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Table 3.i4
Survey of the (3 olefin sclectivity and the ethene mole fraction
for both FeRu/85i0z and potassium promoted fused irom (C73) at 250°C

and various pressures.

Catalyst Exp. H.0.5. Flew ¥pg Pl Pro P BCyH, Ca PCoH,y
no. in 01.sel, PCy 4
noxm (bar] ([bar] {har} [bar] [%] [-]

RuFe/5i0> 14.25 839 23% 1Z.6 0.92 0.39 1.4 3.2E-4 31.4 0.041
Fe l6.08 242 98 2§.1 1.09 0.33 1.5 25.0B-4 71.4 0.136

Rulfe/3103 14.16 %74 206 9.1 3.78 5.05 4.0 2.8E-3 31.0 0.031
Fa 16.24 692 205 26.8 2.40 5.78 9.0 16.3E-3 84.8 0Q.221

RuFe/8510s 14.11 206 207 13.5 10.78 5.03 17.0 2.7E-3 193.9 0.014
Fe 13.17 240 318 84.0 5.69 6.0Z 17,0 1Q00.6E-3 61.1 0Q.150

1} ml(20°C and 1 har)/min

3.3.11 The olefin gelectivity observed with other bimetallic catalysts
Besides RuFe other combinations with iren has been developed as well,

Below the performance of a few catalysts in respect of the olefin
selectivity is compared with that of RuFe and promoted fused iren

The properties of the catalysts are summarized in Table 3.15.
Considering PdFe/Zn0 and CoFe/S5iQ; it can be concluded that Pd and Ce
addition lowers the olefin selectivity despite the very low conversion.
The walue of the olefin selectivity is of the same order of magnitude as
that obtained for RuFe/3iQ; but much lower than that for fused iron as
ghown in Table 3.15. At a higher conversion iron promoted with copper
produces predominantly paraffing

The addition of manganese differz from that of ruthenium, copper.
cobalt and palladium because manganese lowerz the aetivity <1, Diffenbach
et 2l, 22, Lehmann et al.2?, and KSlbel and Tillmetz 2% repart that MnFa

catalysts with a high manganese content produce hydrocarbons with a high
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C3-C4 fraction which predominantly contains clefins. However, when the
performance of these MnFe catalyst:z (results of other investigators
21,25.26,27 jneluded) are comparad with that of the iren satalyst used in
this study, it can be concluded that the latter produces low hydrocarbons
with a higher clefin content, Secondary hydroganation appear to be more
significant with MnFe catalysts 21.25.26.28 yhish may be attributed to
the higher reactor temperature used with MnFe (see Table 3.15). This
higher temperature is necessary to achieve a suffieiently high activity.
Finally, it may be concludaed that the addition of potassium to iren
iz much more succesful to abtain a catalyst which produces hydrocarbons
with a high olefin content than the addition of Co, Cu, Pd, Ru or Mn.

Table 3.15

Comparison of the olefin gelectivity cobtained with various catalysis

Catalyst T B (Ha/CO) 5y Xcp Qlefin s.  Ref.
- [e¢) [bar]l [mol/moll %] [%)
3.5 wt%PdFe(1:4,8)/Zn0 300 6.8 1.0 €S 45 (Cy) 29
2.5 wtiFe/Zn0 300 6.8 1.0 <5 67 (Gp) 29
4.9 wtkCoFel{l:4.0)/8i0; 250 13.% 3.7 9 18 (Cp) 30
4.9 wtyFe/Si0p 250 13.6 3.7 & 28 (Cp) 30
5.0 wt3RuFa/8i0p 230 9.0 1.0 14 29 (Cy) 31
CuFe(L:19) 250 - - 71 1) 28 (Ca-Cyq) 21
Fused iron 250 3.0 0.7 74 1) 71 (Ca-Cy) 32
MnFe(d.8:1) 275 13.6 1.0 18 60 (Cz-Cq) 26
Fused irem 250 13.6 1.0 17 Bl (Cp~Cy) 2%

1) conversion of Ha+CO
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3.3.12.1 Introduction

