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a  b  s  t  r  a  c  t

The  gas  phase  hydrogenation  of  maleic  anhydride  to obtain  �-butyrolactone  was  studied  using Ni  sup-
ported  on  SiO2, SiO2–Al2O3 and  zeolite  H-BEA  as catalysts.  The  samples  were  prepared  by  incipient
wetness  impregnation  and  characterized  by N2 adsorption  at −196 ◦C (Sg),  X-ray  diffraction  (XRD),  tem-
perature  programmed  reduction  (TPR),  temperature  programmed  desorption  of  NH3 (TPD-NH3) and
chemisorption  of  H2.  The  reaction  was  carried  out  at  170 ◦C  and  220 ◦C in a  fixed  bed  reactor  operat-
ing  at  atmospheric  pressure.  From  the characterization  results,  it was  determined  that  the  degree  of
Ni2+–support  interaction  varies  according  to  the  following  pattern:  Ni/HBEA  >  Ni/SiO2–Al2O3 >  Ni/SiO2.
All  catalysts  were  very  active  in  the  hydrogenation  of  maleic  anhydride  to succinic  anhydride.  How-
ydrogenolysis
i-based catalysts
-Butyrolactone

ever,  hydrogenolytic  activity  and  stability  of nickel-based  catalyst  varies  with  the  degree  of  interaction
Ni2+–support.  Ni/H-BEA,  in  which  Ni2+–support  interaction  is the  highest,  was  active  in  the  hydrogenoly-
sis  of  succinic  anhydride  to �-butyrolactone  but it  was  not  stable.  By  contrast,  Ni/SiO2–Al2O3 and  Ni/SiO2,
with  medium  or  low  degree  of  Ni2+–support  interaction,  were  more  stable  than  Ni/H-BEA.  In addition,
Ni/SiO2–Al2O3, with  a  medium  degree  of  Ni2+–support  interaction,  was  the  most  stable  and  selective  to
�-butyrolactone,  especially  when  the reaction  was  carried  out at  220 ◦C.
. Introduction

The global reaction network for maleic anhydride (MA) hydro-
enation over Ni-based catalysts is shown in Fig. 1. In this process,
oth hydrogenation and hydrogenolysis reactions are involved.
ome of the possible reaction products, as succinic anhydride
SA), �-gammabutyrolactone (GBL), tetrahydrofurane (THF), and
,4-butanediol (BDO), are important starting materials in chem-

cal industry. In particular, SA, the first product in the reaction
equence, is widely used in the manufacture of polymeric materi-
ls, pharmaceuticals, agrochemicals, dyes, photographic chemicals,
urface active agents, lubricant additives, organic flame retardant
aterials, esters, flavors and fragrances. GBL is mainly used as

olvent in replacement of chlorinated solvents and synthesis inter-
ediate for the production of agrochemicals, pharmaceuticals and

olymers [1,2].
In the open literature, several papers reported different type of
Please cite this article in press as: S.A. Regenhardt, et al., Appl. Catal. A: Ge

atalysts and a variety of operating conditions in order to carry
ut the MA  hydrogenation [1–10]. The reaction was studied using
everal types of noble metal-based catalysts, such as Pd, Pt and

∗ Corresponding author at: INCAPE (U.N.L. – CONICET), Santiago del Estero 2654,
S3000AOJ) Santa Fe, Argentina. Tel.: +54 342 457 1164/2747; fax: +54 342 453 1168.

E-mail address: amarchi@fiq.unl.edu.ar (A.J. Marchi).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2012.09.023
© 2012 Elsevier B.V. All rights reserved.

Au, both in liquid and gas phase [3,7–9].  Generally, the experi-
ments were carried out in the temperature and pressure ranges
of 190–240 ◦C and 1–5 MPa, respectively. Copper-based catalysts
were also used to study the gas-phase hydrogenation of MA
between 210 and 280 ◦C [4,10].  In general, the catalysts compo-
sition of these copper-based catalysts is rather complex since they
also contain Al, Zn, Cr and Ce. In addition, the use of Cr-based cata-
lysts is undesirable because hexavalent Cr ions are highly toxic. In
all of the cases, the main products were SA, GBL, THF and BDO and
the product distribution was  strongly depending on the reaction
conditions and the type of catalyst. Other by-products may  also be
obtained during MA  hydrogenation, such as propionic acid (PA),
methane and CO [5,6]. In some cases, partial catalyst deactivation
has been reported for copper-based catalysts [10–12].

Despite the fact that there are many works in which an exhaus-
tive study of the behavior of Ni, supported on mesoporous and
microporous solids, in different hydrogenation–hydrogenolysis
reactions was  made [13,14],  to our knowledge, there is not research
work dealing with the study of support influence on the perfor-
mance of Ni-based catalysts in the gas phase MA hydrogenation.

