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Converting Coal into Value-Added Products

S Finding use for every molecule that is mined.
o No molecule left behind!
heat and products

Developing the underlying and translational science to enable the
development and deployment of energy-efficient and cost-
effective processes for: recovering rare-earth elements from coal
and converting coal into high value-added products thus
supporting the creation of new manufacturing industries and well-
paying jobs in coal communities across the U.S.
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Carbon Fiber Composites are widely and are expected to be widely
used in Aerospace Technologies... used in highway transportation
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Potential of Carbon Fiber Composites Market
Growth

Aerospace &

§ Automotive Defense
I
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s : Electronics
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o Others

www.marketsandmarkets.com.

Current market size (2014)

* Size of the bubble describes market size in 2020

Lara-Curzio et al. (2016)
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But it Iis not only about stiffness and strength!
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Low thermal conductivity carbon There is a need to replace rayon-
fibers could be used for building derived carbon fibers for aerospace
insulation applications

Insulation Materials Market Revenue TransparencyV),
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Outline

* Objectives:

* To develop the underlaying and translational science to establish
processing-structure-properties relationships for coal-derived
carbon fibers that will enable energy-efficient, cost-effective and
environmentally sustainable processes for manufacturing carbon
fibers with tunable properties.

* This project will address challenges associated with coal
processing, variability in coal feedstocks, and with scaling up
carbon fiber manufacturing from the laboratory bench to semi-

production scale at ORNL's Carbon Fiber Technology Facilit%
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Established in 2013, the CFTF is the Department of Energy’s only designated
user facility for carbon fiber innovation.

* 42,000 sq. ft. facility
e 390 ft. long processing line, capable of custom unit operation configuration

* Up to 25 tons per year




The ORNL-UK Partnership to Develop
.. Coal-Derived Carbon Fibers A Perfect Match

Continuous carbon
fibers for
structural applications

Composite
Materials and
/

Structures

-

86.6 A

The molecular rep\resentation of / (R)ﬁ)KGE

coal will inform computational -
chemistry models to identify the Wl LLA oy
most energy efficient and cost-

effective pathways for processing
coal into precursors best suited
for manufacturing carbon fibers

. - Fiber Production j i
- - - Fiber Production . - Short carbon f|_ber§ for
Coal Processing > Fiber Precursors > > semi-Production scale structural applications

Laboratory Scale at ORNLs CETF ,\

Together, ORNL and UK bring complementary and
unparalleled capabilities in fundamental science and
translational research and development expertise in:
* coal processing

* separation science and technology

* carbon science & technology

* computational chemistry and high-performance computing
* advanced characterization

* advanced manufacturing

Short carbon fibers for
thermal insulation

Bringing new to develop scalable, efficient, cost-effective, and environmentally sustainable processes for

Industries to coal Not all coals are the same manufacturing coal-derived carbon fibers with tunable properties. A key element of this project is
communities enabling scaling up fiber production from the laboratory benchtop level up to semi-production scale at
ORNL's Carbon Fiber Technology Facility. This project will demonstrate a clear path for competitive
= B = Office of industrialization of coal-derived carbon fibers and composites for a wide range of applications.

Fossil Energ Lara-Curzio et al. (April 2020)
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Advanced Coal Processing at UK-CAER

Low QI Isotropic
Pitch Production

Mesophase
Pitch Production

Solvent Extraction
* Digestion

¢ Filtration

* Distillation

Make up solvent
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Overview - COAL & PITCH Processing

SOLVENT EXTRACTION PROCESS MESOPHASE PROCESS

DIGESTION HEAT SOAKING
Light gases | Pulverized Coal + Solvent <Make—up SoIven<t Condensables | |sotropic pitch + heat + time
400°C, 200 psi, 0.5 hr * 415°C, atm pressure, 8 hr

Stirred N, purge stream
1 Stirred

FILTRATION
Solids N, over-pressure

Minerals, IOM F!ne meshes
Sintered elements

!

