
Our technical message is clear: dwin- 

dling mineral resources in the aggregate, 
with the exception of reduced carbon and 

hydrogen, are per se unlikely to cause Mal- 
thusian catastrophe. But the exception is 

critically important; man must develop an 
alternative energy source. Moreover, the 
incentive to keep the price of prime energy 
as low as possible is immense. In the Age 
of Substitutability energy is the ultimate 
raw material. The living standard will al- 
most surely depend primarily on the cost 
of prime energy. We therefore urge moving 
as vigorously as possible, not only to devel- 
op satisfactory inexhaustible energy 
sources-the breeder, fusion, solar and 
geothermal power-but to keep the pro- 
gram sufficiently broad so that we can de- 
termine, perhaps within 50 years, the 

cheapest inexhaustible energy source. 
Our social message is less clear and cer- 

tainly less optimistic. Although we see dur- 
ing the Age of Substitutability no in- 
superable technical bars to living a decent 
rather than a brutish life (assuming, of 
course, a stable population), whether in 
fact this will happen is far from certain. As 
Heilbroner (19) has pointed out, local 

shortages, which in the course of history 
are destined to be viewed as transitory, can 
and do cause large social and political in- 

stability. Heilbroner's "wars of redistribu- 
tion," pitting the overpopulated have-nots 
against the underpopulated haves, could 
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collapse society long before our carbon 
runs out. That the Age of Substitutability 
will, in principle, be autarkic, since man- 
kind will no longer depend on reduced car- 
bon (which is located in a few places), is 
little solace for governments or peoples 
today who look upon shortages of coming 
decades as threatening our entire social 
structure. We do not argue that the Age of 
Substitutability will be an easily achieved 
technological heaven-on-earth. Rather we 
urge attention to those institutional defi- 
ciencies that now prevent us from passing 
through stage 2 of our human voyage with- 
out causing the boat to capsize. The land- 
fall, if we arrive at stage 3, should be sur- 
prisingly better than the catastrophists 
have predicted. 
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often cheaper than coal but also because 
processing equipment for the cleaner, fluid 
fuels is far cheaper. The equipment can 
conveniently reach large rates of produc- 
tion from individual processing units (3). 
Historic coal conversions did not develop 
beyond unit sizes that are far too small to 
be congenial now. Much development ef- 
fort lies before the question, When and 
where? A better question might be, What 
among many R & D opportunities can pay 
off soonest? 
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Coal maintained its historic role in the 
chemical industry until the close of World 
War II (1). By 1950, however, new proce- 
dures and new products were firmly estab- 
lished as prime opportunities for growth: 
to give examples, ammonia from methane, 
synthetic rubbers, polyethylene, and aro- 
matic feedstocks from petroleum. The 
United States abandoned ammonia and 
methanol from coal in the mid-1950's. By 
now, the shift to petrochemicals is almost 
complete. The role of by-product coke 
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ovens is greatly diminished: they supply 
only 10 percent of the U.S. benzene mar- 
ket and 2 percent of the phenol. Petro- 
chemicals now take 10 percent of the U.S. 
oil and gas supply, and have expanded at 
7 percent per year in recent years. 

When and where will petrochemicals 
give way, as they eventually must, to a re- 
vival of chemicals from coal? 

A return to coal will be slow. The histor- 
ic shift to petrochemicals was fast not 
only because oil and especially gas (2) were 

ovens is greatly diminished: they supply 
only 10 percent of the U.S. benzene mar- 
ket and 2 percent of the phenol. Petro- 
chemicals now take 10 percent of the U.S. 
oil and gas supply, and have expanded at 
7 percent per year in recent years. 

When and where will petrochemicals 
give way, as they eventually must, to a re- 
vival of chemicals from coal? 

A return to coal will be slow. The histor- 
ic shift to petrochemicals was fast not 
only because oil and especially gas (2) were 

Coal chemicals were mostly by-products 
of two carbonization procedures, one to 
supply town gas (4), and another, coke for 
steelmaking. Even ammonia synthesis de- 
pended upon gasification of the coke by- 
product of town gas manufacture (5). 
Viewed broadly, petrochemicals are by- 
products of the production and delivery of 
gas and oil for use as fuels. 

One factor conducive to preeminence of 
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petrochemicals has been the steady ad- 
vance in throughputs of petroleum in refin- 
eries. Quantities of oil treated are now so 
large that even a constituent present in a 
minor amount can be plucked out and pro- 
vided for chemical use at a cost no com- 
petition could meet. 

Even after world production of oil flags, 
as it eventually must, flows of hydro- 
carbons that undergo some sort of process- 
ing will continue to increase. Most U.S. 
refineries convert well beyond 90 percent 
of domestic crude oil to products of high 
economic value, such as fuels for transport 
and home heating, lubricants, and chem- 
ical feedstocks. Refineries elsewhere, in 
general, convert much less of the crude oil 
to such materials, often only about 50 per- 
cent. The remainder is provided as heavy 
fuel oil to industry, including industry of 
the United States, which imports fuel oil. 
Revamping of refineries for further treat- 
ment of heavy oils will reinforce, for some 
time to come, the petroleum processor's 
advantage as a supplier of many chemical 
feedstock species. 

