3. Argument and Ratilonale

I. Introducticon

The limitations of using coal as a fuel are related to 1ts
physical and chemical propertles. Since coal 1s a solid which
contains considerable ash content, it 1s inconvenient and expen-
sive to transport and utilize on a BTU basis., Also, sulfur and
nitrogen compounds are present in coal and these (as well as the
fly-ash) lead to air pollutlon problems when the coal is burned.
Efforts are now under wav at altering these physical and chemi-
cal properties of coal to produce both gaseous and liquid hydro-
carbons for use as fuels. The baslic problems involved in éffect-
ing these conversions are removing the coal ash and increasines
the hydrogen/carbon ratio of the product. In addition, 1t Is
necessary to reduce the amount of sulfur, nitrogen, and oxygen
compounds present for environmental reasons as well as to in-
crease the guality of the product. Implementing such conver=
sions of coal encompasses a varlety of processing procedures,
.many of which depend on the use of catalysts to effect rates and
selectivities that would otherwise be unobtalnable. In this re-
port, we examine what role catalysts can be expected to play in
future coal conversion technology leading to fuels for electric

power generation,

II. Catalysts for Liguefaction and Hydrodesulfurization of Coal

Large-scale coal liquefaction processes were lnvestigated
in Fngland and Germany during the 1930's. Hydroliquefaction to
produce motor and alrcraft fuels was carried out in CGermany during

World War II, but the process was too expensive to be used during
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less drastic conditions. Part of the high cost was related to
the high operatings pressures (~10,000 psi) needed with the poor-
catalysts then available, After the war, the U,S, Bureau of
Mines construected and operated a demnnstration plant based on
ﬁodified German technolory., Thils process was also costly as'pres-
sures over 7000 psi vere needed, Before economic improvements
could be made, the Mlddle Fast oil deposits were discovered and
the support for this research was terminated. Now, because of the
energy shortare, pollution contreols, and undesirasble dependence on
forelpgn petroleum sources, there is a renewed 1Ilnterest in hydro-
liguefaction to produce a clean fuel oll from domestic resources.
‘Clean\fuei 0oll from cecal for power reneration would release the

petroleum olls and ras now consumed in this way for use as home

heating, industrial and motor fuels, chemicals, fertllizers, etc.

Converting coal infto a nonpolluting liquid fuel zenerally re-
quires the additlon of hydrogen. If the hydroliquefaction i1s mild
and the hydrogen content of the fuel is increased by only two or
three per cent, then the product is a heavy oil sultable for fir-
ing electric power boller generators. The yield of such heavy oil.
(specific gravity ~1.1) 1s about three bbl per ton of bituminous
ccal completely converted. Tf the hydroliquefactlion is more ex-
tensive and the hydrogen content 1s increased by six per cent or
more, distillable light olls and gasoline are nroduced with speci-
f1c gravities as low as 0.8 so that the volumetric vield mav be
over fTour bbl per ton. The heavy oil is preferred for power renera-
tor fuel because it is less costly due to less consumptlon of exéen-

sive hydregen and it has a higher energy density for transportation
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and storage.

In discussing processes for coal liquefaction, we shall
neglect pyrolysis which is btased on thermal rupture of bonds in
the coal molecule and does not appear amenable to improvement by
catalysts at this time. Pyrclysls does not produce maximum quan-
titlies of liquid or gas since the free radicals formed by the
bond ruptures usually repolymerize to form char. The COED pro-
cess of the FMC Corporatlion maximlzes ocll (or tar} yield by mul-
tibed sequential pyrolysis in fluid beds and ylelds ~1.5 bbls/
ton. A flash pyrolysis process also designed to maximize tar or
0il yield is being developed by Garrett Research Company and
tﬁey predict ~2 bbl oil/ton coal. Sulfur would have to be re-
moved from the tar or oil by second-stage hydrogenatlon of the
pyrolytic products, As mentioned above, these processes also
produce large quantities of char and this must also be hydro-
desulfurized (which is difficult) in order to produce an accep-
table power-plant fuel, Developers of the COED process are con-
sidering gasification of the char to convert it into sulfur-free,

low BTU £as.

