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THE FISCHER-TROPSCH SYNTHESIS IN THE LIQUID PHASZ
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Introduction

. : 1
rhe hvdrogenation of Larbon monoxide bv :he Fischer-rropsch process :

) forms : saturated and unsaturated compounds of the homo‘ogous hydracarbowgg';fv

oi hesis of hvdroca*bons 'anging from me:hane to.

"'“ molenular weight= above 20 000 dependlng on

Cemperature and tv

' '~ﬂthe catalwst_ pe of process'ﬂmploved Bv-products such

as al;ohols, aldehvoes. ketones. acids and esters are formed on a smaller

et
'.|l :

scale. Small amounts of aromatic compounds are formen a: h1gh :emperatLres
by secondarv dea;dfocyclization reactions fr‘m thn pr1marv hydrocarbons
formed. . ) .

The r-T synthesis can be reduced to two fundamental reactions: one is
the hvdrogenation of carbon monoxide accordinggto £q. (1), which takes
place préferentially on cobalt and nickel catalysts. The other reactiocn
is the conversion of water (Eq. 2), which takes place most easily on
iron catalysts as a consecutive reaction. The overall reaction (3) below

expresses the hyvdrocarbon synthesis on iron catalysts:

227¢
CO + 2H, = (~CHy=) + H,C B = =165 kJ (1
- 225¢C
CO + H,0 = H, + CO, R = -39.8 W )
2 2 227¢C
2C0 + H, = (-CH,-) + CO, R = -205.8 kJ (3)

The consecutive reaction of Eq. (2) can be depressed by using lower
temperatures and a shorter residence time anc by circulating the synthesis
gas, from which the water of the reaction was removed at an intermediate

stage, so that the F-T synthcsis <an also take place on iron catalvsts
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start ng mater'als for furtner chem1ca1

In addiclo

rOCESSLH hey ar:

'h;or the1r greut erLCV In

particular, the sulfur coupounds pfeséﬁt"as 1mpurit1cs-do-noc Lnterferc

*w1th the sub=equent processing of th; F‘T prodUCCS.
A bas1c requlremeﬂt for an economica] productlon.o..chevlcal sm;'
‘materials bv means of ‘the F-T synthesis is a nigh yield based on the svn-
thesis gas used, because its cost amounts to about 80% of the production
costs of the products. Optimum vierlds can be-achieved onlvy when the re- 4
actants CO and H2 are presenilin the same racio as thex sre used in the
synthesis, i.e., the ratio of supply should =2qual the ratio of consvmpticn.
ln a total stoichiometric conversion, the reactions of Equations (1) and
(2) result in a maximum vield of 206:5 g8 per Nm3 (Co + HZ)'
One modification of the F-T synthesis is rspresented by the Kolbel-
Engelhardt synthesis, which forms hvdrocarbons from carbon mo-oride and ?

1-3 -
- water. The reaction converts water according to Eq. (2) and

forms hvdrozen "in situ,"

which then reacts with carbon monoxide according
to Eq. (3). Thus, the K-E syﬁthewis'takes place according to the overall
equation:

3C0 + H,0 = {-Cil,=) + 2€0, ' R = =244.5 kJ (%)

~
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The formatinsn of hydrocarboﬁs from carbon monoxide and'hydrqgen:follows

from Eqs. (1) and (2)

3/ S
L ORL = o, 2 kJ-f--" ()

o, + ‘3H - (-r'u -) + zu,o |
.(J)xs 208.5 g,

"He scaxchiometrxc vield of the te

_tio1 according to E

. - and according :o Eq. (5), 156 2~g"per Nm® (€O + H Hy) .

Undes1rab1e s1de reactxons to conaider include hydrogenation of carton -

nunoxide tn;me:hane, decomposit;on.of‘C0“:9 carbon and CO,, and oxidation

'--Even'ﬁho discovered 1n 1976.95"

N ' '"the Flscher-Tropsch svnthesxs has not yet been explained ‘ng;mecHthsm

et e

presen:ee by Ande-son and co-workers in 1951° épnsxdgtsqtﬁé;fgrmation of
ennlic primary complexes from carbon monoxide and hydrogen on the surface

of the cata.vst, wﬁich grow into hydrocarbon chains by the stepwide splitting
off of water and hydroéenation. The mechanism according to Pichlers pos-
tuiates tﬁal the building of the livdrocarbon chain involves insertion of

a CO molecule, adsorbed as a polvcarbonyl on the catalsst, between the
metal-alkyl bond while water is split off and hydrogenation takes place.

Nev preposals concerning the mechanism of the Fischer-Tropsch reaction,
based on results of modern methods in surface physics, regard the disso-
ciation of carbon monoxide on the catalvst as the first step in the reaccion.
Thus, they return to the older ideas about the role of the "active carbon”
on the surface of the catalyst.6

The hydrogenation of carbon monoxide according to the F-T process
represents a system of complex parallel and consecutive reactions which
at the same time are talanced thermodynamically with respect to each other.

Because of the great numbher of reaction equations involved, the calculation



;place independently'

fvidualcsreps

.but these equaLzons-partlv contradlct one another.-'

L

" of ‘such simultaneous lequilibria has be.~ made only under certain simplifying

résSumPpiéﬂ*=zﬁ8 $§'treatmenr‘df’ihe'thermbﬁ?namics*of:tne'F—T'reac:inn in-

"

et

cf<each other uas publlshed b Anderson.

Several semiempirlcal equatlons“_;o 13

-have been proposed

The mdln : T caI problems of the F-1 svnthesis inrlude:a.rapid re-

[N
REPRTN

moval of the”_ea: of reaction, anountlng ‘to about ’37 of the heat of com

-bustion ot :he s:nthesvs gas; avo1ding local overheating of the catalvse,

which -favors methane ‘formation; -and finallw, a uniform distribution of
:he svnthesis gas over the catalvst.

To sclve these problems, various tyvpes of svnthesis reactors have
Leen developed.1 These reactors may be divided into those with stationary
cataiysts (lamellar reactor, double .gube roactor, ARGE reactor) and mobile
catalysts (fluidized bed reactor, flying-dust reactor, three-phase
slurry reactor).

This report is concerned with the liquid phase process'in three-phase
bubble coiumn reactors, developed by H. Kolbel and P. Ackermann (Meerbeck
Fuel Yorks, Rheinpreussen Corporation, Homopurg-Niedecrhein) during the
period 1933-1953, when the disadvantagcs of the fixel bed process became
obvious after the replacement of cobalr catalysts by iron catalvsts in
the fixed bed reactor (lamellar and double pipe reacmr).1 The liquid
phase process was used in 1952-1953 at the Meerbeck pi'ot plant with a

large-scaln reactor unit (daily productinn 11.5 t svnthesis products)

.

e1uding él the react1ons 1nvolvea in ‘the. ;*nthesx; buL assumed«to take _ﬁf:"ﬁ

,for cobalt'and iro :babe catalvsts used 1ndustrxallv in solld bed reactors..-'

e R T T T ST 20 DRV e e T i 1T ¥ | 1 St | et s ot s i i o oy T+ - e
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. 2. Principles’ of Liquid-gii_ase_'*gi's ch'e'r-.:i-_;spsc_h Synthesis

The liqujd-nnase F-T svnthes1s cakes place ‘in’a, bubble column re1ctor'

(F1g 1) where the sv*thesis gas is converted'on catalvsts suspended in a:

- the gatalvst =uspension. The svn:he51s products, wﬁich are volatile under

.;he operatxng'condxtions'employed3 are temovedivithfthe--residual gas, and

the liquid .products are separated from the suspension. The heat of re-
action is removed by water evaporated in cooling pipes irmersed in the
suspension.

The use of the bubble column reactor for F-T synthesis has the fol-
lowing ddvantages, which will be discussed ia detail below:

(3) uniform temperature in the reactor

(b) high contact and reactor efficiency

(¢) a catalyst efficiency of “ubout 1

(d) good heat exchange

(e) favorable conditions for catalyst regeneration

(f) simple construction and therefnte low investment costs.

Control of the heat of reaction, which reaches a considerahle order
of magnitud:, does not present any problem. ‘It is necessary to eliminate
local overheating because it leads to methane formation and damage to the

catalyst. The flexibility of the suspension reactor makes it possible to

_'_l:The rvnthesis gas flows as small bubbles through
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esbablish spécific opera:ing condi:ions permibting a selective contrel.

of the synthesis and’ thetefore its econowzcal operation. xhe aubble colunn

L. A [ . EETI J% Hi ar .‘
o reactor al’ows the 1ntroductiun of svnthesis gases r1ch 1n carbon ronot:de

'.w

n:w1thout theugisk of cloggxng or. scme other undesxrable effect that might

“be’ caused bV'the ]iberatton of carbon bv the Boudouard react1on.-: "'if'as”.? j.;

A'éertaxn?‘

_ncan be partxallv avoided by'use of_bubble column cascades in the stepwise

'ptocess?g;_qy:building e;gpqnts.into the rea;tqr.ll The special features
of the ghreg-phase bubble column reactor do exert.an influence on the re-
action process of tﬁe F-T synthesis.' A discussion of the features of this
reactor type will make subsequent remarks easier to understand.

De:ailed information en the behavior of bubble column reactors can

be founid in the literature.zo The problems of two-~phase bubble column

21,22

i reactors with respect to reaction technology were summarized bv Deckwer.

e X/
- Mersmann and Gerstenberg" discussed the state of the art from the stand-

point of process technolegy. Criteria for the selection and design of
< g8as/liquid reactors were treated by Nagel, Hagner and Kﬁr:hen.z5 For

- information on the principles, design and application of three-phase bulble

column reactors with suspended contact catalysis see the review by

24- . y 27
Hammer'b and work of Kurthen and Zehner. !