Another factor that will extend the role 
of petrochemicals on the world scene is the 
impending development of gas resources of 
countries far from industrial populations. 
Such resources now provide tempting in- 
vestment opportunities. Iran will ship gas 
to Europe via pipeline. Much gas will 
reach the United States in liquefied form 
(LNG). The United States is willing to im- 
port gas at around $3 per million British 
thermal units (1 Btu = 1.055 x 103 joules). 
This puts the value of gas almost anywhere 
in the world at around $1 per million Btu's 
as soon as someone provides the large cap- 
ital needed to build LNG plants and tank- 
ers. 

Development of the gas resources of 
Venezuela, Nigeria, Indonesia, Saudi 
Arabia, Qatar, Abu Dhabi, Kuwait, and 
expecially Iran will enable these countries 
to dominate the world's supply of am- 
monia and methanol for decades. Am- 
monia already moves in world commerce 
in 50,000-ton tankers, and a 70,000-ton 
vessel is on the way. Venezuela is shipping 
ammonia, and Arab commitments in pe- 
trochemicals exceed $20 billion, with more 
than $30 billion in projects under study (6). 
Proved reserves of natural gas in the 
Middle East are about 20 to 30 percent of 
the world's total (6). Iran is the giant: its 
proved reserves are already comparable to 
those of the United States, and probable 
resources are far greater, yet present pro- 
duction is but 5 percent that of the United 
States. 

Existing technology for converting coal 
to ammonia or methanol cannot compete 
in much of the United States with con- 
version of natural gas to these chemicals in 
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Venezuela, for example. Gas now being 
flared in that country could be con- 
verted to ammonia for sale in the 
United States at a price well below the 
cost of ammonia from coal (7). The 
Venezuelan ammonia would still be 
competitive if gas in Venezuela were 
valued at about $1.50 per million Btu's. 
This comparison takes into account a 
shipping cost of about $45 per ton. 
Gas in Venezuela could be valued at about 
$2 per million Btu's for conversion to 
methanol for the United States, taking 
into account a shipping cost of about $25 
per ton. 

No doubt it will be good policy to have 
some domestic ammonia and methanol 
synthesis to establish a domestic price and 
to ensure at least a partial supply. Some 
production from subbituminous coals of 
the West may even be economically com- 
petitive in local markets because of high 
costs to ship the imported chemicals over 
land. 

By-products of Clean Fuels 

These considerations lead to the view 
that early opportunities for chemicals from 
coal must be sought where coal is pro- 
cessed in very large amounts for other 
needs. 

The projection of world oil production 
shown in Fig. 1 (8) suggests that the world 
market for heavy fuel oil may dry up soon. 
Indeed, the major oil companies of the 
world already have in hand the design 
studies for revamping refineries to convert 
heavy oil to lighter, more valuable pro- 
ducts. Only specialists in methods of tech- 

nological change can fully appreciate how 
alarmingly short the time is that remains 
before the world must make a major shift 
from oil to coal for its industrial energy 
needs (10). 

It goes without saying that a return to 
coal must not recreate the "smoky Pitts- 
burghs" of the past. The urgent R & D 
goals are processes for clean combustion 
of coal and its conversion to clean indus- 
trial fuels. 

Such processes can provide the earliest 
R & D payoffs: they will be simpler and 
cheaper to develop and build, as well as 
higher in coal conversion efficiency, than 
processes for synthetic methane or gaso- 
line. This is not to say the latter are not im- 
portant, but as I pointed out before (4), the 
quickest way to capture significant sup- 
plies of "new" gas and oil is to convert 
existing boilers and furnaces to clean fuels 
from coal. 

Which processes for clean fuels from 
coal can be realized the soonest? What 
chemical by-products might they yield? 

Gasification with Steam and Oxygen 

I do not see much play, at least soon, for 
complete gasification of coal by steam and 
oxygen. Costs are high, especially for gas 
cleaning. The Lurgi gravitating-bed gasi- 
fier (4), for example, makes a gas difficult 
to clean because of tars. Gas from the 
Koppers-Totzek system (4) contains much 
extremely fine dust. The latter system also 
faces a heavy cost for gas compression if 
the gas is required at pressure. 

Complete gasification yields primarily 
H2 and CO. The latter can be converted 
to hydrogen by the reaction 

CO + HO2 = CO2 + H, 

and scrubbing out CO2. Partial conversion 
of CO to H2 yields a synthesis gas for 
methanol 

CO + 2H2 = CH3OH 

Complete conversion to H2 and addition of 
nitrogen yields a synthesis gas for am- 
monia 

N2 + 3 H2 = 2 NH3 

The Office of Energy R & D Policy of 
NSF engaged Chem Systems, Inc. (7), to 
study chemicals from coal and identify 
R & D objectives worth pursuing. Chem 
Systems recommended work on systems 
for complete gasification that yield syn- 
thesis gas at high pressure. The gas should 
contain the least possible amount of meth- 
ane, hence also, zero tar. 

Chem Systems endorsed work in 
progress at the Pittsburgh Energy Re- 
search Center of ERDA on homologation 
of methanol by its reaction with synthesis 
gas to yield ethanol (11) 

CH30H + CO + 2 H2 = C2H5OH + H2O 

The latter can be dehydrated readily to 
supply ethylene. 

The Electric Power Research Institute is 
looking at the interface between systems 
for coal-based synthetic alcohols and elec- 
tricity generation. An urgent need of the 

electricity industry is a clean liquid fuel to 
fire gas turbines used to meet peaks in de- 
mand for electricity. In past screenings of 

catalyst formulations for methanol syn- 
thesis, those that gave higher alcohols were 
passed over. Tailoring a catalyst for large 
yields of higher alcohols could give a gas 
turbine fuel while allowing some "cream- 
ing off" of methanol for sale as a chemical. 

