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A. Summary of Rounded Off and Published Work

The work summarized below has been performed under the current grant,
"The Carbidic Adlayer as Rate-Controlling Factor in CO/Hp Catalysis," and has
been published [10-14].

The notion of a “"carbidic" mechanism for methanation {and Fischer Tropsch
hydrocarban syntheﬁis) has -‘been challenged' by isotopic transient-kinetic
experiments. "Carbidic mechanism" is being utilized in the prevailing context

for a global scheme‘[5]:

CH,(g)
c0(q) =ig> CH, -ad —~7
2 \ C Hzn(+2)(g)

characterized by an iaventory of non-oxygen containing (“carbidic")
intermediates CHx-ad, serving as the precursors for methane and higher
hydracarbons. Platinum 1is known to be a methanation catalysts at the one
hand, and being 1incapable of dissociating CO efficiently at the other hand
[15]. It therefore is unplausible that methanation over platinum proceeds via
é “carbidic" 'mechanism. Nickel dissociates CQO efficiently and has been
identified with the “carbidic” mechanism. Accordingly, an isotopic transient-
kinetic comparison of platinum and nickel was perfofmed [13].

Fig. la and b give representative transient responses of Ni and Pt. In
the pertaining experiments the feed at the inlet of a plug-flow reactor was
switched -abruptly from IZGQfHQ to 1380/12. With -en-1ine mass spectrometry the
transient decay of\lZCH4 and the transient ingrowth of 13CH4 was monitored at
" the reactor outlet. The transient response of platinum and nickel is clearly
different. When changing f}om 12C0/H2 to 13C0/H2, the production of 126H4

over platinum ceases immediately, whereas over nickel it continues for some
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Fi16.1. (a) "CHj response when swilching from ?CO/H, to "CO/H; over nickel. The production of
"*CH, in “CO/H; atmosphere continues for approximately 100 s. (b) "CH, response when switching
from “CO/H; to “CO/H; over platinum. In “CO/H, atmosphere the production of _.Q.r ceases
immediately. From ( 13).



100 s (Fig. la and b). Noteworthy is that reaction conditions have .been
selected which lead to turn-over-frequencies (TOF's) which are very similar
for Ni and Pt.

The data have been analyzed starting from the response of a single
unidirectional elementary step:

C0(g) —— N_, 1. —R CH,(g)

¢’ ¢ 4

In response to a switch from 12C0 to 13¢0 the abundancy of 12C-containing

surface intermediates (abundancy Nyo», average lifetime T) will decay:

R = (1)

N N
s -2 @

For the lifetime, t, of the intermediates it is immaterial whether they are
being surrounded by 12c- or 13C-conta‘im‘ng surface intermediates. The

quantity t in (2), therefore, “is independent of Nj2, and (2) integrates into:

- X
N =N T

12 (3)

with N = Nj5 + Nj3 being the total coverage of C-containing intermediates at

steady state. The deéay of Nio is being observed as a decay of the rate of

12CH4 production at the reactor outlet, Rjpa:

R12 =Re ‘ (4)
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FiG.2 . Production of 2CH, in *CO/H, atmosphere
derives from 12C-containing surface intermediates.
The decay constant reflects the lifetime (7), the inte-
grated production gives the abundancy (N) of the sur-
face intermediates from (13). '

TONgy, (a.u.)

!
e e —=12CH, + 13CH,

13CH .

t

F16.3 . Replacing 2CO by PCO allows for the obser-
vation of the full transient-kinetic information without
disturbing steady-state catalysis; neither the total CH,
production nor 7 is being affected from (13).




with R = Ryp + Ry3 being the methanation rate at steady state: Figs. 2 and
3. From a comparison of Fig. la and Fig. 1lb it follows that the lifetime of
platinum-bonded intermediates is some two orders lower than that of nickel-

bonded intermediates.

Al=

By dividing in the relation R = the left- and right-hand side by Ng,

the number of surface-exposed atoms, one obtains:
_ 8
TOF = = (5)
With TOFpy = TOFy; and Tpy << Ty; One obtains:

Spt << eNi (6)

The two orders difference in magnitude of T and © at comparable TOF support
the notion of a different reaction mechanism being operative over platinum,
which is being discussed further in [13].

