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ARTICLE INFO ABSTRACT

Keywords: Carbon materials derived from sustainable biomass are widely being used as reinforcement fillers to alleviate the
Biochar use of fossil fuel derived carbon materials in composites. However, high loading percentages of biochar carbons
Biocompgsitg are required for effective reinforcement, because biochar derived traditionally are of low quality. In current
g:‘:;szmcanon study, high quality biochar was synthesized from sustainable starch based packaging waste using a high tem-

perature/pressure pyrolysis reaction. Thus, obtained biochar was further modified using ultrasonication to
reduce the particle sizes and increase active surface area making it more compatible for dispersion and 3D
Printing. The BET surface area of ultrasonicated carbon was 185.08 m?/g; it was also observed that the modified
biochar developed nanoscale morphology due to effect of ultrasound on surface of carbon. XRD and Raman
analysis revealed that the carbon obtained was highly graphitized. SEM and TEM micrographs revealed that the
carbon obtained has graphitic regions with nano surface morphologies. The modified biochar was used as an
effective reinforcement filler with polypropylene polymer at a relatively low loading of 0-1 wt.%. The tensile
modulus and strength increased by 34% and 46% respectively with a loading of just 0.75 wt.%. Thermal stability
of the composite material also improved by delay of 51° C in onset of decomposition temperature and 40 ° C in
maximum rate of decomposition temperature at 0.75 wt.%. Failure analysis of fractured surface revealed that
ultrasonicated biochar was effective in reinforcing the material due to improved available surface area and
nanosize defects formed on the surface of biochar carbon.

3D printing

1. Introduction

Polymer nanocomposites with carbon based reinforcement fillers
like fullerene, carbon nanotubes (CNTs), carbon nanofibers (CNFs),
graphene nanoplatelets (GNPs) and carbon black (CB) have been
extensively used in the recent past to improve the overall properties of
composite material like structural integrity, thermal stability, electrical
conductivity, electromagnetic shielding, energy storage etc. [1-7]. The
primary reason for improvements in the properties of composite is due
to inherent properties of carbon-based materials themselves [8]. Carbon
based nanomaterials derives its exceptional qualities from its elemen-
tary structure called ‘graphene’, which is considered as the basic
building block for all graphitic forms of carbon. Here a single layer of
carbon atoms are held together by backbone of overlapping sp2 hy-
bridized bonds. The 2p orbitals that produce the r state bands that
delocalize over a sheet of carbon give graphitized carbons their
outstanding features. As a result, graphitized carbon are extremely stiff,
highly conductive, display high mobility of charge carriers etc.
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depending on the degree of graphitization and the way basic graphitized
sheets are arranged in the final carbon structure. However, development
of such high quality carbon is highly dependent on fossil fuel hydro-
carbon gases/liquids like methane, ethylene, acetylene, hexane or pro-
pane [9-12] and involves sophisticated processes like chemical vapor
deposition (CVD), Physical vapor deposition (PVD), Pulsed laser depo-
sition (PLD), arc discharge, plasma enhanced chemical vapor deposition
(P-CVD) etc. [13]. The sustainability of precursors used and synthesis
processes involved are the major deciding factors validating the viability
of technology particularly for large-scale production of such materials.
The precursors involved in these processes are fossil fuel dependent for
which there could be crisis in future, and it further escalates environ-
mental concerns like energy crisis, global warming and environmental
pollution. In such circumstances, it is highly desirable to develop
competitive carbons form sustainable precursor materials while using
simple synthesis processes that have potential for large-scale
production.

The synthesis of carbon from sustainable biomass-based precursor
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materials, often known as biochar, has attracted the interest of scientists
all around the world. Initially, soil remediation, carbon capture, water
treatment, and air filtering were among the popular applications for
biochar [14-16]. Better competitive biochar for functional applications
like composite reinforcement, energy storage, and sensors are being
developed in recent years, thanks to a better understanding of carbo-
naceous structural evolution during biochar production and the devel-
opment of more controlled processing methods [17-22]. Biochar carbon
when used as reinforcement filler with polymer matrix gives excellent
mechanical and thermal properties [23-26]. Some biochars have also
shown good electromagnetic shielding and electrical conductivity [27,
28]. Particularly when it comes to thermoplastics, biochar has a
competitive advantage over other natural fillers, as they are more
thermally stable to the heat induced during manufacturing processes
like melt blending and extrusion. As mentioned earlier the reinforce-
ment ability of the filler material is directly dependent on inherent
properties of filler itself [29]. For this reason, unlike traditional carbon
nanomaterials, current biochar is not very effective in improving me-
chanical, electrical properties of composite at low loading percentages.
Thus, there is a need to further modify biochar primarily to improve its
inherent mechanical, thermal and electrical properties and eventually
make it more competitive for reinforcement of polymers at very low
percentages on par with traditional carbon nanomaterials like CNTs and
GNPs.