By Fischer-Tropsch synthesis and re- 
lated syntheses, CO and H2 can be convert- 
ed to an astonishing variety of products 
(12): liquid fuels, lubricants, waxes, soaps, 
detergents, alcohols, aldehydes, and acids, 
and even fats reported to be similar in taste 
and nutritive value to natural butter (13). 
Many of the products were made on what 
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was a large scale for the German economy 
of 1944. 

South Africa has operated a Fischer- 

Tropsch plant for nearly 20 years, and has 

recently announced a nearly tenfold ex- 

pansion from the present daily output of 
4000 barrels of gasoline and a variety of 
chemicals. Australia has announced a 

plant of comparable size. 
The thermal efficiency of Fischer- 

Tropsch synthesis, in practice, is below 50 

percent; capital cost is high; and its devel- 

opment in South Africa and Australia is 
attractive because coals are available there 
at unusually low costs. Chem Systems (7) 
concluded that liquids from the synthesis, 
when conducted in gas- or liquid-fluidized 
beds of catalyst, are expensive feedstocks 
for cracking to ethylene in the United 
States. Ruhrchemie AG of West Ger- 

many, however, has worked to modify the 

synthesis in its fixed-bed reactor to afford 
increased yields of C2 to C4 olefins. On 

laboratory evidence Schnur (14) projects a 

product running as high as 50 to 55 percent 
ethylene and propylene. Schnur believes 
that this product might represent an eco- 
nomic proposition at coal costs appre- 
ciably higher than those for the South 
African and Australian enterprises. The 
Ruhrchemie reactor, as it appears in the 
South African installation, is so small in 
scale as to be uncongenial to U.S. engi- 
neering thought, but it ought to be remem- 
bered that reactors contribute but a minor 

part of the total capital cost of a Fischer- 

Tropsch installation. Ruhrchemie is de- 

veloping a larger fixed-bed reactor. 
As improvements are made in coal gasi- 

fication techniques, recurring reevaluation 
of Fischer-Tropsch synthesis would appear 
in order. The best opportunities may 
lie in approaches that yield a variety 
of products, including synthetic meth- 
ane for sale to pipeline gas companies. 
Laboratory work on Fischer-Tropsch cata- 
lysts can be expected to increase yields of 
specific chemical products. In the long run, 
large supplies of synthesis gas are certain 
to appear in plants for converting coal to 
gasoline or synthetic natural gas. At the 
least, it may be anticipated that parasitic 
syntheses of chemicals will follow. 

Partial Conversion of Coal 

The need suggested by Fig. 1 is so urgent 
that development opportunities must be 
sought that offer the fewest hurdles. Pro- 
posals for advanced systems for complete 
gasification or liquefaction of coal face dif- 
ficulties that could take much time. It is 
sensible to look closely at proposals for 
partial conversion of coal that ought to be 
easier and quicker to develop. 
20 FEBRUARY 1976 
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Fig. 1. Projection of oil production in non- 
Communist countries made by Warman (8) just 
before the Yom Kippur War. He reckoned an- 
nual discoveries of oil on basis of present knowl- 
edge of their size. Since production should not 
prudently exceed about 1/15 of reserves, colli- 
sion between growing demand and declining 
production capability became inevitable when 
production topped the 15-year running average 
of discoveries, unless oil geologists could 
promptly step up discovery. The projection as- 
sumed future annual discovery at 20 billion bar- 
rels. Warman (9) estimates the current discov- 
ery rate at about 10 billion barrels. An offsetting 
factor is reduced growth in demand, caused by 
OPEC's increase in price as well as by economic 
recession. 

Such proposals, of course, face the prob- 
lem of marketing a by-product coke or 
char. This should not be too difficult, once 
everyone understands in his bones, as well 
as in his head, the difficult spot the world is 
in. There is sure to be a great expansion in 
combustion of coal. It might as well be 
coke or char. Burning these solid fuels in 
pulverized form presents no great problem 
if a fuel gas is furnished in relatively small 
amount to stabilize the flame. Availability 
of these fuels, however, will give the advan- 
tage to the new fluidized bed combustion 
systems (15). 

Other things being equal, there will be 
an advantage for proposals that yield coke 
or char in form of relatively large particles, 
rather than as a fine dust. Special advan- 
tage will accrue to proposals that yield a 
coke low in sulfur. Availability of such 
coke in lump form could stimulate the pro- 
duction of fuel gas on a small scale in air- 
blown gas producers (4, 5). 

Some interesting possibilities would not 
yield a coke of sufficiently low sulfur con- 
tent if practiced on the high-sulfur coals 
more common in the eastern part of the 
United States, but would yield such a coke 
from the low-sulfur coals typical of the 
West. These possibilities should be studied 
because bringing western coal East may 
be the best way to put many boilers and 
furnaces into compliance with sulfur diox- 
ide emission standards. Commonwealth 
Edision Co. of Chicago is already burning 
about 9 million tons of Montana sub- 

