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Abstract

Cu/ZnO/TiO; catalysts were prepared via the coprecipitation method. The catalysts were characterized by X-ray diffraction, X-ray photoelectron
spectrometry, temperature programmed reduction, and N, adsorption. The catalytic activity of Cu/ZnO/TiO, catalyst in gas phase hydrogenation of
maleic anhydride in the presence of n-butanol was studied at 235-280 °C and 1 MPa. The conversion of maleic anhydride was more than 95.7% and
the selectivity of tetrahydrofuran was up to 92.7%. At the same time, n-butanol was converted to butyraldehyde and butyl butyrate via reactions,
namely, dehydrogenation, disproportionation, and esterification. There were two kinds of CuO species present in the calcined Cu/ZnO/TiO,
catalysts. At a lower copper content, the CuO species strongly interacted with ZnO and TiO,; at a higher copper content, both the surface-anchored
and bulk CuO species were present. The metallic copper (CuO) produced by the reduction of the surface-anchored CuO species favored the deep
hydrogenation of maleic anhydride to tetrahydrofuran. The deep hydrogenation activity of Cu/ZnO/TiO, catalyst increased with the decrease of
crystallite sizes of CuO and the increase of microstrain values. Compensations of reaction heat and H, in the coupling reaction of maleic anhydride

hydrogenation and n-butanol dehydrogenation were distinct.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Tetrahydrofuran (THF) is widely used both as a versatile
solvent and as a raw material for the manufacture of poly-
tetramethylene ether glycol (PTMEG), spendex fibers, and
polyurethane elastomers [1-3]. The majority of tetrahydrofu-
ran is produced by the following two processes: the furfural
process and the Reppe process [1,3]. In the former, possi-
bly carcinogenic furfural is used as the raw material; in the
latter, explosive acetylene and possibly carcinogenic formalde-
hyde are used as the feed stocks. On the other hand, the
severe reaction conditions and multi-step reaction pathways also
make the above-mentioned production processes unfavorable.
To overcome the disadvantages of the established processes,
eco-friendly and economically alternative process is worthy of
investigation. A very promising alternative to the established
processes is the single stage hydrogenation of maleic anhydride
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since maleic anhydride can be produced at a lower cost and on
a large scale by partial oxidation of n-butane instead of benzene
now [1,4-6].

Catalytic hydrogenation of maleic anhydride to succinic
anhydride, y-butyrolactone, 1,4-butanediol, and tetrahydrofu-
ran has been an attractive research topic in the last decade since
the hydrogenation products are important chemicals in the pro-
duction of polymers, pharmaceuticals, and rubber additives, etc.
[4,5,7,8]. Hydrogenation of maleic anhydride has been catalyzed
by various kinds of catalysts, such as noble metals (Pd, Re,
and Ru) in liquid phase at pressures between 1 and 5 MPa and
temperatures between 190 and 240 °C [9-13], copper-based cat-
alysts in liquid phase at pressures between 5 and 9 MPa and
temperatures between 200 and 240 °C [7,9], and copper-based
catalysts in gas phase at atmospheric pressure and temperatures
between 210 and 280 °C [6,14,15]. The gas phase hydrogena-
tion of maleic anhydride commonly used Cu/ZnO/M, 0 (Al,
Cr, Ce, etc.) catalysts. During the above-mentioned researches,
the high yield of y-butyrolactone is generally achieved. How-
ever, tetrahydrofuran is usually produced with a lower yield and
considered as a by-product.
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To our best knowledge, there are no published papers dealing
with the direct hydrogenation of maleic anhydride to tetrahydro-
furan with a high yield except several patents [16,17]. Schlitter
et al. [16] used Cu(Pd)/Al;O3 catalysts for gas phase hydro-
genation of maleic anhydride to tetrahydrofuran, the yield of
tetrahydrofuran was up to 93% at a reaction temperature of
250°C and the pressures ranging from 0.1 to 2 MPa. Budge
and Pedersen [17] used Cu/ZnO/Al,03/Cr,O3 as a catalyst for
the hydrogenation of maleic anhydride to tetrahydrofuran in the
presence of monohydric aliphatic alcohol such as ethanol and
butanol at the reaction temperatures between 200 and 325 °C and
the pressures between 1.5 and 5.0 MPa, the yield of tetrahydro-
furan was up to 99.1%. Other relative method for the preparation
of tetrahydrofuran is the hydrogenation of the derivatives of
maleic anhydride, e.g. Miiller et al. [3] reported that dimethyl
maleate or dimethyl succinate was converted to tetrahydrofu-
ran by Cu/ZnO/Al, O3 catalyst at a reaction pressure of 2.5 MPa
and a reaction temperature of 220 °C. In the Miiller’s process,
an extra esterification process of maleic anhydride is needed
before the catalytic hydrogenation, giving a multi-stage process
for tetrahydrofuran production. The patented literatures reveal
that it is possible to directly hydrogenate maleic anhydride to
tetrahydrofuran with a high yield. But the presence of noble
metal palladium and polluting chromium in the catalysts is unfa-
vorable in view of both the catalyst cost and the environmental
protection.
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According to the literatures for the preparation of tetrahy-
drofuran from maleic anhydride or its derivatives [3,16,17],
a common feature exists, i.e. the investigated catalysts are
composed of metallic copper (CuO), ZnO, and Al,O3. In the
catalytic hydrogenation process, it is commonly believed that
CuO supplies hydrogenation active sites and that ZnO and
Al,O3 play a role of support. For example, in the hydrogena-
tion process of dimethyl maleic anhydride or dimethyl succinate
to tetrahydrofuran, Miiller et al. [3] suggested that Cu® cat-
alyzes the hydrogenation and hydrogenolysis reactions yielding
v-butyrolactone and 1,4-butanediol and that Al,O3 provides
weakly acidic sites to promote the subsequent dehydration
of 1,4-butanediol to tetrahydrofuran. But Lu et al. [18] have
recently reported that TiO, with acidic sites-modified Cu/Al,O3
catalyst was beneficial to the formation of y-butyrolactone in the
gas phase hydrogenation of maleic anhydride. The role of the
supports is still at controversy.

