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INTRODUGT ION

Catalyste

The exporimental work on 1 the hydrocarbon s;mtbesis with iron catalysts
di.d not pursue a svstematn.c catalyst study, but rathor tests at random with catae
lysts which hnd been developed for other purposes and were available at the timeu
One was a fused-n.ron catalyst which had been developed for the hydrocarbon syn-‘ "
| theaia i'rom COo + H'2 by I)m L‘.I.nckhc ' The influence of tils catalyst upon the reac~
t:.on temperature 9 the synthesis gae composition, the reaction" veloc:.tv, ‘and the ‘
.‘nat.n-e and yields of synthesis products was determinedo We also investigated a .
s:mtered 1ron catalyst which was developed by Drc. ’:.chael and :mtended J"or.hthe |
hydrocarbon synthesiso F:Lnally, we worked w:.th 3 leuna amnoma catalysto The
zcatalyets—were _reduced w:l.th H2 at at’nospheric pressure and at various tempera-,
tures between h50° and 850°C° Depend:.ng upon the reduct:.on,temnerature, the
:‘t:.me of redd»t:.on lasted from S to 1 daysc e P

—tny

It 1s :Lnterest:mg to ohserve that a certa:n.n amount of carbon mlxed

w:.th annroximately 15 to 20 percent Fe203 was always i‘ound at the entrance to

the catalvst bedo The carbon formatlon probably resulted from the methane and

not uulfe as good mth oil ‘as W1t.h watero _ W:Lth 011 cooling, ten rature g:.f-]

ferences up to S°C° ove the ent:u'e 1ength of the tubes were un'lvoidable s

*Explanatlon of symbols used in test L be found _‘on‘ oage qo)

- 27«» :



whereae when water was used, svery ‘'section of the tube ‘vas at the sarme ternperatureo

’ Compoe:l.tion nf Synthesie Gas

A‘b u.rst a synthesis gas of cemposition co + Hz = 132 6 was used. When

the apparatus was operated at 20 atmospheres, a gas of composition CO + H2 =

1, 2'1 was required. For this reagson, we have endeavored to use - a reaeenably
pure water-gas for our exper:.mente » corrtaining appro:dmately L3 percent €O,

53 percent H,, and u percent 002., If the yield of the reaction is calculated ,
on the basis of an ideal gas, of composition CO + Hp = 1:-1;—1=hen E?ntl?e‘sis' -
gas .and' watér-ges give approximately. eqtiel yields; ‘- however; ‘th‘e effective ‘
, yields per cubi.c meter of synthesis Kas. and water-gas are in the ratlo oi' 2: 3° .
| Under optimum working cond:.tions ’ the y:n.elds obtamed 80 i‘ar i‘rom the catalysts
‘investigated namely, WKLT (NH3" catalyst) and 997 (Dui'tschrued Lincl:h) are .
between 90 and 100 grams per cub:Lc metern O B

: iNI‘lBEhCE OF MOD OF "fE.BUCTION UPON CATAIXST.PCTIVI'PI

_ he shall f:.rst consider ‘the- :.nfluence of the mode of reduct:v.onr of the
catalyst upon the syntheslso E Table ‘_ sho*rs the influence of the reductlon Q

temperature upon the actlv:.ty of the . catalyste The catalysts were later oper«-°

ated under s:unlar conditionso

Table h - Influence of Reductlon Tefnperature
; L ‘on Catalyst Activ:_ty . T

Peductlon of ‘HKI? at atmospherlc pressure
anu hydrogen space veloclty of 100

Reduct:.on h 'I':une, I:.eld m.th water-gas
tempo, °Gu v days:. (g /m3 1dea1 gas)

more act:we catalysts., It appears thdt:not much' more is g ‘

t:.vity by lowering the tempcrature below 500"(;\;* The degree oi‘ reductlon which
-,."F,[—appears from the deta in’ Taole h ‘that’ this value shoudd. .be. h50°c,, (ed., note)




may be estinated by the anount of water £ormed is obvioueky without significance
?ae rar as the activity of the catalyet for the eyntheeie is concerned..vcf the
catalysts mentioned in the- bable,vonly—those were reduced entirely which were
subjected to reduction for ten days or more 3 all the others were only partial]a
‘reduced and rebained conisiderabls quantities of o:cides‘u Under a pressure of
' 200 atmospheres complete reducti.on can be effected at a temperature as low as
300°C. in 4O to 60 hcursc Reduct:.on of catalyst wm?, under 100-150 atmos-‘
pheres lwdrogen and 300"00 for t.enhour_s,«produced .no‘ detectable water. Never-
theless, this catalyét produced 90 grarne of txydrccarbone"per cubdc ,rneter of
watcr-gas - and reached’ its full activ:.tyq 1"'hemv"we carried oﬁ‘c the reduction'
':'for 2h hours et 200 atmosphcrcs 300°G., and a space veloc:.ty oi‘ 100 we b
served approximately 50 nercent reduct‘f on w‘nch in mo.,'b cases \:;wes eufflc:.ent

for all the neceesary catalvbn.c_actinty deei“redo The degree to whlch reduc-—

.-t:.on ’oook place could be reco,mized superficlally by fhe changed appearance of'

