2.9.5 Conclusions

B~

The olefin selectivity observed over potassium promoted fused iren 1§

mainly determined by the degree of secondary hydrogenation. This

secondary hydrogenation of olefins is predeminantly dependent on the

olefinfearbon monoxide pressure ratio indicating that olefins and carbon

monoxida compete for the same sites on the catalyst surface. The partial

pregsure of hydrogen appears to be unimportant.

The effact of water and carbon diexide on the olefin selectivity of

this catalyst is insignificant under normal reaction conditiens. Only in

case of an almost complete conversion of CO the adsorption of water may

become important and cause a decrease of both the olefin hydrogenation

and synthesis activity of the catalyst.
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2,10 Isemerization

2.10.1 Introduction

In the pravious section we have only considered secondary
hydrogenation of olefing. Initially formed higher olefins, however, can
be hydrogenated as well as isomerized. Thiz zection deals with the
igomerization of higher olefins and is introduced with a brief literature

ceview,
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It is widely believed that isomerizatien and hydrogenation proceed
via a common intermediate whiech is the half-hydrogenated gtate 42,5862
A possible reaction scheme iz proposed by Schuls 42 (gge Figure 2.36). In
this model the intermediate iz formed by the addition of a hydrogen atom
to an adzorbed olefin. Addition of a second hydrogen atom leads to @
paraffin. The intermediate may alzo loose a hydrogen atom. te be
convarted in an l-alkene or a Z-alkene molecule. The isomerization and

hydrogenation thus proceed on the same catalytic sites 62

R—CH§CH=CH2 - R_CH§CHETEH2W‘
+H R*CHICHICHB

*H

R'CH‘CH-CHE T:;r—h R'CH§CH—CH3

Fig. 2.36 Double bond shift and secendary hydrogenation of olefins

according te Schulz 42

On iren Fiszcher-Tropsch-catalysts the formation of 2-alkenes from
1-alkenes is attributed to the presence of Si0p, Alj03 or other acid
oxides -9-63.8%, Amcording to Egiebor and Cooper 84 the olefin
isomerization increases with an increase of the silica centent whereas
the total olefin selectivity remained constant. Alkali addition which
reduces the acidity of the catalyst, depresses both isomerization and
hydregenation, the latter to a higher degree 59,

Regarding the kinetics the literature is not consistent. Cerveny 62
and Bond 58 report that the slow step in isemerizatiecn is the formation
of the half-hydrogenated state. However, according to Stdheimer 89 the

isomerization is independent of the Hp pressure.
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2.10.2 Compstition model for both hydrogenation and isomerization

A summary ©f secondary reactions is pregented in Figura 2.37. A value
for the Hy order of the isemerizatien reaction with respect to hydrogen

18 omitted as neither the literatuye data nor our data is conclusiwve.

2 - ALKENE 0 “ICH2
= kchz
n R k3Ch, 91_ atkena
ra i,C ?6
4-H 1- Al
1-ALKENE |e— ‘ z "i-Alkene
5 ®5Ch, B2 Alkene
r3 rﬁ= kscHz
5
ALK ANE [-=
Fig. 2.37 Simplified model! for the secondary olefin hydrogenation,

double bond shift, and the primary fermation of alkanes,

I-alkenes and 2-alkenes

Eased on the reactions given in Figure 2.37 we can form mass halanges

for l-alkenes. Z-alkenes and alkanes:
X

PoutCl-alkene,G =t%1%H;,1 = k4CH,, L 91walkene = %3CH,, 181 alkenel VL (2.46)
. %
FoutCz-alkene, 6 =UeeCHy, L + KaCH, L ¥lualkene ~ K5CH,,L82-alkene!VL (247}
FoutCalkane.G  =(kalH,,L + %3CH, L% -alkene * $5CH, L82-alkene!VL (2.48)
If the conversion of CC is not too high it can assumed that the
ocrupation of sites by alkenes ig dependent on the alkene/CO

cohcentration ratio. The olefin selectivity follows from the sum of
Bgs.(2.468) and (2.47) divided by the sum of Bgs.(2.46), (2.47) and {(2.48):

olafin =al. ki+kg  _ k3 Cialkene.lL. _ ¥5 Ca_alkene.L (2.49)
kythathy (kl+k2+k6)CCO,L {k1+ka+kg)Co0. L
with ¢; p = =46 = Bi

mj, RTmi
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Eq.(2.4%) can be written as follows:

olefin sel. = "1*% . K3 Ploalkene "CO - k5 Pi-alkene TCO
hyekythkg Uy +hotkg)Poo Mi-alkene (k1 tH2+Ke)PCO M2-alkens
(2.50)

