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M, CO + H > M,C (surface carbide) + H,0 ev.... .(a)
277 T2 2 v 2

followed rapidly by: _

M2C+2H2 —> 2M+ CH4 000000000t (b)

It must be concluded that the two reactions must proceed almost simul-
taneously, at the reaction temperature, since band A did not decrease

in intensity until after methane was observed.
Surface carbides may also be formed according to:
M2CO + CO “__>M20 (Sul‘face Carblde) + 002 oo.eooo-ooo-oo‘ (C)

With low H2=CO ratios the main reaction product was in fact carbon
dioxide which pointed to the formation of surface carbide intermediates
under the experimental conditions employed. This does not exclude

the possibility of oxygenated intermediates present in trace amounts..

From the absence of rotational features in the shape of the car-
bon dioxide band, it can be concluded that the molecule is not free
to rotate and that it is therefore physically or weakly chemisorbed

on the carbide, such as in:

M2'=C‘°'O=C=O i ooc‘-oou'oo. (d)

In addition to the probability that surface carbides do form (as
intermediates) there is also another reason for higher carbon dioxide

production at low H2:CO ratids:

It is generally assumed that the basic reaction in Fischer=—

Tropsch is:

CO+H _>(CH2) +HO ooooocaovoovo (e)

2

This can be followed (if the temperature is high enough, and it pro-

2

bably is for nickel at 200°C) by the water gas shift reaction:
CO + Hy0 < CO, + H, cececenesens (f)

Now, on lowering the H2:CO ratio the reaction (f) above will be driven

forwards and more carbon dioxide will be formed.
Carbon dioxide can oxidise the catalyst according to:
M+CO2 ‘_9M0+CO ® ® 0 00320000900 (g)

The chemisorption of carbon monoxide on corresponding sites would
account for band E (see 4.2.1.2.). On the admission of excess
hydrogen to the cell, at the reaction temperature, both the chemisorbed
CO and 002 would be removed as shown by the disappearance of A, E and

the carbon dioxide band.
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The surféce carbide would seem to We reactivq;to.hydrogen at
the reaction temperature only. . iIn oné experiment the optical den-
sity of A dropped to about OGIBQBﬁd it was as'sumed that surféce car-
bides were present because carbon dioxide was forméd,'but no methane
was detected. When the hydrogen prdssure was increased the intensity of
band A remained unchanged in spite of the formation of methane., In order
to be sure of this, it wac confirmed in a second experiment. These
observations suggested the existence of surface carbides, read& to

react according to equation (b) above, at the reaction temperature.

Water is formed according to reactions (a) and/or (e). However,
it was not definitely detected by I.R. for the following possible

reasons:

(1) The silica support will adsorb water very strongly to form hy-
droxyl groups on its surface which are removed only at high

temperatures ( > 400°C),

(2) Water would readily oxidise Ni metal sites at 200°C.(if the
bydrogen pressure drops too low) to form additional nickel

oxide sites (see equation (g)).

(3) If the water gas shift reaction (equation (f)) is active, then

at 2000C the ratio P >100 (assuming PH2¢=¢P y leee

c0,*FH50 co)
the concentration of water formed will be much smaller than that

of carbon dioxide and therefore more difficult té detect by I.R.
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APPENDIX 1,

Improving the Activity of Silica—Supported Nickel Type I:

Most of the studies 6n the nickel catalyst, described in this.thesis,
were performed on Type I samples as it was found in practice that these re-
duce much more readily, than Type II samples, It was also found that the
light green nickel oxide obtained from Type II catalysts was active to car-
bon monoxide chemisorption whereas the black nickel oxide that originates
from Type I samples was inactive. From a paper by Blyholder10 it was
learned that, previous to the reduction of the catalyst, the sample was
first evacuated for 6 to.9 hours fo assure complete removal of any contamini-
nants, It therefore was decided to0 evacuate the black nickel oxide at 3900C
for about 2 hours and it was found that it changed to light green. Carbon
monoxide chemisorption on this nickel oxide showed it to be active. This
Type I nickel oxide yielded on reduction a more active active catalysi than
the previously prepared Type I‘nickel oxide as measured by the intensity of

a band at 2058 cm_l.

Further, during the initial stages of the reduction a large temperature
increase was observed - temperatures up to 420°C were measured, If one
takes the position of the thermocouple into account, temperatures much above
those measured must have been reached by the catalyst particles. Surface

46

sintering can occur at Tammann temperatures’ as low as 0.25 Ty, where T,
ig the melting point of the metal in degrees” Kelvin, (In the case of
nickel it can start at about 160°C), Therefore, surface sintéring could
occur more readily in the above cases; which would result in a cétalyst

with a lower activity. With the above knowledge now in hand it was decided:

(a) to decompose the nickel nitrate in vacuum to assure immediate removal
of the nitrogen dioxide and other possible contaminants, by slowly in-

creasing the temperature from room temperature to 390°C,

(b) to cool the sample down to < 2500C before the hydrogen was admitted
to the sample, and to use a high initial flow rate (~~400 ml. Hp/min.)
to ‘carry away excess heat. The temperature was then gradually increased.
Reduction was carried out at 300°C for the first half hour and was then
increased to 390°C during the next half hour while the hydrogen flow
was gradually decreased to 100 ml./hin. These conditions were main-‘
tained for 16 hours, At the end the catalyst was evacuated at 390°C
for 4 hours, aftef'ﬁhich it was cooled down to room temperature,

This resulted in a very éctive.catalyst -~ in fact so active that in
the presence of 20 torr carbon monoxide, nickel tetracarbonyl gas was

97/00 ee e - o0



immediately formed, This reaction could be minimised. by using lower

carbon monoxide pressures,

APPENDIX 2,

On the Distributicn of thé'Metal on the Surface of the Silica:

The specific area of Cabosil M5 is about 200 mz/gram le2.s a 100 mg
sample is equivalent to 20 m?, If the sample contains 5% Ni there are
5x1019 atoms Ni per 20 m2, Further, if the area of a Ni atom in the sur-
33 ‘

face is assumed to be 6.5%29 then the area for a monolayer covered by
5x1019 atoms is 3.25 m? per 20 r? silica area availabley i.e., in the ideal
case the nickel metal will cover about 1/6 of the silica area available,

We do not believe that in any of the samples an ideal distribution was
reached but we feel that the Type II samples had a better chance to approach

this situation.

APPENDIX 3,

(A) The Preparation of Nickel Tetracarbonyl:

34

At first a method descfibed in the literature was followed for
the preparation of nickel tetracarbonyl. Nickel formate was mixed

with a small amount of mercuric oxide and decomposed in a stream of
hydrogen at a temperature between 190° and 200°C, The hydrogen was
then removed by evacuation and carbon monoxide admitted at room tempera-
ture, The Ni(CO)4 formed, was frozen out at -——78°C and the excess
carbon monoxide pumped away. The Ni(CO)4 was stored in a glass bulb

‘as a gas at room temperature,

It was very soon discovered that the nickel intermediate is not
as active as claimed, resulting in poor yields, Silicawsuppqrted
nickel Type I dises were therefore used and the carbon monoxide was ad-
mitted to the cell at one atmosphere pressure, The sample was kept
at 35 to 400C for a day or two and the nickel tetracarbonyl recovered

in the usual way.

