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SUBTASK 5.2-DEVELOPMENT OF CARBON PRODUCTS FROM LOW-RANK
COALS

EXECUTIVE SUMMARY

Thegod of thisproject isto facilitate the production of carbon fibersfrom low-rank cod (LRC) tars.
To thisend, the effect of deminerdization on the tar yields and composition was investigated using high-
sodium and high-calcium lignites commonly mined in North Dakota. These cod's were deminerdized by
ion exchange with ammonium acetate and by cation dissolution with nitric acid. Two types of therma
processing were investigated for obtaining suitable precursorsfor pitch and fiber production. Initidly, tars
were produced by smple pyrolysisof the set of samplesat 650?C. Sincethese experimentsproduced little
usable materia from any of the samples, the coals were heated at moderate temperatures (380? and
400?C) in tetrdin solvent to form and extract the plastic materid (meteplast) that forms at these
temperatures.

Intheinitid experiments, thesix sampleswere pyrolyzed under nitrogen and tar at 650?C, and fixed
carbon yields were determined. In addition, the tars were andyzed by gas chromatography (GC) to
determine the yidds of volatile soluble tars (VST) and their composition. The results showed only asmdll
improvement in the yields of tota tars as aresult of deminerdization of the high-sodium lignite. However,
the yiddsof VST asdetermined by GC actually decreased for theion-exchanged cod. Both total tarsand
V ST werelow for the high-calcium lignite and demineradized sample. The composition of the VST obtained
fromthesix samplesdid not vary much. Thusthe null hypothes sthat the vol tile organic tars produced from
deminerdized cods have the same compositionas those from the raw cods has not been regjected. At this
point, it appears that deminerdization of the cods would not be useful in producing better and larger
amounts of tars viapyrolyss. Thisis not a big issue, however, since plenty of tars are currently available
from gagfication of untrested lignite. What then remainsis to demonstrate improved conversons of these
tars or polar organics to pitches vauable for carbon fiber production.

In later experiments, much larger yields of tarlike metaplast extracts were produced during heating
of theset of codsintetrdin a 380? and 400?C. The metgplast and tetrain are removed from unconverted
coal, and then the highly diphatic waxy materia was removed from the extracts dong with the tetrdin
solvent by dissolving the crude product in hexane. Thus the hexane-insoluble portion represents the most
usable materid for conversion to pitches and subsequently to fibers. In these experiments, the yields of
hexane-insoluble metaplast showed a significant increase as a result of deminerdization of both the high-
and low-sodium cods. Not only are large amounts available viathis processing, but this materid ishigher-
mdting than the tar fractions obtained earlier and, therefore, represents a more feasible approach to
formation of the LRC pitch needed for the success of this project. Extraction at 400?C gaveamuch larger
yield of the tetrahydrofuran-soluble, hexane-insoluble metaplast from the nitric acid-deminerdized codl.

Conversion of the metaplast precursor to pitch was investigated by therma and chemica cross-
linking. Reacting the metaplast or a metaplast—tar mixture with methylal and acid catalyst produced a
higher-mdting cross-linked (but i sotropic) product that could bedrawn into afinethread. Thesefiberswere



dabilized by a programmed heating in air in a GC oven a 2?/min. These experiments demondirated the
potentia for the use of LRC materias for isotropic pitches and fibersthat can be activated and converted
to genera-purpose carbon fibers.



SUBTASK 5.2-DEVELOPMENT OF CARBON PRODUCTS FROM LOW-RANK
COALS

INTRODUCTION

The converson of cod tarsto carbon fibersisof greet interest, owing to the potentia usefulnessand
commercid value of these products. The reported tar yields from low-rank coas (LRCs) have been
subgtantidly lower than the yields from higher-rank cods, typicdly 0.3 to 1 wt%. Severd authors have
described the effects of the dispersed cationsin the LRC on pyrolysisyields and combustion rates. When
cations were removed from the LRC, a subgtantia increase in the weight loss occurred during pyrolysis
(1-4). Accordingly, the amount of tars condensed from the volatile stream in LRC pyrolysiswasraised an
order of magnitude by remova of cod cations. Not only do the organicdly bound cations retard the
decarboxylationof the carboxylate groupsof the cod, but the cations catalyze condensation (char-forming)
reactions of the primary pyrolys's products before they can escape into the vapor stream.