When compared to other polymers, polypropylene (PP) offers a wide
range of qualities and is very cost effective, making it a popular material
for the development of goods for the automotive, aerospace, electrical,
and household appliance industries. However, the PP generated via bulk
polymerization methods lacks good mechanical and thermal charac-
teristics [30]. To ameliorate thus attained mechanical and thermal
properties, materials researchers have widely used composite approach
where reinforcement/filler material is added to improve overall prop-
erties of materials. Since there is huge need for the use of sustainable and
biodegradable materials, natural fillers have been explored as reinfor-
cement/filler materials. Recently natural fibers like sugar cane bagasse
[31,32], ramie [33], hemp [34], yucca aloifolia [35], abaca [36], flax
and wool [37], wood, rice husk and wheat husk [38] have been used for
reinforcement. In addition to fibers nano/micro size natural filler ma-
terials like cellulose and lignin have also been explored as reinforcement
fillers for PP [39]. However, carbonaceous materials are still considered
relatively effective for reinforcement applications primarily due to their
inherent mechanical and thermal properties. Because of high thermal
stability compared to natural fillers during extrusion process, high
specific strength due to low density, low cost and long-term sustain-
ability, researchers have looked into using biochar as a PP reinforce-
ment. Ikram, S, et al. have used pine wood derived biochar at 500° C to
manufacture wood and PP biocomposite [40]. They have investigated
effect of factors like coupling agent, biochar particle size, melt flow
index and wood content on thermal and mechanical properties of
composites prepared via extrusion and injection molding. The most
suitable loading for enhanced mechanical and thermal properties was
found to be as high as 24 wt.%. It was also observed that high porosity on
surface of biochar helps in achieving better mechanical strength, due to
infiltration of polymer into pores creating a physical/mechanical bond.
As property of biochar is highly dependent on structural evolution and
graphitization of biochar during pyrolysis, another study reported by the
same group have used wood derived biochar at 900° C. Even though
properties of PP/Biochar composite improved with more graphitized
biochar the filler percentages were still between 0 and 35 wt.%. With
recent technological breakthroughs in additive manufacturing technol-
ogy, it is now being viewed as a full-scale manufacturing approach
rather than only a prototype tool [41]. Due to print head clogging, it has
been observed that printing materials with large loadings, particularly
with micron-sized particles, is difficult [42]. Particle size, degree of
graphitization, uniform dispersion, interface interactions, specific sur-
face area, and other parameters that determine the reinforcing ability of
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particulate filler are well recognized based on previous knowledge of
small particle polymer composites. Implementing controlled slow rate
pyrolysis while boosting graphitization by autogenic pressure at high
temperatures is one technique to promote carbonization of biochar [43].
Physical procedures such as ultrasonication [44], ball milling [45], and
plasma treatments [46], have been utilized as post-treatment mecha-
nisms to improve desirable attributes such as particle size, specific sur-
face area, dispersion, and interface interactions. Ultrasonic irradiation
has proven to be very useful technique to improve material properties
through acoustic cavitation, which involves the formation, growth and
implosive collapse of bubbles in a liquid medium. High-energy ultra-
sound can be used to prudently break bigger carbonized biochar into
smaller particles by exfoliating graphite planes and splitting them, thus
improving the overall graphitized biochar structure [47]. Stankovich
et al. [48], observed the exfoliation of graphite oxide into 1 nm thin
sheets using ultrasonic irradiation. Here ultrasonication was used as a
precursor step to physically exfoliate graphene oxide sheets to be fol-
lowed by chemical reduction of graphene oxide with hydrazine hydrate.

With increasing environmental concerns recyclability of the material
is one of the important aspects to be explored to make the material
system truly sustainable. Due to worldwide demand for PP being 17% of
total plastic generation and waste generation due to PP being 18% of
total waste generation, PP has a huge potential to be recycled [49].
Unfortunately, traditionally at the end of product life most of the waste
PP either ends up in landfill or littered into environment due to
mismanagement [50]. Mechanical recycling of PP is best way to reduce
carbon footprint when compared to other methods like chemical and
energy recycling of plastics. Spoerk. M et al. [51] showed that PP can be
recycled up to 15 times using extrusion based methods without drastic
reduction in tensile and impact strength. In 2018, Woern et al. [52]
demonstrated feasibility of PP recycling using additive manufacturing
method with slight reduction in mechanical properties when compared
with its virgin counterparts. Thus it can be established that PP has po-
tential for recyclability making it a great material choice for sustainable
product development.

To our knowledge, this is the first time we have reported the syn-
thesis of highly graphitized carbon from starch-based sustainable
packaging waste using a controlled pyrolysis reaction involving high
temperature/autogenic pressure, and the biochar produced was then
further engineered using ultrasonic irradiation. The resulting biochar
carbon was highly graphitic, with increased surface area and smaller
particles. The carbon produced in this way was employed as a rein-
forcement filler in a PP matrix. Addition of ultrasonicated biochar at
very low percentage loadings unlike conventional higher biochar load-
ings proved to be effective in improving mechanical and thermal prop-
erties of the biocomposites.

2. Experimental
2.1. Materials and methods

2.1.1. Materials

Peanut-shaped loose filler packaging waste(PW) material (Bran
Foam Top), made primarily from starch, was procured from Ecolopack
(Japan) which came as packaging for scientific equipment. Poly-
propylene (PP) matrix with isotactic crystalline structure, molecular
weight 40,000-100,000, powder diameter of ~20 um and density be-
tween 0.910 and 0.928 g/cm3 was obtained from Chem Point (USA).