In separate work, not covered by the current grant, the notion of a
carbidic mechanism for the higher hydrocarbon (FT) synthesis has been
challenged. Fig. 4 summarizes a pertinent result. The incorporation of 12¢
in hydrocarbons continues after replacement of 12coad by 13coad (see also

below). Accordingly, CHy-ad rather than CO-ad precursors feature in the

steady-state(!) production -of -hydrocarbens.

In preliminary transient-kinetic experiments [8] we observed coverages in
carbidic intermediates which were generally very Tow (0.01 < 8 < O0.1).
Accordingly, we formulated the hypothesis that at “normal“ (high pressure)
steady-state catalysis the - majority of the surface was being blocked by

irreactive byproducts. Post-reaction examination of nickel surfaces with AES
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however led Goodman et al. [16-18] to a different conclusion, i.e., Tow
coverages in CHy-ad deriving from a low rate constant of production (ki)

compared to the rate constant of consumption (ko):

Ky k2
CO,q — CH,~ad ——> CH,(g)

Similar conclusions were reached by Gardner and Bartholomew [27] and by
Underwood and Bennett [28]. A focal point of the work under the current

grant, accordingly, was to challenge our hypothesis. This was done by
counting in-situ the number of surface-exposed (unblocked) metal atoms via

12¢0/13¢0 exchange [10].

The 1200 stream was traced with a 5% amount of Ar: 12(':0(13‘.1'). When .
switching a steady-sfate reaction conditions from l2CO(A:')/H2 to 1300(He)/H2
there is a noticeable delay between the disappearance of 1200 and Ar at the
reaction outlet: Ar decays first (Figure 5). The effect arises from the
reactor containing an inventory of adsorbed CO which is not being paralleled

by an inventory of adsorbed Ar. Entering B3co displaces 12C:Oad in a very

rapid exchange process:

co(gl

12 12
12¢0(g) —— €y —""CHyla)

The (chromatographic, frontal elution) delay in Fig. 5 does not derive

from the rate of exchange, but rather obeys [10]:

v
it = ¢ . (7)
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in which V the magnitude of the reservoir of C0,q (ml stp) and F the inlet
flow rate (ml stp/é). As justified more fully in [10] it follows (Fig. 6)
that in-situ observation of the chromatographic delay, at, gives a measure for
the amount of CO,4 present at the surface during steady-state catalysis.

In separate experiments it was established that deliberate surface
blocking (short successive exposures to pure CO at 3009C) leads to a

proportional decrease of the TOF and the amount of CO,4 present during steady-

state catalysis: Fig. 7. It therefore follows that, at reaction conditions,
CO does not adsorb‘on top of surface blocking C,4. Accordingly, a high value
of CO,q provides eviderce of a largely unblocked surface. .

Ample evidence was obtained [10] that on virtually unb]ocked‘surfaces
(8cg high) coverages in carbidic intermediates can be very low, especially at
lower temperatures (1903°C T 240°C). We therefore had to discard our
starting hypothesis: Tlow intermediate coverages are not merely the result of
an irreactive carbidic adlayer, blocking unselectively the majority of the
catalyst surface [10].

Having established that unselective surface blocking is not rate
controlling within the first few hours of exposure to CO/Hp, measurements were
extended to significantly longer times-on-stream.-'The work focused on Raney
Nickel, with the result summarized in what follows.

A Raney nickel catalyst, when exposed to hydrogen-lean syngas, initially
declines at a rate of abproximately 0.2%/h. In an approximately 120h period
the decline rate levels off at a value of approximately 0.03%/h. Based on the

existing Titerature [17,19-21] an "adlayer deterioration” hypothesis was

formulated:



L concurrent with reactive carbidic intermediates site-blocking
“carbon" is being produced. This is responsible for the initially
high decline rate (0.2%/h). The site-blocking “;arbon“ is being
removed from the surface in a slow hydrogenation reaction, resulting
in an'average residence time at the surface of the order. of 120 h.
According]y,.it takes approximately 120h to reach steady state, i.e.,
a balance between the “"carbon" production and remova]. The residual
decline of 0.03i/h is due to irreversible detérioratioﬁ'of “carbon"
into irremevable "graphite®. |

The hypothesis subsequently was ché]lenged by conducting transient-kinetic

experiments in a repetitive mode during the entiré line-out period. The
results disproved the above-formulated hypothesis, ﬁs shown below.
Aging is found to be reflected in the'transient behayior: the transients

develsp a "tail": Fig. 8. These transients are found to be described byﬁ

'(t/rl) + 0 z(‘t/TZ)

F C.2 2 (8)

-

13
CHy

Such a behavior is characteristic for CHy originating via two parallel
pathways. This could be confirmed by frequency-response experiments, fu11y
described in [12].