In a previous work we found evidence that Ni-based catalysts
n. (2012), http://dx.doi.org/10.1016/j.apcata.2012.09.023

are active for MA  hydrogenation and SA hydrogenolysis in gas
phase [15]. In this work, we analyze the catalytic performance of
Ni supported over different insulating oxides on the selective MA
hydrogenation to GBL in gas phase at atmospheric pressure. The

dx.doi.org/10.1016/j.apcata.2012.09.023
dx.doi.org/10.1016/j.apcata.2012.09.023
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:amarchi@fiq.unl.edu.ar
dx.doi.org/10.1016/j.apcata.2012.09.023


ARTICLE ING Model

APCATA-13879; No. of Pages 7

2 S.A. Regenhardt et al. / Applied Catalysi

O OO H2

Maleic  a nhydride

O OO

Succinic a nhydride

OO

-H2O

2H2

-bu tyrolactone

OH

O

- CO

2H2
2H2 - CH4

γ

o
a

2

2

w
(
p
r
t
a
n
w
s

p
m
A
2

T
A
d
s
f

i
(
t
m
d

v
c
s
t
t
i
i
u
i
a
(
a

a
i
a
a

Prop ion ic acid

Fig. 1. Global reaction network for MA  hydrogenation.

bjective is to determine the influence of the support on the cat-
lytic activity of Ni in order to improve the selectivity to GBL.

. Experimental

.1. Catalyst preparation and characterization

Different insulating oxides with distinct pore size and structure
ere used as supports: SiO2 (Grace Davison Grade 62), SiO2–Al2O3

Sigma–Aldrich) and H-BEA (Chemie Uetikon). The catalysts were
repared by incipient wetness impregnation method using the cor-
esponding volumes of Ni(NO3)2 solutions in order to obtain a
heoretical metal loading of 10%. The hydrated precursors, obtained
fter impregnation, were dried at 120 ◦C overnight and then calci-
ated in air flow at 500 ◦C for 2 h. The experimental nickel loading
as determined by using ICP (Inductively Coupled Plasma) analy-

is.
The specific surface area and pore distribution of the oxide

recursor, obtained after impregnation and calcination, were deter-
ined by N2 physisorption at −196 ◦C using a Quantachrome
utosorb-1 sorptometer. Samples were previously degassed at
50 ◦C under vacuum.

The reducibility of nickel oxide species was determined by
PR (temperature programmed reduction) using a Micromeritics
utoChem 2920 system equipped with a thermal conductivity
etector. The TPR profiles were obtained passing a H2(5%)/Ar gas
tream (60 cm3/min STP), while the temperature was  increased
rom 25 to 800 ◦C at 10 ◦C/min.

XRD data was recorded at room temperature by employ-
ng a Shimadzu D-1 diffractometer and using Cu-K� radiation
� = 1.5418 Å) and a Ni filter. Analysis was carried out using a con-
inuous scan mode at 2 ◦C/min in the range 2� = 10–80◦. Crystallite

ean size was calculated from the half-with of the NiO (1 1 1)
iffraction line by applying Debye–Scherrer equation.

Chemisorption of hydrogen was measured by carrying out
olumetric adsorption experiments at room temperature in a
onventional vacuum unit equipped with MKS  Baratron pres-
ure gauge. Catalysts were reduced in H2 at 500 ◦C for 2 h and
hen outgassed 2 h at 500 ◦C prior to performing gas chemisorp-
ion experiments. Hydrogen uptake was determined using double
sotherm method. After cooling to room temperature a first
sotherm (primary isotherm) was drawn for measuring the total H2
ptake. Then, after 1 h of evacuation at room temperature, a second

sotherm (secondary isotherm) was performed to determine the
mount of weakly adsorbed H2. The amount of irreversibly held H2
HC)i, was calculated as the difference between total and weakly
dsorbed H2. The pressure range of isotherms was 0–6.6 kPa.

Acid site densities were determined by NH3 TPD (temper-
Please cite this article in press as: S.A. Regenhardt, et al., Appl. Catal. A: Ge

ture programmed desorption). Samples (200 mg)  were treated
n He flow (∼60 cm3 min−1) at 500 ◦C for 1.5 h and exposed to

 NH3(1%)/He stream at 100 ◦C until surface saturation. Weakly
dsorbed NH3 was removed by flowing He at 60 cm3 min−1 for
 PRESS
s A: General xxx (2012) xxx– xxx

0.5 h. Temperature was  then increased to 600 ◦C at 10 ◦C min−1, and
the NH3 concentration in the effluent was  measured by mass spec-
troscopy (MS) using a Baltzers Omnistar unit. The monitored signals
during this analysis were m/e = 2, 16, 17, 18 and 28.

