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The influence of zinc addition on the catalytic performance and
physicochemical properties of nickel-based catalysts used in selec-
tive hydrogenation of acetylene was investigated. It was found that
the activity and selectivity to ethylene of the nickel-based catalysts
were positively modified by incorporation of zinc into their solid
structure. The zinc-modified catalysts produced smaller amounts
of coke and methane than those not containing zinc. Coke deposi-
tion had a strong effect on the ethylene selectivity. However, this
influence was much more significant for zinc-modified catalysts
than for nonmodified nickel-based solids. These results were ex-
plained taking into account the different crystalline structures ob-
tained for both types of solid. In the case of zinc-modified catalysts,
the metal nickel phase was interacting strongly and highly inter-
dispersed in a nonstoichiometric zinc aluminate spinel matrix. The
high interdispersion of the metal nickel phase diminished the num-
ber of three-nickel-atom arrangements necessary for the formation
of surface intermediates that led to coke and methane production.
The nonmodified nickel-based solids, however, were composed of
large metal crystallites on which coke and methane precursors were
very easily formed. The high interaction between metal nickel par-
ticles and the zinc aluminate matrix prevented whisker formation
to some extent. Finally, the low concentration of acid sites on the
solid surface considerably reduced amorphous-like coke deposition.
(© 1997 Academic Press

1. INTRODUCTION

Ni—Al oxides are commonly used catalysts in reactions
such as steam reforming of methane or light hydrocarbons
(1, 2), production of synthesis gas (3, 4), and selective hy-
drogenations (5-7). The high temperature requirements of
reforming processes necessitate the use of materials with
a good thermal stability (i.e., NiO-Al,O3). These kinds of
material are commonly obtained by decomposition of the
binary precipitates at high temperatures, which provides
the solid with a spinel-like structure (i.e., NiAl,O,) (2, 8, 9).
The presence of this NiAl,O4 species is responsible for the
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thermal stability of the catalyst. Nevertheless, if the decom-
position stage is carried out at lower calcination tempera-
tures (i.e., 773-973 K), instead of a normal spinel phase,
a metastable phase, commonly called nonstoichiometric or
inverse spinel, is obtained. This structure leads to singular
catalytic properties (6, 10) as a result of the special coordi-
nation sites in which nickel is located. It has been proven
that the natural trend of nickel to form large amounts of
coke and methane is reduced if inverse NiAl,O,4 species
are present in the Ni—Al oxide (4, 7).

As mentioned above, the catalytic activity of the inverse
spinel phase seems to be related to the octahedral coordi-
nation of Ni?* cations. It has been shown that cations in
octahedral holes are preferentially exposed on the surface
(5, 6) and that this fact confers singular catalytic proper-
ties on solids with spinel-like structures when used in some
hydrogenation reactions (6, 7). However, high calcination
temperatures (i.e., about 973 K) are necessary to form this
spinel phase (3, 4); high reduction temperatures are also
required to obtain the active metal nickel phase (3). In ad-
dition, the nickel aluminate spinel phase is lost during the
reduction process and the final catalyst is constituted by
large nickel crystallites in an alumina matrix (3).

It is well known that some other transition metals, such
as Zn?*, can also form aluminates with a nonstoichiometric
spinel-like structure and that these cations require lower
decomposition temperatures than those required by Ni?*
spinels to form well-crystallized structures (i.e., 773 K or
lower) (5, 11, 12). Furthermore, in some cases, it is pos-
sible to preserve the aluminate spinel phase (ZnAl,Oy4)
after reduction with hydrogen (13, 14). Then, the final
catalyst is constituted by a well-dispersed metallic phase
in a matrix with a spinel-like structure (15). The attain-
ment of well-dispersed metallic phases can be crucial in the
selective hydrogenation of acetylene. Although acetylene
hydrogenation is a reaction which is not sensitive to the
metallic structure, acetylene hydrogenolisis, a structure sen-
sitive reaction, takes place in parallel to the hydrogena-
tion reactions, giving undesirable products such as coke
and methane. Thus, acetylene hydrogenation is in fact a
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reaction with an apparent structure sensitivity. Coke and
methane are formed from ethylidine species and dissocia-
tively adsorbed acetylene (16-18). The formation of these
intermediate species demands a large population of three-
atom arrangements. Thus, coke and methane yields can be
reduced by physical isolation of the metallic nickel atoms
(16). A possibility to reduce the population of the three-
atom arrangements could be a solid in which metallic nickel
is finely dispersed in a stable spinel-like phase of zinc
aluminate.