Itis well known that TiO» is a widely used material as a cata-
lyst support or as a catalyst itself. It is reasonable to predict that
TiO, as an alternative to Cr or Al present in copper-based cata-
lyst should have a positive impact on the selective hydrogenation
of maleic anhydride.

Recently, coupling of an exothermic hydrogenation reaction
and an endothermic dehydrogenation reaction in one reaction
system attracted researchers’ interest in view of thermodynam-
ics [19-21]. Copper-based catalysts can not only catalyze the
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Scheme 1. Hydrogenation route of maleic anhydride [3,5,6,24].
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Scheme 2. Dehydrogenation route of n-butanol [6,22-25].

gas phase hydrogenation of maleic anhydride but also can cat-
alyze the gas phase dehydrogenation of linear primary alcohols
with n carbon atoms to corresponding valuable aldehyde and
ester with 2n carbon atoms instead of the traditional esterifi-
cation catalyst HySO4 [22,23]. The hydrogenation of maleic
anhydride and dehydrogenation of n-butanol are illustrated in
Schemes 1 and 2 [3,5,6,22-25].

From Scheme 1, we found that producing 1 mol tetrahydro-
furan requires 1 mol maleic anhydride and 5 mol Hj, releasing
269.4 kJ heat and that producing 1 mol y-butyrolactone requires
1 mol maleic anhydride and 3 mol Hy, releasing 210.0kJ heat.
From Scheme 2, we found that producing 1mol butyralde-
hyde requires 1 mol n-butanol, releasing 1 mol H; and requiring
70.1kJ heat and that producing 1 mol butyl butyrate requires
2 mol n-butanol, releasing 2 mol H; and requiring 64.2 kJ heat.
It can be predicated that the coupling of hydrogenation of maleic
anhydride and dehydrogenation of a linear primary alcohol, such
as n-butanol, in one reaction system using a copper-based cat-
alyst should be beneficial to the two reactions in view of the
compensations of Hy and reaction heat.

In the present work, the hydrogenation of maleic anhydride
catalyzed by Cu/ZnO/TiO; catalysts in the presence of n-butanol
was carried out at a pressure of 1 MPa and the reaction tem-
peratures ranging from 225 to 280 °C. The major objective of
this work is to gain an insight into the catalytic activity of
Cu/ZnO/TiO, catalysts in the hydrogenation of maleic anhy-
dride to tetrahydrofuran and the dehydrogenation of n-butanol
to butyraldehyde and butyl butyrate.

2. Experimental
2.1. Catalyst preparation

Cu/ZnO/TiO; catalysts were prepared via a continuous
coprecipitation method. A mixed solution of Cu(NO3),-3H>0,
Zn(NO3),-6H,0, and TiCly with a given atomic ratio was
used as a precursor solution and a NayCOs solution (1 M) was
added as a precipitating agent. The coprecipitation was per-
formed at 75 °C and the flow rates of the two solutions were
adjusted to give a constant pH of ca. 8.5. The resultant pre-
cipitate was washed with distilled water until the conductivity
of the filtrate was less than 2 mS/m, dried at 120 °C for 12h,

Table 1
The compositions, specific surface areas, and average pore diameters of the
calcined Cu/ZnO/TiO; catalysts

Samples Atomic ratios Specific surface Average pore
(Cu:Zn:Ti) areas (m*/g) diameters (nm)
Cl1 1:2:0.5 139.5 3.83
C2 1:2:1 172.9 3.83
C3 1:2:2 210.6 3.83
C4 2:2:1 148.9 3.40
C5 2:2:1.5 186.0 3.42
C6 2:2:2 186.3 341
Cc7 1:0:2 184.6 3.41
C8 2:2:0 38.3 777

and then calcined at 350°C for 2h. The calcined catalysts
were pressed at 24.5 MPa to form pellets and the pellets were
crushed to form small-sized particles with particle sizes rang-
ing from 0.4 to 0.8 mm for characterization by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), temperature
programmed reduction (TPR), nitrogen adsorption, and catalytic
test. For XRD and XPS characterization of the Hj-reduced
Cu/ZnO/TiO; catalysts, the calcined Cu/ZnO/TiO; catalysts
were reduced under the same reduction procedure as described
in the catalytic test section. The reduced Cu/ZnO/TiO; cata-
lysts were cooled to ambient temperature in a Ny stream and
sealed in plastic bags before XRD and XPS characterization.
The chemical composition of the prepared catalysts is illustrated
in Table 1.

