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INTRODUCTION

The produection of gasoline, Diescl oil, and wax by the catalytic
hydrogenation of earbon monoxide was developed and applied on a
lavge scale in Germany during the period 1932-45. In the United
States during several years (1938443 of industrial development work,
the process was so greatly improved that, by the use of natural gas
purchased at 3 to 5 cents per 1,000 cubic feet to produce the neeessary
hydrogen and carbon monoxide for the synthesis, gasoline could be
obtained ot an cstimated cost not preater than thal of curvent proe-
essos [or converting pettoloum to gasoline.

Although muels basie information concerning the synthesis was
obtained m the course of the industrial development, very large
portions of the subject remain to he explored. Thus, there is a
dearth of precise knowledge of the mechanism of the reaction, and
geveral different modes ol eonducting the synthesis have reccived
only very meager and hasty consideration in the industrial develop-
ment work. Because of the importance of informuation on synthetic
liquid-fuel processes in insuring an adequate supply of metor fucls
and lubricating oils in the United States, the Bureau of Mines has
been directed to do veseareh and process development work on this
gynthesis.

This technical paper coutains a detailed record of experimental
work done in 1943 to 1946 on the elfect of mode of catalyst prepara-
tion, reduetion, and induetion on aclivity in the synthesis and on
boiling range of the product. The paper also includes data on the
X-ray dilfraction patierns, magnotic susceplibility, surfaco arca, and
porosity of the eatalysts. Preceding the record of experimental work
g areview of published information on the synthesis and the character
and utilization of the products.

Process development and experimontal work on the mechanism of

© the synthesis have been conducted for about 1 year. The results will
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be published in a separate teehnical paper when enough new informag-
tion has been ohiained.

Titles of footnete roferences enefosed in brackets are translations
of tlhe title from the language in whieh the work eited was published,
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REVIEW OF LITERATURE

* Fischer and his coworkers observed that the content of oxygenated
compounds of synthol decreased with decrensing pressure and that
the produet obtained at pressures helow about 7 almosphores was
mainly a paraflinic oil, Becanse the reaction V(‘J()C]lty deereased
rapidly with deereasing pressure, il was cssential tf)n 1ok f‘(?!‘ more
active catalysts. In 1 925-26, IMscher azd 'T‘ropse}x' and Fischer

published resulis obtained by the use of more active catalysts pre-
pared from iron or cobalt mixed with varions supporting materials,
and of mixtures of hydrogen and earbon monoxide at atmospheric
pressure and at temperatures from 250° ta 300° C. The product was
almost free from oxygenated compounds and (‘i)ll.‘-‘.l!—!‘!‘(‘d largely ol
hydrocarbons ranging from cthane to solid paraflin. - Tischer thought
that a likely mechanism of this chomical reaction was the initial
formation of metallic carhides and either water or earbon dioxide and
subsequent production of paraflins by regetion between the earbides
and hydrogen to produce m_eti'lylen(_\, which at onece polymerized to
higher hydroearbons.  Despite the [aet that parallinie hydrocarbons
above methane could not be produced by passing hydrogen alone
“over the metal carbides, experimental work has provzd‘r_‘d consndt;mblc
_support, for the reaction n'l(‘('.lllamsm_postl}]nlt(‘(l by Fischer, Ib]vuls
and Nash U also reported the formation of oily material on a cobalt-
copper-manganese oxide cutﬁ?;gst at.”n,tmo'sphurl(: pressui'o n.nil nt
temperatures from 245° to 284° C, The vields were small, AN thc
produet included some oxygen-containing compounds in Ii_}(ldmlon L(.)
hydrocarbons.  Subsequent work by Fischer and Tropsch conhl.'imed
the presence of oxygenated organie compounds n the produck fl'orr'}
the atmospherie pregsure synthoesis and showed  that at 10 to 15
atmospheres pressure the produces were intermedinste in charactor,
At atmospheric pressure the produet, consists largely of hydroearbons,
and ab high pressures mainly oxygenated compounds arce obtaimed.

1928-~32

Smith, Davis, and Reynolds " reported the presence of olefinic as
well as paraffinic hvdrocarbons in the product. At about the same
time Elvins * and Irdely and Nash ' py blished the resulis of further
work on the preparation and activity of various eatalysts and on the

Mischer, T Tropseh, 1. [TIydroearbons}: Clerman Patent 484,337 July 23, 1925, ‘[’I“he Synlhesis
" pascher, ., and wl]l;tu}ic l’r([-ssﬁr(\s from Gasifiealion Products of C’oal]: Brv’nnstolr Chem., vol. 7,

X L A tmosp ) : ,

INTRODUCTION %2{.\‘“,?;13?-'{10-?1 [Il)ir(0 tlF‘a\’nLl sis of Petrolenm H_vdrm-m‘hr;ps‘.:u‘ (:rcilmru'ﬂ\li l’ﬁ\smiv]'o,’ I_“ml'ts:'Ilﬁ]: B[[;lh‘\?ﬁ&”;_
i o : Aot - P oy s N TP i rLie Poetroleas "0-

them, Gesell,, vol, 50T, 1926, pr. B30-R31, K32 B, [Some Propertics of the Synthe ! very

1913-28 g:\]r?ll;]tl)uflt’?‘lmmrud fl‘(,)lll Curbon Monoxide al, Ordinary I'ressure]: Ber, Dent. ehoem, Qese 1L, vol, 501, 1826,

D'Iaf?ff{}?ff T., The Synthesis of Petroleam: Proe. Iral Tnternat. Cond. Tituminous Coal, 1926, . 234246,

ngy ., amd Nagh, A, W., Synthetie Fuel from Carbon M onexiedn and lydrogen: Tael, vol. 5,
1926, pp. *

The possibility of procuicing hydrocarbons other than methane by
the eatalytic reduction of earbon monoxide was diselosed by the
Badische Anilin und Soda Kabrik in 1913 *and by Fischer and Tropsch
in 19237 Tor several years these experimenters had heen studying
the reduction of earbon monoxide in the presence of alkali-iron
catalysts at 400° to 450° C. and 100 to 150" atmospheres pressure.
“Synthol,” which was the produet of this reaction, consisted of g
mixture of aleolwls, aldehydes, [atly acids, and bydrocarbons,

=

=

I'he Reduetlon of Carbon Monoxide: Nadire, val. 118, P51, i
Nash, A \\’.,."l{olc-lol;lt I()lol\:'(olu;nli:lm.g in the Formution of Synthetie el and Carbon Monoside and
i cen: Chetn. and [nd., vol, 15, 1996, 1, 876-875, i )
Hﬁ%?ﬁ]\:‘l‘}w( ]l;lugll(r%n'(li‘r(::)(m-’ll‘, ({[. [1 [_V(ll'(']('lﬂ]l‘l)l}llf-‘\ from [Fydrogen and Qxldvg of (-nrbgm‘]: German I‘m.lonlr.
524 rﬂ‘é,‘Nb\'r 2, 1926 [1eduction fn T ydrogenation of Carbon Maounexide]: Trennstolt Chem,, vol. 7, 1926,
v -2, - )
D ), i sacarhons]: Reermstoll Che 1. 8, 1927, pp. 1-5
i ey 10, [Phe Synehesis of Peirolemn and FTydrocarhons]: Rrennsto hewt, val. 8, 1927, pp. 1-5.
%iigm:' 1!"‘2 E\ngp’[%l?g]l:sch, IT,, with Ter-Nedden, W. [Synthesis of P:}ml[ln l'fy(lrumls.}'hzm:f ol Figh
Muoloenlar We’ighl with Carbon Menoxlde]: Rer. Deut. ehem, Gesoll., vol. G0N, 1027, B 13:30-1334. .
¥ Plsehor, T, and Tropseh H [Phe Pormation of YHynthol on (‘nrryln}:_Oul. the T n}:mlmun _Hym‘h‘osm
Under T'ressure and the Synthesis of Tlvdroearbons of High Moloeuia W cight from Water Qaslt Brenns
Shem, . B, 1927, pp. 166-167. i . . e
St?ﬂssﬁli]gﬂl,l ]")‘.’(}'!..gl’ﬁm'is 1lp I).: In,ml Revnalds, T3, A, Synihesis of Tligher Nydroearbons from Water Gas:
., vol. 20,1928, pp. 462-i64. o . )
Inl{al']cl;“?iprt{s,cge.m[)'.f?iv(]rnc:irhlo:ls Synthests from Carbon Monsvide and ydrogen: Tour. Soe. Cheru.

T vol, 6, 027, i 74T ATR T s Used in the synihesis of Higher Nydeocrbons from Waier
P

I\iﬂ Baecisehe Anilin und Sods Faheile ydrocarbons and Their Derivatives]; German Patent 203,787,

ar. &, 1%,

i Fis(:ln-r. Py and Tropseh, 11, (1'he Propaeation of Synthetie 041 Mlixtires (S3ynthol) from Carbon Mep-

oxtde nnd Hydrogen]: Brennstoll Cherm,, vol, 4, 14828, B, 276-985
f Wark elted in fooluotes 6aned 7,

1% rdely, A, and Nash, A, V., Cotalysis ¢ Byl
Qas: Tour, Soc. Chem. Lid., vol. 17, Mo, o 152, D, 2T 3T,
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prodncts obtained af atmospherie pressure angd ab
C. In 1928 Fischer and Tropsch 7 reported the resulis

of an extensive examination of the gascous and liguid hydroearbon
C. on an iron-copper catalyst af .

products of the synthesis af 190°

atmosphetic pressure, No hydrocarbons othor than  olefing and
parallins were found. The gaseous produet contained C,H;, 42.5;
CsH,y, 19.5; CHy, 2.0: C:H,, 6.0; Cslly, 21.0: and CylTg, 9.0 volume
pereent.  The liquid produet, boiling between 60° gnd 185° C. con-
tained 30 pereent paraffins that were for the most part octane, nonane,
and isononane, whicli were positively identified.” The remaining 79
percent wias olefins. No  diolefing were present. No o analytieal
work other than examination for Unsaturates was done on ihe higher-
boiling liquid product, Water-soluble oxygenated products amounted
to 2 pereemt of the tota) products,. In the eame year (1928), Smith,
Hawk, and Reynolds 1 presented detailed data on the yield of olefinie
and paraftinic” hydroearbons by use of a colm,]b-copper—ma,ng:mese
oxide caialyst at temperatures of 200° to 260° C. The lIower hydro-
carbons  were analyzed completely,  Further examination of (he
hydrocarbon product by Tropsch * and Tropseh and Kocly resulted
in identification of various olefinic and paraffinie hydrocarbons; it
showed the ahsenee of napthenes, but small quantities of benzene and
toluene were found,

The hydrocarbon fraction boiling below 100° O, was analyzed by
Koch and H ilberath ;2 n=pentane, n-hexane, and n-heptane were the
predominant n-paraffins, A few pure isoparafling wore isolated, and
mnltibranched paraffing wore present only in traces. The olefing
consisted mainly of mbranched alpha~ and heta-olefins,

Some additional work on the high-pressure synthesis was done by
Audibert and Rainean 2 wi th eatalysts sueh as iron phosphate or iron
borate at about 150 abmospheres.  The products were mixtures of
hydroearbons and oxygenated organic compounds, chiefly aleohols,
Catalysts for the atmospheric-pressire synthesis were developed by
Kodama,® who found that the activity of nickel and of cohalt, catalysts
is enhaneced by the promoters Cu, ThO,, and MgOQ. In fooking for
clues as to the reaction mechanism of the synthesis of hydrocarbons by

17 Fischer, 7., and Tropseh, H. ['I'he Composition of Products Obtained by the Potrolewm Synthesis):
Bronnstoff Chein,, vol. 9, 1628, pp. 21-24,

13 8rmith, D. F., Aawk, C. ., and LRoymolds, T, AL, Synthesis of Higher Hydroearbons from Water (lag,
Tart 2: Ind, Lnr, Chem,, vol. 20, 1028, 1p. 1341~1348.

" I'repseh, TI, [Composition of the Prodizets Obtuined in the Synihesis of Peteolenm): Ges, Abhandl.
Kenninds, Tohle, vol, 2, 1030, pp. 81570,

“ Tropgeh, 1., and Koeh, 11, t8ynthetic Benzine from Water Gasl: Brennstof Chem, vol, 10, 1129, pp.
BTG,

“ Hilhorath, T, [Composition of Synthetic Benzine from Carbon Monoxide and Hydrogen (Kognsin)
and Buitability of Its M onoolefins for Prodnetion of Lubricattng Oils): Thesis, Kiel, 1940, 79 .

Taeh, M., and Hilberath, ¥, [HTxdrocarbons Haoiling Relow 100° inSynthotie CGiasoline from Carbon Mon-
oxide nnd l'f_vliro;zeu (Kogasin}]: Brennstort Chem., vel. 22,1041, DI E35-130, 146-152. [The Polymerization
of Manoelefing to Viseons Oils]: Brennstoff Che:n., vol. 23, 1042, pp. 67-73.

