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Ni/Al20s3 catalysts were derived from spinel NiAl204 with different Ni content ((2.5, 5 and 7.5) wt%).
The catalysts were obtained by Hz reduction and were investigated for the low-temperature hydro-
genation of maleic anhydride (MA) to produce succinic anhydride (SA). The characterization results
showed that Ni® active sites were mainly derived during the H: reduction from spinel NiAl;Os.

Among the catalysts studied, employing the optimum preparation and reaction conditions with
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(MA) of 2 h-L.

Ni(5%)/Al;03 yielded the highest catalytic performance. A near-100% conversion of MA and ~90%
selectivity to SA were achieved at 120 °C and 0.5 MPa of H, with a weighted hourly space velocity
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1. Introduction

The hydrogenation of maleic anhydride (MA) is an im-
portant reaction for the production of valuable intermediates
such as succinic anhydride (SA) and y-butyrolactone (GBL)
[1-5]. The hydrogenation of MA to yield such intermediates has
been investigated at temperatures of 100-200 °C over a variety
of catalysts, which include those based on noble metals, such as
Pd/Alz03 [6], Ru complexes [7], Ru/C [8], and Au/TiOz [9]. No-
ble metal-based catalysts are highly active for the MA hydro-
genation but relatively expensive. Cheaper Cu- and Ni-based
catalysts have, therefore, attracted much attention [10,11].
Various supported Cu catalysts, such as Cu/SiOz [1], Cu/ZrO:
[3] and Cu-Ce-Alz203 [12], favored the formation of GBL during
longer reactions under higher temperatures (200-260 °C).
Compared with the Cu-based catalysts, those that were
Ni-based showed a higher catalytic efficiency in the

low-temperature hydrogenation of MA [13]. Ni-based catalysts,
such as Ni/CeO2 [4], Ni/SiOz [13], Ni/H-BEA [14], Ni/TiOz [15],
Ni/Al203[16], and Ni/SiO2-Al203 [17], have generally been in-
vestigated at temperatures of 170-220 °C. The main disad-
vantages of the supported Ni catalysts include high Ni-loading,
and deactivation of the catalyst at high reaction temperatures
[10,13-20]. Moreover, Bertone et al. [21] investigated the
Cu-modified Ni/SiO2-Al203 catalysts and found that the Ni®
active species exhibited high catalytic activity, but they ob-
served deactivation during 3 h of testing. Therefore, it is highly
desirable to develop novel Ni-based catalytic systems with en-
hanced activity and stability for the hydrogenation of MA at low
temperatures.

It is well known that spinel-type oxides such as NiAl204 may
be employed as a catalyst precursor for various catalytic reac-
tions. Spinel-derived Ni/Alz03 catalysts exhibited good catalytic
activity and stability during methane reforming and the hy-

* Corresponding author. Tel: +86-21-65643916; Fax: +86-21-55665572; E-mail: heyonghe@fudan.edu.cn

# Corresponding author. Tel: +86-21-65642779; Fax: +86-21-65338041; E-mail: yuebin@fudan.edu.cn

This work was supported by the National Natural Science Foundation of China (21173050, 21371035) and SINOPEC (X514005).

DOI: 10.1016/S1872-2067(17)62844-4 | http://www.sciencedirect.com/science /journal/18722067 | Chin. . Catal, Vol. 38, No. 7, July 2017

CrossMark


http://crossmark.crossref.org/dialog/?doi=10.1016/S1872-2067(17)62844-4&domain=pdf

Jie Li et al. / Chinese Journal of Catalysis 38 (2017) 1166-1173 1167

drogenation of benzene because the metallic Ni species were
well dispersed [22]. However, little work focusing on catalysts
derived from spinel Ni composites in the hydrogenation of MA
has been reported.

Herein, therefore, we report on a series of spinel-derived
catalysts prepared with varying Ni content. The effects of Ni
content and dispersion, particle size and reduction degree on
the catalytic activity in the hydrogenation of MA are investi-
gated. Under optimized preparation and reaction conditions,
Ni(5%)/Al203 exhibited the highest activity during the
low-temperature hydrogenation of MA.