In thiswork we have studied the influence of zinc addition
on the catalytic performance and physicochemical proper-
ties of a Ni-based catalyst with a spinel-like structure, ob-
tained at low calcination temperatures. We also attempt to
correlate the catalytic behaviour of these solids in acetylene
hydrogenation with their bulk and surface structure.

2. EXPERIMENTAL

The catalysts used in this work were prepared by the co-
precipitation method, according to a procedure described
elsewhere (12, 13, 15). In order to prepare catalysts,a 1 M
aqueous solution of the corresponding metallic nitrates and
a 1 M aqueous solution of K,CO3 were simultaneously ad-
ded into a bidistilled water-containing flask while being
stirred vigorously. The pH and temperature of the slurry
were kept at 7.2+ 0.2 and 333 K, respectively, during co-
precipitation. The hydrated precursors obtained in this way
were separated by filtration, washed with hot bidistilled wa-
ter, and dried overnight at 453 K. The corresponding mixed
oxides were obtained by treating the dried hydrate precur-
sors in N, at 773 K for 14 h. The composition and specific
area of the mixed oxides used in this work are shown in
Table 1.

The specific surface area of the different mixed oxides
was measured by adsorption of N, at 77 K with a Mi-
cromeritis Pulse Chemisorb 2700 using the multipoint tech-
nique. The bulk composition of the mixed oxides was de-

TABLE 1

Summary of the Different Mixed Oxides Prepared. Nominal
Composition and BET Surface Areas

Sg
Sample Nominal composition ~ M?*/M3* Ni/Al Zn/Al (m?/g)
Ni(0.5)/Al  (NiO)osAl,05 05 05 0 255
Ni/Al (NiO)AI,05 10 10 0 235
Ni(05)  (NiO)os(Zn0)osAl0; 10 05 05 210
Zn/Al
Ni(0.25)/  (NiO)oss(ZnO)o7sALO; 10 025 075 205
Zn/Al
Zn/Al (ZnO)AIl, 03 0.5 0 0.5 121

Note. M?+/M?3+: atomic ratio between dipositive and tripositive cations.
M?Z*: Ni and Zn; M3+: Al
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termined by ICP-AES (inductively coupled plasma-atomic
emission spectrometry) ina Yobin-Ivon J424 spectrometer.
The XRD (X-ray diffraction) patterns have been obtained
within the range of 5 to 80° (26) operating at a scanning
rate of 0.2 (26)/s in a Rygaku/Max system diffractometer.
A graphite monochromator was used with the aim of select-
ing the CuKq radiation (A =1.5418 A). The TPR (tempera-
ture programmed reduction) experiments were carried out
in a flow system equipped with a TCD (thermal conduc-
tivity detector) and PCLD-889 and PCL-812PG cards for
data acquisition. The experimental profiles were obtained
by using a Hy; 6%/N; mixture and 200 mg of sample. The
heating rate was 10 K/min and a maximum temperature of
1173 K was reached in all cases. The XPS (X-ray photo-
electron spectroscopy) spectra were recorded with a Sur-
face Science Instrument (SSI) spectrometer, using AlK«
radiation. The C1s band at 284.9 eV was used as an internal
standard. The system is equipped with an in situ chamber in
which pretreatment of samples was carried out before anal-
ysis. Pyridine adsorption was used to determine the kind of
acid sites and the total acidity of the samples. FTIR (Fourier
transform infrared spectroscopy) spectra were recorded
with a Nicolet 740 instrument. SEM (scanning electron mi-
croscopy) micrographs of catalysts, before and after reac-
tion, were obtained with a JEOL JSM 6400 microscope.
The solids were covered by electrodeposition with a thin
gold film to improve sample conductivity.

