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Innovation and science in the process industry
Steam reforming and hydrogenolysis
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Abstract

Innovations in the industrial applications of the steam reforming process have been inspired by scientific research influenced
by the work of John Sinfelt. Steam reforming, hydrogenolysis and carbon formation on nickel catalysts, modified by sulphur
adsorption and copper alloying, and compared. The rates of steam reforming and hydrogenolysis are closely correlated
indicating common rate controlling steps. They depend in a similar way on sulphur and copper modifications indicating
similar ensemble requirements. The ensemble requirement of carbon formation is much larger. It is therefore possible to
suppress carbon formation by sulphur adsorption and to a smaller extend by copper alloying. However, copper also influences
the electronic structure of the nickel sites resulting in promotion of carbon formation when the copper concentration in
small. Recent experimental and theoretical results for NiAu surface alloys are mentioned. They have formed the basis for
the development of a new carbon resistant catalyst. The importance of exploratory scientific research for industrial catalysis
developments is emphasized. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction ronmental requirements may add a premium value
to the sulphur-free synfuels and secondly, it has be-
The process industry faces challenges requiring in- come a requirement that associated gas is not being
novative efforts. These are mainly related to environ- flared.
mental objectives [1] dictating requirements to the = Cheaper technology for the manufacture of syngas
products, the use of processes being environmentally[1,2] is a key for improving the process economy
benign. of gas—liquid plants. Syngas-based routes to petro-
One major challenge to the process industry is chemicals and synfuels are characterised by high
the utilisation of remote natural gas [1-3]. The carbon efficiency, which can hardly be met by di-
present focus on the conversion of natural gas into rect conversion routes [1]. This paper will focus
liguids may appear ‘déja-vu’ with reference to the on a few scientific aspects of the steam reforming
efforts a few decades ago under the oil crises. process, which resulted in a basis for process in-
Apart from a few examples, very little happened novation. It will be illustrated how this part of the
because of a questionable feasibility [2] but the work was influenced by John Sinfelt's studies on
situation may have changed today. Firstly, the envi- hydrogenolysis.
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Sinfelt [8]

CoHo+2 * > %, CoH, + 2=%

H,

*CGHy+H, > . ..
Boudart [9]
2% + H, & 2%H

* 4 CiHg + y¥ — * CoH, + y¥H 4 0% =Y

H,
*CHy+H, —> ...

Fig. 1. Reaction sequences [8,9] for ethane hydrogenolysis;*: Ni
site; X Ni site different from *.

2. Steam reforming and hydrogenolysis
2.1. Catalyst activity
In our work around 1970 [4,5], we applied the steam

reforming of ethane (la-b) as a probe reaction and
compared it with the hydrogenolysis of ethane

CoHg + 2H,0=2CO+ 5H,

J.R. Rostrup-Nielsen, Ib Alstrup/Catalysis Today 53 (1999) 311-316

H, + 2% <& 2%H

6-x-y

* + CoHg + y¥ — *CHy + y¥H + H,

*C,H, + H, — 2*CH, +G +1- zj H,

s + H,O < s H,O

sHO+ * > *O+H, +s

Fig. 2. Reaction sequence for steam reforming of ethane [4,5].
s=support site. (Recent data [11,12] indicate that OH species
rather than O species are involved).

over, the surface reaction might also be considered ir-
reversible since no influence on the rate from carbon
monoxide nor carbon dioxide was observed [4]. This
leads to a two-step sequence, as shown in Fig. 2.
The activities for the two reactions were compared
for a series of nickel catalysts [4]. The rates were re-
ferred to the active surface area as specific rates or
turnover frequencies, as also emphasised by Sinfelt et

(—AH3gg = —348 kJmol) (1a) al. [10]. Results are shown in Fig. 3. A strong, direct
correlation over several orders of magnitude of activ-
ity is hinting that the two reactions may be strongly

CO+Hy0=CO, +H : . ©  STOTY
+h2 © +0 2 related. It is surprising that the decrease in activity
(—AH39g = 41 kJ/mol) (1b) caused by promotion of the catalyst with alkali fits
CoHg + Hz = 2CHy  (—AH%gg = 65kImol)  (2) the correlation because of the different reaction condi-

tions with and without steam present. This observation
The term reforming is misleading but a more logical was very important to exclude a number of theories
term, oxygenolysis [6], corresponding to pyrolysis and
hydrogenolysis of hydrocarbons using heat and hy-
drogen, respectively, to split the hydrocarbon has not
been adapted.

