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The specific activities of various Ni/AlnOl catalysts for the reactlion of CHa wit,h Hz0 have 
been obtained and have been shown to vary markedly with catalyst preparation and to differ 
considerably from the specific activities of pure nickel. This has been explained by suggesting 
that, t,he unreduced catalysts contain surface nickel aluminate phases which, on reduction, give 
monodispersed nickel atoms closely associated with alumina sites in addition to metallic 
crystallites arising from t,he reduction of nickel oxide. The results of exchange experiments 
using deuterium and H2’*0 are presented in support of the suggestion t.hat, t,he monodispersed 
nickel atoms probably participate in t)he CH, + Hz0 reaction. 

TNTltOl>UCTION 

The reactions occurring in the steam re- 
forming of a hydrocarbon molecule may 
formally be depicted by the following 
equations : 

C,,Hz,l+z + ?lH20 $ IGO + (211 + l)H,, 

(1) 

CO + HsO ti CO2 + Hz, (2) 

CO + 3H 2 e CH, + H,O. (3) 

For convenience, CO is depicted as the 
primary product of the breakdown of the 
hydrocarbon skeleton [Reaction (l)] but 
this is not necessarily the case ; CO, and CH, 
are formally shown as being formed from CO 
by the touter--gas shift (2) and methanation 
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(3) reactions although they may be formed 
directly from monocarbon species resulting 
from the fragmentation of the hydrocarbon 
skeleton. Reactions (2) and (3) are gen- 
crally considered to be at equilibrium, 
methane being the favored product at low 
temperatures and CO and CO2 t’he pre- 
ferred reaction products at higher tempera- 
tures. As long as (2) and (3) are at equilib- 
rium, reaction (1) can be considered to 
proceed essent’ially to completion at all 
temperatures for n > 2 as long as this 
is permitted kinetically; when n = 1, re- 
act’ion (1) becomes the reverse of reaction 
(3), and this is favored by high tempera- 
tures, as indicated above. A fuller discussion 
of the thermodynamics of the steam reform- 
ing and related reactions is given in Ref (1). 

Nickel is generally preferred, for eco- 
nomic reasons, as the active component 
of catalysts used for steam reforming, al- 
though other metals may also be used. It 
exists in it’s reduced state under most condi- 
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tions (1~ Y) and is as :wt,ivo :4s any Inctnl 
other than ruthenium. Considerable rffort, 
has been put into t,he devclopmcnt of com- 
mercial catalysts. Those rcquircd for hy- 
drogen production must bc stable at the 
high tcmpcratures required for thr proccw 
and arc generally bawd on inert supports 
such as wAIZOs or 1lgAl,O, (3, 4). The 
production of Twvns gas or “synthetic 
natural gas” (SNG), proceeding at Iowcr 
tctmpcraturcs, requires a more actiw ma- 
terial but the need for structural stability 
is less markrd and, as a COI~S~~U~IKY, copre- 
cipitated Si/A120s catalyst, have htcn 

developed (5). Both types of material often 
contain alkali to supprws CYII+OI~ dope- 
sition (1). 

WC have proviously rcportcd studies of 
the steam reforming of methane [Eq. (l), 
71, = 1) at temperatures around 873 Ii over 
two X/y-A120s catalysts, one bring of the 
coprecipitatcd type uwd for the production 
of Towns’ gas and SNG and containing 
75% Ni (2) and the other bring of the im- 
prcgnatcld type and containing 6.3% Ni (Q, 
nickel contrnt,s of both being c>xpwswd with 
rrspcct to tht fully wduwd state. It \vas 
concluded from k&tic measurcmcwts that 
the ratr-determining stclp owr the formclr 
was the adsorption of mc>thanc, whcrcas it 
appears (6, ‘7) that, thr combination of sur- 
face CH, spccics (1 < .r < 3) with hydroxyl 
groups may bc rate determining for the im- 
pregnated sample ; these conclusions were 
strengthcncd by thr fact that, when Hz0 
was substituted by D20, no cxchangc of 
methane occurred in t,hc former case but, 
exchange was observed with the supported 
sample, indicating that methane adsorption 
was, to some extent, reversible. Exchange 
of methane with DzO was also observed 
under steam-reforming conditions over a 
number of other impregnated samples (6), 
indicating that the surface reaction was 
probably also rate determining over these 
samples. On all of these catalysts, it was 
found that hydrogen did not cause full 
rcducti:m of the catalysts at a trmpcraturc~ 

of X73 I< ; t~xposur(~ of ~111 apparel Iy fiill~, 
rrducrd catalyst, ttr thr CH, + H20 wac- 
tion mixtuw resulted in an (~xcws of oxygen 
among the products of the reaction, there 
bring considcrahlc proportions of CO2 ini- 
tially, but as the catalyst hccamc full) 
rcduwd, sclcctivity for CO formation dc- 
vcloped. It was suggested (1, 2) that the 
initial cxccss of oxygen could be due to the 
presrncc of surface nickel aluminate phases 
which could not, bc rcduccd by hydrogen 
but which could bc rcduccd by the speciw 
participating in the reaction; this is in 
agrccmcnt with the work of IloJacono et al. 
(8) who haw shown, using spectroscopic 
ttlchniqucs, that surface nickel aluminate 
phases exist 011 w~w(/we~l impregnatc~d 
XiO/A1,OJ samples. 

