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T h e  Y-T synthesis can be reduced to two fundamental reactions: one is 

the" hydrogenation of carbon monoxide according to Eq. (i), which t~kes 

place preferentially on cobalt and nickel catalysts. The other reaction 

is the conversion of water (Eq. 2)° which takes place most easily on 

iron catalysts as a consecuclve reaction. The overall reaction ( 3 )  below 

expresses the hydrocarbon synthesis on 

CO + 2H, ~ - (-CH2-) + H20 

CO + H20 ~ I{ 2 + CO 2 

2CO + H 2 - (-CH2-) + CO 2 
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The consecutive reaction of Eq. (2) can be depressed by using lower 

temperatures and a shorter residence time and by clrculating the synthes~s 
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s t a g e ,  so  t h a t  t h e  F - T  s y n t h c z i s  -.an a l s o  t a k e  p l a c e  on i r o n  c a t a l y s t . ~  
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• " " "  t , , .  • " ' ' "  ~ ' ' . "  " '. ' " " :  ' "  " ' " .. particular, t,,e sul'fur'compounds pz'ese,~t, as 'Lmput'ities.do:n6t interfere ' 
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. . . .  "' "'" ' " ..... ~ithe"F-T products .. With t h e  sub.seq'uent processing~.Of '' '~ . . . . . . . . . . . .  
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A bas£c' requirement for an"econ0mical production o f  chemical ra~: 
. . . . . .,.. '.', ,. ' .. . . 

" materi:als' bymeans o f  the F'T svnchesls is a high yield based on the syn- 

thesis"gas used, because its cost amount ~- to about 801: of the prod.orion 

costs of the products. Optimum yields can be.achieved onl:: when the re- 

actants CO and H 2 are present in the same ra=zo as they are used in the 

synthesis, i.e,, the ratio of supply, should ~qual the ratio of consu=ption. 

I n  a t o t a l  stoichiometric conversion, the reactions of Equ=~ions tl) and 

(2) result in a maximum yield of 208.5 g per Nm 3 (CO + H2). 

One modification of the F-T synthesis Is represented by the Kolbel- 

Engelhardt synchesls, which forms hydrocarbons from carbdu mo-,o>'ide and 

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

forms hydro.~en "in sltu," which then reacts with carbon monoxide according 

to Eq. (3), Thus, the K-E synthe~ts :akes place accordln.~ to the overall 

equat ion : 

3CO + "~20 -" ~-Cil2-) + 2CO 2 

~27C 
R H" = -244.5 kJ (4) 

o . . "..:.. , 

= 
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,.: :. .. . Even ~hougn",,:~;t:,was...dlscovered in 19,6.,' .the':!;~eacti6n."mechanlsm.:Of '. 
• , • .,., ~ .;....~ ',.., . .. . ., .. .., . . . . . , . ,  . , . . 
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~,  ' " the Fischer-Trops'ch S'vn:~;he~,is has n o t  yet been "explat'ne'd~ i'. .iThe "mechanism 
• • . ' , '  , " L  - " . • . . . .  . . ' . "  . .  • , '  , , . "  . '  ' 

• . .  L '  ) ;  ' :  . " . , ,  . r , . ,  . " . . ' "  ~ . r .  • ' L .  , " b : '  ; ' '  ' ' 

• • . . ~ • . . . 

presenteo b'¢ Anderson a~d c'o-workers in 19516 considers the formation of 
. • i'. . . . .  ' . ". :'~ 

enol.~c prlm~,ry.' complexes f-om carbon monoxide and hydrogen on the surface 

of the cata-ys~, which grow into hydrocarbon chains by the stepwide splitting 

off of water and hydrogenation. The mechanism according ~o Pichler 5 pos- 

The formati.~n of hydrocarbons from carbon monoxide and hydro.ge~ifollows 

from Eqs. (l) and (2) .. 

• , , . - , 2 7 c  . . . .  . . 

• C0.2 ~:. .3H2 ,~* ( ' C I ' I 2 - ) " , + . ' 2 H ' ) O  i'~:::-. ', . ' R , "  = T 1 2 5 : 2 "  k.~::- . . i  ; . .  ( 5 )  " :  , ' ; ' i  " ." ' .  ,".'. ,"..,'" 

stoi h o  irtc:'y,elci ot.: he 'c ordln  to kq::M s 205.5 g, ,-: " : . 

and .ccordi g o Zq. c5>. ii6i2':: '-per:. m 3 (CO + .2 > " 

• ., . 
' " " " "'i"" • :" '." "... '. " 

Undesir.~ble •side reactioris .¢6 Con-~[der include hydrogenation of carbon 
• . ' :.'., ",... • . . - . .,, • 

tu-ates thal the buildlng of the hydroc~.rbon chain involves insertion of 

a CO molecule, adsorbed as a polycarbonyl on the catalyst, between the 

metal-alkyl bond whl]e water is split off and hydrogenation takes place. 

New proposals concerning the mechanism of the Fischer-Tropsch reaction, 

based on results of modern methods in surface physics, regard the disso- 

clarion of carbon monoxide on the catalyst as the first step in the reacclon. 

Thus, they return to the older ideas about the role of the "active carbon" 

on the surface of the cata!yst. 6 

The hydrogenation of carbo~ monoxide according to the F-T process 

represents a system of complex p a r a l l e l  and consecutive react ions which 

at the same time are balanced thermodynamically wi:h respect to each other. 

Because of the great number of reaction equations involved, the calculation 
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.... : • for. c0b~lc:' and 'i.roni~'!ba~e "~at~'ixsts:)used :indus trifillv fn solid, bed reactors . ". 
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" "'".....;: ". '.:"'. "':..: : ~"~:~:..'~.~'. ~ i:"~," :' .~..: I;I'L '. ..... . i" ...~:'4'.".:" . "" i 
l " but ~ lthese e-qual~ioh.s-::partlv contradzct, one.another. 4 14l ll :ll" l l 'l l ' " .l IZ l 

v . .... .... ..... :: .,, JY; :%':,": . . . .  '. i:;' ....... ;' . . . . .  :: : : ' ' " 
'' The main ,technical 'problems of the F';I' S~,nthesis include"a: r:apld ~e-: : 

.." ,. 

. ' . ; . . . , . . ~ . :  : ; .  . . . : , ' . . . .  , ' ' - ' q " .  . ' . .  i " " ;  : . .  ; ' .  - "  , .  ' . °  

. . . . .  . ,  . .  moval .of the-.-.heat o f  .reacr~ion, amoun.i:ing "to about. 2Sg"-of"the hea t  o f  com- 
, 4 . . . i . . :  , . . . .  : . ' ' • 

" .busttdn' o f . . r h e . s ~ , ~ t . h e s ! s  " '  g a s ;  a v o i d i n g . l o c n l  o v e r h e a t t n g  O f  t h e  c a t a l y s t ,  

whlchfavocs methane 'formation;.'and flnall~:, a unlform distributionof 

;he synthesis gas over the catalyst. 

To solve these problems, various types" of synthesis reactors have 

1 
Leen developed. These reactors may be divided into those with stationary 

catalysts (lamellar reactor, double.&ubo reactor, ARGE reactor) and mobile 

catalysts (fluidized bed reactor, 

slurrT" reactor). 

flyinR-dust rea:tor, Lbree-phase 

This report Is concerned with the liquid phase ~rocess in three-phase 

bubble column reactors, developed by H. K~Ibel and P. Ackermann (Heerbeck 

Fuel Norks, Rheinpreussen Corporation, Homburg-Niedecrhein) during the 

period 193,~-1953, when the disadvantages o~ the flxe-I bed process became 

obvious after the replacement of cobalr catalysts by iron catalysts in 

the fixed bed reactor (lamellar and double pipe reactor). 1 The liquid 

phase process was used in. 1952-1953 at the Meerbeck pi.'.ot plant with a. 

large-scale reactor u n i t  (daily production 11.5 t synthlsis products) 
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. "  .,' The llquld-vhase F~T synthesis .taRes p1'aCe,'in?a..bubble column reactor 
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(Fig. ,,i~he'~e:"~'he'"ivn't'he;':'~sg;:'s iS conver~e~::on:~c:ata~'vsts sus;ended in a .. 

liquid as' f.ine pg'rt~cie~.":' The'synthesls gaS":fio~s"a!'small bubbles through 

the catalx:st suspensioh. ':'The S~'nthesis prOduc~s~'::~hlch are volatile under 
'.. .. . . . .  .~ 

t h e  o p e r a t i . n g ; c b n d i t t o n s  e m p l o y e d ,  a r e  removed:.wi'tl~: t h e . . r e s i d u a l  g a s ,  and 

the liqu.id p~oducts are separated from the suspenslov.. The heat of re- 

action is removed by water evaporated in cooling plp~s icanersed in the 

suspension. 

The use of the bubble column reactor for F-T synthesis has the fol- 

lowing advantages, ~Ich will be discussed in detail below: 

(a) uniform te=|perature in the reactor 

(b) high contact and reactor efficiency 

( c )  a catalyst e f f i c i e n c y  o f f ' b o u t  1 

(d)  good h e a t  exchange 

( e )  f a v o r a b l e  c o n d i t i o n s  f o r  c a t a l y s t  r e g e n e r a t i o d  

,°'-° 
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( f )  sl~..ple construction and therefore low investment costs. 

Controi of the heat of reaction, which reaches a considerable order 

o£ m a g n i t u d q ,  does not  p r e s e n t  any p r o b l e m .  I t  i s  n e c e s s a r y  to e l i m i n a t e  

l o c a l  o v e r h , ~ a t i n g  becaase  i t  l e a d s  to methan,~ f o r m a t i o n  and damage to  the  

catalyst. The flexibillty of the suspension reactor makes it poss!ble to 
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."_ of the'synthesls anditherefore its eConomicaloperatlon. The "bubble cbiu,~ 
• " ". ." ,," -i'~..~. ~" ~ ." . .,,'i .~.~ ..... >~ .,~. . . . • - ~ -..-.. -- : , 

... ' reactor allows the'introduction of. svnthesls gases rich in carbon r.onoxide 
." . . . . , ..... .. ..,:, .~.-.~ ",,~"•, .~.-:.. . ... • . •. .,.. .: : ...: 

. . .: . .. .,."without the rlsk of clogging or some other undesirable effect that might 
• ~ : " ':i :i~ '~' ~ .i'; ..... ! i 'i ::'. ~.': ":: .:~ ' . ::' : ..i: 

.... .' ' .:: " "~be" cause~"bxo " the liberation of-'carbon by ~the Boud:ouard reaction ... "..i. > • '~ " 
• , . . .  . - o . • . . .  • . , • 

• ": .... .... :" " .i,,~,,". ""':: ": . . . . . .  "" " " ' ' ' " ' 
• .j ...... • ;~...'~, :. .:" .. ,.'"'.. ,.. ~ -... . . . , 

:!i -'.~''' '"~' ':':'" '. ~'ce'rtain disadvan~aBe of' the b'uSble"column reactor is. that th~"r'e_~i-" .... .: 
• -" ,... . . . .  .. ~: . ~},,.... .. :,,. ,,f,,- ~ ,,' ~.. . . 
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dehc'e time behavlor'of the liquid':phase and partlY aiso"i'that 'of the gas ".i 
• . , ,~ '.,.~_ , ,. . . . ,  . ~ ~. . 

~-,.',', .'. . '... "!' ,,'. :. :, .,,,...,,,, ,,,,~ ..... .i...::'... • , . .... . . . . . .  • . . ,  : . , . . . ,  . . ~ ,  . . ~ , , ,  , . ; ,  . . . , ,  , . ~ , , ~ , ~ , , .  ' . , . : ,  + ~ , , . ' , . , . , ' , ~ ' . : ~ .  : !  - , ,  : : ' : ,  

• i ' • • . • • .  ' , "  ' • ' " , ' .  - " ' • • , , , V • • . ;  . • . . • .  : , . , .  . • . .  • . 

'' :: 'Phase In::a'slm~le bubble",c'olumn"isfor all pra~ctic~I purp0ses equivalent " ' 
' "'" ' ' ,  ' .  ' ~ " . , " : " "~ '  : '  " ' ' .  ','~!,"i'.'.!',... , ' ? . ; :  " " .  ~ ",.,,,i . : ~  ' : , , ; ~ "  r .  , : .  . . . .  ' ' . . . .  " .: 

• . . . . . . . . .  , , . . : . ,  . .  . , . .  . . .  , ,  , , • . • . ' . .  ~ : . ,  " ' . . ;  . ~ • . . . , . " . . .  • . . ,  [ 

• '' " "" !'.:",,,'"'"to .tlh]~':b]~h"~:~,ior in'a'R:fd'e'~]'i!!a~]t:ator..'vess'd.l.~..:.-!,~h'is causes unddsirt.bl.e i" :] ' 
• , , .  . . ' "  . .  • , : , ,  . . , . . , . .  . . . . . . ~  . .  : ' . , , . . . : : . , . ' . ' "  . , . .  ." • . ' ~ , . .  • "~ 

...... : ' prO Si~'~:~when 'h~er:J~eiectfvlties a~d t~ i.be "bbtalned, but 'suCh' problems 
'''i • ' • . 

.. "" " ":;" '..'~ ' .'." ' " ':' i'. 

can be partially.,avoided by use of bubble column cascadeS:In the stepwlse 
".,~ . . .. . •; - • ... 

process oc oy building elements into the reactor. 17 The special .features 

of the three-phase bubble column reactor do, exert.an Influence on the re- 

action process of the F-T synthesis. A discussion of the features of chi~ 

reactor type will make subsequent remarks easier to understand. 

%- 

.o 

o--o 

- .o 

.. 

De:ailed information on the behavior o~ bubble column reactors can 

be found in the literature. 20 The problems of two-phase bubble column 

21,92 reactor~ w~th respect to reaction technology were summarized by Deckwer. - 

24 
Mersmann and Gerstenberg discussed the state of the arc from tile stand- 

point o~ process .technology. Criteria for the selection and desiHn of 

gas/liquld reactors were treated by Nagel, Hagner and K~rthen. 25 For 

information on the principles, design and application of =hree-phase buhble 

column reactors with suspended contact catalysis see the review by 

9.6- 27 
Hammer- and work of K~rthen and Zehner. 

Since the develc, pment work on llquld-phase F-T synthesis was halted 

at the ~-nd of the 1950's, there have been no major investlgaticns of further 

." % • . 
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2.1. Fluld-D~mami'c Be~a~i6r"o'f Bdbbie Column Reac~tors '' :' , ' . . .  . -; , , . 

• . . . .'." . ...;. • . '. ,' . . ." • 
.'..'. ,, , . , : • ',., ..., • '.. ".'.... . ! 

:: '-   o,28 : : 
The bubble• . c o l t i m n  r e a c t o r  t s a  type '0f ."  g a s - l i q u i d '  r e a c t o r  wi - th  

• . i./ " . - :  . : - ' "  ". ' '  " ". . ~ .. " . . . .  - . . . . . . .  • . . . . .  , ,  , . , ~ , " .  , ' . '  • , .  ~ ; . ,  
• , , .  • , , , , . , , .  , • . 

s p e c i a l  f e a t u r e s ' t h a t . : E ~ n  Se  reduced to a c l o s e  . . 1 . t n k a g e  b e t ~ - e e n m i c r o -  
',. . , . , ' , - , , ,  , , ,  , ,  • 

. q . .  . 
, . , , . ,  . . . .  . . . . .  

kln.-.t~ cs, .hydrodynamics and .m~ss,; energy ~, and momentum transfer. The 
• . ... • * . . ., ,..:, ,, , : 

, .,. • : . :., " ,..,'::'' . .; :''." , • .." 

bubbles are p,--od:uced t~v .ith'e gas"idistributb~ located in the .lower portion 

• r'., ". .. 

of the reactOr~ In smaller exP'erimental u n i t s ,  thes~ gas distributors 
• """ " " " "'! " ',.'.. • . '"i' • ': . " ' .. . 

consist o f  porous" plates, whereas i n  large bubble column r e a c t o r s ,  jet 

distributors of various design sl a're used'exclt,slvely..At" .no'gas tube 

velocities UGo < 5 cm/sec, a state of motion referred to as homogeneous 

bubh'e flow is established, the bubbl.'s being of approximately equal size 

and rising in a uniform manner. The volume cnncentration of the bubbles 

increases as thc gas load increases. Larger bubbles are formed by co- 

alescence; they break up again after exceeding bubble size corresFondin~ 

to the hydrodynamic equilibrium. This state of motion is r e f e r r e ~  to as 

turbulent (heterogeneous) bubble flow. Further increase of the gas flow 

l eads  to the formation of p l u g s .  

In bubble column reactors of sufficient size, three reactor sections 

appear, each of which has a different hydrodynamic behavior. The inflow 

zone with a state of flow produced by the gas distributor is formed in 

the lower region. This atate of flow changes in the middle region into 

a state of equJlibrlum between bubble coo lesc:ence and decay deter '~ ined  

by the o p e r a t i n g  c o n d i t i o n s  and p r o p e r t i e s  of  the m a t e r i a l s .  C h a r a c t e r -  

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

• : , . '  - , .  . .  . ' .  

. , . .  , 

. "  , , , . .  , ~ .  

° 
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relatively constant in this .seCt l-on. A"zone of higher gas content is 
- .%.. ~.= . 

• :i' ." ' . . ": 

for~ed in ~he upper section of the column because the gas bubbles at the 
- . • :_ ... . -.," 

:'" " '.... " .." i" " . . 

surface •need a f i n i t e  time to ••burst. : .. 
.,.-'. . ' ~ -, . . ... . .. - 

.The ,ca:Ca!y-st susPen.ded in the liquid is in stationary equilibrium 
• - .'," . .. . 

m 

.movemen bet~,-een':s~d'iraentatlon :and the. upw. ar d of the rising bubbles. 
• . - . . . .  ,... ... . 

" "i .' ... . 
.i . . 

According t o.Ref:',"ld, a tm'iform dist:rlbution of..caCalvst.granules with .. 
• • ,* . " "t 

-. .. . . . . 

art"average' :size:'.o~'::30'::2m'~h the liquld-p~ase F2T '.reac'tdr can,be obtained ". : .... ": "..:.',,'' 
. • , : • " " " . . " ' ',' " "' .". i'.'. ".. 

........ : . ,...:-..,..:.:. i:;,":":{' .'... :....~;... 'i.... ". ' ' '"" "' .... ''"" """ '"" " • ' " • - ,.. .::... ,.:..'.. ' 
if the gas •load • ~efe:rred.co-'the free"'~'~dt"~f':'~'r;~sS'.seCcion excee'ds. 'ab'o'ut' 'i[: 

• '3 ;" ::2": !'": :: '5.."" '5 .... '.:"", : " ." -:.'.;i.::'i: :: '"./: ... ;' ,.' ',, -'~"" "~.~':.,.'. i " 
3 cr~ ?cm....S."...j'...':. ..'."" ." . ":','Z ~'.:.':'.'.':':~.":..'".:,'..,:..:¢.:.;..,"'" i . • • '"° 

~%'."' !' ' ;",:If "/,'" • "..." ', • " ":':,,.:",,,:.:: ", : X-:"!. "" ":. ' ./': 
........ v,', ........ '.,/ . . . . . . . . .  .,:... "..L ,". ,' ...,', e . . . . . . . . . .  "...; ,' 

:,.. : ." ..,, ,." - : . . " -'": ' '.h, . ." p" " . " " " 

• , • . ...... ..... . 

' :;' ..... " ..... : '' ' ':: ::5.:': ~:>::.~ 4..=,:," :'. '";:: :,.': ". :' ":,ii': .., ,.... ., ,..,-.../.. ' . • : .. , . .. 

2.'I~I. Relative sas constant and speclfic-in.c.er~ac~a1_area 

• . . .  .a:...,. ". ". "f;('.. .' ."..'{'i"'- , ';; "':' " : . "',. . 

".,. 

The complex hydrodynamic behavior 6f. bubble column reactors .makes it 

difficult Co determine exactly the size of the. bubble bounda~', .whi~ deter ~ 

mines the material exchange between the "~hases and, in the case of rapidly: 

progcesslng reactions, the con~erslon, the reaction rate, and the reactor 

efficiency. As a .~irst approximation, in ca!culating the boundary s i z e ,  

we can use the relative g~-~ content "--G' ~.shich is defined as the volume 

frac~.ion of the gay in a unlt volume of the gas-llquld dispersion. The 

re]at ive  gas content depends prf~rily on the material properties of the 

liquid phase. 1~.e co=position and density o~ the gas exer: little i:.- 

fluence on the tner~,odvnamlc behavior of the bubble column reactor. 

The materlal properties of the F-T paraffins used as dispersion fluid 

were determined Ly CaZderbank 29 and Hammer. 30 Lou!si 31 investigated the 

dependence of the relative gas content on gas "~hrougnput, temperature and 

catalyst concentration under the operating e~nditions of the liquld-phase 

F-T process. He observed that the relative gas concert as wall as the 

. i 8 . . . . .  . 
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• specific ~nterfacial area in the region of homogeneous flow increases 

llnearly with the gas throughput. Abrve 240°C, the relative gas content 

is no. longer affected'by the t e m p e r a t u r e  of the•suspension liquid. 

Increasing the concentrat£on0f.solids by u~. to log by weight causes a 
.. ,. . . - .,. ". 

decrease in relati've gasc0n~ent..The e q u ~ ¢ i o n  of Richardson and Zaki 32 
• . . -. .. .... ..~ ~ .. =......, ., . • : :. 

. . . . "  ... . . . . . . 

• ": as 'modified by Louisi:caff be.used to caicUl.ite the relative gas.content 
'. .[ . . . . .  

• . , • .. 

under the condltions.o'f the:Ilquid'phas6 FL!Y svnthesls. In the reRion, of 
• . .  "."~'-. "' "~ :.'~"" "' ~ " "  ' " i • ..., . .. . .. . . 

. . h o m o g e n e o u s  f i o w , ' . t h e , ' ~ s [ b i } ~ b i e  . . . . . . .  ' ' ,di~me-Cer"in molten •hard paraffin without 
.. . ... . . . . . . .  .:, .... 

s0lids iq almost independen~,>f th'e' linea'r gas velocity and amounts to 
'" ....F. . .:..:-.:/.'.:.":"i . . . . .  ' . 
0.7 m~n....With this vaiue[f0r."the-average.:buhble size, thespecific inter- 

- .. " .',. '" . " '"-. • " 9 3 
facial atca a for UGo.=":iL6:':c~"s-liS about 600 m-lm , and for Uoo = 3.6 

-I m2 cm s , about 1,700 , /m 3. 

These measurements agree with the older estimated values of Kolbcl, 28 

who gave = value of 1,500 / 3 for the specific interfacial area in 

slack wax in ~ndustrial bubble column reactors with suspended cata!ys~s 

at the synthe.,is temperature. 

2 . 1 . 2 .  Mass transfer 
. . . . .  o - -  . . . . . . .  

The ~pecific Interracial area Is directly related to mass transfer. 

therefore, its d~termlnation as a function t,f the relative gas content, 

which can be obtained relatively easily with present measurement techniqu¢J, 

is one of the most important objectives of bubble colu~_n technolu~y. 