Nickel tetracarbonyl was fognd to be very unstable; decomposing
to form nickel and carbon monoxide — a black deposit of the metal was
deposited on the inside of the storage bulb, This difficulty was
overcome when it was realised that Apiezon N is a rubber grease and
rubber catalyses the decomposition of Ni(CO)4° A silicone grease

was used to overcome this snag.
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- (B) The Infra-red Spectrum of Nickel Tetracarbonyl:

Nickel tetracarbonyl is a typical example of a spherical top
molecule with the Ni atom at the centre and each of -the four CO groups
35

situated at a corner of a regular tetrahedron’, The CO groups are

attached to the nickel atom via the carbon atom,

Part of the infra-red spectrum_of nickel tetracarbonyl wvapour at
53 torr is presented in Fig. 15, Absorption bands occur at 1990,
2019, 2059, 2121, 2210, 2345, 2427, 2480, 2515, 2551 and 2594 cmml.
The band at 2345 cm~l, with its P~ and R- branch maxima at 2340 and 2360

cm — 4 respectively, can be ascribed to carbon dioxide formed during the

preparation of nickel tetracarbonyl.

The very intense Q-branch (P~ and R~ branch shoulders are evident
too) for the antisymmetric CO stretching vibration in Ni—C=0 is found
at 2059 cmml° A band with a similar shape is found at 2019 cm“lo
This band is the G130 stretching mode of the isotopic species Ni(clekﬁgéo)
The symmetrical CO stretching vibration for Ni(CO)4, appears in the
Raman spectra at 2128 cmml, but is not observed here37. The antisymmet—
ric CO stretching mode (2059 cm"'l in nickel carbonyl) is the only one
quoted in the literature in respect of assigning the structure for car-
bon monoxide chemisorbed on metal lattices in a manner analogous to the

structure of nickel carbonyl, The band is observed above 2,000 cmmlg

but always below 2,100 cmml. The rest of the bands are assigned to
either combinations or differences and merely serve to identify the

presence of nickel tetracarbonyl.

APPENDIX 4,

The Combined Influence of Carbon Monoxide Pressure and Time of Contact on

the Spectra of CO Chemisorbed on Silica-Supported Nickel:

When carbon mohoxide was adsorbed onto silica-—supported nickel, at 100
torr pressure,bands were found at about 1990, 2050 (strong), 2213, 2350 (weak),
2435, 2484, 2515 and 2556 em™! —see Fig, 16. When the spectra were re-
recorded after five days it was found that all the bands grew in intensity
as shown in Fig. 17, At the same time it was found that the disc changed
from black to an almost clear appearance. On pumping on the system all
the bands were removed and it was thought that the carbon monoxide was very
weakly chemisorbed on the nickel surface, If Figures 16 and 17 are compared

with Fig, 15, it is quite clear that nickel tetracarbonyl was present in the
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infra-red cell, Possible reasons for-the formation of nickel tetracarbonyl
in this experiment were (a) a too long period between gas admittance and
recording of the spectra, and (b) that the sample had not reached room temp-

erature before the gas was admitted,

Furthermore; it was fatal to leave the carbon monoxide in contact with
the nickel for.a period of five days because most of the chemisorbed CO was
converted to Ni(CO)4 during that period. In any event carbon monoxide will
slowly attach nickel even at room temperature: For this reason, it was

decided to make absolutely sure that the sample had reached room temperature

before the carbon monoxide was admitted, and to record +the spectrum immediate-

ly afterwards.

APPENDIX 5.

(A) Carbon Monoxide Chemisorbed on Silica—Suprrted Nickel Type I:

In a typical experiment where the disc (prepared without ammonia)
had been reduced at 270°C, bands were found at about 1960 (broad), 2058,
and 2085 cm—l. The 2058‘cm'"‘1 band exhibits a shoulder at about 2050
cm—l. The spectra for increasing and decreasing carbon monoxide pres—
sures, starting at 2 torr, are graphically represented in Fig., 18.
On increasing the carbon monoxide pressure the intensity of band A
(at 1960 cm-l) remained ‘constant', but on decreasing the pressure it
increased slightly, The intensity of band C (at 2058 cm“l) was very
sengitive to carbon monoxide pressure variation. On decreasing the
pressure the shoulder at 2050 c:m-'l (band B) could be more definitely
recognised. The peak position of band D shifted from 2085 to 2090 cm-‘l
oh increasing and to about 2070 cm'-1 on decreasing the carbon monoxide

pressure, Although this band appears to be the most tightly held above

pressures of 1.5110“3 torr, the bands B (at 2050 cm~l) and A (at 1960 cm~

represent the most strongly held species at lower pressures,

' On further reduction at a higher temperature (365°C) and repeating
the above spectroscopic study, no new information was obtained except
that at very low pressures band C is still.presgnt and stronger than D -
gsee Fig, 19. It was again found that the intensity of A decreases as

the carbon monoxide pressure increases and vice versa.

The same disc was re-reduced at 400°C (Fig, 20) and the study re-
peated, In order to ascértain which of the bands appeared first,; car-
bon monoxide was admitted at about lO_2 torr, As can be seen from Fig,
20(a), A (at 1960 cm—l,vwith a shoulder at 1900 cm-l) and B (located at
2040 cm—l), appeared first., At 0.16 torr band A grew to its maximum

immediately, while B also grew and at the same time shifted to 2045 em ™t

. loo/oo:eo oc &0
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(B)

Simultaneously with this, band D appeared. At 3.5 torr carbon mono-

xide, band A decreased slightly in intensity whereas B and D increased
in intensity. They are both shifted towards higher frequencies, At
22.5 torr D reachéd its maximum at 2090 cm"'1 while C now appeared at

2058 cmml. On further increase in pressure only band C increased in

intensity and at the same time it revealed a shoulder at 2050 cm“l°
The spectra recorded when the pressure was reduced are presented in
Fig. 20(b), The pattern was the same as before (see previous para-
graph, Fig. 19) except that A at first decreased in intensity (curve
2) after which it again increased in intensity as the carbon monoxide
pressure was decreased, Band D now shifts from 2090 to 2075 cmml in=—
stead of to 2070 cmml as observed previously, and band B shifts from

2050 to 2040 en™t,

The C band in Figs. 18 to 20 resemblesﬁ that given by nickel tetra-
carbonyl —see Fig, 15, For this reason it was important to find out
whether the band was caused by the presence of Ni(CO)4 in the gas phase
or whether it belonged to the catalyst phase. If gas phase Ni(CO)4
was present it should have condensed in the liquid nitrogen trap.

When this trap was allowed to warm up to room temperature no I.R. evi-—
dence for the presencé of Ni(CO)4 was however found. Secondly, on
introducing 93 torr of helium into the cell, the intensity of band C
did not increase as would be expected had Ni(CO)4 been present (later
experiments on the pressure broadening of the Ni(CO)4 band confirmed

this - see Fig, 21).

— ——— — a—— — s —— .

Eihe 2059 em™t Ni(CO)4 band has a central sharp Q branch maximum with
P and R branch shoulders on each side. The bands observed here tend
to show similar shoulders., Only a gas molecule could show P—@—R
structure while solid phase molecules would be expected to give
simple, "single branch" absorption bands so that shoulders would be

attributed +to different wvibrational species.