2. Experimental
2.1. Catalyst preparation

Pseudoboehmite (Shangdong City Star Petroleum Chemical
Technology Co. Ltd., China) was calcined at 750 °C for 3 h and
used as the Al203 support. Ni/Alz203 catalysts with (2.5, 5.0 and
7.5) wt% Ni were prepared by the wet impregnation method. A
typical procedure involved 2.8 mL (2.5% Ni), 5.6 mL (5.0% Ni)
or 84 mL (7.5% Ni) of 0.32 mol/L aqueous solution of
Ni(NO3)2:6H20 being added to a suspension containing 2 g of
Al203 and 32 mL of H20. The mixture was then stirred for 12 h
at room temperature. After impregnation, water in the mixture
was removed using a rotary evaporator operating at 70 °C. The
samples were dried at 120 °C for 12 h and then calcined at 750
°Cfor 3 h.

2.2. Characterization of the catalysts

Elemental analysis was performed by a Thermo Elemental
IRIS Intrepid inductively coupled plasma atomic emission
spectrometer (ICP-AES). N2 physisorption experiments were
carried out with a Quantachrome Quadrasorb S1 apparatus.
Powder X-ray diffraction (XRD) patterns were obtained on a
Bruker D8 Advance X-ray diffractometer using Cu K,1 radiation
(4 =0.15406 nm) operated at 40 eV and 40 mA. X-ray photoe-
lectron spectroscopic (XPS) experiments were carried out us-
ing a Perkin-Elmer PHI 5000C ESCA system. H: tempera-
ture-programmed reduction (Hz-TPR) and CO tempera-
ture-programmed desorption (CO-TPD) were performed using
a Micromeritics Chemisorb 2720. UV-Vis DRS spectra were
obtained from a JASCO UV550 UV-Vis absorption spectrometer.
The FT-IR spectra were recorded by a Nicolet Nexus 470 infra-
red instrument using KBr discs. 27Al MAS NMR spectra were
acquired using a Bruker Advance DSX400 spectrometer.

2.3. Catalytic activity

The MA hydrogenation was performed in a fixed-bed reac-
tor. In a typical experiment, catalysts (0.25 g, 60-80 mesh)
were loaded into the center of the reactor tube between two
silica sand layers and activated in situ by a flow of 5% H2-95%
Ar (50 mL/min) at the desired reduction temperature
(650-750 °C) for 2 h. After reduction, the reactor was cooled to
the selected reaction temperature (100-160 °C) and the feed

(15 wt% MA dissolved in GBL) was continuously introduced
into the reactor by a syringe pump. Varying the mass of catalyst
while holding the feed flow rate constant provided different
values of weighted hourly space velocity (WHSV), for which
reactions were carried out at 120 °C. Products were collected at
intervals of 1 h and analyzed by gas chromatography (GC) us-
ing a HP-5 capillary column and a flame ionization detector.
The conversion of MA and the selectivity to SA and GBL were
calculated as follows:
Conversion (%)= (MAin — MAou)/MAn x 100 (@)
Selectivity (i) (%)= Productiout/(MAin — MAout) x 100  (2)
where MAin, MAout and Productiou represent the molar concen-
tration of the reactant at the inlet and the outlet, and that of the
products at the outlet, respectively.

3. Results and discussion
3.1. Catalyst characterization

Textural properties of the calcined catalysts and the Al203
support are listed in Table 1. The total Ni-loading determined
by ICP-AES was consistent with the calculated values. The sur-
face area and pore volume of the Al203 support were 214 m2/g
and 1.14 cm3/g, respectively. For the calcined catalysts, the
surface area and pore volume decreased with increasing Ni
content, which may have been caused by the incorporated Ni
species [23].