: Fu eda-iron catelysts wh:Lch were unreduced or only par-—

kthe reduced cat.elysto

‘ tially reduced had a:black glossy appearance (Fe ' However s the reduced ‘

;catalysts which were treated with 'E ' hig:, b_r appeared ’co be d:.f- :

: fuse grey W1th a metallic sheeno



“at, the lower temperature gave a 1ower bo:lling 'prodticjb. The cat_.alyet ‘which was
‘reducod at’the higher temporature yielded a product of higher boiling range.

Influence of the Catalyst

" The results of 'bests in which the catalysts had been roducod at ap-
proximatoly L50PC, are given below in Table 5, The quantity of product. rormed ‘
-boilinyg oalow 200°c. is used. as a measure of the catalyct activitya o
' Table S.- Influence of the Catalyst

L oo L ' Benzine boiling
Reduction. . ... beloWw: 200RCq, - .

- hempe, ' ®C. Catalyst percent
bso . w. a7 55
450 S 997 . .60~

bso et 0B

Influence oi‘ £ pa.ce Velocity

The influence wh:.ch the snace velocit.y has upon the bo:.linP noints of

the synthes:.s produc'bs 18 shown :m Table 60 X ‘l‘he irmguence of the space velocity
S

—upon—the boiling rang.e of the products formed 13 graphically shovm in Figure 9c
' : Table 60- ] luence of Space Veloc:.ty

: ’ Synthesis Benz:.ne yield
D NN Reduc'oion Space ;- pressure; . e 200"0‘,, T
'»Catalyst tenpo, C, Veloca.ty fatmss . operecent .

- “997_” 0 bSO Lk 200 20 '3‘51 synthesis gas :

997

g i
"’y'y?l water Eas '

: IoDo, it is not possible to Bper 11;6 ’ai'ely at soace velocit:.es greatcr tban '\:hOO’V‘
o I‘

""for arw length of time unless special', pre‘caut:.ons are observed At q'oace ve»_

;-\’.\':"‘-.." .




locities over Loo with comparatively minor tenporature or gas rate irrcgulari—
'ties;*decomposition of tho cabalyrt can ocour uith the. deposition of consider~
able amounts of carbon, nhich has a tendenoy to clog up the passages through
the reactor tubeo Although with careful rogulation of the temperature and the
gas rate, it may be poseible to work fbr sevoral weeks at space velocities ae
high as 500 -or 600 we: have found that this is-the upner limit ir adequate
removal of the heat of reaction from the catalyst is to be: maintainedo CLT

Influence of Teuperature

Overheating hy 20 to Lo degrees at high space velocltles is pr;marily’

the cause of th? formatlon of lower—boiling constituentso The b01ling point .

' curves given in Figure 10 supoort these statementsoi

Yo

Influence of Pressure._;  »;"e" ,  '!ﬂ.ﬁ."

" Figure 11 gives a comparison between the products formed on cobalt

,.catalysts at middle and atvospheric\nressures, and those formed on 1ron cata—

1T1ystso_ The Michael catalvst was oporated at 20 atﬁospheres and a space ve

§:1ocity of 200, catalyst 17A862 was opcrated at atnospheric conﬂitlons ?nd at

;f12 atmospheres at a space veloclty of 10 (;The cornarabivelyxst p rlse 1.
fthe oroduct curve (repreeenting the actlvitv of the Hichael catv  £l"‘

1‘80 and 200°C° indicates that this catalyet glves better ben21ne ‘Yie
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. Effect of O]efiu Content Tpon Octéuie'umber' of -Bensine Fraction

Table 7 demouetratea the effect of the olefin content upon the octam
_number of the benzine ﬁ'aotion., The oleﬁn content has been tabulated for va-

.rieua catalyeta with the correepording octane munber.
Table 7.- The Et‘fect or the Olefin Comtent

T O
aotion
Olefin, LT T of tha - -
percent . catalyst : ’ benciue :raction
L0350 peca® o e
" L8 . - oWRIT. 5T -
82 e 78977 0 56l

: "':7 Qc.bbalt’ 'catal'yst’-;_

It ehould be pointed out however, that the degree of unsaturat:.on

of the henzine fraction 18 not the on],y factor which determines the octane
number of the products (see page 36)., : | " Sy

The operating temperature, space velocities, _and characteristics

' of the catalyste 1nf1uence the nature of the products of the reaction, amL o

f thereby also influence the octane number, In general for the same olefin -‘ .;

. content of the benzine fract:len, a high_reaction temperature, a high space

1ocity, and an active catalyst-~-— in other worde all factora which favor ".t‘fj-

' the" ‘ormation of 1ew¢o:lling conetituents"]will yield a product having the '.