In establishing a reaction sequence for the ethane
reforming use was made of Sinfelt's work on hy-
drogenolysis [7,8] applying the two-step approach
suggested by Boudart [9], as shown in Fig. 1. In
principle, the reaction sequence for reforming was
established by simply adding a step for reacting ad-
sorbed carbon atoms with adsorbed oxygen atoms, as
illustrated in Fig. 2.

The classical sequence for hydrogenolysis in Fig. 1
assumes a smgle rate-determlnmg St(—:‘p_. However’ aSFig. 3. Relative and specific rates of Ni-catalysts [4,5]. Steam
was proposed by Boudart [9], the dissociative adsorp- reforming of ethane (50T 1 bar abs.: HO/C,Hg = 8: HyO/H, =
tion of ethane is most probably irreversible at the tem- 10). Hydrogenolysis of ethane (30D, lbar abs.; &He
peratures applied in steam reforming (3G). More- H2N =5/20/75).
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on the function of alkali as promoter to avoid carbon _ . <
formation in steam reforming [11,12] but the observa- & » (f= 6.3 %’
tion has not yet been fully understood. Steam reform- 2~ 0" o 1° £
ing like hydrogenolysis shows a strong ‘specificity’ © 5x103 | 105 o
[7] among Group VIII metals, rhodium and ruthenium € v R o

. . i B} R4 3l , o=27 J o2 o
being one order of magnitude more active than nickel o 2x10 ’ : E
. — 4
and platinum. It was also shown that the turnover fre- ¥ 108 | ’,D 4041 5
quencies for steam reforming of methane correlated © 0 L oos 2
directly with that of steam reforming of ethane [4,5]. o oz os  os 0,

Free Ni-surface

2.2. Carbon formation and ensemble control Fig. 5. TGA on sulphur passivated nickel catalyst [13]. 950

1bar abs.; feed (vol%): H=27; Hy=5; H,O=7; CH;=61.
The problem in steam reforming is to design for
carbon-free operation [6]. On a nickel catalyst carbon ] o .
is formed as carbon fibres (whiskers) growing with a  The dissociation of methane may be influenced by
nickel crystal at the top. The carbon fibres will de- ensemble pontrol. ThIS was demonstrated over partly
stroy the catalyst and result in disturbance of flow and Sulphur poisoned nickel catalysts [13]. The rate of car-
poor heat transfer. The risk for carbon formation is bon formation decreases more than the rate of reform-
higher when higher hydrocarbons are present in the in_g for incrgasing sulphur coverage, as_illustrated in
feed. When using noble metals, the whisker growth Fig. 5. At high coverages there were still ensembles

mechanism is blocked simply because carbon is not @vailable for the dissociation of methane but not for
dissolved. dissolution of the carbon atoms into the nickel crystal