2.2. Catalytic activity

The hydrogenation of MA  in gas phase was performed at atmo-
spheric pressure in a fixed-bed tubular reactor (SS 1.5 cm i.d.)
operated by down flow mode. Samples were pressed to obtain
tablets that were then crushed and screening. The fraction in the
range of 0.35–0.42 mm was loaded to the reactor after dilution with
quartz using a quartz/catalyst ratio of 1. Catalyst loading (W)  of
0.050 g, contact time (W/F0

MA) of 12 g cat. h mol−1 MA  and gas flow
rate of 150 cm3 min−1 were used for catalytic tests. The catalytic
tests were carried out at 170 and 220 ◦C. Catalyst bed temperature
was measured and controlled using a J-type thermocouple and a
PID controller-programmer. Before activity tests, the catalyst sam-
ples were reduced in H2 flow (100 cm3 min−1) at 500 ◦C for 1 h. Gas
stream at the reactor outlet was  analyzed by on-line gas chromatog-
raphy using a GC Varian CP 3380 equipped with flame ionization
detector and a Graphpac GC 0.1% AT-1000 (80–100) packed col-
umn. It was  verified that diffussional limitations do not alter the
reaction rate measurements by carrying out experiments varying
the particle size in the range 0.15–0.60 mm and the contact time
between 10 and 80 g cat. h mol−1.

3. Results and discussion

3.1. Catalyst characterization

The supports used in this work have different specific surface
area (Sg), from 250 to 560 m2 g−1, and pore volume (Vp), from 0.24
to 0.88 cm3 g−1 (Table 1). In addition, H-BEA is a molecular sieve
with micropores of 0.67 nm in diameter, while SiO2 and SiO2–Al2O3
are mesoporous solids whose mean pore diameters (Dp) are 13.9
and 5.5 nm,  respectively. The Sg,  Vp and Dp values determined for
Ni/SiO2 and Ni/SiO2–Al2O3 samples, after impregnation and cal-
cination, are quite similar to those of the corresponding supports
(Table 1). The lowest effect of nickel addition on textural properties
was observed in the case of Ni/SiO2. Instead, the greatest decrease
in Sg and Vp after impregnation and calcination was  observed for
Ni/H-BEA. This would indicate that, during the impregnation and
calcination sequence, some of the nickel precursor has blocked a
fraction of the support micropores.

The chemical analysis by ICP was done in order to determine
the real amount of nickel incorporated to each support. The results,
shown in Table 2, are in good agreement with the theoretical values
since, in all of the cases, the nickel load was between 9 and 10%,
approximately.

The X-ray diffraction (XRD) patterns of the supports used in this
work are shown in Fig. 2A. For SiO2 and SiO2–Al2O3, the charac-
teristic silica amorphous halo, in the range 2� = 15–30◦, was only
observed. On the other hand, the X-ray diffractogram for the H-
BEA sample corresponds to the characteristic crystalline structure
of zeolite Beta [16]. In summary, some of the supports used in
this work are amorphous, as SiO2 and SiO2–Al2O3, or it has a very
well-defined crystalline structure, as zeolite H-BEA.

The diffractograms of Ni oxides precursors supported on SiO2,
SiO2–Al2O3 and zeolite H-BEA are shown in Fig. 2B. In all of the
n. (2012), http://dx.doi.org/10.1016/j.apcata.2012.09.023

cases, new diffraction peaks at similar 2� values were observed,
which were assigned to a polycrystalline nickel oxide phase (JCPDS
22-1189). In all of the cases, the mean crystallite size, estimated by
applying the Debye–Scherrer equation, was between 13 and 15 nm.

dx.doi.org/10.1016/j.apcata.2012.09.023
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Table  1
Chemical composition, textural properties and concentration of surface acid sites of supports and precursors calcined in air flow at 500 ◦C.

Sample Ratio Si/Al Sga (m2 g−1) Vpb (cm3 g−1) Dpc (nm) TPD-NH3 (�mol  m−2)

SiO2 – 254 0.880 13.9 n.d.
SiO2–Al2O3 6.62 467 0.676 5.54 1.09
H-BEA 12.5 560 0.240 0.67 0.90
Ni/SiO2 – 250 0.851 14.5 n.d.
Ni/SiO2–Al2O3 6.62 433 0.655 4.09 0.89
Ni/H-BEA 12.5 524 0.168 – 0.65

a Sg:  specific surface.
b Vp:  pore volume.
c Dp:  pore diameter.

Table 2
Reduction degree (RD) and H2 chemisorption capability of the nickel samples prepared in this work.

Catalyst Nia (%) HT
2

b (mmol g−1
cat) HE

2
c (mmol  g−1

cat) RDd (%) H2 (HC)i
e (mmol H2 g−1

cat)

Ni/SiO2 9.65 1.64 1.51 92 0.22
Ni/SiO2–Al2O3 9.90 1.69 1.24 74 0.15
Ni/H-BEA 8.90 1.52 0.99 65 0.20

a Metal loading determined by ICP.
b Theoretical H2 consumption calculated from NiO content.

F
i
w
p
w
i

F
c

c Experimental H2 consumption calculated from TPR profiles.
d Reduction degree: RD = (HE

2 /HT
2 ) × 100.

e Hydrogen chemisorbed irreversibly after reduction in H2 at 500 ◦C.

