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Abstract

Recent view of structure of coal molecule has been discussed. The mechanism of liquefaction
and milder degradation of coal has been also discussed. Spectroscopic and chromatographic
methods have been mentioned for the separation and characterization of liquefied coals.

estimates of the distribution of hydrogen atoms

1. INTRODUCTION between aromatic and nonaromatic structures.

About 70% of all carbon atoms are in aromatic

Gradual depletion of conventional liquid fu- rings but only about 23% of the hydrogen

els have recently prompted the active studies atoms are attached to aromatic carbon atoms.

on coal chemistry for the urgency to convert These compounds have molecular weights in
solid to liquid fuels. Structurally coals are the order of 10,000

composed chiefly of condensed, aromatic rings Oxygen, sulfur and nitrogen are combined

of high mélecular weight. NMR spectra yield in chemically functional groups, such as OH,
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Tablle 1. Chemical Composition of Some Coals and Petroleum

Anthracite Medium

High High Lignite Petroleum Gasoline Toluene

Volatile Volatile Volatile Crude

Bit. A Bit. B Bit.
C 93.7 88.4 54.5 80.3 72.7 83~87 86 91.3
H 2.4 5.0 5.6 5.6 4.2 11~14 14 8.7
¢ 2.4 4.1 7.0 11. 1 21.3 — — —
N 9 1.7 1.6 1.9 1.2 2 — —
S 6 8 1.3 1.2 0.6 1.0 — —
atom 31 67 79 82 69 1.76 1.94 1.14

Source: Industrial and Engineering Chem. (July 1969).

C0O, COO1, NH,, CN, S, SH, etc., which occur
as integral parts of the original molecules.
Main differences between typical analyses of
coals and petroleum crudes are shown upper.

As is shown in the Table 1, the carbon to
hydrogen atomic ratio for bituminous coal is
about 1.25: 1, while in petroleum it is about
6 : 1. The problem is obvious during liquefac-
tion or gasification. One must lower the carbon-
to-hydrogen ratio by adding hydrogen or rem-
oving carbon as coke or char.

Even prior to Bergius (1913) it was shown
that hydrocarbon gases and liquids, tars and
the chemicals could be obtained from coal.
Early processes employed destructive distilla-
tion for the conversion of coal into these useful
products. The conversion can be carried out in
a number of ways, such as formation and ex-
traction of a slurry with a hydrocarbon solvent
(e.g. creosote oil), carbonization (thermalcr-
acking to coal tar), catalytic hydrogenation
and hydrogenolysis.

This report reviews coal studies on the coal
molecule, its liquefaction and mechanism and
methods of analysis and characterization done
during the last ten years.

2. STRUCTURE OF COAL

The direct study of coals which possess little
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solubility in common organic solvents at room
temperature provides only qualitative inform-
ation much of which is of marginal value.
Since most coals can be chemically altered and
converted to fragments and molecular species
amenable to predictive and useful separations,
this route provides an indirect approach to
deducing major structural and reactivity feat-
ures of the original coal. The classical view
of coal structure?»?:¥ is a cross linked high
polymer with condensed aromatic aggregates
that are difficult to cleave and connscting links
that are relatively easy to cleave(scissile bonds)
3)_6).

Listed below are the scissile bonds that
appear to be important in the thermolysis of
bituminous coal undercommon operating con-
ditions.

Ar—CH,Ar
Ar—(CH,)nAr
Ar—OAr l
R—OAr ;and S analogs
R—OR J

(n=1-3)

The same types of bonds are probably invol-
ved in scissions under strongly acidic condi-
tions, as with phenol plus BF;-Etherate.

Contrary to the classic(and current) view
that coal is a macromolecule that contains
aromatic units of varying degrees of condens-
ation, recently, Chakrabartty and Berkowitz



7,8,9 have suggested that the properties of
coal, e.g. its proportions of hydrogen and car-
bon, its ability to produce aromatic compounds,
can be explained by assuming that it contains
largely non-aromatic ‘polyamantane’ units of
interlocking cyclohexane rings similar to the
structure of the adamantane molecule but of
greater size. They claimed the rank of the
coals has no effect on the reactivity of the
coals towards sodium hypohalite and on the
products distributions. No evidence of polynu-
clear compounds, which should have survived
the oxidation was also presented for the ‘bridged
The result of

oxidation of coals with sodium hypohalite

tricycloalkane configurations.’

invalidates the significance of the aromaticity
of coals.

Studier et al.'® studied the fluorination of
high-volatile Illinois bituminous coal. Results
obtained from the fluorination suggest that
coal contains aromatic groups held together by
aliphatic chains, rather than the polyamantane
groups.

Recently, Carbon-13 NMR spectra of solid
coals'?’+1? were reported. The preliminary re-
sults also support the classical views that
coals are highly aromatic materials and that
the aromaticity of coal increases with increa-
sing rank.

In their oxidation studies”™?, the coals were
first nitrated before NaOCl-oxidation. It is the
author's opinion that the oxidation may not
reflect the real picture of the coals because of

the prior nitration.
3. REACTION

A. Liquefaction
i) Mechanism
The three direct general processss for con-

verting coals to liquid fuels are: catalyzed
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hydrogenation, staged pyrolysis and sdlvent
refining. Each liquefaction process in volves
some form of hydrogen transfer though the
processes appear not to involve classical catal-
ytic hydrogenation.

Van Krevelen!® in 1931 inlicatel coal pyr-
olysis involved depolymerization and disprop-
ortionation in which frz: radicals are formed,
and Berkowitz!'® in 1957 amplified this concept
in connection with pyrolysis, as did Neavel®
in 1975. Hill e¢ al.'® in 1336 discussed the
liquefaction of coal in tetralin(hydrogen donor)
in terms of dissolution and stated that the
hydrogen transfer reaction will be a second
order process since the transfer reaction from
tetralin to the coal will not be an abundant
process at the temperatures used(350-—450°C).

Curran, Struck and Gorin!”»'® in 1967 were
apparently the first investigators to describe
the transfer of hydrogen from a slurry vehicle
(tetralin) to coal as a fres radical reaction
involving thermal cleavage of the coal molec-
ules.

