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Abstract The gas phase hydrogenation of maleic anhy-
dride (MA) to succinic anhydride (SA) and the subsequent
hydrogenolysis to y-butyrolactone (GBL) was studied on
Si0,—Al,O3-supported Ni catalysts modified with Cu and
prepared by incipient wetness impregnation (Ni-I, CuNi-I)
and coprecipitation-deposition (CuNi-PD) methods. The
samples were characterized by N, adsorption at —196 °C,
X-ray diffraction, temperature-programmed reduction,
transmission electron microscopy and H, chemisorption.
Catalytic tests were performed between 170 and 220 °C at
atmospheric pressure in a fixed bed reactor. Crystalline NiO
along with a Ni*" phase strongly interacting with the support
was observed in the oxide precursors. The extent of the
strongly interacting Ni*" phase diminishes according to the
following pattern: CuNi-PD > CuNi-I > Ni-I, along with a
proportional rise of the NiO phase. The proportion of small to
large metal particles, formed after reduction, followed the
same pattern as that observed for the extent of Ni** phase.
All catalysts were very active in the MA hydrogenation to
SA, but displayed distinct performances with respect to the
subsequent SA hydrogenolysis. Hydrogenolytic activity and
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GBL yield increased following the same pattern as that
obtained for the extent of Ni>+ phase. In addition, the effect
of raising temperature on hydrogenolytic activity was more
important in the case of Ni-I and CuNi-I than for CuNi-PD.
Furthermore, CuNi-PD was more selective to GBL than
CuNi-I. These results showed that there is an important effect
of Cu addition and preparation method on both the structure
and catalytic performance of the metal Ni phase.

Keywords Selective hydrogenation - Maleic anhydride -
v-Butyrolactone - Cu-Ni catalysts - Precipitation-
deposition method

1 Introduction

The gas phase hydrogenation of maleic anhydride (MA) is
an important process to obtain succinic anhydride (SA), y-
butyrolactone (GBL), tetrahydrofurane (THF), 1,4-butane-
diol (BDO) and propionic acid (PA). These compounds,
GBL, THF and BDO, are widely used intermediates in the
chemical industry and mainly employed as solvents,
especially to replace non eco-friendly chlorinated solvents
such as trichloroethane. Particularly, GBL is used in the
synthesis of pyrrolidone and N-methylpyrrolidone, which
are employed in the production of agrochemicals, phar-
maceuticals and polymers [1-3].

The gas-phase hydrogenation of MA reaction was
studied using several types of noble metal-based catalysts,
such as Pd, Pt and Au, as well as Cu-based catalyst, both in
liquid and gas phase [3—14]. Generally, the experiments
were performed at temperatures between 190 and 240 °C
and pressures between 1 and 5 MPa. Particularly, Cu-based
catalysts were used to study the gas-phase hydrogenation of
MA between 210 and 280 °C [6-9, 14]. In general, the
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catalysts composition of these Cu-based catalysts is rather
complex since they also contain Al, Zn, Cr and/or Ce. In
addition, the use of Cr-containing catalysts is undesirable
because of its toxicity. In some cases, catalyst deactivation
has been reported for copper-based catalysts [14—16].

It was already shown that Ni-based catalysts prepared by
incipient wetness impregnation were active and stable
when they were tested in the gas phase MA hydrogenation
and subsequent SA hydrogenolysis at atmospheric pressure
[17-19]. Additionally, the effect of the support used on
these Ni-based catalysts was studied, finding that SiO,—
Al,O5; was the most stable and selective to obtain GBL
[18]. Moreover, it was shown that the optimum Ni metal
load to obtain GBL was 10 % when SiO,—Al,O5; was used
as a support [19]. It was also found that the reaction
scheme over Ni catalysts involves the selective hydro-
genation of MA to SA, followed by hydrogenolysis of SA
to give GBL and/or PA along with CO. Finally, GBL may
be converted by hydrogenolysis to PA and CH4 [17].

In addition to incipient wetness impregnation, precipi-
tation-deposition is a widely known method that can be
used to apply an active metal on a support. This method has
the advantage of being able to produce catalysts with a
stronger metal-support interaction and smaller metal par-
ticle size than incipient wetness impregnation [20, 21].

