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4 :Ls w1th ‘some diffldence that Ivven‘ture to-address the Mon+rea1 Sectlon
iety of Chemieal: Ind.ust‘ry ‘dnthe'” subgfect ‘of ‘mobor fusl’ f;om coal at a,
cmde petroleum 1s praduced in ‘gréater: quantlt:.es than* | at’ any time in :‘_”I
' at a time when the Xnown reserves bxceed ald éxpectativus,’ ‘gvén the
estlmates of the Committee of Zleven of the American Pebroleum Institute.
new figldy eing discdvered in America at &nd em'barrasélng frequ_enc
; atsi £ the North Amerlcan Continent show unm1stakable signs ofdf
ﬁemally t-o the worldls sources oI 011 Were it not for +he tremen

1nto 11quid mertor fuels, I‘ should prefer ‘to let this SLbJect
ious time’,guch ag prevailed some’ years aga, when the gasolin 1
was, risihg rapldly and" the produc’cmn curve was slowmg in its unward
't wag the perlod' which stimulate& %he researches which resulted in teﬁra-
d.' antl—lmock: g‘aséllnes on_ thls szde of the Atlantic and’ in methanol
“Séme of, you mll
ositm on' Motor Tuels and 01l Cohservation held at the Cnemlsts’ Civb
1 Séptember;v1925, - Dr. R. L. Brown and I gresented a paper at thil
o "Complete Utiligation of Coal and'Motor Fueld ) in which we pointed, ou
‘was the most'1ikaly’ raw material snurce of gasollne substitutes if and’”
ed, We. grouped the pregent and Iuture processes for cbtaining mObOr fuel
e in three classes namely' -

- (1) The carbonizatmn of coal, 1ncluding the gas manufacturlng and
k:lng 1ndustry, and. low temperature carbonlza.tlon.-

(3) The nyﬁ;‘ogenahon and. 11quefact1on of coal 'Dy the Berglus 'orocess.

(5) ”h"‘scom.lete gamflcatlgn of coal and conversmn of the resultzng
__synthesm into metna,neL _"syn{:hol # and other llqald.

§ given before’ Montreal Sect:.on of Se ;_,ety of Chemlcal Industry, Montreal

Marech 14, 1928,
au of Mined will welcome reprinting of this artlcle but requests that the

Fag footnotq acknowledgment be - usedry "Prlnted 'by pemlssmn of the D:.reci:oz;
Bureau of Mines. . (Wot subject %o copyright).t _
ist, U.S. Bureau of Mines, Wash.ington .D.. G. . .
A, G., and Brown, R, L., Compiete Dtilization’ ‘of Coal and Motor Fael'
Paint and Drug Reporter, October 5, 1925, pp. 12-13; Blast Furnace and .
®) Plant, Vol. 14, No. 138, 1928.
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We showed that the light oil from coal carbetiization, although an
local source of the benzol constituent of blended motor fuels used in the v
of coke ovens, could never be more than a relatively 'small supplementary gaud
supply; and that for a primary source of supply we would be obliged to look
more or less complete conversion of coal to liquid fuels by the hydrogenati
©oal, or synthesis from water gas. TLet wus now review the staktug of these p
at that time (September, 1925) and the developments that have taken place i
2~1/2 years that have elapsed to date. We shall first discuss the suppleme
sources of motor fuel. :

Supplementary Sources of Motor Fuel

Motor benzol from coke and gas works:- Approximately 2.5 gallong of
motor benzol is obiained per ton of coal carbonized in by-product coke ow
1923, for the United Stafes this amounted to 95 million gallons (38 millien
coal carbonized) which wag 1-:1/4 per.cent of the 6600 million gallons of
used. In 1926, coke gven benzol amounted fo 112 million gallons which wa;
cent of the 11 billion gallons of gasoline used. Hence motor benzol become
more insignificant as.the years go by.. : - '

o

” Low-temperature carbonizationt~ Low temperature carbonization of ¢
offen cifed as a process which will add to our future mobtor fuel supply,
process coal is heated to 4500 to 7000 C. instead of 10000 to 13000 G, Th
yields are from 20 to 30 gallons, or two or threé times that obtainéd. in
{emperature carbonization. Also, the tar resemblds petroleum in somé e
Low-temperature tar consiste of one-third to one—half"ta'r’aci_ds and highet
and the remaining substances :a.re' hydrocarbons - saturstegd, unsatyrated . an
It does not contain benzéne, toluene, naphthalene, or anthraceng, and ve
phenol or cresol, all of which are, found in high-temperature ‘far; " From 14
gallons of light ‘oil may be scrubbed frem the:gas,” and ancther gallon or 4
distilled from the tar, thé total yield being fTrem'Z to 4 gallons ‘per to
However, refining lesses due to higk content:éf unsaturated compounds br
net yield of motor fuel to zbout the same as for high-temperature carbon
namely, 2-1/2 gallons per ton of coal. The low-temperatiré tar itself m
cracked in pressure-stills with a yieldof.about 20 or 25 per cent ‘mgts
Hence, even with this cracking, low-temperature carbonization of coal
expected to yield more than 7 to 12 galiong per ton carbonized, The main pr
of low-temperature carbonization is necessarily 4 smokeleds solid fuel gnd
the success in popularizing the solid fuel that 'the future of this process
assuming thet a technically successful process is developed.  Much capital
expended, on both sides-of the-Atlantie in large seale expéerimentation. 09
success'Has not been achieved yet although material progress has been ma
last five years. Bub as stated beforé, the amount of by-product motor f
mzy be obtained from this source can noi‘be more then supplementary in7dd
which will depend cn the market for the solid fuel.”, The 'picturé:gzasr 1o
any respect from that presented in 1925, S

R

" Gagoline frém oil-shale:- In the estimate ofpotentlalv:)llreur
large deposits of o0il shale must not be neglected.. In the Tmited.States,
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'

that reserves of some' 350 billion fons are in sight €hat Wik
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"of 15 gallons per ton. This amount of shale would mean a total of 135
parrels of shale ¢il, a reserve of possible fiffesn’or twenty times the
il reserves ayailable by the usual pumping methods: However, oil from
e highly unsaturated and the refining losses are larger than with psiroleun.
mown of the miring and refining costs and interest in shale is at a low
to our flood of flush petroleuwm and the rapid fechnical development of
ring ccal, The wunfavorable location of shale deposits with reference to cen-
f;- population, the low yields as comparsd io coal, the startling developments
thetzc processes, all militate against the early wuse of shals in the declin-
& of petroleum production. Generally speaking, I am thersfore mcllned to
a]_e ag a . 'source of oil secendary to coal.