Thus, if cod washing or exchangeis employed prior to pyrolyss, the yields of tars generated could
be increased to amounts feasible for commercia development. Some differences in the nature of the tar
product from exchanged coa's were noted, however (1). It is important to determine the impact of the
dispersed cations on the useful characteridtics of tars resulting from LRC pyrolyss. The economic vaue
of the tarsis determined by their potentia for forming fibers, composites, and other anisotropic materids.
High-strength anisotropic fibers are produced by melt-spinning, oxidizing, and carbonizing an anisotropic
mesophase pitch formed by heating suitabletars at about 400?C. However, not dl pitches can be spun to
fibers. Pitches containing aromati cswith substantial side chain substitution decomposebeforetheir viscosity
is low enough to flow through the spinneret, and others may not form a mesophase without extensive
sntering. Because LRC tars are likely to form side chain-subgtituted aromatic pitches and because of the
expense of producing the mesophase pitch, an dternative process has been utilized for preparing useful
fibers. A generd-purpose carbon fiber (GPCF) is prepared by spinning an isotropic pitch instead of a
mesophase pitch and carbonizing thefiber. Theresulting isotropic carbons arelow-strength, but may make
excdlent absorbents after steam activation. These products have very high surface areas, and the short
fibers have excdlent mass transfer properties.

OBJECTIVES

1. Deemine theimpact of organically associated (ion-exchangesble) cations aswell as other cationson
the quantity and compostion of tars from a st of high-sodium and high-cacium lignites in pyrolysis
experiments.

2. Determine the impact of organically associated (ion-exchangeable) cations aswell as other cationson
the quantity and composition of metaplast extracted at high temperaturesfrom aset of high-sodium and
high-calcdum lignites.



3 Deemine the effect of extraction temperature on the metaplast yield from as-received and
deminerdized lignites

4. Deemine the properties of the tar and metaplast products with respect to formation of pitches and
fiber-forming potentid.

RESULTSAND DISCUSSION
Task 1 —Production of Demineralized Coals

Two fresh North Dakota lignites (a high-sodium and a high-calcium) were ground, Sized, and ion-
exchanged by standard procedures using ammonium acetate to remove exchangeable cations. A second
set of demineralized sampleswas prepared from the same cod s using nitric acid to decompose carbonates
and other sdts. Thetwo origina and four treasted samples were used in subsequent pyrolysis experiments.

Task 2—Production of Coal Tars

During pyrolytic devolatilization of cods, arométic and diphatic semivol atile organic compoundsare
released into the gas flow and can be collected as atar and subsequently heated to cross-link to a pitch.
The god isto maximize the amount of semivolatile tar by exchanging metd cations out of the LRC.

Exchanged and raw coals were pyrolyzed under nitrogen flow a 650?C, and tars were collected
in a cold trap. The traps were extracted with dichloromethane to remove the organic- soluble fraction,
leaving the agueous fraction containing phenolics. The dichloromethane fraction was andlyzed by GC to
determine yidds of VST or gas chromatographicable tars and their composition. Theyield datafor the set
of lignite samples are reported in Table 1.

TABLE 1
Pyrolysis Yields from Lignite Set
Coal Carbon, % Tar, % VST, % Gas?!, %
High-Na (59.0) (132) 0.87 (27.9)
Am. Ac.—High-Na (57.02) (14.24) 054 (28.74)
HNO,—High-Na (59.31) (16.60) 0.85 (24.09)
High-Ca (66.96) (10.36) 0.37 (22.68)
Am. Ac.—High-Ca (65.83) (10.86) 043 (23.31)
HNO,—High-Ca (68.76) (9.48) 0.56 (21.76)

1 Weight of gas calculated by difference.



The ammonium acetate-exchanged product from high-sodium lignite showed a smdl decrease in
fixed carbon and corresponding small increases in tar and gas yields. However, the VST fraction was
ubgtantidly decreased. So it is likely that the yield of phenolics and other smdl polar organics was
increased. Thustheremova of exchangeable sodium resultsin afew morevolatiles, but they do not appear
to be the kind needed for pitch formation. The tar yidds are till very smdll.

