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Given their high strength-to-weight ratio, there is an ever-increasing volume of plastics being used in
the automotive industry as plastics aid in the charge to lightweight vehicles for improved fuel efficiency.
However, these plastics are often landfilled at their end-of-life, which has given rise to the demand for
sustainable materials and waste management alternatives compared to purely synthetic systems. Natural
fiber composites have been explored as a viable material option to reduce the environmental impact of
plastic use in automobiles while simultaneously ensuring the part performance is not sacrificed. Herein,
we explored the use of hemp/polypropylene (PP) composites in which US-sourced hemp is compared
to internationally sourced and industrially available hemp. There appears to be a minimal impact on the
composite properties regardless of fiber sourcing, and the addition of a natural filler to the PP matrix
results in up to a 367% increase in Young's modulus, 126% increase in heat deflection temperature, and
comparable water uptake performance. It should be noted that the natural filler addition does increase
density by up to 13% due to the higher density of natural fibers compared to the low-density PP matrix.
A modified rule of mixtures calculation revealed that the composite materials produced in this study
demonstrated good agreement with analytical modeling. Finally, a screening analysis was performed
exploring the transportation of hemp fibers, and the results build a strong case for regionalized
manufacturing of automotive parts.

Introduction

As the global demand for cost-effective and efficient vehicles
increases, so does the demand for plastic usage in passenger
vehicles. Given the high strength-to-weight ratio for polymers
and composites, they have become an enticing means to reduce
vehicle weight without sacrificing performance, particularly for
non-structural applications. For example, in 2023 it has been
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estimated that 10% of the average vehicle weight is comprised
of polymers and composites with this number signifying a 19%
increase from 2013." The demand for fuel efficiency in modern
vehicles is bolstered by the fact that even a 10% decrease
in a vehicle’s weight has been shown to yield a 6-8% improve-
ment in fuel performance. This is significant considering the
283.4 million vehicles registered in 2024 in the United States
(US) alone, a 2.7% increase since 2022.>™*

While polymers and composites are growing in use across
the automotive industry, there is a simultaneous demand to
produce composites which are more environmentally friendly
than their synthetic counterparts and allow for domestic pro-
duction. The replacement of synthetic fiber with natural fibers
in composites has been explored worldwide, and hemp fiber
composites are of particular interest in the US due to their
compatibility with a broad range of climates and soil qualities.
Industrial hemp fibers, derived from the hemp plant (Cannabis
sativa L.), offer an exceptional strength-to-weight ratio, flexible
growing conditions, low water usage, and rapid regrowth cycle.’
For example, industrial hemp benefits from increased seed
density rates to allow for taller crops (height ~5-6 m) and
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increased stalk strength, which simultaneously has the benefit
of higher crop output per hectare of land usage.” It should also
be noted that industrial hemp contains <0.2% THC and is
grown for its end use in consumer goods such as textiles,
composites, building materials, paper, cement reinforcement,
etc., and is not subject to the same regulations as medical-
grade hemp.®™*

Though other natural fibers (e.g., flax, kenaf, jute, sisal, etc.)
have previously been explored for thermoplastic composites in
literature, this study focuses on the production of a variety
of hemp fiber (HF)/polypropylene (PP) composites and their
viability in automotive applications. Industrial hemp fiber has
a comparably high tensile strength (310-750 GPa) to other
natural fibers such as flax (500-900 GPa), jute (393-773 GPa),
and kenaf (282-800 GPa) as well as a fast growth rate with a
vegetation period of ~100 days.'>'?® European markets saw a
62.4% increase in industrial hemp production from 2015 to
2019, with France being the primary European hemp producing
country, but the US production of industrial hemp is not listed
by the United Nations Food and Agriculture Organization (FAO)
as one of the world’s top producers.>'® Demonstrating the ability
to create commercially applicable hemp fiber composites in
the US could bolster production and establish new regional
manufacturing supply chains.

A wide variety of hemp fiber thermoplastic composites have
been reported in literature with fiber loadings typically from
20-40 wt%, although studies have been conducted with up to
75 wt% fiber content.>>®'* Hemp fiber composites have
been produced with thermoplastic resins such as PP, polylactic
acid, and polyethylene as well as thermosetting resins like
epoxies."**® In addition, a variety of fiber treatments including
maleic anhydride grafting, alkali treatments, and silane treat-
ments have demonstrated marked improvement in composite
properties due to increased polymer/fiber interfacial adhesion."’
There are, however, minimal studies exploring the impact of
fiber quality from various sources on composite properties for
industrial applications. This is particularly relevant as fiber
quality and growing conditions are crucial in dictating final
composite performance. For example, Pickering et al. explored
the impact of growing periods on industrial hemp fibers and
found the optimal growing period to be 114 days, resulting in
hemp fiber with an average tensile strength of 857 MPa,”® while
shortening the growing period to just 99 days resulted in fiber
strengths <600 MPa. The tensile strength of all natural fibers
is notably varied, but tensile testing in concert with strain
mapping and compositional analyses has demonstrated that
higher tensile performance correlates to increasingly compact
microstructures.”!