In this work, we prepared Cu—Ni/SiO,—Al,O5 bimetallic
catalysts (Ni:Cu mass ratio of 19) by incipient wetness
impregnation and constant-pH coprecipitation-deposition
methods. The main objective was to analyse the influence of
adding small amounts of Cu to Ni using different preparation
methods, on the catalytic behaviour of metal Ni supported on
Si0,—Al,0j3 for the gas-phase MA hydrogenation to GBL.
The performance of the Cu—Ni/SiO,—Al,0; bimetallic cat-
alysts obtained is compared with that of a Ni/Si0,—Al,03
catalyst prepared by incipient wetness impregnation.

2 Experimental
2.1 Catalysts Preparation

Silica-Alumina (Sigma-Aldrich Grade 135, S, = 467
m> g_l, V, = 0.67 cm’ g_l, d, = 5.54 nm) was calcined
in air at 500 °C during 4 h previous to its use as a catalyst
support. Depending on the preparation method, catalyst
precursors were prepared using aqueous solutions of
Ni(NO3), (Anedra, 98 %) and Cu(NO3), (Merck, 99.9 %)
with the exact concentration to obtain a theoretical total
metal loading of 10 % by weight.

A monometallic Ni/SiO,—Al,O3 sample and a bimetallic
Cu-Ni/SiO,—-Al,O3 sample were prepared by incipient
wetness impregnation and they were named Ni-I and CuNi-
I, respectively. Another bimetallic Cu-Ni/SiO,—Al,O3
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sample was prepared by the constant-pH coprecipitation-
deposition method and named as CuNi-PD. Ni-I sample
was prepared by adding dropwise the necessary volume of
a 1.1 M aqueous solution of Ni(NOj3), to the support. A
similar procedure was used to prepare CuNi-I sample but
now a solution containing both Ni(NO3), and Cu(NO;),,
with a 1.1 M total concentration and a Ni:Cu mass ratio of
19, was added drop by drop to the support.

CuNi-PD sample was prepared using a mixed Ni(NOj3),
and Cu(NOs3), aqueous solution, 0.4 M total concentration
and Ni:Cu mass ratio of 19, and a 0.5 M K,COj solution as
the precipitating agent. Solutions were added simultane-
ously to a mechanically stirred suspension of the support in
deionized water, maintaining the pH at 7.2 £ 0.2 and the
temperature at 65 + 0.5 °C.

Both the impregnated and coprecipitated samples were
dried overnight at 90 °C and then calcined in air at 500 °C
for 2 h. Finally, the activation was carried out in situ under
H, flow as described in Sect. 2.3.

2.2 Catalysts Characterization

Elemental compositions were measured by inductively
coupled plasma (ICP), using a Perkin Elmer Optima 2100
DV spectrometer. The specific surface area (Sg), pore
volume (Vp) and mean pore diameter (dp) of the calcined
samples were measured by N, physisorption at —196 °C,
with a Quantachrome Accusorb S-1 sorptometer. Sg was
estimated by employing the BET equation and the pore
distribution was determined by applying the BJH method.
Previously to N, physisorption, samples were degassed
under vacuum at 250 °C.

The crystalline species present in the calcined samples
were identified by X-ray diffraction (XRD), in the 20 range
of 10°-80° at a scan speed of 2° min~', using a Shimadzu
D1 diffractometer and Ni-filtered Cu-Ko radiation
(A = 0.1540 nm). Crystallites size were calculated from
the NiO (0 1 2) diffraction lines using the Scherrer equa-
tion. Temperature programmed reduction (TPR) profiles
were obtained in a Micromeritics AutoChem 2920 system,
equipped with a TCD detector. The sample (100 mg) was
heated from 25 to 800 °C at 10 °C min~! under H>(5 %)/
Ar with a volumetric flow rate of 60 mL STP min™".