Carbon Monoxide Chemisorbed on Silica—Supported Nickel Type I1:

In an experiment with a disc reduced at 315°C bands attributed to
chemisorbed carbon monoxide species were found at about 1850, 1930,
2058 (strong), 2080, 2127 and 2190 cn! at an equilibrium pressure of
2.5 torr (Fig. 22). When‘the pressure was increased to 10.5 torr
other bands were found at 2480 and 2550 cut.  The bands at 1850, 1930

and 2080 c:m"1 decreased in intensity whereas all the others increased.

101/00 oo o0 a6
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A weak band, ascribed to carbon dioxide, was found at 2345 cmnl. On
increasing the pressure to 97 torr, the carbon dioxide band became
more intense while the bands at 1850 (A2) and 1930 o (A1) decreased
further. Again the 1aggest intensity variation with pressure was
found for band C. When the pressure was decreased,; all the bands,
including A, diminished in intensity. At a pressure of about 1Oa4
torr band D (now at 2075 cm_l) was found to be the most persistent.

When the same disc was further reduced at a higher temperature
(3650C) and the experiment repeated, the bands as represented in Fig,
23 were observed, Band D was now better resolved (compare curve 2
in Fig, 23 with curve 2 in Fig. 22) and lay at 2085 en™t as is the
case for the Type I catalyst. Furthermore, band A was now displaced
from 1930 to 1540 cm"l which is nearer to that found for Type I cata-
lyst. When the pressure was diminished below 1 torr, band A decreased

in intensity but to a lesser extent (Fig. 22).

When the integrated intensity of band A is compared with the total
integrated intensities of bands B and D, then it readily can be seen
that, in this experiment, band A represents the most strongly held
species at 1072 torr (curve 6). The question now arose as to which
of these bands appeared first, Moreover, from Fig, 23 it seems as if
one can go from the Type II supported nickel catalysts to Type I,
simply by increasing the tempergture of reduction. An increase in the
reduction temperature would be expected to sinter the metal particles,

leading to a more crystalline nickel,

Therefore, a new disc of the Type II catalyst was reduced succes-
sively at four different temperatures, starting at 275°C, After each
reduction the carbon monoxide was adsorbed ontb the nickel, initially
at very low pressures (of the order of lxlOm2 torr or less) and then
gra&ually at higher pressures. A set of deéorption experiments was
carried out in each case, The corresponding spectra are given in
Figs., 24 to 27. As can be seen from these, bands A2, Al, B, and D
appeared first. On increasing the pressure, band B is very‘soon
camouflaged by D, i.e., the D species surface sites appear to be greater,
Bands A2 and Al reached their maximum intensities first, It was
further found that for the low temperature reduced samples (Figs° 24
and 25) these two bands disappeared with further carbon monoxide pres-
sure increments. When the pressure was decreased, these bands did not
reappear, On the other hand, the sample reduced at 425°C (Fig. 27)
showed band A to be more stable towards carbon monoxide pressure varia-

tion. Pig, 26 shows the band to be somewhere inbetween these extremes.

102/.. e o e o L ]



060

050t

040

0.30}-

0-20F

010} -

—

Type II nickel catulyst re-reduced at 365°C, Increasing carbon monoxide pressures at 1) 2.5 torr,

2) 14 torr, 3) 54 torr.

Decreasing pressures aut 4) 1 torr, 5) 2.8x10-2 torr, 6) 1x10-9 torr.



.. ol xr x N
O o y £k
R (x) © | x ,l x ; )‘,
060} - of & D | ooy
N N [ ¥ sl %
, l Uy x i, s );
B b x 0.06} ; *y *
Vo O y x
| —7 8 ® 3 ¥
050} I - LB < 7— X
V% e ¥ *
L ¥ . o ;v Y
- 'y 002 ’ ;
¥ el ¥
‘\5; SISk 6 N e
X ~ - ~ »
| \ X XXX $r - ~Xx L X —
040 3 —= 2300
D-, i .
030F
0.20F
010
// .
- ...' - .It DL .
2200 2100 700
Fig. 24(a). Type II nickel catalyst reduced at 2750C, Increasing carbon monoxide pressures at 1) 9x10”3 torr,

2) 4x10-2 torr, 3) 6x10-2 torr, 4) 0.85 torr, 5) 3.0 torr, 6) 27 torr, 7) 298 torr.



- 06
05
04

03

041

02

...........
P
..

........

- : .
.. L ‘-.. - .
..' ..‘ * .
'-. . R .-"
-
'''''' - - N -

‘\ - —

~ i — 1

LY
-
.

= : ' i
2200 2100 2000 v 1900 1800 1700
| CM
Fig., 24(b). = Type II nickel catulyst reduced at 275°C.  Decreasing curbon monoxide pressures at 1) 2 torr,

2) 0.5 torr, 3) 8.5x10-2 torr, 4) 1.5x10~4 torr.



X 0144 ;‘”&,ﬁ
: X XN{‘;
p i X ¥ ¥x
x X ¥ X %
060 x | Y
] 7 x
; 010 6— ;%
¥ D 3 ‘
| o i ; X
* R I
050 | 1
x
b §
¥
‘ %
| x
040 §
x
B
D. l‘ﬁ
. 2300
020
- 010}
s X x ' . Ty -.\\
| . xxxﬁ"ﬁxxxxxxx xxiixk\',**“""‘“""""""" .
2000 oo 1900 1800 1700

Type II nickel catalyst re-reduced at 3250C, - Increasing curbon monoxide pressures at 1)8}(10"3 torr,
2) 6.5x10-2 torr, 3) 0.1l torr, 4) .

0.75 torr, 5) 1.8 torr, 6) 364 torr.



N o
b
1
O6F
O.5¢
04
O3F
o2k
o1l
1 1 ‘ i . ﬁ'*
2000 4 1900 1800 1700
CM '
Fig. 25(1v). . Type II nickel catalyst re-reduced at 325°C. Decreasing carbon monoxide pressures at 1)1.45 torr,

©2) 0.13 torr, 3) 3.5x10-¢ torr, 4) 2x10-4 torr.

N



070}

060

!
2300

C50F

040

030t

020

010}

Tt T e

Y -
T —

1 ' i - i
2000 - 1900 0]
M’ 200 180

Fig., 26(a) Type II nickel cdtalyst re-reduced at 385°C, Increasing carbon monoxide pressures at
1) 1.8x10-2 torr, 2) 0.15 torr, 3) 0.77 torr, 4) 1.7 torr, 5) 14 torr.



07

06

05

0.4

03

01

o2}

2200

Fig. 26(b).

