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Abstract

Mild direct coal liquefaction (autogenous pressure, no catalyst, no H, gas) of Springfield
coal in fluid catalytic cracking decant oil is shown to effectively produce coal extract precursors
to spinnable mesophase pitch. This work demonstrates that the coal extract can be thermally treated
to obtain mesophase pitch in a facile one-step process, bypassing the production of an intermediate
isotropic pitch. Furthermore, the presence of 25 wt.% coal in the initial slurry can increase the
yield to mesophase pitch nearly twofold and yield to carbon fiber by approximately 70%. The coal
extract-derived mesophase pitch was melt-spun and heat treated to produce carbon fiber with
graphitic texture, high modulus (>400 GPa) and tensile strength up to 943 MPa. Overall, this work
demonstrates that coal can be effectively utilized to markedly amplify the mesophase pitch and
carbon fiber yield from fluid catalytic cracking decant oil by relatively simple processing, while
conserving utility as a precursor to high performance carbon fiber and potentially other high value

graphitic products.
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1. Introduction

Carbon fiber has garnered much interest as a composite reinforcement material in the
automotive, aerospace, civil infrastructure, and wind energy industries due to its high tensile
strength, high stiffness, low coefficient of thermal expansion and low density. !> While mesophase

pitch-based carbon fiber makes up a very small fraction (<4%) of the commercial carbon fiber



market, it can offer higher modulus and higher carbonization yield than polyacrylonitrile (PAN)-
based carbon fiber. 34 The high modulus is a result of the alignment of relatively long-range and
ordered graphitic domains along the fiber axis. This alignment is a result of the flow orientation
that is conferred to a high optical texture index mesophase pitch precursor during the spinning
process that produces green (unstabilized) fiber. Mesophase pitch can be obtained from various
natural and synthetic aromatic feedstocks, with widespread precursors stemming from petroleum
or coal tar isotropic pitches. > ¢ Additionally, hydrogenated hypercoal has been shown to be an
effective precursor for mesophase pitch and carbon fiber. 7 However, the direct utilization of
abundantly available coal for carbon fiber production provides an attractive alternative to purely
petroleum-based precursors due to potentially lower precursor cost and higher carbon yield.
Moreover, fluid catalytic cracking decant oil (DO), a known industrial precursor to mesophase

pitch, is already in high demand as a precursor to needle coke and synthetic graphite.

Efforts have recently increased to utilize coal as a carbon ore for the production of value-added
products to make use of the abundant natural resource while minimizing the impact of carbon
emissions associated with coal combustion for electric power generation. ° Utilizing coal as a
feedstock for advanced carbon products such as carbon fiber is attractive because coal is a
relatively low-cost feedstock material rich in polycyclic aromatic hydrocarbons (PAHs). Direct
coal liquefaction (DCL) has been a key strategy within coal-to-products research as a method of
breaking down the complex and highly cross-linked molecular structure of coal via solvolysis and
hydrogenation. !% ' Numerous pure and commercial solvents have been examined to determine

the relationship between solvent chemical structure and DCL coal conversion efficiency. !!-14

Herein, a mild DCL process is employed with relatively low temperature and pressure, but in
the absence of hydrogen gas or added catalysts. !> Mild DCL is less energy-intensive and requires
lower cost equipment due to the possibility of processing at pressures of several hundred, rather
than thousand, psi. ' Furthermore, mild DCL conditions limit excessive hydrocracking reactions
to retain larger, less volatile compounds for improved carbon yield. ' In this work, DO was chosen
as the DCL solvent because it is a well-known industrial precursor to mesophase pitch with
relatively low softening point temperature and desirable optical texture. ! DO has been
previously established as an effective coal liquefaction solvent for the production of fuels and

anode coke. !> 2! Using DO as a DCL solvent also offers an economic advantage due to its



relatively low cost compared to pure organic solvents, such as tetrahydronaphthalene (THN) and
N-methyl pyrrolidone (NMP). It should be noted that while DO acts as a solvent during coal
liquefaction, it is not subsequently recovered fully because it significantly participates in
converting to mesophase and contributes to final carbon yield. However, distillate recovered
during mesophase pitch production has potential utility as a recycle solvent in the DCL process,

thus lowering the overall need for fresh DO.