DISTILLATION
Remove light components
Target softening point of
the bottom material (pitch)
of ~ 100°C

Isotropic Pitch

Center for Applied
% Energy Research caer.uky.edu

\ 4
Mesophase Pitch

DINTIEITES

Light gases
< ght g

v
High Performance Carbon Fiber

Industrial Carbon Fiber




Coals and Solvents of Initial Interest

e Bituminous

e Central Appalachian Basin
* Blue Gem seam (low ash ~ 1 wt.%)
* lllinois Basin

e Springfield seam (Western Kentucky No. 9, lllinois 5, Indiana V)
* Herrin seam (Western Kentucky No. 11, lllinois 6)

* Sub-bituminous
e Powder River Basin — Wyoming and Montana

e Solvents: (heavy aromatics)

* Anthracene Oil (from coal tar) Cost of solvents ~ $500 - $1000/tonne
* Creosote (from coal tar)

e Decant Oil (from FCC of petroleum)
* Make-up solvent —> Condensates from our processing

tional Laboratory C4WARD: Coal Conversion for Carbon Fibers and Composites: Project FEAA155 — April 26, 2021 %
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Data Management

COAL DATA
= AN = ANy
E=IVA. EA.
Workspaces Workspaces
ACD Coal Materials eXtremeMAT NETL-ORNL Coal
Resources Consortium- IP data share
American Coal Database Council Workspace to share coal
(ACD) is a database under The objective of the data between NETL and
dev at NETL to support eXtremeMAT consortium ORNL
coal... (XMAT) is to develop...
Q Favorite QO Favorite Q Favorite

EDX will be the repository for all data generated in this project
¥ OAK RIDGE
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Solvent Efficacy (microreactors)

Solvent:Coal . Time Coal Conversion
Coals Solvent (g/g) Temp. (°C) (min.) (wt.% daf coal)
Blue Gem FCC Slurry oil (decant oil) 2:1 400 30 42.7%
Blue Gem Coal Tar Distillate (Koppers) 2:1 400 30 44.3%
Blue Gem Creosote (Lone Star) 2:1 400 30 61.7%
Blue Gem |[Coal Tar Distillate (Coopers Creek 2:1 400 30 90.0%
Blue Gem Anthracene Oil (Rain Carbon) 2:1 400 30 62.2%
Blue Gem Petroflux (Rain Carbon) 2:1 400 30 83.3%
Blue Gem New FCC Slurry Oil (decant oil) 2:1 400 30
Springfield FCC Slurry oil (decant oil) 2:1 400 30 60.0%
Springfield Coal Tar Distillate (Koppers) 2:1 400 30 98.0%
Springfield Creosote (Lone Star) 2:1 400 30 70.4%
Springfield [Coal Tar Distillate (Coopers Creek 2:1 400 30 89.0%
Springfield Anthracene Oil (Rain Carbon) 2:1 400 30 70.7%
Springfield Petroflux (Rain Carbon) 2:1 400 30 86.4%
Springfield New FCC Slurry Oil (decant oil) 2:1 400 30
Herrin FCC Slurry oil (decant oil) 2:1 400 30 94.1%
Herrin Coal Tar Distillate (Koppers) 2:1 400 30 96.1%
Herrin Creosote (Lone Star) 2:1 400 30 83.5%
Herrin Coal Tar Distillate (Coopers Creek 2:1 400 30 88.3%
Herrin Anthracene Oil (Rain Carbon) 2:1 400 30 82.3%
Herrin Petroflux (Rain Carbon) 2:1 400 30 72.4%
Herrin New FCC Slurry Oil (decant oil) 2:1 400 30
Monarch FCC Slurry oil (decant oil) 2:1 400 30
Monarch Coal Tar Distillate (Koppers) 2:1 400 30
Monarch Creosote (Lone Star) 2:1 400 30
Monarch  [Coal Tar Distillate (Coopers Creek 2:1 400 30
Monarch Anthracene Oil (Rain Carbon) 2:1 400 30
Monarch Petroflux (Rain Carbon) 2:1 400 30
Monarch New FCC Slurry Oil (decant oil) 2:1 400 30
¥ OAK RIDGE
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Coopers Creek coal tar
distillate shows promising
conversions with three
coals

Herrin coal is the best
performing in conversion
to liquid — at this point—

Work continues towards completion
of study

Replicates are planned to ensure
reproducibility

Based on results, solvent-coal
combination will be down selected.