2.2. Characterization

XRD analysis was used to examine the bulk structures of the
calcined and reduced catalysts. The XRD data were recorded
on a Rigaku D/Max-IIIB diffractometer using Cu Ka radia-
tion (1.5418 A) with Ni filter, scanning from 20° to 80° (20).
Annealed strain-free KCI was measured by XRD from 20° to
80° in order to obtain instrumental contribution to broadening.
The microstructure parameters, such as crystallite size (D) and
microstrain value (¢) of the CuO (1 1 1) in the reduced catalysts,
were calculated by the line-profile analysis based on the Voigt
function [26]. The results are listed in Table 2.

XPS analyses of the calcined and reduced catalysts were
recorded on a PHI-5300 ESCA spectrometer (PerkinElmer)
using Mg Ka radiation (35.75eV). The binding energies were
calculated with respect to Cls peak at 285 eV with a precision
of £0.2eV.

The reduction behaviors of the calcined catalysts were inves-
tigated by TPR technique using a mixed H>/N; flow (10:90, v/v)
of 50 ml/min and 20 mg of the calcined catalyst at a tempera-

Table 2
The crystallite sizes and microstrain values of metallic coppers (111) in the
reduced Cu/ZnO/TiO; catalysts

Cl1 C2 C3 C4 cs C6 c7
D (nm) 19.4 11.5 12.0 17.8 153 20.8 77.2
e (x1073) 22 7.9 5.0 24 2.5 1.7 0.6
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ture ramp of 10 °C/min from 25 to 400 °C. H, consumption was
determined by analyzing the effluent gas with a thermal con-
ductivity detector. The calcined samples were preheated in air
at 300 °C before the TPR measurement in order to eliminate
impurities and adsorbed water.

The specific surface areas and the average pore sizes of the
calcined catalysts were measured on a NOVA 2000e physical
adsorption apparatus and calculated with BET and BJH methods,
respectively. The results are shown in Table 1.

2.3. Catalytic test

The catalytic test was carried out in a stainless steel tubular
fixed-bed reactor with diameter and length of 8 and 200 mm,
respectively, packed with Sml of catalyst with particle sizes
ranging from 0.4 to 0.8 mm, operating at 235-280 °C and 1 MPa.
The reactor was fed with a stream of maleic anhydride/n-butanol
solution (12:88, w/w) in hydrogen, the liquid space velocity

of maleic anhydride was 0.2 h~!, and the molar ratio of H,
to maleic anhydride was 50:1. The maleic anhydride/n-butanol
solution was evaporated in an evaporator at 250 °C. Prior to
the experiments, the catalysts were firstly reduced at atmo-
spheric pressure in a mixed Hp/Ny (10:90, v/v) stream with
a flow rate of 250 ml/min from 25 to 200°C at a tempera-
ture ramp of 1.5 °C/min and from 200-280 °C at a temperature
ramp of 1.0 °C/min. Then the catalyst was continuously reduced
at 280°C for 2h in a mixed Hy/N, (30:70, v/v) stream with
a constant flow rate of 250 ml/min. After the reduction, the
mixed gas was replaced by pure H; and the reaction pres-
sure was raised to 1 MPa by adjusting pressure valves. The
products were condensed by water bath and collected at the
different reaction temperatures after reaction for 1h. The
collected reaction products were analyzed by using a gas chro-
matograph equipped with FID and a PEG packed capillary
column (0.25 mm x 30 m). The experimental results are listed in
Table 3.

Table 3

Activities of the Cu/ZnO/TiO; catalysts in maleic anhydride hydrogenation in the presence of n-butanol

Samples t(°C) X(MA) (%) S (%) X(BU) (%) S (%) Hy% Heat%

THF GBL DS BA BB DS

Cl1 280 97.5 75.9 24.1 0.0 18.3 243 75.7 0.0 404 29.6
265 98.0 71.8 16.0 6.2 16.2 16.9 754 7.7 334 23.8
250 97.5 59.2 27.7 13.1 13.5 14.7 65.8 19.5 27.6 19.4
235 98.5 353 53.0 11.7 7.7 16.3 532 30.5 15.3 10.6

Cc2 280 97.3 81.5 18.5 0.0 18.0 20.5 79.5 0.0 39.0 27.9
265 98.0 84.5 15.5 0.0 15.1 19.3 80.7 0.0 32.0 22.7
250 98.5 73.8 24.8 1.4 11.0 17.8 79.6 2.6 23.7 16.4

C3 280 96.0 92.7 7.3 0.0 16.8 227 71.3 0.0 35.0 26.1
265 97.8 92.3 7.7 0.0 13.7 20.8 79.3 0.0 28.3 20.7
250 98.5 73.1 25.5 1.4 8.3 23.1 73.5 34 17.9 13.1