A simplified reaction sequence for reforming of and, hence, not for nucleation of whisker carbon. This

methane is shown in Fig. 4 [11]. Carbon-free operation €fféct was utilised in the industry [14]. _

is achieved when the concentration of carbon dissolved _Similar ensemble effects were studied by alloying
in the nickel crystal is smaller than that at carbon equi- Nickel with copper [15,16], again inspired by the early
librium. In other words, when the steady-state activity Work of Sinfelt [17] illustrating ensemble effects on
of carbon is less than one. This can be achieved by these alloys. However, in contrast to sulphur passiva-
[11,12]: enhancing the adsorption of steam; enhanc- tion it was not possible to achieve the req_mred high
ing the rate of the surface reaction; and by decreasing SUrface coverages of copper atoms to eliminate the

the rate and degree of methane activation and disso-carbon formation. _
ciation. It is well known that alkali and magnesia en- _ 1he rate of carbon formation for more than 10 at.%

hance the adsorption of steam [6]. Cu was more strongly decreased by alloying with Cu
than the rate of steam reforming, the latter following
closely the capacity for strongly adsorbed hydrogen
[15]. This is illustrated in Fig. 6, which was made
after the same principle as the Sinfelt plot [17] of
dependency of the specific rate of dehydrogenation
and hydrogenolysis on the Cu/Ni ratio of the alloy
catalyst. Fig. 6 indicates that different ensembles are
required for carbon formation and the surface reaction
to gas, respectively:

CHx L SN *CHx
*CH, —2—*C —[C,Ni],,,, — whisker carbon
*CH, +*0—%— gas

*C 4+ —ke gas

s [* C] k1k2 1 . .
a.~ Tk, [FoJ CHs+* —*CHy —,C— [C, Ni] — whisker C (3a)
Fig. 4. Simplified mechanism for steam reforming of methane nCHx +*OHy — gas (3b)

[11]. a¢ = steady state activity for carbon whisker carbondpe 1.
(k1 = k3 - Pchy,)- m>n
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Fig. 6. Methane dissociation at 50D and steam reforming at
550°C on NiCu/SiQ catalysts (based on data from [15]).

However, the effect of sulphur is much larger than
that of copper. By extrapolation of the data in Fig. 5
the rate of carbon formation is decreased by a factor
2x10~* at 65=0.8 (referred to free nickel surface
area) whereas the maximum effect of copper is about
6 x 102 (at 50 at.% Cu) (Fig. 6).

2.3. Propane hydrogenolysis

A series of tests were carried out [18] on hy-
drogenolysis of propane on a Ni/MgAD, catalyst to
study the impact of ensemble control by sulphur pas-
sivation and Cu-alloying on the two reaction routes:

(4a)
(4b)

Routel GHg+ Ho — CHs + CoHg
Route2 GHg+ 2Hy; — 3CH,4

The idea was to explore whether it would be possible
to stabilise G-species on the nickel surface by en-
semble control. Fig. 7 shows results on catalysts with
various sulphur coverages. passes through a maxi-
mum with increasing temperature, whergashows
normal behaviour. The maximum can be explained
by secondary hydrogenolysis becoming dominant at
higher temperatures. This observation supports the re-
action mechanism (Fig. 2) for steam reforming assum-
ing that the hydrocarbon is cracked tq-§pecies on
the nickel surface [4]. The activation energies for route
1 (low temperatures) and route 2 were determined to
be 50-55 and 60-75 kcal/mol, respectively, indepen-
dent of sulphur coverag®{=0-0.7).

Therq andr; decrease with sulphur coverages with
a(1—6,)" dependency showingrvalues in the range
of 2-3 for both reactions in the temperature range of
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Fig. 7. Hydrogenolysis of propane [18]. Various sulphur-coverages
of presulphided Ni/MgAJIO, catalysts.

335-410C. This indicates that £species cannot be
stabilised by sulphur passivation. Initially the selec-
tivity r1/(r1+r2) increases by adding sulphur but de-
creases again at high sulphur coverages [18].

