showed that biochar 
feedstock significantly influenced composite performance. PLA and PCL filled with wood chip biochar 
exhibited up to 1.5× higher tensile strength and 2× greater elongation at break than those with dairy 
manure biochar, due to lower moisture content and better interfacial compatibility [83]. Rice husk 
biochar-reinforced HDPE composites showed significantly improved tensile (20 MPa) and bending 
(53.7 MPa) strengths compared to conventional wood plastic composites, due to strong interfacial 
bonding, though a higher filler content slightly reduced impact strength and crystallisation rate [84]. 
Table 2 refers to the important literature articles on mechanical properties of biochar-polymer composites. 

8.2. Thermal properties 

The thermal characterisation of biochar-polymer composites is essential for understanding how biochar 
incorporation affects their thermal stability, crystallinity, conductivity, and degradation behaviour. Such 
assessments highlight the composites' resistance to heat flow, their ability to dissipate thermal energy, and 
the variation in crystallisation and glass transition temperatures, all of which are crucial for performance 
improvement under elevated temperatures. Several works have focused on the thermal analysis of the 
biochar-reinforced polymer composite. Figure 15a shows the TG results, and Figure 15b depicts the DTG 
curves of neat and PBSA filled with 0, 5, 10, 15, and 20 wt.% biochar loadings [94]. The results indicated 
that the introduction of 10 wt.% biochar into PBSA enhanced the thermal stability of this system, shifting 
the onset degradation temperature by 12–15% compared to neat PBSA. Flax–fibre–reinforced polymer 
composites filled with 0–15 wt.% biochar were fabricated through hand layup, and the thermal behaviour 
of the composites was investigated [95]. TGA analysis demonstrated the tendency of biochar addition to 
improve the thermal stability of the composites, and that the 10 wt.% biochar composite exhibited the 
highest onset and maximum degradation temperature due to the presence of carbon-rich and thermally 
stable biochar, which delayed polymer decomposition and improved the formation of char residue. Sahu 
et al. [96] reported the thermal property evaluation by incorporating coconut shell BC (at 1, 2, 5, and 
10 wt.%) into the PLA matrix. Figure 16a represents the DSC thermograms, and Figure 16b denotes the % 
crystallinity results obtained from the test. An increase in crystallinity from 24% to 47% was reported upon 
adding 10 wt.% biochar. 

Pradeep et al. [97] performed thermal analysis of vinyl ester composites with Cocos nucifera shell 
biochar at 5, 10, and 15 wt.%. DSC studies showed increases in the glass transition temperature from 156 to 
164.8 °C and the degradation temperature from 255.54 to 263.76 °C for alkali-treated biochar composites. 
Natrayan et al. [98] investigated that the incorporation of 3 wt.% of palm flower biochar into 40 wt.% of 
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Opuntia cladode fibre and 57 wt.% of resin significantly improved the thermal conductivity of the 
biocomposites from 0.36 to 0.49 W/mK. Increasing biochar content improved thermal conductivity, 
demonstrating that biochar addition effectively enhances heat conduction. Uram et al. [99] used the 
DMTA method to assess the properties of polyurethane foams with various biochar (BioC) filler contents 
(0, 5, 10, 15, and 20 wt.%). The storage modulus presented in Figure 17A shows that the addition of BioC 
reduces the foam's rigidity. With higher BioC content, a greater decrease was observed. Figure 17B 
presents the loss modulus, and Figure 17C shows the tan δ. A small change in the damping properties 
was observed even with 20 wt.% filler. Another study explored the use of wood biochar, rice husk biochar, 

Table 2. Important literature articles on the mechanical properties of biochar polymer composite. 
Polymer matrix Biochar Mechanical properties Observation Reference 

Epoxy Almond shell biochar (ABC) 
(0 to 20 wt.%) 

Tensile and flexural 
strength 

The optimum tensile strength and flexural 
strength were observed at 10 wt. % of ABC. 

[ 85] 

Waste polypropylene 
bottle flakes (wPP) 

Pine needle waste Tensile, compressive, 
and flexural strength 

The optimal mechanical performance of the 
wPP/biochar composite was achieved at 40 wt. 
% biochar, with a 97.30% increase in tensile 
modulus, 141.92% in flexural modulus, 54.60% 
in flexural strength, and 28.85% in compressive 
strength. 

