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Ch€Ipler 1- introduction 

Figure 1.6: Schematic drOlWlng of the ARGE multi tubular fixed bed reactor for 

the FI"dler-Trop"ch "ynthe"i" 

The mult i tubular fixed bed re<lClars arc simple 10 operate (Dry. 1996). 

Furthermore. Ihey can be used over Wide temperature ranges IHespcdive of 

whether the FT products are gaseous or liquids, or both. under reaction 

conditions. Thme IS also no problem separating liquid products from the cat.fllysl. 

TIlerc am however many economiC disadvantages in using muliHubular 

reactors since they are e)';pet1slve to construct. Furthermore. the high gas flow 

rate through Ihe packed bed results In a high differenbal pressure ovcr the 

reactor leacllng to high compressor costs. To minimise pressure drop larger 

ca talyst part icle S I~S are implemented I'lt the cost of increasod mass transfer 
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Chapter i-Introdllctlon 

limitations The catalyst. which looses its activity with time on line. has to be 

replaced periodically 

The slurry phase redclor (see Figure 1.7) Wdo developed by Sasol. It is much 

simpler thdn the tubuldr fixed bed reactor and 40% less expensive 10 fabricate 

{Espinozd et ,,(., 1999). It Gonoists of a ohell titted with coolinq coils in which 

steam is generated Synthesis gas is distributed at the bottom and it rises 

through the slurry. The slurry consists ot liquid reaction producls, predomlrlanlly 

wax, with catalyst particles suspended in it. 

product stream" 

Ir; II .............. ,," 

Figure 1.7: Schematic drawing of the slurry bed reactor for the Fischer-Tropscil 

synthesis 

K~bel and co-workers did a considerable amount of work on tile concept of 

slurry bed reactors in the 1950's to the late 1970's (K~bel and I~alek, 1980j. 
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Isotherrnal c.'mditions are maintained mUc/l Detter in the sturry bed than in a multi 

tuUtllar fixed bed reactor, The pressure drop over Hie slurry bed is significantly 

lowcr, which "ranslates to lowcr comprcssion costs The reador can stay on-lille 

for long or timcs than thc tuhular fixcd hcd rcactors and the catatyst can be 

replac."€d on-line. 

The Synthol or Circulating Fluidised Bed reactors (scc Figurc 1 8) are used 

commcrcially in South Africa and havo a long history of continuolls development 

and improvcmcnt. With this sct-up thc catalyst powdor flows down a standpipe 

as a dense phasc acratod powder PreSSlire Duilds up on going down tile 

standpipo to give tho ~Iighest pressurc in thc system at thc bottom. The catalyst 

flows through a slide valve and is picked up by tho high velocity synthcsis gas 

stream and is carried into the vertical reactor scction. Thc hcat oi rcaction is 

romovcd from thc reactor section by cooir<g coils. On loaving thc rcactor soction, 

Figure 1.8: Schernatic drawing of the circulating fluidised bed reactor tor tho 

Fischer-Tropsch synthesis 

I" 
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the catalyst passes through the upper transfer bend into a hopper and flows 

down the standpip€ 

Hydrocaroon Research Inc. and Standard Oil Co in the USA first developed 

fluidised bed re~tors for FT synthesis. During 1847-1951 thc Kellogg Company 

in Ihe USA developed a circulating fluidiscd hcd reactor, which was scaled up by 

Saso! during the commissioning of tlie Sasol I plant in 1955, Although the CFE3 

reactors have p€rformed sUGGessfully they are complex to operate (Steynberg el 

al" 1999; Ory_l996), 

The Sasol Advanced Synthol (SAS) reilCtor (sec Figurc 1.9) is a conventional 

fillidised bed that mClY be dcsigned to operate CIt prcssures rClnging from 20 to 40 

"yc~nH Dr 

"lier 

watcr • 

prcdlct stream 

deam • 

Figure 1.9: Schematic drawing of tlie ftuidised bed reactor for the ~Ischer­

Tropsch syntliesis 
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Chapter 1-lntmduction 

bar and temperatures ot around 340°C using an iron catalyst similar to that used 

in the CFB reaclors. 

The fluidised bed reactor consists ot a vessel with a gas distributor. a fluidised 

bed containir.g the catalyst, cooling coils in the bed and cyclones to separale 

enlrained catalyst frOITl Ihe gaseous "roUuct slream Sasol has replaced the 16 

Synthol reactors at Secunda with eight SAS reactors. The advantages of the 

tluidised hed reactor compared to the Synthol circulaling fluidised bed reactor are 

numerous, The fluidised bed reactor is much chea"er to construct. Erosion 

problems are eliminated and therefore the need tor regular inspection/ 

maintenance. The total amount ot catalyst is in the reaction zone: therefore 

higher conversions are achieved (Steynherg et aI., 1999: Dry, 1996). 

1.2 MECHANISM OF THE FISCHER-TROPSCH REACTION 

Various mechanisms have been postulated tor the chain growth reactions of 

Fischer-Tropsch synthesis. Most of the proposed mechanisms can account tor 

the product spectrums, but the evidence used is usually indirect and can be 

interpreted incorrectly. According to the surface entities tormed, a variety of 

mechanisms have been postulated The three main categories which can be 

distinguished for the mechanism of the Fischer-Tropsch reactions are the so­

called 'alkyl' (carbide), 'enolic' and the 'CO insertion' mechanisms. 

1.2.1 The 'Alkyl' (or Carbide) Mechanism 

The alkyl mechanism is currently the most widely accepted lTlechanism tor chain 

growth in the FT synthesis Fischer and Tropsch (1926) tirst suggested the 

carbide theory which was later elaborated by Craxford (1939) 

According to this mechanism, the ~rst step in the process is the dissociation of 

carbon monoxide on the catalyst surface, This was confirmed by Araki et al. 

(1970) and Sachller et al. (1979), Araki et al. (1970) observed that with reaction 

17 
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".' mixture of ' CO-H" in contact with a nickel suriace pre-covorod by LC, yiolcieci 

mainly "CH4. SaGiltler at al. (19Y9) obtained similar rosults IIlith cobalt, 

ruthonium and rhodium catalysts According to thoso findings it is generally 

accoptod tha: CO adsorbs chomically onto an activo sito, dissociates anci is 

subsequently hycirogenateci. Blyholder (1964) postulateci 1I1at CO is bonded to 

the metal surface in a carbon-down position with its molecular axis perpendicular 

to the surface. Surfaces, which facilitate electron donation into the 2,,' 

antibondin!] orbital of the CO molecule, will exhibit a higher probability of the COO 

bond cleavage 

Suriaco carbon is then thought to undergo subsefluent hydrogonation. This 

rosults in the formation of CHx species 1,2 and 3 

CH CH_ CH, 

TJ'7TJ7n7-

During the hydrogenation of carbon monoxicie over a nickel catalyst tile 

o;w:,istonco 01 spocios 1 2 and::; were proven by employing mass spoctroscopy 

(Kaminsky ct aI., 1986). 

Chain growth can tako placo by tho combination 01 a surface alky1 group with a 

roactive suliace carbon, CH-bpecieb or CHrspecies, which res~lts in the 

formation of the following specieb; 
, , , 
I I I 
G CH CH, 

/)J777'7777 

Brady and Potitt (1980, 1981) shovlOd tho involvomont of surfaco CHrspocios in 

tho chain growth process. They converted diazomethane in the presonce and 

absenco of hydrogon ovor transition motal catalysts Ethono was tho only product 

formod in thn absence of hydrO!]en implying a CH.-couplill!J and subsOfluont 

ciesorption. In tho prosonco of hydrO!]on a product spoctrum similar to that of tho 

[~ 
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Fischer-Tropsch synThesis was outaiutlcl. Ihis shows thaT CH7 surface specitlS 

caTI act a~ the monOlllef or a/II i/lVOlytl(j III the formahon of monomer sPt/Cill~ fOI 

ttlll formation of 10llg <.;hain hytlrtH.;arbons 

Tile formation of hr<lnched cOl11pounds 111<ly' OCCur if sp€cies 5 Cllmbill l:ls wit ll an 

adsorhoo m8tl1)1 species, Wl lich will reSult 111 Ille formation of sp!:lCi!:l$ 7. 

R <><, 
'&. 

/7777 , 
In the lermm.llion steps adsorbl:lU alkyl sptlcit'5 \:all eiUler desorb as OillfillS by H 

elimillahon or II can be hydrugl:lnatet! yi!:lld lllg;:l paraffin as Ili1IStr;:lted below. 

II -H ~ .• IlCftoCH, 
I " CH __ ~~-. 

I ---.~H 
CH •........ --------. 

;. I<CH,GH // 77 

1.2.2 The " Enol'- Mech;mism 

StorCh el a/. (1951) gave a detailed desC/lphon of Ihe enoll(; theory which can 

(ICCOtrlll for the formaTion 01 olCygen;:lles, olciins and p.."lraHlns In Hi lS mech anism 

all ilssocial iyely adsorbed line;:i l CO moll:lUlle IS partly hydrog!maled a(;(;OJ"dm9 

to reaction 1 18: 

o 
• 2 H 

~~-///// 

H ClH 

V 
C 

l/Y;/ (1 181 

Cham growth carl occur through COlltJl:lnS<1fion of two adjaCtint tlnolic SPi:lt';IIS, 

followtld by hydrogena~on. (EqlJilllons 1 19 and 1 20): 
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Chapter 1-lntroduction 

,'~ -
(1.19) 

e , 
CH, OH 

,,~ , / 101 c --H,O ~ (1.20) 

Altematively, chain growth takes place by combination of adjacent-ta-end 

caroons as in equations 1.21 and 1.22: 

, O~ 
V ~ 
C -

;)),) 

e O~ 
V c- ~ 

;;).) 

~ O~ 

Y 
l)).) 

e O~ ,'~ V c -
//;\!;) -H,O 

c~, 

R I OH ,,; (M 

e , 

C 

n!". 

CH, OH 
,,; (,,) 

.ib (1.21) 

(1.22) 

It is postulated that the double oonds between carbon and metal atoms are more 

resistant to hydrogenation if the carbon atom is also attached to a hydroxyl 

group. In the adjacenHo-end growth process hydrogenation of the carbor'l-to-
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metal bond occurs and proceeds according to reActions 1.?1 and 1 ,?2 The 

intermediate 'I may grow by reaction 1 21 to form 8 group witll a methyl ~ide 

chain The termination ot growth is itlustrated by reaction 1,23 and 1,24, 
, 
" CH, OH -, / 

C 

I*- ~H 

CH, 01" , / 
c ,'" 

RCH,CI-'O 

(1 23) 

R=CH· 

(1 24) 

Atdehydes and alcohols may result trom desorption and dehydrogenJtion ot the 

AI('-Ohol like groups at the surface (equation 1.23) ACld~ may result tram 

Cannizzaro type of re8ctions of the primArily formed Aldehydes or by re8ctions of 

cArbon monoxide willl W8ter or Alcohols Esters can be prcxluced by subsequent 

re8ctions, The decomposition of the 8lcohol-like intermedi8tes results in the 

rormation of olefins 8nd par8ffins (eqU8tion 1.24) 

1.2.3 The 'CO-insertion' Theory 

Tile 'CO-insertion' mechanism was originally proposed by Sternberg and Wender 

(1959) and RC><;Jinski (19(5) and tully developed by Pichler and Schulz (1970)_ In 

this mechanism caroon monoxide is chemisorbed onto the metal surface witllout 

dissociation, It inserts into either an H-M or C-M oond wllere M represents the 

catalyst surface site (Sternberg and Wender, 1985: Pichler and Schulz, 1970)_ 

The 'CO·insertion· memanism i~ viewed by many researchers as the main 

reaction patllway leading to the formation of oxygen8tes (Anderson til 8/,,1985: 

Dry. 1990) A generalisation or the CO insertion method is given below, 

~l 
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Chain initiation-

(1.25) 

ProRagatiQn: 

, , ~ , 
0 '" \/ '" \# , - - '" - '"' 

, co c 
;~J\ Jm. , -H,o Jm. ~ (1.26) 

T erminationJDesorption: 

0'" 
~, 

I ~ CH,. CHR (role~n 

'"' l/)// 
~ CH, - cfi:,R n-paraffin 

, ~, 

~ 
~ RCHO aI<lehyoo V 

0' ~ 
l/l/l 

RCH,oH n·alcmd 

1.3 CATALYSTS FOR THE FISCHER-TROPSCH SYNTHESIS 

The group VIII metals are known to catalyse lhe formation of hydrocarbons from 

hydrogen and carbon monoxide. The aclivities and selectivities of these metals, 

wilh the exception of Os. were investigated by Vanrlice (1975) at low CO­

conversions. The reactor unit was operated at a pressure of 100 kPa and 240-

280°C_ High space velocities of 2500-10000h(' were typically used to keep the 

CO cOllversion around 5% or less. Ordering the metals according to their specific 

activities yields the following sequence: 

Ru;> Fe;> Ni > Co;> Rh;> Pd;> Pt> Ir 

ordering the metals according to the average molecular weight of their 

hydrocarbon products gave the following results: 

22 
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Ru> Fe > Co > Rh "" Ni "" Ir" Pt "" Pd 

The low activities of Rh, PeL Pt an Ir combined with the fact that they are rare and 

expensive make Hlem not suitable for commercial use. The methane selectivity 

with nickel is very high. It is therefore commonly userl as a methanalion catalyst 

Ruthenium is a very active and versatile CcltaJyst. in that at higher tenlperatures it 

is an excellent methanation catalyst while at low temperatures and high 

pressures it produces large amounts of very high molecular mass waxes. 

Ruthenium h~s a high potential as a catalyst for converting synthesis gas into a 

variety of hydrocarbons, but is a very rare and costly metal (Dry, 1981). 

Despite the high initial cost, cobalt can be consirlered as a Fischer-Tropsch 

catalyst for the rrorluction of miririle rlistillates. At high enougll reactor pressures. 

wax selectivities of higher than 50% can be obtaineri. The cobalt ba~ed Fiscller­

Tropscll kine:ics are not inllibited by reaction water and Iligll per pass syngas 

conversions can i)e achieved (van Berge anrl fverson, 1997). 

To date Sasol has commercially only used iron-based catalysts in bath high and 

low temperature Fischer-Tropsell applications, Nol only is iron much cheaper 

than the alternative metals, but it also produces more olefins (Dry, 1988) Iron 

catalysts also catalyses Hie water-gas sllifl reaction, IVIlicll permits the use of 

synthesis gas with a low H,)CO ratio, e.g synthesis gas obtaineri by tile 

gasification of coal (Xu et al .. 1998). 

1.3.1 The Active Phase in Iron-based Catalysts 

Dry (1981) founri that even if the catalyst Io.lrieri to a Fischer-Tropsch reactor is 

100 percent metallic iron. the metal is very rapirily convened into a mixture of 

magnetite and iron carbides. Figure 1.6 illustrates the changes that occur in an 

iron catalyst in the case of a fluidized bed reactor operating at about 32TG. The 

units are undefined as Ihe figure is only intended to illustrate the trenrls. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 1- introduction 

Figure 1,10: The change In composition of an iron catalyst during the FT 

reaction (Dry 1981). 

Dry (1981) reported that initially an unstable carbine phase pseudo cemenite 

(Fe)C) is formed This phase nisappe<l's after a few hours and Ha!]!] carbide 

(Fe,Cz) is then the only Ulrbide present. After several days another carbide 

phase called Ec~strom-Adcod (FetC:,) carbine appears and its concentration 

slowly increases with time 

More recently Senzi ot 01. (2001) nid an in situ X-ray absorption spectroscopy 

study on iron oxine precursors and fo\:nd that the presence of synthesis !]% 

leads to structural and chemical changes in the precursors aM to the formatioo 

of active sites required for the Fischer-Tropsch synthesis, They also found that 

the activation of these precursors occur via reduction of Fe,03 fotlowed by 

carburisation to form FeC,. Figure 1.11 shows an example of a potassium 

promoted iron oxide precursor's change after exposure to synthesis gas with time 

on line 

24 
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"" To -------
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Time (h) 

FigurI! 1.11: The phase change of a potassium promoted iron oxide precursor 

with time on line after exposure to synthesis gas <It 250°C (Senzi ct 

a/.2001). 

An<llyses of the different size fractions of the cat<llyst of a fluidized bed re<lctor 

indicale that as the particle size decre8ses. lhe carbide/oxide ralio increases. 

with the very nne p8rticles containing no oxides at 811 (Dry. 1981). Re-oxidatiorl of 

iron within the core of the catalyst particles was postul<lted. As the synthesis gas 

diffuses into the porous catalyst particles the H2 and CO are consumed in the FT 

reaction 8nd H20 8nd CO2 is produced. Therefore the gas becomes 

progressively less reducing as it penetrates into the particles 8nd beyond a 

cert8in depth it must become oxidising For l<lrge catalyst particles the fr8ction of 

the cat<llyst. which is exposed to an oxidising atmosphere. lvill be larger. This will 

result in more oxide being present in large catalyst p8rticles Iron carbides are 

much more resistant to oxidation than metallic iron (Dry. 1981) 
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AltllOUgh irol1 based catalysts tor Fischer-Tropsch synthesis Iwve been known 

for a long time, a conlroversy still exists regarding the composition of tile 

catalytically active phase of the irOIl. The oifficulty Clrises frum the fact that unrler 

reactioll COllditiullS, iroll exists ;;s m;;gnetite, <I.-iron amI several iron carbioes_ 

The distribution of tllese pll;;ses is a sensitive function of readion crmrlitions Clno 

time online pictor and Bell 1985)_ 

Some reseJrchers have linked the formation of magnetite to catCllyst 

deactivation_ However, I-luang el al. (1993) reported that acr.orrling to their XRO 

pallems Fe304 is the only r.rystililine ptlase present ill the c;;talyst when it SllOWS 

its highest ilrtivity. Based on this observatioll they imply IIMt eiLher Fe30" is the 

;;ctive phClse or Hlat the adlve phase canllut be oetected by XI~O. 