Prmarv sources of motor fuel from coal:- Let us turn, now, to a considera-
rimary sources of motor fuel from coal, that is, processes in which a
fuel is the principal product of ihe process. These are (1) the hydrogena-
d liquefaction of coal, and (2) the conversion of ccal to water gas which is
‘converted by catalytic methods into synthetic motor fuels. Regearch and
al development along these lines constifute one of the most brilliant chap-
odérn chemistry and engineering. The practical achievements already
lished are noteworthy and they show the unexpected utilitarian application
so often made of research conducted solely for the advancement of science,
Bergius, when he sought to producs artificial coal from celiuleose by the
icn of temperature and pressure, nor Sabatier when he studied the effect of
3ts on the reactlon betwsen carbon monoxide and hydrogen had any idea of pro-
motor fuels for future generations,

The Bergius process:- Dr. Frederich Bergius, the inventor of the process

hydrogenation and liguefaction of coal, states that the direct addition of
en to coal was first carried out in hisg laboratory in Hanover in 1813, as a
t'0of some three years study of the chemical nature of coal. In his first

nts he attempted to prepare an artificial coal by subjecting celiulose to
igh pressures in steel bombs kept at elevated temperatures, thus simulating
tological processes of nature but speeding up the reactions by using higher
ratures. The product thus obtained resembled anthracite. Further sfudies on

55ible constituticnal formulae for coal in turn led Rergius to the conclusion

cal itseli was made up largely of a class of chemical compounds which, under
ﬁ\n conditiong of temperature and pressure, could be made to take up hydrogen
¢ converted into liquid and gaseous compounds. Experiments along this line in
and 1918 resulted in obtaining a considerable degree of liguefactisn when '
34 - out with the’ coal in small glass lined steel bombs of cne and two liter
ity « Parallel experiments with oil instead of coal showed that heavy oils and
Ould 2lso be cracked and hydrogenated under pressure with large yields of
; Saturated hydrocarbons. Temperatures of 350 %o 4000 C. and pressures of 100
SDhoreg of hydrogen were employed. .Even in these early experiments as much as
tent of the coal was converted to gaseous iiquid and soluble compounds,
ble 'in bédizene). OCutbreak of the World Tar in 1914 stopped further develop-
on the hydrogenation of coal, although during the war pericd, especially near
£2d of the war, large scale experimental work con the cratking of heavy oils® was

rgius, F., Neue Methode zur Verarbeitung von Mineraldi und Xohles Zeil. f.
gsw. Chemie, Vol. 34, p. 341 {1921).

.
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undertaken at Mannheim-Rheinaa, which was followed at the. close of the war wip
renewed experimentation on the hydrogenation of coal. It was not il 1921
the principal’ difficulties in developing high pressure aproaratus on a tech_mc
scale were .overcome, vand a SJStemcwlc examination of various ty‘pes of coal ag
nite’ Weﬂe undertaken. . :

Theory of Procéss

N

In normal bltur"mous coal the ratio of hydrogen to carbon is 2DPTCXimatex
16 to 1, while in petroleum the r2tio is about 8 to 1., Hence in the convers;
coal to o0il it is nscessary to deudlie the. quantity of hydrogen. In the grgy
coking process coal begins to decompose at 3500 - 4000 ¢, (6620 - 7520 7, e
off gaseous dnd 1iguid. products and leaving a solid residue richer in carbon
heavy complex organic molecules com aposing coal split off water, carbon dinkigg
saturatéd hydrocarbons of the m3thane series and alsg unsatura.ted hydrocar
which tend to polymerize an@ form za1id prodncts. The ultimate result of ¢g
ceal is to brealc down the orsanic stbetarces to gas and coke with very 1itg
product. Now ‘according to ﬁp*‘mu-ﬁ , if hydrogen is present at high pressun
this initial breohking-dowm of the. comnlex coal molecules, hydrogen attache
at once at the points of rugturs.in.the molecular bonds, thus preventing polym
tion end combination of the unsaturated cracked products into high molecul
solids, ‘According to Bergius,® hydrogenation begins at relatively low temperat
and after treatment at 300° %o 3500 (. (5720 - 6629F,) the product is stil]
though it has “faken up a fairiy farge amount of hydrozen and is a.sort of 4t
& fairly high melting point. This product becomes ligquid if treatment is
5% & temperature of 4500 . (8 A20 F. ). '

' Swwarized in a few Words the process of liquéfaction of coal- is,
the coal molecules with simultanscus. absorption of hydrogen, or possibly ab &l
of hydrogen, followed. by splitting up of large molecules :Lnj;o, smzller qnes
tlnued addltlon of: hyclrogen. S X ‘ o :

mat hyd“oaen is absor“ned in- the reac_’cion is defini’peiy shqm both b
creased hydrogen content of the- products and by the reduction of pressure i
'bom‘n durmg t’qe nrocess Lo Pl : : ’

A

Influenca cf ”emnera*u o ond Time,

Accord_ms' to Berglus' the temerauure range- favcrable to max:.mum 1
tion of ecoal is rether narrow, being between 450 and 4800 G. (8420 ~ §o960 Iy
most’ coals. ‘Higher twnperature speeds up the reaction but a limit s soon;
at aaoa.t 4809 0. shove which coke i formad. Below 4500 ¢, the rate of real
slow ahd tae ‘outpub -of. iguid hydrocaronns decreases Ionger periods of &
compensate for lower températures within certain ra.nges The opi:m:m maxi
pressuﬁre is between 180 Jand :200- &t mcspﬁeres. ‘ .

