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Temperature-programmed reduction (TPR) has been employed to study the reducibility of
Ni-Mo/y-AlLO; catalysts (0—5 wt% NiQ; 12 wt% MoQ,) calcined at temperatures (7,) between 400
and 800°C. Catalysts were further characterized by XRD. BET area, and ammonia adsorption
measurements. Ni/ALO; samples showed two broad TPR bands: Niy, at lower temperature (7,,),
assigned 10 a surface phase with similar stoichiometry to NiALO,, and the high 7, Ni;;, assigned
to bulk-like NiALQ,. On increasing 7., Niy area increases at the expense of Nij. Mo/AlLOx catalysts
. showed spectra with two peaks which were almost insensitive to varying T up to 660°C. The low-
T Mo, peak was assigned to t{partial) reduction of polymolybdates, and the high-T, Moy, to further
reduction of polymolybdates plus that of more refractory tetrahedrally coordinated and/or mono-
meric species. In Ni-Mo catalysts, XRD and NH; adsorption measurements, together with TPR
data, indicate surface interaction between Niand Mo. probably through the formation of Ni-Mo-0
surface phases precursors of S-NiMoQ,. Ni facilitated the reduction of Mo, as the T, of the Mo,
peak decreased on increasing Ni content between 0 and 5 wt% NiO. This effect was less apparent
upon increasing 7¢, indicating that it is related to the preseace of Niin or near the surface. However.
quantitative TPR suggested that no appreciable amount of Ni was reduced simultaneously with
Moy, and that the extent of Mo, reduction was not affected by varying Ni concentration. In a similar
way, Mo facilitated reduction of Ni, as reflected in the lower 7, of the Ni; band in presence of Mo.
Thus synergistic effects between Ni and Mo may be opperative not only in the sulfided state but
also in the oxidic precursor of the catalysts. It is speculated that Nijons responsible for Ni; might

be involved in the generation of active Ni-Mo--S phases.

INTRODUCTION

Nickel-molybdenum hydrodesulfuriza-
tion (HDS) catalysts have received less at-
tention than the cobalt-promoted formula-
tion, and as result less information on the
physicochemical characteristics of both
their oxidic and sulfide states is presently
available (/-4). Moreover, in many cases
results obtained on Co-Mo catalysts have
been generalized to the Ni-Mo system (2,
3), and much of what is “‘known” of the
latter has been inferred from the properties
and characteristics of the more conventional
Co-Mo/Al,O; catalysts. However, due to
increasing demands for treating feeds of low
H/C ratio and high nitrogen content (5), it
may become desirable in the near future to
substitute (at least partially) Ni for Co in
commercial formulations, because of the
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better hydrogenating, hydrocracking, and
hydrodenitrogenation functions of the
Ni-Mo pair (2, 6). Therefore, more detailed
rescarch on the Ni-promoted system is
clearly needed.

The active sites of these catalysts are gen-
erated by means of reductive pretreatments,
specifically sulfiding in reductive atmo-
spheres. Thus, reduction studies of molyb-
dena-based catalysts have often been em-
ployed for characterization purposes. In
particular, hydrogen reduction is one of the
more simple chemical ways (as compared,
e.g., with sulfiding or HDS activity) for the
characterization of these solids and their re-
activity. At least two groups have studied
the reducibility of Ni-Mo/ALQ,; catalysts
by means of series of gravimetric measure-
ments under hydrogen atmospheres, either
under temperature-programmed conditions
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(7) or isothermally (8). More recently, tem-
perature-programmed reduction (TPR) in-
volving continuous analysis of the reactant
atmosphere has also been employed (9, 10).
Gravimetric measurements on Ni-Mo/
ALO; gave an unclear picture, similar to
that previously available for Co~Mo/Al,O,
catalysts (/). i.e., some authors reported
that Ni enhanced (7), and others that it in-
hibited (8), the reducibility of Mo com-
pounds. The TPR results cited above (/0)
have not clarified this state of affairs. This
situation is. in part, due to the limited range
of reduction temperatures employed in
these studies (up to 600°C), which has pre-
vented the examination of all the species
present in the catalysts. However,
Arnoldy ef al. (/1) have shown that in the
case of Co—-Mo catalysts TPR carried out
up to, roughly, 1000°C may give a clearer
picture of the structure and reducibility of
the oxidic precursors than the conventional
studies performed at lower reduction tem-
peratures.