Whereas the time constants of the two parallel pathways are essentially

independent of aging:

)

Ty = 120 + 20 s

850 + 200 s

]

T2

10
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—

the relative contribution of the two pathways is observed to change upon
aging: the coefficients ‘cl‘and Co in (8) are slowly changing in time (Fig.
9). '

What emerges is a situation of a "slow" pathway (1p =850 s) taking over
from a “fast" pathway (tj = 120 s) over a period of 120 h. The total surface
coverage, correspondir}g to pathway 1 and 2 combined, slightly increases over
the first 120h period. This, combined with the observation that surface
species with a surface residence time of only 850 s do not require 120h to
reach steady-state coverage, | leads to the conclusion that aging 1in this
particular case is in essence not a process of site blocking but rather a sTow
“deterioration® of the nickel itself, causing pronounced kinetic heterogeneity

[12].
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B. Summary of Currently Unfinished Work

As work in the first period of the current grant yielded more and more
indications that unselective site blocking is not a major activity-determining
factor we changed our focus towards the intrinsic kinetic properties of the
nickel-catalyzed methanation pathway. As isotobic transients have the unique
capability of furnishing value for ecnx, 8co and Oy, we set out to determine
the behavior of these quantities, with Pcos Pﬂz’ T and the nature of the
nickel catalyst being the independent variables. A sample of representative
results is presented below.

The amount of CO,4 present during steady-state catalysis was determined
from the amount of 12coad removed 1in H2/13c0 atmosphere (cf. Fig. 5).
Pertinent results are being summarized' in Figs. 10 - 12. It appears that up
to T = 250°C, €O is present at close-to-saturation coverage, confort_n earlier
IR evidence [4,22,23].

The total amount of “H 4 (i.e., H bonded to metal and H bonded to
carbon) was estimated likem‘ée, i.e., from the amount of Hy and HD removed in
D,/CO atmosphere. Inconsistent results orginate. Fig. 13 (i.e., ml Hp vs.
PHZ) suggests imcomplete coverage, whereas Fig. 14 (i.e., mi Hp vs. Pgqg
suggests saturation coverage. In addition, the value obtained for “Hp4"
exceeds that for CG,4q. Coexistence of large amounts of CD,q and “Hp4" also
has been observed recently by Bell et al. [24].

The amount of carbidic intermediates, _CH*-jd, was .estimated from the
production of 13684 in 12Ct')le atmosphere. The amount of CHy-ad varies

significant:ly and reversibly with PH2 and Ppg: Figs. 15,16. Noteworthy is

that BCHX increases with qincreasing PHZ' a trend opposite to that observed

with post-reaction AES analysis by Goodman et al. [18].

13



The decay of 12CH, in 13C0/H, atmosphere is, for “fresh® catalysts, close

to exponential: F = exp[-t/r]. Figs. 17-19 describe the variation of t with

PHZ' Pcog and T. fig. 17 1is suggesti&e of a hydrogenation reaction determining
the relaxation time. _

By conducting back-to-back Dp/12c0 + Dp/23%0 and Hy/1%c0 + Hy/13co
transients we could compare (k, 8) of CD, intermediates with (k, 6) of CH,
_ intermediates: Fig. 20. Noteworthy is that at the conditions prevai1iﬁg in
Fig. 20 there is a significant inverse "kinetic”~H/D‘effect: RCD4/RCH4

=~ 1.3. Surprisingly, the "kinetic" H/D effect turns out to be a 6 effect
rather than a k effect. This is seéming]y inconsistent with a hydroéenation
reaction determining the relaxation time (k = 1‘1, see above).

The aforementioned results all pertain to 60% w Ni/SiOz.' Highlights of
results obtained for Raney Nickel and nickel powder are given below.

Fig.21 presénts data on the decay of 12CH4 in 13CO/H2 atmosphere (k = ¢~
1). It appéars that the reactivity of the carbidic intermediates varies with
the nature of the nickel catalyst.

Fig. 22 presents data on the integrated production of 126H4 in 13CO/H2
étmosphene (i.e., on the coverage in intermediates).. Again, a significant
variation of € is beihg observed.