This study explores the use of hemp fillers from various
sources in PP composites to understand the impact of fiber
sourcing on composite properties. In addition, this study
demonstrates scaling of these composites to larger batch sizes
for injection molding for potential use in automotive applica-
tions and couples these findings with a comparative transpor-
tation analysis to explore the energy demand and greenhouse
gas emissions relating to industrial hemp fiber transportation.
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Materials and methods
Material sourcing and composite production

PP pellets (Exxon PP3155) were sourced from Channel Prime
Alliance. Maleic anhydride-grafted polypropylene (MAPP) with
a weight-average molecular weight (M,,) of ~9100 was pur-
chased from Sigma-Aldrich in pellet form for ease of incorpora-
tion into the composites. The hemp fiber from Missouri (MO)
and South Dakota (SD) were provided by the Hemp Alliance of
Tennessee (HAT) via KonopiUS, LLC and Complete Hemp
Processing, LLC, respectively, and are both the hemp strain
Futura 83. The international hemp fiber (Int’l) chopped to a
uniform length of 6 mm was provided by MiniFIBERS, Inc., and
hemp dust (HD) from fiber processing was provided by Hemp-
Wood (Fibonacci, LLC). No information could be provided
regarding the strain of both the Int’l fibers and the HD.
All materials were used as received, other than the MO and
SD hemp fiber which was processed as detailed below.

The fibers from MO and SD were pre-processed into short,
chopped fibers as described in Fig. 1. The fiber processing
involved hackling the fiber stalks via a three-step process: a
wide tooth single row comb, a wide tooth double row comb,
and a fine comb. The fibers were combed until the hurd fiber
was removed and the bast fiber was reasonably separated and
the fiber diameters appeared visually similar to the industrially
processed Int’l fibers (Fig. S1). The MO and SD fibers were then
manually cut to target lengths of ~6 mm. The received HD was
a waste by-product from another industry and likely contained
additives that were not disclosed but were included as a
particulate comparison to the higher aspect ratio fibers.

The composites were produced in a Brabender Intelli-Torque
Plasticorder Torque Rheometer using a 60 cc mixing heat
attachment. All composites were melt mixed at 180 °C under
a rotational speed of 60 rpm; the PP (and MAPP if appropriate)
was mixed for 2 minutes to ensure homogeneous melting prior
to the addition of the filler material, which was mixed for an
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Fig. 1 A schematic diagram shows the fiber processing steps that all
materials were placed through, prior to creating PP composites. The fiber
processing is shown for the hemp fiber grown in Missouri (MO) and South
Dakota (SD). Note that the international hemp (Int'l) and hemp dust is not
shown as it did not undergo any processing once received.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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additional 5 minutes. Composites were prepared at 10, 20, 30,
and 40 wt% filler in PP where, unless otherwise noted, the filler
concentration was 20 wt% as discussed in a later section.
For composites with compatibilizer, 5 wt% MAPP was included.
All materials were dried overnight at 60 °C prior to compounding.
Samples were compression molded using a Carver hydraulic
press at 185 °C and were held for 5 minutes under no pressure
for temperature equilibration followed by ~4 metric tons of
pressure for 5 minutes. The press and samples were then cooled
using a circulatory chiller at 21 °C while maintaining pressure.

Thermogravimetric analysis (TGA)

TGA was performed on all composite materials using a TA
Instruments TGA 5500 in air to investigate their thermal
stability. The material was ramped from 30 °C to 600 °C at a
rate of 10 °C min . The onset degradation temperature (Typnget)
and the temperature at a 2 wt% mass loss (T5,) were recorded
for all materials, as seen in Table S1 and Fig. S2.

Differential scanning calorimetry (DSC)

DSC was performed on all composite materials using a TA
Instruments DSC 2500 instrument in an argon environment.
Samples were exposed to a heat-cool-heat experiment from
0 °C to 200 °C at a temperature ramp rate of 10 °C min~'. The
melting temperature (Ty,) and crystallization temperature (7)
were recorded for all materials (Table S1), and the crystallinity
was calculated according to previously reported methods.*”
To ensure statistical significance, at least 3 samples were tested
per material formulation.