Dwyer and co-workers and Bonzel and co-workers have sllown that while (X-iron 

is quite Clclive for Fischer-Tropsch synthesis. it r;;pidly deactivates due to 

formation ot a graphitic over layer (Dwyer and Somorjai, 1978; Krebs and Bonzel, 

1979: Bonzel ar-.ri Krebs, 1980, 1932; Owyerano Hilrdenbergh,1984)_ 

MallY workers believe iron carbioes to be the ildive pliase (OCltye pi al., LOOO). 

Amelse pi al. (1978) observed USill!,) Mbssbauer spectruscopy IImt tile irun 

c;;tCllyst they tested carburised within 90 minutes of Fischer-Tropsetl synHlesis tu 

the extent that no metallic iron could be detected in the Mossbillier spoctrCl. As 

tile catCllyst cClrburised tile methane tormClLiol1 rCltes increased and the product 

selectivity shifted tuwards higher liydrocarboll cOlltent. 

Raupp ano Delgass (1979) concluded from in situ Mbssbiluer investigations UII;; 

supported iroll c;;tCllyst IIwt the F I reClclion raLe fOllows lile extent uf bulk carbide 

formaLion. Oietor Clno Bell (1985) cuncluded from their work using X-ray 

diffrilction analyses the ilctive phase uf iron-based Fischer-Trupscll catalysts is a 

mixture uf cClrbides Clnd a smCll1 ;;1110Ullt of ,,_-iron. 

26 
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Figure 2.1: Schematic representation of the experimental set-up for the Fischer-Tropsch synthesis 
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Figure 2.2: Stirrcd tallk micro reactor used for the Fiscller-Tropsch SYllthesis 

for thc feed lillc The feed line enters the reactor at the top arid reaclles all the 

way down to 5mm above tile bottom stirrer tt is also slightly bent inwards 

resulting in the opcning being 5mm from the centre of the reactor. Both the 

gaseous ;lIld liquid products leave the reactor through a filter to ensure that the 

catalyst remaills in tile reactor. 

Thc fCClctor is heated by a heating mantle, The temperature ill lIle reactor is 

mcasured by two thermocouples, aile of whicll measures tile temperature ill the 

rcaction rnedium and the other Orle is inserted between the heating mantle alld 

thc reactor wall. Tile tllNmocoople illside IIle reactor is used by tile rnaster 
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temperature controller. and the Ihermocouple between the reaclor wall and the 

heating mantle is used by the slave lemperature controller 

2.3.3 Knock-out Pots 

The product slream flows to a hot pot where the wax is knocked out. I he heated. 

hot knock-oul pot was kept at 2ooT. I he volume of this vessel is 500ml and it 

has a valve at the bottom for draining wax. 

The product stream fk)'.'/s then to a cold pot where an oil fraction and reaction 

water is knocked out The cold knock-out pot which is situated in a water bath to 

keep it at room temperature. has also a volume of 500ml and has a valve at the 

bottom for draining reactiOf1 waler and oil. The line between the hot and cold 

knack-out pots is insulaled and controlled at 20DoC. The "hot tail'" gas sample is 

taken from it. 

2.3.4 Gas Sample Points 

T1IIO gas sample points are available on the set-up one hot tail gas sample p::lint 

(fed by the stream leaving the hot knock-out trap) and one cold tail sample point 

(feeding from after the cold knock-out trap). 1IIhich is also used to sample lhe 

feed gas. The hot tail gas sample point is controlled at 200°C,. whereas the cold 

tail sample p::lint was kept at room temperature AmpOlJle samples (Schul7 PI al., 

1984a) can be taken from these streams for later analysis using gas 

chromatography, 

2.4 PRODUCT ANALYSIS 

2,4.1 Sampling Procedure 

Two gas sample p::lints were available on the sel-up. The hot tail gas sample 

point temperature was conlrolled at 20DoC, The two tail gas samples were 

always completed before the knockout traps were drc;ined as the gas s.3mples 
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would othe;lWise not be; repre;sentative. The; samples of the 1\.'10 tail gas sample 

points we;re always dra',vn before the feed gas sample; point was bubbled. 

T~le protruding ampoules were heate;d with a portable buLane burner for 10 

oecondo, Thio is neceosary for eopecialty the ~Iot tilil gas silmple point to prevent 

possible selective condensation of Hie oalDpte gas. Condensation could result in 

the sample not be;ing representative; Care was take;n when heating and sealing 

off the; ampoules as excessive he;ating could induce the;rmal cracking, 

The reactor knockout traps were drained every +..'-24 ~Iours to retrieve Samples 

and prevent possible cilrry-over of produc:s, The hot trap wao drained before the; 

cold knockout trap, to prevent any possible carryover of wax. The traps were; 

drained into a beaker, by opening the sample point needte valve;s. The reaction 

wate;r and oil sample from the; cold knockout trap was teft for 10 minutes to allow 

sufficient separation and then se;parate;d in a funnci 

2.4.2 Analyses of tnorganic Gases and Methane 

The gaseous feed ilnd cold tail oampleo were ilniltyoed on the Gomac CD 600 

gas chromatograph equipped with a Thermal Conductivity Delector (TCD) The 

gaschromalographic separation was performed using a molecular sie;ve capillary 

column and a Porapak-Q packed column. The analysis conditions are glve;n In 

Table 2,2. A LypiCal TeO trace can be seen in Figure 2.3. 

2.4.3 Analyses of Organic Product Compounds in Hoi Tail Samples 

The hot tail samptes were analysed on a GC (Agilent 6890) equipped with a 

Ftame lonioation DeLector, The separation WaS aOlieved uoing a Pl::TROCOL DH 

150 cilpillary COIUllln utilising a temperature programme. Hie analysis conditiono 

cue given in TClbie 2,3 

.") 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chaptf)r 2 - Fyperiff)enldl 

Table 2.2: Conditions for <In<llySDS of inorganic food and product compoullds 

Injector Splitloss 

Injector Temp 100··C 

I,ead Pressure 20 psi 

Carrier Gas H2 - 20 ml/mill 

COIUIllII Type & Dilllelisions Molecular sieve Capillary columll and 

Porapack-O packed colulTlIl 

T eillperature ro·c 
Detoctor TCD 

D~toctor T omporaturD 100'C 

"'"'J 

I I , ! o 
':-O J 

I 
, 

u -

, --~-~---- , 
,. 

Figure 2.3: Typical GC traco for thD analys~s of inorganiC g<lSD.'; and IllDthane 
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Table 2.3 Conditions for analyses of organic product compounds in the hot 

tail samples 

Injector Split-injector 

Injector Temp 250°C 
Head Pressure 175 kPa(g) 

Split Ratio 1 to 100 

Carrier Gas H2 - 27 cm/sec (2.4 ml/min) 

Column Type & Dimentions PETROCOL DH 150 Capillary Column 

150m x 0.25mm x 1.0~m film thickness 

Temperature program Initial: -60°C 
Hold: 10 min 

Heating rate: 20 °C/min 
Temp: -20°C 

Hold: o min 

Heating rate: 2°C/min 

Final: 220°C 
Hold: 48 min 

Detector FID 

Detector Temperature 300°C 
Fuel gas Hydrogen: 40 ml/min 

Air 450 ml/min 

Make-up Nitrogen: 25 ml/min 

2.4.4 Analyses of Oil Samples 

The oil samples were analysed using the Agilent 6890 gas chromatograph 

equipped with a Flame Ionisation Detector. The analysis conditions are given in 

Table 2.4. 
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Table 2.4: Conditions for GC-analyses of the oil samples 

Injector Type SplitiSplitiess 

Injector Temp 2500C 

Head Pressure 122 kPa(g) 

Split Ratio 1 to 200 

Carrier Gas Hydrogen 

Column Type & Dimensions HP-PONA 

50m x 0.2mm x 0.5iJm 

Temperature program Initial: 500C 

Hold: 1 min 

Oven rate: 4oC/min 

Final Temp: 290°C 

Hold: 29min 

Detector FlO 

Detector Temperature 300°C 

Fuel gas Hydrogen: 30 mVmin 

Air 450 mVmin 

Make-up Nitrogen: 30 ml/min 

2.5 DATA ANALYSIS 

The addition of an internal standard, Ar, at an exactly determined flow rate allows 

the calculation of the flow rates of the inorganic compounds and methane using 

the peak areas obtained in the gaschromatographic analysis with a TCD. 

(2.1 ) 

with rli: the molar flow rate of compound i 

fi: compound specific calibration factor 

Ai: peak area for compound i in GC trace 

42 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 2 - Experimental 

The molar flow rate of water can be calculated using the oxygen balance 

knowing the molar flow rates of CO and CO2 in the feed and at the outlet of the 

reactor and the inlet molar flow rate of water, which is determined gravimetrically. 

In the calculation the molar flow rate of water the oxygen content in the organic 

products is neglected. This constitutes only a small error in the total molar flow 

rate of water. 

nH20,outiet ==nH20,feed +nCO,feed +2.nC02 ,feed -nCO,outlet -2.nC02 ,outlet 

(2.2) 

The molar flow rates of the organic product compounds can be obtained having 

determined the molar flow rate of methane in the product stream and the product 

composition using in the hot tail samples: 

. f Aj . 
nj = i' . nCH4 ,outlet 

ACH4 
(2.3) 

(the factor fi corresponds to the reciprocal value of the carbon number of the 

compound for paraffins and olefins; for oxygenates the lower sensitivity of the 

detector for these compounds were taken into account according to Claeys 

(1997». 

the partial pressure of each component can be calculated knowing the total molar 

composition of the gaseous phase within the reactor and assuming the reactor to 

be well-mixed. 

(2.4) 

Carbon monoxide in the iron-catalysed Fischer-Tropsch synthesis is used for the 

formation of organic product compounds (rFT) and for the formation of CO2 (rWGS). 

The rate of formation of organic product compounds can be calculated from the 

amount of carbon monoxide being consumed and the amount of carbon dioxide 
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being formed. The rate of the water-gas shift reaction can be determined from 

the amount of carbon dioxide being formed. 

Ii co, feed -IiCO,outlet -tnc02.feed -IiC02 ,outled 
rFT = ----------=------=---

munreduced catalyst 
(2.5) 

(2.6) 

Catalytic results are often evaluated in terms of conversion and selectivity. The 

conversion of the individual compounds, H2 and CO, can be defined as: 

Xi = (lii,fe~d -lii,feed) 

ni,feed 
(2.7) 

The synthesis gas conversion is defined as the amount of CO plus H2 being 

converted: 

X 
llico,feed +IiH2 ,feed -IiCO,outlet -IiH2,outlet) (2.8) 

synthesis gas = . . 
nCO,feed + nH2,feed 

The usage ratio of hydrogen to carbon monoxide is defined as the amount of 

hydrogen being consumed relative to the amount of carbon monoxide being 

consumed: 

t
" {IiH2,feed -IiH2,outled 

usage ra 10 = . . 
nCO,feed - nCO,outlet 

(2.9) 

The selectivity for a compound can principally be defined as the amount of that 

compound formed relative to the amount of carbon monoxide being converted. It 

is often more useful to define the selectivity for a certain product as the amount 

of this product formed relative to the amount of carbon monoxide consumed for 

the formation of organic product compounds. 

S ni 
i =-.---.---'-.----.--

neo,feed - neO,outlet + neoz.feed - neoz.OUllet 

(2.10) 
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In the Fischer-Tropsch synthesis, methane selectivity is often recorded as a 

measure for chain growth and economic viability. The methane selectivity in this 

study cannot be determined accurately, since the feed contains a large amount 

of methane (see Chapter 2.6). The accurate rate of formation of methane, which 

requires the subtraction of the molar feed rate of methane from the molar flow 

rate of methane leaving the reactor, is therefore not possible. 

As selectivity characteristics ratios of molar flow rates were used (see Chapter 

3). 

2.6 NORMAL REACTOR OPERATION 

2.6.1 Reactor Start-up 

The catalyst was dried in an oven at 120°C for 2 hours, prior to weighing and 

loading. This prevents inaccuracy in catalyst mass loaded due to the moisture 

content. The start-up slurry medium used was 350g of Sasol H2 wax flakes. After 

loading the wax to the reactor, the reactor temperature was raised to 150°C to 

melt the wax. 20 g of the dried catalyst was then slowly added to the wax. The 

reactor was sealed, heated to 240°C and pressurised to 20 bar using argon. 

2.6.2 Catalyst Reduction 

The catalyst was reduced in a hydrogen atmosphere. The reduction conditions 

are given in Table 2.5. Hydrogen was fed over the feed line for synthesis gas. 

After adjusting the hydrogen and argon flow, the stirrer speed was adjusted to 

450 rpm. The reduction was carried out at 240°C and 20 bar for 16 hours. When 

the reduction was completed, the hydrogen flow was stopped and the stirrer 

speed was adjusted to 200 rpm. 
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Table 2.5: Reduction conditions of the iron-based Fischer-Tropsch catalyst in 

this study 

Catalyst mass, g 20 

Reduction unit CSTR 

Reduction temperature, °c 240 

Reduction pressure, bar 20 

H2-flow rate (ml (NTP)/(g min) 100 

Ar-flow rate (ml (NTP)/(g min) 10 

Stirrer speed, rpm 450 

2.6.3 Synthesis Conditions 

The standard synthesis conditions for the Fischer-Tropsch synthesis are given in 

Table 2.6. The synthesis gas feed line was opened and the flow rate adjusted to 

the desired value. Subsequently, the stirrer speed was slowly increased to 450 

rpm. Small corrections to the system pressure were necessary as synthesis flow 

rates varied from the initial start-up flow rates. 

Table 2.6: Standard conditions for the Fischer-Tropsch synthesis 

Reactor CSTR 

H2/CO 1.85 

Flow rate synthesis gas (ml(NTP)/(g min) 930 

Ar flow rate (ml(NTP)/(g min) 93 

Reaction pressure, bar 20 

Reaction temperature, °c 240 

The feed fluctuates slightly with time, since the feed is taken from the industrial 

unit. The composition of the feed was checked regularly. The typical molar 

composition of the feed to the reactor is given in Table 2.7. 
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Table 2.7: Typical molar feed composition during the standard Fischer-

Tropsch synthesis 

H2 CO CH4 N2 CO2 Ar~ 

0.51 0.28 0.12 0.01 0.01 0.08 

1 internal standard 

Water was only added after the catalyst had been exposed to the standard 

conditions for ca. 100 hrs on-line. Before co-feeding started the water line was 

detached from the set-up and totally filled with water (by starting the pump) to 

ensure that air bubbles trapped in the line were removed. The line was then 

reattached to the set-up and the pump primed to 18 bar. The pressure was kept 

lower than the reactor pressure to ensure that no excess water was pumped into 

the reactor when the valve was opened. The water co-feeding valve was then 

opened slowly until the pump was under the reactor's pressure. The valve was 

then opened fully and the pump flow rate set to the desired value. 

It was decided to keep the reactor pressure constant throughout the entire 

duration of a run. As a result of this the partial pressures of hydrogen and carbon 

monoxide in the feed decreased after water addition. The amount of water added 

to the reactor and the resulting inlet partial pressures are given in Table 2.8. 

2.6.4 Reactor Shut-down 

All the gas flows to the system except argon was terminated by closing all valves. 

The reactor temperature was lowered to 130°C and the pressure lowered to 

atmospheric. When the reactor temperature reached 130°C the stirrer was 

switched off. The reactor was opened while it was still hot to prevent the wax 

from solidifying on the internals. 

The reactor bomb containing the wax and catalyst was left to cool down under 

argon. When the wax was totally solidified it was tipped out of the reactor bomb 

and the bottom part containing the catalyst was cut off and sent for analyses. 
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Table 2.8: Amount of liquid water fed to the reactor and the resulting inlet 

partial pressures to the reactor 

Amount of liquid water PH2,iniet PCO,inlet PC02,iniet PH20.inlet Pinerls.inlet 

added 

ml/min atm atm atm atm atm atm 

0 10.2 5.6 0.2 0.0 2.4 1.6 

0.05 9.7 5.3 0.2 1.0 2.3 1.5 

0.10 9.3 5.1 0.1 1.9 2.2 1.4 

0.175 8.6 4.8 0.1 3.1 2.0 1.3 

inerts in synthesis gas from plant (CH4 and N2); 

2added as internal standard to the feed 
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3 

RESULTS 

3.1 CHARACTERISATION OF CATALYST PRECURSOR 

3.1.1 Elemental Analysis 

Elemental analyses were done on the catalyst precursor before and after 

calcination. Two samples were taken from each batch and they were analysed 

once (see Table 3.1). The potassium and sodium content of the catalyst 

precursor was re-calculated as K20 and Na20 and the silicon content as Si02. 

Table 3.1: Elemental analysis of the catalyst precursor 

Element Units 
Uncalcined Calcined 

1 2 Average 1 2 Average I 
Fe wt.-% 52.6 53.1 52.9 57.4 58.1 57.8 
Cu g/100g Fe 4.8 5.4 5.1 4.8 5.1 4.9 
K20 g/100g Fe 4.1 4.1 4.1 4.2 4.2 4.2 

Na20 g/100g Fe 0.1 0.1 0.1 0.1 0.1 0.1 

Si02 g/100g Fe 23.9 23.2 23.6 23.2 24.1 23.7 

The difference in the mass of the metal and metal oxide and the total mass of the 

catalyst precursor must be ascribed to the elements, which were not analysed, 

i.e. oxygen, hydrogen (and possibly carbon). The difference is higher for the 

uncalcined catalyst precursor (0.30 gram per gram of uncalcined catalyst 

precursor) than for the calcined catalyst precursor (0.23 gram per gram of 
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calcined catalyst precursor). This indicates some removal of water and/or carbon 

dioxide during the calcination process at temperatures higher than 200°C. 