The aim of this paper is to at,tempt to 
cbxplain t hc apparently different bt>haviol 
of thr coprrcipitatcd and supported catw- 
lysts outlinrd abovc. This is done by post’u- 
lating that each rcduccd material consists, 
to a grcatrr or lwscr extwt, of massiw 
nickel part,irlw and monodispcrscd nickel 
atoms, thr lattw wsulting from the surfacr 
aluminate phaw, and that each has its 
own typcb of activity. Evidcncc for t,hc 
clxistcncc of the latttar type of sit,c is ad- 
vanrcd, bawd on cxxpcrinwnts using ‘xO-la- 
hclcd water; cxpcrimc~nts on Si foils and 
bulk XiA1204 samples, which arc’ also w- 
ported, add wright to thr model. 

(‘ATALYST PIWPARATION ANI) 
<:HAHACTlSRIZATION 

Catalyst ~~qarutiorr. Table 1 lists the 
catalysts used in this \\.ork, the nomen- 
clature being that used in Ref. (6). Cata- 
lysts A and H are coprecipitatcd materials, 
prepared from Si(n’O,), and Al(N03)2; 
the preparation of A, which uses Na2C03 
as precipitant, was described in Ref. (2), 
whereas H was precipitated in a similar 
fashion using SH,OH. Catalysts C, E, I;, 
and G were prepared by impregnation of 
the corresponding aluminas using iYi(NO,), 
solution, followed, as with A and H, b> 
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TABLE J 

I jet ails of the Cat,alyst.s Used in This Invest icatioll 

Catalyst Al-hydroxide Temperat,ure of Structure of Temperature of Ni cont,ent of Total area 
used t)o prepare calcination of resultant calcinat,ion of the unreduced (mz g-1) 

support, hydroxide alumina catalyst, catalyst 
WI (K) (%, w/w) 

- 

A y-Al,Op 723 69.8 1126 

132c 

c Gibbsit,e .i7Y x-Al,O, 623 7.4 206” 
E Bayerite 573 v-AlzO:r ,573 8.1 293c 
F Boehmite 623 r-Al,O, 623 6.3 318C 

873 200h 
873 229 

c Gihhsite 623 x-A1,C)r 623 2:+.0 172c 
He - Ni Al204 1073 33 72h 

+ trace NiO 671 

a Calcined in air after drying at, 333 K for 16 h. 
b Determined by Kr adsorption at, 78 K. 
c Determined by Ns adsorption at 78 K. 
d Using Kr, after reduct,ion at 873 K for 2 h. 
e Cat,alyst prepared by a coprecipitation t,echnique (6) ; it also contains 1% K. 
J Thing Kr, after reartioin with CHI + Hz0 at 873 K. 

filtration, drying, and calcination. Table 1 
shows for each sample its nickel content, 
together wit’h t,he alurninum hydrate from 
which the alumina base (C, E, I”, and G) 
was obtained, thra temprraturr of decom- 
position of the base, and the structure of the 
resultant alumina. Nickel content,s wcrc 
determined by analysis of the resultant 
solids but, for C, E, F, and G, t,hese con- 

tents were also dctcrmined by differtncc 
from analysis of the filtrate; the results of 
the twj m&hods are in very good agreement 
except for sample E, for which the value 
obtained by the latter method was rather 
larger than that by the former and was 
used in preference. The struct’urcs of the 
alumina supports were determined by 
X-ray powder diffractomet,ry, using a 
Guinier camera with CuKac radiation, and 
the results were in good agreement wit,h 
those reported by Lippens (9). Table 1 
also gives the temperature: of calcination 
of the precipitate H and the composition 
of the resultant material, again determined 
by X-ray powder methods. Sample A was 
cxxamined using an X-ray diffractometer 

and the results showed t,hat there were 
traces of NiAl,O, present in the sample 
which could not be detectled by the Guinier 
method. The nickel foil, bettrr than 99% 
pure and 0.15-mm thick, was supplied by 
B.D.H., I,td., and had a surface arca of 
0.024 m2 ; after being degreawd in Ccl4 
and outgassed in the reaction system, it 
\vas given a short treatment in oxygen 
(873 I<, 2.12 Torr of 02) before reduction 
to decrease carbon contaminatJion. 

