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Abstract

The average life span for a car in the United States has been approximated just over 15 years.
Some of the materials could be recycled but what happens to the plastic components. Much of
this material is sent to landfill where it accumulates and becomes a loss of resources. Composites
car parts manufactured with bioplastic and biofillers offer an alternative to petroleum products
which are not regenerated after use. The combination of partially biobased poly(trimethylene
terephthalate) and biocarbon at 20 weight percentage (wt.%) were used in injection molding to
make sustainable composites for car interiors. Many favorable characteristics of peanut hull
biocarbon including a low ash content at 4 %, high thermal stability over 300 °C, and higher
graphitization content suggested its potential as a replacement to petroleum-based carbon black.
The fabricated composites resulted in a successful product with 48 wt.% biocontent and a
modulus which outperformed even the neat polymers. This work created a fundamental basis for
the use of peanut hull biocarbon and its potential success in automotive composites applications.

Introduction

Food industry waste generate large volumes of materials each year which are often used as
animal feed or landfilled. Some food wastes can be used as animal feed but there are challenges
with the nutritional value of some feedstock materials [1]. However, there have been many efforts
recently to convert waste residues into useable filler for polymer composites [2]-[4].

The food industry waste of interest in this work are peanut hulls, the outer most wood layer
which encases the peanut. The shells are removed prior to peanut processing. There is no current
use for these peanut hulls as they are currently spread back onto the fields after harvest is
complete. The production of peanuts world-wide was over 45 million metric tons in 2017 [5], and
since peanut hulls are about 25 wt.% of peanuts, the accumulating waste products are in ample
quantity.

The challenge with using waste residues into polymer composites is odour during processing
and limited thermal stability [6], [7]. To overcome these challenges materials can be pyrolyzed.
The thermal conversion process is referred to as pyrolysis which requires heating the material to
higher temperature to form a carbonaceous material. The carbon-based material, referred to as
biocarbon is one of three by-products. The other bio-products are syngas and bio-oil [8] but are
of lesser interest in this work. Biocarbon characteristics are impacted by the pyrolysis
temperature, residence time, presence/absence of oxygen, heating rate, moisture content and
type of biomass [9]-[12]. Biocarbon with high modulus, greater number of surface functionalities
or high strength are favourable.



Biocarbon has been combined with many polymers such as engineering thermoplastics
polyesters [13]-[15] like polyamides [16], commodity plastics [3] like polypropylene [17].
Engineering thermoplastic polyesters include polymers such a poly(trimethylene terephthalate)
(PTT), poly(ethylene terephthalate), and poly(butylene terephthalate) [18]. The synthesis of PTT
requires condensation reaction of 1,3-propanediol (PDO) and terephthalic acid. Dupont chemical
company has created a method to synthesize PDO from renewable sources and reduce the
greenhouse gas emission by 40 % for that component of PTT [19]. The increased biocontent
suggests it potential adaptation in composites manufacturing as an alternative to strictly
petroleum-based plastics.

This paper focuses renewable materials for automotive composites from PTT and peanut hull
biocarbon. Although in the preliminary stages of investigation the fabrication of composites
highlights the potential to development automotive composites via circular economic approach to
safeguard resources and the environment.

Materials and Methods

Peanut hulls, grown in Southern Ontario, Canada, are a wood biomass on the outside of the
peanut. The peanuts are planted in late May and harvested mid-September. The peanut grown
in the ground as shown in Figure 1la and the hull (Figure 1b) protects the peanuts during the
growing season.
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Figure 1: a) peanut field in Southern Ontario July 2020 captured by author, and b) peanut structure from literature
[13].

The hulls were milled (6000 rpm through 1 mm sieve) and dried prior to pyrolysis in a tube
furnace (heating rate 7 °C/minute, to 500 °C with 15 mins residence time). Pyrolysis was
completed in nitrogen atmosphere to reduce the formation of ash during the process. Ash is an
unfavourable product when processing composites. The experimental set-up is displayed in
Figure 2.
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Figure 2: Pyrolysis set up for biocarbon production in an inert atmosphere [13].