Tarrer et al.?’ in 1976 studied the effects
of temperature, the presencz of H, in the gas
phase, and solvent hydrogen donor activity on
the extent of coal particle breakup. The disin-
tegration of coal is proportional to the increase
of temperature, hydrcgen pressure and the
activity of the hydrogen donor.

Neavel?® in 1976 studied the liquefaction of
coal in hydrogen donor and non-donor solvents.
While in tetralin(donor-solvent), coal was
liquefied to give benzene soluble material,
benzene-insolubles were formed in naphthalene
(nondonor-solvent).

Based on the studies of coal liquefaction
mechanism, the following may be stated. At
temperature 350°C and above, the covalent
bond of C-C(80 Kcal/mole), C-N(62Kcal/mole)
and C-O(81Kcal/mole) present in the coal

HWAHAK KONGHAK Vol. 17, No. 3, June 1979



154

moleculet in various forms cleave homolytically
to give highly reactive free radicals. At such
a high temperature, the radicals thus formed
may undergo all Kinds of radical réaction pa-
ths, competitively; i.e. abstaction of H-atom,
fragmentation, addition and recombination. In
H-donor solvent, the radicals undergo fragm-
entation and H-atom abstraction to give sma-
ller molecules soluble in benzene. In non<donor
solvent,  the radicals undergo fragmentation
and addition or recombination rzaction which
vield large molecules insoluble in benzene.
The mechanism of conversion of coal to oil
has now been generally accepted as involving
homolytic path way and asphaltenes are consi-
dered to be the principal intermediates.
Weller?® stated the catalytic conversion of

coal involves two consecutive reactions,

Coal ﬁAsphaltenes —K—ZvOil (1)
Liebenberg and Potgleter?® derived another
mechanism which includes the following reac-

tions.
Coal El—»Asphaltene 52—»OiI n
Coal &Asphaltene (2)
Coal E4—»Oil (3)

More recently Yoshida ef al.?® claimed that
the mechanism for catalytic conversion of Ho-
kkaido coals includes reaction (1) and (3). It
may be worth noting that according to their
experiments K, is considerably heigher or lo-
wer than K; and K, depending upon coal typa.

Sternsrg et al.?®+?” have propased that pre-
asphaltenes are the intermediates between coal
and asphaltene.

Contrary to this, Schwager and Yen?® con-
sidered that preasphaltene may arise from
reactive coal depolymerization moieties, which
are repolymerized into materials more difficult
to degrade than the original coal substance.

They®® compared atomic C/H ratios of car-
boid of several coal liquids. In most cases C/H
value of carboid is higher than that of original
coals. Similar opinion hds been advanced by
Ruberto et al.?®

ii) Composition of coal-derived liquids

Coal liquids can be separated by solvent
fractionation into three crude fractions: psntane
(or C—C¢Hy,)-soluble;
benzene-soluble and benzene insoluble.

entane-insoluble and
The
pentane-soluble may be further separated into
a liquid propane-soluble fraction(gas oil), and
a liquid propane-insoluble fraction(resin). In
Table 2 are shown the product composition of
several coal liquids.

The (0il and resin) fraction can bs further
separated by chromagraphic method into: 1)
saturates, 2) monoaromatics, 3) di-+tri-aroma-
tics, 4) poly-aromatics, which would be discu-
ssed in detail in the latter part of this report.

B. Alkylation, Acylation and Depolym-
erization of Coals.

Drastic reaction condition of liquefaction
makes it impossible to dedice the starting coal

Table 2. Composition of Various Coal Liquids

% of
0il Resin Asphaltene Benzene-Insoluble
Synth Qil Process®® 61 22 13 3.6
Coed Process’? 26 48 15 12
SRC by Cat. Inc.3» 4 15 45 36
Synth Oil Proceess®® 57~90 3~25 1~9
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molecule from the liquefied products. In order
to study the structure of coal, milder condition
is needed to preserve the original moisty, the-
reby bisecting only the bridges connecting the
condensed aromatic rings. Depolymerized coals
give soluble products that would be analyzed
using conventional techniques which are not
suitable for the unreacted coal. It is this factor
which causes much of the interest in the reac-
tions.

i) Depolymerization in phenolic solvent

Heredy and Neuworth first reported in 1962
the depolymerization of coal in phenol using
Friedel-Crafts catalysts®®. In subsequent stu-
dies®”, they showed the mechanism of the
reaction shown in Fig. 1.

In their continuing investigations, Heredy
and Neuw-rth labelled phenol with 'C so that
the amount of phenol present in the product
could be measgred easily. Using this technique
they demonstrated the presence of isopropyl
groups in coal®® as diaryl-methane structures
(—Ar—CH,—Ar—)37»%®,

With the production of soluble products from
coal, n.m.r. spectra could be obtained and
interpreted and this area was also pioneered®.

A modification of this technique has been
developed by Darlage and co-workers'®. The
coals were first treated with 2'M nitric acid,
then reacted with phenol using a BF; catalyst.

This was followed by treatment with acetic
anhydride to,convert phenolic —OH to acetate
to enhance solubility. Using this sequence, up
to 95% in CHCly-solubilization of the depoly-
merized coal was obtained.

Ouchi and coworkers have studied a number
of Japanese coals using phenol and p-toluzne-
sulphonic acid to depolymerize them. They
also examined a number of other acid cataly-
sts, none of which was as effective as tosyl
acid (p-toluene-sulphonic acid)*". In addition
to acareful s tudy of the reaction*®, the mole-
cular weights of the products and dependence
of the degres of depolymerization on coal rank
have been established*®. The yields of pyridi-
ne-soluble material are quite high and decrease
only with high-rank coals. The average mole-
cular weight of the depolymerized coal incre-
ases rapidly with coals of higher rank. It is
clear that the depolymerization is less effective
and gives larger products with coals of higher
carbon content.

QOuchi and coworkers isolated the following
pure compounds from depolymerized Tempok
and Yallourn brown coals®® 94 (see Figure
2).