Fige 23 presents data.on- the vafiation in coverage with the ratio
Hp/CO. The nickel powder behaves seemingly abnormal. However, in doing so it

conforms to the trend reported by Goodman et al. [18].'

14



1
€O, tml STP) ' .
B S
; a
€ a
74 a
‘ L} L] & &
-] 1 2 3 4 ]
Pyy (Ban
o
Fig. 10. CO_, vs. Pl*z . T =220 C, Byy= 0.1 bar, Catalyst : 60% Ni-S10,
n
€O, tml STP)
.-
-] a
>
E a
7 A
' [ L4 [ § L § L4 ] & L]
[+ a2 (. ®% o.8 X ] 1 2 4 18
Peo (bar)

Fig. 11. COu3 vs. Bgy. T =220 T, Py~ 3 bar, Catalyst : 60% Ni-510,

Co_, Cxl S5TP)

. ¥ Ld L) 1.4 LB 1 ] 14 L]

no 1 0] 10 wo 200 20 0 200 a0 300
Temperature °C

o= 0.3 bar, Catalyst : 60% 81-3102

Fig. 12. coad vs. T. PQ- 1 bar, Pc
15




qQ

15

Hg~od (al STP)

H H H H
Py boad

Fig. 13. Amount of adsorbed hydrogen versus PHZ. Pgo= 0.1 bar

o
T = 220 C, Catalyst : 60% Ni-5i0,.

1)
Hepy=ad Cml STP)

18- | o
> (o)
- (@)
E

13

B | Y T— ) —p—— T T T T

0.2 0.4 0.8 0.8 1 12 1.4 1.8

Fig. ik. Amount of adsorbed bydrogen versus Pa,.

P, = 3 bar,
Hy = 3

T = 220 C Catalyst : 60% Ni-SiOz.

16



.
1 GCHX A
] a
4 A
0.0l 1 1 | § [ ]
1] 1 2 3 4
Pua {bar)
Fig. 15. Coverage in carbidic intermediates, Cﬁx » Versus PHZ .
Pog = 0.1 bar, T = 220 €, Catalyst : 60% N1-510,.
0.1
1 GCH‘
A :
1 , :
] A
1 A
4
§
o‘°= [ ] 1 1 § ] i
0 0.2 04 . 0.8 0.8 1 1.2 L4 1a

Peg (bad

Fig. 16. Coverage in carbidic intermediates, CH,
By, = 3 baz, T = 220 %, Catalyst : 60% N1-S10,.

17

, vOersus Pco .




60 .
sadk=r7t (s7Y)

407

'x_ 10

30+

20+

k.s

10+

%% a 2 T
PHz (bﬂl')

Fig. 17. The reactivity of carbidic intermediates increases with
increasing Py, . Pgo = 0.1 bar, T = 220 %, Catalyst : 60% Ni-S10,.

' -
4

&0
40~ k-r-l(s-l)
404 &

301

k.o x1073

20

10

o [ ) ) L ’ [} ] [

0 0.2 a.4 0.8 0.8 . 1 12 1.4 1.8
Pco ‘blf)

Fig. 18. The reactivity of carbidic intermediates decreases with
o
increasing Pnq. PHZ = 3 bar, T = 220 C, Catalyst : 60% N1-S10,.

18



per™t { l")

&

-

muuﬁuuﬁa.cuuuu

Fig. 19. The reactivity of carbidic intermediates

increases with increasing temperature. PH = 1 barx,
Pyo= 0.3 bar, Catalyst : 60% Ni-S10,. 2
- D
H a

tar / .

-6/

1= A

”-

0.6+

" -

u-

° L] &« &

o t 2 3 4 .
Py (bed
L&
L4+ D / H
k k

124

4 A a
o8 &

Q.§

“’.-
.24

° ] 7 LY | —

° ' 2 3 4 s

Py Ibad

Fig. 20. The inverse kinetic isctope effect ( Rcm,/ RCHu = 1.3)

o
is a § rather than k effect, T = 220 C, Ppg = 0.1 bar,
Catalyst : 60% Ni-Si0,.