[ 86] 

Epoxy Poultry litter waste (PLW) 
(2.5 to 10 wt.%) 

Tensile, Impact The addition of biochar (BC) to epoxy resin 
composites decreases impact strength (from 
9.9 to 3.5 kJ/m²), tensile strength, and strain at 
break, particularly at higher BC concentrations 
(10 wt.%), due to poor dispersion and 
agglomeration of BC particles. 

[ 87] 

HDPE Olive tree prunings 
(2 to 10 wt.%) 

Tensile, flexural 
Impact, Vickers 
hardness, 

Tensile strength, flexural strength, Impact 
strength, and hardness are improved at an 
optimal biochar loading of 6 wt.%. 

[ 88] 

Polyester Resin with 
woven S-glass fabric 

Sugar cane husks 
(0 to 15 wt.%) 

Tensile, Flexural, 
Impact, Hardness 

Composites with 10 wt.% biochar achieved the 
highest tensile strength (119 MPa), flexural 
strength (154 MPa), and impact strength 
(45 MPa). 

[ 89] 

PLA/starch Waste coffee grounds 
(0–20 wt.%) with different 
particle size. 

Tensile Smaller biochar (BC) particle sizes and higher BC 
loadings significantly influence the tensile 
strength of PLA/starch composites. 

[ 90] 

HDPE Rice husk (with four 
different mass ratios and 
four activated agent) 

Tensile, flexural, DMA ABHC-0.5 showed the highest values: flexural 
strength (38.66 MPa), flexural modulus 
(2.46 GPa), tensile strength (32.17 MPa), and 
tensile modulus (1.95 GPa). 

[ 91] 

PP with compatibilizer Miscanthus grass biocarbon 
(Particle size: <20 μm, 
106–125 μm) 

Tensile, Impact 
strength 

The most influential factor for both Tensile and 
impact toughness was the type of 
compatibilizer used. 

[ 92] 

PP Pine wood (0 to 35 wt.%) Tensile and flexural Increasing biochar content improved the tensile 
modulus, flexural strength. 

[ 93] 

Figure 15. A) TGA; B) DTG results for all samples [ 94]. 
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and bamboo biochar as fillers in wood polymer biochar composites with wood flour, polypropylene (PP), 
and maleic anhydride polypropylene (MAPP) [100]. The results showed that biochar enhanced the thermal 
stability and flame retardancy. Table 3 lists important literature articles on the thermal properties of 
biochar-polymer composites. 

Figure 16. a) DSC thermograms; b) % crystallinity for all samples [ 96]. 

Figure 17. A) Storage modulus; B) loss modulus; C) tan δ for all samples [ 99]. 
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8.3. Water absorption 

Water absorption is a key concern for biochar-polymer composites, as it influences moisture uptake and 
long-term durability. The addition of biochar to the polymer can make the composite material more 
hydrophobic or hydrophilic, potentially altering its water absorption and swelling characteristics. The 
water absorption rate depends on many factors, including biochar size, type, and concentration, as well as 
interactions between biochar particles and the polymer [108,109]. The study by Zhang et al. [110] 
demonstrated that water absorption increased in landscaping waste and polylactic acid (LW/PLA) 
composites with immersion time, as shown in Figure 18a. The incorporation of biochar (BC) reduced 
water absorption, with a 6.14% decrease observed in the 1 wt.% BC composite, as BC filled the pores in the 
interfacial bond. Additionally, as shown in Figure 18b, higher BC content led to reduced thickness 
expansion, with the lowest expansion at 4% BC, indicating enhanced dimensional stability due to 
improved interfacial bonding and reduced water penetration. Muthukumarasamy and Karthik [111] 
reported on the effects of almond biochar (ABC) and caryota fibre (CF) as micro fillers in epoxy 
composites, varying their content from 10 to 30 wt.% (CF) and 4–12 wt.% (ABC). Water absorption 

Table 3. Important literature articles on thermal properties of biochar polymer composite. 
Polymer 
matrix Biochar (BC) 

Properties 
evaluated Observation Reference 

Epoxy resin 
LY556 

Submicron pore-sized Coffee 
emesis (SCB)(0 to 3 wt.%) 

Thermal 
conductivity 

Thermal conductivity increased linearly with increasing biochar 
content, with EGC3 (3 wt.% coffee emesis biochar, 67 wt.% 
resin, and 30 wt.% glass fibre) exhibiting a thermal 
conductivity of 0.462 W/m K. 

