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ABSTRACT: Bituminous coal was utilized as a particulate filler in
polymer-based composites to fabricate standard 1.75 mm coal-plastic
composite filaments for material extrusion 3D printing. The composites
were formulated by incorporating Pittsburgh No. 8 coal into polylactic
acid, polyethylene terephthalate glycol, high-density polyethylene, and
polyamide-12 resins with loadings ranging from 20 to 70 wt %. Coal-
plastic composite filaments were extruded and printed by using the same
processing parameters as the respective neat plastics. The introduction of
coal ameliorated the warping problem of 3D printed high-density
polyethylene, allowing for additive manufacturing of an inexpensive and
widely available thermoplastic. The mechanical properties of the 3D printed composites were characterized and compared to those
of composites fabricated using traditional compression molding. Microscopy of as-fractured samples revealed that particle pull-out
and particle fracture were the predominant modes of composite failure. Tensile and flexural moduli as well as hardness had direct
proportionality with increasing coal content, while flexural strength, tensile strength, and impact resistance decreased for most
composite formulations. Interestingly, polyamide-based composites demonstrated greater maximum tensile and flexural strengths
than unfilled plastic. Investigation of composite interfacial chemistry via molecular dynamics simulations and Fourier-transform
spectroscopy revealed beneficial hydrogen bonding interactions between coal and polyamide-12, while no chemical reactions were
evident for the other polymers investigated.
KEYWORDS: coal-plastic composite, additive manufacturing, fused deposition modeling, material extrusion,
molecular dynamics simulation

1. INTRODUCTION
Fused deposition modeling (FDM) is a material extrusion
additive manufacturing (AM) technique where thermoplastic
filaments are extruded through a heated nozzle along a desired
path to build a three-dimensional object layer by layer.1 FDM
provides an avenue for rapid prototyping and part production
with minimal waste, but its applications have been restricted by
poor mechanical performance due to limited polymer chain
entanglement across print layers.1 Despite these limitations,
FDM has been shown as a viable route to enter the composite
tooling market which had a global value of $493 million in
2022.2,3 The development of sustainable and profitable FDM
materials yields further market adoption of AM composite
tooling.
Arguably the greatest advantage of FDM is the vast array of

materials available in the form of 1.75 mm filaments for
printing.1 Common polymers processed via FDM include
polylactic acid (PLA), polyethylene terephthalate glycol
(PETG), and acrylonitrile butadiene styrene (ABS).1 High-
performance parts are frequently printed from polymers such
as polyamide-12 (PA12), commonly known as nylon-12. Some
commodity plastics, however, present noticeable challenges

when processed via FDM. For example, high-density poly-
ethylene (HDPE) is rarely used in FDM applications due to
poor layer adhesion, warping, and shrinkage.4,5

Polymer composite filaments are also processed via FDM.
Particulate fillers and chopped fibers are added to the polymer
filaments for aesthetic and structural purposes. Wood flour has
been used to imitate wooden structures and improve
sustainability compared to printing neat plastic.6−10 Copper
or other metal-filled filaments utilize the polymer resin as a
binder to 3D print structures that can be sintered into metallic
parts.6 Most commonly, chopped glass or carbon fibers are
combined with polyamide resins to produce composite
filaments with improved strength and wear characteristics.11
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However, synthetic fibers are relatively expensive, energy-
intensive to produce, and abrasive to processing equipment.
Recently, coal-filled thermoplastic composite materials have

been investigated for utilization in high-volume applications
such as building materials.12−14 Compared to wood-plastic
composites (WPCs), predominantly utilized as decking boards,
coal-plastic composite (CPC) materials possessed comparable
or higher mechanical performance, higher oxidation resistance
(i.e., longer service life), greater thermal stability and
flammability resistance, lower embodied energy and emissions,
and lower production costs.13−16

Currently, the development of CPC materials has been
primarily limited to traditional extrusion-based manufacturing
processes. Leveraging the composite’s benefits via alternative
manufacturing processes such as AM provides the opportunity
to further expand the technology to new applications and
industries including composite tooling and additive house
construction. While Zhang et al. successfully demonstrated the
processing of PA12 CPC filaments filled with up to 20 wt %
anthracite and 50 wt % lignite coals, common FDM plastics,
such as PLA and PETG, and other widely available and
inexpensive plastics, such as HDPE, were not explored.17 The
performance and economic benefits of CPC materials can be
further compounded by leveraging AM. Developing CPC
filaments with high coal filler contents and characterizing their
mechanical performance provide the opportunity to create
sustainable and economically viable feedstocks for 3D printing
tooling and structural components.
Over the years, experimental studies on materials have

provided valuable insights into the chemical, thermal, and
mechanical properties of materials as well as their local atomic
ordering. However, determining the unique atomic structure of
organic materials like coal and plastics only through experi-
ments is challenging and requires complex analysis for
interpretation.18 To overcome this limitation, validated
computer models based on experimental data have emerged
as a reliable approach to obtaining atomistic information and
understanding the physical properties of materials at different
scales, ranging from the intramolecular to supramolecular
levels. While the structures and properties of many plastics
with a crystalline nature are well-known,19,20 accurately
predicting the structures of amorphous carbon-based materials,
ranging from ordered structures like amorphous graphene,21,22

