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Abstract

Biochar, a bio-based co-product of biofuel production via thermochemical conversion, holds potential as a filler

for polymer composites to reduce costs, improve thermomechanical properties, and aid in environmental remedia-
tion. 3D-printed biochar composites have received growing interest over the past few years but have experienced
difficulties such as poor layer adhesion and nozzle clogging. Currently, no literature review examines 3D-printed
biochar composites and related biochar properties in-depth. This work summarizes and discusses recent studies

on 3D-printed polymer and biochar composites and examines their mechanical, thermal, and additional properties
that result from each study. Technical challenges in printability, such as nozzle clogging from particle size and bio-
char aggregation, are also discussed. Furthermore, this work discusses the variability of biochar properties resulting
from the pyrolysis conditions and feedstock choice in relation to potential 3D printing outcomes. In particular, several
studies reported that high lignin feedstocks could be candidates for 3D printing. The post-processing approaches

of the biochar via physical and chemical methods are also introduced. Ball milling appears to hold the most promise
for physical treatments due to its tunability of particle size, surface area, and functional groups, while chemical treat-
ments with acids or alkalis are used to tailor biochar porosity and wettability. Overall, it was determined that future
research needs to be done relating biochar production and post-processing methods to resulting 3D printing param-
eters as the number of studies is limited.

Highlights

- Biochar can be used as a renewable polymer filler in 3D printing; however, it has a few challenges.
- These challenges include nozzle clogging, die swelling, and layer adhesion.
- Biochar can be tailored to improve printing through preparation conditions and post-processing techniques.
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1 Introduction

Biochar (BC) is a carbonaceous material obtained from
various resources, such as lignocellulose (Ayten and
Oskay 2022; Bamdad et al. 2019; Baronti et al. 2014;
Choudhury and Lansing 2020; Feng et al. 2020; Inyang
et al. 2014; Ma et al. 2021; Olu-Owolabi et al. 2021;
Sahota et al. 2018; Shimabuku et al. 2016; Wang et al.
2021; Xiong et al. 2017; Yazdani et al. 2019; Zhao et al.
2022; Zhong et al. 2019; Zhou et al. 2018), organic waste
(Son et al. 2018; Yu et al. 2018), and livestock manure
(Glazunova et al. 2018; Nan et al. 2021). It can be formed
from these feedstocks via thermochemical (e.g., pyrolysis,
gasification, and hydrothermal carbonization) processing
methods. In many conventional biofuel production pro-
cesses, biochar is not a primary product; however, it has
several promising properties, such as high porosity, high
specific surface area, charged surface, long-term stabil-
ity, and cation exchange capacity that make it a valuable
material (Ding et al. 2016; Zhao et al. 2020). Biochar has
been widely researched as an absorbent for dyes (Inyang
et al. 2014), medication (Olu-Owolabi et al. 2021; Shima-
buku et al. 2016), heavy metals (Son et al. 2018), and
gases (Bamdad et al. 2019; Choudhury and Lansing 2020;
Sahota et al. 2018; Zhou et al. 2018). Furthermore, it has
been explored for electrocatalytic applications (Ayten
and Oskay 2022; Ma et al. 2021; Zhao et al. 2022; Zhong

et al. 2019) as well as soil remediation (Baronti et al. 2014;
Glazunova et al. 2018).

The inclusion of biochar in polymer composite appli-
cations has recently been highlighted as an alternative
to traditional carbonaceous fillers. Table 1 lists recent
research being done on polymer—biochar composites
in fields such as packaging, aerospace, automotive, con-
struction, energy, and defense. These applications can be
manufactured under multiple processing routes, includ-
ing injection molding (Das et al. 2016; Zhu et al. 2020),
melt blending (Das et al. 2016; Tolvanen et al. 2019;
Zhang et al. 2019; Zhu et al. 2020), hand lay-up (Matykie-
wicz 2020), thermal phase inversion (Ghaffar et al.
2018), and electrospinning (Taheran et al. 2017). In par-
ticular, biochar-based polymer composites have gained
increased attention due to their utilization of pyrolyzed
biomass materials, as they make composite materi-
als more bio-based, sustainable, and environmentally
friendly while utilizing a byproduct. Additionally, the
inclusion of biochar into the polymer matrix can improve
the mechanical properties and thermal stability as well as
add desired functionalities (e.g., electrical conductivity).
Biochar is less costly than traditional carbonaceous fillers
and has the potential for high compatibility with many
polymer matrices (Bartoli et al. 2022). Since biochar is a
lightweight and low-density material, it is promising for
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Table 1 Summary of biochar applications in polymer composites
Polymer Biochar source Processing method Application Reference
Polypropylene (PP) Landfill pine wood waste Melt blending, Injection mold-  Food packaging, Interiors Das et al. (2016)

ing of airplanes and automobiles,

Fire retardant materials

High density polyethylene Poplar wood Melt blending, Hot pressing Packaging, Automotive sectors  Zhang et al. (2019)
(HDPE)
Polyamide 6 (PA 6) Bamboo Melt blending, Injection mold-  Furniture, Construction, Packag- Zhu et al. (2020)

ing
Agave sisalana fiber-reinforced  Coffee waste stream
epoxy composite

Carbon fiber-reinforced epoxy  Fish scales

composite

Polylactic acid (PLA) Bamboo, Bamboo cel-

lulose nanowhiskers
Graphite-polylactic acid (PLA) Pine
composites

Polyvinylidene fluoride (PVdF) Wood biomass

Polyacrylonitrile (PAN) Pine white wood

Compression molding, Thermo-  Automotive, Civil construction,
mechanical cure

Compression molding

Solution casting

Melt blending, Hot pressing

Thermal phase inversion

Electrospinning

ing, Automobiles, Aerospace,

Bridges

Zuccarello et al. (2021)
Naval sectors

Construction, Automotive,
Aerospace, Defense, Wind
energy

Rajendran et al. (2025)

Agricultural sun shading films,
Package films

Sheng et al. (2019)

Wearable and portable devices  Tolvanen et al. (2019)
(electromagnetic interference

shielding materials)

Membrane (Pollutant manage-  Ghaffar et al. (2018)

ment)

Membrane (Wastewater treat-  Taheran et al. (2017)

ment)

weight reduction in the vehicle or aerospace fields. Its
pyrolysis treatment provides improved thermal stabil-
ity, where biochar composites have been investigated for
fire retardant properties (Das et al. 2017). Furthermore,
its porosity has allowed it to be explored as an absorbent
membrane with polyvinylidene fluoride for dyes such as
Rhodamine B (Ghaffar et al. 2018). Additionally, its bio-
based derivation and environmental sustainability have
influenced its use in construction material composites
(Rajendran et al. 2025). Overall, biochar can be tailored
in its properties by selecting different feedstock sources
and production methods, translating into varying prop-
erties for polymer composites.

In addition to these polymer—biochar composite pro-
cessing techniques, the study on the use of biochar in
polymer matrices through 3D printing has attracted
more attention. This additive manufacturing technique
provides a unique concept in polymer product manufac-
turing, in which particular shapes can be computation-
ally designed and printed using a composite filament. In
terms of popularity, fused deposition modeling (FDM)
has been highly researched due to its user accessibil-
ity as well as its wide range of part production options
and designs (Komal et al. 2021). Researchers have been
able to compare 3D printing technology with traditional
manufacturing methods to examine composite prop-
erty changes. Primarily, polymer thermal properties
were found to improve due to the short exposure time
to high temperatures during processing, in comparison

to injection molding (Komal et al. 2021). In some cases,
the polymer remained thermally stable, though it did not
improve significantly compared to traditional methods
(Askanian et al. 2018; Cisneros-Lépez et al. 2020). Only
a few review articles have focused on biochar/polymer
composites but without discussing 3D-printed biochar/
polymer composites as the main focus of their article
(Hassan et al. 2024b; Li et al. 2023b). Hassan et al. inves-
tigated the recycling of polymers and their 3D-printed
properties, including biochar composites for sustainable
polymer fillers (Hassan et al. 2024b). Li et al. discussed
the use of biochar in the printing category as a whole,
including dye absorbent, 3D printing, and pigments (Li
et al. 2023b). However, a review by Bolanakis et al. briefly
examines 3D printing of biochar composites in regards
to polymer types, though the authors do not specify cor-
relations in biochar production and post-processing to
composite properties (Bolanakis et al. 2024).