Two llquefactlon processes now being develcped are the H-
Coal process by Hydrocarbon Research, Inc., and the Synthoil pro-
cess by the U.,S. Bureau bf Mines. In these processes, a hydrogen=-
transfer solvent hydrogenates and liquifies the coal molecules
which then migrate through the liquid phase to catalyst pellets
where hydrocracking and hydrodesulfurilzation takes place. The

catalysts used are commercial hydrodesulfurization catalysts such



as cobalt molybdate or tungeten sulfide. Cracking takes place at
various stages during‘hydrogenation dependling on the temperature
and degree of hydrogenation. The proposed mechanisms will be
discussed in Sectlon VII. In the H-Coal process, an oll slurry
of finely ground coal flows together with hydfogen through an
ebullating or suspended fluildized bed of partlculate
hydrodesulfurizatlion catalyst. The Syntholl process employs a
fixed bed of Co/Mo catalyst pellets and rapld turbulent flow of
coal, oll, and hydrogen through the fixed bed. The Syntholl con-
verslon minimizes hydrogenatlion of the products from the primary
liquefaction, which 1s important for minimizing the consumption
of expensive hydrogen. Both processes 1include very good removal

of sulfur (as H,S) via catalyzed hydrodesulfurization.

Recommendations

The Bureau of Mines had made an extensive study of hydro-
liquefaction and hydrodesulfurlzation catalysts to provide a bagis
for selecting the best catalyst for use in their Synthoil process,
Experiments with Mo, Sn, N1, Co, and Fe impregnated as single
components on high~ and low=surface area supports showed that Mo
catalygts were best for sulfur removal and Sn catalysts were best
for conversion of coal to oil. Single-component catalysts did not
appear to be promising for combined liquefaction and desulfuriza-
tion. Based on activities for both liquefaction and desulfurizae-
tion of coal, the best catalyst tested was a commercial, high-
surface area, silica-promoted catalyst containing 2.4% Co and 10%

Mo on an alumina support. This catalyst 1s being used in the



Syntholl pilot plant.

2,

3.

Regearch is needed in the following areas:

continue searching for improved catalysts for the Synthoil
proccess. As the process is further developed cn & larger
scale, some unforeseen problems with the durabllity of the
Co/Mo catalyst may arise. It is known thal vanadium in
crude oil (~21000 ppm) poiscns the Co/Mo cetalyst. It re-
meins to be seen.if the V preéent to ~ 10 ppm in corl has a

similar effect,

The mechanism of bond-breaking in cozl liguefaction must be

further investigated. This will be discussed in Section VII.

Hydrocr&chﬂhg requires & caﬁalyst that is insensitive to high
concentrations of sulfur.and'nitrogen and which can be rezdily
regenerated from the sulfur and nitrogen compounds that it might
form. In this rezard, the satalytic hydrogenation ¢f the hetero
sulfur, nitrogen, and oxygen atoms should be investigated.
These atoms can be removed from the liquid product as gaBeous
H,S, NHBD and H,0. Various recovery mechanisms areé then availl-

able for cocllecting these compounds for sale or disposal.

Work at the Bureau of Mines has shown that sulfur removal ree-
sctions are‘diffusionahindered and that iﬁcreased desuifuri-
zation resulted when their Co/Mo catelyst was pulverized.
Manimum desulfurization activity mpparently requires a high

surface-area catalyst and results from & combination of the



catalytic activity of supported metal components and the
promoﬁional effect of the support surface, High desulfuri-
zation activities were achieved only when less than 2 mono=-
layer of metal component was deposited on the support. Even
with a2 low surface-area support, the application of less

than a monolayer increased the desulfurization actlivity.

The Bureéu of Mines has also characterized the organic sulfur
components of various classes of coals. Thiophenes, especlally
dibenzothiophene and its methyl derivatives were found to be
the most difficult compounds to crack and hydrogenate. -We
recommend continuing catalytic hydrodesulfurization research

using various thiophenes as model compounds.