fullerenes,23 and nanotubes,24 to complex coal structures, has
been a topic of significant research interest.
Due to the complex formation process of coal, coupled with

the presence of noncarbon elements like H, O, N, and S, there
are over 133 molecular representations of coal (or coal
extracts) available,25,26 including notable models such as the
Wiser,27 Wender,28 Given,29 and Shinn30 models, which
provide general or specific descriptions of coal structure. For
example, Solomon’s model provides a structural description of
Pittsburgh No. 8 (P8) coal by combining experimental
investigations and thermal decomposition data.31 While there
have been numerous independent atomistic descriptions of
coal and plastics using molecular simulations, to the best of the
authors’ knowledge, no published work has focused on the
molecular simulation of CPCs.
The objective of this research was to develop 3D printable

CPC materials and investigate the composites’ behavior. CPC
FDM filaments were developed to maximize the coal filler
content, and the respective printing parameters were identified.
CPC materials made with PLA, PETG, HDPE, and PA12

resins were characterized. A foundational understanding of the
mechanical response of the CPC materials is critical for the
development of the technology for future industrial applica-
tions, such as additive housing construction or large-scale
composite tooling manufacturing. The tensile and flexural
strength and moduli are fundamental for design in structural
applications, and impact resistance provides insights into the
materials’ energy dissipation. The hardness of the materials
characterizes the CPCs for wearing environments. Further-
more, the interactions between coal and plastics were studied
via molecular dynamics simulations involving atomistic models
of P8 coal, plastics, and composites. Avogadro32 and
ChemDraw were utilized to build the atomistic models, and
various simulation techniques such as plane-wave basis density
functional theory (DFT),33 reactive force field (REAXFF),34

and molecular mechanics force fields (MM3)35 were
employed. Quantification of the composites’ mechanical
properties, processing parameters, and molecular interactions
is essential for future technology development and adoption.

2. METHODOLOGY
2.1. Experimental Section. 2.1.1. Materials. CPC

filaments were derived from virgin plastic pellets and a
bituminous coal filler. PLA (PPLA110000, ρ = 1.24 g/cm3)
and PETG (PPTG110000, ρ = 1.24 g/cm3) pellets were
sourced from 3DXTECH. Paxon EA55-003 HDPE pellets (ρ =
1.24 g/cm3) were supplied by ExxonMobil, and PA12 pellets
(044, ρ = 1.02 g/cm3) were obtained from Scientific Polymer
Products Inc. Struktol TPW 104 processing additive was used
as a lubricant for processing HDPE filaments. Bituminous P8
coal was supplied by CONSOL Energy.

2.1.2. Material Synthesis. Composite formulations contain-
ing 20−70 wt % coal were developed based on successful
filament extrusion trials from the different matrix resins. P8
coal was pulverized and sieved below a particle size of 38 μm.
The coal powder was dried in a convection oven at 110 °C for
24 h to decrease the moisture content to less than 1 wt %.
Dried coal (20−70 wt %) and balance matrix resins were melt-
mixed for 5 min at 100 rpm using a Rheomix 600 batch mixer.
Processing additives (i.e., 1 wt % Struktol TPW 104 for HDPE
composites) were introduced during this step. Based on the
resin type, CPC materials were compounded at temperatures
ranging from 180 to 210 °C. The compounded CPC materials
were ground using a Retsch SM 100 cutting mill and were
stored in a desiccator for further processing.

2.1.3. Filament Extrusion and FDM Printing. CPC pellets
were extruded into filaments using a 3devo Composer 450 and
a Filabot Ex2 single-screw filament extruder. The materials
were processed at barrel temperatures ranging from 175 to 230
°C. The filaments were drawn to a 1.75 mm diameter before
being air-cooled.
Subsequently, CPC filaments were 3D printed (3DP) by

using a FlashForge Creator Pro FDM printer. Mechanical test
samples were printed in the horizontal orientation with 0−90°
linear infill to promote isotropic behavior for comparison to
traditionally manufactured samples. The print orientation is
shown in Figure S1 of the Supporting Information. The
printing parameters, the print temperatures, and the bed
adhesion methods for each matrix resin are provided in Tables
S1 and S2 of the Supporting Information.

2.1.4. Compression Molding. For characterization of the
intrinsic filament composite material and for comparison to the
as-printed state, CPC pellets were compression-molded (CM)
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to produce samples for mechanical testing. A model 3912
Carver Press was used to compression mold 200 mm × 200
mm × 3.5 mm sheets from aluminum molds coated with a
Frekote 770-NC mold release agent. The materials were
heated at 180 to 195 °C for 20 min prior to pressing to 8
metric tons for 5 min. The sheets were allowed to cool in air in
the mold. Type IV tensile, flexural, and Izod impact resistance
samples were cut from the composite sheets by using a
ProtoMAX water-jet cutter.