— S mmme S el

1 . | ] i 1
2100 ~2000 . , 1900 1800
] ] :
' CM
Type II nickel catalyst re-reduced at 385°C,  Decreasing carbon monoxide pressures at

1) 0.90 torr, 2) C.12 torr, 3) 1.6x10-¢ torr, 4) 2x10~4 torr.



| P
3 I‘ 4
, b \
3 I
0.60¢+
0.50} -
|
=1 ’
| |
0.40} I
: I |
! S » .
, : I : _
030t o | |
: l | |
= : { s ‘ :
020} - SRR U -
y X - '.‘ ¢
\ " v
- ~ . - ‘ -
010} » 3 o
4 A1 .
: ; . i _tk*ﬂ\
2200 j 2100 : 1900
Fig. 27(a). Type II nickel catalyst re-reduced at 425°C, Increasing carbon monoxide pressures at

1) 1.8x10-2 torr, 2) 0.13 torr, 3) 0.77 torr, 4) 2 torr, 5) 15 torr.



o7k
osf-
05}
04}
(}3-

o2k

N =

L
2200

Fig. 27(b).

Type II nickel catalyst ;e—reduced at 425°C,
2) 0.14 torr, 3) 1.6x10~2 torr, 4) 6x10~> torr.

Decreasing carbon monoxide pressures at

1) 1.3 torr,



~ 102 -

Figs. 24 (curve 4) and 25 (curve 4) also reveal that, when the
temperature of reduction is increased, band C at 2058 cm—l is formed
earlier at a lower carbon monoxide pressufe.

It was also found that the lower the temperature of reduction the
more intense the 2058 cm—l band for a given "constant" pressure, In

order to illustrate this, the spectra shown in Figs. 25(a) curve 5,

26{(a) curve 4, and 27(a) curve 4, are shown in Fig, 28,

The presence or absence of the bands at 2480 and 2550 c:mm'l goes
hand in hand with the intensity of band C. Also, the higher the
temperature of reduction the better the resolution of the C and D
bands. At the same time the bands E (at 2128 cm“’l) and F (at 2190 cm"’l)
decreased in intensity with higher reduction temperature, at constant
carbon monoxide pressure (Fig. 28). The formation of carbon dioxide
also diminished simultanecusly,. The desorption experiments show band
B better for the low temperature reduced samples (compare Fig. 25(b),
curve 4 with Fig. 27(b) curve 4). The desorption experiments also
show that in general the band D represents the most strongly held CO
species, On desorption the wave nﬁmber of this band reached its

minimum at about 2075 cmﬁla

The spectra of the vapour of the condensed phase in the liquid
nitrogen trap of two experiments were also recorded and in both cases
the same result was found (Fig. 29), (Only the spectra that originates
from one experiment are represented in this figure). It is quite clear

- that nickel tetracarbonyl and carbon dioxide were formed during these

experiments,

NOTE;
In most of the above experiments a large number of spectra were
recorded over a fairly wide carbon monoxide pressure range, When all
the spectra belonging to one particular reduced catalyst are plotted on
one graph, the detail is lost due to overlapping of the bands. It
was decided, therefore, to plot only the resulis that will illusfrate
an effect best.

When carbon monoxide was admitted to the sample at very low pres—
sures it was necessary (in order to control the pressure) to close the
stopcock between the gas line and the infra-red cell. The carbon
monoxide pressure was then pre-set so that, when this particular stop-
cock was opened the aimed pressure could be reached, On adding the
first few carbon monoxide batches this aim could never be achieved

because the pressure-drop was always larger (due to adsorption) than
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expected from Boyle's law, It was found that large amounts of

carbon monoxide can be adsorbed before any infra-red band, are register-
ede In this 6onnection, it was pointed out by Hair22 that workers who
applied gravimetric techniques to quantitatively estimate the absolute
infra-red band intensities, neglect the possibility that there is a
contribution to the weight adsorbed from species that are not spectros—

copically observed.

APPENDIX 6

The Origin of Band C (Nickel):

(A) Experimentals:

From the experiments described in Appendix 5 it was concluded that
band C was part of the catalyst phase rather than being part of the
vibrational spectrum of Ni(CO)4 in the gas phase, It is alsc possible
that it is due to physical adsorption of Ni(CO)4 onto the catalyst.
Further, it was also found that in some cases, especially when lengthy
experiments were carried out, Ni(CO)4 was concentrated in the liquid
nitrogen cooled trapj; whereas for shorter runs nothing was found in
spite of a very intense C band. In order to elucidate this anomaly

further experiments were conducted,

In a lengthy experiment; when 3 torr carbon monoxide was admitted
to the cell, a band of a certain intensity was found (Fig. 30). After
1 hour at room temperature and with the stopcock open to the liguid
nitrogen trap, the intensity of this band decreased, whereas the inten-
sities of all the others more or less stayed constant. At the same
time the total pressure in the system dropped to slightly below 3 torr.
When the carbon monoxide pressure wae now increased to 7 torr the
original intensity of the band at 3 torr could not be restored, Thig
shows that part of the band in Fig. 30, curve 1, must be due to Ni(CO)4
Physically adsorbed onto the surfacey; which is slowly transferred to the
liquid No trap. From the literature% it is learned that Ni(CO)4 is
very volatile, so that one would expect the Ni(CO)4 gas phase to be
frozen out immediately in the liquid N, trap. At the end of the run
Ni(CO)4 was found in the trap.

In another experiment 50 torr carbon monoxide was admitted *to the
sample and the region from 1850 to 2150 cm"l was scanned, At the end
of the scan the 'CO' was pumped off via the trap cooled with liguid

nitrogen, When the vapour condensed in this trap was re—admitted to
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the sample an overall increase in absorption‘in the 2060 cmal region
was observed as shown in Fig, 31, From Previous experience we know
that the band due to Ni(CO)4 is usually very sharp. It was therefore
not certain whether this increase in absorption was due to Ni(CO)4
gas or to carbon monoxide condensed in the liquid N2 trap now being
re—-absorbed on the metal surface, Further carbon monoxide adsorptions
on this sample also éhowed that the surface is poisoned by Hg vapour
collected in the liquid No trap, Consequently, this experiment was

repeated with the following special Precautions being taken:

(a) The liquid N, trap is replaced by a dry ice trap in order to
keep condensation of carbon monoxide to a minimum, At the
same time the temperature of the dry ice trap will be low enough
to freeze out any Ni(CO)4 gas. (The melting point of Ni(CO)4
is —250C),

(b) The trap is cleaned immediately before any carbon monoxide

gas 1s admitted to the sample in order to avoid mercury poisoning,

(¢) The carbon monoxide pressure must be high enough so that a fairly

intense band at 2058 cm-’l can be recorded,

(d) The carbon monoxide was kept in contact with the catalyst for as

short a period as possible (5 minutes instead of 10 minutes).

The results are represented in Fig, 32, No band at 2058 cmml was
found when the contents of the dry ice trap was re-admitted to the

sample,

Discussion:
SmELUESLlons

From Fig, 30 and Fig. 31 one must conclude that at least part of
the band at 2058 en™t must be due to physically adsorbed Ni(CO)4. The
C band tends to show P— and R branch shoulders on each Side of the
central sharp (meranch) maximum, Normally, solid phase molecules
(see Appendix 5) would not be expected to show P~-Q@—R structure.
Blyholder44 found a P and an R branch for Physically adsorbed CO on
iron, which indicates that the CO is rotating on the surface, In the
light of the above it is quite likely that at least bpart of the C bhand
must be due to pbysically adsorbed Ni(CO)4°

On the other hand, from Fig. 32 no evidence could be found for the
bresence of Ni(CO)49 SO that the huge € band in Fig, 32 curve 1, must be

assigned to more than one CO molecule attached to single Ni atoms,
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This argument is further strengthened by the fact that the C band only

appears later at hlgher carbon ‘monoxide pressures.