The nitric acid-washed high-sodium lignite showed similar fixed carbon, somewhat more tar yield,
and about the same amount of VST compared to the original cod. Thus it appears that the sodium has
some ahility to react with highly polar organics or at least inhibit their production.

The high-calcium lignite, both exchanged and unexchanged, showed less volatilization than the high-
sodium lignite. The fixed-carbon yields were substantidly higher, and both tar and gas yields were
ubgtantidly lower compared to the high-sodium lignites. The VST yiddsare dso subgtantidly lower inthe
cacium cods. This gppears to mean that the cacium is not effective in catalyzing voldilization of the cod
at these temperatures, and its removad will not affect the yields much.

The composition of the tars (VST) as determined by GC andyss showed very little difference
between the various cods. Especidly important isthat the ratios of methylated aromatics to unmethylated
aromaticsisnot substantialy different for the varioustars. It is possible that some differences can befound
in the phenolic content, but these have not been examined yet. Nevertheless, the null hypothesis thet the
volatile organic tars produced from deminerdized cods have the same composition asthosefrom theraw
coals has not been rejected.

The hypothesis that exchange of the metd ions will result in subgtantidly higher tar yields was
rejected, especidly with regard to the useful VST fraction. The amounts of VSTs were dways less than
1 wt%. Thusthe only feasble commercidization would utilize tars generated as by-products during coal
gadficationfor making pitches. At the Dakota Gasification Plant large amounts of high-sodium lignites are
gasfied, so thelow percent yidds of tars are a sgnificant factor.

The mdting points of the hexane-insolubletarswere very low (<100?C). Heating under vacuum or
in an argream was not successful in reaching the desired meting temperature of about 225?C. The
difficulty in converting these materidsto a pitch may be dueto the preponderance of akyl aromaticsin the
products. Chemical cross-linking with eectrophilic reagents may provide a better method for generating
fiber precursors.

Task 3—Production of LRC Metaplast Extracts

During pyrolytic devolatilization of cods performed as described above, aromatic and aiphatic
semivoldile organic compounds were released into the gas flow and were collected as atar that would be
subsequently heated to drive off volatiles and cross-link to a pitch. Thiswork established that exchanging
metd cations out of the LRC did not sgnificantly increase the yidds of usable tar fractions.



An dternative approach to precursors for the LRC pitch was explored. This method obtains the
metaplast, the plagtic or tarlike materia formed when cod is heated to temperatures of 350?—4007C. At
thesetemperatures, many of the carbon—oxygen bondsare broken, a ong with some carbon-carbon bonds,
especidly decarboxylation. These processesliberatewater, phenolics, acohols, CO,, and other smal polar
species, and result in theformation of aplastic macromolecular gd (metaplast) from theremaining organics.
Cations would be expected to stabilize the carboxylate groups and inhibit decarboxylation, resulting in less
formation of metaplast or less soluble metaplast at lower temperatures. At higher temperatures,
decarboxylationwill occur, but moreretrograde polymeri zation reactionsareexpected. Although previoudy
demondtrated to give increased yields of soluble cod materias, no hydrogen, catayst, or H,S are added,
since these increase the costs of the process enormoudy. Tetrdin is added to dissolve the metaplast as it
is formed and may help to stabilize or react with any free radicas remaining in the meteplagt, which would
subsequently result in retrograde polymerization to insoluble materids.