¥ Andibert, B and Ralvenw, A [8tudy of the Aetion of Tron Catalyvers on Mixtures of Carbon Monoxide
sl Hydrogen]: Ann. eom bustihles Heides, val, 3, 1928, 1p. 307-42K, Tha Aetion of Tron Cutalyst on Mix-
tures of Carben Maonoxide and Fydrapen: Tidd. Fap, Chem,, vol. 21, 1924, 1), 881885,

? Kodama, 8. [The Cutalytic Reduction of Carbon Monexide Under Atmosplieric Pregsure, Tarts I
and 11 Studies by the Heatg-Curve Method of the Catalyvtic Activity of 5 Few Aletals]: Jour, Soe,
Chem, Tnd,, Japan, vol, 32, 1920, Buppl. bindim, pp. 4, 6, 23, [Catalytie Reduction of Carbon Manovide
Lhder Ordinnry Pressura, Part TIT, I'reparation of Liquid Tlydesearbons withn (',‘nhnlt-(‘r)p;:m--'l‘hm'in
Catalyst]: Toar. Soc, Chern, Tndd., Inpan. val, 42, 1920, Buppl, bindipg, DI 285286, [1'he Catalvtie Redge-
Lian of Carbon Oxides under Athiospherie Pressure,  Pact. [V, The Influenes of Deryilium Oxide, Mng-
nesium Oxide, Zine Oxide, and Cadimtinm on the Cobalt-Copper Catalyzer]: Jour Soe, Chem, Ind., Jupan,
vel b, 1980, Suppl, binding, P [Canlylie Reduction of Carhon Aoneside Undep Ordinary Prossure,
Park V.o The Influcnes of Titanium Oxide’, Zirconivm Oxide, and Certuth OxTdel: Jor, s, Chen, T,
Tapan, val. T, Sappl. bliding, D HE 20 [Catalytic Tedaeting of Carlon Monoxide Usploer Ori-
mry ' L Park VIO The Aclion of un Tron Catalyst op Carbon Monoside Formation]: Jour, Sot,
Chem, Ind,, Japay, vol. 33, 1930, Suppl, Bnding, pp. 3052400,
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the reduction of carbon monoxide, Smith, Hawle, and G\Olgpﬁ 2 1'0111le]
~that éthylene reacts in admixture with CO and H, on sF EQ&{L Tc}opll)ﬁo:
-manganese oxide catalyst to form large quantitics o 11,?1(]31} 1371(. 0
earbons and oxygen-containing compoun(r]s. The I?,"ut(_}_I de 1y(ml :
“in the process to form hydrocarbons. The dehytmi.,l‘ou_br}nnyu ()‘(..
accompanicd by polymerization. Alone, or in n.dnft‘\tuu, Yw h c;q ;(‘(1[
CO or H,, ethylene does not form hxgl}wr h(ydi'gc:y‘l bons whon ‘ps;,_: c
_over the Co-Clu-MnO catalyst at 200° to 250° (0. and n,t}mos?;) “”(1:'
“pressure.  These experimenters also found that _Lht} _n{(:c‘m.msirll‘_ l';)
“hydrocarbon formation on an iron-copper catalyst c}x[i‘ms qutt\in 11Lry
from that on a cobalt-copper-mangancse oxide eata y‘?t’ n,.si(j, : 11_y( 1([
does not enter into reaction on the former eatulyst. 1 l(i_y 53_510) ‘ciun(w
that the iron-copper catalyst produces largely Q{Ll‘l)oll'( 1DXi( (J‘(L (3[1]1?
with the hydrocarbons instead of water, which is the main ?xijgg(.nél 0
‘product from the cnbu]L-coppm‘—nmnga.nqsc oxide ecata Vq. N O‘Itlj
siderable experimental worl on the 1;'1_-01),0‘111(.% of J}'Oll—(“().]_)p(,\l E‘El o yr S
was done by Kodama and 1fujimura.® CThe latten oXpx Tllml(tn (.1t ]n‘ 1
studied the preparation and propertics of coppvl.-c.o A catalysts
promoted with oxides of magnesium, thm‘mm,.tungstex‘i, 1.1‘1%1111.11111,
molybdenum, and chromium. Fiseher and ]1.19 coworkers % g q]o
studied nickel and cobalt eatalysts, using thoria and trmng:},no.'se.ct)fu ([
a8 promoters. By improved methods of ])1'(:1)m-é1.t1?n th'cwldlc“fvi') p{
these catalysts was inereased until at about %00 C. a yic o 1(1'L171(]
hydrocarbons of 100 to 153 ce. per cubic maeter of gas Ifnl;‘](‘l:lno'Oll' 1
“percent of theoretical was obtained. 1‘!1_]1“1);11['{1, and sunco x)ul
obtained 145 ce. por eubic meter, using a Cu-Co-Th-U (1:8:02:0.1)
ca?ilgﬁhzr and his coworkers in 1932 considered their _proqizss Sfffhﬂ
giently well developed on a laboratory seale to m(_:i'lii)lpl (‘Jt,-]).«l.l{
experimentation.  The use of various technieally availa ¢ gas f]ﬂl.\za
turcs for the synthesis was examined practieally a.m.,[ Lhcol(!t}(:‘ﬂ. y. [.
The most practical process ai that time seemed Lo be co‘nvelsu\ulzbo
coke-oven gas with steam-oven co]ge.l Organic sullur was » el'n()vii.(1 VL
- hesting the synthesis gus to 400° C. in the pregence of an 1110y1 ofl a,ly}s
and subsequent scrubbing with alkafine forrieyanide solution. e

# Bmith, Tb. B, Hawk, C. 0., and Qalden, P, L., Mcch:‘mimn‘ol‘ the Formation of Higher Iydrocarbons
N o Cins: Tour, A, Chem. Soc., val, 5, 1630 I, 3221-A242, o
f"'ﬁup“““f.“:‘ﬁ:l_s‘l?{ ']m!lh'c)\(ljn';flxlr]l%igll{n?luél‘ion of Carbon Mmmxi(lu‘nt Atmiospherie Pressure, Part g‘YIII:
Thi !tl'lujrlll-(,‘oi\'[mr k‘ululvsﬂ: Jour. Sec. Chem, Tod., Japon, vol. 34, 10.i| » Suppl. binding, nix;l‘ldl:it—l.iﬁ_.m[ ‘E“?-
lytluc Reduetion of Carbon Monoxide UmlurI 0,~dmm-3iv !;:-nsl;:;”;c.gulpsll‘lit }l:i}ﬁdhf\gd(ll\igo’:'mpp 052;_';’219. a Co
Cu-MgO Catalysi): Jour. Soe. Chem. lnﬂ.‘,.m:qn, val. 34, A, B Yoo ok R P
n, 8, [Catalytic NReduetion of Carbon Monoxide nder Ordh ry Dres - .
Il;riﬂ%%‘f:'ll)'m:-'l"‘Lrl}llix‘}f‘;'}I\((:timn of Tron Catalysts]: Tnst. Phys. Chemn. Moscarch (T okyo), Sci. Papers, vol,
14, No. 269, 1930, pp. 160-183. i . ) M ide Under Ordimary Pressare,
| 8., ¢ fuiimurn, K, [Catalytic Reduction of Can bon1 onoxide :
I’:1[1{1'.](‘1'5}[1‘3n']"?l"tlt'c'}yi(\}rﬁ}:'\l.:ljlggics on Tron-Copper Catalysts]: Jour. Soc. Chern, Ind., Japun, vol. 34, 1031, Suppl.
Dl ity b, 1410, i g i e der Ordlnary Tressure, Part X, The
O a, K. [C duetion f Carbon Monoxide under Ordinary Pro L ; I"he
T !ial [‘Uj“enurl%o]r-\tﬁi[r%:]l\ﬂ%zrlicnlﬁ(on the Catalytic Aclion of Gohalt-€ opper-Magnesinm Oxltdu Clltnlys[s!};
b 1.101!}{: d 0(‘11]:111‘ Ind., Japan, val, M, 131, . 384-486. [Synthesis of Tenzine from Carbon Monoxide
'f]s.ﬂlalllilly(()lnr'nu:m nt 'Ordix-fury Pressure,  Part X1 Tour, 8oe. Chem, Thet., Fapan, vol. 35, 1932, Suppl. binding,
mi}% %;71{:]]]5[‘21 T. [The Davelopment of the Benzine Synthesis :'r%}} Carbon Monoxide atd Hwdropen at
sphecie Prossurel: Brennstoff Chist., vol. 11, 1950, B, 4R0-500, )
Atﬁ‘?‘ﬂsl?i‘llml]l?? p}llt;?]mIlyr})](:lPIIell.]Ii‘l:\tIg\v cf)elvvlomnvn in the Adaptation of Cobalt Catulysig te the Renzine
lweher, 1, ¢ i )'\ L vol. 13, 1832, pp. 61-68, . . ol e
Syﬁli‘f}({;fei;ﬂ'FBr:{:m:}t\ffgy{e.,!mll(”. E'I“{iv A[’lplicnhilil.y of Nickel Catnlysis to the Benaine Syuthesis]: Brennstoll
) oTe o o OnE_ gy . )
u'!lﬂu}:‘]-,'i;’;(l)}ll.r-]f']\! 9'!|I.1E]”)l“\zlfl:l?){(zn 8, [Benzine 8ynthesis from Carbon Mﬂll.nxf_’lu anel '1-",'|T'f’Lf"II wt Ordinary
T 'wlllxj'vi l"-'n't.'j(‘lll:‘lmu-. Hoe, Cher, Ind,, Japan, vol, 46, 19342 S!I[l]ll.hl:lcllllk’.i)[ll‘:ll_.)--llllnl.r. " Mon
'I;(U'k]'“iq('lll;-l‘ [': Pichler, H., and Reder, B, [Survey of the Pos ilitics of b,m:pl.v of u.ll[h,i.hv( o lr()lkl: ‘_‘m‘:
ovi(ilt-i'T;.'(Il';lkoll’x f\'{i,\'l.m"vs for the Benzine Bynthesis on Grounds of the Tresent-Day Position of Science
and I'echriic]: Brewnstoly Chem, vol, 13, 1032, pp. 421428,
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eatalyst was nickel-manganese oxide-aluminum oxjde supported on

kieselguhr and made by precipitnting the nitrates with potassium 3

earbonate and subsequent, washing, drying, and reduction.  The

operaling temporatiure was specified as 190° to 219° C., and the pres-

sure was 1 atmosphere. The catalyst was revivifiad cvery 1,000
hours by extraction of the solid pavaflin with gasoline.  The catalyst
chambers were narrow boxes, 1 by 10 by 500 centimeters jn dimension,
suspended in an oil bath for Purposes of temperature congprol The

gasoline product of the synthesis contained 15 to 38 Pereent of un- -

saturaled bydrocarbons, the remainder heing meinly straight-chain
hyth‘oeﬂ.rbons; the. octane number was 58, Sullur and gumming
compounds were absent.  The fraction of the ol broduct boiling over
220° C. was better than gas oil for fuel work., The melting point of
the solid paraffin wns 48° C. These materials were produced # i
the ratio of gasoline : oils boiling above 220° (. . parafiin=4 : 1 . 0.9,

INDUSTRIAL DEVELO PMENT

GERMAN EXPANSION OF COMMERCIAL PLANTS USING FISCHER-TROPSCH
SYNTHESIS

The decade of research by Fischer and otheps outlined above in-
proved the catalyst netjvi by and inereased the teehnieal development
of the synthesis of hydrocarbons from carbon monoxide and hivdrogen
so that in 1933 the Rulirehemie A, . undertook construction of o
plant of 1,000 tons per year capacity.®™  This plant was ereeted in
O1)01'11&113011—1110](;en, Ruhy, Germany, Tt was designed o produce
motor [uel and lubrieating oil® Pl synthesis gas, consisting of 1
part ol earbon monoxide and 2 parts of hydrogen, completely (about
1 grain per 1,000 enbie feet) purified from sullur, was passed over g
11ickcl«niuminum—mnngmmso—ou—kiesolgnhl' catalyst at 190° to 2100
C. and almospheric pressure. “The estimated cost of the mator fuel
was 22 pfennigs per kilogram.®*  A( the time the first plant wag
erected, the following problems had io be solved if large-seale oporg-
tions wers to he sitceessful: % () Prolongntion of the lifo ol the
eatalyst from 4 to 6 weolks to at least as many months; (2) cheap
industrial desien of contact ehambers and sulfur-climination plant;
(8) industrial procosses lor the recovery of rare medals and oxides

W Trgeher, F., Roelen, O., ang Felsst, W, [The Prosent Technieal Position of the Benzine
rennsian Chem., vel. 13, 1032, np. 461-168,

U Fischer, ¥., ang Koeh, L I'The Chemism of the Benzine Svntlies
of Praduets Resulling ‘Therofrom (Clas Cil, Bengine, 1)oegel Oil, Hurd
1832, pr. 428434,

Iartner-So
Lhesis of Tray
pp. 308-310.,

Yaeh, IL,, and Torm, 0, [Comparative Tuvoestigation of Motor Dehavior of 3 Synihetic Naphtha (Kogasin
) by Frang Fiseher-Tropseh nnd g Potroleumnm Nupithal: Brennstoff O hem., vol, 13, 1092, pp. 164-167,

2 Iron and Conl "Prades Roview, Hydrocurbons from Water (ias Gormany: vol, 126, 1930, p, 542,

(as-Wassorfueh | Production ui Synthetio Oasoline in (e Rathr Distrfet]; vol. 77, No, 8, 1934, 1. 798,

Chertienl nrud Metallurgienl Engincering, Gernmins Investigate Mot huds for Processing Lignite: vy,
a1, 134, D, 60,

Fuel Reonomist, Mydroezrbons from Water ns: Vol 9, 1934, 1. 303,

¥ Iiseher, B, [I'ho Synthesis of JFapks {IKogasin) and Latbricnnts from Carban Monovide and Hydropen
at Ordinary Pressure]: Drenmston Chem, voi, 1n, 35, pp, 1-11,

Fischer, 1, Kaoh, 1, nud Wiedeking, . lAdvances in Lhe Ereparation of Labsieating Oiis, Starting
with l{ognslni: Brunnstof¥ Chemn., vol. 15, 19354, pp. 280-23,

Koeh, 11, [Syntho, I Benzine from Carhon Monoxide and ITydropen §nelor Amospheric Prossnre Ly
the Mothod of Frang Wisehep il "Propach]: Cliicknni, vol, TE RS, . iK1,

Thu, AL [Maolor ifge] fram Cokel: ¢'oll, i, val, Th, 1330, b 3

3 Wark cited in footnoip TN

B Marting K, Ol from Water Gas: e, Chemist, vol, 13, 17, . $20-8us,

Synthosis]:

1 Lhe Motorand Other Properties
arallind ) Brennstofl Chen,, vol. 13,

erich, I, and Kach, |, [''he Higlhl\ni!iug Ofls (ICopasin 1D Obtained in the Benzine Syn-
: Fiselier und “Propach s Fael for Diesel Motor Oneration]: Bronnstoff Chem., vol. i3, 1932,

37

REVIEW OF LUIERATURE 7

in the purest form from the exhausted catalysts; (;_t]) (:onv%‘_rslonb?f
1 J in, int leat, e -
» Fischer’s primary produect, Kogasun,] Alj{l)l‘go(*n;&ﬂlﬂétl?ﬂ)i é\uzﬁ ;q&:&k,]md(
the fracti iling up to 1 2. had . :
cause only the fraction boiling 1 : : | cle
propvl‘tio.z {without addition of Lebrm\i,liay]. lead) Lo be sold as motor
and eparatl :heap svntliesis gas,
Auel; and (8) preparation of cheap syn ‘ : ) -
'fu'li‘,ho ln‘lgoa-nlt.m‘y research worlk leading to the solution of these