The XRD patterns of the Al203 support and the calcined cat-
alysts are shown in Fig. 1. The diffraction peaks at 26 = 37.4°,
39.7°, 45.8° and 67.3° may be attributed to (311), (222), (400)
and (522) diffractions of y-Al203 (PDF No. 04-0880), respec-
tively [5,24-26]. Compared with the diffraction pattern of
Al203, three new peaks at 26 = 19.1°, 31.6° and 60.2° were ob-
served in the calcined catalysts and attributed to (111), (220)
and (511) diffractions of spinel NiAl204 (PDF No. 10-0339),
respectively, suggesting the formation of spinel NiAl204. More-
over, the peak at 260 = 60° slightly shifted to a higher value
(60.2°) for all the calcined catalysts, indicating the formation of
the defect NiAl20s phase [27,28]. The diffraction peaks at
37°-39° may be attributed to NiO and/or NiAl204 phases which
could not be definitely distinguished [27]. NiAl204 also exhibit-
ed diffraction peaks at 26 ~ 66° though careful analysis sug-
gested that these differed from peaks in this vicinity exhibited
by the Al203 support. Increasing the Ni-loading from 2.5% to
7.5% slightly decreased the diffraction peaks, perhaps because
of the formation of NiAl204 and because the ionic radius of Ni is
greater than that of Al [28].

Table 1
Physicochemical properties of the Al.03 support and the calcined
Ni/Al20s3 catalysts.

Sample Metal loading? (%)  Seer (m2/g)  Vpore (cm3/g)
Alz03 — 214 1.14
Ni(2.5%)/Al:03 2.5 180 1.02
Ni(5%)/AlL05 49 157 0.89
Ni(7.5%)/A1:03 7.2 129 0.82

a Analyzed by ICP-AES.



1168 Jie Li et al. / Chinese Journal of Catalysis 38 (2017) 1166-1173

AALO, oNiO VNIALO, A
v A

. 0 A
Ni(7.5%)/AL0, o

A
4 \V4 \Y :
2
= |
g Ni(5% /A1203 :
=

1
Ni2S%YALO, A \ I\

[}
ALQ, j\

10 20 30 40 50 60 70 80
20/(°)
Fig. 1. XRD patterns of the Al.0s; support and the calcined catalysts.

The XPS results for the calcined catalysts are shown in Fig. 2.
The observed peaks can be interpreted as a combination of two
Ni 2ps/2 peaks with binding energies of ~854.9 and ~858.2 eV,
which can be assigned to the Ni2+ in NiO and Ni2+ in NiAl204,
respectively [29,30]. The closer proximity of the observed
peaks to 858.2 eV indicated that the main phase was spinel
NiAl20a.

The near-identical UV-Vis DRS results for the calcined cata-
lysts are shown in Fig. 3. The band at 370 nm can be attributed
to the octahedral coordinated Ni2+ species in the NiO lattice,
while the bands at 590-645 nm and a shoulder at 550 nm are
associated with the tetrahedral coordinated Ni2* species in the
NiAl204 lattice [31,32]. Moreover, based on the relative inten-
sity of the absorption bands at 550-645 nm and 370 nm, the
tetrahedral Ni2* ion content was found to be higher than that of
octahedral Ni2* ions.

The FT-IR spectra of the calcined catalysts are shown in Fig.
4. The spinel’s presence in the catalysts was indicated by the
appearance of two bands typical of NiAl204 spinel at 520 and
730 cm-1 [33], which are attributed to M-O (Ni-O, Al-0)
stretching vibrations in octahedral and tetrahedral environ-
ments, respectively [34].

These characterization results suggest that the calcined
Ni(2.5%)/Al203, Ni(5%)/Al203 and Ni(7.5%)/Al203 catalysts
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Fig. 2. XPS spectra for the calcined catalysts in the Ni 2p region.
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Fig. 3. UV-Vis DRS results for the calcined catalysts.

mainly comprised of a NiAl204 phase with a minor NiO phase.