Investigations by Zaidi 33'3~ have show~ that the mass transfer co- 

efficient in bubble columns for different material systems varie~ only 

slightly under distinctly different operating conditions. ~ e  approximate 

-I 
value for the gas-liquld mass transfer coefficient K L is 0.1-0.2 cm s 
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2.1.3. .Ri.-:_In$ :in ti~e."liquid phnse :" " ~ : .:. 
. . . ,. ,. . . • 

• . . "  ~ ' d ' : ' :  . , i . ~,. • : 

Back mi::ing in the liquid phase is .~nfluenced by ~hc pneumatic 
.' . ... ..,. , :... . #t 

agitation of the r~sing gas bubbles. The lntter transport the liquid 

upward in an axial dire=tion in the vortex Lrail and in a radial direction 

through lateral displacement of the liquid toward the wall. By virtue 

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

bubbles must be transported convectiv.=.:v downward, so that a downward 

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

coefficient of the liquid phase can be calculated to a ficst approxi- 

.~atlon as E L ~.7 UGoO'3dR 1"4 = - , even though the physical characteristics 

of the liquid phnse are not considered in this relation. But since Finely 

ground cat;~lysts are present in the liquld-phase syrthesis, the particle 

dispersion coeff.~cient ~s becomes almost identical with the value E L . 

Radial mixing becomes very substantial as a result of the above- 

described 11quld displacement during the ascent of the bubbles, interfering 

with the fcrmatlon of radial prof'les. The mixing of the liquid phase 

I0 

• . .. "° 
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• " . causes a constant~:movemenE~of the .cata.l~:.~.t .partic.les in an axlal and radial . 
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• " .The'-dl.verse."ascent:'~.Veloclties'.of 'the b u b b l e s ,  due- 'to"a nonunifor~ . .  .. . .  

" • " • t . . . .  

Size, co the coalescence of"the bubbles..~anai.their:decay,.andl.to the for- 

mation of r.ur.'-,ulence centers, leads to back mlxin~ in the gas phase. 

The turbu]enct in the  liquid phase grows with ~ncreaslng gas veloclt l', 

and for hlghl:." viscous liquids leads to back mixinc in the gas please. 

For  b u b b l e  co:,umn r e a c t o r s  0 . 6  . m - 2  m i n  d i a m e t e r ,  the  m i x i n g  i n  the gas 

phase i s  a l r e a d y  o f  the  same o r d e r  o f  m a g n i t u d e  as the  m i x i n g  i n  the  

1 | q u i d  phase. 

2 . 1 . 5 .  R e a t . ~ r a n s f e r  

The h i g h  v a l u e s  o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  can be e x p l a i n e d  by 

t h e  t h o r o u g h  m i x i n g  i n  the  l i q u i d  p h a s e ,  The r i s i n g  b u b b l e s  a t s p l a c e  t h e  

l i q u i d  e l e m e n t s  above t h e  gas b u b b l e  £n ~ r a d i a l  d i r e c t i o n  t o w a r d  the  

r e a c t o r  w a l l .  The l i q u i d  e ]emencs  b e l o w  the  gas b u b b l e  a r e  c a r r i e d  a l o n g  

i n  t h e  v o r t e ~  t r a i l  and a r ~  r e p l a c e d  by l i q u i d  e l e m e n t s  w i t h  an o p p o s i t e  

d i r e c t i o n  o f  f l o w ,  T h i s  g i v e s  r i s e  i n  the  l i q u i d  phase to  a t r a n s v e r s e  

m o t i o n  w h i c h  Ln t u r n  r e s u l t s  i n  c o n v e c t i v e  beat  t r a n s f e r ,  
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An in creaslng~co..ncentratlon of ".soJid mncter in" the suspension causes 

a further increase in the heat transfer co.efflcient. This can be .explalned 
.. "~': , '. : .: .. ~ ,~,' • c ~ , . .~ .,. • 

".. :, . .- "..~ .. . ~.... :. ~...' 

.. • .. 

• • • - s • . :. ..i' "" i~'.-~.:" . bv the degradation of the laminar, l lquidlboundar~ • layer wbic'h is con- " 
: . , . . . . . . ~ ,  • . ,  ~ : , . ' , ~  . • ,%~  . . , " . . ' ~ ' . . .  , }  • • . 

• . . . : . • . • - • : . :  • , . .... .• ,41 ..... • . . . . . . . . . .  •• . i-*' • 
' . . .  : . . . . . . .  :: ' -.i:" s t~n t l~ .be tng : . i to~n. in , ' . ' ch :e i : " . :~ re 'sence of.~th.e s o l i d  ma te r£ .~ l ,  Thus t he  i n -  " : " .  ' 

• . :...'.'...: ' . ." ~i. :':..creasing concehSr.a.tlonldf the solld':material interf.eres more markedl~vlth" 
: • . . .....• •..o. . .. . 

"" . .' ':,.': .'!/". : "~.':.:'" ' " .:'.. "~. /...:7." " .". ': ". ' i ~-: : . . . . ~ .... :.. • " • - ' 
~." .: ..," . ! .: , . ..' . . . . .  . . . . . . . .  . .... . 

,...:: .. ' the. £or~natio'ni..:~ f, ~h.e".llquid" b:bun:c]arv'.., fi lm and :i'ncr~ses the  hea'c, transfer. 
• . .• . . . .  . 

• • . . . . . . . .  , ,. o.f:, ho o  e .eoU'S .r Zow, opei *,'.c  ondi t i on. ,  o r 
• '~•  •'• - ' •  • • : . • i  

" '~ "-.. liquid..-...Fhnse..'F-.T synthes ,!.s..;':t.he values.:.O,f the heat trans.fe r, CO~fficient 
• " " ' ' "4, . ': ' ' " ' " ' " ' " "• " . . .. " " •, .; ~'. " " ' =. ' • • '" i .':. ' ,. . • ' .' ' ' 

" " : . . . . .  6 0 0  . . . .  " : .  , . f o r  L;Go. = 2 . 5  " c m : s  . , : ;~ange b e t w e e n  a n d  8 0 0  k J / m 2 s K  A s  t he  gas con -  , 
, . . ' .  q . . . .  • • • : . •  • • • . 

• • . : •  . . • •  . , . • : j •  . • . .  ; • • . . •  . •" = •  • : 

cer~tration increases,"the heat.trans£erlncreases.ui~til i t  reaches a 
. . • .,'..,;.: ~ ~ ' :  , . .  : : .  • 

limiting ,,:.lue of about i,I00 J/m'sK inthe, r'e~ion o~ heterogeneous £1ow 
. . : . : • . • • . . .  •.. 

(L'Go > $ cm) a t  w h i c h  p o i n t  i t  becomes i n d e p e n d e n t  o f  t h e  gas t h r o u g h p u t .  
. . : ,  . . .  

A correlation for calculatin~ the heat transfer coefficient was published 

by Louis131 in the form 

St = 0.I18 (Re . Fr)-O'272(Fr) -0"529 

A more general treatment of heat transfer in two-and three-phase ~ubb]~ 

36. 
colunm reactors was published by Deckwer. The working equation =,e 

proposed £s listed i n  Table I. 

2.2. Course of the Reaction in the Three-Phase Bubble CoIumn Reactor 

T h e  c o u r s e  o f  c h e m i c a l  r e a c t i o n s  i n v o l v i n g  t h r e e  p h a s e s  i s  ver~.* 

c o m p l i c a t e d ,  The t o t a l  c o n v e r s i o n  and t h e  s e l e c t i v i t y ,  w h i c h  a re  among 

the most important parameters o f  a p r o c e s s ,  are determined by a large 

number of variables, Including: 

(a) hydrodynamic factors (gas distribution, interfaclal area=, 

back mixing, sedimentation, convective heat transfer); 
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' • : - " " - . '  ' - " • ' -  i . . . . . . .  , 

'"" .':" ': ." "" (b) physical factor-~ ..~mat~'lal properci,~.S,..;he:nt,..4nd"mas.~ transferi.i'.":": 
! . . ; .  : .  . . .  . " • : . . .  " ~ . - : .  ; ' .  . . . . .  : . . . . . .  " , . . . . .  : " . .  " . • • " ' • . . - ~  . . .  ; . , . .  . ~ .  ' . . ' ,  • i . ' . .  
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:,:: " :co:~ficze"ts;:~.~iS~pt:*o..~d: aaSor~.~io. co'efelcz~.~s' df..t~ .~ea'c'~-~.ts~'7 i" ' . i: 
: .... , . . .... 

5 .... porous dlf'fus'i:6n' c0eff[c.ie'nts, etc.);::(i~..:.., i :..:.".~.-:: ..... ~ . . . .  - . .. 

ii.:':::. • ~ : : : 
ii . . . . .  ' ..... " '(C)". chemi-c:a"1~'?!~ac~dt,}.:'!~!stoichi~:t"ryi".:th6z:m;svnamlcs,. microkinetlcs " ' '"":~ : : ':! ": " 

' i . ' .  ' . . . .  '.; ' ' ,  . . ' :  : ~ " : -  ~.. .  " . ' . ' . . ' : I . , ' - " :  , " . ,  . , , :  • . .  : ,  ' , : ,  ~ , , . ,  . ; . .  . . . .  . .. , . . . . "  . . . ) - . , - .  • . %  
. . . .  ,~ : ,  , . ~,, . , . . . . . . .  . .-. . • : : . : "  " ; ' ~  ( ,  , ; ' : i . " : ' .  : i . , .  : . ; . . .  ', 

. ' • • .,' ..'. • ' '.. .'...'.~".'. ...... % .~'..';~.,.'~:'[", . ,"....."z .' .... .., : • ,...,~.....: .. • ....:. .... . . .. , .." i.,.:..' ',", 

• ' ': ( d ) "  f a c t o r S . ~ n f l u e n c i ~ l ~ :  ~ h e  p r o c e s s  ' . ( . t e m p e r ' a : t ~ r e , ' p r e s s u r e ,  c o n - '  

• ... centratlon, conversion). . . . . . .  • :....... .... ..~... 
• . . ' ,,. - ". : , ,, ":' . " , .,',' ,:;:.- ,,'' '. "h " .'.'. " ' 

" '  " '  '" . . . .  ?. ' : ' , f ' i : : " '  ' ' .  ~ "  . , '  ":' " " ' " • . ' " '  • ::.'.~-!"~ :":' ' : i  : . - ' v , . ' '  ." . .  
F~.. . . . .  DeSplte.::.the.""large .number o~ pciblicat!ons which have..appe~ii'ed zn the.' .:~ .. 
I ~ [  ' "  . , "  " . '  ~ ". . . . . . . .  ' "  ' ' . ,  ' ~ ' : "  ~ ' .  " '  . :  " !  I . / . . .  . ' • • " ' "  . . : ' " ' "  , '  ' ' . "  " 

" . ',"=::.. : i . i  i . . ' = " i  . : , . ' .~  'i~:.~,:'.:.:'. : . . . . '  ' "".:~'.:i!,::.'i,.:..' ' '.- . . . "  i. ". ' ' " : 3 7  • .. : ' .  
" field of .:'gas~It.'~fu!d sy.~tems and vhicl~'"We're reCently surmartzed by .Deck~er, 

'.. only a few a n a l y s e s  ..'0[".:.~odefs are":'k~own.~vhlch-".can-account f o r  systems 
• , ~.., . . , .. 

• , "  ' ' ' i '  . ' . : :  ~ . " . ' "  . " . '  . % . . ~ , b . ; , . ' , , ; ; ~  , . '  ; , v  - " ' .  " " . ,~ - . ' . : .  " ' ,  ' ; . "  . ; v " i ~ , . .  ' ; :  " .  ". . : . ' . . .  

operating u n d e r  Co,,dicionspre~;aillng "~n catalytic processes, The rear- 
• . . . . ., '.,'. .,' . : ... .., 

tlvltv of a s.vs~em is mar.lfested in a change in the molecular flows nf 

the f!uiJ pleases, caused by conversions whicb are usually hlgh ~n  industrial 

processes. Hence, the gas veloclty and the fluid-dynamlc characteristics 

a r e  p o s i t i o n - d e p e n d e n t .  T h i s  m e a n s  t h a t  o n l y  t h o s e  m o d e l s ,  d e v e l o p e d  

for gas-liquid reactors, that in addition tn dispersion phenomena in the 

liquid ph&ses will also consider the appearance of a position-dependent 

gas velocity, can be of importance for th~ i-~terpretatlon of catalytlc 

three-phase bubble column reactors. QIn addiclon to these assumptions 

for applying t h e s e  models t o  the three-phase bubble column reactor, we have 

to assume that the suspended solld vith the liquid can be interpreted, 

n o t  only from the fluld-dvnamlc but also from the reaction t e c h n o l o g y  

30  
s t a n d p o i n t ,  a s  b e i n g  a q u a s i - c o n t i n u u m .  A s t a t e m e n ~  o n  t h i s  p o i n t  i s  

therefore possible only after deferral. "ng th.z order of. magnitude of the 

individual czass transfer resistanccs in the liquid phase and on the catai:'st. 

The total resistance of a chemical reaction in ~ h e  bubble chamber is 

co~posed of the resistance to mass transfer and of the rnactlon resistance, 
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s o  t h a t  ~,'e .h"ve t o  d.~s. t t .nguts l i  b~tween two mr, s t  i m p o r t a n t  l i m i t i n g  
: - .  , . .  . . • 

• 38, 39 . . . . .  " 
- C . ~ S e S ,  " . . . : .  , .  . . .  ~.... . . : .  - '  ; . .  . .~ : . , '  -.. . . .  . . : ~  . 

, .  . . - .  . . , • . . . . .~ 

.. ,': .. (a) The activity of the.Cat.alyst is ~!ow at lower rea'c.tlon tempera- 
• ,° • .. -. 

• .',.. .~ . . . , , . ,-,'. . . ".'- . ° 

• " "'. "' .:' ..... tures..:.T.heref0rb'~.,esp~ciallv at l:p.~-.cat-,Ivst conce ntratiofis, the reaction :.. 
• .. ..... . . . 

". ' " ';' :' i-:::" ' ' : " ' '~ " ' 
l" 1 . . . .  Ill : l 1 becollto's' t h c l ~ a ~ e ~ - " ~ e t e r ~ , I n i [ I g  "Step ••This reg;on:•Isl-characterlzed by ~ ~ J ~ l l " l " l " " "" l" " : [= 

:'- • , ": 41 i::. -i, . .... . .' . . . . .  ' • . .  . ' " '  ' ' "" ' • ; ~ '~  ' " '  "~  " " '. ' l  "~ ' '  ' ' " ' "  ' :  "~ : "  " '  " 

.... - "'" " ..i 'fact that'th~ coz, versi'o~' In creas.es sharpiy-: ~'~th tcmp~racurci.i -Th~ "appai~rgnt':. " "" : - 
mlm i 

. . ' . ' . . : . .  : • . ' . .  • . . . . . . . . . .  " . . , ,  i . ' .  : . . . . . .  ' " .  . ' , ~ ' ; ; v  ' ; . -  . . .  ' 
In nlmnn m~ m 

. . : . .  . . .  • , . . ,  f l : , ' , : ; .  . , . . .  , , . , . , ,  . ". , ' : ,  . .  ..., ,. 

. . . .  5 : . . .  . . . .  a c t l ~ ; , 4 t ! 0 " r i  e n e r g y - ~ p p : r ~ : ~ c £ e s ' " t h e  v a l u : c  : m e ~ 4 S u r e d  . L n  t h e ,  f i X ; : d '  b e d ,  .' ' ' .  : : " ' "  
• . .  . . .. .. . : : .  . ~,. . . . . . . .  . 

• ' "  ' : " .  " ~ , : ,  ' , .  , ' . . . ' . ' . ' 2 . .  " ' ' :  . . .  . : ?~ : . ; : . . 4 . .Q  . . . . .  . . . . , : :  : £ . , . : . ~ ' ~ ; , ; ' ; ! . q . . [ ; ,  '. ' , : , . .  . .  : , '  

' . . . .  . " }'" : " . ( b )  A t  I ~ i ' - ; h ~ r  r ~ - a c ~ l o n  " :".~,!,!i[.'.i:i/..:..::' ' '. . . .  : ..... ..il '...'.:,..,'.:k.:,'.::~i....,,!. , :  . 7  . . .  teraper'atu'rr " ,  th'(i: re'act b:n' i ' :~'~' 'n~eS place quickly', 

':"; :' - ~ - -  i " .;...,':.....:.. ."~.i." ' . .  .. 
the •mass traJi.'Sfer determines the. r;,t~., and.the'.e'ffe:t':ve a cti,.,at~on.' " 

! : : .:..:=4.. : '. ]:'. i ' .. :.:::".' .. : . . . . . .  :".. ."::,,., ,...~. . ' .;'.: . -.: 
• _ . , 

. . . .  . "  

: e n e r g y  . d e  c l  ; n e s .  -.." !,,.:..,'~ ..~...~.,. ~,'.;' ' . . ,  ,~,,. -..' i :  , ,  . ,  " . .  . . . . . .  " : .  
. . . .  . . . ; q  ,. . • . , " . ~ . . . . , .  . .  

Be:t~,'ee.~ these .,t~,'o extreme cases ties a I r~.nsition .region.~,,here boti~ 
....,.,. ,. . ~ . ...,' .,; ,.., '. .., • . . 

the mass ~ran~fer..and the reaction determine t h e  m,]crokinetics. 

T'n~ re~on where t h e  influence of mass trarsfer becones noticeable 

can, under ~er:ain c~rcu:,s,ances, be co~trol]ed by the-mass transfer of 

a s i n g l ~  reactant. 

In contrast to ~!>:cd bed reactors, the reactor efficiency does not 

approach a limiting value; rather, ~t shows a maximum far gas velocities 

aC which t~,e maximum boundary, area is reached between the gas and llquid 

phase. A further increase in gas  co.'~entration leads to the formation 

of largc bt~bles and a decrease in interracial area and, h e n c e ,  in reactor 

efficlen~y. It is advantageous for technical purposes to brin E the pro- 

cesses occurring in a three-phase reactor to~ether with t h e  individual 

und intera¢:ting quancitles in a specific operating region and to present 

them as tht. throughput referred ~o the rea~tor cross section as a funct£on 

of caralys~ concentration (Fig. 2). In this process diagram, the sedimen- 

tation region is bounded by a curve. Achroughput below the minimum causes 
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',catalyst settling, an uneven catalyst load, and incomplete unlc~adin~ 
:" 

" ' . ,'.' . .i... :i • 
.'' Of ~he reactor. Anothei" Curve bounds, from above "the region of large 
'. . • . ,- . .. 

• ' " • I'. 

bubble formation, where a red'uced•speclfic inrerfacial area leads:to a 
.." . '. ,. . . . .. , , ,. ,,.':.' 

'. i "' ' '' ' 

.... . decrease of mass transfer. The" course of this curve is s~rongly d ependen.[' 
• ' . i . " " . :  : '~ ' " "  

on the mass constants and the"react~r geometry.. The apparent density arid"" : 
• . . . .  ~'" . !.: .., " ."... ". .... 

. •., .. . • , . 

v£scosltv of the suspension in crease'w'Ith the catalyst c0nc'entrari'ons so':' : ..... 
'.. . .. 

that •large bubbles are for,-aed •even ar."lo~:er gas throughpu't's. '. • . .. :... "-. . . . .  

' ~!;:::: : :):,4:: : 
Thus far, no extensive experiments o.n liquid-phase F-T svnt~:esis ~.a)e 

: . . • . ... . . 

been conducted with the :..~m of W0r~"ng o'u= models for reactor dimensioning: 
. ... "., ' ...'.. . . 

and optimization that could be used for technical•purposes. This may be 

at~rlbuted, on.:the'one hand, co a lack of industrlal interest until 1973, 

and on the other hand, to the complexity of this reacSlon. The published 

studies report solely on the material and system constants. K~ibel and 

• 1 3 , 1 ~  
c o - w o r K e r ~  i n d i c a t e d  ~ h e  s o l u b t l t t  T o f  a f e w  r e a c t i o n  c o m p o n e n t s  i n  

slack waz as a function of pressure and temperati~re. 

The liquid-phase F-T synthesis cannot be inhibited by mass transfer 

of :he reactants from the gas into the liquid phase by use of the catalystc 

known to date wlth a con:entratlon of solldsof about 10-15Z in the 

liquid phase. The kLa values for CO mass transfer, determir4ed by Zaidi 

et ~Z.,33*3A mi~ke it possible to estimate the conversion in the case 

where all of the carbon ,,'onoxlde which has passed from the gas into rhe 

llquid phase reacts on the suspended cataiyst. A comparison of the cal- 

culated and exTerlmental conversions for the F-T reaction as well as the 

CO mechanization and CO conversion in tile liquid phase is sho~,,-n in 

Fig. 3. The conversion measurements for the F-T synthesis are indicated 

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

• . .'.:" 

." .. .. 

. . 

['" . .. 

• ...... .~ .. ". 
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. .... .... ~ . the conversio'.n" r.~tes f~z~ .'the ~-ethanizar~on reaction are scattered alon.~ : 
• - . . . . . . , :  : .: . . . .  . . ',- 
" '. :.. .... :.~. the dlagOnal~. In this ca~,'e,.the rea~tlon rate In..the catalyst suspens.'~on ~ . • 

,,- . . 

.... . .:!..: -..: vas p:--rr.%ai1~, sohlgh 'that the rate,determinlng Step was ~.he mass tr,~n.qfer..~ . 
.. .' . :" ...'. ,..... ,. ,:" .. ~'.'" .,... '.~: , ..,." ' . 

.." ".. " ".: ~'The data~meas'u.-ed f~r. b0th the F'T synt~es~:s."and the Conversi'on fence':on ." 
. . . .  • ~ t . :i~ ~ i i " . i  , - . i : . . ~ ; : ~  .i':i;.." "'~ ' ~.: .i'~::~'::~..-. : .~ ,  ' 

• ".~ .i : ~ "':':: .always lie "odl'0sJ i~'he";conve~sion~ -' e.alcul~"ted for the 'mass tran--fer ]imita- i: " i i 
. . "  , ' " ' . '  " ~ : L ' . . : , ,  . • . *  : . = .  . . . .  . . . .  ,~e~...~. . .~. . .  . . . ; . , : , . . . . . . .  : , ~ .  . , . . . ~ . . . . . . .  . . . ;  • . . . . . . . -  , . . . .  . , - .  . .  . . . . ~ ,  ~.. . . ,  . ,.., . , "  ,. 

• . . . . ' . .  , .  " 

.,"" :..., ."r.lon;","Thus.,: '.~:r.he..mass.. t r ~ i n s f e r  at.  th.le..:gaS, iiq_.id;, un ~t.S a l w a y s  ..., , . . . .  
" ? ~ .  . . , : . .  .. , !. ,, , . . . . , , , . . .  , . , . .  : . . . . . . . ' ~ . . v . . . . . , , . . . , . . . ~ ,  . . . . . . ~ .~  . . . . .  . .  , : , : ,  . . , . . . , ~ , , : - ,  ~ . .~ . , .~ :  . . . ,  ., . . ,  . .' • • •  . . . .  ............ : : : :  

.':::. greater ~t.h.-n~;.th~ reac'tlon' ~'a:te .at.: t,ge contact ..... ';~...' • • . . . .  i 
.~.,: ' .  . " . " .  : "  • ' . . , ' . . . " * , : ' . . ~ . " , ,  . . . . . ' . . .  . . - . " . . ~ "  i ; ; . . .  . .  • " " . . . . . . . . . .  

