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ABSTRACT: Uniform dispersion and high interfacial adhesion
are two of the most difficult components of creating an ideally
reinforced polymer composite. One of the solutions could be
surface engineering of reinforcing filler materials utilizing
innovative technologies. Low-temperature plasma treatments in
the presence of sulfur hexafluoride (SF6) gas are proposed as a
sustainable alternative to modify the surface properties of biochar
carbon synthesized from sustainable starch-based packaging waste
via a high-temperature/pressure pyrolysis reaction in the current
study. X-ray photoelectron spectroscopy tests revealed that plasma
treatments were effective in the fluorination of biochar carbon like
wet chemical methods. By delivering fluorine-related functionalities
only on the surface of the carbon, plasma treatments were efficient
in changing the surface properties of biochar carbon while keeping
the carbon’s beneficial bulk properties intact, which is unique to this method. The modified biochar was effectively utilized to
reinforce polypropylene. Mechanical properties like tensile strength improved by 91% when compared to neat polymers and 31%
when compared to untreated biochar-reinforced polymers at 0.75 wt % loadings. Elongation at break increased from 12.7 to 38.78,
showing an impressive 216% increase due to effective reinforcement by plasma functionalization. The decomposition onset
temperature and maximum rate of decomposition temperature increased by 60 and 49 °C, respectively, when compared to neat
polymers. Plasma-modified biochar-reinforced three-dimensional printed samples have shown promise to be utilized for the
development of composite parts using additive manufacturing methods.

■ INTRODUCTION
The sharp increase in problems associated with global
warming, environmental pollution, and depleting fossil fuel
resources has created the need for the development of material
systems and fabrication processes that are sustainable.1−3

Plant- and animal-based materials are being rapidly explored as
alternative materials for various applications.4−8 Reinforcing
polymer matrices with inexpensive sustainable carbon filler
materials has been explored rigorously in the past by
researchers particularly to mitigate dependency on fossil fuel-
based reinforcing fillers like carbon nanotubes and graphene
nanoplatelets.9−12 The reinforcing ability of biochar carbon
mainly depends on the inherent strength of the fillers and
mechanical interlocking between the filler and host polymer
matrix. For this reason, biochar with microsize pores is
preferred to create effective interlocking.13,14 However, such
biochars with micropores due to their relatively poor
mechanical, thermal, and electrical properties are loaded in
huge weight percentages (15−30%) to create a composite with
improved properties.

Poulose et al. used date palm waste-derived biochar to
reinforce polypropylene (PP) at a loading of up to 15%. It was
found that biochar was effective in improving the electrical
conductivity and tensile modulus of the system.15 In another
study, Zhang et al. used a softwood-based material to derive
poplar biochar at different temperatures to reinforce poly-
ethylene (PE). They have loaded PE with a biochar loading of
up to 70 wt %. It was revealed that the interlocking effect
between the filler and matrix was the primary reason for
mechanical property enhancement.16 Similar studies were
performed by Bhattacharyya and co-workers where they have
used multiple biochars to reinforce PP. A general improvement
in mechanical and thermal properties was reported.17,18

Engineered biochar carbon with improved structural and
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chemical morphology to improve the overall mechanical and
thermal properties of the composite can be developed. Rice
husk-derived biochar was activated with H3PO4 at different
concentrations, and the effect it had on the morphology of
carbon was investigated. It was revealed that biochar with the
highest porous morphology was the most effective in its
reinforcing ability, thus improving the overall thermal and
mechanical properties of the system.19 High-pressure/temper-
ature pyrolysis reactions can be utilized to synthesize carbon
with better inherent properties, thus allowing for lower loading
wt %.20 Idrees et al reinforced recycled poly(ethylene
terephthalate) with packaging waste-derived biochar at loading
as low as 0−5 wt %.21 The biochar can be further reduced in its
size to make effective use of surface through postprocessing
methods like activation,22,23 ultrasonication,24,25 and ball
milling.26,27 However, the carbon thus produced will be
limited in use particularly for reinforcement applications due to
hydrophobic and inert surfaces.

In composites, generally, the major challenge while
reinforcing with micro/nanosize reinforcements is that the
fillers tend to agglomerate due to van der Waals forces and lack
of proper interface between the filler and matrix. This limits
the load/heat transfer at the filler/matrix interface.28−30 Thus,
the ability of the filler to effectively reinforce largely depends
on the compatibility of the filler and matrix in the material
system.31−33 Introducing surface functional groups on the
surface of the filler material is often considered as a viable
solution to address these issues. It not only reduces the degree
of agglomerations by enhancing dispersibility but also ensures
a better interface between the reinforcing filler and host matrix.
The density, distribution, and type of functional group
introduced on the surface of filler surfaces will provide
synergistic effects to control interfaces across the composite
material systems.34−38 Several methods of surface functional-
ization have been implemented, which mainly consist of wet
chemistry methods. These methods are relatively expensive
and, in many cases, not very environmentally friendly. There
are many approaches to fine-tune the surface properties like
covalent, noncovalent, and defect functionalization. However,
these approaches tend to deteriorate the desirable properties of
carbon sometimes.39−42

