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2.7 Product distribution

2.7.1 Introduction

This paragraph descaribes experviments in which the product
distribution of C1-G7 and gt hydrocarbons were investigated over
potagzium promoted fused ireon at various temperatures and pressures.

The aim of this experimental work is to obtain a better understanding of
the affsat of the reaction conditiens, especially the degree of CO
conversion. on the hydrocarbon product sslactivity. At a high degree of
CO conversien the concentration of water and carbon dioxide may influence
the product selectivity. The effect of a high COp and HpO pressure on the
gelectivity was investigated by co-feeding of COz.

This secticn is introduced with zoma remarks on the Schulz-Flory
distributrion followed by a review of deviations £rom this Sechulz-Flory
distribution.

The product distribution of a variety of Fischer-Tropsch eatalysts
=an be considered as the result of a random chain growth process. It is
generally accepted that on iron catalysts the chain growth of
hydrecarbons proceeds via insertion of CH, species 3.4, The experimental
produst distribution indeed follows the go ealled Schulz-Flory
distribution developed for polymerisation reactions. This Schulz-Flory
distribution predicts a linear relatiemszhip betwean log M, and n., whera n
is the number of C atomz in the chain and ¥, is the mole

fraction with chain length Cu:
log ¥p = n legla) + leg{{l-al)/a) (2.21)

with a = rp/irpéry) where rp and re are the rates of propagation and
tarmination respectively. In the Schulz-Flory distribution it is a basie
concept that the propagation and termination rates are independent of the
chain length.

Deviations of the hydrocarbon product distribution from the ideal

Schulz-Flory distribution can be categerized as follows: 1. Deviation of
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Cy, 2. Deviation of C3, 3. Larger value of a for Cyp*, 4. Nen-Schulz—
Flory distribution.
The deviation of {;

The deviation of Cq can be positive or negative. Higher methane
fractions than predicted by the $chulz-Flory distribution are often
reportad for Co 2 and Ry © catalysts.The higher methane fraction is
cvaused by extra mechanisms of methana formation 3, The data of Kikuchi &,
demonstrate that the deviaticon of the methane fraction depends on the
gupport; Al;Q3 causes a much higher mathane deviatien than TiOs. As a
general trend. the fraction of methans decreases and the produst
distribution ghifts towards higher molecular weights when the reactor
pressure ingreagesg, Hewever, the difference between the methane fraction
ohservad and predicted did not significantly diminish with inersasing
pressure for Ru catalysts on Alz03 and Ti0gy 6,

Selective suppression of the methane produgtion rate,. resulting in
values lower than predicted Ly the Schulz-Flory distributicn. can be
arhieved by the addition of poisons such as sulfur 7 to iren catalysts or
by the use of carriers which cause strong metal-support interactions e.g.
for ruthenium catalysts. The methane reduction for modified catalysts is
mostly based on a suppressed chemisorption of hydrogen which often
implies a lower overall activity.

Reaction conditions alse can affect the methane selectivity. whereby
the concentration of water is of particular importance. A high
concentration of water, obtained by addition of water vapour, inhibits
the mathane preduction rate more strongly than the production rate of
higher hydrocarbonz. This causes methane formation to be out of line in
the Schulz=Flory distribution 8, The inhibiting effect of water depends
on its congentration and was reversible up to 27 molek 8, while water at
higher concentrations or at exposure over a prolonged period caused a
permanent lozg of activity 9-10, A reversible decrease of the methane
selectivity over iron catalysts by the additien of water vapour is also
reported by Tramm and Karn 9.10, at a low degree of conversion (< 5%) the
addition of enly 0.6 voel¥ HaD to synthesis gas (H3/CO = 9) over fused
iron leads to a decrease in methane selectivity due to a reduction of the
methane production rate of 70% 11,The addition of COz (5 vel®r) to

synthesis gas also resulted in a reversible decrease of the methane
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selectivity (8 %) 11, According te Dry '2 the pressure of water did not
influence the methana selectivity of fused iron at a high reaction
temperatura (325°C). On the other hand the CQp pressure at the entrance
of the reactor appeared to play 2 major role in the control of the
methans zelactivity.
Deviation of €z

Apart from the deviation in respect of methane, there are many
reports of the obaerved Cp fraction falling below the Schulz-Flory line.
A high probability of ethene insertion may explain why the Cp point of
the Fischer—Tropsch products is often logwer than that predicted by the
Schulz-Flory distribution. According to Sachtler 13 the deviation of the
fraction of C3 hydrocarbons for rhodium catalysts is caused by a higher
chain growth probability of Cp intermediates on the catalyst surface.
Thig is not neceszarily true. Another explanaticn iz that olefins
readsorb on the surface and play a part in consecutive reactions
(insertion, chain growth).