Since the develcpment work on liquid-phase F-T synthesis was halted

at.the 2nd of the 1950's, there have been no major investigaticns of further



o development of three-phase bubble column reactors for this synthesis

" Only since 1975. has there been new activity in this area

2.1. Fluid-Dynani¢ Belaviot of Bubble Column Reactors -

The bubble colum féééiafzp'?s is a type of gas liquid reactor with

:'special featu-es that ‘can be reduced to a tlose‘ linkage bet een ‘micro-

kinﬂtics. h)d“odynamics and mass-; energ"-,'and momen Lm transfer Ihe

' bubbles are p"oduced bv the gas distributor located in the lower portion

. of the reactor. In =maller experimental unlts. thesf gas distributors

consist of porous’ plates uhereas in larﬂe bubble column reactors. Jet
distributors of various designs_are used exclhsively. -At no-gas tube
velocities an < 5 cm/sec, a state of motion referred to as homogeneous
bubk'e flow is established, the bubbl-s being of approximztely equal size
and rising in a uniform manner. The volume concentration of the bhubbles
increases as the gas load increases. Larger hubbles are formed bv co-
alescence; they break up again after exceeding bubble size corresponding
to the hydrodvnamic equilibrium. This state of motion is referred to as
turbulent (heterogeneous) bubble flow. Further increase of the gas flow
leads to the formation of plugs.

In bubble column reactors of sufficient size, three reactor sections
appear, each of which has a different hvdrodynamic btehavior. The inflow
zone with a state of flow produced by the gas distributor is formed in
the lower region. This state of flow changes in the middle region into
a state of equilibrium between bubble <¢o0adlestence and decay determined
by the operating conditions and properties of the materials. Character-

istic of this state is the fact that the relative gas content remains



_Accordzng to Ref . 14 ‘a uniform diﬁtributlon of catqlvst granuIES_ wzth :

e P DU W

relatib iy constanc in this section. A'uone of hxgher gas con:en is

.o

formed in the upper section of the column because the gas oubbles at the
surface need a_ finxte time to. burst.

The catalyst suspended in the liquia 1; 1n stationary equxlibr;um
betw-en sndznentation and the upward movemen. of the rlsing bubbles.

aﬂ average size’ of 0“‘m in che 1iqu1d—ph¢se F-T ‘rea ctor,can~be obcafngé'“'

)ss section e\ceeds i50ut

Th= compléx hydrodynami: behavior ¢f bubble column reactors .makes it

difficult to determine exactly the size »f the bubble boundary, which deter-=

mines the material exchange between the Hhases aad, in the case of rapidly

prozressing reactions, the conversion, cthe reaction rate, and the reacter
efficiency. As a first approximation, ina calculatiné the boundary size,
we can use the reiofive gas content EG' which is defined as the volum
fraction of the gar ia a unit volume of the gas-liquid dispersien. The
relative gas content depends pr?ﬁarily on the material propercies of the
liguid phase. Tr.e composition and density of the gas exer: little i:-
fluence on the tnermodvnamic behavior of the bubble ceolumn reactor.

The material preperties of the F-T paraffins used as dispersiom fluid
were determined by Calderbank29 and Hammer.Bo Louisi31 investigated the
dependence of the relativs gas content on gas ;hraugnput. temperature and

catalyst concentration under the operating raonditions of the liquid-phase

F-T process. He observed that the relative gas contert as wall as the
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_specif{c xintérfacial area in the regioﬁ of homogeneous flow increases
linearli-with the gas throuéhpu:._ Abrve 240°C the relative gas content
is no longer affected bv :hg tempcrature of the ‘'suspensicn liquid.

' Incrcasing the concentrat*or oz solzds b) up . ro 102 by‘weight ca;ses_a'
n;decrease in relatxve gas ;ontent;”.The equh;ion of Richardaon and Zax132
:as modlfied bv Loulsi can be ueed co calculate the tel«txve ng cnn:ent

'under the condltions of the}quu1d-pHase r-t svnthesis._ In the region n‘

zhomogeneous flow :he gas bubble dz1nLter in molten hard paraffln without

. solids iq almost 1ndependent.u‘ che linear yas velocz:v ‘and amounts to
0 7 mm. - kxth this value for the averazp buhble size, the specific inter-
factal area a for LG 1 6 en 9.1 is about 600 m /m . and for Lc = 3.6
cm s-l, about 1,700 m_/ml_

These measurements agree with the older estimated values of KSlbel.zs
who gave & value of 1,500 mzlms for the specific interfacial area in

slack wax in industrial bubble column reactors with suspended catalvsts

at the svnthesis temperature.

Tho specific interfacial area is directly related to mass transfer.
lTherefore, its dztermination as a function of the relative gas content,
which can be obtained relatively easily with present measurement techniques,
is one of the most important cbjectives of bubble column techroluev.

33,34

Investigations by Zaidi have shown that the mass transfer co-

efficient in bubble columns for different material systems varies only
slightly under distinctly different operating concditions. The approximate

value for the gas-liquid mass transfer coefficient RL is 0.1-0.2 cm s-].

)
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;The'cnrrel:tionﬂ §f Hughﬁar}BS and Calderbank and Moo—\oung ? have proven

-_t.

'valuable for the calculat¢on of :he gas-liquid mass transfer coeffic‘ent t

for’ c.rbon mone\idL under the operat1ng conditions of the liquid-phase

Eod F-T sxnthesis.--

I.

Back mixing in the ligyjq ph;sg is influenced by the preumatic N
agitation of ﬁhe rising gas bubbles; The latter transport the liquid

upward in an axial directign in the vortex trail and {1 a radial directior
through lateral displacement of the liquid toward the wall. By virtue

of the principle of conservatiun of mass, this liquid rising with the

bubbles must be transported convccti\n.v dos nward, so that a downward

flow is set up in the stationarv liquid phase. The axial dispersion

Q< :
coefficient of the liquid phase can be calculated to a first approxi-

0.3d 1.4

co R , even though the phvsical characteristics

nation as EL =270

of the liquid phase are not considered in this relation. But since finelw

grounc catulysts are present in the liquid-phase syrrhesis, the particle

dispersion coefficient g becomes almost identical with the value EL. :
Radial mixing becomes very substantial as a result of the above-

described liquid displacement duéing the ascent of the bubbles, interfering

with the fcrmation of radial profiles., The mixing of the liquid phase

10
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direction.. Tlis results in 2 uniform contac: loadlng and an 1n~rease z'ﬁw'

o

The dxvesse-ascest'velocitxes of-the bubbles, du‘ ts's-nsnuniform--
size, to the coaleSCEﬁce nf the bubbles and the1r ‘decay, . and- to the for-
motion of turhulence centers, l_eads toback mixing in che gas phase.
The turhulencc in the liquid phase grows with Increasing gas velocity,
and fer highle viscous liquids leads to back nixine in the gas pinase.
For bubble co:umn reactors 0.6 m-2 m in diameter, the mixirng in the gas

phase i{s already cf the same order of magnitude as the mixingz in the

liquid phase.

2.1.5. Heat transfer

The high values of the heat transfer coefficient can be explained hy
the thorough mixing in the liquid phase. The rising bubbles aisplace the
liquid elements above the gas buLble in & radial direction toward the
reactor wall. The liquid elemencs below the gas bubble are carried along
in the vorter trail and ar>» replaced by liquid elements with an opposite
direction of flow. This gives rise in the liquid phase to a transverse

motion which I{n turn results in convective beat transfer.

11

':The mass eachange in both dirertzors Of_th.; N

(4]
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) An 1ncrcasing concertratinn of eo]xd ﬂattcr in the euspension causes

&
- % (s "
o B 4 *

ey ; a further increaqg 1n the heat :ransfer coefficient. Thxs can be explained
Do . ) . T B W . . RO

e *

o bv the degtadatxon of the laminar ‘iquxd boundar\ laver. uhich is con-

T e Laterial interfere more narkedlv'wich “'_;

centratxon 1ncreases. the heat transfer increases unt‘l it reaches a

lxmzting "-lue of about 1 100 J/m s, ‘in’ the regxon of heterogeneous flnw

K

(c > 5 cn) at uhich poznt it becomes independent of :he gas throughput.

Go
A correlatton for calcula:1ng the heat transfer coeffxczent was published .
by Louisi31 in the form

-0 2 R 2
St = 0.118 (Re . Fr) 0:27%(pyy=0.529

A more general treatment of heat transfer in two—- and three-phase »ubble
6.
column reactors was published by Deckwer.JJ The working equation re

proposed is listed in Table 1.

2,2. Course of the Reaction in the Three-Phase Bubitle Column Reactor

The course of chemical reactions involving three phases is very
complicated. The total conversion and the selectivity, which are among
the most impbrcanl parameters of a process,.are determined by a large
numbher of variables, inclqaing:

(a) hydrodyvnamic factors (gas distribution, interfacial areac,

back mixing, seuimentation, convective heat transfer);

12

resence of the solid mater1a1 ' Thus the in- _fﬂ_:;"
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operatin; urder couditions prevailing in catalvti; processes. The reac-
.tivitv of a syvstem is maxifested in a change in the molecular flows of

the fluid phases, caused by conversions which are usually high in industrial
processes. Hence, the gas velocity and the {luid-dvnamic characteristics
are position-dependent. This means that onl: those models, developed

for gas-liquid reactors, that in addition te dispersion phenomena in the
liquid phases will also consider the appearance of a position-dependent

gas velocity, can be of importance for thu iwterpretation of catalytic
three-pnase bubble column reactors. CIn addition to these assumptions

for applying these models to the three-phase bubble column reacter we have
to assume that the suspended solid with the liquid can be interpreted,

not only from the fluid-dvnamic but also from the reaction technology
standpoint, as being a quasi-ccntinuum.3o A statement on this point is
therefore possible only after determi' ing th2 order of magnitude of the
individual riass transfer resistances in the liquid phase and on the catal:st.