Total areas. The total and metallic areas 
quoted in Tables 1 and 2 were determined 
with conventional glass high-vacuum sys- 
tems, using bot)h K2 and Tir adsorption at 
78 I< for the total area measurement and 
Hz adsorption at 293 I< for t’he actJive Ni 
arcas (SW Results and Discussion). The 
total area of sample A after outgassing at 
723 Ii was detwmincd using both Iir and 
K, ; the former value was slightly lower 
than the latter and this indicates that the 
value of the cross-sectional arca of a Kr 
adatom (UK,) used in the calculation (1.95 
X lo-l9 mz) was somewhat too low for 
these materials. It is also likely that the 



Metsllic Ni Are:rs Obtained from Hydrogen Chemisorption I2Ieasuremenls at 293 h: 

2s3 

Catalyst Area after reduction at 
723 K (criterion n) 

(Id g-1) 

A 37 
C 4.0 
14: 9.:; 
F 12.0 
G 6.2 

Area after redlvtion at 
X7:2 K 

frr11 g-1) 

Criterion n Criterion 0 

18.8 21.3 
2.r, 4..i 
2.2 4.x 
I.!) x.:1 
3.6 l.i.!) 

6.60 3.-i :1.10 
3.00 12.0 lj.67 
4.93 22.4 10.3 
2.40 12.6 2.8!) 
1.74 4.83 1.09 

a Calculated from V,,, at 100 Torr. 
h Calculat,ed from V,, obtained from plot of 15q. (4). 

total areas of all the materials were lower 
after out’gassing at 873 I<, as is show1 by 
the results for sample G; allowing for the 
uncertainty in uKr referred to above, the 
decrease in area is on the order of 15%. 
Reduction of sample G in hydrogen caused 
a decrease in area of -3%. Reaction with 
CH, + H,O mixtures caused a slight dc- 
crease in the total area of sample H, this 
being on the same order as that caused b? 
reduction of G. The results for G (Table 1) 
clearly show that thr values given for A, C, 
E, and P’ are somewhat too high and the3 
are likely to be reduced by -25oj, by out- 
gassing, reduction, and reaction at 873 I<; 
the data art? therefore only scmiquantita- 
tive in relation to the results for reactions 
at 873 I< given below, but their inclusion 
permits comparison between these ma- 
terials and other catalyst samples described 
in the literature. The results of hydrogen 
chemisorption measurements aw dcscribcd 
under Results and Discussion. 

Kinetic measuremeds. The kinetic mra- 
surements mere carried out in a bakeablc 
constant-volume system described pre- 
viously (9) which is capable of background 
pressures of 1O-8 Torr (1 Torr = 1.33.3 
N m-“) and which is maintained at a 
temperature of 400 K during experiments 
to minimize adsorption of water vapor on 
the walls of the reaction system. The gas 

Specific rate 
[1W6 mol s-1 
i m2 of Xi)-‘] 

Criterion a Criterion b 

phase is analyzed by a small residual-gas 
analyzer which is continuously pumped and 
which is connected to the reaction system 
by a capillary leak. Catalyst samples of 
0.1-0.5 g were used; before each set of 
experiments, the sample was reduced in 
hydrogen at 873 I< using successive dosw 
of hydrogen until no further water was 
produced. Standard reaction mixtures of 
2.1 Torr (- 2.7 X 10’” molecules) each of 
CH, and H,O were admitted to the catalyst 
at the same tcmpcrature of 873 Ii. Typical 
results for the CH, + Hz0 reaction have 
been prcsentcd in previous publications 
(2, 6). As it’ had also been shown that a 
reaction mixture was capable of reducing 
the cat,alyst) more fully t’han was hydrogen 
(see Introduction), several reactions were 
carried out over each catalyst to rnsure 
complete reduction ; once the stoichiometrJ 
of Eq. (1) \vith II = 1 was achieved, the 
initial rate of reaction of the standard mix- 
ture was mca,sured from the rate of dis- 
appearance of methane at t’he beginning of 
t’he experiment. Marc extensive results for 
catalyst’s A, G, and H (2, 6, ?‘) have shown 
that’ such initial rates arc very reproducible, 
even after long series of experiments under 
different conditions ; hence, the results rc- 
ported below for the initial rates are con- 
sidered to be reproducible to better than 
+20y0. With several samples, experiments 
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were carricxd 0~1~ at sewral t,cwpwLi urw it1 
addition to 873 IC in o&r t)o dctrrminc 
activation energics for thr reaction, but 
the react’ion conditions \vcrc othrrwiw 
the same. 

