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is of ethylbenzene/
1-phenylethanol and g-butyrolactone from
simultaneous acetophenone hydrogenation and
1,4-butanediol dehydrogenation over copper
based catalysts: effects of the support

Hari Prasad Reddy Kannapu, *abc Young-Woong Suh, *bc Anand Narani,a

Veeralakshmi Vaddeboina,a David Raju Burria and Rama Rao Kamaraju Seetha a

The effect of the support in the simultaneous hydrogenation of acetophenone and dehydrogenation of 1,4-

butanediol was studied using supported (MgO, g-Al2O3, MgO–Al2O3 and SiO2) copper (10 wt%) catalysts,

prepared via impregnation. In this process, acetophenone was transformed to 1-phenylethanol/

ethylbenzene and 1,4-butanediol converted to g-butyrolactone/tetrahydrofuran under a hydrogen-free

environment, indicating the major role of the supports. The Cu/MgO catalyst was active and highly

selective towards the production of 1-phenylethanol and g-butyrolactone. However, an adverse

behaviour was observed over Cu/MgO–Al2O3. An extraordinary catalytic performance was obtained over

Cu/SiO2 with high selectivity for ethylbenzene (99%) and g-butyrolactone (99%). Contrarily, no

hydrogenation of acetophenone was observed over Cu/g-Al2O3 due to the dehydration of 1,4-

butanediol, yielding tetrahydrofuran. The main advantage of this process is that no external hydrogen is

required for the hydrogenation of acetophenone. Copper dispersion, the reduction behaviour of copper,

copper particle size and the acidity and basicity of the catalysts play important roles in the activity. All

four catalysts were characterized using BET surface area, N2O pulse chemisorption, XRD, XRF, H2-TPR,

XPS, and TPD of NH3/CO2 to understand our results.
1. Introduction

Biomass is one of the most important sources for the produc-
tion of chemicals and fuels.1 Lignin and cellulose are the chief
source for the production of acetophenone (ACP)2 and 1,4-
butanediol (BDO),3 respectively, which are potentially key plat-
form molecules for the synthesis of value added chemicals.
Hydrogenation of ACP can produce 1-phenylethanol (PhE), and
ethylbenzene (EB), whereas BDO cyclodehydrogenation can
form g-butyrolactone (GBL) and its cyclodehydration can
generate tetrahydrofuran (THF). PhE is industrially employed
for making perfumery products4–7 whereas EB is an important
starting material in the manufacturing of styrene.7 Because of
the wider utility of both PhE and EB, intensive research has
been conducted on the selective hydrogenation of ACP using
supported noble metal catalysts8–15 and base metal catalysts
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such as nickel16–22 and copper23 using harsh reaction conditions
such as high temperatures and high hydrogen pressures in
different solvents. However, the selective formation of PhE/EB is
a highly challenging task in the current research. There is
a possibility of getting 100% selectivity towards PhE/EB, but
high hydrogen pressures and solvents are mandatory8–23 that
makes the system very complicate, expensive and not eco-
friendly. Hence, an alternative and hydrogen free hydrogena-
tion process should be developed immediately.

g-Butyrolactone (GBL), an important bio-mass derived
product, has a great potential in the synthesis of N-vinyl-
pyrrolidone, N-methylpyrrolidone, herbicides, and rubber
additives and also use as a green solvent. GBL can be produced
from 1,4-butanediol (BDO) through cyclodehydrogenation
process.24 Commercially, the major production route for GBL is
gas-phase dehydrogenation of BDO over supported copper
metal catalysts, especially copper chromite catalysts, which are
not environmentally friendly. At the same time tetrahydrofuran
(THF) can be synthesized from BDO by employing acid catalyse
systems via dehydration.25–29 The enormous importance of these
chemicals, due to derive from biomass, BDO conversion has
received great attention.
This journal is © The Royal Society of Chemistry 2017
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To minimize the severe reaction conditions and increases
yield of PhE and EB from ACP hydrogenation, coupling of
hydrogenation and dehydrogenation can be a promising
method. Of late, coupling process has great attention due to the
hydrogen economy, energy saving, operational simplicity and
eco-friendly nature.30–43 Aiming at utilizing these privileges
cyclohexanol dehydrogenation to cyclohexanone and furfural
hydrogenation to furfuryl alcohol has been performed simul-
taneously using Cu–MgO and promoted Cu–MgO catalysts at
atmospheric pressure38,40,43 under hydrogen free process at
lower temperature than that of independent reactions. Due to
more advantages of its application, we are interested to work on
nitrobenzene (NB) hydrogenation with BDO dehydrogenation
where aniline and GBL selectively formed over copper based
catalysts.24 Moreover, coupling of nitrobenzene hydrogenation
and cyclohexanol dehydrogenation was conducted over Cu/
MgO–Al2O3, where selectivity of the aniline and cyclohexanone
improved greatly compared to single reactions.44 Based on
above studies, upgrading of bio chemicals such as ACP and BDO
via coupling process would be a promising method due to
hydrogen free process over copper based catalysts. To the best of
our knowledge, it would be a rst report on this process. It is
fact that individual hydrogenation of ACP and BDO dehydro-
genations is favourable over both acidic and basic supported
catalysts.8–24 Thus, developing of a suitable catalyst for simul-
taneous hydrogenation of ACP hydrogenation and dehydroge-
nation of BDO could be a challenging task.