The total resistance of a chemical reaction in the bubble chamber is

conposed of the resistance to mass transfer and of the rraction resistance,

13
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so that we have to d&;t;nguisﬁ bét@ecn two most innortant limiting
cec 3839 T | | i

cases. v i .
(a) The activity of the .catalyst -is low.at lower reaction tempera-

tures. . Therefore, especiallyv.-at low-catalyst concentrations, the reaction

e

'§ecbm65'thé'Qitéiﬂete';inidg step.L“This rcé}oﬁiis'ﬁﬁafﬁéteriZed by the - .~

”'fﬁqﬁ that’ the

conversion intreases sharply

fth temperature.. - Theé “apparént’ ’ e =

activdtion energy apprraches the value ‘measured in the fix{d bed. | -

‘reactia

(b) At H,'herlrbaciion temperature °, the ikes piace qui:kly;..’ﬂt

_.the mass tr effestive activation’ '

K .whﬁérgy;Qthéqés,'
_JQgFueej;ghgﬁeégqgiex:rené cases iies a transition region where both
the mass :raangr"and the reaction determine the macrokinetics.

Tho re<lon where the influence of mass trarsfer becomes noticeable
can, under certain circumstances, be cortrolied by the-mass transfer of
a single reacrant.

In conirast to fixed bed reactors, the reactor efficiency dees not
approach a limiting value; rather, it shows a1 maxicum {ar gas velocities
at which the maximum toundary area is reached between the gas and liquid
phase. A further increase in gas co-entration leads to the formation
of largc bubbles and a decrease in interfacial area and, hence, in reactor
efficiency. It is advantageous for technical purposes to bring the pro-
cesses occurring in a three-phase reactor together with the individual
z1d interauting quantities in a specific operating region and to present
them as the throughput referred ro the reactor cross section as a function
of catalys- concentration (Fig. 2). 1In this process diagram, the sedimen-

ration region is bounded by a curve. A throughput below the minimum causes

14



ca:glyst settling, aﬁlugév;ﬁ;cétalvsr foad, and incgmriérerrnlb;din"

"3ﬁ$f the redctori | Anothér.c;rve bounds fram above thé region éf largc .
_:bubble formation, where a reduyed specifir 1nterfacial area leads to a
Edecrease of mass transfer. The course ‘of this curve 15 s.ronglv dependen: ;.'
:on the mass constants and :he réactnr geometr\. The appatent densi'v-and
J“viscosi:v of the suspension increase ;i:h the cata1v<t concentratx&na so X

tba' large bubbles are foraed even ar lower gas throughpurs.

: Tth far, no cxtensive expcriments on 11quid—phase E-T svnt eais have
been conducted w1th the aim of - work ng ou. models for reactor dxnensionzn.
and optimization that could be used-for technxcal purposes. lThxs may be
attributed, on“the one hand, to a lack of industrial interest until 1973,
and on the other hand, to the complexity of this reaction. The published
studies report solely on the material and svstem constants. Kolbel and

. .
13,14 indicated the solubilicy of a few reaction components in

co-worker:
slack wax as a function of pressure and temperathrg.

The.liquid-phase F-T svnthesis cannot be Inhibited by mass transfer
of cthe reactants from the gas into the liquid phase by use of the catalystc
known to date with a con:entration of solidsof ahout 10-15" in the
liquid phase. The kLa values for CO mass transfer, determined by Zaidi

et ;l.,33'3&

mike it possible to estimate the conversion in the casec
where all of the carbon monoxide which has pasced from the gas into the
liquid phase reacts on the suspended catulvst. A comparison of the cal-
culated and exrerimental conversions for the F-T reaction as well as the
CO methanization and CO conversion in the liquid phase is shown in

Fig. 3. The ccnversion measurements for the F~T synthesis are indicated

by the shaded zrea. It is apparent from rig. 3 that only a fraction of

15
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. the convers1on rutes for.the,methanization reac:ion are scattercd along . . | .'f:" .

»,,..

}ﬂ!_ the diagnnal.; ln this case. the reaction rate 1n the catalvst suspens.on *. _i

was ;art1allv 80’ hig ,that the rare-doterm11ing step was 'he mass trauefer. L

qalwavs lze oelow he con\e:=1on> ralculated for che mass ttan

i
w1

fer lxazta- -.;g

F-T svnthes.s are small It followe :hat it is the chem1cal reaccio1

..that_consti:u:es;the rate-de.ermining step of the overall process. - . . . -
These findings indicate that greater conversion rates .and higher space-time
vields in .the liquid-phase F-T synthesis can be obtained only through the -

develupaoent of improved, more active catalyst svstems.

3. Liquid-Phase F-T Synchesis Procedure

The development cf the liquid-phasg rrocess begun in 1938 by Kolbel
and Ackermann was interrupted in é9&4 by the events of World War II but
was resumed in 1751. 1In 1953 it led to the startup of a pilot plant
(Rheinpreusser - Koppers) with a production of 11.5 tons of ﬁydrocarbons
per day. The primary goal was the production of fuels as well as products
for further chemical processing.28

Further investigations with the same objectives were conducted during

40,41

the war {BASF, ) and after the war (U.S. Bureau of Mines; Fuel Research

Station, London; Indian Institute of Technology; University of Iokyvo), and
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*w;;h thg exception :

.::he Fuvelopmen:al

work dxd r t exceed tbe pil t- plant scale. In 1955 Kopp rs GmbH designed

'far the lndlnn governm;nt a liquid-aha:o plan: capable of producxng

Sinéé 1974, wnw-éctivities iv fﬁé L

hase proces:'
ffor the produc:ion of pr1m5rv chem!cal ptoducLs hav becomé appa?eﬁtl
" Interest is beingushown mainly in thq'shprtfchainfﬁz-qé(qlefins.az
medium-chain cé-t12 blefin fraction and okfgenécégiaiﬁiég products
(aldehydes). However, few resultsvofv:h=SE“¢iIot-pian:'inves:iga:i&ns
have uveen puhlished.

The following paragraphs will describe the results achieved in a
demonstration plant because they best reflect the industrial reality.
Investigations performed on a pilot-plant scale by German as weli as
foreign companies will be considered. Finally, the possibility of selec~
tively directing the liquid-phase F-T process toward the production qf

chemical raw materials will be discussed.

3.1. Description of the Rheinmpreussen - Koppers Demons.ration Plant

The process is briefly described by the flow chart of Fig. 4. The
< synthusis ges was produced in a Koppers water gas generator, CC2 from
the residual synthesis gas being addead to the steam during the gas
procduction pa2riod. It contained an average of 54-56% CO, 36-387 HZ’ and
also 3-5% cc,, c.1% 0, and 2.6-4% N,. The gas was subjected in the usual

manner to a rough purification over iron oxide to remove HZS' and rver a

17
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'f;th; reactor is a steah collector From tne xa:te:; the feed-water )

..supply goes :o ;ﬁe.innez do n pipes of the cooling p1pe register located
in the;rgactqr, and stean is renoved through the annularpspace in the
ccoling pipes. The .cooling pipe register ends about 1.3 m abuve the gas
distributor. The reaction temperature.is kept.constant by controlling
the saturated steanm pressure in the steam collector.

The pipe register in the reactor was use¢d during the formation of

the catalyst to heat the suspension by the addition of steam. which was
compresseé b the condenser vo a pressure corresponding to the fcrmation
temperature. The catalyst suspension was introduced or withdrawn by.ueans of
pumts k through nozzles at the bottom of the reactor and by way of agitator
vessel o. The height of the suspension (=8 m) was kept ccnstant by a

regulator z2ither by filtering off the high-boiling fractions in the pres-

sure filter n or by adding higher-boiling synthesis products from containers 1I.

The reactor temperature was measured by twelve resistance thermometers
attached at Jifferent heights, and recorded. Nine smaller nozzles mounted
at dif{ferent levels permitted the removal of suspension samples frcam the

reactor.

18
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rﬁé ffﬂeiréas b ivésythé téaéédr through=a,suan-neck and is prccooledﬂ

- wrth fresh gas in heat exchanger g. Higher-boiling products partiall»

-

-;'condensed by the bofling range of the liquid med um are stored in containers

h or di. Indirect coolxng with water in 1 at about 30°C condenses products

“ of the. medxum bo ”.“_ut of the residual gas, the major por- fh;i;ﬁ'l

tion of the uater formed bv the svnthesis. The residual gas isldetermineoi'Tuiz"“

as meter b. After the carbon diorideihas been washed'

;brated o if1ce and

f‘ . -'i:“f:f?out in.m.?:he reszdual gas -is conveved i_.o_thesrecove_. pLant :orﬁilgn:-
- _ > -boiling and gaseous products (oil pressure aashing and act1vated charcoal
-plant). The carpon dioxide-is conveved into "the -generator for the produc=
tion of CO-enriched synthesis gases. After removal of most of the CO2
and H20, tae final gas together with the frech .gas is returned into the
reactor by circulation evcling or in a muitistage procedure.

The pump fills the reactor with fresh catalyst from agitater vessel o
where the ground catalvst is mixed with tte high-boiling svnthesis products.
When the reactor is emptied, a pump k conveys the suspension into centrifuse
p which separates the catalyst from the liquid medium, which can then ba
used again. The spent catalyst cdn be regenerated.

I the synthesis is adjusted for the production of low-molecular com-
pounds (Section 3.4.1.1), the removal of the liquid medium is often greater
than the addition due to synthesis. In this case, the higher molecular
weight product collecting in heat exchanger g is fed into the reactor by
pump k, its flow being regulated by a liquid level regulator. 1If the

procass is geared toward products of higher molecular weights (Section 3.4.1.2),

thes2 products must be separated from the catalvst by continuous separation

19
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in fif:ér'1;~ahd removed. The catalyst flows back into the reactor. After

being removed under pressure in 1iquid form. the prlmary product, are sep— '

ke RS

arated in separa:ors 1—Lrom the water cf reaction. The separator y1e1d=

- g' - . R . [

Tt ¥

1”oxvgen—con:aining products. especiallv alcohols._ The hydrocarbons from

the containers are separated into fractions by distillation in the usual

manner,,depend1ng on sneir 1ntended use. Fig. 5 §pgg§“a”pho;ograph of ... -

Catalvsts’

fﬁefae_ 1b§ment.Qiﬁghe-ceeE@yétsffor theﬁjiéﬂiﬁﬁbhase synthesis was
ba;ed'oa extensiveléo}? dqﬁe with iron ca;a}&nts'f3 that were:inteﬁded
fer use in the solid bed process. Compared to othe; types of processes,
work in the liquid phase offers greater possibilities for the flexible
use of catalysts, because fi. is not necessary to maintain certain termpera-
ture ranges and high gas velocities, or a high hvdrogen content of the
synthesis gzses. Basically all the catalysts which are suitable for the
F-T synthesis can also be used in the lijquid phase. 1In contrast to uther
types of prcresses, mechanical strength of the catalyst i{s not required
here. On the contrary, it is advantageous o have the catalyst granules
break uvp when forming during the synthesis as a result of carbon formation,
because this leads to a good dispersion in the liquid. Catalysts with a
high content of supports are less suitable, since thevy lead to unusually
high viscosities as cocpared to support-free catalvsts, hindering the gac
distribution and reducing the boundary area between gas and liquid, which

area in turn determines the mass transfer.
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It is for this reason that we considered primarily suppert-free iron
precipitatisn cata;ysts-dur;ng7the developmental stage. They make it .