Flash Pyrolysis 

Occidental Development Company, 
Inc., is developing a process for flash pyrol- 
ysis of coal at atmospheric pressure (16). 
The coal would be heated almost instanta- 
neously to about 925?C, and the residence 
time of vapor product at this temperature 
would be about 2 seconds. Working on a 
typical subbituminous coal of the West, 
the process could convert about 30 percent 
of the coal to a gas having a higher heating 
value, when dried, of about 630 Btu per 
cubic foot (1 standard cubic foot at 60?F 
and 1 atmosphere = 0.0268 normal cubic 
meter at 0?C and I atmosphere). The 
process yields about 10 percent tar, but 
Occidental proposes to recycle the tar, 
cracking it to extinction. The raw gas is 
rich in ethylene, and the process, if ex- 

ploited on a large scale, could supply a sig- 
nificant fraction of U.S. demand for eth- 

ylene. 
Char of 0.6 percent sulfur content would 

result from a typical Western sub- 
bituminous coal containing 0.83 percent 
sulfur. The char would meet the current le- 

gal requirement for fuel in the United 
States. An electric utility operating both 
coal-fired and gas- or oil-fired boilers 
might adopt flash pyrolysis to supply char 
to the former and gas to the latter, espe- 
cially if the latter are expected to operate 
at a high load factor for a number of years. 

Partial Gasification by Steam 

A surprise of the Synthane development 
of the Pittsburgh Energy Research Center 
of ERDA was appearance of methane in 
gas at elevated pressure from steam-fluid- 
ized beds in amounts leading to calcu- 
lation of equilibrium ratios near the top 
line of Fig. 2, which I published in 1961 
(17). Lines A, B, and C in Fig. 2 had shown 
a downward trend in equilibrium ratio for 
steam-fluidized gasification of anthracite, 
cokes, and chars as pressure increased. I 
had supposed a similar downward trend 
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would appear for gasification of raw coals 
of bituminous and lower rank. The new 
Synthane data (18) were for a lightly pre- 
treated bituminous coal. 

I hypothesized (17) that the equilibrium 
ratios of Fig. 2 reflect a quasi-equilibrium 
between hydrogen and the active carbon 
present in a steam-fluidized bed. Dent (19, 
20) had pointed out that gasification kinet- 
ics in such beds are dominated by the fact 
of solid mixing, which brings frequent ex- 
posure of carbon to steam at high concen- 
tration near the bottom of the bed, reacti- 

vating the carbon. Gasification reactivity 
of an oven coke, that has soaked for many 
hours at more than 1000?C, is poor in a 
gravitating bed, yet is comparable in a flu- 
idized bed to reactivity of anthracite or a 
char made at much lower temperature 
(21). Yields of methane during early stages 
of gasification of a fresh char (Fig. 3) (17, 
22) tend to support my hypothesis with re- 
spect to Fig. 2. The early yields suggest 
that activity develops substantially to the 
level for continuous gasification of a raw 
bituminous coal and then declines. The 

percentage of carbon gasified is greater for 
lines A, B, and C of Fig. 2 than for the top 
line. 

The credibility of the hypothesis is en- 
hanced by data from a U.S. Bureau of 
Mines experiment on the reaction of Pitts- 
burgh seam coal in a fixed bed with steam 
at 400 atmospheres (23). The coal was 
heated in flowing steam to 8000C in 2 min- 
utes, and the coke was quenched directly 
thereafter. If it be assumed that sub- 
stantially all gas was made in the second 
minute of the 2-minute heat-up time, one 
calculates a methane equilibrium ratio of 
0.32 from the gas yield data. If it be as- 
sumed that substantially all gas came off in 
the last one-half minute, one gets 0.55. It 
might be noted that the gas, water-free, 
contained 39 percent methane. The calcu- 
lated ratios compare with 0.75 from the 

top line of Fig. 2. It should be emphasized, 
however, that I would limit the hypothesis 
to steam-fluidized beds. There is no reason 
to expect Fig. 2 to correlate equilibrium ra- 
tios from fixed beds and dilute suspensions 
or from reaction of coals with hydrogen 
(24). 

A commercially attractive operation can 
be visualized with essentially no extrapo- 
lation from known large-scale experimen- 
tal facts. Figure 4 is a new concept for gasi- 
fication of coal in a fast fluidized bed (25), 
with the advantage that reaction of steam 
and raw coal is conducted in a zone that is 
free of products of combustion. The con- 
cept takes advantage of the fast bed's rela- 
tive freedom from the massive backmixing 
of gas that characterizes a slow, bubbling 
fluidized bed (26). Gas from the top of the 
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steam-reaction zone ought to have a meth- 
ane content approaching that indicated in 
the top line of Fig. 2. For operation at an 
elevated pressure, this gas will be a rich 
fuel gas. In the upper part of the vessel, the 
gas mixes with products of combustion of 
coke with oxygen that occurs in the annu- 
lar space provided around the upper part of 
the steam-reaction zone. 

A calculated example for Illinois bitu- 
minous coal uses a vessel 3.66 meters in in- 
side diameter and 20 meters tall working 
at 20 atmospheres and 900?C. The velocity 
of the fluidizing gas is 3.66 meters per sec- 
ond. Coal feed is 8509 tons per day (1 short 
ton = 0.907 metric ton) on a moisture- 
and-ash-free basis, and the coke product is 
4332 tons per day on the same basis. The 
percentage gasification of fixed carbon is 
less than that for most data on the top line 
of Fig. 2. The fuel gas product has a higher 
heating value of 536 Btu per cubic foot af- 
ter removal of water, sulfur species, and 
carbon dioxide. The product's total heat 
value amounts to 101,000 million Btu's per 
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Fig. 2. Methane equilibrium ratios (17, 18), 
YCH4/YH22P, reckoned from composition of 
gases emerging from steam gasification of coals 
and chars in fluidized beds; y, mole fraction; P, 
pressure in atmospheres. * and iD, A caking 
bituminous and a subbituminous coal, respec- 
tively, treated at atmospheric pressure. *, Peat 
at atmospheric pressure. * and *, Synthane 
pilot units at 25.5 and 40 atmospheres, respec- 
tively (711 and 102 mm in inside diameter, 
respectively). The top line is based on data 
where all carbon in volatile matter and, typi- 
cally, about one-half of the fixed carbon were 
gasified. Line A represents atmospheric-pres- 
sure gasification of anthracite, cokes, and chars 
that were previously soaked in nitrogen for 
many hours at gasification temperature. Line B 
is for a bituminous char, also soaked in nitro- 
gen, at 9.3 atmospheres. Line C is for anthracite 
at 12 to 17 atmospheres. Data for lines A, B, and 
C in general reflect gasification of more than 80 
percent of the fixed carbon. Line D is thermody- 
namic equilibrium for graphite. 