Despite the great potential of biochar-based poly-
mer composites, they have some challenges for practi-
cal applications. Firstly, since biochar can be produced
from a wide range of feedstocks, the feedstock variability
makes its industrial applications challenging. Secondly,
the application of biochar in composites is still relatively
new, so the correlations between biochar and compos-
ite properties are not fully understood yet, especially
in 3D-printed composites. With 3D printing, there is
also the drawback of ensuring good printability of the
composites from filaments, in which the process is free
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Fig. 1 Common production overview of polymer-biochar filament
composite and 3D printing process. From Ref. (Mohammed

et al. 2022a). Reprinted from Composites Part C: Open Access, 7,
Zaheeruddin Mohammed, Shaik Jeelani, Vijaya Rangari, Effective
reinforcement of engineered sustainable biochar carbon for 3D
printed polypropylene biocomposites, 4, (2022), with permission
from Elsevier

from nozzle clogging, die-swelling, biochar aggregation,
etc. The goal of this review is to fill in the gaps of bio-
char 3D-printed composites, as well as discuss additional
biochar processing methods that could pertain to future
research as it is currently limited. Biochar processing
methods, feedstocks, and post-production biochar treat-
ments are comprehensively reviewed and discussed in
terms of their applicability to 3D printing.

2 Biochar-based composites

The role of biochar as a composite filler spans multi-
ple polymer types and applications. Many of the afore-
mentioned applications are significantly influenced by
production and processing parameters. In general, the
production process involves an initial mixing of the
polymer and biochar, as shown in both the mechanical
mixing and manual mixing of Fig. 1 (Mohammed et al.
2022a). Afterwards, an extruder is used to produce the
filament, with twin screw extruders being popular for
mixing composite materials. This particular setup of the
twin screws allows for improved mixing due to shear
stresses that result from the screws and barrel (Ahmad
et al. 2023). This composite filament is then placed into
the 3D printer to produce samples (Mohammed et al.
2022a). Shaqour et al. lists four main sections of the 3D
printer for operation: the motor to draw the filament
through, the barrel to contain the filament, the heating
block to melt the polymer, and the nozzle for extrusion
(Shaqour et al. 2021).

Furthermore, the goal of biochar fillers is typically
focused on either the substitution of harmful environ-
mental materials or the improvement of composite prop-
erties. Researchers have used this idea of a biochar filler
to study the effects of combining biochar with conven-
tional polymers to form filament composites for applica-
tions in 3D printing fields. Diverse polymers, including
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polyethylene terephthalate (PET), polylactic acid (PLA),
high density polyethylene (HDPE), polyurethane (PU),
acrylonitrile butadiene styrene (ABS), and polypropylene
(PP) have been used with biochar fillers.

2.1 Current trends in biochar/polymer 3D printing:
mechanical properties

Though biochar incorporation into 3D-printed compos-
ites is relatively new, much of the current research indi-
cates that low concentrations of biochar are the most
effective in mechanical reinforcement. For instance,
Indrees et al. reported the increase in tensile strength
of recycled PET composites with the addition of small
concentrations of biochar (0.5 wt.%), from~40 MPa
pristine PET to~52 MPa of the composite. The authors
attribute this to the interaction of the PET polymer with
the porous biochar (0.5 wt.%), whereas higher percent-
ages of biochar decrease tensile strength due to bio-
char particle aggregation (Idrees et al. 2018). Similarly,
Anerao et al. investigated the influence of 3D print-
ing parameters on mechanical properties using PLA/
BC composites and determined that small concentra-
tions (1-3 wt.%) of biochar produced a better impact
strength than higher percentages (5 wt.%) (Anerao et al.
2023). Vidakis et al. (2024) were able to produce HDPE/
biochar filaments for 3D-printed composites, where
the biochar was varied between 2 and 10 wt.%. Overall,
the authors determined that the two best composites
in terms of mechanical properties were the 4 wt.% and
6 wt.% biochar concentrations. For the 6 wt.% compos-
ites, the highest tensile strength (25 MPa), toughness
(8.5 MJ m™3), and flexural modulus (~700 MPa) were
found, while 4 wt.% had the highest tensile modulus
(95 MPa) and flexural strength (23 MPa) (Vidakis et al.
2024). Further exploration of epoxy resin composites
was done by Alhelal et al. by adding biochar (from used
coffee grounds) to epoxy resin in a 3D printing process.
The biochar produced better mechanical properties in
1% concentrations than those of higher concentrations,
in which flexural strength increased by~43% compared
to pristine epoxy resin. Additionally, it was noted that
3% biochar concentrations obtained poorer mechanical
properties as well as the biochar, in general, having little
effect on temperature-induced decomposition (Alhelal
et al. 2021). Mayakrishnan et al. developed a 3D-printed
BC/PU film (2-10 wt.% of BC) for agricultural practices.
The authors collected mechanical properties based on
tensile strength, tear strength, penetration resistance,
impact resistance, and burst strength and found values
of 23-38 MPa, 2.9-4.1 MPa, 22.8-26.7 N, 210-279 g,
and 83.6-94.5 kPa, respectively. Those properties were
improved with increasing BC content (2-10%). The
improvement of mechanical properties was attributed
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Fig. 2 Inconsistencies in filament caused by biochar aggregation,
where A shows the filament printing from the nozzle, B shows

the printed part’s surface texture (5 and 10 wt.% biochar
concentrations), and C shows scanning electron microscopy (SEM)
images of the parts. From Ref. Diederichs et al. (2021)

to a range of possible mechanisms including BC promo-
tion of crystallization (affected tensile strength), rigidity
(affected tear resistance), and BC dispersion and adhe-
sion to polymer matrix (affected penetration resistance,
impact resistance, and burst strength) (Mayakrishnan
et al. 2023). In summary, biochar was found to assist in
property improvement when typically added in concen-
trations less than ~ 10 wt.%. However, in order to act as
a filler and make a polymer more bio-based, the amount
of biochar added to the polymeric matrix must be maxi-
mized. On the other hand, at these high concentrations,
biochar has been known to aggregate.

Particle aggregation in high concentrations of biochar
is a common technical challenge in composite prop-
erties and can cause printer nozzle clogging. Dieder-
ichs et al. explored the 3D printing of polytrimethylene
terephthalate (PTT) and BC composites. Some of their
results are shown in Fig. 2, where the textures of three
filaments and composites are observed: pristine PTT, 5
wt.% biochar, and 10 wt.% biochar. The authors examined
that 10 wt.% of biochar filler caused a rough, inconsist-
ent surface on the printed specimens, as compared to
the pristine polymer. They further discussed the impact
large BC particle sizes could have on nozzle blockage
during extrusion. This was cited as a possible source of
decreased mechanical properties, along with poor layer
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adhesion (Diederichs et al. 2021). Ertane et al. were able
to produce PLA/BC (5, 15, and 30 vol.% of biochar)
composite filaments and test for tribological properties.
According to their study, a 30 vol.% BC composite expe-
rienced the highest wear resistance of all tested samples.
As BC was added, the wear resistance increased, which
was attributed to the improvement of stiffness. However,
the nozzle experienced clogging due to the high load-
ing (30 vol.%) of BC in the filament (Ertane et al. 2018).
George et al. sought to avoid clogging by sieving the bio-
char using a 400 mesh size (38 um), and they experienced
no clogging at 220 °C. Additionally, it should be noted
that low concentrations of biochar were used (1-10 wt.%)
(George et al. 2023).