) ppssible to'useliﬁe highest toncentrdéibn of iron in suspension, can be

" formed e&sii&ﬂin'aﬂiiﬁuid dediﬁm;ﬁp3§§gsgfhighuééiiQigy fghd.produce stable

“suspensions. The optimum concéntfaﬁipﬁféf”éﬁé'éai%iysi;id'gﬁspension

.ptoéédiﬁoiﬁé about 10% in terms of the {roﬁipyeséﬁpl}ﬁ}fﬁéicatalyst.,ij:

gﬁcqor'egfitien;y.f%ﬁd HishéflcOncéﬁ;;EQ--
’ Hé;.inéféase the.biséééggfésf;thgﬂQQS{. 
;héa;nterfa;ial area, -ich affécﬁg?zgg'Q;;;"
2 transfo}féﬁaﬁ. l . in conversion. "An opéi;ﬁh

equilibrium is requiréd between catalyst concentration, gas throughput

and operating temperacure.44

3.2.1. Starting matevrials _for iron_precipitation_catalysts

The iron precipitation catalysts for the liquid-phase F-T synthesis
weie oot 2ined from iron(Il1l) nitrate colutions or mixtures of nitrate solu-

43,45 Solutions of iron(ITI)

tions containing 80% iron(IlI) and 20% iron{II).
cannot yield active catalysts because the iron in the oxide has to be
present as iron(llI), either as a or v Fe203. After annealing, or at the
latest during formation, the catalytically indispensable FeJOé is produced
from these oxide forms. By adding about 20% Cu, one can also obtain an
active catalvst from iron(II) soluticns because during the drying of the

hydroxide, the Fe(II) oxide is oxidized under the influence of atomspheric

oxygen.
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;n the preparatxon of charges gre=t=r than Phose used in the opera-'

' 'tzoﬂ of an 1ndusttial reactor, nit*ate solutiers were used that had been

~::prep¢red by dissolving wrough‘ xron scrap or steel turnings in nictrfc

acid after it had been obsevved'that :he impuri:xes contained in these
i - -;:-.::'._ Coh & '| B

mater1als like manganese

Dot e

silt;a, carbon. and'even catalyst po.;oa: 11ke

apparent

: 46

-ZJ;gg . :mg;giu' (0. 00: wt.«) was decisive ‘for’ hrgh ca:alvtlc'activit_.- Svstematxr "$f:?'f .

ugj} ST -?1nvest:aations showed,that.gold. silver :and nxckelupresent in minute

*5concentratzuns have a:similar effect

These metals ac:}as reductxon
promu:'r51which*become effective:during formation.

3.2.2. Productisn of the catalysts

Most suitable of all the precipitating agents Iin use are soda and
armonia solutions. Once the con:rolling influence of the exact dosage
of alkali salc promoters was'r:ef:v::gnizef.'l."'7 whers deviations of as little
as 0.1 wt.% of K2C03'(referred to Fc) may- be significang, the precipita-
tions were conducted with ammon{g solutions so as to el ‘minate the prrmoter

- infiuence of sodium carbonate, which is strongly retained by the hydroxzide
after washing. The iron solutipns, which generally contain 0.1 wt.% copper
(referr:d to Fe), can be easily precipitated with ammonia despite che
possibla: formation of.readily soluble ammonia-copper complexes, because

the highly surface-active ferric hydroride alwsys retains a sufficient

4 < .
amount nf copper to activate the formation. 3 Precipitation with ammcaia

or ammonium carbonate has the additional zdvantsge that the hydroxide can

22
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oe f;ltered much more quickly and washed with 402 Iess water than for

exarp;e 1n the case or catalysts precipitated with soda. Furthermore.

the precipitant can easily be recovered with qu1cklime. 2

”Prec1p tatxon 1s performed w1th hot solutions and thh vigorous-t

filtra-:
the-iroq.
precipi- ©

49-50 .
will be pH 7-7,3,%%°30

nt 1aboratorv 1nvestigations havu shown 1 Jthat contxnuous!w

condected precipitations guerantee“a bet;erﬁreproducibility of the
catalys: properties, especially in the case of precipitations of muiti-
componen: catalysts, for example as developed for the selective control
of the svnthesis ir the direction of shori-chain olefin production (cee
Sec. 3.7). In the precipitation of these two-component catalvsts, a
specified pH regioun must be rigorously maintained in order to inhibic the
formation of amine complexes and fo obtain the fullest possible preci-
pitat:on. Other factors affecting the precipitation include the metal
conteut of the metal solution, the metal concentration, the ammonia ¢on-
centration, and the pracipitstion temperature. Of particular importance
is the maintenance of a short residence time of the precipitate in the
precipitaticn reactor. These factors led to the development of'aundified
zone precipitation reactor52 with built-ir stirring blades (Fig. 6).
The prehvated metal salt and precipitation solutions enter the base of

i the reacror tangentially. The catalyst suspension is picked up at the

main overflow and conducted directly to filtration. The preripitation

23



‘pH and temvcraturerare l1kewx<e measurea a: thc top."Such a :onc'rc&ctor

W uxtﬁ ]4 ;uperposed stirrins bladeq alsu ahOhS. for ‘a qnall 'hid throughpu?

i ~

Ca resxdence time behavior sxn:lar to that of a cascas 'o',JD to 23,(de§gnqinﬁh;; §

selec:iv ; ’ effi;xencv lifetime and nrotecziphﬂsgainst

KL o

carbon denoszts are 1ncreased con;iderablv if af:nr drslng. the ferric

; . - . : 53,54
oxlde catalyvst is suo;_g;ed to annealxng at 250-330°C with air > or
oxygen. The effect of anneaiing is causally related to the forzation of -

short-period lattice defects, to the decrease ia cryvstallite size™” amd to - .

e

the shift of the pore-frequency maximuom tc larger pore dianmeters.

The ferric iron must be converted to the metallic bonding s:ate before
the catalyst can be put to use.Q‘Iron—catbon inclusion structures such
as carbides have bonding states similar to that of metallic iren. This
bonding state is obtained by treatment with carbon monoxide or carbon
. monoxice~hydrogen mixture, or by consecutive treatment with carbon monoxide
and hydrogen.
The s-spension containing the catalyst, which was dried and ground wet

in slack wax, is fed into the reactor filled with liquid medium and heated

- to a temperature 15-30°C above the final operating temperature. The reactor
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'zgreached the svstem is:

(C”/H

L,
Y

L T - _,.., . . ..__. S R ;, s

n_is then brou5ht to the lafter tempera:ure as cuicklv as pOSSible. The

R
M"' C L '.._\. i

' suspension 1 vigorouslx agita:ed with an 1nert gas (\,, co, ) at ‘the final

. |»|| AT '_‘.g_. {.

operatxng pressure (8-15 atm)._.ns soon as thc formation temoerature is

2,_=.1 3-1,5

: decreases very qu1ck1\. then slowls rises. again. AS" the CO, concentration

asymptot;cally apptoa:hes a ltmiting value.-the formation is completed
several hours later. Depending on the nesifed throughput snd cunversion,
the temperature is lowered by 15-30°C. The catalyst is now r2ady for
use.57’58 The formation temperature depends on the activi:y.of the catalyst
and on the product spectrum for which it was prepared. 1If the formation
teoperature is too high, the dange. of "supercarbonizaticn" existsg if it

is too .iow, the formation does no: get started. 1In both cases, there is

a reduction in catalyst activity,

3.2.4. Regereration

The activity of the iron catalyst becomes depressed because of
poisoning, recrystallization, oxidation, and the formation of s%able iron
carbides and elemental carbon. Pilot-scale experiments have shown that
the iron catzlyst used in liquid-phase synthesis can he regenerated
repeatedly ard simply by oxidationso that it rezains its full ;fficxencx.
Moreover, the formation of carbon is reduced to one-half of the amount

measured in the presence of fresh catalysts, so that lifetime or contact
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. efficiency can be increascd considerably. At the same time, undesirable

n
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s-also repressed. It is probablu-that "superactive”

.\ .

regions &f "the catalysty v

ch are éépe@iélfy"aéﬁivg}{h catalyzing thofwf:
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.. formition of cdrbon’hhdlmgthanoi,aréfﬂbstfd?bd'&uring aaneéaling. In-"

"l addition; -ak, already sty | Structdral’changes mist also be acontri:

. butingtfacior nd.lifetime {n=""

" erease

.1gfin5;is alan

increased, sc that B0 Jan average olefin | -

.content of overaBOﬁ,:ﬁili.hbil below 200°C;+.

3.3.° ‘Opecation Results of the Deconstration Plant

At th2 time wnen the demonstration plant was in operation (193I1-1933),
the interest in the Fischer-Tropsch svnthesis was cssentially confined to
the preduction of gasoline. Accurdingly, the processes and the operatina
mode cf the demonstration rlant werc totally geared toward this eoal.