day, and so it could substitute for about 
100 million cubic feet of natural gas per 
day or about 17,000 barrels of oil per day. 
Oxygen consumption is 1810 tons per day 
(27), and steam flow is 166.5 tons per hour 
(28). 

Distributing Industrial Gas 

Processes like Fig. 4 or like Occidental's 
flash pyrolysis could supply fuel gas attrac- 
tive for distribution to industrial parks or 
industrialized regions extending for scores 
of miles. A process working at elevated 
pressure would have the advantage of re- 
ducing costs for gas compression. Costs for 
cleaning a gas at high pressure also are 
less, especially in the case of a process like 
that indicated in Fig. 4 where operating 
conditions may be chosen to eliminate tars. 

Candela's suggestion (29) that a regional 
system for industrial fuel gas might em- 
brace the entire northeastern portion of 
the United States is worth examining. The 
system might be put together, at least in 
part, by preempting a portion of the 
present pipe network for distributing natu- 
ral gas. The system would restore lost flex- 
ibility in fuel supply. It could provide fuel 
gas for peaking gas turbines as well as for 
combined cycle systems. It could provide 
fuel gas to retrofit old oil- or gas-fired boil- 
ers that have only a few years of remaining 
life or that operate at low load factor. Gas 
could be added to the system wherever it 

passes a coal field or a large customer for 
coke or char by-product. 

Gas from the system could be re-formed 
with steam at low capital cost to provide 
synthesis gas for ammonia or methanol. 
This is the best hope for domestic sources 
of these chemicals to compete with sources 
from countries like Venezuela and Iran. In 
the long run, the price of industrial gas 
from regional systems might govern the 
world price of these chemicals. 

Flash Hydrogenation 

Chem System's study for NSF (7) iden- 
tified flash hydrogenation as an R & D ob- 
jective that could lead to aromatic feed- 
stocks of low cost as by-products of con- 
version of coal to synthetic natural gas. 
Flash hydrogenation is a variant of the 

Hydrane process under development for a 
number of years at the Pittsburgh Energy 
Research Center of ERDA (30). Coal 
would be heated rapidly in hydrogen at 
high pressure, and the vapor product of re- 
action would be quenched after a residence 
time at temperature of only seconds. The 
City College Clean Fuels Institute (31) has 
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reported conversion of 10 percent of car- 
bon in Illinois bituminous coal to benzene, 
7 percent to ethane, and 14 percent to 
methane in experiments at 700?C, 100 at- 
mospheres, and a vapor residence time of 3 
seconds. Brookhaven National Laboratory 
(32) reported somewhat higher conversions 
of lignite to benzene. Ethane from flash hy- 
drogenation could become an important 
source of ethylene. 

Supercritical Gas Extraction 

Well known to producers of natural gas 
is the phenomenon of retrograde con- 
densation, the condensation of the heavier 
hydrocarbon species present in the gas 
when its pressure is reduced. The opposite 
of this phenomenon may be termed "su- 
percritical gas extraction," the vaporiza- 
tion of heavy molecules by a gas above its 
critical pressure. The equilibrium content 
of the heavy molecules in the "extract" is 
greatest if the critical temperature of the 
extracting gas is close to the temperature 
of the experiment. Great Britain's Na- 
tional Coal Board (NCB) (33, 34) has stud- 
ied supercritical gas extraction of coal for 
a number of years. 

To understand how extractable material 
can be present in coal, consider the reac- 
tions that occur when coal is heated slowly. 
Kirov and Stephens (35) provided insight 
into these reactions by subjecting a large 
number of Australian coals to parallel 
thermogravimetric, viscosimetric, calori- 
metric, and chloroform extraction experi- 
ments. These authors identified two chem- 
ical reactions that occur before coal de- 
composes to release appreciable quantities 
of gas and tar vapor. 

"Reaction I" occurs between about 
2500 and 3000C, and is evidenced by an 
endotherm amounting typically to a little 
under 0.2 kilocalorie per gram-atom of 
carbon in the coal. There is a decrease in 
the coal's acidity, and Kirov and Stephens 
speculated that reaction 1 involves the 
breaking of hydrogen bonds, since partici- 
pation of a phenolic hydroxyl group in 
such a bond increases its acidity. 