2.1.5. Mechanical Testing. Tensile and flexural tests were
performed using an Instron 5966 load frame. Tensile tests were
conducted according to ASTM D638.36 Type IV tensile
samples were tested at a displacement rate of 5 mm/min, and a
one-inch clip-on extensometer was used to measure the sample
strain. Three-point flexural testing was performed in
accordance with ASTM D790 procedure B using a span-to-
thickness ratio of 16.37 All stresses are reported as engineering
stresses, and the tensile and flexural moduli values were
estimated by using linear regression.
Izod impact resistance tests were performed using an Instron

CEAST 9050 pendulum impact machine. Izod impact samples
were notched using an Instron notching fixture, and notched
Izod tests were performed according to ASTM D256 Test
Method A.38

Composite hardness was determined using a Gain Express
560-10D Shore D hand-held durometer. For all mechanical
tests, a minimum of six samples were tested.

2.1.6. Microscopy. Optical microscopy was performed using
a Keyence VHX-7000 digital microscope to investigate the coal
dispersion and the composite microstructure. A JEOL JSM-
6390LV scanning electron microscope was used to investigate
the matrix−filler interface. As-fractured flexural samples were
sputter coated with gold at 20 mA for 180 s. Images at 1000×
magnification were captured using an accelerating voltage of 15
kV. Scanning electron microscopy (SEM) images were used to
identify mechanical failure mechanisms present in the
composite.

2.1.7. Fourier-Transform Infrared Spectroscopy. Attenu-
ated total reflection Fourier-transform infrared spectroscopy
(FTIR) was conducted using a Thermo Scientific Nicolet
6700. Composite disc samples were CM by using stainless steel
ring molds and polytetrafluoroethylene platen sheets. Thin
composite sheets (0.25 mm thick) were tested by using a
diamond ZnSe crystal.
2.2. Simulation of P8 Coal, Plastics, and CPC Models.

Representative models for the matrix materials (PLA, PETG,
HDPE, and PA12), filler (P8 coal), and their composite
models were constructed using ChemDraw and Avogadro. To
ensure the accuracy and reliability of the simulations, an
extensive ensemble of structural models was analyzed,
involving statistically meaningful sampling of the configuration
space of the material of interest. For this purpose, 20 coal
models (C166H138O15N2S2) were manually built based on the
2D structure for Pittsburgh bituminous coal proposed by
Solomon31,39 (see the representative model in Figure S2a). At
first, the aliphatic and aromatic structures in each P8 coal
model were constructed in a 3D box. Subsequently, the MM3
force field, as implemented in ChemDraw and Avogadro, was
used for the conformation optimization and energy mini-
mization of the constructed models. Supercell models
containing 20 units of P8 coal were generated using the
PACKMOL software package40 (see the representative 3D
coal model in Figure S3b). The final models were subsequently

validated using DFT and REAXFF potentials via a conjugate
gradient relaxation. DFT calculations were implemented within
the Vienna Ab initio Simulation Package (VASP)33 with the
projector augmented wave (PAW) method41 and the Perdew−
Burke−Ernzerhof (PBE) exchange−correlation functional.42

The REAXFF calculations were performed using the large-
scale atomic/molecular massively parallel simulator
(LAMMPS).43 In all of the models (coal and plastics),
hydrogen, carbon, nitrogen, oxygen, and sulfur atoms were
colored white, gray, blue, red, and yellow, respectively.
The plastics were constructed from scratch using Chem-

Draw, with monomers repeated 100 times. Figure S3 depicts
atomic structure representations of the different plastics
investigated in this study. The PACKMOL algorithm was
used to construct the CPC models, ensuring a minimum
pairwise distance of about 3 Å between atoms from different
molecules to prevent disruptive van der Waals repulsive
interactions and atom overlap in the initial configurations. To
simulate the laboratory process of melt-mixing the plastic and
coal, the composite models were heated in a canonical
ensemble that was controlled by a Nose−Hoover thermo-
stat44,45 at a temperature of 200 °C. Subsequently, the models
were optimized to reach an energy minimal configuration using
the conjugate gradient implementation. The REAXFF
interatomic potential was employed in the simulated melt-
mixing protocol with a time step of 0.25 fs to account for the
high-frequency dynamics of the hydrogen atoms in the models.