The aim of the present work is to study
the complete reducibility of Niand Mo spe-
cies in Ni-Mo/Al,O; catalysts using TPR.
The effects of varying Ni concentration and
calcination temperature in the reducibility
of catalysts with Mo content typical of com-
mercial hydrotreatments catalysts are in-
vestigated.

EXPERIMENTAL
Preparation of Catalysts

Catalysts were prepared by incipient wet-
ness (**dry'’) impregnation of a commercial
v-AlLO, (Filtrol, SV-1038 A, crushed and
sieved to 60-150 mesh). Molybdenum was
first added from an ammonium heptamolyb-
date solution, followed by drying (overnight
at 120°C) and calcination (2 h at 400°C). Por-
tions of this solid were then “*dry’’ impreg-
nated with nickel nitrate solutions in order
to get solids with 1, 3, and 5 wt% NiO. After
overnight drying, the different compositions
were divided in several parts and submitted
10 the following procedure: All of them were
calcined at 400°C overnight before removing
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one portion of each composition and in-
creasing the temperature to 500°C. After
2 h another set of samples was removed,
and this was repeated again after 2 h at 600,
660, and 800°C. The solids thus prepared
included catalysts with only Mo (12 wt% as
Mo0O,) and only Ni (5 wt% as NiO), and will
be identified with symbols such as X/ Y (T¢.),
where X and Y are the wt% of NiO and
MoO;,, respectively, and T is the calcina-
tion temperature in °C.

Catalyst Characterization

BET surface areas were measured by
means of a commercial sorptometer, modi-
fied in order to perform *‘in situ”" pretreat-
ments. X-ray diffraction (XRD) analysis of
the catalyst samples was carried out with a
Philips PW 1730 instrument, using Ni-fil-
tered CuK, radiation. The acidity of the sur-
faces. as given by the amount of ammonia
adsorbed at 200°C and at an ammonia partial
pressure of 300 Torr, was evaluated by a
gravimetric technique described elsewhere
(12).

Temperature-Programmed Reduction

The TPR apparatus has been described
previously (/3, /4). The 100-mg samples of
calcined catalyst, with no previous pretreat-
ment, were introduced into the quartz reac-
tor and rapidly heated under the reactant
mixture (15 vol% H, in N,, flowing at 40
ml/min) to the initial temperature (180°C).
Afterwards, the run was started, heating at
20°C/min up to 930°C, and this temperature
was held until stability of the TCD signal
was attained. It was confirmed that no TPR
peaks exist at less than 180°C for any of the
solids studied.

TPR spectra were quantified by means of
a “‘cut and weight” method, that allowed us
to calculate H, consumption by measuring
the area of peaks (after substracting the
small contribution due to the support). In
most cases it was possible to discriminate
between well differentiated peaks. In sev-
eral instances, however, peak superimposi-
tion prevented a clear differentiation of the
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signals, and peak deconvolution in good
quality millimeter-quadrille paper was car-
ried out. Standards employed to calibrate
the TCD response included pure oxides
such as MoO,, NiO (/4), CuO (/5), etc. The
accuracy of the measurements was cross-
checked by comparing several TPR runs of
samples of both standards and catalysts, and
it was found to be better than 5% in the first
case, and between 5 and 10% in the case of
catalysts (assuming their nominal composi-
tion). Generally, the quantitative assess-
ment of the composition of catalysts by TPR
became poorer on increasing T, presum-
ably due either to loss of volatile material or
to formation of phases more refractory to
reduction (see below).