Dynamic mechanical analysis (DMA)

The low stress (0.455 MPa) heat deflection temperature (HDT)
was measured for all materials using a TA Instruments DMA
850 instrument in an air environment according to previously
reported methods.>” To ensure statistical significance, at least 3
samples were tested per material formulation.

Pycnometry

The density for all materials was measured using a Micromeri-
tics AccuPyc II 1340 pycnometer in a helium environment
according to a modified form of ASTM D3576. To ensure
statistical significance, at least 3 samples were tested per
material formulation, and 5 measurements were recorded per
sample for a total of 15 measurements per formulation.

Water uptake

Water uptake for each sample was recorded according to a
modified form of ASTM D570. Samples were submerged in DI
water for at least 24 hours, and the mass increase was recorded
as a function of time. To ensure statistical significance, at least
3 samples were tested per material formulation.

Scanning electron microscope (SEM)

The hemp fibers and dust were sputtered with platinum/palladium
and imaged using a scanning electron microscope (SEM,
Zeiss Merlin field emission) in secondary electron mode at an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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accelerating voltage of 1 kV. In addition, the interface between
the composite fiber and matrix was investigated by observing
the tensile fracture surface; the fracture surfaces were sputter
coated with iridium.

Tensile testing

Tensile properties were measured according to ASTM D3039 by
stretching 120 mm x 10 mm x 3 mm (I x w x t) specimens
at room temperature via a servo-hydraulic testing machine
(MTS Criterion Model 45) with a 5 kN load cell at a speed of
1.5 mm min . The strain on each sample was monitored using
an extensometer. Five specimens for each sample were tested,
and the average was reported.

Fiber compositional analysis

The chemical composition of the substrates was analyzed based
on a modified NREL procedure.”® In brief, 150 mg of biomass
was loaded to 1.5 mL 72 wt% sulfuric acid and hydrolyzed at
30 °C for 1 hour. Upon completion, the mixture was diluted to
4% sulfuric acid with deionized water and further hydrolyzed at
121 °C in an autoclave for another hour. After the two-step acid
hydrolysis, the solid and liquid fractions were separated by
vacuum filtration. The solid fraction was dried at 105 °C over-
night to gravimetrically determine the Klason lignin content.
The liquid fraction was analyzed with high-performance
liquid chromatography (HPLC) to determine the contents of
carbohydrates (i.e., glucose and xylose) using a series of glucose
and xylose with varying concentrations established as a
calibration curve.

Fourier transform infrared spectroscopy (FTIR)

FTIR was performed on all filler materials using a PerkinElmer
Frontier FTIR-NIR with the ATR fixture in place. At least 16
scans were performed for each filler material across wavenum-
bers of 750-4000 cm™".

Transportation impact assessment

A screening lifecycle assessment (LCA) was utilized to under-
stand the greenhouse gas emissions and embodied energy
associated with transporting domestic and international hemp
fiber. For this purpose, global warming potential (GWP) results
were obtained from the TRACI methodology®* and embodied
energy values from the cumulative energy demand (CED)>® with
processes obtained from the Ecoinvent database’®*” found in
the SimaPro software (v.9.6.0.1).>® In this study, acquisition
of seeds and other raw materials, fiber growth conditions, pre-
processing, and other production steps were excluded from the
system boundary across all cases with the functional unit
focused on the transportation of 1 kg of hemp fiber. Essentially,
this analysis was meant to address whether shipping comparably
dense fibers from various source locations to the same destina-
tion had an environmental impact on the final part produced.
This helped conclude whether domestically sourced fibers were
indeed environmentally friendlier compared to internationally
sourced fibers. Herein, the only modes of transportation consid-
ered were either roadway (i.e., truck) or waterway (i.e., sea freight)
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where the internationally sourced fiber was chosen from a region
in France (one of the largest cultivation States in the European
Union) where hemp is typically grown® and three domestic
states (Missouri - MO, South Dakota — SD, and Tennessee -
TN); additional details related to data and modeling assumptions
can be found in Tables S2-S4. The destination point was
Knoxville, TN for all cases where the Tennessee sourced fibers
were chosen from the farthest hemp farm location from Knoxville
in the state.

Results and discussion
Composite formulation and characterization

As the supply chain for technical hemp fiber continues to grow
in the US, it is important to understand how growth locations
impact fiber performance. Hemp fibers of the same strain
(Futura 83) grown in two different US locations (Missouri - MO
and South Dakota — SD) were obtained and compared to a non-
US-grown fiber (Int’l) and post-processing hemp dust (HD). The
MO and SD hemp was received directly from growers and needed
significant processing prior to composite production, in which
the goal was to process the fibers to a state that was comparable
to the pre-processed Int’l hemp. The fiber bundles (seen in the
upper row of Fig. 1) were processed through a wide-tooth single
row comb, a wide-tooth double row comb, and finally a fine-tooth
comb (middle row of Fig. 1) to remove the hurd and align the fibers
for manual cutting. The processed fibers can be seen in the bottom
row of Fig. 1, where they were added directly into the composite
after being chopped to approximately 6 mm in length.

