
G
o
r

Y
K
P

a

A
R
R
A
A

K
M
�
G
C
R

1

o
(
w
s
s
s
h
h
p
m
[
l
h
r
c

h
1

Journal of Molecular Catalysis A: Chemical 395 (2014) 392–397

Contents lists available at ScienceDirect

Journal  of  Molecular  Catalysis A:  Chemical

jou rna l h om epa ge: www.elsev ier .com/ locate /molcata

as-phase  hydrogenation  of  maleic  anhydride  to  �-butyrolactone
ver  Cu-CeO2-Al2O3 catalyst  at  atmospheric  pressure:  Effects  of  the
esidual  sodium  and  water  in  the  catalyst  precursor

ang  Yu,  Wangcheng  Zhan ∗,  Yun  Guo,  Guanzhong  Lu,  Souheila  Adjimi,  Yanglong  Guo ∗

ey Laboratory for Advanced Materials, Research Institute of Industrial Catalysis, East China University of Science and Technology, Shanghai 200237,
R  China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 10 July 2014
eceived in revised form 30 August 2014
ccepted 1 September 2014
vailable online 10 September 2014

eywords:
aleic anhydride

-Butyrolactone

a  b  s  t  r  a  c  t

Cu-CeO2-Al2O3 catalysts  were  prepared  by the co-precipitation  method  with  different  washing  opera-
tions  during  the  preparation  process  for the  purpose  of  controlling  the  contents  of  the  residual  sodium
and  water  in  the  catalyst  precursors.  Cu-CeO2-Al2O3 catalysts  were  characterized  by  ICP-AES,  XRD,
SEM,  nitrogen  sorption,  N2O  chemisorption,  Raman  spectroscopy  and  H2-TPR.  Effects  of  the  residual
sodium  and  water  in  the  catalyst  precursor  on  the  catalytic  performance  of  Cu-CeO2-Al2O3 catalyst
for  gas-phase  hydrogenation  of  maleic  anhydride  to  �-butyrolactone  at atmospheric  pressure,  and  the
structure–activity  relationships  were  investigated.  The  results  show  that the residual  water  and  sodium
in the  form  of Na2CO3 in  the  catalyst  precursor  lead  to  a decrease  in Cu dispersion  and  Cu surface  area,
as-phase hydrogenation
u-CeO2-Al2O3 catalyst
esidual sodium

which  is disadvantageous  to the  catalytic  performance  and  stability.  Washing  step  of  the  residual  sodium
in the  catalyst  precursor  with  the  deionized  water  and  then  removing  step  of  the residual  water  using
azeotropy  distillation  shows  a great  improvement  in  the  stability  of Cu-CeO2-Al2O3 catalyst,  in which
100%  of  conversion  of maleic  anhydride  and  100%  of selectivity  to  �-butyrolactone  were  maintained
for  12  h.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Direct catalytic hydrogenation of maleic anhydride (MA), as one
f the most competitive processes for producing �-butyrolactone
GBL), has evoked increasing attentions not only due to the
idespread applications of GBL as the intermediates for synthe-

izing pyrrolidone [1,2] and as the cell electrolyte instead of the
trong corrosive liquid acid [3,4], but also due to the inexpen-
ive raw material of MA  and the simple process. Direct catalytic
ydrogenation of MA  to GBL includes gas-phase and liquid-phase
ydrogenation in terms of the physical state of MA  in the reaction
rocess. Liquid-phase hydrogenation preferably employs noble
etal catalysts, such as Pd-Sn/SiO2 [5], Pd/SiO2 [6] and RuCl2(TPP)3

7], in which a high reaction pressure is indispensable. Neverthe-
ess, the yield of GBL is not high enough. In contrast, gas-phase

ydrogenation has the advantages of lower reaction pressure,
eadily continuous production and inexpensive transition metal
atalysts, such as Cu-ZnO-MgO-Cr2O3 [8], Cu-ZnO-CdO-Cr2O3 [9],

∗ Corresponding authors. Tel.: +86 21 64252923; fax: +86 21 64252923.
E-mail addresses: zhanwc@ecust.edu.cn (W.  Zhan), ylguo@ecust.edu.cn (Y. Guo).