WSIJLTS .4NI) I>ISCUSSION 

Determin.ation of :\Tickel Area by Hydrogen 
Chemisorption 

The work reported in this paper was 
carried out on two types of material, 
namely, coprecipitated and impregnat,ed ; 
strictly speaking, the coprecipitated ma- 
terials cannot hc referred to as being sup- 
ported as thry contain considerably greater 
quantit’ies of nickel than alumina, but for 
simplicity, we will use this term for samples 
prepared by both methods. It is generally 
recognized (10, 11) that, supported cat,a- 
lysts derived from nickel oxide arc more 
difficult to rrducc than the unsupported 
material and that there is considerable in- 
teraction between the nickrl ions and the 
support (8). HCIU.X~, there is some doubt as 
to the t’r>mpcrature at’ which reduction of 
supported mat,erials should bc carried out ; 
for example, rrcent work on coprecipitatcd 
samples similar to A has shown (12) that 
reduction may not be complete unt,il the 
temperature is raised to -1000 II;. How- 
ever, as the kinetics of the CH, + Hz0 
reaction ww measured at 873 I< after 
reduction at the same tcmptrature, this 
temperature was also chosen for reduction 
prior to the hydrogen chemisorption mea- 
surements. Ideally, the met’al areas should 
have been determined in the same appara- 
t’us as that in which the kinetic measurr- 
ments were made, but this was not feasible. 
It was noted in the Introduction that reac- 
tion in CH, + H,O caused removal of 
further oxygen from the catalyst but, as 
this additional reduction caused only a 
change in the stoichiometry of the reaction 
without markedly affecting the rate, treat- 
ment in CH, + Hz0 was omitted prior to 
the chemisorption measurements. 
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FIG. 1. Hydrogen adsorption isotherms obtained 
at, 293 K for the variws catalysts prereduced at 
873 K. 

Figure 1 shows the hydrogen adsorption 
isotherms obtained at 293 Ii for the sup- 
ported catalysts studied here. The iso- 
therms are relatively well defined and 
have reasonably sharp “knees,” rising 
thereafter slowly with increasing pressure. 
These results are in sharp contrast with 
isotherms obtained (1s) for the same 
samples reduced at 723 I<; in the latter 
case, the plot’s rose slowly over t,hc same 
range of pressure as shown in l;ig. 1 and 
no well-defined knee was found. This is 
consistent with the fact t,hat the reduct,ion 
is far from complete at this temperature and 
it, suggests that some adsorption may occur 
on the unreduced oxide. 

Several criteria appear in tht> litcraturc 
for the d&crmination of monolayer volumes 
(V,,) from hydrogen chemisorption iso- 
therms; these include determining the 
volume at a standard prrssure under 
standard conditions [commonly, 100 Torr 
at 273 T< (IS)] or extrapolation of the 
straight’-line portion of the isot’herm back- 
wards to zero pressure (15). Neither of 
these criteria seem to use to be entirely 
satisfactory because, although they allow 
comparison of catalysts prepared under 
similar conditions, they produce V,, values 
which are smaller than the maximum 
volume adsorbed by the catalyst. Logically, 
if hydrogen chemisorption occurs only on 
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FIG. 2. Plots of IQ. (4) for the data of Fig. 1. 

the metal sites, it might be expected that 
V,, will be approached, but never exceeded, 
as the pressure is increased. Wr have there- 
fore atkmptcd t,o fit the data of Fig. 1 to 
the lintarized form of the T,angmuir iso- 
t,herm for dissociativca chcmisorption of a 
diatomic gas [se(t, for t~xampl(~, Rclf. (1 fi)] : 

\vhcrc \’ is thr volume> adsorbrd at any 
pressure, PH?, and C is a constant. The 
results of such a trclatment arr given in 
Fig. 2 and it can bc seen that’ satisfactor> 
straight-line plots arc obtnincld for all thr 
catalysts. 

Columns 3 and 4 of Tablr 2 give the 
metallic areas of thr rcduccd catalysts 
calculated both using the criterion sug- 
gested by Yates et al. (1.G) (see above) 
and from the plot,s of Fig. 2; we refer to 
these as criteria a and b, respectively. [The 
area occupied by one hydrogen atom was 
assumed to be 6.5 X lo-*O m2 (I?)]. Tho 
results using criterion b arc consistrntlJ 
greater than those using a; the two sets of 
results are quite close to OIW another for 
catalyst A but the differences are greater 
for the other samples, particularly F and 
G, and t,his reflects the more diffuse law 

on the isot,herms for these materials (SCP 
l:ig. 1). 

Th fifth ~OlU111~1 of Teblc 2 SllO\Vs thcl 
initial rntc>s of thcb CH, + HZ0 reaction 
untlcr the\ standard rc>nc+ion conditions dc- 
scribed in that c~xpkmcntal sc>ction. l;rom 
thcsc rtbsults arc calculated the spkfic 
ratc>s of thr reaction (rattl per unit nick1 
arca) using both criteria for the surface 
ar(ta, and thcsc arc’ shown in columns G and 
7 of Table 2. Thcl sp(>cific rates calculated 
using criterion 6 [i.c., from metallic arCas 
derived from plots of Eq. (4)] are probably 
more rcliablr for comparison purposes than 
those obtained using criterion a and will bc 
considered htrc~aftor. The specific rates var!. 
by a factor of tc>n and this indicates that 
the activitks of thcl catalysts arc in- 
fluc>nrc>d by thcj catalyst formulation ; fat 
c~xampl(~, the variation could be dur to some 
sort of nicbta- support intc>raction. l”01 
c~omparison with thrsc valu(~s, t hc specific 
rat(> for unsupportc~d Si (in thcl form of a 
foil) was ohtainc>d and the> value, was 
(il X 10’” mol~c~ulrs (m” Si)-l s-l, which 
is much highrr than thr v:~lucs ohtainctl 

for thcl supportc~d catnl\.sts. 