Rather than only focusing on biochar concentrations,
researchers have taken into account the 3D printing pro-
cessing parameters as well. Though current 3D-printed
polymer/biochar composites are limited, research has
emerged on potential parameter adjustments in response
to quality. Anerao et al. determined biochar had the
largest impact of all processing parameter contribu-
tions. However, in addition to 3 wt.% of BC, the authors
determined that an 80% infill density and 0.3 mm layer
thickness were best to maximize tensile properties out
of all tested parameters. Similarly, for flexural strength
and modulus, the BC content (3 wt.%) and infill den-
sity (100%) were found to significantly affect the values.
However, a 1 wt.% of BC and an 80% infill density were
best for impact strength. They cite the higher density as
being important for load transfer, which improves com-
posite mechanical properties. Overall, they determined
that infill pattern and raster angle were less important
on mechanical property effects. This was done through
the Taguchi design that allows for comparisons of which
parameter had the most effect on a particular property
(Anerao et al. 2023). Khan et al. investigated ABS/BC
composites by varying both the biochar content (1-3
wt.%) and infill density (25% and 50%). A higher tensile
strength was found for a greater infill density as well as
an increase with the addition of small concentrations of
BC (Khan et al. 2023). Hassan et al. investigated recy-
cled HDPE and recycled PP composites with biochar
and determined the best printing parameters based on
mechanical results. The raster angle of 0° aligned each
layer in a way that was consistent and improved tensile
strength, while a slower printing speed (900 mm min™)
improved layer adhesion (Hassan et al. 2024a). Aside
from the biochar itself, it appears that an important
factor in 3D printing involved adjusting the infill den-
sity, while raster angle adjustments yielded differing
conclusions.

Furthermore, a common problem that has emerged
across 3D printing research in general is poor layer
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adhesion. Because the polymer is deposited layer-by-
layer, poor adhesion between each layer can cause
poorer mechanical properties, leading many researchers
to investigate ways of improving adhesion. Balou et al.
attempted to improve layer adhesion by implementing
polyethylene terephthalate glycol (PETG) as the 3D print-
ing polymer with hydrochar as a filler. Although hydro-
char is slightly different than biochar (with hydrochar
requiring a hydrothermal process instead), the material
contains a high carbon concentration and is produced
from waste biomass. For this polymer, 30% and 50 wt.%
of activated carbon derived from hydrochar was added
to the PETG matrix to produce higher tensile strength
and Young’s Modulus compared to neat PETG. The
authors cited two reasons for this: first, the interaction
of -CH functional groups with the polymer matrix, and
second, enhanced crystallinity, which improved filler-
matrix adhesion. In terms of the 3D printing aspect, the
authors found that the PETG/(30 wt.%) activated carbon
composites showed no defects or shrinkage, as occurred
in some of the previous 3D printing studies listed (Balou
et al. 2023). Mohammed et al. discussed poor adhesion
between layers in their study on ultrasonicated bio-
char filler within a PP matrix. They attributed the poor
adhesion to shrinkage upon cooling and attributed the
improvement to biochar, which suppressed this by sup-
pressing the volumetric changes (Mohammed et al.
2022a).

While these findings indicate a possible improve-
ment in adhesion using biochar, other authors cite the
need for more 3D printing parameterization despite
their use of biochar. Vidakis et al. performed scanning
electron microscopy in which a more compact and less
porous structure was found for the biochar compos-
ites compared to pristine HDPE. Therefore, the com-
posites experienced poorer layer adhesion. The authors
recommended that different BC concentrations require
adjustments to printing parameters (Vidakis et al. 2024).
Muhammed et al. investigated PP filaments with plasma-
functionalized biochar filler (up to 1 wt.%) for use in
3D-printed filaments and composites. Citing the poor
properties of PP that make it inaccessible for printing
(e.g., crystallinity), the authors used biochar as a nucleat-
ing agent. The authors indicated that the biochar showed
improved chemical interaction with the PP matrix due
to the plasma treatment, therefore increasing the overall
crystallinity. Otherwise, the non-plasma treated biochar
only interacted with PP physically. The plasma-treated
biochar in a 0.75 wt.% concentration was found to be
best in terms of tensile strength (41.5 MPa) compared to
pristine PP (21.7 MPa). When printing of the dogbone
sample occurred, shrinkage between polymer layers var-
ied the mechanical properties due to inhomogeneous BC
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dispersion, with the authors acknowledging the need for
parameter optimization (Mohammed et al. 2022b). Over-
all, there is no clear consensus on whether biochar can
improve layer adhesion, but rather it depends on the 3D
printing parameters and functionalization of the biochar
particles.

It appears that throughout much of the work on 3D
printed polymer/biochar mechanical properties, indica-
tions of poor mechanical properties have been a two-fold
problem. First, the printed part exhibits varying adhesion
capabilities between each layer. This was due to polymer
cooling and shrinkage, resulting in separation between
the layers. However, biochar was found to be beneficial in
layer adhesion in some cases. Research has suggested an
improvement due to biochar incorporation, though addi-
tional parameter optimization is still needed. Second,
biochar has been found to clog the printer nozzle due to
its size, aggregation susceptibility, and inability to melt,
especially when added at high concentrations. However,
biochar is often investigated as a filler to replace certain
expensive polymer matrices and requires a high concen-
tration to make a financial difference. This makes bal-
ancing biochar content with printer capabilities an area
requiring further investigation.

2.2 Current trends in biochar/polymer 3D printing:
thermal properties

In general, because biochar undergoes pyrolysis and con-
tains high concentrations of stable carbon, these com-
posites exhibit great thermal properties. Therefore, it is
important to investigate any changes in thermal prop-
erties that may occur when added to polymer matrices,
including increased melting temperature and degrada-
tion effects. Alhelal et al. found that the onset degrada-
tion temperatures were similar (325-328 °C) between
the neat epoxy, 1 wt.%, and 3 wt.% epoxy/BC composites,
though degradation rate changes were less prominent,
leading to the conclusion that the changes due to bio-
char were negligible (Alhelal et al. 2021). However, Ume-
rah et al. found that the biochar/PLA composites were
less thermally stable than the pristine polymer and they
attribute this phenomenon to the potassium content in
the biochar and its degradation of the PLA itself. Their
TGA results can be seen in Fig. 3, where an earlier degra-
dation temperature appears as biochar content is added
to the polymer matrix (Arrigo et al. 2020; Umerah et al.
2020). Nevertheless, the authors stated that a maximum
processing temperature of 250 °C can be used without
polymer degradation occurring (Umerah et al. 2020).
Vidakis et al. investigated HDPE/biochar composites for
degradation using TGA and determined similar degrada-
tion temperatures during the stage of significant polymer
loss (Fig. 4) (Vidakis et al. 2024). Overall, despite biochar
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content possibly influencing polymer degradation as in
the case of the potassium content, the composites are
able to maintain consistent onset degradation tempera-
tures at low concentrations after replacing portions of the
polymer matrix with the biochar filler.