The results of the H2-TPR analysis are shown in Fig. 5,
where the three catalysts displayed a reduction shoulder at
500-550 °C and a main reduction peak at 750 °C. However, the
shoulder was much more pronounced for the Ni(7.5%)/Al203
(Fig. 5(c)) catalyst. Generally, the reduction peak at 750 °C is
assigned to the reduction of NiAl204, while the peak at 500-550
°C is ascribed to the reduction of NiO, which has a strong inter-
action with the Al,03 support [22,31,35]. For all the calcined
catalysts, the Hz2-TPR curve returned to the baseline level after
treatment at 750 °C for 2 h and no peak was observed above
750 °C. This indicated that the Ni species were fully reduced
following 2 h at 750 °C, in agreement with that reported by
Numaguchi et al. [36].

The CO-TPD results obtained for the catalysts following 2 h
of Hz reduction at 750 °C are shown in Fig. 6. Desorption peaks
near to 105 °C (weakly chemisorbed CO) and 360 °C (moder-
ately chemisorbed CO) were observed for all of the catalysts
[37]. The area under the CO-TPD desorption peaks can be cor-
related with the amounts of metallic Ni species [37], and the
amount of desorbed CO was found to increase with increasing
Ni content. Ni-dispersion was calculated using the CO-TPD de-
sorption peaks by assuming an equal surface stoichiometry of
CO:Ni (Table 2) [5]. The calculated Ni-dispersion decreased
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Fig. 4. FT-IR spectra of the calcined catalysts.
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Fig. 5. H2-TPR results for calcined Ni(2.5%)/Al203 (a); Ni(5%)/Al20s (b) and Ni(7.5%)/Al20s (c) catalysts.
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Fig. 6. CO-TPD for the three Ni/Al:O3 catalysts after being reduced at
750 °C for 2 h.

with increasing Ni content, indicating that Ni species congre-
gated at higher Ni-loadings. The CO chemisorption analysis was
also used to produce the Ni particle size estimates of 8.0, 12.8
and 15.7 nm for the (2.5, 5.0 and 7.5)% Ni content, respectively.
These findings were consistent with the XRD results (Table 2).
The XRD patterns of the reduced catalysts in Fig. 7 show the
metallic Ni and the Al,03 phases were observed but that no
distinct diffractions corresponding to NiAl:04+ were detected.
For the highest Ni content catalyst (7.5%), the diffractions ob-
served at 26 = 44.5°, 51.8° and 76.4° were attributed to (111),
(200) and (220) of metallic Ni phases (PDF No. 04-0850), re-
spectively. The results for the 5% Ni catalyst showed peaks in
the same locations, but they were slightly broader and weaker,
suggesting that the metallic Ni particle sizes were smaller. No
metallic Ni phases were observed for the 2.5% Ni catalyst,
which may have been because this sample exhibited the small-

Table 2
Ni-dispersion and particle size for the three catalysts after being re-
duced at 750 °C for 2 h.

Catalyst Dispersion? (%) Dni® (nm) Dni¢ (nm)
Ni(2.5%)/Al203 12.5 8.0 —
Ni(5%)/Al03 7.9 12.8 125
Ni(7.5%)/A1.03 6.4 15.7 15.8

a Dispersion (%) = surface Ni® atom/(total Ni° atom) x 100.

b Determined by CO chemisorption.

¢ Calculated from Ni(200) (26 = 51.8°) diffraction peaks using the
Scherrer equation.

est Nif particle size and the lowest amount of metallic Ni spe-
cies. The average particle sizes (Table 2), calculated from
Ni(200) (26 = 51.8°) diffraction peaks using the Scherrer equa-
tion, for the reduced (5.0 and 7.5)% Ni catalysts were ~12.5
and ~15.8 nm, respectively.