l’ossil& l’nrtiripafiotl. it/ the (‘If 4 + Hz0 
Renctiott rd $itcs Rdafcd to AYickel 

.4 lumi?tafr 

The \\-cull-rccogllizc~d difficulty in reducing 
supported nickel catalysts as opposed to 
unsupported nickel has been referred to 
above in connection with the hydrogen 
chemisorption data. The interaction of 
nickel ions at low concentrations with 
various alumina supports has been in- 
vestigatrd by I,o .Jacono et a,l. (8) who 
found that, nick1 ions formed surfacct 
spincl st,ructurcs with both y- and s-A1&.1. 
They observed that q-AlZ03 favored the 
presence of tctrahedrally coordinated Ni”+ 
ions while y-Al203 gave a mixture of tetra- 
hedrally and octahedrally coordinated ions. 
Alt,hough J,o .Jacono et al. did not study 



x-Al&, 1t would bc reasonable t 0 assunI1’ 
that surface aluminate species are prwent, 
on this support also (8). It would thcreforc 
be reasonable to suppose that the MI,- 
reduced impregnated catalysts of this study 
(C, E, II‘, G) comprise surface nickel 
aluminate species supported on particles 
of the base alumina, with the possibility of 
the coexistence of some discrete nickel oxide 
wystallites. The coprecipitatcd sample is 
likely to be somewhat different. It has 
recently been shown (18) that the pre- 
cipitate formed initially has a layer st’ruc- 
ture of the approximate formula NisAll- 
(OH) 16. COs .4HzO in which the nickel and 
aluminum ions are in close proximity; it is 
therefore most probable that the aluminum 
ions of the calcined material are to be found 
in a geometry similar to the surface nickel 
aluminate species of t’he impregnat’ed 
samples but now there will be an excess of 
nickel oxide crystallites due to the stJoichio- 
metry of the sample. To account for the 
relatively low metal surface area of sample 
A after reduction (Hz chemisorption data, 
Table 2) compared with its total area 
(Table l), it is reasonable to suggest that 
the nickel aluminate species are concen- 
trated at the surface of the nickel oxide 
crystallites in the unreduced material and 
that these hinder the reduction process 
(compared with pure nickel oxide). For 
both types of catalyst, reduction of nickel 
oxide crystallit,es will give rise to nickel 
crystallites of similar geometry but reduc- 
tion of nickel aluminate species will give 
rise to isolated (monodispersed) nickel 
atoms; the latter process might be depicted 
as follows. 

0 0 /\/‘, lo\ 
WI!! /Ai, ,A’\ --!k Ni(0) Al Al/ (5) 

‘0 0 -H,O 
, “,?’ ‘0’ 

The resultant Ni(O) atoms will remain 
closely associated wit’h the alumina struc- 
ture and their catalytic activity (see below) 
will denend on their interaction with the 

alunlin:l. It is also lilwly that, the hydrogc~n 
adsorption btxhavior of these sites will be 
considerably different from that of bulk 
nickel crystallites. In order to explain the 
variation of specific activities shown in 
Table 2, we suggest also that the nickel 
sites derived from nickel oxide and surface 
nickel aluminate have diffcrcnt intrinsic 
activities for the CH, + HZ0 reaction. The 
contribution to the activity from each type 
of site cannot, bc quantified in a satis- 
fact’ory manner as we have no direct mca- 
surcmcnt of the number of each, part,icu- 
larly as we have no direct knowledge of the 
adsorption behavior toward hydrogen of 
the Ni(0) species derived from the surfaw 
nickel aluminate sites. The chemisorption 
of hydrogen on these sites is discussed more 
fully below in connection with the data 
on exchange with D,. To explain the differ- 
cnt kinetic behavior of the coprecipitatrd 
and impregnated samples (2, A, ‘?) referrrd 
t)o in the Tntroductjion, we suggest’ t’hat 
bot,h massive Ni crgst,allitcs and mono- 
dispersed Ni atoms [Eq. (5)] exist on each 
of the supported mat,erials. The kinetic0 
behavior of sample A is dominated by 
reaction on nickel sites whereas the im- 
pregnated samples have kinetics more 
characteristic of reaction on the sites 
derived from surface nickel aluminate (7’). 
However, even the activity on t,he nickel 
crystallites must’ he modified somewhat 
by the presence of t)he alumina because the 
specific activity of sample A is much lower 
than that of the nickel foil ; the activation 
energy results presented brlow also support 
this conclusion. 