If it ig assumed that the hydrogenation rates and solubilities are equal for

l1-alkenes and 2-alkenes Eq.(2.50) becomes:

ky+hg - k3 Moo Palkenss ¢2.51)
kg +leg g Uky ik )Malkenes PCO

elefin sel. =

With palkenes = Pl-alkene t PZ-alkene:

If the isomerization rate rq and the formation rate of 2-alkenes out of
synthesis gas, rg, is low with respect to the formation of l-alkenes, ri.
tha l-alkens pressure will be much higher than that of Z-alkenes provided
the hydrogenation of l-alkenes is not more rapid than that of 2-alkenes
(r3f rg). When thege conditions are satisfied Eq.{2.51) can simplified
into:

kythg k3 8o Pl-alkene (2.52)
kythkatke oy +kp+kg) m1_alkene PCO

olafin sel.

Eq.(2.50) can be alse simplified to Eg.(2.%2) when the hydregenation rate
of 2-alkenes is much lawer than that one of l-alkenes. Bond 5% has
reported that the l-butens/2-butene reactivity ratie iz about 4, Carveny
and Ruzicka 92 have found that the relative adsorption coefficients of
l-hexena, cis-2-hexens, and tranz-2-hexene on platinum catalysts strongly
decreasze namely: 1.00, 0.15, 0.06 which probably explains the
praferential hydrogenation of l-hexene. Therefore, it is likely that
k3>>ks by which the olefin selectivity is only dependent on the
l-alkens/CO pressure ratio.

It is obvious that the fraction of l-alkene with respect to all

hydrocarbons of ¢ne carbon number depends of tha degree of izomerization:
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Pl-alkene - k), - el
Pl-alkenatP2-alkene*Palkana kythytkg m_alkene (K1+ka+kg)
kg p x=1 1
(3 & FHa . Fl-alkeme () 83
(mHzRT)x“1 PCO

At a constant Hp pressure it follows from Eg.(2.53) that the fraction
i=alkene is also only dependent on the 1-alkéne/CO pressure ratio. This
equation clearly shows that an increasing l-alkene pressure by increasing
the conversion of CO results in a lower l-alkene fractien. The elefin
selectivity decreases naturally with inereasing conversion of CO as
follows from Eg.{(2.52). Finally, from Eq.(2.54) it can be seen that the
fraction Z-alkenes ingreases with increasing pi_alkene’/Poo ratio only in
case the isomerizaticn is fast with respect to the hydrogenation of

2-alkenes:

P2-alkene kg , e pay™h 0G0 B1-alkene

Pl-alkenetPZ-alkene*Palkane k1+katkg (g, RTV L my_apene Peo

ks BCo Pz-alkene (2.54)
(ey+kot+kgIma_alkane PCO

2.10.3. Experimental
All experiments were carried out in the well-mixed stirred autoclave.

The reaction conditions were equal to those reported in seckion 2.8.2.