To determinetheeffectsof cationsof the metaplast extraction, exchanged and raw coa swere heated
inan autoclave under nitrogen pressureat 380?C. Thisisinthemiddle of therangefor metgplast formation,
and we might expect to observe greater effectsfor the meta ions. The product durrieswere extracted with
dichloromethane to remove the organic-soluble fraction and the tetrdin, leaving the unreacted cod and
moisture. The residue was dried and weighed (reported in Table 2 as CH,Cl,-insolubles). The conversion
isthe difference (in %) between this value and the initid dry

TABLE 2

Metaplast Extract (tetrain) Yiddsfrom the Lignite Set a 380?C
(cod =15 g; tetralin =30 mL; time =1 hr)

Coal (Freedom CH.,CI, Conv. to Hexane Conv. to
mine) Insolubles, g CH,CI, Insolubles, Hexane
Solubles g, mp (?C) Insolubles
High-Na 7.3 51 0.9 6
(135-147)
Am. Ac.—High-Na 10.8 28 15 10
(75-83)
HNO,—High-Na 10.8 28 1.2 8
(90-115)
High-Ca 9.2 39 0.9 6
(78-81)
Am. Ac—High-Ca 109 27 1.3 8.7
(95-110)
HNO,—High-Ca 109 27 1.6 10.7
(60-75)




weight. The dichloromethane fraction was diluted with hexane to precipitate the more aromatic hexane-
insoluble fraction (reported in Table 2). The tetrain and hexane-soluble diphatics (waxes) areretained in
the hexane. The usable meteplast yidld datafor the set of lignite samples arereported in Table 2 as percent
conversionto hexane-insolubles. The melting points of the hexane insolubles are dso reported in Table 2.
The hexane solubles were analyzed by GC to determine yields of wax components and tetrdin and
naphthaene resulting from tetrain dehydrogenation.

Compared with the tar yields from pyrolysis experiments described above, the yidds of meteplast
extract were subgtantidly higher. Furthermore, the yidds of hexane-insoluble metaplast extract from the
deminerdized cods (8% t010.7%) were much improved over those from the raw cods (6%). The high-
sodium and the high-calcium lignites showed smilar results for hexane-insoluble yields for both raw and
deminerdized cods. These results are consstent with the negative effect of cations expected for dower
decarboxylation ratesthat would result in less metaplast or less soluble metgplast forming in the raw cods.
The hypothess that exchange of meta ions will result in substantialy higher metaplast yields was not
rejected.

On the other hand, the yields of dichloromethane solubles appeared to be higher for the raw cods
compared with the exchanged coas. Therefore, there are other factors that need to be evaluated. An
explanation for the difference in CH,Cl, solubilitiesisthat the CH,CI, is not extracting dl the metaplast
formed. Veification of this theory was attempted by further extracting the CH,Cl,-soluble product with
tetrahydrofuran (THF). For the CH,CI, insolubles fromas-received cod, only 0.2 g wasfurther extracted
by the THF, whereas 0.9 g was extracted from the CH,Cl, insolublesfrom the nitric acid-exchanged codl.
Thiswould correspond to 53% and 34% conversions to THF solubles, respectively, for the two cods.
However, based on previous experience, it is likely that the metgplast remaining in a cod returnsto agd
state on exposure to air and aging and becomesless soluble. Thusthese conversonsto THF solublesare
not reliablefor the reextracted samples. Better resultswere provided by the results described below where
THF solubilities were determined initidly in the higher-temperature runs.

Thermd extractions performed at higher temperatures (>400?C) offer potentid for increased
metaplast yidds. Thenull hypothesisto be rgected wasthat demineraized codswill generate higher yidds
of metaplast extract at higher temperatures. The as-received and deminerdized cods were heated and
extracted at a higher temperature, 400?C. The results for the as-received and nitric acid- deminerdized
cods areshownin Table 3. In these experiments, the solubility of the products was determined using three
solvents (THF, CH,CI,, and hexane) instead of only the laiter two. The higher- temperature reactions
resulted in somewhat larger conversons to soluble materias. For the high-sodium cod, the conversion to
THF solubles at 400?C was 63% (as-received bass). Most of the THF solubles were aso soluble in
CH,Cl,; thusthe conversion to CH,Cl, solubles was 61%, which can be compared with 51% at 380?C.