We have examined the possibility that 
sit,es derived from nickel aluminate could 
have some activity by examining the 
CH, + HZ0 reaction at 873 Ii on an un- 
reduced nickel aluminate sample (sample 
H, Table 1) prepared by coprecipitation 
and subsequent calcination at 1073 K, and 
which was shown by X-ray measurements 
to contain only traces of nickel oxide. 
The samnle was found to catalyze the 



CH, + H& rwction wit/ar,u/ prior wtInc*- 
tlion, giving an initial rat{> of wactioll of 
1.6 X 10” molcculcs g-l SKI un&~r thy 
standard conditions of this \vork, \vhicbh 
is comparable with th(> oth(br mwtc~rials 
studied. During the first few rwctiorls, 
oxygen was produwd from thr catalyst, as 
\vas ohscrwd (2) with catalyst A (i.c., 
appreciable quantitiw of CO, ww formed 
in addition to CO and littler \vatckr rrac$ctd), 
but the rate of disappcwanw of CH, was 
unaffect~~d ; subwqucwtly, CO \\-a~ t hc pw- 
dominant product and water and mc4haw 
reacted at approximatrly the s:mw r&c. 
Henw, thr matwial H has considwabI(~ 
catalytic activity and it is prohablc that> 
this is largely associat(ad with sitw of th(l 
type depicted in Eq. (Ti). 

I’urthcr widcnw for that participation :)f 
sitw akin to nickel aluminatc~ spwiw was 
obtained by mc~asuring the> activation 
cwlrgy for the> CH, + H,O wartion in th(t 
tt~mlwratuw range from 873 to 973 Ii 0w1 
th(b nickel foil and ovw caatalysts A, I:, and 
H. The valuc~ for thrl foil \\-a~ found to lw 
78.1 k.J m01-~ \vhwras, in contrast, thcl 
valws for t,hc thrw catalysts wrc found 
t’o hr 29.0, 26.2, and 27.3 k,J mol-‘, re- 
spectivrl~~. WP thcwfow infer that the 
majorit#y of tht: sitw on the supported 
catalysts differ from those on thv bulk 
nickel sample. Zt is intcwsting to cornpaw 
thcw valws for the activation cwcrg;!, 
\vith values given in the litcraturr. Hodrcw 
et al. havo examined the CH4 + H&1 rear- 
tion over a supported Ni/+AIiO, catalyst 
(19) in the tempwaturc range 673-873 I< 
and over Ni foils (20) in thr tcmperaturc 
range 1073-1173 I< and haw found values 
of 151 and 130 k,J mol-I, rwpwtivrly. 
Itostrup-Nielsen (21) obtained a valur of 
110 k.J mol-’ for a KijaIgO ratalyst COII- 

taining a small proportion of alumina. In- 
twaction of nickel with 4ther a-Al,O, or 
JIgO would be expected to be much less 
extensive than with t,he low-t,empcratuw 
modifications of Al,03 used in this work; 

ill all wsw, t Iw valws for activation c~nt~rg> 
ar(’ grcatw than our value: for nickel foil 
but arc of th(b same order, whrrras these 
values arc’ wry much greatrr than thaw 
for the othw catalysts studied hew. 

WV haw conrludcd :tb(JVc’ from the 
kinrtic c~xpckmcnts on the supported cata- 
lysts, nirlwl foil, and a nickel aluminate 
sample that sites drriwd according to 
IQ. (5) from surfarc nickel aluminate 
spccirs or from rc>lntt>d species arc 1ikclJ 
to bc activr for thr CH, + H&j reaction. 
That bring the paw, it swms likely that 
the aluminium ions must partieipatr in the 
waction by adsorbing thr wattr molrrulcs 
\vhil(l thcx Il~t~than(~ is adsorbctd OII thta 
nick1 ; OII(~ possibltb mod(t of wnction is 
shc~~vn in the, following srh(Lnw. 

CH, H,O 

1 t, C i-i, T ,W H$OH 

Nj, Al’ ‘Al’ 
((9 

‘Q ‘0 
/\ - 

&I Al Al 

‘.?’ ‘0’ 