Table 2 summarizes tvpical operational data and svnthesis results obtained
by the demonstration plant. -

The chief techqical preblem of heat removal from the reactor was
definitely solved. The temperature gradie.at in the reacéor never amounted
to more than =1°C. Overheating reg!ons.could nst be detected, cven though
the reactor gas load had been increased to 5 times the specified amount.

3 of

Ccmplete ra=moval of the heat produced by the coaversion of 1,000 m
2

synthesis 3as per hour required less than 50 =" of cooling pipe surface

area. Grinding ol the catalys. > U finen2ss and a turbuient mixing of

the suspension provided a uniform distribution of the catalyst in the
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j uall could be de toct’d Th; cataxvst efficiencv up"tn ragene—afion

na\; ahown. hou;ver. _that for indus:rxa.l\.gjstifiahle conve-sions thc"'

£as Ioad can bu !ncre.sed

o Egi;g_;hat amount.

The high se.ectivity Qith respect to methane formation could zalso be
achieved in a large industrial reactor. Deeplte the hxgh :enperature
required for the manufacture of gascline as the main produ;t. only about
4. of the total hydrocarbons produced were in the form of methane and
echana. A compariscon of the results for a laboratory reactor of & i capacity
and a large industrial reactor of 10,000 i capacity, both operated under
the same conditions, with the same gas and the same catalvst, demonstrated
(Columns a and b of Tatle 2) that the raacter was capable of beinz enlarved
on a scale of 1:1666. .All the results were in mutual agreement except

R
for the reactor efficiency because, owing to the narrc¥ reactor Cross
section, the gas load and hence the space-time vield of the laboratory
reactor had to be smaller.

The results obtained during the cperation of the demonstration plant,
and the coilection of process and reaction data essential for designing
large-scal: plants alang with economically important consumption data,

formed the basis for the offer made by Heirrich Koppers CabH, Essen to the

indian governmen:z to erect a complete liquid-phase synthesis plant with

Al




’was to masv'gnsolinn

a F-T n]ant f

ot

._n'hnafvéiS'nf such

& agcordxng toxbol inb rangc and propcrtxes is- shown xr'Tabfeji 'h- oroducrf;

" aralvzed’ wis’'a sarple from lar e storage :anka uhich contaxned the products

from one of ‘the longer operating periods. Th2 ‘operating conditions under
which tiifs product was ‘made are lisced in Table'2. The olefin todtent.
which is of importance fer potrochemical processing, is given as 70-85"
for the CJ'LA fraction. It fluctuated between these limits because of

a change in operating conditions over the long périod of operation tg
which the analvses are referredl Worth noting is the high olefin content
(70%) of thu 60—180°C_fraciion, which is of interest as raw ma:erial for
the Cxo process. Almost one-half of the 186-220°C fraction important for
the production of surface-active agents consists of olefins.

Gasoline, the production goal of the demonstratioa plant, was obtained
in the proportion of 857 in the'C3-synthesis products. The raw primary
gasoline (25-190°C), with a Reid vapor pressure of 0.55 atm, h1d an inter-
mediate octane ratinz (10R) of 73 which, after thermal treatment with
A1,03, rose to 83. Mixing with polymer ga-oline without adding lead gave
an octane rating of 93. About 122 of the liquid products were diesel

fuels (190-310°C) with a solidificatioun point of -13°C ;nd an ignition

value of over 70 (cetane number). As products of the F-T synthesis, the

,vnthetiu gas;lzne p-oduc_.'ﬁﬁ-ﬁf”-

———
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The construction and operatlon of plants for the produc:xon'of chemical

raw 1ateri=ls from coal will alwavs carrv econom;c risks becauSe of the

competition of pe:roleua. These risks will 11crease if the proces<es are
geared toward a specxfic narrou.produccxon Spectrun which, in the presence
of a change in market demand, does nct permit one to face this change and
to readjust the production. The liquid-phase process does not involve
this risk tecause, in contrast to other pr-cesses, thz composition of its
products and the compositién of the synthe;:is gzs give it a hign flexibility,
The product composition can be contrclled by changing such impertant
reaction variables as temperuature, pressure, bO/Hz-content of the synthesis
gas, space velocity, etc.,, over a relacively wide range, something that
cannot be done iu fixed bed processes or in fluidized bed or dust processes.
These processes are necessarily very limited as regards the gas compositiun
(fixed bed) and operating temperature (fluidized bed and flvine dust processj,
resulting in a rather inflexible product spectrum. The reason for the con-
finement of the last two processes solely to low-boiling products is the
high flow velocities of the synthesis gas or circulating gas required to
maintain the fiying-dust or fluidized state. Obtaining a sufficient vield
for these vury brief residence times requir:s a reactiecn temperature in
excess of 300°C, so that a sufficiently higih reaction rate can be achieved.

However, since high temperatures gromote the formation of carbon from the

29



B T St me et femaumn et o e e W meimieie e e m

the indica:ed processe~ f The deconpoeitxon of the

ﬁ'}d_1hrghhydrogen content

f large amounts of ...

lver:ed in:o valuable'pe:rochemicals, a class to which me:hane"does ‘not
belong. The high selectivity of the liquiZ-phase broéess.'characteri:ed
by a low wmethane yield aqounting to only asout 3%Z of the total products,
can be attributed, on the one hand, to the impossibility of overheatinz
of the cazalyst, and on the other hand, to the preferable use of CO-rich

gases with a low partial pressure uf hydrogen.

Next to the tvpe of catalysr:ﬁf partizilar importance is the choice
of the operating temperature, which deterrines the equilibrium position
between the synthesis of molecules prevailing at low temperatures and

g the deconposition of molecules at high temperatures.6°’61

The flexibilitv
thus achiaved will be demonstrated with the results of small-scale experi-

ments (res.cors with daily outputs of 4-2C kg hydrocarbons).

30

carbo"'monoxxde must be curbed bv means of a h1ph proportion qf_hydrogen._ L-7




over suitable iron catalysts 'to form'products r

during tHe'svnthes1s

M

opérétiﬁg_;ohditions. resu};s,.product.;a;ge andfoigfin content o? the
.raction are shown in Table 4.

The application of high operating temperatures to the produc;ioﬁ of
low-boiling olefins is normally limited by th: increased forzation of
nethane and carbon. These undesirable side reactions can be inhibited
if the temperature in the liquid-phase reactor from the gas inlet to the
gas outlet, that is, from the botton to the top, is allowed to rise by
30-60°C. Thki~ can be achicved by the use of ippropriate cooling surfaces
which decresse from the bottom toward the top 39.63 In this way, the
temperature in the reactor increases - which i{s lopical froam the standpoint
of reaction kinetics - as the svnthesis gas becomes increasinglyv depleted
of reactants from the bottom to.the top. Thé formation of carbon and
rethane in the upper, warmest reactor zone is inhibited by the low CO and ;”
H2 concentrations prevailing there, so that fer a high zas conversion and
high vield, a low-boiling product very rich in olefins is obtained. Without
any ivzs of good selectivity, Table 5 gives the composition of a product

obtained by this method, along with the operating conditions and results of

a small-scale experiment that was discontinued after 1,644 hours.
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“i'thdrocarbnns prese1c in

T'TQIn :His operat%ng mcd

. 3.9;1.2.- Preparar'ons of quhpr- 'loobla:“Prodooiégk
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'+hé For ?;5” fkhighér—ﬁbieoulaf'nrcducts is . favofed bv'low operating

Acatéi§§ﬁqsusogo§ioomp;

o

ennugh filtrate ls cont1nu0uslv removed from the

'lireactor through e sure filterwto keepfthe f‘Iling level of the reactor

vdrocarbons

constant in proportion .5, he - quantitv.of higher-boilf
. - Jith the —esidual gas., In‘the example c‘ted
- :He ril;rute would be distilled and the fractionlboil1ng up to 320°C
| together uith 337 of a svnt1e<is fraction boi];ng betveen 260 c and 320°C
would be :ed back into the reactor. Thus, 244 g of total product per
Nm3 and CO + HZ was recovereo, 177 g of whkich was formed from CO + HZ‘ and
67 g consisted of paraffin and hard wax synthesized from the fraction
recvcled into the reactor. About 80% of the recycled fraction is involved
in this molecule eanlargem-nt.

Table 6 shows the remaining operating conditions and results as well
as the ccnoosition of the total reaction products.

If during the sequetnce just described, water gas (CO/H2 = 0.84) is
used instead of carbon monoxide~ernriched gas, cthe proportion of hard wax
(450°C) is increased at the expense of that of paraffin slack wax (320-450°C).

'Thus the vield is 90 g of hard wax per ij of CO + H2 used.63

3.4.1.3. Preparation of Oxygen-Containing Products

Ffor the sake of completeness it must be mentioned <hat the synthesis

in a liquid medium can also be steered in the direction of oxygen-containing
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’ produc:s.64' This can he done by feeding potassium carbonate in:o the

catalytic suspensioa. ‘A: -a conversion of about 852, the total vxeld was
172 g of products persﬂm3 of CO + HZ

The product coptaxned CZ-C5 a]cobols,
- alqohols. 25 g/‘«m3 of CO ¥ Hz B o

/Vm . and C

C

.6 "21

nffixad-ued or flylng dust reaccors.ﬁ'HoweVef;:.'

.és in the above-mentioned technxques. the vield for a one-step procedure
or without'gas cxrcula:ion is lower, becausc of.the co consumptian in the
conversion reaction, chan when carbon monoxide-enriched gases are used.
As in the fixed~bed process, the conversion reaction which adversely ‘ -
affects the vield can be limited in the gas-phase process by lower
operating temperaturss and short gas residence times. For this purpose, .
the process is carried out in several steps and/or by recirculating the
gas with intermediate removal of the watesr of reaction.