• • • , . . . . . . .  • : •  .•:...• ••;~.~ •• .•' •:•:• •••• , • • :.i•::'•• I : ~,.:?.• • ' :••.::• . : . '  . - • : •  ...• • : ..:••,• •~-:~•-, • . .  • .  • • 

' :. . .. , The:.'possibil~,r~; of" i'nterfe.rence, wi.th mass t i;ansfer at the partlci~ .. 
" . . . . , .  ; ' " " '  " " ~ , " . "  ~ ' , . C . i , " .  ,. . " ' .  ".'." " ' " " '.- ' , .~ " [ ' .  ' i . ' • 

:. i: can be excluded b.e:ca~e the catalyst partZ'cle~ .used in the liqUid-phlase: 
"~ "-'V".'"" ~ ."'...:' "':," . 

' F-T synthesls' are small. .It foliow.~ that It.is the chem ical'reactlon 

thatlconstltutes..the rate-decermlning step of the overall process.• 

These findings indicate that greater conv~rslon r~tes .and higher space-tlme 

ylelds in .the liquid-phase F-T synthesis can be obtained only through the ,. 

develop=ent of improved, more active cata]ysL systems. 

3. Liquid-Phase F-T Synthesis Procedure 

T h e  d e v e l o p m e n t  o f  t h e  l i q u i d - p h , ~ e  p r o c e s s  b e g u n  i n  1 Q 3 8  b y  K ~ l b e l  

and Ackermann was interrupted in ~944 by the events of World War II bu~ 

was resumed in 1951. In 1953 it led re the startup of a pilot plant 

(Rhelnpreussen - Koppers) wlth a production of 11,5 tons of hydrocarbons 

per day. ~e primary" goal was the production of fuels as well as products 

28 
for further chemical processing. 

Further investigations with the same objectives were conducted during 

the war ~BASF, 40'41) and after the war (U.S. Bureau of Mines; Fuel Research 

Station, London; Indian Institute of Technology; University of tokyo), and 
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• " " 7 . ,  ' . .  - . : . . . . : . . ,  , .  ; .  . . "  " " ' .  

• . .  ;~ . . . , • 

• . .  . .  _ . _ . . _  , ,  _ _ _ _ ,  . . . .  . . ~ . .  . , .  . , . • : 

- val, l.ants of ~ . ~ e  11q~tidLph-~se process were developed, Wi=h the exception 
. .  • , , - . . , :  . . o ,  ~ . . . . .  . . .  " .  • . ~ . . . . °  , . .  • • . . . . . .  , : . • , 

• ,. . . . .  " " . " . " :.'~.'..~ • ." ~.' , :.":'"," "~i~, "' .,' ' -.."~:~" ' : p :. '..': " ." • 

:. of the ,BASF .pro.,"esS ':mo:difled ,b3" the Bureau'of MineS ,.:, the -.veJopmenta! 

wbrk d i d  r-t exceed.'tbe plZ~t-plant scale. In 19 55. ,"Kopp ., rs G'nbH designed 
. . • . ., . -" , . . . ' "' 

l l l l " ' l [or the Indian governmdnt a lliquid-.~haso p.ian¢ c~ablc lOfl.~roducing 
" ." . ' . " .  ' ' 7:: . . . ." i . . . . : : i  . . . "  . .. . ;  .: ' .  ' : . . , ;  . ' ' ,;;.',.~,. 

. . . . . ,  . '  . . .  . . , . .  , . ; • . , 

• : " , . . . ' ~  . '250.000 tons /y r  b u t , i c l w a s  never b u i l t  because Of ~=~e'.chang~ in emphasis 
: ;: . . . .  ' . ,  i' : . "  : " .  : : ~ : . . '  " ' • - . ' . ' . '  , . i '  ,":. :=" . '  : ' :'~i,,.D~!.Z ,',.'.~.' " ! .  : : 

• . . . . . . .  , . .  ~ " • . . . . . .  . . .  • = . . . . , ,  . - . , .  . . . . . . . .  . : .  . ,  ~ . . . ' #  , , ~  , ,  , , . . .  . . . . . . . , 

.... ~ petroleum. ... ............. . =.~.. ...... ..... ~ , , , , . : . , . . , .  • . . . . . . . .  . 

. . . .  ' , .  : : :  - -  . . . . '  • ' :  . :  , ' . . , v , ' , . ' : ,  , , , , . . . . .  • . . ' . . , ' , , ' , ' , , y ,L , , , ~ , , , ' . =~ .  . . . . .  '¢,., ' . " ' ' . . ' . ~ .  
• • " " " . • " ' " . :  ' . . . . . . .  - i '  • • ' :  . . . .  . ' .  ; ' ~ ' , "  ' ; ,  I L , ,  " , " ,  . . . . . .  " 

• . ' , • . . . " " .  : ' '  . " " . .  . , Zu . ' =  ' ' l l : ~ ; ~ ' ' . ' ~ , ' . ' i ' ~ ,  . =  " . " . [ .  : : :  ' 1 . : ~ 1 . 1 , ' 1 " [ . ' .  "1 ~ = ' , ' l , . :  [ " "  u " - . : ~ .  • 

. ..=: Since 197~, --.ew activities £n the.Lise.'of .~,he li.quid-phase Frocess .'. :':. 
• • • .:':. . ::.17.. ..'.. i ....:,'i:i,:::..'.:'..".'.:.: . " • ..' ' 

. for the productiofi of prim~cry chem.~ca£'pr0~uccs l~a.v~.,.b'e'come apparent. : 
. . . . . .  ... . .  . , - ~ . - ;  . : . . . . .  ~ 

: . " . • ' "  " ' . " .  ' = i " . ' = . i ; : : . ' : ,  ~ 4 ,  
Interest is being, sho~-n mainly" in the"short-chaln.C~-C~.olefins, • " 

med ltwJ-chain C8-C12 'olaf in fractlon'.'i~'n'd oxygen~c~h'tair:ing products : 

(aldehydes). However, few res,t]ts~of.these ]~.~.lot-plant investlga~iOns 

| t 1 ! ¢0  

=-  

. ~  . . ' , 

: ' ~ : :  . . .. 

• . . . . ' °  . . 

, " : . .  , ' ,  . . . . .  ' . ' ,  

. .  ' . . ' '  : . : ,  ." 

• :!:=:i:i i:::ii:;j: 
'•~ . • .. • • : .  

• • i : i : . . '  . . "  

• . " . .  . •  

have Jean publ ished,  

The following paragraphs will describe the results achieved in a 

de=onstration plant because they best reflect the industrial reality. 

Investigations performed on a pilot-plant scale by German as well as 

foreign companies will be c~nsidered. Finally0 the Dosslbility of se!ec- 

tlvely directing the llquid-phase F-T process "toward the production of 

chemical raw materials rill be discussed. 

3.1. Description of the Rhelnpreussen - Koppers DemonF~ratlon Pla~t 

The process is briefly described by the flow chart of Fig. 4. The 

synthusls g~s was produce~ in a Koppers water gas generator, CO 2 from 

the residual synthesis gas being ad~°d to the steam during the gas 

production period. It contained an average of 54-56Z CO, 36-38? H2, and 

also 3-5Z CO~,, 0.1Z 02 and 2.6-4Z N 2, The gas was subjected in the usual 

manner to a rough purification over iron oxide to remove H2S0 and -ver a 
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• "...'" .,., ~ , ~. 

| 

• • .. ,~: .. ~.. . : . .  '.:. . .  

. . . .  : " ' "  ' • " " : " . ~ '  • " ' . ; '  . g , : . . ; . ' . i  " " - '  , ' "  : J . . ' . ' . . ' . - : . '  ~ ..': ' ;:. • " '-:* '" . '  ~.,.~':~ : " , ' ~  . '  
- .  . ; :  . . . .  • . . .  

' ' : " : :  . . . . .  ' !  ! i ! i  . . . .  ' " . . . . . .  :: ° "  : .  " : ; " : :  :" " • / , . . . . , . . "  . .  . .  . . . . " . " .  . . .  ".. • 
H m 

: " .  " ' . . -  ~ '- . . . . .  ' , , ~ ' :  . ""  .'; . '  , .,'?i " . ' . ' '  ' ; . ~ ' '  ~ , ' , ' ~  • : . ~.' .'..~ , . ' . . "  ~;~.. - . . .  . • ' "  . " , '  • . "  " 

: ho~' pur*fVi~g mass. ('L~'uta mass-a~asoda) to remove organic sulfur comp0~mds ""., 

• " " '  . ~:" - ' " • ' " , ~  . . . . .  " : "  " q  . . " '  . " " . , ' . - "  ' ~ ) , ' "  " " " - "  • "~ . ~ "  L :  ' ' " . . ' 3 f  " .;" " .  ~ . . .  i "  

• ': " t o  a resid'ual' 'suIfur COntent..0;~i i-2:mg of $/m #. ''~ The gas f'low$ t.hroulh tvo":'i :i 
• ~....: ! . . . , 7  . ' . : ' ,  . , • . . : q  ..;,i..i'.~ , '  " .: '. ' ::. ?~;: ' : ' . :  % ' : Z . . ) ! ( - ' . , ' ; ; : ' . ~  : :. " i : : ' . . ' . ! ,  ~- - ! 4  -.-i . • ." . ' " : .  . .. ' :  . 

". - " comprossorls a , " ' ~ ~ e": J a Is - J [ el r b i ~ h e mealsuriln.~; o ~ i ~ [ lc e j p Z al ~ le Cl ~ ~hlro,gh the ~:l " "l " " 

• ..# " . .  : : i  .. : ; . :  . -  :... :.".1. . , :  . . . .  . . . .  .... : . : : , : . , , , , ;  - . : .  . I 

"" . : ' .: ... ..... " heat exchanger g,. w he.re it is pz'e~e-ated by the residual .gas .stream' comln ........... ." . .... . . . 

. "  . .  . ~ ' . .  ," • . ' . . ' . '  • . : ' " ; " '  . , .  .P .C ,  J . ' ; . ' : . , ' , ~ : . . . , . ~ .~  ' ; : . " : ' . ; " ; , ' . : ~  ' "  " : ~ ' . " ,  - : " ~ , ' ~ i , ! ' . . . " . , ' . ' . "  , ; " ? :  ~, , ' " ' ) . ~ .  " '  . .  : , '  " . '  ' , "  : .  ' .  ' , "  ~ , .  : . ' . .  

• ".; f m: h.e :rea~to }~ and::en~ t .botto '0f." ' t 
; " , .  . ' i . " .  : ' .  ' . : .  " /  v :. . .-: . .  ' . . , ' . " . .  .' " : ' . . , ' . . ' : " . : : "  . : ' . i ; '  "'.:" " . ' . ' . . . . ~ " .  ,;".,. ~, : '~". ' .  . , "  ". . ' . , ' " .  . - i "  . '  i ' " . . . '  ," ' . 

;:.; " :' . ;  ' :  "gas distri:bu:toi'~J~ith. jets",ab.odi~ 2~-3 m ~  i n  d ~ ' a m ~ t ~ r ' i . : ' ,  . . .T .he  r e a c t b r :  i s  baSed . : . : . ' . i " . ' ,  ' :  
:...:,,. ' " ," : • "::-'J . . " "  • :'"'-'.'.' "',,, ' " . :i':" ,,". . " "  ".  " " . 

. ' . i  • '.',;, '. . • : ', " .. , "  . . ' .  ':,:.' " '  ;' , -.-' " , ,  . "  ~li';,  , .  " '~ , .~ !  . . . .  : . . . : v , ,  . ' , . . : . ,  " .  .. , . . ,  . ; ' - .'.... ' . - .' .: . 
,.!'!:'";;" i i on -~he. desig~."Sh'own-'in";F.ig;"...l~:' It.'.Cot~ai:~t.s"of"~ pr~Ssu.re~resistant Steel . .  . . . .  . 
~ . . ' , ; c . i  ; ':::;:i~' i,';"?'~'~:.: ' -, ' , ,  
. : .  . ' " 3 "  ' ,"  ~ . ' , ~ ; ' , ~ . "  ' . . . , a  : . . .  ; ' -  ' . ~ , v :  : " " ~ ' ; ' D " ~ !  . " . "  . . .  : ;  . . ,  ' " " , , , " , ' , . ' : '  " . ' " • ,  " ~ ' . " , , ' . .  " " , ' • , . ' " '  

.; : . cylinder w~th a dzxmecer of 1.-~.m.an~'a:~,el'gnt.of.8.6 m. A t  the.top of .: 
, • : •. , .'"..:, 

." . . . .  • " . . ' . . , , 7 . . . .  " . :".~,,~"~". "." . • .' . '  ,.. ,. . . . . . .  ' .  • , . . . .. ' .,. ' , .  . . . ' . ,  , , ; .  ' . . .  ' . , 

. t'he :reactor is a-stea.- collecto'r'";.f'.:"'.."Fr0m the ia.tte~;, the. feed-water : 
' - " " . ' i : . ' " . ' .  ' • " i . . . . .  "',~,. ' .  . : .  . . .  , :  . . . . . .  ...~ . .  . . . " . .  

..,•supply goe s -.~o.the inner, down.plpes of the'cooZlng#plpe.fegister located 
• .. • • . .. . . . . . ..: . ,. , • . 

~n the .r.ea,ct0.r, and scea~ i.s removed through the annular...space in the 

coollng p.ipe.~. The .cooling pipe register ends about 1.3 m above the gas 

distributor. T h e  reaction temperature.ls kept..constant by c~ntro11ing 

the saturated 3tea= pressure Jr, the steam collector. 

The p~pe register in the reactor was used.during the formation of 

the catalyst to heac the suspension by the addition o~ steam, which was 

compressed by the condenser ¢o a pressure corresponding to the fcrrnation 

temperature. The catalyst suspension was Intrbduced or wlthdravn by" means of 

pum~s k through nozzles at the bottom of the reactor and by way of agitator 

vessel o. Ate height of the suspension (~8 m) was kept ccnstant by a 

regulator ~Ither by filcerlng off the high-bolllng fractions in the pres- 

sure filter n or by adding hxgher-boillng syI1thesls products from containers I. 

The reactor temperature was measured by twelve resistance thermometers 

attached at different heights, and recorded. Nine smaller nozzles mounted 

at different levels permitted the removal of suspension samples frGm the 

reacEor. 
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' : The 'final gas,~eaves 'th~ reactor :through a .swan-~edk.and is precooled 
• . . -.. 

"- with fresh gas in heat exchanger g. Higher-boiling products partially 
• '" ' ' " " . " .-. " 'i . " 

• '. ' ." .: "~ ":'.; " ' • . • .. " - . .. 7". 

; . ~ ." condensed t)y . the .be{ l ing  range of ..the ii'q:~i'd .medlum.:are stored in cont , iners  ' 
' - .  , . -  . . • • : .  . , . "  . . ; . . ;  . . "  ". . .  : " .  

' h or i. Znd. lrect cooling w~th •water. in l ac'about :30°C condenses products 
' " ' "  " " ' " " '  ' "  ' " . '  h : , .  ; . ' .  " i , ' '  , " ~ "  "- . " ' "  "." ' . "  . . , " '  ' " • ' !  ' ' , '  ' .  " -  . . • " : , ' ,  , . ,  , , " . , " . .  ' . ' . . .  , " ;  , : , a ; , .  : 

, '  , , , .  . . . . .  : , . . ,  

: ' " .  :... " "  ':',....: ' "> , ' . .  ' '  ' " :  ' " '  of the.medi;hm':boiiing ~-ang~,~-an'.d,:'~i o.f ;the resid:adi gas, the ma'jor per-  ' .  ', .... . , . . " .  :. ~ 
. . : .  , .  . . . . . . . .  , .  . . . . .  , :  . : . . . . . , ,  

, ,'.~ . '. • ,';L";. • ' 

" tlon of the water formed.bY' thelsyfithesis. The residual gas Is determined'" ': : .... •. . . • .::. . .... 

• . . .  . ' .  , ,  • . : :  • , ' L i  . " • " " ' " " T  ~',. t , " "  , " . '  ' " -  , - " " '  ' "  '. ' "  " "  J ' ' • ' ' ' ' " " ' " ' " : ' ;  

, .  [ " '  ' . " . " , "  " . . '  : ' :  c " ' ~ ! ' " ~ " " ' " ' , ' , '  " ; ' : ,  h ' d ! ~ !  ~ ; . d !  , ; . ' .  . ' . .  ; " : ' : : ' : , ; . . .  . . . . .  " . ,  ' .  ' . ' . "  ". ' . . , ,  ' ,  . : , u ' . , '  ' . .  • : , L  . ,  " , . "  , " : .  . . • 

, • . : . . " .  , , ; ; . ~ . . -  ~ , . .  ' u " ' . . , , z . * ~ e . ,  , • . . . .  • . .  , ' " .  ' . .  . , "  • ~ . :  • , .  , -  " , " .  " . ' '  , . . . . . .  , . ; . . .  ' . "  
~:!":' quantztat:.1:vely in the..opez'atlng mode in a.:one-t~me passage.through 'a:cali- .... : 

,,!i i:::' ........... , : . .  - . : . . .  , . . : . . . , I  . ' : . ' : . . .  " : f l ~  " l ~ "  " " Z '  Z ' ' ' : I : I  I '~ ' (  " I : ' ' ' :  ' ' " "  " . . . .  " . . . . . . . .  " • . .  " "  " ' " ". " ' "  [ 1 " [ ' : 1  : ' " " ~ ' "  % . " Z  " " " 

. .  , . - . , . ,  ; , ,  , ,  ,, ~ . q ~ . , ~ : . , . :  ,..., , • . . .  • , = ' . ,  . . . : ' . .  . , '  • . . , . . . . , . ,  . .  , . . . .  : . .  

' . brated"orlfice and 'gas meter b. A fter:th~.carbcm dlo>:ide.has been • washed 
. . . . . ,  • ; . . . ,  . . .  , . , . . . . . ~ . . " . ~ : . "  ; . . , , .  . . : . , . , . i  i " : : ;  : . -  . - .  ' . - " ' .  

. . . .  , . . . "  '. v .  " ; " . . ' S , T , , "  . ' .Y" . . "  
:' :::0~at::Inm',; the res£~a'l ' gas".is conveyed intO.~..the rec:0V~,rViipilant f0r'light - ~" ... 

• ."" , , ; " ..::. .. .... 

boiling and gaseous products" (oil preSsure::aashlng..ai~d..ac'tlvated charcoal 

..plant). The careen dioxlde'.is conveyed Sate. the..generator for the produc- 

tion ~f CO-enrlched synthesis gases. After removal of most o£ the CO 2 

and H20, t;ie final gas. together.wlth the fresh .gas is returned into the 

reactor by circulation cycling or in a mu]tlstage procedure. 

The pump fills the reactor with fresh catalyst from agitator vessel o 

where the ground catalyst is mixed wlth t~e hlgh-boillng synthesis products. 

~en the reactor is emptied, a pump k conveys the suspension into centrifuR.e 

p which separates the catalyst from the liquid medium, whi=h can then b~ 

f. 
used again. The spent catalyst can be regenerated. 

Iq the synthesis is adjusted for the production of lc~-molecular com- 

pounds (Section 3.~.I.1), the removal of the liquid medium is often greater 

than ~he addition due to s2nthesls. In this case, the higher molecular 

weight produce collectlng in heat exchanger g is fed into the reactor by 

pump k, its flow being regulated by a liquid level regulator. If the 

process is geared toward product.s of higher molecular weights (Section 3,4,.[.2), 

thes~ products must be separated from the catalyst by continuous separation 
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In filtern,~and removed. The catalvst'"flows back Into'the reactor. After 
-. ~ . . - • . 

belng removed under pressu~-e :in i"iqu~d form, the primaw productu are sep- :. l . l 
. . . .  : . .  .. . ... : . .  : > . . . .  . ,_. : -  , , . ~ -  - . .  . . . .  . . . ~  . .  -. . . .  : . 

a r a t e d  i n  s e p a r a t o r s  i " f r o m  " t h e  r a t e r  c f  r e : a c t i o n . .  T h e  s e p a r a t o r  y i e l d s  
m 

-.- ~ ..: ::~.).!:" :..... :....!~...~.. • ... -'..,. - 

oxygen-contalnlng products, especiallv alcohols. The hydrocarbons from 
,. .:. . .. . .~.',.~ . ..,... . . . .  .. , . .-" 

: i . ."" ..... ~ _ ;" " " . ""., • .:-.i: . • . . . .  

• :.:' the concalne'rs "are separated into fractions bv distlllation in the usual . . . .  
""" • . ";... "~""'".. ... ~:'" " ,. " '". . . . . .  :' '" " '~ '" " " .2" "' . i' ' .... ..... '. • ,'..." ~" i::.:i .!...i..i ::.:.i : manner, d pe.,a 'ng o ,   heir"i', e e d ng. . . - s  'show a..photograph of...'.... '.,.'.......:.',.:.""..f..:.."..... • 

" . '  " ' "  ' ' ' : ' " " " . " , i : . " . ,  ' . : . .  " . ' .  ' " ' " : " "  " " :  

"" ""i~he demonstratlon p'.Zaff~)~'ii~:.:.~.:'.;'.:..':.:.:"i~i:&..;."i:;; .';;:i 2" " '"""" '"" '" ' " " " " • . . . .  , . : ~ . . .  . . . . . . . .  . " " ' ~ " ' " : " ' : " " : ' " : " , , ' , F ~ ,  .... : . " . . . " :  " . "  . " ~ ' " . .  . . " !"  " -  ; ,' . . _. ; . ' . , . f  " ". : : . . ' . . .  ' i l . : . " .  

. . . .  : ;,':." • "" . ' :."":' ,...... ' ...'.~ ...... ..,,-., : : ' . . . . . . . . :  :.,.~...:::.i':~'":. " - ' . . :.,. .: . . ." ' ... 
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" :  " : " ' ' " : : "  " . ~ , ' ! " ' , "  ' ' " ' , ' ~ " : : " :  " " ~  • ' ' ' . , . ' " n ' . . ' "  ' , ' " ; ."  " : . , . . ' i ~ t , , , ,  

• : .,..' . . . . .  3 . 2 .  Ca~al~.";t:s'i~i" . .  . . . . . . . . .  .~,... ; :.:,::f., :,.: ..'.'.. . . . . . . . ,  , ~ ' : . : . .  :::  . "  : . , :  . . . . . . .  

: . ,  : . . . . .  : , . , , .  , .  .... :!: v . . . .  • 
. ~  , . . . . ~ . .  . .  . . .  . . . • . • . . . .  . ; . .  

• : 'The:"ae~e"lop'ment o,t"th:e cat~iV:Sts::"for the. " ...... svnthesls .I iquid~phas e was • 
... ,,.: ' .-. . , • . 