Larger value of a for Cip*

Thera is increasing evidence frem a variety of studies that the
products from ireon catalysts cannot be deseribed with a single value of
the chain growth probability, «. A larger a—value for Oypt products has
been observed for fused iren catalysts 14.15.16.17.18  roduced resoy 19,
FeMn 7, precipitated iron 16-17, pitrited iron 20 and silica suppoerted
iren 21, Table 2.3 summarizes nearly all available data regarding the
cacurrence of two a—values for iron catalysts in slurry reactors.

The pocurrence of two values of o i3 not caused by a particular type
of reactor, Egiebor 21 reported two values of a« over iron catalyst for
both slurcy and fixed-hed reactor.

Although it is clear that the product distribution of iron catalyst
may show a break, it is unclear which compounds are responsible for the
discentinuity of the Schulz-Flory distribution. Dictor 1% reported that
the value of & i3 larger for both Cg* olefins and paraffins while
according to Bgichorn 21 the product distribution of olafinz showed no
brezk as opposed to paraffina. Hatterfield 17 demonstrated that only the
product distribution of oxygenatez showed no discontinuity in the slope
of C1g*. Other authers reported only the sum of olefins and paraffins.
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Table 2.3

Summary of values of chain growth probabilities for Cj—Co products and

Crat products over iren ratalysts In the slurry phase, reported in

literature

Ref.

82

30
80

Catalyst

Temp, (Hz/C0) £oeq ay o
{*C] {bar] (mol/mgl] (-} (-
K/fused iren 248 6.0 2.0 0.63 30.863
K/fuged iron 263 7.9 0.55 0.68 0.932 1,068
Fe/Mn 283 2.4 1.19 0.55 0.75
FoaOs 250 8.0 3.0 0.53 0.66
K/Fe303 250 8.0 2.0 0.66 0,86
K/Fe/Ti/Zn 225 10.0 1.0 + 0.7 3 7
K/Fe/Cu 250 9.9 1.4 0.68 0.86
K/Fe/Cu/Si 300 21.3 1.0 0.61 0.78
K/fused iran 260 20.4 1.0 g.70 M p.79 B
K/fused iron 251 31.7 0.36 Q.70 0.83
271 31.4 0.78 0.78 0.78
280 33.1 2.0 0.71 0.71
K/Fe/Cu 220 30 1.0 +0.88 3) +0.99 3)
(nitrided)
K/fused iren 232-263 5-15 0.5-1.8 7 0.90 )
K/Fa/Cu 225-250 11-15 1.0-3.28 7 0.92 4}

2y

1) for linear paraffing

2y for oxygenates

3) caleulated from the data reported

4) determined from reactor holdup

An explanation for the break in the product distribution has not bean

established clearly. Schliebs 2% demonstrated that the addition of K3C03

to iron catalysts caused a break of the Schulz-Flory line at ClO without

changing the value of a for C;-Cg. He proposed that the two branches
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obgerved with potassium promoted iron are dus to synthesis over two
groups of active zites: unpromoted and promoted regions. However, this
interpretation may not be the only one because unpromoted iren 19 5na
irgn-magnanzze catalysts 17 130 produce Schulz-Flory plots congisting of
two branches. The observations of Bauer 15 (see Table 2.3) suggest that
besides properties of the catalyst other effects wmay be important. The
hypothesis of two diztinet sites 17.324 may be an oversimplification.
Stenger 25 has demonstrated that the distributed-site model and the
twomsite model 17.2% ape equally capable of fitting the product
distribution from potassium promoted iron. The distributed-site model
which assumes that potassium is normally distributed is bazed on a more
realistic deseription of the catalyst surface.