The TPR profiles of the nickel oxide precursors are presented in
ig. 3. In the case of Ni/SiO2, only one reduction peak with a max-
mum H2 uptake at 400 ◦C was detected, which is in agreement
Please cite this article in press as: S.A. Regenhardt, et al., Appl. Catal. A: Ge

ith that observed in previous works for the reduction of NiO sup-
orted on SiO2 [15,17].  Besides, this peak is asymmetric and wide,
hich is indicative that large particles of NiO, with varying sizes, are

nvolved in the reduction process. This is in good agreement with
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ig. 2. XRD patterns for the supports (A) and nickel oxide precursors (B) after cal-
ination at 500 ◦C. (�) H-BEA (JCPDS 48-0074); (©) NiO (JCPDS 22-1189).
the XRD results obtained for Ni/SiO2 oxide precursor. In the profile
corresponding to Ni/SiO2–Al2O3, two  H2 consumption peaks were
observed. The first peak has a maximum at 380 ◦C, which can be
again assigned to reduction of NiO particles. It is worth to notice
that this H2 consumption band started at 230 ◦C, i.e. 90 ◦C lower
than in the case of Ni/SiO2. This is indicating that some of the NiO
particles on Ni/SiO2–Al2O3 are smaller than those on Ni/SiO2 and,
in consequence, they are more easily reduced. The maximum of the
second peak was  observed at 520 ◦C and corresponds to the reduc-
tion of Ni2+ interacting strongly with the support, probably forming
surface nickel aluminates [18,19]. Finally, the profile of Ni/H-BEA
showed a H2 consumption profile similar to that of Ni/SiO2–Al2O3
with two  peaks at 400 ◦C and 580 ◦C: the first peak was  also assigned
to the reduction of NiO particles of different sizes, while the sec-
ond one was attributed to the reduction of Ni2+ strongly interacting
with the support.
n. (2012), http://dx.doi.org/10.1016/j.apcata.2012.09.023

With the objective to get more information about Ni2+–support
interaction, the reduction degree (RD) for each sample was  esti-
mated as the ratio between the experimental H2 consumption (HE

2)

0 200 400 600 800

Ni/H-BE A

Ni/SiO
2
-Al

2
O

3

Ni/SiO
2

Temperature (°C)

Fig. 3. TPR profiles of the nickel oxide precursors after calcination at 500 ◦C.

dx.doi.org/10.1016/j.apcata.2012.09.023
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the fact that both H and N are coming from the decomposition of
fter reduction in H2 flow at 500 ◦C (NH3 adsorption at 100 ◦C and desorption at
0 ◦C min−1).

nd the theoretical H2 consumption (HT
2 ). The HT

2 values were cal-
ulated from the NiO content in each sample, determined from ICP
nalysis, and assuming a stoichiometry H2:NiO = 1 [20]. The HE

2 val-
es were estimated by numerical integration of the corresponding
PR profiles (Fig. 3). The obtained RD values are shown in Table 2.
or all of the cases, it was verified that HE

2 was lower than HT
2 , indi-

ating that part of de Ni2+ ions were not completely reduced during
PR experiments (Table 2). The higher RD value was observed for
i/SiO2, in which the interaction Ni2+–support is low [21]. In this
ase, RD was 92%, very close to values previously reported for
i/SiO2 samples [22,23]. The RD value estimated for Ni/SiO2–Al2O3

s usually explained by the formation of surface nickel silicates,
rtho-silicates and/or aluminates, which could be reduced only at
emperatures above 800 ◦C [18]. The high specific surface area of
iO2–Al2O3 could promote the formation of these kinds of com-
ounds. The lowest RD value was determined for Ni/H-BEA, in
greement with the fact that the reducibility of Ni2+ ions interac-
ing very strongly with aluminosilicate surfaces is very low [24]. In
he case of Ni/H-BEA, some H+ exchange by Ni2+ can occur. These
xchanged Ni2+ ions are stabilized in the surface sites inside the
eolite microporous and, as a consequence, their reducibility is very
ow [25]. It is also possible that the smallest NiO particles, formed
uring the calcination, have reacted with H+ on the zeolite surface
o give Ni(OH)+. These Ni(OH)+ ions can also interact strongly with
he zeolite surface and, as a consequence, these Ni(OH)+ surface
pecies have a very low reducibility [25]. In summary, TPR profiles
nd RD values are indicating that Ni2+–support interaction follows
he pattern: Ni/SiO2 < Ni/SiO2–Al2O3 < Ni/H-BEA.

In all of the cases, the amount of irreversibly chemisorbed H2
as similar indicating that the dispersion of metal nickel is low

nd almost the same on the different supports used in this work
Table 2). These results are in agreement with those obtained by
RD, which showed that, in all of the cases, rather large NiO crystal-
Please cite this article in press as: S.A. Regenhardt, et al., Appl. Catal. A: Ge

ites are formed after calcination. Thus, it is expected that a poorly
ispersed metal nickel phase will be obtained from these oxide
recursors.
Fig. 5. H2 signal (m/e = 2) in the TPD-NH3 experiments with nickel catalysts obtained
by reduction in H2 flow at 500 ◦C (NH3 adsorption at 100 ◦C and desorption at
10 ◦C min−1).