Distillation of Coal Liquids

e Currently running distillation of coal liquids on a 2L
scale reactor

* Have successfully achieved softening points exceeding
100°C using decant oil

Summary of recent distillation runs
Final Vapor T | DMA Softening | Mass Yield
(°C) Point (°C) (%
C4-dist-4 FCC decant oil

C4-dist-5 FCC decant oil 360 105 21
C4-dist-7 Blue Gem : FCC DO (1:3 ratio) 332 84 19
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Advanced Characterization

The project is leveraging unique capabilities available at ORNL, UK,
and DOE User Facilities to obtain descriptions of coals at different
length scales from the mesoscale down to the molecular level.

e X-ray and neutron computed tomography

* Small-Angle Scattering (neutron and X-ray)

e X-ray Photoelectron, Raman, Infrared, Laser- Induced Breakdown
Spectroscopy

* High-resolution Electron Microscopy

* Nuclear Magnetic Resonance

 Other
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X-rays and neutrons are sensitive to different components in coal

StrUCtu e A 2D slice image reveal§ the A neutron radiograph from a recent
A layered structure of Herrin coal experiment at ORNL’s HFUR

o

A

»

Neutrons are
more sensitive
to hydrogen.

A comparison
of XCT and
NCT data of the
same coals will
help illustrate
the distribution
of the organic
and inorganic
compounds in
the coals.

X-rays are more heavily absorbed
by mineral matter in the coal
structure (green in the 3D image).
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XPS data provides elemental quantification as weII as quantlflcatlon of

organically bound O, N and S.

Surface Composition (at.%) — Analysis Area 1
C [o] N Si S Al cl Fe Na

BlueGem 884 9.2 15 0.3 0.2 0.3 0.1 00 0.0
Herrin 855 104 11 0.9 1.3 0.7 0.1 0.1 0.0
Springfield 83.4 121 1.3 1.3 0.8 0.9 0.1 0.1 0.1

Springfield

Herrin

N

Blue Gem

S
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Chemical Characterization — Why do some solvents
convert coal to liquids better than others?
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Chemical Characterization — Discrimination of pitch
spinnability through Mass Spectroscopy
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Mesophase Formation

Reflected light, polarized optical micrographs of spinnable coal tar mesophase
pitches. Recent pitches have achieved 100% mesophase at ~ 305°C softening
point.

¥, OAK RIDGE
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Correlation between Softening Point and QI for
Mesophase Pitches
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Source Name Type Base Comments
] Mitsubishi  |AR Mesophase |Naphthalene |Reference.
P Itc h Rh eo I 0 a n d Stru ctu re Cytec Mesophase [Mesophase | Petroleum |Reference.
Koppers Mesophase [Mesophase |Coal tar Reference.
10000 Conoco Mesophase [Mesophase |Petroleum Reference.
MeSO hose 5 Motorcarbon |Meso-C Mesophase |Petroleum Commercial product.
N P f Low SOﬁenlng Lonestar 110 CSP  |lsotropic Coal tar Commercial product.
(OnISOTrOpIC) p0|n1' COQl Tor Koppers 110 CSP  |lsotropic Coal tar Commercial product.
?1000 pl‘l'ches isofro iC A Rain/Rutgers |Carbores |Isotropic Coal tar Commercial product.
5 ° 1, hp Rain/Rutgers |250M Isotropic Petroleum Commercial product.
; / pl C Rain/Rutgers |270M Isotropic Petroleum Commercial product.
g Various commercial and reference samples have
2 1% " been screened. Focus on coal-based.
E >
3 High softening A
g =2 point coal tar
isotropic pitch
1
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

1000/T (1000/K)

 Pitch viscosity is highly dependent on
pitch composition and on temperature.

100% Mesophase
(naphthalene pitch)

~0% Mesophase
(coal tar pitch)

 Viscosity also depends on shear rate and
may vary with time.

g,OAK RIDGE
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Mesophase (anisotropic) structures in pitch
show optically active domains under cross-
polarized light. Isotropic structures do not.




