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Surface properties and reactivily of Ni/MgO catalysts, air-calcined at temperatures (7¢) in the
range 400-800°C, have been evaluated by TEM, IR spectroscopy of adsorbed CO, and catalytic
measurements in methane steam reforming. The effects of calcination and reduction temperature
on the Ni particle size distribution (PSD) provide evidence of the singular structure properties of
the Ni/MgO system. The “*broad™ PSD of samples calcined at 7. = 600°C well accounts for the
structure model previously described (Arena, F., Horrell, B. A.. Cocke, D. L.. Parmaliana, A..
and Giordano, N., J. Caral. 132, 58 (1991)). IR spectroscopy shows both the formation of mono-
and polycarbonyls and the occurrence of the CO disproportionation reaction (2 CO = CO, + Q).
The higher reactivity towards CO of more dispersed systems has been attributed to the **defective
nature’” of small Ni crystallites. Catalytic measurements (T = 625°C: GHSV = 150,000 h™")
reveal the superior activity of the system calcined at 7. = 400°C. notwithstanding that a comparable
stability for the systems calcined up to 600°C has been experienced. At higher T- (>600°C) the
catalytic pattern, both in terms of activity and resistance to coking, is negatively affected by the
formation of the “*bulk™ NiO-MgO solid solution. The peculiar influence of the mean Ni particle
size (20 = = 1400 A) on the turnover frequency (TOF. s~ '), resulting in a volcano-shape
relationship with the maximum centred at 90-130 A, has been explained by invoking a structure-
sensitive character of the methane stream-reforming reaction on highly dispersed Ni/MgO cata-

lysts.

© 1993 Academic Press, Inc.

INTRODUCTION

Despite the large number of studies fo-
cused on the surface characterization of
the Ni/MgO system (/-9), including those
dealing with the physico-chemical proper-
ties of NiO-MgO solid solutions (2—4, 8),
there are comparatively few investigations
devoted to elucidating its catalytic behav-
iour (2, 6, 9). A significant effort has been
made to ascertain the influence of the prep-
aration method on the structure and sur-
face properties of Ni/MgO (/, 10-13). It
is generally accepted that its reactivity is
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markedly affected by the propensity to
form NiO-MgO solid solutions (2, 4, 6, 9,
14). The effects of the calcination tempera-
ture (7o) and of the Ni loading on the
structure and morphology of the NiO/MgO
system have been the subject of our previ-
ous investigations (/, //). In particular,
the substantial changes in metal dispersion
and NiO reducibility with 7. have been
rationalised by means of a solid-state reac-
tion model involving the diffusion of Ni>*
ions across the MgO lattice which leads
to the formation of a substitutional and
nonreducible NiO-MgO solid solution (/).

The addition of magnesia exerts a positive
effect on the performance of typical Ni-
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based steam reforming catalysts, lowering
the coking rate (2) and enhancing the me-
chanical strength (/5). The basic nature of
the magnesia surface appears to be crucial
in hindering the coking effects caused by
direct cracking of hydrocarbons (/6). More-
over, Borowiecki emphasised the influence
of calcination and reduction temperatures in
stabilising a surface MgO-rich phase which
improves the capability of the Ni/MgO cata-
lyst for steam adsorption, thereby allowing
a higher gasification rate of carbonaceous
deposits (2). In spite of this. the use of MgO
as support in **working catalysts'” has until
now been limited by its poor stability (/7)
and the negative effect on the NiO reducibil-
ity which depresses the development of high
active metal areas (/, 18). Nevertheless,
these problems have been overcome by
adopting a novel preparation method based
on the incipient wetness of smoke MgO as
the carrier, with high thermal stability (19),
and by selecting adequate Ni loading
(>11%) and thermal treatments which en-
able low extents of NiO-MgO solid solu-
tions (/) allowing then a considerable perfor-
mance in CH, steam reforming (9).

This study attempts to point out a system-
atic correlation between the surface proper-
ties and the catalytic pattern in CH, steam
reforming of a “‘real™ 18 wt% Ni/MgO cata-
lyst. TEM and IR spectroscopy were used
to monitor the influence of activation treat-
ments (i.e., calcination and reduction) on
the morphology and reactivity of supported
Ni crystallites.