Samples were ball milled at 300 rpm for 1 hour. For composite fabrication, both
poly(trimethylene terephthalate) (PTT) from Dupont and peanut hull biocarbon were dried prior to
processing. Samples were prepared on a twin-screw extruder (DSM, Netherlands) with a co-
rotating screw configuration. Processing conditions included 250 °C melt temperature, 40 °C mold
temperature, 2 minutes residence mix time and 100 rpm screw speed. The injection molded
samples followed size constraints of ASTM stands. The ASTM standard samples were tested on
a universal tester (Instron, USA) in accordance with D790 and D638 for flexural and tensile tests,
respectfully. Due to the nature of the sample and time of testing requirements, tensile samples
were tested at a rate of 5 mm/min.

The pyrolysis process undoubtedly released volatile material during the heating process. To
analyze these gases, samples were placed in a thermogravimetric (TGA)-FTIR analyzer. A
TGA5500 machine (TA Instruments, USA) heated 10 mg sample of peanut hulls to 550 °C (at a
rate of 20 °C/min) since this was just above the pyrolysis temperature.

Characterization of the biocarbon samples and fracture surface of the composites was
completed with a scanning electron microscope (Phemon, Netherlands) at 15 kV. Additional
spectroscopic analysis included Fourier’s Transform Infrared Spectroscopy (FTIR) and Raman
spectroscopy. The FTIR spectroscope was implemented to determine the surfaces functionalities
on the biocarbon and the impact of pyrolysis on such groups. FTIR spectra were obtained over a
range from 4000 to 400 cm™. The Raman spectroscopic analysis was performed with at 1 mw
laser power with 50 times zoom over a 50 um slit. The spectra ranged from 2000 cm down to
800 cm,

Results and Discussion

Peanut hulls are a cellulosic mass which has been found to have elemental ranges for carbon,
hydrogen, oxygen and nitrogen of 50 - 70, 6 - 8, 12 - 38 and 0.5 - 2 % [20]-[22]. However, once
pyrolyzed at 500 °C, the carbon content increases substantially whereas there are reductions in
oxygen and hydrogen contents. Novak et al. found that the 500 C peanut hull biocarbon had a
carbon content of 82 %, hydrogen at 3 %, oxygen at 3 % and nitrogen at 3 % [21]. Further
physicochemical analysis found that peanut hull biocarbon pyrolyzed at 500 °C possessed an ash



content of 4.8%. This value was comparable to that of peanut hulls alone that had an ash content
of 4 % [13].

The SEM images of the peanut hulls (Figure 3a) and the peanut hull biocarbon (Figure 3b)
show that the sheet-like surface morphology was maintained during the pyrolysis process. The
large surface area exposed of on the filler, results in a greater or improved adhesion between
filler and the matrix material [17]. A successfully filler-matrix interface is able to dissipate forces
evenly throughout the material and improve the mechanical performance [6].

Figure 3: SEM images of a) milled peanut hulls at 1000x, b) peanut hull biocarbon pyrolyzed at 500 °C at 10000x.

The Raman spectra of peanut hulls (Figure 4a) display that there is a higher graphitized
carbon content than disordered content based on the variation in height of peaks. The
deconvoluted peaks are used to identify the general structure on the surface of the peanut hulls
[7], [13]. The graphitization peak is centered at 1588 cm™ and the disordered peak centered at
1352 cm™* noted, respectively, as the pink and blue curves below. The disordered peak D’ has
been associated with sp® orbital in amorphous carbons [23], [24] and has been found located in
other biocarbon sources. When looking a Raman spectrum, the ratio of the intensity of D bands
to G bands can be compared as a quick means for comparison. The Ip/lc peaks ratio was 0.66
which was comparable to palm kernel shells [25] and walnut shell [26] pyrolyzed at similar
temperature. A ratio of less than one confirms that there was more graphitic than disorder carbon
on the surface of the samples.

The major peaks found on FTIR spectra the peanut hulls and peanut hull biocarbon are
displayed in Figure 4b. The broad peak which is centered at 3300 cm™? is associated with O-H
side groups of the samples [27]. The peaks located around 1633 cm® and 1250 cm? are
associated with lignin content of peanut hulls [27]. Hemicellulosic peaks at 1730 cm™* were
attributed to C=0 stretching [28]. The peak at 1030 cm™ was associated with the C-OH stretching
of cellulose and hemicellulose [29]. Other lignocellulosic associated peaks were found at 2921
cm* from the methylene and methyl groups [28]. The loss in intensity or removal of peaks after
pyrolysis was from the evolution of volatile components during the heating process [30].
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Figure 4: a) Raman spectra for 500 °C peanut hull biocarbon, b) FITR of peanut hulls (PH) and biocarbon (BC)
obtained from literature [13].