The difference in catalyst precursor mass upon calcination might be ascribed 

solely to the presence of oxygen. It can be assumed that 1 mole of oxygen is 

associated with 1 mole of copper. The molar ratio of iron to oxygen can then be 

estimated to be equal to 1 :1.3-1.4, which corresponds roughly to the presence of 

Fe203· 

3.1.2 BET Surface Area and Pore Volume Determination 

The catalyst was analysed for BET surface area and total pore volume before 

and after calcination (see Table 3.2). The catalyst precursor has a reasonably 

high surface area of 193 m2/g, which was maintained during calcination at 

temperatures higher than 200°C. Similarly, the pore volume is maintained upon 

calcination. The obtained surface area and pore volume means that the average 

pore diameter in the catalyst precursor is ca. 13.6nm. 

Table 3.2: BET surface area and total pore volume analysis of the catalyst 

precursor 

Element Units Uncalcined Calcined 

BET Surface Area m2/g 192 193 

Total Pore Volume cm3/g 0.61 0.66 

3.2 SYNTHESIS RESULTS 

3.2.1 Conditions in the Feed 

The commercial Lurgi coal gasifiers supplied the synthesis gas, which was used 

as feed to the Fischer-Tropsch reactor. A molar ratio of H2 to CO of 1.85 was 

targeted, but changes in conditions in the upstream plant had a slight effect on 

this ratio. Figure 3.1 illustrates the fluctuation in H2/CO ratio during the runs. 
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When the results of the experiments are interpreted, this change in H2/CO ratio 

must be considered. 

2.8 

0 2.3 
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o 1 Barwater 

t::. 2 Bar water 
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and removed 

- - - - lime of water 
addition 

Figure 3.1: Molar H2 to CO ratio in the feed gas as a function of time on-line for 

the different experiments performed (dotted line indicates the time 

at which co-feeding of water was started) 

3.2.2 Conditions in the Reactor 

The Fischer-Tropsch synthesis is at constant space velocity only affected by the 

partial pressures within the reactor. In this study the partial pressure of water in 

the feed was increased keeping the total pressure in the reactor constant. This 

means that the partial pressure of the components carbon monoxide and 

hydrogen in the feed decreased upon the addition of water to the feed (see Table 

2.8). 

Figure 3.2 shows the partial pressure of water in the reactor as a function of time­

on-line. The initial increase in the water partial pressure over the first 48 hrs, 
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which could be reasonably reproduced in the various runs, is most likely caused 

by the change in the catalytic activity of the iron catalyst with time (a residence 

time effect can be excluded on the basis of the flow rate through the reactor (ca. 

1020 ml(NTP)/min) and the gas volume in the reactor (ca. 350 ml) and the 

volume of the hot knock-out pot (500 ml)). The change in catalytic activity with 

time-on-line is well documented for iron-based catalysts (see e.g. Schulz et al., 

1990). 

.... 
ca 

4 

..a 3 

2 

1 

o 
o 

• • 

100 200 

Time on line, hrs 

• 

• Base Run 

o 1 Barwater 

h. 2 Bar water 

X 3 Bar water 

- - - - lime of water 
addition 

300 

Figure 3.2: Partial pressure of water in the reactor as a function of time-on-line 

(dotted line: starting time of co-feeding water) 

Upon the introduction of water, the water partial pressure in the reactor rises 

rapidly and declines with time-online, before approaching a constant value. 

Although the partial pressures of hydrogen and carbon monoxide were 

decreased in the feed as a result of water addition, their partial pressures in the 

reactor were not significantly affected (see Figure 3.3 and 3.4). This might be 

attributed to a decrease in conversion that occurs after water addition. A 
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Figure 3.3: Partial pressure of carbon monoxide in the reactor as a function of 

time-on-line (dotted line: starting time of co-feeding water) 
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Figure 3.4: Partial pressure of hydrogen in the reactor as a function of time-on­

line (dotted line: starting time of co-feeding water) 
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decrease in the conversion of hydrogen and carbon monoxide will lead to an 

increase in their partial pressures in the reactor. 

3.2.3 Effect of Water Partial Pressure on Conversion 

The conversion of synthesis gas, CO plus H2, decreases upon the introduction of 

water into the feed (see Figure 3.5). This must be attributed to the change in the 

partial pressure of water in the reactor, since the partial pressure of hydrogen 

and carbon monoxide remain unchanged compared to the run, in which no water 

was added to the reactor. The decrease in the synthesis gas conversion could 

have been expected based on the rate expression proposed by Huff and 

Satterfield (1984). This rate expression predicts that the rate of hydrogen plus 

carbon monoxide consumption decreases upon increasing the water partial 

pressure. 
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Figure 3.5: Conversion of synthesis gas as a function of time-on-line (dotted 

line: starting time of co-feeding water) 
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The usage ratio is defined as the amount of hydrogen consumed relative to the 

amount of carbon monoxide consumed during synthesis. The usage ratio in the 

Fischer-Tropsch synthesis should be between 0.67 and 2 for a feed containing 

no water. With time-on-line the usage ratio increases for the base run, in which 

no water was added (see Figure 3.6). Upon the addition of water the usage ratio 

decreases, which might indicate that the amount of hydrogen produced through 

the water gas shift reaction relative to the amount of hydrogen consumed for the 

formation of organic product compounds increases. The usage ratio is more 

severely affected by the addition of 3 bar of water to the feed than by the addition 

of 1 and 2 bar of water. 

2 

1.5 • Base Run 

0 0 1 Barwater .-.. 
" a::: 1 f:j. 2 Bar water 
(I) 
C) 

" X 
(I) 

3 Barwaler 

=» 
0.5 - - - - llme of water 

addition 

o 
o 100 200 300 

Time on line, hrs 

Figure 3.6: Usage ratio (amount of hydrogen consumed relative to the amount 

of carbon monoxide consumed) as a function of time-on-line (dotted 

line: starting time of co-feeding water) 
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Figure 3.7 shows the amount of carbon monoxide, which is consumed for the 

formation of carbon dioxide in relation to the amount of consumed carbon 

monoxide as a function of time-on-line. The fraction of carbon monoxide, which is 

consumed to form carbon dioxide, passes initially a maximum. This might be 

attributed to the change in the catalyst structure (Schulz et a/., 1990). Upon the 

introduction of water in the feed, the fraction of carbon monoxide, which is 

converted to carbon dioxide, increases rapidly. This indicates that the rate of the 

water-gas shift reaction relative to the rate of formation of organic product 

compounds increases. 
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Figure 3.7: Relative amount of carbon monoxide, which is consumed for the 

formation of carbon dioxide in relation to the amount of consumed 

carbon monoxide as a function of time-on-line (dotted line: starting 

time of co-feeding water) 
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3.2.4 Effect of Water Partial Pressure on Rate of Reaction 

The rate of the Fischer-Tropsch synthesis equals the rate of formation of organic 

product compounds on carbon basis. Initially the rate of the Fischer-Tropsch 

synthesis seems to pass a maximum (see Figure 3.8). Upon the introduction of 

water in the feed, which led to an increase in the partial pressure of water in the 

reactor, the rate of the Fischer-Tropsch synthesis drops rapidly. This might have 

been expected based on the rate expression proposed by van Steen and Schulz 

(1999), who predict that the rate of reaction passes a maximum with increasing 

partial pressure of water. 
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Figure 3.8: Rate of the Fischer-Tropsch synthesis (in moles of CO converted 

for the formation of organic product compounds Igram of unreduced 

catalyst/second x 106
) as a function of time-on-line (dotted line: 

starting time of co-feeding water) 

57 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 3 - Results 

Only a few rate expressions have been proposed to describe the rate of CO2-

formation (rate of water-gas shift reaction) under Fischer-Tropsch conditions over 

a precipitated iron catalyst (see e.g. van der Laan and Beenackers, 2000). 

( 
pe022'PH2] 

kWGS' Peo 'PH20 - Kp 
(3.1) 

According to the rate expression for the water-gas shift reaction during the 

Fischer-Tropsch synthesis proposed by van der Laan and Beenackers (2000) 

water should inhibit the rate of the water-gas shift reaction, but this is not 

observed (see Figure 3.9). 
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Figure 3.9: Rate of water-gas-shift reaction (moles of CO converted for the 

formation of carbon dioxide/gram of unreduced catalyst/second x 

106
) as a function of time-on-line (dotted line: starting time of co­

feeding water) 
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3.2.5 Effect of Water Partial Pressure on Selectivity 

3.2.5.1 Chain Growth Probability 

As an initial indication of the chain growth probability. the ratio of the amount of 

wax collected relative to the amount of oil collected over a constant time period 

was evaluated. A high production of the amount of wax collected relative to the 

amount of oil collected indicates a high chain growth probability. Figure 3.10 

shows the ratio of the production rate of wax relative to the production rate of oil 

as a function of time-on-line for the various runs. Water affects the wax 

production relative to the oil production negatively. Thus, the chain growth 

probability is expected to decrease as well upon introduction of water in the feed. 
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Figure 3.10: Rate of wax production relative to the rate of oil production as a 

function of time-on-line (dotted line: starting time of co-feeding 

water) 
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The decrease in the rate of wax production relative to the rate oil production is 

also not sudden, but rather a gradual decrease over a 100 hour period. With the 

addition of 3 bar water to the feed the decrease in production rate of wax relative 

to the production rate of oil was more severe than with 1 and 2 bar water 

addition. The organic product compounds follow the Anderson-Schulz-Flory 

distribution. A typical distribution of the hydrocarbon products in the hot tail gas 

stream between C4 and Cm is shown in Figure 3.11. It can be seen that the 

hydrocarbon distribution in this range can be reasonably well described with a 

single chain growth probability. 
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-2.5 
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Carbon Number 

Figure 3.11: Anderson-Schulz-Flory plot for the products between C4 and C10 in 

the hot tail gas for the base case and 3 bar water addition after 170 

hrs on-line 

Figure 3.12 shows the chain growth probability (<<) as determined from the 

Anderson-Schulz-Flory plot for the products between C 4 and C10 in the hot tail 

gas as a function of time-on-line. The observed chain growth probability 
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increases with increasing time-on-line (a similar increase was observed for the 

rate of wax production relative to the rate of oil production). This might be caused 

by the slow saturation of the wax with oletins, which can be re-incorporated 

leading to higher, observed chain growth probabilities (Schulz and Claeys, 

1999a). 

The addition of 1 bar water to the feed did not have a significant effect on the 

chain growth probability. This is seemingly in contradiction to the observed 

decrease in the rate of wax production relative to the rate of oil production upon 

the addition of 1 bar of water. It must, however, be kept in mind that the chain 

growth probability is typically not a constant, but increases with increasing carbon 

number (typically beyond the carbon numbers from which in this study the chain 

growth probability was determined). Although the chain growth probability in the 

range C4-C10 seems hardly affected, the chain growth probability at higher 

carbon numbers might still be affected. 
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Figure 3.12: Chain growth probability in the range C4-C10 determined from the 

product analysis of the hot tail gas as a function of time-on-line 

(dotted line: starting time of co-feeding water) 
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The addition of 2 bar and 3 bar of water did yield a significant decrease in the 

chain growth probability in the range of C4-C10 as was already indicated by the 

decline in the ratio of the wax production rate relative to the oil production rate. 

The decrease in the chain growth probability was gradual over 100 hours as 

opposed to a step change immediately after water addition. The findings from the 

hot tail gas analysis thus correspond to the results from the wax/oil production. 

3.2.5.2 Secondary Hydrogenation 

Both olefins and paraffins are thought to be primary products of the Fischer­

Tropsch synthesis (Schulz and Gokcebay, 1984b). However, olefinic product 

compounds can undergo secondary hydrogenation yielding n-paraffins. The mol 

fraction of the n-paraffin in the fraction of linear hydrocarbons is therefore an 

indication of the extent of secondary hydrogenation taking place in the reaction 

system. It has been assumed that the primary Fischer-Tropsch product contains 

ca 20% n-paraffins in the fraction of linear hydrocarbons (Schulz and Gokcebay, 

1984b). 

The effect of water partial pressure on the molar fraction of the n-paraffin in the 

fraction of linear hydrocarbons in a carbon number fraction was examined for Ca, 

Ci0 and C14. The paraffin fraction in Ca and n-Ci0 was obtained from FID 

analyses on the hot tail gas, whereas the paraffin fraction in n-C14 was obtained 

from a GC analysis on the oil fraction. n-Ci4 was chosen because it is the highest 

in the oil fraction for which the GC analyses still accurately detects both the linear 

olefins and paraffins. 

Figure 3.13 shows the paraffin content in the Ca-fraction as a function of time-on­

line. Propene is rather much less reactive than ethene under typical Fischer­

Tropsch conditions (Schulz and Claeys, 1999b). The propane content in the 

fraction of C3-hydrocarbons is typically a good indicator for the effect on primary 

olefin selectivity in the Fischer-Tropsch synthesis. With increasing time-on-line 
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the paraffin content in the fraction of C3-hydrocarbons decreases slightly. After 

ca. 100 hrs on-line a paraffin content of ca. 20% is obtained indicating primary 

selectivity (Schulz and Gokcebay, 1984b). 

Increasing the water partial pressure in the feed (and thus in the reactor) does 

not seem to affect the paraffin content in the fraction of C3-hydrocarbons 

indicating that water does not affect primary olefin selectivity in the Fischer­

Tropsch synthesis. 
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Figure 3.13: Paraffin content in the fraction of C3-hydrocarbons in the hot tail gas 

as a function of time-on-line (dotted line: starting time of co-feeding 

water) 

Figures 3.14 and 3.15 show the paraffin content in the fraction of linear C10- and 

C14-hydrocarbons, respectively. The paraffin content in the fraction of linear 

hydrocarbons increases with increasing carbon number. This can be ascribed to 
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the increase in the extent of secondary olefin reactions with increasing carbon 

number, which might be caused due to the increased solubility of the olefins with 

increasing carbon number (Schulz and Claeys, 1999a; 1999b). With increasing 

time-on-line the paraffin content in the fraction of the linear C10- and C14-

hydrocarbons decreases indicating a decrease in the extent of secondary olefin 

hydrogenation. The paraffin content in the fraction of linear C14-hydrocarbons 

decreases over a pro-longed time and a steady value was not obtained. 

Upon the introduction of water in the feed, the paraffin content in the fraction of 

linear hydrocarbons decreases. This implies that water reduces the extent of 
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Figure 3.14: Paraffin content in the fraction of C1o-hydrocarbons in the hot tail 

gas as a function of time-on-line (dotted line: starting time of co­

feeding water) 

64 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 3 - Results 

1 

+ _ 

~ 
c 0.8 
«S 
U • • Base Run --"'C 

_ 
• • t! c 0.6 0 1 BarWater ... _ 

• _ 
U 

C- D. 2 Bar water _"'C _ t! 
0.4 c ... 3 Bar Water «S 

_ 
X 

UI-
_ 

- - - . lime of water "'C 
t! 0.2 addition ... _ 
I-

o +--------;---------.------~ 
o 100 200 300 

Time on line, hrs 

figure 3.15: Paraffin content in the fraction of C14-hydrocarbons in the oil fraction 

as a function of time-on-line (dotted line: starting time of co-feeding 

water) 

secondary hydrogenation. A systematic decrease in the paraffin content can 

however not be detected. This might indicate that the observed effect is not a 

direct kinetic effect, but might be related to changes in the catalyst. 

3.2.5.3 Double bond Isomerisation 

Double bond isomers of a-olefins are generally considered to be secondary 

products in the Fischer-Tropsch synthesis (Schulz and G6kcebay, 1984b). 

However, data published by Bukur et al. (1990) imply that a small fraction of 

internal olefins might be formed primarily. The molar ratio of the amount of n­

olefins with an internal double bond relative to the total amount of linear olefins 

within a carbon number fraction is a good indicator for the extent of the double 

65 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 3 - Results 

bond isomerisation (Schulz and Gokcebay, 1984b). The extent of the double 

bond isomerisation was investigated for C5, C10 and C14. 

In all investigated carbon number fractions, the mol fraction of olefins with an 

internal double bond relative all linear olefins in a carbon number fraction passes 

a minimum with time-on-line (see Figures 3.16,3.17 and 3.18). Furthermore, it 

can be noted that the fraction of olefins with an internal double bond increases 

with increasing carbon number. This can be ascribed to the increase in the extent 

of secondary olefin reactions with increasing carbon number, which might be 

caused due to increased residence time of the olefins with increasing carbon 

number due to increased solubility (Schulz and Claeys, 1999a; 1999b). 

The addition of water to the feed yields a strong decline in the content of olefins 

with an internal double bond in the fraction of linear hydrocarbons implying an 

inhibition of the secondary double bond isomerisation by water. With the addition 

of 2 and 3 bar of water to the feed the levels of internal olefins were mostly too 

low for the FID analysis of the hot tail gas to be able to detect. The GC analyses 

on the oil fraction show a clear decrease in internal olefins with water addition. 

The severity of decrease does however not seem to change with an increase in 

water co-feeding. 
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Figure 3.16: Molar ratio of the internal olefins relative to all linear olefins in Cs in the 

hot tail gas as a function of time-on-line (dotted line: starting time of co­

feeding water) 
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Figure 3.17: Molar ratio of the internal olefins relative to all linear olefins in C10 in the hot 

tail gas as a function of time-on-line (dotted line: starting time of co­
feeding water) 
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Figure 3.18: Molar ratio of the internal oletins relative to all linear oletins in C14 in 

the hot tail gas as a function of time-on-line (dotted line: starting 

time of co-feeding water) 

3.2.5.4 Alcohol Selectivity 

Alcohols form typically a minor part in the product of the Fischer-Tropsch 

synthesis. The methanol and ethanol peaks of the FlO analyses on the hot tail 

were clearly distinguishable and were therefore used to evaluate alcohol 

selectivity. In addition tetradecanol selectivity was evaluated in the oil fraction. 

