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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the Depart-
ment of Energy, nor any of their employees, nor any of their con-
tractors, subcontractors, or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness or usefulness of any information, appa-
ratus, product or process disclosed, or represents that its use would
not infringe privately owned rights.
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COAL LIQUEFACTION STUDIES USING PHOSPHORIC
ACID AT MODERATE TEMPERATURES AND PRESSURES
By
Joseph B. McLean* and Theodore Vermeulen
Energy and Environment Division
Lawrence Berkeley Laboratory
and
Department of Chemical Engineering
University of California, Berkeley, California 94720
ABSTRACT

Concentrated phosphoric acid solutions (65-1007% 33P04) were studied
as a potential homogenous catalytic medium for coal liquefaction at
temperatures of up 250°C and hydrogen pressures up to 600 psig.
Possibie catalytic additives, both organic and inorganic, were investi-
gated. Sulfuric acid and wmolten phosphate and sulfate sglt systems
were also briefly studied. Illinois No. 6 bituminous coal was used
in most of the experiments, while Wyodak sub-bituminous and Solvent
Refined coal were also used. Asphaltene and presasphaltene contents
of the treated coals (as determined by successive Soxhlet extractions
with benzene and pyridine) were compared with those of the feed coal
materials to determine the relative success of the treatment procedures
used,

Sodium pyrophosphate was found to be a beneficial additive to
phosphoric acid, in thst it reduces the tendency toward foaming upon
contacting coal with hot acid, and was used in all subsequent experiments.

*M.8. thesis
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When no other additives were used, anhydrous phosphoric acid (100% HaPO, )
was ineffective in that the treated coal gave lower extraction yields
(8-12% DAF coal) than the untreated coal (19%Z) due to the occurrence of
polymerization reactions. More dilute concentrations (88-96%) gave
slight increases in extraction yields, 25% being obtained by using 92%
HaPO, at 200°C with no hydrogen present.

Sulfuric acid was ineffective as a liquefaction catalyst, promoting
gasification and carbonization of the solid residue at 175°C and 600 psig.
Unfavorable results were also obtained with molten sulfate and phosphate
salts.

A number of organic additives were tried, the most successful being
tetraphydrofuran (THF), para-toluenesulfonic acid (PTSA), and tert—butanol.
The use of THF led to extremely high extraction yields (up to 88% of the
total product), but with the expense of high THF incorporation. PTSA
and tert-butanol both led to high extraction yields (30~-40%) with no
significant incorporation, and were more successful when used in
combination than separately.

Approximately 30% of the sulfur in coal is vemoved by phosphoric
acid treatment, while no effect on nitrogen content is evidenced. Some
deashing occurs, with Al,Ca components most affected. Phophorus is
chemically incorporated into the product coal at levels of 2% or less
with most of the incorporated P ending up in the pyridine extract.
B.E.T. surface area and scanning electron microscope studies indicate
that increased extraction yields of product coals are due more to
chemical effects than simply to exposure of more surface area to the

extraction solvent used.

Work performed under the auspices of the U. S. Department of Energy.
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I, INTRODUCTION

In vecent years, because of depletion of the world's reserves of

petroleun and natuvral gas, the vtilization of solid fossil fuel - coal,

‘01l shale, and tar sands - has veceived considerable attention. Of

these, coal is the most recoverable and gvailable,

U.8. coal reserves, suitably uvtilized, could supplant natural
gas and crude oil for the equivalent of 500 years under total dependency
(C1). 1In particular, there is é need for the development of processes
to produce liquid fuels from coal as a petroleum substitute for both

transportation fuels and petrochemical feedstocks.

A, COAL STRUCTURE

Coal is the anaerobic decompogition product of vegetation from
pfévious geological ages. It is composed primarily of carbon, hydrogen,
and oxygen, lesser amounts of nitrogen and sulfur, along with varying
amounts of wineral matter ("ash"™) and moisture. As coals increase in
age {(or rank), they decrease in both moisture snd volatile comstituents,
becoming more like graphite in chemical structure.

A number of models for coal structure have been developed, several
of which are summarized by Lowry (L1). A model of bituminous coal struc=
ture by Wiser (Wl) is present in Fig. 1. About 70% of the carbon is
contained in condensed polynucleasr aromatic clusters, but only about
23% of the hydrogen is attached to these rings. Thus, contrary to
earlier theories, the aromatic rings must be highly substituted, with
an average number of 3 to 5 rings per cluster. These clusters are

connected by hydroaromatie or aliphatic linkages. Sulfur is also found
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Wiser Model for Bituminous Coal Structure

Fig. 1.



in an inorganic state as part of the ash, usually as FeS,.

Recent studies (Z1) indicate that acid-base interactions are aglso
importent, with hydrogen bonding oceurring between acidic structures
such as phenolic hydroxyl and pyrrole~type nitrogen groups, and basic

components like ether oxygen or pyridine~type nitrogen.

B. ALTERNATIVE PATHS OF LIQUID FUELS FROM COAL

1. Indirect Liquefaction (Fisher-Tropsch Synthesis)
Liquid Fuels can be produced in a two-stage process as follows (Gl):

(a) Gasification in a controlled oxygen stream to produce synthesis gas

(CO/Hy) mixture) according to the following representative reactions:
CKHZY + 1/2 (x + y)0y + xCO + yH,0
Cxﬁzy + X Hzo =S (3{ %+ y)\HZ + wCO

(b) Reaction of synthesis gas over a supported catalyst to form hydro-

carbons, along with €0, and Hy0 by-products:
(Zﬁ + 1%)%{2 + (E‘l'ﬁﬂ}@@ B CﬂHZﬁ"%’Z % ﬂHzc + @COZ
{wn = m)Hz 4+ (nem)EO0 » CyHy, + nHy0 + mCO,

A commercial plant is currently operating in Sasol, South Africa
(B1) using this process. Its main disadvantage is low yield (bbl.
0il produced per ton of coal fed), since a significant fraction of the
fuel value of the original coal is lost as H,0 and CO, by-products of

the above reactions.



2. Pyrolysis

Thermal decomposition results from heating coal in the absence
(or in the presence of limited quantities) of air, producing a complex
range of gaseous, liquid, and solid products. Short residence times
and high'temperatures are required, mecessitating a means for obtain-
ing extzémely rapid heat-up of the coal particles. Several pyrolytic
conversion processes have been developed including the COED (Bl,Cl),
TOSCOAL (Bl), and Garvett (S1) processes. Such processes involve
nonselective degradation, which is undesirable when liquid products
are desired. Also the solid char product must be viable as a solid

fuel, for an acceptable overall efficiency to be obtained.