2.10.4. Results and discussion

The fractions of C4 hydrocarbons are plotted as function of the
lebutene/CO pressure ratio in Figure 2.38. The 1-C4Hg fraction clearly
decreases with increasing 1-CyHg/CO pressure ratio, in agreement with
Eg.(2.52). This decline of the 1-CgHg fracticon is caused by both
hydrogenation and isomerization., The isomerization rate appears to be
higher than the hydrogenation rate az shewn by a more pronounced decline
of the l-butene fraction. The latter is more prenounced than that of the
total olefin fraction (sse Figure 2.38). Conclusions cannot he drawn with
regard to the order in hydrogen of the isomerization reaction., x. since

the variation of the hydrogen pressure was too small.
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Fig. 2.38 Selectivity of various €4 fractions as a function of the

I-butene/carbon monoxide pressure ratio at 270°C {(run 1)

The gradual decline of the 4 olefin selectivity as funetion of CO
conversion (a higher CO conversion also means a higher 1-C4HB/CO pressure
ratio) is comparable with the decdrease of both C3 and Cg olefin
selaativity up to a €O conversion level of 87%, as shown in Table 2.14.
The Cy olefin selestivity is lower than that of C4 and Cg only if CO is
almost depleted (Hpy = 94%). This indicates that the hydrogenation rate
of 2-alkenas iz lower than that of l-alkenes and of minor importance for
the case of thiz catalyst. The low C3 olefin selectivity in comparison
with other hydrogarbons shows the high hydrogenation rate of athene.
which iz also higher than the isomerization rate of l-butens and

i-pantene, as shown in Table 2.14.
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Table 2,14

I'nfluence of the O conversion on the Cp—Cg olefin selectivity, the
I-butene and I-pentene fraction of Cyg and Cs hydrocarbons, respectively.
P=I50°C. CHz/CO)jp = 0.67-3.0

oo P olefin selectivity 1-C4Hg 1-CgHyg
Ca C3 Ca Cg Cy, tot Cg, tot
(%] [bar] (%1 [%3 [%] %] %] (%]
13.2 1.5 89.0 92.7 82.0 89.6 84.7 77.7
36.8 4.5 79.3  90.3 89.3 87.2 79.8 69.8
78.1 9.0 39.9  B84.6 B83.89 B83.5 64.8 60.8
86.5 2.0 28.8  79.4 81.9 79.1 56.8 54.7
94.5 3.0 21.0  64.3 75.8 71.1 31.4 31.5

In accordange with the data coneerning ethane and propans (sea
section 2.9.4) n-butane is alse a primary preduct. The initial fraction
ko/{k)+kot+kg) iz approximately 9% at 270°C. It is interesting to note
that 2-butene alsc appears to be a primary produst. The initial fraction
i= approximately 10%.

The influenge of the temperature on the isomerization and
hydrogenaticon of l-butene is shown in Table 2.15. Both the rate of
igsomerization and hydrogenation of butene inereace with inereazing

tempaerature at approximately equal Pl—C4HngCD ratia.

2.10.5 Conclusiong

The hydrogenation and isomerization of higher olefins depends on the
l-olefin/carbon monoxide pressure ratie indicating competition between
l-olefins and CO for vacant sites on the esatalyst zsurface.

The isomerization rate is more rapid than the hydrogenation rate of
l-glefing and 2-olefinz over this potassium promoted iron catalyst. The
hydrogenation of 2-plefing iz probably of little importance for the case

of this catalyst.
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Table 2.15

Influence of the temperature on the I-butene and 2-butene fraction at a
constant conversion of (O and approximately equal Pl pytene/Pco ratio.
B=9 bar, (Hp/C0};, = 0.67

T ¥oo 1-C4Hg 2—Cg4Hg P)-C4Hg
Cg.tot Cy.tot PCO
[*C1 [%] (%] (%1 [-1
230 76.9 74,8 10.2 0.019
250 74.0 68.6 13.8 0.020
270 77.0 61.4 7.8 0.025

2.11 Qlefin selectivity as a funation of carbon number

The aim of this sectien is to give a theoretical explanation for the
dependency of the olefin selectivity on the chain length. The olefin
selectivity of the €3 fraction is often higher than the olefin selectivity
of other fractioms. Freguently the olefin selectivity drops gradually for
higher hydrocarbons, see for example the review of Schulz 4z,

The decreasze of the olefin selectivity az a function of carbon number
iz sometimes attributed to the longer residence time for heavier products
in the reactor due to the increasing solubility 65,66, Therefore. higher
molucular weight produsts should have a greater probability of undergoing

secondary reactions than lighter products. When the residence time,
x = PnVi/™n (2.55)
g Vp
and the production rate of Cp, ry Vi, for steady-stats conditions is
ra Vi, = Pp Fout/RT {2.58)
the reszidence time ¢an be zimply written as

