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Biodegradable polyhydroxyalkanoate (PHA)
composites with biochar ratios optimized for the
additive manufacturing method of material
extrusion: engineering, rheological, and
morphological insights†

Nectarios Vidakis, a Nikolaos Michailidis,bc Dimitrios Kalderis, d

Apostolos Argyros, bc Katerina Gkagkanatsiou,a Maria Spyridaki,a

Ioannis Valsamos,a Vassilis Papadakisef and Markos Petousis *a

Naturally derived poly(hydroxyalkanoate) (PHA) and biochar from agricultural residues were combined to

develop an environmentally friendly, completely biodegradable composite with improved thermal and

mechanical properties. Six filler concentrations (0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%) were prepared to

extrude into filaments and subsequently manufacture the respective 3D printed composites through

material extrusion (MEX) additive manufacturing (AM). The samples discussed here are bio-originated

composites, and as a consequence, they can potentially be a revolutionary replacement for

environmentally harmful, industrially produced polymeric materials, at the appropriate and desired

applications. 3D printed PHA/biochar composites have potential for use across a range of industrial

applications such as packaging, agriculture, prototyping, and environmental monitoring, where

sustainability and biodegradability are requirements. Still, their industrialization involves several challenges,

such as the brittleness of PHA, the interaction with the biochar, and possible printability issues that need

to be addressed. The samples were subjected to several tests to assess their rheological, thermal, and

mechanical properties, as well as their structure and morphology. Thermogravimetric analysis, dynamic

mechanical analysis, differential scanning calorimetry, tensile tests, bending tests, microhardness, and

Charpy impact tests were conducted. In addition, the porosity and dimensional accuracy were evaluated,

while scanning electron microscopy and, by extension, energy dispersive spectroscopy were used to

assess microstructure formation. The obtained results indicated enhanced performance in the biochar 0.5

wt% compound in terms of tensile (17.7% increase) and bending toughness (3.1% increase), bending

strength (32.8 MPa, 15.3% increase), and Charpy (1.9% increase) impact strength, and for PHA/1.0 wt%

biochar composites regarding tensile strength (22.1 MPa, 15.3% increase), Young’s modulus (131.5 MPa,

25.4% increase), dimensional accuracy (better by 11.2%), and porosity (reduced by 23.3%).

1. Introduction

Numerous environmental concerns originate from the overuse
of plastics and other materials derived from natural resources,
which contribute to climate change, pollution, and fossil fuel
depletion.1 The adoption of eco-friendly biopolymers offers a
promising solution for plastic-related pollution owing to their
biodegradability and biocompatibility.2–4 Given the growing
global emphasis on sustainable development, these materials
have received significant attention.5

Efforts have been made to manage waste by developing
methods for reuse and repurposing, with the aim of minimiz-
ing the environmental footprint. With appropriate treatment
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and processing, various types of waste can be transformed into
valuable materials for bio-based product manufacturing, bio-
energy production, and other applications, fostering a circular
bioeconomy.6 Three-dimensional printing (3D-P) plays a signifi-
cant role in this bio-based transition by employing bio-based
materials for manufacturing across various sectors.7 The global
market for bio-based manufacturing processes involves the
production of chemicals, materials, and products derived from
renewable biological feedstock such as biomass. According to a
survey from Spherical Insights (2025),8 the global bio-based
chemicals market was valued at approximately USD 73.10 billion
in 2023 and is expected to surpass USD 177 billion by 2030,
growing at a compound annual growth rate (CAGR) of around
9.25%. The bio-based polymer market is expected to exceed USD
30 billion by 2027, driven by the increased demand in packaging,
automotive, and consumer goods industries.9

The core principle of 3D printing technology10–12 is the
deposition of materials in a layer-by-layer fashion.13 This cost-
effective manufacturing method facilitated the fabrication of
complex designs.14–16 This process relies on digital model
data.17 Compared to conventional methods, 3D printing offers
several advantages,13 including reduced production costs (for
small production batches, as the cost of AM produced products
is the same, irrespective of the amount of the produced pro-
ducts, while for products based on conventional methods, the
cost is reduced as the number of produced products increase),
improved time efficiency, and the ability to fabricate intricate
geometries.18,19 It is widely applied in various industries such as
aerospace,20 automotive,21 food,22 medical,23 healthcare,24 archi-
tecture, construction,25 and electronics.26,27

A wide range of materials can be utilized, including
polymers,28,29 ceramics,30 metals,31 composites,32,33 and smart or
specialized materials.26 Commonly used and studied polymers in
the material extrusion (MEX) method in Additive Manufacturing
include polypropylene (PP),34 acrylonitrile butadiene styrene
(ABS),35 polylactic acid (PLA),36 polyamides,37 or even polyethylene
terephthalate glycol (PETG).38 Biopolymers and their composites
are widely used in various applications and are expected to gain
more prominence in the future,39 with the aim of replacing
petroleum-based polymers.40,41 Common biopolymers used in
3D printing include polycaprolactone (PCL),42–44 polylactic acid
(PLA),45–47 polyhydroxybutyrate (PHB),48 poly(butylene succinate)
(PBS),49 and poly(hydroxy alkanoates) (PHAs).50

Polyhydroxyalkanoates are biodegradable polymers that are
synthesized by a diverse range of bacteria in the form of
intracellular granules.51 Numerous bacterial and archaeal species
can be used for the natural synthesis of PHAs.52–54 Based on their
mechanical properties, PHAs can be classified as short-chain-
length polyhydroxyalkanoates (PHASCL) or medium-chain-length
polyhydroxyalkanoates (PHAMCLs). First, the monomer unit con-
tains no more than five carbon atoms, whereas in the second, it
contains more than five atoms.55 PHAs are promising natural
alternatives56 to petrochemical-based polymers.57

PHA can be employed as a bio-based additive to develop
composites when combined with materials such as PLA.58,59 Its
use is increasing.60 PHA was combined with PLA, and its

thermophysical and rheological properties were investigated
under various processing conditions and filler additions.61 The
results indicated that the composites’ processability was
enhanced, with the nozzle temperature identified as the most
influential parameter affecting the mechanical characteristics.

Several reports have analyzed and predicted the global PHA
market size, providing detailed information, including com-
pound annual growth rate (CAGR) values. In the forecast period
of 2024–2031, the market size is expected to rise from $105.42
million to $160.56 million, reflecting a 5.40% CAGR.62

Similarly, for the 2022–2029 forecast period, the global PHA
market value is expected to increase from USD 73.12 million to
USD 128.0 million.63 In another report,64 it is forecasted that
throughout 2024–2034, the market will experience an 8.9%
CAGR, with the market size rising from USD 123.5 million in
2024 to USD 298.3 million in 2034.