An image of all four hemp fillers can be seen in the top row
of Fig. 2, accompanied by an SEM image in the bottom row. The
diameters for all three fiber types were statistically comparable
with averages of approximately 100-150 pm, as shown in
Fig. S1. The HD was in the form of low aspect ratio particles
with dimensions below 100 pm.

To further elucidate differences between the filler materials,
compositional analyses (i.e., glucan, xylan, and lignin) were
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Materials Advances

performed as seen in Table 1. Xylan is the major carbohydrate
sugar specific to hemicellulose, and glucan is the sugar of
cellulose. The miscellaneous portion contains extractives, waxes,
ashes, and other non-structural components in hemp fibers. The
three hemp fibers presented no significant difference in hemi-
cellulose (xylan) or lignin content when calculated with a 95%
confidence level, while differences did exist in their cellulose
(glucan) and miscellaneous (i.e., extractives, impurities, etc.)
content. However, the HD contained a significantly higher
concentration of miscellaneous material, hemicellulose, and
lignin than the fibers, with a correspondingly low cellulose
content. While a definitive conclusion cannot be drawn regard-
ing the HD composition due to the presence of unknown
additives, these additives likely contribute to the high miscel-
laneous content, while the hemp strain(s) present in this
material seemingly contain relatively higher hemicellulose
and lignin fractions than those of the fiber samples. It should
be noted that the high hemicellulose content in the HD
composites does promote lower thermal stability, as reported
in Table S1 and Fig. S2.

Natural fibers have an inherently higher density than neat
PP, where the composite density will vary as a function of filler
type, filler concentration, crystallinity, etc. (Fig. 3a). A key
benefit for including natural fiber composites in vehicles is
the potential lightweighting benefits over metallic components
and denser composites; for example, glass fiber-filled compo-
sites exhibit substantial density increases (e.g., glass fiber
density: 2.55 g cm™®). While the composite densities exceeded
that of neat PP, they remain comparable to, or lower than, PP
filled with 20 wt% glass fiber (1.04 g cm™*) and are substan-
tially below that of other common automotive plastics such as
polycarbonate (1.20 g cm ) or polyvinyl chloride (1.38 g cm™3).3%33
Moreover, composite densities with and without MAPP have been
reported in the literature ranging between 0.96 and 1.02 g cm ™.
The composites in the present study, which include hemp fillers
from various geographical locations, exhibit densities within this
expected range and while the differences in density are small,
all but two composite densities denoted in Fig. 3a are statistically

Hemp Dust

Fig. 2 Photographs and SEM images are shown for all four hemp fillers used throughout this study: (a) and (b) international hemp, (c) and (d) Missouri

hemp, (e) and (f) South Dakota hemp and (g) and (h) hemp dust.
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Table 1 The four hemp fillers compositional analysis is reported
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Sample Glucan (%) Xylan (%) Klason Lignin (%) Miscellaneous (%)
International (Int’l) hemp fiber 78.6 £ 1.0 6.1 £ 0.5 4.1 £ 0.2 ~11
Missouri (MO) hemp fiber 71.4 £ 0.0 6.9 + 1.0 4.7 £ 0.2 ~17
South Dakota (SD) hemp fiber 69.5 + 0.6 6.7 £ 0.3 3.5+ 0.0 ~20
Hemp dust (HD) 40.5 £ 1.1 11.8 £ 0.4 15.5 £ 0.4 ~32
b 55
+ ot

950

> | Range

=

S 45+

©

8

>

QO 40+

PP
Range 35 7
Intl  Intl MOHF MOHF SDHF SDHF HD HD+ Intl  Intl MOHF MOHF SDHF SDHF HD HD +
HF  HF + + + MAPP HF  HF + + + MAPP
MAPP MAPP MAPP MAPP MAPP MAPP

Fig. 3 Composite properties were measured: (a) density of composites and (b) degree of crystallinity for composites. Symbols denote which samples of
interest that are not statistically different (p > 0.05) from each other: A MOHF + MAPP and HD; * All neat fiber types;* HD and HD + MAPP.

different from each other. The differences in chemical com-
position (Table 1) between hemp types, in this case, did not
significantly alter the composite density. With MAPP addition,
the density decreased for composites containing MO, SD, or
HD, but increased for the Int’l HF composites, as discussed in
greater detail below.