For the nitric acid-deminerdized cod, the converson to THF solubles was 67% at 400?C.
However; alarger portion of the THF-soluble fraction was insoluble in CH,Cl,. Thusthe conversion to
CH,CI, solubles was only 45%, compared to 28% at 380?C. Both samples, thus, exhibit improved
conversons to soluble materids a the higher temperature. The main difference isthat the materid



TABLE 3

Metaplast Extract (tetrain) Yidds from the Lignite Set at 400?C
(cod =15¢; tetrdin=30mL; time= 1 hr)

Conversionto THF

Coal (Freedom THF CH.,CI, Hexane Soluble, Hexane
mine) Solubles, %  Solubles, %  Insolubles, g, mp Insoluble, %
(?C)
High-Na 63 61 2.8 20
(135-148)
HNO,- 67 45 3.7 46
exchanged (45-50)
High-Na

fromextraction of the deminerdized cod islesssolublein CH,Cl,. Unfortunately, the THF solubilitieswere
not measured in the 380?C experiments; thus the lower CH,CI, conversions observed in the lower-
temperature experiments are presumed to result from this lower solubility in CH,Cl,.

More importantly, however, the yidd of THF soluble, hexane-insoluble extract was shown to
increase dramétically for the nitric acid-demineraized cod . For the as-recaived cod, the hexaneinsolubles
yidd was 6% at 380?C and 20% at 400?C. For the nitric acid-treated cod, the hexane insolubles were
8% at 380?C but increased to 46% in the higher-temperature experiment at 400?C. The hexane-insoluble
metaplast fraction is the polymeric (plastic) materia that can used to make the pitches for carbon fiber
formation. Thus the substantia increase in amount of this materia formed at the higher temperature is of
great interest. The hexane-soluble materid is much smdler molecular weight and more volatile; thus it
cannot be cross-linked and converted to a pitch easily.

The hypothes sthat demineralization will result in higher extraction yields a higher temperatureswas
not reected, but the difference in THF solubles was not that great. The main difference that occurs in
extraction of deminerdized cods is that more hexane insolubles are generated. It seems likdly that the
sodium present in the high-sodium cod is affecting the therma breskdown in cod structures, especidly
those that result in forming the smaler, more soluble materias.

The properties of the metaplast fractions obtained at both 380? and 400?C were investigated. The
mdting points of the set of metaplast extracts show some variance, but with little discernable trend or
explanation. In any case, they are consstent with high-molecular-weight coal macromolecules and are
appropriate starting materids for converson to higher-mdting pitches. Generdly, fibers are drawvn a
220?-2507C, sotheextractswere heated inavacuum andinair to drive off further volatilesand cross-link
chains until the desired pitch is obtained.



The melting pointsof the hexane-insol uble product fractionsfrom the set of codsextracted a 3807C
are given in Table 2. These materias were heated in ar to increase the melting points, but aswith thetars,
thiswasdifficult. The CH,Cl, insolubles did not, of course, melt but carbonized instead. The mdting points
of the THF solubles were above 250?C.

The hexane-insoluble, CH,Cl,-soluble fraction obtained from extraction of the as-received high-
sodium lignite a 400?C had a mdting point of 135?—148?C (Table 3). Hedting thisfractionincreased the
mdting temperature and gave a soft materia that could be drawn to form very brittle fibers. The smdll
amount of THF solubles obtained in the experiment meted over 2507C.

The mdting point of the hexane-insoluble, dichloromethane-soluble fraction from the 4007C
extraction of nitric acid-demineraized coa was very low (45?-50?C), and after heatingin air, themdting
temperature did not increase to the temperatures required for drawing the pitch. The melting point of the
dichloromethane-insoluble, THF soluble fraction was greater than 250?C. Themdting point of the mixture
of the two fractions was 150?7—160?C, thus the mixture of THF solubleswith CH,CI, solubleswasused
asthe precursor for formation of the pitch. Thismixture was heated to increase the melting temperature and
drawn at temperatures above 200?C to form fibers.

