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A  novel  coupling  route  highlighting  the  combination  of  hydrogenation  of  acetophenone  and  dehydro-
genation  of  1,4-butanediol  in  vapor  phase  conditions  over  Cu–MgO  catalyst  is highly  advantageous
in  terms  of avoiding  external  pumping  of  H2 and  maintaining  the  formation  of  1-phenylethanol  and
�-butyrolactone,  the  desired  products,  respectively,  in  good  amounts  at atmospheric  pressure.  Three
Cu/MgO  catalysts  with  5, 10,  and  15  wt.%  Cu  loadings  are  prepared  by  impregnation  method  and  char-
acterized  by  BET  surface  area,  temperature  programmed  reduction,  XRD,  N2O  pulse  chemisorption,
eywords:
ydrogen
cetophenone
-Phenylethanol
,4-Butanediol

transmission  electron  microscopy  (TEM)  and  X-ray  photoelectron  spectroscopy  (XPS).  Among  the studied
Cu/MgO catalysts,  10  wt.%  Cu/MgO  catalyst  exhibited  superior  activity  with  nearly  100%  selectivity  of  PhE
and GBL.  The  higher  yields  of  the  products  are  observed  on the  10 wt.%  Cu/MgO  in  single  and  combined
reactions  compared  to  the  other  two  catalysts,  it may  be  due  to  the  higher  dispersion,  smaller  Cu  particle
size and  more  number  of  Cu0/Cu+ species  at the  surface.
-Butyrolactone

. Introduction

1-Phenylethanol (PhE) and �-butyrolactone (GBL) are important
hemicals and intermediates in fine chemicals industrial practices.
hE is mainly applied to produce perfumery products and pharma-
euticals [1].  GBL is mainly used for synthesis of N-vinylpyrrolidine,
-methylpyrrolidone, herbicides and rubber additives and a green

olvent [2].  One of the important synthesis routes of PhE is the
ydrogenation of acetophenone (ACP) and that of GBL is the dehy-
rogenation of 1,4-butanediol (BDO). Individual hydrogenation of
CP to produce PhE, ethylbenzene (EB), and 1-cyclohexylethanol

CHE) due to partially and fully reduction of carbonyl and phenyl
roups of acetophenone. Several authors reported hydrogenation of
CP in liquid phase over supported metal catalysts [3–8], very few
eports in vapor phase [9,10].  Selective production of PhE from ACP
hrough catalytic transformation seems to be a challenging task. So
ar no vapor phase process is disclosed with 100% selectivity of PhE.

There are several reports for the production of GBL either from
aleic anhydride hydrogenation or from BDO dehydrogenation

sing different heterogeneous catalysts, particularly copper based

atalyst [11–15].

Apart from selective hydrogenation, in the coupled process,
he hydrogen produced from the dehydrogenation reaction can

∗ Corresponding author. Tel.: +91 40 27191712; fax: +91 40 27160921.
E-mail address: david@iict.res.in (D.R. Burri).

381-1169/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.12.014
© 2012 Elsevier B.V. All rights reserved.

be effectively utilized in the hydrogenation process with out
purification. In spite of having the enormous importance of cou-
pling processes, very few reports are available in the literature
[2,16–22]. In addition the simplified coupling procedure due to
a no-hydrogen-supply operation shows improved technology and
environmentally benign process [17]. There is possibility of cou-
pling of BDO and ACP. The dehydrogenation of BDO reaction has
not been coupled with selective hydrogenation of ACP. Thus the
detailed study of this coupling process shows great interest. A
review article on catalytic transfer hydrogen highlight the appli-
cation of various metal catalysts like Pd, Pt, Raney Ni, Ru, Ir, Rh
for transfer hydrogenation olefins acetylenes, carbonyl compounds,
nitriles, imines, azocompounds and nitro compounds, mostly in
liquid phase [23]. The present study highlights the simultaneous
synthesis of GBL and PhE by coupling BDO dehydrogenation and
ACP hydrogenation over Cu/MgO catalysts in vapor phase.

2. Experimental

2.1. Catalyst preparation

MgO  support is prepared by a precipitation method using Mg
(NO3)2·6H2O as a precursor and K2CO3 as a precipitating agent.