3. Solvent Extyaction

As far back as the 1930's (Fl), considerable attention has been
given to the liquefaction of coal by dissolution in organic solvents.
Van Krevelen (V1) classifies coal-solvent interactions into four basic
categories:
a) Non-specific extraction involves removal of waxes and resins (a
small fraction of the coal) at low temperatures (below 100°C) and is
generally of little interest.
b}  Specific extraction leads to higher vields at temperatures below
200°C by the use of nucleophilic solvents. The test specific extrac-
tion solvents generally contain a nitrogen (e.g. pyridine) or oxygen
(e.g. phenol) atom which interacts with the coal in an acid-base fashion.
c) Extractive disintegration, carried out about 200°C, leads to higher

yields through degradation of the coal structure. Draemel (D3) has



shown that more than 50% (dry ash-free basis) of & sub-bituminous coal
can be dissolved using phenol at 300°C (i.e. below pyrolysis condi-
tions), with some phenol being incorporated into the extracted material.
d) Bxtractive chemical disintegration usually uses a hydrogen-donor
solvent (suech as tetralin, discussed below) at temperatures above 300°C.
The chemical composition of both coal and solvent are affected during
the process.

The phenomenon of hydrogen donation by some solvents is particularly
useful for coal dissolution. An example of & hydrogen domor solvent
is ﬁ@tfél%ﬁe At temperatures above 325°C, tetralin can transfer hydro-

gen atoms to coal, forming maphthalene and unknown coal products:

<+  {em.}

These atoms appear to hydrogenate and/or crack the organic
structure of the coal, resulting in lower-molecular-weight material
which is more soluble. While hydrogen-donor processes (such as SRC
or EDS, discussed below) are actually hydroliquefaction operatioms,
they are often classified under solvent extraction.

The Solvent Refined Coal or "SRC" process (Bl) yields as its
major product a& solid fuel which ie reduced in ash and sulfur, and
thus is more suitable than the feed coal as a solid fuel. The SRC
product can alsoc be used as a feed for further hydroprocessing to
produce liquid fuels,

The Exxon Donor Solvent (EDS) process uses a coal-derived donor

solvent. Spent solvent is separated from the liquefaction products



and is catalytically rehydrogenated for vecycle back to the
liquefaction step. Once liquefied, the extracts can also be hydro-

treated with solid catalysts for upgrading to desired products.

4. Direct Hydrogenation

Hydroliquefaction involves the reaction of coal with hydrogen to
produce liquid products, and was first successfully practiced in Germany
during World War II. When carried out without the presence of a
catalyst, extremely high operating temperatures and pressures are required,
resulting in high capital and operating costs. Like low pressure
pyrolysis, thermal (non-catalytic) hydrogenation is also non-selective,
in that degradation of the coal structure results in high hydrogen
consumptions.

A suitable catalyst could lead to improvements over a direct
hydrogenation process in two ways. By increasing reaction rates,
desired conversions could be obtained at lower temperatures and
pressures, resulting in economic improvements. Also, a catalytic
reaction could be done more selectively, reducing hydrogen consumption
and resulting in & wmore efficient process.

Catalytic hydrocracking using heterogeneous catalysts in a well-
developed and widely practiced process in the petroleum industry. As
a8 result, considerable work has been done concerning the use of such
catalysts with coal. 1In the Synthoil Process (Bl, Y1), coal is slurried
with & recyecled o0il product and reacted over a cobalt molybdate on

silica~alumina catalyst to yield a low-sulfur fuel oil.



" There avre seve%al drawbacks to using heterogeneous hydrocracking.
catalysts with coal. The two solids do not interact directly, and
the liquid mediuvm must serve as a hydrogen transfer agent. Coal and
its breakdown products have a higher basic nitrogen content than
petroleum, and this poisons acid catalysts more vreadily. Also the ash
components of coal can ieadvtc irreversible poisoning by plugging of

catalyst pores, resulting in a loss of surface area.

C. CHEMISTRY OF COAL CONVERSION
1. Reactions Involved

Since coal is a very complex high molecular weight material,
analytical procedures are needed for measuring the success of
treating processes aiming at liquefaction. One such procedure utilizes
the following classification scheme (K1). "0il" is defined as the
pentane-soluble (or sometimes hexane or cyclohexane-soluble) components
of the untreated or treated coal. O0il comprises the lowest molecular
weight molecules, distillable at atmospheric pressure below pyrolysis
temperatures. Typical values rep@xte& for the oil fraction from SRC
are 350 for number-average molecular weight (K1) and 1.3 for aliphatic-
to-aromatic-~hydrogen fatio (T2). Asphaltenes are the pentane-insoluble
benzene-soluble fraction, higher in molecular weight (number average
565) and more aromatic in character than oils (aliphatic-to~aromatic
H ratio 1.1). Preasphaltenes are defined as the benzene-imnsoluble,
pyridine-soluble components. They are still higher in molecular
weight (number average 800) and contain more heteroatoms, particularly

basic nitrogen and phenolic oxygen, with an aliphatic to aromatic H



ratio less than 1.0. Chemical characterization of the different
extract fractions has been well documented in a number of sources
(K1, 82, W2, 83, S4). Thus the reaction sequence for a liquefaction

process would be:

Coal o+ Pre-asphaltenes . Asphaltenes + 0il

On a molecular level, reactions involved in coal liquefaction
include hydrogenolysis, hydrogenation, depolymerization, alkylation, and
dealkylation. FEach of these is discussed in detail below.

a) Hydrogenolysis is a cracking reaction which involves the cleavage

of a bond (illustrated below as & C-C bond) and insertion of hydrogen:
§ 8 i ]
R=G=G-R' + H, » R=GH + H-(

In coal liquefaction, hydrogenolysis of C=0, €C~-§5, and C-N bonds can
also occur., When no catalyst is used, hydrogenolysis reactions are
induced by pyrolysis. Thus, at any temperature in the pyrolysis range,
the reaction products at high hydrogen pressures are very different
than those formed without hydrogen.

b) Hydrogenation involves the sddition of hydrogen to an olefinic
bond or, under more severe conditions, to an aromatic ring. A reaction
typical of those occurring in liquefaction processes is the conversion

of anthracene to 9,10-dihydroanthracene:



Selective hydrogenation refers to a combination of hydrogenolysie and
hydrogenation which leads to the liguefaction of ceoal &t the lowest
possible hydrogen consumptions. The reactions involved include removal
by hydrogenolysis of hetercatoms in both ring and connecting structures,
and partial hydrogenation of aromatic ring cluster (such as illustrated
by anthracene above) followed by hydrogenolysis of the resulting
aliphatic C-C bonds, allowing the cracked fragments to retain their
aromatic character.