Acetylene hydrogenation was performed in gas phase
by using a thermogravimetric system (CI Electronics Ltd.,
model MK2) equipped with mass flow and temperature
controllers. The thermogravimetric system was coupled to
a PC provided with a CI Electronics Multicard for data ac-
quisition, which allows continuous registering of the sample
weight changes and temperature during reaction. Catalyst
activation (reduction) was carried out in situ at 773 K for
2.5 husing H; (vol. 50%)/N, mixture with a total flowrate of
100 Nml/min. This activation temperature was selected to
minimise the sintering of the Ni crystallites (19). After acti-
vation, a Ho/C,H2/N, mixture (composition: 60/15/25) and a
total flow rate of 700 Nml/min was fed to the thermogravi-
metric system while the temperature was kept at 448 K.
In all cases, the amount of catalyst used was 200 mg. The
analysis of the product stream and unconverted reactant
was performed with a Hewlett—Packard 5890 Il chromato-
graph equipped with a Carboxen 100 packed column and
FID (flame ionization detector).

3. RESULTS

3.1. Characterization

The XRD patterns of the dried precipitates are shown
in Fig. 1. Two poorly defined phases were detected in
the Ni—Al samples: aluminium hydroxide (ASTM 7-324)
and hydrotalcite-like (ASTM 14-191). The degree of
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FIG. 1. XRD patterns of hydrated precursors obtained by coprecipi-
tation at pH constant.

crystallinity of these samples is noticeably low, indicating
that the main component is an amorphous phase. This
means that only heterogeneous precursors can be obtained
by coprecipitation of Ni*" and AI** cations when K,COs is
used as a precipitant reagent and working at a pH approx-
imately equal to 7.0. In contrast, only a well-crystallized
hydrotalcite-like phase was observed for the case of zinc-
containing hydrated precursors. Furthermore, it is easy to
observe that their degree of crystallinity is higher than that
obtained in the Ni—Al samples, especially in the Ni(0.25)/
Zn/Al sample. These results indicate that it is possible to
obtain coprecipitates of high homogeneity at a pH equal to
7.0 when zinc is part of the solid structure.

The XRD patterns of the corresponding mixed oxides
are shown in Fig. 2. Two phases were detected in the binary
Ni/Al mixed oxides: a spinel-like phase, probably nickel
aluminate, and nickel oxide. The most intense signal for
a nickel aluminate of spinel-like structure is at 20 =37.1°
(ASTM 10-339) while for nickel oxide it is at 20 =43.4°
(ASTM 22-1189). It is found that the l37/143 ratio grows as
the nickel content decreases. This indicates that, in binary
Ni/Al solids, the amount of NiAl,O,4 with respect to NiO
becomes more important as the nickel load is reduced. The
addition of Zn leads to a further increase of the 137/143 ratio.
Thus the peak at 20 = 43.4° almost disappears in the sample
Ni(0.25)/Zn/Al and its XRD pattern fully resembles that of
the binary Zn/Al sample. The XRD pattern of the binary
Zn/Al oxide is in good agreement with that of a zinc alu-
minate spinel (ASTM 5-0669). These results allow us to
conclude that the content of spinel-like phase in the series
of mixed oxides increases in the following order: Ni/Al <
Ni(0.5)/Al < Ni(0.5)/Zn/Al < Ni(0.25)/Zn/Al < Zn/Al.

The specific surface area of the different samples fol-
lowed just the opposite order (see Table 1). Therefore, bi-
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FIG.2. XRD patterns of mixed oxides obtained by thermal treatment
inNyat 773 K.

nary Zn/Al oxide has the lowest area (i.e., 120 m?/g). This
is in agreement with the fact that this solid has the high-
est crystallite size and degree of crystallinity. All samples
containing Ni exhibit areas between 200 and 250 m?/g.
According to the TPR profiles, Ni reducibility is al-
most the same in all the mixed oxides used in this work
(see Fig. 3). In addition, the reducibility of Ni spinel-like
phases is considerably lower than that found for pure NiO
(20). In the case of pure NiO, the maximum H; consump-
tion is reached at around 673 K. However, for the sam-
ples prepared in this work the reduction starts between
673 and 723 K, reaching a maximum H; consumption at
around 893 K. The nickel content calculated by means of
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FIG.3. TPR profiles of mixed oxides obtained by thermal treatment
in N, at 773 K.
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FIG. 4. FTIR of adsorbed pyridine on mixed oxides obtained by ther-
mal treatment in N at 773 K.

the hydrogen uptake obtained from TPR datawas in a good
agreement with the values determined by ICP-AES (Ta-
ble 1 and Fig. 3).