2.1.2. Methods

2.1.2.1. Pyrolysis. Approximately 25 gm of packaging waste were ball
milled for 3 h using stainless steel canisters and 10 mm steel balls at an
8:1 ball to powder ratio, then sieved through 45pu mesh to eliminate
larger particles and achieve uniform size. The sieved powder was then
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put into a Ni-based super alloy reactor (GSL-1100X-RC). The chamber
was purged with nitrogen gas for 30 min before to the reaction to
remove any trapped oxygen/hydrogen gas. To encourage graphitization,
PW powder was pyrolyzed at a rate of 10 °C/min up to 1100 °C and
maintained for 3 h under autogenic pressure of 150 bar in a high-
pressure/temperature reactor itself. The reactor was allowed to cool
down to room temperature after the reaction was completed. The bio-
char was collected and stored in dry place designated as “packaging
waste carbon” (PWC-1100).

2.1.2.2. Ultrasonication. In a glass beaker, 2 gm of pyrolyzed biochar
and 200 ml of ethanol were irradiated for 3 h with a high-intensity ul-
trasonic horn (Sonics vibra cell ultrasound, Model VCX 1500). To avoid
temperature rise owing to sonication, an external bath of ice was kept to
maintain temperature at 5 °C, and the irradiation was done in pulse
mode with 30 s ON/ 5 s OFF at an amplitude of 85 percent. Centrifu-
gation (Allegra 64R, Beckman Coulter) at 10,000 rpm for 20 min at 5 °C
was used to collect modified biochar. The supernatant was removed, and
the leftover biochar powder was dried for 24 h in a vacuum oven. The
modified biochar was collected and stored in dry place designated as
“Ultrasonicated packaging waste carbon” (US PWC-1100). A schematic
of mechanism behind ultrasonication process is shown in Fig. 1.

2.1.2.3. Composite fabrication. To remove any remnants of entrapped
moisture, PP powder was dried in an oven overnight at 100° C. PWC-
1100 biochar and modified US PWC-1100 biochar were blended in
different weight percentages, ranging from 0 to 10% for PWC-1100
biochar and 0 - 1% for modified US PWC-1100 biochar. Loading per-
centages beyond 1 wt.% were not investigated for US PWC-1000/PP
composite as loading beyond this percentage leads to agglomerations
in composite due to increased surface area and reduced particle size.
Biochar was measured and thoroughly mixed with PP matrix using the
manual bag method, then mechanically mixed for 5 min at 600 rpm. At
temperature of 230 °C and screw speed of 20 rpm, the mixture was
extruded using a single screw extruder (EX2 Flilabot with screw L/D =
12 and pitch % inch) (Fig. 1. supplementary material). Filabot pelletizer

Biochar before
Ultrasonication

Biochar after
Ultrasonication

\V/—b Ultrasonic Waves
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was used to pelletize the extruded filaments. The pellets were then
extruded again at same conditions in the same extruder just to guarantee
homogeneous carbon biochar dispersion in PP and extruded into uni-
form filaments of diameter 1.7 — 1.75 mm (Fig. 2. supplementary ma-
terial). Schematic of sample preparation procedure is shown in Fig. 2.
The filaments were then used to print samples.

2.1.2.4. 3D printing of samples. The extruded filaments were used for 3D
printing of specimens using a 3D printer system Hydral6A from Hyrel
3D (GA, USA) along with MK450 hot head which is equipped with high
torque stepping motor to assist ease in printing of material. The 3D
models of test specimens were designed in Free CAD software and sliced
using the Slic3r software. Dog bone (Type 1BA) shaped samples ac-
cording to standard ISO 527-2 were printed for tensile testing (Fig. 4.
Supplementary material). Infill type of 0/90° with 100% fill was used,
and objects were printed with two perimeters. The rest of printing pa-
rameters were set using a Slic3r software as follows: nozzle diameter 0.6
mm; layer height 0.40 mm; nozzle temperature 210 °C (+10 °C for
composite); bed temperature 50 °C. The printing speed was fixed at 50
mm/s. To prevent frequent nozzle clogging the retraction length was
reduced to 0.4 mm while retraction speed was changed to 25 mm/ s.

2.2. Material characterization

2.2.1. Biochar carbon characterization

Fourier transform infrared-attenuated total reflectance (FTIR-ATR)
(Thermo Scientific Nicolet iS5) using 32 averaged scans and 4 cm !
resolutions over a range of 4000-500 cm !, FTIR studies were con-
ducted to validate complete carbonization of packaging waste. Back-
ground spectra were taken in the empty chamber before measurements
to eliminate the influence of water moisture and COy in the air. X-ray
diffraction (XRD) analysis was performed using a Panalytical Empyrean
system with a Cu anode (A=1.54187 A), at40kV, 30 mA, and 1.2 kW. Cu
K-beta reducing incident optic with 1/8° divergence slit and 1/2° anti-
scatter slit was used. The Pixcel 3D detector was used in scanning line
mode. The diffraction data for the biochar sample was collected in the 20

Ultrasonication Horn

Cavitation Bubble

;: %’ Collapse of Bubble

\ — Microjets & Shock Waves

Fig. 1. Schematic diagram showing size reduction mechanism of biochar carbon through ultrasonication.
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Fig. 2. Composite reinforced with packaging waste carbon fabrication process.

range (10-70°) at a scan rate of 2°/min. The Raman spectrum for the
biochar was obtained using Thermo Scientific DXR Raman spectroscopy
to investigate the graphitization degree and to assess the graphitic and
defected carbon. The system is equipped with a laser with an excitation
wavelength of 785 nm. The spectrum was obtained in the range of
500-2500 cm ! using a laser power of 5.0 mW.