Figure 3.19 shows the methanol selectivity as a function of time-on-line. It is clear 

that water addition has a positive effect on methanol selectivity. This effect is also 

more predominant when the partial pressure of water in the feed (and thus in the 

reactor) is higher. Adding 3 bar of water to the feed yields the highest methanol 

selectivity. Again, the increase in methanol selectivity is not instantaneous, but 

shows rather a gradual increase over a prolonged period of ca. 100 hours. 
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The ethanol selectivity is within the error of measurement not affected by water 

co-feeding at all (see Figure 3.20). 
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Figure 3.19: Methanol % C-atom selectivity (with regard to CO converted to all 

products excluding C02) as a function of time-on-line (dotted line: 

starting time of co-feeding water) 
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Figure 3.20: Ethanol % C-atom selectivity (with regard to CO converted to all 

products excluding C02) as a function of time-on-line (dotted line: 

starting time of co-feeding water) 

For the oil fraction the content of tetradecanol in the fraction of the C14 organic 

product compounds hydrocarbon product is shown in Figure 3.21. As with 

methanol selectivity the tetradecanol content increases with an increase in water 

partial pressure. 
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Figure 3.21: Mass ratio of tetradecanol relative to all hydrocarbons in C14 in the 

oil fraction as a function of time-on-line (dotted line: starting time of 

co-feeding water) 

3.2.6 Reversibility of the Effects of Water Addition 

It is of fundamental and economic importance whether removing the water from 

the feed can reverse the observed effects of the added water to the feed on the 

catalyst activity. In order to test whether the observed effects can be reversed, a 

run was performed, in which after 96 hrs on-line 2 bar of water was added to the 

feed. The co-feeding of water was stopped at 170 hours on-line. 

The effect on co-feeding and stopping water on the water partial pressure in the 

reactor can be seen in Figure 3.22. Co-feeding water yields a strong increase in 

the partial pressure of water (this results reproduces the original experiment, in 

which 2 bar of water was added to the feed - see Chapter 3.2.2). Upon removal 
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of water from the feed the partial pressure of water drops to a value slightly lower 

than was obtained in the base case. 
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Figure 3.22: Water partial pressure in the reactor as a function of time on-line 

(dotted line: starting time and end-time of co-feeding water) 

Figure 3.23 shows the effect of water addition to the feed and water removal from 

the feed on the synthesis gas (H2+CO) conversion. Upon addition of 2 bar of 

water to the feed the synthesis gas conversion drops to ca. 20%. This was also 

observed in the previous experiment, in which 2 bar of water was added to the 

feed (see Figure 3.5). A recovery in the synthesis gas conversion is observed 

upon removal of water from the feed. The few data points collected in this study 

do not allow a firm conclusion on whether a full recovery is obtained or whether 

the conversion after the removal of water from the feed is slightly less. To 

observe this better the experiment should have been carried out for a longer 

time-on-line. 
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Figure 3.23: Conversion of synthesis gas as a function of time on-line (dotted 

line: starting time and end-time of co-feeding water) 

Figure 3.24 shows the effect of water addition to the feed and water removal from 

the feed on the rate of formation of organic product compounds on carbon basis 

(rate of Fischer-Tropsch synthesis). Upon addition of 2 bar of water to the feed 

the rate of the Fischer-Tropsch synthesis and synthesis gas conversion drops by 

ca. 55%. This was also observed in the previous experiment, in which 2 bar of 

water was added to the feed (see Figure 3.8). A recovery in the rate of the 

Fischer-Tropsch synthesis is observed. 
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Figure 3.24: The rate of the Fischer-Tropsch synthesis (moles of CO converted 

for the formation of organic product compounds/gram of unreduced 

catalyst/second x 106
) as a function of time on-line (dotted line: 

starting time and end-time of co-feeding water) 

It is evident from Figures 3.23 and 3.24 that the effect of 2 bar water co-feeding 

on the FT reaction rate and synthesis gas conversion is reversible upon removal 

of water. 

3.3 CHARACTERISATION OF SPENT CATALYST 

3.3.1 Mossbauer Analyses 

The Mossbauer spectra of the catalysts with various water co-feedings are 

presented in Figure 3.25. The hyperfine interaction parameters obtained from the 

deconvolution of the spectra are tabulated in Table 3.3. 
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The results obtained for all the catalysts indicate the presence of g-FezC and 

some unidentified Fez
+ and Fe3

+ species. Fe304 was also identified for the 

catalysts exposed to a feed containing a water partial pressures exceeding 1 bar. 

The iron carbide identified for these catalysts is the transition phase between 

(hcp) g'-Fez.zC (hcp-+ monoclinic) and (monoclinic) X-FeZ.5C. The Mossbauer 

adsorption spectra of both g'-Fez.zC and X-FeZ.5C reveal the presence of three 

inequivalent magnetic Fe sites with almost similar hyperfine interaction 

parameters. Hence the type of iron carbide formed was confirmed by XRD 

technique (see chapter 3.3.2). 

The Fez
+ and Fe3

+ species observed in all the catalysts could be small crystallites 

of any of the iron phases present in these samples or Fe3
+ inherent from the 

starting material. The total contribution of these small iron crystallites decreases 

with the increase in the water partial pressure. 

In general all the catalysts show g-FezC as a major phase (>44%) for all catalysts 

exposed to a feed with a water partial pressures of up to 2 bar. The fact that the. 

amount of this phase remained almost constant whilst that of Fe3
+ decreased with 

the appearance of Fe304 at 2 bar, implies that there was no re-oxidation of bulk 

iron carbides using a feed containing 2 bar of water, instead the Fe3
+ species 

were converted to magnetite. Removal of the water from the feed after three 

days of run had no effect on the extent of re-oxidation of this catalyst. 

In the catalyst exposed to a feed with a water partial pressures of 3 bar, Fe3
+ was 

further converted whilst about 50% of g-FezC was re-oxidized to Fe304 as 

evidenced by a decrease in both the amounts of Fe3
+ and g-FezC with an 

increase in the amount of Fe304. The Fez
+ remained constant throughout the 

runs. 
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Figure 3.25: The Mossbauer spectra of all the catalysts with various amounts of 

water added to the feed 
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Table 3.3: Hyperfine interaction parameters obtained from the deconvolution 

of the Mossbauer spectra 

Isomer Quadruple 
Magnetic Relative 

Phase 
Sample ID Shift Splitting 

Field 
Absorption Area 

Composition 
(mmls)Fe (mmls) (Intensity) 

0.25 0.22 11.1 

0.25 0.03 17.1 46.8 s-Fe2C 

Base Run Catalyst 0.29 0.04 22 
0.74 1.98 - 9.8 Fe2+ 

0.38 0.81 - 43.4 Fe3+ 

0.25 0.2 11.1 

Catalyst after 1 bar 
0.24 0.01 17.2 44.6 S-Fe2C 

0.28 0.01 22.1 
water addition 

0.78 1.96 - 10.7 Fe2+ 

0.39 0.81 - 44.7 Fe3+ 

0.25 0.33 11.4 

0.24 0.03 17 44.4 S-Fe2C 

0.3 0.01 22 
Catalyst after 2 bar 

0.64 0.05 45.5 7.1 Fe304 
water addition 

0.27 -0.03 48.9 
0.78 2.03 - 11.5 Fe2+ 

0.39 0.78 - 37 Fe3+ 

0.27 0.3 11.4 

0.24 0.03 17.3 45.3 S-Fe2C 

Catalyst after 2 bar 0.34 0.93 30 
water addition and 0.66 0.05 45.5 4.7 Fe304 
removal 0.26 -0.02 48.3 

0.88 1.77 - 11.5 Fe2+ 

0.35 0.87 - 38.5 Fe3+ 

0.41 0.28 11.4 

0.24 0.03 17.1 21.7 S-Fe2C 

0.3 0.01 22 
Catalyst after 3 bar 0.66 0.05 45.5 
water addition 

0.27 -0.03 48.6 50.1 Fe304 

0.78 2.08 - 10.2 Fe2+ 

0.35 0.77 - 18 Fe3+ 
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From these results, it can be concluded that the water in the feed (and thus the 

water partial pressure during Fischer-Tropsch synthesis) has a significant effect 

on the phase composition and the crystallite size of these catalysts. The iron 

species in these catalysts are initially present as small Fe2+/Fe3+ and large s­

Fe2C crystallites. Upon co-feeding of the feed with water at 2 bar the small Fe3+ 

crystallites are partially transformed to large crystallites of magnetite. Above 2 

bar the iron carbide formed during FT gets re-oxidised back to magnetite. 

The Fe2+ and Fe3+ species observed in all the catalysts could be small crystallites 

of any of the iron phases present in these samples or inherent of the starting 

material. Therefore unambiguous identification of the phases associated with 

these small crystallites is necessary for complete quantitative analyses, hence 

Mossbauer adsorption spectra of these samples should be recorded at cryogenic 

temperatures i.e. 80 or 4K. 

3.3.2 XRD Analyses 

The crystal phases present within the catalyst samples were analysed using x­
ray diffraction (XRO). All the samples except one were analysed without 

extracting the catalyst from the wax. The catalyst sample from the 2 bar water 

addition run was extracted with xylene using Soxthlet extraction. The XRO­

spectra are shown in Figure 3.26 and the detected crystal phases in the various 

catalysts and their crystallite sizes are listed in Table 3.4. The peaks of the Fe2C 

and Fe304 phases were distinguished by doing Rietvelt refinement and 

subsequently the Oebye-Scherrer equation was used to determine their 

crystallite sizes. The n-paraffin phases detected in the samples are not included 

in the table. 
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Figure 3.26: XRD spectra of the spent catalyst samples after being exposed to feeds containing various partial pressures 

of water 
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Table 3.4: Phases present in the spent catalyst samples and their crystallite 

sizes according to XRD 

Phase Detected 

Catalyst Sample Fe2C Fe304 

Mass % Crystallite Mass % Crystallite 
size (A) size (A) 

Base Run Catalyst 100 72 0 N/A 
Catalyst after 1 bar water addition 100 75 0 N/A 
Catalyst after 2 bar water addition 81 78 15 >1000 
Catalyst after 2 bar water addition and removal 80 77 20 485 
Catalyst after 3 bar water addition 22 171 78 818 

The presence of magnetite was not detected in the base run and 1 bar water 

catalyst samples. It is however clear from the XRD-spectrum that iron carbide (1::­

Fe2C) is present as a major phase. The spectra of the catalysts that were 

exposed to a feed containing 2 bar water and 2 bar water (added/removed) are 

very similar to those of the base run and 1 bar water catalysts, except for the 

detection of magnetite as a minor phase. Magnetite was still detected in the 

sample, which had been exposed to a feed containing 2 bar of water, which was 

later removed. This indicates that a part of the re-oxidation during water addition 

was permanent or that the experiment was not carried out for long enough to 

reverse the effect of the added water to the feed. Except for the presence of the 

wax phase and the crystallite size, the XRD spectra of the two samples that 

underwent 2 bar water addition are almost identical. 

The XRD spectrum of the catalyst sample that underwent 3 bar water addition 

differs from those of the other samples. Magnetite was detected in this sample as 

a major phase (78 wt%) and iron carbide only as a minor phase. This indicates 

that the addition of 3 bar water to the feed severely re-oxidises the catalyst to 

magnetite. The Fe2C phases on the catalysts that underwent no water addition, 1 

bar water addition, 2 bar water addition and 2 bar water addition and removal has 

within experimental error the same crystallite sizes. The Fe2C phase of the 
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catalyst that underwent 3 bar water addition has a much larger crystallite size of 

171A. This indicates that the catalyst was severely sintered during the addition of 

3 bar water to the feed. 

The sizes of the magnetite crystallites are much larger than those of the Fe2C 

phases. Both catalysts that underwent 2 bar water addition have magnetite 

present. The magnetite crystallite size of the catalyst that underwent 2 bar water 

addition and subsequent removal is too large to detect. This is most probably due 

to it being exposed after Soxthlet extraction. The magnetite crystallite size of the 

catalyst sample that underwent 3 bar water is almost double the size of the 

magnetite crystallite size of the catalyst sample that underwent 2 bar water 

addition. This is again evidence of catalyst sintering at high levels of water 

addition to the feed. 
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4 

DISCUSSION 

4.1 PHASES PRESENT IN THE IRON CATALYST 

The catalyst used during the base run with no water co-feeding is reported to 

have Fe2C as a major phase by both Mossbauer adsorption spectroscopy and 

XRD analyses. Furthermore, magnetite was not detected in the working active 

catalyst exposed to a feed without water. This phase did however start to appear 

at water co-feedings of 2 bar and higher. 

After 1 bar water addition the Mossbauer adsorption spectroscopy analysis 

indicated a negligible decrease in Fe2C phase and the XRD analysis indicated 

the presence of Fe304 as a minor phase. This indicates that even at very small 

amounts of water addition the catalyst structure does change slightly and is 

therefore rather sensitive for a change in water partial pressure. 

With the addition of 2 bar of water to the feed the Mossbauer analyses detected 

a small amount of Fe304, but still no significant decrease in Fe2C. The 

Mossbauer results of the catalyst that underwent 2 bar water addition, which was 

subsequently stopped shows a reduction in the magnetite content. The removal 

of 2 bar of water from the feed restored the catalytic activity. 

The Mossbauer adsorption spectroscopy and XRD results of the catalyst that 

underwent 3 bar water addition differed greatly from the other catalysts. Both 

analyses indicated large decrease in the Fe2C phase and at the same time a 
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large increase in the FeS04 phase. This coincides with a drastic decrease in 

Fischer-Tropsch reaction rate and conversion. It is clear from these results that 

the addition of 3 bar of water to the feed results in bulk re-oxidation of the carbide 

phases present, causing a decrease in reaction rate over and above that of 

kinetic inhibition. 

The transition of Fe2C into magnetite can be formally represented as: 

3Fe2C+11H20 ~ 2Fe304 +3CO+11H2 (4.1) 

Thermodynamically, this reaction is for bulk Fe2C at 240°C only feasible if 

(
PH20J11 'Pc~ > 1.09 (4.2) 
PH2 

(calculated using the data given by Kummer et al.(1948) and Browning et al. 

(1950» 

These conditions were never obtained in these experiments (see Table 4.1). The 

catalyst, however, does not contain bulk iron carbide, but nano-sized iron 

carbide. Thermodynamically the oxidation of nano-sized iron carbide is more 

feasible than the oxidation of bulk iron carbide (van Steen, 2001). 

Table 4.1: Ratio of the partial pressure of carbon dioxide relative to the partial 

pressure carbon monoxide at the end of the various runs and the 

amount of iron present as iron carbide and magnetite in the catalyst 

No water added to feed 
1 bar of water added to the feed 
2 bar of water added to the feed 
2 bar added to the feed and subsequent 
removal 
3 bar added to the feed 
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1.7"10-
1.7"10-8 

3.4"10-8 

2.2"10-12 

% 
46.8 
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21.7 
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4.2 EFFECT OF WATER ON FISCHER-TROPSCH ACTIVITY 

During the experiments the reactor total pressure was not adjusted after the 

addition of water. The partial pressures of H2 and CO in the feed to the reactor 

were thus diluted after water co-feeding started. However, in the reactor the 

partial pressure of hydrogen and carbon monoxide remained similar to that in the 

base run, whereas the water partial pressure in the reactor was increased upon 

increasing the water content in the reactor. In a CSTR, which is a good 

approximation for the type of reactor used in this study, the partial pressures in 

the reactor determine the rate of reaction and not the partial pressures in the 

feed. 

It was observed that the rate of reaction decreased upon adding water to the 

feed. To evaluate the effect that water co-feeding had on the Fisher-Tropsch 

reaction rate, the average Fischer-Tropsch reaction rate was calculated for the 

period after water co-feeding started (96hours on line) until the end of each run. 

The decrease in rate of the Fischer-Tropsch synthesis relative to the rate of the 

Fischer-Tropsch synthesis, when no water was added to the feed, as a function 

of water partial pressure in the reactor is shown in Figure 4.1. The addition of 

water leads to a strong decrease in the rate of the Fischer-Tropsch synthesis. 

Huff and Satterfield (1984) derived a rate expression for the rate of synthesis gas 

conversion based on a mechanistic model. The kinetic constants can be 

determined from a linearised form of the rate expression: 

2 
Pco ' PH2 1 b Pco 'PH2 -------'=---- = - + _. ---"-

- rH2 +co . PH20 a a PH20 
(4.3) 

Figure 4.2 shows the obtained data points in the linearised rate expression. As 

predicted by the rate expression a linear relationship is obtained for the data 

collected with a feed, to which no water was added, and with a feed, to which 1 

bar of water was added. The data points collected with a feed containing 2 or 

more bar of water show a significant deviation from the expected correlation line. 
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Figure 4.1: Effect of water addition to the feed on the decrease in Fischer­

Tropsch reaction rate 

The rate expression proposed by Satterfield and Huff (1984) cannot correspond 

to a physical realistic situation, despite the good correlation obtained for the 

linearised form with the data obtained when the catalyst was exposed to a feed 

containing less than 2 bar water, R2 ::: 0.9611. The obtained intercept for the 

linear correlation, which should correspond to the reciprocal value of the activity 

factor a, is less than zero (similar unrealistic situations are obtained when using 

other linearised forms of the rate expression). 

The observed rate of the Fischer-Tropsch synthesis was fitted to the rate 

expression proposed by van Steen and Schulz (1999). The proposed rate 

expression can be linearised as: 

85 



Univ
ers

ity
 of

  C
ap

e T
ow

n

... --o o 
+ N .: • "'-"" 

-teo 
N :::c 

c.. 
"'-"" ........ 

NN 
:::c 

c.. 
-te o o 
c.. 

150 

100 

50 

o 
o 

Chapter 4 - Discussion 

• No water added to feed 
o 1 bar water added to feed 
t:. 2 bar water added to feed 
+ 2 bar water added/removed 
o 3 bar water added to feed 
o 

20 40 60 

Peo *PH2/PH20, bar 

o 
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Figure 4.2: Graphical test of the linearised form of the rate expression 

describing the rate of hydrogen plus carbon monoxide consumption 

per gram of unreduced catalyst as proposed by Huff and Satterfield 

(1984) (encircled data points correspond to the data obtained, 

when the catalyst was exposed to a feed containing 2 bar of water 

or more) 

(4.4) 

Figure 4.3 shows the fit of the measured data to the linearised form of the rate 

expression. The data obtained in the experiments without the addition of water to 

the feed and with the addition of 1 bar to the feed can be reasonably well 

described by the proposed rate expression. The obtained rate constant, a, and 
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the adsorption constant, b, using only the data, when the catalyst was exposed to 

a feed containing less than 2 bar of water, are given in Table 4.2. The value for 

the activity obtained in this study (a=2.2 10-4 J.1mol/(bar1.
5 g s» is much higher 

then that reported by van Steen and Schulz (1999) for a precipitated iron catalyst 

(100 Fe/37 A120;J3 Cu/2 K20, which was tested at 250°C, but similar to the value­

reported by Claeys (1997) for a precipitated iron catalyst (100 Fe 113 A120;J10 

CuI 5 K20). which was also tested at 250°C. The value obtained for the 

adsorption constant (b=0.04 ba(1) is similar in all three studies. 