T = Vp/Aimg Faue) (2.57)
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Although, is ig obvious from Eg.(2.57) that the residence time increases
as a function of carbon number due to the decreasing solubility
cogfficient my, the residence time iz not a suitable parametar to
degeribe the effect of chain length on the olefin gelectivity. As

discusg=ad in gection 2.10 the olefin selactivity can be desaribed as:

C, olefin selectivity = a - B Pl-alkene — TCO (2.%8)
ECO Mml-zlkene

If it is assumed that A and B' are proper gonstants, and not a function
of the chain length n, then it iz cobvious that the effect of the chain
length on the olefin selectivity stems from the influence of the carbon
number ¢n the solubility coefficient and the partial pressure. The
partial pressure., p,, can be described as a function of the carbon number
with the Schulz-Flory distribution:

Inlpp} = n In(a) + In((l-w}/a) + Inlpye) (2.59)

The logacithm of the solubility coefficient of hydrogarbons in paraffin

o1l and zgualane is also a linear function of the carbeon number:

In{mp) = an+b {2.60)}
Substraction of Eq.(2.60) from (2.539) results in

In{pn/my} = {ln{a) — a) n + Inlpye) + ln({l—=a)/a) — b (2.61}

Thus, the concentration of heavier hydrocarbong, pp/fn. will increase
with n when the value of ln @ is larger than a. The value of a is
caloulated for paraffin oil and squalane. Figure 2.39 shows that the
value of a iz -0.49 for paraffin oil, The wvalue of a for sgualane is
galgulated by means of data from Donohue et al. 67 and Chappelow and
Prausnitz 68, The authors last mentioned report Henry coefficients (Hy )
only for C1-C4 hydrocarbons up to temperatures of 475 K. Therefore. the
Henry coefficient of €7 and Cg are extrapolated to 523 K. as shown in
Fig. 2.40. The solubility eoefficient, m. can be calgulated from the

Henry coefficient Hy 2 according to

(Hy,2 - 1}
RT

Mizqualane/Psqualane (2.62)
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The value of a, caleulated from these data by measuring the slope in a
plot of the logarithm of the solubility coeffigient as a function of the
carbon number turns out to be —0.52 at 250°C for squalane as the liguid
phase. Thizs value of a is very close to the value of a in paraffin eil,
which means that the increase of the selubility of hydrocarbons as a

funetion of the carbon number is similar in squalane and paraffin oil.

4
LN mp @
31—
? |-
0
o
1 —
=
| S U N T S SO B |
1 5 9

— CARBON NUMBER

Fig. 2.39 The solubility coefficient of hydrocarbons as a function of the
carbon number in paraffin eil for 250°C based on date of De

Priester 79
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Fig. 2.0 The Henry coefficient of Cp and Cg In squalane as a function of
Lhe temperature based on data of Donohue 87 and Chappelow £8.
The data points for 537 and 543 K are extrapolated

Uzing the wvalue of a for squalane. the concentration of larger
hydrocarbons, pn/my. will increase if the value of o is higher than 0.61.
The effect of the value of o on the decline of the olefin selectivity as
3 function of the carbon number according to Eq.(2_.%B) and Eg.({(2.61} is
thown in Fig, 2.4l. This figure clearly demonstrates that the decrease of
the olefin selectivity with increasing garbon number ig wore proagsunced
when the wvalue of a iz high. Note. that it iz assumed in rhiz figure that
1. only the value of a varies, 2. the rates of zecendary reactions are
not affected by the chain length and 3. mass transfer limitatiens de not
play a role. Although the assutptions 2 and 3 may be incorrect. the
inereasing cencentration of hydrosarbons with increasing chain length is
probably the most important factor in determining the olefin selectivity
of heavier hydrocarbons, provided that the valus of « is larger than
0.81, which i3 usuwally the case for typical Fischer-Tropsch catalysts.