Bioproducts can be created when biomass undergoes pyr-
olysis, gasification, or hydrothermal carbonization. Pyrolysis is
commonly employed for the conversion of biomass into value-
added products, specifically syngas, bio-oil, and biochar.65

Proper valorization of products such as biochar can have a
positive impact on economic viability and promote environ-
mental sustainability,65 provided that production is cost-
effective66 and not competitive with existing biomass valoriza-
tion practices.67,68

Carbon-based additives are commonly used as fillers in com-
posites in 3D printing.69,70 Biochar is a carbon-based material,
which is defined as a solid material produced by thermochemi-
cally converting biomass under oxygen-limited conditions.71 Bio-
char properties may vary depending on the type of biomass and
the treatment temperature.72,73 Several types of biochar can be
derived from various feedstocks74 including wood residues,75

animal manures,76 sewage sludge,77 crop straw,78 food wastes,79

and others.80,81 The biochar source material and production
process affect its properties. Thus, there are numerous studies
on biochar, sourced from different natural waste.10,11,82–84

It exhibits high porosity, stability, a large surface area, and
other beneficial properties that are useful for various
applications.85 Some of the most common applications of biochar
include soil remediation,86–88 water treatment,89–91 carbon cap-
ture or air filtration,92–94 heat and power production, flue gas
cleaning,95 metallurgical processes,96 agricultural applications,97

building materials98 and medical applications.99 The advantages
of biochar, such as its eco-friendliness, reusability, and cost-
effectiveness,100,101 are among the reasons for its increasing
utilization not only by the research community but also by the
manufacturers.

These findings are supported by various reports on the
biochar market size and projections, as well as by existing
literature. It is estimated that between 2024 and 2031, the
market revenue will rise from $231.4 million in 2023 to
$700.7 million by 2031, reflecting a 13.1% CAGR. According
to another report,102 the global market of biochar was esti-
mated at $680.84 million in 2023 and is expected to increase
from $763.48 million in 2024 to $2097.0 million by 2032,
with a 13.47% CAGR. Additionally, projections show103 that
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the biochar market, valued at USD 253.29 in 2023, will grow at
approximately 14.0% between 2024 and 2030, reaching about
USD 622.8 million by 2030.

Various studies have investigated the utilization of biochar
to enhance the response of polymeric materials in different
applications. For example, the mechanical performance of PLA/
biochar (BC) composites after 3D printing was parametrically
studied,104 which demonstrated enhancements in the tensile
strength and bending stiffness.

Biochar was incorporated as filler (0–1 wt%) into a poly-
propylene (PP) matrix.105 The produced samples were examined
for surface morphology and mechanical and thermal character-
istics. The findings revealed an improvement in tensile
strength and improved thermal stability. In a separate study,
PET/biochar composites were fabricated and tested, and the
outcome indicated that the introduction of biochar enhanced
the mechanical, thermal, and dynamic properties of the
compounds.106 Furthermore, this group has previously demon-
strated the benefits of combining biochar samples with con-
ventional, non-degradable polymers, in material extrusion
(MEX) 3D printing, such as polylactic acid (PLA),107 polypropy-
lene (PP),108 acrylonitrile butadiene styrene (ABS),109 and high-
density polyethylene (HDPE).110 The findings show a strong
potential for the use of biochar as an eco-friendly reinforcing
agent (filler) for conventional 3D printing polymers. For
instance, for the PP thermoplastic,108 the tensile strength was
improved by 28.4% with 4 wt% biochar content in the compo-
sites. The effect of biochar as a filler on the quality character-
istics of such polymers has also been reported,111 while the
overall effect of 3D printing polymeric materials has been
summarized in literature studies.112

In this research, PHA/biochar composites were fabricated
with six different filler concentrations (0.0, 0.5, 1.0, 1.5, 2.0, and
2.5 wt%). Combining PHA with biochar has the added advan-
tage of developing 100% biodegradable composites, thus pro-
moting circular bio-economy and environmental protection.
The investigation carried out into the literature did not reveal
any similar study so far. Initially, mixtures were formed with
raw materials, which were subsequently extruded into fila-
ments suitable for 3D printing. The printed specimens were
then formed into the desired shape prior to testing and
evaluation in accordance with the relevant standards. The tests
included assessments of both filaments and specimens for
thermal and rheological behavior, as well as mechanical and
morphological characteristics. The thermal behavior was eval-
uated by measurements implemented with the thermogravi-
metric analysis (TGA) method and the differential scanning
calorimetry (DSC) method. Rheological properties were inves-
tigated using viscosity measurements. The material flow rate
(MFR) analysis was also implemented. The mechanical proper-
ties were assessed by testing the tensile and bending responses
of the manufactured samples, as well as their Charpy impact
and microhardness. Furthermore, thermomechanical dynamic
mechanical analysis (DMA) was also carried out. Additionally,
the morphologies of the samples and biochar were assessed by
energy dispersive spectroscopy (EDS) and scanning electron

microscopy (SEM). The geometrical accuracy and the voids of
the samples were examined with the sophisticated and accurate
micro-computed tomography (m-CT) method. These two afore-
mentioned metrics are related to the quality characteristics of
the 3D printing structure. The experimental findings showed
that it is possible to produce 100% biodegradable composites
for the MEX AM method. The capability of biochar to enhance
the mechanical behavior of polymeric matrices was once again
verified in this biosynthesized PHA biopolymer, showing strong
potential for applying 100% eco-friendly composites in the
MEX AM method.

2. Materials and methods

The experimental workflow of this work is illustrated in Fig. 1,
detailing the procedures from raw materials through filament
and specimen fabrication to the evaluation of the mechanical,
thermal, rheological, morphological, and structural properties.
Fig. 1(a) and (b) depict the weighing and drying of PHA and
biochar raw materials. Fig. 1(c)–(e) show the filament melt
extrusion, subsequent drying, and preliminary mechanical
testing, respectively, while Fig. 1(f) illustrates the fabrication
of the parts (MEX AM). Fig. 1(g)–(i) show the experimental
process for the mechanical testing of the printed examples, and
Fig. 1(j)–(l) display the rheological, thermal, and morphological
characterization of the parts.