From these results, they suggested that me-
thylene, ethylene and acyl bridges exist bet-
ween the aromatic nuclei in the coals and from
c and d, they tentatively concluded that me-
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thine carbon must be present in the coals.
Grant ef al4®+*" studied

acid-catalyzed phenolic depolymerization of

Very recently,

lignite using MC-labelling.

Methylene-methine and  ethylene-bridged
arcmatic products were identified, which sho-
wed a close similarity to products from the
depclymerization of brown coals?®»#% and ligni-
ter. However, reactions of model triarylme-
thane compound under depolymerization con-
ditions (BF;-phenol or p-toluene sulphonic
acid-phenol) demonstrated the facile conversion
of triarylmetnine structures to diarylmethane
structures.

Ar,CH+H*"——Ar,CH* + ArH (4)

Ar,CH" 4 Ar,CH—Ar,CH,+Ar,C* (5)
Consequently, the simple interpretation®” 3,
095 of diarylmethane products as having
derived from diarylmethane functional groups
in coal is no longer valid.

Pailey and Darlage*® studied the depolymer-
‘zation of cnal in the presznce of Friedel-Cra-
fts catalysts in a variety of phenolic and non-
rhenolic solvents.

Only the phenolic solvents were found to be
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useful in this reaction.

ii) Friedel-Craft Alkylation

The alkylation of coal occurs quite readily
and a number of different systems have been
studied. Kréger and coworkers® 59,50 studied
the alkylation of coals using(AICl; and isopro-
pyl chloride) or olefins(ethylene or propylene)
by heating.

The alkylations enhanced the solubilization
of coal, which might be cited as an evidence
for some structure disruption of the coal. It is
interesting to note the report that AICl; acce-
lerates graphite formation from aromatics.’®

Larsen and Kuemmerle® examined the reac-
tion of saveral coals with 7so-butylene cataly-
zed by sulfuric acid. All coals alkylate readily,
but none of them shows any softening or
melting bzfore decomposition. This might mean
that the crosslinking reaction(intzrnal alkyla-
ticn) dominates the structure-breaking extasrnal
alkylation.

Denson and Burkhouse(the results in refere-
nce 53) have alkylated coal with ethylene,
propylene and isobutylene using anhydrouse
HF. The products show softening as well as
extractability with THF.

Hodek®? reportad the improved extractability
on their study of alkylation of coal with C,_4
alkyl chlorides and AICl; or with 1-hexadeczne
and HF-BF,.

Recently Aczel ef al.°® reported the alkyla-
tion of bituminous coal using AICl; or ZnCl,
under very mild conditions(temp. 0—5°C).
The alkylated products have both highter H/C
ratio and solubility in benzzne and pyridine.

iii) Reductive Alkylation

Sternberg and coworkers®® 5" investigated
the. alkylation via coal anion, which formed by
the treatment of coal with potassium in THF,
the alikylatzd products showed decent solubility

in pyridine and benzene.



with

anion, electrons are transferred to aromatic

When coal is treated naphathalene
hydrocarbons(Equation 6).
2CHy™ + ArH—— ArH* +C,H;, (6)
and to aryl ethers (Equation 7)
CioHs™ +Ar—O0—R - (Ar—0—R) ™ +CoHs
)
The intermediate aryl ether anion is unstable
and decomposes in the presencz of excess na-
phthalene anion. It may b2 ths rupture of this
ether linkage present in the coal molscules,
which gives the solubility of the coals.
iv) Friedel-Crafts Acylation
Hodek and Kslling®™ studied the acylation
of bituminous coals with aliphatic acyl chlo-
rides using Friedel-Crafts catilysts. The acy-
lated coal shows good extractability, which
may be due to depolymerization of the coal
structure during acylation.

4. SPECTROMETRY

A. LR. Spectrometry

The application of I.R. spectra to the study
of coal may provide valuable information on
the structure of coals. Cannon and Sutherland
59 were the first introducing the I.R. spectro-
scopy to the coal study. They obtained the
I.R. spectra of coal and coal pyridin-extract.

Brown®® extended his examination of raw
coals to carbonized coals, to investigate the
changes of the group contents and basic struc-
ture as a function of heating temperature.

From the examination of C(sp*)-H, C(sp®)-
H, O-H IR stretching and H/C ratio, they
reported the most marked changss of the coal
structure are caused by heating to between
400~350°C and the process continusd at higher
temp. with the loss of aromatic hydrogen and
some graphitization ensues.

Durie and Sternhell®” reported the use of
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the potassium halide disk technique in a qua-
nitiative infra-red absorption(optical density)
investigation of acetylatad coals and chars.

Czuchjowski®® has also used carbonized coals
in his studies of absorption bands of the hyd-
roxyl and carbonyl groups.

Shih et a/.5% studied the LR. spectra of
heated coals. They correlated the optical den-
sity of certain groups(e.g. aromatic or aliphatic
CH) with fa(aromaticity) or carbon contznt.

From the results based on those correlations,
they reported the high-temperature heating
causes certain changes in the aromatic cluster
structure of coal. The analyses of optical den-
sities of different groups was shown to explain
the change of the aromatic structures.

Employing transmission infra-red method
through the us: of efficient and extensive
grinding, Friedel ef a/. have obtained the IR
spectra of activatad carbons,®® coals, carbon
blacks and some chars,®® which were difficult
to obtain.

They assign the 1600 cm™! band in coals ari-
sing from the graphitic structures(non-crysta-
lline).

There has been much disagresment in the
case of the 1600 cm™ band, the most intense
band in coal spectra. After the initial work of
Cannon and Sutherland,®® the 1600 cm™! band
was usually assigned to aromatic structures,
thought to be mainly 1-, 2-, and 3-ring com-
pounds. Brown®" and Friedel® independently
proposed that the band be assigned to conjug-
ated, chelated carbonyl structures.

With this assignment, spectroscopists have
nearly gone full circle in two decades from
assigning the 1600 cm™' band to aromatic stru-
ctures, then to conjugated chelated carbonyls
and lastly, to graphite structures.