The values of « for potassium promoted ireon catalysts vary from 0.6
for C)-Cg hydrocarbonz to 0.9 for Cjp* hydrocarbons. {(see Table 2.3}.
Thig means that foc this type of catalysts the ratie pPn/mpy increases as 2
function of the carbon number. Censequently, it ig likely that in
congequence of this the olefin selectivity for this type of catalysts

will decreage with increasing chain length.
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The effect of o on the olefin selectivity calculated with help
of Eq.(2.58) and (Z2.61). The values of A& and B are derived from
Figure Z.28 where X and B represent the initial fraction of
olefins at each carkon number and the rate of secondary

hydrogenation of olefias respectively (see sectlion 2.9.2). Date

used:

A = 90% meg = 5.29 m3p/mig

B = 100 % mey = 0.77 wi/mig

T = 250 °C pye = 1.0  bar

peg = 3.4 bar (Xpp = B0 % (Hp/CO)ggeg = 0.6

P = 8.0 bar)
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2.12 The efifect of co-feeding of ethene on the activity and selectivity

under various reaction cenditiong,

2,12.1 Introduction

Alkene additien to the synthesis feed gas has been tha subject of
many studies concerned with the determination of reaction intermediates.
the role of secondary reactionz., and the possibility of altering the
molecular weight distribution in the Fischer-Tropsch synthegis.

Hall et al. %9 investigated the incorporation of radiocactive ethene,
propanal and propanol in a mechanistie study of the Figscher-Tropsch
synthesis. They passed synthesiz gas (Hp/CQ = 1) containing 1 to 1.25
moleX radioactive ethene over either of two reduced fused iron catalysts
in a fixed bed reactor, With an iron catalyst promoted with 0.6% 8i0s,
0.6% Crz03, 4.6% Mg0, and 0.6% K30, about 6 mole¥ of the hydrocarbons
formed at 7.5 atm and 249°C stem from the ethene. With an iron catalyst
promoted with 0.64% Al;03, and 2.00% ZrQp. about 12% of the ethene was
incorporated into higher hydrocarbons at 1 atm and 224°C. In both
experiments the principal reaction of the labeled ethene was
hydrogenation to ethane. Only a negligible amount of the labeled ethene
was cracked into methane.

Pichler et al. 39 studied the reaction mechanism of Fizcher-Tropzch
synthesis by adding 1%C labeled ethene to synthesis gas (Hp/CO = 2) in a
fixed-bed reactor. With an alkalised precipitated iron catalyst they
added 0.21 mole¥ ethene and .3 mole% propene to the synthesis gas at 20
atm and 220°C. About 9% of the ethene but only 1% of the propene were
converted te higher hydrocarbons. With a fused iron catalyst 0.34 mole¥
ethene was added to the synthesis gas at 20 atm and 320°C. 11.5% of the
ethene wag converted to higher hydrocarbons. For both catalysts the major
portion of the tagged olefins was hydrogenated to zaturated paraffins.
Hydrocracking played a negligible role on these catalysts.

bwyer and Somorjai U demenstrated that l-alkene, produced as an
initial product, can underge readsorption in competition with GO and
hydrogen, and that such alkene then gontributez gignificantly to the

synthesis of high molecular weight hydrocarbong. Under their conditiong



_97_

of & atm pressure and 573 K, an Fe(lil)single-crystal catalyst
predeminantly produced methane (CO conversion less than 1%). Addition of
0.04 to 2.7 mol% ethene or propene to synthesis gas with an Hz/CO molar
ratio of 3 noticeably shifted the selectivity to heavier products. In a
representative experiment, after 90 min of reaction. most of the ethene
(75.6 mol%) was hydrogenated to ethane; yet 8.2 mol% of the ethene
(initial concentratien 2.7 mol%) was converted to higher hydrocarbons.
Increasing the mole% concentration of ethene caused the amount of higher
molecular weight hydrocarbons to increase further while the methanation
rate remained practically unchanged. The product distribution became very
zimilar to that obtained cver an industrial iron catalyst operated under
similar conditions but at substantially higher conversions. This led te
the suggestion that the readsorption and incorporation of initially
produced alkenes contributed significantly to the gsynthasiz of highar
molecular weight hydrocarbons.