2. Eerglus F, T "‘.'erfluuwguﬁﬂ der Yonl e.,: 1t V""TEJ.I‘J. Deuj:scher Ingenl
. ¥ol.BS, Oct l’? 1825, Kosy 42 and 43,

6 Berglus, .F. . Dig Au551cht'3n der Olerzeug.mg aus chhle. ; Intematlonale :
Bergwirtschaft ;. Vol, 1, Octa ~Dee, (1%25). .

7 Sees Reference 5. R
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Inf_luence of, Dispe,_rrs‘in'g Medium

Attention has been callsd to the narrow temperature ramge in which lique-
can take place. (lose temperaturs control is therefors necessary to cbiain
hle yields of oil. While such control is possible without use of liquid dis-
- agents in the coal in very small scale expsriments such as the two-liter

technical scale opérationy it was found'negessary to mix the coal with oil,
r other ligquid medium’ $o conduct away the exothermic heat of reaction and
%5t overheating of the individual coal particles. Also this liquid medium is
‘@éd in the continuous operation of the process to pemmit pumping the ceal into
snisgure cylinders. e

- Suitability of Varisus Tyves of :Coal
for ILiguefaction SR

Table 5 taken from a paper by Bergius gives results of "Berginization" of @&
of -éoals of various types ranging from anthracite to lignite,: These tests
n by Bergius as representabivé from several thousand such tests made at
m -Rheinau using the 2-liter rotary bomb or a larger 40-liter bomb. Scme of
ts were made with the coal dispersed in oil; others were made on the ceal
Examination of this table and considerailon of other experimental evidence
hat the younger rank coals such as brown coal, lignite, and sub-bituminous
re most completely liquefied or leave the smallest . amount of residual carbon.
hrom coal left an ash-free residue of only one per cent; a German gas-
oal, approximately 10 per cent; 2 £rame coal, 15 per cent; and semi-anthra-
per tent, Anthracités céntaining mere than 85 per cemt. carton give very
ields of oll. In other words, our highest priced ¢éals such as anthracite,

keless semi-bituminous are poor coals for conversion to oil. The most -
liguefied coals would appear to be the non-coking and sub-bituminous ccals
nois, Missouri, Iowa, Colorado, Wyoming, Montana, Utah, Washington, and
estern States. It is probable that the brown lignites of Saskatchewan, the
and Texas. can.be almost.cempletely liguefied.. =« « -

i It is evident also from Table 5 that the per cent of ash has iHo major

‘-E%P,C& on liquefaction yields. The yield is in proportion to the organic matter,
W8 ash ig simply so much inert dlluent to be handled In the process. BSince
gius process can utilize low rank, poor quality-ceal for the production of

t would bé an excellent outlet for the fimes which'are mow so difficuli to
many mines; that is, when an oil shortage renders the process profitable.

£
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. Hydrogenation of LoW Termerature Cokse ... ...

t is possible to combine lew temperature carbonization with "Berginizatiori"
. . This may prove to be an advantageous- combinabion. for bromn coals
, temperature carbonization removes some-40 to 50 per
jnert water and carbon dioxide and the usual low temperature tar, and
POTOUS; friable: semi-coke which is readily ground fine ang almost completely
d--"- e . : . e X X

Di-éf-r—ib{lt-ibn: .-6f: oxyeen of Coal in Berginizatioﬁ Produc't'é_.-—_ The organic
¢ the coal substence is found in the prod,uct..s-‘p‘_r_inc‘:ipal}y.as water but also
n dioxide,.phencls,: and tar acids, the proportions of carbon dioxide and

increasing. im the hydrogenation products of the.younger coals.

al in Products.--The nitrogen of the coal goes

tly into the oil in the nitrogen bases. Since
ous ammonia does not suffer decomposition;as in the coking process, the
ammonia is three times as. much, : :

Sulfur Distribution in products.-~Sulfur is Found in various forms in both
g 0il under hydrogenation conditio ps are taken %o IiX the sul-
However, if about B per cend pulverized iron oxide: is mixed with the coal

then the light oil fractions are practically free frem sulfur, and the

ractions retain but a very small smount. The HgS in the gas can 08 removed

¥ by the usual methods.

Gas Tields in Berzinization Process.--The gas yields of the Berginization
are fror 15 to 25 per cent by weight of the coal substance, depending on the
? coal znd the method of breatment in the process., The gases consist prin-

1y of CHy and its homologues} unsafurated hydrocarbons are practically. absent,
rding to Bergius, 1In normal cperaticn the gas yield from a ton of coal is
cally equivalent in total B,t.u. to that obtained in standard coke oven

{ éce.

Continmuous Process on Semi-Commercial Scale

. The first step in the commercial adaptation of the coal hydrogenation pTO-
by Bergius wes to0. develop a continuous method of feeding the coal into the
Pressure apperatus and. withdrawing the products continuously. This prodlem
olved by mixing the finely pulverized coal with some of the heavier cils from
rocess, thus forming a thick paste which could ve handled with a pump. The o0il
seemed to distribute the heat more uniformly through the mass during the re-
on. 0il amounting to sbout 40 per cent of fthe weignht of the coal was found
fiate for this purpose. The coal paste g forced into the two steel autoclaves
00 Kg. per 24 hour capacity in sefies against a pressure of 180 atmospheres by
Pecially constructed pump. Hydrogen is fovoad into the same autoclaves by an-
S®T pump, The autoclaves are heated to the reaction temperature by £88 burners.
STneath or by a lead bath, and the mixture is agitated by an internal rotating

P
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stirrer, The first autoclave serves to preheat the mixture up to the reactigy

temperature, and the secend autocliave is the reaction chamber DTOPeT.  The peg;
producis leave the autoclave through a pipe and are cooled in a condenser, d
sion to atméspheric pressure takes place through a valve and the gases are ?éb&
from the liguid and solids in'a separator, ' : Ty A

The effluent is a black mobile liguid containing the inorganic matter
he coal plug any wndecomposed carbonaceous matter in suspension. This progyy
irst distilled to remove the water and light oils,sang then centrifuged whiy
to szparate the solid residue from the 0il. fThe sclid residus which containg
residual oil is distilled down to coke, and the distillate added $o. ths oi] b}
from the centrifuge for refining in the same manner as petroleum, except tha
and far acids are separated in the usual manner of the tar distiller.