The hydrogen chemisorption capabilities were deter-
mined by volumetric adsorption experiments at 25 °C in a
conventional vacuum unit equipped with an MKS Baratron
pressure gauge. Catalysts were previously reduced in situ at
500 °C for 2 h and then outgassed 2 h at 500 °C prior to
performing H, chemisorption experiments. Hydrogen
uptake was determined using double isotherm method. The
amount of irreversibly chemisorbed H, was calculated as
the difference between total and weakly adsorbed Ho,.
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Transmission electron microscopy (TEM) images were
obtained using a 200 kV G2 20 S-Twin Tecnai microscope
with a LaBg electron source. Previously, the samples were
reduced ex situ under H, (100 %) flow at 500 °C for 1 h,
cooled to room temperature in N, flow and then passivated
sweeping with an O, (2 %)/N, stream. Then, catalyst
powder was dispersed in milli-Q water. After 30 s in an
ultrasonic bath, a drop of this suspension was applied to a
copper grid (200 mesh) coated with carbon film, and
allowed to dry in air.

2.3 Catalytic Tests

Catalytic activity tests were carried out at atmospheric
pressure in a stainless steel fixed-bed tubular reactor (i.d.
10 mm) operated in down flow mode. Calcined precursors
samples were pressed to obtain tablets that were then
crushed and screened. The fraction in the 0.35-0.42 mm
range was loaded into the reactor after dilution with quartz.
Catalyst loading (W) of 0.05 g, contact time (W/FgM) of
12 gh mol™! and gas flow rate of 150 cm® min~' were
used for catalytic tests. Under these experimental condi-
tions, the flow regime was turbulent (Re > 10.000).
Experiments were carried out at 170, 195 and 220 °C after
in situ activation of the samples in pure H, flow
(100 cm’® minfl) at 500 °C for 1 h. The reactor effluent
was analyzed by on-line gas chromatography using a
Varian CP 3380 gas chromatograph equipped with flame
ionization detector and a Graphpac GC 0.1 % AT-1000
(80-100) packed column.

3 Results and Discussion
3.1 Physicochemical Characterization

The composition and textural properties of the prepared
and calcined samples are shown in Table 1. The total metal

Table 1 Composition and textural properties of the calcined samples

loadings and Cu:Ni ratios determined by ICP are in good
agreement with theoretical values. The Sg, Vp and dp of
oxide precursors, i.e. samples after calcination, were quite
similar to that of the original support. The most important
diminution of Vp and dp respect to the original support was
around 20 % and it was observed for CuNi-PD sample.
Thus, it can be considered that the main textural properties
of SiO,—Al,O; were not significantly affected by the
preparation methods.

The X-ray diffractograms (XRD) of the oxide precursors
are shown in Fig. 1. In all of the samples, the amorphous
Si0,—Al,05 halo was observed between 20 = 10° and 35°.
In addition, diffraction peaks at 20 = 37.3°, 43.4°, 63.1°
and 75.7° were clearly observed for both samples prepared
by impregnation (Fig. 1A, B). These peaks can be assigned
to a polycrystalline NiO phase (PDF-2-44-1159) formed on
the surface of the SiO,—Al,O; used as a support. However,
it is important to notice that the peak intensities are much
lower in the case of the CuNi-I sample than for the

20 40 60 80
20 (deg)

Fig. 1 X-ray diffractograms of samples calcined in air at 500 °C
(A Ni-I; B CuNi-I, C CuNi-PD) and hydrated precursor of CuNi-PD
(D). Filled down pointing triangle NiO (PDF-2-44-1159), open circle
Ni antigorite-like phase (Ni3Si,O5(OH)4, PDF-2-22-0754)

Sample ML (w%)? Sg (m? g7)° Vp (ecm® g~h)° dp (nm)® L (nm)° NiO (%)? NiZ* (%)¢
Ni-I 9.9 433 0.66 5.7 13.5 80 20
CuNi-I 0.6(Cu), 9.4(Ni) 451 0.66 5.6 10.7 32 68
CuNi-PD 0.5(Cu), 9.5(Ni) 450 0.54 46 n.d. 8 92

n.d. not determined
* Metal loading determined by ICP

o Specific surface area (S,), pore volume (Vp) and average pore diameter (dp) of the calcined samples