To overcome these problems, researchers are exploring new
methods to improve the surface properties of carbon materials
without affecting their bulk properties. Because it creates
chemically active species on the surface, the plasma process is
seen as a promising method for altering the chemical surface
characteristics of carbon materials.43,44 Electrons, ions, atoms,
and molecules that are partially or completely ionized in gas
form the basis of plasma.45−47 In terms of functionalization,
plasma procedures have several advantages over traditional
approaches. Plasma modification techniques drastically shorten
processing times and reagent requirements, excluding
functionality relevant to the surface. The method of plasma
functionalization is adaptable, quick, and clean.48,49 The slower
chemical reactions with the chemically active species happen
exclusively on the surface of the carbon material during plasma
operations; they do not affect the bulk properties at low
atmospheres with protracted application times. By using
various gas sources in plasma processes, acidic and basic
functional groups can be introduced on the surface of carbon-
based materials.50−52 Excited molecules and radicals react with
surface-bound carbon double bonds during plasma interactions
to provide open ends and imperfect sites for functionalization.

The features of a carbon material that functional groups
introduce into its surface help in not only good interactions but
also the dispersion of fillers in organic and aqueous solutions as
well as polymer matrices.46,53 By optimizing parameters such as
application power, dielectric thickness, application time, and
type of gas used during plasma processing, different functional
groups can be formed. The plasma treatment approach has also
been explored to modify the surface properties of biochar
carbon. Rice husk-derived biochar was modified using plasma
treatments in the presence of different gas sources. The type of
gas has a considerable impact on the kind of surface
modification that can be accomplished through plasma
treatments.54 For efficient mercury removal, active C−Cl
groups were implanted on the surface of biochar using low-
temperature plasma with chlorine.55 Therefore, it can be
concluded that low-temperature plasma treatments are
efficient, affordable, and less-laborious ways to change the
surface characteristics of carbonaceous biochar.

PP is considered as one of the important utility polymers
considering its wide range of applications in the field of
automotive, aerospace, and everyday electrical appliances.
However, PP generated via bulk polymerization often has low
mechanical and thermal properties. Aside from its lack of
usable qualities, PP has been reported to have difficulties being
used as a three-dimensional (3D) printing material, owing to
its semicrystalline form.56 Due to its tendency to shrink and
distort, fabricating PP specimens using additive manufacturing
processes with acceptable dimensional stability is difficult.57 As
additive manufacturing prepares to disrupt the manufacturing
business, researchers throughout the world are working to
produce materials that can be printed, as well as parts that are
comparable to or better than parts made using traditional
methods, including with multifunctionality with the advent of
four-dimensional printing.58 There are several approaches to
minimize shrinkage or warpage of 3D printed PP parts, some
of them being decreasing the crystallinity of the material,
blending, or making changes to print methodology. Recently,
materials scientists are exploring the use of filler materials as
they can act as nucleating agents influencing the crystallinity of
the polymer and affecting polymer chain conformations.59

Reinforcing PP with a carbon-based filler while having an
effective interface, optimal load transfer, and thermal
interactions between the constituent materials can be
achieved.60−62 Using plasma technology to effectively fluo-
rinate carbon material surfaces has been demonstrated in the
literature. It was reported that plasma fluorinated carbons
develop an efficient coating without altering the bulk
properties. This effect can be more pronounced in terms of
biochar kind amorphous carbons as there will be more
defective sites readily available.63,64 Fluorinated carbons can be
an ideal reinforcement material as they have the potential to
better interface. The supporting principle for this was
presented by Shofner et al.65 in their studies incorporating
fluorinated single-wall carbon nanotubes (F-SWNT) in PE.
They proposed the reaction scheme in which the loss of a
fluorine moiety during the melt processing stage acts as a
catalyst for the subsequent linkage of the carbon to the
surrounding polymer matrix. In another similar study, a PP
polymer was reinforced with SWNT;66 in the case of the PP/F-
SWNT composite system, an enhanced chemical interaction
was expected due to the presence of more reactive tertiary C−
H bonds in the PP structure and a higher melt processing
temperature. Biochar carbon fluorinated via a sustainable
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plasma process can help carbon covalently react with the
surrounding PP polymer via an in situ reaction initiated during
the extrusion process.

In continuation of our earlier work,67 where pyrolyzed
biochar was modified for size reduction and surface area
increase through ultrasonication, here, for the first time, we
explore the possibility of sustainable plasma fluorinated biochar
carbon to covalently interact with the host PP matrix forming
an effective interface. In the present work, sustainable
packaging waste (made from starch) derived from biochar
carbon is surface modified using a sustainable plasma
treatment process. The carbon thus obtained was used as a
reinforcing filler for the PP matrix. The addition of biochar at
very low percentage loadings unlike conventional higher
biochar loadings proved to improve the mechanical and
thermal properties of the biocomposite.