€) Depolymerization as applied to coal liquefaction usually refers

to the cleavage of a8 connecting bridge structure between aromatic wing
cluster and replacement with a single-ring molecule, lesding to a
molecular-weight reduction. Since depolymerization does involve -
consumption of this replacement ring, it is wainly used as a tool

for structural determination studies. One example of depolymerization
(01, 02, 03, 04, L2) uses phenol in conjunction with en acidic catalyst

according to the following mechanism:
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d) Alkylation involves the addition of alkyl groups to aromatic rings.

It has been shown (B2, 83, §5, L3) that alkylation of coal can result

in increased extraction yields. While this has been used primarily

as a tool for structural studies, it is also possible that an alkylating

agent (preferably coal derived) could be found which would be cheap

enough to justify its use in an alkylation-based liquefaction process.
In liquefaction processes operating at elevatgd temperatures

(above 3259C), pyrolysis reactions (non-specific thermal degradation

through free radicsl mechaniems) also become important. A particular

type of pyrolysis reaction which has been utilized is hydrogen donation,

illustrated above by tetralin.

Z, The Function and Nature of Catalysts

The hydrocracking catalysts useful in coal liquefaction processes
have a dual nature -- acid groups with a cracking function utilizing
a carbonium-ion mechanism, and metal-atom sites with & hydrogenation
function. Related acid-catalyzed reactions includ isomerization,
polymerization/depolymerization, alkylation/dealkylation, and hydration/
dehvdration. The hydrogenation function converts either carbonium ions
or free radicals to desirable products and prevents secondary cracking
which leads to char (polymer) formation.

Commerical hydrocracking catalysts used in the petroleum industry
have traditionally been heterogeneous, with the catalyst material
dispersed on interior surfaces of a solid support. In recent years,
the use of homogeneous (liquid phase) catalysts, usually metal ions

and complexes, for reactions similar to those discussed above has
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received considerable attention (C2). The term "homogeneous", when
applied to a coal-conversion catalyst, actusally refers to & catalyst
present in the liquid phase., Homogeneous catalysts are particularly
attractive for use in coal-hydrogenation systems, since intimate
cantacting'can be achieved between the ligquid-phase catalyst and the
coal particles., In addition, irreversible poisoning by coal-ash
components is much more serious with heterogeneous catalysts of high
surface area than with homogeneous catalysts.

Any hydrocracking catalyst (homogeneous or heterogeneous) to be
used in a coal conversion operation must be stable and retain its
activity in the presence of NHy, HoS, and H,0, which are formed via
hydrogenolysis from the heteroatoms pzeseﬁt in the coal structure.

The program underway at this laboratory, of which this
investigation is a part, is aimed at developing & liquefaction pro-
cess which combines molecular activation by an inorganic homogeneous
catalyst with the capping action of an organic hydrogen-donor solvent
or other suitaeble reagent. The proper combination of catalyst and
solvent in such 2 system could lead to high conversions at lower
temperatures and pressures than would be attsinable with either
catalyst or soivent alone. Also, by operating at temperatures below
the pyrolytic decomposition region, hydrogenation reactions could be

carried out selectively.

D. PHOSPHORIC ACID AS A COAL CONVERSION CATALYST
1. Physical Properties of Phosphoric Acids
Orthophosphoric acid (HSPOQS commonly referred to simply as

phosphoric acid) is a product of the reaction of phosphorous pentoxide
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with water:

Pure orthophosphoric acid (IOOZ‘HSPOQ) has a melting point of 38.85°C,
a viscosity of 151 cp at 30°C ang 5 cp at 180°C, and a boiling point
of 261°C (K2). However, due to equilibrium considerations of the
formation of condensed polyphosphoric acids, 100% HaPO, does not

exist as a pure molecular compound, but as a mixture with ions

(Hy0*, H,PO,”, H,P0,¥) and polymers (H,P,0,, HyP,0, , etc). The
“dimer™ H,P,0,, known as pyrophosphoric acid (melting point 54°C,
viscosity approximately 50 cp at 180°C) is formed at temperatures

above 210°C by an equilibrium reaction which simplifies to:

Heating H,P,05 to redness produces metaphosphoric acid by the loss of

water:

e

A convenient scale for measuring concentration in these acids is given
by weight-percent P,05. On such a scale orthophosphoric acid contains
72%, pyrophosphoric acid 80%, and metaphosporic acid 887 P,0s. Figure
2 (K2) shows a temperature-composition diagram from the H,0-P,05 system.
At 927 P,05 and 860°C an azeotrope is formed; at atmospheric boiling

points up to 300°C, the vapor is essentially pure H,0.
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Jameson (J1) has shown by room-temperature separations, where the
equilibrium is frozen, that 100% H4PO, actually contains approximately
12.5% H P50, with 1.15% (the correspoinding amount) of free H,0.
Figure 3 shows a plot of species compositions vs. P,0s concentration.
Below about 95% HqPO, (68% PZOS) the equilibrium content of H,P,0,
becomes too small to detect.

2. Potential Advantages of Phosphoric Acid as a Coal Catalyst

HyPO, is a relatively strong acid, with a Hammett acidity function
value well into the negative range (P2), lying below H,50, but falling
into much the same range as HNO5. Thus, it provides a& source of
protons which can lead to cracking reactions via carbonium ion mech~
anisms. Formation of the condensed acids allows the acidic character
to be maintained in the liquid phase even at high temperatures. For
example, H,P,0; and HPOq still contain one strongly acidic proton for
each P atom. Phosphoric acid systems are compatible with a wide
variety of homogeneous hydrogenating agents. For example, metal ions
(from metal halides) can be used at temperatures below the melting
points of the respective phosphate or halide salts in a homogeneous
medium since they are soluble in the acid (W3). It may be economical
to use such salts in relatively small amounts rather than in the pure
state. Any water formed in the reaction will be chemically bound by
the condensed acids, which will retard the hydrolysis of any sensitive
catalytic additives which may be present.

Unlike other strong acids (e.g. sulfurie), phosphoric acid is
essentially non-oxidizing. Phosphoric acid is compatible with the

decomposition products of the hetercatoms present in untreated coal:
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oxygen as HoO, suifur as HyS, and nitrogen as NHy (H3PO, forms ammonium
dihydrogen phosphate, NHQHZPOQ)Q Finally, oxidative regeneration of
H4PO, to eliminate any carbonaceous residues is possible, an important
process consideration where such & catalyst is to be recyeled.