¢ Medium NiO crystallite size estimated by Scherrer equation

9 Fraction of NiO and support-interacting Ni** species as determined by TPR
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monometallic Ni-I sample. Indeed, the total integrated
intensity of the peaks in the XRD of CuNi-I was only 43 %
of the total integrated intensity measured for Ni-I. It is
evident that the addition of a small quantity of Cu”" ions
led to a diminution in the amount of NiO crystallites
formed on the SiO,—Al,O5 surface. Even more, when the
crystalline domains for both impregnated samples are
compared, it can be seen that NiO crystallites in CuNi-I are
around 25 % smaller than in Ni-I (Table 1). In the case of
the hydrated precursor of CulNi-PD (Fig. 1D), two small
and broad peaks are observed at 20 = 34.3° and 60.7°,
which were assigned to a Ni antigorite-like phase (Nij
Si,05(OH),4, PDF-2-22-0754). This compound, formed by
reaction between Ni and support surface, has already been
reported for Ni catalysts prepared by precipitation-deposi-
tion over SiO, and SiO,—Al,O3 [22]. After calcination, this
Ni** compound was partially converted to NiO with very
small crystallite size (Fig. 1C). Then, it can be assumed
that a highly dispersed Ni** phase formed by very small
crystallites, around 4 nm in size, interacting with the Si0,—
Al,O3 surface was obtained for the CuNi-PD sample. In
consequence, it can be stated that the trend for crystallinity
degree and crystallite mean size for the three samples is:
Ni-I > CuNi-I > CuNi-PD.

TPR profiles of the calcined samples are presented in
Fig. 2. The profile of Ni-I sample presents a main H,
consumption peak at 380 °C, that is normally assigned to
the reduction of a NiO phase with low or no interaction
with the support [17]. A second H, consumption peak with
a maximum at 520 °C and lower intensity than the first one
is also observed. This peak is usually assigned to the
reduction of a Ni*" phase having a strong interaction with
the support [18]. As well, the TPR profile of the CuNi-I
sample shows two reduction peaks: the first one at 395 °C

CuNi-1

CuNi-PD

T T T T T T T
100 300 500 700
T (°C)

Fig. 2 Temperature-programmed reduction profiles of oxide precur-
sors calcined in air at 500 °C
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and the second one at 505 °C, which are assigned to the
same species than in the case of Ni-I. However, in this
case, the intensity of both peaks was similar, which indi-
cates that the relative proportion of both species is quite
different in both impregnated samples. On the other hand,
the TPR profile for CuNi-PD shows only a very broad peak
between 300 and 700 °C, with maximum at 520 °C and a
small shoulder at 370 °C, that can be assigned to the
reduction of a Ni*" phase strongly interacting with the
support. This is in agreement with the XRD of CuNi-PD
sample, in which the formation of a Ni antigorite-like
phase was observed. The absence of the corresponding
diffraction lines in the case of CuNi-I could be ascribed to
the lower amount of this very highly dispersed phase.

In order to estimate the relative proportion of NiO and
Ni** species for each sample, TPR profiles were decon-
voluted using two Gaussian peaks, and the corresponding
values are shown in Table 1. The NiO:Ni*" proportion
shifts from 80:20 for Ni-I to 32:68 for CuNi-I, and to 8:92
for CuNi-PD. It is worth noticing that the ratio of intensi-
ties between the NiO reduction peak for CuNi-I and the
NiO reduction peak for Ni-I is 40 %, which is in good
agreement with the relative intensity obtained from the
XRD of these two samples. In consequence, both XRD
and TPR results evidence a decrease in the amount of
polycrystalline NiO according to the following trend: Ni-
I > CuNi-I > CuNi-PD. This trend is jus the opposite to
that for the amount of Ni*" phase strongly interacting
with support surface. It is then concluded that the addition
of a small amount of Cu promotes the interaction of Ni*™
ions with the support. These results are in agreement with
those obtained in a previous work for CuNi/SBA catalysts
[23]. The formation of a strongly interacting Ni** phase is
more favored when the bimetallic sample is prepared by
coprecipitation-deposition instead of incipient wetness
impregnation.