Ultimately, this work describes the production of high modulus carbon fiber utilizing coal
via the production of mesophase pitch from coal extracts obtained from mild DCL. The solvent
fraction composition, molecular weight distribution, and heteroatom content of the coal extract is
described and compared to that of DO. Quinoline insoluble (QI) matter was removed from the coal
extract via solvent dilution and filtration, wherein tetrahydrofuran (THF) was found to be a
superior solvent for coal extract recovery compared to toluene. A single-step thermal treatment of
the filtered coal extract was then performed to produce a melt-spinnable mesophase pitch. The
effective utilization of coal was shown to nearly double the yield to mesophase pitch and,
moreover, increase yield to carbon fiber by approximately 70% compared to decant oil alone at
similar processing conditions. The mesophase pitch-based carbon fiber showed high modulus

(>400 GPa) and no cracking “Pac-man” defects.

2. Experimental

2.1 Materials

Springfield coal (SF) is a high volatile C bituminous coal (Western Kentucky No. 9,
U.S.A.) and was chosen as a model beneficiated steam grade coal traditionally used for electric
power generation. SF coal has an ash content of 6.61 wt. % (dry basis) and has been previously
characterized in detail, including proximate and ultimate analysis, by Cakmak et al. !* SF coal was
pulverized and sieved to below 74 um particle size (200 mesh) prior to use. Fluid catalytic cracking

decant oil (DO) filtered to 0.2 um was used as-received.
2.2 Coal extract production and conversion to mesophase pitch

An overview of the mesophase pitch production process is given in Figure 1. Mild direct
coal liquefaction was carried out by loading SF coal and DO (1:3 by mass) into an autoclave and

holding at 400 °C for 30 minutes under autogenous pressure (<450 psi) while stirring at 340 rpm.



These DCL conditions were previously optimized and determined to result in 76% coal conversion
to quinoline solubles (dry, ash-free basis). 13 Additionally, DO alone was subjected to identical
DCL conditions without the addition of coal, denoted DO*, to provide a baseline comparison for

mesophase pitch production.

Coal + DO R Coal extract Y Mesophase pitch
I EE—

Filtration Heat
treatment

1:3 by mass

Figure 1. Overview process diagram of mesophase pitch production.

The obtained coal extract was filtered to remove quinoline insoluble matter, such as
mineral matter initially present in the coal. Due to the high viscosity of SFDO, filtration methods
using toluene and tetrahydrofuran (THF) dilution were investigated. Filtration using toluene as a
diluent was conducted by dissolving SFDO in toluene at a 1:1 (toluene:SFDO) ratio by volume
and vacuum filtering through a glass microfiber GF/D filter paper. Toluene was subsequently
removed via rotary evaporation to afford the toluene soluble fraction of SFDO, designated SFDO-
TS. Filtration with THF was conducted in a similar manner to obtain the THF soluble fraction

(SFDO-THEFS). The recovered diluent may be recycled for further reuse in this process.

Conversion of SFDO-TS and SFDO-THFS to mesophase pitch was carried out in a glass
flask fitted in a heating mantle. Filtered SFDO was heated and held at an average temperature of
410 °C for 3 hours while stirring at 200 rpm with a N, purge through the overhead of the flask to
prevent oxidation and to promote removal of volatiles from the system. DO* was processed in a
similar manner for 3.5 hours. The mesophase pitch was allowed to cool under flowing nitrogen
atmosphere, with stirring maintained while the viscosity of the mesophase pitch was sufficiently

low. Mesophase pitch samples are designated by their precursor name followed by -MP.