Because of the lower operating temperatures and the higher alkaliza-
tion of the iron catalysts whichlis therefore required, it has become
more difficult to synthesize preferentially low-boiling hydrocarbons from
the hyvdrogen-rich gas. Also, because of the higher partial pressure of
the hydrogen in the synthesis gas, the olefin content of the other products
tust be less than when gazes rich in carbon monoxide are nsed. For this
reason, hydrogen-rich gases (H2/C0 = 1.25-2) were used in experiments at
Rheinpreussen méinly when the desired prcducts were slack and hard

paraffins. Table 7 shows the operating ~onditicns and results of small-

33



-[“cess ‘on the lmprovenentfof=the#svnthcsis cnnd1t1ons can be seen in thc’

scale experigénts using'watér gas and synthesis'gaé t /CO = 1.95, In the

expctiments_hgre1described :he 8as leavxnb the reactor was cooled to 1>°C

5

under pressure before.it was fed into the second stage or_circulation. A
large portion of ;hg.waﬁer;Gf reaction was thereby separated from the gas,
but the carbdhudinride'was notiremodedr~”ﬁ*-

"C The e‘fect of the:e measUres and of ‘the - s:epwise or circulatzon pro- - .

. \o:ewortn} ls the total

.Leg*e='of alnalizatlon

-of t1e catalvsts;and :o the rela: velv law reaction 'eﬂperatures. Thus

S
..... r; Ay

the "ield of C + hydtocarbone is also relnt1ve1v hi n for water gas and

svnthesis gas with P /CO 1 94, desp‘:e tﬂe fac. that the svnthesis gas

is not quite of thé 'right type."”

3.5. Svnthesis of Hydrocarbons From Carbon Monoxide and Water

¥olbel-Engelhardt Svnthesis)

The flexibility of the liquid-phase process with respect to the gas
coopositicn is further demonstrated by the fact that gases can be used in
the sviathesis which besides carbon monoxice contain not hydrogen, but
steam.66-69 Irqn-cobalt-nickﬁl and ruthenium catalysts are suitable in
this case.

This process is especially suited for the utilization of carbon
monoxide-containing waste gases (blast-furnace gas, carbide furnace gas,

rhosphorus furnace oven gas) or of inexpensive generator lean gas from

coal, the use of which in gas turbines generating electric power is under
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Jiécﬁééicn at fhé presentlgime. Best sui!éd are ifoh'pre;ipitatioﬁ cata- ..
lysts as describedgfor.gge iﬁ'the'FdT«qvﬁ:hesisi %helr optimum temperature
range is 250-300°C.j The pressure is ad;usted to the CO—con.ent of the ga.
:E for a ga; having abogt JJu Co, it is approxima:ely 20 atn, and at 90/ .

conversion of €0, “the yield of CZ+ hvdrocarbons is ]60-170 g per m3 ot

co suppl:ed- Because of'a"tot liabsence of me:hane fornation, a.yield‘.

of 198 g.is .obtained with cobalt catalys:s 0 Higﬂ-nuxecular polrne:“ 1enes'

o are obtained,uith_ruthenium ;atalvst suspendedir-water 71

‘I'he operating conditions and ‘results of Smailisca

orxginal blas:—furnaceﬁgas: wnich becau#e of the absencé of sulfur cozmpounds
did not require any purificatzon and theqcompo=ition of the sxnthesxs
products. are ngen in Tables 8 and 9. 1In conposxtion, the products are
similar to those of the liquid-phase F-T svnthesis. The selectivity is
high - methane + ethane amounted to only 5% of the total products - and sc
is the flexibility in the product spectrum, as can be seen from colurm a)
primarily for low-boiling products and from column (b) primarily for high-
boiling procducts. Seventy-six percent of the usable ,:+ oroducts can e
obtained as the CZ--Cic fraction. The olefin content of the products is
very high, due to the absence of hydrogen from the synthesis gas. It
amounts to £0-90% of the CZ-CS fraction and 70Z of the C5+ fraction. The
alcohol content of the products increases with pressure amounting to 30%

at 100 atm.

3.6. Develcpments Abroad

3.6.1. Work at the British Fuel Rescarch _Station_in Greenwich_and_at_the

35

4y



:J_S:a'Ion in Greenwxch Eng]and, 1n 1949 under the directxon o' C C. Hall

'} wOrk related to 11qu1d-phase synthﬂsls .Was started at the Fuel Pﬁsuarch.__.

&

72

. . . f ."'

i

The work was star'ed on a pllot plant" scale at the Fuel Research Statxo1,'

AR T -7.- -|.1\.|-

Greenwiuh, ard after be1n§ intetrupted tn 1979‘ was continued a: :hc Warr=n

he - layout and mode of operatxon vere essentiall--

the, same as cho of the Rheinpreussen demonstratxon plant. and modi :ations

are descrlbed belou. The reactor had a dxameter of 2%, 8 cm and a total

i ...l.r

heizht of 8.33 m». The reaction chanbe' for the exnanded suspension was
6 = hizh and was cooled by four water pressure pipes 2.54 cm in diameter.
Tne fra2e reaction chamber had a volume of 276. The heat of reaction was

removed from the reactor bv means of a pressure water - thermosiphon svstex

2
through cooling pipes with a surface area of 2.6 m". The level of the

" suspension in the reactor was kept constant bv means of an overflew pipe.

Gas was supplied to the suspension through a single jet with a bore diu-
meter of 19 mm, which was desigried to operate as a nonreturn ball valve.
From the standpoinc'of process téchnology, the performance of ths
pilrt plant at Stevenage was conpletely satisfactorv. In particular, the
removal of the heat of reaction was so effective that the temperature at
a reactor height of 6 m could be kept constant within 21°C. TlLe coef-
ficient of heat transfer (suspension-ccoling surface-cooling water) was

cetermined as 1400 J/m2 h deg.
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. The catalyst used was prepared according to :he-spccifications of

‘_Peter Spence Comphnv Ltd. According to Ref 8u. 1L was precip;tated u':h

by "partial oxidation ,of iron sulfates (copperae)

ammonia from a solu:xon of ‘errife'rous sulfate whicn hdd been obcaxned

-.Véray analvsis shoﬁed

“?:he presence of hena:1te aﬂ'J Sginel structares sresen: in abou: equal prn-

portione

'The hihh contenc of: potassiuh promoter,:-.76z rererred to

'1ron. and the’ SO3 con:en:, 9 14, are no:ew: tnv Thc :ﬂ N wh1cn is a

catalvst ’oieon, év be responsible {oi the low ac:ivi:y'oftché'cata]?s:;

-whereus tne pronouﬁccd ‘nrmat.01 of carton cobserved during the synthesis

is a:tr1butah1e ‘to the unc;uallv high potawsiun content . The f{ormatinn

of the catalyst took place in the liquid phase with cHe s"nthes., 2as over

a period of 37 hours. In this state, chexmical analvsis of -he carclvat gave
56% of iron and 12.5% of carbbn;

It was acknowledged in the discussion section of 2ef. 73 that ch-
catalyvst emploved was unsuitahie. This accounts for the vervw bad CC + H:
~onversicr. rate, which drozped from 59.45 3t the begirning of the exreri-
ment to 35.4%4 after 418 Lours. To achieve thais cenversion, the operating
temperature had to be raised from 20°C to 280°C over a pericé of 439 hours.
Because of the high alkali content cf the catalyst and an operating tem-
perature above 2734°C, this resulted in such abundant carbon formation that
the viscosity of the suspension increased frcm about 2 c¢P at 185°C to
230 cP. At such high emperature, the relative gas content of the sus-
pension declined so greatly, from 40X to 10L&, that because of the markedly
reduced interfacial surface area, the gas transport <o the catalyvst was
abie to adversely influence the overall reaction rate For this reason,
Calder::ank's74 description of the svnthesis results and discussion of the
theoretical kinetics, based on a system 2mploving an unscitable catalyse,

is unnecessary.



:3.6.5.-n at_the LS Bureau of W1ne

ot

allsis a porous pxpe made of =1ntered

drer. welded 1r'u the reactorJ
bronze (of the ‘same d*anecer as the reacto. pipe) and surrounded by a
pressure slesve. This circular space permits the withdrawal of a filtered,
catalvst-free product from the reactor. The catalyst collecting at the
interior wall of the filter pipe during filtering is washed by the turbulent
suspension. From the reported space velocities of the gas, 130 - 500,

an hourlwy zas throughput of 1.75-C.7 m3 is obtained.

In addition to precipitztion, fusion, sintering and ammonia catalysts,
the investigation also covered various iron ores, chiefly alkalized mag-
netites. It was shown that fornat;in. which was mostly performed in the
liquid phase, was of decisive importance for the activity and lifetime
of the citalysts.

As a rule, water gas or svnthesis gas with a CO/Hz ratio of 1 wvas used.
Tne v_.elds obtained were corraspondingly mcdest, and the olefin conternt
of the produéts was relatively low. Since no detailed descriptions are
given.in the research reports cited,75 it was not possible to tabulate
the experimental results. Some of the data which appear important include

the following items. With iron precipitation catalysts, a synthesis gas
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1mpregnatiug magnetite (Alan w°od) with potassium carh'nate. a 71% con-

version of synthesis gas with a CO{HZHratlo of 1:1 was ;ch;sved_by cir-
culating tne gas at a pressure of 21 ata, a 'space velocity of 307, and a
temperature of 260°C, Eighty percent of the products consisted of hydro-
carbons of C-number 3 and higher, boiling below 200°C; the other 20% con-
sisted of methane, ethvlene, and.ethaua. Raisﬁng the temperature by 10°C
increased the gas conversion to 827, while the increase in the proportion
of C1 and €y hydrocarions was insignificant. The yield of this fraction
was reduced by 13% by performing the synthesis in two consecutive steps.
Nitriced iron fused catalysts78 were subsequently also used.
Because of their greater resistance to carbon formation, these catalysts
have a longer lifetime and a special tendencr to short-chain olefins
and oxygen-containing compounds. The catalysts were reduced with hydrogen
to the point where X-ray analysis revealed that at least 903 of the iron
had been converted to the metallic bonding state. After the reduction,
the catalysts were treated with ammonia gas until the atomic ratio N/Fe
became 0.4%5, and X-ray analysis at that point showed the hexagonal nitride

to be prevalent. The reduction and nitriding can bte performed in a fixed
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:',j"-'?.in Table 10

and tne

;The-besb;forﬁationﬂﬁethbdiéonsisied.-15711

_nFE) with svnthesis gas (CO/H {= 1) 5&-3?