10 wt.% of aqueous Mg  (NO3)2·6H2O and K2CO3 solutions are pre-
pared and mixed simultaneously at a constant pH of 9 until the
precipitation completed. The precipitate is washed thoroughly with
hot water until complete removal of K+. The material dried and

dx.doi.org/10.1016/j.molcata.2011.12.014
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:david@iict.res.in
dx.doi.org/10.1016/j.molcata.2011.12.014
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Table 1
BET surface area, dispersion, metal surface and particle size of reduced 5CMI, 10CMI,
and 15CMI catalysts.

Catalyst SBET (m2 g−1) DCu
a (%) SCu

a (m2 g−1) PCu
a (nm) PCu

b (nm)

5CMI 13 5.5 4.2 32 16
10CMI 18 8.9 7.8 20 26
15CMI 11 3.8 2.9 46 35

SBET is BET surface area, DCu is Cu-dispersion, SCu is Cu metal area and PCu is Cu
particle size.

a Obtained from N2O pulse chemisorption.
b Obtained from XRD.
K.H.P. Reddy et al. / Journal of Molecula

alcined at 723 K for 12 h. Three Cu/MgO catalysts with 5, 10,
5 wt.% Cu loadings are prepared by impregnation method using
queous Cu (NO3)2·6H2O solution. The catalysts are dried at 373 K
or 12 h and calcined at 723 K for 12 h.

.2. Catalyst characterization

BET surface areas are determined using a Smart Sorb
2/93(M/S.SMART Instrument, India). The detailed procedure
eported elsewhere [2].  X-ray diffraction (XRD) measurements
ere made using a Rigaku Miniflex powder diffracts meter with Cu
� radiation (40 kV, 30 mA). The copper surface area and the metal
ispersion were estimated by nitrous oxide pulse chemisorption
n pre-reduced catalysts under dynamic conditions [2].  Based on
he stoichiometry, that one N2O molecule requires two Cu atoms,
he number of surface Cu species was estimated.

2O + 2Cu → Cu2O + N2

The Cu dispersion (DCu) was measured as the percentage ratio
f surface Cu atoms to the total number of Cu atoms present in the
atalyst. Multiplying the number of surface Cu atoms with the cross
ectional area of Cu (6.803 × 10−20 m2) gives the Cu-metal surface
rea per gram catalyst (SCu). The Cu particle size was estimated
ssuming a particle of cubic shape using the following equation:

u − particle size(PCu)in nm = % Cu loading × 6 × 103

100 × � × SCu

here � is the density of Cu metal (8.92 g cm−3).
Temperature programmed reduction (TPR) experiments were

erformed using a home made TPR system. The details are
escribed elsewhere [2].  X-ray photoelectron spectroscopy (XPS)
ere recorded using a Kratos-Axis 165 instrument with Mg  K� radi-

tion (h� = 1253.6 eV) at 75 W.  Transmission electron micrographs
TEM) were recorded using a Phillips Tecnai G2 FEI F12 electron

icroscope.

.3. Catalytic activity tests

The catalytic experiments are carried out in a fixed bed reac-
or (10 mm i.d and 200 mm  long) at atmospheric pressure. Around
.5 g of catalyst is loaded and reduced in H2 flow at 553 K for 3 h. Cu
omponent in the catalyst is known to start sintering beyond 553 K.
hat is the reason why the reduction temperature is fixed at 553 K
2]. BDO and/or ACP are feed at a flow rate of 1 ml  h−1 along with N2
as flow at a rate 18 ml  min−1. For independent ACP hydrogenation
eaction H2 is used a reducing gas. The feed composition of H2:ACP
s fixed at 1:1 with a space velocity ∼100 m mol  g−1. In the combi-
ation reactions ACP to BDO ratio is maintained at 2:1 along with
2 flow 18 ml  min−1. The product mixture is collected in an ice cold

rap periodically for every 1 h and analyzed by GC (Shimadzu-17A)
quipped with FID detector and ZB-wax capillary column (30 m

 × 0.5 mm I.D × 1 �m F.T). Prior to regular analysis, the products
re identified by GC–MS (Shimadzu-QP 5050) equipped with DB-5
apillary column (30 m L × 0.32 mm I.D × 1 �m F.T).

. Results and discussion

The surface areas of the reduced catalysts are displayed in
able 1. There is a significant enhancement in the surface area of
0CMI catalyst compared to 5CMI catalyst. The enhancement in

urface area with increase in Cu loading may  be due to contribution
f finely dispersed Cu species. The lowering in the surface area with
ncrease in Cu loading from 10% to 15% may  be due to agglomeration
f some of the finely dispersed Cu species [2].
Fig. 1. XRD patterns of reduced 5CMI, 10CMI, and 15CMI catalysts.