RESULTS

Physicochemical Characteristics of

the Catalysts

Table 1 shows the composition, color and
surface area of the oxidic samples of the
catalysts. Figure 1 presents selected XRD
traces. The catalysts calcined at T up to
660°C show only the broad bands related to
the y-Al,O, support, as exemplified by the
diffractogram of sample 5/12 (660) (Fig. le).
This suggests high dispersion of the Ni-Mo
supported compounds. Samples calcined at
800°C show also signals due to the support,
plus small peaks related to single or mixed
oxides of Mo, Ni, and Al. In the case of
samples with Mo and low or no Ni content,
1/12 (800) and 0/12 (800), almost all of these
peaks agree with the signals of Al,(MoO,),
(JCPDS Powder Diffraction File card 23-
764), as indicated by the keys in Figs. la and
Ib. On the other hand, sample 5/12 (800)
(Fig. Ic) does not show the XRD trace of
Al(MoQ,);, its most salient feature being a
single peak at 26 = 26.8°, that indicates the
presence of B-NiMoO, (/6). Interestingly,
for the lower Ni contents the position of
some alumina signals in Mo-containing cata-
lysts change upon calcination at 800°C:
While 5/0 (800) and 5/12 (800) show the same
bands as the original v-Al,O,, though some-
what sharper, 0/12 (800) and 1/12(800) show
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new bands which could be related to the
transitiony— 8-AlL O, . This idea stems from
the disappearance of the peak at about 26 =
37.5° (associated to y-Al,O,) and the appari-
tion of the one at 26 = 36.6° (due to 6-Al,O;).
The increased crystallinity of either support
phase (y- or §-Al,0,) is in line with the de-
creased BET area (Table 1).

Ammonia adsorption data is displayed in
Fig. 2. Although differences are not too
large between some of the samples, these
results are highly reproducible, at least an
order of magnitude better than, e.g.., Ham-
met indicator-titration with amines (/2). The
incorporation of Ni alone to the support
hardly affects the amount of NH, adsorbed
on the surface, while the presence of MoO,
results in a remarkable increase of the
amount adsorbed. This effect has been pre-
viously reported (/2) and explained on the
basis of the higher acidity of Mo®™ oxides
as compared to the alumina support. be-
cause Mo oxides stay “‘on top’’ of the cata-
lyst surface. Variations induced by Ni in
Ni—-Mo catalysts calcined at a given temper-
ature are smaller. showing maxima of NH;
adsorption at 1 or 3 wt% NiO, depending on
calcination temperature. Similar results in a
different set of Ni-Mo catalyst calcined at
400°C have been presented and discussed
elsewhere (/7) and other workers have also
reported similar data (/8). The behavior of
the series calcined at 500. 600, and 660°C
have not been previousty reported.

Temperature-Programmed Reduction

Figures 3 and 4 show the TPR spectra of
the catalysts. Spectra taken at other heating
rates (e.g., 5 or 10°C/min) showed similar
features, although the temperatures at the
maxima of the peaks (T,,) were displaced to
lower values. Several TPR peaks may be
observed, which will be referred to as: Mo,
(T, between 455 and 500°C) and Moy
(780-860°C), in Mo-containing catalysts;
Ni; (600-700°C) and Nij, (800-850°C) in Ni-
containing samples. Note that, in promoted
catalysts, Mo;; and Ni;; peaks are com-
pletely superimposed and the high-tempera-
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TABLE 1

Physicochemical Characteristics of Catalysts

Catalyst Calcination Surface area Color
composition temperature (m>g')
(w1% NiO/wt% Mo0O,) (°C)

0/12 400 230 White
1/12 400 235 Light green
3/12 400 220 Light green
5712 400 225 Light green
510 400 218 Grayish green
0/12 500 230 White
/12 500 235 Light green
312 500 223 Light green
S/i2 500 225 Light green
5/0 500 218 Grayish blue
0/12 600 233 White
112 600 223 Light green
37z 600 210 Light blue
5/12 600 210 Light blue
5/0 600 198 Light blue
0/12 660 170 White
1/12 660 185 Light green
3/12 660 180 Light blue
s/2 660 175 Light blue
S/0 660 203 Light blue
0/12 800 45 White
1712 800 S0 Light green
312 800 48 Light blue
5712 800 50 L.ight blue
5/0 800 180 Light blue

ture tail of Ni; overlaps the leading edge of
Moy, . Figures 5 and 6 show the T, values of
the different TPR peaks, as a function of
calcination temperature and Ni content, re-
spectively, while Table 2 shows quantitative
data calculated from the TPR spectra.