ttp://dx.doi.org/10.1016/j.molcata.2014.09.001
381-1169/© 2014 Elsevier B.V. All rights reserved.
Cu-ZnO-Al2O3 [10], Cu-ZnO-TiO2 [11], Cu-ZnO-CeO2 [12], Cu-ZnO-
ZrO2 [13], Cu-ZnO-SiO2 [14], Cu-CeO2-Al2O3 [15], Ni or Co/SiO2
[16] and Ni/SiO2-Al2O3 or H-BEA [17,18], in which Cu-based cata-
lysts excel other transition metal catalysts in terms of the catalytic
performance.

A large majority of Cu-based catalysts were prepared by the con-
ventional precipitation method using Na2CO3 or NaHCO3 aqueous
solution as precipitating agent. The residual sodium in the catalyst
precursor can lead to variation of the physiochemical properties
of the catalyst, and therefore influences its catalytic performance
[19,20]. Moreover, in the process of conventional drying in air, the
residual water in the catalyst precursor can also contribute to evo-
lution of the physiochemical properties of the catalyst to some
extent [21]. For instance, the removal of water during drying pro-
cess can lead to collapse of the original network structure of the
catalyst precursor and agglomeration of the precipitated small par-
ticles. Washing with the absolute ethanol can reduce the negative
effect of the residual water on the catalysts to a certain extent by

substitution of lower-surface-tension ethanol for water [22]. Fur-
thermore, the supercritical fluid drying [23,24] and the azeotropy
distillation drying [25] have been proposed to be effective solutions,
in which the supercritical fluid drying is expensive and hazardous

dx.doi.org/10.1016/j.molcata.2014.09.001
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.09.001&domain=pdf
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26]. In contrast, the azeotropy distillation drying is a promising
lternative because of the convenient operation and the recycling
haracteristic of organic solvent used.

In our previous work [15], Cu-CeO2-Al2O3 catalyst has showed
n excellent activity and selectivity for gas-phase hydrogenation
f MA  to GBL (GHMG) at atmospheric pressure, however its sta-
ility still needs to be further improved. In this work, effects of the
esidual sodium and water in the catalyst precursor on the catalytic
erformance and stability of Cu-CeO2-Al2O3 catalyst for GHMG
t atmospheric pressure, and the structure–activity relationships
ere investigated.

. Experimental

.1. Preparation of catalyst

Cu-CeO2-Al2O3 catalyst (Cu:Ce:Al = 3:6:10, molar ratio) was
repared by the co-precipitation method, described in our previ-
us work [15], in which the aqueous solution of nitrates served
s the metal precursor and 1.0 mol  L−1 of Na2CO3 aqueous solu-
ion served as the precipitating agent. The resultant precipitate
as divided equally into six samples by weight. The sample with-

ut any washing operation was labeled as w0, and the other three
amples were washed two, four and eight times by centrifugation
sing the isopyknic deionized water at 70 ◦C and labeled as w2,
4 and w8, respectively. The residual two samples were washed

ight times using the isopyknic deionized water at 70 ◦C and then
ollowed by deep dehydration with two different methods. One
ample was washed two times using absolute ethanol and labeled
s w8a2. Another sample was treated using the azeotropy distil-
ation drying in a heterogeneous azeotropy distillation apparatus
22] and labeled as w8ba. In a typical experiment, the sample was

ixed with 100 mL  of benzene and then kept at 75–81 ◦C under
tirring in oil bath, in which the residual water in the sample and
enzene can be co-evaporated. The evaporated water was collected

n water trap and the evaporated benzene was  refluxed by con-
enser until the constant water content in water trap. Finally, the
enzene was evacuated from the flask by the reduced pressure dis-
illation and the powder was left in the flask. All resultant samples
y the above-mentioned different washing operations were desig-
ated as the catalyst precursors. All catalyst precursors were then
ried overnight at 120 ◦C, and calcined at 550 ◦C for 3 h and 650 ◦C
or 3 h in air successively to obtain the as-prepared catalysts. The
s-prepared catalysts were pressed and then crushed into 20–40
esh particles before evaluation of their catalytic performance.