Table 4.2: Kinetic parameters obtained from the linearised form of the rate 

expression describing the rate of the Fischer-Tropsch synthesis 

using the data obtained without water in the feed and with 1 bar of 

water in the feed (data given with 95% confidence interval) 

a, J.1mol/{g s bar1.5) b, bar-1 R2 

0.217 ± 0.037 3.9'10· ± 0.038'10- 0.9467 

The addition of 2 bar of water to the feed. and even more in the case of the 

addition of 3 bar of water to the feed leads to a deviation in the plot. The 

observed rate is much less than the expected rate of reaction based on the 

proposed rate expression. The Mossbauer analysis showed that the phase 

composition in the catalyst exposed to a feed containing 1 bar of water is similar 

to that of the catalyst exposed to a feed without water. The catalyst samples 

exposed to a feed with a larger amount of water had significant amounts of 

magnetite in it. 

It is generally believed (Amelse et al., 1978; Raupp and Delgass, 1979, Dictor 

and Bell, 1985; Datye et al., 2000) that iron carbide is the catalytically active 

phase, whereas magnetite is relative inert. 
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Figure 4.3: Graphical test of the linearised form of the rate expression 

describing the rate of the Fischer-Tropsch synthesis (equals the 

rate of formation of organic product compounds on carbon basis) 

per gram of unreduced catalyst as proposed by van Steen and 

Schulz (1999) (encircled data points correspond to the data 

obtained, when the catalyst was exposed to a feed containing 2 bar 

of water or more) 
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Figure 4.4 shows a graphical test for the rate of the Fischer-Tropsch synthesis 

per gram of Fe2C as determined by Mossbauer adsorption spectroscopy. It is 

assumed here in the calculation of the rate of the Fischer-Tropsch synthesis, that 

Fe2C content in the catalyst changes immediately, when the catalyst is exposed 

to a particular feed. A clear deviation can still be observed for the data points 

corresponding to the times that the catalyst was exposed to a feed containing 2 

or more bar of water. The deviation from the correlation is however significantly 

reduced in comparison to the analysis, in which the rate of reaction per gram of 

unreduced catalyst was considered. 
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en 
o 
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D 1 bar water added to feed 
f:l2 bar water added to feed 
+ 2 bar water added/removed 
03 bar water added to feed 

20 40 60 80 
Peo *PHiPH20' bar 

100 

Figure 4.4: Graphical test of the linearised form of the rate expression 

describing the rate of the Fischer-Tropsch synthesis (equals the 

rate of formation of organic product compounds on carbon basis) 

per gram of Fe2C as proposed by van Steen and Schulz (1999) 

(encircled data points correspond to the data obtained, when the 

catalyst was exposed to a feed containing 2 bar of water or more) 
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It must however be realised that the rate of reaction is proportional to the surface 

area of the active phase, which is not necessarily linearly related to its mass. 

Figure 4.5 shows a graphical test for the rate of the Fischer-Tropsch synthesis 

per gram of Fe2C as determined by Mossbauer adsorption spectroscopy. A 

correction for a loss in surface area of the iron carbide has been made as 

determined from the average crystal size of Fe2C using XRD. The crystallites are 

assumed to be spherical. It is also assumed in the calculation of the rate of the 

Fischer-Tropsch synthesis, that Fe2C content in the catalyst and the crystallite 

size of the Fe2C changes immediately, when the catalyst is exposed to a 

particular feed. 
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Figure 4.5: Graphical test of the linearised form of the rate expression 

describing the rate of the Fischer-Tropsch synthesis (equals the 

rate of formation of organic product compounds on carbon basis) 

per gram of Fe2C corrected for a loss in surface area as proposed 

by van Steen and Schulz (1999) 
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The deviation from the model is for the data point corresponding to times when 

the catalyst was exposed to a feed containing 2 bar of water is greatly reduced 

by taking crystal growth into account. The deviation for the data points 

corresponding to the times that the catalyst was exposed to a feed containing 3 

bar of water is also greatly reduced, but seems to be over-corrected. This is 

possibly due to the assumption that the Fe2C content in the catalyst changes 

instantaneously when the catalyst is exposed to 3 bar water addition. The results 

here strongly support the hypothesis that iron carbide is the active phase. 

4.3 EFFECT OF WATER ON WATER GAS SHIFT ACTIVITY 

The water-gas-shift reaction rate did not seem to be affected by a change in the 

water partial pressure in the reactor. Only a few rate expressions have been 

proposed to describe the rate of C02-formation (rate of water-gas shift reaction) 

under Fischer-Tropsch conditions over a precipitated iron catalyst. Van der Laan 

and Beenackers (2000) proposed two rate expressions, which can be linearised 

to become: 

(4.4) 

Peo ,PH20 

~PH2 1 K1 K3 
-.....::---=-------- = + . Peo + . PH20 

~~ ~W~ ~W~ ~W~ 

(4.5) 
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The partial pressure of carbon monoxide changed relatively little. Hence a plot of 

the linearised form of equation 4.4, assuming a constant partial pressure of CO, 

should give a straight line (see Figure 4.6). A detailed multi-variable linear 

regression was performed as well. A reasonably good correlation was obtained 

(R2 = 0.9659). However, the calculated intercept was within the 95% confidence 

interval less than zero. Hence, this rate expression must be rejected. A similar fit 

was obtained with equation 4.5. 
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Figure 4.6: Graphical test of the linearised form of the rate expression 

describing the rate of the water gas shift reaction per gram of 

unreduced catalyst as proposed by van van der Laan and 

Beenackers (2000) 
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4.4 SELECTIVITY OF THE FISCHER-TROPSCH SYNTHESIS 

The observed changes in the selectivity of the Fischer-Tropsch synthesis were 

mainly attributed to a reduction in the secondary reactions leading to a lower 

chain growth probability, decreased paraffin formation and decreased double 

bond isomerisation. 

The chain growth probability decreases when the reactor water partial pressure 

increases. This was seen in both the light and heavy products. Again, the 

addition of 3 bar water in the feed to the reactor had a more drastic affect on the 

chain. growth probability than 1 and 2 bar water addition. If water re-oxidises the 

active carbide phases on the catalyst to inactive oxide phases this result might 

have been expected. With less active phases present there will be a lower 

probability for readsorption of olefins and therefore the chain growth probability 

will decrease. 

Figure 4.7 shows the behaviour of chain growth probability (a) as determined 

from the ASF plot for the products between C4 and C10 as a function of synthesis 

gas conversion. The encircled data points indicate the first 100 hours on line 

when the catalyst phases were still stabilising. At a conversion below 10% (3 bar 

water addition) the chain growth probability experiences a drastic decrease 

compared to that of 20% and above. This indicates that, in addition to the 

conversion effect, the chain growth probability is decreased as a result of a 

decrease in active sites on the catalyst surface. This supports the theory of olefin 

readsorption as there would be less probability of readsorption as the number of 

active sites decreases with catalyst deactivation (through re-oxidation). 
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Figure 4.7: Chain growth probability in the range C4 - C10 from the product 

analysis of the hot tail gas as a function of synthesis gas 

conversion (encircled data points are from before 100 hours on 

line) 

Water co-feeding had a negligible effect on the paraffin content in the fraction of 

C3-hydrocarbons. A plausible reason for this is that negligible readsorption 

occurs in the case of short chain hydrocarbons and the paraffins that were 

formed are therefore mainly primary products. Water co-feeding significantly 

decreases the amount of paraffins in the fraction of linear hydrocarbons at high 

carbon numbers. A systematic decrease in the paraffin content could however 

not be detected and a plot of paraffin content as a function of conversion did not 

reveal a trend. The inhibition of the formation of paraffins by secondary reactions 

at higher water partial pressures may indicate a deactivation of the catalyst. 
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Also the double bond isomerisation is inhibited by water as evidenced by the 

strong decrease of the content of internal olefins in the fraction of linear olefins 

with the introduction of water in the feed. As with the paraffin content, a 

systematic decrease in the molar ratio of the internal olefins relative to all linear 

olefins could not be detected and a plot of the internal olefin content as a function 

of conversion did not reveal a trend. 

Oxygenates formed in Fischer-Tropsch are mainly n-aldehydes and n-alcohols­

(1) and to a lesser extent methyl ketones, secondary alcohols, carboxylic acids 

and esters. On the FlO analyses of the tail gas only alcohols up to carbon 

number 5 were detected. The FlO peaks of the alcohols in the tail gas also 

became more inaccurate with increasing carbon number. Alcohols were however 

detected easily in the oil fraction. 

In analogy to olefins oxygenates can readsorb on a catalyst surface and undergo 

secondary reactions, namely dehydration yielding olefins, hydrogenation to form 

a paraffin and incorporation into growing chains as shown in co-feeding 

experiments (Kummer et al., 1951; Kummer, 1953). The selectivity for methanol 

and tetradecanol increased with increasing water content in the feed. This 

increase was gradual over a period of 100 hours and most prominent at 3 bar 

water addition. 

Figure 4.8 shows the behaviour of methanol selectivity as a function of synthesis 

gas conversion. The encircled data pOints indicate the first 100 hours on line 

when the catalyst phases were still stabilising. At conversions below 10% (3 bar 

water addition) the methanol selectivity experiences a drastic increase compared 

to that of 20% and above. An identical trend is obtained when the mass ratio of 

tetradecanol to all hydrocarbons in C14 in the oil fraction was plotted as a function 

of conversion. This indicates that, in addition to the conversion effect, the alcohol 

selectivity is increased as a result of a decrease in active sites on the catalyst 

surface. 
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Figure 4.8: Methanol % C-atom selectivity (with regard to CO converted to all 

products excluding C02) as a function of synthesis gas conversion 

(encircled data points are from before 100 hours on line) 

These results may support the theory of oxygenate readsorption as there would 

be less probability of readsorption as the number of active sites decreases with 

catalyst deactivation (through re-oxidation). This may well be evidence that 

alcohol readsorption leads mainly to chain growth and paraffin formation. 
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5 

CONCLUSIONS 

The effect of the addition of water to the feed of the Fischer-Tropsch reactor was 

investigated. The addition of water to the feed resulted in a change in the water 

partial pressure, but the partial pressure of the reactants CO and H2 and the 

partial pressure of the product C02 remained almost constant. The addition of 

water to the feed resulted in a decrease in the partial pressure of the co-fed inert 

compounds and the organic product compounds. 

The increase in the water partial pressure resulted in a change in the phases 

present in the catalyst. It was shown by both Mossbauer and XRD analyses that 

the spent base case catalyst (no water co-feeding) had Fe2C present as the 

major phase. In addition, these analyses indicated that the spent catalyst that 

underwent 3 bar water addition contains magnetite as a major phase, which 

coincided with a drastic decrease in Fischer-Tropsch reaction rate and 

conversion. This strongly supports the argument which states that iron carbides 

are active for the Fischer-Tropsch synthesis and magnetite is inactive. The 

addition of 1 and 2 bar water to the feed did not lead to a drastic change in the 

catalyst structure, but did however show that it is very sensitive for small changes 

in water partial pressure. Hence, the addition of two bar water to the feed did 

cause a decrease in Fischer-Tropsch conversion and reaction rate, but upon 

removal of water the catalytiC activity was almost fully restored. Evidence of 

catalyst sintering at 3 bar water addition was obtained from XRD analyses. 
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Chapter 5 - Conclusions 

The reaction rate data generated during this study fitted the rate expressions 

proposed by both Satterfield and Huff (1984) and van Steen and Schulz (1999) 

well when the catalyst was exposed to a feed containing less than 2 bar water. 

The addition of 2 bar water to the feed and even more so, the addition of 3 bar 

water did however lead to a deviation in the plot. Calculating the reaction rate of 

Fischer-Tropsch synthesis per gram of Fe2C significantly reduced this deviation, 

which again suggests that the Fe2C crystallites are the active sites for Fischer­

Tropsch synthesis. Furthermore, when catalyst surface area loss is taken into 

account due to crystal growth the deviation even at 3 bar water addition is very 

little again showing evidence of catalyst sintering at high water partial pressures. 

The water-gas-shift reaction rate was not affected by any amount of water co­

feeding. This is however not surprising as the WGS reaction is far from 

equilibrium at the conditions at which the experiments were done. 

The changes in the selectivity of the Fischer-Tropsch synthesis were mainly 

attributed to a reduction in the secondary reactions leading to a lower chain 

growth probability. decreased paraffin formation and decreased double bond 

isomerisation. Alcohol selectivity was however enhanced by the addition of 

water. The selectivity results obtained during this study support the following 

theories: 

.. Negligible olefin read sorption occurs at low carbon numbers 

.. Paraffins form both as primary and secondary products 

.. Internal olefins form mostly as secondary products 

.. Alcohol readsorption leads mainly to chain growth and paraffin formation 

Evaluation of the chain growth probability and alcohol selectivity as a function of 

synthesis gas conversion revealed that the decrease in product readsorption is 

not only caused by a decrease in conversion after water addition, but also by a 

decrease in active iron carbide sites which are reoxidised to inactive magnetite. 
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APPENDIX A 

Ai. Calculation of feed gas water partial pressure 

The molar flow rate of a component in the feed is calculated from the TCD peak 

areas and composition of the calibration gas and the TCD peak areas of the feed 

gas ampoule by the following equation: 

"I A' I ,vI CG% x x CGA Ar Flow Ar X FGAx 
1¥10 arr ,ow = X --.:.::.:.----=.:.... 

CGAx xCG%Ar FGAAr 

Where: 

Molar flow: The molar flow rate of a component x in moles/s 

CG%: Mole percent of component in calibration gas 

CGA: TCD peak area of component in calibration gas 

Flow: Molar flow of component in moles/s 

FGA: TCD peak area of component in feed gas 

Typical molar flow rates of the components in the feed during this study were 

calculated in Table A1 using a representative ampoule TCD analysis. 

Table Ai. 

Calibration Gas Calibration Gas Feedgas TCD Feed Gas Molar 
Component Composition TCD Peak Areas Peak Areas Flow Rate 

Mole % mole/s 

H2 39.99 148.3 100.6 4.52E-04 
Ar 10.02 237.0 99.0 6.97E-05 

N2 5 111.0 6.6 4.98E-06 
CO 19.97 427.5 319.3 2. 48E-04 
CH4 15.01 282.2 114.9 1.02E-04 

CO2 10.01 274.0 11.7 7.13E-06 
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Water is a sub-cooled liquid at 20 bar and 25°C with a density of 994,9kg/m3
• If 

water is added at a flow rate of x /-Ll/min at these conditions the mass flow rate 

can be calculated as follows: 

x 
mwater 

p 

and the molar flow rate as follows: 

M 
mwater 

water = 
Mrwater 

The molar flow rate for 50j.ll/min of water was calculated in table A2. 

Table A2. 

Water Water 
Water Flow rate Density Flow rate Mr Flow rate 

w/min I m3ls kg/m3 kg/s kg/mol molls 
50 I 8. 33E-1 0 994.9 8.29E"()7 0.018 4.61E"()5 

After heating the feed stream to 240°C the water is a superheated vapour at 20 

bar. The molar flow rate of all the components stay constant and the partial 

pressures of the components are calculated as follows: 
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Table A3. 

Com Mole Fraction Partial Pressure 

4.52E-04 0.49 9.7 
Ar 6.97E-05 0.07 1.5 

N2 4.98E-06 0.01 0.1 
CO 2.48E-04 0.27 5.3 

CH4 1.02E-04 0.11 2.2 

CO2 7.13E-06 0.01 0.2 

Therefore, the water partial pressure in the feed is increased to 1 bar if 50ml/min 

of water is co-fed to the reactor. Table A4 and A5 show the different flow rates of 

water used during the runs and the effect they had on the feed partial pressures 

and molar flow rates of the other component. 

TableM. 

Component 

Ar 

CO 

% Decrease 

in CO and H2 

Partial 
Pressure 

Partial pressure of component in the feed, bar 
Base run 50 co-fed 100 co-fed 175 I co-fed 

1 9.72 9.26 8.65 
1.50 1.43 1.33 
0.11 0.10 0.10 
5.34 5.09 4.75 
2.19 2.09 1.95 

0.15 0.15 0.14 

1.0 1.9 3.1 

1.82 1.82 1.82 

0 5.0 9.4 15.4 
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Table AS. 