+
=
T

Products of Berginisation

The yield obtained from a typical gas-flame-coal of € per cent agh,
gellons per short tong of coal are given approximately as follows:

: o s Gallons
s Moter fuel ... ...l ..... 48
Diesel engine =and crécsote oils .. 54
Iubricating oil .......c.c.veuun.. -16
Fuel 0il (..ivuiunn...,

Total refined products

S FIﬁfonpation on the exact compesition of these various oils is lacking
vet. Bergius.gtatesd that the motor fuel fraction is 2 mixture of aliphatic,
matic and hydro-aromatic compourids, . Olefines are absent, and but very littl
furic acid is required in rpfi@iﬁg:to_produce'stable,'water—white motor fue
from undesirable odor. (rmandy snd CravenS examihed the light-oil fraction dis
ing from 400 %o 1500 ¢, (1040 - 3560 ¥,) cbtained in the hydrogenation of an
coal, The yield of gagsoline was approximately 10 per cent of the weight of %
(34 gallons per short for). The washing loss was only 1 per cent, and the ga
consisted of unsaturates 3.1, aromatics 7.6, naphthenes 51,7, and paraffins 37;

. Aceording to Brochel0, the Bergin oil,obté{ne&”from a brown coal semi

conﬁained:cycliQ4compgupds,_gboutﬁ22 per cent Teing phenols,

8 BSee reference 5. = S
9 J. Inst. Petroleum Yech., 12, 77 (1926). % _
::10 - Broche, Hans, Neure Arbeiten iiber der Bergius Process wund die Chemische
Structur der Kohle: Brennstoffchemie, Vol 7, pp. 140-1 (19268). - .7

A
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Effect of Catalysts

Although catalysts are noﬁ'esééntial for the hydrogenation and liquefac-
oal, yet Bowen and Nashll have shown that

Nickel and iron oxides have a marked catalytlic influence, Under
omperable conditions, up to 45.64 per cent of o0il products was ob-
ained with nickel oxide catalyst and up to 30.95 per cent with iren

oxide, all experiments in the absence of liguid media. The proporticn
of phenols and bases in the oils obtained with these two oxides was
approximately the same, irrespective of the pil yield, and mean vaiues
were 9.21 per cent phenols and 6.41 per cent bases.

The light fractions obtained were not fully saturated and their

amount depended on the maximum temperatures employed.

Fierz-Davidl? also found that Ni{OH}5 speeded up the reaction, and the

ye recently patented a mumber of catalysts for this reaction. From these
workers it is evident that the 5 per cent iron oxide added by Bergius to
and avoid polymerization of hydrocarbons by the influence of sulfur

sy may alse aid in the hydrogenation preocess. Reports from ofther investi-

so indicate that some unsaturated hydrocarbong may,bg'expected in Bergin

. -,Large'Scale-Cbmmercialfﬁnpératus

As may well be imagined, the development of large-scale technical apparatus
"Berginization" of coal required ths expenditure of a tremendous sum of
d the application of no end of mechanical ingsnuity in overcoming the
involved in treating coal at temperatures of 450 to 5OOO G. {842 - 93297. )
ssureg of hydrogen up to 150 or 200 atmospheres., Three to four million
Te said to have been expernded at Mannheim-Rheinau in experimental work.
*rcial scale units used were large doublie-wallsd steel reaction chambers,
Che s internal dlameter and 26 feet long. Such z vnii is said to be capable
ving 20 tons of coal in 24 hours. The inner wall is about 0.6. inch thick
uter wall 2 inches. In the annular space betmeen the walls, preheated
g3s is circulated under a pressure slightly greater than that of the
(150 atmogpheres) within the autoclave. By itiis ingeniocus methed am even
f the autoclave is obtained uwnder exact tempsrature conmtrol. Also loss of
through the walls of the sutoclave is retarded. By means of heat
8 the heat in the reaction products leaving the aufoclave is recovered in
%S the nitrogen and the incoming charge. The final 22ditional heat required
Ee"Ill’ocess; is obtained by circulating the nitrogen throvgh coils of irom pipe
In a heated lead bath,
v Arthur R., and ¥ash, Alfrsd W., The Thermal Decomposition of coal in
Sence of Catalysts and under Eydrogen Pressurs: Fuel in Science and
ctice, Vol. 5, pp. B361-64 (1926).
thDavid;-H. E., Liguefaction of Wood and Cellulose and some general re-
Ths on the Liquefaction of Coal: Jour. S. C. I., Vol. 44, pp. 942-44 (1928)

-9
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Source of Hydrozen Reauired in Process

The auount of hydrogen required for one ton of coal is approXimately;
cent of the weight of the coal, TFortunaitely, this hydrogen need not be Dure;
presence of other gases simply requires a corresponding higher total gas pre
so that the partial pressure of the hydrogen is up tc the required pressure
Sighty to 85 per cent pure-hydrogen can bé used, Tt is possiblg, therefore
make use of coke-cven gas given off during the lsst part of a coking perieg
owing to the obvious limitations i tying up 4 "Berginization® plant with og
duction, Bergius proposes to obtsin the neceszary hydrogen from the regctiey
of the process itself. These gasés consist largely of methane (CHs) which g
decomposed with water vapor at 1100° g, {2012¢ 7.} to yield hydrogen and carps
monoxide according to the folliowing reaction: ‘