3. RESULTS AND DISCUSSION
3.1. Experimental Results. 3.1.1. CPC Filament Process-

ing. CPC filaments were extruded from PLA, PETG, HDPE,
and PA12 resins to achieve the maximum levels of coal filler
content. PLA and PETG filaments were created with up to 40
wt % coal, and successful HDPE composite filaments were
extruded containing up to 70 wt % coal. The PA12 composite
filament was produced at 20 wt % coal for comparison to the
processability of CPCs at commercial chopped carbon fiber
loadings, and PA12 filaments were successfully produced with
up to 30 wt % coal.
Figures S4−S7 show representative strands of the CPC

filaments. The CPC filaments were extruded using the same
extrusion parameters as those for the respective neat plastics.
All CPC filaments exhibited smooth surface finishes com-
parable to those of the neat plastic filaments and were extruded
within the acceptable tolerances for commercially available
printers. HDPE-based filaments required the addition of a 1 wt
% TPW-104 lubricant to achieve a smooth surface finish and
consistent filament diameter.46 Additionally, the composites
did not show macroscale porosity or agglomeration throughout
the microstructure (Section 3.1.2).
The CPC filaments were 3D printed into mechanical test

samples. Examples of 3D printed CPC samples are provided in
Figures S8−S11. The CPC filaments were processed using the
same printing parameters as the respective unfilled plastics,
demonstrating compatibility with existing AM techniques,
which might lead to fast commercial adoption of the
technology. In addition, CPC materials were processed using
the same nozzle size and printing speeds utilized for common
AM plastics, indicating similar manufacturing times for any
given object and affinity with established AM processes.
The printability of the HDPE-based composites was

impacted the most by the introduction of coal. Figure 1
shows images of additively manufactured virgin HDPE and
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HDPE-based composites with 50 wt % P8 coal. The neat
HDPE flexural samples exhibited an average deflection from
warping of 0.12 mm/mm along the axial length of the sample.
When printed with 50 wt % coal, the average deflection of the
HDPE composite reduced by 59.5% to 0.05 mm/mm along
the axial length of the sample. The reduced deflection from
warping resulted in greater dimensional accuracy of the printed
parts. Increasing P8 content significantly reduced the warping
of the HDPE prints and helped to overcome one of the key
challenges limiting the utilization of HDPE in AM applications.
Resolving the warping issues associated with the AM of HDPE
allows for the utilization of more widely available and
inexpensive plastics compared to the plastics readily used in
current commercial technologies (i.e., PLA and PETG). In
addition, reduced warping allowed for additive fabrication
outside of a heated chamber, suggesting lower energy usage
and higher dimensional stability of the HDPE-based
composites in comparison to neat HDPE.
It was successfully demonstrated that CPC materials

including formulations with a high filler content (up to 70
wt % P8 coal) could be integrated with several types of
commercially available 3D printers without processing issues
or the need for equipment modifications. The utilization of
HDPE-based CPC materials in targeted applications such as
additive housing construction and composite tooling is
projected to substantially reduce manufacturing and material
costs, reduce waste, minimize secondary operations during
printing (curing and postcuring for thermoset-based AM and
space heating for thermoplastic-based AM), increase dimen-
sional stability, increase service life,15 lower embodied energy
and emissions,13 and reduce manufacturing lead time.

3.1.2. Composite Microstructure. Optical microscopy was
used to evaluate the microstructure of the CPC filaments.
Figure 2 shows a representative example of CPC filament

microstructures. The HDPE filament with 60 wt % P8 coal
shows no porosity throughout the filament cross-section at
×150 magnification. Furthermore, the composite filaments
exhibited even dispersion of the coal particles throughout the
matrix with minimal regions of agglomeration. Images of all
CPC filament microstructures are shown in Figures S12−S15.
Figure 3 shows representative tensile stress−strain curves of

the four different CM polymer composites. As-fractured tensile

and flexural samples were investigated by using SEM to
evaluate particle−matrix interfaces and failure mechanisms in
the composites. CPCs at different filler contents demonstrated
comparable microstructures and failure mechanisms that were
well represented by the SEM images shown in Figure 3. Figure
3 shows the SEM images for the PLA, PETG, and HDPE
composites loaded at 40 wt % coal for direct comparison. The
image and stress−strain curve for the PA12 composite is
shown for the 30 wt % coal material because 30 wt % was the
maximum coal loading achieved for the PA12 matrix which is
most comparable to the other composites presented. While the
matrix polymer had the greatest effect on the local micro-
structure, all four polymer materials showed minimal instances
of porosity at the particle−matrix interface as the coal particles
were well encased by the plastic. The fractured surfaces of
these composites demonstrate two primary failure mecha-
nisms.
CM samples showed instances of both particle pull-out (red

circle) and particle fracture (red arrow), as shown in Figure 3.
Particle pull-out was the primary failure mechanism in the
PLA, PETG, and HDPE composites, and pull-out locations
were readily visible throughout all four polymer composites.
Additionally, instances of coal particle fracture indicated that
the load was efficiently transferred from the matrix material to
the particle filler. Alternatively, coal particle fractures could
have been induced during material processing. While particle
fractures were present in all four composites, the PA12
composites demonstrated a greater abundance of particle
fracture locations. The particle fracture sites further indicate a

Figure 1. 3D printed HDPE-based CPC samples (shown with 50 wt
% coal) exhibited reduced warping compared to unfilled HDPE
prints.

Figure 2. Representative microstructure of the HDPE-based
composite filament with 60 wt % coal showing no porosity or
agglomeration.