2.3 Carbon fiber production

Mesophase pitch was melt spun into green fiber in a similar manner to that previously
reported for production of general purpose carbon fiber from isotropic pitches derived from waste
coal. 2 The mesophase pitch was heated to at least 50 °C above its softening point in a small steel
pressure vessel and extruded by N, overpressure through a bottom-mounted, single-hole spinneret
(100 um, L/D =5, 120° entry angle) equipped with a 20 um sintered stainless steel filter prior to
the capillary hole. Real-time green fiber diameter was determined using a Keyence LS-7601 laser
micrometer and the take-up spool speed was adjusted accordingly to obtain the desired fiber

diameter.

Green fiber samples were oxidized by slowly ramping to approximately 300 °C and holding
isothermally on the order of ten minutes. The oxidatively stabilized fibers were carbonized and
graphitized in a Thermal Technology LLC 1000-3060-FP20 graphite resistance furnace under
flowing helium. The temperature was ramped to approximately 1000 °C and held for tens of
minutes, followed by ramping to greater than 2000 °C. Graphitized fibers are designated by their

precursor name followed by -CF.
24 Characterization

The procedure for determining quinoline insoluble content was adapted from ASTM
D2318-20. Approximately 1 g of precursor sample was dissolved in 20 mL of quinoline and heated
to 100 °C for approximately 1 hour while stirring. The mixture was then vacuum filtered through
a glass microfiber GF/D filter paper (2.7 um pore size). The filter cake was subsequently rinsed
with tetrahydrofuran (THF) to remove residual quinoline and dried in a vacuum oven overnight.
Solubility of mesophase pitch in toluene, pyridine, and quinoline was determined in a similar
fashion, but due to its relatively low solubility, approximately 0.2 g of powdered sample was
dissolved in 30 mL of solvent and stirred at 100 °C overnight. Only the quinoline insoluble filter

cake was washed with THF, and all filter cakes were dried in a vacuum oven overnight.

Sulfur content of DO and SFDO was determined using a LECO S632 elemental analyzer
according to ASTM standard D4239-18. Oxygen content was determined with an Elementar rapid
OXY cube analyzer equipped with an infrared (IR) detector.



'H nuclear magnetic resonance spectroscopy ('H-NMR) was conducted on a 500 MHz
JEOL ECZr equipped with a Royal Probe. Samples were dissolved in deuterated carbon disulfide
and 1,4-dioxane-d8. The hydrogen distribution details the relative content of aromatic (H,, 9.0—
6.0 ppm), methylene bridge (Hy, 4.5-3.3 ppm), naphthenic (H,, 2.0-1.4 ppm), and aliphatic
hydrogen in the o, B, and y positions (H,, 3.3-2.0; Hp, 1.4-1.0; H,, 1.0-0.5 ppm).2+ 26 The average
alkyl side chain length (n) was calculated as the ratio of integrations of total aliphatic hydrogen

(H,, Hp, H,) to hydrogen in the alpha position (H,). ’

Coal liquefaction products can be broadly separated into solubility classes: oils,
asphaltenes and preasphaltenes. 2% 2° The relative content of oils, asphaltenes, and preasphaltenes
in DO, DO*, and unfiltered SFDO was quantified by determining solubility fractions in heptane,
toluene, and THF. Approximately 1 g of sample was dissolved in 20 mL of heptane and heated to
80 °C while stirring for approximately 1 hour. The mixture was then filtered through a glass
microfiber GF/D filter paper and dried in a vacuum oven overnight. The difference between the
initial SFDO mass and the mass of the dry filter cake is the mass of the oil fraction. Similarly, the
heptane insolubles were dissolved in 20 mL of toluene, and the procedure was repeated to
determine the heptane insoluble, toluene soluble fraction (asphaltenes). Finally, the heptane and
toluene insolubles were dissolved in 20 mL of THF and stirred at room temperature, and the
procedure was repeated to determine the heptane and toluene insoluble, THF soluble fraction

(preasphaltenes).