Non-Schulz=Flory distribution

The aim of many investigators wag the development of catalysts of whigh
the products would not follow a Schulz-Flory distribution. Until now
thesa studies have not been very suocessful. Newly developed or modified
datalysts invariably show digtributions which are cloze to the
Schulz-Flory distribution 1%, For example., the product distribution of Ru
catalystzs at high presgures (30 kar) showed a suppression of the Ca-Cy
fraction with respect to the Schulz-Flory distribution, but the Cg*
fraction almest perfeetly abeyed the Schulz-Flory distribution 26,

2.7.2 Experimental
The concentration of C3-C7 hydrocarbons, Hp, CO and COs were analysed

on-line. From these data the valua of the chain growth probability was
determined at various reaction conditions. The chain growth probability
for C10+ hydrocarbons was determined by analysing the reactor holdup
after 450 hours on stream with a high-temperature gas chromatography
technique. The reactor holdup, 1000 timez diluted with hexane, was
separated by an empty fused-silica capillary column.applying an initial
temperature of 70°C followed by heating to 3209C with & rate of 10°C per
minute. The hydrocarbons were detacted by a FID (350°C) bhecause of its
high zensgitivity and identical responce factor for all hydrocarbons of

interest.
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Three batcheg with fused iron catalyst have been carried out. The
catalyst concentration was 2.6, 9.1 and 13.0% respectively. The different
catalyst concentrations were necessary to obtain a large range of the
degree of CQ conversion. The ranges of eperating cenditiens were
temparature: 230-270°C; presgure: 1,2-17.0 bar; H3/CO inlet ratio:
0.67-3.0; gas fleow: 100-300 ml (20°C, I barl/min.

The reaction conditions of the bateh from which the value of the
chain growth probability for Clg* hydrocarbons was determined., were 230°C
from 0 to 140 H.O.5., 250°C from 140 to 280 H.0.8.. 270°C from 280 to 340
H.©.8., and 250°C from 340 to 450 H,0.8.; pressure and gas flow were kept
constant at 9 bar and 200 ml {(20°C, 1 bar)/min respeatively. Por each
temperature three different values of the Hy/CO inlet ratio wera applled:
.5, 1.0 and 2.0 respectively.

The experimental set-up and catalyst reduction procedure is reported in

section 2.3.

2.7.3 Results

The products of the Fischer-Tropsch synthesis over iren catalysts
mainly consist of linear olefins and paraffins, methyl-branched olefing,
aldehydes and alaohels,

At a low degree of conversion the distribution of hydrocarbons is
perfectly described by a Schulz-Flory line. Figure 2.8 shows that all
hydrocarbons up to Cy, C7 and C3 included. obey the Schulz-Flory
diztribution. However, at moderate converzion the Cp point clearly lies
below the &Schulz-Flory line as shown in Figure 2.9, When the conversion
of CO ig very high., not only €3 but alse € £all below the Schulz-Flery
ling! Figure 2.10 shows the distribution of hydrocarbons at such a high
degree of convergion of CO. The deviation of the Cp fraction appeares to
be a function of the CO eonversion level. Figure 2.11 demonatrates the
dacline of the Cp fraction with respect to the sum of C3 and Cy. The
values of the chain growth probability were constant in these
experiments. However, in contrast with the PCZ’(PC3+904) ratio, the
PCy/PCy—C4 ratio did not c¢hange with increasing conversion of CO. This
phenomenon can be explained by the decrease of both the C) and the C;
fraction which apparently compenszated each other.In our opinion the

parameter PCZ/(PC3+PC4) gives a better imprazsion of tha sffect of the CO
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conversion on the C; fraction. Figure 2,12 shows that the same trend of
the €7 fractien as function of the CO gconversien is also wvisible at lower
conversions of CO.

In the literature it is reported that both COp and HzO influence the
selectivity of the Fischer-Tropsch synthesis. We have studied the effect
of the CO3 and Hy0 pressure on the preduct distribution by co-feeding of
¢0z. The addition of COp provided a high C03/CO pressure ratio as sheown
in Figure 2.22. However., due to the high COs pressure, the conversion of
water, produced by the Fischer-Tropsch reaction, was strongly reduced.
The reduction of the conversion of Hz0 iz apparent from the decrsase of
the rCOZ/“fCO ratio as shown in Figure 2.20, Thus, also the H20/CO

pressure ratio increased due to the addition of COZ.