2.1. Materials

PHA and biochar materials were used for this investigation.
PHA was supplied by ColorFabb (Belfeld, the Netherlands)
under the trade name AllPHA ColorFabb pellets. According to
the technical datasheet provided by the supplier, this material
is produced by fermentation (a natural process), where bacteria
convert natural sugars and oils into PHA by accumulating
intracellular lipid granules. Biochar was produced by this
research team from pruning olive trees collected in Chania,
Crete, Greece. The biomass was first washed to remove impu-
rities and then air dried. Flame curtain pyrolysis was used as
the fabrication method, and more details and specifications
can be found here.113 The rest of the steps are described in
detail in ref. 107. The produced samples were thoroughly
ground using a Sepor-type rod mill. Fig. 2(a) shows the SEM
picture of the biochar particles captured at a magnification of
1600�, while Fig. 2(b) and (c) show SEM images taken at
70 000� and 130 000� magnifications, respectively.

2.2. Materials formulation, production of the filament, and
the specimens

The two raw materials were processed employing a high-power
blender for 20 minutes (operating at 4000 rpm). Six different
blends of biochar and PHA were prepared: 0.0, 0.5, 1.0, 1.5, 2.0,
and 2.5 wt% of biochar particle loading. The range of filler
quantities was selected based on preliminary tests conducted,
up to the point where a further increase in the biochar content
no longer enhanced the mechanical properties in the
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composites (saturation phenomena114,115). The produced filament
was 1.75 mm in diameter to meet the requirements of the 3D
printer machine. This extruder is specially designed for material
mixing and the production of filaments specifically for the MEX
AM method. This is a commercially available extruder from the
3devo company (Composer 450, Utrecht, the Netherlands). It
features a screw developed with geometric characteristics aiming
to facilitate the materials mixing process, therefore achieving
good dispersion of the additives, as the manufacturer claims.
This was afterward verified by SEM and EDS of the samples, along
with analysis of the experimental results.

For the fabrication of the 3D samples, a MEX AM Intamsys
Funmat HT (INTAMSYS Technology Co. Ltd, Shanghai, China)
was used. Four types of specimens were manufactured to per-
form tensile, bending, Charpy, and dynamic mechanical ana-
lyses (DMA) experiments. The printing parameters and their
dimensions are illustrated in the ESI.† The specimens were
printed with a 0.4 mm nozzle. The nozzle temperature was
200 1C, the build plate was 401, a �451 rectilinear infill pattern

was used, and an orientation angle of 01. Each specimen was
printed with 2 perimeters, no solid layers on the top or bottom,
a 0.2 mm layer height, and a printing speed of 50 mm s�1.

Samples with various types of typical prismatic and curva-
ture geometric features were also prepared by the authors to
evaluate the 3D printed samples’ geometric accuracy with the m-
CT scanner apparatus. The same was used for the evaluation of
the pores formed during the building of the examples in the 3D
printing structure.

2.3. Raman characterization, rheology, and thermal
examination

Raman peaks were assessed with a LabRAM HR Raman Spec-
trometer from HORIBA Scientific, located in Kyoto, Japan. For
the rheology property assessment, a DHR-20 Discovery Hybrid
Rotational Rheometer from TA Instruments, located in New
Castle, Delaware, in the United States, was used. Regarding the
melt flow rate (MFR) tests, the temperature used was the one

Fig. 2 SEM images of biochar at (a) 1600�, (b) 70 000, and (c) 130 000� magnifications.

Fig. 1 (a) and (b) PHA and biochar weighing and drying, (c)–(e) filament extrusion, drying, and mechanical testing, (f) specimen fabrication through MEX
AM, (g)–(i) mechanical testing of specimens, (j) and (k) rheological and thermal characterization, and (l) morphological analyses by SEM and EDS.
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provided by the ASTM D1238. Regarding the viscosity measure-
ments, the temperature applied was selected to be close to the
nozzle temperature during the 3D printing process. Moreover, a
model named Diamond (TGA, PerkinElmer, Waltham, U.S.)
and a DSC 25 (DSC, TA Instruments, New Castle, U.S.) were
used for the assessment of the effect of biochar on the thermal
response of PHA. The methodology can be found in the ESI.†

2.4. Mechanical testing

Mechanical experiments were carried out on the fabricated PHA/
biochar specimens for each filler concentration. Tensile and
bending experiments were performed employing an MX2 motor-
ized test stand from Imada Inc., located in Tokyo, Japan. The
instrument featured the appropriate grips. ASTM D638-14 (type
V, 3.2 mm thickness) and ASTM D790-10 (52 mm clearance in
the supports) standards were used, and tests were implemented
with 10 mm min�1 elongation speed. For the impact test (Charpy
notched), an MT220 device from Terco AB, located in Kungens,
Sweden, was employed following the instructions of the ASTM
D6110 standard (367 mm hammer release height). With regard
to the Vickers microhardness tests, a Test 300-Vickers instru-
ment from Innovatest Europe BV, established in Maastricht, the
Netherlands, was used. Measurements were carried out in
accordance with the ASTM E384-17 standard. All experiments
were carried out under ambient conditions.

Additionally, DMA was conducted using a Discovery Hybrid
Rheometer DHR20 equipped with a 3-point bending setup and
a 40 mm span. The examination covered a temperature range
from 30 to 190 1C, with the temperature increasing at a rate of
5 1C min�1. Throughout the analysis, the sample was subjected
to sinusoidal strains between 0 and 0.05% at a frequency of
1 Hz. To maintain consistent contact with the specimen during

the entire testing process, a force-tracking mechanism was
employed.

2.5. Micro-computed tomography, SEM, and EDS

The structures of the fabricated examples were inspected with
micro-CT with a Tomoscope HV Compact instrument (Werth-
Messtechnik GmbH, Germany). The geometrical deviation and
voids of the MEX 3D-fabricated specimens were analyzed, and
the resulting data were correlated with the mechanical test
outcomes. SEM inspection was conducted on both the biochar
particles and the fabricated PHA/biochar specimens, using an
SEM field emission device model named JSM-IT700HR from
JEOL Ltd, located in Tokyo, Japan. Pictures were acquired from
the lateral and fractured sections of the samples at different
magnifications to thoroughly assess their morphology and cor-
relate the findings with those derived from mechanical tests.
EDS allowed the elemental assessment of the samples examined.

3. Results
3.1. Raman evaluation

Fig. 3 depicts the Raman spectral profiles for unfilled PHA and
the PHA/biochar mixtures (Fig. 3(a)) as well as the resulting
spectra after subtracting the unfilled PHA from those of the PHA/
biochar compounds at filler concentrations of 0.0, 0.5, 1.0, 1.5,
2.0, and 2.5 wt% (Fig. 3(b)). Table 1 presents the Raman peaks
for the unfilled PHA documented with the respective literature.