.2. Gas-phase hydrogenation of maleic anhydride

Gas-phase hydrogenation of maleic anhydride to �-
utyrolactone (GHMG) over Cu-CeO2-Al2O3 catalyst was  carried
ut under atmospheric pressure in a quartz tubular fixed-bed
eactor (13 mm I.D., 650 mm L.). In a bottom-up sequence, the
eactor was packed with 1 mL  of quartz sand pretreated at 600 ◦C in
ir, 6 mL  of catalyst (height = 45 mm)  and then 15 mL  of pretreated
uartz sand for the complete gasification of raw material (MA
issolved in GBL, 20 wt.%). The catalyst was reduced in situ by
0 mL  min−1 of 5 vol.% H2/N2 at 380 ◦C for 7 h (designated as the
resh catalyst). Then the temperature was decreased until 240 ◦C,
nd the reactor was fed by 30 mL  min−1 of H2 and 0.2 h−1 of
HSV of raw material. The products were collected in the conical
eakers cooled by ice-bath at the interval of 1 h and analyzed by

erkin-Elmer Clarus 500 gas chromatograph equipped with a FID
etector and a SE-54 capillary column (25 m × 0.32 mm × 1.0 �m).
oth temperatures of injector and detector were kept at 220 ◦C,
nd the temperature of column oven was kept at 100 ◦C for 1 min
s A: Chemical 395 (2014) 392–397 393

and then increased programmedly from 100 ◦C to 120 ◦C with a
heating ramp of 5 ◦C min−1.

The conversion of MA and the selectivity to GBL were calculated
as follows:

Conversion of MA = (nMA0 − nMA)/nMA0 × 100%

Selectivity to GBL = (nGBL − nGBL0)/(nMA0 − nMA) × 100%

nMA0 and nGBL0 represented the molar amount of MA  and the molar
amount of GBL in the raw material of 20 wt.% MA  dissolved in GBL,
respectively. nMA and nGBL represented the molar amount of MA
and the molar amount of GBL in the products after MA  hydrogena-
tion, respectively.

2.3. Characterization of catalyst

The chemical compositions of the as-prepared catalysts were
determined by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) using a TJA IRIS ADVANTAG 1000 instrument.
The powder XRD patterns were recorded on a Bruker AXS D8
Focus diffractometer with a CuK� radiation (� = 0.15406 nm) oper-
ated at 40 kV × 40 mA,  and the diffraction patterns were taken in
the range of 10◦ < 2� < 80◦ at the scanning rate of 6◦ min−1. SEM
images were recorded on a JEOL JSM-6360LV scanning electron
microscope. The specific surface area was  measured by nitrogen
sorption at −196 ◦C with BET method on a NOVA 4200e sur-
face area and pore size analyzer. The Cu surface area (SCu) and
dispersion (DCu = exposed Cu atoms/total Cu atoms) of the fresh
Cu-CeO2-Al2O3 catalysts were measured by N2O chemisorption at
60 ◦C assuming a molar stoichiometry of Cu:N2O = 2 and a surface
atomic density of 1.46 × 1019 Cu atoms m−2 [27]. Raman spectra
were obtained on a Renishaw inVia Reflex Raman microscope with
a CCD detector and the excitation wavelength of 785 nm. Raman
spectra were recorded at 2 cm−1 of increment in the range of
100–1000 cm−1. H2-TPR was carried out in a conventional flow sys-
tem equipment with a TCD detector. 50 mg of sample was heated
programmedly from room temperature until 850 ◦C with a heating
ramp of 10 ◦C min−1 in the atmosphere of 30 mL  min−1 of 5 vol. %
H2/N2.