CHy + Egd &2 00 + 3H, (1)

The products of this reaction are then mixed with additional water vapor 'z
over an iron oxide catalyst at & temperature of 7000 - 900° €. (12920 ¥.) yi
carbon dioxide snd addi{ional hydrogen. The carbon dioxide is washed'out.
under pressure by well-known methods leaiing four volures of hydrogen for éha
volume of methans in the original gas. Similar reactions tale place with §
in the gas. In practice a gas ls obtained containing ebout 85 per cent hyg:
plus some undecamposed hydrocarbons, carbon monoxide, carvoen ¢ioxide, and nity
£oout two-thirds of the reaction gases are conswied in producing the hydrogg
quired for the process, and the remaining third is sufficient ¥¢ furnish ih

required in the hydrogen-producing process,

Expenditures on the Beﬁei@nmenf of the -.

Bergius Proceds

The emount of money expended 'in  devEToping the Bergius process a
Rheinau is almost beyond comprehension. K. Bruckmenn, President of the Erdd
Kohlsverwertung, A. G. Berlin, in a recent paperld states that the investus
the experimental plant smounied to 12 millicn ‘gold marks, and that the 1
experiméntal work consumed some 28 million marks, These figures do neot ing
work of the I, G. at Leuna in recent years, of which I will speak later, -

Cost bf Process

Bruckmann also has stated that the tolal costs of the precess ate 6§
at 71 marks for 650 Xgs. of erude oil. fThis would be D ’

lg%g x Z% = $27.73 per metric bon crude oil

°r gglgg = $4.27 per Wb, crude oil.

'

13 Coal Liquefaction and Its Importance in Wsrlc Ecohomy:_ Tﬁ&fMining Jo
Vol, 160,  Pp. 69-70, 94, 118, (1328)

-10-
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50 per cent yield of gasoline on complete cracking of this crude, the
the gasoline w@qld‘fbé “gbout 26 cents per gallen atsthe refinery., I% must

red that these fizurds are for Geman condifions. In this country with

invesiment ang labor cosis 1t would be much higher, probably 40 to 5C “cents
but they show the utter

. 0f course, these figures are mere guasses,
Tﬁj,lity of. approgching competit ion with petroleuwm gasoline costing 7 to 9 _

e

- the refinsry, :qh}? prevailing present day costs in the United States.

i Recent ‘Develom:-ents on CoallL‘i'quef“action
. "oy _the I. G,

However, in spite of the apparent cost of ‘the hydrogenation process, the
Analin and Soda Fabrik, one of the I, &. Farben Industrie group, who
to commereial success the-synthesis of ammenia and of methanol, alsc attacked
lem of coal ligvefaction, with all the finsncial, scientific and technical
ss for which this organization is famous. Obviocusly, the long experience of
iy O staff . in condw%cting ressarch on catalytic reactions, in applying high-
I technigqe, and in the pr‘céii:ubtion and purification of hydrogen, gives them
endous advantage in the rapid development af a. technical scale ligquefaction
. R o 5."5" AU . i
_9_8.,9;.3561'1’;1&1{ _d_}‘.f'x_"erence tn+the Badlsche process of coal liguefacticn from
Bergius is ih’ the admixturs’of suitable catalytic materials with the coal
xder. to copbrol snd vary the products obfained. According to Dr. C. Xrauchlé,
ﬁi‘:' T. @, Parbenindustrie, Ludwigshaven, catalysis are introduced in definite
of the hydl?ﬂégeg,ﬁat{on according to the products desired. TFor example, they
hSe cperate thet the main products are low boiling simple hydrocarbons, and they
cause more or iess of thege %o be of the aromatic series,.thus progucing
Zrauch does not name the catalysts i1sed.
5 cilaim as catalysts nitro-

tly an anti-lmock motor fuel. Dr.
entg taken out by the I. G. in the past two yearsl
the combined gtate as WHy sulfide, nitrides such as those of Si or Ti or ¥Hz,

3 or ithou’c;___'iné;‘t‘i"'soli'clis"o:jc‘ auxriliary catalysts such-.as Fe or Qo : molybdenum

Nnds such ps mplybdic s6id, NHg molybdaté ‘or Mo sulfide with or without NHgz,
In®, Mgly aciivated C, coke, 510z, Al {0H)z, Ca CGz or clay; sulfides of-¢ho

§ of the Fe group or of sulfates, sulfited or-other suitable § compounds;

ferand” tungsten compoyrds are also mentionéd, & f ~ :
. [ L : . C .- [

tigh oftctade cresylic acid or
g fiemicdat or similar materials
or AL.

. British ?ate-ﬁ;ﬁ-éé’?—,BSﬁ specifies hydrogené
istillates, residues, or conversiocn product
8 mresence of Go sulfide, or sulfides of Ni, Fe, ¥n, ZIn,

" og

hnical and Bconomig Considerations cn Processing with special Reference to
igh-Pressure Processesi Petroleum, Vol. 23, 1927, pp. 1213-1216; 1240-1248.
drogenizing coal, eté., Brit, Patent 247,583, Feb. 14, 1925; G. A. Vol, 21,
1927, 'y, 64%; British Patent: 247,583, 247,584, 247,585, 247,586; 247,587,

1
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Brifish Patent 247,585 spscifies a prodééérfor hydrogenétiﬁg:giu
brown coal, wax, and coumarcne résins and the like in the presence"pf_go

The I. G.'s commercial coal liguefaction plant was completed lagt:
leura, near Merseberg. Tt is now supposed ‘ta be in commercial operation g
armual capacity ig said to he 120,000 tons-of 0il. 'The raw material fy Ry
genation is brown coal, very cheaply mined by stripping methods, -