The TPR traces of Ni/Al,O, (a-spectra in
Figs. 3 and 4) are characterized by the broad
Ni, and Nij, bands, partially overlapping at
the lower calcination temperatures. Upon
increasing T Ni, “'migrates’ to the region
of Nij;. It seems reasonable that the phase
responsible for Ni, is being transformed to
the high-T,, one. For comparison, the TPR
spectrum of the support is shown in Fig.
3A(f).

TPR spectra of Mo/AlLO, samples are al-
most invariable with increasing T, up to
600°C (Fig. 3, b-traces), and show a clear
separation of the reduction process in two
steps associated with the Mo, and Mo
peaks. Incorporation of Ni to the Mo-con-
taining catalysts does not greatly affect the
shape of the TPR patterns. However, at the
lower calcination temperatures (400 and
500°C, Figs. 3A and 3B) an additional broad
band in the region of Ni; is present. Quanti-
tative data (Table 2) shows that the area of
Mo, is quite independent of Ni content. and
that, for samples calcined below 600°C, es-
sentially all the nickel present is reduced
under the Ni; band. As in the case of Ni/
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Fi1G. 1. XRD traces of selected catalyst samples: (1)
0/12 (800). (b) 1/12 (800). (c) 5/12 (800). (d) 5/0 (800),
(e) 5/12 (660). Keys: @, y-AlLO:: O 8-ALO;: A, Al
(M0O,);: V. B-NiMoO,: . Ni spinel {2 NiO -9 ALO,).

AlLO;, Ni; moves to higher temperatures
upon increasing T and eventually (7 600°C
or higher) it merges with the Mo, ( +Ni,)
peak, as demonstrated by the increasing size
of the latter with increasing Ni content
(Table 2).

DISCUSSION
Surface Interaction between Ni and Mo

Acidity data (Fig. 2) shows relatively
strong increases in NH; adsorption associ-
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F16. 2. Gravimetric measurements of ammonia ad-
sorption on catalyst samples. Experimental conditions:
200°C, 300 Torr of NH;. Keys: @, support, calcined at
400°C; W, 5/0 (400); O, catalyst samples calcined at
400°C: T3, at S00°C: 2, at 600°C:; V. al 660°C,
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FiG. 3. TPR spectra of catalysts calcined at: (A)
400°C: (B) 500°C. and (C) 600°C. Catalyst composition
(as wi%e NiO/wi% MoOh): () 5/0.(b) 0/12. (¢) 1412, (d)
312, 4e) 5/12, and (f) v-AlLO, support.

ated to increasing 7T, that may be attributed
to varying interaction between the support
and Mo species. More subtle variations
within series calcined at given temperatures
suggest that Ni—which does not influence
adsorption on the support—is able to mod-
ify the acidity of Mo compounds. It is con-
cluded that surface interaction between Ni
and Mo exists in catalysts calcined at less
than 800°C. Chemical interaction between

Hz CONSUMPTION (a.u.)

TEMPERATURE {°C x1072)

FiG. 4. TPR spectra of catalysts calcined at: (A)
660°C and (B) 800°C. Catalyst composition (as wit%
NiO/wt% MoQy): (a) 5/0. (b) 0/12, (¢) 1712, (d) 3/12,
and (e} §/12,
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FiG. 5. Effect of calcination temperature on the Tw
values of (a) Mo; and (b) Ni; and Nij;. Keys: V, 0/12;
. 312:C, 5/12; and @, 5/0.

Ni and Mo in the oxidic form of Ni-Mo/
AlLO, has been proposed in the past on the
basis of XPS (/9) and 1SS results (20, 21).
These results suggested that Ni would be
located within the surface molybdate layer,
but no evidence was found of a bilayer struc-
ture (i.e., Ni between Mo phases and the
support), as proposed in the case of Co-Mo
catalysts (22).