[ 101] 

PLA Softwood pellets 
(1 to 5 wt.%) 

DSC The addition of biochar (BC) to PLA increased the glass 
transition temperature (Tg). 

[ 102] 

HDPE Wood residues from 
Eucalyptus sp. 
(0 to 15 wt.%) 

TGA, Crystallinity Incorporating biochar into HDPE composites did not 
significantly affect the thermal properties or crystallinity, as 
indicated by TGA, which showed mass loss between 400 and 
500 °C and a maximum decomposition temperature 
of 487 °C. 

[ 103] 

Epoxy resin Olive pomace (0 to 10 wt.%) TGA Thermal analysis showed that incorporating nano-biochar 
from olive pulp into epoxy composites increased thermal 
stability. 

[ 104] 

PLA Hardwood (0, 10 wt.%) DSC The addition of 10 wt% biochar (10BC) to PLA reduced the 
glass transition temperature (Tg) from 61.4 to 53.1 °C 

[ 105] 

PLA/PBAT Pine wood (0 to 10 wt.%) TGA, DSC The addition of 10 wt.% BC increased PLA crystallisation from 
22.53% to 34.14%, while TGA showed a lower degradation 
onset temperature and increased char residue at 550 °C with 
higher biochar content. 

[ 106] 

PP Date palm tree wastes 
(5 to 20 wt.%) 

TGA TGA showed that BC particles enhanced the thermal stability 
of the BC/PP composites. 

[ 107] 

Figure 18. a) Water absorption vs. time; b) thickness expansion vs. time [ 110]. 
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increased with higher ABC content and longer exposure time. A study by Srivastava [112] focused on 
epoxy composites with varying filler combinations; sample A (90% epoxy, 10% chitosan) exhibited the 
lowest water absorption at 2.326%. while sample E (90% epoxy, 10% biochar) had the highest water 
absorption at 9.039%. Zhu et al. [113] investigated the water absorption properties of PA6/BC composites 
with varying biochar (BC) content (up to 30 wt.%). The results showed that as BC content increased, the 
composites' water absorption decreased. A study by Srivastava [114] examined water absorption in four 
composite samples with varying filler compositions: sample A (90 wt.% epoxy, 10 wt.% biochar), sample B 
(80 wt.% epoxy, 20 wt.% biochar), sample C (80 wt.% epoxy, 10 wt.% biochar, 10% rice bran), and sample 
D (80% epoxy, 10% biochar, 5% coconut coir). The water absorption results revealed that as the biochar 
content increased, water uptake decreased, with sample B showing the lowest water absorption, followed 
by Sample A, Sample D, and Sample C. Gurusamy et al. [115] reported on the water absorption properties 
of pistachio nut shell (PNS) biochar and short Turkish hemp (STH) fibres in a polyester resin matrix with 
varying biochar content (5–25 wt.%). It was noted that higher biochar concentrations (>15 wt.%) led to 
increased void formation and higher water absorption, negatively affecting the composite's properties. A 
study by Natrayan [98] investigated the water absorption properties of biocomposites made with Opuntia 
cladode fibre and palm flower biochar with varying biochar contents (3–5 wt.%). The results showed that 
water absorption was reduced with the silane surface treatment, with the composite containing 3 wt.% 
biochar (composite C3) demonstrating the lowest water absorption. A study by Vengadesan [116] 
demonstrated the contact angle and water absorption properties of PLA-rice husk (RHBC) composites 
reinforced with bamboo biochar, varying the biochar content from 5% to 25% as shown in Figure 19. The 
contact angle for pure PLA was 65°, which increased to 68° for the RHC composites. As the biochar 
content increased further, the contact angles increased to 73°, 75°, 77°, 80°, and 85° for RHBC1, RHBC2, 
RHBC3, RHBC4, and RHBC5, respectively. The results showed an increase in contact angle (hydropho
bicity) with increasing biochar content. 