As illustrated in Fig. 3(b), the addition of biochar to PHA has
induced several changes in Raman intensity. In particular, in the
three Raman peaks (60, 447, and 611 cm�1), the intensity exhibited
a small decrease, while at 81, 841, 1727, 2930, 2974, and 3000 cm�1,
the intensity increased. The Raman peaks at 2930, 2974, and

Fig. 3 Raman derived data for pure PHA and PHA/biochar (0.5, 1.0, 1.5, 2.0, and 2.5 wt%) composite samples, in intensity vs. Raman shift graphs: (a)
Raman spectra and (b) the result after subtracting the unfilled PHA from all PHA/biochar compounds (please see Table 1, as well).
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3000 cm�1 experienced strong, moderate, and slight gradual increases,
respectively. Notably, the expected graphite bands, the D-band at
1340 cm�1 and the G-band at 1590 cm�1, which are commonly found
in biochar, were not found in the measurements, probably because of
the high photoluminescence of the samples. All changes presented
with the related assignments are shown in Table 2.

3.2. Rheological and thermal characterization

Fig. 4 presents the rheological characteristics of the PHA/biochar
composites at filler concentrations of 0.0, 0.5, 1.0, 1.5, 2.0, and
2.5 wt%. Fig. 4(a) displays the stress and viscosity versus shear rate
at 190 1C, indicating that when the stress increases, the viscosity
decreases, whereas in Fig. 4(b), there are MFR levels at 190 1C,
indicating that as the filler increases, the MFR levels decrease.

Fig. 5 presents the thermal characteristics of the PHA/biochar
(0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%) composite samples. In
particular, Fig. 5(a) is related to TGA, as it shows weight versus
temperature graphs, while the respective values of the initial
decomposition temperature (IDT) and final residue (FR) are pro-
vided in the bar chart of Fig. 5(d). Their maximum values were
detected at PHA/2.5 wt% biochar and pure PHA, respectively.
Fig. 5(b) shows the DSC results of the heat flow versus temperature
graphs, accompanied by the measured Tm values shown in Fig. 5(c).
This indicated that the highest Tm value was that of pure PHA.

3.3. DMA results and mechanical properties

Fig. 6 presents the DMA-derived data, including graphs of the
loss modulus, storage modulus, and tan(d) with respect to
temperature for the following samples: pure PHA (Fig. 6(a)),
PHA/biochar composites with content per weight of 0.5
(Fig. 6(b)), 1.0 (Fig. 6(c)), 1.5 (Fig. 6(d)), 2.0 (Fig. 6(e)), and 2.5
(Fig. 6(f)). There are also bars representing the bending mod-
ulus of elasticity to be compared with the respective storage
modulus, as it was derived at room temperature. As the storage
modulus and loss modulus decrease, tan(d) increases until it
reaches the Tm value, after which it decreases.

Fig. 7 presents the tensile test results for the PHA/biochar
specimens with filler concentrations of 0.0, 0.5, 1.0, 1.5, 2.0,
and 2.5 wt%. Fig. 7(a) presents the tensile strength values and
an illustration acquired during the tensile experiment of a
randomly selected example. Notably, the sample with the high-
est tensile strength belongs to 1.0 wt%, with a 15.3% increase
compared to pure PHA. Fig. 7(b) shows the Young modulus
results and the failed tensile specimen from the 1.0 wt%
composite, which again demonstrated the highest value
(25.4% above pure PHA). The tensile toughness results are
presented in Fig. 7(c), along with an image of the failed tensile
specimen from the PHA/0.5 wt% biochar composite, with this
formulation featuring the highest toughness (17.7% above pure
PHA). Additionally, in the tan(d) curves, two distinct peaks of
relaxation can be observed, which can be attributed to the
interfacial phenomena appearing when the biochar content is
included in the polymer matrix.

Fig. 8 displays the bending test results for the 3D-printed
PHA/biochar specimens with filler concentrations of 0.0, 0.5,
1.0, 1.5, 2.0, and 2.5 wt%. Fig. 8(a) shows the bending strength
values accompanied by a picture of the bending test of a
randomly selected specimen. The 0.5 wt% composite exhibited
the highest bending strength, achieving a 15.3% increase
compared to pure PHA. Fig. 8(b) shows the bending modulus
of elasticity and an image of a pure PHA-failed bending speci-
men. None of the PHA/biochar composite formulations
reached a value higher than that of pure PHA. The bending
toughness results are presented in Fig. 8(c), along with an
image from the PHA/0.5 wt% biochar bending specimen after
it failed. Regarding the highest tensile toughness, the case of
0.5 wt% reveals a 3.1% higher value than that of pure PHA.

Fig. 9(a) shows the tensile toughness of the fabricated PHA/
biochar (0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%) filaments and a
picture taken during the tensile testing of a randomly chosen
filament sample. The highest tensile toughness was achieved
for the pure PHA. As the biochar filler concentration increased,

Table 1 Major Raman peaks for the unfilled PHA accompanied by the related assignments

Wavenumber (cm�1) Intensity Raman peak assignment

70 Strong Unidentified
222 Small Unidentified
366 Small Disubstituted acetylenes116

434 Medium Unidentified
522 Small C–H and CH3 asymmetric stretching117

606 Medium C–COO vibration, C–C–O symmetric vibration117

713 Small C–H bending118

839 Medium Phenyl ring vibration118,119

951 Small O–CH3 rocking117

1060 Medium C–C vibration120

1263 Small C–O–C stretching117

1364 Medium C–C–H, C–O–H, and O–C–H121

1440 Medium CH3 asymmetric stretching122

1725 Medium CQO bond stretching;117,123 C–O–C symmetric stretching124

2880 Small CH2, CH3 vibration120

2930 Very strong CH2 asymmetric stretching; CH vibration116

2938 Small CH2 asymmetric stretching121

2947 Small CH2 asymmetric stretching121

2979 Strong C–H stretching119

2996 Medium C–H stretching119
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toughness decreased. Additional filament testing, as well as the
results from diameter monitoring and related captured images,

are shown in the ESI.† Fig. 9(b) shows the Charpy impact
strength of PHA/biochar (0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%)

Table 2 Differences in the major Raman peaks of PHA/biochar from the unfilled PHA

60 Decrease Small decrease in Raman peak intensity
81 Increase Medium increase of Raman peak intensity
447 Decrease Small decrease in Raman peak intensity
611 Decrease Small decrease of C–COO vibration, C–C–O symmetric vibration
841 Increase Medium increase of phenyl ring vibration
1727 Increase Small increase of CQO
2930 Gradual increase Strong increase of CH2 asymmetric stretching; CH vibration, with a maximum at 20 and 25 wt%
2974 Gradual increase Small increase of C–H stretching, with a maximum at 20 and 25 wt%
3000 Gradual increase Small increase of C–H stretching, with a maximum at 20 and 25 wt%

Fig. 4 Rheology results for PHA/biochar (0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%) composite samples (a) stress and viscosity versus shear rate results and (b)
MFR levels.