. . . . .  43 
based on extensive vork done with iron cataly:;ts • that wereintended 

., .' -. - . . . . . . .  ' .. 

for use in the solid bed process. Compared to other types of processes, 

work in the l i q u . i d  phase offers greater possibilities for the flexible 

use of catalysts, because ~L is not necessary to maintain certain tenpera- 

ture ranges and high gas v e l o c i t i e s ,  or a h i g h  hydrogen content of the 

synthes~.s g~ses. Basically all the catalysts which are sultable for the 

F-T synthesis can also be used in the liquid ~hase. Zn contrast to uther 

t y p e s  o f  p r o f e s s e s ,  m e c h a n i c a l  s t r e n g t h  o f  t h e  c a t a l y s t  i s  n o t  r e q u i r e d  

here. On the contrarl, It is advantageous ~o have the catalyst granules 

break up when forming during the synthesis as a result of carbon formation, 

because this leacLs 'to a good dJ.sperslon in the liquid. Catalysts with a 

high content of supports are less suitable, since they lead to unusually 

h i g h  v i s c o s i t i e s  as compared  t o  s u p p o r t - f r e e  c a t a l y s t s ,  h i n d e r i n g  t h e  g~s 

d i s t r i b u t i o n  and r e d u c i n g  t h e  b o u n d a r y  a r e a  b e t w e e n  gas and l i q u i d ,  w h i c h  

a r e a  i n  t u r n  d e t e r m i n e s  t h e  mass t r a n s f e r .  

20 
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It is for thls reason that ,ae considered primarily support-free iron 

p r e c i p i c a t t 0 n  ca ta lys ts  dur ing  the  developmental  s tage.  They make i t  

• : " posslble to use Che highest concentration of icon in suspension, can be 
.... -: . . , .~:... ... . ~ . . 

.- ..; - • ' " " " " . " " ' . , '  • ' : d , , ' f ' , "  " , ' .  . " ,  ' "  , '  ~ . " " ' "  ~ ' -  " • 

• " ""'..," ".".'formed e asllvl,in":.a"'~lquld medlum~'~:possesi~ ' 'hig~ act£vlcF,.:iand produce stable 
... ,.- , • . ... -.' , . , "..' 

• , , - .. - . . . , • . 

i.. ' ' Suspensions.  The opt£mu~ concent l'-atioh."of" :~be caca iyst  tn  "i'uspension 
. .  , . " ,  - .  . ' . ;  . . . .  . " :  . . . . .  . " :  . . .  

• . .  . , . . .  

p~oved .I:o:l)e about z0X In  :terms :o'f"the .iron .• presen't 'i'.n':. the.. c a t a l y s t ,  . :. 

7 . . "  

• . . . . . ~ .  

" , " " "  i ' ;  " 
I . . .  ' " . I , ~ I i  . ~  i 1 1 ' ~ ' .  . I  I i I I  I ; I ; I  i I I  i i i [ l l  I ' ' '  . I I I  I I I I I ' . I I " ~  I . I  I 

" . " ' .  , ; . , ,  .. '-..-':i '.:.: • . . ; . :  " . . J "  i: - ...:. ' . : , .  " . . . . . ~ "  ~ .,7.~,:...,i(-" : ' ' ~  ... . ¢" . . :  ." . . . . .  ~ . . . .  .'...:'.. : . • ; ' 7 . . .  • . " , : .  . . ';" 

Lover co:nce:nlr~racions ~educe the...reacl:or e,[£clency,, and highe:; Concen tra. ..... .:. . i 
• . ' , . :  :¢ .?,.,.., . : ,  . . . .  : A . . . , : . . .  " , ' , r  : , ,  i i : : ~  . . . . . . .  i ' ', . . ,  • : ' 

.... : "'""";'~:""" " : " " ;':"'""":' .... '':" "~~::"" " ' ' ' ' ' " ' " " . " : . i.:""i": i I 
tLons.Up~oii-~;.O.~ can':bd"'.used,'i'b'u~'i.l;~lley Increase the ~scocitF.:'6f.the'sus~ " i I - 

. :.:.":: ".J.,;.," ';i 4 ;' . .. ,. '.'" ." :- '....T." .:. ~',,:"- r....."- i: ., " . , .'. " .. , . .. • • , ".,. 
• ' , . ' , . " ,  ' . ~ ' . . . . b " . . , . i t - . ~ ,~ ! . : , ,  : r , , " , I  ,P ; , , , . ~ . , i . l . . , . . . , u  ' , ~ '  , - , q  v . ' . ' : , . v : ~  • % :  ',. ~ " '  , . , . . ,  . ;  . , :  ; : . . .  • . 

pens i o n  and::~~'ug.: de.cr~:~as e t h e '  i ~ e ' ~ f a c £ a  1 a rea ,  ..", i  ch agfec ts : ~he c a s s  
• ' ! ; . . : : .  , , ' "  i ' , . ' :  ' . . .  

: "  ! " '  ' r _  ~ • ,., . , . . , .  : , a  i~. , . -k, . ,~, . ;  , l ' . , . . ' . ' .  " ,  . . .  I : ~ . , I  . . . ' . ,  . .  • • . . . I ; . , ! . / . ,  ~. " . . . .  " "  

t r a n ~ , r  and hence may cause'a  decrease £n conversion.  An optimum 

e q ' u i l i b r l u ~  is  required between' c a t a l y s t  con'cef i trat ion,  gas throughpu~ 

and opera t ing  temperature.  

3.2.1. StartinR materlals for Iron precipltation ca=alvsts 

The Lron p r e c i p i t a t i o n  ca ta lys ts  for  the l iqu id -phase  F-T synthesis 

w = , . . L ~ : l n e d  from £ r o n ( I I I )  n i t r a t e  ~olut¢ons or mixtures of  n i t r a t e  so lu -  

¢tons contaZning 80~ i r o n ( I Z I )  and 20Z I r o n ( H ) . 4 3 ' 4 5  So lu t ions  of t r o n ( I Z )  

cannot y i e l d  ac¢ive c a t a l y s t s  because che I ron  in  che oxLde has to be 

present  as J r o n ( Z I I ) ,  e iCher  as ~ or  y Fe203. A f t e r  annea l ing ,  or at the 

la~es t  durLng forma~ion, the c a t a l y t i c a l l y  tndispon~able Fe304 is produced 

from these oxCde for~s.  By adding about 20Z Cu, one can aZso obta in  an 

ac t ive  c a t a l y s t  from t r o n ( I Z )  so lu t ions  beta,me durLn 8 the dry ing  of ~he 

hydrox ide ,  the F e ( I I )  oxide is  ox id i zed  under the tn f !uence  o f  ato=sphertc  

oxygen. 

2 !  



- . : , .  .~ 

. . . . . .  • < , ~v: "5"-'C" .. ,:- . • - ... ~... ... ,......~...,_ • .. 
. . .• ,: 

, I . . . .  . . .  .,. '~.-.,:.+ .. . . . . . .  !..... :,.i<i ~5'% .-': ...:. ::.~ . , .. , ~: . ' ' . 
• . , .. . -. : . - .. 

• . # 

" : ' In::-~he preparation o.f c.harg'es grea~ar .than those used in the opera- 
• .... . . ..... . .:.:.. .... ~ . 

"" "" .. 'tionof:an~indus~flal:"rel:c'~.o~r~ nltrAce" :soldtiehs were used ghat h~d been 
• .: . . . . . . . . .  . .'.. ~ . " . . . .  • .. 

. • "" " " " " " ' " . ~;.c " . .  , .:,.;~..,.'. : . .  .,..:., • ' - Q' • . ,: " . .  :..,. " • . • , . . 

• 'prepare~ by. dlssol.Vin 8 w~oughr •iron scr'apor s t e e l  turnings in nir~<c ....: ".. 
. .,. • . .- . . . .  ,. -" • , ,¢ . ..+ • . . , . . . .  . , ~ .. .., . ". . . . - .. 

"' " " " ' acid after:'~it!"£'ad been observed,:that the"Irapurities contained in these .... "" " 
. -, • ' ~ . . . .  .. . . .. . . . . . 

' d " ' " . , '  " '  . . . . .  : "  : . . . .  '~', " : ' . . - ' :  " • . '  ' . .  . - .  ' . '  .= , . "  . . . .  : .  " ' -  , . "  , ' , "  , " "  ', : "  . ' ", : " '  . ' .  , . : . .  . : . . .  . , ~ ,. • , . .  - . • . . . i ,  . . ,  : . . . ~  . . . .  . .  , - . . . .  • . • . .  • , . . - , .  . . , .  • . 

'; . " ..." - ' materials lik~ manganese, silica, carbon, and.even catalyst polso,~;~like' '' 
" ': " " "": "':'i. ;' ?," • '- .:".....: ' .: --,: ' . ',.. : .,i .,, ,.i .,....'.,~.- . ,,~(~,:..;~.. L', , . . • . • ';i!~::. ,: ,; ~ ..: ..+ .j. ~.... ..... • . -...' - .. ". . 

., , . . . . .  . .., , .. - . . ,<........~..... ,~:.....,. . ,.. .,... ¢,.. , .. ;. . .. ,. . . . . . .  .... :. ...... :.;. 

'.: " "..- . ' ... ". sulfur .and-.phosphorus.'di~[ not reduce .the actlvltv. It further became " ' ":. ' '; 
• .. "... •. ..... -..-:: :...~.. • . . . . p~i"~..[.:'....,.,.: ..:..b:;:~.;,:...,..: .,:..t.,, .:".d.'-'.'".'~" • :. :.'~:.::.2~ ".:;: ~.. .;;' .'... " ' • . . ..... " .. '. '...: ...... ': • 

• "... ' . "::,i. apparent.,thar..=!,:~he ;'!p:--esence of s,~ai!', amounts of ..copperi:in tl~e scrap . . . . .  . :" ' -: 

' . '  ...~..:.+,.r ' ..... : ..:..'.'.~. " ' (O,.O0.5...+iw.','t. :,+,.) : w a s  d e c l s i ~ e  . f o r , . . h ~ g h  c a t a l y ~ c . . a . c t i . . v , : i £ y ~  A 6  S y s t e m t £ . c '  . . . . ' : .  ,.:,. i .  " 

. . ,  . , .  . . .  . ' . .  . . .  . . . . . ,  . . . .  . . , . .  ; ' ,  + - . '  , . . . ' . , . . . . - >  . .  . . . .  . : . :  . . . . . . .  . .-  . . . . .  . 

• .:.. , . ,  .' . " . .  .:' " . : I n v c s t ~ . . g a C l o n s . s h o w e d : . t h a t . " : g o l d ,  s i l v e r + ' . . a n d . n t c k e l  p r e s e n t . . I n m £ n u t e  
.. . .. . • . :  . : . . .? .  ,. .... . . . : . . . . . . . , . . . . : . .  .. ... . 

. : : . . . . : . . ' c on : cen t r a6~o 'n~ : . : : ha~e "+ ,~ i " . i ! ' . ' S : : t ~ i .  far .... . ..,, .... ,.. • effects..'..~e.se metals act ,as reduction 
. . : . . .,.. 

pro.'~,', "t~"ghldh.'.b'ec6me effectlve:durlng formalion. ' 

3.2.2, Production of t h e _ ~ a ~ a ~ z s ~ s  

Ho.3t suitable of all the precipitating agents in use are soda and 

ammonia solutlons. Once the contro111ng influence of the exact dosage 

• 47 
of alkali salt promoters was recognized, where deviations of as little 

as 0.1 wt.Z of K2CO 3 (referred co Fc) ~a:: be significant, the precipita- 

tions were conducted with ana~onia solutions so as to el'mlna=e the vr~oter 
.q. 

influence of sodium carbonate, which is srrongly retained by the hydrozlde 

after washing. The iron solutions, which generally contain 0.1 wt.Z copper 

(referr,.,d to ?e), can be easily preclplrated with ammonia despite the 

possibl.,, formaclon of readily soluble a~onia-copper complexes, because 

the highly surface-active ferric hydroylde always retains a sufficient 

43 
amount of copper to activate the formarion. Precipitation with ammonia 

or a,-~no, lum carbonate has the additlonal ,-.dvantage that the hydroxide can 
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be f¢ l ce t ' ed ' .much  more q u i c k l y  and washed w i t h  40Z . ' less ~uater. than  £or  
¢ .  

. . . .  ' . . . .  % " . , . .  . , . ,  . . . .  

example. ~'n :the caseot catalysts'precipitated wlthsoda. F u r t h e r m o r e ,  
• .. . .. . 

.... .. . . ..... 

precipitantrcan-- - - " easily be recovered with quicklime'.-- ~he 
• : • ~ . 
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: .... . " : tion' andi:"tltrlmetric standardization of. che'p'rec~pit'ant against the"iron 
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• . ... . .."i: soi 'uci~'~'] i : '3 'Thisl.  .. s t a n d a r d i z a t i o n  m u s t  be Cho ;se~"~o ' / tha t  once the  p r e c i p i - .  

• . . . .:...'.v: ~:!::~.:'..: :?:". ...... ." [. " i. . ' '  " ....!:,"",'71" ..5.:.:":':"'.. ' . 7 _ 7  . 3 . 4 P ~ 5 0  " ' ":  .tati 'on!iii '.~s:":complete t h e  h y d r o g e n  : ten c 0 n t e n t ~ a C i 0 f i ; # i i l  be pH ::' . . . : .  ~ . ,  

• ' . "  :.':!~.'.'.'/.;:T ' " ,  
' , ' , , .  :~ , , ,  . . . .  . . , • , , .  ~ • , 

• , .  , . t ,  . , - .  . ~ . 

,' " • i:Re:~hE .lab.oratory, invest lgatlons hav+:.,shown:.;.,that contlnuouslv 
.'.'.'i;~, : T;i;." . . . .  :~ . . . . .  . :.'" ': 

conducted precipitations guarantee.a be t~dr . . ! ! rep~oduc lb i l l ty  of the 

cataZys= p r o p e r t i e s ,  espec'ally in the case of precipitations o f  r.,ulti- 

c o m p o n e n :  c a t a l y s t s ,  f o r  e x a m p l e  a s  d e v e l o p e d  f o r  t h e  s e l e c t i v e  c o n t r o l  

of the s~n~hesis in the direction of shorl-chain olefln production (see 

Sec. 3.7). In the precJnltacion of these two-component catalysts, a 

speclfieJ pH region must be rigorously maintained in order to inhibit the 

for'-aatlo:1 of amine complexes and to obtain the Eullest possible preci- 

plcat~on. Other factors affecting ~-he precipitation include ~.he metal 

-% 

content } f  the metal solution, the metal concentration, the ar~nonia con- 

centration, and the preclpltatlon temperature. Of partlcular importance 

is the maintenance of a short residence time of the precipitate in the 

preclpltatlon reactor. These factors led to the development ofamodi¢ied 

zone precipltat£on reactor 52 with built-iT stirring blades (Fig. 6). 

The preheated metal salt and precipitation solutions enter the base of 

the reactor tangent£ally. The catalyst suspension is picked up at the 

main overflow and conducted directly to filtration. ThL preeipitation 
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: ' ~  : " , ' : " .  , : ' J ,  . : .  . . . .  " . .  " ' .  ' ~  : ;  " ' ~ . ' i v r . . ' : ' , ; , ' " , ; ) . ' : , v ,  v " '  ':" . . . .  ,v  , . .  ' " . '  . .  , . . ,  • : . . . . . . . . . .  - -  
: . . .,:., :. ~.v,. ....:.',l,,,... ~, ,. '. . ..... . ;.'.... '..[;,. :.., ' ? . . - . . .  . 

• . pe~-~'SSiU~ '~.;z*rbonate to ; . the .last w'ash wa~.er ~or.by .... '"""'""""!"'" ' ..... " ~'~"i~. , ''..' ./.. " • .stzrrrnc the ..,,~r caR~, ... . . , .. • 

• . . . . . .:: '< : : - . ~  ~..:.. . . . . . . . .  . . : . j  . :  . .:.....-,-- 
" : ' :  ' . . . .  . "  ..... , ,  : , . ,~ . . . . .  : ~: ..... " .  !i~ : i " . ,  ~.. . i , . ,  

with •dilute po.tass~um Carbonate s e l u t i o n . . .  .... q...: 
• .: '/:. .'b • " ' " • ~I ....... '~. " i " .- :=..'.,.-" '." ,'.i .;.'. • ;,,.- ~ " 

". . ".. )., ..,, ... ,~ ,., ,., : - v ".,........: ," .I l ~ ::, " . 

• '. . . .Th~ dCt.i, Viti~.,. se]ectlvit~', efflciencv, .lifetime and orotec.t'-onz~aln.~t 
. .  " ' , :  i ,  ' .  : , ~ "  ' , . ' , " . : .  : f ¢ ~ " .  ' . .  ' , ' 0 - - ' ,  ~ . " . . - ' ~ '  " . " * q  , ~ . : .  " ,  . . . "  .[!, " . : : ,  . . . " " 

" , . . ' l .  . ' . .  ' • . "  . . .  " . . .  • . ' .  . • 

carbon depo~ tS are increased.c0nslderablv, if aft~.r drying, the'. . ferric 
• . . . . . .  ~ '~  . : , : " ~  .' , ~ ,  ".: ," . .. ' . - , ' .  : .  ": ,~ ' , ' , ,  . j # . . . . . .  ! [ ~ ' - . . .  . . . . , , ' . ,  • " .~. .  

• oxide catalys~ is sub" .c~.d. to annealin~ ac 250-350"C wlth air ~''54 or 

oxygen. The effect of anneaiing is causally related to the for--alien of 
• o . .: 

short-period lattice defects, to the decrease ~a crystaIIite slze 55 amd t<, - 

56 
the shift of the pore-frequency maximum to larger pore diameters. 

3.2.3. Formation 

The ferric iron must be converted to the metallic bonding s:ate before 

the catalyst can be put to use. Iron-carbon inclusion structures such 

as carbide~ have bonding states similar to that of metallic iron. This 

bondlng state is obtained by treatment with carbon monoxide or carbon 

monoxide-hYdrogen mixture, or by consecutive treatment'wish carbon ,x)noxide 

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 media=, and heated 

to a temperature 15-30°C above the flna[ operating temperature. The reactor 

26 

• .... -° p : . 

° 



i .: 
| I 

-" . .. • 

. .. "'. ~'. . 

, ..,. 

:- : i: ! " " . " .  ' -. . . .  - 2  • • , ' " " " • , 

. . . , , . .  . : . . .  • . . _ . .  ~ : - , , . .  

.- ".' .'- . .-" .-. " ' , -~' ' i -~ ..... ~: ~' ' .... . 

I 
.... is then brought to the lafler temperature as eulcklv as possible. The . . 

. : ' ,': .i- ." a~-¢,,"" ~'....,?',: *¢:, ' ?;, : ;: "' ,"" ,"'- ~ ' ~,'' .... : ..-. ;:. :.. ' 

s u s p e n s i o n  i ~  v i g o r o u ~ i l y . . a g t t a t e d  w i t h  an. i n e r t  gas. .  (N  2 ,  ..C02) a t  t h e  f ) [ n a l  
. . . .  . • • % ~. ",,h, ~, .";~ ........ :'....~? -,.-'¢.1 " ""- -'_... . . , ' 

• ' " " ' " '  o p e r a t i n g  . ~ e s s u r e  ( 8 - 1 5  a r m } ,  . As s o o n  a s  t, he" f o z - m a t t o n . t e m , e r a t u r e  i s  " .....:..:!:...:...............:.. 
i : : ; ' : '  " :  : ........ . "  , , : " . . . . . . .  " 

' " : "i "::" '"'" ...... :'"?:' i~ : '" : ' :"': ' ..... ' : 
i " r ~ a c h e d ,  t h e  s v s t e = ~ . [ S  s . u d d e n . l v  s w i t c h e d ,  f r o m  i n e r t  . 'gas t o  s v n t h e s i s  gas : ' " . . " - . i  . . . . . . . .  ' "::: ":' 

. . .  ' : ' ,  i : : . . .  • . . . . ~  . . . . g . ,  , , .  • ; . .  ~ .  , , , .  • . .  , . . . . .  . . ,  ..,..,~, .., . , . .  • . , . . . . . , . . , . . . j ~ : .  .... ,,::,,, .:,,~,,:,,,,,..,,.,.:.~. . . . . . .  . :. ,,.,_ ! .  _ ' . . ,  . 
' . . , . , , . r  . i 
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' • • " . . , . '  " ; , ¢  ' "  ' " " • ' . "  • , " ' " '1  , "  . '  " ,  . ~ ' ' . v , . , i , , , , , . ,  v . . - . . . . . . . . . .  , ,  . . . .  - '  
" ' , " "  , . , ,  . " , . ' . , - ; ;  , , : .  ~; , v , . . . .  ' • . . . . . .  • , , - .  . . , . L .  , , . ' .  ' ' • , .  

" ' ' " . f o r m a t i b n  ~ r a v e " . ; . t o  ' s e t . " i n  d u r i n g  t h e  f i r s t  f e w . " m i . n u t ' e s  • a n d . r e s u l t s  i n  a .. " . . .  '~ .  ' • 
I 4 I i  . • : . . ' . l ' I , ~ "  . I l l [ I . i .  ' , I ' . ~ ' , ' , l ,  , . "  , i I . I i ' I . .  , . , "  ~ ' ,  , i . .  , i , i "  i i i : , t  i I . , . . ' . 1  . ¢  . . . .  I I  , i i  i ,  . . ' "  . i . . i 

" " . ' "  '. ';."::".'::;' . . i ! : ! ~ i l i , , ? .  i~ ~,~!',"~'~;:',~',":,',::, ::: ':'"' '%'~"~':' :'. " . . . . f  ,' . v .  " '  " ' ' ' ....... .'.:. 'S . . . . . ,  ' :" . . . . .  
~ ' " l " ' :  " l " ~ I g h e r  C O ' - c o n v e r s l i b n ; " r i n " : ~ h e l . f [ r s ; ~ " : ~ t a g e  O ' f  t h e  r e d U C t i o n ,  a s  l i n d f c a t e d ,  i I I ' '  l l ' l  : " l  I l ; $ " . ' . .  , ' . . . .  . 

;:,2. :: ' .... " : " • " ". ? . '  ,"."(: :":"i""?";' ~, .' . - " ' " " :: ' " "  '"i:'i"~::'i"-"~"ll!':;"i ''.~;j :"" ;"??!:'.'.::.....' :':.'.::. ..':"-' ' " ' ' " • . 