FTIR spectra after pyridine adsorption revealed that
both Lewis and Brgnsted acid sites were present on the
surface of mixed oxides (see Fig. 4). The bands at around
1595, 1575, 1490-1500, and 1450-1460 cm~* are normally
assigned to pyridine adsorbed on Lewis acid sites, while
bands at around 1650, 1630, 1550, and 1490 cm~! are usu-
ally related to pyridine adsorbed on Brgnsted acid sites
(21). The concentration of acid sites decreases as the nickel
content diminishes. Further, Zn addition leads to a great
reduction of the amount of acid sites on the mixed oxide
surface. Thus, only some evidence of Lewis sites was found
in the zinc-containing oxides.

Both calcined and reduced samples were analyzed by
XPS. The reduction process was carried out in situ, in H;
atmosphere at 773 K for 2.5 h. The results obtained by XPS
are summarized in Table 2. It can be observed that after re-
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FIG.5. Coke profiles during acetylene hydrogenation on activated
nickel-based catalysts.

duction only between 40 and 50% of nickel on the surface
was metallic, the rest remaining as Ni*. It is also interest-
ing to note that the amount of metallic nickel is somewhat
lower in the case of Zn-containing samples. No significant
differences in the binding energy of the different cations
were observed from the comparison of binary and ternary
oxides. Furthermore, no evidence of Zn or Al reduction was
detected. Finally, the values of atomic ratios indicate that:
(a) the surface is poorer in Ni and Zn than the bulk and
(b) the surface becomes poorer in Ni after the reduction
treatment, which indicates some degree of Ni sintering.

3.2. Catalytic Activity

The weight increase of the catalyst sample was con-
tinuously monitored during reaction. This increment was
mainly due to the adsorption of coke precursors and their
further transformation into coke. As is shown in Fig. 5, the
amount of coke deposited on the binary Ni/Al catalysts

TABLE 2

XPS Results before and after Reduction Treatment

E|ementsv Ni/Al Ni/Zn/Al

oxidation B.E. (eV) % Atomic ratios B.E. (eV) % Atomic ratios

states and

atomic ratios Calc. Red. Calc. Red. Calc. Red. Calc. Red. Calc. Red. Calc. Red.

Ni?+ 856.5 856.3 100 45 856.2 856.5 100 60
Ni° — 852.8 — 55 — 853.0 — 40
Zn*t — — — — 1022.5 1022.5 100 100
AR 74.4 74.4 100 100 74.4 74.4 100 100
Ni/Al 0.07 0.06 0.13 0.10
Zn/Al 0 0 0.13 0.17
Ni/Zn 0 0 1 0.58

Note. Calc. = calcined sample; Red. = sample reduced at 773 K during 2.5 h.
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FIG. 6. SEM micrographs of binary and ternary catalysts after exposure to reactant stream: (a) Ni/Al sample after 5 min of reaction; (b) Ni/Al
sample after 3 h of reaction; (c) Ni(0.5)/Zn/Al after 5 min of reaction; (d) Ni(0.5)/Zn/Al after 3 h of reaction.

increased dramatically with time. Thus, the amount of coke
deposited on these samples after only 15-20 min of reaction
was around 20 wt.%o. In contrast, coke deposition was much
lessimportant in ternary Ni/Zn/Al catalysts. The quantity of
coke formed over these samples was less than 7 wt.% after

almost 3 h of reaction. The lowest amount of coke was ob-
served for the ZnAl,O,4 sample. These results indicate that
coke formation and the initial coking rate diminish as the
Ni/Zn ratio is decreased, which means that nickel is also re-
sponsible for coke formation. Furthermore, zinc inclusion
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FIG. 6—Continued

into the matrix structure seems to reduce coke deposition
considerably.