Fig. 5 Thermal property results of pure PHA and PHA/biochar (0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%) composite samples through (a) TGA and (b) DSC
curves, as well as the respective measured (c) Tm, (d) FR, and IDT values.
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samples, along with an image of a Charpy PHA/0.5 wt%.
biochar specimen. The highest levels were detected in the
PHA/0.5 wt% biochar, as its values were increased by1.9%
compared to the unfilled PHA. Fig. 9(c) depicts the microhard-
ness (M–H) values of all the PHA/biochar samples and an image

showing the Vickers imprint of a PHA pure sample. The highest
M–H values were obtained for pure PHA, which declined as the
biochar particle content increased. The tensile stress vs. strain
graphs of the specimens and filaments and the bending stress
vs. strain graphs of the filaments are presented in the ESI.†

Fig. 6 DMA results in terms of storage modulus, loss modulus, and tan(d) vs. temperature graphs for (a)–(f) PHA/biochar concentrations of 0.0, 0.5, 1.0,
1.5, 2.0, and 2.5 wt%, respectively.

Fig. 7 Tensile results for the 3D-printed PHA/biochar (0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%) specimens: (a) tensile strength and an image from the tensile
testing of a randomly selected specimen, (b) tensile modulus of elasticity and an image from a PHA/1.0 wt% biochar failed tensile specimen, and (c) tensile
toughness, and an image from a PHA/0.5 wt% biochar failed tensile specimen.
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3.4. l-CT results

Fig. 10 shows the geometrical deviation results for the fabricated
PHA/biochar specimens. Fig. 10(a) and (b) show the dimensional
deviation through color-coded mapping of a PHA/0.5 wt% biochar
tensile sample. As shown in Fig. 10(c), the actual to nominal
geometry (A2N) at 95% (5% of the extreme were ignored) dimen-
sional deviation levels of the PHA/biochar composites for all filler
concentrations (0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%) is depicted. The
lowest deviation was detected in the case of 1.0 wt%, which is
11.2% lower than that of the pure PHA; that is, the sample is
closer to the nominal dimensions by 11.2% compared to the pure
PHA. Fig. 10(d) and (e) show a section of the PHA/0.5 wt% biochar

sample through color-coded mapping. Fig. 10(f) presents the
porosity levels of all PHA/biochar samples and highlights that
the lowest porosity levels were detected in the case of 1.0 wt%, a
value that is 23.3% lower (less porous structure) than in the pure
PHA. Additional information derived from the structural investi-
gation of the specimens is shown in the ESI.†

3.5. SEM-assisted morphological characterization

Fig. 11 and 12 present the SEM illustrations of selected PHA/biochar
specimens (tensile) captured at various magnifications, showing
various lateral and fractured surfaces. In Fig. 11(a)–(c), SEM images
of the unfilled PHA are depicted, indicating the vertical side

Fig. 8 Results from the bending 3D-printed PHA/biochar (0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%) specimens; (a) bending strength and an image from the
bending testing of a randomly selected specimen, (b) bending modulus of elasticity and an image from a pure PHA failed tensile specimen, and (c)
bending toughness and an image from a PHA/0.5 wt% biochar failed to bend the specimen.

Fig. 9 Mechanical characterization results of PHA/biochar samples for all filler concentrations, to derive: (a) tensile toughness of the extruded filaments,
(b) Charpy impact strength of the 3D-printed specimens, and (c) microhardness.
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magnified at 150� and the fractured section at both 27� and
20 000�. In Fig. 11(d)–(f) and in Fig. 11(g)–(i), corresponding
information is provided for PHA/1.0 wt% biochar and PHA/
2.0 wt% biochar. Fig. 12 shows the SEM pictures of the PHA/
1.5 wt% biochar; the vertical surface magnified at 27� (Fig. 12(a)),
as well as the fractured surface magnified at 27� (Fig. 12(b)), 1000�
(Fig. 12(d)), 5000� (Fig. 12(e)), and 20 000� (Fig. 12(f)). Additionally,
Fig. 12(c) shows the distribution of C, O, and Si in the PHA/1.5 wt%
biochar composite is presented. Considering the lateral surface
images, 3D-printing layering was characterized by a defect-free
uniform distribution across all examined samples. The images of
the fractured surfaces revealed that all the examined samples
exhibited ductile behavior (deformation of the strands before their
failure is evident), except for PHA/2.0 wt% biochar, which shows
brittle fracture characteristics (minimum deformation is presented
on the fracture surface).

4. Discussion

The evaluation of the test results revealed several observations.
Pure PHA was proven to exhibit the highest performance in
terms of the bending modulus of elasticity, microhardness, and
filament tensile toughness. The rest of the mechanical

properties were most enhanced for the compounds with values
of biochar particle content per weight of 0.5 and 1.0. Specifically,
the 0.5 wt% composite demonstrated superior tensile and
bending toughness, bending strength, and Charpy impact
strength. The 1.0 wt% composite achieved the most improved
tensile strength and Young modulus. At the same time, it was
characterized by the lowest dimensional deviation and porosity
relative to pure PHA. It can be observed that the toughness
decreases in the tensile test for compounds with the biochar
content beyond the one that achieved the highest strength
(1 wt%). This shows that beyond this loading, the mechanical
properties overall decline. Also, it is an indication that the parts
are becoming more brittle at a higher loading (fail at lower
strain), as the toughness depends on both strength and strain. It
is also notable that the flexural modulus of elasticity decreases
with the introduction of biochar in the PHA, meaning that the
samples are becoming less stiff in this type of loading, with the
addition of biochar. This is not the case with tensile strength, in
which the stiffness of the samples increases by a notable 25.4%
(1 wt%). It should also be noted that the flexural modulus of
elasticity is in good agreement with the storage modulus derived
from the DMA measurement at room temperature.