~" " by t h e  .h i 'g 'h  ' C ~ '  c o n c e n t r a t i o n  in t h e " ! " f i n : a J '  g a s " ' , . : ' . b u . t . . t h i s  ' . ' c o n c e n t r r ,  t i o n  • .. 
. • . .  ~ , ~  . " , ; . .  ' . .  , . , . . . . . . ' : ' ~ . , . , ,  . , 

• . ' .  • ' , , "  ' .  ' " " , ; , , ' . , , ~ , '  ~ " , ' ;  ~ i . "  , '  

". de'creases vez~,." q'uiekli';' .t"hen":Slowlv rises again. As the CO 2 concentration 

• , .~. ... ....... . .... .,,,~ , 

a s v m p ' t o ' t i c a ' l i v  a p p r o a c l i e s  a l i m l t i n g  v a l u e ; ' t h e  f o r m a t i o n  i s  c o m p l e t e d  

s e v e r a l  h o u r s  l a t e r .  " D e p e n d i n g  o n  t h e  d e s i r e d  t h r o u R h p u t  a n d  c o n v e r s i o n ,  

t h e  t e m p e r a t u r e  i s  l o w e r e d  b~." 15-30"C. T h e  c a t a l y s t  i s  now r.-=ady f o r  

u s e .  5 7 ' 5 8  T h e  f o l i a t i o n  t e m p e r a t u r e  d e p e n d s  o n  t h e  a c t i v i t y  o f  t h e  c a t a J y s t  

and on the product spectru=, for which I t  was prepared. If the for=ation 

t e = p e r a t u r e  ! s  t o o  h i g h ,  t h e  d a n g ~ , "  o f  " s u p e r c a r b o n ! z a t i o n "  e x i s t s 4  i f  i t  

is too low, l'he formation d o e s  no~ get started. In both cases, there is 

a reduction in c a t a l y s t  activity, 

3 . 2 . 4 ,  R e g e n e r a t i o n  

**o 

T h e  a c t i v i t y  o f  t h e  i r o n  c a t a l y s t  b e c o m e s  d e p r e s s e d  b e c a u s e  o f  

poisoning, recr},stalllzation, oxidation, and t h e  formation of s~able iron 

carbides and elemental carbon. Pilot-scale experiments have shown chat 

~he iron catalyst used in liquid-phase synthesis can be regenerated 

repeatedly and simply by oxidationso that it regains its full efficLency. 

Moreover, the formation of carbon is reduced to one-half of the amount 

measured in !he presence of fresh catalysts, so that lifetime or contact 

25 



• ,.- ,...~7 . ~.:.-. 

-'" !"'~ " • ": :":i ": 
• . . ,  . ; . .  . '  

- ' . . '  ] . .  " . .  : ; "  . " , , ~ . .  - ,  , ~  

- ' , 7 ,  " "  

. ~ +  , . 

. .  . . ' ~ : .  ~ - "  . . .  

• " ~  . : i ~ "  " • ; ,  f " " • 
• '" ...,.'~ . . "  . . 

" " " :  '~.~:~' " " " ~  " " ' ; " "  "" " - "  ; "  " . ' ~ "  . . . .  : i . - - i ' , ' : ' .~ , ' .  " : , ' "q "  : .  :5" 
" .  . • " '  ' . '  7 . , .  . -  . " " ' " ' ~ " ~ . : , ' .  " ' ' . "  ' " ' : :  " " 

.... . ~ . . : .  ' . . % ~ ' ~ : . " - ~ :  . .  : .  • . . . . . . . .  ; ~ . : .  ¢ ' . "  , 

' ." efficiency can.he increased consldur,-~blv'. At the same ti'me, undesirable 
' . . . , .  . . . . ~ . .  , , , .  . . . . ~ '  " ' . . . .  " , ' . , . . : ~  . . ' "  : , .  . .  . . . . .  , . . . .  ~ . . .  . :  . 

• • I t  i s . p r o b a b , e - t h a t  s u p e r a c t i ' v o "  m e t h a n e , ,  for~a' t : i loh ~ i . ~ - a ] s o  r,_;pr¢-s'g~.d, . . . . .  " " 
• . ' .  - .  % '  .._-~... ,. ...,. • ... .... . ... ..., . ":.....:.... . .~.. . • 

.... : . . . . . .  ~.' .~. .~ .: ..... . ".~.. .... • . . 

• "' " :  r e g i o n s ' 6 f  ' t h e  c a t a l v s t : , ' w h i c h  :a re  6 s p e e i a ] l : y  f i c t i v b . l n  c a t a l v - ' i n g  t h e . .  
. . . . . .  . . . ,  . "  . . .  i i !  : .  : :;, : .- . :  . . . . . .  , 

' :  " i""'. " :  ... ifOPw.i~t ' ibn O'f C ,~ rbon"a r id  ~ e t h a n e " , . . a r e ' i  d 'o~t '" . rb~.~,d 'durfng a n n e a l i n g ,  i n  , : . . , : !~! .""  
. . , .  . . . , . . . '  . . "  . . .  

• ,.....~ .. .. ' • ' ...... ' • ... ..""'~.%':"..~'i~. i.... : ., .: ....'..'...". .2 .... .: ..... ".,: ..... : 
" ;. '.',. :'..: .... ".:i. add.~ci0n~ i~s" a~'read~¢.:St~:? : ~".st~u~:cd.~al'~c'ha~ges • mdst.also, bu. ,a cdntri~....7';. 
,..~" .... " .  " • ".'. ' :.: ".'..'.,....'i:i. ,"." ... " .... ~ ' " . .'~ . . . . .  ." '.. " • . " ., • ' . . . 

"" :: .... • . • buting::.f~c.~c~'r.',~":~.'~ccordi.~i~i'v,".:'i~i~e::.c~tal~s't ~ffic~en.c~i-'4and.l.if:et.ime in £'' . 
' . , " , Q " I  i ' '  ' : . . . . . . .  ' ' '  " ' ;  " ' " ' i ; .  . I , , , " , , .  " ; , . "  . . . .  " i . ' "  " ' .  . . . . .  . . ' .  " , , ' " "  . . ,  " . .  " - "  " . ' .  " 

..:"'.::"i'.': • " . '  . ' " . ,." ':" "~ " .':.' 'i " .. '"',~,'. " .r'~ .~"" "' '...:'." ',," ' " : 

. "".':.i.! .: :;' :..,:, .c re as e:-' i;:.'....~tt,:., se l ec't ivi tv .i/t; ;:t b. ~. d ire c t Ir~n .: o ,.. 10s,'~.ho.l I it~ g',o I e f.l ns is a 1 .~ r, 
, -  . '  " " : %  ". , " i  i : . " " . " "  " ; "  " ' " ' . ' . .  • . • " . : . . .  . ! " "  , . . .  " ' ,  ' , . "  . . . - . . . . '  v "" • ' " .  "" - " 

• . , ~ ,  . . . . .  . . 

.~. ' ,  : . :  .~ , .  • .. 
i 

, . . ' -  

' • .' 17 . 
.. . ... 

. , ' .  . 

• . ' . .  . . . .  . 

. . . . .  

• . : .  " , : ' ;  ,. ' .  % .  • . . . .  . 

. . . ' , . ' - . . , . ,  . :  . ... . . :  . ' . 
. . .  . . ,  . :  

i n c r e a s e d  :So ~ h a t  8 0 ; ~ b f . . ~ ' b c ,  h v d r o c a r b ~ n g  f o r . a e d ,  w i t h  a n . a v e r a g e  o l e f i n ,  • t ,  - .  • . . . .  ° .1~;  : , : , .  , . . . '  . . , . ,  • - ' . ' • . , .  , ,  
...':'.".. ... ".,i,::'." . . ~ : 

• . , .,-.. . . . . 

.concencof o v e r .  P,O~:,.: ~i"!l b0il below 2007C~'. ' . ..: 
• . .  . . ' ;  

. . . .  . , . q :  • . : . . , "  . . . 

. ,'..:.','. .. 

3 . 3 . '  Op.~fat'ioh R e s u l t s  of t h e D e m o n s t r a t i o n  P l a n t  

p- 

qd 

At tip-" time wnen the demonstration plant was in operation (1952-19~3), 

the in'ere,st in the Fischer-Tro~sch synthesis was essentially confined to 

the preductlon of gasoline. Accordingly, ".he procc-sses and the operatln~" 

mode cf the demonstration plant were totally geared toward this ~oal, 

Table 2 summarizes typical operational data and synthesis results obtained 

by the demonstration plant, 

~:e chief technical problem of heat removal from the r,:actor was 

definitely solved, The temperature gradle.lt in the reactor never amounted 

to more than -'laC, Overheating regt.ons could .not be detected, even though 

the reactor gas load had been increased to 5 tl.mes the specified amount. 

3 of Ccmplete removal of the heat produced b y the conversion of l,O00 m 

synthesis gas per hour required less than 50 m" of cooling pipe surface 

area. Grinding oZ the cPcalysL ~ ~ fineness and a turbulent mixing of 

the suspension provided a uniform., distribution of the catalyst in the 
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. h ~ v e  s h o w n ' , ' h o ~ e x ,  e r ,  t i ~ t  f o r  i n d u s t ' r i a l l y " j u s c i f t a b l e  c o n y e ' r s i o n s  th,~. . : .  
. , . . ' .  ". [ '  - 

~ a s  l o a d  :c:~n :be l n c r e ' ~ s e d :  t o  t w i c e  t h a t  a m o u n t .  . 
. . . , . . . / .  : .  - ; . . . . .  • . . . .  

, , "  , , . . :  , I , . . , . -  • . : . , .  . . . . . . . . . : .  

The h i g h  s e ' , e c t i v i t y  w i t h  r e s p e c t  t o  ~ e t h a n e  f o r m a t i o n  c o u l d  .--lso b e  

achieved i n  a large Industrial reactor. Despite the high temperature 
'. ,.. 

required fGr the manufacture of ~soline as the main product, only about 

~'. of the total hydrocarbons produced were in ~he form of methane and 

ethane. A comparison of the results for a :aboratory reactor of 6 : capacity 

and a large industrial reactor of lO,O00 ~ capacity, both operated under 

the samr conditions, with the sa~e E~s and lhe same catalyst, demonstrated 

(Colu..~ns a and b of Table 2) that the =antler was capable of being enlarged 

o n  a stale of I:1666. All the results were in mutual agreement except 
4, 

for the reactor efficiency because, owing to the narro~ reactor cross 

section, t~e gas load and hence t i l e  space-time yleld of the laboratq~: 

reactor had to be smaller. 

The results obtained during the operation of the demonstration plant, 

and the co~lectlon of process and reaction da~a essential for designing 

large-sca1~ planes along wlth economlcally tmportanr consu~aptlon data, 

formed the basis for the offer made by Heinrich Ko?oers C~bH, Essen to the 

O 

indian governmen-= to erect a complete llquid-phase synthesis plant with 

°o. 
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T "f '" " " "#~" a c c o r d i n g  ' t o  ! : b ' b f~  i h'~ :' r a n g e  a n d  ' : p r o p e r t i e : s  i s  . ~ h o ~ r , ' . ' t n  T a b l e . 3 .  ~ . :  o r o d u c t  

' : : '  a , - , a l y z e d  w a s ' ~ s ~ p l t ,  f r o m  l ~ r g e ' : S t o r a g e t a r ~ k s  W f i f ~ h  c d l a t b i n e d  t h e  p r o d u c t s  

f rom o n e o f " t h e  longer  0~er:atfn'g pe r i ods .  The"op 'e ra t in~  c o n d i t i o n s  under 

":' which ti,~,s p roduc t  was 'made are • l i s ted  in  T a b l e ' 2 .  The o l e f l n  'Content, 
I 

~.'hich is of importance =for petrochemical processln~, is given as 70-~5". 

• ' for the C3-C 4 fraotio.. It f!uctuated between ti~ese limits because of 

a c ' ~ a n g e  i n  o p e r a t i n g  c o n d i t i o n s  o v e r  t h e  l o n g  p e r i o d  o f  o p e r a t i o n  i t ,  

w h i c h  t h e  a n a l y s e ~  a r e  r e f e r r e d .  W o r t h  n o t i n g  i s  t h e  h i g h  o l e f i n  c o n t e n t  

( 7 0 7 , )  o f  th ,- '  4 0 - 1 8 0 " C .  ~ r a o t i o n ,  w h i c h  i s  o f  i n t e r e s t  a s  r a w  m a t e r i a l  f o r  

the Oxo pro~esa.  Almost o n e ' h a l f  o f  the 180-2200C f r a c t i o n  impor tan t  fo r  

. o  

. . °  

o O  

2. ' 

the p r o d u c t i o n  o f  s u r f a c e - a c t i v e  agents c o n s i s t s  o f  o l e f i n s .  

Gaso l i ne ,  the p r o d u c t i o n  goal  o f  the demonscracio~ p l a n t ,  was ob ta ined  

i n  the p r o p o r t i o n  o f  85% in  t h e  C3-syn thes i s  produc~s.  The raw p r imary  

g a s o l i n e  (25-190aC) ,  w i t h  a Reid vapor  p ressu re  o f  0 .55 aim, h id  an i n t e r -  

med ia te  oc tane r a t i n g  (10R) of  73 which,  a f t e r  thermal  t rea tment  w i t h  

A1203, rose to 83. H i x i n g  w i t h  polymer ga- :o l ine  w i t h o u t  adding lead gave 

an oc tane r a t i n g  o f  93. Abou~ 12% of  the l i q u i d  p roduc ts  were d i e s e l  

f u e l s  (190-310°C) w i t h  n s o l i d i f i c a t i o n  p o i n t  o f  -130C and an i g n i t i o n  

va lue  o f  ov=r  70 (ce tane number),  As p roduc ts  o f  the F-T s y n t h e s i s ,  the 
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.... . .:: .' : for envlroninc'ntal l~; ~s'afd'au~.omot lye' fuels. :.. '-::'' : 
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'. . 3; ~ : F I ex,"h~i l i:t:v"andT~.'Se'lec t i'k~i'C.;,! .':o f .'the ':.P:roces S . [: [::(i. !: [: .. 
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i': : :  .... "[ The constructlon..-~nd'ope'ration Of.plants.foi-' the productionof chemical 

- • raw |.~ate, rials •from coal•will al~avs Carr~-:.econor.~c risks .because • Of the 

• :' " .. ' • '" ' .7 : 
' competition of petroleum. These•rlsks i~ll1:;increase if .the processes arc, 

• • • • . ". " •" , •. '.,.' ...' • '.i... 
• .. • . . 

geared to,,'ard a speCi'lfliC, narrow, production spectrum which, i n  the presence 
• ., ."~. :.. . 

of a change in market demand, doe~ not permit one to face this change and 

to readjust the production, The liquid-phase process does n o t  involve 

this risk ~ecause, in contrast to other pr,.cesses, th~ co=posltion of its 

products and the composition ~f the synthesis gzs give it a high flexlbility~ 

The product composit ion can be concro l led  by changing such important  

reaction variables as Lemperlttur~, pressure, CO/H2-content of the synthesis 

gas, space velocity, etc., .over a relatively wide range, something that 

cannot be done £,, f i x e d  bed processes or  in  f l u i d i z e d  bed or dust processes. 

These processes are necessarily very limited as regards ~he gas composltiun 

q• 

# 

I 

.o. 

(fixed bed) and operating temperature (fluidized bed and flying dust process}, 

V 
i 

resulting in a rather inflexible product spectrum. The reason for the con- 

flnemenc of ch¢ last two processes solely to lo~-boillng products is the 

high flow velocities of the synthesis gas or circulating gas requircd to 

maintain the fiying-dust or fluidized scale. Obtaining a sufficient yield 

for these v~, brief residence times requir.:s a reaction temperature in 

excess of 300°C, so that a sufficiently higi~ reaction rate can be achieved. 

However, since high temperatures promote the for~atlon of carbon from the 

-! 
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, . . . d e c o m p o s i : i o n  of  carbon  monoxide ,  c a u s i n g  ' t l ~e  c a t a l v s r  g'ranules to b u r s ' t  
" : . , :  " : ' ' ' " : , "  ;" "~-~ "~'~'  '" :'- . . . . .  ' : ,C~"  

-., . • . . .  ,. . . ' . . ' . . , -  . :~ . .  . • . , . . .  ~" , .  . . . ,  . . : ' . ' :  : . . . .  
. • . .  , . • •  : . . • . •  . ,  . . .  . •  , , . .  . 

• .'=:. '" .:;. :i:; ':!: and disin:ce~ra~e":ifi :the indicated proc'e'sse.,~.' The deconposi~lofi . o f :  the: " 
, .  , ~ . . . .  : . . . . ' p .  . : . ' :  . , • . . '  . , , . . .  . . ,  

• . . " . .  . • , . . .. 

: . . . :" .I.F'.::',':,-I.; :; c a r b o , ~ ' m / ; ~ o x i d e l . m u s : t . b e : c u r b e d  .by , ;means  Og a high. p r o p o r t i o  n o f  hydrogen . .  ' . . '  . 
• • • , • . • • , .  

' .  ~ : '  :' ' ' l ~  " th~,~ ' :~synthes is  ' , ga i [ . } .  B~tH",i.hi:~h' t e m p e r a t u r e s [  a~,d a high hydrogen conten t  • ~,~',' . . . . .  ' 
• ' : .~  • .!, !::~:::~:,::~:"C'" . . . . .  ~,. . . . .  ~ ';i:!:. ; • . i :  : '  

' ~ :  . . . . .  '.':':'6~" t h e  s?h'[f, hies.f.~:':gi:~':;~e~esS:':af~,!~ ": l e a d  tO . t he : i : : f o rma t ion  o f  . 1 . a rge  a m o u n t s  6f'.. ,i : 
. ' . . ' • , . ,  ~ , . : ' . , , , ' ~ h  . "  : . i . . .  • ,  . • . . . .  . : . . . . ?  . . .  . _ .  . . .  . . • . .  . . . .  

. .  " . . . ' . .  : . '  . . . . .  .. ," . . . .  u~ . , . ' ~ ' . ~ , . " . .  " : , , - . ,  . . . .  ." . . " " . .  ' : . . .  . . . . . .  ' :  , . . ; . " '  . ~  " . • : "'~ . " ,  ' . .  

. . ;  ' .  " : "  u n d e s l . r a b ' J e . . " ~ i e t h ~ n e ' a n 8  t h e r e f o r e . , i t o . " . . r ~  . I O N  " s e l e c t i v 2 t v ,  . , . . " . : ' : , . : . . ' . . '= , . : ; , . ' . , , ' . : , : ; . : ' . : - ,  . , : " ! , . . . . . .  ,. ' . . . .  

• - • ' ' '";::It.  ' o r d e r  c o  m a k e  t h e ,  svnthesxs . , e c o n o m z c a l l v ~ - : ' : g t t t r a c r ~ I v e  ; .  o v e r . 8 0 : . " o f  . . :  . . . .  '"..'. . , : . . ' . ' . .  
; , ,  . .  , : • ! : / : S : L : ' : • : :  • • • . : ;  . ? • , : , ~ ,  : : • • • . :  • •. •• • • • • 

. . . .  : :  : '"":::::'~:"~'~::'" ':::!'~];;~ : ' " '~ ' " :  i " :" : : : : ' : ' / : : : '  '~ " :  " whose,  ~ o s t  £s a c c o u n t e ' d . : f o P : b v " t h e  s~nthes.; .s":: 'g~S'~ ' a ' : h / g h :  S e l e c t i v i t y  and ' - . ' : ;  
• . ~, '.:i - . . .  ": , ; ; . .  ';i:.: ',:.¢, i.";.! !i.; .': L:.. '  :'.=.... . ...', ,.....,': 

" " • . , F . :  ' .  , ' , "  " ~ . "  , " ; : ;  ' • ~ i '  ~ , ' . "  ' ~ . ~ ' "  : "  " ' . i ' . ,  ; , . :  ' " .  . ' " • 

-'ield are of essential :impOrtance, slnce the.synthesis gas muse be con- . ' ... ".. .... 

. . . . .  • , , "  .';'." ".,i ",'... - . ' : (  ".,,. - " . • . "  - • . • 

v e t t e d  i n t o  v ~ i u a b i e  p e t r o c h e m £ c a l s ,  a Cl~'.~s'  to  which methat,.e" do'e~ • n o t  

belong. The high selectivity of the llquid-phase process,' characterized 

by a low methane y i e l d  amounting to  o n l y  about  3% of  the  t o t a l  p r o d u c t s ,  

can be attributed, on the one hand, to the impossibility of overheatin= 

of  the  c a : a l y s t ,  and on the o t h e r  hand, to  the  p r e f e r a b l e  use  o f  CO-rich 

g a s e s  w i t h  a l o w  p a r t i a l  p r e s s u r e  u ~  h y d r o g e n .  

3 , ~ . 1 .  F ~ e 3 i b i ~ i ~ z _ i n _ p r o d u c t  c o m p o s i t i o n  
/ 

Next to  the  type o f  c a t a l y s t ~ f  p a r t i : . ; l a r  importance  i s  the  c h o i c e  

o f  the  o p e r a t i n g  t empera ture ,  which d e t e r t : i n e s  the  e q u i l i b r i u m  p o s i t i o n  

between the synthesis of molecules prevailing at l o w  tpmperatures and 

the decomposition of molecules at high temperatures. 60'61 The flexibility 

thus achieved will be demonstrated with the results of small-scale experi- 

ments (tea.curs with daily outputs of 4-20 kg hydrocarbons). 
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over s~xit.able iron catalvsts..'.to for=.products ~"[ch~.'.in .oleflns. ."=,..The '. 

o p e r a t l : : g  c o n d i t i o n s ,  r e s u l t s , ,  p r o d u c t  r a n g e  a n d : o l e f ! . n  c o n t e n t  o f  t h e  
• . : . .  .. 

,ractlon are shown in Table 4. 

The apFlicatlon o f  high operating temperatures to the production of 

iow-boillng olefins is norlr, aUy limited by th,., increased formation of 

methane and carbon. These undesirable side r,~actions can be inhibited 

if the temperature in the llquld-phase reactor from the Ras inlet to the 

Ras outlet, that is, from the bottom to the top, is allowed to rise by 

30-60"C. Tb.i~ can be achieved by the use of ~ppropriate cooling surfaces 

which decrease from the botto~ toward the top 59,63 In this wa'!, the 

temperature, in the reactor increases - which Ls logical fro= the standpoint 

of reaction kinetics - as the synthesis gas bocomes increaslngl:: depleted 

of reactants from the bottom t o  the top. The for~atlon of carbon and 

methane in the upper, warmest reactor zone is Znhibited by the lo~' CO and 

H~ concentrations prevailing there, so that for a hIRh gas conversion and 

high y i e l d ,  a low-boiling product very •rich in o]eflns is obtained. N i t h o u t  

any i,,.--.s of good selectivity, Table 5 gives the composition of a product 

obtained by :his method, along wlti~ the opera:ing conditions and results of 

a s m a l l - s c a ) e  e x p e r i m e n t  t h a t  w a s  d ' . ' s c o n c i n u e d  a f t e r  1 , 6 ~ , 4  h o u r s .  
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• , . .  , , : .  , . : .=  =, .= ~ . , :  • . . ! . ; . :  • • . : .  • . . . . . .  . . . . . .  ~ . . . .  • . 6 1  : : :  : . . : . 

" ' " " " "~:h~drocarbons presenL'~n..the!catalyst suspenslondr re.cycled into i~..-=.. ~, ." ' . .... 
~ . .  ~ , . . . . . . .  ,. . . . , . . , ~ , : . . . . .  . . . . .  , , r  . . . . .  . ,  . , : = : : j  , , . ,  . . . . .  ~ . . .  . . , , , : ,  , , i . , ! . , : , . . . : , . . . . ,  ' : v .  . , ' ,  . .  