B-NiMoO, was detected at a T of 800°C,
thus it may be assumed that the Ni-Mo
mixed phases eventually evolve to this com-
pound. In this regard it can be said that,
from [aser Raman measurements, Dufresne
etal. (19) reported the presence of what they
described as poorly crystalline 8-NiMoO, in
catalysts calcined at temperatures as low as
500°C. It must be pointed out that bulk -
NiMoO; is unstable at room temperature
(16), which suggests a role of the support
in its stabilization. On the other hand. the
association of Ni with Mo is in line with the
decreased formation of 3-Al,0,, reinforcing
the view that N1 may help to prevent sin-
tering of the support promoted by Mo
phases (23).

Reducibility of NilALOy Catalysts

The observation of two broad superim-
posed peaks in Ni catalysts calcined at the
lower temperatures (Fig. 3, a-traces) agrees
with a previous report by Houalla (24), and
may be assigned to the presence of two dis-
tinct NiO-AlLLO; interaction compounds.
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The higher T, one is similar to bulk NiAl,O,
in both color (readily observed in the high-
T samples) and 7T, (930°C or higher in simi-
lar conditions). The phase with lower T, is
different from NiO, which shows a sharp
peak at about 400°C in the same experimen-
tal conditions (/4). This phase could be re-
lated to a surface compound with the same
stoichiometry than NiAlL,O,, but with a dif-
ferent distribution of the Ni cations between
sites with tetrahedral and octahedral sym-
metry. Scheffer ¢z al. (25) have reported that
the low-T,, phase corresponds to a surface
interaction compound where Ni cations are
all octahedrally coordinated. Dufresne ez al.
(19) also reported two different NiO-AlLO,
phases, depending on the calcination tem-
perature of the catalyst. The more easily
reducible phase was described as “*bidimen-
sional”” NiAl,O,, while the other one was
identified with bulk-like NiAl,Q,.

Reducibility of Mo/AlLO, Catalysts

Generally, the Mo, peak of Mo/Al,O; cat-
alysts has been assigned to partial reduction
of very dispersed polymolybdate-like spe-
cies, while the Moy, signal is thought to be
the composite of the subsequent reduction
of such species plus the reduction of more
refractory entities, including tetrahedrally
coordinated molybdate groups (/1. 13). Fig-
ure 5 shows that Mo, is scarcelly affected

NICKEL CONTENT /w1 % NI

Fi1G. 6. Effect of Ni content on the 7T, values of
Moy + Niy) peaks. Keys: A, calcined at 400°C. O.
500°C; V. 600°C: @, 660°C: and C. 800°C.
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TABLE 2

Quantitative TPR Data of (Ni-)Mo/AL,0O, Catalysts

Catalyst Area of TPR peaks
(mmole H, g~! catalyst)

1st peak? 2nd peak” 3rd peak‘ Total
0/12 (400) 0.958 —_ 1.54 2.50
1712 (400) 0.998 0.200 1.60 2.79
3712 (400) 0.931 0.572 1.42 293
S/12 (400) 0.931 0.851 1.44 R
0/12 (500) 0.918 —_— 1.56 2.48
1/12 (500) 0.918 0.106 1.65 2.67
3/12 (500) 0.825 0.599 1.48 2.90
S/12 (500) 0.905 0.718 1.54 317
0/ 12 (600) 0.918 —_— 1.50 2.42
1/12 (600) 0.865 — 1.72 2.58
3/12 (600) 0.931 0.160 .89 2.98
S/12 (600) 0.891 0.266 1.94 310
0/12 (660) 0.865 — .52 2.38
1/12 (660) 0.878 — 1.66 2.54
3/12 (660) 0.865 — 1.86 2.73
S/12 (660) 0.905 — 2.09 2.99
0/12 (800) 0.545 — 1.61 2.16
1/12 (800) 0.585 — 1.74 2.33
312 (ROO) 0.732 — 1.90 2.63
5112 {800) 0.851 — 2.06 2.91