-problems will be outlined in subscquent seclions of 4his paper. A

-comprehensive piclure of the engineering and 7{(]0\70101];)@5;5;&::r((]nf;
during the past deeade lf'LS (\{g}orgwl only within the past ye ;
“described in the next seetion. e |
dLDurinﬂ' the years following 1935 a number ol general 1&V1st of
. ’ H 3 3 » 3 L {
the proctéss and of its industrial progress, par ticularly in L.‘l‘n‘rnr}%
were published.® At the end of 1936, the following plants, aggregat-
ing a total of 145,000 metrie tong ot{prlmary oils a yﬁm ,ngil;eﬁ:g:ﬁ_
. striuction: The Rheinprenssen colliory o 11~
feted or under construction: .l 0 1 lery Tam-
Eurg 30,000 metric tons of primary pro([ucts,[pmdu]qt,d hﬁ)}n I\)lln(.;q;i
e ¢ . dsting: 't s, Diese
< oke-0ve s, congsisting of gasoline, . ,
furnace eole and coke oven gas, co g of line, s :
f . 4 s for the production of fatty acids and
soft and hard paraflin wax, oils . ¢ [ty ncids and
: s; % Ruhu Benzin A, G (subsidiary of Ru
for other chemical uses; | . G idiary of Rule-
ch]emio.) at Oberhausen-Holten,™ and the Viktor Colliery a4 (/?fm op
Rauxel @ each 340,000 tons of primary oil per year from cphc, _.Ifll]]l{—.
lohle-Benzin A, G., known as “Brabag,” at Ruhrland, 11.01ti1 Oi
Drt‘fsabn 25,000 tons of primary oils uszngusm}[{f‘il? gixs lE)rori‘lui((,(bt
: the easifienti " br -coal briquels; ¥ Milteldeutsehe Trich-
- by the gasilieation of brown-coal Driquc - ] Lricl
st}:)ﬂ' und Ocl Werks (subsidiary of \/V]Il[‘(.‘-]h}lill-] Al ](C'.) OnIIleTile(]]‘,
33,000 tons of primary lol!)]s using synthesis gas resulting fro :
asification of brown coal ™ . e ‘
£ Martin # % has published a general deseription of the car ly Ger .mn,ln
plants and presented some information on the chnr:l.(:t;cr of the pr (l))(' -
ucts. The yield of primary product was about 125 grams per cubie

) ¥ L 60 pereent of the maximum theoreti-

hor of 2H,-4-1C0 gas, or about 60 percent of § m the -
Z?L({Lcilcﬁl of 2208 grams p;sr cubie meter of 21,4+ 1C0 gas. This 1?1 0(111-”3%
inclﬁ(iod 8 percent of gascous hydrocarbons, 60 pereent gasoline
(boiliné to 200° C.), 22 pereent gas oil, and 10 pereont parallin (melting

. . . -
TN oy '] Technolopy: Min, and Mel., vol, 27, 1046, pp, 106-10 % .
:; ]T}g;'ev’rn()-]’I\?:\(‘Jl(l'ml?z{rﬂ”‘::]?lzl ’T‘"-('Illni(::fll Ij)mﬁiupnwul.:; ol the Chemistry of Aliphatie Componnds:
b, 1811, pp, 854356, o e
At a7 Yol B, 111, I)I!‘». nnts de syntheso et de romplacemoents): Dunad, Paris, 1986, 350 pp,
%{;:;:lrllllgl}ulf‘C.'l,‘1’1:'“1*I]J{?\T"l\ri}i;)lllb(')ll} (‘g;llnill‘ill(() l:i):mi(l Motor Fuel and Other Prodaets by Way of Oarbon
ide; Jour, Inst. Fuel W7, . 0= 14, ) _ o o
M(']]‘rill?(}:(éd?\: -{‘(:‘);EL]]J(]:L f!‘rl;:‘llll(\ﬂ))]flh!(;)L'njcli [?lllllwl‘icnting Qils from Carbon Monoxide and I ydragen at, Ordinary
&l: T, universelle wines, vol. 11, 1035, pp. (016, R .
Pr}(;ssgéf]'(iI{ﬂi‘é'ylilnILIlll\(-%]lé( ||]’tcE;Uﬂ-'lﬁ'nv;::m I'l,s !))'cnr-iimbivusj: Ann, combusiibles, liquides, vol. 11, 1638, p.
ugei, G, ¥ ; .
71?51'2‘]31' 1, [3ynthesis of Benzine fraom Carbon T\'Tnnnxiclz-imnl II’TSEIrogerII':.\(tIIvl' Atmospherie Prossure by
oo T o Tropseh] (lieksuf, vol. 71 U35, b, 85 U0, i
thinll\gl%tcl;(miﬁ)f Jnllml%gl:ﬁ'il]'ll\\}’l."]l(J]:::l‘ll'lmlalruvumuut—---]?isclwll'—'.l‘rnpsch Process]: 8tubl u. Risen, vol, 61,
3610, B85-80, 106-112, o o
wi{l'u%nl])ércti thl[f";o‘ujﬁ’ufl(i)unur Synthotic Fucls and I())ilsin'l"ll(]glnn\gr]: %lllﬂ‘.lr((!)l]Il F(}ﬁml(};"iﬁv?}f)lﬁn?i?{f;pp' 119123,
5, rtic (3 ine o Iiseler Process: (as Wor |09, 1636, pp, 362-363. )
-;g;fltlllllt;h]::’mﬁy(rim;:\'hl!(f [(\':‘)Tlrilj‘lsl(h:"l‘l(.',! ]Ill(.. Mualor Fuel |’l'()l|ll(:‘(|zfl'lllll,(J(J-‘Il by Three Processes in CGor many:
% 9 o f v D
*hijr r Jower Conl., Septewber 1936, see. [, 'aper 4 &, 20 po- : o
! 1(131.1(1 ;thillf‘l ISU“((l(lm(l'(::%a'v:vlllzltllt:;'tfryf'l‘iic Produetion of ol (wr}s‘Jour.,‘_\:nIl. 312, 1935, pp. T11-712.
3‘]]11]5‘:1 ﬁy;;leLic Motor Spirit: Coat Carbonizalion, vorl. 2(, lgl.}h, 1;];. 159163,
B Gasg Jonrnal Indirect 1lydropenation—Koppers: Vol, 215, 1;)?!,, EJ!'i(:H o
Cnlllia‘-ry (lunl'(,linn. Tidirect Hyrop ation— K“Tfﬂ}"‘h'-' _V.'()I. 163, 936, p. 410,
¥ Chomicnl Ape, “Fhe Fischor Vrocess: Vol 30, 193G, b, ,ih?.‘ ) 1L 153, 1935, 1. 550-81
A Colliery (3 unl'iiiml, Produetion of Qils from Coke Gven Gas: Vol, 15 3 i, .t .
et | Lo 34, .
:; }Ylgrl]lclI((’!Illﬁ.{'il‘:'rzll!{::[fllf)ll(l)rILMI. Mydroesrhon Synlhesis from Water Cas.: Vol, 5, 1936, 1. 5.
4 VJV(u-I; citedd in foatnote 36, . . _— Sader Casl: Ocl, Kobile, Frdesl, Teor, vol,
Marti o strind Synlhesis of Benzine and O from Waler Gas): .  Bordael, o, vl
13“1%7!’11]"1!;}',("!.)i—ll:':!r‘l”E"I‘I‘ll:::lI?g\!’:.!llz.:[:lll\l(t;m of Lhe Synthesis of Fydroearbons from Water dasl: Chem, Fabrik,
vol, 12,1939, [p. 233-210.
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point, 20° to 100° C.). The gasoling fraction had a low ocectane number
{about 40}, and henee part of the oil was eracked to increase this
number.  The Diescl-oil fraction had a cetene number between 100

and 120 and was therefors a desirnble blending eonstitutent for ]

nnproving oils of low ignitibility,  Iixeellent lubrieating oils could
also be synthesized from eertain fractions of the primary product#

During 1937 and 1938 the eapacity of the Gorman plants wag
inereased, so that the total yearly oil and gasoline output in 1938, when
Germany halted construction of Fischer-Tropsch plants and engineor-
ing development of {he Process in favor of coal hydrogenation, was
591,000 metric tong,#® ¢ During the war vears, nine Fischer-Tropsch
plants were in operation as follows: In the Ruhr, at Oberhausen-
Holten, Ruhrchemie, 72,000 tons per year gasoline eapaeity ; Gewerk-
sehalt Viktor at Castrop-Rauxel, 40,000 tens; Rheinpreusson, af
Moers-Meerbeck, 70,000 tons ;. Krupp Benzin at Wanne-Eickel,
60,000 tons; Issener Bonzin at Bergkamen, 80,000 tons; and Hoesch
Benzin, ot Dortmund, 47,000 tons; Brannkohle-Benzin af, Sehwarz-
heide-Rulifand in Saxony, 170,000 tons; Schalgotsch Benzin, at Des-
chowitz in Silesia, 40,000 tons; Wintershall Tatzkendort in Saxony,
82,000 tons. However, in 1643, only 368,000 fons were produced by
the Fischer-Tropsch process as compared with 3,088,000 tons from
the coal-hydrogenation process.® ¥ In the commercial Fischor-
Tropseh plants, synthesis gag consisting of 2 parts of hydrogen and
1 part of CO, prepaved from coke, was passed over cobalt-thoria~
magnesio-kieselgulir (100 ; 5 : 8§ - 180-200) catalyst at 200° ¢, iy
normal- and medium-pressure (10 atmospheres) reactors. No full-
scale plants were operated with an iron eatalyst during World Way K
I1, but plans had been, projected to build g Fischer-Tropsch plant in *
Ttaly wsing an iron-copper-caleium oxtde—kieselguhr (100 : 2.5
4110 15) eatalyst precipitated {rom the nitrates,

SPEQIAL APPIICATION OF FISCHER-TROPSCH REACTION IN GERMANY

BYNTHESIS OF ISOPARATVINS AND AROMATTE HYDROCARBONS

A process {or the synthesis of isoparaffins, chiefly isobutane and
isopentane, was developed on a laboratory scale at the Kaiser Wilhelm

i Koppers Review, Chemistry and Economies of Lhe IMlseher-Tropsch Process: Vol, 2, 1937, pp. 99-130,

% Wilke, Q. ['I'he Prodyetion and Purifieation of Gas for the Synthesis of Benzine): Chan, Fahrilk, val,
11, 1938, hp, 563-568.

Dristow, W, A Ol fram Coal: Coll. Junrd, vol. 159, 1999, pp. 625-626.

Petrolonm Press Serviee, Qorman Riseher Iropch Duvelopmonts: Vol 5, 1938, pp. a01-304.

Underwood, A, J. V., Tndustrial Synthesis of Hydrocarbons from Hydrogen and Carbon Monoxtde:
Ind. Eng, Chen,, val, A2, 1940, pp. 449451,

i Wright, (0. (., Iiquid Fuels from Conl: Canadian Min., Jour., vol. 61, 1043, pp. T92-794, Pennsylvania
Smlcq(lnll., Doll. Min. Ind. Fxpr, Sta., vol. 13, Ne. 2, 1944, pp. 1, 3, Caoke sinokeless-Fuet Age, vol, 6, 1944,
brr. 59-60.

W Holeoyd, 1., Report on the Tnvestigation by Tuels and Lubricants Tenms at the . G. Tarbenindustrip
A.~G. Lenna Works, Mersobnre, Germany: Combined Intelligence Ohjectives Subeommittee Report 30
320107, 1045, 135 pp, Burems of Mines Inf. Cire. 7a70, T, 135

1 Nationnl Petralenm News, Combined Intelligence Objectives Buhcommittee Investigation of Hunr
Synthetie 0Ol Flanis, Technieal Industrint Intelligenes Comntittee Report 17: VoI, 47, No. i4, 15, pp
Reil-Teao4. )

Uuthrie, V. 13, Nuzis Trapped Fiseher-1'ropsch Process for Conl ITydropgenation: Nat, Peiral, Nuws,
vol. 87, No, £, 1915, v A, A4, 0, .

Iradl, ¢, nnd Powell, A, It., Krapp ‘Preibstoile Werke (3, 1. LB Wanee-Biekel; Combined Tnteil-
Fenes (()é:ﬁj(;c'l.ivns Subcolmities Report dn, 25785, MG, 8 pp, Iron and Coal Prades Rev.,, vol. 152, 1946,
Dy 240-250,

Industrinl Chemist, The Operation of Two Tischer-"Tropseh Plants: Vol, 22, 1948, pp. 251

Sebroeder, W. (L, Teehnienl (H] Mission Stirlics Qerman Petroleum Researeh Activiie
vol. 44, Nu, 20, 1045, Pre 182, Vi, Chem, nnd Aot B, vol, Ay No. 1, 1046, pp, g,

Warren, ', K., Inspection of Hydrogenation and Fiseher-T'ropseh Plants in Western (lermany during
Seplember, W45; British Iniellipenco Ohjectives Subeommities Repart 2, Heine 30, 145, 98 pps,
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Institut fiir Kohlenforschung in Germany. 5 5t This process 0({):3';“8(1
at 300 atmosplicres pressure Of 1M, ~|'~ 1.20C0 gas, u.nd 1%0(‘) ‘to A.) 1h}\.‘-
using thoria—alumina and zine 0x1(h\-—n]11n'c1)1n=11. en‘i.a‘._yst,s.. n;) ‘{‘1‘
process ® using these same eatalysts at 500° . and 30 JHtln.l’?Sl[) u] ress
pressure of 1CO -k 1H, gas was reported to produce s}r(l)n\ln,u(,. 1y‘(‘:‘(?:
carbons, but ouly poor yiclds were obtained.  Both of these processes
are at present of little industrial significance.

