CHAPTER 5

Formation of Carbonaceous Species

5.1. INTRODUCTION

In the previous chapter we concluded that the deactivation of the
catalysts is caused by the formation of some carbonacecus species on
the catalyst surface. These deactivating species can be: i) adsorbed
products, ii) reaction intermediates or ii1) "carbon”. Conclusiens
about the nature of these carbonaceous species could not be drawn
from the experiments in chapter 4. Therefore we decided to Tnvesti-
gate the reaction between the cataﬁysts and carbpon monoxide more
closely in the thermobalance. Furthermore we performed experiments in
the flow reactor in which after a period of a standard run of the
Fischer=Tropsch synthesis the products were flushed from the cata-
Tyst surface by helium and hydrogen.

Various reactions are possible between carbon monoxide and cobalt,
the occurrence of which depends very strongly on the temperature and
the condition of the metal surface:

1) Adsorption of carbon monoxide (associative or dissociative).

At Tower temperatures up to room temperature carbon monoxide is ad-
sorbed on cobalt in a molecular form. This can be concluded from
several adsorption studies in which the surface of cobalt has been
investigated with various spectroscopic methods like infra-red /110
113/, ultra=violet photo=electron and X-ray photo-electron spectro-
scopy 723/, These conclusions have recently been supported by LEED
and Auger electron spectroscopy /106,107/.

When the cobalt surface on which carbon monoxide is adsorbed under
high vacuum conditions is heated above 400 K a new surface structure
appears, which is interpreted as surface carbide /107,114/,

ii) Formation of carbonyls.
A volatile digcobalt octacarbonyl [Fo(CO)ﬂr]2 is stable only at Tow
tefiperatures, decompesing already at 325 K under atmospheric pressure
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/9/. Thermodynamically low temperatures and high pressures favour the
formation of carbonyls.

ii1) Formation of carbon, which is converted into bulk carbide, amor-
phous carbon or graphite layers, according to the following reactions:

ZCo+2C0 - Conb+ CD2 (5.1a)
3La+2C0 -+ C03C + L0, {5.1b)
2 ¢o + €+ 0O, (5.2)
Co,C + 2Co+C (5.3)

The old studies of the carbonization of the cobalt catalysts can be
summarized as follows /14/: below 480 K cobalt carbide is formed when
carhon monoxide is allowed to react with cobalt powder, above 570 K
free carbon is formed and between 480 K and 570 K both carbide and
carbon are present, Thermodynamically carbon formation {5.2) is
s1ightly more favourable than carbide formation (5,la}; the change of
free energy for reaction (5.1a) is -60 kJ mo1'1 and for reaction
(5.2) =50 ki mo1 L,

Above 570 K cobalt carbide decomposes to a-cobalt and free carbon,
At 680 K Kehrer and Leidneiser /115/ only observed reaction (6.2) and
not the formation of carbides or oxides as it was found with iron.
But Renshaw et al. /116/ have shown that at temperatures between
670 K and 1070 K carbide (CosC) is an intermediate in the formation
of graphite on cobalt single ¢rystals.

5.2, CARBONIZATION FOLLOWED IN THE THERMOBALANCE
5.2.1. EXPERIMENTAL

The experiments with the Co/A1203 catalyst are carried out in the

following way (unless otherwise stated):

i}  the sample is heated under nitrogen to 673 K and kept at this
temperature until a constant weight is reached;

i1} the oxides are reduced by hydrogen {x, = 0.90) at 673 X for 58
ks, followed by z

731) cooling to the carbonization temperature and flushing with ni-
trogen for 7 ks at that temperature. Thereafter
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iv) a reaction mixture is admitted:
v) after the carbonization the catalyst is treated with nitrogen at
the reaction temperature and then with hydrogen (xH = 0.44).
: 2

Each of the twe treatments is continued until a constant weight
is reached.

First, however, the weight changes of the hydrogen reduced cata=
lysts are followed as a function of the temperature, when a carbon
monoxide mixture (XCD =0.20, L 0.80) is passed over the cata-
Tysts, 2

The quantity of the catalyst is in most experiments 50-60 mg and
in every stage the total gas flow is 4.2 cm3 5_1.

The unsupparted oxide is heated to 523 K and reduced at that tem-
perature by hydrogen (tz = 0.44) for 5.5 ks; otherwise the procedure

is the same as for the Co/A1203 catalyst.