EXPERIMENTAL
Catalyst

Supported nickel on magnesfa catalysts
were prepared by the incipient wetness
method according to the procedure de-
scribed elsewhere (J1). The influence of the
calcination temperature on surface and cata-
lytic properties has been evaluated by
calcining in an air flow for 16 h several ali-
quots of a dried 18 wt% Ni/MgO sample
(MPF 12) at 400°C (MPF 12-std), 600°C
{MPF 12-6), and 800°C (MPF 12-8).

TEM Analysis

The morphology and the size distribution
of Ni particles were determined by a JEOL
100 C transmission electron microscope
(point-to-point resolution, § A) using a finely
ground and ultrasonically dispersed (in etha-
nol) catalyst sample deposited on a thin car-
bon film supported on a standard copper
grid. Prior to TEM measurements nickel
catalysts were reduced in flowing H, for half
an hour at temperatures (7,) ranging be-
tween 400 and 800°C. To estimate the mean
particle size, the normal statistical formulae
(20) were used by considering at least ca.
500 particles for each catalyst sample.

Infrared Spectroscopy

Self-supporting pellets of the catalyst
were placed into IR cells permanently con-
nected to vacuum lines (residual pressure
=10"% Torr; 1 Torr = 133 Pa) which al-
lowed all reduction pretreatments and
adsorption—desorption experiments to be
carried out in situ.

Before CO admission the pellets were re-
duced at T, ranging between 400 and 800°C,
then outgassed at the same temperature for
half an hour. High purity gases (Matheson)
were used with no further purification ex-
cept liquid nitrogen trapping.

CO adsorption experiments were per-
formed at room temperature and IR spectra
were obtained using Bruker IFS 113V and
IFS 48 instruments. The resolution was 4
cm™'. The IR spectra of adsorbed CO in the
range 2200—1200 cm ™' are reported on an
absorbance scale after subtraction of back-
ground spectra.

Catalytic Tests

The activity and stability of Ni/MgO cata-
lyst in methane steam reforming reaction
have been evaluated by a continuous flow
fixed-bed quartz microreactor ({ = 200 mm;
i.d. = 4 mm) operating at atmospheric pres-
sure. Nitrogen, used as internal standard
(for GC), and methane (S10 product, purity
>99.5%) were bubbled together (P¢y /Py,
equal to 10/1) into a thermostatically con-
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trolled H,O saturator kept at 90°C (=0.01°C)
so as to have a fixed ratio Py,o/Pcy, equal
t0 2.54/1. The reaction mixture was fed into
the reactor containing the catalyst (W, =
0.02 g; 40-70 mesh) diluted with same-sized
carborundum (1/10, wvol/vol) to ensure
quasi-ideal conditions for mass and heat
transfer. Reactants and reaction products
were analysed by on-line GC (9). Prior to
each test the catalyst was reduced in situ
(400 = T, = 1000°C) under hydrogen flow
(50 STP m! min~ ") for half an hour, then
conditioned to reaction temperature (Tg) in
the He atmosphere. Measurements were
performed in the Ty range 600-650°C with
space velocity (GHSV, h™!) ranging from
75,000 to 300,000 h~'. The extent of meth-
ane conversion (mol%) was taken as a mea-
sure of the catalytic activity. In order to
obtain reliable turnover frequency (TOF,
s~ ") data, a series of experiments in differen-
tial conditions were carried out at 7, ranging
between 430 and 600°C with the above MPF
12 samples and differently loaded Ni/MgO
catalysts (MPF 13-std, MPF 15-std and PM
series) [see Ref. (/) for the preparation
method and physico-chemical properties].

RESULTS
Transmission Electron Microscopy (TEM)

Differently air-calctned MPF 12 samples
have been characterised by TEM in order
to achieve direct information on the mor-
phology and Ni particle size distributions
(PSD).