Herein, we reported ACP hydrogenation coupled with BDO
dehydrogenation over various supported (MgO, Al2O3, MgO–
Al2O3 and SiO2) copper catalysts in order to gure out the
controlling of the product selectivity under similar reaction
conditions. Activity studies have been carried out systematically
over Cu/MgO, Cu/Al2O3, Cu/MgO–Al2O3 and Cu/SiO2 catalysts.
Catalysts were well characterized by using BET surface area,
XRD, XRF, N2O pulse chemisorption, TPR, XPS, TPD of NH3,
TPD of CO2 and TGA analysis.

2. Experimental
2.1. Preparation of support

g-Al2O3 (surface area 280 m2 g�1) and fumed silica (390 m2 g�1)
are obtained from commercial source (M/s. Sigma-Aldrich, AR
grade, 99%). But supports MgO and MgO–Al2O3 are prepared as
described by ours earlier reports.4,44 Typically, MgO support was
prepared by precipitation method, a required quantity of Mg
(NO3)2/6H2O dissolved in de-ionised water then followed by
precipitation with 10 wt% aq. solution of K2CO3 with pH of 9.
Aer the complete precipitation, the obtained gel was separated
by ltration subsequently washed with distilled water till the
attainment of neutral pH. Subsequently, the sample was dried
at 373 K for 12 h and calcined at 723 K for 5 h at a ramping rate
of 5 K min�1. The resulting white MgO powder is used as
a support. For the preparation of MgO–Al2O3 mixed oxide
catalyst, we prepared Mg–Al hydrotalcite as stated in one of our
publications.44 In a typical procedure, solution A containing
256 g of Mg (NO3)2$6H2O (1 mol.) and 185.7 g of Al (NO3)3$9H2O
(0.5 mol.), with Mg/Al molar ratio of 2 was prepared. Solution B
This journal is © The Royal Society of Chemistry 2017
was prepared by dissolving 280 g of 50 wt% NaOH (140 g in 140
mL distilled water) and 100 g of Na2CO3 in 1000 mL distilled
water. Here NaOH provides OH� while Na2CO3 delivers CO3

�2

ions to form a hydrotalcite structure. In order to prepare the
MgO–Al2O3 hydrotalcite, solution A was added to solution B
under constant stirring while maintaining the pH in the range
of 11–12. The resulting gel was transferred to an autoclave and
allowed to crystallise at 333 K for 18 h. Then, the sample is
ltered and washed several times with hot water until the pH
reached to neutral which ensure the total removal of Na+. The
nal sample was dried in an oven at 373 K for 12 h and then
calcined at 723 K in air for 18 h in order to obtain the MgO–
Al2O3 mixed oxide.

2.2. Catalysts preparation

A certain amount of copper (10 wt%) was deposited on the
above mentioned supports. Typically, for Cu/MgO catalyst,
a required quantity of aqueous nitrate solution of Cu
(NO3)2$3H2O was added to MgO support. The resulting slurry
was stirred well on hot plate until removing excess water then
subsequently dried in an oven at 373 K for 12 h. The solid
residue was crushed to ne particles, sieved <200 mm and nally
calcined in air at 723 K for 5 h. Similar procedures were applied
to the rest of the catalysts and designated as Cu/Al2O3, Cu/MgO–
Al2O3 and Cu/SiO2.