' '  : ~ ' .':'; . : " . i  =.:.;'' : U "  . . ' .  ":;. ": . .  i~': ; : " :' . : :  = '> ' ,' 

In~t6is oD;ri~i;;~=~dei:i:e.~ugh f i i~rate  l sl co"~inuously re=owa from the : 
• :. ."-.'. .-. ". "; .' • '"'" :" .... ""i."" .. " .... "." ' . " " - .: • " ' 

" '"" :" " " " " :ii::;';i::'"""i~:" " ...... ' "::" keep'.,.th'e:. fiilt.ng ie~Jel of¢he reactor : ' :  : ::!: " i '  . i : i r e n c t o r  t L r o u g E ~ : , , a  : p r e s s u r e  ~ f l t e r  :~.~to 

' " " ~ '  ~ ' : '  " , " :  " .  ; ~ . i : ~ '  ' "  ~ : : . "  : "  : ". " . "  " • 

• .. cons : an.t ,£.:n".":p r6po r t io o :o...it.he"-'-:q'uan t i ~ V.. o f..."h i ghe r-.boi it:in g:i'hy dro c a rb ons . 

' . w h ' i . ¢ ~ : " ~ J ~ J " : : ~ J o i ~ " e s c a p e  f t - e e l ~ : ~ : . , J ; ~ i t h  t h e  ~ e s ' i d u a l  g a s . ,  Z:.n. 6 h e  . e x a m p l e  c i t e d ,  . 

• o ' . ' , , . '  = . . "  . '  . . . .  . . . . . ; , . ! .  "" - . . . ; : ' ~  . "  . . ' , ~ :  - 

th.e ': 'ill t rate w o u l d : : ' b e ,  dlstIlled, and:.the fraction, boi.ling up to.320=C - 
• " : -. .:• ".;,•; L "'- •: • "; • •••'• .. •• 

to eecher ~-~th 33Z of a synthesis fraction boiling bet'#een 2600C a n d  320=C 

would be ~ed back into the reactor. Thus, 244 g o f  total product per 

Nm 3 and CO + H 2 was recovered. 177 g of which was formed from CO + R 2, and 

67 g consisted of paraffin and hard wax synthesized from the fraction 

recycled into the reactor. About 80Z of the r e c y c l e d  fraction is involved 

i n  ~hls m o l e c u l e  enlarEement. 

Table 6 shows the remaining operating conditions and results as well 

~G 

as  t h e  c e ~ o s i t l o n  o f  t h e  t o t a l  r e a c t i o n  p r o d u c t s .  

I f  d t l r l n g  t h e  s eque1:ce  j u s t  d e s c r l b e ¢ ,  w a t e r  gas  (CO/H 2 = 0 . 8 ~ )  i s  

u s e d  i n s t e a d  o f  carbon  m o n o x l d e - e n r l c h e d  g a s ,  t h e  p r o p o r t i o n  o f  h a r d  v a x  

(~50"C)  i s  i n c r e a s e d  a t  t h e  e x p e n s e  o f  t h n t  o f  p a r a f f i n  s l a c k  v a x  ( 3 2 0 - 4 5 0 r C ) .  

T h u s  t h e  y i e l d  i s  9o g o f  h a r d  wax p e r  Hm 3 o f  CO + H 2 u s e d .  63  

3./-*.I.3. Preparation o£ Oxggen-Containin,; Products 

For the sake of completeness it must be mentioned ~hat the synthesis 

i n  a l i q u i d  medium can a l s o  be  s t e e r e d  i n  t h e  d i r e c t i o n  o f  o x T g e n - c o n t a l n i n g  

32 

• ° 

• . : -.- o °. 
• ° 



• . +  . " .  \ .  

• . . . ° . .  • 

° 

.;. -. •••.'..:• . : . . . :  
• . . .  : ~  

. o  . 

; ~  o . ' .  

° .  

" : . ' o  

~ °  

. . 

. . . .  ~.. ,... . 

• : "'~..." 

:.; 
.Z." 

\ • . . . :  . , ~ . ~  ~ .  . . . .  

. + - . - . ,  . . . .  . .  -.+ / : ! + . . .  ~ . . ~ .  " :  . . . . . .  . . 

-, ~ ,. ,.. ~--.+:~i,~% t~,, • : . . . .  ": , . ,,.". " .  - .' : .~, 

' " • ":"::"~ ~;'~~:"-::" C - :  " • .." "" . '  . . . .  '+ . .  • .- :" , 
. + . ,  . . - ,  : : , ~ .  ~ . ,  ~ . . ,  .. " . b  . 

-.. . • . . . .. 

products.64: T~Is.'can:'he done by feeding pota4sl.um carbonat& into the 
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catalytic suspens'lo~. ;:'At.a conversion "of about 8SZ, the' coral yield was 
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172 g of products-pe~":Nm3.of CO + H 2. The procluct contained C2-C 5 a]-cohols, 
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" .:'" : enriched' gases :jU~::fflke."In ~ :flxed-bed or flying:..:dust reactors.. HoweVer+ ,': " ,'. ,',~' 
• • . . . . .  , . .  . . . .  . . . .  . . . . .  , ! . : ,  : . , : ; . + : . "  =, . . . .  : i . . . ~ ' . . . . ; , . ~ . . f f , - . . - :  . . . ,  : . , ~ , ,  . . . . . .  • . . . . ; , .  : .  • . • .. , .. . . .  . . . . . .  . . . . . .  

• "' . ," • " . ,' ,~.', "I ",,:!" :;..', ..:,,"..'..'.''. , := ..... V" " .'.-;.':.' • . -"." • 

as in ~he abdVe-ment£oned techniques, ~he vleld for a one-step procedure 
i .""',:., :" " "."+! ". ¢" " ' ' 

• ' : " " i"/" • 

or without gas circulation is lower, because of the CO consumption in the 

..°° conversion reaction, than when carbon monoxide-enriched Rases are used. 

As in the flxed-bed process, the conversion reaction which adverseiy 

affects the yleld can be limited in the gas-phase process by lower 

operating temperatures and short gas residence times. For this purpose, 

the process is carried out in severat steps and/or by recircula~in~ the 

gas with intermediate removal of the water of reaction. 

Becaus'e of the lower operating temperatures and the higher alkallza- 

°. 

tlon of the iron catalysts whlch~ts therefore required, It has become 

more difficult to synthesize preferentially low-bo£11ng hydrocarbons from 

the hydrogen-rlch gas. Also, because of the higher partlal pressure of 

the hydrogen in the syntheqis gas, the olefin content of the other products 

must be less than when gates r ich  in carbon monoxide are ,mt.d. For th is  

reason, hydrogen- r ich  gases (H2/CO = 1 .2~ -2 )  were used in experiments at 

Rheinpreussen mainly when the des i red  pro.ducts were s lack  and hard 

p a r a f f i n s .  Table 7 shows the opera t ing  , :ondtt ions and r e s u l t s  of  smal l -  
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scale experimen'ts using water gas. and synthesis gas H2/CO = :.95. In Lhe 
• .- . • . . . 

experimer~ts.here descrlbed , the gas leaving the reactor uas cooled to 15°C 
• .~.. . .. '" 

under, p-ressure before• it was fed into "the -aecond stage or circulation. A 
' " L" . 

" ...i, lai-ge portion of the water of reaction was thereby, separate~ from the gas, 
. .. -. 

.. :"i'.[ but the carbon:.dinxi.de was not[removed..."77. . .,.,'[.~.. 
. . . .  " ' " " " ' " '-'' " -" " ' "" . ""% ~" " i" " " '" " , ~ 

• " '" ' ' " ,i • 
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• v -  ' . '  '!: '," . . . ' . . : . D  . . i . ' 4 1 i ! :  , " ' " . " ,',':" '; " ,  ' [ . .~ : . '~ . " . I  '.. " ' " " ' " . . . .  ; " " 
' sup.~.ess~on o~ mt~ane for~a:~on;: d~,.-:tos highi'.a'~g-'&"of al~aii~at:ilon' 

• "-. • . . ' • ., . ..~ . , .,,p . ..,' i..,,,:'..,'.-.,,..,p. '..,, " ..7 " . • ,,., .. " . '. • 

' ' '  ' :  ' ' . 7 . ' . ,  . ] ' i ' " . , " .  " . . ' ~ : ~ . . . " . . . ,  : ' ~ : 7  " . . 

• of the'catalysts,and to the relatlvelv low reac~~on temperacu'res:. Thus 
% . ,  '..: ! : . ' ) .  ' :  . .  : : : / , .  ' , . . . ' . : . .  : .  . • . . ,~ . , - . - :  

• ~ " ' . " . ' t~ ' , .  " : ~  "~ ~ i , .  " . .  ' - , . . .  

the.'tleld o~ C~+ hydrocarbons is also relatively high for 'aater gas and 
• ' • " . . . ' . . ' : ' ~ ' . , .  ~ ' . . ' "  • ' t  ' : ' ,  "" ; .  . ~  3 , ~. . " . .  . ; .  ' • . 

s.vnthesls gas with 112/CO = 1.95, despite the fac: that the synthesls gas 
, • ,. 

i s  noc q u i t e  o f  t h e  " r i g h t  t y p e . "  

3.3. Synthesis of .Hydrocarbons From • Carbon ,~,'onoxide and l;~,ter 

(~31bel-Engelhardt Synthesis) 

J 
° 

0 

°. 

• ° 

The f l e × i b l l i t y  o f  the  l i q u i d - p h a s e  p r o c e s s  wlch  r e s p e c t  to  the  gas 

c o ~ . o s i t i o n  i s  f u r t h e r  d e m o n s t r a t e d  by the  f a c t  tha t  g a s e s  can be used in 

the  s y a t h e s i s  which  b e s i d e s  carbon monoxide  c o n t a i n  not  h y d r o g e n ,  but 

s t e a m .  66-69  I r o n - c o b a l t - n i c k e l  and ruthenium c a t a l y s t s  a r e  s u i t a b l e  in 

this c a s e .  

This process is especially suited for the utilization of carbon 

monoxide-containlng waste gases (blast-furnace gas, c~rbide furnace g~Ls, 

~hosphor~; furnace oven gas) or of inexpensive generator lean gas from 

coal, :he use of which in gas turbines generating electric p~aer is under 
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d i s c u s s ' i o n  a t  t h e  p r e s e n t  t i m e .  B e s t  s u i t e d  a r e  i r o n  • p r e c i p i t a t i o n  c a t a - . .  
/ . ;  

': Ivsts as .descrlbed..'..for ~use i:n the F-'T. synthesis, Their optimum temperature .... ". 

range is 250-.~300"C. " The •pressure Is adjusted to the CO-con-~ent of ~be g a s ;  
• .. . , .. . 

• " , " .L. • -., .j.... . .- . .-. . • ",r . . . . ... . . . 

• .. - . : 

• ' ': for a gas having about 35% C O ,  it is approxIma~ely .20.arm, and ac 90Z 
.' . . . .  ., , .., 

• " " "": " ' :: . . . . .  " " " " "" ' " "'" 3 

. . ~ ~conve~s[6n of CO-, them 'e"Id' 6 i..hvdrdEarbbns"Is:;]60-i'70'., per m. of .:,: ... ::. :. 

• ', ,/ ...'.', 

' l m " ' " ' "  : " ' ' " C O  " U p p  ~ ~. e a  ~mlmll m m. m • i m i: m" ; "'#(':'l I i . B e  o a ~ i  [l ml: ) Ill: .i .- Iml~ ~ ~ "m "4t' ' "4). 0 ' f ' , ' : l ' i l  I "{~" " "i" I'I "l )I t S.I~" & l ~  :'l""' i:llt ' .t • a b ~  e n c . e "  : I :0  f ;' m ram" . m e t h a n e  m f ; £ ~ a  ~ ~ o n ,  ,I ~m t y l i , a  I d l)It. lti I :  . .  il • m m .:Ira':. I '' t (ill m l':m) :'l'( I 

~ ' i '  ' ,  ',": ' " '  : "  . ' , , : . , '  :!': : : : . , : . . . . . .  , 

m " 0 f ' Z 9 8  g . i s ' .obF~a !n (~d .  . . . w f ~ h  c o b a l t  c a t a l y s t : s ,  7 0  H i ~ h - r , ~ ; i e c u l a r : - p O i i / m e i : h ~ : t e n e ' ~  ' i  ~: : ' m ' 

. "  . . . . . . .  ' . .  ~ . ~ i . .  " . , ' :  ' . ' , ' , ' : , . ' ,  . , , .  : ~ . . "  • . . . .  " . .  " " , . .  . . . . .  " ,  " ' ' ' " ' "  . .  • " • . 

. ! ' ; L  ' ' , ' . ' ; , ' " . '  : ' " . ' : ' " , ; , : ~ ' ! . , . ' ; : ' . ' . q , % ' f . ; . ' , ' l C n ~ . : " " ' .  ". '" : ' t s ~ " ; J ' " ~  " " t ' ; ; : :  7 I ~  :! ;~! ~'. : 
• " ! . :  a r e ' " o b t a i n e d . " ~ i t h " r u t h e n i u m  c a t a l y s t  s u s p e n d e d  It'. w a t e r . ' ,  , : ' , : .  . . . . . .  

' ~ " ' " " T h e o p e r a t i n g _  . . . . .  " " . . . . . . .  " '" ' " :  ~ .i ...... . :,:,,' • • c o n d i t i o n s : a n d  . r e s u l t s " . , o f  s m a L 1 . - s . c a l e . . e x p e r l m e n t s  ~ ' i r h  
• - ~ . • " : . .  .. ... • . .  

o r i g i n a l  b l a s t - f u r n a c e . l g a s ,  w h i c h  b e c a u s e  o f  t h e  a b s e n c e  o f  s u l f u r  . co=pounds  
: ,  . : , .  , . .  . . ' ;  ,.: . i ;~ , , .  !.,,, .~,; :. ,,' : . ! . .  ' . ' . ' , ' . . , ' ,  ...,.. . . . .  , .. 

did n o t  require any purification, and the composltlon'of the synthesis 

products, aze given in Tables 8 and 9. In composition, the products ate 

similar to those of the liquld-phase F-T synthesis. The selectivity is 

.... . .: 

,., '.", ,'h" ." ' " i..'" ." 
:,.., -:.,. , • 

..., ".. 

.... • '. ;., 

....,.,,'. '.; ,... ,... 

high - methane + ethane amounted to only 5% of the total products - and so 

is the flexibility in :he produc= spec=rum, as can be seen from coluc:~ is) 

prlmarily for low-boiling products and from column (b) primarily for high- 

b o i l i n g  p r o d u c t s .  S e v e n t y - s i x  p e r c e n t  o f  t h e  u ~ a b l e  C . +  o r o d u c t s  can  ~e  

obtained as the C2-CIo fraction. The olefin content of the products is 

very high., due to the absence of hydrogen from the synthesis gas. It 

amounts to 80-90% of the C2-C 5 fraction and 70~ of the C5+ fraction. The 

a l c o h o l  c o n t e n t  o f  t h e  p r o d u c t s  i n c r e a s e s  w i t h  p r e s s u r e  m a o u n t i n g  t o  30~ 

at i00 atm. 

3 . 6 .  D e v e l o p m e n t s  A b r o a d  

3.6.1. Work at the British Fuel Research Station in Greenwich and at the 

W a r r e n  S D r i n £  L a b o r a t o r v  m S t e v e n a ~ e  
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Wolrk related to liquid-phase synthes£s..was started at the Fuel Research . 
• • -• • • ,?. ; . ••, .': . •. • • 

" . . . . .  :: .',, • "" 72 

• i .'~.i.: Statlofi,ln'Green~£ch. England, in 1949,-under the direction of C. C. Hall. 

• " "";'":'-~" '" ' "~ ' •. '~i'" ': :-.: i : ": :~ . . . .  . " ." ' " • - " ' " ''" • 'r . . - . . • -.. • 

• ~i ' .' The work ' :was  s t a r t e d  0n a " p i l O t  p l a n t . "  s c a l e  at '  t l he  Fue l .  Resea rch  S t a t i o n ,  
.'. ...... ;.. '... .r . . . .  , ..... . .... . ~'~. '.,,., ,, .... - ' .'. ,.,..., ~ . .... .:, . ~ !." " ~ ~" . :. 

.' " .": G r e e n w i c h ,  'and: a f t e r " b e i n g  ' i n t e r r . u p t e d " ' t n  i95 '8 ,  ~as  con t i r ,  ue~ a t  t h e  Warr..-n . " 
• , , , ' , ' : , , . . . '  . . : ~ . ,  " . . . "  .. ' ." . ; . ' " ? , ~ .  . . . J . e , ~ . ' . .  . "  ."  ; .." L~' : ". ~_' '.":' ..~' "':::~: • " "" ' " "' ~';" "' ":"i.;'."~. 

"!. '" ' i:. s p r i n g " L a t ; " o r a t b ~ ; i ,  "S tever i :age ,  s u p p o r t e d  ~ y . t f i e  : D e p a r t m e n t  o f  S ¢ i e n t i f $ c  , . .... 
B m m 

• " ".' ..... " " " ~'" '._.,~.': ~ . . . . .  " ':" ' ' ' " "' ".'~ " ' " "' ~' ~ . . . . .  ' . . . .  ' '~ :..i::'..' m ~m~mm m 
/ ,  m~ m~ 

.... ....... ": 19 _ ' . . . . .  • .... :and :.Industt;lal Research. :i,Th'e 'work was ___~__ .. i~"::'! :. i! : ':;: ; . , : 

" . . .  ; '  . ' . .  " . . , '  . '  ' . . . i  ~ ' ; . '  : . . '  . . ' ~ " "  ' .  - : ' ' h , r . ' "  • - " ' ; "  ' "  - • • ' ' • ~ ' -  . .  

.. " .:, ,. r,~ :.y :: :. . ~ , '  .... :: .... ::.~ :..'i: ...... : proddctLon::~::i . • . '  ~:~:': ,:,.Th.e.~:p 1"an t w a.s. des l gn.e d ;::fo r . . ~  gas :!~h roughpu~  of:..70:::. :m.3/h. ' ~nd  a m 

. ell of,,proaucts:Za i ,.; ', o  . . . . .  a #r,e'ssttre range:.i:0f 1-20' art.and a tempera- 

:/".:' h?:.ii: ;' ,-,: t u r e  r ange  up to;,'3OO'C.:.i::.!'.i~.,ne-layoui and  mode o f  opera~-£on were  e s s e n t i a l  1 - ' '  
• ' " "  " ' , '  ' , ' ~ ' . %  " ~ '  : '  " . '  . . ~ . ' . . : ~ . ' ,  . . . . .  . . ' . . "  i i ' : " : . .  " . ' "  . . . .  • ' ' -  ~ ; . ~ , . ' . ' . . . . " , ~  , r  ~ , . :  ' . , ,  . . . . .  ' ' :  , . . ~ ' ,  ' • " 

• • •  . : ; •  : . , - ,  • • • ,  • • • • • . • • • • . 

" . the same as tho~e 'of the Rheinpreussen demonstration p l a n t ,  and' modi ficatlons 
; ' " , ',,,, ,, '.'~"i.. ~': ?'""" :~ '?.:!i i'' " 

are described • below. The reactor had a diameter of 2:,.8 cm and a total 

height of 8.53 m. The reaction" chamber .for the expanded suspension was 
• . .. . . . . .  

6 = high and was cooled by four water pressure pipes 2.54 c~.- in diameter. 

.; -.. 

-.:; _. 

• •..' 

• ". :: ;i" 

.: 

• ° 

The free reaction chamber h~d a volume of 276. The heat of reactio,z ~as 

re.move~ from the reactor by means of a pressure water - thermoslphon syste= 

? 

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

suspension in the reactor was kept constant by means of an overflow pip+. 

G a s  w a s  s u p p l i e d  t o  t h e  s u s p e n s i o n  t h r o u g h  a s i n g l e  j e t  w i t ~  a b o r e  d i u -  

mete r  o f  19 ~ ,  w h i c h  was d e s i s t e d  to  o p e r a t e  as a n o n r e t , t r n  b a l l  v a l v e .  

From t h e  s t a n d p o i n t  o f  p r o c e s s  t e c h n o l o g y ,  the  p e r f o r m a n c e  o f  t h e  

p i l r t  p l a n t  a t  Scevenage was c o m p l e t e l y  s a t i s f a c t o r y .  I n  p ~ r t i c u l a r ,  the  

r e m o v a l  o f  t he  h e a t  o f  r e a c t i o n  was so e f f e c t i v e  t h a c  the  t e m p e r a t u r e  a t  

a r e a c t o r  h e i g h t  o f  6 m c o u l d  b e  k e p t  c o n s t a n t  w i t h i n  ± I ° C .  ~ : , e  r e e f -  

ficient of h'eat transfer (suspension-cooling surface-cooling water) ~as 

~etermined as 1400 J/m 2 h deg. 
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' .' .The catalysc.used.~as prepared according to t h e  speclf£cations of 

Peter Spence Company, Ltd. AccordinR to Ref. 88, it was precip}taced with 
• : .. , . . : : . 

,. .. • 

ammonia from a solution Of ~e'rriferrous Sulfate which had been obtained 

:. :' by "partial o×idation~' of iron sulfates. (copperas)."..X-'ray analvsIs showed 
. ,. . . . • . . . . ... , . * .... . 

: . . . . ~  . . . .... !: . . . . . .  
• . . , 

": "':the presence of hematite and spinel scruccares present iR..aboot equai pro- 
• ..' . . 

: .... .. ' ? ! : .  

p0r'tions, iThe high content of-pocassi~-, pcomorer;.2.'76Z, referred to 

• : i';:!i • ~ i: : ~ 

• d".cheso 3 " ' " ' iron',:afi content, 9,i;~, are nOtea)rc~v. The St%, which 'isa ". 

. . . .  ' . ! .  : . ' i  . . . . ' .  : '  . . : . . . , i ; . . . . . .  . . . • • . . . .  . • .. 

, . . . . ,  • .  • . ' . . . . . .  • . " : . . .  . . -.. . .  ".~ - . . ,  

cataIvlsc'p0lison, . may bel relsponslb~e lot ~he low acci~Icv"of~h~ Catalyst, ll 
• ~.. '.. ..:. 

..• .. 

. .. f ,..., • ,-, "... ".. .. ... 

l wherens' the.pronounced forr~cion of Carbon observed during the sYntheSiS 
• '. . .  • 

• .. • '.: . . ..,.. ..... . . • 

Is at t ' r i~u~Abie  ~to the unu~ua!!v high pota:;$i~ content. The formatinn 

of the'catalyst took place in the liquid phase with the synches!~ ~as over 

a period of 37 hours. In this state, che=ical analysis of "he ca~Jy~c ga'.'e 

. . :.'. . .. ,'.. 

56 v of iron nnd 12.5,-.' of carbon. 