N2O pulse chemisorption is a valuable technique for the deter-
mination of (i) dispersion, (ii) metal surface area, and (iii) particle
sizes of surface Cu species. The obtained N2O pulse chemisorption
data of all the Cu/MgO catalysts are shown in Table 1. Wherein,
the dispersion of Cu metal and metal surface area is increased with
increase in Cu loading from 5% to 10%, whereas, Cu particle size
is decreased significantly. A reverse trend is observed in all the
above stated parameters with the increase in Cu loading from 10%
to 15%. Metal support interaction may  be playing a crucial role in
controlling the above parameters against Cu loading. The higher Cu
dispersion in 10CMI catalyst is due to the Cu–MgO interaction. The
presence of defect sites in MgO  is the reason for the presence of
such interacted species [24–26].

In Fig. 1, the X-ray powder diffraction patterns of reduced (553 K
for 3 h) Cu/MgO catalysts are shown. The XRD reflections related to
Cu+ (2�  = 36.60◦) and Cu0 (2�  = 43.46◦, 50.3◦ and 74.60◦) along with
MgO  support (Mg2+, 2� = 42.82, 62.25, and 78.30◦) are observed
from the XRD patterns. No XRD reflections corresponding to Cu2+

are observed.
As shown in Table 1, the crystallite sizes of Cu from N2O pulse

chemisorption and from the XRD patterns of reduced catalysts are
not matching. This is because of the fact that the reduced catalysts
while recording for their XRD are exposed to air and therefore,
there is a possibility that some part of Cu might have oxidized.
The CuO thus formed due to areal oxidation may be in the amor-
phous form. On the other hand in situ reduction step is done prior
to the N2O pulse chemisorption and hence the crystallite sizes from

these two  techniques are not matching perfectly. Since our aim is to
measure the Cu crystallite sizes, it is appropriate to use N2O pulse
chemisorption for the measurement of Cu crystallite sizes [2].
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given in Table 2. The binding energy values of Cu 2p3/2 in 5CMI,
Fig. 2. TPR patterns of calcined 5CMI, 10CMI, and 15CMI catalysts.

Fig. 2 implies the reducibility of Cu/MgO catalysts is deter-
ined by H2-TPR. All the three Cu/MgO catalysts are shown a single

eduction temperature maximum in the range of 610–640 K, which
ttribute to the reduction of CuO, similar to the reduction behav-
or of bulk CuO [27]. The reduction of CuO is started at around the
eduction temperature of 500 K, which is extended up to 700 K with
he increase in Cu loading from 5% to 15%, higher in reduction tem-
erature maximum is observed (i.e. 5CMI → 610 K, 10CMI → 620 K,
nd 15CMI → 640 K). The lower reduction temperature attributed
o the metal supported interaction and shifting of reduction tem-
erature to higher indication of the attainment of CuO bulk nature.
his result reveals that the copper dispersion is lower with higher

opper loading, which is consistent with the results of N2O pulse
hemisorption, XRD, and the reported literature on supported cop-
er catalysts CuO/Al2O3 [28].

Fig. 3. TEM images of reduced catalysts (
Fig. 4. XPS spectra of Cu 2p of 5CMI, 10CMI and 15CMI.

TEM images and particle size distribution (bar diagram) of
reduced catalysts are shown in Fig. 3. Cu particles are found to be
well dispersed in 10 CMI  (Fig. 3B) and the metal particles are found
to be evenly distributed on the MgO  support. However, in the case
of 5CMI (Fig. 3A) catalyst the particle size of Cu metal is found to
be large. The Cu metal particles are found to be agglomerated in 15
CMI  (Fig. 3C). The average particle sizes of 5CMI, 10CMI and 15CMI
are 32, 20 and 46 nm respectively.

The XPS patterns of reduced catalysts for Cu 2p are shown in
Fig. 4. The corresponding characteristic of binding energy values of
Cu 2p, Mg  2p, O 1s along with Cus/Cup (intensity ratio of the Cu
2p satellite peak to Cu 2p parent peak) and Cu/Mg atomic ratio are
10CMI and 15CMI catalysts are found to be around 934.499 eV,
934.352 and 934.785 eV respectively; such values indicate the
presence of copper in metallic form, as reported in the literature

A) 5CMI, (B) 10CMI and (C) 15CMI.
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Table 2
X-ray photoelectron spectroscopy of Cu–MgO catalysts.