2.3. Catalysts characterization

Catalysts were characterized using different analytical tech-
nique. BET surface area of the catalysts was measured on an
Autosorb Automated Gas Sorption System (M/s. Quantachrome,
USA) with N2 as adsorbate at liquid nitrogen temperature. X-ray
powder diffraction (XRD) patterns were recorded on a Rigaku
Miniex (M/s. Rigaku Corporation, Japan). X-ray diffractometer
using Ni ltered Cu Ka radiation (l ¼ 1.5406 Å) with a scan
speed of 2� min�1 and a scan range of 10–80�at 30 kV and 50
mA. The copper content of the catalysts was measured using
a Wavelength Dispersive S4-Pioneer X-ray Fluorescence spec-
troscope (M/s. Bruker, Germany). N2O pulse chemisorption was
carried out at 303 K on a homemade pulse reactor to evaluate
the copper dispersion and particle size. Typically, about 100 mg
of the catalyst was placed in a reactor of 8 mm i.d., and then the
catalyst was rst reduced under a hydrogen ow at 523 K for 3 h,
and then pre-treated at 523 K for 1 h under helium gas ow
subsequently cool down to 303 K under same helium ow. The
outlet of the reactor was connected to a micro-thermal
conductivity detector (TCD) equipped GC-17A (M/s. Shimadzu
Instruments, Japan) through an automatic six-port valve (M/s.
Valco Instruments U.S.A). Aer cooling the reactor to the
required temperature, pulses of 10% N2O (balanced He) were
injected to the catalysts at room temperature through a 1 mL
loop connected to the six-port valve until no further change in
the intensity of the outlet N2O (from GC-soware), assuming
N2O : Cu stoichiometry of 1 : 2 and Cu metal cross sectional
area of 6.8 � 10�20 m2 Cu atom �1.24 Temperature programmed
reduction (TPR) of the catalysts were generated on a homemade
on-line quartz micro reactor interfaced to a thermal
RSC Adv., 2017, 7, 35346–35356 | 35347
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conductivity detector (TCD) equipped with a gas chromato-
graph (Varian CP 3800 USA) and the proles were recorded
using GC soware. A H2/Ar (10 vol% of H2 and balance Ar)
mixture was used as the reducing gas while the catalyst (amount
of each catalyst weight is 50 mg) was heated at a linear heating
ramp of 10 K min�1 from 303 to 900 K. X-ray photoelectron
spectroscopy results were recorded on a Kratos Axis 165 XPS
Spectrometer, withMg Ka radiation (1253.6 eV) for reduced (523
K for 3 h) catalysts. Temperature programmed desorption (TPD)
of NH3 was conducted using a 10% NH3 in helium mixture on
a homemade reactor for measuring the acid sites of the cata-
lysts. In a typical experiment, about 100 mg of the catalyst was
placed in a reactor of 8 mm i.d., followed by conducting pre-
treatment at 573 K for 2 h under helium ow. Aer that, the
catalysts were reduced under hydrogen ow at 523 K for 3 h, and
then reactor was cool down to 333 K in helium ow. The outlet
of the reactor was connected to a micro-thermal conductivity
detector (TCD) equipped GC-17A (M/s. Shimadzu Instruments,
Japan) through an automatic six-port valve (M/s. Valco Instru-
ments U.S.A). Aer cooling the reactor to the required temper-
ature, pulses of 10% NH3 (balance helium) were injected to
samples at 333 K temperature through a 1 mL loop connected to
the six-port valve until no further change in the intensity of the
outlet NH3 (from GC-soware). In a similar procedure, the
basicity of the catalysts was measured using 10% CO2 balanced
He. Thermal gravimetric analysis (TGA) of Cu/SiO2 before and
aer the reaction was carried out using TGA/SDTA 851e thermal
system (Mettler Toledo, Switzerland). During the analysis
samples were heated under air from 300 K to 1100 K at a heating
rate of 10 K min�1.