Molar percentage of component in the feed 
Component Base run 50u,! co-fed 100u,! co-fed 175u,! co-fed 

H2 51.12 48.59 46.30 43.24 

Ar 7.89 7.50 7.15 6.67 

N2 0.56 0.53 0.51 0.48 
CO 28.11 26.71 25.45 23.77 
CH4 11.51 10.94 10.43 9.74 

CO2 0.81 0.77 0.73 0.68 

H2O 0 5.0 9.4 15.4 
HiCORatio 1.82 1.82 1.82 1.82 

A2. Calculation of reactor water partial pressure 

The flow rates of CO and C02 in the feed and tail gas are calculated from the 

TCD peak areas as in section A1. For every mole of hydrocarbon formed in the 

FT synthesis one mole of water is formed. The molar flow rate of water formed by 

the FT reaction can therefore be calculated as follows if the WGS reaction is 

taken into account: 

where: 

FT 

V H 20 :: normalised volumetric flow rate of the water produced by the FT 

reaction 

F 

V CO :: normalised volumetric flow of CO in the feed gas 
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T 

V co = normalised volumetric flow rate of CO in the tail gas 

F 

V CO2 ::: normalised volumetric flow rate of C02 in the feed gas 

T 

V cO2 ::: normalised volumetric flow rate of C02 in the tail gas 

The flow rate of the water that is co-fed to the reactor is measured. Therefore, 

the total water flow rate in the tail gas is calculated as follows: 

. Total . FT . co-fed 

V H 20 = V H 20 + V H 20 

If the reactor is assumed to be well mixed the water partial pressure in the tail 

gas will be equal to the water partial pressure in the reactor. The reactor water 

partial pressure can therefore be calculated as follows: 

where: 

PH20 = water partial pressure in the reactor 

Total 

V H20 ::: normalised total volumetric flow rate of water on the tail gas 

V Total = normalised total tail gas flow rate 

P T = total reactor pressure 
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APPENDIX B 

The data gathered during the 5 experimental micro reactor runs are presented in 

this section. 
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Table 81. Experimental data for Run 1 (Base run) 

Period: 1 2 :5 4 5 6 7 8 9 10 11 12 13 

lime: 14:00 08:30 14:00 13:00 08:45 14:30 08:50 08:20 08:30 09:30 14:30 13:30 08:10 

Sli moo speed I 'Pm 450 450 450 450 450 450 450 450 450 450 450 450 450 

Reactor Pressure niel bar 20.1 20.1 20.1 20.1 20 20.1 20.1 20.1 20.1 20.1 20.1 20 20.1 

Reactor Temperature 'C 240.1 240 240 240 239.8 240 240 240 240 240 240 240 240 

Measured indicator temp. 'C 240 239.43 239.44 239.43 239.4 239.4 239.44 239.4 239.4 239.44 239.4 239.4 239.4 

Hot condensate pot temp 'C 190 190 190 190 190 190 190 190 190 190 190 190 190 

Hot condensate line temp 'C 200 200 200 200 200 200 200 200 200 200 200 200 200 

Sample point temp 'C 220 220 220 220 220 220 220 220 220 220 220 220 220 

APGllow Brooks % 26.19 26.18 26.18 26.18 26.18 26.11 26.18 26.2 26.18 26.2 26.2 26.18 26.19 

Arflow Brooks % 18.15 18.01 18.07 18.07 18.07 18.07 18.05 18.05 18.08 18.09 18.01 18.08 18.06 

HOi trap drainings ifg] 12.04 11.57 59.38 52.43 2.03 8.99 35.66 50.08 52.65 52.93 58.97 46.47 37.92 

Cold trap drainings ![Q] 10.86 57.19 144.30 104.43 2.45 20.73 81.78 102.64 106.77 111.55 128.33 100.18 81.31 

Water drained ilal 40.08 88.87 83.61 67.76 86.13 88.62 92.37 105.85 82.44 66.48 

Oil drained I[Q] 15.98 24.10 19.64 12.74 16.13 17.26 18.15 22.14 16.62 13.66 

Drain lime 14:30 09:10 14:25 13:40 09:00 14:30 09:40 08:50 09:00 10:10 14:50 13:50 08:50 
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Table 82. Experimental data for Run 2 (1 bar water added) 

Period: 1 2 3 4 5 6 7 8 9 

Time: 15:00 08:10 10:30 09:00 08:30 16:30 08:40 08:50 08:30 

Stirring speed rpm 450 450 450 450 450 450 450 450 450 

Reactor Pressure Inlet bar 20 20.2 20.2 20 20 20.1 20.1 20.1 20 

Reactor Temperature °C 240 240 240 240 240 240 240 240 240 

Measured indicator temp. °C 239.5 239.5 239.4 239.4 239.4 239.4 239.4 

Hot condensate pot temp °C 190 190 190 190 190 190 190 

Hot condensate line temp °C 200 200 200 200 200 200 200 200 200 

Sample point temp °C 220 220 220 220 220 220 220 220 220 

APGflow Brooks % 26.20 26.20 26.20 26.20 26.20 26.18 26.21 26.19 26.19 

Arflow Brooks % 18.10 18.10 18.10 18.10 18.10 18.05 18.10 18.08 18.1 

Hot trap drainings [g] 8.30 2.18 49.40 55.45 58.75 17.90 32.31 40.26 

Cold trap drainings [g] 10.36 54.00 107.84 107.13 114.08 43.22 112.37 160.55 

Water drained [g] 38.37 74.22 87.19 93.40 36.42 98.03 141.81 124.54 

Oil drained [g] 14.85 20.86 18.95 19.70 6.14 13.60 18.02 17.18 

Drain time 15:15 08:30 11:00 09:30 09:30 16:50 09:20 09:20 09:00 

Water Addition mVmin 0 0 0 0 0 0.05 0.05 0.05 0.05 

Note: Water co-feeding started at 96 hours on line. 
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Table 83. Experimental data for Run 4 (2 bar water added) 

Period: 1 2 3 4 5 6 7 8 9 10 11 12 13 

lime: 14:00 12:30 12:50 08:40 08:30 15:10 08:40 16:00 08:50 16:05 08:35 15:35 12:00 

Stirring speed rpm 450 450 450 450 450 450 450 450 450 450 450 450 450 

Reactor Pressure nle! bar 20 20 20 20 20 20.1 20.1 20 20 20 19.9 19.9 20.1 

Reactor Temperall.re ·C 240 240 240 240 240 240 240 240 240 240 240 240 240 

Measured indicator temp. ·C 239.5 239.6 239.6 239.6 239.6 239.6 239.6 239.6 239.6 239.6 239.6 239.6 239.6 

Hot condensate pot temp ·C 190 190 190 190 190 190 190 190 190 190 190 190 190 

Hot condensate Hne temp ·C 200 200 200 200 200 200 200 200 200 200 200 200 200 

Sal'l'lPie point temp ·C 220 220 220 220 220 220 220 220 220 220 220 220 220 

APGlIow Brooks % 26.18 26.18 26.18 26.24 26.17 26.18 26.17 26.18 26.18 26.18 26.18 26.17 26.17 

Arllow Brooks % 18.01 18.08 18.08 18.07 18.00 18.08 18.07 18.08 18.08 18.08 18.08 18.08 18.07 

Hot trap drainlnas faJ 8.47 49.13 50.66 62.31 17.52 41.65 11.28 19.05 7.37 15.25 5.43 15.82 

Cold trap drainings [g] 9.91 76.89 104.95 94.94 117.04 30.85 146.46 59.61 134.00 56.63 126.53 53.65 157.96 

Water drained fiI] 55.69 85.15 78.14 96.09 25.25 131.81 54.27 123.72 52.40 118.01 49.26 147.72 

Oil drained ral 20.73 18.77 16.20 19.92 5.08 13.66 4.63 9.46 3.48 7.68 2.96 9.43 

Drain time 14:00 12:50 13:00 08:55 08:50 15:00 08:50 16:10 08:50 16:00 08:40 15:40 12:15 

Water Addition mVmin 0 0 0 0 0 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Note: Water co-feeding started: 96 hours on line 
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Table 84. Experimental data for Run 3 (3 bar water added) 

Period: 1 2 3 4 5 6 7 8 9 10 11 12 13 

lime: 15:15 08:10 08:40 10:45 11:30 20:30 08:20 16:00 08:30 15:25 08:30 15:40 08:40 

Stinil'\!l speed rpm 450 450 450 450 450 450 450 450 450 450 450 450 450 

Reactor PresslI'6 Inlet bar 20.1 20.1 20.1 20.1 20.1 19.9 20 20 20 20 20 20 20 

Reactor Temperatll'6 ·C 240 240 240 240 240 240 240 240 240 240 240 240 240 

Measll'6d indicator temp. ·C 239.5 239.5 239.6 239.6 239.6 239.6 239.5 239.5 239.5 239.5 239.5 239.5 239.5 

Hot condensate pot temp ·C 190 190 190 190 190 190 190 190 190 190 190 190 190 

Hot condensate line temp ·C 200 200 200 200 200 200 200 200 200 200 200 200 200 

Sample point temp ·C 220 220 220 220 220 220 220 220 220 220 220 220 220 

APGflow Brooks % 26.20 26.20 2620 26.17 26.17 26.15 26.18 26.16 26.18 26.1 26.18 26.16 26.15 

Arflow Brooks % 18.08 18.09 18.08 18.04 18.05 18.00 18.05 18 18.05 18.03 18.06 18.05 18.06 

Hot trap drainings [g] 0.95 34.91 49.05 54.20 62.64 16.57 10.62 2.30 3.22 0.88 2.14 0.00 2.16 

Cold trap dralnings [gl 17.97 56.31 96.52 114.62 111.12 83.18 137.32 80.76 175.37 76.20 181.80 74.14 176.95 

Water drained ra] 41.43 76.37 93.15 91.33 76.26 131.19 77.52 170.74 73.79 177.51 72.19 173.66 

011 drained [g] 15.05 19.37 20.33 18.85 6.04 5.03 2.13 3.48 1.24 3.30 1.18 2.43 

Drain time 15:30 08:45 09:30 11:20 12:10 20:30 09:00 16:20 08:30 15:40 09:00 15:45 09:00 

Water Addition mVmin 0 0 0 0 0 0.175 0.175 0.175 0.175 0.175 0.175 0.175 0.175 

Note: Water co-feeding started: 96 hours on line 
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Table 85. Experimental data for Run 5 (2 bar water added and removed) 

Period: 1 2 

Time: 15:15 08:00 

Stirring speed rpm 450 450 

Reactor Pressure Inlet bar 19.8 20.1 

Reactor Temperature °C 239.9 240 

Measured indicator temp. °C 

Hot condensate pot temp °C 190 190 

Hot condensate line temp °C 200 200 

Sample point temp °C 220 220 

APGflow Brooks % 26.24 26.24 

Arflow Brooks % 18.05 18.08 

Hot trap draiJings [g] 1.31 

Cold trap drainings [g] 13.96 50.37 

Water drained [g] 35.81 

Oil drained [g] 11.45 

Drain time 15:15 08:20 

Water Addition mVmin 0 0 

Note: Water co-feeding started: 96 hours on line 

Water co-feeding stopped: 170 hours on line 

3 4 5 

09:45 09:25 12:30 

450 450 450 

20 20 20 

239.9 240 240 

190 190 190 

200 200 200 

220 220 220 

26.24 26.23 26.24 

18.09 18.09 18.10 

47.92 64.73 72.73 

110.75 117.04 138.91 

91.77 97.42 114.56 

18.25 18.74 23.33 

10:00 09:40 12:50 

0 0 0 
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6 7 8 9 10 

11:20 07:30 08:25 07:50 09:00 

450 450 450 450 450 

20.1 20.1 20 20 20 

240 240 240 240 240 

190 190 190 190 190 

200 200 200 200 200 

220 220 220 220 220 

26.24 26.23 26.25 26.25 26.25 

18.10 18.10 18.1 18.1 18.1 

49.07 20.56 34.55 51.45 20.63 

187.99 160.31 181.96 86.37 98.11 

169.82 148.32 170.05 74.43 82.14 

17.25 10.76 11.09 11.12 15.07 

11:50 08:20 09:00 08:15 09:15 

0.1 0.1 0.1 0 0 
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APPENDIXC 

The results for calculations done from the TeD analyses are given in this section. 
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Table C1. Results obtained from TeO analyses for Run 1 (Base Run). 

Time on Une, In 2 I 3 4 5 7 24 J 28 53 76 102 120 143 168 193 222 245 253 
Calculated Syngas GHSV (ml(n) I g.cat I hr) 2800 2800 2800 2800 2800 2896 2896 2823 2877 2722 2702 2807 2763 2852 2790 2700 2862 
Calculated APG GHSV (mI(n) I g.call hr) 3238 3238 3238 3238 3238 3112 3112 3289 3102 3148 3128 3017 3198 3066 3228 3126 3312 
Reactor Feedgas Flow Rates (ml(n) I &1 
H2 10.00 10.00 10.00 10.00 10.00 9.61 9.61 10.20 9.55 9.90 9.74 9.45 10.10 9.79 10.24 9.82 10.45 
CO 5.SS 5.SS 5.SS 5.SS 5.55 5.37 5.37 5.48 5.23 5.22 5.27 5.03 5.25 4.94 5.26 5.18 5.45 
SYNGAS 15.58 15.58 15.58 15.58 15.58 14.98 14.98 15.68 14.87 15.12 15.01 14.49 15.35 14.73 15.50 15.00 15.90 
CH4 2.27 2.27 2.27 2.27 2.27 2.16 2.16 2.30 2.19 2.21 2.20 2.14 2.27 2.16 2.27 2.21 2.33 
CO2 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.18 0.16 0.16 0.15 0.14 0.15 0.14 0.16 0.16 ~QJ!...... 
Reactor Tall Gas Flow Rales (ml(n I s 

---
H2 7.67 7.12 7.47 7.49 7.28 6.98 6.76 6.76 6.57 6.99 6.93 6.79 6.90 7.10 7.30 6.99 7.12 
CO 2.76 2.45 2.53 2.51 2.24 2.49 2.48 2.62 2.74 3.18 3.23 2.95 3.07 3.03 3.16 3.29 3.18 
SYNGAS 10.44 9.57 10.00 10.00 9.50 9.47 9.25 9.35 9.32 10.17 10.16 9.74 9.98 10.14 10.46 10.27 10.30 
CH4 2.35 2.18 2.35 2.39 2.35 2.32 2.28 2.29 2.27 2.21 2.28 2.23 2.26 2.28 2.43 2.25 2.27 
CO2 1.15 1.08 1.23 1.27 1.30 1.21 1.14 0.85 0.73 0.46 0.50 0.49 0.49 0.49 0.58 0.50 0.50 
H2O 0.81 1.25 0.87 0.82 1.04 0.77 0.93 1.52 1.34 1.45 1.34 1.39 1.49 1.21 1.31 1.20 1.59 
HC's 0.58 0.76 0.81 0.60 0.69 0.58 0.60 0.73 0.61 0.58 0.54 O.SS 0.61 0.48 0.51 0.50 0.67 
Ar 1.SS I.SS 1.55 I.SS I.SS I.SS I.SS I.SS I.SS I.SS I.SS I.SS I.SS 1.55 I.SS I.SS I.SS 

Reactor Partial Pressures bar) -H2 9.08 8.68 8.97 9.00 8.82 8.79 8.60 8.28 8.30 8.51 8.46 8.51 8.43 8.80 8.68 B.58 8.43 
Reactor Partial Pressures barl-CO 3.27 2.99 3.04 3.02 2.72 3.14 3.15 3.21 3.47 3.87 3.95 3.70 3.75 3.75 3.75 4.04 3.77 
Reactor Partial Pressures bar] -H2O 0.96 1.53 1.05 0.98 1.26 0.9~_ ~- 1.86 1.70 1.76 1.63 1.75 1.82 1.50 1.58 -- 1.47 1.89 
Reactor Partial Pressures bar] -CO2 1.35 1.32 1.48 1.63 1.58 1.52 1.44 1.05 --0.92" -O.SS- 0.61 ii~6r- '-0:60-- 0.61 -0.66 0.82 0.59 
% Comerslon - H2 23.28 28.86 25.31 25.17 27.46 27.40 29.60 33.72 31.87 29.35 28.87 28.19 31.86 27.46 28.69 28.88 31.90 
% Conll8l'Sion - CO 50.28 SS.86 54.44 54.78 59.87 53.54 53.78 52.25 47.49 39.19 35.68 41.45 41.43 35.59 39.97 35.51 41.63 
% Conll8l'Sion - SYNGAS 32.92 35.49 35.71 35.73 35.96 35.77 35.27 40.20 37.35 32.76 32.32 32.79 34.99 31.19 32.51 31.51 35.23 
% Conll8l'Sion - CO+C02 32.43 39.21 35.09 34.73 39.18 33.98 35.53 39.95 35.61 33.45 32.04 34.SS 34.90 31.58 32.47 29.81 35.43 
FT Reaction Rate (mole CO I g.call s) 3.81E.06 4.45E.06 4.13E.06 4. 13E.06 4. 51 E.06 4.09E.06 4.28E.06 4.69E.06 4. 13E.06 3.68E.06 3.61E.06 3.53E.06 3.99E.06 3.42E.06 3.75E.06 3.52E.06 4.17E.06 
WGS-Reaction Rete mole CO2 formed I g.cat I s 2.21E.06 2.oee-oo 2.4OE-OO 2.48E-OO 2.54E.06 2.34E-OO 2.19E.06 1.51E-OO 1.27E-OO 6.69E.o7 7.61E.o7 7.74E.o7 7.55E.o7 7.75E.o7 6.soe.o7 7.74E.o7 7.54E.o7 
WGS RaIeiFT Rete 0.56 0.46 0.58 0.60 0.58 0.57 0.51 0.32 0.31 0.18 0.22 0.22 0.19 0.23 0.23 0.22 0.18 
H21CO-Feed Rallo 1.60 1.60 1.60 1.60 1.60 1.79 1.79 1.B6 1.86 1.69 1.85 1.88 1.92 1.98 1.95 1.90 1.92 
H21CO-Reaclor Rallo 2.78 2.90 2.95 2.98 3.24 2.60 2.73 2.58 2.40 2.20 2.14 2.30 2.25 2.34 2.31 2.13 2.24 
% CO (Of lotal Reacted Conwrted 10 CO2 35.51 29.79 35.54 35.59 34.34 35.54 33.94 23.SS 22.92 14.65 17.18 16.54 15.77 18.23 18.76 18.35 14.90 
Usage Retlo (Della H2 I Delta CO) 0.63 0.93 0.64 0.63 0.63 0.92 0.99 1.20 1.24 1.42 1.35 1.28 1.47 1.41 1.40 1.50 1.47 
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Table C2. Results obtained from TeO analyses for Run 2 (1 bar water added). 

lime on Line (h) 2 3 I 5 I 22 I 49 71 I 95 I 103 I 119 I 143 I 149 I 167 
Calculated Syngas GHSV (ml(n) I g-cat I hr) 2624 2624 2624 2689 2719 2695 2797 2794 2737 2734 2734 2822 