B. NMR Spectrometry
By the 1960’s, high resolution proton NMR
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techniqygs have been widely used on coal stu-
dies'67):"75) )

Based on the 'H NM_R coupled with elemen-
tal analysis and M.W. detsrmination,. Haro,
H. and H; values can be easily determined.
fa (Caro./Cior.) values also can be obtained
from Brown-Lader equation.®® .

fa=0(C/H)~Hai/ (Ha1i/Ca1) J/(C/H)  (6)

The drawback of the Brown-Ladner equation
is to assume the ratios of aliphatic hydrogen/
carbon arbiturary. The aliphatic groups in
coal molecules are mostly methylene bridges
and methyl groups.

Despite the greater potential than ‘H NMR,
the early application of *C NMR to coal rese-
arch has been severely restricted due to the
poor spectral resolution and sensitivity.

In their pioneering work,”®~7® Friedel and
Retcofsky discussed the method of obtaining
fa values from '*C NMR.

From the '*C NMR Spectra of a synthetic
blend liquid using proton decoupled and CAT
technique, they determined the fa value, which
was in good agreement with the known value.
The advent of new technique of pulse Fourier
transform (PFT) NMR spectroscopy?®#® com-
bined with proton-decoupled technique opened
a new road to the study of coal-derived liquids
by *C NMR.

In 1975, Bartle et al.8" determined the value
of fa and Car.. by this method for a novel,
supercritical-fluid extract of coal.8? The values
are in reasonable agreement with those deter-
mined by 'H NMR method.?® 8%

Dorn®® employed a combined 'H and BC
PFT method in a model study of phenanthrene.

The values H/C, wt. % of carbon and hyd-
rogen were determined, indicating the possibi-
lity of application of this method to other
coalderived liquids with reasonable level of

accuracy and precision.
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Retcofsky et al.®® determined the fa value
of various coal-derived liquids by PFT 1C
method and compared with those obtained by
Brown-Ladner equation.® Generally the agre-
ement between two values is quite good.

As an extension of study of his previous
one,® Dorn et al.®” separated a SRC product
by molecular size(GPC) into fractions.

With the supplement of elemental analysis
and M.W. data, 'H and *C PFT method gives
molecular parameters for the accurate chemical
characterization.

Recently, Cantor®® calculated several average
molecular structure parameters for anthracene
and coal liquid based upon the data of 'H and
13C NMR.

Gavalas ef @l.® has developed a technique,
«Computer-Assisted Molecular Structure Cons-
truction(CAMSC)”; for the structural elucida-
tion of coal-derived compounds. It utilizes ele-
mental analysis, 'H and ®C NMR spectra and
M.W. data to determine the allowable combi-
nations of functional groups constituting the
structure. CAMSC is applied tofour cases of
experimental data from the literature, the
results of which compare well with those
obtained by other methods.

While the quantitative study of high-resolu-
tion 13C spectra of coal-derived liquids has
progressed, *C studies of solid coals have heen
limited to the broadline varisty®®:*" which
permit only qualitative data concerning coal
structure.

In the qualitative studies,®” coals were
compared with those diamond and graphite and
found to be best rationalized in terms of inc-
reasing carbon aromaticity with increasing coal
rank leading finally to the formation of gra-
phits-like structure.

Recently two papers?®:*® have been publi-

shed on the possibility of quantitative study



of coal solids by 3C NMR using new techni-
ques such as cross-polarization® and magic-
angle®»® gpinning.

The combination of magic-angle sample spin-
ning and H dipolar decoupling(with cross pola-
rization) may constitute a promising approach
for (CP) *C NMR studies of fossil fuels. Gross
structural information, e.g. aromatic/aliphatic
carbon ratio carbon ratios can be readily acce-
ssible. However, additional experiments will
be necessary to place limits upon the uncertai-
nties due to differences in the CP efficiencies,
or to correct for them and to explore modifica-
tions of the basic experiment to provide more

detailed spectral information.
C. Mass Spectrometry

Mass spectrometry is one of the most promi-
sing tools for the characterization of very com-
plex mixtures. In the 1950’s high resolution®”-%®
and in the mid-1970’s ultra-high resolution®
mass spectrometzrs became available and have
been used in the characterization of petroleum
and, more recently, coal liquids.

Very recently, field ionization mass spectro-
metry'®® had been used for the analysis of coal
liquids.

In the present report, we will review the
recent development of high resolution low
voltage(HRLV) and field ionization(FII) mass
spectrometric techniques on the analysis of
coal-derived liquids. Both techniques utilize
the gentle ionization method and show only
molecular ions and no fragmental ions thereby
simplifying the spectra.

i) High Resolution Low Voltage(HRLV) Mass

Spectrometry

Low voltage method has been developed
in late 1950’s by the workers!®?>192 at Exxon
Research & Engineering Co., Baytown, Texas.
With the low voltage(—10 €V) only unsat-
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urates, olefins and aromatics can be ionized
without fragmentation

With the advent of high resolution techni-
que, HRLV!99~195 hag been successfully appli-
ed for the quantitative characterization of
aromatic fractions of high boiling petroleum,
in terms of molecular composition.

With the aid of computer, HRLV-MS anal-
ysis!®»107 of coal lquids can provide very
detailed quantitative information on the com-
plex mixtures, e.g. compound type, molecular
weights, weight 9, ~carbon number distri-
bution and other molecular parameters, etc.

The disadvantage of HRLV-MS is that it
is limited to double bond compounds-olefins,
aromatics and polar molecules. Because of the
low voltage employed, the sensitivity is low
and reproducibility is poor.

if) Field Ionization(FI) Mass Spectrometry

FI-MS is a relatively new technique which
has been extensively studiad by Beckey!®® and
coworkers on a wide wariety of organic com-
pounds. This technique ssems to have great
potential value for the study of complex mix-
tures of petroleum or coal-derived liquids. This
method is particularly useful for the saturate
fractions to which HRLV-MS is not applicable.