Representative  TEM micrographs of
MPF 12 catalysts reduced at 600 and 800°C
are shown in Fig. 1. It is immediately evi-
dent that the ‘‘cubic’” structure of the
““smoke’’ MgO is substantially unaffected
by the preparation procedure in samples cal-
cined at 7. = 600°C (Figs. la, a’, b, b'),
whereas at T = 800°C (Figs. Ic, ¢’) are-
markable sintering affects both the size and
the regular morphology of the support parti-
cles. In addition, for the MPF 12-std and
MPF 12-6 samples a large amount of Ni crys-
tallites, mainly located on the most defec-
tive positions of the MgO structure (i.e.,

edges, corners), is easily distinguishable
from the ‘‘open’” structure of the support.
In particular, the Ni particles of MPF 12-
std and MPF 12-6 sampiles reduced at 600°C
appear to be slightly ““pulled”” and ‘‘sunk’’
in the MgO structure (Fig. 1a, b), while upon
reduction at 800°C (Fig. la’, b’) they outcrop
more distinctly from the support becoming
more regular-shaped thereby rendering the
Ni/MgO system more similar to a conven-
tional supported system.

By contrast, MPF 12-8 catalyst reduced
at 600°C (Fig. lc) is very difficult to analyse
because of either the low percentage of re-
duced NiO or insufficient contrast between
the small nickel crystallites (<20 A) and the
support (/), while the reduction at 800°C
(Fig. 1c¢’) allows the formation of larger Ni
particles, the morphology of which is similar
to that already observed for MPF 12-std and
MPF 12-6 samples reduced at 600°C.

In Fig. 2 are shown the particle size distri-
butions (PSD) of the MPF 12 catalysts re-
duced at 600 and 800°C. The MPF 12-std
and MPF 12-6 samples reduced at 600°C
(Figs. 2a and b) present a similar broad PSD,
spanned in the range 25-125 A, with a pre-
vailing contribution of small Ni particles
(d < 75 A). However, a larger percentage
of Ni particles with d = 25 A is clearly
observable for the MPF 12-std catalyst (Fig.
2a). At T, = 800°C (Fig. 2a’, b’), we note a
further broadening in the PSD (25 = d =
200 A) involving a greater contribution of
Ni particles with d > 75 A and a lowering
in the fraction of Ni particles with d = 25
A. Both such effects are more evident for
the MPF 12-std sample (Fig. 2a’).

The PSD’s of the MPF 12-8 (Figs. 2c and
¢’) sample appear to be notably narrower
(25=75 A) than those previously considered
for MPF 12-std and MPF 12-6 catalysts. In
particular, at 7, = 600°C (Fig. 2c) there is
aremarkable contribution of the Ni particles
with d = 25 A (=70%) which slightly lowers
(=55%) at T, = 800°C (Fig. 2¢’).

Additionally, we found that the values
of surface average Ni particle size (d,)
(20), estimated by TEM analysis, are in ex-
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Fic. 1. TEM micrographs of MPF 12-std (a, a'). MPF 12-6 (b, b’), and MPF 12-8 (c. ¢) catalysts
reduced at 600 (a, b, c) and 800°C (a’, b', ¢') respectively.
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F1G. 2. Particle size distribution of MPF 12-std (a, a’}, MPF 12-6 (b, b'). and MPF 12-8 (c, ¢') catalysts
reduced at 600 (a, b, ¢} and 800°C (a', b’, c'), respectively.

cellent agreement with those calculated by
hydrogen chemisorption (/) as shown in
Table 1.

IR Spectroscopy

The spectra of CO adsorbed under low
gas pressure (P = 0.2 torr) on the MPF
12 catalysts, previously reduced at 600°C,
are shown in Fig. 3. For the sake of clarity
the results will be described separately for
range A (2200-1800 cm ') and range B
(1800-1200 cm 1),

TABLE {
Characterization of Ni/MgO Catalysts
Catalyst Reduction  Extent of  Particle size
temperature  reduction
°C) (%) Ay chem’ dsﬂ;EMh

(A) (A)

MPF 12-std 600 47.3 66 66
MPF 12-std 800 76.5 107 107
MPF 12-6 600 320 87 70
MPF 12-6 800 62.0 128 114
MPF 12-8 600 26 26 —
MPF 12-8 800 1.2 43 49

' Values derived from Ref. (/).