“Moy: T, between 400 and S00°C.
# Nij: T,, around 600°C.
" Moyt~ Nip): T, higher than 740°C.

by varying 7: Moy, is more affected by the
thermal history, its 7, decreasing with in-
creasing T (Fig. 6). These observations
agree with the proposed nature of the Mo
species: Polymolybdates, although in close
registry (*‘epitaxial’’) to the support, do not
interact with it as strongly as the more re-
fractory species, which should be more sen-
sitive to changes induced by higher 7's. It
has been proposed that polarization effects
of AF* ions may affect the covalency of
the Mo-0 bonds, and thus their reactivity
toward hydrogen (26). Accordingly, the less
polarized bonds of polymolybdates are eas-
ier to be reduced than those of the species
directly tied to the supporting y-Al,O;.

From Table 2 it can be seen that, in
agreement with earlier literature (/) and with
more recently published data (27, 28), the
average oxidation number of Mo after the
first TPR peak (reduction up to ~600°C) is
below 4 {about 3.7 for catalysts calcined at
660°C or less). This shows that reduction
of supported polymolybdates proceeds. in
part, to low oxidation states of Mo (Mo ",
Mo* "), even at mild reduction tempera-
tures. After calcination at the higher T.'s
(660 and 800°C) Mo, becomes progressively
smaller (Fig. 4, b-spectra) and the total H,
consumption decreases by 4.8 and 13.6
vol%, respectively (Table 2). Arnoldy et al.
(/1) reported similar results when studying
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the Co-Mo/Al,O; system, but they found
more significant loss of reducible material
when using a slightly higher 7 (850°C), and
longer calcination times. Contrary to the
present results, their most affected signal
was the Moy; peak. Decreased H, consump-
tion suggests loss of Mo during calcination,
probably by sublimation either as MoO,; or
as MoO(OH),. Sublimation of the latter
should involve loss of surface OH groups,
and this may account for the role of Mo in
promoting accelerated sintering of the sup-
port (see, e.g2., (23)) and the above reported
transformation of y- to §-Al,O, . The prefer-
ential loss of polymolybdates (Mo, peak) is
parallelled by the formation of microcrystal-
line AlL(Mo00Q,), (Fig. 1a), whose TPR spec-
trum presents a single peak with T in the
region of Moy (29).

Effect of Ni in Mo/Al.O, Reducibility

This is the first systematic study, using
TPR., of the complete reduction of Ni-Mo
phases supported on alumina. In a pre-
viously published paper, Burch and Collins
reported TPR patterns of several Ni-Mo/+y-
Al O, catalysts (/0), but they performed the
TPR runs up to about 600°C, which limited
the species studied and obscured the inter-
pretation of the data. as shown below.

In an early report, Nag et al. (9) assigned
the first TPR peak in Ni-Mo (and Co-Mo
and Ni-W) supported catalysts to the Ni
(Co) promotor. Burch and Collins (/0) also
proposed that, in Ni-Mo/Al,O; industrial-
type catalysts, most of the Ni reduces simul-
taneously with Mo under the low-T,, peak:
however, they state that a substantial pro-
portion of the Ni does not reduce until the
temperature exceeds 800 K. Our quantita-
tive data suggests that Ni* ™ is not being re-
duced to any appreciable extent simultane-
ously with polymolybdates (Mo;). We feel
that the interpretation of Burch and Collins
1s affected by overlap of the Mo, and Nj,
peaks, as they quantify as a whole not only
the H, consumed under Mo, but also the
amount consumed after isothermal heating
for 1 hat 600°C. Although they do not explic-
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itly report the sizes of their main peak for
the different samples, they state that the
area under this peak corresponds to an aver-
age change of 1 in the oxidation number of
Mo, implying that this is true for all the Mo-
containing samples, and thus that the area
of this peak is independent of Ni content.
Indeed, visual inspection of their spectra
suggests that there are no significant differ-
ences in the sizes of the first peaks between
unpromoted and promoted samples, al-
though the shapes of the peaks are influ-
enced by Ni content.