To compare the supported and the unsupported catalysts on an egual
basis, the rate of weight gain is calculated either per m2 of cobalt
surface, as calculated from monclayer coverage by carbon monoxide, or
per gram cobalt, The surface structure of the catalysts changes very
1ikely during the experiments, so that relations of the kinetic be-
haviour to the initial monolayer coverage become less useful as the
experiment proceeds,

5,2.2. CARBONIZATION BY CARBON MONQXIDE

The influence of the temperature — weight gain (mg(g Co)_l)
e
on the farmation of carbonaceous

L. . . 4 3m
species is studied in experiments > Lorhlgly

in which the samples are heated 3 :23%

under carbon monoxide (XCD = 0.20,

Xy_ = 0.80) from room temperature ¥
2

to 675 K at a rate of 0,03 K ™1, 0

In figure 5.1 the weight gain is
plotted as a function of the tem- e
perature for both catalysts. The o o Smtem e::lure ;?)
reaction starts at a somewhat low- Figuve 5.1, The wsigéz gain az a
er temperature on the unsupported function of the temperature. x
catalyst than on the supported

m

100

Jace
= 0,20, Heating rate: 0.03 K sT,
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catalyst, but below 550 K both reactions proceed at & low rate, On the
unsupported catalyst the maximum rate is reached at around 600 K. On

the supported catalyst the rate increases up to 675 K. The weight gain
is 340 mg (g Cc»)'1 for the supported catalyst and 45 mg (g Co)'1
the unsupported catalyst between room temperature and 675 K, The rate

for

of weight gain (calculated per gram cobalt) is much higher for the
supported catalyst than for the unsupported one. Above 550 K the
rates of weight gain per gram catalyst tend to hecome agual, indi-
cating that on both catalysts a comparable mechanism becomes opera-
tive. Based on the results reviewed by Anderson /16/ we ascribe the
second stage to the decomposition of carbon monoxide to coke.

Most of our experiments described in chapter 4 were carried out at
temperatures below 550 K. Therefore on the following pages attention
iz paid only to the formation of carbonaceous species at the lower
temperature range {i.e. below 550 K).

The weight gain per

weight gain weight gain balt 1s plotted
-1 -1 ram cobalt is plotted as
(ma(g Co} 7) {mg{g Co) 7) o . .
- & function of time n
10 o Go/blyiy

s 0o figure 5.2 for the Co/Al,0,,
A1203 and unsupported cata-
0 lyst. The mole fraction of
carbon mongxide is 0,20 in
nitrogen and the tempera-
ture is 524 K, In the be-

ginning a fast increase of

50

the weight is observed on
both catalysts. This in-

WM N W W &
time (ks) crease we call below a

Figure 5.8. The weight gain as a function "step". But thergafter the
of time. wpy = 080, T 7 524 K. (Al 07 28 behaviour of the catalysts
aaleulated on the soals as CO/AZEOS)' is different: the rate of
waight gain on the Cu/A1203

catalyst slowly decreases and an almost constant weight is obtained
in 65 k5. On the unsupported catalyst after the fast decrease the

rate reduces considerably and thereafter starts to increase again,

The maximum rate i& reached after 55 ks, The weight gain based on the
cobalt content of the catalysts is 13.9% for the Co/A1203 catalyst

and 3.1% for the unsupported catalyst after 65 ks. The maximum rate

74



of weight gain is 3.1 pg (5 ¢ ::at)"1 for the supported catalyst and
0.55 ug (s 9 cat)'1 for the unsupported catalyst, Per monolayer of
adsorbed carbon monoxide the values are 4,1 ksl and 0.3 ks~ respec-
tively. Thus the rate on the former catalyst is in all respects
higher than on the latter one.

In order to find out what is the ratio between adsorbed carbon
monoxide and carbon during the experiments we flush the catalysts
with nitrogen and hydrogen at 524 K, after carbon monoxide (XCO =
0,20, XNZ = (0,80) has been passed over the catalyst at that tempera-
ture for 3,6 ks and for 65 ks, Three types of species can be found:
1} products which are removable by nitrogen, 2) products which are
removable by hydrogen but not by nitrogen and 3) products which can-
not pe removed by hydrogen at 524 K in 30 ks, The quantities of these
species are given in table 5.1 for both catalysts,

From table 5.1 one can notice that the product distributions for
the supported and the unsupported catalyst are different and that the
fraction which can be removed by nitrogen decreases with time for
both catalysts,

Table §,1. Quantity of various spesics on the catalysta after (0

treatment at $24 K. T = 0.20, .'.CN? = 0.80.
removable remcvable not
by N2 by Hy removable
mg (gem (%) | mg (g o)™t () | mg (g cot™t (4

CQ/A1203

1.6 ks 74 (59) - U -

65 ks 8 ({z7) 75 (52 30 (21)

co

1.6 ks 2.4 (77) - B -

&5 ks 3.8 {13) 2.8 (13} 22 (75)

al,0, _

€% ks 19 (44} 00 24 (58)

1
! not measurad,
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We compare also the amounts which cannot be flushed of f by ni-
trogen and hydrogen after a carbon monoxide exposure of 65 ks Tor
various mole fractions of carbon monoxide. These data are cellected
in table 5.2,

Pable 5.5, Ivpemovable quamtity formed (mg (g Co)_J) as a function of
Y
the mole fraction of carbon monowtds, T = 524 K.
Puposure time: 85 ke.