Ni-I and CuNi-PD were analyzed by TEM, and repre-
sentative micrographs are shown in Fig. 3. A metallic
particle size distribution was obtained for each sample by
counting approximately 100 particles from several micro-
graphs; the mean particle size and range are shown in
Table 2. A wide distribution of metal particle size was
determined for Ni-I sample, which goes from very small
particles, around 6 nm, to very large particles, almost
75 nm. On the contrary, very small metal Ni particles in a
very narrow range of sizes were observed for CuNi-PD.
These two very different particle size distributions can be
related, on one hand, with the trend for crystallinity degree
and crystallite sizes determined by XRD and, on the other
hand, with the trend for the amount of NiZ+ phase inter-
acting with the support determined by TPR. In summary,
we concluded that reduction of large NiO crystallites
having low interaction with the support led to large metal
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Fig. 3 TEM images of reduced-passivated samples. a Ni-I, b CuNi-PD

Table 2 Hydrogen chemisorption capability and metal particle size
of the reduced catalysts

Sample CH (cm® g7")? Dp (nm)” DDp (nm)°
Ni-I 0.12 26.2 6-75
CuNi-I 0.05 n.d. n.d.
CuNi-PD 0.15 45 3-7

n.d. not determined
 Trreversibly chemisorbed hydrogen after reduction at 500 °C

b Average Ni° particle size (Dp) and size range (DDp) determined
from TEM micrographs

Ni particles. On the contrary, the reduction of the Ni*"
phase strongly interacting with the support gave a metal Ni
phase constituted by very small particles. Therefore, the
results obtained by TEM are consistent with those obtained
by XRD and TPR.

The amount of irreversibly chemisorbed H, per gram of
catalyst (CH) for the reduced catalysts is shown in Table 2.
The H, chemisorption capability for CuNi-I is less than
half the one of Ni-I. On the other hand, for CuNi-PD, the
volume of chemisorbed hydrogen is three times larger than
for CuNi-I and some higher than for Ni-I. These results
show that the addition of a small amount of Cu diminishes
the hydrogen chemisorption capability of the metal Ni
phase. However, the coprecipitation-deposition method
leads to a bimetallic catalyst with a higher hydrogen
chemisorption capability per gram of sample than the
bimetallic sample prepared by impregnation. This is
probably due to the fact that the specific metal surface area
of CuNi-PD is much larger than that of CuNi-I.

As a summary of the characterization results, it can be
stated that the extent of the NiO phase diminishes

following the pattern Ni-I > CuNi-I > CuNi-PD, along
with a proportional augment of Ni*™ ions strongly inter-
acting with the SiO,—Al,O5 surface. The formation of this
Ni?* phase is strongly influenced by the addition of small
amounts of Cu®" ions and by the preparation method. The
reduction under H, flow of the low support-interacting NiO
phase results in large metallic particles, while the reduction
of the strongly support-interacting Ni** phase yields much
smaller bimetallic particles, with intrinsically lower H,
chemisorption capability but higher total metal surface
area.

3.2 Catalytic Activity

Catalytic tests were carried out at 170, 195 and 220 °C,
with a W/F9,, =2 ghmol™' and under atmospheric
pressure. The only products detected in all of the experi-
ments were SA, GBL, PA and CH4. All of the catalysts
used in this work were very active for gas phase MA
hydrogenation, hence the MA conversions were always
close to 100 % and constant during the whole catalytic
tests. In a previous paper, under similar conditions as used
in this work, we showed that MA is not directly hydro-
genolyzed to other products such as GBL or PA, but only
hydrogenated to SA, which in turn yields GBL or PA
through C=0 or C-C and C-O hydrogenolysis, respec-
tively [17]. Then, it is possible to analyze the activity of
these catalysts in terms of the SA conversion (Xs4), cal-
culated as Xg4 = (1 — Yg4) - 100, where Yg, is the mol of
SA detected by GC per mol of MA fed, taking into account
that total MA conversion was reached [18].