Barrault et al. 7l investigated the hydrogenation of carbon menoxide
to light olefins on aa iron/alumina catalyst. Experiments with ethens (7
mole%) added te synthesis gas (Hp/CO = 1.5) at 15 bar and 743 K showed
that the olefin significantly enhanced both the formation of C3-C4
hydrocarbens and methane, and the hydrogenation to ethane. Barrault and
coworkers suggested that chain growth occurred by a carbene olefin
mechanism. The only work in the liguid phase was done by Satterfield et
al. 29, They studied the addition of athene and l-butene in the
Fizcher-Tropsch synthezis on an iron catalyst. With a reduced fused
magnetite catalyst containing 2.0-3.0% Al»03, 0.5-0.8% K30, 0.7-1.2% (a0
and ¢ 0.4% $i0p, they added 1.5 mole% CyHy to the synthesis gas (Hp/C0 =
1.2) at 248°C (€O conversion more than 90%). At 14.8 bar pressure 32% of
the added ethene was hydrogenated te ethane, at 7.9 har pressure this was
20%. Less than 10% of the added amount of ethene zeemed to disappear
apart from conversion to ethane. A noticeable effect of ethene addition
on the olefin/paraffin ratio or the production of higher hydrocarbons was
not observed. Satterfield and coworkers concluded that addition of olefin
to the reactant stream is not a viable methed of altering tha molecular

weight distribution over an iron catalyst.
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Chang J. Kim 72 claimed in US Patent no. 4,547.525 that the methana
production in the catalytic Fischer-Tropsch hydrocarbon synthesgis
reactions is reduced by adding olefins to the Hy and QO feed miwture.
Alpha olefing of ten carbon atoms or less are particularly preferred. For
example: with a precipitated iron catalyst containing copper. potassium
and silicon, 9.6 mol% sthene was added o the ayntheszis gas. The €O
conversion remained unchanged while the CH, selectivity was reduced with
30%,

In a more recent study Snel and Espinoza 73 described the influence
of co-feeding small alkenes on the catalytic behaviour of an iron
catalyst in the Fischer-Tropsch synthesis. The catalyst used was carboen
containing iron ealcium owxide prepared via a modified amorphous sitrate
method,

The oxidic catalyst precursor contained ca. 3 {(atomic) % carbon and
equiatomic amounts of iron and calcium. Hydrocarbon synthesiz was carried
out at 2.0 MPa and 543 K with hydrogen—poor synthesis gas (Ha/C0 = 0.9)
at & volume hourly gpace velocity of 1000 in a fixed-bed reactor. Alkenes
were added to the synthesis gas stream at levels of esither 5 or 10 molk.
Co~feeding 10 mole’ ethene resulted in a considerable increase in both
the olefin selectivity and the activity (increase: 67%). The methane
selectivity decreased =mignificantly {(decrease: 71%). Sixty percent of the
ethene added was hydrogenated. Schulz-Flory statistics were maintained
throughout. All changes in catalytie behaviour were reversible. The
increasing activity was caused by the rapid incorporation of ethene inteo
the growing chains. The idea is that active, adsorbed ethene scavenges
Ci* and H* surface species for incorporation and hydrogenation
respectively. The resulting dacrease in concentration of Cy% and H*
surface species explains both the drop in methane concentration and the
increasing olefin seleckivity.

The studies referred to regulted in a hetter upderstanding of the
Fischer-Tropsch mechanism and the rele of gsecondary reactions of olefins.
The relative intensitieg of the effects of co-feeding ethene (e.g. the
percentage of ethene added converted te higher hydrocarbons) described in
these studies, differ widely and they probably are strongly dependent on
the reaction conditiens. This dependence ig desgribed and explained in

this section.
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2.12.2 Experimental
All experiments were carried out in the wall-mixed stirred autoclave,

The reaction conditions were equal to those reported in section 2.8.2.