Nickel in the surface should be interacting
with Mo (as suggested by NH; adsorption,
Fig. 2) presumably as an **“Ni-Mo-O""-type
interaction phase. Either the amount of Nj
involved in this phase is very small, as the
differences in the sizes of Mo, are negligible,
or Ni is not reducible in the temperature
range of Mo, probably because it is still
associated to the support and, thus, stabi-
lized after breakdown of the Ni~-Mo-0
phase due to reduction of Mo. However, the
trends shown in Fig. 5§ demonstrate that Ni
influences the reducibility of Mo: Increasing
T-. which disfavors the presence of Ni**
cations in or near the surface (19, 21) results
in higher 7,,’s, while increasing Ni concen-
tration is accompanied by decreased T,,'s.
This interpretation is in very good
agreement with the results of Abart er al.
(7). These authors found lower temperature
onset of the weight loss due to reduction
(Ty) upon increasing Ni content in the **mo-
lybdate layer’” of Ni-Mo catalysts with the
same overall composition (3 wt% NiO and
12 wt% MoQ,) but with reverse order of
impregnation of Ni and Mo compounds.
When Ni was impregnated “‘on top’” of the
molybdena catalyst, T, was lower than
when it was impregnated before Mo: the
unpromoted catalyst presented the highest
T, value. The observed effect of Ni on the
reducibility of polymolybdates establishes a
difference with cobalt promoted catalysts,
where variations in promoter content
caused almost no effect on the T,, of the Mo,
peak (/7). A possible role of Niin enhancing
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Mo reducibility could be to facilitate hydro-
gen activation (i.e., decomposition of H, to
atomic hydrogen and migration to polymo-
lybdates, e.g. by spill-over). This proposed
activation of hydrogen by Ni has been in-
voked to explain the observed inhibition of
coke formation on Mo catalysts promoted
with Ni (30}, and would account, in part, for
the differences with the Co-Mo system, as
Co is less efficient in H, activation.

Comparing the present data with TPR of
NiO (single peak at 425°C), NiMoO, (main
peak at 475°C) (/4), NiAl.Q, (broad band
around 930°C), and Ni/Al,O, (Fig. 3 and 4,
a-spectra), it is concluded that the Ni, peak
in Ni-Mo/Al,O, corresponds to the low-T,,
surface phase which is also present in Ni/
Al O, catalysts. Note, however, that the 7,
of the Nj, band of catalysts calcined at 400
and S00°C are higher in the latter than in
catalysts with Mo (Fig. 5b). Thus, and simi-
larly to the case of Co—Mo supported cata-
lysts (/7). the presence of Mo seems (o in-
crease the reducibility of the low-T
NiO-Al,O;, phase. This suggests that syner-
gistic effects between Ni and Mo, which
generally are thought to be opperative only
in the sulfided state (/-4), could also be
important in the oxidic precursors of the
catalysts.

When Niis present in Mo/ AL O; catalysts,
the losses of reducible material after calcina-
tion at the higher 7.'s are smaller, sug-
gesting that Ni prevents the sublimation of
Mo oxides. Figure 6 shows that on increas-
ing Ni content the T, of the Mo (+ Niy)
peak decreases slightly, except for the sam-
ples calcined at 800°C, where the 7, in-
creases strongly with Ni content. A similar
behavior was also observed in the Co-Mo
system (//), and it probably reflects struc-
tural changes in the highest T, catalysts.
Although XRD could not detect unequivo-
cally Ni—-Mo mixed oxides, except in the 5/
12(800) sample, Mo fixation and decreased
formation of AlL(MoO,), suggest that
Ni-Mo interaction does exist in the Ni-Mo/
Al O, catalysts. As previously shown (/4),
NiMoQ, presents a TPR spectrum with two
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peaks, the low-T,, one (around 500°C) being
the most intense. Thus, also in this unsup-
ported system the interaction with Ni ren-
ders Mo oxides more easily reducible, e.g.,
metallic Mo is readily formed at tempera-
tures as low as 500°C (/4).