From the Fischer-Tropsch synthesis experiments carried out with both
RuFe/5i02 and Ru/8i03, it has hecome clear that the catalytic performance
of RuFe/8i0; does not differ significantly from the performance of
Ru/5i03. Therefore it i3 likely that the active surface of these
catalyszts 1z gimilar. This would indicate that the bimetallic character
haz disappeared under the reaction conditions used in this study, This
bimetallic character of RuFe/810; iz responsible feor the different
activity and gelectivity of RuFe catalysts according to various reports
1.2.3,4.8 uign respect to monometallie Ru and Fe catalygtes, However,
these reports are mostly bazed on meazurements at atmospheric pressure
and gnly after a short time on stream. Therefore, the existence of the
bimetallie phase of a used RuFe/Si0; was analyzed by means of Mossbauer
measurements after the catalyst had been exposed to a high pressure
during a few days on stream. Thiz Mozzbauer analysis was compared with
that of a fresh Rufe/3i0; catalyst and a sample which had been exposed to

synthesis gas for only 3 hours at atmospherie pressure.

3.3.12.2 Experimental

Three gsamples 5.0 wt¥ RuFe (1:3)/8i0; were prepared and reduced with
hydregen in aggordance with the procedure described in section 3.2.1. The
first sample was reduced without any further treatment: it iz uzed as
reference. The second sample (0.5 g) was exposed to synthesis gas in a
conventional down flow fixed-bed reactor for a short time, as described
by Sommen et al,l2,
The reaction conditions are reported in Table 3.16. The third =ample was
pretreated with CO+Hz in a high prezsure down flow fixed-bed reactor as
deggribed by Stoop 3, The reaction conditions are alzo reportad in Table
3.16. From these three samples Mossbauer spactra were recorded. These
expariments were performed and interpreted by A.M. van der Kraan and E.

Gerkema at the "Interuniversitair Reactor Instituut" 1o Delft,
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Table 3.16

Reaction conditions of the pretreatment of zample 2 and 3

Saﬁple Temperatura Prassure Flow Hy /C0O
[°C} [bar] {ml/min] 1) {mol/mol)
2 275 1 180 2
3 275 31 (1 day) 180 2
21 {3 days)
11 (1 day}
1 {1 day)

1) measured at 20°C and 1 bar

3.3.12.3 Regults and discussion

The gpectra of the samplesz mentioned are shown in Figure 3.22. The
spactra of sample 1 and 2 are similar. These spectra suggest the absence
of iron carbides. Thisz should mean that the catalyst jis still completely
bimetaliie after 3 hours on stream. However, the spectrum of sample 3
significantly differs from that of the other two samples. The Moasbauer
spectrun of zample 3 indicates that RuFe(l:3)/Si0; is carburized
completaly aftar 144 hours on stream. The carbides have been
characterizad as x-Feg0s and an iron carbide phase which congists of

small particles with supermagnstic performance 13

. The complete
carburization of the iron implies that Ru and Fe completely segregated
either before or during to the carburization process. Thus. these results
clearly show that bimetallic RuFe(1:3)/5iQz is not stable during the
Fischer-Tropsch symthesis at a moderate temperature and high pressure.
The presence of a small ampunt of iron carbide together with the metallic
component for RuFe(4.8:1)/5107 after having been kept in a 2H;/CO mixture

at 570 K and atmospheric pressure for only 38 hours 14

. suggests the
instability of bimetallie RuFe on a silica carrier even at atmospheric
pressure, Therefore. it is likely, that the decomposition of the
bimetallic particles starts immediately after contact with CO and Hy. The

extent of decomposition depends on the time on stream and the rate of
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decompgzition whigch, in turn. depends on the reaction conditiens.As could
be expegted, this rate ingreases with inereaszing temperature, pressure,
synthesiz gas convarsion level (water vapour pressure!) and iron to
ruthenium ratio.

Unfortunately. thegse conditiong prevent the commercial application of
thia type of catalyst for the synthesis gas converzion via the Fisgher-

Tropsch route.

3.4 Discuggion

During the first hours on stream, the production of a Ru/Si0p
catalyst, freshly reduced with hydrogen, mainly consists of methane. This
is probably due to a high surface coverage by hydrogen as is indicated by
the high valua of the Hy chemizorption 3, The product distribution and
the course of the activity is noticeably influenced by the addition of Fe
to Ru. In contrast with Ru/8i03, the methane selectivity over fresh
RuFe(1:3)/8iQz iz relatively low but it increases rapidly as time geoes
on, along with the deactivation of the catalyst. The initial activity of
RuFe/3i0z iz much lower than that of Ru/8i0z. This can alsc be explained
by the lower Hy coverage of an iron containing metal surface with respect
to pure ruthenium 3,

Nevertheless, the very low olefin gelegtivity obtzined with fresh
RuFe/5i03 at a high pressure and a low CO conversion level indicates that
the hydregenation activity is still much too high to prevent secondary
hydrogenation of olefins.