'¥'The temperatura and

Because rf the

'as comwarcd to the supplv rarxo of 1.'the conversion referred to CO - H'

'3 vxeld had to be rél :zvelv low The-proportxcn of

Cl.and'cé.hfdrséarbOﬁg was surprjélnglj'high; the: ;§” ;i6H'of ethylene
was not reported. The proportion pf,oxygen-cpnceining coﬁpounds (45% of

the water-scluble products consisted of ethanol) amounted to about 463

'of the total C3+ products. up to an operating temperature of 240°C, corres-

ponding to a CO + H2 conversion of 452. Above this temperature, the pro- T
pertion of oxygen-containing preducts drops markedly., The olefin conten: %
of:the hvdrocarbons increases with the space velocity of the synthesis gas;
the fellowing limiting values are given for this case: C2 fracticn, 7-43%;
C3, 47-84%; Cp» 60-805 . The olefin content of the "oil" was reported with

bromine numbers of 8-46 depending on the cperating conditions.

3.6.3. WorP at_the Indian_Institute of Technclogy, Kharagpur

A distinctive feature of the Dowthermheated reactor (length, 3 m;
$ 0.05 m) employed at this institute79 was the use of an injector nozzle
at the reactor bottom, which provided for a good distribution of the gas
anq a fast circulation of the suspension from the top to the bottom of

the reactor. A precipitated iron support catalyst of the following compo-

sition was used: 100 Fe : 10 Cu : 4 MgO : 3.5 Ca0 : 50 diatomaceous earch.
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:used' 1: was obtained§

I. The yield seems verx}h;gh

The svnthesis gas contained'to aﬁa H in the ratio O 7 (water gas). 'The

~optimum reported vield was 174 g of liquld product per m3 of CO + "2

TN, s 1

?210 5 bar and a ace velocxtv of 100 h .

'and“the small extent f_thﬁ secondary water'

gas reactzons is :u'prisxt o;h';re aq;ribp;ableffo the special chafe

acterxstics of the catalysc

stry_of Tokyo Unfversgszso

of_SyntheticiCh

Theﬂréééior was'bAsed'Sh“the design'of“fhé bubble column used for small-
scale experiments by Rheiripreussen. -Its inside diapeter was 50 mm, and
its height, 5.5 m. The reactor pipe.was surrounded with a heating jacket
and heated with Dowtherm liquid. The gas thioughput was 1.2-3 m3/h. An
iron catalyst of the composition 100 Fe : 0.3 Cu : 0.6 and 1.2 K2C03 was
used; it was formed under pressure with CO-rich svnthesis gas.

Results of the svnthesis are given in Tzble 11. The English abstract
reports vields 5f 10-45 g of gaseous and 110-170 g of liquid hvydrocarbons
per Nm3 of synthesis gas. The very high content of carbon moncxide in
the synthe-is gas accounted for the gémarkably high olefin content of the
products. (The C3-C5 fraction contained 90 wt.Z,and the C6—C15 fraction,

75 wt.% of olefins):

3.7. 3Selective Liquid-Phase F-T Svnthesis

Since 1973, attempts have beeu made in the Federal Republic of Germany

to replace petrochemical products with products obtained from coal.i2‘81783

Of greatest current interest is selective svrthesis aimed at short-chain

,.\\
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4

taining materials faldehvdes)

. of madxun-chain“olefins3does not present

C e . . [, e e e A A et s g -

CZ-C' otefins and other chemxcal raw materzals like a—olefins uith C-n u:bers ; -

- or
range for the production of detetgents,s* and oxygen-con-
5 2 ' o R . o :'. ;- .

in the LB 14

. Nh11e the

djustment of the ope-aticnal parameters for - the product.on f

-any problem. the operational moue

aimed at‘a suffxcient selectiv1t\ for C Ca-u-olefins depends on the_

to further hvdrogena.1on of the olefins 1n1tiallv formed._.These.cataIvs.s

also must be better suited for hxgher operating temperatures ‘than the

“traditismal iron and cobalt'cata]ysts, especi311§ so that short-chain pre-

ducts can be obtained. .At the.same time, they must exert only a weak
catalvtic influence on the Boudouard reaction, so that the liberated carbon
will no: influence the lifettme of the catalyst.

Th.: search for selective catalvsts has led to the discovery of new
contact:; whose synthesis properties are shown schematically in Fig. 7.
Whereas the classical iron and cobalt catalysts precduce a wide spectruxm -
of hydrocartons, the newly developed contacts are characterized by a
selectivity in the cirection of formatiur of short-chain hydrocarbens.

Thase new contacts can be divided into four groups:

(a) The first group includes iron catalysts modified by additions
of oxidzs of titanium, vanadium, melybdenum, and manganese.s5 They are
produced as multicomponent precipitation or sinter catalysts.

(b) In czhe second group, selectivity of the contacts is obtained uy

partially poisoning the catalyst surface with sulfur. -Franz Fischer



" "saso. Compiany

tecognized as early as 1932 tkat such poisoning leads to a shifting of the
‘prdduéﬁ;speqirum ih_the ﬁirection of shorc-chain hydrocarbons. Newly

 :iﬁifid;édf§tuaie;win Ehis area have iéa'ﬁu the discovery of selective

"if.caiéiyéfs B§$éd'bﬁ”ﬁﬁffiéliy poisqnad“ifﬁﬁ whiskers with added promoters
. S T o . .

ARy A o). 8

n(cfféh.'”"': g ébthéludes iroﬁﬁﬁgék catalysts developéd'by Eﬁe_.

"T;aiglbgfé;iééukh Af;f&éif{bata on their com§9$iti9n 

(d}_fhé féu;ég{groypﬁééyéigts of ygng§ﬁesg-catalystsas developed
by Kolbel ;nd Tiiiﬁegz.at;Be;#in Iechnica; University in 1976land con-
taining 10-20 wé.z of iron. They act selectively both as precipitation
contacts and alloy catalysts. These catalysts can be used,in particular,
for the processing of carbon-monoxide-rich gases which yield a product
rich in o:efins, since the liberation of =zarbon on the new catalyst is
only very slight. The composition of these products can be influenced
by varying the Mn-Fe ratio over a wide range. A higher iron content leads
to a more hydrngenated product with a longer chain.

The vields which can now be obtaincd in labaratory fixed-bed reactors
without circulation are around 100 g of CZ-CA hydrocarbons per 1 Nm3 of
synthesis gas with an olefin content of about 70%Z. A reduction in selec-
tivity was observed in the sclective liquid-phase synthesis, wherein the
yield of CZ-CA olefins amounted :o only ahout 60% of that obtained in the
laboratorv fixed-bed reactor.89 This factL can be accounted for by the
subsequen: hydrogenation of the initially formed olefins as a result of
back mixing in the liquid phase, and hunce by their wide residence

time distribution.



:f(synthesis pressure

“4the selectivity i

U'range of the pr“

s ————— g snan e S e

With the aidfoffsfafistical eipefimenfal plans and the'reg*ession'f

“models derived £rom them._the tendenc1es leading to the optzmum selectivity_

._-.;‘

Ctoward shcrt-chain oIefins were determined 5y use of manganese catalysts

':11 bar)'??_

tareethfunction.

s§ variables increases Ulth increasing CO/HZ ratxo.
falli1g svnthesis temperature. and 1ncreasing linear velocxty oE the svn-

thesis gas.n The same resul:s ware obtained by the optimization when the
selectivity of formaeion of CZ-CA olefins plus paraffins was studied as
the targeﬁ quantity. Thus, the two target quantities are symﬁa:ic.
However, other groups of catalysts behave differentl_v.91 "Sasol"
ca:alysts, for example, lead to increased linear velocities in the reactor
and thus to a better CZ_CA relectivity, but the CZ-Ca—olefin yvield declines
with risinz CO contunt of the synthesis gas.
Reducing the average residence time by increasing the gas load or
the linear gas velncity has its ligits. since a marked decreasc in conver-
sicn must be reckoned with. 1In this case, the products present in the
residual gas in only very low concentrations can be isolated only with a
91

considerable expenditure of energv and at high cost. This makes it

necessary to perform the process at high gzs velocities in stagos.
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3.8

oSszble.at a suspensxon laver height of 5 .8 . However, an

1y through the liquid rhe hydrosta:xc equilibr1um

of the gas.fo move to the cen:er.ana of the quuxd to mové along thf walls.
- In cases where theae phenomena are scronglv influenc.d by the cooling
pipe bundle, thev should be considered {n the further development of
reactors with large cross sections.
The uncontrollable rolling movement of the liquid can be avoided by
building-in vertical shafts open at the top and bottom and haviag a
honevcombed cross section. They are located at a sufficient height above
the gas distributor so that the suspension can commute freely, and they
open into a commen gas chamber in the upp2r part of the reactor (Fig. 8).
The gas is introduced either into each shaft individuilly, or by a gas
ejector cerntrally mounted in the zone-shaped bottum of the reactor. The
cooling pipes can be arranged centrally around the shafts or in cormers,
T as shown in Fig. 8. The cooling surfaces of such shaft reactors can be
reduced in the direction from the bottom to the reactor head in such a way
- that the suspension temperatures from the gas inlet to the gas outlet will
increase by 30-6O‘C,17'92 this being essential for catalyst efficiency

and the preferential formation of low-boilingz olefins.
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Table 1. Summary of relatfons for estimation of hydrodynamic prnporﬁi
slurry reactor. Liquid phase: molten paraffin, tompcrnfﬁf*

40D-1100 kP2, Gas veloecltv: <4 em/<, <olid eontents: =5 Qﬁrh

Gas holdup

Rubble diameter, cm

Gas-liquid interfaclal areca per unit volume of

. -1
J=phase suspenslon, cm

Gan=1iquid masy vransfer coefffcient, kl

Liquid-solid mass transfer cocfficient, kq

Liquid-solid interfaclal area per unit volume of J-phase

suspension, cm

Heat transfer coefficlient h

*
symhbol missing in original [translator)

——
<
~ -
-~
Kd

.