Gel permeation chromatography (GPC) was carried out on an Agilent 1260 Infinity II
GPC/SEC equipped with two Agilent Mesopore columns. N-methyl-2-pyrrolidone (NMP) was
used as the eluent at a flow rate of 0.8 mL/min and a constant temperature of 60 °C. GPC
chromatograms were obtained using a UV-visible diode array detector (DAD) at an absorption
wavelength of 270 nm. Polystyrene and select PAH standards were used to obtain a calibration

curve for determination of sample molecular weight.

The softening point temperature (Ts,) of mesophase pitch samples was determined using a
TA Instruments DMA 850 according to ASTM E1545-22 Procedure B. The mesophase pitch was
pelletized and mounted in a compression clamp that applied a constant force of 0.1 N while heating

to 400 °C at a ramp rate of 5 °C/min.



Thermogravimetric analysis of mesophase pitch samples was conducted on a TA
instruments TGA 5500 using a heating rate of 2 °C/min to 450 °C in 10 mL/min air flow to examine

reactivity under conditions similar to those encountered during green fiber stabilization.

Reflected light polarized optical microscopy was conducted by examining mesophase pitch
mounted in an epoxy puck with a Leitz Wetzlar microscope equipped with a polarizing filter.
Volume percentage of anisotropic content was determined by a 1000-point count according to

ASTM standard D4616-95.

Graphitized carbon fiber tensile properties were determined following ASTM standard
D3379-75 via single filament tensile testing with compliance correction performed at gauge

lengths of 10-50 mm.

To characterize the carbon fibers’ surface and cross-section, scanning electron microscopy
(SEM) was conducted using a TESCAN MIRA3 field emission microscope in secondary electron
mode. The pristine graphitized fibers were cut with a fresh razor blade and secured on a sample
holder with carbon tape prior to observation. The acceleration voltage was 10 kV, the beam

intensity was set to 10, and the working distance was 10 mm.

To characterize carbon fiber structure, continuous 6-26 X-ray diffraction (XRD) scans
were performed on a PANalytical X’pert diffractometer with CuKa radiation (A = 1.540598 A). A
parallel beam setup was used for these measurements with an incident beam side X-ray mirror and
a 0.09° parallel plate collimator on the detector side. The fibers were finely chopped with a razor
blade prior to these measurements to reduce the effects of preferred orientation. To calculate the
crystallite sizes, the peak profiles were fitted using a Pearson VII profile function. To account for
instrumental broadening, a full width at half maximum (FWHM) calibration curve was obtained
using peak profile fits from a LaBg standard. The crystallite sizes (r) were calculated using a

Scherrer constant (K) of 0.9 for L. according to the Scherrer Equation, Eq. (1):

KA
= S cos@ (1)

T

Where, f is the FWHM after subtracting the instrumental FWHM, in radians, and 6 is the Bragg
angle. For L., the (002) reflection was used and the calculations were performed using the Jade

software. Fitted profiles are shown in Figure S1-3.



3. Results and Discussion

3.1 Analysis of coal extract

SFDO was found to contain 5.79 wt. % QI, which is in reasonable agreement with the
findings from microreactor studies of DCL of SF coal in DO at the same mass ratio and processing
conditions reported by Cakmak et al. '3 QI content in SFDO is attributed to the mineral matter and
insoluble organic matter (IOM) present in SF coal. As expected, oxygen and sulfur content was

notably higher in SFDO relative to DO (Table 1).

Table 1. Sulfur and oxygen content (wt. %) of DO and SFDO.

S O
DO 0.08 0.42
SFDO 0.51 1.86

The relative hydrogen distribution obtained from "H-NMR spectroscopy is similar for DO
before and after being subjected to DCL conditions without coal (DO*) (Table 2). On the other
hand, the hydrogen distribution of SFDO differs in several aspects. A relative increase in
naphthenic hydrogen (H,) is observed, which may be due to the presence of naphthenic ring
structures known to exist in bituminous coals. 33! The apparent increase in Hg may be indicative
of cleavage and subsequent H-capping of short alkane, ether or thioether bridges between aromatic
groups during mild DCL. 3133 These structural features may subsequently account for the increase

in H,/H,, and average alkyl chain length (n) in SFDO.