Figure 3. Representative composite tensile stress−strain curves with
fractured surface SEM images showing particle pull-out (red circle)
and coal particle fracture (red arrow) failure mechanisms.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.3c01784
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c01784/suppl_file/ap3c01784_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig3&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.3c01784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


beneficial interaction between PA12 and the reinforcing coal
particle (Section 3.2.3.).
The stress−strain curves of the PLA and PETG composites

demonstrated a linear elastic response followed by a brittle
fracture. The SEM images showed smooth, glossy fracture
surfaces, confirming the brittle failure of the composites.
Originally, the neat PLA and PETG materials exhibited ductile
failures, with regions of plastic deformation after a yield point.
The neat plastics possessed greater strain to failure than the
respective CPCs. The HDPE and PA12 composites exhibited a
yield point and possessed a small region of ductile plastic
deformation prior to failure. In the SEM images (Figure 3), the
polymer portions of the HDPE and PA12 composites show
fibrillated strands of the polymer matrix which have undergone
ductile deformation during testing. The yielding of the plastic
around the coal particles results in a more ductile response
seen in the stress−strain curves. In comparison, the neat
HDPE material demonstrated a similar mechanical response
but had a greater strain to failure and, thus, a larger region of
plastic deformation than the composite. The neat PA12 and
PA12 composites exhibited comparable stress−strain relations
and strains to failure.

3.1.3. Tensile Properties. Tensile properties, shown in
Figure 4, of the 3D printed (3DP) composite materials were
determined and compared with those of the CM composites.
Comparing the mechanical response of the 3DP composites to

the performance of the traditionally manufactured (i.e., CM)
composites provides insights into the effects of the AM
process. Furthermore, investigating CM CPCs establishes a
benchmark of the isotropic performance of the intrinsic
filament material prior to use in the 3D printing process which
could introduce anisotropic responses due to layer orientations
and print raster angles. The 3DP and CM samples exhibited
analogous trends in tensile performance with respect to coal
loading. As expected, the ultimate tensile strength (UTS) of
the PLA, PETG, and HDPE composites decreased with an
increase in coal content. The 3DP PLA composites exhibited a
38.6% decrease in UTS from 53.6 to 32.9 MPa at 40 wt % coal
loading, and the 3DP PETG composites showed a 42.4%
decrease in UTS from 52.9 to 30.5 MPa at 40 wt % coal
loading. The UTS of the HDPE composites was impacted to a
lesser extent by the introduction of coal. At 40 wt % coal, the
UTS of the 3DP HDPE composite decreased 24.3% from 17.0
to 12.9 MPa. At 70 wt % coal, the UTS of the 3DP HDPE
decreased to 9.5 MPa or 44.4% of the neat plastic strength.
The reduction of UTS at high coal loadings could be attributed
to particle agglomeration and weak coal-plastic interfacial
bonding. Additionally, simulation results (Section 3.2.2.)
showed little chemical interaction between the PLA, PETG,
and HDPE and the P8 coal, making the composite analogous
to a physical mixture. Weak interfacial bonding led to an
increased number of stress concentration sites throughout the
polymer matrix which provoked particle pull-out into being the
most frequent failure mechanism in these composites (Section
3.1.2.). Akin to previous work, the strength of the composite
exhibited a decreasing trend as more filler was introduced.47−49

The PA12 composites exhibit remarkably different behavior.
The 3DP PA12 samples with 20 wt % coal loading
demonstrated an increase in UTS from 28.9 to 30.4 MPa.
The UTS of CM PA12 had the greatest response to coal
introduction. The neat CM PA12 demonstrated an UTS of
32.1 MPa. However, when loaded with 20 wt % P8 coal, the
CM PA12 composite exhibited a 45.2% increase in UTS,
reaching a peak tensile strength of 46.6 MPa. These results are
in agreement with previously published literature regarding the
reinforcing effect of carbon and coal fillers in polyamide-based
composite materials.17,50 Enhanced UTS for the PA12-based
composites could be attributed to improved interfacial bonding
between coal and PA12, leading to an efficient load transfer
from the polymer to the coal particle. Molecular simulations
(Section 3.2.3.) and FTIR results (Section 3.2.3) further
discuss the chemical bonding between the PA12 and the coal
particles.
EM of all CPC materials showed increasing trends with

increasing coal contents for both the 3DP and CM materials.
Most notably, the 3DP HDPE composites exhibited a 340.6%
increase in EM from 0.5 to 2.2 GPa from the neat plastic to 70
wt % coal. The stiffness of the PLA composites was the least
impacted as the 3DP material only showed a 12.9% increase in
the EM at 30 wt % coal. The 3DP PETG composites showed a
20.7% increase in EM at 40 wt % coal, and the 3DP PA12
composites showed a 42.5% increase in EM at 30 wt % coal.
The increases in EM can be attributed to two primary factors:
(1) the coal particles are stiffer than the matrix polymer,
increasing the stiffness of the resulting composite, and (2) the
increase in filler content reduced polymer chain mobility
throughout the composite material. Similar trends have been
reported for particulate-filled polymer composites.12,47,49−51