It must be mentioned here that some of the other vibrational bands
of Ni(CO)4 gas only appear when the intensity of the C band is exception-
ally high, Pickering29 took this absence of other bands as a proof
that the band at 2058 cm‘l is not part of the vibrational spectrum of
Ni(CO)4 gas, The intensity of the C band is so great compared to the
intepsities of the other bands that, in the light of the present results,

such an assumption is not justified,

Furthermore, Ni(CO)4 is formed relatively fast when a nickel
catalyst is left in the presence of excess carbon monoxide, The CO
molecules responsible for the C band must have chemisorbed; otherwise
Ni(CO)4 could not form,. On the other hand, upon evacuation or with
temperature increase these molecules are the first to desorb, The
C band musf therefore be in part due to weak chemisorption of CO mole-~
cules, This shows that a major chemical reaction might proceed via

a weak chemisorption mechanism,

APPENDIX 7,
On Whick Band Appears First (Nickel):

In order to ascertain which band appeared first; carbon monoxide was
admitted to a clean nickel surface at a pressure of less than 3::10”5 torr,
It was found that the first few increments almost disappeared, pressure-
wise, on standing in contact with the catalyst, The pressure readings were’
therefore somewhat in doubt, especially below O.l torr,. However, what is
important, is the band intensities as related to increasing carbon monoxide
pressures; as presented in Fig. 33, Curve 1 shows band A slightly more
intense than B, although the bands are not sharply defined. - With the
next increment of carbon monoxide, both bands increase in intensity as seen
from curve 2, (Between 2 and 4 more increments were given prior to record-
ing curve 3). From curve 4, band D can be seen as a shoulder on B, In
curve 6 band D is just as intense as A and B which had reached their maxima.
At a carbon monoxide pressure of 0,75 torry D has also reached its ma.xirﬁum9
while band C has now appeared, On further increasing the pressure, A starts
to decrease in intensity, while at a later stage (Appendix %), D also de-—
creases, Unfortunately B is camouflaged by band C so that one cannot )

see what might have happened to it,.
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In conclusion it can bq said, from the above, that bands A and B are
formed simultaneously, followed by band D. From this it follows that the
chemisorbed bridged species A is Jjust as firmly bound to the surface as
the linear species B, The desorption studies at room temperature confirm
this contemplation (e.g. Fig. 32, curve 2), On the other hand when heat
is applied to the chemisorbed species (e.g. Fig. 36, curve 4), it was
found that band D was the first to disappear, followed by B and lastly A.
From this evidence one may conclude that the bridged species A are the

most strongly held to the surface.

APPENDIX 8,

The Influence of Temperature on the Bands ascribed to Chemisorbed Species
(Nickel):

As the actual Fischer-Tropsch process is carried out at elevated tempera—
tures, it was considered important to see what will happen to the chemisorbed
CO species when heat is applied. The spectrum of 19 torr carbon monoxide
in contact with a nickel catalyst can be seen in Fig. 34. At 100°C it was
found that band C had disappeared while the intensities of the 4, B and D
bands were slightly less than before, At 240°C the only iﬁportant observa-
tion is that B and D have disappeared to give one broad band inbetween B
and D, with its maximum at 2060 cm—l. The integrated intensity is very

little different from the sum of the intensities of B and D at 100°C,

When this sample is cooled down to room temperature and then evacuated
for 20 minutes to a pressure of about 7xlO'6 torr, bands A, B, D and E are.
found as shown in Fig. 35. It is concluded that these bands may be assigned
to species strongly held to the metal surface (Band E could result from sur-
face oxidation by carbon dioxide resulting from the Boudouard decomposition
reaction45.

2 0 =—=>C + 002

which would readily occur at 240°C in the presence of a catalystl).

In order to determine the effect of temperature on the bands without
an excess of carbon monoxide gas, a new experiment was devised. In this
case 20 torr carbon monoxide was brought in contact with a freshly reduced
sample'at room temperature and the spectrum recorded, The excess carbon
monoxide was then removed by evacuation in steps until band C had disappeared.
(It was found in practice that any temperature above about 50°C was sufficient
to desorb the adsorbed molecules respbnsible for band C, This desorption

will then increase the number of carbon monoxide molecules in the gas phase).
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At a pressure of'5,5x10_3 torr at room temperature, curve 1 in Fig., 36.
was obtained. In order to test the stability of the chemisorbed species
this sample was kept at room temperature for 66 hours. As can be seen
from curve 2 (Fig. 36) the chemisorbed species are'very stable, Only a
slight decrease of the bands were observed with thé appearance of band C,
On increasing the temperature it was found that band D is the least stable
whereas bands A and B represent, under these experimental conditions, the
most sirongly held species. When the sample was cooled down to room
temperature, only one broad band at 2050 cm"l was found between B and D

(e.g. Fig. 34, curve 3).

APPENDIX 9,

The Influence of Temperature and Hydrogen on the Chemisorbed CO Species:

It is well known that nickel is an excellent methanation catalystl.
It therefore would be of interest to know which of the adsorbed species is

responsible for the methanation reaction.

In one experiment hydrogen at a pressure of TO torr was admitted to
22 torr carbon monoxide in contact with a nickel catalyst at 390°C, It
was found that the carbon dioxide formation increased while a new band
ascribed to methane, appeared at 3015 cm-l, The results are represented
in Fig. 37. On standing the intensity of the methane band increased.
When the sample was cooled to room temperature another band at 1620 cmml

appeared, Upon evacuation all the bands disappeared.

In the above, no reaction intermediates were observed. It was argued
that at such a high temperature the reaction rate will be so fast that the
concentration of reaction intermediates at any particular moment will be
relatively low (due to completion of the reaction) and could thus not be
detected. Consequently in the next experiment the sample was first cooled
to room temperature before the hydrogen was admitted. Furthermore; the
above sample was of the very active type. Special precautions had been
taken to obtain a clean metal surface. When high initial carbon monoxide
pressures are applied the active centres will react first and will, upon
evacuation, be carried away as Ni(CO)4 gase This will result in a catalyst
having less active centres by the time the hydrogen is admitted to the cell,
Therefore, in the next attempt 4 torr carbon monoxide only was admitted to
the sample, and the spectrum was recorded. This sample was then evacuated -
in steps to 2.5x10"3 torr before 10 torr hydrogen was admitted at room.

temperature. In order to slow down the reaction rate between the chemisorbed
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CO and hydrogen, the sample was kept for longer periods at low temperatures,
The curves can be seen in Fig. 38, It was found that band D immediately
increased in intensity when the hydrogen was admitted, while B decreased,

On standing for 14 hours at room temperature band A increased while D was
now less intense, A small band C was observed, but when the sample was
heated to 50°C it disappeared again, After 2 hours at 100°C (curve 6) band
B had disappeared with a slight increase in D, In this case traces of
methane were found (not shown). At 200°C the formation of methane increased

rapidly, and after 1% hours no chemisorbed CO bands could be detected.