Cc4 280 97.0 78.7 21.3 0.0 17.6 23.5 76.5 0.0 38.7 28.3
265 98.0 75.2 233 1.5 14.7 15.9 82.1 2.1 319 21.7
250 99.0 56.8 41.8 1.4 11.7 15.4 82.2 2.4 27.3 17.7
235 99.0 39.0 59.6 1.4 7.1 18.1 77.9 4.0 18.0 11.5

C5 280 97.0 81.1 18.9 0.0 16.6 26.2 73.8 0.0 36.0 27.1
265 98.0 79.3 18.9 1.8 15.0 19.8 77.8 2.4 31.9 22.8
250 98.5 55.0 36.8 8.2 11.4 18.7 66.8 14.5 24.6 17.4
235 99.0 31.6 61.1 7.3 6.6 21.3 56.2 22.5 144 10.0

Co 280 97.0 83.5 16.5 0.0 18.6 20.6 79.4 0.0 40.0 28.8
265 98.3 774 20.7 1.9 154 20.4 77.1 2.5 329 23.6
250 98.5 48.8 39.0 12.2 11.5 18.2 60.4 21.4 24.0 17.2
235 98.5 155 69.5 15.0 5.8 12.7 49.7 37.7 16.5 10.5

Cc7 280 96.0 0.0 14.7 85.3 19.2 11.8 0.8 87.4 19.0 -
265 97.0 0.0 6.5 93.5 19.5 42 0.2 95.6 7.6 -
250 97.0 0.0 0.0 100 20.2 1.5 0.0 98.5 3.0 -
235 96.5 0.0 0.0 100 20.0 0.8 0.0 99.2 1.6 -

Cc8 280 96.2 13.4 74.0 12.6 16.3 5.4 81.3 133 28.7 -
265 95.7 14.3 76.5 9.2 13.4 5.7 823 12 23.1 -
250 96.4 10.1 77.1 12.8 10.0 39 75.8 20.3 18.0 -
235 97.1 7.9 76.2 15.9 6.3 34 63.3 333 11.7 -

MA, maleic anhydride; THF, tetrahydrofuran; GBL, y-butyrolactone; DS, dibutyl succinate; BU, n-butanol; BA, butyraldehyde; BB, butyl butyrate; X, conversion; S,
selectivity. Hp % = (the amount of hydrogen produced in n-butanol dehydrogenation/the amount of hydrogen consumed in MA hydrogenation) x 100%. Heat% = (the
heat consumed in the formation of butyraldehyde and butyl butyrate/the heat released in the formation of y-butyrolactone and tetrahydrofuran) x 100%, calculated

at standard state (25 °C, 0.1 MPa).
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Fig. 1. XRD patterns of the calcined Cu/ZnO/TiO; catalysts. (¥) CuO; (H)
ZnO.

3. Results and discussion
3.1. Characterization of Cu/ZnO/TiO; catalysts

3.1.1. XRD analysis

The XRD patterns of the calcined and reduced Cu/ZnO/TiO,
catalysts are shown in Figs. 1 and 2. The XRD patterns of the
calcined Cu/ZnO/TiO; catalysts exhibit the characteristic peaks
of CuO (PDF#48-1548) and ZnO (PDF#36-1451), appearing
at 20=35.5°, 38.7°, 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°,
68.0°, respectively. The characteristic peaks of TiO, were not
detected in the calcined Cu/ZnO/TiO; catalysts, revealing that
TiO, should be present in an amorphous phase. The XRD pat-
terns of the reduced Cu/ZnO/TiO catalysts show that CuO
was reduced to CuO (PDF#04-0836) with characteristic peaks
appearing at 20 =43.3°, 50.4°, and 74.1°, and that zinc species
were still present in the form of ZnO. After reduction, there
was no characteristic peak of TiO; detected by XRD anal-
ysis, meaning that TiO, was still present in the amorphous
phase.

[ ]
n .
e e B . .
Cl
c2
C3

Fig.2. XRD patterns of the reduced Cu/ZnO/TiO; catalysts. (@) CuO; (H) ZnO;
(V) SiO; arising from the quartz wool pad under catalyst in reactor.

As far as the reduced catalysts are concerned, the crystallite
sizes (D) and the microstrain values (¢) of metallic copper (1 1 1)
were estimated according to the line-profile analysis based on
the Voigt function. For the Cu/ZnO/TiO, catalysts (C1-C6),
the crystallite sizes of metallic copper were between 11.5 and
20.8 nm, and the range of their microstrain values was from
1.7 x 1073 to 7.9 x 1073, For the Cu/TiO, catalyst (C7), the
crystallite size of metallic copper was much larger up to 77.2 nm,
and the microstrain value decreased to 0.6 x 10~ The presence
of ZnO enables the crystallite size of metallic copper to decrease,
while the microstrain value to increase, meaning that the disper-
sivity of metallic copper is enhanced and the lattice distortion is
increased by ZnO.