Frank A. Howard and Robert T. Baslem of the Standard 0il Pevelopmen
who recentiy vigited the Leuna plent state "that they left with the fegli;;"g
the applied sciences of chemistry end engineering cen face the future with:
assurance in the conviction that the world will never want for automotive
& reasonable price so long as coal is availahle,® T

T

' Synthetic Fuels from Water Gas

The Bergius process for the hydrozenation and liguefaction of co
verts coal into & cruds low grade oil frem which.by further refining methgd;
similar to those used in the petroleum industry, gasoline, kergsene, Die
Tuel-oil, ang piteh are obtained. Parallel with thig development hag beg
version of coal into gasoline substitutes, by may .of complate gasificationis;
or ccke with subsequent conversion of this gas into 2lcohol$ or hydrocar

This conversion is possible by the usehofdsuitable:¢ltaly3t5- an

certain conditiong of temperature and pressure, which cause the hydroger
monoxide of water gas to react chemically and form alecohols oy hydrogarbqga
ing- to the catalyst and cenditions of the process,

T

Historical,.

‘ . Following the work of Sabatier and Senderensl® in the years 1896
"the formation of nethape from carbon ‘monoxide ang hydrogen in the presen
1y, divided nickel at temperatures of about 2000 (. (6729 ¥.), and the w
Heber shorfly thereafter on ihe use ;of high 'pressures for the synthesis
frem hydrogen ang nitrogen, it was-a logical sequence for research to b

on. the catalytic hydrogenation of carbon monoxide With the =id of high pr
In 1913 the Badische Anilin and Soda Fabrik tock out a patentl? on the cal
hydrogenation of carbon monoxide at high pressire, Water gas contain§ng an
of carbon monoxide was heated to about 4009 ¢, (7520

pressure in the presence of metal oxide catalysts. Under these condition?
- . separating into an oily layer and & watery layer consisting of organic aci
- aldehydes, and ketonss, Evidently the war stopped further research in €
- "nothing was published wntil 1923, when Fischer and Tropschl€, of the Insti
Coal Research at Milkeim-Fubr, réported obtaining a mixture of oily and W
18 Sabatier ang Senderens, Ann. Chem, Phys. Vol. 4, 418 (1905)."
17 German patent 293,787 (1913).
18 Fischer, Franz, ana Tropsen, Hans, Brennstoff—Chemie, vol, 4, (1823),:

vol. 5, (1g24), pp. 201, 217,
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from water gas containing an excess of hydrogen instead of an excesg of -
onoxide as specified in the Badische patent, Alsc the oily layer did not
of hydrocarbons but largely of the higher alcohols, ketones, and aldshydes,
e higher fatiy acids, The watery layer contained the lower alcchols and
The relative amount of oily and watery ligquids was influenced by the
of the base with which the iron catalyst was alkalized, . Fischer and
ichr gave tbe name "8ynthol" to the mixture of compounds comprising the oily

. Toe publication of Fischer and Tropsch's paper did not create much general
in the subject of synthetic compounds from water gas., PFut in 1925 the

tion of synthetic wood alcohol or methanol, as it is more properly called,

mwany caused the chemical world to $it up and take notice that the commercial
n of pure methanol from water gas was not a mere laboratory dream. It
hat the Badisché Anilin ang Soda Fabrik started commersial manufachuring

Whlle the’ general procedure of the Badlscbe process was s:.milar to .ElSChEI"S

1u process, the product was different., Instead of a mzxture of o}cygenated.

liguids, they obtained pure méthanol, an imporiant industrial chemical, and
g'mack lower grads, motor fuel than gascline, yet. it counld be used fer thls
%Qg‘fneedbe._‘ . Lo o

At about the same tlme thit the news of the Badlsche metha.nol process be-
¢, it was reported. that the French also had worked out a similar or
¥ identical process, and early in 1925 Patartl® published.a paper. des+
}:? his process. In the’ same year Audibert, another French investigator,
fshed a paper describing his own experiments on the productiqn of methanel - fraom
monoxide and hydrogen using one or more of a number of catalysts, including
3.6.3 or oxides of chromium, vanadium, manganese, tungsten, uranium, lead and

‘AL of - these methods 1nvolved the compressmn of the reacting gages :bo 150
tmospheres a.nd the product was either all alcohol or mixtures of . . .
fated organic compounds with only minor cmantlﬁles, if any, of hydrocarbcns
' to those found in gascline, It remzined for Franz Fischer and his
dates of the Institute for Coal Rezearch at Mulhezm—ﬂuhr to &1scmver a ca‘aalyd:
e direct productieon of actual gasoline hydrocarbong from Water gas. . Thisg
Wery was first announced by Fischer snd Tropsch in 1926%@.' They succee&e‘d m
ing petrcleum hydrocarbons by pa531ng water gas at aumOSPherlc pressure -
fatalysts of firely divided cobalt or iron either alone or mixed with m_talhc
Promoters, such as Cr0z, Cud, Zu0, U0g, or BeQ, at temperatures of about 27W0
72 ¥,), Although this hydrocarbon process is yet in the laboratory stages it
great interest since it produces actual paraffln oils of various degrees pf
1ity, depending cn the catalysts and condltmns of the process. s

bart, Georges, A New Field of Catalysis under High Pressure: Commermal
S!mtheszs of Methanol: Chimie et Industrie, vol. 13 (1925), pp. 179-85;
$cher Fra.nz and Tropsch “Hans, Brennstoff~6h1m1e, vol, 7 (1926), Pa - 9’?
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L - - i'_'ghelchﬁtr';ﬁcarbo:ﬂ Process

. 3 Fischexi"s ‘the'o'r'y of .jthe"_hyd:c;c'arbon reaction is_f that carbideg Tighis
carbon than MzC are 'TbrmedAmome_ntaril'y and these react irmediately to fopy
carbons with The hydrogen, or, perhaps carbides and hydrides form simultay
the cataljst surface ana react with each opther, '

‘ . The oxygen of the c-ar’b_on"mronoxide' is réemoved as carbon dioxide ang
The ragw materialsg for thig reaction may be water gas, bla_st furnace gas5 ang
gen, na’gural_,gas and steam, or ecoke oven gas ang steam.