Figure 4. UTS and elastic modulus (EM) of 3DP and CM
composites, including (a) PLA-based composites, (b) PETG-based
composites, (c) HDPE-based composites, and (d) PA12-based
composites. Error bars represent the standard error.
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3.1.4. Flexural Properties. Flexural properties of the 3DP
and CM CPCs are shown in Figure 5. The flexural properties

of the composite materials reflect analogous trends to the
tensile properties with respect to coal content. Flexural
strength (FS) of both the CM and 3DP materials showed
inverse proportionality with coal content for the PLA-, PETG-,
and HDPE-based composites. The 3DP PLA composites
demonstrated a 50.5% decrease in FS from 77.2 to 38.2 MPa at
40 wt % coal, and the 3DP PETG composites demonstrated a
36.9% decrease in FS from 75.5 to 47.7 MPa at 40 wt % coal.
As observed with the UTS, the 3DP HDPE composite
strengths were less sensitive to the introduction of coal, and at
40 wt % coal, the 3DP HDPE composite showed only an 8.3%
decrease in FS from 20.9 to 19.1 MPa. At 70 wt % coal loading,
the CM HDPE composite displayed a 28.1% decrease in FS.
Previous research showed similar FS trends with the
introduction of particulate fillers in polymer matrices.49 The
reduction of the FS values was primarily due to agglomeration
and weak interfacial bonding.
Similar to the tensile properties, the PA12 composites

demonstrated a FS increase with the introduction of coal. 3DP
PA12 composites exhibited a 16.9% increase in FS from 30.2
MPa to a peak FS of 35.3 MPa at 20 wt % coal loading. This
increase was attributed to improved interfacial bonding
between the coal and PA12 (Section 3.2.3.).

The flexural modulus (FM) of all CPC materials increased
with the increase in coal content. At 40 wt % coal, the CM
PLA composites showed a slight 7.3% increase in FM from 3.8
to 4.1 GPa analogous to the PLA EM behavior. The 3DP
PETG composites exhibited a 23.0% increase in FM from 2.0
to 2.5 GPa at 40 wt % coal, and the 3DP PA12 composites
demonstrated a 39.3% increase in FM from 0.7 to 1.0 GPa at
30 wt % coal. HDPE composite stiffness had the most
significant response to coal introduction. The 3DP HDPE
composites at 70 wt % coal showed a 105.6% increase in FM to
1.2 GPa, and the CM HDPE composites at 70 wt % showed a
176.6% increase in FM to 3.2 GPa. Similar trends have been
reported in the literature where the higher stiffness values were
attributed to stiffer particles and limited polymer chain
mobility.12,13

3.1.5. Impact Resistance. Notched Izod impact resistance
was determined for the 3DP and CM CPC materials. Figure 6

shows the impact resistances of the composite materials at
different coal contents. For all matrix polymers, the impact
resistance of the composite decreased with filler content for the
3DP and CM materials. The 3DP PA12 composites exhibited a
40.1% decrease in impact resistance from 33.4 to 20.0 J m−1 at
30 wt % coal. Similarly, the 3DP PLA and PETG composites
exhibited a 58.7 and 44.6% decrease, respectively, in impact
resistance at 40 wt % coal. The HDPE composites exhibited
the greatest decrease in impact resistance with the introduction
of coal. The 3DP HDPE composites exhibited an 82.0%
decrease in impact resistance from 94.2 to 16.9 J m−1 at 40 wt
% coal, and the 3DP impact resistance continued to decrease
to 3.4 J m−1 at 70 wt % coal. Previous work with particulate-
filled polymer composites showed similar impact resistance
trends.49 Increased particle loading resulted in a greater coal−
polymer interface surface area, therefore enhancing crack
initiation and propagation.

Figure 5. FS and FM of 3DP and CM composites, including (a) PLA-
based composites, (b) PETG-based composites, (c) HDPE-based
composites, and (d) PA12-based composites. Error bars represent the
standard error.

Figure 6. Izod impact resistance of 3DP and CM composites,
including (a) PLA-based composites, (b) PETG-based composites,
(c) HDPE-based composites, and (d) PA12-based composites. Error
bars represent the standard error.
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3.1.6. Hardness. Figure 7 shows that the CPC materials
demonstrated increasing Shore D hardness with coal content

due to the introduction of a filler material harder than the
matrix. Previous studies have shown that polymer composites
with harder particulate filler materials exhibited comparable
tendencies.52 Most notably, the HDPE composites demon-
strated a 19.3% increase from a neat plastic hardness of 59.0 to
a hardness of 70.4 at 70 wt % coal loading. The increased
hardness of the composites improved the FDM of the HDPE
filaments. Due to the neat HDPE’s low hardness, the FDM
printer’s extruder wheel caused significant filament abrasion,
resulting in underextruded material and failed prints.
Conversely, the harder composite filament resisted abrasion
and improved the printing reliability. The PLA and PETG
composites showed a respective increase in hardness of 4.6 to
84.4% and 9.0 to 79.8% at 40 wt % coal. Similarly, the PA12
composites exhibited a 4.6% increase in hardness from 72.5 to
75.8 at 30 wt % coal.
3.2. Simulation Results. 3.2.1. P8 Coal Chemical