The evolutions of NH3 desorption (m/e = 16) from supports are
shown in Fig. 4A. It was  observed that the desorption of NH3 from
SiO2–Al2O3 starts at 100 ◦C and continues until 570 ◦C, reaching a
maximum at 160 ◦C. For H-BEA, the desorption begun at 150 ◦C and
finished approximately at 650 ◦C, reaching a maximum at 230 ◦C.
These temperature ranges are indicating that both SiO2–Al2O3 and
H-BEA have surface sites with a wide range of acid strength. In addi-
tion, both mixed oxides showed similar amounts of NH3 adsorbed
per surface unit (Table 1). Instead, no NH3 desorption was detected
in the case of SiO2, indicating that there are not acid sites on its sur-
face with the capability to interact with NH3 (Fig. 4A and Table 1).

During TPD-NH3 experiments of Ni-supported samples, pre-
viously reduced at 500 ◦C in H2 flow, the evolutions of m/e  = 2
(Fig. 5) and 28 (not shown) signals were observed besides the one
of m/e = 16 signal (Fig. 4B). It must be noted that NH3 desorption
from Ni/SiO2–Al2O3 and Ni/H-BEA occurred in the same temper-
ature range than for the corresponding supports, i.e. SiO2–Al2O3
and H-BEA (Fig. 4A and B). However, after impregnation with Ni,
a decrease in the total amount of desorbed NH3 was  observed
(Fig. 4 and Table 1). The deconvolution of all of the NH3 TPD pro-
files was  satisfactorily carried out considering three Gaussian peaks
(Table 3). This result is interpreted as if three types of sites with
different acid strength are present on the surface of supports used
in this work. Then, it was concluded that the diminution in the
total amount of desorbed NH3 was  mainly due to that one des-
orbed at T > 300 ◦C. This was probably due to selective blocking of
the strongest acid sites by the nickel deposited on both H-BEA and
SiO2–Al2O3 surfaces. Thus, it is likely that the high Ni2+–support
interaction observed with SiO2–Al2O3 and H-BEA is due to selective
adsorption of Ni2+ on the strongest acid sites, i.e. surface acid sites
that desorbs NH3 at T > 300 ◦C. This type of interaction is not possi-
ble with SiO2 since this oxide lacks of strong acid sites. On the other
hand, the evolutions with temperature for m/e  = 2 and 28 shows
that some NH3 was adsorbed on the metal nickel surface and it des-
orbs dissociatively giving H2 and N2 as the temperature was raised
during TPD experiment. The evolution corresponding to m/e  = 2 is
shown in Fig. 5. A similar evolution was observed for m/e  = 28 in
the same temperature intervals (not shown), in agreement with
n. (2012), http://dx.doi.org/10.1016/j.apcata.2012.09.023

2 2
NH3 adsorbed on metal nickel surface. From these TPD profiles, it
was concluded that Ni/SiO2–Al2O3 and Ni/H-BEA are more active
for the adsorption and dissociative desorption of NH3 than Ni/SiO2.

dx.doi.org/10.1016/j.apcata.2012.09.023
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Table  3
Gaussian deconvolution of TPD-NH3 signals (m/e = 16) obtained with supports and nickel based catalysts.

Sample Peak 1 Peak 2 Peak 3

A1
a (a.u.) T1

b (◦C) A2
a (a.u.) T2

b (◦C) A3
a (a.u.) T3

b (◦C)

SiO2–Al2O3 155 143 254 203 285 295
Ni/SiO2–Al2O3 200 211 264 289 104 411
H-BEA 163 219 139 257 470 345
Ni/H-BEA 167 300 215 377 177 482
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ing nickel sites faster than SA adsorbs on hydrogenolytic nickel
sites to be converted into GBL and PA [15]. Thus, the amount of
SA desorbed from hydrogenation sites and SA conversion increase

Table 4
Succinic anhydride (SA) conversion and selectivity to �-butyrolactone (GBL) with
Ni-based catalysts (P = 1 bar; W/F0

MA
= 12 g h mol−1).

Sample T (◦C) X0
SA

a (%) S0
GBL

a (%) XSA
b (%) SGBL

b (%)

Ni/SiO2
170 12.9 55.0 12.3 44.0
220 63.8 58.8 72.0 52.2

Ni/SiO2–Al2O3
170 13.9 85.9 13.9 84.1
220 53.9 87.6 63.4 87.7
170  15.0 68.0 19.9 74.2
a Areas under each curve determined by Gaussian deconvolution.
b Temperatures at the maximum of each deconvolution peak.

t is well accepted that NH3 decomposition on metal catalysts is a
tructure sensitive reaction [26,27]. Then, it is assumed that the
etal surface on Ni/SiO2 is different than that one obtained on
i/SiO2–Al2O3 and Ni/H-BEA. The last is in agreement with TPR
rofiles showing that not only large NiO particles but also small
iO particles on SiO2–Al2O3 and Ni2+ interacting strongly with
iO2–Al2O3 and H-BEA surface are present. Thus, the reduction in
2 flow at 500 ◦C will lead to different metal nickel surfaces depend-

ng on the Ni2+–support interaction. More specifically, it is expected
hat reduction of these nickel species, present on SiO2–Al2O3
nd H-BEA surface, will lead to the formation of small metal
ickel particles, in addition to the large ones formed from large
iO particles. This explanation is in agreement with the results
btained in the NH3 decomposition, which is a structure sensitive
eaction.