3.2. Catalytic activity

Fig. 8 shows the catalytic performance of the three catalysts
under conditions of 120 °C, 0.1 or 0.5 MPa of Hz and WHSV
(MA) = 2 h-1. MA conversion generally increased with increas-
ing Hz pressure while the 5.0% catalyst showed the highest
catalytic activity achieving a near-100% conversion of MA at
0.5 MPa of Ha. The relatively lower activity of the other cata-
lysts was particularly notable during the lower Hz pressure
tests. The increase in catalytic activity between (2.5 and 5.0)%
Ni samples may have been caused by an increase of Ni® active
sites. However, the large particle size of Ni® observed for higher
loading in the 7.5% Ni sample resulted in a decrease of hydro-
genation activity. Therefore, both the amount and the particle
size of Nif species impacted catalytic activity [4,17]. It is note-
worthy that Ni-loading is generally in the range of (7-10)% for
supported Ni catalysts, such as Ni/CeOz [4] and Ni/diatomite
[20]. Indeed, Guo et al. [20] studied the effect of Ni-loading on
MA hydrogenation over Ni/diatomite catalysts and found a 7%
Ni-loading provided the highest catalytic activity.

The selectivities to SA and GBL shown in Fig. 8(c) highlight
the main product was SA. The selectivity to GBL slightly in-
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Fig. 7. XRD patterns of the catalysts reduced at 750 °C for 2 h.
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creased with increasing Hz pressure as this change promoted
the hydrogenation of SA to produce GBL [10,38].

3.3.  Effect of reduction temperature on catalytic activity

The reduction temperature is known to significantly influ-
ence the physicochemical properties of the catalyst, including
the degree of reduction of Ni2+ species and the size of Ni® parti-
cles, and thus impact the catalytic activity [17]. The
Ni(5%)/Al203 catalyst was selected as the basis for investigat-
ing the impact of the reduction temperature.

The second reaction step, the hydrolysis of SA to form GBL,
produces H20 as a by-product [39] which may react with MA to
produce maleic acid. Thus, it was decided to maintain an oper-
ating temperature of over 100 °C to ensure any H20 formed
was removed from the system. Because Ni(5%)/Al203 showed
high MA conversion at 120 °C with WHSV (MA) = 2 h-1 even
under atmospheric pressure, we decided to study the catalyst
reduced by H: at different temperatures at low MA conversion
with a high WHSV (MA) = 6 h-1.

The Ni(5%)/Al203 catalyst samples reduced for 2 h at 650,
700 and 750 °C were denoted as NiAlsso, NiAl7oo and NiAl7so,
respectively. H2-TPR results of calcined and reduced catalysts
were the basis of analysis. The reduction degree of NiAlsso,
NiAl7o0 and NiAl7so was calculated according to the corre-
sponding H2-TPR peak area (Table 3) using the method de-
scribed in the literature [40] and found to be (13.7, 39.6 and
90.6)%, respectively. The desorption peak area of CO-TPD was
used to determine the amounts of metallic Ni species and Fig. 9
shows that this increased with reduction temperature. Given
that Ni species were not completely reduced, the dispersion

Table 3
Reduction degree and dispersion of the Ni(5%)/Al203 catalyst reduced
at different temperature.

Reduction Reduction Dispersion (%)
temperature (°C) degree (%) Uncorrected®  Corrected b
650 13.7 2.6 19.0
700 39.6 6.0 15.2
750 90.6 7.9 8.7

a Uncorrected dispersion (%) = numbers of surface Ni® atom/(numbers
of total Ni® atom) x 100.

b Corrected dispersion (%) = numbers of surface Ni° atom/(numbers of
total Ni® atom x reduction degree) x 100.

was then corrected by the reduction degree to give (19.0, 15.2
and 8.7)% for NiAleso, NiAl7oo and NiAlsso, respectively. The
corrected dispersion results were consistent with those ob-
tained by XRD which suggested that the Ni® particle size in-
creased at higher reduction temperatures (Fig. 10).