Structure Validation. To analyze the local conformation of
the coal model, an ab initio multiple-scattering calculation of
the extended X-ray absorption fine structure (EXAFS) was
performed using the real-space Green’s function code
FEFF10.53 The K-edge of sulfur was studied, and the extracted
postedge oscillations [χ(E)] were Fourier transformed (FT)

into real space using the Kaiser windowing function with β =
2.54 The resulting spectrum provides the radial distribution
function (RDF). The peaks of the normalized Fourier
amplitude obtained for the coal model were compared with
experimental data from Huffman and co-workers.55 The peak
positions from this study were found to be in close agreement
with the FTIR experimental values. The positions of the first,
second, and third peaks from this work (ref. 55) were 1.74 Å
(1.75 Å), 3.04 Å (2.84 Å), and 3.99 Å (4.02 Å), respectively.
This confirms that the coal models used in this study
reasonably predict the structure of the bituminous coal. The
EXAFS spectra for the P8 coal model are provided in Figure
S16 of the Supporting Information.

3.2.2. Coal-Plastic Interfacial Phenomena. Molecular
simulations of the coal models at the experimental processing
temperature were performed to gain insights into possible
bond-breaking and bond-forming sites in the coal. The
interactions in the models were investigated by calculating
the bond order per atom and chemical species at specific
intervals during the simulation. At the beginning of each
simulation, the number of coal and plastic molecules was
known, and the bond order and available chemical species
provided information on intra- and intermolecular interactions.
Figure 8 provides an illustration of the bond-breaking sites in

the P8 coal model. The coal macromolecules are generally seen
to break down into three subunits, represented by green, teal,
and magenta clusters. The bond-breaking sites, highlighted in
black circles in Figure 8, were identified as the self-associated
OH hydrogen bonds between two phenol-hydroxides (ph-
OH) in the P8 coal. The chemical formulas of the coal
subunits, along with their associated colors in Figure 8, are
C105H88O10N2S2 (green), C42H34O4 (teal), and C19H16O
(magenta). Interestingly, CH3 and H2 were released in about
14% of the simulation realizations at an early stage of heating.
The CH3 fragments result from the breaking of the ethylene
bridges during the thermal process, which is also observed
experimentally during P8 coal pyrolysis.31,56,57

The interfacial phenomena between coal and PLA, PETG,
and HDPE in the composites were investigated, and the results
are illustrated in Figures S18−S20. After 5 ns of heating, the
configuration of the system revealed that the molecules tend to
aggregate and form clusters without observable evidence of

Figure 7. Shore D hardness of CM composites, including PLA-based,
PETG-based, HDPE-based, and PA12-based composites. Error bars
represent the standard error.

Figure 8. Bond-breaking sites found in the coal model at 200 °C. The bonds break at the region with weaker noncovalent bonds (hydrogen
bonding). The hydrogen bonds hold the different subunits of the different coal macromolecules together. The chemical structures of the cleaved
subunits are indicated in different colors: C105H88O10N2S2 (green), C42H34O4 (teal), and C19H16O (magenta).

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.3c01784
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c01784/suppl_file/ap3c01784_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c01784/suppl_file/ap3c01784_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c01784/suppl_file/ap3c01784_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01784?fig=fig8&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.3c01784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


chemical bonding. This suggests that the equilibrium state of
the heterogeneous matrix involves purely physical mixing
without intermolecular bonding. This simulation data supports
the experimental observation of the negative impact of coal on
the UTS and FS for the composites made using PLA, PETG,
and HDPE polymers. However, it is worth noting that PA12
showed different behavior in the simulation, indicating that it
may have beneficial interfacial phenomena (i.e., chemical
bonding) with coal, leading to improved mechanical proper-
ties.

3.2.3. Hydrogen Bonding in PA12-Based Composites.
Both the widely accepted structural models of coal, namely, the
host−guest model58,59 and the associated model,60 have
extensively investigated the impact of noncovalent bonds,
such as van der Waals forces, hydrogen bonding, ionic linkages,
and π−π interactions, on the chemical structure of coal.61−65

Studies by Larsen and co-workers estimated that noncovalent
bonds surpass the number of covalent cross-links by a factor of
4 in coal,66 and specifically for P8 coal, it was suggested that
approximately 0.3 cross-linking hydrogen bonds are present
per 100 carbon atoms.67 Additionally, Brenner demonstrated
that hydrogen bonding likely contributes to the high glass
transition temperature and glassy properties observed in
bituminous coal.68 Molecular simulations of the interaction
between PA12 and P8 coal revealed prevalent forms of
hydrogen bonding between the hydroxide (OH) in the
phenolic group of coal (ph-OH) and the amide group (−
NH−C�O−) in PA12.
Figure 9 provides visual representations of hydrogen bond

formation in the PA12 composite material. Figure 9a displays
snapshots of the local environment before and after the
formation of hydrogen bonding between the strong proton
donor ph-OH in coal and the strong proton acceptor oxygen in
the amide group. In some instances, double hydrogen bonds

were observed,69 as shown in Figure 9b. The hydrogen bond
lengths ranged from 1.61 to 1.86 Å. A proposed mechanism for
the hydrogen bonding observed in the PA12-coal composite is
that it results from the high polarity of the amide linkages
along the polyamide chain, as depicted in eq 1