In summary, after impregnation and the subsequent calcina-
ion, a set of nickel oxide precursors containing similar metal loads,
lose to 10%, was obtained. The Vp and Sg of SiO2 and SiO2–Al2O3
ere maintained approximately constant indicating that the textu-

al properties are not substantially affected after impregnation and
alcination. Instead, the Vp in H-BEA diminished substantially after
mpregnation and calcination, probably due to partial blockage of

icropores. XRD results confirmed the formation of a polycrys-
alline NiO phase on all of the supports. However, TPR and TPD-NH3
xperiments confirm that an important fraction of Ni2+ ions are
trongly interacting with the surface of SiO2–Al2O3 and H-BEA and
lso small NiO particles are formed on SiO2–Al2O3 surface. As a
onsequence, an active metal nickel surface for adsorption and dis-
ociative desorption of NH3 is formed over both supports, after
eduction in H2 flow at 500 ◦C. Instead, the Ni2+–SiO2 interaction is
ery low and the metal nickel phase formed in this case has a poor
ctivity for the adsorption and dissociative desorption of NH3. Thus,
hese physicochemical characterization results are clearly indicat-
ng that the metal nickel surfaces formed on the three supports are
tructurally different.

.2. Catalytic tests

Catalytic tests were carried out at 170 ◦C and 220 ◦C, with a
/F0

MA = 12 g h mol−1 and under atmospheric pressure. In first
lace, blank experiments using the three supports were carried
ut and none activity was observed. Then, any intrinsic activity of
he support in the gas phase MA  hydrogenation was discarded for
he conditions used in this work. With Ni-supported catalysts, in
ll of the cases, the only products detected and analyzed were SA,
BL, PA and CH4. All of Ni catalysts were very active for gas phase
A  hydrogenation and the MA  conversions were always close to

00%, remaining constant during the whole catalytic test. Thus, MA
olecule is adsorbed on the available Ni metallic sites and reacts

ery fast with the H2 chemisorbed on the metal surface to give SA
Please cite this article in press as: S.A. Regenhardt, et al., Appl. Catal. A: Ge

electively. In a previous work, using a Ni//SiO2 catalyst, we showed
hat GBL and PA are mainly coming from SA hydrogenolysis [15],
s it is shown in Fig. 1. Then, it is possible to analyze the evolutions
f GBL and PA productions at different levels of SA conversion.
Fig. 6. Succinic anhydride (SA) conversion as a function of time at (A) 170 ◦C and
(B)  220 ◦C (P = 1 bar; W/F0

MA
= 11.9 g h mol−1). (©) Ni/SiO2, (�) Ni/SiO2–Al2O3, (�)

Ni/H-BEA.

The evolutions of SA conversion with time at 170 ◦C are shown
in Fig. 6A for the three Ni-based catalysts. With Ni/SiO2 and
Ni/SiO2–Al2O3 catalysts, the initial SA conversion was approxi-
mately 13–14% (Table 4) and then remained almost constant during
the 3 hours of catalytic test. With Ni/H-BEA catalyst, the initial SA
conversion was  15% but then increased to 20% in 45 minutes of reac-
tion. This type of evolution was previously explained by assuming
that SA, formed from MA  hydrogenation, desorbs from hydrogenat-
n. (2012), http://dx.doi.org/10.1016/j.apcata.2012.09.023

Ni/H-BEA
220 84.5 87.7 57.6 79.3

a Initial SA conversion (X0
SA

) and selectivity to GBL [S0
GBL

= Y0
GBL

/(Y0
GBL

+ Y0
PA

)].
b SA conversion (XSA) and selectivity to GBL [SGBL = YGBL/(YGBL + YPA)] after 3 hours

of  reaction.

dx.doi.org/10.1016/j.apcata.2012.09.023
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to what happened at 170 ◦C. The trends with Ni/SiO –Al O were
ig. 7. Production rates of GBL as a function of time at (A) 170 ◦C and (B) 220 ◦C
P  = 1 bar; W/F0

MA
= 11.9 g h mol−1). (©) Ni/SiO2, (�) Ni/SiO2–Al2O3,  (�) Ni/H-BEA.

ntil a steady state is reached for the surface concentration of SA
dsorbed on hydrogenolytic sites and the amount desorbed from
ydrogenation sites.