MANUFACTURE OF HIGITRR ALCOHOLS IN GHREMANY RY MODIFIED
FISCHER-TROPSCH SYNTHERSIS

T'wo new processes wors developed in G‘er'nmny foz'. the mar-
f&cltt‘:;c of hig’hm' aleohols by the .I*‘ischer—’],rropsell simt:l‘lesls‘. ‘Jlllf}
Synol process # % was operated at 18 to 25 n,l,moaxp wres 1_1)12 ((1)5?:%;“ b(,
using a gas mixture of 0.81L, 4+ $CO and tcxml)ersLL111¢s of : J ([)'
235° . The catalyst consisted of granules rot a fused mmtu}? n{
Fe;s0,-Al0:—K,0 in the proportions of 97 : 2.5 0-4“h ‘ F\:flo stts}gcfp?q
operation were used (single pass of syn!;h.c.msr gas rt ]01;;,, 1 -Wol' sets
of eatalyst chambers), each with a recyele of about 50 ‘ﬁ _um_(]s,l end
gas per volume of fresh gas.  The productsrcnnsrlsted 0 lqull( ‘]1_y(r o
earbons (50 to 65 percent) and aleohols (35 to 50 p(::ﬂ(&(lnt) .)m[mg.i) n
the range 50° to 350° C. The alcohols were chie y normal, by
there was some branching in the hydroearbeon ‘p;s:ogiuct. itintod Ty

The second develonment, the OXO process, " owas ‘ml: 'ml (1( ! ¥
Ruhrchemie. [t wasintended for the production of Vhlgh(‘jl a b?.l() scm
use in detergent manufacture, particutarly those in “.m gml.l.],) 1]0?\1i 11(3
to Cis.  In this process earbon monoxide and hydrogen W_fuuﬂa( ded L
olefins, and the aldehydes thus produced were 1-0‘(11109'(! Lo‘l ‘1%.('.0]11('-
sponding alcohols. A narrow fraction of the 010]‘1;1_3 ho_m rt_,m Fise :}m;
Tropsch process, the Cz to Cix cut, was mixed with 3 },0 5 1‘301(,(::;1. ](;q
cobalt-thorium oxide-magnesium oxide<kieselguhr (in the proportions

0 Tlaensel, V,, New Version of Fischer-Trepsch Reaetion Gives 8.5, Yields of Isoparaftins: Nat. Petrol
sel, V., Ne G -
sws, Tech. Sec., vol, 87, 1945, pp. 055 -0%. ) ) )
NE)"&lh, . (i[?;ﬁiLS};l:;;:!fl} 7"1‘1113r]i':11-£{1umixm Catalyst for _Isupﬁ:!‘afﬁn Synthesis (T)ewt,_‘{,;\"). R{"J“-r(f}mllrvi[i
Ren;(lx -[::1111( on !‘i:\rnrlwli(' lnals by the Kaiser Wilhelm III\IISI,]L[!I f1(|)r{_l(ohlcﬂr}rr);gvlmng, U, 8, Naval Tec
ission in Europe Repor -4 5, 8 p.): Vol. 4d, No. 37, 1046, pi. 86, 89, .
Nallsgg.;ixlﬁlnl-t;ﬁ:]i:',“fi!(l; ;‘E:Jc])]rtljzlgt.i;I'E!liill'llli?{lm’-s olf, F.lcctrom‘eml]ursm|ucs’ Alalg, Froges et Camarpue, Antikuock
Fuel: hritith Datent b2, s, h’“'l'?g" 11942" Proeess for the Catalvtic Produoetion of TTydroearhons): German
A[F[il?clgﬁlln"ﬁ‘l::!"iglclr\}g‘{:’ ['f’ll‘.}rllZd ﬁiel’ﬁ:"é(]i(ﬁ'sl?m[ t{]r:;z Production of Antiknock 1Tydrocarbonsh: (rerman Appl.
. 31%G2,438, . B, X .
M;?S\%c]l—;(r!ﬁml& 1(l':!'l‘!‘[nun-m.ronlmt; Inund Relating to Production of Aromatic Hydroearbons: British Patent,
3 O e
574,973, Mareh 11, 19041,

:: }_;U;?I\’]:‘L]it&fl g]vfi?glt‘]&g}l[;!ﬁ.s sienlifle Coniribution 10, from the Laboratory of the Morschurg Am-

|
7 i 3 iee of Publication Board lteport 869, 2 pp, o . . ;
m‘r}’lﬂ.ﬂéﬁ'bﬁwr‘] \ })1' I(;)llz::(:a(ﬂ?‘l;;2;312]&{,‘1]':)‘3:1(:ri::um: with the Senieommureinl Synol Experimental Plant
408, Leuna W 't 10, 1941, 22 pip. _
MIE;\,EEI %fm;ﬁ(}v{::,\vo]loht' {}U,’ !l‘rlrfli.l,)slaiji[un of German D]ccume_nts on the 1]1?)\'l1011111{1(1::1;2:?i’]ﬁgﬁ;{?ﬂ?%}ﬁ}i;’;
@va, M., and J St e 1 rt 11 { K xterionce wit1Fonncmqnn'rum Syno! SEANE ont M58,
fﬁ;ﬂ}ﬁd‘{?’}‘ﬁ}{1',‘2':5,']’ ?xf;:,},].(fl;\%;;.?rz;) (OIT‘IIL:(‘, of Bynthetie Liguid Foels Report, Mitcsburgh, 1046, .
41-80.

i: }}L(::ll;.':xlttlelﬁm.r\rl(::)ntll\lﬂll‘z ’:,El;{s:[l(')%(()—lluu.utiun to Olefinie Minerul O Produets: Scientific Contribmtion
N iy ‘ B

& from the Laboratory of the Merseburg Ammonin Plant, April 1943 Oflice of TPubliention Board Reporl
Bﬁ-ili;sgl-m. R. T.., Tnspection m‘t.hu‘ '0¥(i) ‘!’l:}.nl, [!.lmRtll!l:;:)hlorlx)ill;z Gherhausen~TTolien: Combined itellpence
Oll?;il‘l!lcl“iixﬁ:f‘:‘t‘l\].),(.(l:::‘crIII:.(')‘::Il‘(':rl.lt,(‘z"l(.‘:"i"I"‘f"]:‘l“li:"l:.l?,‘i.ll.rlllillll'll'll‘l'v l)lx'_vgun—.(‘nnl,:s.ining Derivatives of Alinhatic Flyero-
mﬂ?ﬁ?ﬁ‘i?nsl }r, é‘hld(;zifjl('r?f )'()I:,l‘,l".l"(l)ilfl‘glliz.nl of High Aleohols and Futty Acids of High Molecittar Waight:
A](;?IISTI“.{T::“1)?(,!{{:::‘]1'.'(ll‘?"\yit\‘iilr'l.n‘OiIl*I‘m'gruf;F: in l,l]ir'.qn'llllllj'lftlrl(r)ll ]Li'ill-]\f!;xnlm:rﬁ ”#ql '(;;)r)r,n!}'vlr)n(l(llli[;&,tn(ﬂllj}l!;’gf;'lilc;( Ohjec-
th}g?)ﬁ(l':rllmg.”Ill’lli'(L)’&‘ll;cll:i(cl)Il;(:;‘r"(:)“,\)',_\i;,i{llll:'jl't(l'illi(.;'zlﬁ)gll;.(‘o:ffml'z’luls:. U.. S.J"c:t:(:ﬂt L’,’.‘tBT,UIiIi, AUg 17,1943, Produe-
tion of O;'ygz'nm,ocl Organie Compoids: A PC SN208,021, Apr, 15, 1939,
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of 30 : 2 :2 :66) catalyst and reacted with a mixture of I I, 4 100
gas at o pressure of 200 atmospheres and a femperaiure of 150° C.
The produet, consisiing of 80 pereent aldehydes and 20 pereent
aleohols, was hydrogonatod over nickel catalyst ag the same pressure
and somewhat higher Llemperature, 170° (0 The process may be
carricd out with cthylene for the production of lower aldeliydces,
particilarly propionaldelyde. If the alecohol product obtained from
a CiC; eut is dehydrated ap atmaspheric prossure and hydrogenaied,
the final product is of high octane number and suitable for avistion
gasoline.”
FISCHER-TROPSCH PLANTS IN TAPAN

Reports * in 1938 indicated that two plants with an annual on tput
ol 150,000 tons per year were opevating in Japan.  Some develo pment
work done in a semiindustrial-size plant is also reported.®  Testg
made with 2.5- 3.5- and 5.5-centimptor eatalyst tubes of 56 conti-
mebers length, immersed in an oil bath and cortaining a Co—Cu-Th—
U-kieselguhr eatalyst, yielded 98, 78, and 40 cubie centimeters of of]
(68.6, 54.6, and 280 grams, respectively, assuming an average density
of primary Fischer-Tropsch oil of 0.7 gram per cubic centimeter) per
cubic metor of syniliesig gas.  These tests indiente that narrow tubes
are preferable, but the conelusion is not clear cut, as the space velocity
varied greatly because the throughput was maintained constant at 100
liters per hour for all tosts.

Moro rocently it was reported ® that in 1944 Japan was operating
three Fischer-Tropsch plants whose total yearly eapacity was about
116,000 tons of primary produets and was construeting two additiona)
plants with a total annual eapacity of 28 700 tons,  Actual production
amounted to only a small fraction of this figure,  The peak production
of the war years, renched in 1944, was 17,810 kiloliters (12,467 tons)
ol finished produets, necluding gusoline, kerosine, fuel, and Diesel oils,

GREAT BRITAIN

In Great Britain an experimental plant of about 150 gallons per day
capueity was constructed o test Ghe Robinson-Bindley proeess,®
which differs from the hormal I ischer-Tropsch synthesis ‘aver cobalt
catalysis in several respeets, particularly in that it operates with a
higher earbon monoxide thydrogen ratio. A smaller experimental
plant of about 4 gallons per day capacity was erectoed by the el Re-
search Board.®  Experimente in these experimental plants during 1935
to 1939 wore mainly concerned with design, erection, and operation of

7 Hagemann, A., Proparation of Tigh-Crade Antiknoek Motar Taels: U. S.APC 382,638, Mar. 10, 1041,

# Chemicsl Ayve, Catalysis for the Fischer-Tropsch Process: YVol. A, 1038, p.ogo).

Tournal of the Society of Chemieal Industry, Tapan, Synihetie Pelrolenm Industry in Tapan ang Man-
chonkeo: Vol. 44, 1940, Buppl, binding, pp. 2652661,

Ruprecht, . [Japanese Fiseher-T'ropsch Plent} Ocl, Kohle, Frdoel, Teer, vol. 14, 1938, pp. 81-85,

# Chemiead Inidustries, Elydrocarbons-Sy nt hesi , Jupan: Vol. 62, 1939, . 580,

Journal of the ool Soviety of Japan, No title: Val. 17, 1938, . 57, No title: Vol. 18, 1839, p. 7.

M Rt herford, R. W., Ol from Coal in Japan: Coll, ¥pg,, vol, 20, 1414, pr. 4042,

@ Tiridgwater, R. M., British Rescarch on Potrolenm Substitutes, VI, Fiseher-"Teopseh Synthesis: Po-
froloum, val, 8, 1105, P09 dour, Inst, Patrol., vol. 31, 1RI5, b, A0

A yddleton, W, AW, fsymlu'lic IPuels —Comparison of British and her-"Trapseh Processes]: Chim, of
ind., vol. 47, 1937, . BE3-86d. Wydroearhon Oils from Inclustrinl Gases: Jour. Inst, Fuel, vol. i1, 1918,
PR ATT-AU2. Coll. Giard ., vol, 157, 138, pp., 286-2u0.

W (el Britain Fuck Researeh Roard, Synthesis of Hydrocarhons rram Carbon Monexide anid Hyq roEen:
Report for the venr orded M. 19037, in Aajesty’s Seationery Cilies, London, pp. 141-11%. Report for tlw
year ended Alar, 1939, 11 Majesty's Sing ionery Offlee, Tandnn, pp. 151-154, Synthesis of Hydroearhons
andl the TPrecinetion of Lubricating Oils; Tteport for the vear endved Aar, 1938, His Majosty's Stationery
Oiliee, London, pp. (8i-906.
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i ; Ja-kieselguhr 118 1 100) catalyst of
' based on the cobalt-thoria-kieselguhr (160 : 18 atalyst o
E‘?s::?lg“ (Du ring the war yenrs expm-xﬁmntal work was restrieted to a

~laboratory seale and dirceted toward a study of the variables affecting

activity and life of cobalt catalysts for synthesis at atmospheric pres-

sure and study of synthesis ab mediun pressure (5-20 atmospheres),

using cobalt and iron eatalysts.™ ®  Results of worz-](, ,'n} %hb(}, P.l&nt;
will be diseussed in later sections of this ch{t}pter. lhmq has )L((‘lll ‘nt
commercial development of the Fischer-Tropach process in l.xé(,{zr{
Britain, but constrction of commereial plantls is recommended i

‘gevern] publications, 5

ITALY, AUSTRALIA, SCOTLAND, SPAIN, AND CANADA

3 1 i 11n 07 1 0y 68 Vo
Elsewhere, writers in Im_ly_,“f Austlfﬂm., and S‘th.l“f{d;. }i(l}um
advocated the introduction of Fischer-Tvopsch plants in their coun-

trics. Reports of a 1938 drilling earmpaign indieate that a group of

Scottish gas wells could supply more than 10 million cul;m: 11_00(‘. qt"lll d ﬁy
of methane-containing gas [or the Fischier-Tropsch synthesis, w 11] 000%;
horizontal drilling and vacuum extraction froﬁ!gn q:mi ﬁ son,nsq, 400
cubic feet could be extraeted per ton of coal. , (,oT_l::u. iI{“l(l)]E) .()‘ i
100,000-metrie ton-per-year synthetic g‘aszol.u}e plant, Eu:,mgtf)(n L iot‘l!]e
coal as starting maLorE’Ll, was recently initiated at Kseatron, it 3
rovitiee of Zaragoza, Spain. .
Plfxl?;;g a IbeBl‘fLLéryl projeet, hegun by {'.hch('Efenir-ch 1001111011, g;
Alberta,”™ was concerned with the improvement and deve {)prp]on o
Fischer-T'ropsch eatalysts. Recent reports mdjc.‘lLLe(P Ph&t, )X Jlni OF&(L_‘,
of 1046, a $100,000 pilot plant for making gasoline fi o m']i‘Jlm\ &)lgn‘h
will be in operation by a Calgary, Alberta, oil eompa-n}{. ...}L[] Ill. 4
will have a capacity of 2 million cubic feet ol gas per ¢ ay, ]‘)%0(. ui}?ﬁ
about 5 gallons of gu}solinle [p]m' ]},0(1(1) Clll])gl(‘, ii;tpl:mjs}hc Process Is sa
ntirely original with the developing co v