2.4. Activity test

Catalytic activity of different supported copper catalysts was
investigated in hydrogenation of ACP and dehydrogenation of
BDO and coupling of both reactions. Firstly, ACP hydrogena-
tion and BDO dehydrogenation reactions were performed
separately in a xed-bed tubular reactor (10 mm i.d., 300 mm
long glass reactor) using 0.5 g catalyst under atmospheric
pressure. In a typical procedure, the catalyst sample was
diluted with quartz beads with an equal amount of catalyst
and then packed at the centre of reactor between two quartz
wool plugs. Since, the copper is sintered beyond 573 K, the
catalysts reduction carried out at 553 K under H2 at a ow rate
of 40 mL min�1 for 3 h. For independent BDO transformation,
the feed rate was 1 mL h�1 and nitrogen fed as a carrier gas at
Table 1 Physicochemical characterization of various supported copper

Catalyst Cu (wt%) from XRF SA (m2 g�1) DCu0 (%)

Cu/MgO 10.2 32 08
Cu/Al2O3 9.98 158 13
Cu/MgO–Al2O3 9.58 48 04
Cu/SiO2 10.3 300 18

a SA specic surface area, DCu0 Dispersion, PCu particle size from. b N2O
stream study for 5 h.

35348 | RSC Adv., 2017, 7, 35346–35356
ow rate of 18 mL min�1. In the case of separate ACP hydro-
genation hydrogen was used as reducing gas. Finally, for
coupling process, the mixture of reactants containing ACP and
BDO (1 : 2 mole ratio, feed ¼ 1 mL h�1) were injected in to the
reactor using syringe pump (M/s. Secura FT, B. Braun Ger-
many) under N2 ow (18 mLmin�1). The above all experiments
were conducted at weight hourly space velocity (WHSV) of 2
h�1. The product mixture is collected every hour using an ice
cold trap and analysed on a GC (GC-17A, M/s. Shimadzu
instruments, Japan) using a Zebron ZB-WAX capillary column
0.53 mm in diameter and 30 m long.
3. Results and discussion
3.1. Catalysts characterizations

3.1.1. Physiochemical characterizations. The physico-
chemical properties and copper composition of all four cata-
lysts are measured and tabulated in Table 1. As shown from the
results, the BET surface area of supported copper catalysts is
directly associated with the surface area of bare supports. The
surface areas of bare supports MgO, g-Al2O3, MgO–Al2O3 and
SiO2 are 40, 280, 65, 390 m

2 g�1, respectively. Hence, the surface
area of Cu/MgO is lowest whereas Cu/SiO2 surface area is
highest. In fact, the surface area of the catalysts can be attrib-
uted to the crystallinity of the supports. The surface area of
mixed oxide supported copper catalyst i.e., Cu/MgO–Al2O3 ob-
tained between in the range of Cu/MgO and Cu/Al2O3 catalysts.
The reason for decreasing in surface area of the catalysts is pore
blocking of the supports by addition of copper.4,43,44 The surface
area is as follows in the increasing order Cu/MgO < Cu/MgO–
Al2O3 < Cu/Al2O3 < Cu/SiO2.

The amount of copper in all the catalysts determined by XRF
is shown in Table 1, and it conrmed the copper composition of
the catalysts is close to theoretical values (10 wt%). Copper
dispersion (DCu0) and particle size (PCu0) calculated from N2O
pulse chemisorption are summarized in Table 1. The funda-
mental chemical equation between copper metal and N2O is
2Cu + N2O / Cu2O + N2. The distinct copper dispersion of
catalysts indicates the role of supports as well as metal support
interactions. As shown from the results, the copper dispersion
increased from Cu/MgO–Al2O3 (4%) to Cu/SiO2 (18%), revealed
copper is highly dispersed over SiO2 surface compared to all
other supports. Though the Cu/MgO–Al2O3 catalyst has shown
higher BET surface area than Cu/MgO, the copper dispersion of
Cu/MgO–Al2O3 is lower (4%) than Cu/MgO catalyst (8 wt%),
catalystsa

PCu0
b (nm) reduced PCu0

c (nm) reduced PCu0
c,d (nm) spent

45 33 38
20 25 36
33 23 30
15 20 22 (24)e

pulse chemisorption. c XRD. d Aer coupling reaction. e Aer time on

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 X-ray diffraction studies of calcined supported copper catalyst.
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probably due to incomplete reduction of copper oxide (dis-
cussed in TPR section). Apparently, the dispersion of copper in
catalysts prepared by impregnation is affected by the calcina-
tion. The thermal treatment of the catalyst is accompanied by
nucleation of new copper species. Depending on the structure
of these species and the interaction with the support, nucle-
ation will give rise to different metal dispersions.45