\

dy +70.07,

q = /.
) N "r

Sh = U 0]"7 (Fkl.
2/,

# --“('.r )

/n

() : o 8-'l q"

prZ' (Hurﬁ

0.3

s of a Flﬁqh&%—TrppHch

lhl

St = 0.1 (ReFrped) MO

2y

,hynrkl
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Table 2. Operating data and results of liquid-phase svnthesls (l&) fnr unc—stop oporntlon ';f." - :__' .

with a single passage of the pgas over fron catalysts. u) pllot p
(h) .llmr.’ll

Effective reactlon space (volume suspenslon including dispersed | ).1ii;"
Catalyst (kg Fe)

Synthesls gas pressure (har)
Synthesis pas  (volume ratfo, CO:Hz)

Quantity of synthesis gas (ijlh)

Linear velocity of the compressed gases at opcratlng tumperaluro roferrc
to the free recactor croqs section (em/s)

Total CO + II2 used (Nm /h)
per m’ of reaction chamber (Nm3/h)
per kg of Fe (Nm3/h)

Averzge syntheais temperature, °C

€0 conversion, %

co + “2 conversion, %
Synthesls products referred to CO + H, used

llydrocarbuns Cl+ (g/ng) i o ' 178 176
C, +Cy  (g/tm) | 12

Lj+ (g/ij) ) _ o 166 - 165

O-containing products {n the synthesis water (u/Nm’) ' RS ";,2
Spncu-vimL yield of C.+ products incl. O-products in 24 hours o
(kp/m of reaction chamber) 740




(1]

", 1

11

Methane + ethane

Ethylene

¢,

c,

40-180°C fraction
180-220°C
220-320°C

> 320°C

Total

5.7
613
40.3
9.1
95.5
7.1
10.7

3.3

178.0

G/Nm> COHI,

S

Welight 7 of toial
product C

3.2
3.6
22.6
5.1

53.6

6.0

1.9

100,0

(Mode of operation adjusted for gasoline production)

% Olefin

0
100
iS—BS
70-80
70
48

37

91.9
139.4
218.0

300.5

Av. molec. - DERSILY, OH numbér A¢ld number Ester nmb: .~
welght = "20°C.° mg KOH/g “mg-KOH/g - mg KOH/g . -

’:ffii;ES}EJ

.'?Jh.lizﬁ'li"

0.65
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SynEhcsls Pfu&hét;cnmpqsiélohi
Temperature, °C 270° Fraction ;
Pressure, bar 12 Cl
Synthesis gas CO/H2 - 1.5 c,

Space velocity, vol. gas/vol. susp. h 180 c,

Clrcula;ion r;tio. fresh gas:final gas 1:1 Ca

Iron precipitation catalyst

(-0.1 wt.% K2CO3) 15-150°C boil.
150-200°C boil..

Tleld, g Cl inc + Nm3 (Co + “2) 170 200°C

Yield, methane + cthane/Nm3 (C0+H2) 16 alcohols.

-chld, 8 Cz HC + Nm3 (Co + "2) 163

Cionvuuv yiet ., g low-holling

HC/Nw3 (€O + 11,) 19

Table 4. Conditions, results, and product composition of a llquld-phlwc synlhcqis wlth_i-ﬂ

simultancous cleavage of recycled prudu(rth

Total yleld C2+ HC from syntheslis
and cleavage, g/Nm3 (co + "2) 2148
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Table 5. Operating conditions and results of a synthesis In the liqh ';phase reactor-.. - -

9
with temperature Increasing from top to botto:n5

Temperature, °C

at gas Inlet

at gas outlet
Pressure, bhar
Synthesis gas CO/II2

Catalyst load m3 gas/kg Fe h

270
305
12

1.5

Catalyst from large-scale production,
0.27 Cu; G.5% KZCO3 (referred to Fe)

CO converslion, %
after 1400 h of oparation
Yicld after 1400 h of operation

c, NC + a/Nm> (CO + H,)

C, HC + g/Nm3 (CO + 1)

3
Methane + ethane g/Nm3 (Co + "2)

HC = hvdrocarbans

90

169.0
163.0

1.7

Composition of Cﬁ+:HC

Fraction
cy + €, E
Cs
c, 5
¢,
Cy

9
r

10

Cl1-12 '
“13-15 ’
C16-17

¢y

Alcohol
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1
high-bolling 1roducrsﬁ‘

Temperature, °C ' 216-230

Pressure, bar 11 Land]héléédi;;§0lia{néf
Synthesis éns, CO/H2 1.3 R
Space velocity, vol. gas/vol. susp. h 116

CO-conversfon, %4 >9()

Catalyst, Iron precipitation ¢atalyst
K,CO 1 wt.2%

2773
— 3 oo g
Yicld from synthesis, g/Bm~ (CC + d2) 177 52.
Yield of HC >320° from Molccule huilding . ?-f;
g/Nm (CO + Hy) 67 Hard wa: 22.6
Total yleld of €, HC + p/Nn’ (CO + 1)) 244 Fia02ec

-.-,: l-.z- .
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Table 7. Operating conditions and results of liquid-phase sxnthcqis wlth hydrogen-rlch
gases and precipitated alkalized Fe—gatalyutwﬁs e S

Type of gas Water gas
I,/CO ratin 1.1 1.2 1.2
Temperature, °C 247 218 230
Pressure, bar 16 13 13
Gas flow 1 step without 2 steps  circulation 2,55 -girculntldn'l.s:l' o
clrculation + 2nd step witho e ' .
circulacton '

Space velocity, L
- 240

vol, pas/vol. susp. h 130 105 245

CO0 conversion, % 93 93 95.5 _.95
Consumption ratio H,:Co 0.76 0.89 1.05 1?“5

Ticld, g C2+ IIC/Nm3 (C0+H2) 140 157 168 163 -
Yield, g Cit,/Nn’® (COHL) 6 0 0 0
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Table 8. Operating condltions, results and product compos ( t lon fnr Ilquld-phaqo

synthesis using carhon monoxide and steam

Operating conditfions

Average composition
of top gas used, %

Amount of top gus used, Nm3/h
Effective reaction chamber (volume of
suspension in operating state incl.
gas), liter

Amount of catalyst (iron contact), g Fe
Synthesis pressure, bar

Synthesis temperature, °C

Contact load Nm3 CO/kg Fe h

CO/H20 ratio fn enterlnpg gas

7 co
34 CO
2 N,
57 N2

20

184
16
240-280
1.8

3:1.15

67

Yield 6 -C " and hi§het (C +
hvdruLarhons. u/Nm :

‘3

Total’ catnlyst efficiency (total
amount “of: Cq+ hydrucarbonq ob—lf; .

talned durlng the operatlng tlme'

of .the catalyst in kg/Pq iron)

Spnté/timc. feld of C3+ hydro- -

carbhons (kg hydrocarhonq pcr m

reaction chamber ln 24 h)

;?92 lf

182 .-

160

405

T
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Table 9.

Composition of synthesis products [rom top gas
(a) synthesis of low-boiling materfials

(b) synthesis of hlgh-bholling materials

Fraction

Mcthane + ethane
Ethylene

Gas oil

Gasoline

Kogasin 1
Kogasin 1II

Slack wax

Nard paraffin

Total yield of hydrocarbons, ;;/Nm.J co

Carbon number 'Hi % of total products

(a) L (b)

_é. 1- =_T'_

116 .
c, R B} |

C3*+ ¢, S T L L1sa

€,y - 4 190 fo lzsq____.:

€15 - C1g --:.geo*‘f?._qz'o-'_'

€10 = Cag 320t01450

> Gy ,>_. 450 .




. " Table 10. ¢

Temoerature,.°

']Pressure, bar

Smmgugu

-using nitrided iron fused catalvet78

Space velocity, ol gas/susp. h

Lonvers1on ot O +'H2, 4

Consumptxon ra;io. H,/co

Yields, g/m3 of -converted (CO + H,)
C1 + CZ
C3 ard higher

G,-centaining products in water of reaction

Weight 7 ¢f Oz-containing products in cil

62

0.81



:* " Table 11. 0pé¥ééiﬁg:cbhﬁftiéaé:aﬁdffééﬁlES'6f‘a_liﬁuid—phase syﬁ:hegig.

at Tdk&éﬁﬁﬁi%éréifyaq:'

_'Synghesis

Oéeréiiégihgurs. h
Tempgyétufél.’c

Piess{;té':,. bar

Synthe#is gés, CO/H2

Gas flow, Nm3/h

Catalyst load, Nm3/kg Fe h
Concentration of suspension, weight % Fe
CO-conversion

‘Yield, g KC/Nm> (CO + Hy)
Methane

Condensate 1

Condensate 11I

63

'96.1
266

40.3



Fig. 4.

N

Opefa_ nal range diagrégffé a bubble colﬁmﬂf?ééctéf“wfthf

suSpéndé%-solid matter (partidie size:-30‘t;::s ~r2; SL -1
Comparison of experimental and theoretical conversions for the
case of mass exchange limitation

) 4
F-T synthesis using iron precipi:a:ion-catalysts1

F-T synthesis using selective mauganese catal:.'sts90

xethanization3o

co conversionBa

Flow diagram of the large-scale demonstration plant (Rheinpreussen
Process)

A freely separated i{nitial products

B fiznal gas for productf%n of low-beiling hvdrocarbons

C high-boiling initial products

a compressor

b gas meter

c diaphragm

d sacpling intake

e bubble colummn reactor

f steam collecto'-



Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

\ ‘pressure’ filter

. stirring container”and container for materials

irémbbé&'frqm‘furnace
p .centrifuge’.
q "Anmaisch" oil
Partial view of the pilot plant
Diagram of the synthesis of iron and manganese catalvsts
and selective catalyvsts
Construction of the zone reacter for the continuous crecipica-
tion of catalysts
a pH and temperature measuring site
b overflow for removing the precipitate
c inlet for metal salt solution
d inlet for precipitant

Honeycombed inserts with cooling pipes
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