3. Industrial Use of Phosphoric Acid in 0il and Chemical Processes

Inorganic acids - phosphorie, sulfuric, and hydrofluoric -

.have long been used in the petroleum industry a&s polymerization and
alkylation catalysts. Phosphoric acid, as a liquid or impregnated

on clay-type solid supports (Ml), has been used as a catalyst for the
manufacture of high-octane gasoline (F3) by polymerization of refinery
cracked gases. Other uses have been in alkylation of heterocyclie

ring systems and organic amines, condensation of amides, and depolymeri-
zation of paraldehyde (82).

Catalysts have also been made by combining phosphoric acids with
metal salts. A combination Lewis and Brénsted acid can be formed by
saturating orthophosphoric acid with BF4. Topchiev and Paushkin (T1)
report the use of such a catalyst for the alkylation of isobutane
with propylene.

4, Use of Phosphoric Acid for Coal Conversion

Dreyfur (D2) was able to obtain substantial conversion of coal
to gaseous products at 450°C by first slurrying the coal in dilute
solutions of phosphoric acid and ammonium phosphate, than heating to
drive off water, leaving an impregnated coal. Following this, Pier
et al., (P1) found that pretreating coal with phosphoric acid ?gior to

hydrogenation above 50 atm, between 250 and 750°C, resulted in
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higher yields of distillable products.

More recently, Schuman and associates (86) reacted a bituminous
coal with & 10% phosphoric acid solution containing small amounts of
ammonium molybdate at 650°F and 1000 psig H, for gix hours, and
obtained 45.6 wt% conversion of coal (0.7% to gases, 13.3% to oils,
and 31.6%7 to asphaltenes).

Sentagelo and Dorchak (S7) showed that low-sulfur chars could be
formed from coals which had been pretreated by slurrying with 5-10%
solutions of phosphoric acids and then filtering. Along similar lines,
Eéyets (M2) has shown that phosphoric acid is an effective agent for
the extraction of organic sulfur from coal.

As an extension of earlier work (W4), Kiovsky (K3) found that
substantial improvements in yield are obtained by adding small amounts
of miﬁefal acids to molten halide catalyst systems. The addition of
20 gus. HéPéO7 to l%S gms. SbBrg, reacted with 20 gus. Illinoisg
No. 6 coal at 280°C and 1700 psig increased the yield of 250°C
boiling point and lighter components from 7.6% to 14.57. Even more
strikingly, the addition of 20 gms. H,P,0, to 150 gms. SbBrg, when
reacted with 20 gms of coal at 325°C and 1700 psig, increased the
yield from 5.3% to 31.5% of MAF coal.

Extending these results, Kiovsky (K4) and Wald (W3) developed
catalyst systems based on massive amounts of pyrophosphoric acid
containing small quantities (20 wt-%Z or less) or HI, Nal, NH,I, SbBrq,

GaBrq, T;F,, Galg, Znly, and ZnCl,.
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Kiovsky (K4) found that by treating a Big Horn Coal with 7.5
times its weight of pyrophosphoric acid containing 3 to wt~% of various
hydrogenaﬁing agents at 350°C and 150032500-psig, up to 25 by weight
of MAF coal was converted to gasoline range components (250°C boiling
point and lower). At reduced reaction times and temperatures,
conversion to gasoline~range components dropped. However, even at
lower conversions, the quantity of asphaltenes produced reéained
high. For example, when 3% ﬁﬁéi in 54?207 was used, a decresse in
reaction time from 30 to 2.5 minutes accompanied by a temperature
decrease from 365°C to 320°C resulted in a drop in the yield of
volatile products from 32.3% to 6.5% MAF coal. At the same time the
yield of non-extractable residue increased from 1.0% to 29.0%Z. Thus
the asphaltene yield (calculated by difference) dropped only from 67%
to 64%. The sulfur content of the extractable material in these
experiments was significantly reduced, indicating the occurrence of
hydrodesulfurization reactions.

Wald (W3) reported hydrocracking of Illinois No. 6 coal at 350°C
and 1800 to 2000 psig for ome hour in pyrophosphoric acid alone, in
molten SbBr, alone, and in pyrophosphoric acid containing from 5-20%
metal halides. The results are given in Table 1. SbBry was the most
successful additive to the pyrophosphoric acid system, with a gasoline
range product yield of up to 25% of MAF coal. While the total con-
version was less than for SbeB alone, the conversion per unit of
SbBry was up to 5 times higher when the H,P,04/SbBrg combination was
used. This is possibly another instance of a combination Lewis and

Brgnsted acid activity.
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Recent studies at this Laboratory (S2) investigated the treatment
of a sub-bituminous coal by éh@sphoric acid (85% H4PO,) at 200°C and
1 atm alone and with additives. Conversion &8 measured by benzene
extraction yield was found to reach a maximum of 3.79% MAF coal at
30 minutes reaction time, and decreased from 30 minuts on up to 4 hours.
.This most successful additives were aluminum chloride and ethylene diamine
used together, giving en extraction increase from 2.857 to 3.75%Z for
kone hour of reaction time. This study was incomplete, in that the

possible formation of preasphaltenes was not measured.

E, ADDITIVES IN PHOSPHORIC ACID FOR COAIL HYDROGENATION

4 limited amount of background information hass been obtained about
additives which were investigated in parts of this research., These
fall into three main categories - other acids, inorganic additives,
and organic additives.
1. Other Acids

Ouchi and co-workers (01, 02, 03, 04) have studied para~toluene
sulfonic acid extensively as a coal depolymerization catalyst, cbtgin@
ing pyridic extractabilities approaching 100% of MAF coal by reacting
coal with the acid and phenol at 185°C for 24 hours. The same study
(04) vwhich gave a 92% pyridine extraction using anhydrous para-toluene
sulfonic acid as catalyst on a Yubari coal (compared with 34Z for no
catalyst) showed 96% H,80, to be only slightly less effective, yiélding
83% pyridine extraction. Phosphoric acid (85%) was completely inactive
under the same conditions indicating that acid strength (Hammett acidity)

in the probable controlling facter. :
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Table 1. Coal Conversion by Pyrophosphoric Acid and Halide Additives
(Wald, U.8. Patent No. 3,824,178)

Resgction Conditions:

Temperature
Pressure
Reaction Time

350°¢
1800-2000 psig.
1 hr.
(except Experiment 1, 30 min.)