Catalysts Cu 2p3/2 parent (B.E.) eV Cu 2p1/2 parent (B.E.) eV Cu 2p3/2 satellite (B.E.) eV Cus/Cup Mg  2P (B.E.) eV O 1S (B.E.) eV Cu/Mg atomic ratio

5CMI 934.499 954.442 – 

10CMI 934.352 954.324 – 

15CMI 934.785 954.772 943.972 

Scheme 1. Conventional dehydrogenation of BDO into GBL.

Scheme 2. Conventional hydrogenation of ACP to PhE.
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cheme 3. Catalytic coupling of BDO dehydrogenation and acetophenone hydro-
enation.

22]. In the case of 5CMI, 10CMI catalysts no satellites are observed.
t indicates copper species are presented in either in Cu0/or Cu+

tate. But in the case of 15CMI catalyst satellite peak is observed
t a binding energy of 943.97 eV. The satellite peaks shows in case
f Cu+2 compounds are due to the shake up transitions by ligand
o metal 3d charge transfer [29]. These satellite peaks are not seen
n Cu+ compounds or in metallic Cu because of completely filled
d shells [30]. The surface composition of the Cu/MgO ratio (see

n Table 2) is increasing with copper loadings, i.e. coverage of MgO
upport higher and surface area of the loaded catalysts decreasing
ith copper.

The O 1s and Mg  2p binding energy values (Table 2) are varied in
ll Cu/MgO catalysts. It indicates that metal supported interactions
hanged with copper loadings.

.1. Catalytic activity

The advantage of catalytic coupling reactions is to avoid hydro-
en pumping in the hydrogenation reaction. It was  reported that
yclohexanol acts as a H2 source (donor) for cholestanone hydro-
enation to yield dihydrocholesterol over Raney nickel catalyst
23,31]. The selective vapor phase catalytic dehydrogenation of
DO to GBL can be expressed as follows (Scheme 1). In this
eaction, 2 moles of hydrogen and 1 mol  of GBL are produced.
he selective hydrogenation of ACP to PhE can be expressed as
n (Scheme 2). Wherein, 1 mol  of hydrogen is required for the
elective hydrogenation of ACP to PhE. The vapor phase catalytic
ydrogenation–dehydrogenation coupling process is expressed as
ollows (Scheme 3). In this coupled process 1 mol  of BDO and 2 mol
f ACP convert into 1 mol  of GBL and 2 mol  of PhE. Interestingly,
here are several reports for the selective production of GBL and
ydrogen from BDO in the vapor phase [18,20].  However, selective
– 50.964 531.486 0.046
– 50.337 531.385 0.110
0.240 51.325 531.410 0.172

production of PhE from ACP is a challenging task, because it involves
a sequence of several competitive parallel and consecutive reac-
tions [7].  It is reported that several Pt and Pd, and Ru based catalysts
are selective, but operated at higher pressures and furthermore, the
catalysts are highly expensive [9,10].  Of late, highly selective con-
version of ACP to PhE is reported over Cu/SiO2 catalysts [8],  but high
pressure operation and use of solvents are the disadvantages. Fortu-
nately, in the present study, selective hydrogenation of ACP to PhE
using in situ produced hydrogen has been achieved over Cu/MgO
catalyst in the vapor phase and the details are in the proceeding
sections.

3.1.1. Influence of Cu loading on MgO support on catalytic activity
The influence of Cu loading on MgO  support in converting BDO

and ACP into GBL and PhE respectively at a reaction temperature
of 523 K can be seen from Table 3. There is a distinctive variation
in the catalytic activity of three Cu/MgO catalysts. Among the three
Cu/MgO catalysts 10CMI catalyst exhibited superior activity. Con-
siderable hike in the conversion of BDO and ACP over 10CMI catalyst
is observed. From Table 1 and Fig. 3, it is clear that the particle size
of Cu in 10CMI is lower than those of 5CMI and 15CMI catalysts.
More number of Cu sites and smaller particle size of Cu in 10CMI
catalyst are collectively responsible for its higher activity both in
BDO dehydrogenation to GBL and ACP hydrogenation to PhE.