It was acknowledg~ in the discussion section of Re. r . 73 chat ~h'. 

catalyst employed ~as unsuitable. ~is accounts for the vet: bad C(. + H~ 

con,.,ersic.n race, which dro~ped fro= 59. r~ ~,, at the beginning of the ex~eri- 

. .  l' r . ment Co ~.~,, after 418 l.ours. To achieve this conversion, the operati..~. 

temperature had co  be raised fro= 20°C co 280°C over a period of ~30 hours. 

Because of the high alkali content of the catalyst and an operating ce..~- 

parature above 274~C, this resulted in such abundant carbon for:'..,ation that 

the viscosity of the suspension increased frcm about 2 cP at 18S°C to 

230 cP. At such high temperature, the relative gas content of the sus- 

pension declined so greatly, from 40Z to IOZ, chat because of the markedly 

reduced Incerfacial surface area, the gas transport ~o the catalyst ~a~ 

able to adversely influence the overall reaction race For this reason, 

Calderbank's 74 descrlpClon of the synthesis results anL: discussion of the 

t h e o r e t i c a l  k i n e t i c s ,  based on a system e,~p~loying an uns,, icable c a t a l y s t ,  

iS  unnecessar 'y .  
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t o p  foz-~_.s an e x p a n s i o n  c o n t a i n e r  t o  p r e v e n t  : the s :uspens ion  '~rOm foaminR " 
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o v e r .  ;¢e lded  i 'n:to t h e  r e a c t o r ~ a Z l  i s  a p o r o u s  ' p i p e ' m a ' d e ~ b f " S i n t e r e d  
. ". , - , .  , ' . '  . , . i  ' ' , . . . . .  

bronze (~f'-"~'he'"sa.ne diameter;+~"as'" the' reactor pipe) and surrounded by" a 

pressuresleeve. .'his circular space permits the w~~.hdr~--,'al of a filtered, 

ca=alyst-free product from the reactor. The catalyst collecting a~ the 

interior wall of the filter pipe durlnR filtering is washed by the :urbulent 

suspension. From the reported space velocities of the gas, ~30 - 500, 

an hourly za3 throughput of 1.75-6.7 m 3 is obtained. 

In addition t o  precipltacion, fusion, sintering and a~monla catalyses, 

the investigation also covered various iron ores, chiefly alkali=ed mag- 

netites. It was shown that formation, which was mostly performed in the 

liquid phase, was of decisive importance for the activity and lifetime 

of the cltalysts. 

As a rule, water gas or synthesis gas with a CO/H 2 ratio of I ~'as used. 

The ylelds obtained were corraspondingly modest, and the olefin content 

of the products was re?atively low. Since no detailed descriptions are 

75 
given in the research reports •cited, it was not possible to tabulate 

the experimental results. Some of the data which appear important lnclude 

she following items. With iron ~recipltation catalysts, a synthesis gas 
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: . - ~  ' '. . : :  . : ' . . . '  ," • =:" " .  " i . . . '  ' , ' . : " . . ' . . ' ;  . "= ,  " . ' . . , ,  ' i ' L i l ; ; '  ' • ", . :-=.., " ' . . "  . ' , v "  . ' . - , ~ ' '  . : . . " . . . ' ,  . " . ,  ~ " .  '.,," . . , . . . . .  ' :  " . .  : ' . . ,  . . . ~ ' : . ' . "  ' . , • . 

• " ' ~' ~' :: ':=c'bfi'ver~ion"~f'90% at':':temper'atu'res b'et'ween 230 and 26'0=C and a pressure: • :' 
• • . ' . . - . . . .  : : .  • . .  ; ~  : "  ~ ' : . . . ,  . .  , . . .  . . ; . . , ,  . • . .  . . . . - :  . . . . . . . .  . .  , . . • 

. . . ~ . . : . .  ! , ,  , : .  . ~  . . . .  ' ¢ ~ . .  , ~  • . ~ ,  . . .  , ~  • . : . ,  ; ,  ; , . ' ,  . -  : . . . . .  , . .  . . . :  , , . . . .  
" . "  " . . . . .  " " " "  • . • • • . '  " .  , '  , . ' . 'N . ' , ~ " . '  ' ' ' : '  ' " ' ~ "~ ' "  " ' ;  " . .  • . ' ,  ' .  . ~ . ' ~ " ; . . . . . ' . .  ~ " " ' '  • " • . . . ~ " : . .  " " ;  ' ' ~ ' . . .  - . 

" " ' of 10.5.atmwasiobtalned,'A-2OOO-hour r~n')'le!ded 476 kg of tiv drocarbons .~ ": : 
".i,~:..'! " " : ' ' • ' '" °''' : '~' : '"~" =;'' "~" "' "' ' . . . . . .  " ; "' • " " 

' ; ~ :  " , :  ::~~;'-,,',~••-,- ~8 " " ' " . . . . . .  : ' ' " " "== ' : " ' " " ~ : : ' "  ''::~ . . . . . .  :• ~ " " " "  " ; ' " :  " : "  . . . . . . . .  " :  " ' : • 'kg Of oxvgen-c'ontalntng Compo~mds per' kg of.lron:, i"Seventy-nlne .... : "  
' . .  " , • . ~ .  i ; . . " : ' ' ,  ' .  . . . . .  " ' . .  : " ' . :  . '  . . . .  ' .  < , . , ,  , . , . ' .  . " '  ~ . . . .  : " : " '  , , .  . ' . ' . ' . , ' . '  

• . .  • '  ; , # . , ;  ' , . ' , ~  ; . . . .  . ~  " '  " , , . , ' " ~ ,  , - ' . .  '~ . . . . . . . . .  ~ , , =  . . . . .  , ~ ' :  , "  ' • ' . v • ' • " . ' : ,  ' : .  : . , .  : .  : "  . - ' " ~ 

p e r c e n c " o f  th'e l i 'qu~d ~ o d u c t s  c o n s i s t e d  o f " h y d r o c a r b o n s  in the  "boi l in  " " ' 
, • " ','.. i ?,::i:,:,,'.: . :  .;~'...,'..-'":?.'-".. ..':'.i"i,'"... . ' ~ • ,,":. ." ' " • 

' : ;  " " " ' : " ' "  ' ": ' . . . . . .  " ":::"!:.":"range " " ~ """  ...... ' ' " " '  ;': ~''~ I:'~,'~:',:~;,'..,'.:.': . . . . . . . . .  =.,~ , . : . . : . , .  ~ ±  _ . _ . "  ' " . ~ .  , , Y ~ o c ~ b ~ . ~  in the . .... _ of •gasollne'.(50-190. C)':,': .'an'd .'13% ¢onslsted • 

• , , ' . . . .  .-. " .  : : . . i " ! : . . ' " : , : ,~ . '  ..... " '  . . ,: . . '~  . . . .  ' . :  , ' f  " i - ' . . , . '  ., . i ' ,  : " ' ,  , : : . '  . . . .  • 
.' " dlese1:o!l";'range (220-320=C). The solidlp~'~a'f, f ins obcained'am0un~ed td ..... : " i . ' '  .... 

" "  . ' ' . . ~ '  : ' i ' . ' : . ' . . ~  , ;  , . : . ' ~ ' . '  . .  " • : . . .  " . '  . " : .  . "  . " ' . .  " ' " • . " . 

: ! " . . .  , '  ' "  '"i"'" ' ' :  ' ' ' ~/"' ' "  : ' ":=' " " . . . . . . .  
' ~n1%. '~ ~ ,' , ". ~ .... ,,.' %a,. ,, ,, ......:,'...,..,. , .... ~,,, . . . . . .  

" .  ' ". . . . . . .  , • ; ,  ~ ' ,  ~ ' ~ . . . " , ; ~  ' . . . ' ; . ' , [ . " , . , .  ' .  . . . . ' . L •~ ;  , '  . ' , . -  . . . . =  . . . . . . .  

• : : ' :  : W£ ~ b . . , r h e . . : u s e  o~ an  i n e x p e n s i v e  : :~ 'at  a I v s t  p r e ~ . a r e d  i : v e r ) ~  s i r e . e l y  b y  ' • 
, . . . . .  : = • •  . • • • •  • • • ~ • •  : • • • • •  " .  • • • • ,  • • "  , . • 

• impregnati~Iglmagneti~e (Alan Wood)• with potass~Um..carb, nate, a 7]%. con- 
.. : "  i , ' ~ ' . ~ .  . "~ " . ~ ~ '  " "~¢ :  " ' • ' ~  .= : : "  ' ." . i ' • 

version of synthesis gas with a CO/H 2 ratio of 1:1 was achieved by cir- 
.... .. . . .,. 

culatln 8 the gas at a pressure of 21 ata, a•space velocity of 3 0 0 ,  and a 

temperature of 260=C. Eighty percent of the product s consisted of hydro- 

carbons of C-number 3 and higher, boiling below 2 0 O ° C ;  t h e  ocher 20Z con- 

sisted of methane, ethylene, and.ethat;a. Ra~slng the temperature by I0°C 

increased the gas conversion to 82Z, while the increase in the proportion 

O, b 

Q 

of C l and ('2 hydrocarSons was insignificant. The yield of this fraction 

was reduced by 13Z by performing the synthesis in two consecutive steps. 

Nitrlded iron fused catalysts 78 were subsequently also used. 

Because of their greater resistance to carbon formation, these catalysts 

have a longer llfetln=~ and a special tendenc,..- to short-chaln oleflns 

and oxygen-concalning compounds. The catalysts were reduced with hydrogen 

to the point where X-ray analysis revealed that at least 90% o'f the iron 

had been converted to the metallic bonding state. A f t e r  the reduction, 

the catalyses were treated w~ch mm~onla gas until the atomic ratio N/Fe 

became 0.4~., and X-ray analysis at that point showed the hexagonal nltrlde 

t o  b e  p r e v a l e n t .  T h e  r e d u c t i o n  a n d  n i t r i d i n g  c a n  b e  p e r f o r m e d  i n  a f i x e d  
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":,'~.' i i: ... "., .. bed'as well :..~_~i~i~n t~e ilquld'"phase~!'.".:.The best:'~..fo~mation'meth0d ~ Consisted . 
. . . . . .  ' " . •.: 

• ' treatlng~ 2 • • ..• .• .•. ..... ' ' in. ~he:su,~;pensiohi(i'~Z Fe) with:.'svnthesis gas (COIH :=:i)~'t al :: :..::,. 
• ~" ' " " ! ~  ~ . . "  • . .~ . , . . .  . , i . : . . " i ~ : .  i -  : . . . . . .  • - . :  " ' , .  • , . . '  . . . . . . . .  . . • • . .  , . . : .  . . • . • 

.... "' :'i i')::' ",' pres's.'ure "ofi~21 :atm ~nd~.a ~pade .velb¢itY.'o'f:i'~'OOlh'~ ''" :The :tempelrature '. and : : . .: i. : 
: ,'- ' " . . . . .  ": . ," • ~,. '. " " ~. .' - . . . .  " .... ..i :..'. ~. • :... ". ' ' .. '... ' " 

..: .... .,,; - , .~. .. -.....!;- ;. '-: . ~:.~ .~ ~..'" . .~. • ~ . ... . . • ,~," ,... • :; ...'. ., , . .. 

• : . d u r a t i o n ' 0 f  the '~ . . . format . i~n w e r e  n o t ' r e p 0 r C ' e d , '  .'. '. : ' .~ . ' , / i . . ; : . . ' ! . .  ~ .'.,;.' ' . , . .  • ! : ,  . . . . . .  . 
' . . . ,  i ; ' , ' . ' ' . "  ". '~ " -  . " . ~ , " ,  ' " ~ . "  ' . ~ . . i "  • . . . . .  " ' . "  . "  " ... . "  ~ . .  . ' . '  " ' . ' "  " "  ' " .  : '  ' ' ;  

. . .  . . '  .. , . . , . . ,  . . . . . . . "  , " . . .  , . , . '  . ! , ~ . .  ' . ~ , ~ - : ' ; .  , : . .  . ,  . .  . , . . . .  " ' . ~ , ;  . ,. . . . .  . . . . . . . . .  . . ~ , '  [ ' ~ . ~ .  , • . , . '  . . • . .  . . 

". ". .... : ....... "A fusk~.d : .~'cata'IVSt formed".In' th1"s manner produc'ed.'tlhe. 'results"sh'o~m :" :";"": ' .i'. I 

o : '  " "  ' .  ' .  . -  . ' . ! . ~  ' . '  • ' .  ' : C :  " .  . . . .  . . . . . .  " ' • ' . "  " .  ":Y"'. ' " : ~ S ' . ' . .  ' '  " " . " ~ " i " : : ' . ~ " : .  • , '  . . . . .  - : "  ~:  " " • . - : . .  ' -  ' " : 

'.".. . .in ~able IO. :.'Because c f  the'deviatzon of.the 'consumptlon r a t i o ' H J C O  of 0,81 • • 

..... • :' ~ as compared"t0 the 'sUppiv"ra~.~o:0f 'i,' the convetslon referred'to'CO ~- H~' ... 

• . : , . .  . , . ,  , . . .  , .  , , . . , ,  . , . . : ~ . : . . . . ,  , ,  . . . ~ : . . . .  . . 

• and the.cbrzespo'nding.vield had to be relatively .IOw. The nroporticn of " 
~ ..5! ..: .~ ... • . " : ' "  " " ' " " " ~ "  ' . ' : .  " " ' • " " ' ' " " . "  " • ' '~ ' .  ' ' . "  ~ ' ~  ' ' "  ' ' s  " " ~ " • " ' 

C 1 and C~ hydrocarbons  was su 'rprJs tng lv  h igh;  t h e  p r o p o r t _ o n  o f  e t h y l e n e  

• . was noC repo.rted. The proportion Of. oxygen-c0n"aining Compounds (45,? of 

t h e  w a t e r - s o l u b l e  p r o d u c t o  L ~ m ~ i s t e d  o f  e t h a n o l )  a m o u n t e d  t o  a b o u t ' 4 6 Z  

o£ t h e  t o t a ~  C3+  p r o d u c t s :  up co an o p e r a t i n ~ ,  t e m p e r a t u r e  o f  2 4 0 ° C ,  c o r r e s -  

pond!n~ to a CO + H 2 c o n v e r s i o n  o f  45Z. Above t h i s  t empera ture ,  t h ~  p r o -  

portion of oxygen-containing products drops markedly. The olefin --oaten= 

of the hydrocarbons increases with the space velocity of the synthesis £as; 

the followi~g limiting values are given for this case: C 2 fraction, 7-437; 

C 3, 47-84Z; C4, 60-80Z.  The o l e f i n  c o n t e n t  o f  the  " o i l "  was r e p o r t e d  wi th  

bromine numbers o f  8 -46  depending on the  o p e r a t i n g  c o n d i t i o n s .  

/ 

o .  

3 . 6 . 3 .  Work a t  the Indian Institute o f  T e c h n o ~ o g s ~ _ K h a ~ a ~ E u ~  

A d i s t i n c t i v e  f e a t u r e  o f  t h e  D o w t h e r m - h e a t e d  r e a c t o r  ( l e n g t h ,  3 m; 

0 . 0 5  m) emp. l o y e d  a t  t h i s  i n s t i t u t e  79 wa~ t h e  u s e  o f  an i n j e c t o r  n o z z l e  

at the reactor bottom, which provided /or a good distribution of the gas 

a n d  a f a s t  c i r c u l a t i o n  o f  t h e  s u s p e n s i o n  f r o m  t h e  t o p  t o  t h e  b o t t o m  o f  

the reactor. A precipitated iron support catalyst of the follo~ng compo- 

sition was used: IO0 Fe : I0 Cu : 4 MgO : 3.5 Can : 50 diatomaceous earth. 
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• . " The synthesis gas contained CO and H 2 in the r~tio "O,7 (water gas). The 

:::: ::i : . . ,  o p t i m u m  z : e P o r t e d  v i e i d  w a s . " 1 7 ~ , : " g '  " o f  l i q u i d  . p ' r o d : u  r." p e r  m 3  o f  c o  + I I  2 

" . . . . . .  ' " ' ' " "  " - ' "  ' - ~ - I  . . . . .  • " .. • . . ,o • ; ' .  • 

:- '."'".: ..... " f :used; it ~W'as: bbtalned,;"~t .260.'C,;';:I0.5bar,' .anci[:a )-¢;¢ace: vel0citv of. IO0 h ....,.., .'. . , . . .  . . • 

• " : ' . , : ' , " "  ; : "  ' . v '  . ' . , . ' [ . : , , . . ' "  ; . . ' . i ' .  ' . ( ! . ' i - . . ' " : ; ' "  ' . ' ;  ' " ' : '  " .  :" '.' " "  ' : . , , ; : . > '  ' .  . ' " ' 

.: ':- '. ".:.".. : " : '. T h e  yteid""~e~m..vez';".."high:,;:i"~r~'d:~:'[he s'maii "ex~'en'~"!"~'f~:the s e c o n d a r y  w a t e r  

: ~ . : '  ' : .;i'.' ' ' .  : " ; . .  ~ . . '  ;,'..,.' . .':' , ; -  . i", :i'i:::%." 
. , . " ,  g a s  rea6t'ions i s  su;..~p'rising~:"..'-:Both 'are a r ,  t r i b U t a b l e " t o  the s p e c i a l  char.  

• - .  . '  .. • , . . . . . . "  . ; . .  
. ' .  , . . . . .  . . . . ,  . . . . . " . : ~ ' 7 " .  . . . ' , - -  . . %  . . . . : . . . : . . .  

:, " acteristlcs of the catalj-s..t;. :: :. ' : ......... : • " ., . " " ",'.'.'i:... 

. . . . . "  . .... ,~,[,:, . . .  , '.. • . . .  " • , - ' ,  . ' , . - . . . ' , . . . i ! , , O : . , : - .  " : 

• • • • . , • ' , • . . • " . : ' . ' ~ ' (  ' . "  . ' , .  "1 , : q ' "  i .  " ' "  " ' . ' - "  . ( : "  ? '  ' " - ' .  :-" . '. '  " " " 
• ' ' " " " . " " "  - . : : . , .  , ' - • ~ , " ' . . : . - : .  I : "  ; , ; ' .  . . .  - ' ; ' • . ,  ; "  ' .  ; ' , '  , ' ! ' ~  . . . .  , .  ' " " , . . 

~ '  " ' ;  . ' " ' • . '  , " , ' "  '::!i" : ~ '.i~.:'. ,'.i ' Q '  " . , '~ : : "  ,-'".; '.::- . . . .  
. . .  . • . • - ' : y , . ' .  . . . . .  .. ~ : , . , ~ : : , q t . , ' , ' .  ~,~ ,,." - . . . . . .  : :  ' . ' " ' "  " . ! ' ~  4. : '  : " " " 

• , • "~,:  ,,' ' ,  ' . ' , :  .,.':'":..,,~'~7,~, . . v ' , . ' . ,  , : . . . ~  • , 8 0  
:.'.., 3.6.-,. • Rd~k".at the"~De~ar~m~t:?of Svnthetid:~.:Chemistrv of Tokyo Cnfverslt~. 

' - ' : . ' .  " ' .  ' ." .. , . :  ' : .  ' . "  / . . ' : . . ' ?  : . ! . " ' : q ] ,  " ' , "  : • " "  ' :  . .  : '  , I ,  . " .  ' • . , . ' . ' , .  ; ' , . :  • . 

• . . . . 

, The.rea'ctor was based on:the design o f""~h.e bubble column uscd for small- 

me 

scale experiments by Rhelnpreussen..Its Insidediameter was 5 0  ~ ,  and 

its height, 5,5 m. The reactor pipe was surrounded with a heating |acket 

and heated ~Ith Dowtherm liquid. The gas thzoughput was 1.2-3 m3/h. An 

8 

iron catalyst of the composition 100 Fe : 0.3 Cu : 0.6 and I.~ " K2CO 3 was 

used; it was formed under pressure with CO-rlch synthesis gas• 

Results of the synthesis are given in Table 1!• The English abstract 

reports yields of IO-45 g of gaseous and 110-.170 g of liquid hydrocarbons 

per Nm 3 of synthesis gas, The very high content of carbon monoxide in 
Q~ 

the synthesis gas accounted for the remarkably high olefln content of the 

products. (The C3-C 5 fraction contained 90 vt.Z, and the C6-C15 

75 wt.Z of  o l e f i n s ) ,  

f r a c t i o n .  

r i • 

e 

• . .  . . 

, i  , : , ,  
, .  .., ., . -  . . . - ;  

• , . . . ' . '  . . . .  

3.7.  S e l e c t i v e  Liquid-Phase F-T Synthesi__% 

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

~2,81-83 
to replace petrochemical products with products obtained from coal• 

Of greatest current interest is selective synthesis aimed at sho:t-chain 

q[b 
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• . . , :  . ~ ,  . £ : : : ~ . .  . . . " ~ : i  . • . .. . ..~ .~,.. ., ~.~'..: ..... . ... ." 

" C2-C;~...'olef'£ns and other chemical raw. materials l~ke ~-o'leflns with C-numbers ' 

• " ' "~:'~' ' ' " " : =":! """": " 8~ ' ''~'' !''' "' " , . . . . 

in the C8-C14 range .for' the production of detergents and ox~gen-co.n- 
, .." ' . . 

. ....'...... _ -" ~.. .,'.-_~_ _-_,__ _- _ " "  ..~..-. ~... ,....-...... .... . .-.';.... ,.... .' ~ : ...' . 
talning materiaIs'.{aldehydes),'.:' .,".'.."." ...'../.- ... .:- 

• . ,  ; • : , ,  ~ " . • , ~ :  " .  , 

. .  : " . .  " '  . . , , . . 

• " .~: ., 

"• .~, 

- . • • : . 

.. . .... . ,.......~., ~,,;. ,. 

• . .-.. z 

h~ile ::the. ~d] us.tment "o f :t~ie .b'pera.t i'ohal ~.param cers for .the product Ion ", " • " 
' '.. • ~ • ~ ."'.'~:~.:. ' " ." ,: i.:. " '"::~'. ' " " " 

of  med:i'unPchai.ni,olef~n, do,es'.no,t prese~t.'-an~,' .problem, t h e  operatto.nal~, mode 
. " '. '... z": ~;::~i~ii':,!'.:.'.:. "'',. ';.'. ,.",".:... ' "' '~;::: ''t [:1 ........ ' ' "" °:~;~:" :'::: -" ""''' "" . " 

aimed. at "'a "sufficlent .sele'~'tivi tv for. c.~-c4-~-oleflns depends "on ".~he 
• ~' ' . . . .  ~ . . . . . . .  ~ ' ./.',',',L'."~:',:"I.....'... "! ~ '  , : ' : " , ,  ~ : ' : .  . . . . .  ' " ' • .~...'. :~ :.,.'.' ~..". . . . . .  .-. . . . .  ... :' . ..... ... . . . . . .  .. 

de;'e!Op.ment o f  new c a t a l ' v s t s .  These.': '~at'a!ysts m u s t  be'i:'}ess a c t i v e  
',. : :.:.; .~:,'ii'..':.,. . . . . . . .  ii.,,i::" ::~: i ~. " . .i ~.~.. .i,:: .:-,.;. '. . . : ": :.-'.'., . . . .  

• ,  , ? ~ . ' ~ . J . " ' , ~ . ' . ' , . ' . . ' . . .  . . . . .  