Other factors that affect density include porosity or changes
in the degree of crystallinity (X%) as crystalline polymers have a
higher density than amorphous polymers.** X% was calculated
from DSC data (Fig. S2) and the results are provided in Fig. 3b.
All composites with neat fibers at a 20 wt% filler concentration
did not significantly affect PP crystallization nor are they
significantly different from each other. It was expected that
the HD might be slightly more compatible with the PP due to
the higher impurity/miscellaneous content which includes
inorganics like ash, however, that was not the case. The similar
X% for all hemp fiber composites is postulated to be a result of
comparable compatibility of all fiber types with the PP matrix.
Interestingly, the addition of MAPP, which is a compatibilizer
meant to improve the matrix interaction with the more hydro-
philic fillers, decreased the crystallinity of all hemp fiber
composites (Fig. 3b). For example, the addition of MAPP into
the Int’l, MO, and SD composites resulted in an 18%, 6%, and
6% decrease in X%, respectively. A similar observation has been
made for other natural fibers, such as sisal fiber with cellulose
nanocrystals®®> and hemp fiber.*® In contrast, other studies have
reported improvements in crystallinity with the use of MAPP,
such as improved dispersion and transcrystallization on highly
crystalline cellulose nanofibrils.>” It is postulated that the
MAPP concentration plays a significant role in crystallization

© 2025 The Author(s). Published by the Royal Society of Chemistry

of these composites. Huang et al.,, who studied the crystal-
lization rate of wood plastic composites based on PP and MAPP,
have observed that MAPP can increase the crystallization rate
but results in a lower total degree of crystallinity and that at
higher MAPP contents, MAPP will hinder crystallization.*® This
is a possible explanation for the decrease in crystallinity for
the present study as MAPP concentration was not optimized
to achieve a specific crystallinity. Likewise, as noted above,
a decrease in density was observed for MOHF and SDHF
composites with the addition of MAPP. This is reasonable given
that lower crystallinity values typically indicate lower density
values; for example, the density of amorphous and crystalline
PP is 0.87 g cm > and 0.92-0.939 g cm >, respectively.** There
are two exceptions to the expected trend with density and
crystallinity: (1) the HD and HD + MAPP composites decrease
in density with no statistical difference in crystallinity and
(2) the Int’'l HF increase in density with a statistically significant
decrease in crystallinity. This deviation from the expected trend
might be explained by sample-to-sample variance. As to why
some hemp fiber types experienced a more significant loss in
crystallinity with the addition of MAPP, such as the Int'l HF
which also has the highest cellulose (glucan) content, it may be
that the MAPP coupled more strongly with the Int’l HF surface
compared to the other fiber sources resulting in stronger
hindrance of crystallization for this material. However, the
expectation would be that superior coupling would result in
an increase in tensile strength, which as will be discussed later,
is not necessarily the case for the Int'l HF + MAPP composites.

To determine the optimum hemp filler concentration, each
hemp fiber was melt compounded into the PP matrix in 10 wt%

Mater. Adv., 2025, 6, 8051-8062 | 8055
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increments from 10-40 wt%. The expected Young’s modulus
was calculated using a modified rule of mixtures (ROM) calcu-
lation, given in eqn (1),

Ec = ﬂoEfo + Eme (1)

in which E,, Erand E,, represent the modulus of the composite,
fiber, and matrix respectively.*® V¢ and V,, denote the volume
fraction of the fiber and matrix, respectively, and V¢ + V;,, = 1.
Furthermore, 1y represents composite efficiency factor
(Krenchel) with values for unidirectional, biaxial and random
(in-plane) fiber orientation of 1, 0.5 and 0.375 respectively.*
The fiber volume fraction was calculated using eqn (2) below,

Wy
Pr
Ve=—FPr__ 2
W ®
Pr Pm

in which p¢ and p,, represent the density of the fiber and
matrix, respectively, and W; and W,, represent the respective
weight fractions of the fiber and matrix. For these calculations,
the hemp fiber density was assumed to be 1.4-1.5 ¢ cm >, and
the Young’s modulus was assumed to be 30-60 GPa.'? The
predicted modulus values of hemp fiber composites are shown
in Fig. 4 as a function of fiber content.