SA conversion as a function of time is shown in Fig. 4
for the three temperatures studied in this work. Ni-I showed
no deactivation during the 3 h of catalytic test, reaching
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Fig. 4 Succinic anhydride conversion as a function of time for the (Cu)-Ni/SiO,—Al,0O; catalysts used in this work at a 170 °C, b 195 °C,
¢ 220 °C. Filled down pointing triangle Ni-1, filled circle CuNi-l, filled up pointing triangle CuNi-PD

conversions of about 15, 38 and 60 % at 170, 195 and
220 °C, respectively. In the case of CuNi-I, SA conversion
was always higher than for Ni-I, even though a slight
deactivation at 170 and 195 °C was observed. The steady
state values (viz. t = 3 h) were 17, 60 and 85 %, at 170,
195 and 220 °C, respectively. The highest SA conversion
was reached in all of the cases with CuNi-PD catalyst. The
most important difference in catalytic activity between
CuNi-PD and catalyst prepared by impregnation was
especially observed at the lowest temperature. The initial
conversion at 170 °C with CuNi-PD was near 65 %, but
during the first hour of reaction the conversion diminished
to 55 % and then remained practically constant until the
end of the catalytic test. At higher reaction temperatures,
the conversion diminished more slowly, dropping from 83
to 73 % at 195 °C and from 100 to 95 % at 220 °C, always
reaching an apparent steady state after 3 h.

Comparing the samples prepared by impregnation, Ni-I
and CuNi-I, it can be concluded that the addition of a small
quantity of Cu increases the hydrogenolytic activity of Ni/
Si0,—Al,Oj3 catalyst. In the same sense, comparing both
bimetallic samples, CuNi-I and CuNi-PD, it can also be
concluded that the sample prepared by coprecipitation-
deposition is more active for SA hydrogenolysis than the
one prepared by impregnation, even though the difference
in SA conversion between both bimetallic catalysts became
smaller with increasing reaction temperature. In spite of the
differences in deactivation behaviour, the hydrogenolytic
activity trend was always the following: CuNi-PD > CuNi-
I > Ni-I. This pattern is coincident with the one obtained
for the amount of Ni*" species strongly interacting with the
Si0,—Al,O5 surface (Table 1), which in turn led to the
highly dispersed metal phase observed by TEM. In other
words, the trend observed for the SA conversion can be
related with an increasing metallic surface area per gram of
catalyst as the metal particle size decreases from Ni-I to
CuNi-PD. However, it is worth to notice that the increase
of initial SA conversion with temperature was considerably
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Fig. 5 Arrhenius plot for the gas phase hydrogenolysis of succinic
anhydride over (Cu)-Ni/SiO,—Al,O5 catalysts. Filled down pointing
triangle Ni-1, filled circle CuNi-l, filled up pointing triangle CuNi-PD

smaller for CuNi-PD than for the two catalysts prepared by
impregnation (Fig. 4). This is better reflected in an
Arrhenius plot, in which natural logarithm of SA
hydrogenolysis rate is represented as a function of the
reciprocal of reaction temperature (Fig. 5). Then, it is clear
that the influence of temperature on SA hydrogenolysis rate
with CuNi-PD was much lower than with CuNi-I and Ni-I,
which indicates that the apparent activation energy for SA
hydrogenolysis should be the lowest for the catalyst pre-
pared by coprecipitation-deposition method. The last
would indicate that the metal surface formed from the
reduction of a Ni*™ phase strongly interacting with SiO,—
Al,O3 is more active for SA adsorption and subsequent
selective hydrogenolysis into GBL than the surface
obtained by reduction of large NiO crystallites. Therefore,
the pattern obtained for the SA hydrogenolysis rate can be
explained on the basis of both an increase of total metal
surface and structural changes on the metal surface, due to
the addition of small amounts of Cu and the preparation
method.
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Fig. 6 Yields in y-butyrolactone (a) and propionic acid (b) as a
function of time for the (Cu)-Ni/SiO,—Al,Oj; catalysts used in this
work at 195 °C. Filled down pointing triangle Ni-1, filled circle CuNi-
1, filled up pointing triangle CuNi-PD