Prom Fig. 38 it can be seen that when hydrogen is admitted at room
temperature band D becomes more intense, Infra~red inactive gases such as
hydrogen, helium, nitrogen, etc., could cause a pressure broadening effect
when added to an infra-red active gas (see Chapter 1). In this case the
hydrogen molecules could collide with CO molecules in the gas phase by which
mechanism they will adsorb onto the metal surface and thus add to the D band.
It was therefore decided to repeat this experiment by using helium instead
of hydrogen, (The pressure broadening effect of helium and hydrogen is the

same as carbon monoxide as can be seen in Table IV.

TABLE IV
Peo Py, A Phe D
23 torr - _ - - 0,023
23 torr 20 torer - 0,033
23 torr 81 torr - 0,066
23 torr - 20 tory 0.033
23 torr - : 81 torr 0,066

D is the optical density of the P-branch of carbon monoxide
as measured at 2120 cm—l).

In this work 2 torr carbon monoxide was adsorbed at room temperature

3

and the excess then removed by evacuation to a pressure of 2.5x10 ~ torr.
When 11 torr helium was admitted only a small increase in band D was observed -
see Fig., 39. In order to gain confidence the scan was repeated but no

3

change was observed. The helium was then evacuated to 1x10 ° torr and the
spectrum recorded (curve 3). Thereupon 10.5 torr hydrogen was admitted

and a big increase in the intensity of D was observed while B decreased.
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After 24 hours both bands B and D decreased in intensity but no other

bands (not even a methane band) could be found.

This sample was subjeqted to prolonged‘heat treatments and the spectra
recorded at intervals, The results are shown in Fig, 40, It is seen that
the intensity of band D decreaséd more than that of A, It is also noticed
that each band has more than one inflection point (these could hardly be
ascribed to resolution of rotational fine structure). During this heat
treatment methane was formed. Again no reaction intermediates were found.
Also, it was not clear from the change in .intensities which of the A and D
band species were the most reactive, At low temperatures the most reactive
species will be inhibited to a lesser extent, so that these should display

the largest intensity change.

Another way of determining which band represents the most reactive
species is the following: Increase the temperature rapidly up to the
"eritical reaction temperature" for a very short period and then decrease
the temperature immediately to stop the reaction. By doing this, it was
hoped that only the most reactive species would react during that period.
The results of such an experiment’are shown in Fig. 41. As before; it was
again found'that band D increased in intensity at the expense of B when
hydrogen was admitted at room temperature. After 18 hours at room tempera~-
ture band A again increased, The sample was then heated to 220°C within 5
minutes, kept at 220°C for 5 minutes and then cooled down to room temperature
within the next 5 minutes, After each heating cycle the spectrum was record-
ed immediately at room temperature. Although no reaction intermediates wére
observed, the results were very interesting. Bands A and D decreased ini-
tially at more or less the same rate but after the second heating cycle it
can be seen that band A disappeared at a faster rate. In band A again,
the band Al is the first to disappear, followed by A2, etc.
25
say whether the CO, while chemisorbed in structures that produced bands at

1900 and 2060 cmml, would react with hydrogén° We think that the bands A,

In a paper by Blyholder it was stated that the authors were unable to

B and D represent those structures discussed by them. ‘However, from the
above experiments it is quite clear that hydrogen reduces chemisorbed species.
Although the D and B bands disappeared first (Figs. 38 and 39), we are hesi~
tant to say that they are reduced first. The reaction mechanism might pro-
ceed via the structure represented by A. This can be explained as follows:
As species A are reduced and taken away from the surface, more sites become

available, The linearly held molecules can now rapidly be reformed into
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bridged molecules, The net effect observed will be a decrease in the
intensities of the D and B bands, while the intensity of A will apparently

remain constante.

Support for this reaction scheme can be found in Figs. 38 and 41 where
A increased in intensity when carbon monoxide and hydrogen are left in
contact with the catalyst at room temperature for several hours, This,
is further stirengthened by the heating curves in Figs. 40 and 41. Bspecially
in Fig. 41; curves 4 to 7, it can be seen that, after each heating/cooling
cycle, band A decreased mere in intensity than bands D and B, This in
effect implies that the reaction path goes via the structure(s) represented

by band A.

Another interesting point is the fact that band D increased in intensity
at the expense of B when hydrogeh was admitted. Although there might be a
small pressure broadening effect, it is insignificant and the main phenomenon
must be ascribed to a chemical effect. One possibility is that the
hydrogen might displace the chemisorbed CO molecules reponsible for band B
due to hydrogen chemisorption on these sites, Another possibility is that,
due to hydrogen chemisorption on sites élsewhere, the D sites become more
active than the B sites and that for this reason the intensity of band D
will increase. There might of course be some other explanation, The first

possibility is discussed further in the next paragraph.

From the above work one has the impression that the B and D bands are
in a way related to one another. Further, when CO only was present on the
catalyst (Appendix 8, Fig. 34, curve 3 and others not shown) only one band,
located between the B and D bands,'was found, Due to the particular experi-
mental conditions, the assumption can be made that the intermediate band is
only found at low carbon monoxide coverage, However, the opposite is not
true i.e. at low carbon monoxide coverage not only one intermediate band
is aiways found, This would be the case if interactions are in operation
between the species responsible for the B and D bands, Blyholderlo also
considered this question of more than one band ascribed to the same type of

species, Two possible explanations were offered:.

(a) that the two bands are due to interactions of chemisorbed CO molecules

with each other, or
(b) are due to surface heterogeneity.

If (a) is responsible, one band would be expected at low coverage and

two bands at high coverages.
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As said above, in this work both one and two bands were found at low
carbon monoxide coverage. It was however found that when hydrogen was
admitted, the intermediafe band immediately splits into the B and D bands,
This supports the idea of interaction between the CO species responsible
for the B and D bands[ although the possibility of two different surface
sites cannot be ruled out. These sites can be very closely situated or

even directly connected to each other.

Band B is cobserved at a lower vibration frequency than band D. This
means that the carbon-nickel bond of the B band gpecies is stronger than

that of the D band species.

On the other hand, the B band species observed at the lower frequency
are in an environment of fewer Ni ligands than the D band species (in agree-
ment with the theory of d?Tbackbonding). For steric hindrance reasons it
will be easier for hydrogen molecules, say, to displace B band species than
D band speciés. This can in part explain the initial increase in intensity
of D, with the corresponding decrease in the intensity of B, when hydrogen

is admitted at room temperature.

In order to determine whether the hydrdgen molecules in fact adsorb
onto the B sites or just readily attack the CO species represented by band
B, a new experiment was devised, In this experiment bhydrogen was adsocrbed
at room temperature prior to the adsorption of carbon monoxide, The results
are shown in Fig, 42, From curves 2 and 3 it can be seen that band B was
found to be still present, However, when the hydrogen pressure was increased
drastically from about 231072 to 33 torr (curve 4) the intensity of B decreas-
ed and that of D increased. D ig éimultaneously displaced to higher wave
numbers, as was found previously., Upon evacuation (curve 5), part of the
D species were reformed back into B species. Therefore, one may conclude
that, although at relatively high hydrogen pressures the B band CO species
were displaced, at relativély low pressures the B sites hold the CO species

more firmly than hydrogen.