Far legss is known about the removal of heteronitrogen:atoms
than sulfur atoms. Experimental programs should be started

to study catalytic nitrogen removal during coal liguefaction
using polynuclear pyrroles, carbazoles, pyridines, quinolines,

and amines as model compounds.,

The effect of various coal minerals on liquefactlon should

be studled., This will be discussed 1n Section IV,

Ekperimental studies of catalysis of the rehydrogenation of
the hydrogen~transfer solvent should begin., Research should
focus on the catalytic effect of intrinsic coal minerals as
well as externally added catalysts, Such datalysta for qol-

vent rehydrogenation might be added to the hydrodesulfurization
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2,

3.

catalyste in the H-Cozl and Syntheil processes. Methods of

nydrogen transport and activation should be studled.

A experimentél program iz needed to evéluate the effects of

the coal particle size. An understanding of the contacting of

the coal‘with the satalyst 1s important. This will be further

discussed in Seetéon III on‘gaaif‘ication.reactions°
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ITI, Catalysts for the Production of Low=Sulfur, Low-BTU
Tas fTrom Coal .

The gaslight era was I1lluminated by coal mas. Since then,
research into ways to increase the heating value and lower the
cost of coal gas has been occasionally energetic, more often
pitful. DMost of the research has been conducted in Western
Europe which has ample coal but had no oll or natural gas untll
the recent North Sea dilscoverles.  When pipeline technology made
it possible to bring natural gas from the American Southwest to
the East Coast, U.S. research on coal gasification withered,

Now that we are facing a shortage of natural gas, interest in

coal gasification is on the rise agailn,

Gas made from coal could substitute directly for natural
gas, although the old gasification technology must be improved
“41n order ﬁo produce a gas with the heating value of natural gas
(~1030 BTU/cubic ftJ), In addition, unenriched low-sulfur coal
gas (with heating values of from ~125 to ~600 BTU/cu.ft.) could.
serve for a number of industrial applications and for electric
power generation. This would free a large amount of natural gas
for cther aprlications. It 1s, therefore, not surprisine that
ccal zmasification is being re-examined as a major source of

clean energy from domestlec rescurces.

The cheapest gas to make from coal would be "producer gas.,"
Tt has a heating value of 110~160C BTU/cu.ft. which means that it
cannot be transported great distances since the cost of compresJ

sion and pumplng would be prohibltive, Producer ras would serve
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well, however, as a clean fuel for power generatlion if the gas

were made locally so that distribution costs were small.

Produecer gas can be made in a continuous process in which a
bed of hot coal or coke is blasted with a mixture of steam and
air:
C ¢+ Hy0 — CO + Hy (1)
Since reaction (1) is eﬁdothermic, air is added tc burn some of the

cosl which provides the heat necessary to drive the reaction:

2C ¢ 0p —* 200 - (2)
C + 0p = CO» (3)

‘The final product necessarily contains nitrogen from the air and
carbon dioxide resulting from the combustion, The COp can be re-
moved, but the nitrogen serves to dllute and lower the heating
value of the product gas which contains Hp, CO, and some CHy dis-
tilied from the cosl. The sulfur present in the coal is hydro-
genated to HpoS which can be rémoved from the product gas along
with the €0, with a hot-carbonate scrubber. Some thiophenes will
probably remain in the gas, but the level wlll be low enough to
meet EPA standards. The producer gas 1s then ready for combustion

&8 a clean fuel.

Reaction (1) is endothermic and is not thermodynamically fea-
vorable below B00°C, Although no catalyst is needed for this re-

action, additives have been found that lncrease the total amount



of carbon gasified and vary the ratios of the products. Some

Bureau of Mines data are shown in Table 1, This work, plus some

additional reseerch, lead to the following conclusions:

a.

A significant increase in gasification rate and production
of desirable products can be effected through the addition

of a large number of lnorganic compounds,

A significant increase in CHy production occurs with L1,C03,

Pb30y, Fe3Oy, MgO, and Raney Ni.

Ash containing potassium compounds from initlial additions

is an effective catalytic agent.
Catalytic effectiveness decreases above 750°C.

Various classes of coals gasify at markedly different rates,
This may be due to catalytic activity of inherent coal
minerals and ash, Lignlte ash is a partiqularly good gasl-

fication catalyst.