The results reporfed here have shown Lhat the olefin selectivity
dreps extremely rapidly as the converszion incraases. Sacondary
hydrogenatien is already important at a 0.1% conversion level! This
explains why such low selectivities are found at elevated pressure.
relative to satisfying valués at atmosphéric préssure. It may also
explain the selectivity difference between the Ru/8i0; ¢atalyst and the
much leszs adtive FeRu/8510; gatalyst.

Contrary to the initial pericd, the performance of RuFe/Si0y is
similar to that of Ru/Si0; aftaer only one day on stream. The activity,
the product distribution and the olefin selectivity are hardly
distinguishable. It appears that the properties of RuFe/8i0; are

eventually determined by the Ru atoms alone, unaffegted by the presence
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of Fe. The absence of a close contact between the Ru and Fe atoms is
supported by Mossbauer analysis which indicates that Ru and Fa are
segregated after a few days on stream at a high pressure. The segregation
is probably acgellerated by the carburization of Fe, which iz
thermodynamically favoured by higher CO pressures.

The olefin gelectivity of Rulfe/8i0s iz very low relative to that of
fuged iron. particularly when the cemparison is made after sometime on
stream. The selectivity degreazes extremely rapidly with increasing
0lefin/CO pressure ratio. Moreover. it appears that the hydrogen pressure
strongly influences this selectivity, indicating that a simple
gompetition model as described in Chapter 2 does not apply here.
Apparently, the pressure of Hp promotes the formaticon of paraffing either
by an increase of the secondary hydrogenation or by an increase of the
formation of paraffing directly from synthesis gaz.

The low steady-ztate agtivity of RuFe/5i0 and Ruw/5i0Qz iz partly
caused by the very strong inhibition by water. The CO conversion has to
be beleow 1% for it to prevent the inhibition of the hydrocarbon synthesis
by water. The product distribution is not significantly influenced by the
water pressure, indicating that water does not ocoupy specific reaction
sites.

Summarizing, it can be concluded that the addition of Fa to Ru
supported on silica is only effegtive during the first hours on stream.
The instability of the bimetallic RuFe particles under Fischer-Tropsch
conditions results in the formation of a mixture of asctive Ru particles
with inactive iron carbides with properties similar to a normal Ru/3i0z

catalyst.
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Model I
According to Kellner and Bell 20 tpe kineties of hydrocarbon synthesis over

-167-

Ruthenium catalysts can be derived from the following reactions:

1. CO

10.
11.

12,

(8y is the
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(K3 FHQ)%

Ky 6o pu,
Keg O Oy
Koy On
K78cm,0n
Lol P
KyOeiizOeu,
Klo@czHS 6‘,
¥118c,1g O

K129C2H5 BCHZ

fraction of active szites which is not ocaupied)

They suppose that the catalyst surfage is saturated by CO at a low

conversion level. Howevaer, it iz clear from the experiments presented in
Table 3.10 that the influence of water will have to be considered.

Therafora it iz supposed that water can absorb on the agtive gites and

inhibitaz the rate of synthesis gas conversion:
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Hp0O + * = HyO* (13)
It is supposed further that the rate determing step (RDS) is the
hydrogenation of a CHy intermediate:

CHy® + H Rps CHypy + * (14}

The formation of water via a sequence of Langmuir-Hinshelweod steps is

more likely than a Rideal-Eley step. Therefore equatien (4) iz replaced by
OF 4+ H* > CH* + * (4.1}
CH* + H* 3 HaG + 2% (4.2}

The rate determiping step can be written as:

reosn, = k@, On (15}
which can he expreszsad as
, # Bla+l)y 2
tooes, = % Bco B, o Oy (16)

whereby it is estimated that kg » k_g and kg » pa41
If CO, ©F and Hz0*% are the mozt abundant surface species eguation (16)

can be written asg

. s hlx+l)
_ k' peo® ey B KiKaky 1/ks K3
LCOMHy = an
Y 2
kg 1K1K
14 Kypo + 41N 2PCO PHL0
kg K13

with k' = kg, kgkg, kskgky for x = 0.1.2 respectively.
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Madel IT
This model is similar to model I but the reactions 4.1 and 4.2, the
hydrogenation of surface oxygen and surface hydroxide, are estimated to

be equilibrium reactions, Thiz results in:

. hx+1) k.
_ ' (KiRpR3Kg 1Kg,2 K3© /K1) (RCOPH,/BHa0) Bl F ) (18)
TCOHHp =

KiHpKaKe 1Ka.2  ProPny 2

1+ Kipgo + + K13PH,0

K13 pH0
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4, GAS-LIQUID MASS TRANSFER IN A SLURRY BUBBLE COLUMN REACTOR AT
FISCHER-TROPSCH CONDITIONS

4.1 Introduction

The catalytie performance of Fe and FeRu/8i0y was investigated in a
vigorously stirred auteclave in order to eliminate physical transport
limitations. However. for the industrial application of the
Fischer-Tropsch synthesis in the liquid phase a bubble column type
reactor is preferred. Therefore, special attention is given to mass
transfer in such a reactor.

The most important transport resistance in bubble column slurry
reactors is the mazs transfar from gas bubbles to liguid. The rate of the
conversion of synthesis gas is [irst order with respect to the hydrogen
pressure, provided the CO conversion level and the Hz/CO inlet ratio are
lower than 90% and 1 respectively. Thus particular attention hasz to be
given to the mass transfer of hydrogen.

Before explaining the aim of the experiments presented in this
chapter, the scarce amount of literature concerning gas-liquid mass
transfar in a Fischer=Tropsch bubble column reactor will be briefly
discussed. The axtent to which the performance of a Fischer-Tropsch
bubble column reacter is limited by this hydreogen transport has been the
subject of some discussions recently 1,3,4,5.6,7 tha main subject of
this discussion is the length of the mean gas bhubble diamster. The
caleulation of this is hindered by a lack of consistent relations
predicting the bubble diameter and specific contact area as function of
obsecrvable parameteéerz such as power consumption, gpecifie gas load and
gas, liquid and solids proparties i,

Furtharmore reliable experimental data are scarce. Only Zaidi .12
and Hammer 13 have determined values of kpa in a bubble column containing
catalyst particles suspended in molten wax. These kpa-values are related
to CO. From this data the wvalue of kpa for Hp can be ealeulated, although
the ki H,/kL,co ratio is also unclear 2,3,4,10,11,

The gas—liquid surface has been measured by Calderbank et al.1% using
a light-transmission method 1% in molten wax. but in the absence of
suspendad particles, From this report it follows that the mean bubble
diameter in a Fischer—Tropsch bubble colwmn is 2.1 mm in the bubble flow

regime. The correlation of Deckwar 16 £or calculation of the gas-liquid
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surface. which is frequently used, reads:
a=4,5% UG,QI'1

This correlation iz based on valuez of the gas holdup and
photographically determined bubble diameters, which are approximately 0.7
mm in the bubble flow regime 2+8.9 These bubble diameter measurements
were also carried out without the presence of solids.

In view of thiz lack of experimental data for the wvalue of kpa Hy
under Figcher-Tropsch conditions and especizlly the effect of solids on
the valug of kpa, it was decided te sarry out gur own experiments,
particulary regarding the influence of catalyst particles and also that
of the gas digtributor and liquid column height on the value of kpa Hy-

Because of the low reaction rate. and the complicated bhehaviour of
the catalyst, a catalytic model reaction for the determination of kpa was
selected, rather than the Fizcher-Tropsch reaction itself.

The resuits obtained in thiz study will be used in the last section
to predict the importance of gas-liquid mass transfer te the rate of the

Figscher-Tropsch synthesis in a slurry bubble column.

4.2 The resistance in geries model

For the determination of the volumetric liguid-side mass transfer
coefficient (kra) one ¢an apply the principle of the "resistance in
series”" model. In this section the suitability of the graphical
determination of kpa is described by plotting the inverse of the reaction
rate versus the inverse of the catalyst concentration.