3.1.2. X-ray diffraction studies (XRD). The crystalline pha-
ses of calcined catalysts were conrmed by X-ray diffraction
studies as shown in Fig. 1. The four supported copper catalysts
exhibited characteristic peaks corresponding to CuO at 2q 35.5,
38.7 and 48.5� (ASTM card no. 48-1548). The diffraction peaks
appeared at 2q 43.6�, 62.2�, 74.5� and 78.5�, corresponding to
the MgO phase (ASTM card no. 04–829) were seen in both Cu/
MgO and Cu/MgO–Al2O3 catalysts. Since, the alumina incor-
poration in to the MgO lattice a slight deviation towards higher
2q can be noticed in MgO diffractions of mixed oxide catalyst.
However, no MgO–Al2O3 hydrotalcite structure is observed,
conrming the mixed-oxide formation aer calcination.
Fig. 2 X-ray diffraction studies of reduced supported copper catalyst.

This journal is © The Royal Society of Chemistry 2017
Diffraction peaks at 2q 36.8, 46.14 and 67.5�, assigned to Al2O3

phase were observed in the Cu/Al2O3 but they did not appear in
the Cu/MgO–Al2O3 catalyst. The poor diffractions of g-Al2O3 in
Cu/MgO–Al2O3 and SiO2 in Cu/SiO2 conrmed the amorphous
nature of both supports.45,46 Interestingly, CuO diffractions in
Cu/SiO2 and Cu/Al2O3 seem to be sharp and higher intensity
compared to other catalysts. The calculated crystallite size of
copper oxide in MgO, Al2O3, MgO–Al2O3, SiO2 is 55, 30, 38 and
16 nm, respectively.

XRD patterns of reduced copper catalysts are shown in Fig. 2.
The typical characteristic diffractions at 2q ¼ 43.29, 50.5 and
74.5�, corresponding to Cu0 indicated the complete reduction of
CuO to Cu0 metal in all the catalysts.

As shown in the Cu/MgO and Cu/MgO–Al2O3, the 100% Cu0

plane (111) and 100%MgO plane (200) are not well separate due
to the same 2q.4,43,44 But, alumina supported copper catalyst
provided a well resolved copper diffractions. Contrarily, a poor
diffraction peaks at 2q of 43.29� and 50.5� corresponding to the
copper metal were visible in Cu/SiO2 catalysts, probably Cu0

species presented in amorphous phase. Hence, the crystallite
size of copper metal calculated using Debye–Scherrer formula
for reduced catalysts is mainly based on copper plane (200)
appeared at 2q of 50.5� for all supported copper catalysts and
the distinct crystallite size of copper can be seen in the Table 1.
It was found that the study on SiO2, Al2O3 and SiO2–Al2O3

supported copper catalysts exhibited different crystallinity of
copper metal which could be attributed to the interactions of
copper and supports.38,45,46 In addition to that, among all the
supported copper catalysts silica supported copper catalyst
displayed a smaller crystallinity of copper than the other cata-
lysts mainly due to high dispersion of copper. This observation
is quite resembled to Cu/SiO2 in the present study, containing
18% copper dispersion with the mean crystallite size of 15 nm.
In the case of spent catalysts aer the coupling process the
crystallite size of copper increased signicantly due to
agglomeration of copper.

The average Cu particle sizes from N2O pulse chemisorption
and crystallite sizes from XRD analysis of reduced catalysts are
not same. This is probably because of the fact that the reduced
catalysts while recording for their XRD are exposed to air and
therefore, there is every possibility that some part of Cu0 might
be oxidized to Cu+1/Cu+2. The oxide copper species thus formed
due to areal oxidation may be in the amorphous form. On the
other hand an in situ reduction step was done at 523 K for 3 h
prior to the N2O pulse chemisorption. However, the trend of
crystallite size follows the N2O pulse chemisorption. Since our
aim is to measure the Cu particle sizes, it is appropriate to use
N2O pulse chemisorption for the measurement of Cu particle
sizes. This kind of phenomena was observed by Shohei et al.47

where Ni/g-Al2O3 catalysts provided different kinds of Ni
particle sizes in XRD and N2O pulse chemisorption studies.
Nevertheless, it is worth noting that these techniques are agree
generally well despite the very different physical principles
involved (scattering effect vs. chemical titration).