-a.3 I
—{1.4 - \\ ;
-0.5 !
-0.8 ‘
-0.7 ™
-0.8 o

—0.9

LOG MOLE FRACTION

CARBON NUMBER

Fig. 2.8 Schulz-Flery distribution of hydrocarbons at a lew conversion
level, Reaction conditions: temperature = 250°C; pressure =
1.45 bar; H3/CO outlet ratieo = 1.15; conversion of (0 = 10%! a«
= Q.55 (run 4



—44-

Pigure 2.13 demonstrated that evan if the CO2 concentration in the gas

feed ig as high as 40% the methane selectivity does not change. Although

the C05/C0 ratio corresponded with a CQ conversion of 90% (without COz

co-feeding) the concentrations of COp and/or HzO relative to CO probably

were not high enough to cause a selectivity change. Tt should be borne in

mind that the maximum Hy0/CO pressure ratio was 0.15 in this study which

iz congiderably lower than for sxample in the report of Satterfield 8, He

mentions a decrease of the methane selectivity of 24% with fused iron

caused by tha presence of 27 moleX Ha0 in the gas feed. This addition of

water

ratio

LAG MOLE FRACTION

lead to a H30/CO pressure ratio of about 4. The HyQ/Hp pressure

does not appear to be a dominant factor.

—_05 —

-0.6

-0.7 =

CARBON NUMBER

Fig. 2.9 Schulz-Flory distribution of hydrocarbons at a mederate

conversion level. Reaction conditions: lemparature = 250°C:
pressuce = 8 bar; Hz/C0 outlet ratio = 0.82; conversion of CO=
47%: @ = 0.66 (run 3)
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The effect of the reaction conditions on the value of a for C1~Cy
hydrocarbong iz presented in Table 2.4. Obviously. the changes in a are
relatively small over a wide range of reaction conditions. Ingreasing the
pressure haz only 2 negligible influence on the value of «. It is
probable that the tendency of o to decrease due te increasing Hp partial
pressure and to increase due to increasing CO partial presgure results in
a small effect of the total pressure.

Ingreaging the temperature cauzes a slight decreasze in the value of
¢. Increasing of the H3/CO ratio alsoe reduces the value of o, as shown in
Table 2.5, It is remarkable that the value of o remains relatively high.
event at the extremely high Ha/CO ratie of 63!, that is attained when the

conversion of €O is very high. The small influence of pressure, Ho/CO

—0.5 = "
~0.4 -

—0.5 -
~a.6 - ~
—a.7 o

—0.8 - o

=1.1
-1.2
—1.3 -
— 1.4 -

=1.5 1
=1.8
17 4

=18
—-1.8

LOG MOLE FRACTION

2.1 [i1]
—-2.2 T T T T T T

CARBION NUMBER

Fig. 2.10 Schulz-Flory distribution of hydrocarbens at & very high
convaersion level. Reaction conditions: tempsrature = 750°C;
pressure = 9 bar; Hz/CO outlet ratio = 63; conversion of (0=
97%; a = 0.47 (run 2)
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Table 2.4
Valugs of the chain growth pacameter, o, at three different

temperatures and pressures. Hp/CO Inlet ratio was + Q.67

Temp Pregsure Ha/CO o

[°c) [bar] [mol/mol] [-]
230 1.2 0.69 .62
230 3.0 0.68 Q.64
230 17.0 0.66 0.64
250 1.2 0.74 Q.60
250 8.0 0.80 9.61
250 17.0 0.94 g.6}
270 1.2 0.68 0.55
270 9.0 .84 0.62
2170 17.0 1.1% 9.%9
Table 2.5

Variation of o with H3/C0 ratio at 250°C

Pressurs XCO H2/C0 o
[bar] [%} [wol/mol] [-]
9.0 21 0.41 0.66
9.0 69 D.81 0.8l
9.0 57 Q.82 0.62
3.0 52 .82 0.61
9.0 o8 .91 0.582
5.0 75 Q.93 0.58
1.5 18 3.5 0.49
9.0 37 63 0.47
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ratio and temperature on the value of o of this fused iron catalyst
promoted with potassium agree with results of Dicter 1%, The product
distribution of unpromoled iron catalysts iz more dependent on the
reaction conditions 19, Therefore, it may well be that the presence of
potassium in this catalyst causes the reaction conditions to have a
relatively =mall effect on the product distributiom.