3. Results and discussion

3.1. Catalytic performance for gas-phase hydrogenation of MA

The catalytic performances of Cu-CeO2-Al2O3 catalysts for
GHMG at atmospheric pressure are shown in Fig. 1. As shown in
Fig. 1, Na-rich w0 catalyst exhibited the lowest initial catalytic per-
formance with 86.3% of conversion of MA and 78.6% of selectivity to
GBL, while the corresponding values increased to 91.2% and 88.8%
respectively over w2  catalyst with relatively low sodium content.
Furthermore, both the conversion of MA  and the selectivity to GBL
could reach 100% over w4 and w8  catalysts. According to ICP-AES
analysis shown in Table 1, the sodium contents of the as-prepared
w0, w2, w4  and w8  catalysts were 6.2 wt.%, 1.5 wt.%, 0.25 wt.% and
0.18 wt.%, respectively. These results obviously indicate that the
residual sodium in the catalysts is adverse to the initial catalytic
performance of Cu-CeO2-Al2O3 catalysts for GHMG. The negative
effect of the residual sodium in Cu-based catalyst on its catalytic
performance for methanol synthesis from CO2 hydrogenation was
also observed [19]. As shown in Table 1 and Fig. 1, three catalysts
of w8, w8a2 and w8ba, with the same sodium content and the

different water content in the precipitate before drying, showed
excellent initial catalytic performances with 100% of conversion of
MA and 100% of selectivity to GBL, but the catalytic stability of Cu-
CeO2-Al2O3 catalysts for GHMG was  much different and followed
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ig. 1. The catalytic performances of Cu-CeO2-Al2O3 catalysts with different conten
BL  at atmospheric pressure.

n order of w8ba with H2O of 1.6 wt.% in the precipitate > w8a2 with
2O of 25.4 wt.% > w8 with H2O of 56.9 wt.%. For example, 100%
f conversion of MA  and 100% of selectivity to GBL were main-
ained for 12 h over w8ba catalyst, but the conversion of MA and
he selectivity to GBL decreased to 66.8% and 74.7% over w8  cat-
lyst after reaction for 12 h, respectively, due to the formation of
he by-product of succinic anhydride [15], which indicates that the
ifference in the catalytic performance of the three catalysts of w8,
8a2 and w8ba for GHMG results from the different water con-

ent in their precursors. Therefore the residual sodium and water
n the catalyst precursors are disadvantageous to the catalytic per-
ormances and stabilities of Cu-CeO2-Al2O3 catalysts for GHMG.

.2. Characterization of Cu-CeO2-Al2O3 catalyst

.2.1. XRD
Fig. 2 shows XRD patterns of the as-prepared Cu-CeO2-Al2O3

atalysts with different contents of sodium and water in the cat-

lyst precursors. As shown in Fig. 2, the characteristic diffraction
eaks of CeO2 (PDF# 34-0394) were observed in all as-prepared Cu-
eO2-Al2O3 catalysts. However, the characteristic diffraction peaks
f CuO (PDF# 65-2309) were only identified in the as-prepared

Fig. 2. XRD patterns of the as-prepared Cu-CeO2-Al2O3 catalysts.

able 1
he physiochemical properties of Cu-CeO2-Al2O3 catalysts with different contents of sodium and water in the catalyst precursors.

Catalysts Water content (wt.%)a Sodium content (wt.%)b SBET (m2 g−1)c SCu (m2 g−1)d Cu dispersion (%)d Cu particle size (nm)e

w0 55.6 6.20 13.5 1.2 5.8 17.9
w2  54.3 1.50 55.2 5.4 9.9 10.5
w4  57.2 0.25 81.5 7.8 11.0 9.4
w8  56.9 0.18 90.7 10.1 17.6 5.9
w8a2  25.4 0.18 94.5 15.6 26.9 3.9
w8ba  1.6 0.18 135.4 21.9 34.7 3.0

a Obtained by the mass difference of precipitate before and after drying/the mass of precipitate before drying × 100%.
b Sodium content of the as-prepared catalyst determined by ICP-AES.
c SBET of the as-prepared catalyst calculated by BET method.
d Determined by N2O chemisorption.
e Calculated by the equation of 6000/(8.92 × SCu/Cu fraction in 1 g catalyst) reported by reference [19].
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Fig. 3. XRD patterns of the fresh Cu-CeO2-Al2O3 catalysts.