Biochar textural properties were investigated using the NOVA2200e
(Quantachrome, USA) surface area and pore size analyzer. All samples
were vacuum degassed at 300 °C overnight to remove volatiles. Nitrogen
adsorption—desorption isotherms were obtained at 77 K and a partial
pressure range of 0.05-0.99. Adsorption isotherms were used for the
estimation of the BET surface area, volume, and pore size distribution.
The Brunauer, Emmett and Teller (BET) surface area was calculated
using a multipoint test in a partial pressure range of 0.05-0.3, and the
micropore volume was estimated using nonlinear density functional
theory (NDLFT). The total pore volume was measured at a partial
pressure of 0.99. The surface morphology of the synthesized biochar was
investigated using JEOL JSM-7200F field emission scanning electron
microscope (FESEM, JEOL USA). Prior to testing the samples were
sputter coated with gold/palladium (Au/Pd) for 3 min at 10 mA using
Hummer sputter coater to form a conductive surface. Particle sizes were
analyzed with the same SEM images using ImageJ software. Micro-
structure analysis of biochar carbon was done using transmission elec-
tron microscope (TEM-Jeol 2010). Carbon was first dispersed in ethanol
using ultrasonic bath and then dispensed on Cu grid and air dried. TEM
analysis was conducted at an operating voltage of 200 kV.

2.2.2. Composite characterization

A Zwick/Roell Z2.5 Universal Mechanical Testing-Machine with 2.5
kN load cell was used to determine the mechanical properties of the
filaments. Tensile test according to ASTM D3379 standard were per-
formed on at least 5 specimens of each type. The testing conditions for
the filaments were gauge length of 40 mm, pre-load tension of 0.1 N, and
test speed of 0.5 mm/min. Similarly, for tensile testing of 3D printed
dogbone shaped specimens the test conditions were gauge length of 20
mm, pre-load tension of 1 N, and test speed of 5 mm/min. The tensile
properties as modulus was calculated from linear slope region, tensile
strength and elongation at break were obtained with TestXpert data
acquisition and analysis software. The machine used crosshead
displacement to measure strain values. Influence of individual nano-
particles on thermal stability and residue of the material was investi-
gated using thermogravimetric analysis (TGA) using TA Instruments’ Q-
500. The equipment was purged with dry nitrogen at 90 mL/min.
Samples were scanned from 30 to 800 °C at a ramp rate of 10 °C/min
while data for sample weight loss was recorded as function of

temperature. Sample weight loss and its derivative weight loss curves
were obtained from each test and thermal stability parameters such as
onset and decomposition temperatures were recorded along with res-
idue for each sample. DSC was done using non-isothermal mode of scans
at 10 °C/min using TA Instruments Q2000 DSC machine. Each sample
with weight ~6-8 mg was sealed in an aluminum pan and the test was
run against an empty reference pan. To eliminate the thermal history of
the samples, the neat and BC/PP samples were first heated from (30 to
250 °C) at a heating rate of 10 °C/min and subsequently cooled to 30 °C
at the same rate. To avoid any thermal degradation of the samples, the
thermal analysis was performed under a nitrogen (N2) atmosphere at a
flow rate of 50 cm®/min. The melting temperature, crystallization
temperature, and enthalpy of melting were analyzed using the TA-
Analysis software package based on the second heating and first cool-
ing cycle. To determine the degree of crystallinity of the neat PP and
PWC/PP composites, the measured melting enthalpy (AH,,) of each
sample was compared to the value for 100% crystalline PP (AH;,)). The
crystallinity percentage of each sample was calculated by using the total
enthalpy method based on following equation.

AH,,

—_— 1
—pam, <%

Xc(%) =

where: (Xc) is the degree of crystallinity, (AHp,) is the sample melting
enthalpy, (AH®,) is the enthalpy of melting of 100% crystalline neat PP
(207 J/g) ¢ is the weight fraction of BC in the composite. [53]

3. Results and discussion
3.1. Carbon characterization

The FT-IR spectra for the packaging waste powder and pyrolyzed
carbon presented in Fig. 3. For PW powder the broad peak around 3300
em ~! was due to OH stretching, the peak around 2900 cm ~! was due to
CH stretching. The transmission hump around 1640 cm ™' was due to
-OH bending of water, whereas the bands around 1040 and 1100 were
due to C—O stretch of polysaccharides kind of material. All these peaks
have similar resemblance to that of cellulose-based materials, confirm-
ing the major constituent of the packaging waste was starch. [54,55].
However, in case of pyrolyzed carbon it can be seen that there were no
significant peaks in the spectra, conforming that the packaging waste is
completely aromatized and the functionalities on the surface of carbon
are lost making it relatively inert.