According te this graphical method the kpa-value can be obtained from
gonversion measurements if the catalyst coneentration, and hence the
reaction rate. is wvaried over a sufficiently wide range. Under
steady-state conditions and assuming the liguid phase is not mixed, the

rate of transport from gas bubbles to liguid is given by
r = kpalC* - Cp) (4.1}

Thiz rate i3 equal to the rate of transport from the bulk of liguid phase

to the catalyst sucface

r = kgag(l - Cgl{l-eg) (4.2)
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and the rate of reaction
r = kn Coat Cgll=gg) (4.3
Combining the Bgs.{4.1) - (4.3), in order to eliminate Cp and Cg, the

following equation emerges:

oL _ 1, 1 + 1 (4.1

r kra ks agll-eq) k n Coapll-eg)

The right hand side of this eguation congists of the sum of the
gas-liguid mass transfer registance. the liquid-zelid mass transfer
resistance and the "chemical™ regigtance, including pore diffuszion
limitation,

If eatalyat particles are spheres of diameter dp. than

ag = ° Ceat (%.5)
pg dp

Subsituting of Eyq.(4.5) into (4.4) gives:

crw 1 1 1

aato- P ) (4.8)
r kpa kg (1—-86) Ccat
wherein
1_ = i . Psdp + i 4.7
kg kg ] k n

Furthermore, if it is assumed that gas bubbles behave as spheres. an
assumption which iz justified in the homogeneous regime and for
nop-viscous liquids, the gas bubble interfacial area. ag, can be

calculated as follows:

ag = 6 e {4.8)
dp

Combining Eq.(4.8) and {4.6) we obtain

1 1

Lt . b + ) (4.9)

i § kL £g kg (l=eg)  Ceat

A plot of Cp*/r versus 1/Cuay should yield a straight line with the
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ordinate intercept represgnting the gas-liguid mass transfer resistance
(1/%2) ¥-17, However. this implies that both dp. #g and K are not
affected by the catalyst loading. Later on it will be demonstrated that
this aggumption is only justified at very low catalyst concentrations. It
is intereating to note that the value of the =zlope in Bg.(4.%) depends on
the gasz holdup. Thiz means that the slope decreases with increasing gas
velocity due to an increase of the gas holdup. Naturally the slope will
flatten alse with an ingrease of the temperature due to a faster reaction
rate.

When one or more parameters on the right hand side of Eg. (4.9} change
due to the addition of catalyst particles, a plot of Cpr*/r versus 1/Ceqae
will not yield a straight line. The effects of possible changes of eg. dp
and ky, on the value of kpa and the shape of the curve will be digcussed
briefly. We start with the egtimation that the value of the gaz holdup
decreages due to the addition of catalyst particles. At higher catalyst
loadings this decrease of the gas holdup can cause an increase of the
total resistance instead of the usual, gradual decline as shown in Figure
4.1. In order to construct this figure, it is assumed that the gas holdup
decreases linearly with increazing gatalyst concentration (which is found
experimentally}. Thus, at higher gatalyszt congentration the ingrease of
the l/kpa-value iz much higher than the decrease of the "chemical
reaistance”. This decrease of the kpa-value may rémain unnoticed due to
the usual experimgntal scattering., if the value of kpa is determined on
bagiz of a relatively =mall range of catalyst concentrations.

In case the mean gag bubble diameter increases due to the addition of
solids, naturally this also causes a deareage of the kra-value. 3ince a
linear increase of the bubble diameter is nmot likely, it is assumed that
the bubble diameter gquickly reaches an equilibrium value. When the
increase of the bubble diameter depends exponentially on the catalyst
concentration a curve as shown in Figure 4.2 will be found. Again it may
be noted that thiz deviation of the normal strazight line might not be
visible by scattering of the data points.

Finally, catalyst addition may influence the kp~value and thus kra as
well. In this connection it may be said that this effect on the kpa-value
cannot be distinguished from that due to the ingreaze of the bubhle
diameter if hoth W ang dp change by the addition of catalyst particles.
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the gas heldup depends on the catalyst concentration.

The dashed line represents the situstion that all

hydrodynamie parameters are Independant of the catalyst

cancentration.

Assumptions:

kra
eG
kqn

1.0
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wip /e s
m3G/m3L+G
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Deviations from the straight line, obtained according to the

graphical method (BEg.(4.9)), also emerge when the gas abscrption rate is

enhanced by the addition of catalyst particles. Two possibilities can be

distinguished. The first one is enhancement by an increase of kp

19.20,21.22.23  This “shuttle” mechanism or "grazing" model has been

proved nearly exclusively for active carbon particles

23

, i.e. particlesg

with extremely high specifie surface areas. Thus, thisz type of

enhancement is of no importance for other, more common, catalyst

materials,
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Fig., 4.2 Predicted inverse effective reaction rate as a
function of the inverse catalyst concentratioa assuming
that only dy changes significantly with the catalyst

congentration., Agsumptions:

kpa =1 (Crgp = G2 mBL/mstc 5
=13 = 0.322 mJG/m3L+G
kon = 0.074 i I kGeqt S
dp = db,e - (db,e - db'ccat=OJexp(—O,03 Coge? Mgy

dp, e = 1.5x1073 mg

9b,Cogp = o = 0-7%1073 gy

The second posaibility is enhancement of the gas absorption rata by
reaction on catalyst particles in the liguid film around gas bubbles. In
that case two conditions must be fulfilled. Firstly, the catalyst
particle diameter, dP’ has to be zsufficiently zmall compared to the
liguid film thickness, &, for instance dp = 0.1 43, Sacondly, the
congentration of the gas in the bulk liguid must be approximately zero
24 1t is clear that the second condition is net fulfillad when applying
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the graphical method (CHz’L>0). It may be noted that in case the
concentration of the gas in the ligquid is indeed approximately zero (high
catalyst concentration) the eatalyst must be extremely active in order to
cauze 2 subgtantial conversien in the ligquid film. It can thus bhe
concluded that enhancement of gas abgorption will not play 2 role in this
study, in which a common catalyst is used.

Finally, the value of kpa may depend on the ceoncentration of the
catalyat particles. In that case, no linear curve is obtained if Cp*/r is
plotted versus 1/m. Nevertheless, this figure can be used for the
determination of the order of magnitude of the kpa-value, The influence
of the catalyst concentration on the kpa-value cannot be determined by
thizs method.

Therefore. in this study. two procedures have been applied. The first
srocedure, the graphical method (variation of the catalyst loading). was
applied for the determination of the kpa-valua at low catalyst
coneentrations. The second procedure was applied for the determination of
kpa at higher solid concentrations. The initial amount of catalyst waz
high enough to provide that the conversion of Hy wasz enly determined by
the gas-ligquid mass transfer resistance. Therefore, a change of the
conversion by the addition of catalyst or inert particles could be

directly attributed to a change of the kpa-value.

4.3 Calculation of kra from conversion data

The volumetric mass transfer coefficient kpa of Hz can he determined
applying the graphical methed or directly from the conversion of Hp as
pointed out in the previeus section. In both cases the behaviour of the
gas and liquid phase has to be lmown. This section describes the relation
between the hydrogen conversion. the walue of the gas-liguid mass
transfer registance and the chemical resistance for varioug reactor
modals. All models ara based on the following assumptions:

* the reaction equation is A + Hp + P

* the production rate of P,r, is first order in Hp and independent
of the concentration of A : ¢ = kg CHE,L

£ rhe catalyst concentration in the liquid phase is uniform

% tha temperatures of the gas, liquid and solid phase are uniform

and equal
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Model 1. Ggg phase behaves a5 plug flow; liguid phase is not mixed
The combination of a tall reactor with respect to the diameter and a

rapid reaction results in a concentration profile of hydrogen in the
liquid phase over the height of the reactor. The liguid phase can be
considered as non-mixed if the reciprocal first order reaction constant
is much smaller than the mixing time. Especially for a reactor which is
relatively high the mixing may not be sufficiently rapid to prevent a
concentration profile in the liquid phase.In that case the mixing of the
gas phase occurs probably slowly as well becausze the mixing of both
phages are related. When the gas mixing fime ig o large that this time
is much larger than the gas residence time. the gas phase can be regarded
as plug flow, The mass balance of hydrogen ovev a differential element in
thig bubble column is then:

-d(Ug Cy, )
Z = kLa(C*HZ'L - Chy,1) (4.10}

dz
The reaction rate, r, follows from Bg.{4.4) and is equal to
L] *
£ = kuyy C Hp,L = k(€ oy, 1 - Oy, L) {4.11)

In this equation 1/ky, is the overall resistance., i.e. the sum of the
resistances mentioned in Eg.{4.4)
Combination of the Egs. (4.10) and (4.11) gives:

-d(Ug Cy, g Cp
G e CHG (4.12)

dz m

where m is the solubility coefficient

g
Hz .G (4.13)

€y, L
Both gas velocity and hydregen concentration depend on the conversion of
Ha

Ug = UgiPil-£ Hy,) (3.14)

(1-Ry, )

Cg £4.15)

CHzln,G

(1-£ ¥g,)
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where £ is the Hy fraction in the inlet gas flow.Finally, after
substituting Egs.(4.15%) and (4.16) in EgQ.(4.12) and integrating over the
height L, the relaticn between the overall resisztance and the conversion

of Hy is obtained:

I . LG {4.16)

ov Ugh® myy (E-111n(1-%p) + Xy,

b

The value of k., is determined experimentally; the value of kpa can be

calculated.