3.1.3. Temperature programmed reduction (TPR). The
reduction behaviour of different supported copper catalysts is
investigated by temperature programmed reduction (TPR). The
RSC Adv., 2017, 7, 35346–35356 | 35349
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TPR proles of calcined catalysts are shown in the Fig. 3. It can
be seen that the copper oxide reduction temperature is inu-
enced by the support, conrming the existence of different
metal-support interactions as well as various copper disper-
sions. The reason for step wise reduction of copper oxide over
supported catalysts is still unclear. According to the literature,
rstly CuO reduced to Cu2O then reduced Cu2O to Cu0. It was
also stated that surface CuO reduced at lower temperature
whereas bulk CuO reduced at higher temperature. In the case of
Cu/MgO catalyst, copper oxide reduced in two steps. The lower
temperature reduction peaks including a shoulder peak at 600 K
and 650 K were ascribed to the reduction of the surface copper
species whereas a shoulder peak at 680 K was attributed to the
reduction of residual bulk CuO. These results are well consis-
tent with the literature.48,49 In the case of Cu/Al2O3 catalyst, the
reduction at 550 K with a shoulder peak at 580 K, corresponding
to the surface and bulk copper oxide reduction was observed.

The TPR prole of Cu/SiO2 catalyst had shown a single stage
reduction with a shoulder at 620 K. The lower temperature
hydrogen consumption at 550 K could be attributed to the
reduction of surface copper oxides species whereas a shoulder
peak at 620 K corresponding to the reduction of bulk copper
oxides species. Remarkably, the copper oxide reduction at lower
temperatures may indicate the high reduction ability of copper
over alumina and silica supports.46,48,49 By contrast, the TPR
prole of Cu/MgO–Al2O3 catalyst is entirely different and
exhibited two stage reduction at high temperatures compared to
all other catalysts. The rst hydrogen consumption peak at 670
K could be ascribed to the reduction of surface CuO whereas the
second reduction at 800 K was attributed to the either reduction
of interface copper oxide species or reduction of bulk CuO. Due
to these unique interactions, copper might not reduce
completely compared with that of other catalyst at 523 K, where
all the catalysts were reduced for hydrogenation and dehydro-
genation and coupling of both reactions. The amount of H2

consumed, which can be determined from the peak area, cor-
responded to the amount of copper presented, i.e., the H2/CuO
Fig. 3 TPR studies of calcined various supported copper catalyst.

35350 | RSC Adv., 2017, 7, 35346–35356
molar ratio was close to unity. The total hydrogen consumption
estimated for Cu/MgO, Cu/MgO–Al2O3, Cu/Al2O3 and Cu/SiO2 is
6.8 mmol g�1, 4.2 mmol g�1, 15.5 mmol g�1 and 20.8 mmol g�1,
respectively and the degree of copper reduction is as follows in
the order of Cu/SiO2 (95%) > Cu/Al2O3 (86%) > Cu/MgO (75%) >
Cu/MgO–Al2O3 (59%). The results are associated with copper
particle size of their catalysts. Moreover, TPR results are in
accordance with N2O pulse chemisorption results; since the
lower copper dispersion of Cu/MgO–Al2O3 (4%) consumed
smaller amount of hydrogen and higher copper dispersion of
Cu/SiO2 (18%) utilized higher hydrogen amount.

3.1.4. Temperature programmed desorption (TPD) of NH3/
CO2. The acidic and basic properties of the catalysts play a vital
role in the reaction path over supported metal catalysts. Acidic
sites of reduced (523 K for 3 h) catalysts are determined by NH3-
TPD as shown in Fig. 4. The strength of acid sites is classied in
to three types, such as weak acidic sites (423–573 K), medium
acidic sites (573–773 K), and strong acidic sites (773–923 K). As
shown from the result, two desorption peaks at 336 and 592 K
with very low intensity, corresponding to weak and moderate
acidic sites are noticed for Cu/MgO. Though MgO is a basic
support, Cu/MgO catalyst contained a small amount of acidity.
In the case of Cu/Al2O3, a broad desorption peak in the
temperature range of 300–800 K was noticed, containing weak,
moderate and strong acidic sites. Remarkably, Cu/MgO–Al2O3

catalyst provided a desorption peak at Tmax of 643 K which
reect the moderate acid sites. In the case of Cu/SiO2 catalyst
two types of acidic sites in the temperature range of 300 K and
550 K were observed. The overall desorbed amount of NH3 is
quantied for each catalyst. The calculated NH3 amount for Cu/
MgO, Cu/Al2O3, Cu/MgO–Al2O3 and Cu/SiO2 is 35 mmol g�1, 816
mmol g�1, 160 mmol g�1, 203 mmol g�1, respectively. Sun et al.
reported that Cu/Al2O3 catalyst showed higher acidity compared
with that of Cu/SiO2.46