CO/A]'ED.! o

(814}

0.10

my {g Co) -1

my (g Col

1

32 15
0.20 30 22
0.44 40 23

The amount which cannot be removed by nitrogen and hydrogen at 523 X
s1ightly increases with an increasing mole fraction of carbon monox-
ide. But no essential difference in the behavicour of the two cata-
lysts is noticed as a function of the mole fraction of carbon monox-
ide, Further it should be mentioned that heating of the catalysts to
£73 K under hydrogen vestores the original weight.

The relation between the irremovaile quantity and the temperature
iz totally different for the two catalysts, as shown in table 5,3.

irpemovable quantity (mg (g Co)™Y) as a funetion of the
= 0.20. Exposure time: 65 Re.

dable bad.

ta bura., .,
mparaturea ]

Lo/Rl.0 Co
T (K 2 3—]. - -1
ay (g Co) mg (g Co}
G032 32 P
h24 a0 22
543 43 76

Presumabty on the supported catalyst some final

stage has been ap-

proached in all cases whereas on the unsupported catalyst steady-
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state levals are not yet reached. On the supported catalyst the rate
of formation of inactive species increases much faster as a function

of the temperature than on the supported catalyst.

Modale for wetght gain
The weight gain as a function of time for various mole fractiens
of carbon monoxide is shown for the supported catalyst in figure 5.3

weight gain weight gain
-1 -1
(mg(g Co} ) {mg(g Co) °)
150 50
%o
o 0,us
50 a0
. 0.0
100
30
7
)
10
14 20 3 40 50 60 10 20 0 1] 50 50 70
time {ks) time (ks)

Plgure 5.3. The waight gain as a Figune §.4. The weight gatn as a
funetion of time for vavious mole function of time fop vavious mole
fractions of carbon monoride. fractions of carbon menoaide,
Catalyst: Co/AlSOS. T = 534 K, Catalyst: Co. T = 684 K,

and for the unsupported catalyst in figure 5.4. On the supported cat-
alyst the rate continuously decreases and after 6% ks a fairly con-
stant weight is reached which depends only marginally on the carbon
monaxide mole fraction,

The rate of weight gain g% can be described by a semi-empirical
equation:

dw _ Y W
T = % Peo (1 - W;) {(5.4)

i,e, the rate has a first order dependence on the fraction which is
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not yet occupied 1 - %— . w is the weight gain, W is the equilibrium
m

weight, k and Y are constants, In an integrated form equation (5.4}

reads:
n (W, - W) = - k poo' t+ Cp (5.5)
[ co 1
5 In figure 6.5 the left-hand side
'g’ of equation (5.5) is plotted as a
3 ‘e function of time for various mole
o ; fractions of carbon monoxide.
%5 . A linear reTation is obtained up
;Ez . 0o . . to a value of (w/w,) of about 0.9.
E; P . e The dependence of the rate on the
o mole fraction is calculated from
the slopes of the lines in figure
© m  x w s g 5+5. The orders ¥, 15 0.2.
time (ks) On the unsupported catalyst the
Flgupe &6, In (wm - wl ag a rate of weight gain increases as
funation of time for various mole & function of time and thus as a
fractions of €4, function of the guantity depesited.
Catalyst: CofAl 0., " = bdd K. Apparently a certain inductien

period is needed before the reac-
tion can proceed. This is typical for an autocatalytic reaction.
This further means that in the beginning of the experiment the reac-
tion rate is proporticnal to the quantity of carbonaceous species de-
posited on the catalyst and also to the fractien which is not yet
oceupied (1 - w/wm). In analogy with the reactign model used for the
reduction of cobalt oxides in chapter 3 the overall rate can be de-

scribed by equation (5.6):

dw _ Yol W W
T = ke Pco (a + w—) (1 w—) (5.8)
m m
where W, is the maximum weight gain and &' is a constant.

1t is assumed that the equilibrium adsorption of carbon monoxide
is reached fast and that an increase in the amount of reversibly ad-
sorbed carbon monoxide is only a fraction of the total weight gain.
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Then the rate of weight gain reflects the rate at which carbonaceous
species move away from the sites active for the adsorption of carbon
monoxide and thus allow further adsorption.