. i n  hYdrocarbon ci~ain p'r~"p~ag-', ". ion.".::':~.'.~':!Their hydrogena~ ing  e f f e c t  must 
. . . ,  . . . . . . . . . . .  

not  be..'coo sc t6n~ ,  o:f..i.i:...it Would .lead:,.:to higher: ,propo.rt" ions of methane .and"; :. " 
. .  : , :  • : 

• . . ~ . , . ' . : : . ' . .  ~ , " : , ' . . - . : - .  • • . . .  • . • . , • : 

to f u r t h e r  h~drogena t ion  o f  t h e - . o l e f t n s  i n i t i a l l y . f o r m e d .  .These c a t a l v s t s  
• " . . .  : , . .  : " .  . =  • . 

also must be better suited 'for'higl;er opePa~ingtemperatures than t h e  

tradit'iJnal iron and cobaltcatalysts, especially so that short-ch.~in pro- 

.. ,' , 

, .!ii: 

ducts c.ln be obtained. At the same time, they must exert only a weak 

catalytlc Influence on the Boudouard reacLion, so that the llberaled carbon 

will no: influence the lifetime o f  =he catalyst. 

Th.~ search f o r  s e l e c t i v e  c a t a l y s t s  has led  ~o the d i s c o v e ~ ,  o f  hey 

contact: ;  whose s y n t h e s i s  p r o p e r t i e s  are  shown s c h e m a t i c a l l y  in  F ig .  7. 

~ e r e a s  the c l a s s i c a l  i r o n  and c o b a l t  c a t a l y s t s  produce a wide spectrum 

o f  hydrocarbons ,  the newly developed contac ts  are  c h a r a c t e r i z e d ,  by a 

s e l e c t i v i t y  in  the d i r e c t i o n  o f  formattor ,  o f  s h o r t - c h a i n  hydrocarbons.  

These new contac ts  can be d i v i d e d  i n t o  four  groups: 

(a )  The f i r s !  group inc ludes  i r o n  c a t a l y s t s  m o d i f i e d  by a d d i t i o n s  

85 o f  ox ides  o f  t i t a n i u m ,  vanadium, molybdenum, and ~anganese.  They are 

produced as mult icomponent  p r e c i p i t a t i o n  or  s i n t e r  c a t a l y s t s .  

(b) In ~he second group, selectivit!' of the contacts is obtained ~y 

p a r t i a l l y  p o i s o n i n g  t h e  c a t a l y s t  s u r f a c e  w i t h  s u l f u r .  - F r a n z  F i s c h e r  
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recognized ~s •early .as 1932 that such • . poisoning leads to a shifting o f  the  

'pr0duc't' spectrum in the •direction of shorc-cbdin hydrocarbons. Newly 

• :i """ ~'" ~"''~"'" "~'"" 

initia'ted studi~_s in this area have. ie'd'to the discovery of selective 
• - . . - . . .':" . ., 

"" ::. .cataivsts based on partially poisonc, d"iron ~,hlskers with added promoters 
• . . . . , . • 

i i:: i / : "  . "  . . . . . .  . . . "  " " A  " :"  • . . . . . .  h . .  ' ' .  . . .  

• i.'.:...'. "'..' " . ".'.' ,,'. • .'...." .: '.,',...'..:'..;.:..." • " . . . . . . .  '. ,. . . .,, -i , ~. ": 

. (cj':'~'~e':'thir'd grduP in:cludes i r o n - b a s : e  c a t a l y s t s  d e v e l o p o d " b . V  t h e  

• 'i " : S a s o ' _ C o m p a n ~ . : . i n : " S . a i o i b d r g , : : S o u t h  A f r i c a  ....... . D a t a  on  t h e i ~  c o m p o s i t i o n  

have not been.publiShed. . 

• " " : ' " . ' ." . . . :  ' , ' . . . i  ' .  ; . "  " '  ' . "  7 . i . ~ : ' . . .  : " " ' , '  . . . : . . . . . .  " : "  . .  ' ; " .  . , . . . .  . . '  

(d) "~:he fourth'.group:..consists of manganese catalysts 88 developed 

by Kolbel and Till~tz at Berlin ~echnlcal University in 1974 and con- 

taining 10-20 ~'t.g o f  i r o n .  They act selectively bo~h as precipitation 

contacts and alloy catalysts. These catatysts can be used, ln particular, 

for the processing of carbon-monoxide-ric~1 gases which yield a product 

rich in o~eflns, since the liberation of carbon on the new catalyst is 

only ve~, slight. The composition of these'products" can be influenced 

by varying the ~-Fe ratio over a wide range. A highvr iron content leads 

to a more hydrogenated product with a lonEer chain. 

The yields which can now be obtained in laboratory fixed-bed reactors 

without circulation are around i00 g of C2-C 4 hydrocarbons per i Nm 3 of 

synthesis gas with an olefin content of about 70Z. A reduction in selec- 

tivity was observed in the selective llqu~d-phase symthesis, wherein the 

yield of C2-C 4 olefins amounted ~o only ahout 60Z of that obtained in the 

laborator~ fixed-bed reactor. 89 This facL can be accounted for by the 

subsequen= hydrogenation of the initially formed olefins as a result of 

back mi>'ing in the liquid phase, and h~:nce by their wide residence 

time distribution. 

". ". i. . . 

• , • . ":... 

.,.. . 
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' With the a l g ' o f ~ ' b t a t i s t i c a I  e x p e r i m e n t a l  plans and t h e  r e g r e s s i o n  " " 

u ~ d e l s ' d e ' r ' i v e d f O ~ 0 m  :~'hem I, t h e  t e n d e n c i e s  l e a d i n g  t o t h e . o : p ~ i m u m  s e l e c t i . v i t y  ., 
" ,  . . ~ . .  ~ ,  " , .% . '  . .  " . . , '  " . ;  • . . . : .  . . . "  ~ • . , , • . , :  . .  

: t o w a r d ' s h o r t ' : c h a i n  o i e f ~ n s ' w e r e  • "  . . . . . .  " " " de te rmined  b y : u s e " o f  raanganese C a t a l y s t s  . . . .  

• . . . . . . .  ~!  . . . .  < :  , ,~i: - ~  9 ; : .... 
• ' . " ' ' , : ' " ?  0 " " " ' " o f  ' 0 1 ~ ' f i n  - - - "  - -  ' : : .  I ", . ( s y n t h e s i s  p r e s s u r e :  11 b a r ) .  The s e l e c t i v i t y  C~-C,. fo rmat ion  : "  

B ~ 
4 ~ 

. . . ' .  . : . .  : . ~  : . . . . :  . • . . . .  . • . : . . ' . .  . . . . .  . . . .  ~ 

• . . .  , ,  , : . . . .  . . .  . . . . . . . .  . . . .  . • .  ~o ~ . . . . . . . . .  . . . .  . . . .  , . . : . •  " ' " • " " ; "" : '  . ~ : ; , - '  ' :  ' : ' -  . . . . . . .  ' . . . .  , .:::' ' : '~ " t : , .  • ' 

:i::: ~ : a n d  t h a t  o.f C2;C~: h Y d r o c a r b d n  form:~tio ~ ( o l e f ! n s  + p a r a f f i n s ) , :  e x p r e s s e d  : 
.,,::,: ::,. . .: , . . . ;  , ~ . .  ~ . -  . ~ , . . . T .~ .  , .. . ~ . : .  : , : : ,  . ' ' , .  . . . . . .  , . . ,  ; .  , . :  . , . : .  , ~ , .  ~ " . ' . .  • .  , .  ~. , . .  . . . . .  . ~ ~ .  . • ~ . ' ,  ~ . . ' , . .  . . . , .  . .  , ~ .  . . . .  : " ~  . ,  . ; . .  ~ .  . " . . . . .  , . , .  . .  . . . .  

i n  g"O~ pro. duCts:;per I "  Nm 3 0 f . c 0 n v e ~ t e d  svhthesis : :gas ,  was Chosen a s  ~he " 
. . . .  , . . , . - .  , ~  . , , : ; ~  ~ .  . . ~ ";~ , . , .  : . .  . . ~ . ~  . . . . .  - . .  . ,  . . , .  ~ . ,  . . .  ; . 

" . - • " -  • " . "  ' .  : ' . . ' ,  : '~  ~ ~ "  • " '  ' ' , , ~ :  ' "  3 .~ , '  . "  ' ' " • • 

• t arge~ ~. f u n c t i o n .  ,An!.assessment. o f  the 'op t i~ , - ;~a t !on  p r0cess showed t h a t  
, = . . . . . . .  • 

: ': :..~he s e l e c t i v i t y  o f  C2"~";Ci.i:i::olefin f 0 r m a t ' i o n : i n  ~he t e = h n o l 0 g i c a l l y  relevar,  t 
, , ,  , , , , , . . , . ,  , , . 

: i/i r a t  t o ,  

o ' " "  . . . . . .  " "  ......... ' ' ':" s y n t h e s i s  ~ m a p e r a : t u r e , : a n d  i n c r e a s i n  8 i i n e a r , : v e l 0 c i ~ } -  o f  the s v n -  
• , , , , , " .  " " " :""'" ........ " 

• The Same results were obtained by the optimization, when the 

selectivity of formation of c2-c 4 oleflns plus paraffins was studied as 

the tar~e~ quantity. Thus,  the t-,to target quantities are symbatic. 

However, other grou~s of catalysts behave differently. 91 "Sasol" 

• ? . 

• ; , - ,  

c a t a l y s t s ,  fo r  example,  l ead  to i n c r e a s e d  l i n e a r  v e l o c i t i e s  in  the r e a c t o r  

and thus to a b e t t e r  C2-C & r e l e c t f v i t y ,  but  the C 2 - C 6 - o l e f i n  y i e l d  d e c l i n e s  

w i t h  r i s t n  B CO cont,~nt o f  the s y n t h e s i s  gas. 

Reducing the a~erage r e s i d e n c e  t ime by i n c r e a s i n g  the gas load or 

the l i n e a r  gas v e l o c i t y  has i t s  l i m i t s ,  s i n c e  a marked decrease in  conver -  

s ion  must be reckoned w i t h .  In  t h i s  case ,  the products p r e s e n t  in the 

r e s i d u a l  &a~ in  on ly  very  low c o n c e n t r a t i o n s  can be i s o l a t e d  on ly  w i t h  a 

c o n s i d e r a b l e  e x p e n d i t u r e  o f  energy and at  h igh cost .  91 Th is  makes i t  

n e c e s s a r y ,  to  per form =he p r o c e s s  a t  high 8~s v e l o c i t i e s  in  s t a ~ e s .  
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.;.,.:'..' ' '.' more'.'dlfificult.:~/'~A£ . pQints of 'low .reslstance "an.d'..~avore d gas outflow, the .:'.." . 
. . . . . . .  . .  . " . .  . . . . . , . . . : , , . . . . . q  " . . , . ' ;  ; ' .  , . . . ,  " ,  ~ • . . .  " . . :  , . .~ ; [  , '. , . ' .  ; . .  . , .  , , ' .  . '  . • . . • . , , 

.. • gas mo~s more"quicki~":'.'through the .llquid, '~he hydr0sta~iciequl llb~ium' . . .. 

• "" ~ ' '  . ; ,  ' "? ' - . '  . ' , . ' . ~  < . . :  . ' i . . . '  " ' " ": . ' ' . . .  L . - / "  . • 

. ' is dls~urbed, the"resi.den'ce"[ti~'of the gas becumes..nondhlf0rm, and:this 
• • " ...... " " • .... '" : '~ .i ..:f' - ':?i.i . .. , :7.. ., " 

" results in a roll~ng mot10n.7of...the llquid with vigorous •back mixing. 
: ' " " • , " . . . .  , , . i  " ~ ' , ' . , ' . " . "  • : , "  . . '  

.. " . .: T.,...". . . . . . . .  .'.., ......:/. .L,..i :.: ,. ;, "'. , . : .: ". . 
. :.. .. .. ,: 

Other fac.tdrs which wlll. haveto.'~be' reckoned with include the. tendency 
' .  ' ' ; ' ' .  "¢  ; " ' ~ ; ' " ' '  " " . .  : ' - ~ " ;  " '  . : i ; - ; : , i '  , ' . ' , '  " "  . ' : ' . i ' . . . ' . .  .. . . . "  

o f  t h e  gas to  move to  t h e  c e n t e r  and o f  t h e  H q u i d  to  move a l o n g  t h e  w a l l s .  
• • • . . . ' .  . . . .  , 

:... In cases where these phenomena are strongly Influenc,d by ~he cooling 

p i p e  b u n d l e ,  t h e y  s h o u l d  be c o n s i d e r e d  i n  t h e  f u r t h e r  d e v e l o p m e n t  o f  

• o. reactors with lar@e cross sections. 

• ~ ° 

The uncontrollable ro111ng movement of the liquid can be avoided by 

buildlng-in vertical shafts open at the top and bottom and having a 

honeycombed cross section. They are located at a sufficient height above 

the gas distributor so chat the suspension can commute freely, and they 

open into a common gas 'cha.ntber in the upper part of the reactor (Fig. 8). 

The gas is introduced either into each shaft individually, or by a gas 

e j e c t o r  c e n t r a l l y  c o u n t e d  i n  t h e  c o n e - s h a p e d  b o t t o m  o f  the  r e a c t o r .  The 

cooling pipes can be arranged centrally aro~id the shafts or in corners, 

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_60oc,17,92 this being essential for catalyst efficlencv 

and the  p r e f e r e n t f a l  f o r m a t i o n  o f  l o w - b o i l i n g  o l e f i n s .  
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d S ••mean dlamerer o£:;so]Id partlcle, cm ". 

z dls~erslon coe•ff~Ci~t, :~2/s 

Fr Froude number, UGo2/(ds) 

g 8ravltsclonal acceleration, c m / s  2 

h heat transfer coefflcient, J/m 2 s K 

k L l i q u i d  s ide  mass t r a n s f e r  c o e f f i c i e n t ,  cm/s 

k S l i q u i d - s o l i d  mass t r a n s f e r  c o e f f i c i e n t ,  cm/s 

p p r e s s u r e ,  kPa ( b z v  b a r )  

Pr P r a n d t l  number,  q C p / l  

Re R e y n o l d s  number,  uGodsD/q 

Sc Schmldt  number,  n/DO 

Sh Sherwood number,  kLdB/D bzw k s d s / D  

St S t a n c o n  number,  h/(0CpUGo) 

T t e m p e r a t u r e ,  =C 

u - u p e r f l c L a l  v e l o c i t y ,  cm/s 

u c t e r m i n u l  r i s e  v e l o c l t y  o f  s l n g l e  b u b b l e ,  cm/s 

X c o n v e  r£ i on  
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S y n  r h e a  I s 

T e m p e r a t u r e ,  ° C  2 7 0  ° 
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Table 5 .  

T e m p e r a L u r c .  ° C  

a t  g a s  I n l e t  

at  g a s  outlet 

P r e s s u r e °  b a r  

S y n t h e s i s  g a s  CO/ll 2 

C a t a l y s t  l o a d  m 3 g a s / k g  F e h  

C a t a l y s t  f r o m  l a r g e - s c a l e  p r o d u c t i o n ,  
0 .27 ,  Cu; b . 5 ~  K2CO 3 ( r e f e r r e d  t o  F e )  
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S y n C h e s i s  g a s ,  CO/X 2 

Space v e l o c i t y ,  vo l .  gaa/vo] ,  susp. h 

CO-converslon. 

Catalyst ,  Iron prec ip i ta t ion  .etatalyst 
K 2 C O  3 ,  t wt,?. 

Y z u J d .  F r o m  s y , t h e s l ~ ,  g / N m  3 ( C O  .I- 112 ) 

Yield of  IIC > 3 2 0  ° from Holecute bui lding 
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T a b l e  7.  O p e r a t i n g  c o n d i t i o n s  and r e s u l t s  o f  l i q u i d - p h a s e  s v n t h e s t S ' ~ t q i t h . l i ) d r o g e n - r i c h  -"" 
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ll2/CO r a t i o  

T e m p e r a t u r e ,  °C 

P r e s s u r e ,  bar 

C a s  fl.ou 

Space  v e l o c i t y ,  
v o l .  g a s / v o l ,  s u s p .  h 

CO c o n v e r s i o n ,  Z 

Consumption r a t i o  II 2 :CO 

Y i e l d ,  g C 2 +  I I C / N m  3 ( C O + l l  2 )  

Y i e l d ,  g CI[4/Nm 3 (CO+II2) 
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. . .  . : . ~ .  , . . , .  . -  , : .  = ~ ~ .  • 

2t,7 238 230 ' , ~ z - " -  . : . ~ : .  226 
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Table 8 .  

O p e r a t i n g  c o n d i t i o n s  

A v e r a g e  compos/tlon 

of top gas used, X 

• I ' " " " " " " I : ' - ; ~ ' ~ :  - ":~':'" " ' .  : " '  " : . .  ." 
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: . .  : . . : "  . . : - - ! :  . : :  .. . . : .  
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. ~:?. : . . . . . .  ~ : " : . , -  . : . . . "  . . . .  

. . . . .  . .  - . , "  

: : :-:i : .  - .::!~ : !  : . i : , . .  : 
Operatlng conditions, results and product composlthin for l[~it, hl-l)hase: . ".... • 
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s y n t h e s i s  using carbon ~ , , , ox lde  and s t e a m  . . . . . . :  .....:/ ~.., :~:..,?::::...~/..~.:~i~....::::-..... 
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- . . : ;  :RtCs61ts .  ' - : .  

7 CO 2 

36 CO 

2 I I . ,  

57 N 2 

• " . .  

.:..-,_.:..: ...-.! . . . . .  

Amount of top g.~s used, Nm3/h 20 

Effcctlve reaction chamber (volume of 

suspension in operating s t a t e  Incl. 

g a s ) ,  l i t e r  9 

Amount of catalyst ( i r o n  contact), g Fe 3 8 4  

S y n t h e s i s  p r e s s u r e ,  b a r  16 

S y n t h e s i s  t e m p e r a t u r e ,  oC 2 4 0 - 2 8 0  

C o n t a c t  load  Nm 3 C O / k g  Fe It I . R  

C0/1120 r a t i o  In e n t e r i n g  g a s  3 : i .  15 
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T a b l e  9 .  

F r a c t i o n  

C o m p o s i t i o n  o f  s y n t h e s i s  p r o d u c t s  f r o m  t o p  g a s  

( a )  s y n t h e s i s  o f  l o w - l m t l l n l ;  m a t e r i a l s  

( b )  s y n t h e s i s  o f  h / g h - h o l l ~ a g  m a t e r i a l s  

C a r b o n  number 

H c t h a n e  + e t h a n e  C 1 + C 3 

E t h y l e n e  C 3 

~" Ga.~ o i l  C 3 + C 4 

Gasoline C 5 - CIO 

gogasln I Cll - C!~, 

Kogasin I I  C15 - C18 

Slack wax ClO - C27 

I l a r d  p a r a f f i n  > C27 

Total ylcld of hydrocarbons, g/Nm 3 CO 
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"" Table I0. Operaclng'condi.tions .and resul:cs of llquid-pha~e synthesis 
• , . , ' .  : : . , , . . . . . . , .  . .  . .  . . ? . -  • 

• " , i . ' • •  • -  " • • . • " . 

. "  . . : .  . u s i n g  n i t r i d e T d  i r o n  fused  c a t a l y s t ] .  8 "  " i" ' 
• • . . • . ' ; • . . % ' • • : ;  • ~ , 

• ' ' ! " .  . . . . . .  , ?:c;.' .i';. ; i  .. • : , :  • 

. . . . . . .  ' ' "  ' ' " " " ' " " : ' : : ' ' "  " ' " :  " " " ' q  . . . . . . . . .  ' "  ~ "  ( ~ ' : " q ; ! "  " !  ' : " i ' : ' . ' " ! "  " . . . .  
" .':" " " ' "  ZemDerature,  " C '  ~''.:'.' : !  i'ii,' i '  ' , . i '~. i . i i ' : : :  ' : ! .  ,!:i.:. . .... 

i'..:'. • " ..i.,".i;Jii" ' ' ;  : : ' ' :  :. :~.E, :.. : . . , . .  . '  • " " , ; '  ~ '  i i ' . 1  " • " '  p . . . . . . . . . . . . .  " ' .  " ' ;  " ' : , ,  i " .  ":?: :i i'. '." . . . .  
, ,  r e s s u r e ,  b a r . : : , , . ' . . ,  : .  . . . .  : ; , , ' :  , , . . ,  : ,  . • , '  

' ;' , , '~ '=; ,"  ' , ",, iT.": : ' : ' :"  ' , ' : " : " "  ' : 2 .  " "  " " " '  : "  " "  " ' ' : 
• , , , r , .  : : ,  . :,, . : , , , , , ,  : .  . , , -  . . , ,  : ~ 1 . . . ,  . 

" s,=th , s Za ;  2 CO ' i : :  
Space velocity,'voi gas/susp, h ' :.' . . . .  

: Con erSio  '+ ' . z ,  Z . •  . . . ; '  . . .  ' .", .  • •  

Consumption r a t i O ,  H2/CO . . . . .  

Yields, g/m 3 o f . ' c o n v e r t e d  (CO + H2) 

C 1 + C 2 46 

C 3 ar'd higher : 123 

O/-contalning products in water of reaction 12.8 

Weight Z c.f 0 2 - c o n t a i n i n g  products in  oil 13.1 

252 • 

2i.5 
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200 
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Ope'rat inlg cond i t ions ,  an d r e s . u l t s  of  a l i q u i d - p h a s e  syn~hes.is '  

' - ,  " . ' , , , , '  , • . ,  , . • . " , , ' ' :  

at  To:kY0 :L'ni ve r s i t y  80 

Synthes is  
• " ,  , , ,  

• , . ,  .',: ,,, 

O p e r a t i n g  h o u r ~ ,  h 

Temperatuz:e, .PC 

P r e s s u r e , . , ' b a r  

S y n t h e s i s  g a s ,  CO/H 2 

Gas f low ,  Nm3/h 

C a t a l y s t  l o a d ,  Nm3/kg Fe h 

~. ,  ' , " ,  ' ,  . . -  . ' ,  • . . 

::' "i: n 

• !i:  : ' " . :  ' '  
• : . . :  

' ; . "  • "; . .  • ~ " ' .  ~': .".. . .  " . .  • . .  
n 

. . ' , . . . . . . . ' . ~ : :  '. 

. .  • , •  

. . . .  . 

. : . :  . . . 

• -~' . . . ' . .  

• • . . . . . .  - :  : , 

" ' • " • i  • • • • . • . .  

= 

• • .  " . . ' .  " .  " .  • •  i .  

9 6 . 1  

266 

~0 .3  

1 . 7  

1.5 

10 .0  

C o n c e n t r a t i o n  o f  suspension,  we ight  X Fe 3 . 2  

CO-convers ion  

Y i e l d ,  g HC/Nm 3 (CO + H 2) 
b 

~ t h a n e  

80 .8  

6 . 6  

Condensa  ce I 21.6 

Condensate I i  9 8 . 4  

i 
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case of mass exchange limitation 
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