0 and w2 catalysts, indicating that small CuO crystallites were
ormed and highly dispersed in the as-prepared w4,  w8, w8a2
nd w8ba catalysts with the relatively low contents of sodium and
ater in the catalyst precursors. Such observations are consistent
ith the results reported in the literature [19,20], in which the
resence of sodium led to growth of the crystalline grain of some
onstituents in the catalyst. The characteristic diffraction peaks of
a2CO3 (PDF# 49-1816) were only observed in the as-prepared w0
atalyst, indicating that sodium existed in the form of Na2CO3 in
he as-prepared w0 catalyst. The embedment of the precipitating
gent in the as-prepared precipitate was likely a source of Na2CO3
n Cu-CeO2-Al2O3 catalysts.

Fig. 3 shows XRD patterns of the fresh Cu-CeO2-Al2O3 cata-
ysts with different contents of sodium and water in the catalyst
recursors, which were prepared by reduction of the as-prepared
u-CeO2-Al2O3 catalysts before evaluation of their catalytic per-

ormances. Compared with XRD patterns of the as-prepared
u-CeO2-Al2O3 catalysts shown in Fig. 2, the characteristic diffrac-
ion peaks of CeO2 and Na2CO3 did not change after reduction
f the as-prepared Cu-CeO2-Al2O3 catalysts, but the characteris-
ic diffraction peaks of CuO in the as-prepared w0  and w2  catalysts
isappeared and the characteristic diffraction peaks of metallic Cu
ppeared at the same time, indicating that CuO was completely
educed into metallic Cu under the reduction conditions in this
ork. However, the characteristic diffraction peaks of metallic Cu
ere not observed in the fresh w4, w8, w8a2 and w8ba catalysts,

ndicating that small metal Cu crystallites were formed in these
resh catalysts and could be related with a high metal Cu dispersion.

.2.2. Raman spectroscopy
Fig. 4 shows Raman spectra of the as-prepared Cu-CeO2-Al2O3

atalysts with different contents of sodium and water in the catalyst
recursors. The absorption bands at 466 cm−1 and 615 cm−1 were
ssigned to vibration modes of the F2g mode of CeO2 [28,29] and
he Bg mode of CuO, respectively. With a decrease in the contents
f the residual sodium and water in the catalyst precursors, the two
bsorption bands were broadened, which indicated a decrease in
he corresponding grain sizes [30,31] and thus agreed well with the
esults determined from XRD and N2O chemisorption. The absorp-
ion band at 1077 cm−1 assigned to the symmetric stretching mode
f CO3

2− [32,33] appeared in the Na-rich w0 catalyst, which further
ndicated that sodium existed in the form of Na2CO3.
.2.3. SEM
SEM images of the as-prepared Cu-CeO2-Al2O3 catalysts are

hown in Fig. 5. The as-prepared w0 catalyst displayed a com-
act surface, ascribed to sintering of the support matrix induced
Fig. 4. Raman spectra of the as-prepared Cu-CeO2-Al2O3 catalysts.

by the residual sodium and the coverage of Na2CO3 on the surface.
With a decrease in the sodium content, the as-prepared w8 cata-
lyst showed the morphology of agglomeration of the corresponding
matrix particles. On the other hand, with a decrease in the water
content in the catalyst precursors, the agglomeration degree of the
as-prepared Cu-CeO2-Al2O3 catalysts gradually decreased, and the
separated small particles or flakes appeared in the as-prepared
w8a2 catalyst and the loose and feather-like species appeared in
the as-prepared w8ba catalyst. Therefore the residual sodium and
water in the catalyst precursors can influence thermal treatment of
the catalyst precursors, which results in the different morphology
and specific surface areas (SBET) of the as-prepared Cu-CeO2-Al2O3
catalysts.