The toughness of the samples in the flexural test is rather
stable (differences are within the statistical error), which is

Fig. 10 (a) and (b) Dimensional deviation of a PHA/0.5 wt% biochar example through color-coded mapping, (c) geometrical accuracy values of all PHA/
biochar samples, (d), (e) PHA/0.5 wt% biochar section through color-coded mapping, and (f) porosity values of all PHA/biochar samples.
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probably due to the termination of the tests at 5% strain in the
experiment, in accordance with the standard instructions. At

higher loadings, the toughness decreased in the flexural test.
On the tensile tests of the filament, the toughness constantly

Fig. 11 SEM images showing (a)–(c) unfilled PHA, (d)–(f) PHA/1.0 wt% biochar and (g)–(i) PHA/2.0 wt% biochar: lateral surfaces at 150� magnification,
and fractured surfaces at 27� and 20 000�.

Fig. 12 SEM images of the PHA/1.5 wt% biochar: (a) lateral surface magnified at 27�, (b) vertical surface magnified 27�, (c) C, O, and Si elemental
distribution through EDS, and (d)–(f) side surface magnified 1000�, 5000�, and 20 000�.
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decreased, despite the increase in the strength of up to 1.5 wt%.
This shows that the filament is more brittle with the introduc-
tion of the biochar in the PHA biopolymer. The impact strength
is also rather stable (differences are within the statistical error)
and decreased at a higher biochar loading in the compounds.
M–H also decreased with the introduction of biochar in the
PHA biopolymer, showing that biochar failed to improve the
hardness of the compounds. In Fig. 13, spider-shaped graphs
summarize the tensile and bending strengths, dimensional
deviation, and porosity values, while the maximum and mini-
mum values relevant to this research work are also highlighted.

Regarding thermal properties, the IDT was stable with
differences within statistical error for all the compounds,
showing that the introduction of the biochar in the PHA
biopolymer does not alter its thermal response. The FR
increased as expected with the increase of the biochar content
in the compounds. Regarding the Tm, DSC showed that it was
not affected by the addition of biochar (differences are within
the statistical error). On the other hand, DMA showed a
decrease in the Tm of the PHA with the addition of biochar;
Tm measurements with DMA are considered more reliable.

The MFR decreased with an increase in biochar content; that
is, higher filler amounts resulted in lower MFR values. Higher
MFR values indicate that the addition of biochar makes PHA
easier to process. Still, the effect of the addition of biochar on
the rheology of the PHA polymer should be evaluated against
the 3D printing settings, which probably would require adjust-
ments as the MFR increases. By inspecting the lateral surfaces
of the tensile samples with SEM, the quality is not diminished
with the increase of the biochar content. So, this assumption
(need for 3D printing alteration due to different rheology in the

compounds) probably does not stand in this case. Still, differ-
ences in the structure of the parts (porosity and dimensional
accuracy) were found in the m-CT scan process, which can be
attributed, among others, to the impact of biochar on the
rheological properties of the compounds. Moreover, since both
the MFR and the viscosity decreased, this is typically an
indication that the polymer might be experiencing shear-
thinning behavior or specific interactions with the biochar.

Regarding the evaluation of the 3D printing structure, as
mentioned above, differences were found. The introduction of
biochar enhanced both the geometrical accuracy and the
porosity in the structure of the 3D-printed samples for all
concentrations considered in the research. Interestingly
enough, the best values were found for the 1 wt% compound,
the one with the highest response in the tensile test, showing a
correlation between these two (related to the structure) quali-
ties and the 3D printed items’ mechanical response.

The SEM images revealed a high-quality and uniform layer
distribution, as well as ductile behavior in pure PHA, PHA/
1.0 wt% biochar and PHA/1.5 wt% biochar composites, and a
brittle behavior for the PHA/2.0 wt% biochar compound. The
more brittle response of the higher-loaded compounds men-
tioned above (evaluated by the toughness findings) was verified
in the SEM images. Furthermore, the dispersion of the ele-
ments determined by the EDS revealed good dispersion of the
biochar particles, which is a positive outcome for the metho-
dology followed for the preparation of the composites.

To the best of the authors’ knowledge, no previous investi-
gation has produced and characterized bio-composite PHA/
biochar filaments and corresponding 3D-printed specimens
in this manner. However, the scientific community has been

Fig. 13 Spider-shaped graphs, with regard to all the PHA/biochar samples for (a) tensile and (b) flexural strength, (c) dimensional deviation, and (d)
porosity.
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involved in exploring other biocomposite systems for applica-
tion in 3D printing.125,126 Still, as mentioned in the Introduc-
tion section, conventional, non-degradable polymers have been
used for the development of composites in the MEX AM
method with biochar particles as fillers. These specific research
studies mentioned, furthermore, used the same biochar grade,
and the composites were fabricated using techniques similar to
those employed in the current research. No other additives were
used in all cases. A summary of mechanical properties from the
existing literature is presented in Table 3, in which the differ-
ences in the reinforcement effect of the specific biochar grade
on different polymers are presented and compared with the
current research findings of the PHA biopolymer. The last row
of Table 3 states the optimum biochar amount (wt%) found in
each compound. The improvement achieved with this opti-
mum biochar amount in each compound is stated in the other
rows of the table, which state the % improvement in different
mechanical properties, compared to the respective unfilled
polymer used as a matrix material in each compound. As
shown, the biochar amount that achieved the best results
differs in each compound (different matrix material). This
can be attributed to the different interactions between biochar
and each polymeric matrix. Also, it justifies the need for
individual studies for each matrix/biochar combination. It
should be noted also that in these studies, apart from the same
biochar used, the composite preparation method was similar to
the current research.

As shown, the findings of the current research are similar to
those for the PLA polymer.107 The reinforcing effect on the other
polymers is higher than that of PHA. Still, the differences are not
that high. This is an important outcome, considering the nature-
sourced character of the PHA biopolymer. Additionally, it can
be observed that the optimum loading for all conventional, non-
degradable polymers was higher than the PHA biopolymer. For
the PHA biopolymer, a further increase in the biochar content
triggered processability issues, making the preparation of the
samples more difficult.