Range A (2200-1800 ¢m~'). Two broad
bands are present with maxima at 2060 and
1965 cm ™!, strongly asymmetric on the low-
frequency side. The spectrum of the MPF
12-6 catalyst (curve b) exhibits shoulders at
2045 and 1935 cm ™!, while for MPF 12-std
sample (curve a) a shoulder appears at
~1910cm™ ', By increasing T, the intensity
of the peaks decreases (curves a—c); the
band at =1965 cm ™! is more sensitive to this
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FiG. 3. IR spectra of CO adsorbed on MPF 12-std
(a), MPF 12-6 (b}, and MPF 12-8 (c) catalysts reduced
at 600°C.
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Fi1G. 4. IR spectra of CO adsorbed on MPF 12-std
catalyst reduced at 600 (a. a’) and 800°C (b, b’) immedi-
ately after admission of 10 Torr CO (a. b) and after |
h of contact (a’, b'). For comparison the spectrum of
MPF 12-std catalyst reduced at 600°C under low CO
pressure is shown (---).

effect, being nearly absent for 7. = 800°C
(curve ¢).

Range B (1800-1200 cm'). 1n this range
two bands are observed at 1670 and 1310
cm~'. Both bands decrease in intensity with
increasing T (curves a-c), becoming nearly
undetectable for the MPF 12-8 catalyst
(curve c). Their dependence on pressure and
time of contact with CO (spectra not re-
ported) shows that they are related to each
other.

Figure 4 shows the influence of 7, (600 and
800°C) and time of contact on the spectra of
CO adsorbed on the MPF 12-std catalyst.
The spectra were recorded immediately
after adsorption of 10 Torr CO (curves a and
b) and after allowing 1 hour of contact under
such CO pressure (curves a’ and b’). For
comparison also the spectrum of CO ad-
sorbed under low gas pressure on the MPF
12-std catalyst reduced at 600°C is reported
(dashed line).

Range A (2200-1800 ¢m~"). The spec-

trum recorded immediately after admission
of 10 Torr CO to the sample reduced at
600°C (curve a) shows the bands already
present at low CO pressure (cf. dashed line),
although slightly more intense and shifted
to higher frequencies, and two narrow peaks
at 2010 and 1930 cm~'. A prolonged time
of contact with CO (curve a’) involves a
considerable increase in the overall inten-
sity of the bands and the appearance of new
peaks at 2136, 2070, 2035, and 2000 cm .

The intensity of the spectrum obtained
immediately after admission of CO to the
sample reduced at 800°C (curve b) is similar
to that of the sample reduced at 600°C (curve
a). However, two new peaks appear at 2085
and 2025 cm™!, while the intensity of the
bands at 2010 and 1930 cm ™! is decreased.
Furthermore, it is noteworthy that the ef-
fects of prolonged contact of CO with the
two samples are greatly different, being less
effective for that reduced at higher tempera-
ture. In fact, upon 1 h of exposure to CO
{curve b") the overall intensity of the spec-
trum of the sample reduced at 800°C does
not change significantly, although some de-
crease in intensity of the bands at 2085 and
2025 cm ™! and the increase of the couple at
2010 and 1930 cm ™' are observed.

Range B (1800-1200 ¢m™'). The IR ab-
sorption in this range looks similar to that
presented in Fig. 3 resulting in two main
bands at 1670 and 1310 cm~'. These bands
grow with the CO pressure whereas they
are not significantly affected by prolonged
exposure of the samples to CO nor by 7,
(curves a’ and b’).

Another band centred at 1500 cm™! is
present on the sample reduced at 800°C im-
mediately after adsorption of CO (curve b).
It disappears after long time of contact
(curve b’) and is very weak on the sample
reduced at 600°C.

Catalytic Activity Measurements

Preliminary experiments dealing with the
influence of the space velocity on the activ-
ity and stability of MPF 12-std catalyst in
the Ty range 600-650°C showed that GHSV
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FiG. 5. Effect of the reduction temperature (7,) on
the catalytic activity of (A) MPF 12-std, () MPF 12-
6, and ((J) MPF 12-8 catalysts in methane steam re-
forming. Ty = 625°C, PH‘[,/P(«H4 = 2.54; GHSV =
150,000 h~". i

higher than 75,000 h~! might be adopted to
avoid the constraints imposed by the ther-
modynamic equilibrium (9). Therefore, in
order to find out how the calcination and
reduction treatments influence the activity
and stability of MPF 12 catalysts, a series
of experiments has been performed at Ty =
625°C and GHSV = 150,000 h~!.