19




0.1

1

1

“

T-
» 0.01%
™ Legend

N A 80X NI-S102
? X Roney nickel
‘ O Hipewder

0.001

120 140 18¢ 180 200 220 . 240 280 280 300
Tomperaturs C

Fig., 21. Reactivities of carbidic intermediates depend.on the deta:i.led‘

nature of the catalyst. For Raney nickel and Ni powder P, = 0.75 bar,

. H
Pgo = 0-25 bar. For 60% N1-510, Fgg= 0.3 bax, By = 1 ba&,

l.“

: <]
Legend :
A 60X Hi-S102

X Raney nickel
Q Nipewder

Andond ok b

Y

8.01 T ™ | 'y T - Y
120 140 180 180 200 220 ° 240 280 280 300
Tomperaturs "C ' :
Pig. 22. Coverages in carbidic intexrmediates d.epend on the detailed
nature of the catalyst. For Raney nickel and Ni powder PH = 0.9 bar,
2

- 0.0 b o - . . -
PCO 9 bar. For 60% Ni-Sioz ?GO 0.1 bar, FHZ 1 bar.

20



C.

[1]
2]
{31
[4]
[5]
fe]

[71
£el

fal

[10]

[11]
£1z2]
[13]
[14]

[15]
[16]

[17]

[183

{193
[20]

References

M. Araki and V. Ponec, J. Catal. 44, 439 (1976).

P.R. Wentrcek, B.J. Wood and H. Wise, J. Catal. 43, 363 (1976).

P. Biloen, J.N. Helle and W.M.H. Sachtier, J. Catal. 58, 95 (1979).
J.G. Ekerdt and A.T. Bell, J. Catal. 58, 170 (1979).

P. Biloen and W.M.H. Sachtler, Adv. Catalysis 30, 165 (1981).

V. Ponec, Catalysis, Vel. 5, 48 (1982) (The Royal Soc. of Chemistry,
London).

A.T. Bell, Catal. Rev.-Sci. Eng. 23, 203 (1981).

P. Biloen, J.N. Helle, F.G.A. van den Berg and W.M.H. Sachtler, J.
Catal. 81, 450 (1983).

‘gigglg)ppeh J. Suzuki, P. Kokayeff and V. Ithenakis, J. Catal. 65, 59

C.-H. Yang, Y. Soong and P. Biloen, "8th Int. Congress Catalysis,
Berlin, 1984," Proceedings, VII, p 3.

Y. Scong and P. Biloen, Langmuir 1, 768 (1985).
Y. Soong, K. Krishna and P. Biloen, J. Catal. 97, 330 (1986).
C.-H. Yang, Y. Soong and P. Biloen, J. Catal. 94, 306 (1985).

c;gﬂ. Yang, Y. Soong and P. Biloen, J. Chem. Soc., Chem. Commun. (1985)
475,

R.W. Jayner, J. Catal. 50, 176 (1977).

?igéo?oodman, R.D. Kelley, T.E. Madey and J.T. Yates, J. Catal. 63, 226

?ig§0?00dman’ R.D. Kelley, T.E. Madey and J.M. White, J. Catal. 64, 479

R.D. Kellay and D.W. Goodman in:  “Th: Chemical Physics of Solid
Surfaces and Heterogeneous Catalysts,” Vol. 4, 1982, 427 (D.A. King and
D.P. Woodruff, Eds.).

H.P. Bonzel and H.J. Krebs, Surf. Sci. 91, 499 (1380).

D.L. Trimm in Deactivation and Poisoning of Catalysts," Chap. 4, 151
(1985) (J. Qudar and H. Wise, Eds.), Marcel Dekker.

21



[21]

[22]
23]
[24]
[25]
[261]
[27]

[28]

H. Wise, J.G. McCarty and J. Oudar in "Deactivation and Poisoning of
Catalysts,” Chap. 1, 1 (1985) (J. Oudar and H. Wise, Eds.), Marcel
Dekker. B ‘

R.A. Dalla Betta and M. Shelef, J. Catal. 48, 111 (1977).

D.L. King, Prepr. Div. Pet. Chem. Am. Chem. Soc. 23, 482 (1978).
P. Winslow and A.T. Bell, J. Catal. 94, 385 (1985).

P. Winslow and A.T. Bell, J. Catal. 86, 158 (1984).

M. A. Vannice and R.L. Garten, J. Cat;'l. 56, 236 (1979).

D.C. Gardner and C.H. Bartholomew, Ind. Eng. Chem. Fundam. 20, 229
(1981). T

R.P. Underwood and C.0. Bennett, J. Catalysis 86, 245 (1984).

22