In an integrated form equation (5.6) is

3+ w

_ Y
log W =k ppg b c . (5.7)

With the values a = 18 and v 0.5

W = 68mg (g co) ! agood =m0

fit of the experimental va- c;

Tues to eguation (5.7) is “

obtained. In figure 5.6 the %5 0

left=hand side of equation +

{5,7) is plotted as a =

function of time for var- “E?

ious mole fractions of car- = -05

bon menoxide at 524 K. The 0w 0 aQ 80 60 0
slopes of the lines slight- time (ks)

1y depend on the mole frac- Plgure 5.8, log [}1.8 +w) (6,8 - w)_lj
tion of carbon monoxide. The a8 a fweretion of time for vaprious

order calgulated from these mole fractions of CO.

slapes is 0.6. Equation (5.7) Catalyst: Co. T = 524 K.

weight gain

(malg co)”l) indicates that the

80 weight gain should
reach a maximum value
of 68 mg (g Co)_l.
However, we carried
out also an experi-

ment lasting 260 ks,

Fit]

2]

50
= EXPERJMENTAL

un +  MODEL (5.7}

30
The weight gain after

that period was 82 mg
(g Co)“l, and the
weight was not yet

2

10

50 100 150 20 750
time (ks) constant, If we naver-

Filgure 5.7. [he weight gain as a fungtion of theless calculate the
time, Catalyst: Co. %p, = 0.20. T = 584 K, weight increase
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from equation {5.7) with W = 68 mg (g Co) 1, we see (figure 5.7)
that the model predicts the weight increase accurately for the period
up to 160 ks. It would indicate that the formation of carbonaceous
species takes place in two stages. The first stage seems to proceed
to & maximum value as predicted by equation (5.7). After 160 ks 2
second stage becomes operative. In this stage the weight increases
almost at a constant rate of 0.2 ug (s g Co)-l. This could be & de-
compesition of carbon monoxide on inactive carbon Taid down on the
surface, and might be related to the carbon formation at higher tem-
peratures (compare with figure 5.1).

Rgczr,-i:-z:v-a‘.-ty of bulk ogrbids

The reactivity of bulk carbide, Co,C, towards hydrogen has been
tested as well in the thermobalance. At 523 K carbide can be hydro-
genated to cobalt metal. But if Cozc is heated to 673 K under nitro-
gen before the hydrogen treatment, a weight Joss of Tess than 1 wt %
is obtained at 523 K. This shows that carbide can be transformed into

some jnactive form of carbon,

5.2.3, CARBONIZATION BY SYNTHESIS GAS

m . weight gain (mg(g Co)_l) W The weight gain as a
Y !wa”ﬁ function of time is shown
* e f,f”’ﬂ for the supported and un-
mn ,,;ffip 0 supported catalyst in fi-
e gure 5.8, when the synthe-

575 gas (XCO = 0.20, Xy =
2

g i
0,20 and Ay, = 0.60) is
2
] R - passed over the catalysts
at 524 K. When these curves
0 2 » Alimeﬂkks)m are compared with the cur-
Figwes 5.8, Vhe welght gain as a fune= ves in figure 5.2 (the feed

tion of time for the suppovied ond Lhe without hydrogen), one no-

u, T o T 0. 30, tices that on the supported

7= 524 K. ” catalysts the rate of weight
gain is further increased
but it is remarkably de-

wnsupportad colalyst. «
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creased on the unsupported catalyst. After 65 ks the weight is not
yet constant at all on the supported catalyst just as when using oniy
carbon monoxide; even after 238 ks the weight still increases. How-
ever, the weight of the unsupported catalyst is practically constant
after the first step just in the beginning of the experiment.

The higher weight increase of the alumina supported catalyst is
likely caused by the fact that the alumina can adsorb both hydrocar-
hons and water formed from the synthesis gas. From the observations
of the unsupported catalyst one would conclude that hydrogen effecti-
vely prevents the formation of unreactive carbonaceous species.

In table 5,4 the weight gain is given after 65 ks at two tempera-
tures, 524 K and 543 K for the unsupported catalyst: the amount left
after the flushing with nitrogen iz also included,

Table &.4. Tha weight changes (mg (g Cb)nl) wider the synthesis gas

of wHE = o, = 0,80 and under nitrogan.
Catalyst: Co. Exposure time: 65 ke.

woight gain under left after
T (K) the synthesis gas N, treatment
mg (g Co) ! my (g co) t
54 2.3
543 2.9 0.9

For the Co/A1203 catalyst the weight gain is 280 mg (g Co)‘1 after
65 ks,

At the two temperatures the amounts which can be taken off with
nitrogen from the unsupported catalyst are almost the same and are
about 90% of the monolayer coverage, This suggests that the main part
of the catalyst surface is covered by desorbable species which are
gither adsorbed carbon monoxide or reaction intermediates and pro-
ducts.
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Z.2.4, DISCUSSION