Mead!®® analyzed heavy petroleum fractions
by this method. Homologue series(e.g. C.H.n,
CaHyn_gyreeeee ), their relative wt. 9% and aver-
age carbon numbers were determined and com-
pared reasonably well with that of other wor-
kers.

Pyska et al.' studied the adsorption phen-
omena on emitters and the effects on the Sensi-
tivity coefficients of paraffins in field ionizaton
in the presence and absence of arornatic hydr-
Scheppele et al.''” studied the FI
sensitivity for heptane relative benzene as a

ocarbons.

function of both ion-source temperature and

binary-mixture composition.
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Ryvska ef al''V also studied the dependence
of sznsitivity of paraffins on molecular weight
and structure.

The previous studiest®~!'? of FI-MS men-
tioned might point the sensitivities of the pa-
raffins are influenced by i) the presence of
aromatics, ii) ion source temperature, iii) mo-
lecular weights of the paraffins,

Scheppele et al.''? determined the sensitivities
of 60 aromatic compounds relative to ethylben-
zene, which are ingeneral typical of those
encountered in coal-derived liquids. The sen-
sitivities are within the limits of experimental
precision independent of sample composition.
The variations in the FI relative cross sections
with change in molecular structure are not as
large as those for EI by low voltags but the
trends are similar. Three synthetic blends were
also analyzed by GC-FID, FI-MS and LVEI-
MS assuming unit relative sensitivities. The
results by FI-MS are in better agreement with
the known distribution than those similarly
obtained by LV-EI method.

Very recently, Anbar and coworkers!'® stu-
died various coal-liquefaction products using a
highly efficient and sturdy FI-MS. The prod-
ucts have been analyzed and their molecular-
weights profiles were determined by the inte-
grating multiscan technique.

The coal derived liquids can be meaniigfully
characterized in several ways,

1) extraction by a number of solvents, 2)
gross average molecular weight by VPO, 3)
gross molecular weight profiles by GRC, 4)
separation by HPLC. However, the detailed
molecular weight profiles of the crude mixtures
by HRLV-or FI-MS are still more informative
than any other data obtained by other methods.

D. Miscellaneous

Gas chromatography, {GC-MS, EPR, U.V,,
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ion-exchange and liquid chromatography have
been used for the separation and characteriza-
tion of coal liquids, which we hope to discuss

in a latsr paper.

5. MEANINGFUL SEPARATION
OF COAL-DERIVED LIOUIDS

The detailed characterization of coal-derived
liquids is a prime requirement for the develo-
pment of a coal liquefaction technology as well
as for its utilization. Data on the composition
of these products are vital for the evaluation
of process variables, product quality control
environmental studies and so on.

The experience in the analysis of petroleum
cruds has shown that in order to obtain
meaningful results, it is necessary to separate
a sample into a certain number of well-defined
fractions and to analyzs these fractions in
detail. Conclusions as to the composition of
the original sample are then arrived at by
combining the results of the analyses on each
fraction in a manner consistent with the steps
performed to obtain them. This same appr-
oach can be used for the synthetic liquid fuels.

Yen and coworkers''¥ have separated the
coal liquids by solvent fractionation into five
crude fractions according to the Figure 3.

Represenative coal liquid samples produced
via the three direct coal liquefacton processes
(Synthoil, FMC-Coed, Cat. Inc. SRC) were
separated into five fractions and each fraction
has been characterized by elemental analysis,
color indices, and semiquantitative metal ana-
lysis.

From the results of the fractions being the
fun of the aromatic pi-system, it might be
assumed that the increase in going from oil,
to resin to asphaltene to carbene reflects an
increase in the size of respective z-systems.
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Figure 3. Solvent Fractionation Scheme for Coal Liguid Product
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Figure 4. Analytical Scheme

Carbon aromaticities determined by X-ray They have further separated asphaltenes
into two major fractions by elution from silica
The three

fractions were then characterized by color in-

diffraction were also found to increase in going
from asphaltene to carboid, which is consistsnt gel with benzene and ethylether.

with the color indices results.
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dices, elemental analysis and molecular weight.
Asphaltene had been previously separatsd by
Sternberg et al.!'® into acidic component.

Yen et al.!'® claimed the words “acid” and
“base” do not adequately classify or clarify
the coal-derived asphaltene and suggested di-
fferent classification of acceptor(z-deficient)
and donor(z-abundant) since ther association
and the nature of charge transfer is well
known in asphaltene.

Aczel and coworkers!'” analyzed coal liquid
of synthoil products according to the Figure 4.

The overall composition of one SYNTHOIL
feed and three products were characteracterized
by solvent extraction, clay-gel percolation and

mass spectral analyses.

The cyclohexane soluble oil content ranges
from 57 to 90% and the asphaltenes range
from 3to 25% in all products.

The oil fractions of the products contain
saturated compounds btut consist mostly of
aromatic and polar aromatic components.

Dooley and Thompson''® at Bartlesville En-
ergy Research Centre characterized coal derived
liquids from SYNTHOIL and COED processes
by means of distillation, elution, chromatog-
raphy, acid base extractions and gel permeation
followed by instrumental
analyses such as M.S. and N.M.R. spectrom-

chromatography,

etry. These are shown in Figure 5.
Retcofsky et al.''® separated SYNTHOIL
products into four fractions by silica gel col-

j Coal Liquid |

Distillaion at
200°C, Atmospheric

Pressure
| I
i
| 200°C Distilatel | Residuum }
. . Distillation at
Extraction with o
_ - 240°C (observed)
NOCH-CH; OH-H.0 5-6 MM Pressure
S l _ !
[ Acids | Distillate Less 200-370°C | Residuum
— Acids Distillate —
Distilla~
. tion at
Extraction Adsorption 260°C
with Chromatography (observed)
HCT-CH;0H-H0 10. Pressure
[ | | | | {
I , Satu- Monoar- Diaro- Polyarom- || 370-540°C 540°C
Bases | Distillate Less rates omatics matics atic polar Distillate Residuum
i Acids and Bases ‘ l ] ]
T i | MS GPC GPC Acid and Same
GC Liquid Analysis Separa- Separa- Base Treatment
Analysis Chromatog- tion tion Extrac- AS700-370°C
MS raphy MS MS tions Distillate
Analysis Through Analysis Analysis
Silica Gel ] [
| { I : l Acids l] Bases ' Polyaromatic polar )
. f . . [ VS NS less
Saturates | ‘:iphatic | apomatics Analysis Analysis | “:cids and Bases J
| Olefine .
. GPC Separation
MS MS MS MS Analysis
Analysis Analysis Analysis