■ EXPERIMENTAL SECTION
Materials. Ecolopack (Japan) provided a peanut-shaped

loose filler packaging waste (PW) material (Bran Foam Top),
which was mostly comprised of starch and supplied as
packaging for scientific equipment. A PP matrix with an
isotactic crystalline structure, a molecular weight of 40,000−
100,000, a powder diameter of ∼20 μm, and a density of 0.910
to 0.928 g/cm3 was obtained from Chem Point (USA).
Biochar Carbon Synthesis. Biochar was derived from

starch-based PW via pyrolysis reaction using a high-temper-
ature/pressure reactor. PW powder was pyrolyzed at a rate of
10 °C/min up to 1100 °C and then kept at that temperature
for 3 h under an autogenic pressure of 150 bar. The
synthesized biochar was further engineered for size reduction
and improved surface area using the ultrasonication process.
The detailed process of biochar synthesis and postprocessing
using ultrasonic reaction are discussed in an earlier study.67

Plasma Functionalization. PE-100 equipment from
Plasma Etch was used for LTP treatments. The design of
machine was custom modified with a rotating circular drum as
a sample holder to ensure uniform functionalization of
powdered materials. Carbon was plasma treated in the
presence of sulfur hexafluoride (SF6) gas at a chamber
pressure of 0.2 mTorr and at a constant flow of 5 ccm, and
an RF power of 150 W was generated at a standard frequency
of 13.5 MHz for different time durations of 5, 10, 15, 20, and
30 min. A schematic diagram showing a setup of plasma
treatment is shown in Figure 1.
Composite Fabrication. PP powder was dried in an oven

overnight at 100 °C to remove any remaining moisture.

Biochar was blended in various weight percentages ranging
from 0 to 1%. Loading percentages greater than 1 wt % were
not examined since higher loading percentages cause
agglomeration in the composite due to increased surface area
and smaller particle size. Using the manual bag approach,
biochar was measured and well mixed with the PP matrix and
then mechanically mixed for 5 min at 600 rpm. The
combination was extruded using a single screw extruder
(EX2 Filabot with screw L/D = 12 and pitch 12 inch) at 230
°C and a screw speed of 20 rpm (Figure 1 Supplementary
Material). The extruded filaments were pelletized using a
Filabot pelletizer. The pellets were then extruded into uniform
filaments of diameter 1.7−1.75 mm under the same conditions
in the same extruder to ensure homogeneous carbon biochar
dispersion in PP.
3D Printing of Samples. The extruded filaments were

utilized to 3D print specimens with a Hydra16A 3D printer
system from Hyrel 3D (GA, USA) and an MK450 hot head,
which is equipped with a high torque stepping motor to aid in
material printing. The 3D models of test specimens were
created with FreeCAD software and then sliced with Slic3r
(Figure 2). For tensile testing, dog bone (Type 1BA)-shaped
samples were printed according to ISO 527-2 (Figure 2
Supplementary Material). Objects were printed with two
perimeters and a 0/90° infill type with 100% fill. The following
printing parameters were specified using the Slic3r software:
nozzle diameter: 0.6 mm; layer height: 0.40 mm; nozzle
temperature: 210 °C (+10 °C for composite. The printing
speed was fixed at 50 mm/s (Supplementary Video).
Materials Characterization. Biochar Carbon Character-

ization. A Panalytical Empyrean system with a Cu anode
(=1.54187) was used to perform X-ray diffraction (XRD)
investigation at 40 kV, 30 mA, and 1.2 kW. The incident optic
was a Cu K-beta reduction incident optic with a 1/8°
divergence slit and a 1/2° antiscatter slit. In scanning line
mode, a Pixcel 3D detector was employed. The diffraction data
for the biochar sample were taken at a scan rate of 2°/min in
the 2θ range (10−70°). To evaluate the graphitization degree
and analyze graphitic and defective carbon, a Thermo Scientific
DXR Raman spectroscopy instrument was used to get the
Raman spectrum for the biochar. A laser with a 785 nm
excitation wavelength is included in the system. With a laser
power of 5.0 mW, the spectrum was acquired in the range of
500−2500 cm−1.

A transmission electron microscope was used to examine the
microstructure of biochar carbon (TEM-Jeol 2010). Carbon
was disseminated in ethanol using an ultrasonic bath, then
dispensed over a Cu grid, and dried by air. The TEM
examination was carried out at a voltage of 200 kV. Using a
JEOL JSM-7200F field emission scanning electron microscope,
the surface morphology of biochar was examined (FESEM,
JEOL USA). To generate a conductive surface, the samples
were sputter-coated with gold/palladium (Au/Pd) for 3 min at
10 mA using a Hummer sputter coater. Using ImageJ software,
particle sizes were calculated using the same SEM images.