Three types of carbonaceous species are formed on the cobalt cata-
lysts, when they are treated by carbon monoxide between 503 K and
543 K:
1) species which can be flushed off with nitrogen, i.e. reversibly
adsorbed carbon monoxide or carbon digxide;
2) species which cannot be flushed off with nitrogen, but can be
flushed off with hydrogen, i.e. species that can be hydrogenated
at temperatures between 503-543 K, These can be the surface carbon,
from dissociatively adsorbed carbeon monoxide or bulk carbide, as
for both compounds it ig known that they can be hydrogenated to
methane at the temperatures used /14,33/;
species which cannot be hydrogenated at temperatures between 503-
543 K. This nactive carban 1% possibly present in the form of
amgrphous carbon clusters or graphite or strongly adsorbed carbon
monoxide on the alumina,

%)

The reactions just mentioned can be summarized as follows:

CO(ads) (a)

CO(g) C b) (5.8)

active (

&
~

Cinactive (e)

Carbonacecus species which can be hydrogenated are defined as active
carbon (5,8 b) and carbonaceous species which cannot be hydrogenated
are defined as inactive carbon (5,8 ¢), The amount of carbon that is
deposited in or on cobalt s greater than the solubility of carbon

in cobalt /117/. This could mean that carbides, the carbon content of
which is much higher (6.4 wt % for 603C and 9,2 wt ¥ for Cozc), are
intermediates in the formation of inactive carbon. The experiments
with cobalt carbide, Co,C, showed that carbide can be converted into
an inactive form of carbon. Thus reaction (5,8) can be written as

CO{g) » CO{ads) =+ C {5.9)

active ” Cinactive

i.e, the inactive carbon is formed from carbon monoxide via an active
carbon intermediate.
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Further support for this idea is the observation that after short
exposure times (for carbonization or for the Fischer-Tropsch synthesis)
most carbon is still active but that in the course of time inactive
carbon is formed, evidently by a consecutive reaction. If these reac-
tions were parallel both types of carbonaceous species would be formed
at some mora or less constant ratio.

In the following we are going to deal in more detail with the var-

ious carbonaceous species.

Revepsible adsorption of carbom monosids

On the unsupported cobalt initially there is room for about 2.1
mg CO per gram cobalt. This increases slowly with time and becomes
almost a double after 65 ks, On the supported catalyst the quantity
of the reversibly adsorbed carbon monoxide increases also with time
(table 5.1), After the substraction of the guantity that can be
flushed off from a corresponding quantity of alumina an increase of
about 60% is obtained, which is somewhat smailer than in the case of
the unsupported catalyst. On both catalysts that extra adsorbed
quantity can be ascribed to the enlargement of the cobalt surface
caused by lattice distortion by carbon,

Active osarbon

On the unsupported catalyst only 13 wt % of the total adsorbable
material is recovered by hydrogen. This is in strong contrast to the
supported catalyst where the active carbon is about 50 wt %. Also the
absolute guantities differ, being about twenty times higher on the
supported catalyst. The suggestion, also based on the results of the
next section, is that on the supported catalyst a part of the active
carbon is situated on the support.

Inactive earbon

The first ohservation is that at 524 K the differences between the
two catalysts are less than a factor twe, with more inactive carbon
per gram cobalt on the unsupported catalyst.

The small temperature dependence of the formation of inactive car-
bon on the supported catalyst can be explained by the fact that in
all cases steady-state quantities of carbonacegus species have more
or less been reached uninfluenced by the kinetics.
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Lvonelusione

On the supported catalyst there is more reversibly adsorbed carbon
monoxide and more active carbon per gram cobalt than on the unsup-
ported catalyst, but no essential difference is found in the quantity
of inactive carbon. These observations suggest - if our explanation
is correct - that the mobility of the carbonaceous species is at
least on the supported catalyst rather high, We expect that the wo-
bility of hydrogen containing surface species, CnHm’ is higher than
the mobility of species without hydrogen.