‘ highest_ octane numbere,

the. b'oiling poi.nt of the productsa B The olefin cont.ent as determined with .







. Taking into considoration the high olefin'content of the'produbtq s one
would believe thnt rapid aging and polymerization should occur, If one per-
forms the break-down tost, in all cases.a relatively high residue is obtained
~from the ovaporation, but in no case is oxygen consumed, consequently, stor-

age under normal conditions should be poasibla ~—£or long periods of time, The
-addition of inhibitors is recouunended (see Tab].e u) o , ‘

Table e Stability of, the Benzines as Determined by the Bomb Test

: Time of o Preseure . Dvaporatmg

Sample. . . induction, :: [ ..drop, .. dish, residue

number o minutes B Ccatme - mg/lOO cc

2&5/39072 BRI 240 ‘ 0,0 -~ 80,0 -
T3 2bo . L 0,0 e o 135340,
o7y . 20 ©0,00 s 1.6
R O 2ho o 0,00 103k
w96 oo2ho L © 0.0 187,00
m 718 R AEY - ITo IR T 060 307600 e

BRI 80 . : 2)"0 o o :,_Ooo Al ; . SRR 86')0 o
o 81 T 2)40 G . s Oqo L e 3303

The question of whether the olefin content of the products is the only

factor to be considered when the hydrocarbons are 1ntended as motor fuel




8bly be increased to 600 and tho synthesis carried out over & longer period of
tmnv s S PN B ,v: N N Vo | B . | . ot . . .\
' BEBAVIOR OF VARIOUS IRON CATALYSTS

Qeneral COnsideretions
The object of the ear]y eyetematic exper:lments was to investigate the

, :lnfluence of operating conditions upon the nature of the products of the reac-
tiono We .{nvestigated primari]y the Iﬁi’lnence of temperature, pressure, gas
composition, and space velocityo The catalysts used were fueed-lron prepa.ra-
tione which had been recommended by Dr., I.'l.nckh as especially adapted for the
..hydrocarbon synthesie under preeeure. our first aim was to find ‘the beet cata-
lyst for the followiny synthesis conditons: Presaure, 19 atmospheres ; space i

- ’velocity, 200, synthesis gas, water-gaso 'I'he epace velocity was kept z;ow so

that the eata.lyst temperature in the converter could be control_iedo The reduc- ,b

: tion temperature in every case was hSO"co -;vIn_order to produce catalysts which

j‘ﬁhad comparati;zely high activ:.ty at relatively lovr operating trmperatures like

_iFischer when he worked with cobdlt catalysts,lwe were primarily interested in ', :
_the solid and liquid hydrocarbons ()05)0 For th:ls reason, we did not pay too mu.':hf

,'attention to the ana]ysis of the gaseous productsa The ma:Ln portion oi‘ the R

;I_-products was recovered every 2h hou“s from a receiver which was connected to

wjthe outlet oi‘ the convert r,, - In some cases it was necessary to heat the con- e

_'tents before diecharging them from the trap, Every 3 to 6 days, the low-boiling

il,was tested for alcohol_"‘and_"ketone content,,‘_ We calculated all yielda onv the

:v'_lbas:ls of an”idesl water-gas at 3°C° and, 760 mm., : Some 1mportant data are tebuc

ta 'iven are not

"":lated in Table 9 .‘Correlations betwee“” the d

: '_'v:louso ‘Thel' cetalysts vere operated in such 3 manner as to '_'_roduce opt:!mnn




‘Table 9.~ Specific Yield and Product Cmpoaition for VSGna Iron Catalysts

, L ' © Vore I.d.quid Ben- Percent
L Pres- Space time slon fraction zine, olefin -
ay Cato’ sure, Space yield  yield, & 300°C. per-s' in .0il: :