The (possible) existence of a second a-value for Cia% products was
also investigated. Reliable data in literature of the second a—value are
2carce hecause iy is difficult to measure the "serond" value of o fres of
experimental errprz, The main problem of the analysis of the value of a
for the higher products from the gas outlet is due to the low preduction
rate of the heavier products and the transient holdup in the reactor.
Therefore, in this part of the study the reactor heldup has been analysed

after a long exposure to synthesis gas. The dizadvantage of thiz methed
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Fig. 2.11 The €7 fractien as a function of the conversion of CO at a high

conversion level range and 250°C
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iz the lack of knowledge of the influence of reaction conditions on the
second value of «. Figure 2.14 shows the concentration of the n-paraffins
as a function of carbon number. The variation of reaction conditions
during the 450 hours on stream iz mentioned in section 2.7.2, The shape
of the curve for the C14C;4 paraffing is caused by loss of these
hydrocarbong from the liguid phase in the reactor due to their relatively
high vapour pressure.The value of o for the heavier hydrocarbons,
predominantly paraffins, is obwvipusaly larger than for C1-C7 hydrocarbons.
namely 0.80 and 0.82 respectively. This resulk is also reported by other

investigators as already summarized in Table 2.3,
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Fig. 2.12 Cz fraction as a function of Lhe conversion of €0 at a low

conversion level range and 250°C
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2.7.4 Discussion

The degree of conversion of CO clearly dominates the product
selectivity for fused iron, At low conversion no secondary reactions
occur which cause the Cp fraction to fall exactly on the Schulz-Flory
line. Thig agrees with experiments with fused iron by Dictor 14
The gecline of the C3/C3 ratio with increasing CO conversion (e =
constant} indicates that the Cp reincorperation into products increases
with decreasing CO pressura. As a result of this deereazing CO pressure
the ethanol selectivity tends to decrease also (see Figure 2.13). This
rules out the propesal that C; dees fall on the Schulz-Fleory line when
the fraction ethanol is included in the C» fraction. a2z guggested by
Satterfield 27. The importance of Cz incorporation agrees with other
reports 5:8-2B put contradicts the conclusion that ethene incorporation

plays no role for fused iren in a slurry reactor 23, Hewever, this

30 e s w1 ey
25 -
28
2 7
22 -
20 -

pH2=LBbur szzmgbar

[wiX}

METHANE SELECTMTY

FERCENTAGE CQZ M THE GA% FEED [4:5]
C1/C1-C8 {wtR)

Fig. 2.13 Influence of the co-feeding of C0p on the methane selectivity
at z50°c '
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conclusion iz based on addition experiments of ethene at a teoo high
degree of conversion of CQ (»90%). This results in all rates of reactions
to reduce. including consecutive reactions. The extent of incorporation
of added ethene will be discussed in section 2.12.

It has been reported that water vapour inhibites the rate of the
Pischer-Tropsch synthesis 8:9.10.12.30 ypopafore, it ig likely that when
there is a very high degree of conversion of CO the observed inhibitien

of both primary and secondary reactions is caused by the high pressure of
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Fig. 2.14 Schulz~Flory distribution of C g% paraffins accumulated in the
liquid phase of the slurry reactor. The reaction conditions

during the timg on siream are reported in sectien 2.7.2
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water vapour. Apparently. the production rate of methane is much more
strongly dependent on the water vapour pressucre thap is the rate of
production of the higher hydrocarbens.This specific suppreszion of the
methana formation probably causes the ebserved deviation of the methane
fraction from the Schulz-Flory line. It depends on the other reaction
conditionz whether the methane sclectivity also decreases. When the Hp/CO
ratio ig very high because of a substantial degree of aonversion of CO.
the methane selectivity will not decrease, as a reduction of the value of
tha chain growth probability then compensates for the deviation of the
methane fraction from the Schulz-Flory distribution.