Table 2. Hydrogen distributions of DO, DO*, and SFDO.

Sample H,, Hy H, H, Hg H, Hy/Hy n
DO 28.4 22 8.4 28.5 18.7 13.7 2.5 2.1
DO* 28.6 2.1 8.2 28.4 18.5 14.2 2.5 2.2
SFDO 26.4 2.1 10.4 25.9 21.2 14.0 2.8 2.4

Aromatic hydrogen (H,;, 9.0-6.0 ppm), aliphatic hydrogen in methylene bridge a to two aromatic rings (Hy, 4.5-3.3 ppm),
naphthenic hydrogen (H,, 2.0-1.4 ppm), and aliphatic hydrogen in the a, B, and y positions (H,, 3.3-2.0 ppm; Hg, 1.4-1.0 ppm;
H,, 1.0-0.5 ppm). Average alkyl chain length (n) is calculated as (H,+ Hg+H,)/ H,.

Solvent fraction compositions (wt. %) of DO and SFDO are shown in Table 3. DO is
composed primarily of oils (97%). Subjecting DO to DCL conditions without coal (DO*) had a



minimal effect on the solvent fraction composition. On the other hand, SFDO contains
significantly higher content of asphaltenes and preasphaltenes. Although DO comprises 75% of
the initial slurry, SFDO is only 67% oils, suggesting that oils are partially converted to asphaltenes
due to reacting with coal during DCL processing. Indeed, the sum of the oil and asphaltene
fractions (77%) is similar to the initial DO content (75%) in the slurry. Conversely, since SF coal
makes up 25% of the initial slurry, this suggests that soluble material extracted from the coal is
primarily in the form of preasphaltenes. Preasphaltenes are the most polar and highest molecular
weight fraction, and therefore account for the marked increase in heteroatom content. 3* Finally,

the remaining residue is THF insoluble (THFI).

Table 3. Solvent fraction composition and insoluble residue (wt. %) in DO, DO* and SFDO.

Oils Asphaltenes Preasphaltenes THFI
DO 97.0 3.0 - -
DO* 95.3 4.4 - -
SFDO 66.5 10.0 8.7 13.8

GPC/SEC analysis shows that the highest intensity peak of DO lies within approximately
the 90-390 Da range, corresponding to a retention time (r.t.) of 20-24 minutes (Figure 2(a)). A
slight increase in molecular weight was observed in DO* due to thermal condensation reactions
occurring under DCL processing conditions. The extraction of high molecular weight species from
SF coal during DCL is clearly observed in the molecular weight distributions of SFDO compared
to DO*. Therefore, the shoulder region between approximately 950-5500 Da (r.t. 14-18 min) can
primarily be attributed to coal-derived preasphaltenes. Additionally, species excluded from the
column are observed at the peak at r.t ~10 min. The presence of excluded species is well
documented for coal-derived materials and has been attributed to complex three-dimensional
conformations of high molecular weight species as well as to preasphaltene aggregation. 33-38
Preasphaltenes are known to be prone to aggregation due to hydrogen bonding and acid-base

interactions, even in dilute solutions. 34 3940
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Figure 2. (a) Normalized GPC chromatograms of SFDO, SFDO-THFS, SFDO-TS, DO*, and
DO. (b) Normalized GPC chromatograms of SFDO-THFS-MP, SFDO-TS-MP, and DO*-MP.
Filtration of the coal extract is necessary to remove insoluble residue, such as mineral
matter and IOM, prior to thermal conversion to mesophase pitch. It has been well-established that
the presence of QI has negative effects on mesophase formation and coalescence. 4!43 Filtration of
SFDO diluted with solvent was shown to effectively reduce QI content to below 0.15 wt.% (Table
S1). However, the choice of solvent diluent significantly alters the coal extract filtrate composition
by acting as de facto solvent fractionation. Filtration with toluene dilution affords the toluene
soluble fraction of SFDO (SFDO-TS), thereby removing preasphaltenes. The exclusion of
preasphaltenes is observed in the GPC/SEC chromatograms due to the reduction in intensity
corresponding to species in the ~950-5500 Da (r.t.14-18 mins) range (Figure 2). On the other hand,
THEF effectively dissolves preasphaltenes and therefore allows for higher recovery yield of filtered
SFDO. This is confirmed by GPC where unfiltered SFDO and SFDO-THFS show nearly identical