Coal Used: Illinois No. 6

Moisture Free

152
100-200 mesh

Amount 20 gms.
Catalyst Type None SbBr, SbBry SbBrg GaBry Calg TiFé
Amount 0 150 10 40 S 8 31
Pyrophosphorie Acid, gm. 107 0 150 150 150 150 150
Products, gms./100 gun. MAF coal
CH, and CyHg Tr. 1.2 0.8 1.4 0.5 1.8 0.5
CqHg 0.1 1.7 1.9 2.1 1.5 3.1 1.7
i=-CyHy g 0.05 0.4 2.5 2.7 2.1 3.6 2.8
ﬂ&CéHlo 154 033 Oag @az @05 092
i=CgHy, 0.04 0.6 0.1 0.4 0.1 0.1 0.1
CeHyy 0.01 3.3 0.9 1.6 1.0 0.8 0.5
Methyl cyclopentane 0.01 6.7 1.2 2.1 1.2 0.8 0.3
CyHyg and CgHyg Tr 15.8 3.9 795. 6.3 1.9 0.9
CoHyp to 250°C 0 17.0 7.6 8.0 10.0 3.3 1.1
Total C,Hy4 to 250°C 0.1 52.0 17.7 24.9 22.2 12.7 7.0
Hydrogen consumed,
gms. /100 gms. MAF coal 1.5 9.3 8.5 10.4 8.3 7.7 7.8
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Pera-toluene sulfonic acid slone would be prohibitively expensive
to use as a coal-conversion catalyst on & large scale, while sulfuric
acid suffers the disadvantages of being too strong an oxidizing agent,
and too corrosive in both liquid and vapor phases. However, by using
small amounts of either as additives to a phosphoric acid system,
it would be possible in principle to utilize their catalytic activity
while maintaining the bulk properties of the phosphoric acid.

2. Inorganic Additives

Along the lines of the work by Kiovsky (K&) and Wald (W3), & dual-
function catalyst can be formed by adding & hydrogemating agent to
phosphoric acid. In particular, Lewis acids such as metal halides,
which are active catalysts when in molten form, are likely candidates.
As shown earlier, several combinations of a Lewis acid and a Brénsted
acid (WS)vhave been documented as being good hydrogenating catalyts.
Massive amounts ofvph@sphate or sulfate salts are also possibilities, B
since in their molten salt form they may show activities ag Lewis
acids similar to the corresponding Bronsted acids.v
3. Orgenic Additives

As discussed earlier, it is possible that the combination of a
donor solvent with a homogeneous catalyst could lead to higher lique-
faction yields than either component alome at comparable conditioms.
Thus, hydrogen donors such as tetralin are possible additives.
Studies in progress at this Laboratory (H2) indicate that tetrlin is
an active additive to a Lewis acid (molten ZnClz) system. Treatment
at 250°C and 500 psig for onme hour gave a product which yielded a 68%

MAF pyridine extraction, compared with 167 for ZnCl, alone.
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Another possible hydrogen donor is tetrahydrofuran, which has the

potential to lose 4 hydrogen atoms as follows:

THF has been used some a8 & coal solvent (G2), but no evidence has
been presented that indicates hydrogen-donation processes.

Ross (R1) has presented evidence that isopropyl alcohol can act
as a hydrogen donor when promoted by basic catalysts such as potassium
isopropoxide, and suggests the formation of acetone as & product from
the isopropanol. For use in an acid medium at lower pressures, sec—
butanol is preferable since its lower vapor pressure will allow more
to remain in the liquid phase. Moreover, the proposed mechanism can
be checked by the use of tert-butanol, which cannot form the ketone
gimply by losing hydrogen. Studies in progress at this Laboratory
(H2) indicate that isopropanol is also an active agent when used in
a Lewis acid system (molten ZnCZz), Treatment at 250°C and 600 psig
for one hour gave a product with a& pyridine extraction yield of
702 MAF, as compared with 16% for ZnCl, slone.

Burkhouse (B2) showed that THF-extractabilities of a Pittsburgh
seam coal increased from 12%Z MAF to 54-68% by alkylation using THF
and Co-C, alcohols (while only 11% was methanol was used), at 200°C
end 1500 psig., Thus, the use of C, alcohols as additives to phosphoric
acid (which is less acidic than HF) could lead to liquefaction by

alkylation, hydrogen donation, or possibly both.
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Wristers (W5) has veported that benzene can be hydrogenated to
cyclohexane and methyleyclopentane in the presence of a “superacid”
catalyst such as HBr-AlBrq end a tertiary hydride source such as
isopentane. His postulated mechaniem involves the formation of g

tertiary carbonium ion from the isopentane:

D

6) . o, ——p W . ' where ag@eﬁaﬁ/

Thus it is possible that & similar effect could ocecur by intreducing
& tertiary carbonium ion source to a phosphoric acid system. More-
over, since such tertiary carboms are likely to be present in the
coal structure itself, it is possible that such & mechanism could

ocecur autocatalytically in & coal/phosphoric acid system.
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I1. OBJECTIVES

A, GENERAL CONSIDERATIONS

The program of which this study is a part has the aim of
developing an understanding of the reactions occurring in coal-~
conversion processes which could ultimately lead to a liquefaction
process operable at lower temperatures and pressures than those
developed to date. By achieving selective hydrogenation, such a
process could lead to high liquid yields at lower hydrogen consumptions
per unit of liquid product than existing processes. Due to the
moderate operating conditions, such & process could also result in

lower costs for both plant construction and operation.

B. INVESTIGATION OF PHOSPHORIC ACID SYSTEMS

Phosphoric acid was chosen as the primary medium for this study,
since it exhibits a number of potential benefits as a coal conversion
catalyst. By operating in the liquid phase, intimate contacting
between acid and coal can be achieved. As a strong but non-oxidizing
acid, H4PO, provides a source of protons to initiate carbonium ion
cracking reactions. It is inexpensive compared with many other
potential homogeneous catalysts, and is known to possess catalytic
activity for & wide range of organic reactions, including alkylation/
dealkylation and polymerization/depolymerization. Encouraging results
have been obtained in other investigations (discussed above) involving
its use in coal conversion. Finally, it is compatible with a wide
range or inorganic and organic additives which could be investigated

for possible enhancement of its catalytic activity.
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The experimental objective of this study was to optimize & system
using phosphoric acid as a coal conversion catalyst operating at moderate
temperatures (up to 250°C) and hydrogen pressure {up to 600 psig) at
various acid concentrations (water content), and with various additives.
Inorganic edditives studied included sodium pyrophosphate {(which reduces
the tEﬁdenéy of the coal to release gases which create foaming con=
ditions), sulfuric acid and sulfate salts (which could lead to higher
catalytic activity due to higher acid strength), and metal ions (as
halides) which are known to possess catalytic activity. Organic
additives studied were hydrogen donors (tetralin and tetrahydrofuran),
para-toluenesulfonic acid (a known depolymerization catalyst for coal),
and alcohols (which could function as hydrogen donors, alkylation agents,

or both).