‘I’hc~ CHa :111d OH slwiw subscqucntly react 
to give the produrt carbon monoxide (2). 
Sot only will surface hydroxyl groups 
attached to the aluminium ions be formed 
by reaction (6) but some are likely to bc 
formed 011 the calcined catalyst after 
storage in air and, by analogy with alumina, 
some should remain even after outgassing 
and reduction at 873 li and should bc 
cxchangcable with gaseous Dr (22). Simi- 
larly, the hydroxyl groups should be ex- 
changeable with labeled oxygen in the 
form of H,180 if the adsorption of water is 
reversible (2). Wr thcreforr report in thrl 
folhwing paragraphs the results of cxperi- 
mcnts on the exchange of the reduced 
catalysts with D, and with Hz’*0 which 
support the scheme suggcstcd in Eq. (6). 
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14gure 3 shows the result of a Dr w- 
change experiment using sample 14‘. Aftw 
reduction at 873 K in 5 Torr of HT, the 
reaction vessel was evacuated and cooled 
to 300 I< at which temperature Dz was 
added. No exchange was obscrvcd, but, on 
raising the cat’alyst tempcraturc, exchange 
of Da with surface hydrogen was detect’ed 
at 578 Ii and more rapid exchange was 
observed at higher temperatures. At 773 I<, 
a total of -5 X 1020 hydrogen atoms per g 
of catalyst was exchangeable with deu- 
terium. A similar experiment with catalyst 
E gave a value of 3.6 X 10zo exchangeable 
hydrogens per g of catalyst at 823 I<. 
Similar results were obtained with other 
mat,erials not included in this paper. The 
number of exchangeable hydrogens corre- 
sponds in each case to a surface concentra- 
tion of -2 X 10lx atoms m-2, which is 
close to the value given by Hall et al. (22) 
for q-A1203, for a mixt’ure of q- and r-A120s, 
and also for SiOz and silica--alumina. The 
temperature at lvhich exchange occurred 
was similar to that for exchange of the 
aluminas (21). If the sample was cooled to 
room temperature before the system was 
pumped and deuterium was added, there 
was immediate exchange at, that temprrn- 

0.6 

5 10 15 20 25 30 35 
TIME/mln 

FIG. 3. Exchange of catalyst F with 11~ after 
reduction at 873 K and evacuation prior to com- 
mencing exchange at, 300 K. 

0 2 4 6 8 
Tlme/mln 

FIG. 4. The reaction of C’“O with an l80-t,reated 
surface (see text); the partial pressure of CW is 
given in absolute m&s but the other species are not,, 
as the mass spect,rometer sensitivities for these are 
not known. Not,e that, under these conditions, the 
inn current for Cl*O, was negligibly small. 

t.urc ; presumably this corrrsponds to cx- 
change with hydrogen adsorbed on the 
metallic nickel particles. The extent of cx- 
change in a typical cxpcrimcnt was somc- 
what lower than the monolayer capacity 
for t,he sample as shown in Table 2, but 
was on the same order, indicating that 
part of the hydrogen adsorbed at 293 I< is 
reversibly removed on pumping. Thcst: 
results show that two types of aitc, which 
are capable of adsorbing hydrogen, cxxist on 
the surf&cc, although they do not argue 
directly in favor of surfaw nickel aluminatc- 
type sites. 

The ‘“0 exchange cxprrimcnts were 
carried out with catalyst F using water 
enriched to 10% in HQ80. When the 
catalyst,, after outgassing and reduction in 
Ha, was exposed to H,‘8O at 873 I<, no ad- 
sorption was observed but exchange oc- 
curred, the gas phase becoming richer in 
H2160. From this and similar experiments, 
it was calculated that there were 5 X 1020 
exchangeable oxygen atoms on the surface 
of 1 g of catalyst, which is somewhat greater 
than the number of exchangeable hydrogen 
atoms (see above). Taking a model of t,he 



surface of t,his sample in which the whole of site due to uncertainties in measurement 
support is covered with r\Ti ions arrd as- of metallic areas, etc., but we suggest that 
suming t’hat’ each site as depicted in Eq. (5) both metallic crystallites a,nd sites dc- 
occupies about 20 AZ, the number of sites rived from surface nickel aluminate exist 
is approximately 15 X 10zo/g of catalyst. in the reduced catalyst. The former sites 
Hence, somewhat less than the I\-hole sur- adsorb hydrogen and exchange surface hy- 
fact of the support is exchangeable with 180. drogen with deutcrium in a fashion similar 

A number of experiments were carried to that expected for unsupported nickel, 
out’ at 873 I< on the 180-treated surface. ITor whereas the latter only exchange hydrogen 
example, a CH, + Hz’“0 reaction gave lx0 at higher tempcraturcs. We believe that 
among the initial products (i.e., as CIYJ the activity of the coprecipitated catalyst 
and C”iO1nO) and slight exchange of the catalyst (Sample A) resides largely in the 
water was also observed. As the reaction metallic nickel sites whereas t,he supported 
proceeded, the Cl80 and C1601X0 peaks in- catalysts (lower nickel content) have an 
creased steadily and this is taken as activity arising more from the sites de- 
evidence for the participation in the reaction rived from nickel aluminate. This is the 
of the sites which had become exchanged probable explana,tion of the different rate- 
with 180. Similar results were also obtained determining steps observed (1, 6) for the 
in the reaction of C1”Os with H, (Cl”0 and two types of catalyst. I’urthcr work is in 
Hz’“0 were observed). progress on the related reactions of CO 