Some attention has to be given to the
strikingly different results reported by
Fierro et al. (8), suggesting that the addition
of Ni decreases the reducibility of Ni-Mo
catalysts, in contradiction with our data and
with that of Abart et «¢f. (7). Burch and Col-
lins state that their results are in broad
agreement with Fierro's, although this is
true only for their estimarion of the extent of
molybdenum reduction (/0): While Fierro’s
group report decreased overall reduction of
the catalysts induced by Ni, Burch and Col-
lins show that the rotaf reduction extent is
higher upon increasing Ni content. The be-
havior observed by Fierro et al. may be
explained by their peculiar pretreatment
conditions, heating under vacuum at the de-
sired reduction temperature until constant
weight, before starting reduction in H, (the
samples in the other three works were either
not pretreated or preoxidized in situ). It is
known that molybdena-based catalysts may
undergo reduction by heating under vacuum
(31). The ESR results of Fierro et al. show,
indeed, reduction induced by heating in
vaciio at the same temperatures employed
thereafter for H, reduction measurements
(8). Although the ESR data shows decreased
Mo'* signal with increasing Ni content, it
must be remarked that only a fraction of the
total Mo** formed (and no Mo**, if it is
present) could be detected by this technique
at room temperature (32). Thus, in the ab-
sence of a better explanation, we believe
that the reported decreased reducibility of
the catalysts by Ni is an artifact induced by
the chosen pretreatment conditions.

Implications for the HDS Activity of
Ni-Mo/AlLO, Catalysts
Several workers have tried to correlate
the reducibility of oxidic NiMo catalysts to
the HDS activity of their sulfided state, with
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mixed results (see, e.g., (/0)). This may be
assigned to the fact that in Mo supported
catalysts and under normal sulfiding condi-
tions, O-S exchange is a more important
reaction than reduction with H, (33). Thus,
it is not generally true that phases more eas-
ily reducible are more sulfidable and/or ac-
tive after sulfiding.

Ni-Mo/AlLO; catalysts, on the other
hand, have shown to be quite fragile to over-
heating during calcination (or oxidative re-
generation), more so than the Co-Mo for-
mulation. The optimum temperature for
calcination of the oxidic precursors is held
to be about 500°C (/0. 34). catalysts fired at
higher temperatures being poorer precur-
sors for HDS catalysts. The most conspicu-
ous change in our Ni-Mo catalysts upon
increasing 7 is the disappearance of the Nj,
peak, and this occurs at 7:'s higher than
500°C. Therefore, we tentatively propose
that the Ni ions responsible for Ni, in the
promoted catalysts are involved in the gen-
eration of HDS-active Ni-Mo-S structures.
These ions are most probably forming part
of the Ni-Mo-0 phase in fresh catalysts, as
their depletion from the surface upon in-
creasing T 1s accompanied by an increase
of the T, of Mo, to the value observed in
the unpromoted samples. Thus, it can be
speculated that the Ni~Mo-~S active phases
are generated by sulfidation of already ex-
isting Ni-Mo-0 interaction compounds.

CONCLUSIONS

The present results demonstrate that TPR
can give a better insight of the reducibility
of Ni-Mo/ALO, catalysts than the more
conventional approaches employing limited
temperature ranges and/or isothermal gravi-
metric measurements.

Acidity data indicates interaction be-
tween Ni and Mo in the oxidic state of the
catalysts, probably as Ni-Mo-0 surface
phases. The XRD study shows that such
phases eventually evolve to form crystalline
B-NiMoO, at the highest calcination temper-
ature. Quantitative TPR demonstrates (at
least for the case of catalysts calcined at 400
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and 500°C} that Mo and Ni phases reduce
independently of each other. However, it
also shows that the reduction of either one
is facilitated by the presence of the other.
Therefore, it is suggested that synergistic
effects between Ni and Mo could be opera-
tive in the oxidic state of the catalysts.
Similarities exist with the Co-Mo/Al,O,
system, where also the reduction of promo-
tor and Mo compounds occur independently
and Co reduction is facilitated by the pres-
ence of Mo. As a variance, however, Co has
no influence on the reducibility of Mo, while
Ni is able to decrease the temperature of
reduction of supported polymolybdates.
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