XRD graphs of the pyrolzed packaging waste carbon before and after
ultrasonication is presented in Fig. 4. a. It can be found that there were
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Fig. 3. FT-IR spectra of packaging waste powder and pyrolyzed carbon.

distinct sharp peaks for both carbon around 29° corresponding to (002)
plane with an interlayer spacing of 0.30 nm and full width at half
maxima of 100% peak is measured as 0.0034 radians, which suggest
highly graphitic nature of the carbon. The graphitization of the carbon
for this kind of was biochar was mainly due to the pyrolysis process.
Slow pyrolysis rate promoted aromatization of the hydrocarbon chains
and high temperature/pressure conditions and hold time of 3 h further
promoted turbostratic arrangement of the carbon planes; this can be
confirmed by (100) peak around 42°. However, the presence of broad
peaks around 24° suggests presence of amorphous (early poor crystal-
line) carbon phase within the material that is typical for biochar mate-
rials. The absence of distinct peak due to (101) plane around 45° is an
indication that the carbon achieved in this study is not perfectly
graphitic in nature. In case of ultrasonicated carbon, there was not much
difference in the peaks except that the area of broad peak around 24°
corresponding to amorphous region was slightly reduced due to
breaking of disordered carbon in the material by action of sonic waves.
The intensities of all peaks especially the graphitic peak at 29° corre-
sponding to (002) plane has reduced to some extent suggesting reduc-
tion in crystalline quality of planes, this could be mainly due to nanosize
defect sites formation on carbon planes due to ultrasonication. The
interlayer spacing was 0.30 nm and full width at half maxima of 100%
peak measured as 0.0033 radians. Overall XRD results show that the
carbon obtained was of high quality when compared with biochar
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obtained from cellulose based materials in the past [56], and ultra-
sonication helped in breaking the weaker disordered carbon into smaller
carbons with more degree of graphitization however there was also
reduced crystallinity due nanopores formed during ultrasonication. To
further understand the quality of carbon and effect of ultrasonication,
Raman spectroscopy, adsorption test and microstructure analysis was
performed.

Raman spectroscopy of synthesized biochar carbon shown in Fig. 4.b
revealed that the carbon obtained was of relatively high quality when
compared to biochars reported by earlier researchers for similar pre-
cursor materials. The characteristic D and G bands, which corresponds
to disorder/defect, and graphitic sp? hybridized carbon respectively
were analyzed in detail. It was revealed that for pyrolyzed carbon (PWC-
1100) both distinct peaks of G and D were present confirming the
graphitic carbon and polyaromatic hydrocarbons respectively. The G
and D band peak for PWC-1100 carbon was obtained around 1600 and
1315cm ! respectively. For ultrasonicated carbon (USPWC-1100) the G
and D peaks were found around 1590 and 1310 cm ™" respectively which
were in acceptable range for carbon analysis. ID/IG ratio, which is the
ratio of intensities of D and G band, generally used to evaluate degree of
disorder in carbonaceous materials was calculated for both the mate-
rials. The ID/IG ratio of PWC-1100 was around 1.20 where as for
ultrasonicated carbon USPWC-1100 it was around 1.04. The ID/IG ratio
of 1.20 is itself a good indication of graphitization with some disorder.
Yet, upon ultrasonication the disorder D peak intensity reduced bringing
the ID/IG ratio to 1.04 which is indicative of highly graphitized material
and is very difficult to achieve for biomass pyrolyzed carbon. It can be
also observed from the spectrum that the G band of ultrasonicated car-
bon is slightly broad when compared to neat carbon; this slight reduc-
tion in quality of graphitized carbon was mainly due to defect sites
formed in sp?-graphitized planes during ulltrasonication that was also
observed in XRD analysis. It has to be noted that the increase in overall
graphitic nature of carbon in the material is not due to promotion of
graphitization, but actually due to reduction in overall disordered car-
bon found in bigger biochar particles. The mechanism by which ultra-
sonication reduces the disorder in biochar particles is shown in
schematic Fig. 1.

Surface area and textural properties of packaging waste biochar
carbon were calculated using nitrogen adsorption and desorption iso-
therms as shown in Fig. 5(a). It was found that the BET surface area
calculated in a partial pressure range of 0.05 to 0.99. was only 2.99 m?/g
for PWC-1100, whereas for ultrasonicated carbon surface area improved
to 185.08 m?/g which is a drastic increase of 60 folds. The main reason
for increase in surface area was due to reduction in overall size of the
carbon particles and introduction of nano features on the surface of the

40
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o—s US PWC-1100

Intensity (counts)

-
o

2500 2000 1500 1000 500

Raman shift (cm"}

Fig. 4. (a)XRD graph; (b) Raman spectra; of packaging waste derived carbon and ultrasonicated carbon.
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Fig. 5. (a) Nitrogen adsorption-desorption isotherm; (b) Pore size distribution; of packaging waste derived carbon and ultrasonicated carbon.

carbon due to intense shock waves generated during ultrasonication.
The average pore size reduced from 6.5471 nm to 2.9931 nm as shown
in Fig. 5. b. An interesting observation which can be made is that the
pore volume reduced from 0.33 cc/g to 0.122 cc/g, but pore size and
pore widths have drastically reduced indicating that the pores were
mostly micro size before ultrasonication and after ultrasonication they
were mostly meso or nanosize pores formed. Table 1 shows a complete
comparison of textural properties before and after ultrasonication.