® prcll(l‘;;!{l: (73yh=bs bpﬁ.l}('llf‘(‘,d a_process for the ])[‘0('1[(‘:1:};)11. of ]-W(!'l:l)(—\
carbons by the passage of a mixture of hydrogen and oM )on,]r;;\o,z.m?.l le
ab 250° to 450° . and 18 atmospheres pressure Lln_'opgh an :]1 ,(bl ;I](i}l‘ (;i)ﬁ
electric ficld of which the potential difference ls-‘,.mn.lrl‘tﬂ.l‘n(‘ a IJ‘ 000
to 100,000 volts and the frequency is synchronized to the molecular

@ Cawlay, O, A, and Tall, C. C., FPuels Produeed by Hydrogenation and Synthetie PMrocesses: Ann.
¥, UL AT, 0 ull, £ Ay .
R&}“[F{\II;G(t‘m(}" ’l‘-fngi{lgﬁ:il\l’lo]‘;'ﬁ%(,l?tiz’hle: If',l?é‘lor‘sg Cobalt Catalysh for the Synihesis of Mydrosarbons at A binos-
"Pressire: Jour. Soc. Chen. Tnd., vol. 65, 1048, P, 158146, ) o
nl;::l:gilc‘hl:(!)gflsg.l E‘;‘\gm(u‘ E:l"‘JL(i'el(s lalllnI:lL1“3Ll’1icsr*nmh in 'a reat Britain Dnring the War: Meeh. Eng,, vol. 65,
P _and @ o o )
wgﬂ‘i\}[)(];‘(;]fxm[l% ;E'.ﬁ?ﬁ.i(l Tuels and Orpanie Chémieals rrnml(‘nn}l am}l :«Ia({:"n.mlf;'-'(]"{L;(}tﬁfﬂ;}fé"' ;:(})‘:ﬁ-.hijllf:i,
3, 1954, 1) ; 3, 203-214. Qus World, val. {20, 198, pyo. 1662172, 191-199.  Tonr. Inst,
vol. 243, 1944, pp. 1-1(.1—15[1, 154, 180, 183, 21 o ¢ b T 1O
4 174, 102-104. Petrol. Times, vol. 48, 104, . § T, . 8- 8. X
Fl}giil'e;mftl?f,wé‘ftl’usiz,ll;frl:ll:zﬁcjnrl2[‘0:11 inthe North (nf’!’.nﬁlmul), Coal-Processing Industries Report: Chem.
Are, vol. 53, 1015, pp. 50508, ) A Apr. Mol vol. 18, 1042, . 70-51.
i, C. [ Hvaluatl Lian Solid 1Puels): Chim. Ind. er. Biol., vol. 18, 19 7 -

:: E:“'Il(r!l?nvaiinllt('.‘\H‘v[’“gll:i:slslt‘i];.h({(r: I}tilioa;:“ Fuels in Alusl.mliu: Australian Chemn, Inst. Jour. ang Proe., vol.
8'nlz:gi\i,}:\ﬁ.lljfl.??“l_IZRQ\" , Utilization of Coal for OIl Production, Catalytic Hydrogenation the Ideal P'rocess:
Pgrlc;}!‘u’}:)l\r’];g?yvel]; 5%'}.5[{?"11'II(:‘nl'lls!“,Til)‘(!;ssihilitius of Ixploitation in Greaf Britain: Petroleum, vol. 5, 142,

szky, L., Nataral Gas;
RB S i s Building Synthelic Tetrol Plani: Val. 50, No. 1267, 1046, p. 161
s . 3, Bpain Starls Building Synihelie Petral Tlani: Vol  No. f T
:? };‘(;1‘;:(')\1‘((-1]1:lalrlnlzzlllt[-‘i:i'(llql."\lllll»ilr't!13I'}‘hu Iiseher-"Tropsch Synthesis of Liguid Faels: Anngal Repd, 45, 1944,
) (s psearel: Annual Ront, 47, 1945, _ ] - "
N%tgl'?i 5;[1]5‘{31:%;:::1(:1\:1] Alborta (‘mnn:’m_v Plans Oas Byuthesls Plant: Vo), 45.‘N_n...i. 1.!1) ;‘(;.l ;3., (.\_I_Nh“l”‘m

L) l11111- ne, ‘f'l 'Y :\[l]’l:l)‘:ll'{lh‘ for Synthesis of Hydroorbons, .\ICD|I(‘)|S, and F ().I.HlT:l (‘1;( 1].,.(’1.:”1 ! .‘“l.l t;ir,
P'Ite!ﬁ ltlll 1":1 'T;lly 29, 1810, Wleetrogynthesis of Carbon Hydrogen Compounds: U, 8, Patend 2,310,015,

i L1581, July 29, 1940, 3
I“r:[‘?\yilif?{nlt(iI ![\ Pring, P, and Andrew, T, Synthesicol TTndroearbons: British Patent 546,605, June 9, 1042,

ams, K., r, Toyand k
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fluidized bed of iron eatalyst with an internal heat exchanger, operated
ab 300° ., 20 atmospheres, and with somo recyeling of ond gas;
(4) product-recovery syslem: amd (5) acilitios for deoxygenating the
gasoline produced,

- Btanolind Oil & Gas Co.™ is planning (o construet a hydrocarbon-
synthesis plant in the Kansas sector of the [Tagoton field whiel wili
Jse 100,000,000 cubic feet of natural gas daily to produce 6,000
barrels of gasoline and 1,000 barrels of Diesel el perday.  IExtensive
research and pilot-plant operations have been condueted a6 the com-
pany laboratories in Tulsa.

oscillation of liydrogen and carbon monoxide—that is, 6,000,000 to
37,000,000 eycles per sceond, The eatalysts were prepared hy pre- -
cipitation of the hydroxides Trom  heir respective mixed nitrate -
solutions with a boiling solution of sodium hydvoxide and inelude the
following: Beryllium s copper=2-5 1 100, manganese : copper=2.5
100 and 40 : 100, cerinm : copper=2-300 : 100 or copper : zirconium
=100 : 3-10,

UNITED STATES

2

mental work in 1942 after a lapse of (2 years.™ Iron and cobalt cata-
lysts were studied on a [aboratory seale. An engineering laboratory,
for development of process improvements and for pilot-plant operation :
on the scale of n few quarts of oil per day, was operated for about §
months.  As part of a 5-year Government program, begun in 1944 and
devoted to research on the produetion of gynthetie liquid fuels in ghe
United States,™ a pilot plant is under construetion at Bruceton, near 4
Pittsburgh, Pa., which will have o capacity output of 1% barrols of 4
Fischer-Tropsch oil per day. Carthage Hydrocol, Ine,, will probably
have the first coramercial I¢ iseher-Tropsch plant in the United States
when it completes its projected building pregram ot Brownsville, Tex,,
late in 1947.% This $15,000,000 plant is being engineered by Hydro-
earbon Rescareh, Ine., and has been designed to procoss 64,000,000
cubic feet of natural gas and 40,000,000 cubic feet of oxygen per
operating day and to produee 1 barrel of oil per 10,000 enbic feot of
gas.  The product distribution is reported to be as follows: 5,800
barrels per day of 80-octanc-number gasoline, 1,200 havrels of 45-50.
cetune-number Dicsel oil, and 150,000 pounds of crude aleohols (in
water solution).  The experimenial phases (experimental plant 19
gallons per day, pilot plant 10 barrels per day, semicommercial plang 3
104 barrels per day) of the work were earriod oul at Olean, N, Y, °
and Montebello, Calil. At the pilot plant, operations were earried out
with (1) a continuously operated low-pressure oxygen plant with
capreiby of approximately 10,000 enbic foet of oxygen per hour; 2)
pressure generators for the burning of naturnl gas with oxyoen to
produce synthesis gas; (3) syithesis reactors, consisting of n fixed

In the United States, Bureau of Mines investigators resumed experi-

GENERAL REVIEWS

The Fischer-Tropseh process is a remarkable one because of ils
-great flexibility, both as regards raw materials and products obtain-
able. A variety of types of eoke and coal, as well as coke-oven gas
and natural gas, may be used as raw materials for synthesis-gas pro-
duction, and the proportion of gnsoline and of other products may be
varied considerably, ™ Reviews ™ % of procedures and charactor of
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prodnets and descriptions of patents * published during the past fow

years provide an ample supply of genorn] information concerning the
R
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Fischer-Tropsch process.  In the following sections most of the avail-
able information is presented.
ENGINEERING DEVELOPMENT

The Fischer-Tropsel: synthesis is accompanied by the evolution of a

'l.strgc amount of heat—namely, about 7,000 B. t. u. per pound of oil

produced (4,000 gram-calories)., The tempernture of the reaetion

. 4 [~ e - M

“must be controlled within o narrow range (ﬁ n.bc.)butf 5 El Stgusl;votlg

i ', - tion.  Consequontly, it is neee sary 1
-excessive methane produe A hecessary (o

' i fficient heat transfer from the eatalyst surfa

weffect rapid and efficient heat [rom the eatalyst surf :
~ gbme (:O(E)ling medium, which may be in direet or indirect contact
- with the catalyst.

INDIRECT HEAT-TRANSFER REACTORS

The Fischer-Tropseh reactors in all i,h(%j(}m-rmm (;omgngtércml _][)il(s‘t(?t:
F the indireet heat-trans o type.  Prewar patents® speei '
were of the indireet heat-transfer . ar pate
catalyst depth of not more than 10 millimelers, and the Vfl.])9{1zaffl(?r1
of water as the cooling mechanism, the water being cm}tftm}e( 11}
coolilig jackets under 10 to 15 atmospheres pressure .(sce figs. ! s:mi
2).  During World War TT, German Fischer-Tro psch plants operatec
with two t?ypos'. of reactors—mamely, normal- :l_md1Hieclluin.—p1§siu; ([:
. ! 'es); ¥ each chamber containe metric ton c
ovens (10 atmospheres); M eac 1m )
cobnlt.( Standard operating rate, to produce 150 grams (pf\.l Cl‘t]?l(‘,
meter of 2H,+1C0 synthesis pas) of layclr()cau'bo?s l'angnllgélo%ln p_;l 0-
' lene t % i cular weight, was 1,000 cubic
-propylene to waxes of 2,000 molecul hi, was 1, ubi
?naérézlg péxymeu'ic ton of cobalt per hour in the first-stage 'gllnlnbm s(
As the catalyst became oldor, this rate was lowergd un..u] it \VQS[S{][)
cubic metors per ton per hour just helore regencration of the eaga yst.

The general policy of chamber rotation was to put fresh entalyst in

the last stage in contact with older gas, while older czgiéalyst was pub
into the first stage in contact with fresh synthesis £ng,

MULTISTAGE OPERATTON
The desirability of operating the Tischer-Tropsch synthesis in two

or more stages was soon recognized. Production in the two-stage
process is increased by about 20 pereent over the single-stage operation,

& Dorndorf, 0., Kelting, M., and ‘I'ramnm, Y1.. Apparatus Srllétarl})r]e]fm{ (3;{\”':][}3"{}12 Synthesis of Tydro-
. ! S 3 », P ¥ 0 P
- g i [ Jar Monoxide: U, 8. Palent. 2,148,545, o, 28, g )
cmib?insl"{‘llgglutﬁllr‘{:l]:::?loll& ‘lj\“.l-(g‘.:"{’[r;fl:h'clum'hmls and ’Tlluil' Oxyrenated Doerivatives: Dritish Patent 469,618,
JI]I‘Y 26' . " e g hrehemis A-CL, Apparatus fr Dhe Produet jon of Bynihete Hyc‘lrrr
cumgﬂf‘r?é';'xf'é"\']'fﬂl‘('.'r;'y.‘fl!f&ulq':ﬂi ]ffly!].(rl)ﬂfg wifth thes flxc of Bulid Contael Musses: British Patent. 464,242,
A e i ot Plirieh Pagent 502771, March 24, 9030,
Ruhrcluzlm? ‘%-Gf"ni}:'llnthfl:mﬁ{“f.fll-![l:]ld.!q{l):;?::}z?ﬁ: HI.. . =, (:nvnrmnun’!. I"‘l‘f'hll,l’('?l] 'Oll_MlS;ﬂrA)]T Iﬁil{“l)](;‘:'t
T:‘u;‘]"‘:t(‘"l\;(‘Ilt]l"Jo;‘l One: ’J"('('h’nic;;l oil Mission Report 5, .Inly 1945, o8 . Qilige of Publiealion Board Re 1
19 : . 2] A D L7 =
mﬁﬁ!'bl]g’li?f\zilll?g:;:ivon Conversion of Carbon Monoxide with Mydrogen: U, 8. APC TC 1,222, OZ 11,356,
German Appl, 1-63,810,
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P

2mm, wall
100-t0 150-Ih. =
pet $q. in,
Fischer-Tropsch i
converter tube, 424 mm,
About 2,000 tubes

in each converter
(8’ diameter x 17°
high)

2§ - Catalyst

_,, [-Cooling medium

J

Twunk 1,~—106- Lo Iitkpound-per-saunre-inch Fiseher-Tropseh fyhe,

and the life of the catalyst is considerably increased M 8 88 T}, o0

A IKing, 1. (1, ‘I'he Production of Hydreearbon Oils from Tndustrind Qnses— iseussion: Jour, Tnst, Fuel,
vol. 11, T3S, np. 484—d85,

Alyddieton, W. W,, ‘I'he Production of 1lydrocarhon Ofls frem Industrial (tuses: Jour. Ingt. Fuel, val.
11, 1938, pp. 477-481.