Bench Scale Melt Spinning of Fibers

I
SEM HV: 10.0 kV WD: 10.47 mm ‘ 1Ll | MIRA3 TESCAN
SM: RESOLUTION Det: SE 100 pm

SEMMAG: 658 x  Date(m/dly): 04/13/21 Performance in nanospace

SEM HV: 10.0 kV WD: 10.59 mm L1l ] MIRA3 TESCAN
SM: RESOLUTION Det: SE 50 pm
SEM MAG: 1.25 kx  Date(m/dly): 04/13/21 Performance in nanospace

ARA-24 mesophase Carbores isotropic

pitch coal tar pitch Carbores isotropic coal tar pitch

* Melt processing is not defined by one
temperature or shear rate.

* Pitch materials are particularly
challenging for melt spinning due to
their heterogenous composition.

* rheology (temperature and shear rate
dependence), thermal stability
(volatilization)

100% mesophase petroleum pitch

C4WARD: Coal Conversion for Carbon Fibers and Composites: Project FEAA155 — April 26, 2021
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SEM HV: 10.0 kV WD: 15.50 mm MIRA3 TESCAN SEM HV: 10.0 kV WD: 15.42 mm MIRA3 TESCAN
SM: RESOLUTION Det: SE 5pm

SM: WIDE FIELD Det: SE 500 pm
SEM MAG: 126 x Date(m/dly): 12/121/20 Performance in nanospace SEM MAG: 12.5 kx | Date(m/dly): 12/21/20 Performance in nanospace

* |nitial trial with high-softening point petroleum isotropic pitch
fibers melt blown at CFTF.
* Average fiber diameter ~ 10 microns

¥ OAK RIDGE
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Recent Results

Melt-blown fibers from petroleum-derived isotropic pitch have
been produced both at lab-bench scale and at the CFTF

gOAK RIDGE
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Objective: Perform predictive simulations to efficiently break down

HOL

™
o

7 Modeling: Analysis,
-+ structure generation,
: -structure creation

Characterization:
MS, optical, vibrational
spectroscopy

(Task 8)

“Coal & Pitch
Model DB’

~ Summit, 2018

HPC:

C4WARD: Cc

different coals to pitches and then to fibers
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Frontier, 2021
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— e
OAk RIDGE LEADERSHIP COMPUTING FACILITY .

Carbon Fibers (CFs)

Efficient conversion
by understanding
structure/reactivity:

Energy efficj
Atom efficie
Recover solv
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HPC Method Development

NN Training: Intermolecular interactions - Test case CH, adsorption in B and N doped

porous nanocarbons Adsorption energy relative to pure C
Model system: More IOI’CgC_TICO| DFT: MN 15+ \
MPh A : N-MPh . i .
Xl - {C, B, N} '-.l; , F o[ .
2ofae- | “
Yo f P
q &>
= - /"Tu:\, \ d
_5 ¥ 1 1 T

« Training NN potential requires high-level reference data, MN15+ is an economical DFT

method for NN tfraining!
¥, OAK RIDGE
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HPC Method Development

NN Training: Deformation & fracture of graphene with DFT and approxi -
(density-functional tight-binding, DFTB) L

~—— Various Deformation & Failure N T bR o
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I Database of Characteristic Spectra; Example: GC-MS

‘ MS for anthracene
QCE IM S = _ xTB-GFN2, 500 MD trajectories, T=500 Kelvin
| ull QM calculations

of EI-MS spectra

xTB/DFTB / I
sk ©©© Anthracene
.\ } l o . I M+
il o 60|
1 al :I' .!I %A“A"_A‘A—‘A_‘&_"_‘AVM——JM»

l 40

20

relative intensity
o

) -20
-. IR and Raman simulations 40t
-. UV/Vis spectra simulations sl
-. NMR spectra simulations sl
. . - 1 theory

-. GC-MS spectrum simulations Ll i s

-1 3
"2 40 e 80 100 120 140 160 180

m/z

K
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Life Cycle Technoeconomic Analysis of Goal-Derived Fiber

Manuf P——
nature and is not intended for release. It is sul o evision
e e ORNL/TM-2021/1889
Sustainable Coal Tar Pitch
Carbon Fiber Manufacturing
I
|
!