In addition to the degradation temperature above,
the melting temperature of the composites is com-
monly examined as a thermal property. Mohammed

et al. determined that plasma-treated biochar within a
PP matrix increased the melting temperature and attrib-
uted it to the chemical bonding that occurred between
the biochar and polymer as a result of plasma function-
alization. In terms of crystallization, the chemical bond-
ing occurred as covalent bonds and increased the energy
needed for crystallization (Mohammed et al. 2022b).
In another study, Mohammed et al. reported that 1-10
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wt.% addition of biochar could slightly increase the melt-
ing temperature of PP composites from 159.72°C (pris-
tine) to~163°C (composite) (Mohammed et al. 2022a).
It appears that biochar could increase the melting tem-
perature; therefore, printing parameters must be adjusted
accordingly. Temperatures can either be adjusted across
varying composite trials to match biochar concentra-
tion or be held constant across trials according to the
control polymer. To further investigate optimum print-
ing parameters, George et al. investigated not only the
melting temperature of the composites but their onset
melting temperature as well. They determined that this
temperature was an indication of the nozzle tempera-
ture, in which 220 °C was chosen for PLA/PBAT/bio-
char composites. This temperature was chosen to avoid
clogging and degradation (George et al. 2023). Notably,
melting only occurs within the polymer rather than the
biochar filler (Ertane et al. 2018). This is a significant part
of nozzle clogging. Diederichs et al. described swelling of
the filament during extrusion from the printer nozzle as
well as the inconsistent rough surface of the printed part.
They determined that 5 wt.% BC was better for printabil-
ity than the addition of 10 wt.% biochar (Diederichs et al.
2021).

As previously discussed, layer adhesion can lead to
mechanical failure but is influenced by temperature,
making it a thermal property. Mohammed et al. cite that
in order to improve layer adhesion, the previous layer
temperature must remain above crystallization but below
melting temperature (Hertle et al. 2016; Mohammed
et al. 2022a). The authors further attribute their addi-
tion of biochar to the polymer matrix as disrupting the
shrinkage that normally occurs without the filler, though
this is for the filament rather than the printed sample.
This is due to the chain movement restriction caused by
the biochar addition (Mohammed et al. 2022a). Simi-
larly, Bute et al. reported that in common FDM polymers
(PLA, ABS, PP, etc., without biochar), thermal shrinkage
occurred after deposition in the printing plane whereas
expansion occurred within the extrusion plane (Bute
et al. 2023). Balou et al. further explored the use of bio-
char composites and determined improved stability and
restrained polymer chain movement owing to both fillers.
They determined that no shrinkage or defects occurred
using the activated carbon (biochar) at 30 wt.% within
a polyethylene terephthalate glycol matrix (Balou et al.
2023). However, this is considered a high biochar con-
centration and previously discussed research has shown
difficulties with nozzle clogging and mechanical failures
caused by aggregation.

Overall, thermal properties play a significant role in
influencing the two most common 3D printing difficul-
ties: biochar nozzle clogging and polymer layer adhesion.
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Biochar appeared to influence the melting temperature
of the composites (Hassan et al. 2024b). This should be
considered when choosing the nozzle temperature, as it
is influenced by the onset melting temperature (George
et al. 2023). Therefore, it is also important to care-
fully choose the biochar concentration according to the
intended application to prevent a blockage in the nozzle
because of its inability to melt (Ertane et al. 2018). This
causes difficulties in the processability of the polymer.
However, conflicting reports remain regarding the effect
of biochar on thermal shrinkage, requiring additional
investigations. Therefore, it is important to carefully
select the biochar concentrations and parameters for a
particular application.

2.3 Current trends in biochar/polymer 3D printing:
additional properties

Although many works have focused on mechanical and
thermal characteristics, other studies have explored addi-
tional properties in which the biochar is tailored for a
specific application. These properties are valuable in bio-
char and, as such, tested according to a specialized appli-
cation. For example, Silva et al. produced 3D-printed
(though not FDM) alginate-based composite hydro-
gels with varying concentrations of biochar. Although
mechanical characterization was not done, contaminant
absorbency tests were performed. The 10 wt.% biochar
samples were found to have the highest absorbency due
to porosity induced by the biochar addition. An improve-
ment of 48-58% in absorbency for tested water con-
taminants was found compared to the pristine alginate
hydrogel (Silva et al. 2023).

Instead of contaminants, Mayakrishnan et al. expanded
on composite characterization by testing water absorb-
ance for biochar-based mulching films. Overall, the
authors found no significant changes in water absorb-
ance between the pristine thermoplastic polyure-
thane films and those with biochar (2-10 wt.%). No
significant defects were observed as a result of the 3D
printing process, supporting the polymer composite sta-
bility (Mayakrishnan et al. 2023). Mayakrishnan et al.
also investigated oxygen transmission through compos-
ite films. With the addition of biochar, the oxygen trans-
mission rate was decreased, with the pristine polymer
being 1765.45 cc m™2 day~' atm™ and the 10 wt.% bio-
char composite being 1011.34 cc m™2 day ™! atm™ (May-
akrishnan et al. 2023).

Diederichs et al. investigated the rheology of molten
composites in order to determine their effects on 3D
printing. They determined that the polymer composite
experienced shear thinning, which changed with biochar
content, thereby influencing the nozzle pressure during
printing (Diederichs et al. 2021). Baniasadi et al. explored
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etal. (2023)

Fig.6 SEM images (A, B, and B’) demonstrate the interlocking effect that occurs between porous biochar and polymer. Adapted with permission

from (Hassan et al. 2024a). Copyright 2024 American Chemical Society

rheology and discussed the importance of biochar dis-
persion in filaments. Their results (Fig. 5) showed that
higher frequencies caused a decrease in the viscosity of
the composites, known as shear-thinning. They explained
that shear-thinning is needed for the filament to eas-
ily flow out of the nozzle to limit defects. The molecules
are able to more easily move past each other, leading to
improved movement. Their success in producing such a
filament was attributed to the in situ polymerization of
polyamide 11 and biochar into a composite rather than
extrusion techniques to combine the two (Baniasadi et al.
2023).

In a work by George et al., biochar 3D-printed com-
posites were produced to study their antistatic prop-
erties. The authors were able to improve the polymer
blend adhesion (PLA and polybutylene adipate-co-
terephthalate) and decrease the surface resistivity. They
cite the change in resistivity as occurring due to the sp>
hybridized carbon content, where the coconut shell-
derived biochar has few impurities and high carbon con-
tent. Additionally, adhesion was improved by biochar

nucleation when added to the polymer blend (George
etal. 2023).

3 Biochar production and properties

The surface characteristics, porosity and composition of
biochar can potentially influence composite properties,
as well as its printability. Although polymer/BC compos-
ites typically do not react chemically (unless modified),
physical interactions can occur. The molten polymer can
be deposited within the porous surface of the biochar,
solidifying as it cools and interlocking the two materials,
as shown in the SEM images from Hassan et al. (Fig. 6).
The authors attribute the decrease in tensile properties
to weakened polymer adhesion and variations in particle
size. However, they attribute increases in flexural proper-
ties to the deposition of the polymer into biochar pores.
For example, the authors indicate that during flexural
testing, the biochar provides structural support for the
composite when undergoing compression (Hassan et al.
2024a). In particular, the study by Hassan et al. highlights
that it is important to consider surface morphology and
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biochar interactions with the molten polymer, thereby
placing emphasis on biochar surface formation during
production. Biochar properties can be tuned using two
main factors resulting from the production process: the
pyrolysis conditions and feedstock content. Pyrolysis
was selected as the main focus of the production process
due to its high biochar yield. Adjusting these parameters
can significantly tune biochar, leading to influences on
printing properties. This section begins with a discus-
sion of previous studies on the pyrolysis process and
continues with feedstock options for obtaining varying
biochar compositions and properties. Significant atten-
tion is given to waste materials as potential feedstocks. A
summary of feedstocks and temperatures is provided in
Table 2. This table provides an overview of what proper-
ties can be estimated for a particular feedstock.