One important: whack is the necessity for.removing all Sulfur frod
€48, &5 sulfur poigeons the catalyst, Fischier hag vatented. g r_péi_:hbdgl for &g
ing the orgenic sulfur compounds in the presence or hydrogen ints hydrogen -
by means of contact metals, such a5 lead, tin, or their reduced chromateg

he HoS is then Temoved in the ygual manner,

From ¥ranz Tischerrs woTkS2 it appears that- cobalt is a better cag

R
iron in that 44 induces reaction at a lower temperature, it being importan_t’%gw
maintain the temperature ag low as possible to avoid methans formation, - iE

creased the speed of conversion, .

Addition of alkali to the catalyst inereaseq
to higher boiling hydrocarbons, wop oxample 1 Fe :.
-volatile,gasoli.nes. Addition of % to 2 per cent Xo0
tiens of hig}l"bo_iling 0ils and paraffin, whereas Nag
mediate kerosene-13ke product. fhe stronger base ca
Life and Resenoration of Catay st22-

catalyst may be '

~ This latter treat_ment' ixﬁp:_r'p
idh and reduction, ‘

: Optimm Tempersture of -Reaction22, = mye optimum temperatyure for iron:

catalyst is said to be 3000 ¢. Reaction becoames tgo slow below 3000 ¢
¢atalyst is most effective at 270° €., althbugh the reaction veleity doe:

S Umindeh mushi domn. o 2500 ¢.  Wickel cataly ie !
reacticn as low ag 180° .¢., but even at dow - erature the produet i 3
methane, Attempts to increase reaction veloeity by raising temperatures ab

; ntioned led to Tapid increagse in the’ Proportion of methzane with:
these metals, _ ' T
2l Canadian Patent 266,382, Dec. 7, 1925, British Patent 254,288, Jan. 205
23 Brennstoff—-chemie, Vol. 6 (1925_),“13‘.‘__?:_33; vol. 7 (1928), r. 97.

4455 ~14-




inf, Gir. 607

aas VolocityR2. --Increasing gas velocity depressed methene formation, but
reased the percentage conversion. Cptimm velocity is a compromise Petiween
L factors. Unfortunately, TFischer and Tropsck fail to give any dataﬁﬁhat;
gas velocity through the cztalyst mass. Thais is an important omissicn from
{zal point of view, and prevents meking sstimates on size and capacity of an

cherts 1525 and

aners ars summarized as followss

’ 1. Residual-gas, largely methane;:efhane, carbon dioxide, water
‘yapor, and unchanged constituents of the original g=as.

2. Mgasol" - propane, butans and small amounts of the correspond-
ng olefines. : B o

- 3. -Gesoline - Sp. BT. 152 5,676y gross calorific value, 11,360
: alories pgf gram; 96.4 per cAnt distills up to 180° C., largely composed
':‘GSHlé and C'FL’H].G‘ ' ’ ‘ e .

Synthetic petroletm - Sp. gr. 150 0.7804; 88 per cent distills
- Lo ‘0' . - )

5. and 3300 C..

i Tischer does mob give quantitative yields of ;éach product but calls atten-
the thecretical yleld assuming the following ideal reaction: :
. 300 + BHy = COg + HpO + 2 CH3
this reaction he calculates a thepretical yisld of 12C grams hydrocarbons from
ﬁ? meter of water gas, If all these hydrocarbon products are of the gasoline
ion, thep the total theoretical yield Irom 1000 cubic feet of water gas would

. The best actual yield rePortedAby‘FischefJié lOO grams of liquid containing
0lig products from 1 cubic meter of water gas which was repeatedly zirculated
he catalyst. One hundred grams is 82,6 per cent of the theoretical yieid of
ame, or 0.9 gallons per 1000 cubic.feet of water gzas. This yisld includes
and heavy oil. o

" Work of Tiving and N¥ash.--Shortly after Tischer and Tropsch's first paper
925 Flvins and Nasheo, of Birminghem University, corrodorated the fact that
hydrocarbons could be obtained fram CO and Hp, although their yields wexe
[ mall compared to Fischer's, However, they found oxygenated crganic compounds
11 a5 pils. and later Fischer stated that he and Tropsch also found oXygen con-
substances in amounts so small that they were not worih mentioning. In
mber 1927, Bivins24 published another paper giving small-scale laboratory re-
"8 obtained with a catalyst composed of 60 parts Cog0z, 30 parts Cu0, 45 parts

1~ in Science and Practice, vol. 5 (1926), p. 263, ‘
ving, Oliver (., Hydrocarbon Synthesis from Carbon Monoxide and Hydrogen:
Chemistry and Industry, Vol. 46 (1327}, pp. 473 T - 478 T,
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MnC,, mads by igniting the ‘mixed nitrates and then reducing at 4100 ¢, 354y
Worldng with catalyst volumes of 50 to 84 c.c. and space velocities of gag'y
‘of 53 %o 240 c.c. per e.c. catalyst, per hour, Elvins' meximum conversion
ligquid hydrocarbons was only 2 to 3 per cént of the carbon monoxide passeq Pt
catalyst. Both gaseous angd liquid preducts shewed unsaturation and waxy ¥
solids and substances resembling vaseline were deposited in the cold end qf
action tube on certain of the experiments. Increasing the ratio of hydroge
carbon menoxide from, 43 per cent Hp and 56 per cent CO, to' 73 PET Cent Hy
per cent €0, increzsed the water formed and the ratio of saturated to unga
hydrocarvons. These conclusions were corroborated by Fischer in a very recp
paper, Elvin obtained his best yields at temperatures of Z80° to 305° ¢, y
liquids were obtained at 3179 (. '