Model 2. Gas phase behaves as plug flow: liquid phase is perfectly mixed

A perfectly mixed liquid phase iz approached in bubble columng if the
chemical reaction is slow compared to the mixing time of the liguid
phase. Nevertheless, the mixing time of gas phase can be large relative
te the gas residence time, resulting in 2 plug flow behaviour of
the gas phase. The mass balance of Hy for the gas phase is given by:

-d{Uz Cy, ,G) kpa(Chay - Cag 1) (4.17)
d=

Replacing Egs.(4.13). (4.14) and (4.15) in (4,17) gives

Ugln ggin =
dz

d xHZ Cth 1-Hy,
kLa . - cHz,L (42.18)

my, A Ey,
This equation can be integrated without replacament of Cp, because this

concentration is constant over the haight. Thus, we obtain

{4.19)

% Liag
2 1 - £ %y, J‘ kra

Crp 1, My (1€ Kyy) vifg my,

1 - ¥y, -
0 City, .6

or
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1=f CHE.L l'nH2

£-1 Ci £
U ) 1] b nHZ'G R+ .
[1 j £ Chy L M, ]2 L. Chy L ™y L £ C,.L ™,
clnHz.G Clnﬂz,G Clnﬂz,G
]-ELQ Lp4G
UGin mHz

(a,2Q)

The unknown Cr, in Eq.(4.20) can be written in terms of conversion with the

help of the following mass balances:

r = kg ag (CH2,L - CHz,S)(l_cG)
£ = knCeat Cyy,5 (1-eg)
r = UGin A ClnHZ,G XHszLm ‘

(4.21)
(4.22)

(4.23)

After combining Egs. (4.21). (4.22), {(4.23), and (4.7), the following

equation is obtainad:

Upincein x
oL = GnCG il
o Ceat Lpial{l-eg)

Finally. on replacing Eq.(4.24) in BEg.{4.20) and introducing the

dimensionless parameters

L
My = ka6
m gt
and
N = kg Coapll-eg) L6
" UGin

the following eguation is obtained:

_f
£-1 N £ X
S 1 £ R e ) Ha Np
£ pot] 2 ¥y £ ¥y
[1 - z } 1- 2 1- 2
Nr Nf N:‘

(4.24)

(4.25)

(4.28)

(4.27)
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Clearly, the value of kpa cannot be determined by way of the method
indicated in Eg.(4.9). This iz only possible for the aspecial case where
the contraction of the gas phaze is neglible {low value of f). in which

case Eg.(4.27) can be simplified and written as follows:

in
L. * e 1 (4,28)

¥y, 1 - axp[ - kra Lrag ks Lpagll=eg) Ceoat
g, Ugin

The value of kya g¢an be found via a similar method as given in section
4,2, Thus, when 1/¥ is plotted versus 1/Cagy. 8 straight line should
arige, provided the conditions reported in section 4.2 are fulfilled. The
value of lra and the reactien rate constant can be determined from the

intersection on the ordinate and slepe respectively.

Model 3 Gas and liguid phase behave as two mixed reacters in series

The last model is based on the assumption that the reactor can be
deseribed ag two mixed reactors in series (gee Figure 4.3).

The mass balances for the first mixed veactor are
Ue® c%, ¢ - Ug! Cluy,q = kpalCly,,g/m = Cluy,r)blrea (4.29)
kpatCly, o/m - Chy, 1) Wieg = kgag(Clyy L ~ Cluy, 5V WLaglineg) (4.30)
ksas(clﬂz,L-clﬂz,s)%vmgu-.ac;) = I n Ceat Cly,, s%VLigll-eg) (4.3D)

By combining Bgs. (4.29), (4.30), and (4.31) Eq.(4.32) iz abtained
s Oy .0 - Ulg Clyye = Kov Cluy,GHLLag/m (4.32)

For the zecond mixed reactor Eg.(4.33) is obtained similarly
uls cly,,q - g Sy, .c = Mov C2,,6 % LLsg/m (4.33)

Replacing Bg.(4.32) in (4.33), then rearranging, Eg.(4.34) is obtained in

which the conversion is expressed:

U1G + U:"\G

1 - tz = (4.34)