Using Phi Electronics, Inc., X-ray photoelectron spectrosco-
py (XPS) tests were conducted on carbon to assess surface
binding energies and the attachment of fluorine functionalities.
Versaprobe 5000 features a monochromatic Al X-ray source
with a spot size of 100 μm and a power of 25 W. Because the
system includes dual charge neutralization, no adjustments to
the peak positions were made. With a step size of 0.8 eV and a
pass energy of 187.85 eV, survey scans were performed. With a

Figure 1. Schematic showing plasma treatment of PW -derived
carbon in the presence of SF6 gas.
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0.1 eV step size and a pass energy of 23.5 eV, high-resolution
scans were performed.
Composite Characterization. The mechanical properties of

the filaments were determined using a Zwick/Roell Z2.5
Universal Mechanical Testing-Machine with a 2.5 kN load cell.
At least five specimens of each kind were tensile tested
according to the ASTM D3379 standard. The filaments were
tested with a gauge length of 40 mm, 0.1 N preload tension,
and a test speed of 0.5 mm/min. Similarly, a gage length of 20
mm, a preload tension of 1 N, and a test speed of 5 mm/min
were used for tensile testing of 3D printed dog bone-shaped
specimens. With the help of the TestXpert data collecting and
analysis software, the tensile characteristics like the modulus,
tensile strength, and elongation at break were computed. To
quantify strain, the crosshead displacement method was used.
The effect of biochar reinforcement on the material’s thermal
stability and the residue was examined using TA Instruments’
Q-500 thermogravimetric analysis (TGA). The apparatus was
purged at a rate of 90 mL/min using dry nitrogen. Samples
were scanned at a rate of 10 °C/min from 30 to 800 °C, with
data on sample weight loss recorded as a function of
temperature. Each test yielded sample weight loss and
derivative weight loss curves, as well as thermal stability
indicators such as onset and decomposition temperatures, as
well as residues for each sample. Differential scanning
calorimetry (DSC) was performed with a TA Instruments

Q2000 DSC machine in nonisothermal mode at 10 °C/min.
Each sample was sealed in an aluminum pan with a weight of
6−8 mg, and the test was performed against an empty
reference pan. To remove thermal history, they were first
heated from (30 to 250 °C) at a rate of 10 °C/min and then
cooled to 30 °C at the same rate. The thermal analysis was
carried out in a nitrogen (N2) environment at a flow rate of 50
cm3/min to avoid any thermal degradation of the materials.
Based on the second heating and first cooling cycle, the
melting temperature, crystallization temperature, and melting
enthalpy were calculated using the TA-Analysis software tool.
The melting enthalpy (ΔHm) of each sample was compared to
the value for 100% crystalline PP (ΔH°m) to determine the
degree of crystallinity of materials. The total enthalpy approach
was used to calculate the crystallinity percentage of each
sample, which was based on the equation below.

H
H

(%)
(1 )

100C
m

m
=

°
×

where (χC) is the degree of crystallinity, (ΔHm) is the sample
melting enthalpy, (ΔH°m) is the enthalpy of melting of 100%
crystalline neat PP (207 J/g), and φ is the weight fraction of
BC in the composite.68

Figure 2. (a) 3D printing setup and (b) printed samples with different loading percentages.

Figure 3. (a)XRD graph; (b) Raman spectra of 30 min plasma-treated biochar carbon.
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■ RESULTS AND DISCUSSION
An XRD plot of plasma-treated pyrolytic biochar carbon is
shown in Figure 3a. There is a clear sharp peak near 29°
corresponding to the (002) plane with an interlayer spacing of
0.30 nm, and the full width of half of the maximum value of the
100% peak is considered to be 0.0033 radians. Hence, the
nature of carbon can be considered graphitic. The graphitiza-
tion of carbon in this type of biochar was primarily due to the
pyrolysis process. The slow pyrolysis rate promoted the
aromatization of the hydrocarbon chains, and the high-
temperature/high-pressure conditions and a retention time of
3 h further promoted the turbostratic arrangement of the
carbon surface. This can be seen at the (100) peak of 42°.
However, the presence of a broad peak near 24° indicates the
presence of an amorphous (early weakly crystalline) carbon
phase within the material, typical of biochar materials. The lack
of a clear peak on the (101) plane near 45° indicates that the
carbon obtained in this study is not entirely graphite. The
present XRD pattern of plasma-treated carbon is very similar to
the XRD pattern of untreated carbon,63 indicating that plasma
treatment did not affect the bulk properties of the carbon.
Raman spectroscopy and TEM microstructure analysis were
performed to further confirm the effect of plasma treatment on
the bulk properties of biochar.

Raman spectroscopy results of the plasma-treated biochar
shown in Figure 3b showed that plasma treatment did not
affect bulk properties. The characteristic D and G bands
corresponding to the disorder/defect and sp2 hybrid graphite-
like carbon, respectively, have been analyzed in detail. It was
found that there were clear peaks for both G and D, and
graphitic carbon and polycyclic aromatic hydrocarbons were
confirmed, respectively. Peak carbons in the G and D bands
were obtained near 1595 and 1310 cm−1, respectively. We
calculated the ID/IG ratio, which is the ratio of D-band to G-
band intensities commonly used to assess the degree of
disorder in carbonaceous materials. The ID/IG ratio was about
1.042. Such ratios indicate highly graphitized materials and are
very difficult to achieve with pyrolytic carbon from biomass.
The IG/ID ratio of untreated carbon was 1.04, indicating that
plasma treatment had little effect on the surface crystallization
of carbon from sp2 to sp3 due to defect site formations.
However, this change is negligible, confirming that plasma
treatment did not affect the bulk properties of biochar under
these conditions.