3.1.2. XPS analysis

The chemical states of the representative calcined Cu/ZnO/
TiO, (C2), calcined Cu/TiO, (C7), and Hp-reduced Cu/ZnO/
TiO; (C2) catalysts were evaluated by XPS. Fig. 3 shows the
Cu2p3/2 and Cu2pl/2 peaks of the calcined and H,-reduced
samples. The calcined samples C2 and C7 displayed the princi-
pal Cu2p3/2 and Cu2p1/2 peaks at 932.8,952.8;933.4,953.1 ¢V,
respectively, when referenced to the Cls core level at 285¢eV,
which is characteristic of Cu2* species [27,28]. Furthermore,
the presence of Cu’* satellite peak appearing at 942eV evi-
denced the presence of Cu* ions in the form of cupric oxide,
although whose origin is complex and has been explained as due
to electron shake-up processes, final state effects, and charge
transfer mechanisms [28]. The binding energies of Cu2p3/2
and Cu2pl/2 of Cuw/TiOy (C7) catalyst shifted to higher val-
ues than that of Cu/ZnO/TiO; catalyst (C2), revealing that the
chemical state of CuO is influenced by the composition of the
catalyst.

The binding energies of Ti2p3/2 and Ti2p1/2 of the calcined
Cu/TiO, (C7) and Cu/ZnO/TiO, (C2) catalysts were 458.4,
463.9; 458.3, 464 eV, respectively, pertaining to that of TiO»
[29].

After reduction with H,, the Cu2p3/2 and Cu2pl/2 of
Cu/ZnO/TiO; catalyst (C2) shifted to lower binding energy at ca.
931.6 and 951.6 eV and the satellite peak disappeared, meaning
that after reduction the copper species are Cu™ or Cu®, rather than
Cu?* [27,30]. The shift of Cu2p3/2 alone reveals the disappear-
ance of cupric oxide, but does not allow to reach a conclusion
about the presence of solely cuprous oxide or solely metallic
copper or both since the Cu2p3/2 peaks for metallic copper and
Cuy0 appear with the same binding energy. But the appear-
ance of Cu2pl/2 at 951.6eV as well as the disappearance of
the satellite peak at ca. 942eV can be ascribed to the forma-
tion of metallic copper rather than cuprous copper as certified
by Mayanna and co-workers [28]. Furthermore, the XRD pat-
terns of the reduced samples only show the existence of metallic
copper for copper species. Therefore, it can be concluded that
CuO present in the calcined samples is reduced to CuO under
the present experimental conditions.

3.1.3. TPR analysis
The temperature programmed reduction curves of the cal-
cined samples are shown in Fig. 4. For the Cu/TiO; catalyst (C7),
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Fig. 3. X-ray photoelectron spectra of the representative calcined and Hj-
reduced catalysts. (a and b) Calcined C2 and C7 samples; (c) reduced C2
sample.

the TPR peak was broad and the maximum TPR peak appeared
at 190.8 °C, higher than those of all the Cu/ZnO/TiO; catalysts.
Reduction of Cu/TiO; catalyst at a higher temperature could be
explained as being due to the fact that the interaction between
CuO and TiO; in Cu/TiO; catalyst inhibited the reduction of
CuO.

For Cu/ZnO/TiO; catalysts (C1-C3) with a lower copper
content (Cu:Zn:Ti, 1:2:0.5-2), a single TPR peak for each sam-
ple was detected, and the temperatures at the maximum peaks
shifted from 177.8 °C to a lower temperature of 165 °C with
increasing the TiO; content. From XPS analysis, we found
that the binding energies of Cu2p3/2 and Cu2pl/2 of the
Cu/ZnO/TiO; catalyst (C2) shifted to lower values than those for
the Cu/TiO; (C7) catalyst, meaning that the presence of ZnO in

__M
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1 1 1
100 111 167 222 278

Reduction temperature (°C)

Fig. 4. TPR profiles of the Cu/ZnO/TiO; catalysts.

Cu/ZnO/TiO; catalyst influenced the interaction between CuO
and TiO;. Therefore, the shift of the TPR peaks toward lower
temperature with increasing the TiO; content in Cu/ZnO/TiO,
catalysts could be explained as being due to the fact that the
chemical state of CuO was synergistically affected by both ZnO
and TiO,.

With the increase of the CuO content in Cu/ZnO/TiO; cat-
alysts (C4-C6, Cu:Zn:Ti, 2:2:1-2), the TPR curves for all
the tested catalysts exhibited two peaks at the temperatures
ranging from 154.1 to 157.8°C and from 168.7 to 179.8 °C,
respectively. The TPR peaks appearing at higher temperature
should be ascribed to the reduction of the surface-anchored
CuO, i.e. the CuO strongly interacted with ZnO and TiO»,
since the temperatures at the maximum peaks are within the
same range as those of the Cu/ZnO/TiO; catalysts with a lower
CuO content (samples C1-C3). On the other hand, the TPR
peaks appearing at lower temperature should be ascribed to the
reduction of the bulk CuO present in the Cu/ZnO/TiO; cata-
lysts.