Figure 5. Analytical Scheme
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umri‘chroniatdgraphy. All fractions were chro- "

matogrﬁphed by TLC and thin-laye,r electroph-
oresis(TLE) on silica gel, élumin{a} and cellu-
lose plate. The fractions were further chrac-
terized by !H and '3C. NMR which showed the
increasing aromaticity-from 1st to 4th fractions.
Fraction 4 closely reserﬁbies’ asphal%ené material
by its NMR, IR andU.V. spectra, which was

further separated into acidic components. The

hydrogen__bonding study of the coal-derived
asphaltene acidic and basiccom ponents indicates
that a hydrogen-bonded complex does exist
in the SYNTHOIL product.

Farcasiu!?® studied the separation of SRC
coal liquids by sequential elution with specific
solvents on silica gel columns with special
emphasis to achieve a fractionation based
primarily on the different chemical function-
ality.

The coal liquids were separated into 10 frac-
tions, and each was further characterized by
elemental analysis, M. W. -determination, 'H
and 3C NMR spectroscopy.

The relative retention factors Rf for the
fractions and model compounds were deter-
mined and compared.

Schiller ef al.'?P have developed a simple
chromatographic method to fractionate coal
derived liquids. The liquids were eluted from
the neutral alumina with series of solvents of
solvents to give five principal compound types;
saturated H.C., aromatic H.C. and benzofurans,
nitrogen compounds and hydroxyl compounds.
The four fractions except for the saturates
were  further HRLV-
MS.

characterized by

6. CONCLUSION

The struycture of coal is now generally

considered to be the condensed polyaromatics

1637

connected by methylene, 6xy'gén or sulfur
bridges. However, further'wofk"‘is ré(iuired
for the more accurate structure. The condition
of ‘coal quuefaction 'requires drastic condition
of high pressure and temperature. It .is the
task of contemporary fuel chemists to.find a
proper catalytic system by which coal would
be liquefied under milder condition, thereby
minimizing the energy needed for the lique-
faction.

Acknowledgements

This work has been prepared by the author
at the Hydrocarbon Research Center (HRC),
University of Alberta, Edmonton, Canada. He
warmly thanks H.R.C, for their generous support

References

1. D.W. van Krevelen, ‘Coal’,
Amsterdam, 1961.

2. Coal Science, Advances in Chem. Series,
(Ed. R.F. Gould), Am. Chem. Soc., Wa-
shington, 1966.

3. G.R. Hill and L.B. Lyon, Ind. Eng.
Chem., 54(1962) 36.

4. K.Ouchi and J.D. Brooks,
67) 367.

5. K.D. Bartle and J.A.S. Smith, Fuel, 44,
(1965) 109.

6. L. Davies and G.J. Lawson,
(1967) 95.

7. S.K. Chakrabartty and H.O. Kretschmer.
Fuel, 51(1972) 160.

8. S.K. Chakrabarity and H.O. Kretschmer,
Fuel, 53(1974) 132.

9. S.K. Chakrabartty,
Fuel, 53(1974) 240.

10. J.L. Houston, R.G. Scott and M.H. Studier,
Fuel, 55(1976) 281.

11. D.L. Vanderhart and H.L. Retcofsky, Fuel,
55(1976) 202.

12. V.J. BartusKa, G.E. Maciel, J.S. Schaefer

Elsevier,

Fuel, 46(19

Fuel, 46

and N. Berkowitz,

HWAHAK KONGHAK Vol. 17, No. 3, June 1979



164

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

and E.O. Stejskal, Fuel, 58(1977) 354.
D.W. van Krevelen, Coal, Elsevier, Ams-
terdam, 1961, p. 339.

N. Berkowitz, Proc. Symp.On The Sci.
and Tech. of Coal, ottawa, Mines Branch,
De=pt. of Ehergy, Mines & Resources(Can-
ada), 1967, pp. 149-155.

R.C. Neavel, Proc. Symp. On Agglomer-
ation and Conversion Of Coal, Morgan-
town, W. Virginia, 1975.

G.R. Hill, H.H. Reed and L.L. Anderson,
Am. Chem. Soc., Adv. in Chem. Ser., 19
66, 55, pp. 427-447.

G.P. Curran, R.T. Struck' and E. Gorin,
Prepr., Div. Pet. Chem., Am. Chem. Soc.,
1966, C-130-148.

G.P. Curran, R.T. Struck and E. Gorin,
Ind. Engng. Chem. Process Design Dev.,
1967, 6, No. 2, 166.

N,H. Wiser and G.R. Hill, Proc. Symp.
On The Sci. and Tech. of Coal, Ottawa,
1967, Mines Branch, of Energy.

W.H. Wiser, Fuel, 47(1968) 475.

J. Guin, A. Tarrer, L. Taylor, Jr., J.
Prather and S. Green, Jr., Ind. Eng.
Chem. Process & Design, 15(1976) 490.
R.C. Neavel, Fuel, 55(1976) 237.
S.Weller, M.G. Pelipetz, and S.Friedman,
nd. Eng. Chem., 43(1951), 1572 Ibid 43
(1951) 1575

B.J. Liebenberg and H.G.J. Potgleter,
Fuel, 52(1973) 130.

R.Yoshida, Y. Maekawa, T. Ishii and G.
Gakeya, Fuel, 55(1976) 55, ibid 55(19
76) 341.

H.W. Sternberg, R. Raymond, and F.K.
Schweighardt, ACS, Div. Petr. Chem.,
Prepr., 20(1975) 763.
H.W. Sternberg, ACS Div.
Prepr., 21(1976) 1.