At 220 ◦C, Ni/SiO2–Al2O3 and Ni/SiO2 catalysts gave evolutions
ith increasing SA conversion with time (Fig. 6B), similar to that

bserved with Ni/H-BEA at 170 ◦C. This is indicating that, at 220 ◦C,
A adsorption becomes the limiting step for SA hydrogenoly-
is on Ni/SiO2–Al2O3 and Ni/SiO2. The initial SA conversion with
i/SiO2 was almost 64% and then rapidly increased to 72%. With
i/SiO2–Al2O3, the initial SA conversion was approximately 54%
nd then slowly increased to 63%. Ni/H-BEA showed again a com-
letely different behavior to that of the mesoporous solids: the

nitial SA conversion was about 85% and then decreased mono-
onically during the catalytic test up to 58%, without reaching the
teady state. It is very likely that some compounds, formed dur-
ng the hydrogenation–hydrogenolysis sequence, remain strongly
dsorbed on Ni/H-BEA blocking the micropores. However, it is
orth noting that a selective deactivation of the hydrogenolytic

ites took place, since GBL formation rate diminished with time
hile PA formation rate kept almost constant (Figs. 7B and 8B).

 plausible explanation could be that the pore blockage is pro-
ressively reducing the accessibility of SA to the small metal
articles located in the micropores, which would be selective
or SA hydrogenolysis into GBL. Large metal particles placed on
he external surface of H-BEA, which would be selective for SA
ydrogenolysis into PA, are not affected by this deactivation. In
ummary, at 220 ◦C, Ni/H-BEA was initially the most active in the
A hydrogenolysis, but suffered an important deactivation during
eaction. The above results are showing that the initial SA conver-
ion and its evolution with time on stream depend strongly on the
ature of Ni–support system and reaction temperature.

The evolutions for the production rates of GBL and PA with
ime on stream are shown in Figs. 7 and 8. These evolutions are
einforcing the ratio between catalytic performance and the differ-
Please cite this article in press as: S.A. Regenhardt, et al., Appl. Catal. A: Ge

nces already observed for the three samples in the physicochem-
cal characterization. At 170 ◦C, the initial yield in CH4 was always
ower than 0.5% with the three catalysts. This is indicative that
Fig. 8. Production rates of PA as a function of time at (A) 170 ◦C and (B) 220 ◦C
(P  = 1 bar; W/F0

MA
= 11.9 g h mol−1). (©) Ni/SiO2, (�) Ni/SiO2–Al2O3, (�) Ni/H-BEA.

initially the main reaction pathway is the hydrogenolysis of SA into
GBL and PA, while GBL hydrogenolysis into PA is not significant
(Fig. 1). When Ni/SiO2 was used as catalyst, a slight diminution of
the GBL production rate with time on stream was observed, while
PA production rate increased in similar grade (Figs. 7A and 8A). The
decrease in selectivity to GBL, from 55 to 44% (Table 4), may  be
explained from these evolutions with time. These results are indi-
cating that a small amount of GBL is slowly converted into PA during
the run. For Ni/SiO2–Al2O3, the GBL production rate remains practi-
cally constant during the 3 hours of catalytic test (Fig. 7A), while PA
production rate diminished slightly (Fig. 8A). As a consequence, the
selectivity to GBL remains almost constant at 85% (Table 4). In the
case of Ni/H-BEA, GBL production rate increase and PA production
rate diminished until a steady state was  reached (Figs. 7A and 8A),
being the increase in GBL production more important than the
diminution in PA one. These two  evolutions are indicating that:
(1) there is a slow SA adsorption on the hydrogenolytic sites that
give GBL, as it was discussed above; (2) a selective deactivation of
sites that are active for SA hydrogenolysis into PA is occurring. As a
consequence, the selectivity to GBL increased from 68 to 74% during
the run at 170 ◦C (Table 4).

At 220 ◦C, the yield in CH4 was  higher than at 170 ◦C, indicating
that GBL hydrogenolysis into PA became more important (Fig. 1).
The yields in CH4 were 5% with Ni/SiO2, 2% with Ni/SiO2–Al2O3 and
9% with Ni/H-BEA. Thus, even at 220 ◦C, the hydrogenolysis of GBL
into PA is still less important than the previous hydrogenolysis of SA
into GBL and PA, especially in the case of Ni/SiO2–Al2O3. The trends
observed for GBL and PA production at 220 ◦C (Figs. 7B and 8B)  were
different to those observed at 170 ◦C (Figs. 7A and 8A). With Ni/SiO2,
PA and GBL production rates are comparable. GBL  production rate
kept constant during the 3 hours of reaction, while a small increase
in PA production rate was  observed with an evolution similar to the
one observed for XSA with time on stream (Fig. 6B). Thus, selectivity
to GBL diminished from 59 to 52% during the run (Table 4), similar
n. (2012), http://dx.doi.org/10.1016/j.apcata.2012.09.023

2 2 3
opposite to those observed with Ni/SiO2: while GBL production
rate increased, until a steady state was  reached, the PA produc-
tion rate kept constant with time on stream (Figs. 7B and 8B).

dx.doi.org/10.1016/j.apcata.2012.09.023
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n this case, not only the yield in CH4 was the lowest, but GBL
roduction was much more important than PA one. This means
hat the main reaction pathway with Ni/SiO2–Al2O3 was  the selec-
ive hydrogenolysis of SA into GBL. Thus, selectivity to GBL was
bout 88% (Table 4) and it kept almost constant during the whole
un. Finally, the trends with Ni/H-BEA showed a very important
ecay for GBL production rate with time on stream, while amaz-

ngly PA production rate kept almost constant (Figs. 7B and 8B).
his is almost the opposite behavior to that observed at 170 ◦C
ith the same catalyst (Figs. 7A and 8A). Thus, with Ni/H-BEA, the

electivity to GBL diminished from 88 to 79% (Table 4) during the
 hour run. These results are indicating that the active sites for SA
ydrogenolysis on Ni/H-BEA are suffering an important selective
eactivation during the reaction, i.e. especially the sites that are
ctive for SA hydrogenolysis into GBL. Then, this selective deactiva-
ion becomes more important with temperature, which is opposite
o that observed for Ni/SiO2 catalyst.