Integral measurements indicate that the
catalytic activity of differently air-calcined
MPF 12 catalysts, expressed as percentage
CH, conversion (mol %), is markedly af-
fected by T,, as shown in Fig. 5. For MPF
12-std and MPF 12-6 samples it results in a
volcano-shape relationship whose maxi-
mum shifts to higher 7, with T-, whereas for
the MPF 12-8 sample only a slight increasing
activity is observed at 7, = 725°C. However,
the MPF 12-std catalyst (T = 400°C) exhib-
its in any case a superior reactivity with
respect to systems calcined at higher T
(MPF 12-6 and MPF 12-8). Furthermore, in
Fig. 6 is compared the stability of MPF 12
catalysts, previously reduced at 725°C, in
terms of relative activity, a, (¢ = a/a,,
where «a, and q, are respectively the activity
at time ¢ and at 0.5 h) versus the reaction
time. It is notable that at GHSV of 100,000

h~' MPF 12-std and MPF 12-6 catalysts
show an excellent stability, while at 150,000
h~!there is a similar slight decrease in their
activities, although MPF 12-6 catalyst on
the whole appears more stable. MPF 12-8
catalyst behaves differently, showing a sud-
den drop in activity which leads to a com-
plete deactivation after ca. 15 h and 20 h at
a space velocity of 150,000 and 100,000 h~',
respectively.

In order to probe the influence of the Ni
particle size on the reactivity of Ni/MgO
catalysts a series of catalytic tests in differ-
ential conditions (CH, conv. < 8 mol %),
suitable for turnover frequency (TOF, s™')
calculations, has been performed in the Ty
range 430-600°C on samples with d, ranging
from 20 to 1400 A (/). A peculiar relationship
between TOF and d_, obtained at T, =
430°C, is shown in Fig. 7. It presents a broad
maximum between 90 and 130 A. In particu-
lar, for d, increasing from 20 to 90 A, the
TOF suddenly increases from 0.01 to 0.61
s~ ' thereafter (130 < d, < 400 A) it gradu-
ally slows, ultimately reaching a constant
value of 0.25 5! (400 < d, < 1400 A). Fur-
thermore, in Table 2 are summarized several
representative TOF values at various Ty for
Ni/MgO catalysts with different d,. These
data confirm the trend observed at 430°C,
undoubtedly proving the critical influence
exerted by Ni particle size on the specific
activity of Ni/MgO catalysts.

Relative activity

o] 10 20 30 40 50 60 70
Reaction time (h}

FiG. 6. Stability tests of MPF 12-std (O, A), MPF
12-6 (%, *), and MPF 12-8 (¥, 1) catalysts in methane
steam reforming. Ty = 625°C; Py /Pcy, = 2.54
GHSV = 100,000 (&, x, X) and 150,000 h=' (A, *.
0.
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Fi1G. 7. Influence of the surface average Ni particle
size (d,) on the turnover frequency (TOF) for methane
steam reforming on Ni/MgO catalysts. Ty = 430°C:
P/ Pey, = 2.54.

DISCUSSION

1. Influence of Calcination and Reduction
Trearments on the Morphology of
NilMgO Catalysts

Transmission electron microscopy. The
“wide’" dispersity of NiO across the MgO
matrix, regulated by T, accounts for the
different reducibility of several ‘*NiO
forms™’ (/1) and the morphology of the re-
sulting Ni crystallites (/). In this respect,
the formation of Ni particles partially sunk
in the MgO lattice and with irregular mor-
phology (plate-like and faceted particles) is
a direct evidence of the singular interaction
mechanism between NiO and MgO involv-
ing their reciprocal intermixing (1, 3). Also
the broad PSD’s of MPF 12-std and MPF
12-6 systems, shown in Fig. 2a~a"and b-b’,
further support our view on the structural
features of the Ni/MgO system (/). It can
be inferred that on these samples the H,
treatment at 600°C gives rise both to an in-
cipient sintering of Ni particles arising from
the easily reducible “*free’” NiO form (//)
and to a concomitant and continuous reduc-
tion of Ni** jons "‘anchored’” on the surface
sites and in the sub-surface layers of the
MgO matrix (//). Both these processes well
explain the formation of differently sized Ni
particles (Fig. 2a, b). However, the PSD
of the MPF 12-6 sample displays a lower
contribution of the small Ni particles (d =

25 A) which can be related with the less
effective reduction of the surface NiO-MgO
solid solution (/2). Clearly, arise in T, from
600 to 800°C results in a further broadening
of the PSDs (see Fig. 2a’, b’) and in an
enhanced sintering rate which causes a
significant shift of d, to higher values (see
Table 1).