The hydrocarbon distribution over fused iron cannot be deseribed with
a single valua of the chain growth probability, @. at least not for a
large range of carbon numbers. The value of a is larger for CppT
hydrocarbons than for €y-C4 hydrocarbons. This value of « i# baged on the
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Fig. 2.15 Ethanol/methane pressure ratio as a function of the pressure of
o at 250°C
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analygis of the liguid phaze of the reactor after 700 hours on stream at
various conditions. Thus it is not possible to exactly determine the
carbon number for the point at which the break of the Schulz-Flory line

Qoours.,

2.7.5 Conelugions

The C1—C7 hydrocarbonz digtribution for fused iren perfectly follows
a Sehulz-Flory distribution when the conversion of CO i low. At a higher
degree of conversien of CO ethens incorporation occurs which eauses a
deviation of the ¢ fraction from the Schulz~Flory line. The
incorporation of ethene increases with the €O conversion. When CO is
nearly depleted the methanz production rate is more strongly inhibited
than the rate of production of higher hydrocarbong, This is probably due
to the high water vapour pressure with respect to the CO pressuce.

The product distribution of heavier hydrocarbons indicates that the
value of the growth probability., a. of C20+ hydrocarbeons is significantly
greater than the value of a for C,—Cy hydrocarbons.

2.8 Kinetics of the conversion of svnthesis gas

2.8.1 Introduction

Kinetic information is indispensible both for reactor design and for
the selection of optimal process conditions. In this study special
attention is given to the reaction kineties in a slurry reactor at a low
Hz/CO ratio and & high conversion level, as these are the conditions of
industrial importance. specifically in a 2lurey reactor.

This section concerns the overall reaction rate, and hence the effect
of the partial pressures of Hp, CO, COp and Hy0 on the conversien of €O
and Hp. Secondary reactions are separately dealt with in section 2.9 -
2.12.

Pregeding the experimental work a literature review will be given
concerning kinetic models proposed for iren catalysts valid up to high
conversion levels, and the effect of co-feeding of HaQ and COz on the

reacgtion rate.
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In zpite of the appropriateness of a slurry reactor for the
measurement of the kinetics of the Fischer-Tropsch synthesig, most
studies are carried out in the vapour phase. Except for the study of Hall
at a1.31, all the kinetis data obtained in the slurry phase with iron
catalysts is of recent date. The major kinetic studies congerning the
Fischer-Tropsch synthesis over iron catalysts in a slurry reactor are
cummarized in Table 2.6.The rate determining step (RDS) in the kinetic
models proposed can be considered as a hydrogenation of a surface
intermediate which exhibits a first ordaer dependency on the hydrogen
concentration st lew synthesis gas cenversion. The gero order rate with
regpect to €O implies that CO probably occupies completely the available
adsorption sites 32. This theory is consistent with the findings of Dry
32 that no measurable amount of Hp iz adsorbed by alkali-free and K0
promoted iron when CO was presorbed onte the iron catalyst. Two models
reported in Table 2.6 will be handled in more detail, namely the model of
Ledakowicz 3% and that of Huff and Satterfield 35, Preceding these models
the kinetic relation presented by Anderson 36 which is based on vapour
phese research will be discussed.

Based on unpublished work at the US Bureau of Mines, Anderson 36
proposed that the conversion of CO and Hy can be described as:

~TooHy = L (2.22)
1+ 3 pyy0fPCO
Dry 30 reported that this equation was found to f£it satisfactorily the
kinetic data obtained in both fluidized and fixed-bed reactors for KO-
promoled iron. Eq.(2.22) can be derived from the encol complex thesry

asguming the following reactions:

o+ % = Cow (z.23)
CO; + A = COp* (2.24)
Hy0 + % 5 HyOw (2.25)
cox + Hy "I meoms (2.26}

It is assumed that the hydrogenation of chemiserbed CO is the rate
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Table 2.6.
Summary of kinetic studies for the Fischer-Tropsch synthesis with an iron

catalyst suspended in a slurry reactor.

Catalyst Temp. P (H3/CO)fapq Rate expression Raf
(°c} [bar! [mol/mol]
K promoted 250-320 22-24 2.0 kp 31

fused iron
K promoted 232-263 3-1% 0.6~1.8 k BH,/ (1 + 8 PH,0/ (PO PH,) ) 35
fuzed iron
Precipitated 220-280 10 0.7-0.8  k puy/(1 + a peo,/peo! 34

K promoted iron

determining step in the Fischer-Tropsch synthesis:

“TCO+Hy; = K PH, Sco (2.27)
The adsorption of GO can be described with a Langmuir equation.
Neglecting the adsorption of COp (Eq.(2.24)) and azsuming that CO and H30
saturate the catalyst surface leads to Eg.(2.22). This model can be
congeived as a competition between product water and CO for available
=ites, At high gonversion, the occupation with €0 will reduse by the
adsorption of Hz0.