3.1.4. Specific surface area and average pore size analysis
The specific surface areas and average pore sizes of the
Cu/ZnO/TiO;, Cu/ZnO, and Cu/TiO; catalysts are listed in
Table 1. The specific surface areas of the Cu/ZnO/TiO, and
Cu/TiO, catalysts are more than 139.5m?/g, revealing that
the catalysts containing TiO, can provide high surface areas.
The range of the average pore sizes of the Cu/ZnO/TiO; and
Cu/TiO; catalysts is from 3.4 to 3.83 nm. The pore sizes are
appropriate for the catalytic characteristics of maleic anhydride
hydrogenation [31]. However, the Cu/ZnO catalyst has a small
specific surface area and a large average pore size. Therefore,
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the presence of TiO, is beneficial to the increasing of the
specific surface area of the catalyst.

3.2. Catalysis results

3.2.1. Hydrogenation of maleic anhydride

Table 3 shows the catalytic activities of the Cu/ZnO/TiO,
catalysts (C1-C6) for maleic anhydride hydrogenation and n-
butanol dehydrogenation at 1 MPa and 235 to 280°C. The
experimental results show that the conversion of maleic anhy-
dride was more than 96% under the present reaction conditions,
the selectivity of tetrahydrofuran was more than 75%, up to
92.7%, at the high reaction temperature of 265 or 280 °C, and
v-butyrolactone and dibutyl succinate were the other hydro-
genation products of maleic anhydride. As shown in Table 3,
the selectivity of tetrahydrofuran increased with elevating reac-
tion temperature, while the selectivities of y-butyrolactone and
dibutyl succinate decreased. The catalytic hydrogenation of
maleic anhydride by copper-based catalyst proceeds via con-
secutive hydrogenation steps, in which succinic anhydride,
v-butyrolactone, 1,4-butanediol, and tetrahydrofuran are formed
subsequently. The resultant succinic anhydride can react with
the solvent, n-butanol, to produce dibutyl succinate [6]. There-
fore, in hydrogenation of maleic anhydride to tetrahydrofuran,
dibutyl succinate and y-butyrolactone can be regarded as the
intermediate products and tetrahydrofuran as the deep hydro-
genation product. Since the conversion of maleic anhydride was
close to 100%, the selectivity of tetrahydrofuran can be used as
a criterion for evaluating the deep hydrogenation activity and
the selectivity of dibutyl succinate as a criterion for evaluating
the hydrogenation activity at a comparable conversion of maleic
anhydride [6].

For Cu/ZnO/TiO; catalysts (C1-C3) with a low copper con-
tent (Cu:Zn:Ti, 1:2:0.5-2), the catalysts C2 and C3 exhibited
much higher selectivity of tetrahydrofuran than C1 did and the
maximum value was up to 92.7% (C3, 280 °C). Moreover, the
selectivities of y-butyrolactone and dibutyl succinate of the cat-
alysts C2 and C3 were low, especially for the dibutyl succinate,
whose selectivity was only 1.4%. By comparing the selectivities
of the hydrogenation products, we found that at a lower copper
content, the hydrogenation activity of Cu/ZnO/TiO; catalysts
increased with increasing the content of TiO5.

For Cu/ZnO/TiO; catalysts (C4—C6) with a high copper
content (Cu:Zn:Ti, 2:2:1-2), the highest selectivity of tetrahy-
drofuran was up to 83.5%. The selectivities of tetrahydrofuran
and y-butyrolactone of the samples C4-C6 were comparable at
the high reaction temperatures ranging from 250 to 280 °C. How-
ever, at a low reaction temperature of 235 °C, the selectivity of
tetrahydrofuran decreased and the selectivity of y-butyrolactone
increased with increasing the content of TiO,. Furthermore, the
selectivity of dibutyl succinate increased with increasing TiO»
content.

For Cu/TiO; catalyst (C7; Cu:Ti, 1:2), dibutyl succinate with
a selectivity of more than 85% was dominantly produced at
the reaction temperatures between 235 and 280 °C, and small
amount of +y-butyrolactone with a selectivity less than 15%
was produced at the high reaction temperatures between 265

and 280 °C. Tetrahydrofuran as a deep hydrogenation product
was not detected over Cu/TiO; catalyst. For Cu/ZnO catalyst
(C8; Cu:Zn, 2:2), the selectivity of y-butyrolactone was more
than 74% and the selectivity of tetrahydrofuran was less than
14.3% at the reaction temperatures between 235 and 280 °C.
The main hydrogenation product was y-butyrolactone, instead
of tetrahydrofuran. The selectivity of tetrahydrofuran catalyzed
by Cu/ZnO/TiO; catalyst was higher than that by Cu/TiO; or
Cu/ZnO catalyst. At the same time, the selectivity of dibutyl suc-
cinate catalyzed by Cu/ZnO/TiO; catalyst was lower than that by
Cu/TiO; or Cu/ZnO catalyst. Therefore, it is reasonable to con-
clude that ZnO and TiO; present in the Cu/ZnO/TiO, catalysts
have a synergistic effect on the promotion of the hydrogenation
activity.