Therefore, although the calcination at
600°C leads to a growth of d, as a conse-
quence of the NiO sintering (/), the similar
PSD’s of MPF 12-std and MPF 12-6 samples
reflect rather a significant similarity in their
morphological properties (/). On the other
hand, a further rise in T¢ from 600 to 800°C
causes a deep structural rearrangement
linked with the formation of a “‘bulk”
NiO-MgO solid solution (/2), the reduction
of which, proceeding by the extraction of
Ni*" ions from the MgO matrix (/), leads
to highly dispersed systems (Fig. 2c, ¢').

Infrared spectroscopy of adsorbed CO.
The progressive decrease in the integral in-
tensity of IR spectra of adsorbed CO (Fig.
3)appears as a confirmatory evidence of the
increasing resistance to reduction of the Ni/
MgO catalysts calcined at higher T and
consequently of their lower metal surface
area (MSA, m; g..1) (). In particular, these
spectra present two main IR absorptions
centered at 2060 and 1965 cm ™', respec-
tively assigned to linear and bridged carbon-
yls (21-29). Their broadness and complexity
reflect the surface heterogeneity of Ni parti-
cles accommodating sites with different co-
ordination on microfaces, edges and cor-
ners. It is generally accepted that CO
molecules in bridged carbonyls may be co-
ordinated to two or three Ni’ atoms (2/,
22, 24, 25, 28) and in our case threefold
coordinated CO species may well be respon-
sible for the shoulder on the low frequency
side of the main peak at 1965 cm~'. How-
ever, bridged carbonyls are preferentially
formed on the faces of the metal particles
where sets of Ni° atoms with the required
geometry may be found (22). Consequently,
the formation of such species should be fa-
voured on large particles (24, 28) and this
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TABLE 2

Turnover Frequencies (TOF) on Ni/MgO Catalysts in Methane Steam Reforming at
Different Reaction Temperatures (T)

Sample T, d\cpemi TOF
©C) (A) (s"")
TR(°C): 430 500 600
MPF 13-std 800 34 0.13 1.1 2.6
MPF 12-std 725 90 0.61 1.8 4.9
PM-std 400 694 0.23 1.2 2.7

' d, values derived from Ref. (/).

agrees well with the fact that the absorption
at 1965 cm ™' is extremely weak in the spec-
trum of the MPF 12-8 sample (Fig. 3¢) char-
acterised by the smallest average Ni particle
size (Table 1). Indeed, it should be noticed
that on this system, resulting from the re-
duction of a proper solid solution (/, /1),
the contribution of “‘atomically dispersed™
Ni® clusters might be even larger than that
expected on the basis of hydrogen chemi-
sorption data (/) and TEM analysis.

The bands at 1670 and 1310 cm™! (Fig.
3) are diagnostic of surface carbonate-like
groups (30) originated by the Boudouard re-
action,

2CO0=00, + C,

and the consequent adsorption of CO,
formed on O>~ ions of the MgO surface (3/).
Thus, the appearance of carbonate groups
on MPF 12-std and MPF 12-6 catalysts mon-
itors the existence of Ni sites able to dissoci-
ate the carbon monoxide, promoting mean-
while its further oxidation. By contrast, the
very weak intensity of these bands on the
spectrum of the MPF 12-8 sample indicates
that the Boudouard reaction is strongly in-
hibited on small Ni particles according to
the observation of Galuska et al. (32).
Further details on the morphology of sup-
ported Ni particles can be obtained from the
IR spectra presented in Fig. 4. Namely, we
note that these spectra in range A are char-
acterised by the overlapping of several