¥ Fischer, 1, and Tehler, IT. [Imerensing Yields of Fliaid Hydrocarbons hy Performing the Benzine
Synthesis of Fischer, 18, ang Piehler, H.]: Brennstolf Chen., val. 17, 1936, pp, 20-29,

Studlenn, Yerwerlungs (1, 1, b, H., Hydrocarbons from Carbon Menoxide and Nydrogen: Tritish
Patent 454, 48, Oct, 12, 19346,

M 8ynthotic Oils, Lid., and Myddleion, W. W, Hydrecarbons: Rritish Patent. 81,778, Sept. 8, 1038,
[ydroearbons from Carhon Monoside und ILydrogen: British Palent 519,722, Apr. 1, 1610, ks

s .»\]E;'Ilur, A AL Cutalybic Apparatis Saitable for Fxothernie Reaetions: U S, Patont 2,240,481, Nov. i
17, 1938,
y Alb(\l'ti%',? L., and Feisst, W. |Catalytic TTydrogenation of Carbon Monovide]: German Patent, 744,184,
Fob, 2, 1044,

Brahag, No. title: Qerman Appl BI78,964, June 21, 1937, Offiee of Iublivation Board Report 413, May
15, 1945,

Internationul Hydrocarhon Synthesls Co,, Nydrocarhons from Cuarhoit Monoxide and Tydrogen: Dritish
Pulent 536,848, May 20, 1641,

Kripp, No. title: German Appl, WIHS,$19.  Offiea of Pablication Board Report. 419, ATay 15, 1945,

Wirth, 0., Calalytic Benclion of Carbon Monoxide with Hyedropen: 1, &, ['aient 38,240, Apr. 15, 1941,
Wirth, 4., 8abel, ¥, and Lanclenklos, 1., Synihesis of ITydencarbons fram Carhon Monoxide and Hydro-
pen UL S Pafent 2351248, Tyne 13, 14944, Synthesisof Hydrocarbons from Hydrogen und Carhon M onpx.
ide: UL S, Palent 2,388,475, Jon, 1, 1914,

TFraurE 2,—Naotmal-pressirs [Figeher-Iropseh converter,

called Robinson-Bindley process not only operates a multistage
.. process but is also reported to have developed o special sulfur-resistant

catalyst which is active in the synthesis of mone-olelins but only
slightly active lor hydrogenation®  The principal eonstituent of ilie
catalyst used is cobalt to which a emall amount of potassivm carbo-
nate has been added. Blue water gas (1H,-- 1CO) containing appre-
ciable quantitics of sulfur was the synthesis gas nsed with this eatalyst.
"Myddleton ¥* stated that the fraction boiling up to 150° C. of the

@ The Chewienl Trade Jonrnal and Chemieal lngineer, Robinsorn-THidley Process; Vol 104, 1039, p, 200.
Colllery Quardian, Robinson-Tindley roe ‘ol 159, . 204,

Myddlelon, W, W, Hydrogarhon GQils; British Patend S00,325, July 11, 1553y,

A Work cited o footnole 86, 1. 16,
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In a modification of the multistage technique, iron catalyst is used in
the first stage at 200° to 240° C. and cobalt catalysé in the second
stage al 180° to 210° C., or viee versa, ™

]L)(J)Ef?llnjz grf%uct of tile 'fRo]birnson—BindIey or Synthetic Oils procedure -
HUne bereent ol olefins and had an octane vt J ;
68, which could be raised to 80 b ing 4 i oo moron) of
g Y Ty f adding 4 cubic cent ¢
tetracthyl lead per liter Howevory wer i " commann o
. . : iter. F T, no larger pilot or commere; ]
s1ze plant has used this process, and there app ; Juestion
70 T . HESS, ¢ e Appears to be s s bi
of L!):he aceuracy of the elaims of the inverlfIA)Irs. © be some question
. nr_)dg;\'&ss and Perrin % have reported data obtained by the Ruhr-
E].-Lm.m, . G.in Germany in a two-stage operation, the firs stage
'I‘{J 11:]&, n}, s;tmosphgnc Pressure and the second at severnl ntmo‘%pheregé
~Nese data are given in tables 1. and 2 While very little .
wax 1s produced in the first stae, the scoond st one yioldy fifn,
: ‘ nee sbalage, the second stage alone vields
s ].lllI(..h. ol this product as is reported by J_"isr(‘;hur.’”( ﬁlill(t]lergzlrfg
;l(ﬁ%(‘ 3;101(}5 t413 pFrcm]L of oil boiling above 300° O , Whereas Jo;lly 15
reent ol the (irst-stage oil hoils above that tem verat ‘
: Lt f 3 o Le talure.
i()s}(if(lgr :\:011 %ent (g}f L}Jm. ;‘.Uciomrl'-stnge gasoline from {he chn‘lrcoall‘?vg'ubggg '
 than that of the first stage. The oetans ratine of (he are> o
140° C. gasoline was 62 and of the 30°-1 10° C. LW;sI gt%mg of the 30% |

NORMAL-PRESSURI OPERATION

The German notmal-pressure reactors (see fig. 2) wore characterized
by a system of hundreds of plates picrced by tubes filled with eooling
liquid, contained in reetangular boxes. The Courridres-I uhlmann
Fischer-Tropsch plant at Harnes, France, was a typical normal-
pressure synthesis plant.  With a capacity of about 20,000 tons per
. year, it was brought into operation in June 1937 al only about hall

s full capaecity.®  Durmg World War II the ptant was operated by
the Germans.® DBasic raw material for this plant was coke from tho
high-temperature earbonization of French coal. The synthesis gas
obtained had the following composition: Carbon monoxide 27 percent,
hydrogen 54 percent, carbon dioxide 14 pereent, nitrogen and methane
5 percent.  Sullur was removed by washing the gas with ammonia
- waler to remove hydrogen sulfide, followed by scrubbing tho gas with
Fe,05, and finally by passing the gas through an Fe,Qy eatalyst con-
taining about 25 percent, Na,(O, at 200°-300° C., to remove organic

TanLg L—Properties of products from two-stage operation

—_——

Olefins, ercent by wot A . ! :
_ Bailing e ot Fopeent by weight sulfur. The synthesis catalyst consisted of 18 percent cobalt, 1.8
Constbent range, | Ghovite . | 2T percent magnesium oxide, 0.9 pereent thorium oxide, and 79.3 percent

- Ideselguhr.  Thereactors, operated at normal pressure (4p. s. 1. g.), were
rectangular boxes about 20 feet long by 6 feet deep by 9 feet high and
N consisted of 600 2-millimeter sheets spaced 7 millimeters apart and

First Secand First Sevond
slage slage stage stago

Gasel (O -Cpy

Gasoline to 150° G I R PRt EEEEEPEE 50 25-30 ; . N . . . .
Ol over 1500 11 " e T w| g pierced by 600 tubes filled with hot water fed by gravity in bloeks of
Paraflin wax_. T R A R A 2,3, or 4 ovens [rom an overhead drum.” Tach reactor had a total
T - o surface of 5,000 square meters and weighed 50 mebrie tons. The

catalyst filled the voids between the baflles and tubes.  Operalion
took place in 2 stagoes, 16 in the first stage and 8 in the second. Product
wag condensed after each stage. Considerable gasoline and butane
were removed from the residual gas by an activated-charcoal recovery
system. The methane production was 14 to 15 pereent of the total
product.  The C, and C; fraction comprised 15 percent of the total

¥ Halnrich Koppers Industrielle Mantsehappi] N, ¥, [Converting Carhon Meonoxide and Hydrogeninto
i BELATY, Joly U1, 10309, Manufacture of Mydroearbons from CO and HIY

Tamen 2-—Distiliation af Kogasin from boa-stage operation

Volume, poroe
Temperature, @, - c poreent

Iirst state J Second stage

0.0 0.0 Hydrocarbons]: Fronch Pa

8 3 British Appl. 27,807, Sept. 23, 1958,
'-'E_’ I ishel, IT., I ydrocarbons rom Qasos Conlaining Carbon Maonoxideatd Hydrogen: T8, Palont 2,244,710,
17 2 Tune 10, 1941,
o 35 Stelnsehineger, M_, Iydroearhens High iu Oloflus rom Curbon Monoxide and Iydrogen: British Patent
h 48 515,087, Nov, 24, 1039,
L] 57 # Hirseh, B, {Synthelie Gasoline by Fischor-1'ropseh Trocess in France]; Mem. soe, ing. eivils France,

vol. 90, 1937, pp, 786-767.  [Manulacture of Synthetie Qasoline According to the Fischer-T'ropseh P'rogess by
the Sociétd Courvidres-Kuzhmanni: Rev, earhuranis Frunee, vol. 1, No, 12, 1938, po. 505-509.
The Chemieal Trade Journal aud Chemieal Engincer, The Fiseher-"Tropsch T'rocess in France: Vol.
100, 1937, p. 212,
L Sclm’de, II. A, Foran, K., and Aldrich, R, C., Fiseher-Tropsch Process: Technieal Industrial Intolli-

gence Committee Report 373, Nat. Petrol, News, vol. 37, No. 45, 1945, n. R922-924 .

Nsel: Coal Aleohal

” Snadarass, . 8., and Perein, M., The 1" i , ,
| " d A, r T'rodnett "ischer-T
ment by Cracking: Jour. Tngl, I’u'tml. Technol., vult. grll, ?'1;1153:5;:3058:){?()1 And Tts inprove-

¥ Greal Neitain 1'uel Resparch Hoard, Synthesi
LK B 3 05is of Bydroenr ;5
Oils: Report for the year ended Mar, I!J:!},i, ITis I\'I'njes(zy’s glti:s[.{'llt)sll;e':‘(\)fng)f?

nd the Production of Lubrieating
Qonhean, ). |Investigation of the Ontieal Anulysis of Gasolines]: Hre

iee, London, pp. 186-208,

Firsnnove, E. N, [Chemnical Com wosition of & inels poanesl: Brennstotr Chem,, vol, 23, (049, B, -7, ¥ Alberts, T.., Produetion of Hydrecarbons by Cutulytic Hydrogenation of Carbon Monovide: U, 8.
Msehor, I'. [Hydrosarhon Synl,lllusc-g I_)lr]l (Enlvf}mﬁ“gr f\‘t])lﬁnl l}l‘azxgl::gn?1‘o.|)llv:l,vol.H,u)ﬂ?, DD 802-001 Patent 2,238,766, Anr. 15, 1841, . . A
val, T1A, 1938, TiIb. S6-G7, -0l Invostizgation): Ber, Deut, chem, Uscll,, Aureden, 1, [Roclanpular Heat Rxehanger for IT§|: in Synthesizing Benzine irom Carbon Moenoexide and

Hydrogen]: German Batent 741,280, Sept, 23, 1943,

Guthardt, K. [Ileat Exchanger for Bxothermal Catalytle Gas Reactions]: German Patent 602,836, May
30, 1940,

Intornutional ITydrocarbon Synthesis Co., Ayuparatus for Conversion of (30: Rreitlsh Patont 536,160,
May §, 1941,

May 6, 1941,

Ruhrehernls A-G., Tinprovements Relating o Catalytic Produetion of Tlydrocarbons: British Anpl.
16,108, 1937, [Catalytic Synthesis of Hydrotarbons fromn Carbon Maonoxide and Tlydropen]: German
Patent 704,225, Jan, B0, 1941, )

Behapped, 11 [Converter for Lhe Synthesis of TTydroenrbonz]: Qevman Palent T2L685, Moy 13, (042,

Stll(‘]!i!l’l . Verwertangs G.m. b B [Apperates for (he CO-112 Synthesisl: German Tatent 708,889, July
3y, 14l .

Tsuiroka, 8., and Fujirnnr, ¥, XX, [R
" , K., . et of N
Cygm. lm_l‘, Jslpun. vol. 37, 1934, Suppl, hi]{(]in(‘.’, n, '19'—?31“
5 ‘.I ﬁlmc()l\n., 8., and Murata, ¥, [Benzine Synthesig from €
T ll‘hﬂll‘l'l‘ﬁ‘. ‘_‘(.YV. toncent Propert g € ]
Tour, Soe, Cher, Ind., Japan, vel. 48, 1935,

ar C 0y on the Benzine Synthesis]: Tour. Soc,

wrhon Maonoxide and Mydrogen ¢ t Ordi
onstituents of Lhe Benzine P awredt with g t v “ullnﬂr
SpDL. bind . 1 Tt repared with an Alloy ¢ atalyst:
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and consisted of 16 pereent propylene, 49 percent propanc, 26 percent f

butylenes, and 9 pereent butancs. The remaining fquid consisted
of 50 percent 160° C. end-point gasoline, 20 percent 160°-230° (.
Diescl oil, 20 percent 230°-320° (. heavy oil, and 10 percent wax,

MEDIUM-PRESSURE OPERATION

The medium-pressure synthesis with the cobalt entalyst was de-
veloped in 1936 by Fischer and Pichlor.®  In the German commoreial
ptants medium-pressure converters wore
fig. 1), although there was no reason why the double-tube oven could
not also be used in normal-pressure synthesis, Theorotically, it was

superior to the multipiate reactor by providing a direct cooling surface.
In the medium-prossure reactors, the catalyst lay in the annular space.

between the tubes. The outside shell was 2.7 metors internat di-
ameter.  Fach shell contained 2,000 tubes of about 48 millimeters
outside diameter by 44 millimetors inside dinmoter and about 1.5
meters in length, arranged on 54 millimeters trinngular piteh.  Water
(or oil cooling medium) surrounded the tubes. Synthesis gas entoered
the reactor at the top and flowed downward through the catalyst,
Four reactors arranged in a square wore operated as a unit.  The
shell side of the four reactors was conneeted to an overhead steam
separating deam,  Boiler water was fod to the steam drum and the
steam generated released through a back-pressure regulator into the
stesm main.  The temperature on the reactor was regulated by con-
trolling the steam pressure in the drum.®  One patent recommended
that the reactor tubes be in Lorizontal position, in order to obtain
more eflective heat teansfer and thus reduee methane formation !

It was found that medium-pressure synthesis works best, from the
point of view of smooth running and olefin production, with 1.6H, +
1CO synthesis gas.  As it was desirable, on economic grounds, that
the over-all synthesis gas have the ratio 211, 4+ 1C0, medium-pressure
synthesis was oporated in seversl stages with adjustment of gas
composition and produet condensation between the stages®  Gasol
hydrocarbons (g and C,) were adsorbed in an netive earbon plant,

" 8heer, W. [Tranz Placher and the Chemistry of Conl]: Qlitckanf, vol. 80, Nos. 7-8, 1044, pp. T6-78.