A second endotherm, typically about the 
same in magnitude as the first, announces 
"reaction 2" between about 340? and 
4000C. There is an increase in phenolic ox- 
ygen, and Kirov and Stephens speculated 
that reaction 2 is a splitting of ether bonds, 

RIOR2 = R,O +'R2 

followed by transfer of nearby hydro- 
aromatic hydrogen in the coal to satisfy 
the free valences and give 

R,OH + HR2 
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They speculated that the rati 
aromatic hydrogen to ether ox3 
an important parameter for ch 
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appear to involve a tiny frac 
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types of coal, reaction 1 is accompanied by 
A 

only minor release of water vapor and al- 

kyl aromatic species. After a coal of lower 
rank has been heated to 350?C and then 
cooled, it will release a larger extract to 
chloroform at OOC than will unheated 

B coal. Reaction 1, on the other hand, liber- 
ates little additional matter extractable by 
chloroform from a coal of higher rank. 

In a bituminous coal, reaction 2 devel- 
ops plasticity (37, 38). A coal of lower rank 

20 25 begins to decompose almost at once, and 
gasified remains plastic over only a relatively small 
(17, 22) dur- temperature interval as the coal is heated 
a fresh bitu- further at 3?C per minute. In a coal of 

)erature in ni- higher rank, on the other hand, reaction 2 
871 C and at- precedes significant releases of gas and tar 
nts to equilib- 
e of Fig 2) vapor. Such a coal melts over a narrow e of Fig. 2). 

ars previously temperature range, at the same time re- 
f Fig. 2). leasing material extractable by chloroform 

at OO1?C. Typically, the viscosity of the 
fluid coal is about 1x 106 poise. This re- 

o of hydro- mains nearly constant over a 300 to 40?C 
ygen may be interval during subsequent slow heating. 
aracterizing Onset of decomposition occurs well after 
s emphasize melting. Later on, loss of fluidity occurs 
:e rapid and over a relatively narrow temperature 
:tion of the range, a little ahead of the temperature at 

which the rate of decomposition is at a 
and higher maximum. 
ively, about NCB (34) reports that supercritical tol- 
display dis- uene at 350?C extracts 17 percent of a 
to chemical British 802 coal (such coal contains more 
nt of fluidity than 36 percent volatile matter and is very 
ite. In both weakly caking). Another report (33) sug- 

gests that yields up to 33 percent are ob- 
tained at about 4000C with fractions of 

Fuel gas coal tar or petroleum naphtha as extract- 
,aO, ~ ing gas. Yields of gas and water are small. 

This is consistent with Kirov and Stephens' 
views concerning their reactions 1 and 2, 

J and NCB appears justified in its conclusion 
that supercritical gas extracts have under- 

': '1^ gone little if any chemical degradation dur- 
ing their extraction. It might also be re- 
marked that recombination or polymeriza- 
tion reactions, such as lead to the solidi- 
fication of a fluid bituminous coal as it 
undergoes decomposition, probably play 

7~ little if indeed any role in supercritical gas 
extraction at temperatures up to 400?C. 

The extracting gas including extract has 
*-^ ~ a low density and viscosity, making sepa- 

ration of undissolved char residue easy. 
.:; ~ Reduction to atmospheric pressure causes 

.': ; the coal extract to precipitate, allowing its 

Fine coke separation from extracting gas. 
i5.r. I understand the separated extract to be 

a solid at normal temperature, but to melt 
below about 100?C. The NCB's toluene ex- 
tract at 3500C contained 0.1 percent sulfur, 
and this suggests that an extract of many 
U.S. coals from the West might be suffi- 

asification of ciently low in sulfur to find use as a utility 
~1. ~ fuel, attractive for retrofitting oil- and gas- 
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fired boilers as well as for firing gas tur- 
bines. Study of this opportunity would ap- 
pear in order. 

NCB (33) reports that the extract resi- 
due is a porous, nonagglomerating char. 
Extraction of high-volatile coals at 350?C 
should yield a char still containing a signif- 
icant amount of volatile matter, an aid in 
pulverized fuel combustion. An incidental 
benefit for U.S. coals from the West would 
be removal of their typically high content 
of water. 

About 20 percent of the toluene extract 
at 350?C was an oil soluble in petroleum 
ether, about 65 percent asphaltenes soluble 
in benzene, and the remainder "pre-as- 
phaltenes" insoluble in benzene. The aver- 
age molecular weight of the oil was about 
300, that of asphaltenes, about 600 (39). 
Atom ratios of hydrogen to carbon were 
about 1.20 and 1.05, respectively. 

Examination of the toluene extract by 
spectroscopic methods and gas chromatog- 
raphy revealed an aromatic skeleton of 
open chain structure. Substituted benzene 
units are strung together along with small- 
er numbers of naphthalene, dihydroanthra- 
cene, and other larger aromatic moieties. 
Biphenyl linkages, methylene and ether 
bridges, and hydroaromatic units bind the 
structure. Nearly all aromatic units carry 
methyl or higher alkyl groups. 

Reduction in molecular weight could 
produce chemical feedstocks, especially 
benzene and a variety of alkyl benzenes. 
The NCB (34) pointed out that the open 
chain structure offers the prospect that this 
might be easily accomplished. Indeed, 
some processing of the extract might be 
necessary to replenish the extracting gas. If 
so, supercritical gas extraction of coal 
would almost inevitably become a supplier 
of by-product chemicals. 

I should emphasize that supercritical 
gas extraction remains in the laboratory 
stage of its development. It awaits engi- 
neering study before its potential can be 
judged. I discuss it here, in part, to illus- 
trate what may emerge if more thought is 
given to opportunities for partial con- 
version of coal to clean fuels. 