bands associated with the formation of poly-
carbonyl species (33, 34). The intensity of
such bands increases with time, denoting
that these species arise from the disruption
of metal particles by an activated process
similar to that described in detail for Mo-
containing catalysts (35). It was argued that
metal atoms exposed on sites with the low-
est coordination (corners, edges and steps,
etc.) are more easily attacked by CO and,
consequently, the smallest and roughest
particles are disrupted faster (36, 37). This
agrees with the observation that time of con-
tact with CO appears to be less effective for
the MPF 12-std sample reduced at 800°C
(spectra b and b’) than for the sample re-
duced at 600°C (spectraaand a'). Evidently,
the higher complexity of the spectra related
to the sample reduced at 600°C indicates the
presence of smaller and irregular-shaped Ni
particles which sinter, assuming a more reg-
ular symmetry, upon 7, increasing to 800°C
{Table 1).

2. Influence of Morphological Properties
on the Reactivity of NilMgO Catalysts
in CH, Steam Reforming

The influence of the reduction tempera-
ture on the reactivity of the MPF 12-std and
MPF 12-6 catalysts, shown in Fig. 5, results
in a volcano-shape relationship that seems
to reflect the trend of metal surface area
(MSA) with the percentage NiO reduction
(o) previously discussed (7). This peculiar
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effect of T, on the catalytic activity arises
either from its positive influence on the de-
gree of NiO reduction or from the concur-
rent sintering which negatively affects the
development of MSA (/). As a consequence
of the rise in T from 400 to 800°C, the MPF
12 system requires progressively higher T,
to attain its maximum in catalytic activity
(Fig. 5) owing to a stronger NiO-MgO inter-
action which hinders the reduction rate (/7).
The monotonically increasing activity of the
MPF 12-8 sample up to 1000°C reflects the
predominant effect of 7, on the NiO reduc-
tion degree (/7).

However, even though the highest MSA
of the MPF 12-std sample well accounts for
its superior activity, on the whole Ni/MgO
catalysts display a poor proportionality be-
tween the extent of metal active area (/) and
the level of methane conversion (Fig. 5).
Thus the MPF 12-8 catalyst, exhibiting a
slight catalytic activity only after reduction
at 725°C, shows a significant H, chemisorp-
tion already at 7, = 600°C (/). On the other
hand, the MPF 12-6 and MPF 12-8 samples,
reduced respectively at 500 and 800°C, pre-
sent a catalytic activity differing by more
than one order of magnitude though their
hydrogen uptakes are comparable (/). This
evidence leads us to infer that the structural
properties of the Ni/MgO catalysts exert a
critical influence on their reactivity in CH,
steam reforming. In this respect Fig. 7,
showing a marked influence of the mean Ni
particle size on the TOF value, more ade-
quately highlights the different reactivity of
the MPF 12 catalysts. Although this singular
trend apparently disagrees with earlier ob-
servations claiming a ‘‘facile’” character for
the CH, steam reforming reaction (38), it
must be considered that limited attention
has hitherto been devoted to Ni-based sys-
tems with average Ni particle size lower
than 100 A (38). Recently, Che and Bennett
(39), reviewing the particle size effect for
conventional structure-insensitive reac-
tions, pointed out that at high metal disper-
sion (>509%) both the geometric and the
cluster-like electronic effects cause a rapid

decrease in TOF to zero. These authors also
reported the existence of systems showing
amaximum in TOF similar to that presented
in Fig. 7. This peculiar behaviour has been
attributed to the changes in the composition
of the surface and in the related statistical
distribution of edges, corners and faces sites
with metal dispersion (40).

On this account, the unique structural fea-
tures of the Ni/MgO system, allowing one
to span a wide range of metal dispersions,
namely, from 90% (d, = 11 A, atomic dis-
persed system) t0 0.7% (d, = 1380 A, highly
sintered system), lead us to disclose that the
most dramatic changes in TOF (0.005-0.61
s ") occur in the first region of d, (<90 A).
These results clearly prove the poor perfor-
mance of highly dispersed Ni systems,
further confirming the unsuitability of
NiO-MgO solid solutions as ‘“‘real”” CH,
steam reforming catalysts.