The range of reported modulus values in Fig. 4 is a result
of the ranges used for density and modulus values and reflects
the inherent variability of natural fibers. The HD was not
represented on this graph, as only the fibers were considered
in this calculation. There is reasonable agreement between the
calculated modulus range and the experimental data, with the
MO fiber composites demonstrating the strongest agreement.
The theoretical values obtained from the model followed the
trend of increasing modulus with the increase in fiber content.
The model generally overpredicted modulus, especially in cases
of higher fiber loading (30-40 wt%). At increasingly higher fiber
loadings, it is difficult to achieve strong adhesion between
the fiber and matrix due to inadequate wetting. This creates

Mod ROM Range
81 = IntlHemp
— MO Hemp
& 6. SD Hemp i
Q -
)
234 .
> . H
o
o . -
=9 T
O T T L) L)
10% 20% 30% 40%
Fiber Fiber Fiber Fiber

Fig. 4 A modified rule of mixtures (ROM) calculation was performed and
is represented as a range of values (grey boxes), and the experimental data
was compared to this calculated range with good agreement.
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microstructural defects and voids prohibiting complete utiliza-
tion of the fiber’s stiffness. Since the model assumes a perfect
fiber-matrix adhesion along with the absence of voids and
defects, there is an increased discrepancy between theoretical
and experimental modulus values, notably at high fiber
loadings.*® The 20 wt% fiber concentration composites demon-
strate the best overall agreement with the calculated values in
Fig. 4 and demonstrates the least amount of error present in
the ultimate tensile strength as reported in Fig. S3. Further-
more, at filler loadings greater than 20 wt%, the composites
were difficult to compression mold without brittle fracture,
partially due to sample porosity. Given these findings, all future
reported composites were pursued as hemp fiber/PP compo-
sites at a 20 wt% filler concentration. The optimum filler
concentration at 20 wt% is likely due to factors such as
increased water retention of the natural fibers leading to
composite porosity and fiber aggregation during mixing at high
fiber loadings, leading to stress concentration points.

Hemp/PP composite materials were produced at filler con-
centrations of 20 wt% for the three hemp fibers and HD, and
the tensile properties were measured both with and without the
addition of MAPP, and results are shown in Fig. 5. MAPP was
incorporated as a coupling agent at 5 wt% based on previous
literature.™****! In all cases, the addition of just the hemp filler
decreased the ultimate tensile strength and increased Young’s
modulus in comparison to neat PP. This finding is unsurpris-
ing given the hydrophilic nature of the filler material and the
hydrophobic nature of the PP matrix, resulting in a relatively
poor interfacial adhesion and has previously been reported in
literature."*"*

MAPP is a known coupling/compatibilization agent for
natural fibers and was expected to improve the tensile strength
for all hemp fiber composites. MAPP compatibilizes the HF as
it has a maleic anhydride (-MA) functional group that can
participate in hydrogen bonding and covalent bonding with
the HF surface hydroxyl groups resulting in a bound polymer at
the interface that can interact positively with the bulk matrix.
Surprisingly, only the HD resulted in a significant increase in
tensile strength with the addition of MAPP; for this composi-
tion, the strength of the HD composites increased by 17%,
while the elastic modulus decreased by 57%, both of which
were statistically significant differences given a 95% confidence
level. However, the elastic modulus of the HD composite still
surpassed that of neat PP. This improvement is surprising for
multiple reasons: (1) the HD has the smallest length and (2) HD
exhibited the lowest cellulose (glucan) content and higher
xylan, lignan, and miscellaneous contents (Table 1). The expec-
tation was that the surface would have less reactive groups
to couple with the -MA and result in either no change or
reduced tensile strength. The only other HF that showed an
increase in tensile strength with MAPP was the SD composites,
which showed an 8.5% increase in strength and 53% increase
in elastic modulus and had a larger miscellaneous content
as well; Fourier transform infrared spectroscopy was per-
formed on all fiber types to gain additional insight, as seen
in Fig. S4 and discussed in the SI. Addition of MAPP to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Tensile results are shown as ultimate tensile strength (a) and Young's modulus (b) for all hemp/PP composites both with and without the MAPP

compatibilizer present in the system.

other fiber-reinforced composites resulted in a 23% decrease in
strength for the MO composites and no significant change in
tensile strength for the Int’l composites. However, the elastic
modulus of MO and Int’l HF also increased with the addition of
MAPP by 27% and 85%, respectively. There might be multiple
factors playing into the reduction of tensile strength and
changes in elastic modulus for these composites; for example,
differences in HF length, potential fiber alignhment during com-
pression molding, fiber dispersion and more that were not quan-
tified for each composite type. Additional fiber treatments such as
NaOH treatment and a combination of an NaOH treatment with
the MAPP compatibilizer were also explored (Fig. S5), but the
NaOH treatment did not provide improvements in the tensile
properties as reported in prior literature for natural fibers like coir
fiber*” or jute.*® The addition of MAPP alone was found to be the
most effective and scalable compatibilization strategy."