Basicity of reduced (523 K for 3 h) supported copper catalysts
was determined by CO2-TPD and proles are shown in Fig. 5.
The CO2TPD prole of Cu/MgO displayed two strong CO2

desorption at 650 and 850 K, indicating the presence of
moderate and strong basic sites, which inuenced on catalytic
Fig. 4 NH3-TPD patterns of various supported copper catalysts.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 CO2-TPD patterns of various supported copper catalysts.

Table 2 Binding energy valves of Cu 2p and surface composition of
Cu for different supported copper catalysts

Catalyst Cu 2p3/2 Cu 2p1/2 Cu0/support ratio

Cu/MgO 934.27 954.31 0.14
Cu/Al2O3 933.59 954.27 0.15
Cu/MgO–Al2O3 934.89 955.44 0.08
Cu/SiO2 932.87 953.63 0.22
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activity (discussed below). In the case of Cu/Al2O3, a single
desorption at Tmax of 650 K was ascribed to the moderate basic
sites. Whereas, Cu/MgO–Al2O3 catalyst had two CO2 desorption
at a Tmax of 643 and 850 K, corresponding to the moderate and
strong basic sites, respectively. Contrarily, no strong desorption
peak observed for Cu/SiO2 catalyst. The basicity is as follows in
the decreasing order: Cu/MgO 438 mmol g�1 > Cu/Al2O3 224
mmol g�1 > Cu/MgO–Al2O3 180 mmol g�1 > Cu/SiO2 45 mmol g�1.
These results are good accordance with literature reports.46,48,49

3.1.5. X-ray photoelectron spectroscopy (XPS). X-ray
photoelectron spectroscopy (XPS) of reduced copper catalysts
is shown in the Fig. 6. The XPS data provides more information
about the copper oxidation state and particle size of the copper.
Fig. 6 XPS patterns of Cu of supported copper catalysts.

This journal is © The Royal Society of Chemistry 2017
The binding energies of Cu 2p3/2 parent, Cu 2p1/2 peak and
surface concentration of Cu to support are shown in Table 2. In
general, satellite peaks indicates that copper presents in Cu+2

state and absence of satellite peak represents do not have Cu+2

species in the catalysts. Cu/MgO and Cu/MgO–Al2O3 both
catalysts have satellite peaks centered at 944.35 eV and
944.38 eV, indicating incomplete reduction of CuO, probably
due to bigger size copper particles as observed from N2O pulse
chemisorption (see, Table 1). But, Cu/Al2O3 and Cu/SiO2 both
have no satellite peak, conrming complete reduction of CuO to
copper metal. The reduced samples are probably inferred to
have two species Cu+ and Cu0 which is impossible to make
a distinction between Cu+ and Cu0 on the basis of binding
energy analysis alone.38,39 The respective binding energy values
of Cu in Cu/MgO, Cu/Al2O3 and Cu/MgO–Al2O3 related to the
oxidation states of 0 to +1. Surprisingly, in the case of Cu/SiO2

catalyst, the binding energy value of Cu 2p3/2 peak is very close
to Cu0 peak of bulk copper (not shown) and shied to lower
binding energy value than the other catalysts which could be
attributed to the presence of more number of Cu0 species on the
Cu/SiO2 catalyst surface. It is good accordance with N2O pulse
results (see, Table 1).

Furthermore, the XPS results demonstrated that the interac-
tions between copper and supports may strongly inuence on
oxidation state of copper. Hence, the highly dispersed copper
species did not re-oxidized whereas poorly dispersed or partially
reduced copper metal species are yet again re-oxidized over the
supports as the binding energy of copper inMgO andMgO–Al2O3

supported catalyst is high. In addition to that Cu0/support ratio is
high for Cu/SiO2 and low for Cu/MgO–Al2O3 (See, Table 2).
3.2. Catalytic activity

Biomass is the chief source of lignin and cellulose, extraction of
ACP from lignin2 and BDO from cellulose3 is well documented.
Up gradation of biomass derived products has great attention in
the chemical sector. As shown in Scheme 1, EB and GBL can be
synthesised at a time from ACP and BDO, respectively. In
another way, the in situ produced hydrogen from BDO dehy-
drogenation utilized in the hydrogenation of ACP for the
production of EB via catalytic coupling of dehydrogenation and
hydrogenation. The detailed catalytic activity study over
different supported catalysts is as follows.