The Kellogg coal gasification process employs molten sodlum

carbonate for the dual purpose of catalyzing the coal-steam re-

| action and as a heat-transfer agent. Experiments show that the

presence of the coal ash in the molten sodium carbonate enhances

the gasificatién rate (1bs. of carbon gasified per hour per céublc

foot of molten Na2003 used). Dolomite (CaCo3- Mgcd3) 15 used as

an additive in the COp-Acceptor procese, Additlons of 5% dolomite

to the coal results in a 20% increase in carbon gasifiled, 15%



Table 1

Catalytic Influence of Various Additives
On Coal Gasification

(Gasification carried out between steam and
bituminous coal at 850°C and 300 psig. Coal
was dry mixed with 5 wt. % catalyst).

. Catalyst " Per Cent Increase
CH, R, co Carbon Gasified
L12C03 21 55 72 40
Pb304 20 39 52 30
Fe, 0, 18 33 60 23
Mg0 17 35 28 26
Cr,0, ié 25 55 26
Cu0 15 37 49 22
A1203 14 33 45 22
K,C0,4 6 83 91 62
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increase 1in Hp yleld, 25% increase in CHy, and 26% increase in’

Co at about GU5°C,

Addltlves are helpful 1in another respect for the coal-
steam resction, The throughput of the cperation can be in-
creased by raising the operating temperature. However, at
temperatures of ~950°C, slagging beecins to occur-which causes
phvslcal problems, Use of various zdditives allows an Increase
in temperature te 1000-105C°C before slageing bepins, Lime-

stone 1s particularly effective for this problem.

Most, 1f not a2ll, present processes for the manufacture
of methane from ceocal start wilith coal that has been exposed to
alr. There 1s evidence, however, that thls exposure to air
may have a signlficant adverse effect, The U, S., Fussian,
and Japanese iiterature Indicate thet coal and its reactions
are changed slgniflcantly by exvosure toc air or oxygen. These
changes are rapld, at least partislly irreversible, and are
particularly notliceable wilth ceozals of low rank. On gaslifice-
tion, most of the methane produced is released directly from
the coal 1In a rapid initial stage of the reaction. The oxygen

present reacts just as rapidly and at the same time,

The question of whether the effects of oxypgen added by exX=
posure to ailr are chemlical, chemisorntive, or catalytlc is
partly a matter of semantlcs, and partly a guestion of data

needed which mlght be answered by techniques now avallable. The
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evidence suggests that a definite increase in ylelds of methane
from lignite or subbituminous coals might be realized by carry-
ing out all steps of mining, transport, grinding, drying, and
initial gasification in the complete absence of air. The im-
portance of thils approach has been derlved from indications in
the literature for various stages of the process, but the combi-~

nation has not been fully explored:

8. Any exposure to alr inhibits hydrogenation of coal.

The increase in activity of freshly ground coals 1s well
known, particularly for lignite. A typlcal set of data by

Abpell and Wender are shown in Table 2:

Table 2

Hydrogenation of Lignites at 380°, 1500 psig
Uslng CO and H,0

Lignlte Sample Conversion

Ball-Milled wt% benzene soluble
Fresh (19% water) 89
Four weeks in alr (13% water) 17
105°C, 24 hours in air (<1% water) 54
100°C, 0.5 hr in vacuum (<1% water) 86

An irreversible change ocecurs in the coal on aging in alr, and
aged lignites produce less desirable products. The large loss in
reactivity indicated on drying in air and the minor decrease on
drying under vacuum 1s taken as evidence that the deactivation

is largely a result of oxidation. These data are amply supported
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by 11tefature on the harmful effects of weathering on coals of
all ranks.
b. Deactivation due to oxidatlion penetrates coal beds to a
conslderable depth.
Data on this by Terpogosova (USSR) were obtained on samples
of coal taken from a mine face which had been exposed for several
months,rand also from a fresh cut.. The further away from the wall
surface, the less deactivation., The effect was attributed to the
protective action of methane in the unmined coal tolexclude OXYy=
gen, and the differences observed were still detectable at a depth
of 1.0-1.2 meters. This observation 1s supported qualitatively by
other references which indicate that larger ydlelds have been ob-
tained in lowstemperature gasification by increasing the grain
size of coal. There are other indications, however, that in high-
temperature reactions such as the oxidation of anthracite by €O,
or pyrolysis to acetylene, particle size does not have the same

effect,

)

¢c. Unexposed coel develops new structures on exposure to air.