Catalysts were observed by SEM after reaction. From the
analysis of the micrographs it can be concluded that at least
two types of coke are formed on Ni-based catalysts during

acetylene hydrogenation: (a) whiskers and (b) amorphous-
like coke. In the case of binary Ni/Al catalysts, whiskers are
easily formed at the first stages of reaction (see Fig. 6a).
At the end of the run, the large amount of amorphous-
like coke deposited on these samples occluded the whiskers
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FIG. 7. Total gas yield (g of gas products/100 g of C,H, fed) vs coke
concentration on catalyst surface and time.

formed in the first reaction stage (Fig. 6b). However, in
ternary samples, no whisker generation was observed at the
beginning of reaction (Fig. 6¢) but whiskers were the main
coke species detected on this type of solids at the end of the
run (Fig. 6d). These SEM photographs, obtained at different
reaction times, fully agree with the fact that the total coke
deposition and the initial coking rate, determined with the
help of the thermogravimetric system, are lower in the case
of ternary Ni/Zn/Al catalysts.

The catalytic activity of clean Ni-based catalysts depends
on the nickel content (Fig. 7a). In the case of ternary Ni/
Zn/Al samples, the total yield at a zero coke content was 12
and 8 g total products per 100 g C,H; fed for Ni(0.5)/Zn/Al
and Ni(0.25)/Zn/Al, respectively. For binary Ni/Al sam-
ples, the corresponding values were 14 and 11 g total prod-
ucts/100 g of C,H, fed for Ni(0.5)/Al and Ni/Al, respec-
tively. This means that even when the nickel content is
higher in the binary solids, the intrinsic activity of ternary
catalysts is somewhat higher than that corresponding to bi-
nary catalysts. Besides, as the coke content rose, the total
yield increased in the case of ternary Ni/Zn/Al catalysts
until an approximately constant value (Figs. 7a and 7b).
Coke deposition had the opposite effect on binary Ni/Al
catalysts, since the total yield diminished during coke de-
position until reaching a quasi-steady state (Fig. 7b). The
final total yields were somewhat higher in ternary catalysts
than in the binaries (Figs. 7a and 7b). Thus, coke deposi-
tion had a “beneficial” effect on the catalytic activity of
ternary samples and a negative effect in the activity of the
binary solids. The most pronounced effect of coke was ob-
served for the ternary sample with the lowest nickel con-
tent. Finally, it must be remarked that the ZnAl,O4 sample,
after the reduction treatment, did not show any activity
for acetylene hydrogenation, and only a small activity for
coking.
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Regarding the distribution of the reaction products in the
outletstream, the initial ethylene yield was almost zeroin all
the cases (Fig. 8). Nevertheless, the ethylene yield increased
in parallel with coke deposition until an approximately con-
stantwas value reached. The effect of coke on ethylene yield
was by far more important in the ternary Ni/Zn/Al catalysts
than in binary samples (Fig. 8a). Furthermore, the influence
of coke seemed to be more important as the Ni/Zn ratio de-
creased. Thus, the maximum ethylene yield and selectivity
were found in the Ni(0.25)/Zn/Al catalyst. In contrast, with
binary Ni/Al solids, ethylene yields of 3-4% were only at-
tained after a long period of contact (Fig. 8b), correspond-
ing to coke concentrations much higher than 60%.

In all cases, the initial methane yield was not zero. The
values depended on the type of catalyst and its nickel con-
tent (Fig. 9). Methane yields were much higher in binary
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FIG.9. Methane yield (g of CH,/100 g of C,H, fed) vs coke concen-
tration and time.
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FIG. 10. Ethane yield (g of C;He/100 g of C,H, fed) vs coke concen-
tration and time.