When the adsorption of COs is more impertant than the adsorption of
H20 and when thus COs + CO saturate the surface, Eq.(2.27) then becomes:

k
~rcou, = P2 (2.29)

1+ peo,/beo

Accorpding to Ledakowicz 3% this eguation ¢an be applied when the watar

concentration is low due to a high water-gas shift activity and a low
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H3/CO inlet ratie. Ledakowicz 37 pointed out that a model praposed
earlier 3%, which comprises both adserption of COp and HzO:
k EH,

“TCO+Hp T (2.29)

1+ a peg,/eCo +2 PHRO BCO
could not satisfacterily describe the experimental data obtained with
different H3/CO inlet ratios.
when rate inhibition by product water is predominant, the proposed
model of Huff 35 turns out to be better than Egs.(2.28) and {2.29):

k py
“TeOHHy S 2 (2.3

l+a pﬂzof(PHZIPCO)

This model can be derived from the carbide 38 or the insertien 39 theory
by making appropriate assumptions and simplifications. In case of the
carbide theory it is postulated that the hydrogenation of adsorbed carbon

is the rate determining step:

“tootHy T K Py 0. tz.31)
The most important reactions in this model are:

CO  + 2% 5 0% 4 O . (2.32)

O% +Hy 5 Hy0 4 (2.30)

co o+ Hy FB5 G (2.34)

If the adsorbed carbon intermediate iz assumed to be the most abundant
species Eg.(2.31) turns to Eq.{2.30). In this medel the rate of reductien
by water vapour is explained by the decrease of the surface concentration
of the carbeon intermediata.

The short and long term effects of the addition of H20 and COp to
aynthesis gas over various iron catalysts will now be considerad. The
inhibition of the conversion of synthesis gas by the addition of water

vapour iz clearly shown in literature. Karn ? has demonstratad that water



-5H—

is an inhibitor for nitrided Fe, but that the rate promptly regaines its
previous value when the addition of water was stopped. The conversion of
Hp+C0 decreazed monotonously from 80 to 38% when the concentration of the
added water increased from 0 to 30 mole%. Due to the increased conversion
of CO by the water—gas shift reaction the conversion of CO did not
change.Satterfield B reports that also a2lkall promoted fused iron
exhibits a completely reversible decrease of the catalyst activity when
1z or 27 moleX water i3 added to synthesis gas. The activity, however,
did not vecover after removal of the water vapour from synthesis gas that
comprised 42 mole% water 8, This irreverszible reduction of the activity
may be caused by 3 decreazed zurface area due to recrystallization of
iron grystals. This also oecurs during the reduction of ammonia catalysts
by the water vapour formed from the iron oxide *é-37,

Brotz 0 reportes that besides water vapour. C0z also inhibits the
Fischer-Tropsch synthesis. The addition of 35 mole % COp to CO + Hp
resulted in a reduction of the activity of an iron catalyst from 40%.
Tramn 0 reports that the activity was reduced by half when 52 mole% CQp
tor 30% Hz0) was added to syntheszis gas over iren. According ta Dry 12
the presence of &-28 mole % CQp in synthesis gas had no apparent effect
on the activity. However. the addition of water vapour to the feed gas
lowered the activity of fuged iron. Based on addition eof water vapour and
carbon dioxide Karn 9 concluded that carbon dioxide has only a slight
inhibiting effect on the activity of iron catalysts compared with water
vapour, It hag to be noted that possibly the CO; inhibition ig not caused
by €07 itself but by Hz0 produced via the water-gas shift reaction from
€Oz added and Hp.

Thus, summarizing this introduction, in all kinetic models presented
here a first order H; dependency iz estimated and a hydrogen occupation
whieh igs independent of the CO pressure and that of othar gases. The Hs0
and €Oy inhibition is explained by competition between bthese molecules
and CO for the zame active sites. Concerning the differesnce of the
activity decrease betwean HO and COz; it can concluded that generally
water seemg Lo be 3 stronger inhibitor than COs;. Furthermore, it iz not
certain that the conwversgion inhibition caused by CO; addition is caused

exclusively by COo itself.