3.1 Pyrolysis conditions

Pyrolysis is a widely used method of heating organic
materials at temperatures between 300 and 900 “C within
a limited oxygen environment, thereby breaking down
biomass into gas, liquid, and solid products like biochar.
This method can be categorized as either slow or fast
pyrolysis, with yields depending on the applied heat-
ing rates, processing temperatures, and residence times.
These parameters result in different product distributions
(syngas, liquid bio-oil, and solid biochar). Slow pyrolysis
is carried out at the temperature range of 300-700 °C
with a heating rate of 0.1-1 ‘C s™" and is typically used

Table 2 Feedstocks and their resulting biochar properties
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for biochar production because of its relatively high char
yield compared to other methods. Its counterpart, fast
pyrolysis (400-800 °C), is an exceptionally fast process
with a short residence period of <2 s (Pahnila et al. 2023).
In addition, microwave pyrolysis (heating biomass using
microwave radiation) has several advantages, including
a short processing time, increased efficiency, and a non-
contact manner (Wang et al. 2018). With this method,
biochar with higher carbon content and higher calorific
value has been obtained, compared to the one via con-
ventional pyrolysis (Said et al. 2022). Co-pyrolysis can
be applied to the mixture of two or more materials or
chemicals as catalysts, improving the physical and chemi-
cal properties of the produced biochar (Chen et al. 2022;
Liu et al. 2021; Peng et al. 2022). For instance, Peng et al.
reported that co-pyrolysis of industrial sludge and rice
straw produced biochar with increased specific surface
area and a more developed pore structure than pyrolysis
using industrial sludge alone (Peng et al. 2022).

When adjusting pyrolysis parameters, temperature is
often the focus of the overall biochar outcome. In terms
of yield, the highest percentage of biochar is produced at
lower temperatures (Dhar et al. 2022; Vieira et al. 2020;
Wang et al. 2019). One significant example is found in a
study by Wang et al., in which ~ 80% yield was generated
at 300 °C. At higher temperatures (400-700 °C), the yield
ranges from 60% to 73% for textile dyeing sludge, with
percentages decreasing with increasing temperatures
(Wang et al. 2019). A high biochar yield can be beneficial

Feedstock Temperature Yield (wt.%) Surfacearea Volatile matter Fixed carbon Ash Reference
(°C) (m2g™") (Wt.%) (Wt.%) content
(wt.%)
Textile dying sludge 300-700 60-81 21-66 - - 63-78 Wang et al. (2019)
Rice husk 300-500 33-38 - 7-47 30.5-60 17-32 Vieira et al. (2020)
300-700 35-55 - - - 21-35 Nwajiaku et al. (2018)
450 ~31 - ~17 ~55 ~23 Chaturvedi et al. (2021)
Coconut fiber 350-600 29-48 8-296 16.5-58.5 35-71 6-12 Dhar et al. (2022)
Woody yard waste 450-950 23-33 1-310 - - 1-9 He etal. (2021)
Pine wood 300-700 15-37 4-380 - - 0.5-4 Useviciatée
Pine bark 14-55 1-420 3-5 and Baltrénaite-
Birch wood 11-31 2-345 0.5-3 Gediené (2021)
Birch bark 16-49 0.5-380 2-7
Hemp 11-40 2-392 3-32
Grapevine cane 400-700 - 183-516 - - - Marshall et al. (2019)
Grapevine stalks 400-700 - 200-560 - - -
Sugarcane bagasse 350-700 22-27 - - - 11-12 Nwajiaku et al. (2018)
Sugarcane trash 450 ~31 - ~15 ~61 ~20 Chaturvedi et al. (2021)
Forestry waste 450 29-36 - 17-37 50-70 7-9 Chaturvedi et al. (2021)
(pine, lantana, eucalyptus)
Vegetable 300-600 16-45 1-10 16-73 19-70 - Pradhan et al. (2020)
Animal-based 200-500 - 0.01-2 45-82 0-35 2-55 Fuetal. (2019)
Grain-based 200-500 - 0.04-1.2 40-90 6-50 0.5-7
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to the composite-making process, as an in-demand appli-
cation would need a sustainable resource to draw from
for production. Moreover, the demand for biochar would
produce bio-oil as a result of pyrolysis, further promoting
the utilization of these fuels for a more renewable energy
source. Additional tests on the effect of pyrolysis tem-
perature were done to examine the specific surface area
of biochar. Typically, at higher pyrolysis temperatures,
the surface area of the biochar increases owing to vola-
tile matter release (Dhar et al. 2022; Tomczyk et al. 2020;
Wang et al. 2019). This additional surface area often
results in increased porosity. Surface area and porosity
are significant in their interactions with polymer matrices
as the polymer can deposit itself within the pore, inter-
locking the two matrices with the potential for improved
mechanical properties (Aup-Ngoen and Noipitak 2020).
For example, it was found that biomass utilizing coco-
nut fibers at 350 °C produced a specific surface area
of ~8 m? g! compared with ~296 m? g™* at 550 °C (Dhar
et al. 2022). Further results showed a~24 m?* g™! surface
area at 300 °C compared to the higher temperature of
700 °C at~65 m* g~! (Wang et al. 2019). Umerah et al.
utilized coconut shell waste to fabricate 3D printing fila-
ments using biochar pyrolyzed at 800 °C, resulting in an
increase of tensile strength, though Brunauer—Emmett—
Teller (BET) data for the surface area were not reported
(Umerah et al. 2020).

3.2 Feedstock choice

While pyrolysis itself can affect biochar properties, feed-
stock selection has become just as important. However,
controversy has ensued over the years regarding whether
agricultural crops should be used in pyrolysis or to feed
communities. Furthermore, much of the focus on feed-
stocks has shifted toward waste, including agricultural,
food, and industrial wastes. Many studies have exam-
ined the potential properties of this biochar feedstock.
Such feedstocks include rice husk (Chaturvedi et al.
2021; Nwajiaku et al. 2018; Vieira et al. 2020), sugarcane
bagasse (Chaturvedi et al. 2021; Nwajiaku et al. 2018),
and straw (rice and maize) (Chaturvedi et al. 2021). Both
Nwajiaku et al. and Chaturvedi et al. determined that
sugarcane bagasse and rice husk waste-derived biochar
could enhance soil properties due to available nutrients
and pH control (Chaturvedi et al. 2021; Nwajiaku et al.
2018). Chaturvedi et al. pyrolyzed forestry waste (includ-
ing eucalyptus, lantana, and pine) and determined the
resulting biochar to have a low ash content coupled with
an elevated fixed carbon content from a wood-based
feedstock (Chaturvedi et al. 2021). Ash content is signifi-
cant for polymer composites as too high a content could
cause aggregation of the biochar particles. It was deter-
mined that lignin-rich biomass could limit ash content

Page 11 of 20

(Li et al. 2023a). Furthermore, aggregation in compos-
ites not only holds the risk for poor mechanical proper-
ties, but also nozzle clogging. Lignin-based biomass may
assist in preventing nozzle clogging as well as improved
composites. Table 2 lists the various biomass types and
associated properties to assist in feedstock choice.

Food waste is another popular option for research on
pyrolysis feedstocks as it takes unwanted, leftover por-
tions of food and provides new uses. Such studies have
utilized vegetable-based (Pradhan et al. 2020), animal-
based (Fu et al. 2019), and grain-based (Fu et al. 2019)
foods. The authors concluded that biochar from a mix-
ture of various vegetable wastes was comparable to veg-
etable waste of a singular vegetable type. Furthermore,
this is best for realistic household and industry disposal
methods (Pradhan et al. 2020). A comparison of the ani-
mal products (eggshells, fish) and the grain-based foods
(breadcrumbs, rice) revealed that fixed carbon, an indi-
cator of higher biochar yield, was highest in the bread-
crumbs and rice waste, (10-50% and 7—48%, respectively)
but lowest in eggshells in which a percentage of zero fixed
carbon was reported. The authors suggested food waste
with a high carbohydrate content for better biochar pro-
duction yield. One notable drawback was the low biochar
surface area due to the lack of lignin and cellulose con-
tained in the waste (Fu et al. 2019). This could have a sig-
nificant impact on composite properties as surface area
can significantly influence polymer—biochar interactions.
Biochar has been cited for improved flexural strength,
attributed to its high surface area facilitating polymer
interactions (Das et al. 2016; Hassan et al. 2024a).