Feaation roLes

An essential difference in the rates of weight gain on the sup-
ported and the unsupported catalysts is found. On the unsupported
cataiyst the rate starts to increase slowly after the Tirst step,
reaching & maximum value at a weight gain of around 25 mg (g Co)'l.
It seems that some induction period is needed before carbonaceous
species can be formed, After the first step the surface is for a
great part full of carbonaceous materials corresponding to an equi-
Tibrium adsorption. Further adsorption is then only possible by the
formation of more empty sites on which, as the "step” shows, adsorp-
tion is fast, The model derived in section 5.2.2 indicates an inter-
action between an occupied site and an empty site or between an occu-
pied site and the not yet occupied neighbourhood to create a new
empty site. an interaction that pervades the complete crystal lattice.
As a result of carbide formation the exposed cobalt surface seems to
be increased. This could also explain the increase in the quantity of
reversibly adsorbed carbon monoxide. This process then leads to the
formation of cobalt carbide, COZC. This is verified by X-ray diffrac-
tion analysis after the carbon monoxide treatment during 260 ks,

On the supported catalyst no induction period is found and the
rate remains high after the first step. However, it is slowly de-
creasing. The high initial rate indicates that at the beginning of
the reaction alveady an abundance of reactive sites where carbon can
be deposited s avaiiable for carbon monoxide decomposition, These
sites could be the open high index crystallographic planes, places of
contact with the carrier or various defects.

By adding hydrogen to carbon monoxide the formation of carbon on
the unsupported catalyst clearly decreases. It is not to be expected
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that hydrogen would decrease the rate of decomposition of carbon mon-
oxide /34/. This then means that in the presence of hydrogen the car-
bonaceous species from the carbon monoxide dissociation are mainly
hydrogenated to methane and thus the deposition of carbon is avoided.
Hence two conclusions can be drawn: i) there is an intermediate which
is active both in hydrogenation and in carbon formation; ii) the
hydrogenation of that intermediate is a faster reaction than the for-
mation of inactive carbon. Thus we arrive at the following scheme:

CH
- 4

active . (5.10)

Co(9) + CO(ads) +~ C

inactive
5,3. FLUSHING OF THE CATALYSTS AFTER THE FISCHER=-TROPSCH SYNTHESIS
5.3.1. INTRODUCTION

In the thermobalance experiments it was noticed that when synthesis
gas was passed over the Co/A1203 catalyst at 524 K the weight of the
catalyst increased up to a value of 280 mg (g Ce) " in 65 ks. It was
a challenge to try to identify the species which cause that increase,
Thare are several possibilities:

i) adsorbed carbon monoxide;

1i) reaction intermediates;

117} adsorbed products;

iv) inactive carbon or high molecular weight hydrocarbons.

The most simple way to determine the total quantity of carbon on
the catalyst would be to treat the catalyst with oxygen. From water
and carbon dioxide formed the quantities of carbon and hydrogen can
then be calculated, But because our analysis of water is not accu-
rate enough and because we are also interestad in the nature of the
varigus species we use helium and hydrogen for flyshing the species
away from the surface of the catalyst. Using hydrogen instead of
oxygen in flushing is not without difficulties, either. Under hydro-
gen reactions like hydracracking can take place and change the pro-
duct distribution. Therefore we also flush the catalyst with helium,
By combining these experiments information about the nature and the
quantity of the surface species can be obtained.
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5.3.2. EXPERIMENTAL

After the synthesis with various concentrations of hydrogen and
carbon monozide at 523 K the following flushing procedures are ap-
plied:

i) with hydrogen (xH2 = 0.20, x,, = 0.80) for 58 ks at 523 K;

i) with helium for 3,6 ks at 523 K, then with hydrogen for 58 ks at
523 K and thereafter heating (0,06 K 5_1) under hydrogen to
673 K; helium flushing s used in this case before hydrogen in
order to remove gas phase carbon monoxide, which otherwise could
react to hydrocarbons;

i19) with helium for 3.6 ks at 523 K and thereafter heating (0.06 K
s™1) under helium to 673 K,

An experiment using procedure (i1) was also carried out in the
thermobatance and showed that within the experimental error the ori-
ginal weight (after the hydrogen reduction) can be restored by that
treatment, This means that the temperature of 673 K is high enough
for the desorption and hydrogenation of all adsorbed species, There-
fore this procedure i3 used in the determination of the total gquan-
tity of carbonaceous species on the catalyst,

5.3.3, FLUSHING WITH HYDROGEN

Procegure (1)

When the synthesis gas (x, = 0.20, oo = 0.20, LT 0.60) is

H
changed after 18 ks to hydroggn (xH2 = 0.20, Kye = 0.80) at %23 K,
the rates of formation of all hydrocarbon fractions increase, The
rates after 60 s and after 1.2 ks under hydrogen are compared with
the rates during the Fischer-Tropsch synthesis in table 5.5,