To investigate the potential improvement of the composites
with the addition of MAPP, tensile fracture surfaces for all

composites were investigated with the use of SEM as seen in
Fig. 6. White and red arrows indicate areas of poor and good
filler/polymer interfacial adhesion, respectively. Qualitatively,
the addition of the MAPP into the composites appears to
increase interfacial adhesion for all fibers, while there is little
change to the interfacial adhesion for the HD composites. This
high interfacial adhesion for the HD composites without MAPP
reasonably explains its excellent stiffness performance, while
the increase in interfacial adhesion with MAPP inclusion for
the fiber composites is reflected in the increase in stiffness as
seen in Fig. 5b; this will also be discussed in a later section. In
addition to fracture surfaces, optical microscopy was used to
investigate the dispersion of the fillers with and without the
addition of MAP, as seen in Fig. S6 and discussed in detail in
the SI.

In addition to mechanical performance, a material’s HDT is
an important consideration in material design for automotive
applications. As shown in Fig. 7a the HDT of all composite

ddVW ON

ddVW

Fig. 6 SEM of the tensile fracture surfaces are shown for all composites without (a)—(d) and with (e)—(h) MAPP incorporation. Red arrows indicate areas
of good interfacial adhesion between the filler and polymer interface while white arrows indicate areas of poor interfacial adhesion between the filler and

polymer interface.
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Fig. 7 All composite formulations are compared to neat PP for (a) heat deflection temperature (HDT) and (b) water absorption at 24 hours.

samples exceeded that of neat PP, and the addition of MAPP
produced significant increases in HDT of 31%, 60%, and
29% for the Int’'l, MO, and SD hemp composites, respectively,
compared to their unmodified counterparts. The difference in
HDT here cannot be attributed to crystallinity or density
differences between fiber types as composites achieved similar
values for both (Fig. 3) but could potentially be due to differ-
ences in length and fiber entanglement. For example, all fiber
types had similar diameters, however the HD had the lowest
length compared to the prepared hemp fibers which were
~6 mm long. Moreover, the addition of MAPP to the fiber-
filled composites improved the material stiffness under tension
at room temperature (Fig. 5b) where this increase in stiffness
also suggests an improvement in stiffness across a wider
temperature range, as evidenced by the increased HDT values.

Another key consideration for automotive material feed-
stocks is their potential to absorb water, which can cause
matrix cracking or delamination between polymer matrices
and fillers and lead to early failure. For example, if the material
is intended for an exterior part where it will be exposed to rain
or if the vehicle is in a particularly humid climate, the water
absorption of the composite can lead to early material degrada-
tion. All fiber composites produced a significantly higher water
uptake after 24 hours when compared to neat PP, while the HD
composites yielded a comparable water uptake to neat PP
(Fig. 7b). However, the addition of MAPP into the composites
yielded a reduction in water uptake up to 46%. Comparable
data sets are reported for hemp/PP composites of varying filer
concentration in Fig. S7, where the chosen 20 wt% filler
concentration is validated as it minimizes composite water
uptake and density. Considering the thermomechanical data,
it is clear that no one hemp fiber/filler source was clearly
superior to the others, which could indicate that the variability
in natural fibers from different sources could be acceptable for
industrial applications.

Industrial relevance

The properties of the composites and neat PP with MAPP were
then compared to those of PP with 20 wt% talc, a common

8058 | Mater. Adv, 2025, 6, 8051-8062

composite used in nonstructural automotive applications
(Fig. 8).>** An ideal composite formulation would decrease
water absorption and density while simultaneously increasing
tensile strength, modulus, and HDT. One or more of the
composites produced in this study were shown to meet or
exceed the PP/talc comparison in each of the parameters shown
except water absorption, attributable to the highly hydrophilic
nature of natural fibers in comparison to PP and talc. Addi-
tional testing to include fiber coatings should be explored
moving forward to minimize the water absorption of the
natural fillers. Given the competitive performance metrics of
the formulated composites presented here, it is reasonable to
assume that US-sourced hemp fibers are a promising compo-
site reinforcement option for the automotive industry.