molecular weight distributions (Figure 2).

3.2 Coal extract-derived mesophase pitch

Mesophase pitches were produced from the filtered SFDO coal extracts via a one-step
thermal treatment approach without the production of an intermediate isotropic pitch. It should be
noted that mesophase pitch previously produced from similar coal extracts via an isotropic pitch
intermediate did not have properties suitable for melt-spinning due to high Ty,. 2> The production
of isotropic pitch from coal extracts involved vacuum distillation to reduce volatile matter content

and therefore obtain a solid pitch. 2> However, bypassing distillation allows for the initial inclusion



of lower molecular weight species which lower the viscosity of the system, which is known to be

favorable for mesophase formation by facilitating stacking of mesogens. 4> 44

The molecular weight distributions of the NMP-soluble fraction of the mesophase pitches
are shown in Figure 2(b). Compared to the molecular weight distributions of the precursors, the
mesophase pitches show a relative decrease in intensity in the range of ~90-390 Da (r.t. 20-24
min), which is a result of the removal of more volatile components during thermal treatment. Both
mesophase pitches stemming from coal extracts show broader molecular weight distributions and
a greater intensity at higher molecular weights, which is consistent with the trends observed for

the precursors.

The softening point and anisotropic content of SFDO-TS-MP and SFDO-THFS-MP are
reported in Table 4 and compared to that of DO*-MP. DO*-MP showed complete conversion to
mesophase with a relatively low Ty, below 300 °C. Both SFDO-TS-MP and SFDO-THFS-MP
show a significantly higher Ty, in comparison. However, SFDO-TS and SFDO-THFS show a
striking improvement in thermal treatment yield to mesophase pitch compared to DO*. Both
observations may be attributed to the increased presence of asphaltene and preasphaltene fractions
in SFDO. ¥-47 Additionally, the mesophase pitch solubilities in toluene, pyridine, and quinoline
were determined (Table 4). The mesophase pitches reported here show similar solubilities to
previously reported spinnable mesophase pitches. 1> 48 As anisotropy increases, a consistent
decrease in solubility is observed, which is consistent with previous works. 4->! Generally,
literature suggests that higher pitch solubility corresponds to lower Ts,. > However, such a trend
is not observed here because the mesophase pitches are derived from chemically distinct precursors

and have different anisotropic contents.

Table 4. General properties of mesophase pitches derived from DO*, SFDO-TS and SFDO-THFS.

T,  Anisotropy Thermal treatment TI! PI? QI

©°C) (%) yield (wt.%) (WE%)  (Wt%)  (WtL%)
DO*-MP 293 100 11.5 87.4 80.3 74.3
SFDO-TS-MP 331 90 18.0 80.9 64.5 50.6
SFDO-THFS-MP 321 93 21.7 86.5 66.6 514