SEM micrographs of packaging waste carbon before and after
ultrasonication revealed that the packaging waste biochar originally
obtained has particles in the range of few hundreds of micrometers
(Fig. 6.a). The particle size analysis of biochar using the SEM images
showed that most of the particles ranged between 10 and 60 um sizes.
The average size of the particles were around 36 um (Fig. 3. Supple-
mentary material). In addition, the carbon surface consisted of many
micro size morphologies that might have formed during carbonization
process. The morphology of most biochar particles varied between thin
sheets and chunks with irregular shapes. Large macropores appeared on
the surface of biochar with a size range of ~1-10 pm. Ultrasonication of
carbon helped in breaking of big biochar carbon particles into smaller
particles into less than ten micrometer size particles (Fig. 6.b). The
surface of the carbon after ultrasonication was relatively smoother when
compared to biochar without ultrasonication. However, upon magnifi-
cation it appeared from the surface that there were some nanosize
morphologies introduced due to ultrasonication. The particle size
analysis using SEM images revealed that most of the particles were in
range of 0.5-2 pm. the average particle size was around 1.9 pm. One
interesting observation which can be made here was that even the
higher particle sizes were still under 10 pm (Fig. 3. supplementary
material). This reduction in sizes of biochar by up to 95% due to
ultrasonication will not only help in effective reinforcement at very low
loading percentages but also in easy 3D printing of material. To further
look at the morphology of carbon at nanoscale TEM analysis was also
performed.

TEM micrographs of the biochar carbon revealed that the carbon
synthesized was combination of amorphous and crystalline carbon,
which was indicated through poorly ordered carbon, and well-ordered

Table 1
Surface area and textural properties of biochar carbon.

Property PW carbon Ultrasonicated PW carbon
BET SSA (mz/g) 2.99 185.08

Avg. Pore Size (nm) 6.5471 2.9931

Pore Volume (cc/g) 0.33 0.122

Pore Width (nm) 2.769 1.847

Total Pore Volume (cc/g) 0.0037 (< 260.4 nm) 0.1385 (<137.3 nm)

carbon with well-defined interplanar spacing respectively. It can be
observed from TEM micrographs (Fig. 7a and b) that in case of biochar
before ultrasonication poorly ordered carbon is more dominant.
Whereas, after ultrasonication well-ordered carbon seems to be more
dominant. However, it can be also observed that the nanosize mor-
phologies are more observed in ultrasonicated carbon, this could be due
to defect sites caused within the planes due to high-energy sonic waves.
These TEM micrographs are in good agreement with XRD, Raman and
textural results.

3.2. Composite characterization

DSC analysis of biochar carbon reinforced filament composites
revealed that the typical endothermic melting was at ~160 °C and
exothermic crystallization was around ~ 115 °C. With addition of bio-
char, there was a slight increase in melting temperature, due to thermal
stability of the filler material. However, melting enthalpy did not in-
crease which might be due to improper interface between polymer and
filler. The crystallization temperatures, on the other hand, were pushed
to a higher temperature for all samples compared to that of neat PP as
shown in Fig. 8.a. 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. This effect was not observed
predominantly in ultrasonicated carbon composites due to very low
loading percentages (Fig. 8.b) .It is interesting to note that the crystal-
lization temperature was higher for biocomposites having higher
amount of biochar in it. Although, the difference is not that significant.
Thus, increment in the number of biochar particles aids in earlier crys-
tallization of PP. Detailed comparison of various thermal properties of
biochar/PP composite is shown in Table 2.

TGA analysis (Fig. 9. a and b) of biochar carbon reinforced filament
composites revealed that the thermal properties of all the composites
improved when compared with neat PP. With 10 wt.% loading the onset
of decomposition was delayed highest by 25° C, where as in case of
ultrasonicated carbon thermal properties improved drastically with as
little loading as 0.1 wt.%. The best thermal performance was observed in
0.75 wt.% ultrasonicated loaded samples with an effective increase in
onset temperature and max rate of decomposition of 51 °C and 40 °C
respectively. Such improved thermal stability in ultrasonicated samples
is mainly due to the inherent thermal stability of highly crystalline
carbon filler material. A detailed comparison of thermal properties like
onset of decomposition, max rate of decomposition temperature and
residue are tabulated in Table 3. It can be observed that the thermal
properties improved for all the composites reinforced with biochar when
compared with neat. However, ultrasonicated biochar was more effec-
tive in increasing the thermal stability of material system at a very small
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Fig. 7. TEM micrographs of (a) packaging waste carbon; (b) ultrasonicated packaging waste carbon.
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Fig. 8. DSC thermographs of (a) packaging waste carbon reinforced PP composite; (b) ultrasonicated packaging waste carbon reinforced PP composite.
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Table 2
Thermal properties of packaging waste carbon reinforced PP composite filament
obtained via DSC.