Date-/ No. Gas atm, velocity go /m3/hr, grams percent cent bensine water
~30,8 - 1388 Water 19 200 55.5 62" 90 .68 k2 .1il.k
-4;12 1200 w19 - 200 - W3.3 62 - 87 72 U0 - 112
-2,11° 1353 % 19 . 200 56,4 59 .85 64 L6 1:0.77
~1h.11 1350 " 19 200 80,7 8 . 50 37 60 ° 1:0.5
<11 224 - 19 0 20 9.9 - 108 . 63 ks 53 130,55
=1l 0 319 " 19 200 . 9_7.,5_ 115: 6L~ LB LS 1:0.L
~25.5 WK17 " .19 200 . 116" Bo 55 L8  1:0.k

{ First part of date column not shmm en original microi‘ilm

LN .
e Product'vsater Rat:.o

o Ca+alysts Noa 1388 anc? 1200 produced a hn.gh port:.on of 10N~bo:|.11ng c-onst:.t-""
k .uents » uhich conta:med an especlally small quant,ity oi‘ oloi‘ln..,' Those catalvst.s_ :

',vgave a rr:Lmary nroduct contaimng approxmately 90 percent of mater:.al bomling

below 300°C.,, about hO percent oi‘ wh1ch was unsaturatedo The rouldue of the

b‘b‘;to the corresponding nroducts obt 'ned from the hydrocarbon syn'bhesi"'wrc.h oo- .‘_'
: hélt catalystso Further it is mteresting to note t,hat the ratio of. n.llto e

L
water from these twa catalysts was less than 1 la Ny This ratlo approaches the i

f:.g "‘vs,usually obtdmed when operat:.ng wrt.h cobalt catalysts W:s.th the cobalt.

i 'catalysts an o:.l—wat.er rat:.o of Approxmately 1 1 7 and less is_‘_:normally ob-

.f‘With cobalt catalysts ‘the reaction follows equation (1) verv close]yo v chever s
ase



with :Lron catalysts, the reaction almost always procecds according to equations
»-(l) and (2) simultaneously. In the caoe of catalysts 1388 and 1200, the courae
‘ of tho reaction has ‘a decided tendency to proceed according ‘to.the’ characteristic
equation (). This is evident from tha cil.water ratio as well as from the 1ow -
oleﬁn contento The appearance of the primary ':rcducts i‘ormed with catalyst 1200.
i1s also very similar to tl'.at or the proeucug obtained with eooalt catalysfso _

Branched Chain.: fis and OE’EIne Nunbexr

We belisve that the c_hemical const:.tution of the benzine fraction is esss.eh-

tially the "same for iron and ccbalt catalysts as can be noted from the’ fact that.

the hydrot.enated croducts of both catalysts _behave very s:i.m:.larly when used as '

‘motor fuels, s for eyample- ‘ A
‘ Olefin

o T " content, . Octane .~ .
' o g ey e percent ~ No..  Temp, range
Product frcm iron catalyst 'untreated L )3 56 5 7 350-200°C, .
aAfter’ hydrogenat:.on BT SR 3 O . 350=200°C. -
“Product from .cobalt catalyst untreated R 25 , 112 .2350-200°C,
After hydrogenat:.on PR S oo o 2._0 ,30°~;200°Cg

S

It appears therefore that branched cha:.ns whlch could 1nf1uence thc octane

i

number are nct nresent., g Thfs 5. however, ‘rdoes not exclude a small degree of

.

'}branchn.ng,as has been po:.nted out by Dr., Le:i.theo 'I‘hus-,,for instance, kus:.ng a

cobalt catalyst and methanol gas (CO £ HZ' = l 2 S) at atmo.,pheric pressure,

appro;cmately 8 tc 9 percent oi‘ the product was 1someric 5 whereas prox:.mately._'

SO percent of a nroduct marrufactured« by mk'ans v‘ an :.ron catalyst from'_water-_- a




performed on theae catalystu (Dro Britt Dr. Roeber) ehowed that both eamplea
centaimd Fe and F°3°h aimultamoualyo The carbon could not be detected in
the X-ray pictures, hence it wasa preeented in an amorphous condition, We
tound that the ratioc of Fe to Fe. Oh had ehii‘ted towards the h component
in the oatalyat Ihich had suffered some carbon depositiono » hie led to the
' belief tbat the first cauee of carbon deposition on the catalyet ie the '
| .aplit‘b:lng of co in a fashion shown by the equations