# Albert, W, [THgh-Tressure Converdor for Benzing Synthesis]: Qerman Patent 725,488, Ang. 8, 112,

Cotten, F,, Oermany's I'ischer-Tropseh Process. A Sunimary of Latest Developments and Operating
Procodures; Nnt. Petrol. News, vol. 34, No. 23, L6, pp. Ra26-420, 428, 430, 432-414.,

L O, Ferbenindustete AL (1, [Synthesis of Ilydroearbons from Carbon Monoxide and Hydragen): Qer-
ulmusl'atum Abridements, vol, 64, 1943, . 936, Brit, Coal Utilization and Research Assoc., vol. 8, 1944,
abha, K06,

International Tiydroearhon Synthesis Co., Processand Apparatus for the Production of H ydrocarbons b
Reducetion of Carbon Monoxide with Ilydrogen: British I'atent 567,600, Feb, 23, 1645, e O—II:S:.'nLhc-sis{
Italinn Patent 287,088, Dee. 30, 1940,

N. V. Internationale Xoolwaterstoffen Synthese Maatschapni), Conversion of Carbon Monoxide inte
Hydroearbons: British Patent S28,617, Nov, 1, 1940,

Rubrehemic A, (7., Improvements in and Relating to ApFaratus fer Carrying Out Catalytic (ias Re-
sctions Sensitive to Changes in Temperatures: British Appl. 20,546, 1048,

Wirth, G, [Catalytic Reaction Between CO and TL]: German Patent 734,218, Mar. 11, 1042,

Na inventor given [Conversion of CQ with Elef: Cherman Patent 711,890, Jna. 40, 1939,

No inventor piven IConversion of Carbon Monoxide with Ilydrogen]: 11, 3. A1 T°C 1,142, OF 11,3%,
4, Qernmn Appl, 1-53,058,

LG enindustrie A, G, [Catalytic Conversion of Carbon Oxides with Hydrogen]; 1C 1,134, OF
11,35, Treh, 10, 16 Clermnn Appl, 163,779, .

23lan, C. ., sfovd, 8. Rooand all, D, Tnlerrogatlon of Dr. Otto Roelen of Rulrehemle A, G.;

Beltish tnteBigemes Objectives Subeotimillee Report SuM447, 1915, 50 L,

double-tube reactors (ses 2

E
]
A
-
3
B

!

- steaming, and drying—in the time ratio of G0 : 30 : 30,
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The €, higher hydrocarbons product from medium-pressure
synthesis included 10 percent C; and €4 (40 pereent olefins, 13 per-
cent of C.'s being isobutance), 25 pereent hydroearbons boiling below
170° C. (24 percent olefins and about 45 octane number, motor
method), 30 percent 170° to 280° C. (9 pereent olefing), 20 percent
280° to 340° C. (soft wax), and 15 percent residue (hard wax, m. p.
about 90° C.).  Toen percent of the total hydrocarbon production was
methane.

FLUIBIZFID TIXTD BED, INTERNAL ITEAT EXCHANGHR

Recent process designs by United States Oil Co. engineers speeily a
turbulent fixed bed of catalyst powder suspended In synthesis gas,
heat removal being accomplished by indircet or direet means,  In the
former design heat-exchanger tubes are present in the catalyst bed;
the latter design is deseribed on page 24, The commercial plfr‘ut, under
construetion by Carthage Hydrocol, Tne., at Brownsville, Tex., will
use a [ixed fluidized bed of sintered ivon and an internal hent exehanger,
Numerous modifications of this teehnique have already been patented
in the United States and Great Britain®

TLIGHT-TNYDROCARBON-PRODUCT RECOVERY

In large-seale operation light hydroenrbons were defaorbc(] on active
earbon and laler recovered by steam distillation. For example, the
active carbon plant at the Morpeth CGas Works had a capacity of
400,000 cubie feet of gas per day, using 3 hundredweight of carbon,
A complete cyele of operation consisted of threo penods-‘w adsorbing,
The efliciency
of extraction was about 95 pereent.t

RECYCLE OPERATIONS

Cobalt Catalysts.—Both Lurg! and Ruhrchemie diQ con:-“.i’glm':pblc
experimental work on a recycle operation of the Fischer-Tropsch
process, using normal cobalt eatalyst in the conventionsl, externally
cooled medium-pressure reactors connected in parallel in one stage,
and recyeling about 3 volumes of end gas por volume of fresh gas with
product condensation after each cyele.  The objoct of this method of
operation was to increase the production of olefins by maintaining a
high concentration of carbon monoxide in the synthesis gas charged
to the reactors.  Charging 1H, - 1CO gas mixture by this procedure
regulted in o 20- Lo 55-percent inerease in the liquid fractions of the

3 Campbell, 1. Lo, and Dare, F, 1, Treaiing ydrogen with Oxides of Carben for the Production of
Produoets suels as Methanel: U, 8, Patent 2,266,161, Dec. 14, 1941,
Gunness, R. €., Synihestzing Hyd rocarbons: 1,5, 1"nf.(xnt. 2,.{47!ﬂ82,_]\f[{13‘7 2, 1044,
Hemminger, C. 1, M edropenation of Q. Oxides: (1, 8. Patent 2.357,801, Sept. 12% 194, ] )
International Catalytie O Processes Corp., Catalytle Reaction of Oxides of Carbon with Tydrogen:
ritish 'pient 556,044, Feb, 2, 1644, .
Bl]g:fll;)]{:“(‘n‘.rmulllu.ﬂ\'y;pl, W-(47143, Taly 5, 1937 Ofee of Pubieation Toard Report 412, May 15, 1045,
Murphree, T, V., Tyson, C. ., Comnpbell, D, L., and Martin, [T. Z,, Bysten for Carrying Out Cata-
Iytic Heactinns Between Carbon Mopoxide and Hyidrogon: U, 5. Palent 2,.%.{),?&57, Oet.. 17, 1644, )
"4 Carho-Noril-Union Verwaltengs (om. b 10 [ITydrosarbons from the Bnd Qases of 1T ydrocarbon
hesis]: Clerman Palenl 737,620, June 10, 1945,
sy(]}lltgi]fm]i, %&t}l fRecovery of Tiguefied (iases from Coko Ovens, Syni;llesl§ and‘()ther Gnses]: 7itsehr, Ver,
deut. Ing., Beth, Vevfahvensteel, 1940, pp. 12-18.  (lasoline Produoels by Diveet bynthlesrs. Goerman Devel-
opments in Lhe Fischer-Tropseh Process: Chom. Trade Jour., \*nl.{ 117, 1946, pp. 2RO-200, o5l -
Herbert, W, arud Huping, T 1he Reeovery with _:\(-lem.‘(!tl Carban of Reny e il fln.'i 3 i'rt:m I e
Residual Cages from the Synthesis of Beozine by the Fischer-Uropsel- Ruhreherie Process): Chem. Fabrik,
vol. 13, 1910, 1. 149-1563, . )
¥ R()b:'v'(m, ("r] {V.. Henzol Recovery hy Active Carbon: Qas Jourr., vol. 246, 1945, pp. 687, 689,
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.. B 't of the Lurgi Co.” ! stated that the best iron cujm.l.)rrsi, had
thg{zeg‘ra%(i;sﬁ;ion Fe: Cu: ALO, ](2_0 : Si0,=100 : 2& :0:2 cgdo’\{r)ftelrz
“cipitated from the nitrates by sodium m}rbonat%, 1(13311 m’]J.i{he ish
Tieselgnhr and s small q]usml;lligy ﬁf gi)loot;f;ilgénﬁ%lo ‘?51555%0 Jho dried
lar pr s reduced in hydroge ) 350° C. for

?LT iﬁlol\l}i;l pllgidiggp?;ﬁtl%pera,tion T}Tlldel' conditlons_ sumim]‘-to Lh_c:i;(i
‘described above, using a reeyele ratio of about 3 : I, r.esmlte(‘\x_n &oﬁ; sfl
of liquid, solid, and gasol hydrecarbons of 170 grams per n
cubic meter of 1H,+1C0 synthesis gns.

DIRECT HEAT-TRANSFER REACTORS

product.  The use of 171, + 1CO (that is, high CO conecntration) gas o
m the older process without reeyeling resulted in low eatalyat Tifo 4
becanse of carbon deposition.  The recyele gases lowered the partial
pressure of the carbon monoxide sufliciently so as to avoid cxoessive”
carbon formation. The reaction temperature for the recyele process
was 200°-225° C., as compared to 180°-100° ¢, normally used. On 3
a pilot-plant seale this development resulted in a 30-pereent, inerease &
in threughput without saerifice in vield, or in an increase of the yield 3
from 150 to 170 grams per eubie meter of 2H, + 1C0O gas at the same
throughput. The products were 8 pereent Cy and Qy (60-65 percent
olelins), 30 percent gasoline Cy to Oy (6065 pereent olefing), 28
pereent middle oil O, to Ciz (40-65 pereent olefing), and 34 pereent
wax Cig. (small quantity of olefins), The reeycle-process gasoline
had a 50 to 55 motor octane number, as compared with 40 for the K
older processes without regyele.  Refinime the gasoline from the recycels
process by passage over activated ety inereased the octane number to
70 without appreciable docrease in vieldss ¢

A varistion in reeyele technique specified vapor-phase reaction in 1
the first pass and liquid-phase (powdered catelyst suspension in oil) 3
operation i the sccond with intermediate produet condensation.?

Iron Catalysts.—TLurgi and [ G. 17 arbenindustrie were intorosted
In recyele operation in ihe externally cooled medinm-pressure con-
verters nsing moderately active iron eatalysts and low recycle ratio, -
Michaels Inboratory at 1. G. Farbenindustrie A. G., Ludwigshalen/Op.
pa® experimented with o precipitated iron oxide, mixed with 5 to
25 percent magnesium oxide or carbonaie and 1 to 2 porcent Potassium
carbonate or borate, pressed into pellets, sintered at 850° C., and
then reduced with hydrogen alter cooling to 350° to 450° O The .
synthesis was conducted ot 240° ¢ and 20 atmospheres pressure in ¢
the double-tube renctor. Using synthesis gas whose composition
varied between L2511, 1CO and 0.8H;--1CO, 70 to 80 percent
conversion (by volinme) was ohtained atd yields of 0.35 to 0.45 kilo. _
gram per liter of calalyst per day of the following products: Giasol
hydrocarbons (C; and Cy), 10 pereent (70 pereent olefing); gasoline
beiling to 200° €., 35 to 50 pereent (70 percent, olefins); gas oil boiling
to 350° C., 25 to 35 pereent, (40 to 50 percent elefing): paraffin wax,
15 to 25 percent (60 pereent, boiling above 450° C.). The methane
yicld was about 10 percent of the total liquid and solid product,

The conventional design of the German converters, in wh]clh th'nT
heat of resction is withdrawn indirectly, 1Lequrost V{fi'}g 11;{311 : Lfmlr{; ﬂ%r(flt] :
st Iarge amounts of steel (a
of catalyst. Consequently, larg | heal (about 15 tons
. : i : are necessary, and design imp nb s
er barrel of oil per day) are r sary,  design improy
: Fimitod Contacting the catalyst directly \§r11]L11 the idoo_hix:’g ‘;E?gﬂgg
i oc incering development that will permit wide var .
. is a recent engineering develor will perm variation
in desien for improved efliciency of operation. The heat-transfer
medium may be gas, liquid, or solid.

GASTOUS NMTMAT-TRANSTER OPRRATION

' ‘benindustrie A. (¢ hot-gas recycele
- Recycle.—-An 1. (. Farbenindustrie / 0-gas T !
1'(1;100(:35(}35” 1 dﬁvvloped by Michacl was in pﬂot}-plfmlt oper é!.tlo? Iil,t
Eudwigelmfcn It utilized as catalyst im p‘onl pc)iwcler: oﬂl;tz:u::icth 312
] o1t iror ‘bonyl mixed into a paste th ]
thermal decomposition of iron esrbonyl s aahiito with 1
\ its weight of sodivm borate in aqueous solution a Lo
D oto st ; ‘¢ dried and sinterad in hydrogen for 4
ruded into granules that were dried and sintered | ' hydrogen for -
%‘11(:11(1‘2‘.(]&;;“850% C. During synthesis at 320° C., 20 atmosphe [h;]())l LS—.—‘
ure, and ¥-second contact time the synthesis gas (HI:;—\-IC‘, ) o1
?}Sﬁ +1C0O) was passed ihrough an external heat nx((z]mn,u,or (i(:
B2 FY ) HES S0 , . heat o
ol rene eturned to the reactor. Conversi
remove heat of reaction and re e enetor.  Couvorsion
» pass was about 1 percent, so that a boul, v res of recyele
pg; 3:11 of [resh gas entered the converter.  The space-time Vllf‘]d wis
' ibout 1 kilogram of product per liter oll' cm':ﬂ,lysli Iﬁr day S(SL)“S '}Yﬁ?
) i ' chernie nlt process). 3
ree to five times thai from the Rubrehemic cobn pro e
(tllilslflf‘ibt‘t?tién of products was as [ollows: Unrefined highly qleﬁlxé,
gasoline of 75 to 81 research octane numbo']r, 44L pereent ‘E}Vw)]dB%oqol
d i ' ane ery; 80
' ; of refined gasoline of §4-86 rescarch oc e num ; Diescl
p'(irgtlzlit?g.ﬁ{% cetane number and minus 25° C. pour poing, 11 ])c;ufrmit,_
OCI 7 pereent; Csy, 8 pereent (C, and Oy were 80 pereent u'nsatumtec )f
Cd,H : 5 plfr'éehi’f; CHLH-Co1ly, 17 pereent; aleohols, chielly ethano
ali('l‘i‘),ropanol, 7 percent; paraflin wax, 1 percent,

EWark cited in fooinote &4, . 15,

oltall, L Q. and 1lacnsel, v,, Fisehier-T'ropseh Tlant, of Rulrehomie A, G., Sterkrade-Holipn: Tech.
nieal 091 Misston Lteport 44, 1445, 97 pp.