ESR studies by Ohuchil show the development of new active spin
centerg during exposure of coals to alr which are not reversible
on subsequent evacuation. The increment 1is greater for coals of
lower rank, and linear in intensity with the sum of volatile matter
and moisture in the original cocal, Ohuchl concludes that alr oxi-
dation forms free radicals in the aliphatic/alicyclic content of

the unreacted molecule, Other evidence suggeats that this might
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include the addition of oxygen'at a point-of rupture.':The exact
nature of the neutral 6xygen compounds removed dﬁrihg knitial
degradation of coal has been the,subJect of.intenaive study. Tﬁé
present consensus is that they consist lergely of qtngrhbridges
and an unreactive carbonyl grouping which may“begpelatédlfo aj:‘
neighboring hydroxyl.'i _ Lt | L -
Since this attack by mb&tcuiﬁr oxygen takes place most,ag-f
gressively with lighites,'it‘is entirely possible thét the_moét
reactive methane=forming sites are the first to be lést'to anj‘oz‘
present, Pertinent data may be available from current_reseérch at
tre 11, 8, Geological Survey (Project 00448). Earllier studies both
by chemical methods and by 1nfraréd have suggested that 002 formed
in the oxidation of lignites 1is derived from methylene structures,
either in bridged rings or in longer alkyls. These are consldered
a2 significant source of methane on hydrogenolysis, and thus of the

lerger emounts of methane which might be derived from lignite.

On this besis, any oxidation of lignite alkyl groups by mole=-
cular oxygen could lead to an increase in CO, with a corresponding
Gecrease in preformed CH,. Evidence in this direction has been

lSO followed by high-température

found by the exposure of coal to
pyrclyeis, where 60% of the combined 180 appeared in the volatile
fraction; 'Wo report was made 1n.these experiments of the particular
type of oxygen bonds enriched 1in thé remainingrpart of the coal‘
meeromolecule, Oxygen bridges established at this point would

rercresent a type of condensation polymerization between adjécent

rings, with a corresponding loss 1n volatility.
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d, Crlitical changes occur during-drying, partiéularly‘in _

lienites, ‘ ' ‘ '

he necessity of grinding éertaln 1ignites either in an
inert atmosphere or before complete_drying is'commohly fecoge
-nized. The loss of water from lignites includes both f;ee and ;
combined HOH even at 105°C, and at 110° carbon d1ox1de begins
to be evolved‘by the decomposltion of carboxyl groupé. This. :
decarboxylation can be promofed by cations presernt, particular-
ly Ca, and is appérently related to their tendency to form hy-
drates 1in aqueous solution, The loss of this combined CO, and
HOK both create active sites in the molecule and at the time
when this oceurs the coal 1s particularly susceptible to re-
attack by atmospheric oxygen. Dryine in the complete absenée
of air is vossible. One method which might be suitable is a

thermal dewaterling process for brown coal recommended by Murray,

using 1iquid chase separation under pressure at 150-300°C,

e. The same portloens of the macromclecule give rise to CHy,
CO5, or Cz-cu hydrocarbons on initial degradation.

While pletures of the molecglar structure of coal continue
to change with addlitional data and more refined methods of ana-
lysis, there 1s general agreement that the changes between ranks
during coalification correspond to gradual shifts in ring satu-
ration and substituent groups in macromoclecules which are siml-
lar for all ranks. The basic unit in configuration apparently
has about 3=4 rings plus substituents, gnd a molecular welght
of about 300-500. In coals of the lowest ranks, only one 6f _

these rings may be aromatic and others elther hydroaromatic or-
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carboecyclic, cderived from humic acld or carbohydrate structures
which are still rich in combined oxygen. Humlc acid structures
include a high proportion of 06 rings which have not been re-

duced to hydrocarbons.

The alkyl groups present are predomlnantly methyl in coals
of all ranks, but the lignites include a significént amount of
longer methylene chains. Gasification of lignites under very
mild conditions can give a small amount of Cp and C3 olefins and
paraffins, but their amount is inversely related to the yield of
CHy from a given coal. No significant amounts of hydrocarbons
above C3/Cy are reported from such treatméht in the absence of
hydrogenation sufflelent to rupture a nydroaromatic ring, This
sugegests that the alkyl chailns as well as carbocyclic rings may
be derived in part by the reduction of cellulose residues ﬁhich
have been bonded into the initial macromoclecule during coalifi-
cation. Residues of this type would explain centers of high

chemical activity formed by mild heating and degradation.