Anlysisis in progress for solvent
extraction process being developed by
the University of Kentucky

,. >« e y
P D j
~ 2 ,

; itch Precursor Coal Tar Pitch
Pitch C 4— $0.70/kg

%O RIDGE If_!g
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Summary

* Significant progress has been made to understand the effect of coal and
solvent type on solvent extraction process to obtain spinnable pitches.

* Multi-scale chemical and structural characterization of coals and solvents
continues using advanced characterization techniques.

e Scaling-up activities at the Carbon Fiber Technology Facility (melt-blowing)
of petroleum-derived pitches are progressing with success.

* Interatomic potentials are being developed for molecular dynamics
simulations towards the development of a virtual reactor. Preliminary
results have successfully predicted mass spectra of relevant compounds.

* A technoeconomic analysis for coal tar pitch carbon fiber manufacturing

has been completed.
C4WARD: Coal Conversion for Carbon Fibers and Composites: Project FEAA155 — April 26, 2021 %
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Additional Slides
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XRD data is supplemented by EDS in identifying the

minerals present in the coals

Herrin Coal Powder in Deep Well <1529°C>

[04-015-8431] Quartz » SiO2
(00-058-2001] Kaolinite-1A « Alz Siz05(OH)4

9000

The XRD patterns are used to
identify the mineral phases.

g Their distributions on the coals
e \ are illustrated through the EDS
£ 4o \ Maps on the right.

3000 \'V«JL‘,

W‘WW g
2000 i 4
1000 “ Nt tosn i
0 : : . s :
10 15 20 25 T30 '35 "0 T4 50 55 60 65

Two-Theta (deg)

<E\XRD Work for the Lab\Coal\> 1/13/2021, 4:36 PM e MDI JADE

The coals are subjected to demineralization process to
reduce/remove the minerals prior to FTIR and NMR measurements.

XRD will also be used to obtain structural parameters such as
interlayer spacing, for each coal.

Aluminum

Oxygen

100 um

Potassium



Preliminary Raman Spectroscopy resulis

168000 -

y

144000 |

120000 -

Raman Intensit

96000 -

demineralized
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1350

1500 1650 1800

Raman shift (cm™)

3000
2000
")
E
3 1000
O
0
-1000
Frequency(Raman shift/ cm-1)
Curve Name Centre Width Height % Gaussian Type Area ChiSq
Curve 2 1473.86 129721 695.671 100 Mixed 9606.1 5.69901
Curve 3 1398.78 19.2635 1211.08 100 Mixed 248336
Curve 4 1589.37 210219 602.368 0 Mixed 1989.09
Curve 5 163433 245391 212515 0 Mixed 819158
Curve 6 16812 129322 1301.84 100 Mixed 17921
Curve7 1703.79 304591 258407 999111 Mixed 83818

The Raman spectra are currently still being collected. The fits
will be used to obtain structural parameters related to different
coals.

2D Raman maps are also being collected on all the ¢
being investigated.

C4WARD: Coal Conve AA155 — April 26, 2021
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Coal — Stages of
Formation
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The Molecular Structure of Coal
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This project will develop molecular models for several coals of inter
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Coal-to-Fibers at ORNL’s Carbon Fiber Technology Facility

By using computational chemistry, machine learning and
advanced characterization tools, it will be possible to
establish processing-structure-properties relationships for
coal and coal-derived pitch at the molecular and mesoscale
levels. This will accelerate the development of processes
for fabricating coal-derived products with specific
properties and performance (e.g., structural fibers or fibers
for thermal management applications)
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Molecular weight distribution and elemental composition

MALDI-TOF-MS « Molecular weight distribution measurements (by
T esophase MALDI-TOF-MS) shows the variety of pitch compositions
f l]\IOO|O|o7|(:1ThoIerr?eh pitch / ) y p p
+ SEM/EDS can be used to screen before applying more
detailed tools
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