Ileig)m't, ‘QF. [Catalytle I*rocess for Higher Paraffinic and Olefinie Hydroearbens]: Gorman Patent 736,844,
May 20, 1043,

Ieith, I ., Jr., Synthesis of ITydveearhons from Carbon Monoxide and Hydrogen: (1, 8. Patent
223,00, Mar. 11, 141 ), 5. Patent 2,276,214, Mar, 17, 1912,

Linckh, E. and Winldor, I, Hydrovarpons Irom Carbon Monoxide and Hydrogen: U. Q. Patent
2,248,000, July &, 1941,

Moetallgesellschary A, G., and Herbort, W, tTvdrocarbon Synihests: Tritish Majeny 507,366, ino 14, 14939,

TRuhrehemio A, 4., Notitle: German Appl, R-104,5%4, eh, 20, 1939, Giller of Puhlieatjon Board Report
412, May L5, (915,

Wirth, G, and Laudenklos, ., Conversion of GO and 1 Into Wydroearbons of More Than One C Atom:
U, 8. Palent 315,957, Apr. 4, 1044,

T International Hydrooibon Synthesis Co, [CO-T1; Synthesisl; Freneh Patent 860,360, Jan, 13, 1941,

B lorne, W. AL, and Fargher, W, ., Initerroption of res Uier aned Siggr, 1, Synthesis of Hyiro-
carhuns from Waler-Uns Michael Process: Ifield Loforemtion Agency, Teeh, Rept, 120, Nov. 14, 1015,
P 1-8, -

2

- et ¥ 5, ’ . p———
gﬂ‘llmllcat?ll.m\]\’“‘i‘Rf::'llll?nt-fifti'r ]]]I'\,}(im(-m-hmmfmm Carbon Monoxideand Plydrogen: U8, Paient 2,224,049
crbert, W., 8y i 3

i i reear 3 (T Gaseons Mixtures Cont-
it ie Pr 1 Paradlin and Olefin Hydreearbons from a5001 Lix €
D?c:n& (]3?1Iitl‘wm1%}2;:]1:;‘?1((101:111(1)(?lIKI i:;:]u::n ill B Padent 2,244,196, Tane 3, 1941 Tydroearbens from Carbon
ge[lc])lr]m%iden and Il_vdro‘;:en: U. 8. Tatent 2,247,087, June 24, 1941,
HWorle cited in fonfnole 84, p, (5,

lri ‘f;-(;)lr]]f-u(_:iI(g!lni':ifl(llg'“h”l'\'ﬁli’nlll- ;z\'m)}. TI-178,085, Apr. 14, 1637, Offiee of Publieation Gonrd Report 412,

May 15, 19045, No litle, German Appl. B-181,708, Tan. 81, 14938, Oflice of Publication Board Report 412,
. o, 1340, ulle, 1 -

M{W(I}ﬁ’ '}"('jill{jl;olmim]u‘;tl‘l’o AL Gy Eytrocarbons fromt Carhob Monoxide and Thydeogen: reivish Palent

5]?\'«:‘[]22]1 srleh"\‘gulz{f:gl(}‘lll-lzlil1 K., Bynthesis of Hydroearbons fram Carbon Moteside and Hydrogen: U, 8,
i¢hael, o nuil, ., .

Palonl 2,279,052, Apr. 7, 1912,



24 BYN'I'HETIC FUELS FROM HYDROGENATION OF CO—PART 1| REVIEW OF LITERATURR 25

Fluidized Fixed Bed, External Heat Exchanger,—Hoat of reaction
may be removed from the fluidized fixed bed by a licat exchanger pres- ;
ent in the catalyst bed (p. 21) or by a heat exchanger outside the
reaction zone, the catalyst suspension in the synthesis-gas stream
being passed from the converter through the Leat, exchanger and back
into the couverter, 4

formation of high molecular weight products of limited solubility
caused the catalyst particles Lo agelomerate and sett)e, _
A proeedure # designed 1o Tacilitate removal of the reaction product,
was Lo pass the preheated synthesis pas inio a 50-hubble lray tower
at the rate of 1,000 cubie feet per hour. A catalyst suspension €on-
taining about % pound of finely divided nickel catalyst netivated with
magnesinm and aluminum oxides per gallon of sullur-dree paraffin wax
was charged through the tower at the rate of 300 gallons por hour.
The reaction produced about 1 gallon of liquid hydrocarbons for cach
1,000 cubie lect of gas charged. :
Duftschmid Process.—Anothor I. . Farbenind ustric  develop-
ment, % # eongisted of an oil recycle process in which a eooling oil
was passed coneurvent with the synthesis gas over granules of an iron
catalyst (synthetic ammonia type, doubly promoted with aluminum
and potassium oxides), Cooling was effected by reeyeling the heated
oil through an cxternal leat exchanger.  The process was operated
ot a4 pressure of 20 to 25 atmospheres and o temperature of 260° to
300° C. in the first stage and 280° to 330° (. in Lhe second stage.
The throughput of 1.25C0 - 1H, synthesis gas was controlled to
yield about 0.5 kilogram of total produet per liter of catalyst per day.
The yield of Cy and higher hydrocarbons was about 150 grams per
cubic meter of 1C0 + 111, svnthicsis gas and was dlstmbuted.as
follows: 16 percent Cy and C, (5 pereent olefing), 40 pereent gasoling
boiling to 200° C. (50 pereent olefing), 20 pereent gas oil (25 pereent
olefins), 20 percent paraflin wax, and 4 pereent aleohols, largely
methanol and cthanol. The crude gwasoline had o research octane
number of 62 to 65 and the gas oil o cotane numbor above 70.

LIQUID MTEAT-TRA NSTFER OPERATION

Foam Process.—Attempts are being made to solve the heat-transfer
problem by conducting the syathesis i a liquid medinm sueh as water
or hiydrocarbon oil in which the catalyst is suspended. ¥ The heat of
vaporization of the Tiquid removes heat rvapidly from the eatalyst
surfnees.  In 1939 to 1944 the 1. G. Farbenindusirie was developing g
tiquid-phase operation in which iron powder prepared from iron ¢
carbonyl was mixed with oil suvd the gns contacted with this liquid
suspension.® 7 More Dicgol ol {60—70 cetene number} was obtuained
by this process than by the hoi-eas reecycle proeess, The gasoline
from the liquid-phase operation had a research octane number of 90,
Up to 80 pereent of the total product may he obtained in the Diesel "4
fuel range by liquid-phase operation with iron or cobalt. suspended
eatalysts, according to several International Tydrocarbon Svnthesis
Co. patonts.'s :

Modified Foam Process.—Ruhrehomie 19 patented o modified
liquid-phase process in which finely diviced cobalt—thoris—magnosig-
kiesolguhr entalyst was suspended in oil hoiling in the range hetween
240° and 300° C., into which water was injected and vaporized wnder
reaction conditions to control the temperature.  Operation  wit]
synthesis gas consisting of a mixture ol 1CO and 2H, at a pressore of
10 atmospheres, space volocity of 2.5 liters of synthesis gas per gram of
eobalt per howr, and lemperature of 190° (o 2102 (7, produced 172
grams of liquid and solid hydrocarbons per cubic meter, Ninety
pereent of the liquid product hoiled helow 300° .

Disadvantage of Foam Process. ~Processes in which eabalyst
powder was suspended in liquid were difficult to operate beeause the

BOLLD HEAT-TRANSFIKR OPERATION

Processes have been deseribed in which synthesis gas s passed
through a plurality of zones containing alternately catalyst and non-
entalvtic materials. The latter zone may contain granules of solid inert
material or cooling Hquid for removing the heat of reaction.?

» Tolrayd, R., Tteport on Investigations by Fuels and o brieants Teams at the 1. (1, Farbenindnstrie
A, (L Waorks, Tndwigshafen and Oppan: Burean of Mineg Ini. Clire, 7175, 1044, 1:.‘42. . .

Horne, W. A, and Faragher, W7, Interrogation of 1o, Pior :m}i Stal, 1. Lx Farbenindustria A, G.,
Ludwigshnfen and Qppan.  TL. Synthesis of Hydrocurhons from Water-Clas Miehel Process: Burean of
Mines Inf. Cire, 7876, 1906, pp. 46 .

1 Standard Ol Development Co., Catalytic Apparatus and Processes: Tiritish Tatent 406,158, Tun, 3, 1038,

2 Work eited in foolnote 84, p. 15,

2 Work eitmd in footnetp B7, . 16,

# Dnftsehinid, 1., Linekh, [, god Winkler, T, HTydroenrbon Synthesls from Tydrogen and Cwrbon
Monoxide: 1, 8. Patent 2,287, , June 24, 1042, Synthesis of Mardreewrbons from Cirbon Monoxlde and
Hydrogen: U, 8. Patent 2.418,¢ 2, May 11, 1943, Catalytic 1Tydrogenation of Carbon Monoxide Lo Form
Hydrocarbons: U, 8, Patent 07,581, July 9, 1940, ) . . )

L G. Farbeninduostrie A, G ., Converting Carhon Monoxide and Ilydrogon inte Hydroearhons: British
Patent 516,403, Tan. 1, 1940, Trilish Patent b 1,352, Tan. 1, 1040, . 7

Michael, W., and Jaeekh, W, Hydroearbens from Cayhan Monoxide and Tiydrogen: 11, 8, Patent 2,220,-
261, Nov. 5, 1940,

ﬂ\i’unzul, W., Art ol Carrying Oul Exothermie Reaetlons: U8, APC 374,042, Tan, 10, 1941,

No inventor given, Conversion of Carbon Monoxide with Hydrogen: U, 8. APC 1P 1,225, OZ 11,461,
GQerman Appl. 1-64,241, . N '

No inventor given, Carrying ont Exothermie Reactions: U, 8. ATC '1C L1058, O7 11,404, Apr. 26, 1939,

ran A pple I-64,446.

Ge"n]hn'rJ,\ l1<! T, Ilydrocarbon Products by Hydveponation of Oxides of Cnl‘l)gn: U. 8, Patent 2,24?!,’.?311,
July 8, 1041, Toemporature Coitrol In the Catalytie Hydrogenation of Carbon Oxides: T7, 8. Patent 2,256,969,
Sept. 23, 1941, Coeling Fluid Catalysts Bueh us Finely 1ivided Moetgls in Buspensien Used in Prameting
Reactions 8uch as Iydrogenation of Gxides of Carhon: U, 8, Patent 2,300,034, Jan. 19, 1943,

Dreyfus, ., Improvements in Exothermie Chemical Renctions: 1. 8. Patent 2,303,240, Jan. 22, 1046,

Murphree, E, V., and Pock, ], ., Hydrocarbons fremn Oxides of Carbon and Nydrogen: U. 8. Patent
2266,622, Sept. 23, 1041,

¥ Work cited In fontnote 3, 1, 21.

15 Dreyrus, EL, Improvements Relating to the Production of Dydroenrbons: British Patent 564,730, Oct.
1L 14, Hydrogenation of (10 (1, =, Palant 2,161,907, Nov. 7, 199

Fischor, If., aned Plehler, 1. [Tactors in the Synihesis of Kopasin and Paraitin in Water Phase]: Brenm.
stofl Chiem,, vol, 20, No. 13, 1039, pp. 247-950. [Syuthesizing Hydrucarbens from QO and H}: Gorman
l’:ltcl(l]t 7%6,8?3, Jan, 8, 112,

L. (1. Farben

dnsirio A, (1, Hydroenrbans: Thitish Patent 449,274, Juue 24, 1936, British Patent
468,45, Tune 29, 1937, Converting Carhon Monoxide m Hydrogen into ITydrocarbons: British Patent
06,352, Jun. 1, 1040, British Patent 516,403, Jan. 1, 1940, Oataly tic I'rocuciion of Hydroearbens and
Oxyeen Derlvatives for Carbon Monayide and Tydrogen: U, 8. Pafent 2,150,077, Muy 23,1030, Linprove-
menisin the Manuafaeture and Production of 13 vddrocarbons nnd "1 hoir Derivatives from Carbon Monoxide
and Hydrogen: British Apbl. 29,636, Oct, 20 1047,

Linekh, I5., Conversion of Oxides of Carbon with Hydrogen: ATC 8N 72,672, Apr. 3, 1036, ’

ramiry, ., und Wischermann, Vv, [N ydrogenation of GO ina Liquid Aedium Over Suspended Cania-
Tystel: Gopman Patent 744,185, Jan. 26, 1041,
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7 Iternational Ivdroear bon Synthesis Co. [T.iquid Mydrocarbens from Carbon AMonexide and Flydrg-
genl: Irench Pptent 855,378, May 9, 1040,
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Hydrogen: U1, . Patent 2,250,421, Tty 92, 1041,

18 [niernationn] Hydrocnrbon Synthesis Co, [1Tydrocarbon Synthesis from CO and 104): Ttalian Patent
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CATALYSTS thin filaments, 1 to 3 millitneters in dinmeter, il the web (ilLler eake ig
forced through suitable, sized holes ® o .

The presence of ammonia during the precipitation of nickel-man-
ganese-aluming eatalysts increases the yield in mlbscqlmnll, guso!:n(os
i synthosis and lowers the optimum reduction temperature from 450
to 300°-350° C.#  Of a serics of nickel catalysts produced from the
oxalate and redueced at 200°, 230°, and 280° C, the one reduced at
230° C. was reported to give the highest conversion

The most active eatalysts for the synthesis of liquid and solid
hydrocarbons from hydrogen and earbon monoxide are nickel, cobalt,
ron, and rutheninm.® [ pge metals alone or admixed with eaeh other
are used with activating materials such ag aluminum, thovium, copper,
Or manganese oxideg.? Catalysts are deseribed in which cobalt, or
rron and nickel together, is slowly precipitated at room temperature by -
potassium carbonate in the presenee of about 8 pereent of stlvor,
based on the weiglit of cobalt, or tron.? ' COBALT-NICKEL CATALYSTS

NICKEL CATALYSTS One of the undesirable fentures of nickel catalysts is that, at operai~

ing pressures higher than 1 atmosphere, the eatalyst (,101:,(_\1'101-%‘&}@5
rapidly beeause of the formation of volatile nickel earbonyl. e
use of cobalt in the catalyst overcomes this diffienlty and generally
esutts in a lower yield of methane and in a higher proportion of
olefins in the liguid hydrocm‘bon product.  Cobalt-nickel catalysts
containing up to 50 percent nickel retain the important advantagoes
of the cobalt catalysts.® - o
Tsutsumi * reported that a precipitated calalyst containing equal
parts of eobalt and nickel without the addition of promoters such as
horin or alumina was a very poor one lor the hydrocarbon synthesis.
He stated that his most active catalyst was o mixture of equal parts
{ nickel and cobalt plus 20 pereent manganese oxide, 20 pereent
yraniom oxide, and 125 percent kieseleuhr {the per'conta_f,_,racs are based
‘on the amount of nickel plus cobalt, present). Tsutsum? * also found
that the best ratio of catalyst to Lieselgulir wag in the range 1: 1 to
21, Katayama and his coworkers ¥ reported that the activity of a
cobali-nickel (1 + 1) manganese—uranium thorium  oxides catrgyﬁ_‘t
was increased by about 10 pereent if it was oxidized at about 20 . C.
by & slow stream (space velocity per hour of aboul 150) of air hefore

Nickel plus 20 pereent of manganese oxide and 4 to 8 percent of
thoria, alumina, tungstic oxide, or nraninm oxide, mixed with 1.25
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