The curves of GBL yield as a function of time are similar
to those obtained for the corresponding curves of SA con-
version. As an example, the yield in GBL as a function of
time at 195 °C with the three catalysts is shown in Fig. 6a.
When these curves are compared with those obtained for SA
conversion at the same temperature (Fig. 4b), the same trend
is observed: CuNi-PD > CuNi-I > Ni-I. The yield in PA
was always approximately constant with reaction time and
lower than 10 %, being around 7 % at 195 °C (Fig. 6b).
Besides, at each temperature, the yield in PA was very
similar for the three catalysts. On the other hand, CH,4, which
is a byproduct of GBL hydrogenolysis to PA, was always
present in very low yields (from 0.5, at 170 °C, to 2 %, at
220 °C), which indicates that almost all PA was produced
from SA hydrogenolysis [17].

In summary, MA was easily hydrogenated to SA in gas
phase on Ni(Cu)/SiO,—Al,05 catalysts and then SA was
mainly converted into GBL by selective hydrogenolysis of
C=0 bond. Only a minor amount of SA was converted to
PA through hydrogenolysis of C-C and C-O bonds.
Finally, negligible amounts of GBL are hydrogenolyzed to
PA and CH,. This complex reaction network is represented
in Scheme 1.

As we pointed out above, while GBL yield diminished
with time probably due to deactivation of active sites, PA

() (@) (0]
oﬁo - OvO - Q¢O
MA SA GBL

PA

Scheme 1 Reaction network for maleic anhydride hydrogenation
under the conditions used in this work. MA maleic anhydride, SA
succinic anhydride, GBL vy-butyrolactone, PA propionic acid

yield kept almost constant (Fig. 6). These differences in the
time evolutions for the yields in GBL and PA were
explained in a previous work considering the coexistence
of two different types of hydrogenolytic sites on the metal
surface [17], one of them active in the hydrogenolysis of
SA to GBL and the other one active in the hydrogenolysis
of SA to PA. The metal sites that are active in the
hydrogenolysis of SA to GBL are deactivated faster than
those active in the hydrogenolysis of SA to PA, probably
due to strong adsorption of reactant and/or product mole-
cules. According to the results presented in this work, the
adsorption of reactant and/or product molecules is stronger
on Cu-modified Ni/SiO,—Al,O5 catalysts than on Ni-I
catalyst. This can be explained considering that reduction
of support-interacting Ni*™ species leads to metal Ni sites
that can adsorb product and/or reactant molecules more
strongly than metal Ni phase obtained by reduction of NiO.
As CuNi precursors have a higher proportion of Ni*"
species strongly interacting with support respect to NiO,
then a higher deactivation would be expected for bimetallic
CuNi catalysts than for Ni-I catalyst, even at similar con-
versions levels (Fig. 4). The diminution of deactivation
effect with temperature can be explained by considering
that adsorption strength of reactants and/or products
diminishes and the hydrogenation rate of these strongly
adsorbed species increases as the reaction temperature is
raised [16]. This effect is more pronounced in the case of
CuNi-PD than in the case of CuNi-I, which is consistent
with the low apparent activation energy observed for this
sample (Fig. 5).

In order to neglect the effect of deactivation, the initial
selectivity to GBL, defined as: S%BL = YgBL/(YgBL + YgA)
and the initial and final yields (Y0, , Y&z, ) in GBL at 170
and 220 °C are shown in Fig. 7 for the three catalysts.
Selectivities to GBL close to 90 % and GBL yields of
80-85 % were reached with the bimetallic samples at a
reaction temperature of 220 °C. It is worth to notice that
GBL yields of only 45 % or lower were reported when the
gas phase MA hydrogenation was carried out over Ni-
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Fig. 7 Initial GBL selectivity (.S%BL), and initial and final GBL yield
(Y?;BL, Y(F;BL), ata 170 °C and b 220 °C. White Ni-1, light grey CuNi-
1, dark grey CuNi-PD

based catalysts [24-26]. Moreover, these yields in GBL
were reached only over Pt-doped Ni/Al,O; catalysts at
pressures higher than 10 bar [24]. Then, catalytic results
presented in this work are clearly superior to the as yet
reported in the literature, including our previous works
with Ni/SiO, [17].