From the results obtained at 220 ◦C, the following initial activ-
ty pattern is suggested: Ni/H-BEA > Ni/SiO2 > Ni/SiO2–Al2O3.
owever, after 3 hours, this pattern changed to:
i/SiO2 > Ni/SiO2–Al2O3 > Ni/H-BEA. These results indicate that
i/SiO2–Al2O3 and Ni/SiO2 catalysts were more stable than
i/H-BEA, especially at the highest temperature used in this
ork. The activity loss of Ni/H-BEA is mainly due to deactivation

f hydrogenolytic sites, probably due to micropore blockage
y compounds formed during reaction. The pattern for ini-
ial selectivity to GBL at 220 ◦C can be resumed as follows:
i/H-BEA ∼= Ni/SiO2–Al2O3 > Ni/SiO2. However, after 3 hours on

tream at 220 ◦C, the pattern changed to: Ni/SiO2–Al2O3 > Ni/H-
EA > Ni/SiO2. This is because the deactivation of Ni/H-BEA is
ffecting selectively the conversion of SA into GBL during the
atalytic test. Ni/SiO2 was more active than Ni/SiO2–Al2O3. How-
ver, the large metal particle formed on Ni/SiO2 is favoring the
ormation of a metal nickel surface with sites that promote planar
dsorption of SA and the subsequent preferential hydrogenol-
sis into PA. Instead, small metal nickel particles formed on
i/SiO2–Al2O3, from reduction of small NiO particles and Ni2+

nteracting strongly with support surface, would be more selective
or SA hydrogenolysis into GBL.

In summary, selective hydrogenolysis of SA into GBL with Ni-
ased catalysts is strongly depending on the nature of support
nd reaction conditions. The highest stability, production rate and
electivity to GBL were obtained at 220 ◦C with Ni/SiO2–Al2O3. This
atalyst has an intermediate interaction Ni2+–support for the series
sed in this work, indicating that there is an optimum interaction
hat favors the formation of a metallic nickel surface that is active,
table and selective for the hydrogenolysis of SA into GBL. If the
nteraction Ni2+–support is very low, as in the case of Ni/SiO2, an
ctive and stable metal nickel phase is formed, but with lower selec-
ivity to GBL. Finally, if the Ni2+–support interaction is too high, a
ery active and selective metal nickel phase is obtained, but with
oor stability, especially at high temperature.

. Conclusions

It was shown that the support nature affects the activity,
electivity and stability of Ni-based catalysts in the gas phase
Please cite this article in press as: S.A. Regenhardt, et al., Appl. Catal. A: Ge

ydrogenation of maleic anhydride. This effect is clearly influenc-
ng the step of hydrogenolysis of succinic anhydride over nickel,
n which �-butyrolactone and propionic acid are obtained as main
roducts. The Ni2+–support interaction in the oxide precursor has

[

[
[
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an important influence over the final structure of the metallic nickel
surface, as it was  showed by temperature programmed decom-
position of NH3, a structure sensitive reaction. The Ni2+–support
interaction can be regulated by the concentration and strength of
the acid sites on the support surface. Thus, the pattern found for
Ni2+–support interaction is: Ni/H-BEA > Ni/SiO2–Al2O3 > Ni/SiO2.
The surface structure of the active metal nickel phase is strongly
depending on this interaction degree. In this work, it was shown
that the surface structure of metal nickel and, as a consequence,
the performance of Ni-based catalyst on the selective hydrogenol-
ysis of succinic anhydride into �-butyrolactone, that is also a
structure sensitive reaction, can be optimized by modulating the
Ni2+–support interaction. The best stability and GBL production is
reached when a medium Ni2+–support interaction is obtained, as
in the case of Ni/SiO2–Al2O3 catalyst. Thus, a selectivity as high
as 88%, at succinic anhydride conversions of 60% or higher, are
obtained at 220 ◦C. If the Ni2+–support interaction is too low, as
in the case of Ni/SiO2, the metal nickel surface is more selective for
the hydrogenolysis of succinic anhydride into propionic acid than
in the case of Ni/SiO2–Al2O3. If the interaction is too high, as in the
case of Ni/H-BEA, a loss of stability is observed during the run due to
selective blockage of hydrogenolytic sites located in the micropores
of the zeolite, probably by strong adsorption of carbon compounds
formed during reaction, especially at 220 ◦C.
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