Ni/Al catalysts than in ternary Ni/Zn/Al. Besides, for a
given series of catalyst (i.e., binaries or ternaries), the initial
methane yield diminished as the nickel content in the solid
was lower. This is the opposite behaviour to that observed
for the ethylene yield. In addition, the methane yield de-
creased with coke deposition (Figs. 9a and 9b). In the case
of binary Ni/Al solids, methane is the main product in the
gas phase during the first stage of reaction and even during
the last stage of reaction. Nevertheless, in Ni/Zn/Al sam-
ples, the methane yield dropped rather fast to zero. Finally,
it must be pointed out that in Ni/Al catalysts, the evolution
of the methane yield over time is similar to that observed
for the total yield (see Figs. 7 and 9).

Ni/Zn/Al catalysts gave an initial ethane yield higher than
Ni/Al samples (Fig. 10). The evolution of the ethane yield
over time was different for samples containing Zn with re-
spect to those based only in Ni and Al. Thus, in the case of
ternary samples, the ethane yield reached a maximum for
a coke concentration lower than 2% and then decreased
slowly with coke deposition. This evolution is similar to
that observed for the total yield (Figs. 7 and 10). In the case
of Ni/Al solids, the ethane yield increased quite fast to an
almost constant value (Fig. 10b). This evolution is just the
opposite to that observed for the total and methane yields
(Figs. 7, 9, and 10). The evolution of the ethane yield over
time was almost the same in both Ni/Al catalysts (Fig. 10b).
However, in the case of ternary catalysts, the ethane yield
was always lower for Ni(0.25)/Zn/Al than for Ni(0.5)/Zn/Al
(Fig. 10).

4. DISCUSSION
In this work, it has been shown that the catalytic be-

haviour of nickel-based catalysts in the selective hydro-
genation of acetylene changes dramatically when zinc is
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added to the solid structure. The main influence of zinc
addition is an important diminution of methane yield and
coke deposition, both being undesirable products of this
reaction. Coke deposition is shown to produce a positive
effect on ethylene selectivity and yield in both binary and
ternary catalysts. However, this “beneficial” effect is more
remarked for ternary Ni/Zn/Al catalysts even when the
amount of coke deposited on the surface of these solids is
smaller than in Ni/Al samples. The negative effect of coke
on the catalyst stability (decrease of the conversion level
over reaction time) seems to be the case of somewhat more
pronounced binary Ni/Al catalysts. Finally, ethane selectiv-
ity and yield diminishes in parallel to coke deposition on
Ni/Zn/Al solids, while the opposite is true for binary Ni/Al
solids.

These results can be explained on the basis of the mecha-
nisms suggested by Somorjai (22) and Margitfalvi etal. (23).
A general scheme that summarizes the idea suggested by
these authors is shown in Fig. 11. According to this mech-
anism, three different types of hydrocarbon intermediate
can be formed on the metal surface: 1) adsorbed acety-
lene, which by further hydrogenation would give ethylene,
which is the desired product; 2) strongly adsorbed ethy-
lidine species, which by further hydrogenation produce
ethane; 3) acetylene dissociatively adsorbed, which is a
coke precursor. Coke production from this acetylene
species involves a two step process: 1) hydrogenolisis of
adsorbed species to give methylene adsorbed species; 2)
migration of the adsorbed methylene under the metal par-
ticles to form whiskers. If some of the species formed by
hydrogenolisis interact with chemisorbed hydrogen, then
methane is produced. Hydrogenations of hydrocarbons are
known to be structure insensitive reactions. However, ac-
cording to the mechanism in Fig. 11, any factor that serves
to reduce the number of three-atom-arrangements will con-
tribute to alower methane yield, coke production and prob-
ably ethane yield. Thus, acetylene hydrogenation has an
apparent structure sensitivity (24). Den Hartog et al. (25)

60 &
J]? H, fl u, H
C,H G H G
1!]? H, Hrf"djb%ﬂ.
CH, I:i'-;. Cake
3 Meiellic oHms

FIG.11. General scheme of overall proposed mechanism for acety-
lene hydrogenation.
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studied the alloying of Pt, Pd, Ir, and Rh catalysts and the
influence of the metallic particle size on the ethylene se-
lectivity. They found that the concentration of ethylidine
species diminishes when the number of neighbour active
atoms was also decreased by alloy formation. Thus, ethane
selectivity could be diminished and ethylene selectivity in-
creased. A similar effect was observed in a study carried
out with Pt/SiO; catalysts partially deactivated by chlorine
(26).