TEM micrographs of biochar carbon before (Figure 4a) and
after plasma treatment (Figure 4b) showed that the
synthesized carbon was a combination of amorphous carbon
and crystalline carbon. TEM images also confirm that plasma

treatment did not affect the particle size, size distribution, or
morphology of the carbon surface. These TEM images are in
good agreement with the XRD and Raman results. This makes
it an ideal way to modify the surface properties, ensuring that
plasma treatment in the presence of SF6 does not reduce the
bulk properties of the biochar, making it more suitable for
forming better interfaces for composite reinforcement.

The SEM micrograph of plasma-treated carbon shown in
Figure 5b revealed that there was no drastic change in the

surface morphology of the carbon when compared with the
untreated carbon (Figure 5a). There was a slight surface
etching of carbon, which might happen due to defect sites
formed by fluorine ions when interacting with sp2 type of
graphitized carbon. Since plasma treatments are effective only
on a surface level, the bulk properties of the material will not
be altered.

The SF6 plasma-treated biochar carbon for various time
durations was characterized for surface binding energies using
the XPS technique (Figure 6). It was found that plasma

treatments were effective in increasing fluorine-related func-
tional groups on the carbon surface. This enhancement can
affect the hydrophilicity and reactivity of the material. The
surface elemental composition of oxygen, carbon, and fluorine
and O/F ratio obtained from XPS studies revealed that with an
increase in treatment duration there was a decrease in carbon
content and an increase in oxygen and fluorine content up to
20 min. Upon further treatments, there was a reduction in
oxygen content and an increase in fluorine content. The O/F
ratio, which is a good measure to look at available surface
functionalities, revealed that with increased treatment time,

Figure 4. TEM micrographs of biochar carbon (a) untreated; (b) 30
min plasma treated.

Figure 5. SEM micrographs of biochar carbon (a) untreated; (b) 30
min plasma treated.

Figure 6. XPS graphs of neat and plasma-treated biochar carbon.
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fluorine-related functionalities were more dominant than
oxygen-related groups. The highest fluorine-related function-
alities were observed in 30 min treatments as shown in Table
1. Upon further treatment, there was not any substantial

change in the functionalities of surface energy indicating
saturation of the process. There were also some trace amounts
of other elements, which are typical for a biochar kind of
material. Thus, using the XPS technique, the quantitative
presence of oxygen, carbon, and fluorine of the carbon surface
was established.

The C 1s scan of the plasma-treated carbon showed peaks of
the sp2/sp3 carbons at 284.0−285.0 eV, oxygen-grafted carbons
in the form of hydroxyl and carboxyl groups at 286.71 and
288.92 eV, and a π−π* shake-up peak at 290.96 eV. The high-
resolution C 1s peak scan of the 20-min plasma-treated carbon
(Figure 7a) also shows carbons at 285.77 eV and oxygen-
bonded carbons at 286.71 eV. Two peaks characteristic of
fluorinated and oxofluorinated carbons are observed at 288.92
and 290.96 eV, respectively. For 30 min plasma treatment
(Figure 7b) it can be observed that oxygen-bonded carbons
(around 285 eV) drastically reduced from 39.72 to 18% and
were replaced by CF2 at 290.47 eV and CF3 bonding at 292.07
eV at 9.56 and 5.28%, respectively, indicating that oxygen-
bonded carbons were replaced by fluorine-bonded carbons.
Analysis of the peaks produced elemental contents of carbon
and fluorine in the fluorinated carbon (Table 2), which were
consistent with the stoichiometry of C2F.

65,66,69

Upon fluorine addition to the surface of carbon, the bonding
structure on the side surface of the carbon changes from
polyaromatic to polyene like with the π bonds activated by the
electron-withdrawing effect of fluorine substituents. The

electronic configuration of a large number of sidewall carbons
also transforms from the sp2 into the sp3 state due to the
attached fluorine. The sidewall C−F bond in fluorocarbons is
much weaker than in alkyl fluorides and, therefore, can easily
dissociate when heat and shear force are applied. The proposed
mechanism for plasma-modified carbon interfacing with PP
can be explained in schematic Figure 8. This process facilitates
a chemical interface where PP is directly attached to the
carbon allowing for better load transfer from the surrounding
matrix to the stronger filler acting more effectively as the
reinforcing member of the composite. The improvement in
adhesion contributes to better mechanical and thermal
properties. The use of high shear mixing during the processing
stage not only disrupts the bundles and disperses the carbon
throughout the polymer matrix but also initiates, under high-
temperature conditions, an in situ reaction very likely leading
to formation of covalent bonds between the carbon and the
polymer matrix as proposed in Figure 8.