Similar tests on propane hydrogenolysis were car-
ried out [18] on a series of NiCu/SgZatalysts (iden-
tical to those previously used [15]). Again, passes
through a maximum as shown in Fig. 8. The activa-
tion energies for route 1 (low temperature) and route 2
were determined to be 46-53 and 58-68 kcal/mol, re-
spectively, independent of copper content and in very
good agreement with the results of Dalmon and Martin
[19]. When plotting rates as a function of free nickel
area (expressed by the hydrogen capadity) (15]),

102 Cu/(Ni + Cu)
r -0= 0
3 = 0.001
10° = 0.01
= 0.1
104 F -0— 0.25
106
ra
102 |
103
104 |
10_5 1 L 1

1.6 1.7 1.8 1.9 20

1000 4
T K9

Fig. 8. Hydrogenolysis of propane [18] on NiCu/Si@atalysts.
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! i+ Cu) [20] showing that the activation barrier for methane is
o0 o decreased for nickel sites having copper neighbours. It
=4 0.001 illustrates that selectivity changes in bi-metallic catal-
<o ysis are not just a question of ensemble control and
. —o- 025 changes in d-band structure.
-l As Sinfelt described [21,22] (being one of the first),
= it is possible to create bi-metal clusters also when the
two metals are not miscible. One recent example is
the Ni—Au system [20,23]. Ni and Au do not mix in
the bulk but may form stable alloys in the outermost
. ) ) . layer. DFT calculations predict that gold neighbours
®s 18 17 18 18 20 increase the activation barrier for the methane disso-
1000 (1) ciation on nickel and, hence, that Au inhibits methane
T dissociation. This was confirmed by molecular beam
Fig. 9. Hydrogenolysis of propane [18] on NiCu/SiCata- scattering experiments on well defined Ni(111) sur-
lystsSelectivity for GHe: r1/(ry +r2). faces. The DFT calculations also suggested that the
010 stability of adsorbed carbon on the Ni(111) surface is
O Cug o1 Nigge/SIO; drastically reduced in the vicinity of an Au-atom re-
0.08 gCUo.1 “ios /Si0, sulting in a lower carbon coverage. In terms of the
i /SiO, . e . . .
simplified mechanism for carbon formation (Fig. 4),
Nn_:“ 0.08 this means a lower steady-state activity for carbon and,
o o004 hence, reduced risk of whisker carbon. This prediction
was verified by TGA-experiments [12,20].
0.02
000 N , 4. The need for explorative research
0 25 50 75 100 125 150

The examples show how a better scientific under-
standing may provide a basis for innovation. It is im-
Fig. 10. Methane dissociation on NiCu/Si@atalysts [16]. portant that industrial research efforts have this in
mind. This has characterised the work of John Sin-

n-values of 2-2.6 and 2.7-3.5 were found for route 1 ¢o 1541 The science of catalysis involves many dis-
and route 2, respectively, indicating a slight ensemble ciplines and there is a risk when loosing the overall
control. This is reflected by an increase in selectivity view that it could develop into on the one hand side

for ethane,_as shown in Fig. 9, indicating stabil.is.ation the ‘noble art of characterisation’ and on the other the
of C,-species. The dependence of the selectivity on ‘noble art of computer modelling’ [25]. These are im-

the Cu .Cﬁnﬁent in IFig.f9 isl also indvery good agrheje- portant elements but as illustrated by Sinfelt's work it
ment with the results of Dalmon and Martin [19]. This g i hortant to study the catalytic reaction, in particu-

agreement is quite surprising considering the vastly |5y sing probe reactions on a number of catalysts
different hydrogen chemlsorptmn behaviours of the g explore the ‘specificity’ of catalysts. It is impor-
catalysts in the two studies [18]. tant that the fundamental research is linked to catalyst

and process development [25,26]. It is important that a
3. Recent trends: prediction from density large fraction of the research is explorative, driven by
functional calculation curiosity and courage. This must be maintained at dif-

ficult times for industrial research and with university

Later studies showed [16] that very small addi- research being dependent on short-term grants promot-

tions of copper (i.e. 1at.%) even promotes dissocia- ing focus on fashionable fields. Without the strength
tion rates, as illustrated in Fig. 10. This was confirmed and courage to look for new horizons it may become
by recent density functional theory (DFT) calculations difficult to follow the track of John Sinfelt.

2
PcH, / PH,
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