On the whole, our findings can be ex-
plained by invoking the occurrence of criti-
cal interactions between ‘‘adsorbed reac-
tion intermediates’” and the metal phase, the
strength of which, depending on the mor-
phology of Ni surface, controls the overall
reaction rate. In fact, taking into account
the high propensity of Ni in promoting the
dissociative chemisorption of saturated hy-
drocarbons (41) we attempt to describe our
data on the basis of the following reaction
mechanism proposed by Agnelli et al. (42):

CH, + ns— C(s,_,) + 4H(s) (1)

4H(s) = 2H, + 4s 2)

H,0, + s=H, + O(s) (3)
Cis,_;) + Ols) =CO(s) + (n — )s (4)
CO(s)=CO + s (5

CO + O(s) = CO, + 5. (6)

Where, s, X(s), and H,O, refer, respec-
tively, to surface Ni sites, chemisorbed spe-
cies and H,O adsorbed on the MgO surface.
In particular, according to the evidence al-
ready reported for Pt and Pd based systems
(43, 44), we infer that the bond between



46 PARMALIANA ET AL.

adsorbed oxygen atoms and Ni sites (O(s))
has a ‘‘structure-sensitive’’ character re-
sulting more strongly on the highly uncoor-
dinated sites. This interaction probably con-
trols the rate of step (4) in the above reaction
pathway. In other words, it can be argued
that the recombination of the chemisorbed
carbide intermediate (C(s,_4)) with the O(s)
adatoms, originated from the catalytic de-
composition of a water molecule adsorbed
on the MgO surface (3) (/4, 42), is the rate
determining step (r.d.s.). Then, defective Ni
sites of low coordination (d, < 50 A), owing
to their stronger interaction with oxygen
species, present the lowest TOF values,
while the smoothness of large Ni particles,
allowing faster transformation of such an
intermediate, accounts for higher TOF val-
ues. Moreover, the inhibition of the Bou-
douard reaction on the MPF 12-8 catalyst
(Fig. 3), despite the higher decomposition
rate of CO observed on small Ni particles
(45), could also be attributed to a strong
Ni-O interaction on this highly dispersed
Ni/MgO system.

The different deactivation trends of the
MPF 12 catalysts (Fig. 6), resulting mainly
in a sudden activity loss of the highly dis-
persed MPF 12-8 sample, further strengthen
the crucial influence of the structural prop-
erties on the overall catalytic pattern of the
Ni/MgO system. However, in order to ratio-
nalize these data we can disregard any nega-
tive effect of surface acidity since our previ-
ous CO,-TPD results clearly indicated a
progressive enhancement in the surface
basicity of the Ni/MgO system on increasing
T from 400 to 1000°C (46). Therefore, the
only valid argument to explain the different
deactivation behaviours of the Ni/MgO cat-
alysts lies in their different metal dispersion.
This is well in agreement with the state-
ments of Bartholomew (47) indicating that
the formation of carbon should be favoured
on small Ni particles having a higher fre-
quency of rough planes. Moreover, taking
into account the aforementioned reaction
mechanism and the related r.d.s. (4), it fol-
lows that on the MPF 12-8 sample the slow

conversion of the C(s,_,) intermediate spe-
cies into CO(s) gives rise to a continuous
accumulation of coke precursor in the form
of surface carbide species, causing an initial
slight decrease in activity. Thereafter, the
progressive growth in the C/Ni, ratio entails
the formation of carbon multilayers (48)
which drastically limit the Ni accessibility
and lead to the observed sudden drop in
the catalytic activity. By contrast, the more
regular morphology of larger Ni particles ir
MPF 12-std and MPF 12-6 catalysts allows
a more effective removal of the C(s,_,) in-
termediate, rendering the Ni/MgO system
significantly more stable against coke depo-
sition.

CONCLUSIONS

Ni/MgO is both active and stable as a
catalyst for the steam reforming of methane.
The results presented show that:

(i) high calcination temperatures
(>600°C) and low Ni loadings (<11.0%)
promote the formation of unreducible
NiO-MgO solid solution (/), limiting the
suitability of Ni/MgO as a real CH, steam
reforming catalyst;

(ii) both the metal surface area and the
catalytic activity depend on the reduction
temperature according to a volcano-shape
relationship;

(ii1) high metal dispersions (>15%) nega-
tively affect both the activity and the stabil-
ity of Ni/MgO, providing evidence for the
structure-sensitive character of the methane
steam reforming reaction.
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