DSC analysis of biochar carbon-reinforced composites
revealed that the typical endothermic melting was at ∼162
°C and exothermic crystallization was between ∼114 and 120
°C (Figure 9). With the addition of biochar, there was a slight
increase in melting temperature, due to the thermal stability of
the filler material. However, in the case of untreated filler
composites, melting enthalpy did not increase, which might be
due to an improper interface between the polymer and filler.67

With plasma-treated composites, the energy required to melt
also increased. The highest melting temperature was reported
to be 162.05 °C for 1 wt % loaded samples and melting
enthalpy was reported to be 106.10 J/g for the 0.5 wt % loaded
sample. This is attributed to not only the inclusion and
increment of thermally stable biochar but also effective
reinforcement through better chemical bonding between the
filler carbon and host polymer. The crystallization temper-

Table 1. Elemental Composition and the O/F Ratio of
Carbon Fluorinated for Different Time Durations

time
C

(%)
O
(%) F (%)

Na
(%)

Ca
(%)

S
(%) O/F

no treatment 88.1 11 0.9
5 min 84.5 12.8 1.3 0.9 0.4 0.1 9.85
10 min 79.3 15.8 3.3 1.1 0.4 4.79
15 min 80.3 12.2 6.6 0.7 0.2 1.84
20 min 75.1 14.9 9.1 0.6 0.3 1.64
30 min 68.0 12.6 16.8 2.5 0.75

Figure 7. XPS C 1s curve of the fluorine plasma-treated sample after (a) 20 min and (b) 30 min of treatment.

Table 2. Binding Energy of Various Carbon Species69

20 min 30 min

C−C 42.50 42.37
C−O 39.72 18.00
C−F 13.58 13.25
C(O)F 04.20 10.90
CF2 09.56
CF3 05.28
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atures, on the other hand, were pushed to a higher temperature
for all samples compared to that of neat PP. This is most
probably due to the nucleation effect of the biochar particles in
the PP matrix. The biochar particles acted as points from
where crystal growth initiated. In the case of plasma-treated
carbon, the energy required for crystallization was slightly
higher due to the formation of covalent bonds between the
carbon and polymer. A detailed comparison of various thermal
properties of the biochar/PP composite is shown in Table 3
below.

TGA analysis (Figure 10) of biochar carbon-reinforced
composites revealed that the thermal properties of all the
composites improved when compared with neat PP. However,
in the case of plasma-treated composites, there was increased
thermal stability, which could be due to the effective interface
between the carbon filler material and polymer matrix with the

presence of fluorine functionalities. It was observed that the
plasma-treated 1 wt % loaded samples demonstrated the best
thermal stability when compared with neat samples. The onset
of decomposition was delayed by 60 °C, and the maximum
rate of decomposition temperature was delayed by 50 °C. Such
improved thermal stability in plasma-treated samples is mainly
due to the inherent thermal stability of highly crystalline filler
carbon and effective reinforcement between the filler and
polymer due to the presence of fluorine-activated interactions
during the extrusion process. A detailed comparison of thermal
properties like the onset of decomposition, max rate of
decomposition temperature, and residue are tabulated in Table
4.

The mechanical tests of biochar-reinforced samples revealed
that plasma-functionalized biochar was highly effective in
reinforcing the material (Figure 11). The brittle failure that
was observed in the samples without treatment67 was absent.
Instead, a more pronounced plastic region was observed
suggesting improved reinforcement between the polymer and
matrix. In addition to improvement in elongation strength, the
modulus of plasma-treated reinforced samples also improved.
This is a direct result in improved crystallinity of samples due
to covalent interactions between biochar and the polymer
matrix. The highest modulus was achieved for 1 wt % loaded
samples of 0.65 GPa, which was an increase of 71% when
compared with the neat PP polymer. Tensile strength was
recorded the highest for the 0.75 wt % loaded sample at a value
of 41.49 MPa, which is an improvement of about 90% when
compared to neat samples. Especially when comparing the
elongation at break, which is a major attribute to confirm
improved ductile behavior of the material, it can be observed
that for 1 wt % loaded samples, % elongation increased from
12.27 to 38.78, which is an increase of impressive 216%,
making this material ideal for engineering applications. The
primary mechanism of reinforcement in these samples is
through the formation of covalent interactions between the

Figure 8. Schematic of proposed covalent bonding of PP to fluorinated biochar during the extrusion process.

Figure 9. DSC thermographs of the plasma-treated biochar carbon-
reinforced PP composite.

Table 3. Thermal Properties of the Plasma-Treated Biochar Carbon-Reinforced PP Composite Obtained via DSC

composite sample Tc (°C) ΔHc (J/g) Tm (°C) ΔHm (J/g) χC(%)

PP Neat 113.22 98.84 159.72 98.10 47.39 63
PP 0.10 USPWC 113.54 105.20 160.04 99.76 48.24 63
PP 0.25 USPWC 114.59 103.50 160.97 99.33 48.11 63
PP 0.50 USPWC 114.83 99.77 161.22 99.07 48.10 63
PP 0.75 USPWC 115.30 96.43 161.65 97.36 47.39 63
PP 1.00 USPWC 115.41 100.10 161.13 101.00 49.29 63
PP 0.10 USFPWC 115.18 102.90 162.50 101.60 49.13 this work
PP 0.25 USFPWC 114.61 103.40 164.03 101.70 49.25 this work
PP 0.50 USFPWC 113.49 103.20 160.43 106.10 51.51 this work
PP 0.75 USFPWC 115.35 103.80 162.05 105.20 51.21 this work
PP 1.00 USFPWC 121.28 103.40 162.90 104.10 50.80 this work
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biochar and polymer. Detailed comparison of various
mechanical properties of PP composites reinforced with
biochar with and without plasma treatment is tabulated in
Table 5.