~ 
3039 3039 3039 3111 3141 3115 3222 3216 3147 3136 3136 3238 

9.53 9.53 9.53 9.75 9.79 9.73 10.08 10.00 9.76 I 9.69 I 9.69 I 10.18 
CO 5.05 5.05 5.05 5.19 5.31 5.25 5.46 5.52 5.44 

~ SYNGAS 14.58 14.58 14.58 14.94 15.11 14.97 15.54 15.52 15.21 
CH4 2.15 2.15 2.15 2.18 2.18 2.17 2.20 2.18 2.13 
CO2 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.14 
Reactor Tail Gas Flow Rates (ml(n) Is) 
H2 7.78 7.61 7.47 7.01 6.57 6.54 6.58 7.15 .93~ CO 2.92 2.70 2.55 2.59 2.82 2.92 3.05 3.43 3.44 
SYNGAS 10.70 10.31 10.02 9.59 9.39 9.46 9.63 10.58 10.38 
CH4 2.37 2.32 2.33 2.29 2.23 2.24 2.20 2.19 2.12 2.13 2.20 2.20 
CO2 1.00 1.08 1.15 1.09 0.71 0.63 0.58 0.58 0.49 O.SO 0.47 0.47 
H2O [produced] 0.32 O.SO 0.51 0.75 1.39 1.38 1.56 1.25 1.31 1.07 1.08 1.14 
H20 [co-fed] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.03 1.03 1.03 1.03 1.03 
H20 [total] 0.32 O.SO 0.51 0.75 1.39 1.38 1.56 2.28 2.34 2.10 2.11 2.17 
HC's 0.33 0.42 0.44 0.52 0.63 0.59 0.66 0.55 0.55 0.47 0.44 0.48 
Ar 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 

Reactor Partial Pressures [bar] • H2 9.52 9.40 9.33 8.87 8.26 8.24 8.12 8.00 7.95 8.35 8.27 8.51 

~ 
3.57 3.34 3.19 3.28 3.55 3.69 3.77 3.87 3.95 4.12 4.19 4.01 
0.40 0.61 0.64 0.95 1.75 1.74 1.93 2.57 2.68 2.34 2.35 2.36 

Reactor Partial Pressures [ball - CO2 1.29 1.34 1.44 1.38 0.89 0.80 0.72 0.65 0.56 0.56 0.52 0.51 
% CorMrsion - H2 18.39 20.21 21.69 28.12 32.95 32.82 34.76 28.53 29.01 22.66 23.46 23.02 
% Conwrsion - CO 42.09 46.49 49.43 SO.19 46.85 44.28 44.09 37.86 36.71 32.86 31.70 32.87 
% Conwrsion • SYNGAS 26.59 29.30 31.29 35.79 37.84 36.83 38.04 31.84 31.77 26.35 26.44 26.48 
% Conwrsion - CO+C02 24.26 28.16 29.81 32.33 36.54 35.27 36.35 30.21 30.37 26.12 25.64 26.79 

2.88E-<J6 3. 18E-<J6 3.39E-<J6 3.98E-<J6 4.25E-<J6 4.10E-<J6 4.40E-<J6 3.68E-<J6 3.59E-<J6 2.98E-<J6 2.99E-<J6 3.09E-<J6 
Is) 2.01E-<J6 2.00E-<J6 2.21E-<J6 2.07E-<J6 1.22E-<J6 1.05E-<J6 9.43E"()7 9.42E"()7 7.69E..()7 8. 26E"()7 7. 44E"()7 7.46E"()7 

0.70 0.65 0.65 0.52 0.29 0.26 0.21 0.26 0.21 0.28 0.25 0.24 
H21Co-Feed Ratio 1.89 1.89 1.89 1.86 1.84 1.85 1.85 1.81 1.79 1.76 1.76 1.85 
H2ICO-Reactor Ratio 2.66 2.82 2.93 2.71 2.33 2.24 2.15 2.08 2.01 2.03 1.98 2.12 

~ 
42.38 39.42 39.70 35.57 22.02 20.33 17.55 20.20 17.26 20.SO 19.13 18.SO 
0.83 0.82 0.83 1.05 1.30 1.37 1.45 1.36 1.42 1.22 1.30 1.30 
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Table C3. Results obtained from TeD analyses for Run 4 (2 bar water added). 

Time on Una (hI 1 2 5 V 52 72 79 95 99 101 102 120 .1 123 I 1V 1 144 151 166 175 195 
Calculated Syngas GHSV ml n I !H:at I hr 2823 2S23 2S23 2661 2630 2630 2630 2800 2751 2800 2751 2747 2691 2691 2871 2851 2842 2997 2856 
calculated APG GHSV (ml n I ~t I hr 3222 3222 3222 3083 3020 3020 3020 3343 3170 3343 3170 3160 3314 3314 3200 3266 3248 3412 3288 
Raacto< Feedgas Flow Rates (ml(n) Is) 
H2 10.29 10.29 10.29 9.60 9.31 9.31 9.31 10.34 9.85 10.34 9.85 9.54 10.48 10.48 10.48 10.48 10.40 10.00 10.42 
CO 5.39 5.39 6.39 6.29 5.31 5.31 5.31 5.21 5.63 5.21 5.63 5.72 5.60 5.60 6.47 5.36 5.39 5.75 5.44 
SYNGAS 15.66 15.66 15.66 14.00 14.61 14.61 14.61 15.55 15.26 15.55 15.28 15.26 16.06 16.06 15.95 15.54 15.79 16.85 15.57 
CH4 2.06 2.06 2.06 2.11 2.05 2.05 2.05 2.57 2.19 2.57 2.19 2.16 2.18 2.18 2.15 2.13 2.07 2.12 2.00 
CO2 0.15 0.15 0.15 0.12 0.12 0.12 0.12 0.15 0.13 0.15 0.13 0.13 0.18 0.18 0.18 0.18 0.18 0.18 0.20 
Raacto< Tall Gas Flow Rates ml n I s 
H2 7.48 7.51 7.75 6.69 6.66 6.48 6.76 6.43 6.79 6.77 6.96 8.07 8.66 8.61 8.80 8.97 9.34 9.00 9.02 
CO 2.63 2.77 2.61 2.61 2.66 2.57 2.69 3.00 2.95 2.63 2.75 4.05 4.05 4.03 4.03 4.07 4.28 3.117 3.97 
SYNGAS 10.29 10.28 10.36 9.60 9.44 9.05 9.48 9.43 9.73 9.69 9.73 12.12 12.63 12.54 12.63 13.04 13.62 13.06 12.99 
CH4 2.33 2.36 2.23 2.23 2.17 2.26 2.13 2.25 2.17 2.13 2.16 2.21 2.05 2.07 2.06 2.06 2.11 2.02- 2.08 __ 

CO2 1.17 1.20 1.40 0.117 0.57 0.62 0.85 0.59 0.54 0.63 0.54 0.50 0.54 0.63 0.52 0.54 0.57 0.55 0.59 
H2O IDItlduced1 0.63 0.54 0.30 0.96 1.32 1.73 1.55 1.32 1.66 1.42 1.85 0.95 0.63 0.85 0.75 0.57 0.32 1.04 0.66 
H2O co-fed1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.06 2.06 2.06 2.06 2.06 2.06 2.06 2.06 2.06 2.06 2.06 
H2O Iclal 0.63 0.54 0.30 0.96 1.32 1.73 1.55 1.32 3.73 3.48 3.92 3.01 2.00 2.92 2.62 2.63 2.38 3.10 2.74 
He's 0.43 0.43 0.48 0.57 0.66 0.57 0.57 0.80 0.73 0.66 0.80 0.42 0.44 0.44 0.40 0.33 0.22 0.51 0.38 
Ar 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 

Raacto< PIIIIiai Pressures baII- H2 9.15 9.18 9.51 8.72 6.33 6.16 8.44 8.07 7.31 7.41 7.42 8.15 8.63 8.54 8.72 8.00 9.13 8.74 8.57 
Raacto< PartJai Pressures barJ-CO 3.47 3.39 3.21 3.30 3.85 3.24 3.37 3.77 3.18 3.00 2.93 4.08 4.03 4.00 3.99 4.03 4.19 3.62 3.91 
Raacto< Partial Pressures bart· H2O 0.85 0.66 0.37 1.24 1.66 2.17 1.114 1.85 4.02 3.81 4.17 3.04 2.85 2.00 2.79 2.61 2.33 2.96 2.70 
Raacto< Partial Pressures baII- CO2 1.44 1.48 1.71 1.23 0.85 0.78 0.81 0.74 0.69 0.69 0.85 0.50 0.63 0.63 0.52 0.54 0.85 0.63 0.59 
% Con\efSion - H2 27.54 V.03 24.70 26.26 29.51 30.34 V.4O 37.62 29.70 34.66 27.73 15.34 18.01 17.75 15.99 14.37 10.22 16.67 13.51 
% Con\efSion - CO 47.63 48.63 51.59 50.72 48.73 51.52 49.23 42.43 47.54 4577 51.10 29.32 V.66 27.69 26.34 24.10 20.48 30.96 V.04 
% Con\efSion - SYNGAS 34.42 34.48 33.95 38.24 36.40 38.03 38.33 39.38 38.31 38.32 38.34 20.66 21.37 21.29 19.54 17.66 13.72 21.54 18.15 
% Con\efSlon - CO+C02 28.85 29.29 28.66 34.66 35.34 42.04 39.V 33.87 38.61 38.48 42.02 22.95 21.28 21.56 20.05 17.33 13.18 24.51 19.75 
FT Raaction Rate mole CO I ~II S 4.01E-06 4.02E-06 3.96E-06 4.01E-06 3.85E-06 4. 13E-06 3.84E-06 4.55E-06 4. 13E-06 4.43E-06 4. 13E-06 2.34E-06 2.55E-06 2.54E-06 2.32E-06 2.08E-06 1.61E-06 2.67E-06 2. 14E-06 
WGS-Raaction Rale (mole CO2 formed I ~II S 2.27E-06 2.33E-06 2.77E-06 l.00E-06 l.23E-06 1. 12E-06 1.16E-06 9.96E-07 1.13E-06 1.08E-06 1. 14E-06 8. 13E'{)7 7.95E'{)7 7.66E'{)7 7.89E.{)7 8.10E'{)7 8.76E'{)7 8. 27E'{)7 8.66E'{)7 
WGS RateiFT Rate 0.57 0.66 0.70 0.47 0.32 O.V 0.31 0.22 O.V 0.24 0.28 0.35 0.31 0.31 0.33 0.39 0.54 0.31 0.41 
H21CO-Feed Ratio 1.91 1.91 1.91 1.81 1.75 1.75 1.76 1.96 1.72 1.96 1.72 1.87 1.57 1.87 1.91 1.96 1.93 1.89 1.92 
H21CQ.Raaclor Ratio 2.63 2.71 2.97 2.54 2.28 2.52 2.51 2.14 2.30 2.39 2.53 2.00 2.12 2.13 2.18 2.21 2.18 2.29 2.27 
% CO Of lotal Reacted Conwrted to CO2 39.72 39.78 44.80 31.85 22.72 18.40 20.24 20.16 18.96 20.29 17.77 21.71 23.04 22.62 23.90 28.11 35.62 20.63 26.99 
Usage Ralio Delta H2 I Delta CO 1.11 1.06 0.91 1.01 1.13 1.03 0.98 1.77 1.07 1.50 0.93 0.87 (22 1.19 1.16 1.17 0.96 

.-
1.01 0.98 
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Table C4. Results obtained from TeO analyses for Run 3 (3 bar water added). 

llme on Une (11) 1 I 5 I 7 24 I 31 49 I 55 I 75 I 99 I 108 I 120 128 144 151 168 I 176 I 193 
Calculated Syngas GHSV ml(n I g-call hr) 2668 2668 2668 2655 2655 2709 2709 2694 2700 2735 2803 2744 2791 2887 2714 27B2 2755 
Calculated APG GHSV (mI(n) I g-call hr) 3101 3101 3101 3054 3054 3118 3118 3101 3107 3143 3224 3171 3211 3302 3131 3206 31B7 
Reactor Faadgas FICI'N Rates (ml(n Is) 
H2 9.49 9.49 9.49 9.38 9.38 9.50 9.50 9.46 9.53 9.68 9.90 10.14 9.47 9.74 9.74 
CO 5.45 5.45 5.45 5.39 5.39 5.55 5.55 5.51 5.47 5.54 5.68 5.79 5.61 5.72 5.62 
SYNGAS 14.93 14.93 14.93 14.75 14.75 15.05 15.05 14.97 15.00 15.19 15.51 15.93 15.08 15.46 15.38 
CH4 2.15 2.15 2.15 2.07 2.07 2.13 2.13 2.11 2.14 2.18 2.23 2.28 2.17 2.20 2.19 
CO2 0.15 0.15 0.15 0.15 0.15 0.14 0.14 0.15 0.12 0.11 0.10 0.11 0.11 0.13 0.14 0.15 0.15 
Reactor Tall Gas FICI'N Rates (ml n I s 
H2 7.59 7.15 6.114 6.88 6.63 8.71 6.55 6.23 6.57 9.06 9.34 9.46 9.41 9.45 9.38 9.48 9.114 
CO 2.39 2.52 IFiIiI 2.63 2.68 2.87 3.03 4.62 4.83 5.14 4.87 4.76 4.63 4.90 4.79 
SYNGAS 9.98 9.68 9.55 9.13 9.11 9.59 13.68 14.16 14.59 14.28 14.21 14.20 14.38 14.43 
CH4 2.31 2.30 2.22 2.22 2.11 2.21 2.17 2.19 2.25 2.22 2.20 2.23 2.20 2.20 

-- 1.12 1.28 1.28 I 1.11 I 1.00 0.80 o.n 0.68 0.61 0.39 0.34 0.38 0.41 0.44 0.52 0:68 0.57 
1.11 0.71 0.71 I 0.93 I 1.06 1.41 1.74 1.62 1.46 0.35 0.39 -0.07 0.29 0.41 0.03 0.00 -0.01 
0.00 0.00 

I=mJ= 
0.00 0.00 0.00 0.00 3.61 3.61 3.61 3.61 3.61 

II) 1.11 0.71 1.41 1.74 1.62 1.48 3.97 4.00 4.03 3.65 3.52 3.50 
0.64 0.55 0.68 0.76 0.71 0.63 0.21 0.22 0.27 0.12 0.14 0.13 

Ar 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 

Reactor Partial Pressures bar -H2 9.08 8.91 8.71 8.68 8.46 B.30 8.12 7.91 8.17 8.25 8.31 8.46 8.34 8.32 8.42 8.44 8.57 
Reactor Partial Pressures bar -CO 2.88 3.14 3.17 3.20 3.38 3.50 3.17 3.85 3.76 4.21 4.30 4.50 4.32 4.19 4.34 4.37 4.26 -
Reactor Partial Pressures bar -H2O 1.33 0.89 0.90 1.18 1.35 1.74 2.15 2.05 1.114 3.61 3.68 3.17 3.46 3.55 3.27 --~~ 3.20 
Reactor Partial Pressures bar -CO2 1.68 1.63 1.<11 1.27 0.99 0.95 0.114 0.75 0.35 0.30 0.32 0.38 

. 
0.39 0.47 - -'0.51-1.34 0.50 

% Conwrsion • H2 20.01 24.68 27.91 28.71 29.14 29.38 30.93 34.08 31.07 6.21 5.68 .t--t:~~ 3.46 6.83 0.97 2.66 1.09 
% Con_ion - CO 68.11 53.65 54.30 53.16 51.16 48.95 53.80 47.68 44.69 16.49 14.96 7.49 '15.38- 17.81 13.94 --14:36"" -14.73-

% Conwrslon - SYNGAS 33.17 35.18 37.54 38.38 37.19 38.56 39.38 39.15 38.04 9.96 9.05 4.26 7.69 10.82 5.79 6.99 6.08 
% Conwrsion • CO+C02 38.26 33.38 33.65 35.24 35.40 37.15 42.57 38.61 35.87 11.43 10.68 3.09 10.18 12.46 7.27 7.21 7.23 
FT Reaction Rate mole CO I !J-{:aI1 s 3.68E-06 3.91E-06 4.17E-06 3.99E-06 4.08E-06 4.09E-06 U1E-06 4.36E-06 4.02E-06 1.12E-06 1.0SE-06 4.83E-07 9. 1 OE-01 1.2BE-06 6.50E-07 8.04E-07 5.94E-07 
WGS-Re!iclion Rate {mole CO2 formed I g-catl s 2.17E-06 2.46E-06 2.51E-06 2.15E-06 1.9OE-06 1.4SE-06 1.39E-06 1.14E-06 1.08E-06 6.25E-07 5. 17E-07 5.45E-07 6.68E-07 6.90E-07 8.35E-07 9.13E-07 9.4OE-07 
WGS RatelFT Rate 0.59 0.63 0.50 0.54 0.46 0.38 0.32 0.26 0.27 0.68 .GlSf 1.29 1.14 1.35 
H21co-Faad Ratio 1.74 1.74 1.74 1.74 1.74 1.71 1.71 1.72 1.74 1.74 1.74 1.75 1.69 1.70 1.73 
H2ICO-Reactor Ratio 3.18 2.114 

~ 
2.37 2.68 2.17 2.17 1.95 1.93 1.68 1.94 1.93 2.01 

% CO (Of total Reacted) Conwrted to CO2 31.81 37.79 24.11 20.87 19.35 19.74 30.68 27.26 30.00 47.88 49.80 50.90 
Usage Ratio (Della H21 Delta CO) 0.62 0.80 1.03 0.96 1.22 1.21 0.68 0.68 0.67 0.12 0.32 0.13 
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Table C5. Results obtained from TeO analyses for Run 5 (2 bar water added and removed). 