1. Schwager and T.F. Yen, Fuel, 57(19
78) 100.

R.G. Ruberto et al., Fuel, 55(1977) 17.
H.W., Sternberg, R. Raymond and S.,
Akhtar, Prepr.Petrol. Chem., ACS, 20(12
75) 711.

Fuzl Chem.

&rat3s M7 H 35 19783 63

31.

33

34.

36.

37.

38.

39.

40.

41.

. L.A.

. K. Ouchi,

. K. Ouchi,

FMC Corp.,Char Oil Energy Development,
Research and Dzvelopment Report No. 56,
Interim Report No. 1, Office of Coal Rese-
areh, U.S. D=pt. of the Interior (1970).
Pittsburgh and Midway Coal Mining Co.,
Economics of a Process to Produce Aahless,
Low Sulfur Fuel from Coal, Research and
Development Report No. 53, Interim Report
No. 1, Office of Coal Ressaroh, U.S. Dept.
of the Interior (1970).

a) T. Aczel, R.B,, Williams, R.]. Pan-
cirov, and J.H. Karchmer, ”Chemical
Properties of Synthoil Products .and.Fee-
ds”, Report Prepared for the U.S. ERDA,
FE-8007, (1977).

b) T. Aczel, R.B.Williams, and R.J.
Pancirov, “Abstracts of the 1977 Pitts-
burgh Confeerence on Analytical Chemi-
stry and Applied Spectroscopy”, Abstract
No. 67, 1977,

L.A. Heredy and M.B. Neuworth, Fuz!l,
41(1962). 221.

Heredy, A.E. Kostyo and B,
Neuworth, Fuel, 42(1963) 182.

L.A. Heredy, A.E. Kostyo and M.B.
Neuworth, Fuel, 42(1963) 182.

L.A. Horedy, A.E. Kostyo, and M.B. Ne-
uworth, Fuel, 43(1964) 414.

L.A. Heredy, A.E. Kostyo and M.B.
Neuworth, Fuel, 44(1965) 125.
L.A. Heredy, A.E. Kostyo and M.B.

Neuworth, Adv. Ciem., 55(1966)493.
L.J. Darlage, J.P. Weidner and S.S.
Block, Fuel, 53(1974) 54.

K. Ouchi, K. Imuta and Y. Yamashita,
Fuel, 52(1973) 156.

K. Imuta and Y. Yamashita,
Fuel, 44(1965) 29.

K. Imuta and Y. Yamashita,
Fuel, 4£(1963) 205.

K. Imuta, and K. Ouchi, Fuzl, 52(1973)
174.

5. K. Ouchi and J.D. Brooks, Fuel, 46(19
67) 367.
. J.A. Franz, G.L. Tingey, J.A. Camp-

bell, J.R. Morrey, D.M. Grant and R.J.
Pugmire, Prepr. Fuel Div., Am, Chem.



47.

48.

49.

50.

51.

65.

67.

5. R.H. Schlosberg,

. R.A. Friedel, and L.J.E. Hofer,

Soc., 20(1974) 12.

J.A.Franz and D.M. Grant e al.,
56(1977) 356.

L.]J. Carlage and M.E. Bailey, Fue! 55(19
76) 205.

C. Krosger, and H. de Vries, Liebigs Ann,
35(1962) 632.

C., Kroger, H.B. Rabe and B. Rabs,
Erdol, Kohle U. Erdgas, Petrochenie, 16
(1963) 21.

C. Kroger, Anlagerlung von Athylen an
Steihkohlen, Forschung-sbericht des Landes

Nordhein-Westfalen, Nr. 1488, Westdeuts-
cher Verlag, Ksln, 19455.

Fuel,

>, E. Ota, and S. Otani, Chem. Letters, (19

75) 241.

. JJW. Larsen and E.W. Kuemmerle, Euel,

53(1976) 162.

. W. Hodek, Friedel-Crafts Alkylation of

Bituminous Coals, ACS Symp. Ser., 1977,
55(Ind. Lab. Alkylations), 408-16 (Eng.).
M.L. Gorbaty and T.
Aczel, J. Am. Chem. Soc 100(1873) 4188,
H.W. Sternberg, Fuel, 50(1971)
432.

H.W. Sternberg and C.L. Dzlle Donne,
Fuel, 53(1974) 172.

W. Hodek and G. Kolling, Fuel, 52(1973)
220.

C.G. Cannon and G.B.B.M. Sutherland,
Trans Fara. Soc., 41(1945) 279. Nature,
156(1955) 240.

et al.,

. J.K.Brown, J. Chent. Soc., (1955) 752.
. R.A. Durie and S. Sternhell,

Austrelian
J. Chem., 12(1959) 205.

2. L. Czuchajowski, Fuel, 40(1961) 351.
. J.W. Shih, Y. Osawa and S. Fujii, Fuel,

51(1972) 153.
J.Phys.
Chem., 74(1970) 2921.

. R.A. Friedel and G.L. Carlson, Fuel, 51

(1972) 194.

R.A. Friedel and J.A. Queiser,
Chem., 28(156) 22.

J.K. Browm, W.R. Laduer, and N. She-
ppard, Fuel, 89(1960) 79.

Anal.

68

69.

~1
93

74.

79.

80.

81.

165

. J.K. Browm and W.R. Ladner, Fuel, 39
(1960) 87.
C.W. Dewalt and M.S., Morgan, Prepr.
Symp. Tars, Pitches, Asphalts, Atlantic
City, 1952, ACS, Div. Fuel Chem., p. 33.
R.A. Friedel, J.Chem. Phys., 31(1959)
230.
R.A. Friedel, Proc, Conf, Carbon,
Buffalo, 1959, p. 321,
New York, 1960.

&£h,
Pergamon Press,

2. R.A. Friedel and H.L. Retcofsky, J.

Am. Chem. Soc., 85(1963) 1300.

R.A. Friedel and H.L. Retcofsky, Proc.
Conf. Carbon, 5th, Univ. Park, Penna.,
1961, wvol. 2, p. 149, MacMillan, New
York, 1963.

W.R. Ladner, and A.E. Stacey, Fuel,
40(1961) 295.