200 -—--) 002 +C
and hco + 3Fe —3 Fej0) + hco.'
' Such a reaction ‘may. readil;r be observed with pur-e CO and Fe catalyst.: at or-
. bdinary operating temperaturesc Newly i‘ormed Fe Oh is finely crystalline
bwhereas the Fe30u present in the reduced catalyst. has a" large crystalline .
o etructure i‘rem the very beginning Ai‘ter carbon is deposited the catalyst
Wits mechanical’s rength and disintegrates, ‘l‘his may be explained by
tbe fomation of i‘resh Fe Oh from the iron present, end we are oi‘ the opinion’
:_’;that amall pa.rticlee oi‘ carbon depoeit inside the catalyst between the newly ‘

A

T

| formed Fe °h crysta.lso

L]

Yields from Semi-plant-scale Experiments

As an average & ecific yield with iron ca ‘alyste, we obtained ap-.','

ifm'tween h—lo percent of et}w .alcohol anci acetone, ‘so that_the total yield was

;ji'appro:dmately 90 grams per cubic meter of water-gas,,{_ If_ the gasol is teken |




into consideration eleo, the totel yield under the conditione mentioned ebove '
rieee to 105 grame. "The' convereion yield comes up to appro:dmately 160 grame
per cubic meter of converter ideal water-gas,

L I!n'o-stege Opsration
Since the- converter end-gaa has the compoeition COzHp = 1 2 or L >2

'uhen operating under the conditions described above, in order to obtain a maxi-_
mun yield of ugeful products > 8 eecond stage contai_n:l.ng cobal_t catalystexras
added operating at atmoepheric preseure., P A' | . { |
The cobalt catalyet ueed up to 80 percent of the CO + H2 content of
the end-gas. 388. Since the i‘i:;et_si:age utllized appronmate],v 50 percent (\}."the
€0 + Hp, this means that approzdmately 9o percent o.t‘ the ‘total CO + il charged
v to the converter s used. up when the firet iron stage is followe'i ‘*y a second
_ 'cobalt stage. The following experiment was carr:.ed out- : First --,az.e -— 3 '
: liters oflcatelyst diameter of tubee, 15 mm., 5 fusedeiron catalyst Noo 997,
g.etandard water-gas 3 19 atmd_pﬁeres pnessure , approximately 270°c° About 86

percent of the C‘.O + H2 mixture nas convertedo‘, The analyeis of the sti?ﬁing

7 Poreent

v:gas was as follows' '

'vAi‘ter

'»«‘Pa.raffin lwdrocarbone L2040
Nz AR .' b 0020



'I‘he total volume of this end-gaa was 3l cubio meter¥, that of the starting" gae y
55 eubic metereo The contraction was appro:dmately 4O percent, and in this
'stage about 90 to 100 grans of produ.cts per cubic meter of water were fomed.
At this poim'. the CO-H, ratio had the proper value so that it could be used
- over a cobalt catalyst. After releaeing the _Pressure and remcv:l.ng the pro=
~ducts of the reaction at appro:dmately 10°G., the gae was led :I.nto the second
_stage in which cobalt catalyst filled the tubes of a 9-1iter converterc An-
other hO 1o 60 grams of product per cubic‘ meter were formed., ‘l‘ha final gas
had the following composition. S _'3 '_ N “‘_—' -

T o Percent

c°2 S v h1° :
CEE
o dincrease .- T30
'*Parafﬁ.n hydrocerbona S X2.2000 0
B oo b0

‘I‘ht total volume of this final, gas was 16 5 cubic meters;  Kbout, 86 percarit

of the co + 82 was convert.edo o

Tlrb total yield obtained from both stage' *waa bemen 135 and 150’ .

:ﬁigraxns per cubic meter of waterngaso' The main reaeon for this efficient gas

v-lrconsumption is that the cobalt catalyst could be used withvthe gas which

_the boiling range of the products, - =



3‘|lter converte

oqr—eroets o lon -
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BXPLANATION OF SYMBOLS USED IN TEXT

Analyses of gasest

‘ Constituents_, volume Ercent
Cop 0y H2 No

. Technicallypure hydrogen 0.5 - = 95,2 1.0 1..

2.6
Water-gaa : ; hos . 5106 'h296' 0.2 1.1 '
Ideal water-gas - 50 50 ‘ o
Synthesis 888 ' 11:6» _Y 71@0 2606 ODh o.h
,Ideal synthosis gas o 66.7 33.3 - .
B - - Water-gas -
Specific y1e1d = g., Pr /m3 ideal
\Synthesis gas
,Water-gas

.Convers:.on yield = g, Pr /m3 converter ideal

,'"Space t:hne y:.eld = kgo Pro/m3/cata1yst/day
Z‘Space valocity 1iter gas/liter cai:.alyai‘./hour<
_‘.'Inquid yleld = 05+/m3 1deal gas,

_v:‘Gasol - c + ch.

Synthesis gas' ‘