The evolution of gases from pyrolysis process was studied via TGA-FTIR analysis (Figure 5).
Water was identified between 3400 to 4000 cm™ from the O-H stretching. From 2700 - 3000 cm-
! hydrocarbons were released and identified from C-H stretching. Carbon dioxide volatiles were
identified from 2250-2400 cm* for C=0 stretching and at 586-726 cm™* C=0 bending. The carbon
monoxide released during pyrolysis was identified by the peak from 2000-2250 cm™ which
corresponded to C-O stretching. Carbonyl and ether groups were identified at 1650-1900 cm*
and 1000-1450 cm, respectfully .
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Figure 5: TGA-FTIR analysis of peanut hulls heated to 550 °C [13].



The addition of biocarbon with partially biobased PTT increased the biocontent to 48 wt.%
which is greater than the current market solutions with petroleum-based polymer and carbon
black. Biocarbon had the advantage of having no odour as compared to other natural fillers [6],
[7], it can be obtained at little to no cost [31], and is much more thermally stable than other natural
fillers with a maximal degradation temperature at 350 °C [13]. The benefits were accompanied by
the improved flexural and tensile moduli (Figure 6). Unfortunately, there was a decrease in impact
strength with the addition of biocarbon. The biocarbon like added stress concentration factors
within the matrix and reduced the stress dissipation of the impact [15], [32]. This can be improved
through the addition of a compatibilizer or through use of a polymer with higher bonding affinity to
biocarbon.
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Figure 6: a) tensile properties of 80 PTT/20 peanut hull biocarbon and b) flexural properties for 80 PTT/20 peanut hull
biocarbon [13].

The SEM analysis of neat polymer fracture surface (Figure 7a) and composites (Figure 7b).
The highlighted ridges in the neat PTT are representative of a brittle facture surface. The addition
of biocarbon exhibited similar characteristics as confirmed by the reduction in impact strength.
However, there was also accumulation of biocarbon as noted in the red circle below. The
processing of this material was challenging due to thermal expansion of the samples. Further
processing modifications may also improve the dispersion of the biocarbon as well as the overall
mechanical performance.
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Figure 7: SEM images of impact fracture surface for a) neat PTT and b) peanut hull biocarbon composites [13].

Next Steps

The next part of this work focuses on further modifications to the biocarbon. Samples of
peanut hull biocarbon were pyrolyzed at 900 °C with a modified pyrolysis procedure. Higher
temperature samples were produced in large GLO carbolite furnace to increase the quantity of
biocarbon produced. Initial analysis was performed via Raman to determine the relative amounts
of graphic and disordered carbon content (Figure 8). The higher temperature biocarbon exhibited
an lp/lg ratio of 1.05 suggesting a greater amount of disordered carbon present than graphitized
carbon.
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Figure 8: Peanut hull biocarbon pyrolyzed at 900 °C

A preliminary set of composites were made with 900 °C peanut hull biocarbon. The flexural
and tensile moduli were 3.15 GPa and 2.45 GPa, respectfully. The flexural strength was 58 MPa
and the tensile strength was 32 MPa which were similar or less than that of the 500 °C samples.
The next steps would be to compatibilize the system to improve the filler-matrix interphase since
only the flexural modulus experienced improvements over the 500 °C biocarbon.



Summary

Overall, this work highlighted the first time use of low temperate pyrolyzed peanut hulls in
composites applications. The peanut hulls obtained from a food processing industry, were
pyrolyzed at 500 °C to generate a high carbon content material. Thermal and chemical analysis
found that peanut hull biocarbon offer exceptional thermal stability and low ash content which
would benefit biocomposites fabrication. Peanut hull biocarbon was combined at 20 wt.% with
partially biobased engineering thermoplastic poly(trimethylene terephthalate). The composites
experienced enhanced flexural and tensile moduli but losses in other properties. This work laid
the foundation for future work with peanut hull biocarbon and the potential to optimize the process
and product. The next steps of this work would be to optimize the biocarbon content to make
easier processability or adjust the pyrolysis temperature to improve the surface functionalities
which directly related to the adhesion between filler and matrix. Further works may also arise in
the adaptation of peanut hull biocarbon composites in additive manufacturing technologies.
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