Failure analysis of failed samples revealed that plasma
functionalization of biochar was effective in reinforcing the
polymer matrix. For samples without plasma treatments
(Figure 12a), biochar was embedded with the neat surface
without any polymer adhering or a clear indication of filler
pullout confirming that there was the absence of strong
chemical interaction; hence, reinforcement heavily depends on
mechanical interlocking. However, in the case of plasma-
treated samples, this was evident from the surface of biochar
where the polymer was still adhering as shown in Figure 12b,
confirming a strong interaction between the polymer and filler.
The biochar was still embedded in the polymer, indicating that
it acted as resistance to failure (see Figure 12c,d). This was due
to effective covalent bond formation at the interface of the

Figure 10. TGA thermographs of the plasma-treated biochar carbon-reinforced PP composite: (a) weight and (b) derivative weight.

Table 4. Thermal Properties of the Plasma-Treated Biochar
Carbon-Reinforced PP Composite Obtained via TGA

composite
sample

decomp onset
temp (°C)

max rate of
decomp temp (°C)

% residue @
750 °C

PP Neat 342.39 428.59 0.04 63
PP 0.10
USPWC

361.18 443.71 0.09 63

PP 0.25
USPWC

380.16 467.11 0.15 63

PP 0.50
USPWC

385.95 464.35 0.16 63

PP 0.75
USPWC

393.83 469.06 0.19 63

PP 1.00
USPWC

392.19 468.63 0.31 63

PP 0.10
USFPWC

360.34 444.77 0.08 this
work

PP 0.25
USFPWC

385.71 472.39 0.10 this
work

PP 0.50
USFPWC

395.13 474.81 0.11 this
work

PP 0.75
USFPWC

400.92 474.81 0.27 this
work

PP 1.00
USFPWC

402.26 477.11 0.33 this
work

Figure 11. Representative stress−strain curves of the plasma-treated
biochar-reinforced PP composite.

Table 5. Mechanical Properties of the Plasma-Treated
Biochar Carbon-Reinforced PP Composite

sample

Young’s
modulus
(GPa)

tensile strength
(MPa)

elongation at
break (%)

PP Neat 0.38 ± 0.02 21.73 ± 1.22 212.54 ± 17.23 63
PP 0.10
USPWC

0.46 ± 0.04 26.62 ± 2.36 16.35 ± 5.36 63

PP 0.25
USPWC

0.48 ± 0.03 27.21 ± 1.24 16.06 ± 2.32 63

PP 0.50
USPWC

0.50 ± 0.01 28.32 ± 2.36 16.98 ± 1.54 63

PP 0.75
USPWC

0.51 ± 0.01 31.62 ± 0.32 17.01 ± 1.67 63

PP 1.00
USPWC

0.58 ± 0.04 26.59 ± 2.47 12.27 ± 1.98 63

PP 0.10
USFPWC

0.51 ± 0.06 28.55 ± 2.29 77.23 ± 2.45 this
work

PP 0.25
USFPWC

0.53 ± 0.07 35.54 ± 1.25 64.36 ± 3.12 this
work

PP 0.50
USFPWC

0.56 ± 0.05 36.56 ± 1.98 28.59 ± 7.98 this
work

PP 0.75
USFPWC

0.59 ± 0.02 41.49 ± 2.46 37.43 ± 3.59 this
work

PP 1.00
USFPWC

0.65 ± 0.04 36.89 ± 3.54 38.78 ± 4.98 this
work
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material. This interaction led to improved thermal and
mechanical properties of the overall composite.

Tensile experiments on plasma-treated biochar-reinforced
3D printed dog bone composite samples demonstrated that
the biochar filler increased the tensile modulus of all samples
(Table 6). The modulus increase was mostly because of the

inherent material property of the semicrystalline carbon
biochar deployed as the filler, as well as the interaction
between the filler and the matrix. The modulus value grew in
direct proportion to the loading percentages, a trend that was
also observed in filament samples. The tensile strength of
composite samples was higher than that of neat samples.
However, unlike filament samples, there was no noticeable
trend in the strength values. The main cause of the poor
characteristics of neat PP samples could be dimensional
instability following 3D printing, mainly due to shrinkage/