Chemicals from Coal Tar 

The glorious history of the coal tar in- 
dustry's great service to mankind makes it 
sad for me to set down my belief that this 
industry faces a dim future. Chemicals de- 
rived from coal tar have always represent- 
ed a small fraction of the total, a by-pro- 
duct of a by-product, as it were. I cannot 
conceive that new carbonization plants will 
be built simply to supply chemicals. 

The future of coal tar depends upon the 
future of gas-making processes that yield 
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Coal Pump Furnaces 

Fig. 5. Exxon's coal liquefaction process (highly schematic). 
Reactor A is noncatalytic. Reactor B contains catalyst and 
probably operates at higher pressure. 

tar, carbonization as a technique for pro- ments still N 

viding liquid fuels, and operations to sup- Most ap 
ply the steel industry with coke. the agency 

The Lurgi gravitating-bed pressure gas vided coal 
producer (4) may provide basis for a few polycylic sp 
plants to provide synthetic natural gas, al- ic and h) 
though even this proposition has been When the s 
thrown in doubt with realization that a 400?C, the 
Lurgi plant for 250 million cubic feet per species can 
day (about 0.4 percent of the current U.S. ic rings tha 
gas demand) will cost on the order of $1 easily hydr 
billion. Major supplies of tar chemicals original car 
are not likely to arise from this source. to the coa 

I see little future for carbonization as a naphthalen 
technique for supplying liquid fuels. Tars vent species 
are difficult and expensive to upgrade to when it rele 
synthetic petroleum or chemicals. They atoms. 

usually crack and deposit coke upon re- Coal in 1 

heating for their supply to a catalytic hy- to release, 
drogenation; and, when a furnace cannot pyridine an 
be used, the cold tar must be injected into a asphaltenes 
large flow of hot hydrogen just ahead of of this mat 
the catalyst. Conversion of tars to useful vent is not 

products entails large consumption of hy- much of tt 
drogen. Attempts to develop catalysts that ibly to "c( 
will convert anthracene to two molecules role, appar 
of toluene, for example, have not been suc- coke by pr< 
cessful (40). Phenanthrene has been con- valences th 
verted catalytically to biphenyl, but only in substance. 
small yield (41). Work toward such goals is With fui 
worth continuing at the bench, but does pre-asphalt 
not yet provide basis for commercial verted by s 

hopes. pentane. 
Slot ovens for metallurgical coke are Engineer 

long-lived, and many ancient ovens are still in selection 
in use. The steel industry for its expansion quence at 
is apt to turn to new coke-making process- lean solven 
es [for example (42)] more easily made ac- donor capa 
ceptable environmentally and capable of Current 

processing a wider range of coals. Some running ag 
new processes yield more benzene than approach, 
conventional ovens, and Chem Systems (7) World Wal 
assumed that the steel industry will contin- The coal-s 
ue to supply about 10 percent of the ben- moderate I 
zene demand. A hazard to this assumption and held at 

is the development of large 
shipments of steel from 
countries like Venezuela and 
Iran (43). 

Coal Liquefaction 

Direct liquefaction of coal 
is far from ready for use on 
a modern scale. A plant for 
100,000 barrels of synthetic 
oil per day would need to 
process about 30,000 tons of 
coal per day. Germany's 
largest Bergius unit in 
World War II treated 600 
tons per day, and the largest 
pilot unit now operating in 
the United States is for 50 
tons per day. Most develop- 

work at a far smaller scale. 
proaches liquefy coal through 
of a donor solvent. Finely di- 
is slurried with an oil rich in 

)ecies that contain both aromat- 
ydroaromatic ring structures. 
lurry is heated to beyond about 
hydroaromatic rings of such 
release hydrogen. The aromat- 

t result from this release can be 
ogenated to restore the species' 
pability of "donating" hydrogen 
1. Tetralin (1,2,3,4-tetrahydro- 
e) is an example of a donor sol- 
s. It is converted to naphthalene 
:ases its four available hydrogen 

the heated slurry reacts rapidly 
in high yield, matter soluble in 
id benzene (pre-asphaltenes and 
s, respectively) (44). The release 
tter occurs even if a donor sol- 

present (45), but in its absence, 
ie matter polymerizes irrevers- 
oke" (46). The donor solvent's 
ently, is to inhibit formation of 
oviding hydrogen to satisfy free 
iat appear in the reacting coal 

rther time at temperature, the 
tenes and asphaltenes are con- 
lower reactions to oils soluble in 

ring approaches differ primarily 
of location in the processing se- 
which the "spent," hydrogen- 
it is hydrogenated to restore its 
ibility. 
thinking in the United States is 
gainst the Pott-Broche process 
operated in Germany during 

r II at the 100-ton-per-day scale. 
solvent slurry is pumped to a 

pressure, 10 to 30 atmospheres, 
t about 4250C for an hour to dis- 
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solve about 75 percent of the coal. Dis- 
solved material is separated from a solid 
residue, pumped to a higher pressure, and 
hydrogenated catalytically. A gas-oil frac- 
tion of the product is recycled to provide 
the donor solvent. In this approach, sepa- 
ration of unreacted coal and ash from re- 
action product is difficult. 

Most U.S. efforts are elaborations of the 
Uhde approach, also operated in Germa- 
ny. The slurry is pumped to a high pres- 
sure, typically 100 to 200 atmospheres; 
hydrogen is added; and the slurry is held 
at 4250C or beyond in presence of hy- 
drogen to dissolve more than 90 per- 
cent of the coal. Hydrogen's role is 
apparently to restore at least part of the 
solvent's donor capability during the coal 
treatment, for it appears that the coal 
should contain ash matter having some 
catalytic virtue toward hydrogenation of 
the solvent. 