The impact of reduction temperature on MA conversion
over Ni(5%)/Alz203 presented in Fig. 11 shows that the NiAlzoo
catalyst exhibited the highest catalytic activity. A previous
study suggested that both the amount of Ni® and its particle size
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Fig. 9. CO-TPD for Ni(5%)/Al203 catalyst reduced at 650 (1), 700 (2)
and 750 °C (3) for 2 h.
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Fig. 10. XRD patterns for Ni(5%)/Alz0s catalyst reduced at 650 (1), 700
(2) and 750 °C (3) for 2 h.
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120 °C, Hz pressure = 0.5 MPa, WHSV (MA) = 6 h-1.

influenced the catalytic activity during the MA hydrogenation
[38]. Here, the NiAlsso catalyst exhibited the lowest catalytic
activity, perhaps owing to having the least Ni0 active sites.
Conversely, although the NiAlyso catalyst contained more Ni®
than the NiAl7o0 sample, the NiAlzoo catalyst had smaller Ni°
particles which is thought to explain the NiAlzoo catalyst’s high-
er catalytic activity.

The effect of WHSV on catalytic performance was investi-
gated at 120 °C and 0.5 MPa of Hz over Ni(5%)/Alz03 reduced
at 700 °C for 2 h (Fig. 12). The conversion of MA decreased with
increasing WHSV and nearly 100% conversion of MA was
achieved at WHSV (MA) = 1 and 2 h-1. SA is an intermediate
product that is produced by the hydrogenation of MA and then
hydrolyzed to give GBL, the production of which is known to be
favored at low WHSV values [38]. Near-100% conversion of MA
with ~90% selectivity to SA was achieved at WHSV =2 h-1,

The effect of reaction temperature (100-160 °C) was inves-
tigated at 0.5 MPa of Hz with WHSV = 2 h-1 over Ni(5%)/Al203
reduced at 700 °C for 2 h (Fig. 13). Both the conversion of MA
and the selectivity to GBL increased with increasing tempera-
ture, which is consistent with results reported by Huo et al.
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Fig. 12. Effect of WHSV on performance of Ni(5%)/Al203 reduced at

700 °C for 2 h. Reaction conditions: temperature = 120 °C, Hz pressure =
0.5 MPa. Data obtained after 6 h.
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Fig. 13. Effect of reaction temperature on catalytic performance of
Ni(5%)/Al203 reduced at 700 °C for 2 h. Reaction conditions: Hz pres-
sure = 0.5 MPa, WHSV (MA) = 2 h-%. Data obtained after 6 h.

[15], who reported a nearly 92% SA yield achieved over
Ni/TiOz at 220 °C. This compared with a nearly 90% SA yield at
120 °C in the present work. Previous work suggested that small
Ni0 particle sizes were responsible for high catalytic activity,
which may explain the present results for the spinel-derived
catalysts with highly dispersed, small Ni0 species [21].

Catalytic stability was investigated using the Ni(5%)/Al203
catalyst reduced at 700 °C for 2 h under the optimized reaction
conditions of 120 °C and 0.5 MPa of Hz, which produced an SA
yield of nearly 90% (Fig. 14). The chemical environment of Al
atoms in the fresh and used catalysts was investigated by 27Al
MAS NMR experiments (Fig. 15). Resonances at 6 = 63 and 6
ppm were assigned to the tetrahedral and octahedral coordi-
nated Al species, respectively [41]. The relative population of Al
species showed that the ratio of tetrahedral to octahedral Al
species in the fresh and used catalysts was similar (~0.4), indi-
cating that the support underwent no structural transfor-
mation. Consistent with these results, the XRD analysis (Fig. 16)
also confirmed that the structure of the used Ni/Al203 was un-
changed following the reaction.
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Fig. 14. Catalytic stability of Ni(5%)/Al20s at 120 °C with 0.5 MPa of H
and WHSV(MA) = 2 h-1.
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4. Conclusions

A series of Ni/Al;03 spinel-derived catalysts with different
levels of Ni-loading (2.5, 5 and 7.5) wt% were synthesized and
studied for the low-temperature hydrogenation of MA to pro-
duce SA. Optimized preparation conditions (5% Ni-loading,
reduction at 700 °C for 2 h) yielded a catalyst that possessed a
large amount of well-dispersed, small Ni® particles yielding
high catalytic activity under optimized reaction conditions (120
°C and 0.5 MPa of Hz). Long-term stability for over 72 h was
achieved, with a constant near-100% conversion of MA and
~90% selectivity to SA.
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