On the basis of the previous discussion, the lower coke
deposition and methane yield observed for ternary Ni/
Zn/Al catalysts with respect to the binary Ni/Al ones can
be explained. According to the XRD patterns, NiO is more
interdispersed in the zinc aluminate spinel-like matrix than
in the alumina-like matrix. Thus, it is assumed that the
metallic nickel particles, obtained after reduction in Hy, are
smaller and the interaction of these particles with the matrix
is stronger in Ni/Zn/Al catalysts than in Ni/Al solids. This
difference in the metal-support interaction can potentially
alter the electronic state of nickel. However, neither TPR
nor XPS revealed the existence of any important electronic
effect. The TPR experiments did not reveal any significant
differences between binary and ternary samples concern-
ing nickel reducibility. In addition, the XPS results showed
a similar binding energy for Ni® in both types of sample.
Thus, the differences in catalytic performance are not due
to an electronic effect. The reason is more likely to be a
reduction of the number of neighbour nickel atoms, which
would lead to a diminution of three-atom-arrangements.
The smaller the number of three-atom-sites, the lower the
concentration of coke precursors, i.e. of dissociatively ad-
sorbed acetylene (Fig. 1). However, the reduction of three-
atom-arrangements in Ni/Zn/Al catalysts was not enough
to avoid ethane production and, in fact, this was the main
product at the beginning of the reaction. It is important to
remark that a maximum in the ethane and total yields was
obtained (ca. 2% coke content). This maximum very likely
is caused by the transient period during which acetylene is
dissociatively and strongly adsorbed on the surface, poison-
ing part of the three-atom-sites and causing a decrease in
methane and coke yields. In Ni/Al solids, the metal nickel
particles are large enough to have a large population of
three-atom-arrangements, and therefore to produce a high
concentration of dissociatively adsorbed acetylene which
initially leads to large amounts of methane and coke pre-
cursors. In this case, the yield to these undesirable products
decreases slowly along with coke deposition, in agreement
with the two facts mentioned above: 1) the existence of
large metal particles; 2) the deposition of amorphous coke
that does not cause the separation of metal particles from
the surface by whisker formation.

There is still another possibility to explain the different
catalytic behaviour of binary and ternary nickel-based cata-
lysts. Taking into account the different nature of the matrix
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and the different crystallite size of the metallic nickel par-
ticles, itis very likely that the exposed crystalline planes of
metallic particles are different for binary and ternary cata-
lysts. It is well known that the adsorption strength depends
on the plane on which molecules interact. The closer the
structure, the lower the adsorption strength. Thus, disso-
ciative acetylene adsorption, and therefore methane and
coke production, should be disfavoured in surfaces expos-
ing planes with a closer structure. This could be the case
with Ni/Zn/Al catalysts, and the opposite being the with
Ni/Al

Coke plays an important role in the selective hydro-
genation of acetylene. The methane yield decreases and
the ethylene yield increases as coke is formed on the
surface of both binary and ternary catalysts. Part of the
coke precursors, probably remains on the metallic surface
as dissociatively adsorbed acetylene, poisoning the three-
atom-arrangements. The diminution of the number of these
sites leads to a lower methane yield, as shown in Fig. 11.
In contrast, acetylene hydrogenation into ethylene is a
facile reaction that can be carried out even on the ethyl-
idine species layer (22). Thus, as the number of neighbour
nickel atoms decreases, acetylene hydrogenation becomes
favoured against hydrogenolisis, this effect being faster and
more pronounced in the case of ternary Ni/Zn/Al catalysts
thanwith Ni/Al, due to the larger crystallite size of the latter.
The weaker interaction of nickel particles with the alumina
matrix also allows whiskers to be more easily formed at the
start of the reaction.