2.12.3 Results

Four series of experiments were carried out to investigate the effact
of co—feeding othene to synthesis gas. A series consists of three
experiments: the state before, during and after the addition of ethene.
The reaction conditions applied are listed in Table 2.16. Material
balances on the Cp fractien, made by comparing matched experiments with

and without added ethene. are liszted in Table Z.17.
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Fig. 2.42 Effect of the co-feeding of ethene on the olefin selectivity at
250°C (series R}
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Series 4
The results of this series of experiments are shown in Figure 2.42 tg
2.45. Ethene addition eauses an increased olefin salectivity, an
increased production of Gyt hydrorarbons, and a decraased methans
selectivity. All these changes in catalytic bghaviour are reversible and
are pregented in Table 2.18. Table 2.17 illustrates that the major part
of the ethene econverted is hydrogenated to ethane. The competitive
adsorption of ethene reduces the availability of CO surface
intermediates. This is demonstrated by a drop of the ethanol production,
which is too large to be attributed to the reduction of Cy surfaecs
intermediates, Remarkably. the CO conversion itself is not affected by
the addition of ethene although the availability of CO surface
intermediates decreases. Essentially it means that there is competition
between the adsorption of ethene and a particular form of adsorbed CO.
whigh is invelved in alcchol formation. It should be noted finally, that

there was no change in the chain growth probability.
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Fig. 2.43 £ffeet of the co-feeding of ethene on the production rate of

hydrocarbons at 250°C (series A)
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The results of these series are gualitatively equal to thoge of

geries A, only the magnitude of the resulting effects ie different. The

rasults are presented in Table 2.17 and 2.18, The increase of the Gt

activity is ecaused by the incorporation of ethene. This reaction consumes

a lot of C; surface intermediates and therefore retards the methanation

rate. The hydrogenation of ethene consumes hydrogen surface intermsdiates

which may have an inhibiting effect on both the methanation reaction and

the hydrogenation of 3% olefins.
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Fig. 2.44 Effect of the co-fesding of ethene on the methane selectivity

at 250°C (series A)
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In summary:

L The increase of the Cz+ activity iz cauzed by the incorperation of
ethene.

* The decrease of the methane selectivity is caused mainly by a lower

availability of €3 surface intermediates and a higher concentratien

of Cpt hydrocarbons. The probably lower availability of surface

hydeogen may play a minor role.

The inerease of the Cz* clefin selectivity is mainly caused by an

enhanced adsorption of very reactive ethene species. Also in this

caze, the probably lower availability of hydrogen may play a miner

role,

Table 2.15,
Summary of the reaction conditions applied during the

additien experiments.

Series  Exp. P T Fﬂzl) Fopl! FCZHQI) CO conv.
no. [bar] {°C] (ml/min] [ml/min} [ml/min) [%]
A 1 9.0 250 4G 61 0 70
2 9.0 250 40 61 6.5 70
A 3 9.0 250 40 61 0 70
1 250 40 61 Q 15
1 250 40 61 6.5 15
1.5 2%0 40 6l 0 15
< 7 1.5 250 73 25 0 25
C 8 1.5 250 72 24 6.5 25
g 1.5 250 73 23 o] 2%
D 10 9.0 250 104 150 0 55
11 9.0 250 101 147 6.1 59
D 12 9.0 250 101 145 0 55

L measured at 20°C and 1 bar




Table 2.17

Materia! balances of ethene added.
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Series A Series B
[umol C/=] [mol%] [pmol C/=] {mol¥%)
Ethene added 9.04 160.0 9.04 100.0
Unconvarted 3.41 31.7 8.177 97.0
Hydrogenated 4.05 44.8 0.21 2.4
Incorporated 1.58 17.5 0.0% 0.6
Series C Serieg D
[pmel C7s) [moli] [pmol C/=3 (mol%)
Ethene added 9.04 100.0 8.49 100.0
Unconverted 7.07 78.2 7.20 85.6
Hydrogenated 1.56 17.3 1.18 14.0
Incorporated 0.4l 4.5 0.03 0.4
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Table 2.18

Changes in catalytic hehavjour by "co-feeding” of sthens.