3.1.2. Comparison of single and coupled process
BDO conversion and GBL selectivity in single and coupled pro-

cesses are more or less similar, but there is a huge difference
both in conversion of ACP and selectivity of PhE. The conversion
of ACP is <6% over all the three catalysts in single reaction with
external hydrogen source, when H2:ACP =1:1 is maintained. In the
coupled process, at same H2 to ACP ratio, the conversion of ACP
is about 8 times higher and also the selectivity of PhE is nearly
100%, which is a worth noting hydrogenation activity of Cu/MgO
catalyst in the coupled process. Because, it is necessary to cease
aromatic ring hydrogenation to avoid the formation of cyclohexyl
related by-products and also impede further transformations of
PhE [7].  The results (Table 3) reveal that the formation of 100%
selectivity towards PhE is possible in the coupled process. To elu-
cidate this significant result a mechanism is proposed (Scheme 4),
wherein, BDO and ACP adsorb side by side on a single or adjacent
two  Cu sites as shown in step (A) and step (B) of Scheme 4. The
proposed mechanism is partially related to both Rideal–Eley and
Langmuir–Hinshelwood mechanisms. If BDO alone adsorbs on a
single or neighboring dual Cu sites in single or coupled process,
it behaves as a single reaction and yields GBL and H2 (step C of
Scheme 4). Similarly, if ACP alone adsorbs on a single or neighboring
dual Cu sites in a single or coupled process, it is necessary to uti-
lize hydrogen from the gaseous state to produce PhE, and proceeds
as a single reaction. As shown in step (D) of Scheme 4, before des-
orbing PhE from Cu site, hydrogenolysis takes place to form ethyl
benzene, and it depends on partial pressure of hydrogen [7].  In the
independent ACP hydrogenation, the conversion of ACP is below
10% with ACP:H2 mole ratio of 1:1. The selectivity of PhE is low in

single reaction. Contrarily, in the coupled process due to compet-
itive adsorption of BDO and ACP, the PhE depart from the catalyst
surface as soon as it forms. In the coupled reaction, BDO:ACP mole
ratio of 1:2 is maintained. With 0.64 fractional conversion of BDO,
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Table 3
Catalytic activity of three Cu/MgO catalysts at 523 K.

Catalyst activity (%) 5CMI 10CMI 15CMI

Single Coupleda Single Coupleda Single Coupleda

BDO conversion 40 35 70 64 32 26
GBL  selectivity 98 100 99 100 99 100
ACP  conversiona 3 30 6 44 1 23
PhE  selectivitya 30 100 42 100 28 100

Catalyst = 0.5 g, feed mixture = 1 ml  h−1, N2 = 18 ml  min−1.
a Stoichiometric quantity of BDO:ACP = 1:2, which is maintained in single reaction with

Scheme 4. Proposed reaction mechanism of BDO dehydrogenation and ACP hydro-
genation coupling process.
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ig. 5. Catalytic activity in the coupled process against reaction temperature over
hree Cu/MgO catalysts.

e can expect 1.28 moles of H2 formation which is not sufficient
o convert all the 2 moles of ACP. That is the reason why we  got
.44 mol  of ACP conversion. However with this 0.44 mol  of ACP con-
ersion the H2 required is 0.88 mol  with left over 0.4 mol  of H2. The

xtra 0.4 mol  of H2 was observed at the outlet of the reactor in the
as phase. This H2 is not taking part for further transformation.

[

[

 H2.

3.1.3. Influence of reaction temperature in the coupled process
The activity of 5CMI, 10CMI, and 15CMI catalysts in the coupled

BDO dehydrogenation and ACP hydrogenation at various reaction
temperatures are conducted at atmospheric pressure in the vapor
phase and the results are shown in Fig. 5. The enhancement in
the BDO conversion and diminishing in the ACP conversion with
increase in temperature appraises the endothermic and exothermic
nature of BDO dehydrogenation and ACP hydrogenation. Formation
of PhE from ACP is thermodynamically equilibrium controlled reac-
tion, it leads to decrease the conversions at higher temperatures.
However, the conversion of BDO, ACP over 10CMI catalyst is higher
at all the reaction temperatures compared to 5CMI and 15CMI cat-
alysts. In addition to its higher activity, 10CMI catalyst exhibited
100% selectivity towards GBL and PhE, which is a significant result
in the selectivity point of view.

4. Conclusions

It can be concluded that the in situ production of hydrogen
from 1,4-butanediol and its utilization for the selective produc-
tion of 1-phenylethanol through catalytic coupling is achievable
in the vapor phase over Cu/MgO catalysts. Higher Cu dispersion,
and metal support interaction are responsible for higher activity
of 10CMI catalyst. There is a lot of scope for the application of Cu
catalysts for other coupling processes.
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