Pittsburg & Midway Coal Company, a 
subsidiary of Gulf Oil Company, and, 
more recently, Southern Services Compa- 
ny and the Electric Power Research Insti- 
tute have used the Uhde approach to pro- 
duce a "solvent refined coal" that is low in 
sulfur and suitable for firing utility boilers 
and gas turbines. Hydrocarbon Research, 
Inc., a subsidiary of Dynalectron, the Pitts- 
burgh Energy Research Center of ERDA, 
the Gulf Oil Co., and the Lummus Co. 
have modified the approach by adding a 
catalyst to the dissolution step to promote 
better hydrogenation of the solvent. These 
modified processes can operate to make a 
"refined coal" suitable for utility use, or at 
more severe conditions, such as 200 atmo- 
spheres and 455?C, to make a substitute 
petroleum. 

In a further elaboration of the Uhde ap- 
proach, Exxon (see Fig. 5) prepares a do- 
nor solvent by hydrogenating a synthetic 
gas oil under severe conditions. The sol- 
vent acquires a greater content of hydro- 
aromatic carbon than has been used hith- 
erto. Exxon's discovery is that the greater 
power of this solvent to donate hydrogen 
can convert coal in presence of hydrogen 
gas to a relatively light liquid. This can be 
distilled to provide both the synthetic gas 
oil for reuse and a petroleum substitute. 
Ash-rich residue from distillation is suffi- 
ciently small so that it can be disposed of 
by combustion or gasification. Exxon's ap- 
proach has the advantage of avoiding a dif- 
ficult filtration of ash residue from coal liq- 
uid. 

Development of a coal liquefaction in- 
dustry will eventually create opportunities 
for pulling out light aromatics and phe- 
nols. For the purpose of cracking to make 
ethylene, coal liquids are at a disadvantage 
with respect to the more aliphatic shale 
oils. 
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The Acetylene Alternative 

Acetylene is a competitor for ethylene 
for making materials such as vinyl acetate, 
vinyl chloride, and acetaldehyde. Work has 
been in progress for many years on rapid 
pyrolysis of coal in a plasma arc at temper- 
atures beyond 1400?C to make acetylene. 
Yields are of the order of 30 to 35 percent 
by weight of the coal, with 12 to 17 percent 
acetylene by volume in the gas leaving the 
pyrolysis reactor. There is a large recycle 
of hydrogen to the arc, and the process re- 
quires extensive equipment for acetylene 
recovery and gas purification. Operation is 
cyclic, since carbon tends to deposit in the 
reaction chamber, and frequent injections 
of steam are needed for its removal. 

Chem Systems (7) believes that plasma 
arc processes have the potential of making 
acetylene competitive with ethylene, but 
they face large and difficult development 
tasks. Chem Systems assigned these a rela- 
tively low priority, since acetylene can sub- 
stitute for ethylene in only about 17 per- 
cent of its uses. 

Conclusion 

For some time yet, chemicals will re- 
main by-products of systems that supply 
natural gas, natural petroleum, and clean 
fuels from coal. The last-mentioned 
presents exciting near-term opportunities, 
especially in connection with clean fuels 
for industry that are so urgently needed. In 
the longer run, the world will be able to 
choose flexibly among gas, oil, and coal 
for supply of almost every fuel-based 
chemical. 
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In a controversial revival or reexam- 
ination of Malthus's hypothesis, system 
dynamics models of the world economy 
have suggested that the resource con- 
straints of a finite planet will not permit 
ongoing trends in population and indus- 
trial growth to continue far into the future. 
Shortages of materials are identified as one 
of the key limiting factors. Despite their 
uncertainties, such analyses, combined 
with recent world events, do affirm the sig- 
nificance of materials and the other natural 
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or physical resources as part of the larger 
economic and social system. It is in these 
terms rather than solely technical ones that 
this article focuses attention on the role of 
materials over the transition period from 
now into the early part of the next century 
and beyond. 

How are we to get from here to there 
without being more certain where there is? 
How can goals and policies involving ma- 
terials be formulated to facilitate the tran- 
sition, and how can science and technology 
assist in discerning better the most likely 
long-term demands on natural resources- 
for what and in what quantities-and the 

options for meeting them? In particular, 
how can we better assess what priorities 
appear appropriate for materials research? 
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This article attempts a preliminary attack 
on such questions. It is based on the belief 
that we must better understand the present 
and how we got here before we are likely to 
be prescient as to the resource needs and 
opportunities of the transition period and 
the further future. 

Materials and Natural Resources 

Appropriate research for materials, if it 
is to be conducted in the manner now ac- 
cepted for such other major resources as 
energy and food, should encompass the full 
spectrum of activities involved in the mate- 
rials system, that is, the resources from 
which materials are derived, their process- 
ing and utilization, and the discharges and 
wastes to which such activities give rise. 
The interrelationships of materials and the 
other natural resources are shown in Fig. 1 
in terms of the flow of resources, as means 
to attain given ends, through the successive 
production stages of "raw materials" 
and "processed materials" (both of which 
figure prominently in world trade as the 
"primary commodities") into industrial 
use and consumer use. These different 
types of derived resources have key 
common features: (i) their importance 
lies less in their being specific things or 
substances than in providing "the func- 
tion or operation of attaining a given end 
such as satisfying a want" (1), and (ii) they 
are dynamic, in that they are created, and 
in some cases, destroyed, by man. 

The delineation of function as a key 
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