8.4. Biodegradability 

Biodegradability refers to a substance's ability to decompose naturally through the action of microorgan
isms, such as bacteria and fungi, into simpler, non-toxic compounds that do not harm the environment 
[117]. Biodegradation of biochar-polymer composites varies with the composition and type of the polymer 
matrix and biochar. Biodegradability also depends on various environmental factors, such as moisture, 
temperature, and microbial activity. Additionally, it influences the rate and extent of biodegradation 
during organic recycling processes like industrial composting, home composting, and anaerobic digestion 
[118]. This process is vital for ensuring that materials break down efficiently and do not accumulate in 
ecosystems, causing pollution and harm. The rate and extent of biodegradation are influenced by factors 
such as the material's chemical composition, environmental conditions (e.g. temperature and moisture), 
and the presence of microorganisms capable of decomposing it. While biochar itself is resistant to rapid 
biodegradation due to its stable, carbon-rich structure, it can promote the biodegradation of other organic 
materials in the environment [119]. The biodegradation study by She et al. [120] of biochar/gutta-percha 
composite films was assessed by measuring weight loss during soil burial over 60 days. Figure 20A shows 
that the 2% and 4% biochar films exhibited slower degradation (9.56% and 11.20% weight loss, respec
tively) due to biochar's hydrophobic nature. In contrast, the 6% and 8% biochar films exhibited higher 
degradation (15.04% and 17.40%) due to stronger interactions between biochar and the gutta-percha 
matrix. Figure 20B shows the weight loss vs. time plot during enzymatic hydrolysis of neat PBSu and 
PBSu/BC biocomposites [121]. The biodegradability of PBSu biocomposites was significantly enhanced 
with the addition of biochar (BC) at different weight percentages (1%, 2.5%, and 5%). Pristine PBSu 
exhibited only a 0.25% weight loss after 30 days of enzymatic hydrolysis. In contrast, the biocomposites 
showed much higher weight losses, with the 1%, 2.5%, and 5% BC composites losing approximately 1.66%, 
1.70%, and 1.88% of their initial weight, respectively. The biodegradability of different composite sandwich 
structures was evaluated through a 100-day soil burial test. Wang et al. [122] reported the biodegradability 
of WPCs made from corrugated cardboard (CCB) and biochar fibres pyrolyzed at 350, 400, and 450 °C, 
compounded with HDPE and MAPE. The CCB450 biochar composite showed the least weight loss (0.07% 
for white rot, 0.06% for brown rot), demonstrating improved decay resistance compared to the CCB 
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Figure 20. A) Weight loss vs. time [ 120]; B) Weight loss vs. enzymatic hydrolysis time [ 121]. 

Figure 19. Contact angle results for all samples: a) PLA; b) BHC; c) RHBC1; d) RHBC2; e) RHBC3; f) RHBC4; g) RHBC5 [ 116]. 
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composite (0.31% and 1.53%, respectively). The results indicated that higher pyrolysis temperatures 
reduced fungal decay by decreasing polysaccharide content. The study by Musiol et al. [123] investigated 
the abiotic degradation of biochar in demineralised water at 70 °C and observed that the presence of 
biochar did not significantly affect the overall degradation process but did improve surface erosion and 
slightly enhance thermal stability compared to the neat matrix. 

9. Application areas 

Interest in biochar-polymer composites is growing, as they offer unique properties that make them a long- 
lasting solution across many fields. Biochar, made from organic waste, usually has a high surface area, high 
porosity, and water adsorption capacity. These composites become versatile materials for adoption in 
many fields, as shown in Figure 21, and a detailed description is provided below. 

9.1. Construction material 

The biochar-polymer composite is suitable for the construction of eco-friendly insulation and building 
panels, as well as fire-resistant coatings [124]. The biochar will enhance the composite's heat absorption, 
and the polymer matrix will provide structural stability. This helps the construction industry leave a 
smaller carbon footprint by using waste biomass as a resource. 

9.2. Biomedical applications 

The biochar-polymer composites may be adopted in biomedical fields such as drug delivery systems, 
wound healing, and tissue engineering [125,126]. The large surface area may be able to hold drugs or 
bioactive molecules. Biochar-polymer composites can be used in drug-delivery patches or implants, 
allowing drugs to be released slowly over a longer period. These composites are biocompatible, which 
means they can be used in medical devices or as scaffolds for tissue regeneration. It can be used in wound 
dressings that accelerate healing by killing germs via biochar-mediated adsorption of pathogens. 