Although more plant-based approaches exist, industry
waste can be seen as a possible source of biochar in the
pyrolysis process. Ghodke et al. studied sewage sludge
from wastewater and identified both bio-oil and biochar
properties in comparison with those of the pristine feed-
stock. The biochar was found to have a low moisture con-
tent (~2 wt.%) as well as a significant ash content of ~ 60
wt.% (Ghodke et al. 2021). While ash content was previ-
ously discussed in the context of aggregation, its removal
has been associated with improved flexural modulus as
well (Zhang et al. 2020).

The descriptions above provide insight into the current
studies based on biochar production parameters with
a focus on potential FDM processing. Based on these,
it appears that biochar is highly tailorable to a specific
application, and its resulting properties have the poten-
tial for influencing 3D printing. It is best for research-
ers to appropriately choose the correct feedstock before
pyrolysis, as the target application will require different
demands of the biochar. It may be best to choose a bio-
char feedstock (for FDM processing) containing high
amounts of lignin, such as woody biomass waste, to
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reduce ash content and provide more surface area for
polymer interactions. This could improve mechanical
properties as well as assist in polymer flow through the
printer. Additionally, the pyrolysis temperature should
be adjusted according to the surface area and porosity
results.

4 Biochar treatment and modification

4.1 Biochar physical modification

The physical treatment of biochar plays a critical role
in the mechanical performance of 3D printing as many
applications have high mechanical property require-
ments (e.g., 3D-printed car, 3D-printed house). Appro-
priate physical treatment of biochar can optimize the
particle size, surface area, and generation of functional
groups. For example, Mozrall et al. explored the effects
of different processing methods on biochar particle
size, and determined that particle sizes~150 pm or less
showed improved tensile properties compared to those
at 250 um. The authors attribute the improvement in
mechanical properties to an increase in the biochar sur-
face area (Mozrall et al. 2023). Although not biochar,
poplar fibers have been used in composites for large-
scale 3D printing to prepare poplar-PLA composites. It
was found that as poplar particle size (<180, 180425,
425-850, and 850-2360 pm) decreased, tensile strength
increased, which was attributed to improved particle dis-
persion and access to particle surface porosity. This result
may indicate that if the biochar particle size is small
(e.g.,<180 um), the biochar-polymer composite may also
have a high tensile strength (Zhao et al. 2019). In addi-
tion, another review mentioned that the acceptable par-
ticle size statistic depends on the nozzle diameter of the
3D printer. Benchtop 3D printers recommend the addi-
tive be milled to a micrometer scale to avoid nozzle clog-
ging (Bhagia et al. 2021). Additionally, George et al. noted
that a 400 (38 um particle size and smaller) mesh size
could help prevent the clogging of the printer during the
biochar composite extrusion (George et al. 2023). Thus,
particle size and surface area of biochar are crucial for
composite implementation, and it has been determined
that physical treatments can modify the biochar inter-
nally and morphologically (Chatterjee et al. 2018).

To achieve the desired particle size, surface area, and
functionalization of biochar, some representative meth-
ods can include ultrasound irradiation, grinding, and ball
milling. For example, biochar can be treated under differ-
ent ultrasound irradiation durations such as 0.5, 1, and
3 min (Chatterjee et al. 2018). Ultrasound can improve
the microporous surface area of biochar from~312
to ~354 m? g1, One possible reason is that the micro-jets
created during sonication affect the biochar surface and
develop a more porous structure (Chatterjee et al. 2018).
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Mohammed et al. used ultrasonication as a method of
biochar processing to improve biochar incorporation into
3D-printed composites. They found an increase in sur-
face area of 185.08 m? g~! for the ultrasonicated biochar
from the unprocessed biochar at 2.99 m? g%, in which
the authors attributed it to both decreased particle size
and surface nanofeature developments as a result of ball
milling. The authors noted changes in crystallization that
improved thermal stability, as well as improved print-
ing ability by decreasing printer die blockage (Moham-
med et al. 2022a). Gupta and Kua ground biochar using
a manual process, which was conducted with a mortar
and pestle to break down the large chunks into powder
form. The overall size of the ground biochar ranged from
2 to 100 um, whereas the macropores on the surface of
the ground biochar were 10-20 pm in size. The exter-
nal surface area was~56 m? g~1. In contrast, the authors
explored ball milling as well and determined that the
biochar had smaller particle sizes (100 nm—-2 pm) and a
higher external surface area (~76 m? g™!). The authors
explain that the macroporous structure was destroyed
during ball milling, with few changes in microporous
structure occurring (Gupta and Kua 2019).

Ball milling is a physical treatment method for biochar
modification. Ball milling is a top-down method for the
production of nanoparticles in which mechanical force
is used to reduce particle size (Naghdi et al. 2017). It has
been determined that the precision of 3D printing can be
influenced by the size of the particles (Diederichs et al.
2021). In addition, ball milling has the potential for green,
reproducible, and large-scale production of different
classes of nanoparticles. Naghdi et al. used a ball milling
method to process biochar in a planetary ball mill. Dur-
ing the ball milling process, several factors were studied,
including the time (1.6-8.4 h), biochar mass (5-15 g),
and milling speed (516-634 rpm). Results showed that
varying biochar weight had a minor effect on the parti-
cle size at a shorter milling time. The milling time and
speed played a crucial role. After ball milling, the bio-
char exhibited a higher surface area and cumulative pore
volume than raw biochar due to the development of its
microporous features. In addition, Naghdi et al. utilized
cryogenic conditioning of biochar samples before ball
milling to produce nano-sized biochar. Furthermore,
cryogenic conditioning is helpful in preventing nanopar-
ticle agglomeration (Naghdi et al. 2017). Combined, these
factors may assist in nozzle clogging for 3D printing by
reducing aggregation and particle size. Aggregation
becomes a main concern when it is implemented into
the polymer material, as material variations occur based
on the degree of dispersion (Yasim-Anuar et al. 2022).
In cement composites, biochar has been found to aggre-
gate according to van der Waals forces (Zhao et al. 2024).
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smaller biochar particles, from Ref. (Xiao et al. 2020). Reprinted
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Therefore, it is important to emphasize production and
post-processing characteristics of biochar to maximize
dispersion when implemented into polymer matrices.

Although research is limited, it should be noted that
ball material itself can influence milling outcomes. A
review by Stolle et al. suggests the usefulness of both
higher ball material density and an emphasis on reac-
tion classifications that occur as a result of the milling. It
is hoped that these two parameters will produce greater
yields in terms of samples requiring a chemical reaction
in the process of ball milling, although biochar was not
mentioned as an example within the article. This may
be due to the increased energy required for these two
parameters (Stolle et al. 2011).

During physical processing of the biochar, chemical
changes that can affect the material could occur. Ball
milling can improve the open tips and surface area of car-
bon-based materials, thereby enabling functional group
formation at the open ends. Xiao et al. investigated the
effect of ball milling on the physicochemical properties of
biochar. After ball milling, the concentrations of lactonic,
carboxyl, and phenolic hydroxyl groups increased. The
ball-milled biochar was found to have more oxygen-con-
taining functional groups (e.g., O—C=0) as well as car-
bon defects. This caused a photocatalytic effect in which
electrons were moved from carbon to oxygen-based
functional groups, promoting EFA degradation. The
proposed ball milling mechanism is illustrated in Fig. 7
(Xiao et al. 2020). Vidakis et al. found that their biochar
(later used for 3D printing composites) contained a high
amount of oxygen-containing functional groups. This is
significant as it could mean a hydrophilic material with
high degradability due to its reactivity (Vidakis et al.
2023). Furthermore, ball milling increased the external
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and internal surface areas of biochar by reducing parti-
cle size and opening the internal pore network, respec-
tively. Meanwhile, oxygen-containing functional groups
were also introduced to the surface of biochar, which can
improve the sorption capacity (Lyu et al. 2018). Fourier
Transform Infrared Spectroscopy (FTIR) in a study by
Balou et al. revealed that the functional groups of acti-
vated carbon and PETG bonded and reacted chemically,
as indicated by the ~1404 cm™ band, where the methyl
groups showed changes from the pristine polymer (Balou
et al. 2023). This could enhance the FDM process by not
only improving the biochar-polymer interlocking mech-
anism due to compatibility but also by factoring in a
chemical mechanism to improve the composite as well.