Tlme on Line (h) 6 23 49 I 72 100 122 I 142 167 190 216 
Calculated Syngas GHSV (ml(n) I g-cat I hr) 2870 3086 3471 3472 2959 2889 2868 2896 2843 2793 
Calculated APG GHSV (ml(n) I g-cat I hr) 3275 3532 3968 3960 3388 3300 3286 3315 3239 3193 
Reactor Feedgas Flow Rates (ml(n) I s) 
H2 10.48 11.17 10.52 10.52 10.74 10.42 10.46 10.49 10.29 10.26 
CO 5.48 5.97 5.56 5.56 5.70 5.63 5.47 5.60 5.51 5.26 
SYNGAS 15.94 17.15 16.09 16.09 16.44 16.05 15.93 16.09 15.79 15.52 
CH4 2.10 2.31 2.15 2.15 2.21 2.13 2.17 2.17 2.05 2.07 
CO2 0.15 0.17 0.16 0.16 0.17 0.15 0.15 0.16 0.15 0.15 
Reactor Tail Gas Flow Rates (ml(n) I s) 
H2 7.62 7.24 6.82 7.19 7.01 9.12 9.32 9.07 7.62 7.99 
CO 2.51 2.82 3.13 3.05 3.05 4.04 4.17 4.14 3.43 3.40 
SYNGAS 10.12 10.06 9.95 10.23 10.06 13.16 13.49 13.21 11.04 11.40 
CH4 2.23 2.18 2.15 2.21 2.22 2.18 2.19 2.15 2.11 2.25 
CO2 1.37 1.04 0.67 0.66 0.60 0.49 0.49 0.48 0.54 0.57 

~uced] 0.51 1.41 1.41 1.50 1.79 0.91 0.63 0.81 1.31 1.01 
0.00 0.00 0.00 0.00 0.00 2.06 2.06 2.06 0.00 0.00 H20[tot~ 0.51 1.41 1.41 1.50 1.79 2.97 2.69 2.87 1.31 1.01 

He's 0.54 0.80 0.64 0.65 0.74 0.40 0.31 0.38 0.54 0.42 
Ar 1.56 1.56 1.56 1.56 1.56 1.56 1.56 1.56 1.56 1.56 

Reactor Partial Pressures [bar] - H2 9.33 8.50 8.33 8.55 8.26 8.78 8.99 8.78 8.91 9.29 
Reactor Partial Pressures [bar] - CO 3.07 3.31 3.82 3.62 3.59 3.90 4.02 4.01 4.01 3.96 
Reactor Partial pres~ 0.63 1.65 1.73 1.79 2.11 2.86 2.60 2.78 1.53 1.18 
Reactor Partial Press 1.68 1.22 0.81 0.79 0.71 0.47 0.47 0.47 0.63 0.66 
0/0 Conwrsion - H2 27.30 35.18 35.19 31.69 34.74 12.55 .56 25.94 22.09 
0/0 Conwrsion - CO 54.14 52.80 43.80 45.28 46.53 28.10 .05 37.78 35.26 
0/0 Conwrsion· SYNGAS 36.50 41.32 38.17 36.39 38.83 18.00 .91 30.07 26.55 
0/0 Conwrsion - CO+C02 3i.n 38.18 34.61 36.16 38.99 22.11 .25 30.76 27.24 
FT Reaction Rate (mole CO I g-cat I s) 4.33E-06 5. 27E-OO 4.57E-06 4.35E-06 4.75E-OO 2.15E E-OO 3. 53E-06 3.06E-06 
WGS-Reaction Rate (mole CO2 formed I g-cat I s) 2.73E-06 1.95E-OO 1.14E-06 1.13E-06 9. 59E-07 7.52E-07 7. 57E-07 7.25E-07 8. 63E-07 9.41E-07 
WGS Rate/FT Rate 0.63 0.37 0.25 0.26 0.20 0.35 0.42 0.34 0.24 0.31 
H2ICO-Feed Ratio 1.92 1.87 1.86 1.88 1.88 1.65 1.91 1.87 1.87 1.95 
H2/CO-Reactor Ratio 3.04 2.57 2.18 2.36 2.30 2.25 2.24 2.19 2.22 2.35 
0/0 CO (Of total Reacted) Conwrted to CO2 41.32 27.68 13.22 12.66 16.21 21.34 25.99 22.29 18.58 22.74 
Usage Ratio (Delta H2! Delta CO) 0.97 1.25 1.58 1.48 1.41 0.83 0.87 0.98 1.28 1.22 
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APPENDIX D 

The results for calculations done from the FID analyses are given in this section. 

Figure D1. Selectivity results for Run 1 (base run) 

Time on Line, hrs 5 24 76 120 168 222 263 

% C-atom Selecti'oJities (calculated w.r.t. CO converted to all products excluding CO2) 
METHANE 6.15 8.62 4.01 4.64 -0.24 9.60 -3.41 
METHANOL 0.16 0.03 0.00 0.05 0.03 0.06 0.03 
ETHYLENE 1.27 0.84 0.52 1.09 0.37 0.47 
ETHANE 4.72 3.71 2.44 2.61 2.35 3.07 2.64 
ETHANOL 3.44 1.73 0.54 0.47 0.43 0.56 0.45 
PROPENE 4.09 3.39 2.24 2.30 2.25 2.88 2.46 
PROPANE 1.79 1.18 0.51 0.51 0.51 0.68 0.57 
n-PROPANOL 1.16 0.53 0.13 0.16 0.12 0.23 0.12 
or.- BUTENE 3.96 2.44 1.79 1.80 1.73 2.24 1.76 
n-BUTANE 1.73 1.20 0.55 0.49 0.52 0.64 0.55 
trans-2-BUTENE 0.12 0.09 0.04 0.04 0.04 0.06 0.05 
cis-2-BUTENE 0.19 0.16 0.09 0.00 0.10 0.13 0.12 
n-BUTANOL 0.93 0.20 0.14 0.11 0.10 0.14 0.10 
or.- PENTENE 2.17 2.08 1.70 1.55 1.56 1.89 1.52 
n-PENTANE 1.65 1.11 0.53 0.47 0.48 0.60 0.49 
trans-2-PENTENE 0.16 0.09 0.05 0.04 0.05 0.06 0.06 
cis-2-PENTENE 0.13 0.12 0.07 0.07 0.08 0.11 0.09 
n-PENTANOL 0.81 0.06 0.08 0.08 0.00 0.05 0.02 
or. - HEXENE 1.64 1.74 1.62 1.43 1.46 1.77 1.36 
n-HEXANE 1.65 1.14 0.57 0.49 0.50 0.61 0.49 
trans-2-HEXENE 0.13 0.11 0.05 0.11 0.05 0.07 0.05 
cis-2-HEXENE 0.12 0.12 0.08 0.10 0.08 0.11 0.09 
n-HEXANOL 0.53 0.02 0.06 0.10 0.00 0.09 0.00 
C7 (total) 3.53 3.06 2.44 2.20 2.13 2.58 2.06 
C8 (total) 3.29 2.82 2.50 2.20 2.18 3.13 1.98 
C9 (total) 2.77 2.68 2.54 2.08 2.16 2.58 2.01 
C10 (total) 2.19 2.60 2.60 2.23 2.16 2.36 2.00 
C11 (total) 1.92 2.69 2.89 2.27 2.37 2.34 2.04 
C12 (total) 1.66 2.42 2.90 2.11 2.36 2.15 1.70 
C13 (total) 1.25 2.25 3.31 1.89 2.29 2.27 1.58 
C14 (total) 0.75 0.00 2.99 1.52 1.74 1.75 1.44 
C15+ 43.94 50.77 60.03 64.80 70.40 54.83 75.11 
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Figure D2. Selectivity results for Run 2 (1 bar water added) 

lime on Line, hrs 5 22 71 95 166 

% C-atom Selecti~ties (Calculated w.r.t. CO converted to all products excluding CO2) 

METHANE 11.99 6.35 3.56 0.07 1.57 
METHANOL 0.07 0.09 0.05 0.05 0.06 
ETHYLENE 2.43 2.18 1.48 1.58 0.27 
ETHANE 3.25 1.95 0.89 0.81 2.54 
ETHANOL 3.53 1.64 0.41 0.37 0.29 
PROPENE 4.76 3.45 2.12 1.97 2.26 
PROPANE 1.96 1.12 0.47 0.42 0.45 

n-PROPANOL 1.28 0.40 0.14 0.10 0.07 

«- BUTENE 3.42 2.56 1.n 1.62 1.91 
n-BUTANE 2.00 1.09 0.47 0.42 0.45 

trans-2-BUTE NE 0.12 0.08 0.03 0.03 0.02 

cis-2-BUTENE 0.18 0.14 0.07 0.07 0.05 

n-BUTANOL 1.19 0.34 0.10 0.07 0.09 

«- PENTENE 2.86 2.22 1.70 1.56 1.83 
n-PENTANE 1.89 1.07 0.50 0.44 0.46 

trans-2-PENTENE 0.12 0.08 0.04 0.03 0.03 

cis-2-PENTENE 0.12 0.10 0.06 0.05 0.04 

n-PENTANOL 0.90 0.26 0.09 0.00 0.09 

« - HE>«::NE 2.27 1.90 1.66 1.52 1.80 

n-HEXANE 1.84 1.07 0.54 0.48 0.49 
trans-2-HE>«::NE 0.14 0.09 0.04 0.04 0.03 

cis-2-HE>«::NE 0.12 0.10 0.06 0.06 0.03 
n-HEXANOL 0.50 0.09 0.05 0.00 0.05 
C7 (total) 5.06 3.13 2.45 2.16 2.48 
C8 (total) 4.19 2.88 2.39 2.16 2.58 

C9 (total) 4.65 2.67 2.45 2.28 2.57 
C10 (total) 3.65 2.48 2.54 2.35 2.60 

C11 (total) 3.86 2.41 2.81 2.64 2.80 
C12 (total) 2.89 2.54 3.24 2.81 3.03 

C13 (total) 2.09 2.52 0.00 2.56 2.80 
C14 (total) 1.48 2.11 3.00 2.18 2.37 

C15+ 24.58 49.29 62.47 67.40 61.94 
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Figure D3. Selectivity results for Run 4 (2 bar water added) 

lime on line. hrs 28 52 72 120 144 195 

Calculated %C-atom Selecti\4ties (Calculated w.r.t. CO converted to all products excluding CO2) 
MElHANE 6.88 6.82 9.59 3.49 -B.53 -1.47 
MElHANOL 0.11 0.07 0.05 0.05 0.07 0.11 
ElHYLENE 1.72 1.28 2.24 2.02 1.81 2.91 
ElHANE 1.28 0.76 0.68 0.69 0.89 1.09 
ElHANOL 1.07 0.37 0.33 0.22 0.32 0.37 
PROPENE 2.70 2.05 1.88 1.99 2.35 3.19 
PROPANE 0.75 0.45 0.35 0.37 0.49 0.66 
n-PROPANOL 0.12 0.06 0.09 0.00 0.06 0.11 

a- BUTENE 2.10 1.83 1.50 1.70 1.90 2.37 
n-BUTANE 0.73 0.46 0.36 0.36 0.41 0.52 
trans-2-BUTENE 0.05 0.15 0.03 0.02 0.08 0.11 
cis-2-BUTENE 0.10 0.07 0.06 0.04 0.05 0.05 

n-BUTANOL 0.06 0.00 0.05 0.04 0.00 0.09 

a-PENTENE 1.89 1.71 1.46 1.65 1.59 1.82 
n-PENTANE 0.71 0.48 0.39 0.37 0.37 0.46 
trans-2-PENTENE 0.05 0.04 0.03 0.02 0.00 0.00 
cis-2-PENTENE 0.08 0.06 0.04 0.03 0.00 0.00 

n-PENTANOL 0.01 0.00 0.00 0.00 0.00 0.11 
a - HE><ENE 1.70 1.68 1.45 1.64 1.48 1.65 
n-HEXANE 0.74 0.52 0.43 0.38 0.36 0.42 
trans-2-HE><E NE 0.07 0.04 0.03 0.02 0.00 0.00 
cis-2-HE><ENE 0.09 0.06 0.05 0.02 0.00 0.00 

n-HEXANOL 0.09 0.00 0.00 0.04 0.04 0.00 
C7 (total) 2.91 2.36 2.35 2.06 1.75 1.90 

C8 (total) 2.63 2.32 2.35 2.13 1.94 1.79 

C9 (total) 2.54 2.32 2.51 2.21 1.60 1.85 
C10 (total) 2.33 2.19 2.80 2.16 1.53 1.77 
C11 (total) 2.27 2.14 3.44 2.22 1.53 1.69 
C12 (total) 2.16 1.94 3.87 2.33 1.41 1.58 

C13 (total) 1.96 1.59 3.58 2.29 1.31 1.52 

C14 (total) 1.63 1.26 2.78 2.22 1.18 1.43 
C15+ 58.46 64.94 55.21 67.23 84.02 71.89 
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figure 04. Selectivity results for Run 3 (3 bar water added) 

lime on Line. hrs 24 75 120 144 176 193 

Calculated %C-atom Selecti\Aties (Calculated w.r.t. CO converted to all products excluding CO2) 
METHANE 8.61 -0.22 -7.32 -0.17 -1.39 2.54 
METHANOL 0.08 0.05 0.10 0.18 0.33 0.39 
ETHYLENE 0.63 0.94 -0.05 0.38 -0.57 0.22 
ETHANE 3.42 2.24 5.84 6.49 10.34 10.95 
ETHANOL 0.97 0.41 0.16 0.26 0.54 0.51 
PROPENE 3.27 1.87 3.02 4.28 7.24 7.88 
PROPANE 1.00 0.40 0.60 0.90 1.68 1.86 
n-PROPANOL 0.27 0.11 0.00 0.11 0.31 0.35 
a- BUTENE 2.52 1.41 1.99 2.82 5.20 4.99 
n-BUTANE 0.96 0.37 0.44 0.65 1.19 1.32 
trans-2-BUTENE 0.14 0.03 0.00 0.06 0.27 0.20 
cis-2-BUTENE 0.13 0.13 0.07 0.11 0.16 0.00 
n-BUTANOL 0.11 0.12 0.21 0.18 0.41 0.38 
a- PENTENE 2.11 1.33 1.55 1.98 3.33 3.42 
n-PENTANE 0.93 0.38 0.37 0.52 0.92 1.01 
trans-2-PENTENE 0.09 0.03 0.00 0.07 0.00 0.00 
cis-2-PENTENE 0.12 0.05 0.00 0.00 0.00 0.00 
n-PENTANOL 0.00 0.06 0.13 0.09 0.38 0.00 
a - HEXENE 1.90 1.28 1.30 1.50 2.59 2.44 
n-HEXANE 0.93 0.41 0.33 0.44 0.73 0.81 
trans-2-HEXENE 0.09 0.04 0.00 0.00 0.00 0.00 
cis-2-HEXENE 0.12 0.06 0.00 0.00 0.00 0.00 
n-HEXANOL 0.00 0.04 0.13 0.07 0.00 0.18 
C7 (total) 3.17 1.82 1.39 1.49 2.78 3.15 
C8 (total) 2.98 1.98 1.42 1.27 1.84 3.26 
C9 (total) 2.53 1.99 1.50 1.12 1.51 2.04 
C10 (total) 2.27 2.10 1.45 0.94 1.24 1.42 
C11 (total) 2.23 2.42 1.52 1.10 1.11 1.30 
C12 (total) 1.97 2.78 1.71 1.07 0.94 1.27 
C13 (total) 1.57 2.68 1.93 0.99 0.87 1.14 
C14 (total) 0.95 2.37 2.30 0.98 0.59 1.04 
C15+ 53.24 68.37 74.55 69.05 54.84 45.01 
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Figure 05. Selectivity results for Run 5 (2 bar water added and removed) 

lime on Line, hrs 23 49 100 122 167 216 

Calculated %C-atom Selecti'.1ties (Calculated w.r.t. CO com.erted to all products excluding CO2) 
METHANE 0.38 3.99 12.53 
METHANOL 0.07 0.00 0.00 0.00 0.15 0.28 
ETHYLENE 1.90 1.57 1.41 2.06 2.40 2.90 
ETHANE 0.76 0.42 0.34 0.35 0.43 0.00 
ETHANOL 0.83 0.40 0.21 0.06 0.29 0.53 
PROPENE 2.05 1.79 1.67 2.03 2.65 3.35 
PROPANE 0.53 0.36 0.32 0.38 0.53 0.76 
n-PROPANOL 0.23 0.03 0.06 0.00 0.12 0.00 
0.- BUTENE 1.54 1.58 1.54 1.71 1.99 2.48 
n-BUTANE 0.52 0.38 0.33 0.36 0.44 0.67 
trans-2-BUTENE 0.03 0.02 0.02 0.04 0.02 0.06 
cis-2-BUTENE 0.06 0.05 0.04 0.07 0.06 0.13 
n-BUTANOL 0.10 0.12 0.07 0.11 0.12 0.46 

0.- PENTENE 1.31 1.49 1.50 1.55 1.63 2.00 
n-PENTANE 0.49 0.38 0.35 0.34 0.39 0.60 

trans-2-PENTENE 0.04 0.02 0.02 0.04 0.02 0.06 

cis-2-PENTENE 0.05 0.04 0.03 0.00 0.04 0.09 

n-PENTANOL 0.07 0.05 0.00 0.00 0.00 0.41 

a. - HEXENE 1.21 1.51 1.51 1.53 1.45 1.75 

n-HEXANE 0.49 0.41 0.38 0.34 0.37 0.58 
trans-2-HEXENE 0.04 0.03 0.02 0.07 0.02 0.07 

cis-2-HEXENE 0.05 0.04 0.04 0.04 0.01 0.08 
n-HEXANOL 0.00 0.00 0.00 0.00 0.00 0.00 

C7 (total) 1.73 2.00 1.97 1.91 1.67 2.24 

C8 (total) 1.72 2.06 2.00 1.93 1.63 2.30 

C9 (total) 1.58 2.04 2.13 1.83 1.56 2.38 
C10 (total) 1.50 2.03 2.18 1.80 1.35 2.36 

C11 (total) 1.51 2.09 2.14 1.94 1.28 2.24 

C12 (total) 1.51 2.15 2.08 2.06 1.14 1.90 
C13 (total) 1.45 2.10 1.73 2.14 0.74 1.73 

C14 (total) 1.16 1.64 0.22 1.16 0.00 1.58 

C15+ 80.97 73.31 75.29 70.15 79.09 53.48 
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