In another experiment, shown sche- with Hz which shows that sites derived 
matically in Fig. 4, Cl”0 was admitted alone from nickel aluminate probably also partici- 
to an 180-treated surface at 873 I< when pate in that reaction. 
bot’h CY80 and CO, containing ‘“0 were ob- 
served among the products ; however, when ACKNO~LE:J)GM15NTS 
t)he surface was treated with H, at the 
same temperature, no products were ob- M. C. F. S. thanks the Science Research Council 

served, indicating that the oxygen species for a postgraduate award under the CAPS scheme 

which were causing the exchange could not and A. Z. thanks the Government of Iran for a 

react with molecular hydrogen. The latter 
st,udentship. The help and encouragement of Pro- 

result is consistent with and helps to explain 
fessor M. W. Roberts of this Department and of 
Mr. T. Beecroft, Dr. R. Jemison, the late Dr. K. 

the observation that) the CH, + Hz0 re- Livingston, and Mr. A. W. Miller of Laporte In- 
action mixture can reduce the surface more dustries, Ltd., are gratefully acknowledged. Dr. 

fully than can H, (2). It also suggests that Livingston prepared sample H for us shortly before 

the hydrogen chemisorption data refer 
his untimely death. 
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not on surface nickel aluminate species, RP:FERENCXS 

although we cannot exclude the possibility 
that molecular adsorption occurs on the 

1. Ross, J. R. H., in “Surface and Defect) Proper- 
ties of Solids” (M. IV. Roberts and J. M. 

latter sites. Thomas, Eds.), p. 34. Vol. 4. Chem. Sot. 

In conclusion, the results reported in 1,011&m, I (37a. 

this paper provide some evidence that two 
2. Ross, J. It. H., and Steel, M. C. F., J. Chem. Sot., 

Faradq Trans. I 69, 10 (1973). 
types of site exist on alumina-supported .;. “Cat,alyst Handbook. Wolfe Scientific, London, 
nickel catalysts, both of which can partici- 1970. 

pate in the st,cam reforming of methanc 4. Rost,rup-Nielsen, J. R., Chem. Eng. World 5, 60 

and associated reactions. We cannot quanti- 
(1970); Ii. S. Patent 3,791,993 (1974). 

5. Percival, Cr., and Yarwood, T. A., British 
tativrly distinguish hetwccn the two types Patent 969,637 (1964). 

NICKl~JrALUMINA INTi<RACTIONS 289 



ROSS, STEET,, AND ZEINI-ISFAHANI 

6. 

7. 

8. 

9. 

10. 

Il. 

12. 

iJ. 

Ross, J. R. H., Steel, M. C. F., and Zeini- 
Isfahani, A., “Mechanisms of Hydrocarbon 
Reactions, A Symposium, Siofok, Hungary 
1973” (F. Marta and 1). Ka116, Eds.), p. 201. 
Akadkmiai Kiado, Budapest, 1975). 

Ross, J. R. H., and Zeini-Iafahani, A., ml- 
published results. 

Lo Jacono, M., Schiavello, M., and Cimirro, A., 
J. Phys. Chew 75, 1044 (1971). 

Lippens, B. C., Thesis, Technische Hogeschool, 
Delft, 1961. 

Holm, V. C. I?., and Clark, A., J. C&al. 11, 3O.i 
(1968). 

Reinen, I)., and Selwood, P., .I. Calal. 2, 109 
(1963). 

Alzamora, L., Lasfer, H., Orr, S., and Ross, 
J. R. H., mlpublished results. 

Steel, M. C. F., Thesis, University of Bradford, 
1973. 

14. Yates, D. J. C., Taylor, W. F., and Sinfelt, J. H., 
J. Amer. Chem. Sot. 86, 2996 (1964). 

15. Farrauto, R. J., J. Catal. 41, 482 (1976). 
Ifi. See, for example, Thomas, J. M., and Thomas, 

W. J., “Introduction to the Principles of 
Heterogeneous Catalysis.” Academic Press, 
London and New York, 1969. 

17. Klemperer, I>. F., and Stone, F. S., Proc. Ezoy. 
sot. 243, :<7*5 (lY.%). 

28. Brocker, F. J., l)et.hlefsen, W., Kaempfer, K., 
Marosi, L., Schwarzmann, M., Triebskorn, 
B., and Zirker, G., German Patent 2,253,877 
(1974). 

1.9. Bodrov, I. M., Apel’baum, I,. O., and Temkin, 
M. I., Kinef. Katal. 9, 1065 (1968). 

20. Bodrov, I. M., Apel’baum, L. O., and Temkin, 
M. I., Kind. Katal. 5, 696 (1964). 

21. Rostrup-Nielsen, J. R., J. Catal. 31, 173 (1973). 
26. Hall, W. K., Left in, H. P., Cheselske, F. J., and 

O’Reilley, 1). E., .J. Catal. 2, 506 (1963). 