Toluene insoluble 2Pyridine insoluble



Both SFDO-TS-MP and SFDO-THFS-MP showed >90% anisotropy with coalesced
mesophase domains, which is beneficial for melt-spinning (Figure 3). > Furthermore, isotropic
inclusions are relatively small (~10 um diameter) and are homogenously distributed within the
mesophase. Excessive phase separation of isotropic regions within mesophase pitch can negatively
affect rheological homogeneity, and in turn result in poor spinning stability. 3¢ 37 Interestingly,
SFDO-THFS-MP showed relatively large optical domains despite the inclusion of preasphaltenes,
which have been previously reported to form mesophase with small optical domains compared to
asphaltene and oil solvent fractions. °3-%° This reduction in optical domain size is likely related to
higher molecular weight, heteroatom content, and resulting higher viscosity. 4% 61- 62 This ability
of SFDO-THFS to form coalesced mesophase may be explained by a phenomenon similar to the
dominant partner effect proposed by Marsh and others, which describes the inclusion of species
which do not otherwise readily form mesophase being incorporated into a more fluid system
without catastrophic detriment to mesophase formation. 4> 63 %4 That is, the DO-derived species
control the optical texture of the mesophase pitch by adding fluidity to the system, allowing the
formation of mesophase despite the inclusion of preasphaltenes. This phenomenon is critical for

achieving a mesophase pitch with properties amenable to melt spinning while utilizing coal to

achieve improved carbonization yield.

Figure 3. Polarized optical microscopy images of DO*-MP, SFDO-TS-MP, and SFDO-THFS-MP.

Thermogravimetric analysis of the mesophase pitches was conducted in air to gain insight
into differences in reactivity of the carbon fiber precursors under conditions similar to green fiber
stabilization procedures (Figure 4). All of the examined mesophase pitches exhibit net mass gain
beginning at around 200 °C, which is consistent with onset temperatures previously described for

mesophase pitch green fibers under similar oxidation conditions. > DO*-MP displayed the most



rapid uptake of oxygen compared to both SFDO-derived mesophase pitches. DO*-MP, SFDO-TS-
MP, and SFDO-THFS-MP reached maximum mass gain at approximately 350 °C, 340 °C, and 330
°C, respectively. The differences in reactivity may be related to the already increased oxygen

content of SFDO-derived precursors relative to DO alone.
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Figure 4. TGA curves of DO*-MP, SFDO-TS-MP, and SFDO-THFS-MP in air.

To demonstrate significant coal utilization, the overall mass yield to mesophase pitch and
carbon fiber relative to initial slurry mass should be higher for coal extracts than that of processed
DO alone. Therefore, DO was subjected to DCL conditions without coal, filtered, and thermally
treated to produce a spinnable mesophase pitch and subsequently carbon fiber (DO*-CF). Mass
yields of individual processing steps and replicates are given in Table S2-4. Overall yields to
mesophase pitch were calculated as the product of filtered liquid recovery and thermal treatment
yield (Figure 5). Compared to DO*-MP, SFDO-TS-MP did not show a notable improvement in
overall yield despite a higher yield of SFDO-TS at the thermal treatment step, due to the low
filtration yield as a result of preasphaltene insolubility. On the other hand, overall yield to SFDO-
THFS-MP is nearly two-fold higher than DO*-MP. Overall yields to carbon fiber were calculated
as the product of overall yield to mesophase pitch and the yield from green to graphitized fiber
(Figure 5). Again, no significant difference in yield was observed between DO*-CF and SFDO-
TS-CF. However, SFDO-THFS-CF showed approximately a 70% increase in overall yield to



carbon fiber relative to DO*-CF. This remarkable result showcases that the incorporation of

preasphaltenes extracted from the coal is critical for efficient coal utilization in the final carbon

products.
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Figure 5. Overall mass yields to mesophase pitch (left) and to carbon fiber (right) derived from
DO*, SFDO-TS, and SFDO-THFS.

3.4 Coal extract-derived carbon fiber

The obtained mesophase pitches were melt-spun into green fiber targeting approximately
30 um diameter. Melt-spinning temperatures are listed in Table S5. The green fibers were
subsequently oxidized, carbonized, and graphitized to obtain carbon fiber (Figure 6). Some
variations in graphitic texture were observed, with both random and radial folded textures being
present within the samples. Additional SEM images of graphitized fiber cross-sections and
surfaces are given in Figure S4. No “Pac-man” splitting defects were observed, which is consistent
with previous findings that small diameters, non-radial textures, and smaller crystallite sizes are

associated with fewer cracking defects during fiber heat treatment.