Similarly, Lopez-Tenllado et al. modified biochar using
a high-energy planetary ball mill with ZrO, balls and
Zr0O, grinding bowls. The surface area and pore volume
measured by N, adsorption increased after ball milling,
which was attributed to the development of the micropo-
rous structure through the opening of obstructed pores.
In addition, the total number of accessible phenolic, car-
boxylic, and lactonic groups on the biochar surface was
found to increase. Furthermore, the milling time (0.05 to
12 h) was varied, indicating that ball milling the biochar
sample for just 0.05 h could cause a significant increase
in porosity. When the biochar was ball milled with the
addition of heptane, the agglomeration of biochar was
reduced (Lopez-Tenllado et al. 2021). Aggregation is a
significant factor in the failure of mechanical testing of
BC/polymer composites. This is often cited because it
disrupts matrix continuity and, as previously discussed,
can affect printability.

In addition, Xu et al. investigated biochar ball milling
under different atmospheres (vacuum, N,, and air) (Xu
et al. 2021). An oxygen-limited atmosphere (vacuum and
N,) was more favorable for reducing biochar size than
an air atmosphere. The formation of O moieties on the
biochar was mainly due to the oxidation process dur-
ing ball milling and the binding of heteroatoms to the
carbon structure. This suggests that an oxygen-limited
atmosphere (vacuum or N,) during ball milling inhibits
the formation of O moieties on biochar (Xu et al. 2021).
As previously mentioned, oxygen can affect the reactiv-
ity of the biochar, and ultimately its wettability and sta-
bility. Figure 8 shows the SEM images of pristine and
ball-milled biochar. The pristine biochar exhibited an
irregularly shaped bulk with a particle size>100 pm,
which was ball-milled to small-sized particles (Xu et al.
2021).

Wet ball milling is a nonequilibrium processing method
that can be used to tailor the nitrogen doping level using
NH;-H,O. Wan et al. utilized a wet ball milling method
to modify biochar, and the resulting material exhibited
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Fig. 8 SEM images of pristine biochar and ball-milled biochar under different atmospheres (HC450: biochar obtained from heating at 450 °C,
HC600: biochar obtained from heating at 600 °C, BM: ball milled, A: air atmosphere, N: N, atmosphere, V: vacuum atmosphere) from Ref. Xu et al.
(2021). Reprinted from Chemical Engineering Journal, 413, Xiaoyun Xu, Zibo Xu, Jinsheng Huang, Bin Gao, Ling Zhao, Hao Qiu, Xinde Cao, Sorption
of reactive red by biochars ball milled in different atmospheres: Co-effect of surface morphology and functional groups, 3, Copyright (2021),

with permission from Elsevier

a smaller average particle size, smoother surface, as well
as decreases in both macroporosity and microporosity
compared to pristine biochar. The decrease in porosity is
cited as being due to a combination of structure collapse
and excessive nitrogen. After ball milling, samples were
annealed at different temperatures (500-800 °C), where
temperature influences increased surface area compared
to the ball-milled biochar that was not annealed. In addi-
tion, wet ball milling introduced amino groups on the
biochar surface through the use of NH;-H,O during mill-
ing (Wan et al. 2021). Goh et al. investigated the wet ball
milling of pine-based biochar. The process consisted of
ball milling with a 1:1:40 (biochar: ethanol: stainless steel
ball) weight ratio at 10 min intervals. The wet ball milling
for 50 min yielded an average particle size of ~0.24 pm
for the resulting biochar (produced at 550 °C) (Goh et al.
2021).

In summary, ultrasound irradiation, grinding, and ball
milling have been used for the physical treatment of bio-
char. Among these treatments, ball milling has emerged
as a prevalent approach for generating smaller biochar
particles with a higher surface area due to micropore
development. There are various types of ball milling, such
as vibration, attrition, tumbler, and planetary ball milling,
though Kumar et al. suggested that planetary ball mill is
well-suited for lab experiments as it is compact and easy
to use (Kumar et al. 2020). To produce biochar well-
suited for 3D printing, it may be most practical to utilize
the planetary ball mill and carefully consider the result-
ing particle size and functional groups on the biochar
surface. It may be best to run the ball mill in a nitrogen

atmosphere to limit the oxygen moieties, as suggested by
Xu et al. (2021). However, the addition of oxygen to bio-
char may be more desired depending on polymer com-
patibility. Without these considerations, researchers may
run the risk of printer clogging and poor polymer—bio-
char compatibility.

4.2 Biochar chemical modification

Chemical modifications of biochar offer many opportuni-
ties for tailoring the biochar to a particular usage. Vari-
ous chemical treatment methods have been studied to
modify or improve biochar properties for its intended
applications, including biochar composites for 3D print-
ing. Acidic and alkaline treatments are commonly used
to improve textural parameters (e.g. pore volume, pore
size, surface area, etc.), surface chemistry, and adsorp-
tion capacity of biochar. Acid treatment can remove
impurities from biochar, modify its surface functional
groups, and develop micropores (Tomczyk et al. 2022).
Industrial-grade inorganic acids, including hydrochloric
(HCI), sulfuric (H,SO,), phosphoric (H;PO,), and nitric
(HNO,) acids are usually applied in biochar modifica-
tion, which reduces cost. For example, Liu et al. treated
biochar produced from walnut shells using H,SO, and
H;PO, separately for 8 h and compared the effects of
the acid treatments (Liu et al. 2020). The acid treatments
increased the internal surface area and total pore volume
(TPV) of walnut shell biochar. The treatments resulted
in opposite effects on the average pore size (APS) of bio-
char, with an increased APS (from~2.67 to~3.26 nm)
observed after the H,SO, treatment and a decreased
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Fig. 9 Chemical reaction mechanism for nitric acid (A), sulfuric acid
(B), and hydrochloric acid (C) treatments. From Ref. Peiris et al. (2019)

APS (from~2.67 to~2.43 nm) due to the modification
with H;PO,. However, inorganic acid treatments can also
deteriorate the textural parameters of biochar, decreasing
the likelihood of polymer interactions with biochar pores
and surface area. It has been reported that pine wood
biochar had a decreased surface area and total pore vol-
ume after treatment with H,SO, or H;PO,. H,SO, treat-
ment increased the value of APS from ~ 3.45 to ~4.34 nm,
and the treatment with H;PO, reduced this parameter
to ~3.19 nm for the pine wood biochar (Liu et al. 2020).

In another study, Peiris et al. demonstrated that the acid
modification of biochar produced from tea waste with
H,SO, HNO,, and HCI varied BET surface area, TPV
and APS, depending on pyrolysis temperature and treat-
ment type. Figure 9 shows the proposed chemical mecha-
nism for the acidic treatments, with the authors stating
the addition of oxygenated surface functional groups
through the ring opening of nitric acid (Fig. 9A). Fur-
thermore, sulfuric acid treatment (Fig. 9B) occurred due
to decarboxylation during the hydrochloric acid treat-
ment (Fig. 9C) functions according to the oxygenated
functional groups (Peiris et al. 2019). In addition, inor-
ganic acids (e.g., HCl, HNO;, H,SO,) can act as oxidiz-
ing agents, leading to surface oxidation with an increased
content of oxygen-containing groups on the biochar sur-
face and a higher molar O/C ratio of biochar. As previ-
ously discussed, oxygen functional groups were found to
impact polymer compatibility due to their hydrophilic
properties, but this could also indicate susceptibility
to degradation through reactivity (Vidakis et al. 2023).
The effects of acid treatment on biochar properties vary
depending on the biochar feedstock, treatment condi-
tions, as well as acid type employed.