These lines of evidence reinforce the suggestion that com-
pletely "anaerobie" mining of lignite or subbltuminous coal may
be worth careful evaluation, from a closed pit mine all the way
to the initial rapid stage of gasification and methane formation,
which may be as short as one second or less, depending on the
temperature, and requires only a mild pressure of hyvdropen of
600 psig or less for maximum CH, yield, Low initial temperatures
in the range of 300-400°C are recommended 1in processes now under
development, such as BiGas and Hydrane. This helps minimize un-

necessary hydrocracking of C2= and C3= to CHy, which consumes more
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hydrogen for a given product BTU, Additional data on the effects
of the exclusion of alr would be useful at a number of points, and
the use of 1iscotope trac¢ing coupled with magnetic resonance measure-

ments are promising tools for this dinvestigation,

Recommendatlons

The use of catalysts to enhance the gasification of carbonace-
ous solids has received a good amount of experimental attentilon
during the last 50 years. However, little work has been done re-
lating catsalysis to the gasificatlion of actual coals. Due to the
potential improvements éhat the use of catalysts may bring about
in coal-conversion processes now being developed, and due to the
urgent need to develop these processes, an intensified broad pro-
gram to study coal gasification catalysis 1s Justified.. The study
of additives at the Bureau of Mines seems to be a good line of 1ne
vestigation and should be continued. This and other programs

should include research in the following areas:

1., Transport and contact problems in bringing together the

| coal and the catalysts. In order te study the transport
problem, research must be done on the physical form and par=-
ticle aizes of both potential catalysts and the coal 1itself.
Studies to date have indicated that impregnating the coal
with catalyst soiutions is an effective method of optaining
contact, but additional experiments are needed. These would -
include studies in which the porous structures, particle

slzes, and surface areas of the coal and of the catalyst are
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Vvaried and compariéons made between situafions in which the
catalyst 1s outside the coal particles as compared to with-
in the pores., Such work should be carried out systematic-
ally using varilous catalysts and coals of well-defined pro-
perties. Results of such work might lead not only to prac=-
tical improvements in methods of contacting coal, but also
to the development of contactine standards to be employed
in experiments for comparlng the activities of various

catalysts.

Kinetics of the gasification reactions. For any gasifica-
tion system, improved knowledge of the kinetics can result
in a decreased reactor size and lower operating tempera-
'tures and pressures, The objective of thls program should
therefore be to determine the effects of different catalysts
and conditions on gasification kinetics. The selectivity of
a catalyst in maximizing the desired products should also

be studled.

Catalytic properties of coal ashes and minerals. Lignite
ash has been found to be an effective gasification catalyst.

We will discuss coal mineral catalysls further in Section 4,

Maximize the amount of methane produced. It is generally
favorable to operate any gasification process under condi-
tions which favor the exothermic formation of methane,
rather than the endothermic formation of carbon monoxlde,
This minimizes the fuel requirements of the process leading

to lncreased efficiency. It is known that methane 1s also
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produced during the devolatilization of coal which precedes
significant gasification. It appears that the coal should
first be "demethylated®” at & low temperature to recover as
much methane, ethylene, and propylene as possible. The re-
maining char can then be gasified. This process will maxi-

mize the amount of hydrocarbon gases recovered,

5. Chemical state of the catalyst. This area has many 1impore
tant implications in catalysis of coal gasification. The
chemical state of the catalyst is of major importance in af- .
recting its catalytic activity. In the reaction C + COx—+ 2C0,
for example, it is necessary to keep the catalyets in a re=
duced state, This can be controlled by the gaseous environ-
ment. To what extent the mineral matter in coal affects the
chemical state of the catalyst is unknown and must be studled.

This information could be utilized in gasification schemes.

6. Underground gasification. Perhaps techniqueé-learned from
current gasification processes will enable us to gasify coal
right in the underground seams. This would be moet desirable

for economic, environmental, and humanitarian reasons.
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