By comparing the selectivities of tetrahydrofuran, -+y-
butyrolactone, and dibutyl succinate at the comparable
conversions of maleic anhydride, the hydrogenation activities
of C1-C7 are in an order of C3>C2>C4>C5>C1>C6 > C7.
Interestingly, the microstrain values of CuO in the reduced
C1-C7 are in an order of C2>C3>C5>C4>C1>C6>>C7
and the crystallite sizes of CuO in the reduced C1-C7 are in
the reverse order of the microstrain values (Table 2). The activ-
ity order of catalysts C1-C7 is roughly consistent with the order
of the microstrain values of CuO. Therefore, it is reasonable to
indicate that the hydrogenation activity increases with increas-
ing the lattice distortion degree of CuO and decreasing crystallite
size of CuO.

Although the lower copper-contented C1 had a little lower
hydrogenation activity than the higher copper-contented C4 and
C5 did, the hydrogenation activity of C1 was comparable to
that of C4 and C5 and higher than that of C6. Furthermore, the
lower copper-contented C2 and C3 had obviously higher hydro-
genation activity than the higher copper-contented C4—C6 did.
According to the TPR analysis, we found that CuO species were
anchored at the surfaces of ZnO and TiO; at a lower copper con-
tent and that both surface-anchored and bulk CuO species were
present at a higher copper content. Therefore, it is reasonable
to suggest that CuO originating from the surface-anchored CuO
should have higher catalytic activity than that originating from
the bulk CuO in hydrogenation of maleic anhydride.

3.2.2. Reaction route of maleic anhydride hydrogenation
catalyzed by Cu/ZnO/TiO; catalyst

Considering that the conversion of maleic anhydride was
close to 100% in the most cases, we suggested that the C=C
bond present in maleic anhydride is easily hydrogenated by
Cu/ZnO/TiO; catalysts at 1 MPa and the temperatures ranging
from 235 to 280 °C. However, there was no succinic anhydride
but y-butyrolactone and dibutyl succinate with a large scale pro-
duced at the lower reaction temperature, and the selectivity of
v-butyrolactone was higher than that of dibutyl succinate. Hence
it can be concluded that the hydrogenation of the resultant suc-
cinate anhydride to vy-butyrolactone is a fast process and that
the esterification between succinate anhydride and n-butanol
is a slow process. It is well known that dibutyl succinate can
be hydrogenated to y-butyrolactone. Under the present reaction
conditions, only a small amount of dibutyl succinate was formed
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Scheme 3. Reaction route of maleic anhydride hydrogenation catalyzed by Cu/ZnO/TiO; catalysts.

at the lower reaction temperature, meaning that the hydrogena-
tion of dibutyl succinate to y-butyrolactone should be a rapid
process.

The selectivity of vy-butyrolactone is larger than that of
tetrahydrofuran when the temperature is 235 °C. However, the
selectivity of y-butyrolactone decreased rapidly with elevating
reaction temperature from 235 to 280 °C, accompanied by the
rapid increase of the selectivity of tetrahydrofuran. Tetrahy-
drofuran should be mainly produced by the hydrogenation of
v-butyrolactone. Since higher selectivity of tetrahydrofuran was
obtained at the higher temperature, i.e. the much severe reaction
condition was needed for the formation of tetrahydrofuran, it
can be concluded that the hydrogenation of y-butyrolactone to
tetrahydrofuran is a slow process.

According to the above discussions, we suggested a reac-
tion route of maleic anhydride hydrogenation catalyzed by
Cu/ZnO/TiO; catalysts as shown in Scheme 3.

3.2.3. Dehydrogenation of n-butanol

The dehydrogenation process of n-butanol by copper-based
catalysts can be illustrated in Scheme 2 [6,22,23]. In the dehy-
drogenation process, n-butanol is firstly dehydrogenated to
form butyraldehyde; the resultant butyraldehyde is converted
to butyric acid and n-butanol via a disproportionation reaction;
then the resultant butyric acid and n-butanol is converted to butyl
butyrate via an esterification reaction.

Table 3 shows the dehydrogenation—disproportionation—
esterification results of n-butanol over a series of catalysts
(C1-C7) at 1 MPa and 235 to 280 °C. For Cu/ZnO/TiO; cat-
alysts (C1-C6), the conversions of n-butanol increased (in a
range of 5.8—18.6%) as elevating the reaction temperature from
235 to 280°C. In general, the selectivities of butyraldehyde
and butyl butyrate increased as elevating the reaction tem-
perature from 235 to 280°C, ranging from 12.7 to 26.2%
and 49.7 to 82.2%, respectively. Although the conversions
of n-butanol catalyzed by Cu/ZnO/TiO, catalysts (C1-C6)
at the same reaction temperature are close to each other,
but the selectivities of dibutyl succinate are in an order of
C2<(C3<(C4<C5<C1<C6 when n-butanol is taken as the
key reactant. Considering that the products starting from n-
butanol only consist of butyraldehyde, butyl butyrate, and
dibutyl succinate, it is reasonable to conclude that the order of
n-butanol dehydrogenation activities of the Cu/ZnO/TiO; cata-

lysts (C1-C6) is C2>C3 > C4>C5>C1 > C6, similar to that of
their maleic anhydride hydrogenation activities. It is worth not-
ing that butyric acid as an intermediate product was not detected
in the dehydrogenation process. This result reveals that the ester-
ification between the resultant butyric acid and n-butanol is
rapid.