Alkali treatment has also been explored to modify
biochar properties (e.g., KOH, NaOH, ammonium
hydroxide-NH,OH). The metal hydroxide treatment
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can increase BET surface area, porosity, and oxygenated
functional group content. Huang et al. used KOH to treat
poplar sawdust biochar and reported improved textural
parameters and increased oxygenation of its surface
groups. The treated biochar had increased BET (from ~ 12
to~107 m? g™*), TPV (from ~0.004 to~0.006 cm® g™
and atomic O/C ratio (from ~0.10 to~0.12) (Huang et al.
2017). El-Nemr et al. reported that treatment of bio-
char produced from Pisum sativum peel with NH,OH
improved the biochar’s textural parameters and increased
the number of functional groups, especially hydroxyl
groups, on its surface (EI-Nemr et al. 2020). The ammo-
nium hydroxide treatment also enabled the introduc-
tion of additional nitrogen-containing functional groups
to the biochar structure, leading to enriched elemental
nitrogen content (Hafeez et al. 2022). Similarly, salts (e.g.,
chlorides and phosphates) and other substances (e.g.,
hydrogen peroxide) have also been studied to modify tex-
tural parameters and surface chemistry of biochar. Salt
treatment can affect the biochar surface area and pore
size, leading to the formation of new active sites that
contain metals on the biochar surface. Liu et al. impreg-
nated the pine-based biochar with ZnCl, and reported
an increase in BET (by~174%) and TPV (by~94%),
while the APS was observed to decrease by~32%. The
use of salts in the biochar modification can also result
in reduced textural parameters. Breton et al. reported
that the modification of Eucalyptus tree biochar using
magnesium chloride decreased biochar BET from ~1.49
to~0.97 m* g~'and TPV from~0.43 to~0.30 cm? g™
(Arbelaez Breton et al. 2021). Wang et al. reported that
chlorides clogged the pores when attached to the biochar
surface after treatment (Wang et al. 2015). Hydrogen per-
oxide treatment is another method for biochar property
modification. Tan et al. reported a decreased BET surface
area and increased TPV and APS in biochar after treat-
ment with H,O, (Tan et al. 2019). H,O, treatment led to
a higher elemental O/C ratio of biochar because H,0O,
generates additional carboxylic, lactone, and hydroxyl
groups (Huang et al. 2016; Huff and Lee 2016). H,O, has
the advantages of being environmentally safer and less
expensive than strong acids, bases, and salts.

Chemical modifications of biochar hold many
opportunities for tailoring the biochar to a particu-
lar applications. Oftentimes, biochar is utilized as an
environmentally conscious and renewable resource in
ecological technologies. In such cases, polymers are
typically hydrophilic in nature due to being biodegrad-
able or compostable. Thus, chemically treated biochar
with increased oxygen functional groups will enhance
its compatibility with hydrophilic polymers. Many tra-
ditional polymers, however, are often hydrophobic and
require a hydrophobic biochar for better compatibility.
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These differences further emphasize the need to tailor
biochar to specific polymers through chemical treat-
ments for 3D printing applications.

5 Summary and outlook

In this study, the emerging area of biochar/polymer
3D-printed composites is reviewed. The mechanical and
thermal properties of the resulting composites and any
challenges that occur due to biochar incorporation were
highlighted. In particular, biochar composites worked
well mechanically at limited biochar concentrations
(<10 wt.%) but aggregated and failed under larger con-
centrations. This can complicate composite formulations
because, to act as a filler, biochar will need to replace
large portions (> 10 wt.%) of the matrix for a more signifi-
cant impact on polymer reduction. In other words, low
concentrations have the advantage of improved proper-
ties, but high concentrations have the advantage of a bio-
based and renewable filler. As an additive, these small
concentrations may be sufficient to produce adequate
properties but this depends heavily on applications.
Aggregation also faced potential occurrences within the
filaments and during the extrusion process. This often
leads to nozzle clogging and interruptions of the print-
ing process. On a more positive note, rheological stud-
ies have shown that biochar improves polymer flow from
the nozzle. In general, 3D printing also faces difficul-
ties with layer adhesion, and while some progress has
been made regarding improvement due to biochar incor-
poration, conflicting reports of its benefit to this aspect
remain. Biochar-based 3D printed polymer composites
hold potential for many applications (including packag-
ing, automotive, aerospace, and construction) and there-
fore require further investigation into potential ways to
improve their processability.

The scope of this work included the analysis of current
3D biochar/polymer composites, with a significant focus
on biochar production methods for improved 3D print-
ing in accordance with the problems discussed above.
For pyrolysis to produce the biochar, it was determined
that lower temperatures could produce a greater yield,
whereas higher temperatures produced a greater surface
area for interactions with the polymer. Feedstock com-
position can vary the biochar makeup, which can affect
its interaction with the polymer and should be carefully
considered. For post-production modifications, biochar
can be functionalized using mechanical or chemical
methods. The former has largely focused on ball milling;
a process well-suited for the laboratory environment. Ball
milling not only reduces particle size for a more homog-
enous material with less aggregation but also tailors
functional groups for a particular polymer compatibility.
Furthermore, chemical modifications can adjust biochar
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surface area while modifying surface functional groups
for chemical interactions.

Regarding 3D printing of biochar/polymer compos-
ites as well as biochar production and functionalization
methods, this review presented a set of recommenda-
tions for future investigations as well as what still needs
to be investigated in this emerging area. For biochar
production, lower temperatures may be best for a high
yield with lower energy input, with greater surface area
achieved by mechanical and chemical methods in post-
processing. The feedstock, produced from waste mate-
rial, is recommended to be woody biomass such as that
from forestry industries. The high lignin content can pro-
duce a higher surface area as well as limit ash content to
reduce aggregation potential and, ultimately, nozzle clog-
ging. Ball milling offers a simple processing method for
reducing biochar particle size (and, therefore, improving
dispersion) and simultaneously increasing surface area.
Polymer compatibility plays a significant role in process-
ability, with many of the currently investigated polymers
being hydrophobic (for example, PP, PET, HDPE, PLA,
etc.). Because of this, ball milling is recommended to be
done in an atmosphere without oxygen (such as in a vac-
uum or nitrogen), so the surface is limited in oxygen moi-
eties. For polymers that are more hydrophilic, ball milling
in an oxygen-containing atmosphere may be beneficial,
as well as chemical treatments with acids (e.g., HCl,
H,SO,, H;PO,, HNO;, etc.). This may help to functional-
ize the biochar to be more compatible with hydrophilic
polymers.

Presently, there is limited research into 3D-printed
biochar/polymer composites, and future research should
focus on several aspects of its investigation. In particu-
lar, varying the production methods of biochar (pyroly-
sis conditions and feedstock/feedstock composition)
and determining their effects on composites needs fur-
ther investigation. There is little information on this for
3D-printed biochar composites and for the category as
a whole, regardless of polymer processing techniques.
Such research needs to examine the effects of changing
pyrolysis parameters as well as feedstock type in order to
directly compare their effects on the composites. Simi-
larly, while there is much research on biochar mechanical
and chemical modifications, there are few direct com-
parisons where 3D-printed parts are examined accord-
ing to varying modification methods. This is important as
it can potentially affect the processability of the printed
specimens. Due to this being an emerging area, there is
much research that still needs to be done, where biochar
characteristics can be examined and linked to 3D print-
ing processability.
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