Carbon Monoxide Chemisorption on Nickel Oxide:

When carbon monoxide is chemisorbed on Type II green nickel oxide (NiQ)
a band F was found between 2165 and 2195 cm_l but more often at about 2190 cmml°

Simultaneously a doublet at 2345 cm"l was assigned to carbon dioxide gas,

»
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This is shown in Fig. 43(a). Whén carbon monoxide is chemisorbed on

Type I black nickel oxide (Ni203) no band ascribed to chemisorbed species
was found. However, when Type I black nickel oxide was heated to about
400°C under vacuum it changed into the light green form. Carbon monoxide
chemisorption on this Type I nickel oxide gave bands at 2165, 2195 and
2345 cm“l. This is shown in Fig. 43(b). 4

Note: In most of the experiments only one band at about 2190 mel

was found for carbon monoxide chemisorbed onto oxide lattices,

APPENDIX 11

Carbon Monoxide Chemisorbed on‘Pqtassium Promoted Nickel:

When carbon monoxide chemisorbed on silica-supported nickel promoted
with a K:Ni ratio of 2:100 the spectra as repfesented in Fig. 44, were
found, At 2 torr carbon monoxide, band D appeared as a shoulder at 2080
cm"l on band C, and band B was seemingly absent, The low wave number
gide of band A was also more intense when cémpared with spectra obtained
in the absence of potassium. In the latter experiments (Type I samples)
band A appeared at about 1950 emt with a shoulder at about 1800 em L,

In the present studies, band A appeared as a doublet with band Al at about

1920 cm™? and band A2 at about 1840 cm .

With a K:Ni ratio of 10:100 the spectra shown in Fig. 45 were found,
In this experiment, at a carbon monoxide pressure of 2 torr, band D was
apparently absent, whereas band B appeared as a shoulder at 2020 cm"“l on
the low wave number side of C, On decreasing the pressure to 0,15 torr,
band D was found at 2065 cm—l, which means that it was camouflaged by C at
the higher carbon monoxide pressures, A was still a doublet with Al at

about 1910 cm‘l, and A2 at about 1840 em L,

In both the above experiments it was found that B disappeared on decreas-—
ing the carbon monoxide pressure, This phenomenon was considered as unusual
because in all the experiments done on nickel in the absence of potassium,
band B was found to be very persistent, At the same time the question
arose which of these bands could be assigned to the species most strongly
held on potassium promoted nickel surfaces. Therefore, in an experiment
wifh 20:100 K:Ni, carbon monoxide was admitted to the Sample at a pressure
of about 73{10'"5 torr, (It was again found, that the first increments al=-

most disappeared, pressurewise, on standing in contact with the catalyst.
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The pressure readings were therefore taken at the end of each scan).

The results are represented in Figs. 46(a), (b) and (c).

From Fig. 46(a) it can be seen that bands A2, Al and D all appear simul=-
taneously, although A2 (curve 3) at a pressure of 1074 torr, was slightly
more intense. Above this pressure D increased relatively more (i.e. ratio-
wise) in intensity than Al and A2, Band B appeared only above 0,81 torxr
carbon monoxide (curve 6), It lay at 2020 cm_l and its position was fairly
constant with increasing pressure, Although band D was found initially at
2040 cm”l its peak position was displaced to 2065 cm-l with increasing car-
bon monoxide Pressures, The peak position of band Al remained fairly con-
stant at 1920 cm‘l, but the maximum of A2 shifted from about 1780 to 1840 cmml

on increasing the CO pressure,

Upon decreasing the pressure, band Al decreased in intensity and the
wave number of the maximum of A2 was lowered to about 1825 et (Pigs 46(c),
curve 3). At the same time B disappeared, whereas D was shifted from 2065
-1,
to 2060 cm

APPENDIX 12,

ghe Effect of Temperature on Chemiso:bed CO on Potassium Promoted Nickel:

In these experiments the exéess carbon monoxide was pumped off in order
to study the effect of temperature on the chemisorbed species only, The
results obtained when CQ, chemisorbed at 3.53;:10"2 torr on a 10:100 K:Ni
sample, was heated to different temperatures, is shown in Fig, 47. It
can be seen that both the peak position and intensity of band D were very
much dependent upon the temperature - the band was shifted towards lower
wave numbers and its intensity decreased with increasing temperature,

In the case of band A, it was mainly the high wave number side of the band

that was affected in the same way.

This experiment was repeated with a 20:100 K:Ni sample. The results
are represented in Fig, 48, Once again it was found that the high wave
number bands were affected most upon heating. Thus the observations made,

were confirmed with confidence,

APPENDIX 13,

The Interaction of Hydrogen.and Carbon Monoxide on Potassium Promoted

Silica-Supported Nickel:

It is known from studies of'thé FischeréTrppsch processl thgt potassium,

when present in the catalyét,&acts as a chemical promoter, i.e. its inclusion ha
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a marked influence on the spectrum of.hydrocarbon products, Usually, an
increase in the potassium concentration causes a decrease in the short chain
hydrocarbons produced; or, putting it the other way, an increase in the
production of long chain hydrocarbons, Thus one might specifically conclude
that potassium inhibits methane formation,This in turn leads one to the ides
that this phenomenon might be exploited in elucidating aspects of problems

aimed at discovering the mechanisms of reactions,

One of the reasons why previous attempts (in this project) to detect
reaction intermediates on unpromoted nickel failed, was thought to be the
fastness with which the methanation reaction is completed. Thus it was
expected that the addition of potassium might give the intermediates a
longer life-~time, possibly making them more readily detectable,

The results obtained with a 2:100 K:Ni sample are shown in Figs. 49(a)
and (b). This experiment was started with a 'low' Hy3CO mole ratio in the
hope that this would also favour the formation of a high concentration of
~intermediates. However, no intermediates were detected spectroscopically.
When the hydrogen pressure was increased drastically from 0.1 to 20 torr,

methane and carbon dioxide were formed as can be seen from the spectra.

The above experiment was repeated with a iO:lOO K:Ni ratio, The
results are represented in Figs. 50(a) - (e)s In Fig, 50(a) it can be
seen that 3.5x10m2 torr carbon monoxide plus 0.1 torr hydrogen produced no
intermediates and no methane, After the second heating cycle to 2000C
(curve 3), a small amount of carbon dioxide was formed and its concentration
increased gradually with the number of heating cycles, The amount after
the fifth heating cycle can be deduced from the spectrum of Fig, 50(b),
curve 1, The hydrogen pressure was now increased to 1 torr and the heatling
procedure repeated (Fig, 50(b), curve 3). It was found that +this increase
in the hydrogen pressure had no effect on the bands. Consequently, the
hydrogen pressure was increased further to 11 torr (Fig. 50(c))s The
heating procedure immediately yielded methane. It is also noticed that

the amount of carbon dioxide now decreased with the number of heating cycles,

It should be noted that, up to now, the studies on the interaction
between hydrogen and carbon monoxide was mainly done under conditions of
very low carbon monoxide pressures. This could also be a reason why no
intermediates were detected. Thus in an attempt to detect intermediates
it was decided to increase the carbon monoxide pressure and employ a H,¢CO
ratio unfavourable to the production of methane; i.e. in terms of the
reaction

3 H, + C0O —= CHy + HpO.

A=/
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The cell was first evacuated to 6):10'-6 forr and then 0.7 torr Hp
followed by 1.3 fbrr CO, admitted, From Fig, 50(d) it can be seen that
even after 45 minutés at 200°C no detectable methane was formed, When
the sample was heated to 250°C and cooled down tot}oom temperature (Fig.
50(e), curve 1), small amounts of methane and carbon dioxide were formed.
The hydrogen pressure was then increased to 20 tbrr. This had a marked
pressure broadening effect on the carbon dioxide band (Fig. 50(e), curve 2).
However, the next heating cycle to 220°C (curve 3), decreased the carbon
dioxide concentration, On going through several heating cycles, the methane
concentration increased while the bands due to carbon dioxide and chemisorbed
CO gradually disappeared. In the end only a band at 1625 cm“ls apart from
those of carbon dioxide and methane, remained, Upon evacuation all the

bands disappeared.