To demonstrate the scalability of these formulations and the
MAPP compatibilizer that was implemented, the small-scale
composites were produced via twin-screw extrusion as seen
in Fig. S8. Essentially, the composites which were originally
produced in 40-50 g batches were now melt compounded into a
continuous twin-screw extruder which produced ~9 kg of

) —=— Auto Spec
Density —e— PP + MAPP
Int'l HF + MAPP

—v— MOHF + MAPP
—+— SDHF + MAPP

Water
Absorption ——HD + MAPP
\\ Ultimate
Tensile
/ Strength

Heat
Deflection
Temperature

Modulus

Fig. 8 A spider plot is shown comparing the materials in this study to both
neat PP (grey) and an automotive industrial standard sourced from litera-
ture (PP with a 20 wt% talc fill — red).
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material whose composition was PP + 20 wt% HD + 5 wt%
MAPP. This composite was then injection molded into a coin-
like shape, as seen in Fig. S9, to demonstrate the ability of this
composite to be reasonably produced via conventional manu-
facturing techniques.

Environmental assessment of hemp fiber transportation

Generally, LCA data is presented in a range of either a “high” or
“low” value, as seen in Fig. 9, with the ideal materials display-
ing the lowest possible GWP and CED value. The TN sourced
fibers exhibit the lowest values among all cases. Compared to
the international scenario, the TN scenario shows decreased
values ranging from 61-64% for GWP and 61-63% for CED.
However, the most surprising results are that SD sourced fibers
are somewhat comparable to internationally sourced fibers,
meaning that domestically sourced fibers are not inherently
the favorable option from a GWP or CED perspective. The SD
fibers were transported 2245 km, which is significantly lower
than the 7756 km distance travelled by France sourced fibers.
While this finding may seem counterintuitive, all domestically
sourced fibers were assumed to be transported exclusively via
truck while the internationally sourced fibers were transported
by truck where possible but 73% of the total distance travelled
was via freight ship (i.e., across the ocean). This is significant
because for freight ocean shipping the GWP and CED is 2 orders
of magnitude and 1-2 orders of magnitude lower than that of
truck transportation, respectively. This signifies that to have the
most favorable transportation for hemp fiber composite pro-
duction, there is some maximum distance the fibers should be
transported to best the international sourcing. However, the
France sourced fiber is the least favorable fiber source of all
considered cases. To ensure consistency, the largest volume
port is considered as the shipping route for both France and
the US, which is the most cost-effective option. Looking ahead,
it would be beneficial to explore whether the maximum domes-
tic transportation distance can be expanded if transportation
methods such as railway (train) or air (plane) were considered,
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and how these scenarios would compare to international
sources of greater distance.

Conclusions

In 2023 alone, an estimated 15.8 million automobiles were
produced in North America, and approximately 10 wt% of each
vehicle comprises polymers and polymer composites. Further-
more, plastic and plastic composite usage is expected to grow
with the increase in electric vehicle demand, and estimates
have predicted a mid-size vehicle to contain ~45% more
plastics and composites compared to their internal combustion
engine counterparts.” This increase in vehicle plastic usage is
largely due to the need to offset electric vehicle battery weight
with the use of high strength-to-weight ratio plastics to main-
tain reasonable fuel efficiency. As such, it is critical to under-
stand how bio-based polymer composites can provide a
sustainable substitute to purely synthetic polymer composites.
In this study, two US-sourced hemp fibers, one international-
sourced hemp fiber, and a hemp dust (i.e., waste byproduct)
were used as a reinforcing filler in PP. The incorporation of 20
wt% hemp filler yielded composites with an up to a 367%
increase in Young’s modulus, 126% increase in heat deflection
temperature, and comparable water uptake performance. The
hemp-reinforced composite properties were compared to that
of a common automotive PP composite, with formulations
meeting or exceeding numerous performance metrics. Results
ultimately indicated that a variety of hemp sources could be
viable for implementation in polymer composites for automo-
tive applications, and additional research could explore
improving the interfacial adhesion of the fiber/matrix interface,
decreasing composite water absorption, and exploring other
performance metrics of interest for specific part requirements.
Finally, a screening analysis on hemp fiber transportation
demonstrated that regionalized transportation can result in a
60.9% lower CED and a 61.4% lower GWP value when com-
pared to requirements for those fibers shipped long distances

10

CED (MJ / kg)

7,756 km 1,229 km 2,245km 886 km
Int! MO SD N
Fiber Origin Location & Distance

Fig. 9 Global warming potential (GWP) and cumulative energy demand (CED) is reported as a range for transportation of natural fibers from an
international location (Int'l) in comparison to Missouri (MO), South Dakota (SD), and Tennessee (TN).
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over land or from overseas. It was shown that both the shipping
distance and mode of transportation are crucial in determining
the environmental impact of a given feedstock. This study has
ultimately demonstrated that hemp is a promising material for
more sustainable polymer composites, particularly considering
automotive applications, and while hemp from different
sources does not strongly affect the composite performance,
its source and transportation to the final manufacturing loca-
tion must be considered for the material to remain a sustain-
able choice.
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