It can be seen that the absence of carbon monoxide enhances the
rates of formation of all fractions. A few things are worth mention-
ing: after 60 ¢ i) the rate of methane formation has increased more
than the rates of the other products; ii) from C3 to CT the relative
increase is more or less constant, i.e. the product distribution
stays constant; ii1) during flushing the CZ/CB ratio is 2, i.e. more
Cz-products than C3—pr0ducts are Tormed, During synthesis the ratio
C,/Cy 75 0.8; iv) no ethylene or propylene are formed. The formation
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Tabla 5.5. The ratio of the fovmation rate of various hydrocarbon
Fractions during the inttial period of hydrogen flushing
and during the Piachep=Tropsch synbhesis,

Catalyet: CO/Algvs. g = 5E3 K.

e Cea S S Srs fre Yigv

13 (ks) Il 'c_ "a:"'_'- _C__ C_ -':J-_
1 2 3 q 5 & 7
po6 | 6.7 2.2 1.a 1.3 1.1 1.2 1.4
1.2 2.1 0.1 0.07  0.04 0.5 0.1 0.2

of higher hydrocarbons decreases very fast and after 1.2 ks the rates
are only one tenth of the rates during the synthesis, Because of the
low concentrations of the various products these measurements are not
too accurate, but they show anyhow that no shift in the product dis-
tribytion towards lower products. excluding methane, has taken place,
After 7 ks only methane can be detected and still after 85 ks at

523 K some traces of methane are found. The total amount whic¢h can be
flushed off is 4.5 mmol (g Co)_l.

When procedure (i) is applied to the unsupported cobalt catalyst
at 523 K, only the formation of methane increases there with a facfor
of 1.6, Only traces of ethane and propane but no higher products are
found, Also with this catalyst some traces of methane can be detected
after 85 ks of hydrogen flushing,

Procedure (11) .

During the thermobalance experiments it was noticed that the weight
of the Co/A1203 catalyst increased continuously as a function of time
when the synthesis gas mixture was passed over the catalyst at 523 K.
Thus we would expect that the Tonger the reaction time, the more
hydrocarbons can be flushed off. Therefore a series of experiments is
carried cut n which the synthesis is stopped after 7.2, 18 and 58 ks
under the mixture of hydrogen and ¢arbon monoxide, tz = 0,20, Xep =

0,20 at 523 K. Thereafter the flushing with helium and subsequently
with hydrogen is performed. The results are presented in table 5.6,
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Table 6.8, The quantity of hydroecarbons flushed off after the Mlechar-
Iropsah gynthests Jduring tnareasing period at 583 K with

S B, = 0080, Catalyst: Co/Alzﬁs.

o,
&

tokal guantity flushed of(; quantity flushed

tfkm) procedure {i1) <, off at 923 K
mol, umel © mole % umal ymal o

o ocat g it g cat g cat

7.2 gé 93 a7 35 42

18 171 197 93 93 114

55 217 293 91 117 138

It can be seen that i) the amount flushed off indeed increases
with the duration of the synthesis, and ii) the amount of higher hy-
drocarbons increases as well,

The amount flushed off at 523 K is already higher than the mono-
layer coverage of carben monoxide, being 1.3, 3.5 and 4.5 times
higher after 7.2, 18 and 58 ks, respectively. The results suggest
that during the Fischer-Tropsch synthesis higher hydrocarbons (or
their intermediates) are built on the surface and thus the average
molecular weight inereases as a function of time,

The dependence of the surface coverage of carbonaceous species on
the mole fractions of hydrogen and carbon monoxide is shown in table
5.7. Procedure (1i) is applied after an 18 ks synthesis with various
mole fractions of the reactants at 523 K.

Table .7, The quuntity of hydrocarbong flushed of f using the procs-
dure (44) after the Filaaher—iveopseh eynthesis performed
whth vartous mole fractions of Hy ard 00 at 583 K for 18

kg, Catalyse: (JQ/AZQ(J_a.

total gquoantity flusboed off; quantity flushed
M, Tog proceduge {(1i) €, off at 6523 K
2 . .
ST e ML umnc
0.6 0. 144 110 96 36 43
0.2 0. 171 197 93 Ll 114
D¢ 0,6 1 A3n 94 163 200

a3



An increasing mole fraction of hydrogen diminishes the quantity of
carbonaceous tpecies and an increasing mole fraction of carben monox-
jde increases it. More than 90 mole % of the total amount flushed off
under hydrogen is again methane. A Tittle amount of water and carbon
monoxide 15 detected just after the change to hydrogen but they dis-
appear fast.