. J.F.M. Oth and H. Tschamler, Fuel, 42(29

63) 467.
R.A. Friedel, and H.I.. Retcofskw, Coal
Scieuce, Adv. in Chem. Serces 53, Am.

Chem. Soc., Washington,
503-515.

H.L. Retcofsky and R.A. Friedel, Prepr.
A, Chem. Soc. Div. Fuel Chem., 11(19
67), 247.

H.L. Retcofsky, and R.A., Friedel Spebht-
rometry of Fuels, (Ec. R.A. Friedel) Ple-
num Press, New York, 1970, p. 99.

G.C. Levy and G.L. Nelson, “Carbon-13
Nuclear Magnetic Resonce for Organic
Chemists”, 1972, New York, Wiley-Inter-
sci ence.

J.B. Stother, ‘Carbon-13 NMR Spectros-
copy’, 1972, New York, Academic Press.
K.D. Bartle, T.G. Martin and D.F. Will-
iams, Chem. and Ind.. 7(1975) 513.

D.C. 1966, pp.

. J. Gibson, Gluckauf, 1973, (1), 66.
. J.K. Brown, and W.R. Ladner Fuel(Lon-

don), 39(1960) 86.

. S.A. Knigh, et al., Chem. & Ind., (1972)

614.

. H.C. Dorn and D.L. Wooton, Anal. Chem.,

48(1976) 2147.

H.L. Retcofsky, F.K. Schweigeardt and

HWAHAK KONGHAK Vol 17, No. 3, June 1979



166

M. Hough, Anal. Chem., 49(1977) 585.

87. D.L. wooton, W.M. Coleman, L.T.Taylor
and H.C. Dorn, Fuel, 57(1978) 17.

88. D.M. Cantor, Anal. Chem., 50(1978) 11
85.

89. M. Oka, H.C. Chang and G.R. Gavalas,
Fuel, 56(1977) 3.

90. H.L. Retcofsky, and R.A., Friedel, Anal.
Chem., 43(1971) 485.

91. H.L. Retcofsky and R.A. Friedel, J.
Phys. Chem., 77(1973) 68.

99. D.L. Vander Hart and H.L. Retcofsky,
Fuel, 55(1976) 202.

33. V.J. Bartuska, G.E. Maciel, J. Schaefer
and E.O. Stejskal, Fuel, 56(1977), 354.

94. A-. Pines, M.G. Gibby and ].S. waugh,
J. Chem. Phys., 56(1972),1776. 59(1973)
569.

95. H. Kessemeier and R.E. Norberg, Phys.
155(1967), 321.

96. E.R., Andrew, Progr. Nucl. Magn.
Reson. Spectrose., 8(1971) 1.

97. J.H. Beynon, Mass Spectrometry and
its Application to Organic Chemistry,
Elsevier, Amsterdam, 1960.

98. H.E. Lumpkin, Anal. Chem., 36(1964)
2399.

99. H.E. Lumpkin, ef a/, Presented at 23rd
Annual Conference’on Mass Spectrometry
and Allied Topics, Houston, Texas, May
25-30, 1975.

100. H.D. Beckey, Principles of Field Ioniza-
tion and Field Desorption Mass Spectro-
metry, Pergamon Press, 1977.

101. F.H. Field and S.H. Hastings,
Chem., 28(1956) 1248.

102. H.E. Lumkin, Anal. Chem., 30(1958).
321.

103. H.E. Lumkin and T. Aczel, Anal. Chem.,
36(1964) 181.

104. H.E. Lumkin, A#=al.
2399.

105. B.H. Johnson and T. Aczel, Anal. Chem.,
39(1967) 682.

106. T. Aczel, J.Q. Foster and J.H. Karchmer,
Presented at the 157th Nationg of ACS,

Anal.

Chem., $6(1964)

statD st M6 H 35 19799 63

Minneapolis, Minnesota, April,  1953.

107. T. Aczel, Rev. Anal. Chem. 1(1971)
226.

108. W.L. Mead, Anal. Chem., 40(1968) 743.
109. M. Ryska, M. Kuras and ]J. Mote-
cky, Int. J. Mass Spec. and Ion Physics,
16(1975) 257.

110. S.E. Scheppele, G.J. Greenwood and P.
A. Benson, Anal. Chem., 49(1977) 1847.

111. M. Kuras, M. Ryska and Jiri Mostecky,
Anal. Chem., 48(1976) 195.

112. S.E. Sceheppele, P.L. Grizzle, G.]J. Gree-
nwood, T.D. Marriott and N.B. Berreira,
Anal. Chem., 48(1976) 2105.

113. M. Anbar and G.A. St. John, Fuel, 57
(1978) 103.

114. I Schwager and T.F. Yen, “Liquid Fuels
from Coal”, ed. by R.T. Ellington, Aca-
demic Press, 1977, pp. 233.

115. H.W. Sternberg, R. Raymond and F.K.
Schweighardt, Sci., 188(1975) 49.

116. T.F. Yen, Fuel, 52(1973) 93.

117. T. Aczel, R.B. Williams, R.A. Brown
and R.J. Pancipov, Chapter in “Analy-
tical Methods for Coala nd Coal Products”
ed. %y C. Karr, Jr., Academic Press,
new York.

118. J.E. Dooley and C.J. Thompson, “Liquid
Fuels from Coal”, ed. by R.T. Ellington,
Academic Press, 1977, pp. 221.

119. F.K. Schweighardt, H.L. Retcofsky and
R.A. Friedel, Enel, 55(1976) 313.

120. M.Farcasiu, Fuel, 56(1977) 9.

121. J.E. Schiller and D.R. Mathiason, Azal.

Chem., 49(1977) 1225.

AL &

A2k 7 A whae 1968 A Sl Fatel
3 &3 FToddta, 1974w T4
University of Southern Califonia ¢ 4 Ph.D &
g5staet. 19748 19790 5974A o F
frekeh st Shabsbsh shubek el ek ot Afol T
4 dFdew ARGt #A T3l T4
AdaTae s A5 Folvh