fFischer and Tropsch's Recent Work.--Flvins!' recent paper was follows
encther by Fischer and Tropsch? in which they give the compesition of the b
Heasoline™ angd "petroleum! fractions obtained in their semi-commereial ‘sea
synthetic. plant, and claim that Elvins' resulis show that he was dealing. wik
catalyst of low activity as evidenced by the low yields ‘and high temperatur
Fischer and Tropsch state.that further work during the past two years with's
large scale equipment furnished them a sufficient amcunt of products for cg
examination, this paper being 2 preliminary report of results. They confimm
aliphatic nature of the products, but find the proporiicn of olefines much g
than indicated in the first paper. Evidently the degree of unsaturation depen;
the catalyst and the experimental conditions. Tn the case of a tgasol™ (casiy
gasoline) produced with an- lron-copper catalyst, after 24 hours use, the ug
tion content was 26.5 per cent; after &5 hours use the unsaturation increass
36 per cent. The hydrogenating action of the catalyst decrsased with time,

The crode gasoline fraction (boiling from 60 to 1850 C.) contained &5
cent unsaturates. Removal of. the unsaturates with sulfuric acid treatment
hind a sweet smelling saturated oil consisting of n~oetane, n-nonane and iéo’k
Naphthenes and ring compounds were absent, The gasoline despite its high
tion value remained colorless in air.and did not form any gums. . Fischer bel
the absence of gum formation indicates absence of any diolefines, i.e., Ly
bons with more than ene: double bond, ; : :

can be controlled to a considerable degree by the catalyst and experimental
tions chosen, - As for example, a synthetic petrolewm fraction of only 8.7 iof
number, -was. obtained by using a cobalé-copper catalyst, a reaction tempe raty

1300 G, and:an initial zas of 1GO to 4Ho, -

25 Fischer, Franz and Tropsch, Hans, Composition of Products Obtaiﬁed o
Syntpesizing! Brepnstoff-Chemie Vol. O (1928), pp. 21-24. ;
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£

The influence of rate of gas flow on the saturation of cily reaction
ts was shown by an experiment with an iron~copper catalyst, where in one
be 0ii had an iodine number of 11.5,.deubling the gas velcocity with other

ns constant gave an oil with ah iodine number of 34.9. Thus the unsatura-
ntent was tripled, In another case, with an iron-comper catalyst which had
2 use for a very loig period, a yellow-colored oil Was obtained having an
-mmber of 64,7, also indicating a gecreage of hydrogenating activity with

DR o . .
. .t o

- The fotal amount of water Soluble ‘organic substances, was wsually small, not
han 2 or 3 per cent of the total' yielg or crganic products.. MThey consisted
hydes and ketones, principally acetone.” o
“Bureau of Mines Work®S,--At the Detroit weeting of the American Chemical
by, September 6-10, 1927, Smith, Davis and Reynolds presented scme preliminary
@mntitativg teboratory scals experiments conducted at the Pittsburgh
rinent Station -0f the Bureau of Mines. 0f the vaFriols catalyste. tried, the
ng four ‘werd: fairly ective, vis: 1C0-Cu-Crp0z; Lo-Cuu; Go-Cu-g; Co-fu-Mnzdz.
Bly abtempts at quentitative measursments were made with the Co-Cu-Mnslx
t Which'had‘the'sqme elements;but.in different proportions from those used
yins, as seen in the following table.

Comparison of‘GaEaiyst Compositions.
Per Cent by Weight.

Cogln Cuo Mn0s

Elvins . &0 ; .30 4D
Bureauw of Mines 80 _ 7 13

Evidently the Buresu's preparation was much mere active than Zlvins, for the
obtained a maximum yield of 124 gms. of hydrocarbons higher than methane, or

Trom butane up, per cubic meter of gas passed over the catalyst once, as
2d to Elvins' best reperted yleld of 10 gms. of liguid and solid hydrocarbons.
he Bureau's spce velocities were higher, 180 c.c. as compared to Elvins!

Der c.c. catszilyst per hour. The Burean's yields were urobably equal to or

then the yields reported b Pischer in his first papers, i.e., 100 gmg of
and solid hydrccarbons per cubic meter of gas, circulated repeatedly over
alyst. The Burezu's best yields were obtained over a short temperature

270 to 280° C. This agreses with Fischer's report on cobalt catalysts
tmewhat lower than Elvins! temperatures of 280 to 3050 c.

-, Davis, J. D., Reynolds, D. A. The Symthesis of Higher Hydro-
farbons from Water Gas: Ind. & Dngz. Chem. Vol 20, pp..462-4,
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By way of summar;y, we may -say tnat the scientific and commer
ments in thé conversion of coal ’c.o motor fuel have exceeded cur wxld.esf‘

The Leuma werks  of the I. &. has an installed annual capacity
tons methanol and 120,000 tons of crude oil from cecal, In the Ruhr dig
fegellschaft fur Teerverwertmg has installed a 40,000 ton per anmum ,p]_
hydrogenating tars, TFrance 15 now installing methanel- plants}. and
States, Lazote, Commercial solvents, md others have ‘successTully’ devel
comercn,al manufacture of methanol for Amerlcan needs for solvﬂnt ancl
purposes,

Although methanol is ¢uite inferior to gasolme 1t gan’ be useﬁ
fuel., The Fischer hydroéarben process is yet in the. la‘boratory -stage
distinct possibilities, The next five or ten years will undoubtedly
advance both in direet hydrogenation of coal and in the hydrogenation
monoxide, Predictions are dangerous. Nevertheless, I believe that f
production from coal the Bergius process or some medification such. .as
I. &. will prove most economical and that the synthesis of liquid fugl

will be limited to utlllzatlon of by—product ‘gases and natural gas remo
other markets.
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