It is observed that CuNi-PD was slightly more selective
to GBL than Ni-I and CuNi-I, mainly at 170 °C. Besides,
for similar levels of SA conversion, almost the same
selectivity to GBL was obtained with Ni-I and CuNi-I
catalysts at 170 °C (Figs. 4a, 7a) and also with CuNi-I and
CuNi-PD at 195 and 220 °C (Figs. 4b, c, 7b). The initial
and final yields to GBL, both at 170 and 220 °C, followed
the same trend observed for GBL yield at 195 °C (Fig. 6a).
Even more, at each temperature, GBL yields are similar to
the corresponding SA conversions (Figs. 4, 7). This indi-
cates that as the metal particle size became smaller, the SA
conversion and GBL yield increased while only small
changes in SA selectivity were observed. Then, the main
effect of obtaining a metal phase constituted by smaller
particles is an increase in the number of hydrogenolytic
sites per gram of catalyst, which leads to an important rise
in the global rate for SA hydrogenolysis. However, the
highest selectivity to GBL with CuNi-PD at 170 °C indi-
cates that the ratio of surface sites active for SA
hydrogenolysis to GBL respect to those for SA
hydrogenolysis to PA is some higher on the metal surface
of CuNi-PD than of Ni-I and CuNi-I. This statement is in
line with structural differences suggested from the varia-
tions in SA hydrogenolysis rate observed with temperature
(Fig. 5).

The trend for deactivation is following the same pattern
as for hydrogenolytic activity: CuNi-PD > CuNi-I > Ni-I.
This indicates that the active sites on the surface of the
smallest particles can chemisorb more strongly reactant
and/or product molecules than those on the larger metal
particles. Therefore, this is also in agreement with some
structural changes that occur on the metal Ni surface due to

@ Springer

addition of small amounts of Cu and the preparation
method.

In summary, two main outcomes can be inferred from
the experimental results obtained: (1) the addition of small
amounts of Cu and the use of coprecipitation-deposition
method lead to an important increase of the SA
hydrogenolysis rate and GBL yield, probably due to the
increasing number of surface hydrogenolytic sites per gram
of catalyst as the metal particle size decreases; (2) the
preparation of Cu—Ni/SiO,—Al,03 by coprecipitation-de-
position promotes some surface structural changes that lead
to a decrease of the apparent activation energy and to an
increase in selectivity to GBL.

4 Conclusions

Gas-phase MA hydrogenation was studied on Cu-modified
Ni catalysts supported on SiO,—Al,O3. It was found that
both the addition of a small quantity of Cu and the
preparation method greatly affect the physicochemical
characteristics of the catalysts, as well as its catalytic
performance. Specifically, adding a small amount of Cu®"
ions to the precursor favours the formation of a Ni** phase
that interacts strongly with the support surface, in detriment
of the large NiO crystallites formed on Ni/SiO,—Al,03
catalyst. Preparation of the Cu-Ni/SiO,—Al,05 catalyst by
the coprecipitation-deposition method, instead of incipient
wetness impregnation, enhances the formation of this oxide
phase strongly interacting with the support. The reduction
of the low support-interacting NiO phase results in large
metallic particles, while the reduction of the strongly
support-interacting Ni*" phase yields smaller metallic
particles, with intrinsically lower H, chemisorption capa-
bility but a much higher specific surface metal area.

The metallic Ni phase obtained from the reduction of the
Ni** phase is more active in the selective SA hydrogenol-
ysis to y-butyrolactone than the one formed from NiO phase
reduction. This was attributed to the higher specific metallic
surface area and to some probable structural changes on the
metal Ni surface. Both effects lead to a very important
increase of the yield in GBL respect to the metal phase
obtained from the reduction of large NiO crystallites.

Both the effect of the addition of small amounts of Cu to
Ni and the use of coprecipitation-deposition method make
Cu—Ni/Si0,—Al,05 the best catalyst in this work for 7-
butyrolactone production from MA under H, gas flow.
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