Series Exp. C3 olefin 5,3) !.'C3_CS C17C3 X0 4} PCqu/PCO
no. [%] (pg/s] (%] (-1
A 1 85 47 1.7 74 0.024
2 87 54 1.4 73 0.14¢
A 3 g6 47 1.8 72 0.021
4 93 5 3 15 0.002
1) 2)
= 94 7. 4.5 2,5. 3 15 0.118
& 93 4.5 3.5 15 0.002
c 7 20 B.S 5.2 25 0.008
8 90.5 12 3 25 0.293
9 80 8 S.2 25 Q.010
10 B8.5% 60 1.3 55 0.012
D 11 88.7 60 1.2 55 0.080
13 88.% 60 1.3 G5 0.012
1}

During experiment $ the production of C3—Cg hydrocarbons decreased
from 7 to 4.5 pg/s (deactivation)

! During experiment 5 the ratio C1/C3y increazed from 2.5 to 3.
3)

C3 olefin s. = pogHg/ (BCyHg + PCaHa!* 100%,
i)

¥og = (C0;n - COgut)/C0in * 100%
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Table 2,16, 2,17 and 2.18, illustrate the strong dependence of the
reaction conditions applied on the effects of co—feeding ethene. The effects
are dependent on:

* The amount of ethene capable of reaching the catalyst surface. The ratio
PCZH4/PCO is the esgential parameter te deseribe this adsorption
aompetition.

%  The amount of othene converted. This amount depends on the “reactivity" at
the reaction conditions applied and can be expressed by the CO conversion
rate (umol CO/s).

Thiz means that the relative magnitude of the effects (e.g., the decrease of
methane selectivity (%)) is dependent on the PC2H4fPCO ratio, whila the
absolute magnitude of the effects (e.yg. decrease of methapmation rate (pg/s) or
the inerease of the Cy* production rate (ug/s)) is dependent on the conversion
level. Table 2.18 illustrates the correctness of this statement. It can be
zeen that the largest decrease of the methane fraction, expressed by the €)/C;
ratio, iz attained for the series with the highest peom,/Peg ratio (series C)
while the largeszt increaze of the C3-Cg production rate iz attained in series
A of which the CO conversion rate is much higher than that of szeries C.

Thus, finally. the amount of ethene added te synthesis gas which is
hydrogenated and incorporated over a fuszed iron catalyst can be correlated by
the PCgH4/PCO ratio in the reactor when the ethene reacted is corrected by the

CO conversion rate ag ghown in Figure 2.45.

2.12.4 Conclusions

The principle conclusion of thiz study is that the relative magnitude of
the effects caused by adding ethene to the reactant stream, is detetmined by
the value of the parameter pc,H,/PCo alone. This parameter is related to the
CO conversion and represents the reaction conditions applied (pressure,
temperature, mole% ethene added, etc.). The effects caused by co-feeding
ethene agrea completely with the effects of secondary reactions of ethene
under normal Fischer-Tropsch conditions.

aAlthough there is more or less complete consensus about the gualitative
effects of adding ethene, our study explainz why zome investigators reported

gmaller effects than others (er even none). Incorporation of ethene has been
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raported by Hall et al. 69, pichler et al. 39, Dwyar et al. 70, Barrault et
al. 71, and Snel and Espinoza 73, They also showed that the principal reaction
of the added ethene was hydrogenation to ethane. Satterfield et al. 29,
however, did not find any significant incorporation of ethena added or other
effects. This conclusion is based on addition experiments of ethene at too
high a degree of conversion of CO (> 90%), causing the reduction of al}l rates
of reactions, including consecutive reactions. Moreever, at these conditions
it is very difficult to distinguish the reactions of a very small amount of
ethene added.

A decrease in methane selectivity has been reported by Dwyer et al. 79,

72 and Snel and Espingza /3, Barrault et al. ’} however. found an

Kim
enchanced methapation rate. This 1s completely due to cracking of ethene on
the iren alumina catalyst at the extreme temperature of 745 K. As shown by all
the other investigators. hydrocracking plays a negligible rele on iron

catalysts under normal Fischer-Tropsch eonditions.
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