For Cu/TiO; catalyst (C7), the conversion of n-butanol was
ca. 20% at the reaction temperatures ranging from 235 to 280 °C,
and the dominant product was dibutyl succinate. A small amount
of butyraldehyde was produced at the reaction temperatures
ranging from 235 to 280 °C and a trace of butyl butyrate was only
produced at the high reaction temperatures of 265 and 280 °C.
The dehydrogenation activity of Cu/TiO, catalyst is lower than
that of Cu/ZnO/TiO; catalysts.

For Cu/ZnO catalyst (C8), the conversions of n-butanol were
increased from 6.3 to 16.3% when the reaction temperatures
were increased from 235 to 280 °C. The dominant product was
butyl butyrate with the selectivities ranging from 63.3 to 82.3%.
The conversion of n-butanol catalyzed by Cu/ZnO catalyst is
slightly lower than that catalyzed by Cu/ZnO/TiO; catalysts. On
the other hand, the selectivity of dibutyl succinate produced by
the esterification of n-butanol and succinic anhydride is gen-
erally higher than that catalyzed by Cu/ZnO/TiO; catalysts.
Therefore, the dehydrogenation activity of Cu/ZnO catalyst is
lower than that of Cu/ZnO/TiO; catalysts. The coexistence of
TiO; and ZnO in the Cu/ZnO/TiO; catalysts favors both the
hydrogenation of maleic anhydride and the dehydrogenation of
n-butanol.

3.2.4. Reaction route of n-butanol dehydrogenation
catalyzed by Cu/ZnO/TiO; catalyst

As discussed above, a reaction route of n-butanol dehydro-
genation by Cu/ZnO/TiO; catalyst was suggested as shown in
Scheme 4.

The reactions of n-butanol dehydrogenation to butyraldehyde
and butyraldehyde disproportion to butyric acid and n-butanol
are slow processes. However, the esterification between butyric
acid and n-butanol to butyl butyrate is a fast process.

3.2.5. Compensation between the hydrogenation and the
dehydrogenation

Hydrogen produced by the dehydrogenation of n-butanol
can be used as a feed stock for the hydrogenation of maleic
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Scheme 4. Reaction route of n-butanol dehydrogenation by Cu/ZnO/TiO, cat-
alysts.

anhydride. The ratios of the hydrogen produced in n-butanol
dehydrogenation to the hydrogen consumed in maleic anhy-
dride hydrogenation (Hy%) were calculated according to
Schemes 3 and 4 and listed in Table 3. In the coupling process of
hydrogenation and dehydrogenation catalyzed by Cu/ZnO/TiO;
catalysts (C1-C6), the H,% values increased with elevating
reaction temperature from 235 to 280 °C and the Hy% values
are in arange of 14.4-40.4%. On the other hand, in the coupling
process catalyzed by Cu/TiO; catalyst (C7), the Hy% values
increased from 1.6 to 19% with elevating the reaction temper-
ature from 235 to 280 °C. For the Cu/ZnO catalyst, the H,%
values increased from 11.7 to 28.7% with elevating the reac-
tion temperature from 235 to 280 °C. Therefore, Cu/ZnO/TiO,
catalysts favor the Hy compensation in the coupling process.

The heat produced by the exothermic hydrogenation of
maleic anhydride can be transferred to the endothermic dehydro-
genation of n-butanol. The ratios of the standard reaction heat
absorbed by n-butanol dehydrogenation to the standard reaction
heat released by maleic anhydride hydrogenation (Heat%) were
calculated according to Schemes 1 and 2 and listed in Table 3.
In the coupling process catalyzed by Cu/ZnO/TiO; catalysts
(C1-C6), the Heat% values increased with elevating the reac-
tion temperature from 235 to 280 °C in arange of 10-29.6%. Itis
evident that Cu/ZnO/TiO; catalysts favor the heat compensation
in the coupling process.

4. Conclusions

For calcined Cu/ZnO/TiO; catalysts, at a lower copper con-
tent, the CuO species strongly interacted with ZnO and TiO; at
a higher copper content, both the surface-anchored and bulk
CuO species were present. The small-sized CuO with high
microstrain values favored maleic anhydride hydrogenation.
The CuO originating from the surface-anchored CuO species
had a higher catalytic activity for hydrogenation of maleic
anhydride to tetrahydrofuran than that originating from bulk
CuO species. Cu/ZnO/TiO; catalysts had a higher activity for
the dehydrogenation of n-butanol to butyraldehyde and butyl
butyrate than Cu/TiO, and Cu/ZnO catalysts. CuO catalyzed
the dehydrogenation of n-butanol to butyraldehyde and the
disproportionation of the resultant butyraldehyde to butyric
acid and n-butanol. The dehydrogenation of n-butanol supplied
14.4-40.4% H; which was consumed in the hydrogenation of
maleic anhydride under the present experimental conditions over
Cu/ZnO/TiO; catalysts. When the reaction heat was calculated

at a standard state (25 °C, 0.1 MPa), the dehydrogenation of n-
butanol consumed 10-29.6% reaction heat, which was released
in the hydrogenation of maleic anhydride.
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