5. Conclusions

In the present research, biocomposites of naturally produced
PHA and biochar from biomass were fabricated, characterized,
and tested in biochar compositions of 0.0, 0.5, 1.0, 1.5, 2.0, and
2.5 wt%. The created mixtures were then extruded into
filaments, which were employed for the 3D printing of the
desired examples. Subsequently, the rheology, thermal, and
mechanical characteristics, structure, morphology, and chemical

composition of the specimens were examined. Rheological ana-
lysis provided data on the viscosity and melt flow rate, while
thermal characterization included TGA and DSC measurements,
yielding the FR, IDT, and Tm values. Dynamic mechanical
analysis was also performed, along with assessments of the
tensile and bending strength, modulus of elasticity, and tough-
ness. Furthermore, the impact strength (Charpy notched) and
Vickers M–H were measured, and the tensile properties of the
filaments were evaluated. The structural analysis of the 3D-
printed examples involved dimensional deviation and porosity
measurements. Finally, a morphological investigation was per-
formed using SEM on both the lateral and fractured surfaces at
various magnifications, and EDS was employed to determine the
elemental composition of the samples.

Based on mechanical and structural analyses, the PHA/
biochar composites with 0.5 and 1.0 wt% filler displayed the
best overall performance. Notably, the 0.5 wt% composite
presented a tensile toughness that was 17.7% higher than that
of pure PHA, whereas the 1.0 wt% composite showed a Young
modulus of 25.4% improved compared to the unfilled PHA.
Additionally, the 23.3% lower porosity of the PHA/1.0 wt%
biochar composite samples constitute an important improve-
ment for the 3D printing structure (and by extension to the
quality of the part) compared to pure PHA. The incorporation of
biochar into PHA was proven to improve the performance of the
compound, suggesting its potential in applications that require
such properties. Future work could include investigation of the
same composites from a ‘‘3D printing parameter optimization’’
perspective to further improve and tailor their properties.
Furthermore, different types of biochar can be evaluated to
derive conclusions regarding the effect of the grade on the
efficacy of the composites. Extra tests can be carried out, such
as additional rheology tests (temperature-dependent sweeps or
applying rheological models such as the power-law or Carreau–
Yasuda model). Finally, creating an actual complex-shaped part
with 0.5 and 1 wt% biochar and then comparing it with the
0 wt% biochar case could provide useful insight into the
performance of the composites in real-life applications.
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Table 3 Biochar efficacy as a reinforcing agent in MEX 3D AM for
common polymers and the PHA biopolymer

Increase (%) PHA PLA107 PP108 ABS109 HDPE110

Tensile strength 15.3 20.9 28.4 24.9 37.8
Young modulus 25.4 25.8 24.3 25.5 29.5
Flexural strength 15.3 14.1 19.7 21.0 35.9
Opt. loading (wt%) 1.0 4.0 4.0 4.0 6.0
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59 G. Torğut and N. Gürler, Nanofiller reinforced biodegrad-
able PHA/PLA composites: physico-chemical, thermal and
dielectric properties, J. Polym. Res., 2021, 28, 452.

60 A. Thakur, M. Musiol, K. Duale and M. Kowalczuk, Navigating
the Future of PHA Composites: A Review of Challenges and
Opportunities, 2024, DOI: 10.20944/preprints202405.1308.v1.

61 H. Torabi, H. McGreal, H. Zarrin and E. Behzadfar, Effects
of Rheological Properties on 3D Printing of Poly(lactic
acid) (PLA) and Poly(hydroxy alkenoate) (PHA) Hybrid
Materials, ACS Appl. Polym. Mater., 2023, 5, 4034–4044.

62 Data Bridge Market Research, Global Polyhydroxyalkanoates
(PHA) Market – Industry Trends and Forecast to 2031, 2024.

63 Statista, Market value of polyhydroxyalkanoate (PHA)
worldwide in 2022, with a forecast for 2029, 2024.

64 Global Market Insights, Polyhydroxyalkanoate (PHA) Mar-
ket – By Product, PHA Type, Production Methods, Applica-
tion Analysis, Share, Growth Forecast, 2025–2034, 2024.

65 K. Qian, A. Kumar, H. Zhang, D. Bellmer and R. Huhnke,
Recent advances in utilization of biochar, Renewable Sus-
tainable Energy Rev., 2015, 42, 1055–1064.

66 K. Thepsuthammarat, A. Reungsang and P. Plangklang,
Microalga Coelastrella sp. Cultivation on Unhydrolyzed
Molasses-Based Medium towards the Optimization of Con-
ditions for Growth and Biomass Production under Mixo-
trophic Cultivation, Molecules, 2023, 28, 3603.

67 J. Cui, J. Liu, X. Chen, J. Meng, S. Wei, T. Wu, Y. Wang,
Y. Xie, C. Lu and X. Zhang, Ganoderma Lucidum-derived
erythrocyte-like sustainable materials, Carbon, 2022, 196,
70–77.

68 C. Xu, M. Nasrollahzadeh, M. Sajjadi, M. Maham, R. Luque
and A. R. Puente-Santiago, Benign-by-design nature-
inspired nanosystems in biofuels production and catalytic
applications, Renewable Sustainable Energy Rev., 2019, 112,
195–252.

69 R. Mandala, B. A. Prasad and S. Akella, Development and
characterization of groundnut shell-derived biocarbon-
reinforced polylactic acid composite filaments for FDM,
J. Appl. Polym. Sci., 2024, 141, e55689.

70 R. D. Maalihan, L. I. B. Briones, E. P. Canarias and
G. P. Lanuza, On the 3D printing and flame retardancy
of expandable graphite-coated polylactic acid, Mater.
Today: Proc., 2023, DOI: 10.1016/j.matpr.2023.09.140.

71 S. K. Mohanty, R. Valenca, A. W. Berger, I. K. M. Yu,
X. Xiong, T. M. Saunders and D. C. W. Tsang, Plenty of
room for carbon on the ground: Potential applications of
biochar for stormwater treatment, Sci. Total Environ., 2018,
625, 1644–1658.

72 S. Sahota, V. K. Vijay, P. M. V. Subbarao, R. Chandra,
P. Ghosh, G. Shah, R. Kapoor, V. Vijay, V. Koutu and
I. S. Thakur, Characterization of leaf waste based biochar
for cost effective hydrogen sulphide removal from biogas,
Bioresour. Technol., 2018, 250, 635–641.

73 C. Zhang, L. Liu, M. Zhao, H. Rong and Y. Xu, The
environmental characteristics and applications of biochar,
Environ. Sci. Pollut. Res., 2018, 25, 21525–21534.

74 J. Wang and S. Wang, Preparation, modification and
environmental application of biochar: A review, J. Cleaner
Prod., 2019, 227, 1002–1022.

75 S. Wijitkosum, Biochar derived from agricultural wastes
and wood residues for sustainable agricultural and envir-
onmental applications, Int. Soil Water Conserv. Res., 2022,
10, 335–341.