3.2.4. Nitrogen sorption and N2O chemisorption
Table 1 shows the physiochemical properties of Cu-CeO2-Al2O3

catalysts. As shown in Table 1, the specific surface area (SBET) of the
as-prepared Cu-CeO2-Al2O3 catalyst gradually increased from 13.5
to 90.7 m2 g−1 with a decrease in the sodium content from 6.20
to 0.18 wt.% due to a decrease in sintering of the support matrix
induced by sodium and plugging of the catalyst pores by Na2CO3
[19,34]. With further removal of the residual water in the cata-
lyst precursors by ethanol washing or azeotropy distillation, SBET of
the as-prepared w8a2 and w8ba catalysts increased further. This is
because the serious capillary effect of the residual water can result
in sintering of the support matrix due to pore collapse. On the other
hand, with a decrease in the contents of the residual sodium and
water in the catalyst precursors, Cu dispersion and Cu surface area
(SCu) increased in the fresh Cu-CeO2-Al2O3 catalysts, that is to say,
there were more active sites of Cu0 species created on the surface
of the fresh Cu-CeO2-Al2O3 catalysts. It is generally considered that
Cu0 species are the active sites of Cu-based catalysts for GHMG
[11–13,35]. Combined Fig. 1 with Table 1, higher Cu dispersion
and Cu surface area are beneficial to increase the catalytic activity,
selectivity to GBL and stability of the fresh Cu-CeO2-Al2O3 catalysts,
which agrees well with the results reported by our previous work
[15].

3.2.5. H2-TPR
Fig. 6 shows H2-TPR profiles of the as-prepared Cu-CeO2-Al2O3

catalysts. As shown in Fig. 6, the H2-TPR behaviors of the as-
prepared Cu-CeO2-Al2O3 catalysts were significantly influenced
by the contents of sodium and water in the catalyst precursors.

The H2-TPR profiles of w0, w2 and w4 catalysts showed two
reduction peaks in the temperature range of 300–500 ◦C. The low-
temperature peaks of reduction located at 358–382 ◦C in w0, w2
and w4  catalysts were attributed to reduction of slightly interacting
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Fig. 5. SEM images of the as-

uO species and the high-temperature peaks of reduction located
t 431–445 ◦C were attributed to reduction of strongly interac-
ing CuO species with sodium [36,37]. With a decrease in the
odium content in the catalyst precursors, the area of the high-
emperature peak of reduction gradually reduced and the reduction
emperature shifted to lower temperature, while the area of the
ow-temperature peak of reduction increased and the reduction
emperature shifted to higher temperature. With a decrease in the
odium content, the reducibility of the as-prepared Cu-CeO2-Al2O3

atalysts strengthened and followed an order of w4 > w2 > w0.
s for w8, w8a2 and w8ba catalysts, only a reduction peak was
bserved and the peak temperature gradually decreased in an

Fig. 6. H2-TPR profiles of the as-prepared Cu-CeO2-Al2O3 catalysts.
red Cu-CeO2-Al2O3 catalysts.

order of w8 > w8a2 > w8ba, which indicated that the residual water
in the catalyst precursors also brought much negative effects on
the reducibility of the as-prepared Cu-CeO2-Al2O3 catalysts. These
results indicate that high dispersion and small particle size of CuO
crystallite are beneficial to its reduction.

4. Conclusions

Effects of the residual sodium and water in the catalyst pre-
cursor on the catalytic performance of Cu-CeO2-Al2O3 catalyst,
prepared by co-precipitation method, were investigated for gas-
phase hydrogenation of maleic anhydride to �-butyrolactone at
atmospheric pressure. The results show that the residual sodium
and water in the catalyst precursor are unfavorable to the catalytic
performance and the stability of Cu-CeO2-Al2O3 catalyst. The resid-
ual sodium and water in the catalyst precursor result in the serious
sintering of the as-prepared Cu-CeO2-Al2O3 catalyst during ther-
mal  treatment of the catalyst precursor. As a result, with a decrease
in the contents of the residual sodium and water in the catalyst
precursor, the specific surface area of the as-prepared Cu-CeO2-
Al2O3 catalyst, SCu and Cu dispersion of the fresh Cu-CeO2-Al2O3
catalyst increase. Since Cu0 species are the active sites of Cu-based
catalyst for GHMG, high Cu dispersion and SCu of the fresh Cu-CeO2-
Al2O3 catalyst certainly result in higher catalytic performance and
stability. The residual sodium in the form of Na2CO3 in the as-
prepared Cu-CeO2-Al2O3 catalyst covers the active sites on the
catalyst surface and consequently decreases the catalytic perfor-
mance of Cu-CeO2-Al2O3 catalyst. These results are significant to
further improve the catalytic performance and stability of Cu-CeO2-
Al2O3 catalyst for GHMG.
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