Imowpported aobalt

On the unsupported catalyst the amounts flushed off after the
Fischer-Tropsch synthesis at 483 K with various mole fractions do not
essentially differ, being 76, 66 and 72 umol (g Co)'1 respectively
with feeds of tz = 0.80 and X = 0.20, tz = 0.20 and o = 0.20,

Xy = 0,20 and Xeo = 0.80, No formation of water but some traces of
2

carbon dioxide are dete¢ted during the flushing.
£.3.4. FLUSHING WITH HELIUM

Procedure (711)
When the synthesis gas mixture (xH =0.20, %y = 0.20) is replaced
z

by helium at 523 K, after the Fischer-Tropsch synthesis has been
running for 18 ks, the rate of formation of every product decreases.
The ratios of the rates of various hydrocarbons after 60 s in the
helium stream to the rates during the synthesis are given in table
5.8.

Table 5.8. Ratio of the formation rates for thyee hydvocarben frac-
tiona under He and wunder synthests gad. Catalyst: Co/A1203.

fraction C c [l

Gy Flushad
Ci' synthosis

The concentrations degrease steadily and after 600 s only some
methane is found,
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By heating to 673 K under helium traces of hydrocarbons from ¢, to
Cs are released, but around 50 K 1 umol (g c:at)_l of C6~products
desorbs, which consists for 94 mole % of benzene. Also 35 pmol (g
cat)"l of carbon dioxide is formed during this heating, coming either
from adsorbed carbon monoxide or from adsorbed carbon dioxide, After
2,6 ks at 673 K under helium hydrogen is admitted; a further quantity
of 47 wol (g cat)™ is flushed off, The total quantity desorbed with
this seguence (helium and hydragen) is smaller than when the whole
treatment is performed under hydrogen. This shows that during the
heating under helium a part of the carbgnaceous species on the sur-
face is transformed into & form which cannot be hydrogenated any more

at 673 K,
5.3.5. DISCUSSION

The formation of hydrocarbons under the hydrogen flow (procedure
(1)) can occur via several reactions:

i) carbon monoxide present in the gas phase can react further ac-
cording to the Fischer-Tropsch route;

ii} adsorbed intermediates can be hydrogenated and desorbed;

ii1) surface intermediates and products can be cracked to lighter
hydrocarbons .,

Both the first and the third possibilify are expected to shift the

product distribution towards smaller hydrocarbens. But as seen in

table 5.5 no such shift was observed, Therefore we conclude that at

least during the first 1.2 ks of hydrogen flushing we mainly deal

with the reactions (i1), i.e. termination reactions.

When the ratios of the products in hydrogen flushing and in helijum
Flushing just after the synthesis are compared, some conclusions
about the termination can be drawn. There are two possibilities for
the tevmination: 1) desorption and 2) interaction with hydrogen fol-
Towed by desorption. 1f the termination consisted of a desorption
step only, we would expect that flushing with hydrogen and flushing
with helium should have the same effect. 5ince on several metals the
heat of adsorption for hydrocarbons like e.g. ethylene is higher than
the heat of adsorption for hydrogen /118/, hydrogen is not expected
to displace olefins from the surface by a purely "thermodynamic"

mechanism,
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The importance of hydrogen for termination would also explain the
relation between the quantities flushed off and the duration of the
Fischer-Trapsch synthesis and with the mole fractions of hydrogen and
carbon monoxide used in the synthesis. Hydrogen increases the overall
conversion and thus increases the concentrations of the products in
the gas phase. Thus if for all products the adsorption equilibrium
would be reached, more of each product should remain on the catalyst
surface when a higher hydrogen mole fraction is used. But an opposite
effect is observed: a smaller quantity of the various products s on
the surface with a higher hydrogen mole fraction than with a lower
one.

in the beginning of the hydrogen flushing (procedure (i)) the rate
of formation of Cl' and Cz—hydrocarbons is more enhanced than the
rate of formation of the other products when compared with normal
Fischer-Tropsch conditions (table 5.5). That indicates that the in-
fluence of hydrogen on the termination of the fractions having carbon
number 3 and higher is the same but that that influence for the ter-
minations of Cl' and Cz-fractions is different, We ascribe the higher
methana formation to the fact that this compound has a higher order
in hydrogen than all the other products {chapter 6) and possibly to
the slow conversion of rather inactive carbon fnto methane,

The ratio of the C,-fraction to the C3—fraction alters clearly,
when the synthesis gas mixture is replaced by hydrogen. According to
the Flory- Schulz distribution the mole ratio of C,/Cq should be 1.9
for ¢ = 0,51 (tz = 0,60, Xy = 0.20, chapter 4) and 1.5 for o = 0.65

(% = 0.20, Xeg = 0.20), Under the hydregen flushing the Cz/c3 ratio
2

is of the order of two, which is higher than predicted by the Flory
model. These results suggest that the reason for the CE—fraction to
pe below the Flory-Tine is a small rate constant for CE termination
or, what amounts to the same, a low rate constant for the desarption
of the Cy-fraction under the Fischer-Tropsch conditions used.
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