C. ANALYTICAL METHODS

Since in most cases no significant liquid products were obtained
at the mild conditions of this study, analytical methods comparing the
solid treated coal with the feed coal were used to measure the relative
success of the treatment. The elemental analysis of the coal samples,
which gave values for C, H, N, S, P, Ash, and O (by difference), was
a useful guide. An observed increase in H/C ratio shows that
hydrogenation of some sort has occurred, while a decreased H/C ratio
may indicate undesirable gasification and/or polymerization. Sulfur
and nitrogen values were compared to determine the extent of removal
(or incorporation, when sulfur-containing additives were used) of these

heteroatoms. Ash values provided information on the dissolution of
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mineral matter by the acid, in addition to allowing the calculation of
extraction yields on a DAF (dry, ash-free) basis. Phosphorus content
provided an indication of incorporation of the phosphoric acid into the
product coal.

Successive extractions using benzene and pyridine as solvents were
performed to determine the extent of asphaltene (plus 0il) and pre-
asphaltene formation due to treatment, which was the major criterion
used for evaluating the success of the treatment procedures used.

Several other analytical methods were utilized on a non-routine
basis. Samples were observed and photographed under a scanning
electron microscope to allow a visual examination of the structural
changes which occurred. B.E.T surface area determinations of selected
samples were also used to provide information about structural changes.
X-ray fluorescence was used to determine changes in the composition

of the ash constituents resulting from the treatment.
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I1I. EXPERIMENTAL STUDIES

A, COAI, AND OTHER MATERIALS
1. Coal Procurement and Preparation

Three different coals were available as feed materials for this
investigation. Most of the experiments were performed with a high-
sulfur Illincis No. 6 bituminous coal provided by the Illinois Geological
Survey., Also used were & Wyoming sub-bituminous coal supplied by Wyodak
Resources Development Corporation from the Roland top seam of the
Wyodak Mine at Gillette, Wyoming, and solvent-refined coal (SRC) from
the Tacoma, Washington demonstration plant of Pittsburg & Midway
Coal Mining Company.

Each coal was received in 55-gallon drums, and had been crushed
to minus 3/4 inch by the respective suppliers., Half of each of the
Wyodak and Illinois No. 6 samples were then ground to minum 1/16 inch
by passing through jaw and voller crushers.

After grinding, the Illinois No. 6 was stored under nitrogen in
S5~gallon friction~lid cans. One of these cans, selected for this study,
was ground in a ball mill and screened into =48, -28+4B, and +28 Tyler
mesh portions. The =28+48 mesh fraction was separated into 500 gm
portions with a riffler according to ASTM Method D-346, and stored
under nitrogen in one quart cans. After ecrushing, the Wyodak coal
was then ground in the ball mill and separated iat@ 500 gm portions
of =284100 Tyler mesh size using the same procedure.

The SRC was ground in a wmortar and pestle immediately before using.

Since SRC melts below the temperatures used in this study (200-250°C),
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no guantitative size distributions were obtained for it.
2. Analyses of Coal Samples

Both the Wyodak and the Illinocis No. 6 coals were analyzed by
Commercial Testing and Engineering Company in Denver, Colordo.
Typical seam values were also given by the supplier for the Wyodak
coal. In addition, all three samples were analyzed by the
Microchemical Analysis Laboratory of the University of California.
Proximate and Ultimate Analyses are given in Tables 2, 3 and 4.

Also presented in tables 2, 3 and 4 are figures of oil,
asphaltene, and preasphaltenme contents, determined by Soxhlet extrac-
tions according to procedures described below. Since one of the
major analytical measures used im this study was the pyridine
extractability (or preasphaltene content) of the treated coals, the
figures for the untreated coals are important as a basis for
comparison.

The Illinois No. 6 coal was chosen as the main feed material for
this study; since it has a higher preasphaltene content thanm the
Wyodak in its untreated state, it was assumed that similar treatment
procedures would produce higher preasphaltene product levels, thus
giving more accurate quantitative yield information. The Illinois
No. 6 coal is also higher in sulfur, nitrogen, and ash, thus allowing
a better indication of the effectiveness of different treatments for
removal of these components. SRC, being totally pyridine-soluble,
provides a medium for the study of the conversion of preasphaltenes
to asphaltenes and oils, as well as of any repolymerization reactions

to insoluble material.



Table 2.

Qe

Analysis of Wyodak Roland Seaw Coal

% Moisture

% Ash

% Volatiles

Z Fixed Carbon

wt %
Moisture
Carbon
Hydrogen
Nitrogen
Sulfur

Asgh

C.T. & E.

As Received
23.43
11.36
29.04

36.17

100.0

c.T. & E.

As Received

23.76

47.02

4.04

0.73

0.70

10.40

Oxygen(by difference) 13.35

1060.0

H/C (atomic)

wt % DAF:

0Oils <

0.1
Asphaltenes 1.6
8.5

Preasphaltenes

Dry Basis

14 .84
37.93

47.23

100.0

Proximate Analysis

Typical Wyodak

As Received Dry Basis
27.99
6.98 9.69
32.65 45.34
32.38 44.97
100.0 100.0

Ultimate Analysis

Dry Basis

61.67

5.30

0.96

0.92
13.64

17.51

106.0

1.03

U.C. Microlab

(Dry Basis)

59.63
5.43
0.85
0.85

14.70

18.51

100.0

1.09
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Table 3. Analysis of Illinois No. 6 Coal

Proximate Analysis (C.T.&E.)