Composite sample Tec (°C) AHc (J/g) Tm (°C) AHm (J/g) o)

PP Neat 113.22 98.84 159.72 98.10 47.39
PP 1 PWC 119.59 103.5 163.11 102.40 49.97
PP 3 PWC 121.39 97.81 162.77 96.99 48.30
PP 5 PWC 120.63 98.72 162.47 97.30 49.48
PP 10 PWC 122.29 91.88 162.80 82.64 44.36
PP 0.10 USPWC 113.54 105.2 160.04 99.76 48.24
PP 0.25 USPWC 114.59 103.5 160.97 99.33 48.11
PP 0.50 USPWC 114.83 99.77 161.22 99.07 48.10
PP 0.75 USPWC 115.30 96.43 161.65 97.36 47.39
PP 1.00 USPWC 115.41 100.10 161.13 101.00 49.29

loading percentages. The main reason was due to better inherent ther-
mal properties of filler material itself.

Tensile tests conducted on composite filament samples revealed that
biochar filler was effective in increasing the tensile modulus for all the
samples. The increase in modulus was mainly due to inherent material
property of semi crystalline carbon biochar used as filler. The modulus
value increased proportional to the loading percentages. For PWC-1100
reinforced samples the highest modulus was achieved for 10 wt.%
loaded samples of 0.71 GPa which was an increase of 86% when
compared with neat PP polymer. Tensile strength was recorded highest
for 5 wt.% loaded sample at 29.36% which is an improvement of about
35% when compared to neat samples. The primary mechanism of rein-
forcement in these samples is interlocking of polymer within micro size
pores of biochar. The percentage elongation values for all biochar
reinforced composites decreased drastically when compared to highly
stretchable neat polymer (Fig. 10.a). This behavior was expected, as
there is only physical interface between filler and polymer through
Vander wall interactions. The ultrasonicated carbon was more effective
in increasing strength when loaded with very small loading percentages.
At higher loadings, such as 1 wt.% the carbon tends to form agglomer-
ations leading to premature failure as shown in Fig. 10.b. The 0.75 wt.%
loaded samples performed best with modulus, strength and elongation
values as 0.51 GPa, 31.82 MPa and 17.01% respectively. Which is an
improvement of 34% in modulus and 46% in strength. With higher
loadings of 1. wt.% modulus improved to 0.58 GPa, but strength and
elongation decreased which may be due improper interface or formation
agglomerates. Improving the interface between biochar and polymer
can be an effective way to improve overall properties of polymer.
Detailed comparison of various mechanical properties of biochar/PP
composite is shown in Table 4.

Tensile tests conducted on USPWC-1100 reinforced 3D printed dog

120
a} —— PP Hoat
—1 PP 1PWC
100 :
—h PP 10PWC
80
£
§| 60
]
=
40
20
0 == ====sy

100 200 300 400 500 600 700 800

Temperature (*C)

Composites Part C: Open Access 7 (2022) 100221

bone composite samples revealed that biochar filler was effective in
increasing the tensile modulus for all the samples (Table 5). The increase
in modulus was again due to inherent material property of semi crys-
talline carbon biochar used as filler. The modulus value increased pro-
portional to the loading percentages which was the similar trend
followed by filament samples also. The tensile strength was better for
composite samples when compared to neat, however unlike filament
samples there was no particular trend in the strength results. The main
reason for very low properties of neat PP samples could be due to
dimensional instability after 3D printing of sample particularly due to
shrinkage/warpage. Researchers in the past have also reported similar
problem with printing of polypropylene material. As polymer melt starts
to cool after deposition, the volume of polymer (both free volume be-
tween molecular chains and vibrational volume) decreases as long as the
temperature is above glass transition, this leads to material shrinkage
[57]. This material shrinkage leads to 3D printed layers that lack the
ability to adhere to build layers. Hertle et al. [58] proposed that in order
to achieve a high interfacial bonding in adjacent layers it should be
ensured that the interface between freshly deposited material and pre-
viously deposited material should succeed the crystallization tempera-
ture up to melting temperature of polymer, in order to enable a
short-term melting of crystalline areas of adjacent layers. One way to
meet his condition is adding filler materials which can hinder the
volumetric change in molecular chains and also prevent rapid crystal-
lization of polymer melt [59]. Hence upon addition of biochar filler
material, it was observed that shrinkage gradually reduced proportional

Table 3
Thermal properties of packaging waste carbon reinforced PP composite filament
obtained via TGA.

Composite Decomp onset Max rate of decomp % residue @
sample temp ( °C) temp ( °C) 750 °C
PP Neat 342.39 428.59 0.04
PP 1 PWC 363.66 439.66 0.74
PP 3 PWC 363.98 436.58 1.85
PP 5 PWC 359.86 436.53 3.23
PP 10 PWC 367.12 439.95 7.21
PP 0.10 361.18 443.71 0.09
USPWC
PP 0.25 380.16 467.11 0.15
USPWC
PP 0.50 385.95 464.35 0.16
USPWC
PP 0.75 393.83 469.06 0.19
USPWC
PP 1.00 392.19 468.63 0.31
USPWC
120
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Fig. 9. TGA thermographs of (a) packaging waste carbon reinforced PP composite; (b) ultrasonicated packaging waste carbon reinforced PP composite.
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Fig. 10. Stress-strain graphs of (a) packaging waste carbon reinforced PP composite; (b) ultrasonicated packaging waste carbon reinforced PP composite.

Table 4
Mechanical properties of packaging waste carbon reinforced PP composite
filament.