76 D. Rathnayake, H. Schmidt, J. Leifeld, J. Mayer, C. A. Epper,
T. D. Bucheli and N. Hagemann, Biochar from animal
manure: A critical assessment on technical feasibility,
economic viability, and ecological impact, GCB Bioenergy,
2023, 15, 1078–1104.

77 L. Zhao, Z.-F. Sun, X.-W. Pan, J.-Y. Tan, S.-S. Yang, J.-T. Wu,
C. Chen, Y. Yuan and N.-Q. Ren, Sewage sludge derived
biochar for environmental improvement: Advances, chal-
lenges, and solutions, Water Res.: X, 2023, 18, 100167.

78 X. Chen, H.-Z. He, G.-K. Chen and H.-S. Li, Effects of
biochar and crop straws on the bioavailability of cadmium
in contaminated soil, Sci. Rep., 2020, 10, 9528.

79 J. Liu, S. Huang, K. Chen, T. Wang, M. Mei and J. Li,
Preparation of biochar from food waste digestate: Pyrolysis

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 1

2:
15

:0
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.20944/preprints202405.1308.v1
https://doi.org/10.1016/j.matpr.2023.09.140
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00266d


© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 6427–6444 |  6443

behavior and product properties, Bioresour. Technol., 2020,
302, 122841.

80 S. Joseph, A. L. Cowie, L. Van Zwieten, N. Bolan, A. Budai,
W. Buss, M. L. Cayuela, E. R. Graber, J. A. Ippolito,
Y. Kuzyakov, Y. Luo, Y. S. Ok, K. N. Palansooriya,
J. Shepherd, S. Stephens, Z. (Han) Weng and J. Lehmann,
How biochar works, and when it doesn’t: A review of
mechanisms controlling soil and plant responses to bio-
char, GCB Bioenergy, 2021, 13, 1731–1764.

81 S. Varjani, G. Kumar and E. R. Rene, Developments in
biochar application for pesticide remediation: Current
knowledge and future research directions, J. Environ. Man-
age., 2019, 232, 505–513.

82 T. Almeelbi, Magnetite Biochar Derived from Date Palm
Tree Waste Leaves for Adsorption of Congo Red from
Aqueous Solution, Egypt. J. Chem., 2025, 68, 205–212.

83 H. Al-Khalaifah and A. Al-Nasser, Critical review on the use
of biochar in poultry industry: benefits, characteristics and
applications, Worlds Poult. Sci. J., 2023, 79, 807–833.

84 S. Fan, L. Cui, H. Li, M. Guang, H. Liu, T. Qiu and
Y. Zhang, Value-added biochar production from micro-
wave pyrolysis of peanut shell, Int. J. Chem. React. Eng.,
2023, 21, 1035–1046.

85 P. R. Yaashikaa, P. S. Kumar, S. Varjani and A. Saravanan,
A critical review on the biochar production techniques,
characterization, stability and applications for circular
bioeconomy, Biotechnol. Rep., 2020, 28, e00570.

86 Z. Shen, D. Hou, B. Zhao, W. Xu, Y. S. Ok, N. S. Bolan and
D. S. Alessi, Stability of heavy metals in soil washing
residue with and without biochar addition under acceler-
ated ageing, Sci. Total Environ., 2018, 619–620, 185–193.

87 D. O’Connor, T. Peng, G. Li, S. Wang, L. Duan, J. Mulder,
G. Cornelissen, Z. Cheng, S. Yang and D. Hou, Sulfur-
modified rice husk biochar: A green method for the
remediation of mercury contaminated soil, Sci. Total
Environ., 2018, 621, 819–826.

88 J. Beiyuan, Y. M. Awad, F. Beckers, J. Wang, D. C. W. Tsang,
Y. S. Ok, S.-L. Wang, H. Wang and J. Rinklebe, (Im)mobi-
lization and speciation of lead under dynamic redox con-
ditions in a contaminated soil amended with pine sawdust
biochar, Environ. Int., 2020, 135, 105376.

89 Y. Wu, Y. Xia, X. Jing, P. Cai, A. D. Igalavithana, C. Tang,
D. C. W. Tsang and Y. S. Ok, Recent advances in mitigating
membrane biofouling using carbon-based materials,
J. Hazard. Mater., 2020, 382, 120976.

90 P. Zhang, D. O’Connor, Y. Wang, L. Jiang, T. Xia, L. Wang
and D. C. W. Tsang, Y. S. Ok and D. Hou, A green biochar/
iron oxide composite for methylene blue removal,
J. Hazard. Mater., 2020, 384, 121286.

91 K. N. Palansooriya, Y. Yang, Y. F. Tsang, B. Sarkar, D. Hou,
X. Cao, E. Meers, J. Rinklebe, K.-H. Kim and Y. S. Ok,
Occurrence of contaminants in drinking water sources and
the potential of biochar for water quality improvement: A
review, Crit. Rev. Environ. Sci. Technol., 2020, 50, 549–611.

92 J. Liu, B. Jiang, J. Shen, X. Zhu, W. Yi, Y. Li and J. Wu,
Contrasting effects of straw and straw-derived biochar

applications on soil carbon accumulation and nitrogen
use efficiency in double-rice cropping systems, Agric.,
Ecosyst. Environ., 2021, 311, 107286.

93 F. Yang, C. Wang and H. Sun, A comprehensive review of
biochar-derived dissolved matters in biochar application: Pro-
duction, characteristics, and potential environmental effects
and mechanisms, J. Environ. Chem. Eng., 2021, 9, 105258.

94 N. Cheng, B. Wang, P. Wu, X. Lee, Y. Xing, M. Chen and
B. Gao, Adsorption of emerging contaminants from water
and wastewater by modified biochar: A review, Environ.
Pollut., 2021, 273, 116448.

95 L. Wang, D. Hou, Y. Cao, Y. S. Ok, F. M. G. Tack, J. Rinklebe
and D. O’Connor, Remediation of mercury contaminated
soil, water, and air: A review of emerging materials and
innovative technologies, Environ. Int., 2020, 134, 105281.

96 L. Ye, Z. Peng, L. Wang, A. Anzulevich, I. Bychkov,
D. Kalganov, H. Tang, M. Rao, G. Li and T. Jiang, Use of
Biochar for Sustainable Ferrous Metallurgy, JOM, 2019, 71,
3931–3940.

97 S. K. Das, G. K. Ghosh and R. Avasthe, Application of
biochar in agriculture and environment, and its safety
issues, Biomass Convers Biorefin, 2023, 13, 1359–1369.
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