(U]'G + kOV%LL‘fG/m) (UzG - kOV‘ALL_*_G/m)
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Q 1 2
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CLa CL2
Cg Cs.2

Flig. 4.3 Dlagram of model 3

Thea gas velocities UGl and UG2 in thiz eguation are dependent on the
conversion. Therefora. kg, cannot be written as a funetien of X. In the
case the gas contraction is negligible (Ugl = Ug? = Ug). Eq.(4.34) can be
reduced to:

L b
e -¥g)® (4.35)

Koy iy, Ug 1—(1—xH2:%

Knowing the valueg of ko Erom measured gonverzion data, the wvalue of kpa

can be calculated,

4.4 Choice of the reactor models

The models which have heen used for calculating the overall
resigtance from the conversion are chosen on account of caleulated values
of the wixing time of the liguid, tg, the nusber of mixing cells for the
gas phase and experimental determined values of the reaction time t..

The mixing time of the liguid iz caleulated aeccording to #3:

p,2/3 L L
tn = 3.75 &g~ [1 - 0.174{ L _ 1} N 0.17{ e 1]2 ] (4.36)

g o 0y
The characteristic reaction time, t ., simply follows from the expeariments

o= 1 (4.37)




The rnumber of mixing cells for the gas phase are calculated from the
Badenstein numbar 4%

1 _ 2 [Bo-l+exp {=Bo}]

n

wherein Ba

Bo#

Ug0 Ly
Dg &g
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(4.38)

For the caleulation of the Bo-number the dispersion coefficient of the

gas phase must be known. This dispersion coefficient has been calculated

according to the correlation of Mangartz and Pilhofar

Un 3
Dg = 5xlo=¢ °_ pl.5

3

(4.39)

With help of the relations mentioned above, the behavieur of the gas

and liguid phasze are estimated for the bubble column used, having an

imner diameter of % ¢m. The reactor models chosen for four experimental

zituations are shown in Table 4.1. The choice has been made on the base

of reaction time, number of mixing ¢ells and mixing time. The models 2

Table 4.1

Calculated liguid aixing times, numbers of mixing cells of the yas phase

and reaction times for four experimental situations. The superficial gas

velocity varies from 2-5 cm/s.

Distributer L/D. tn ey Tt Cheosen models
-1 [s}] -1 [s] liguid gas 0o,
parforated 2% 1-2 1h-2% 2-4 2 mixing 2 mixing 3
cellz cealls
perforated 20 > 160 * 10 4-20 non-mixed plug flow 1
porous 2% 4-6 >6  1-20 mixed plug flew 2
PoC&us 20 ¥ 240 » 40 2-40 non-mixed plug flow 1
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and 3 have been chosen at low L/D, ratio (2%). When this ratio exceeded
the value of 5, model 1 was uszed. Using the porous plate at a low L/Dy
ratico (2%). the reaction time was longer than the mixing time when the
catalyst loading was low. Although the cpposite was the caze for a higher
loading, model 2 was used because the situation at lower catalyst
concentrations is the most important as than the graphigal method was
applied.It should be borne in mingd that the degree of mixing at high
catalyst concentrations is less important because the hydrogen
concentration then approaches zero. The gas flow for this case {second
line from the bottom in Table 4.1) is supposed to be plug flow. It should
be noted that the difference of the degrea of mixing between the
perforated and porous plate iz caused by the difference in gaz holdup as

will be shown later.

A zimple reaction for measuring the gas-liguid mass krancsfer
resistance of hydrogen is more appropriate than the Figcher-Tropsch
gynthesis itself since the latter reaction is vary complex and perhaps
too slow for accurate determination of the volumetric mass transfer
coefficient. Such a catalytic model reaction must comply with a number of
conditiong. The main ones are:

* (pgewdo) first order in hydrogen

* high reaction rate

* applicable at 300°C
The requirements goncerning the catalyst are:

* gtable up te 300°C

* gelective

* non—-coagulating
A suitabla reaction appeared to be the hydrogenation of ethene catalysed
by palladium on alumina. This system complies with the gonditieng
mantioned abova provided that the inlet sthene and hence is at least 97%.
The liquid phase can then be raegarded as saturated with ethene and the
reaction rate then depends on the hydrogen pressure only. The activity of
the catalyst iz so high that a few weight percent iz enough to reduce the
hydrogen concentration in the liquid phase to practically zero. The only

drawback of this catalyst is the formation of foam in case of low