Sample Young’s modulus Tensile strength Elongation at break
(GPa) (MPa) (%)

PP Neat 0.38 £+ 0.02 21.73 £1.22 212.54 +17.23

PP 1 PWC 0.50 + 0.05 28.14 + 5.95 21.25 + 3.24

PP 3 PWC 0.53 £+ 0.03 31.15 £ 3.59 18.32 + 3.29

PP 5 PWC 0.58 £+ 0.09 29.36 + 4.32 20.71 + 4.38

PP 10 PWC 0.71 £ 0.10 28.09 + 3.31 10.58 + 2.35

PP 0.10 0.46 + 0.04 26.62 + 2.36 16.35 + 5.36
USPWC

PP 0.25 0.48 = 0.03 27.21 £1.24 16.06 + 2.32
USPWC

PP 0.50 0.50 + 0.01 28.32 + 2.36 16.98 + 1.54
USPWC

PP 0.75 0.51 +0.01 31.82 + 0.32 17.01 + 1.67
USPWC

PP 1.00 0.58 + 0.04 26.59 + 2.47 12.27 +1.98
USPWC

Table 5

Mechanical properties of packaging waste carbon reinforced PP 3D printed
composite.

Sample Young’s modulus Tensile strength Elongation at break
(GPa) (MPa) (%)

PP Neat 0.041 + 0.007 5.01 + 1.59 11.02 + 2.55

PP 0.10 0.069 + 0.003 10.80 + 4.66 12.68 + 3.98
USPWC

PP 0.25 0.090 + 0.011 18.70 £ 6.16 13.01 +2.73
USPWC

PP 0.50 0.111 + 0.010 16.73 + 2.56 15.18 + 3.97
USPWC

PP 0.75 0.115 + 0.004 13.01 + 6.32 9.49 £+ 0.06
USPWC

PP 1.00 0.128 + 0.002 26.03 + 3.32 22.11 £1.43
USPWC

to loading percentages, eventually leading to increased mechanical
properties. However, it can be observed that the modulus and strength
properties of 3D printed parts did not follow any particular trend as in
the case of filament samples. This might be due to higher inconsistency
in 3D printed samples, which are more heterogeneous and erratic when
compared to extruded filaments or injection molded parts. With
appropriate process improvements methods and optimization better 3D
printed samples with superior properties, reflecting similar trend of
filament samples could be fabricated.

Failure analysis of failed samples (Fig. 6. Supplementary Material)

using SEM microscopy revealed that there was little or no resistance to
failure of neat samples except for plasticization of overall failure zone as
shown in Fig. 11.a. This behavior was due to low load carrying capacity
of polymer by itself. The biochar carbon had micropores which was
mainly responsible for mechanical interlocking of polymer and matrix as
shown Fig. 11. c. In case of biochar reinforced composite, especially the
ultrasonicated biochar was effective in reinforcing the material offering
good resistance to failure (Fig. 11.b) thus improving the overall me-
chanical properties. It was also observed that biochar could be seen
embedded in the polymer matrix but the failed side was smooth as
shown in Fig. 11.d. suggesting lack of proper interface between filler and
matrix. This lack of proper interface could be the main reason for drastic
drop in elongation of samples.

4. Conclusions

From this study, it can be concluded that high quality semi-
crystalline biochar carbon can be synthesized from biomass material
such as starch based packaging waste thus mitigating the need for syn-
thesizing of carbon nanomaterials from fossil fuel based sources. The
quality of the carbon can be further improved using simple ultra-
sonication method for effective reinforcement and to make it compatible
with 3D printing process. Ultrasonication not only reduces the particle
size of the carbon but also reduces the overall content of amorphous
carbon in the biochar. The surface area can be drastically improved and
a more thermally stable material can be developed. The thermal and
mechanical properties of the composite material improved, the main
reason for such improvements is due to improved quality of filler ma-
terial and better interaction between polymer and filler material due to
enhanced surface area and formation of nanosize defects on the carbon
surface. Thermal properties of biochar reinforced composites was best
for 10 wt.% loaded samples with initial decomposition at 367.12 °C
when compared to 342 °C of neat. In case of ultrasonicated biochar
reinforced composites 0.75 wt.% loaded samples performed best with
initial decomposition at 393.83 °C with improvement of 51 °C when
compared to neat samples. For biochar reinforced composites 5 wt.%
loaded samples showed the best mechanical strength of 29.36 MPa
which was an improvement of 35%. For ultrasonicated biochar carbon
reinforced composites a small loading of just 0.75 wt.% was effective in
increasing the strength to 31.82 MPa which is an improvement of
46.33%. Ultrasonicated biochar filler helped in easy printing of samples
without clogging the printer head. Failure analysis showed that there
was lack of proper interface between filler and polymer matrix, which
was reason for reduced elongation when compared to neat samples. The
3D printed samples showed similar trends for tensile modulus; however,
tensile strength values did not follow any trend. This could be due to
inconsistency in print quality of samples. In conclusion, ultrasonication
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Fig. 11. Failure surface SEM micrographs of (a) Neat PP; (b, d) ultrasonicated packaging waste carbon reinforced PP composite; (c) Packaging waste carbon

reinforced PP composite.

of biochar relatively improved the reinforcing ability at very low loading
percentages thus making the material more appropriate for 3D printing
and improving the overall properties of composites. By optimizing the
print parameters and achieving dimensional stability better 3D printed
samples with improved properties can be attained.
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