Wt %: As Received Dry Basis

Moisture 12.64

Ash 14,57 16.68

Volatiles ' 32.96 37.73

Fixed Carbon 39.83 45.59
100.0 100.0

Ultimate Analysis

C.T.&E. U.C. Microlab
wt %Z dry basis: (Drum Sample) (28~48 mesh)
Carbon 64.16 57.4
Hydrogen 4.49 4.1
Nitrogen 1.34 1.1
Sulfur 4,17 3.9
Ash 16.73 ' 21.8
Oxygen (by Difference) 8.98 11.7

100.0 100.0
H/C (atomic) - 0.84 ' 0.86
wt % DAF: O0Oils <0.1

Asphaltenes 0.39

Preasphaltenes 18.89
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Table 4. Analysis of Solvent Refined Coal

Ultimate Analysis (Dry basis) for U.C. Microlab

Wt %

Carbon  86.45
Hydrogen 5.55
Nitrogen 2.16
Sulfur 0.55
Ash <0.5
Oxygen (by difference) 4.79

H/C (atomic) 0.77

wt%Z DAF: O0Oils 19.0-24.5

Asphaltenes 34.2-45.6

Preasphaltens 29.9-46.8
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3. Purchased Chemicals

Table 5 is a list of suppliers and purities of all chemicals

used in this study.

B.  APPARATUS

A few runs (Rums 2, 3, 8, 17 and 29 described below) were
made at atmospheric pressure in glass apparatus. This consisted
of a three-neck Pyrex flask fitted with an electrical heating mantle,
and a teflon-and-glass impeller powered by a low-wattage motor.
Hydrogen (when used) was provided from a cylindef through a sparge
tube to the flask and temperature was measured by a glass thermometer,
both entering the flask through the same neck. The third neck was
fitted with a reflux condenser, so as to condense and return any water
in the vent gases, and thus maintain constant acid concentration and
constant temperature in the reaction flask.

The remaining experiments were performed using a 600 ml autoclave
from Parr Instrument Company (moline, Illinois). Figure 4 is a diagram
of this equipment. Maximum ratings for the autoclave were 2000 psig
and 350°C. Since relatively low pressures were used in this study,

a 1000 psig pressure gauge and rupture disc were substituted for 2000
psig parts. The stirrer was attached through a self-sealing packing
gland to the adjustable-speed motor (0 to 800 rpm). Temperature was
measured by an iron-constantan sheathed thermocouple connected to a
dial 0n»the heater-control panel, and was controlled by a solid-state

potentiometric system connected to the 780-watt heating mantle.
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Table 5. Purchased Chemicals
Material Supplier Grade Min. Purity(%)
Bydrogen Liquid Carbonic - 99.999
Phosphoric Acid Mallinckrodt Analytical
Reagent 857 H3P04
Sulfuric Acid J. T. Baker Reagent 96
Para-toluene Sulfonic
Acid Eastman - 98
Sodium Phosphat Analytical
(Na3P04°12H20) Mallinckrodt Reagent 98
Zinc Chloride Mallinckrodt Analytical
Reagent 97
Cuprous Chloride Mallinckrodt Analystical
Reagent 90
Lithium Sulfate Matheson,
Coleman & Bell Reagent -
Potassium Bisulfate Baker & Adamson Reagent -
Sodium Hydroxide Mallinckrodt Analytical
Reagent 85
Benzene Mallinckrodt Analytical
Reagent -
Pyridine Mallinckrodt Analytical
Reagent -
Tetralin Eastman Practical -
Methanol Mallinckrodt Analytical
Reagent -
Tetrahydrofuran Mallinckrodt Analytical
Reagent -
Tert-butanol Aldrich Reagent -
Sec~butanol Matheson,
Coleman & Bell - -
Iscbutanol Mallinckrodt Analytical

Reagent
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Provisions also existed for using an intermal cooling loop and
a sample dip-tube. Since intermediate sampling of the complicated
multi-phese system was not feasible with this apparatus, the sample
tube was vemoved. Also, due to the corrosive acid media used, the
cooling loop was removed to avoid the possibility of a blowout of the
hot reaction mixture.

The reactor cylinder and head were made of Monel 400 (67% Ni,

30% Cu) which has been plated with successive layers of coppex, nickel,
and gold to give corrosion resistance. A Pyrex liner was used to
protect the cylinder itself from @cntaét with the corrosive reaction
mixture. The reactor internals (thermowell and stirrers) were
Hastelloy C; the connections for the cooling loop were fitted with
plugs of Hastelloy B. The rupture disc was made of Inconel 600 with
gold faciég on the exposed side, and all externsl valves fittings were
of 316 stainless steel.

Corrosion tests were performed (H2) on several different metals
using boiling phosphoric acid at 190°C (92% PqP0,). The results, given
in Table 6, indicate that the preferable materials in a system specifi-
cally designed for phosphoric acid would be Hastelloy B or Tantalum.
The eguipment used'was already available from a previous study, and
the corrosion resistance of the materials which would actusglly contact

the reaction miviure was deemed acceptable from this s?udye

€.  PROCEDURES
The actual procedures used were continuously revised and up~dated

over the course of the study, based on experience from previous runs.



Table 6. Corrosion Test Results
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92% HBPOQ at 190°C under Nz for 8 hours

(tests performed by F. Hershkowitz)

Material
Hastelloy C
Welded 316 88
304 SS
Inconel

Monel 400

316 8§

Nickel
Tantalum
Hastelloy B

Hastelloy G

Corrosion Rate (mils/yr)

214
3434
&
729
433
2321
3302
negl.
31

1240
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The procedures outlined below in each category are the ones used in
a majority of éhe runs, especially in the latter part of tﬁe study.
Importent run-to-run differences will be noted where they apply.

Three basic categories of experiments were made: (1) reactions
in glassware at atmospheric pressure; (2) reactions in the Parr
autoclave using phosphoric acid concentrations greater than the 857
H4PO, level supplied (on an additive-free basis), with or withgyt
additives; and (3) reactions in the Parr unit at or below the ééz
H3P04 level, with or without additives. Product work-up, éhe game for

all categories, is discussed below in a separate sectiom.

1. Runs in Glassware (2, 3, 8, 17, 29)

All reactants except the coal were charged to the flask and heated
to the desired reaction temperature, with any water released -allowed
to boil out. Once the desired run temperature was reached, the coal
was slowly added. HMore water boiled out gs the moisture in the coal
was released, causing a drop in temperature. As soon as all the coal
had been added the reaction temperature was again reached, cooling
water was circulated through the reflux condemser in order to prevent
further concentration change. In runs 2 and 3, coal was added under
a nitrogen purge. A hydrogen purge, used in run 3, was begun upon
attaining reaction temperature after coal addition. (In other runs,
the system was open to the atmosphere). After the desired run time
had elapsed, heating was discontinued, éﬂd the reaction mixture was
cooled by diluting with distilled water. The products were then

recovered as discussed below.