Figure 6. SEM images of cross-sections of DO*-CF (a,b), SFDO-TS-CF (c,d), and SFDO-THFS-
CF (e.f).



The SFDO-derived graphitized fibers were tensile tested and the compliance corrected
results were compared to those derived from DO* (Table 5). Carbon fiber originating from SFDO-
TS and SFDO-THFS both showed a tensile modulus greater than 400 GPa, as well as higher strain
to failure compared to DO*-CF. No significant difference in tensile properties was observed
between SFDO-TS-CF and SFDO-THFS-CF. As expected, DO*-CF showed a tensile modulus of
approximately 800 GPa, which is similar to previously reported tensile properties for DO-derived
carbon fiber. 17> 1° The moduli results are consistent with the qualitative observations by SEM that
SFDO-TS-CF and SFDO-THFS-CF appear to have smaller graphitic crystalline domains
compared to DO*-CF (Figure 6).

Table 5. Compliance corrected tensile properties of mesophase pitch-derived carbon fiber.

Diameter Tensile modulus Break stress Break strain

(pm) (GPa) (MPa) (%)
DO*-CF (n=56) 227+2.2 795 + 127 960 + 460 0.12+0.05
SFDO-TS-CF n=78) 19.0+£2.5 479 + 107 897 + 363 0.19+0.07
SFDO-THFS-CF (n=75) 23.2+2.7 475 £ 94 943 + 390 0.20+0.07

Table 6. Crystallite dimensions of mesophase pitch-derived carbon fiber.

dooz (A) L. (A) N*

DO*-CF 3.389 286+ 2 85
SFDO-TS-CF 3.398 187 +2 55
SFDO-THFS-CF 3.396 2152 63

*N is the average number of graphene sheets in the graphite crystallite, where N=(L./dgg2)+1.

Additionally, the d-spacing and crystallite size were obtained by XRD analysis to
quantitatively explain the observed difference in tensile properties (Table 6). This data indeed
suggests that DO*-CF had the largest graphitic crystallites in the ¢ direction (L), corresponding
to higher tensile modulus. The dy, spacing was also smallest for DO*-CF, which is consistent
with it being the most graphitic. Conversely, the smaller crystallite sizes and larger dyg, spacing
observed in SFDO-TS-CF and SFDO-THFS-CF correspond to lower tensile modulus and higher
break strain. Ultimately, the coal extract-derived carbon fiber may offer an advantageous

combination of high modulus without being overly brittle. Furthermore, utilizing a coal extract



precursor can remarkably improve the overall yield of carbon fiber by approximately 70% relative

to DO alone.

4. Conclusion

This work describes, for the first time, a process for utilizing raw coal for the production
of high modulus carbon fiber. A coal extract precursor to mesophase pitch was obtained from
direct coal liquefaction of Springfield coal in decant oil under mild conditions without high
pressure, added catalyst, or H, gas. The coal extract showed higher asphaltene and preasphaltene
content, alongside increased heteroatom content and a heavier and wider molecular weight range,
compared to DO processed alone. Removal of insoluble residue was achieved via solvent dilution
and filtration of the coal extract. THF was found to be the preferred dilution solvent due to its

ability to effectively solubilize the coal-derived preasphaltenes.

The coal extracts were effectively converted to mesophase pitch in a one-pot thermal
treatment approach without the need for an isotropic pitch intermediate. Furthermore, the coal
extracts displayed notably higher thermal treatment yields relative to processed decant oil. These
findings showcase that utilizing coal extracts from mild DCL is an attractive way to increase
mesophase pitch yield while retaining properties amenable to melt spinning. Remarkably, coal
utilization was shown to increase overall yield to mesophase pitch by nearly twofold and overall
yield to carbon fiber by approximately 70% relative to processed decant oil alone. The coal-extract
derived mesophase pitches were successfully melt-spun and thermally converted to graphitic

carbon fiber with high modulus (> 400 GPa).
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