Task 4 —Preparation of Carbon Pitchesand Fibers

Preiminary work in the formation of pitches and fibers from the metaplast extracts is described
above. It should be stated that these extractionsare much more expensiveto carry out than smplepyrolysis
technologies. Not only would demineralization have to be performed, but the large autoclaves for solvent
extraction and didtillation of solvents would increase the production cost by alarge factor. Thus, in order
to rapidly commercialize atechnology for preparation of fibersfrom lignites, some way to prepare pitches
fromthetars currently available from lignite gasification is required. Some experiments were performed to
evaduate the chemicd crosslinking of these gasification tars. The gadfication tars had been previoudy
separated from the agueous-soluble portions (phenalics) and the light components, such as BTEX
(benzene, toluene, ethylbenzene, and xylenes), ditilled off. This dry tar was a very viscous low-melting
liquid.

The dry gadification tar as well as 1:1 mixtures with the metaplast extracts described above were
chemicdly crosslinked by heating with methyld (20%) and 2% p-toluenesulfonic acid (PTSA) in
chloroform solution. After stirring overnight, the solvent was removed by digtillation, and the residue was
further heated under a vacuum to remove volatiles. The product wasair-blown at 100? to 150?C for 8 hr
to increase the mdting point and form the pitch.

In other experiments, a mixture of the metaplast extract was heated with phenol and formadehyde
in agqueous solution with the PTSA catalyst. The product was worked up smilarly.

For the production of fibers, the pitches obtained as described above were drawn into fibers by
pulling out the pitch dowly from the heated mass. The pitches from the cross-linked dry tar and from the



metapl ast—phenol—formal dehyde mixture did not form fiberswell above 150?C; thet is, the melting points
of the fibers were too low. Thus further curing of the pitch is needed for these materids.

Incontragt, the pitchesfrom crosdinking the 1:1 mixture of dry tar and metaplast were much harder,
and could be eadlly rolled into beads without wetting the glass. The pitch was drawn at 150?C by dowly
pulling a fiber with a glass rod. This procedure gave a thin fiber that dried insgtantaneoudy to a stable,
nongicking fine thread. The fibers were cured by heeting in a GC oven using the following temperature
program: initia temperature = 50?C (2 min); rate=2?/minto final temperature = 250?C; isotherma 5min.
The fibers exhibit some brittleness, but this is expected from the isotropic pitch precursor.

In conclusion, the methyld cross-linking cross-links the dry tar by itself and in mixtures, but further
work is needed to determine the optimum curing temperatures. Although promising fibers were produced,
the conditions used here were clearly inadequate for the preparation of high-melting- temperature pitches,
epecidly from thedry tar done. Other cross-linking agents should al so beinvestigated for these materials.
No work was performed with spinning fibers, so this aso needsto be investigated. Finaly, carbonization
of the fibers to GPCFs and testing of their adsorption properties need to be performed.

CONCLUSIONS

The god of this project was to facilitate the production of carbon fibers from LRC tars. The effect
of deminerdization on the tar yields and composition was investigated using the pyrolysis of high-sodium
and high-calcium lignites and their ion-exchanged counterparts at 650?C. However, yidds of volaile
soluble tar products were very smal, and little effect of deminerdization on the yield was noted. Thetars
were not appropriate pitch precursors.

In contrast, conversion to the metaplast state by heating at 380?—4007C in atetrdin phase gave
much larger amounts of higher-molecular-weight precursorsfor pitch formation. THF effectively removed
the metaplast from the cod matrix. Highly diphatic, waxy materid was removed from the extracts dong
with the tetralin solvent by dissolving the crude product in hexane. Thus the hexane-insoluble portion
represents the most usable materid for conversion to pitches and subsequently to fibers. In these
experiments, the yields of hexane-insoluble metaplast showed a significant increase as a result of
demineraization of both the high-sodium and low-sodium cods. Not only are large amounts available via
this processing, but this materid is higher-melting than the tar fractions obtained earlier and, therefore,
represents a more feasible approach to formation of the LRC pitch needed for success of this project.
Prdiminary pitch and fiber-forming experiments showed promise for the metaplast materia derived from
deminerdized lignite. Chemicd crossinking of gasfication tars and metegplasts from lignites will generate
aprecursor suitable for a fiber-forming pitch.
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