As a last effort in the search for intermediates on silica~supported
nickel, the experiments were repeated on a 20:100 K:Ni sample, The spectra
of 3x10~2 torr CO plus 9.5 torr Hp, recorded at different temperatures,

are shown in Fig. 51(a). The results followed the same pattern as before.

After evacuation a mixture of hydrogen and carbon monoxide, at a pressure
of 3.8 torr, was admitted to the cell. A H,:C0 ratio of 1:4.5 was used.
The spectra, recorded at different temperatures, are presented in Fig. 51(b).
It can be seen that the carbon dioxide concentration again increased with
increasing temperature when a H2:CO ratio, unfavourable to methane formation,
was used. However, in the presence of excess hydrogen (curve 5), the carbon
dioxide concentration immediately decreased, and a sharp increase in the

methane concentration was observed.

Another interesting observation resulting from these experiments is
~ that band A shifted towards lower wave numbers and increased in intehsity
with increasing temperatures (curves 2 and 3). These phenomena were observed
previously (e.g. Figs..49(a) and 50(a)) but the effects were not as pronounced

as in this case,

APPENDIX 14

Carbon Monoxide Chemisorption on Cobalt Oxide:

Unpromoted Samples:

The adsorbent was prepared by evacuation of silica-supported cobalt
oxide Type I at 250°C for 2% hours, and then cooled down to room temperature

in vacuo. When 23 torr carbon monoxide was adsorbed onto this sample,
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the spectrum, as presented in Fig. 52(a), was obtained, Apart from
|
the carbon dioxide doublet, only one band at about 2180 cm ~, ascribed

to chemisorbed CO, was found,

4

Promoted Samples:

The spectrum for carbon monoxide on cobalt oxide promoited with
10:100 K:Co are presented in Fig. 52(b). Bands ascribed to chemisorbed
species were found at 2155 and 2170 cm“l.

APPENDIX 15,

(A) Carbon Monoxide Chemisorbed on Silica-Supported Cobalt Type Is

In general it is more difficult to reduce silica-supported cobalt
oxide than to reduce silica-supported nickel oxide, In order to over-
come this difficulty, different reduction procedures were investigated.
These involved varying the times, temperatures and hydrogen flow rates
during reduction. In some cases fairly clean metal surfaces were cb-
tained as measured by diminution of the intensity of the band at 2180
cm"l. Unfortunately, when the reduction procedure was repeated on a
new sample, the results could not always be reproduced for some or
other obscure reason. However, that may be; the samples were active,

Only the most interesting of the spectra will be discussed in the next

few paragraphs,

When carbon monoxide was admitted to an active sample the spectra
as represented in Pigs. 53(a) and (b) were recorded., Bands were
found at abou% 2025, 2070, 2095, 2130 and 2180 cmwl. After 1 hour at
Toom temperature<(Fig. 53(a) curve 3) the band at 2180 en™t decreased
in intensity, whereas all the others increased. Band B (at 2070 cm’l)
showed fhe biggest increase in intensity with increasing carbon monox—
ide pressure, (One may therefore conclude that a band C is formed
almost on the same position as B), When the carbon monoxide pressure
was decreased band A (at 2025 cm~l) increased further while B (+C) at
2070 em™ and D (at 2095 cm'l) decreased. Upon decreasing the carbon
monoxide pressure, band A was found to be the most persistent, followed
by bands B and D in that order. Bands E (at 2130 cm 1) and F (at 2180
cm~l) completely disappeared upon evacuation. It was also noticed that

band A displayed shoulders at about 1970 and 1850 cm“l.

Note: In general it was found for many samples}that band B (and
perhaps D and E) was absent or ill-defined initially on.
admittance of carbon monoxide. On leaving the carbon monox-

ide 1n contact with the catalyst surface for several hours
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the intensities of all the bands usually improved, It seems
therefore that the treatment with carbon monoxide has a more
beneficial effect; as it were, regarding the activity of the sites

(especially the B sites), than has the hydrogen reduction.

(B) - Carbon Monoxide Chemisorbed on Silica-Supported Cobalt Type III:

With precautions taken to minimise compound formation between the
cobalt salt and the silica carrier, this sample wae expected to be
comparatively active. However, as can be seen from Figs. 54(a), (b)
and (c), there was no significant change in the results, as compared

with those obtained with Type I samples,

From Fig, 54(a) it can be seen that bands A; B and D were ill-
defined and remained so with inc:easing carbon monoxide bressureo
Band E is not plotted at the high pressures because of its super-
position on the P-branch of the gas phase carbon monoxide. The posgition
and intensity of band F were also disturbed by the R-branch of the gas
phase carbon monoxide, but to a lesser extent. With decreasing pres—
sures all the bands were better resolved (Fig. 54(b)). Band A again
displayed shoulders at about 1970 and 1850 cm”l. Upon prolonged
evacuation, B and F disappeared, From Fig. 54(¢) it can be seen that
the intensities of B and D were directly related to the carbon monoxide
pressure; the intensity of B being the most sensitive, The intensity
of band A was again fouﬂd to be inversely proportional to a function

(not determined) of the carbon monoxide pressure.

APPENDIX 16.

Carbon Monoxide Chemisorbed on Potassium Promofed Cobalt:

When carbon monoxide chemisorbed on silica~supported cobalt promoted
with a K:Co ratio of %;100, the spectra as represented in Fig{ 55(a) and
(b) were found, Band A (at about 2030 cmwl) was again found to be the
1)9 ¢ (at 2060
cm—l)g and D (at about 2095 cmml), were found at slightly lower wave numbers

most persistent at low pressures, Bands B (at aboutt 2050 cm”

as compared to samples prepared without potassium, When carbon monoxide
was chemisorbed on a sample promoted with a K:Co ratio of 10:100 all the
bands were further shifted to lower frequencies,. The results are presented
in Fig. 56(a) and (b).

The chemisorption of carbon monoxide was repeated on a 20:100 K:Co
sample and it was found that the increased potassium concentration further

shifted the bands towards lower. wave numbers, The results are shown in
Fig. 57(a) and (D).
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Note: In general it was found that bands B and D become more ill=defined
as the potassium concentration increased, ‘' This may be ascribed
to increasing poiscning of the B and D sites, or to the fact that
these two bands were more rapidly displaced to lower wave numbers,
with increasing potassium concentration, relative to A, Therefore,

bands B and D were possibly camouflaged by A,
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