The ethane yield increased with coke content for Ni/Al
catalysts while for Ni/Zn/Al catalysts the trend was the op-
posite. This means that the diminution of the number of
three-atom-arrangements in ternary catalysts, due to coke
deposition, is enough to reduce the ethane yield. How-
ever, while the methane yield dropped very fast to almost
zero, the ethane yield decreased to a quasi-steady-state
above zero. Thus, it could be suggested that hydrogeno-
lisis (a very structure sensitive reaction) is much more af-
fected by the reduction of the number of neighbour nickel
atoms than is ethane production. The contrary effect was
obtained with Ni—Al catalysts, i.e. the ethane yield increased
over time until a quasi-steady-state was reached. In this
case, because of the large size of the metallic arrange-
ments, the coke deposition enhances ethane production,
(which requires smaller metallic ensembles than methane
formation), rather than ethylene production, the least sen-
sitive reaction of the three. This behaviour is in agreement
with the fact that ethane can be produced on two differ-
ent types of site (7, 27), as shown in Fig. 11. According
to the results found by Guczi et al. (28) and Margitfalvi
et al. (23), it can be suggested that ethane is produced from
both ethylidine species and direct hydrogenation of acety-
lene. As coke deposition increases the number of neighbour
nickel atoms is reduced and, therefore, ethane production
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from direct acetylene hydrogenation becomes more
significant.

One of the most important differences between ternary
and binary samples is the amount and type of coke formed.
Whiskers seem to be more easily formed at the first stages
of reaction on binary Ni/Al solids, as was detected by SEM.
Mechanisms for whisker formation have already been sug-
gested by several authors (18, 29, 30). These mechanisms
have been used to explain the non-deactivating effect of
this type of coke. The limiting step in whisker genera-
tion seems to be carbon diffusion under the nickel parti-
cle, which would lead to a high activation energy for the
overall process. Usually values in the range 20-35 kcal/mol
(18, 29, 30) have been reported for the activation energies
of carbon diffusion through metallic crystallites. It could
be supposed that carbon diffusion and, as a consequence,
whisker growth is made more difficult when the interac-
tion between metallic particles and the support becomes
more significant. This is in agreement with the different in-
teraction of metallic nickel particles with zinc aluminate
and alumina matrix, as suggested above. This can explain
the faster whisker formation on binary Ni/Al catalysts at the
first stages of reaction. After exposing the catalyst to the re-
actant atmosphere for some time (i.e., 3 h), coke concentra-
tion was higher by far on Ni/Al catalysts than on Ni/Zn/Al
catalysts. In addition, coke deposited on binary solids had
an amorphous appearance. The formation of this amor-
phous coke can be associated with the high concentration
of acid sites observed on the surface of the binary samples.
Lewis and Brgnsted sites were almost absent on the sur-
face of the zinc aluminate phase, in agreement with the fact
that no amorphous coke was observed on ternary Ni/Zn/Al
catalysts, even after a long exposure time to the reactant
mixture.

5. CONCLUSIONS

The activity and selectivity of Ni-based catalysts, used
in the selective hydrogenation of acetylene, can be im-
proved by incorporating Zn?* in the solid structure. The
zinc-modified catalysts produce smaller amounts of coke
and methane in comparison with those not containing zinc.
Furthermore, coke deposited on ternary Ni/Zn/Al catalysts
has a strong effect on ethylene production.

The reason for the different catalytic behaviour could
be the different crystalline structure obtained when zinc
is present in the catalyst matrix. Zinc addition favours the
formation of non-stoichiometric spinel-like phases, even at
low calcination temperatures. These spinel phases are quite
stable in the reaction conditions used in this work. The re-
sultis asolid in which Ni?* cations are highly interdispersed
in the zinc aluminate phase. The activation process by re-
duction with hydrogen leads to solids in which the metallic
nickel particles are strongly interacting with the zinc alu-
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minate matrix. Their high dispersion reduces the concen-
tration of neighbour nickel atoms and thus also methane
and coke vyields. The high interaction between metallic
particles and zinc aluminate to some extent prevents for-
mation. Finally, the low concentration of acid sites on
the solid surface considerably reduce amorphous-like coke
deposition.
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