3G

2. Reactions at High H4PO, Concentrations (4-7, 9-16, 19-21, 33)

The phosphoric acid and any inorganic salt additives were mixed
in the Parr glass liner vessel, and heated by using a hot plate and
electrical heating tape. Sodium pyrophosphate, a known deflocculating
agent (K2), was added (as NQSPOé“lzﬁzO) in all runs after vun 9, since
it was found to eliminate frothing during addition of the coal. By
heating the feed mixture to drive off excess water, acid of the desired
concentration was obtained. For most of these runs this concentration
was 100% HaPO, {neglecting other additives), corresponding toc a heat~
up temperature of 261°C; somewhat lower concentrations were occasionally
used.

Next, the coal and other reactants were added. In early rums,
this was done at heat—up temperature (uswally 260°C). Later it was
found that coal addition accurred more smoothly at around 175°C. When
low-boiling organic additives were used, they were added immediately
prior to sealing the reactor, at still lower temperatures.

At this point the liner was transferred to the (preheated) bomb
cyclinder, and the reactor assembly put together and closed. The
reactor was purged several times with hydrogen to remove air, and
(vhere hydrogen pressure was to be used) pressurized to 100 psig with
Hy, to prevent splashing during heat-up. The heating and stirring
(450 rpm) were begun. When reaction temperature was reached, more
hydrogen was added to bring the total pressure to the desived value
(usually 600 psig). This was designated as the start of the run, with
run time defined as time at both reaction temperature and pressure.

An initial temperature overshoot of 5-10°C was usually observed,
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which normally lasted 10 minutes or less. After this the temperature
remained constant at the desired level,

At the end of the vun the heater and stirrer were turned off
and the entire reactor assembly immersed in an ice bath or provide
rapid cooling. the Reactor was depressurized and opened, and the
products handled according to the procedure below.

3. Reactions at Lower H4PO, Concentrations (18, 22-28,
30-32, 34-38)

For reactions with the H,P0, level below 85Z, the phosphoric acid,
coal, énd any additives were mixed in the glass liner, and sealed in
the reactor while cold. The reactor was purged with hydrogen to remove
air, pressurized to 100 psig, and heated to the desired temperature.
Then the total pressure was adjusted to the desired value, and the run
started. End-of-run procedures were the same as in the concentrated
acid runs.

4, Product Work-Up

The reaction mixture was diluted with distilled water and trans-
ferred to & 1000 ml beaker. The reactor internals were rinsed with
water to recover as much of the product as possible (in runs 20 and
32 a2 benzene rinse was also necessary due to the oily nature of the
product formed). The acid was then diluted by partial neutralization
with sodium hydroxide to reduce viscosity and aid im filtering. Since
sodium phosphate was already present as an additive in most cases, this
had no effect on the product coal.

The mixture was then separated by vacuum filtration in a Buchner

funnel with Whatman No. 1 filter paper, and washed with distilled water
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(ususlly 3 to 5 liters) until the effluent filtrate was neutral to a
pH test. A sample of the initial filtrate was retained for later analysis.

In runs where tetralin was used as an additive, a noticeable
organic liquid-phase product was obtained, and the entire aqueous
filtrate was extracted with benéene in a separatory funnel to recover
the organics. When THF was used as an additive, the oily nature of
the product made it necessary to wash with benzene as well as with
water (until the effluent benzene became clear). Then the entire
filerate (aqueous and organic) was separated, and the benzene phase
was concentrated by evaporation. The extrascts in both cases were
then heated at 105°C under vacuum to remove residual water and

benzene.

D. ANALYTICAL METHODS

The treated coal from each run was dried overnight in a vacuum
oven (at 130°C, around 20 in. Hg gauge, under a nitrogen sweep). A
sample was analyzed by the University Microchemical Analysis Laboratory
for C, H, N, S, P, and ash. The dried product was weighed to obtain
an estimated recovery. Material was lost by adliering to reaction surfaces,
valves, filter paper, and glassware, so that accurate mass balances
were not possible. Semi-quantitative information was obtained by com-
paring recoveries from ome run to the next. A feed of 20 gm undried
coal was used for all rums, with recoveries of 15-18 gm (dry) being
typical. Only in rum 20, with a totél recovery of 27.1 gm (treated
coal plus liquid extract), was theére evidence of measurable additive

incorporation into the product coal,
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Approximstely 10 gm of the dried product was extracted in a
standard Soxhlet apparatus successively with approximately 20 ml
each of benzene, then pyridine. The extractions were yun to com-
pletion, as indicated by a colorless solvent in the Soxhlet sidearm.
Typical extraction times were 2 hours for benzene and 24 hours for
pyridine, with longer times necessary when higher extraction yields
were obtained. The extvracts were concentrated by evaporation and
dried overnight in a vacuum oven in pre-weighed Petri dishes
(105°C for benzene, 130°C for pryidine; 15-25 in. Hg vacuum, nitrogen
sweep). The dishes were then weighed to determine extract yields,
and extraction yielde conculated on a DAF basis. For rums where
g liguid benzene extract was obtained, this was added to the Soxhlet
product asphaltene content.

B.E.T. surface area measuvemente using C@z at 196°K were obtained
on selected coal samples (treated and untrested, both before and afier&
extraction) according to the method discussed by Medeiros (M3).

Some of these same coal samples were glso observed under a scanning
electron microscope in order to obtain s visual representation of

reaction and extraction effects on the coal surface.

E. EXPERIMENTS PERFORMED

The experiments carvied out, with their velevant parameters, are
listed in Table 7. The acid composition is given as weight per cent
of each of HqPO,, Hy50,, and Hy0 present in the liquid phase, and was
calculated from the boiling points of the heated acid before coal

addition where applicable, otherwise from the known acid and water
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compositions charged to the reactor and corrected for water vapor
pressure effects. The total pressure includes vapor pressures of
all components present plus bydrogen. Run 29 was a study of a
bisulfate molten salt system, thus the acid composition is listed as
zer. Due to similarities in procedures used in other rums, H,S0, is
listed as part of the acid while PTSA is listed as an additive.
Illinois No. 6 was used as the feed coal for all except runs 35-37.
Ground SRC was used in run 35, pyridine pre-extracted Illinois No. 6
coal in run 36, and Wyodak coal (28+100 mesh) in run 37. All runs
were at an acid/coal weight ratio of 10/1, except rum 29, which used
a melt/coal ratio of 6/1. In additiom to run 11 (40% Na3P04), sodium
phosphate was also present (5% of the acid on a water-free basis)

in all runs ecept 2-7, 24, and 29.



Table 7. Ezperiments Performed

Relative Acide Composition  Additive(s) Run Time  Temperature Pressure
Run No. HqPO, /HySO, /Hy0 (wt Z of acid) min o¢ psig

HgPO&