9.3. CO2 capture 

Biochar has significant potential to store and capture CO2, one of the critical greenhouse gases driving 
global warming. CO2 can stick to biochar because it is porous. The polymer matrix makes the composite 

Figure 21. Application of biochar polymer composite. 
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more stable and flexible, thereby making it easier to capture CO2 from the air or factories. These kinds of 
composites can be used in systems that filter air, scrub carbon, or even capture dirty air directly [127]. 

9.4. Energy storage 

The biochar polymer composites have potential for applications in batteries and supercapacitors, which are 
the major systems for energy storage [128]. Energy storage uses biochar as the high-surface-area electrode 
material, while the polymer matrix contributes to its structural stability and conductivity. Their applica
tions in supercapacitors and lithium-ion batteries aim to improve performance by increasing energy 
density, cycle life, and overall efficiency. 

9.5. Wastewater treatment 

When biochar and polymers are combined, they form a composite material for cleaning wastewater [129]. 
This composite can be used in filtration systems or as an adsorbent to remove heavy metals, organic 
pollutants, and other impurities from water. The biochar's porosity and functional groups allow it to 
adsorb a wide range of pollutants. The polymer matrix can be made to make the composite reusable. So a 
composite biochar-polymer could be useful in industrial effluent treatment plants, municipal water 
filtration systems, and even portable water purifiers. 

9.6. Soil remediation 

In agriculture, biochar-polymer composites may be adopted to improve soil by enhancing its ability to 
retain nutrients, water, and structure. The biochar component helps increase the soil's nutrient- and water- 
retention capacity, while the polymer matrix can aid controlled release of fertilisers or other amendments 
[130]. Application of contaminated soils may provide a means to remove impurities, improve fertility, and 
enhance plant growth. It also plays an important role in preventing soil erosion, thereby supporting 
sustainable agriculture. 

10. Conclusion 

Biochar-filled polymer composites are emerging as sustainable, high-performance materials, offering a 
range of mechanical, thermal, and environmental benefits. The continued research and development in 
this field are poised to make significant contributions across various industries, addressing both material 
performance and ecological sustainability. The key findings from the study are as follows: 

• Biochar serves as a low-cost filler, offering significant savings compared to traditional bio fillers. 
• Adding biochar as filler into polymer matrix improves mechanical properties such as tensile strength, 

stiffness, and impact resistance of polymer composites. These composites offer environmental benefits 
by utilising waste biomass, promoting carbon sequestration, and improving biodegradability. 

• Incorporating up to 5–10 wt.% of biochar significantly improves the properties of the polymer 
composite, including thermal stability and crystallinity. 

• Biochar-polymer composites hold promise for eco-friendly construction materials, low-carbon foot
print and energy-efficient products, and solutions for climate change mitigation. 

The review studies reported in the literature were conducted under different conditions, including 
variations in biochar feedstock, synthesis and processing methods, particle size, filler dispersion, elemental 
composition, and testing procedures. These differences influence the reported properties of biochar- 
polymer composites and make direct quantitative comparison between studies difficult. Therefore, the 
findings discussed in this review are considered as general trends rather than precise quantitative 
relationships. 
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11. Challenges and future perspectives 

Biochar's porosity and amorphous nature are advantageous in many ways; they also pose challenges due to 
their tendency to absorb moisture and heat. As a result, biochar-filled polymer composites can exhibit 
reduced performance beyond a certain weight percentage, thereby affecting overall properties. Advanced 
data-driven techniques, such as machine learning, finite element analysis, and micromechanical modelling, 
are expected to play a pivotal role in optimising and predicting biochar content and polymer matrix 
interactions during composite refinement [131–133]. In addition to improving the physical properties of 
these composites, integrating biochar with biodegradable, eco-friendly polymers offers an exciting oppor
tunity to advance sustainable technologies. Compared to microbiochar, nanobiochar has significantly 
greater potential due to its enhanced surface area, reactivity, and molecular-level interactions with polymer 
materials. However, synthesising nanobiochar poses greater challenges, as it requires precise control over 
particle size, surface functionalization, and uniform distribution. The challenges involved in fully degrad
ing biochar-polymer composites are both complex and considerable. Unlike traditional plastics, the 
complete breakdown of these composites is slowed by several environmental, material, and handling 
factors. However, incorporating biochar into biodegradable polymers not only enhances their biodegrad
ability but also improves other properties, such as strength, stability, and thermal performance. 
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