The rigidity and planarity of the amide linkage induce a
positive and negative charge on the nitrogen and oxygen
atoms, respectively, facilitating π-bond cooperativity, also
known as resonance-assisted hydrogen bonding (RAHB).69

In RAHB, the polarization occurs by charge flow through the π
bonds. The N−H in the amide group becomes a stronger
donor if the amide O atom accepts a hydrogen bond (i.e., Ph-
OH···O�C−N−H), as portrayed in Figure 9b, resulting in a
stabilized zwitterionic resonance.69 Except for HDPE, which is
nonpolar, both PLA and PETG, like PA12, possess polar
functional groups (COOH in PLA and OH in PETG) capable
of forming H-bonds. However, the closely packed nonpolar
carbon backbone in these polymers (i.e., the methyl group in
the PLA monomers and the cyclohexanes and benzene
aromatic structures in PETG monomers) induces steric
congestion, which can significantly reduce the reactivity (H-
bonding) of the polar functional groups in these materials. In
contrast, PA12 features a longer linear backbone with 12
carbon atoms, leading to less steric hindrance. Consequently,
PA12 exhibits higher conformational flexibility, enabling its
molecules to adopt desired spatial rearrangements.
The presence of hydrogen bonding between PA12 and P8

coal in the composite was validated experimentally through
FTIR analysis. The FTIR spectra obtained for the PA12
composites (Figure 9c) were normalized to the C−H peak,
assuming that the C−H bonds along the PA12 molecule
remained constant during the composite compounding
process. The spectra for the composite materials with 0, 20,
and 30% coal are shown in black, green, and orange,
respectively. No new peak formations or disappearances were
observed with the introduction of coal, suggesting that no
covalent bonds exist between PA12 and coal.
However, a notable decrease in the N−H in-plane bending

peak at ≈1557 cm−1 was observed with the addition of coal, as
shown in the inset in Figure 9c, yet the N−H stretching peak
at ≈3284 cm−1 remained unchanged. The absence of a new
peak for covalent bonding, combined with the results obtained
from the simulations, suggests that the reduction in the N−H
in-plane bending peak could be attributed to the formation of
hydrogen bonding, which constrains the mobility of the
initially free N−H bond. The presence of hydrogen bonding
throughout the composite allows the coal particles to act as
reinforcing fillers, as demonstrated by the experimental tensile
and flexural results. The formation of hydrogen bonds between
PA12 and coal particles enhances the interfacial adhesion and
overall mechanical performance of the composite.

4. CONCLUSIONS
In this work, bituminous P8 coal was incorporated as a
particulate filler in thermoplastic-based composites to develop
1.75 mm diameter filaments for utilization in FDM printing.

Figure 9. Hydrogen bonding in the simulation models and FTIR
spectra of PA12 composites. A snapshot before and after bonding is
shown in (a) and (b) representative double hydrogen bonding
between the (1) oxygen and (2) nitrogen in the amide group in PA12
(−NH−C�O−) and (3) oxygen in the phenolic group (ph-OH) of
the coal. The FTIR spectra of PA12 composites are shown in (c). In
(b), all hydrogen atoms except the polar hydrogens have been deleted
for clarity.
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The composites, composed of PLA, PETG, HDPE, and PA12
resins with coal loadings of 20 to 70 wt %, were evaluated for
their tensile properties, flexural properties, and Izod impact
resistance in both 3DP and CM states. CPC filaments were
extruded and 3D printed by using the same processing
parameters as the respective neat plastics. The introduction of
coal significantly reduced warping in HDPE-based prints, thus
addressing a serious problem and providing a viable avenue to
additively manufacture HDPE parts. The resulting CPCs
exhibited increased moduli and improved tensile and flexural
strength in the PA12 composite, but all materials demonstrated
a decreasing impact resistance with a coal content. Analysis of
failure mechanisms revealed particle pull-out and particle
fracture as the dominant failure modes, and the composite
hardness increased with coal content. Atomistic models of the
polymers and P8 coal were created to simulate their
interactions. PA12 CPC simulations revealed hydrogen
bonding between the polymer and the coal molecules. The
hydrogen bonding between PA12 and P8 coal formed between
the hydroxide (OH) in the phenolic group of P8 coal (ph-OH)
and the amide group (−NH−C�O−) in PA12. The formation
of hydrogen bonds in PA12 CPC materials was supported by
FTIR spectra and provided a possible basis for the enhanced
mechanical performance of the composite. These findings,
along with the development of CPC filaments and supporting
molecular simulations, demonstrate a viable avenue for FDM
printing of CPC components and structures.
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