warpage. When compared to untreated filler samples, plasma
treatments improved the strength and elongation properties of
3D printed components. However, unlike in the case of
filament samples, the improvement was not significant. The
underlying issue here is with the printing of PP. As a result,
plasma treatments are helpful in reinforcing the matrix with a
better filler/matrix interface, but there is still work to be done
in optimizing the interface between each printed layer.
Researchers have previously discovered a similar issue with
PP material printing. As the polymer melt cools after
deposition, the volume of the polymer (both free volume
between molecular chains and vibrational volume) decreases,
resulting in material shrinkage as long as the temperature
remains above glass transition.59 As a result of the material
shrinkage, 3D printed layers lose their capacity to adhere to
construct layers. It was proposed that, in order to achieve high
interfacial bonding in adjacent layers, the interface between the
freshly deposited material and previously deposited material
should pass through the crystallization temperature and reach
the polymer’s melting temperature, allowing for short-term
melting of crystalline areas of adjacent layers.70 Filler material
addition can slow down volumetric change in molecular chains
and inhibit quick crystallization of polymer melt. As a result, it
was discovered that when the biochar filler material was added,
shrinkage decreased proportionally to loading percentages,
eventually resulting in improved mechanical qualities. How-
ever, unlike filament samples, the modulus and strength
parameters of 3D printed objects did not follow any particular
trend. This could be because 3D printed samples are more
heterogeneous and irregular than extruded filaments or
injection molded items, resulting in more inconsistency. Better
3D printed samples with improved qualities can be produced
using appropriate process improvement approaches and
optimization, reflecting a similar trend observed in filaments.

SEM micrographs of failed 3D printed samples revealed that
(Figure 13b) plasma treatment of the biochar filler improved

the interaction between the filler and matrix interface. This
helped slightly in achieving a better interface between layers,
hence increasing in strength and elongation.

■ CONCLUSIONS
Biochar made from sustainable starch-based PW could be used
as a reinforcing filler material for the PP matrix, according to
the findings of this study. Plasma treatments are a good way to
modify the surface characteristics of biochar carbon in a long-
term sustainable way. Using a low-temperature plasma
treatment approach in the presence of sulfur hexafluoride
gas, fluorine-related functionalities were successfully integrated
on the surface of the carbon. The functional groups that result

Figure 12. SEM micrograph of the failed biochar-reinforced PP
filament: (a) without plasma treatment 0.50%, (b, c) with plasma
treatment 0.5 wt %, and (d) with plasma treatment 0.75 wt %.

Table 6. Mechanical Properties of the Biochar Carbon-
Reinforced PP 3D Printed Composite

sample
Young’s

modulus (GPa)

tensile
strength
(MPa)

elongation at
break (%)

PP Neat 0.041 ± 0.007 5.01 ± 1.59 11.02 ± 2.55 63
PP 0.10
USPWC

0.069 ± 0.003 10.80 ± 4.66 12.68 ± 3.98 63

PP 0.25
USPWC

0.090 ± 0.011 18.70 ± 6.16 13.01 ± 2.73 63

PP 0.50
USPWC

0.111 ± 0.010 16.73 ± 2.56 15.18 ± 3.97 63

PP 0.75
USPWC

0.115 ± 0.004 13.01 ± 6.32 09.49 ± 0.06 63

PP 1.00
USPWC

0.128 ± 0.002 26.03 ± 3.32 22.11 ± 1.43 63

PP 0.10
USFPWC

0.071 ± 0.024 12.69 ± 7.36 13.52 ± 6.21 this
work

PP 0.25
USFPWC

0.101 ± 0.019 18.54 ± 8.24 15.96 ± 6.32 this
work

PP 0.50
USFPWC

0.117 ± 0.015 20.68 ± 5.95 23.49 ± 8.19 this
work

PP 0.75
USFPWC

0.123 ± 0.012 18.37 ± 4.87 12.64 ± 1.77 this
work

PP 1.00
USFPWC

0.135 ± 0.016 15.65 ± 9.44 15.11 ± 2.46 this
work

Figure 13. SEM micrograph of the failed 3D printed biochar-
reinforced sample (0.50 wt % loading) (a) without plasma treatment
and (b) with 30 min plasma treatment.
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are only present at the surface level; therefore, they have no
effect on the filler material’s bulk properties. The surface
fluorine atoms react with the polymer’s hydrocarbons to
generate covalent bonds during the extrusion process.

Mechanical and thermal properties were much improved as
a result of the better interface between the filler and the host
polymer. Plasma-treated biochar carbon-reinforced composites
with 0.75 wt % loaded samples performed the best, with a
strength of 41.49 MPa, a 91% improvement over neat samples,
and a 31.22% improvement over untreated samples. Plasma-
treated biochar reinforcement increased thermal characteristics
as well. Decomposition onset at 402 °C, a delay of around 60
°C, was optimal for 1 wt % loaded samples. The maximum
decomposition temperature was around 477 °C, an improve-
ment of roughly 49 °C. Due to the covalent connection
between biochar and the polymer matrix, good interface
interactions were formed, according to failure analysis. When
compared to inert biochar-reinforced 3D printed materials,
plasma-modified biochar-reinforced 3D printed samples had
improved mechanical properties. Shrinkage/warpage of 3D
printed PP samples, on the other hand, is still a work in
progress. In conclusion, plasma treatments of filler materials
are a long-term sustainable solution for modifying surface
properties and have a wide range of applications for increasing
the reinforcing ability and consequently the overall properties
of composites.
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