3.2.1. 1,4-butanediol (BDO) transformation over bare
supports. Before examined the catalytic performance of all
supported copper catalysts, controlled experiments were
studied at 523 K over bare supports to examine the role of
RSC Adv., 2017, 7, 35346–35356 | 35351
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Scheme 1 Reductive upgrading of acetophenone (ACP) to ethyl-
benzene (EB) and 1,4-butanediol (BDO) to g-butyrolactone (GBL) via
coupling of simultaneous hydrogenation and dehydrogenation
process.

Table 3 Catalytic activity of bare supports for ACP hydrogenation and
BDO dehydrogenationa

Catalyst
Conv. of
BDO (%)

Sel. of
GBL (%)

Sel. of
THF (%)

Conv. of
ACP (%)

Sel. of
EB (%)

MgO Nil Nil Nil 2.8 100
G-Al2O3 60 Nil >99 2.4 100
MgO–Al2O3 04 10 90 2.5 100
SiO2 04 99 01 2.9 100

a Reaction conditions: catalyst ¼ 0.5 g, T ¼ 523 K, WHSV ¼ 2 h�1, BDO
or ACP ¼ 1 mL h�1, N2 or H2 ow ¼ 18 mL min�1.

Fig. 7 Conversion of BDO as a function of temperature over different
copper catalysts. Reaction conditions: catalyst ¼ 0.5 g, WHSV ¼ 2 h�1,
BDO feed flow ¼ 1 mL h�1 and N2 gas flow ¼ 18 mL min�1.

Scheme 2 BDO transformations over supported copper catalysts.
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supports on BDO transformation and results are shown in
Table 3. MgO support did not inuence on BDO transformation,
but g-Al2O3 transforms BDO to THF with 60% conversion and
>99% selectivity of THF. The mixed-oxide MgO–Al2O3 support
transforms BDO to THF with 4% conversion and 90% selectivity
of THF. Though SiO2 is acidic support, conversion of BDO was
<4% with 99% selectivity of GBL. Therefore, only supports did
not have signicant catalytic activity for the BDO to GBL in
vapour phase.

3.2.2. Effect of temperature on BDO transformation. The
catalytic activity of various supported copper catalysts has been
studied for the transformation of BDO in temperature range
from 473 to 573 K under nitrogen atmosphere using 0.5 g
catalyst and results are shown in Fig. 7. The BDO conversion
increased steadily with increasing the temperature up to 523 K,
however beyond this temperature almost constant activity was
noticed. BDO transformation is above 95% at 523 K over all
catalysts except Cu/MgO–Al2O3 catalyst, indicating the
optimum reaction temperature. In general, the enhancement in
the BDO conversion with increase in temperature appraises the
endothermic nature of BDO dehydrogenation.4 Due to poor
copper dispersion in Cu/MgO–Al2O3 catalyst, the catalytic
activity is too low compared with other catalysts. In other words
the stubborn reduction behaviour of copper on this support as
shown in TPR may leads to lower activity though catalyst
35352 | RSC Adv., 2017, 7, 35346–35356
contained basic sites. As shown in the Scheme 2, BDO converts
into products mainly in two different pathways, namely (i)
dehydrogenation and (ii) dehydration.

Dehydrogenation of BDO transforms into GBL and H2

whereas dehydration of BDO converts into THF and H2O. Cu/
MgO and Cu/SiO2 catalysts produced GBL selectively (99%)
from BDO via dehydrogenation, whereas Cu/MgO–Al2O3 and
Cu/Al2O3 selectively produces THF (>90%) at all temperatures.
According to Hwang et al.,3 the Cu/SiO2 is highly active for
cyclodehydrogenation of BDO to GBL than dehydration of BDO
to THF and results provided more than 99% BDO conversion
with >99% selectivity of GBL and very low amount of THF (<1%)
up to 5 h of time on stream study. Based on these ndings, we
assumed that the very weak Bronsted sites on silica might be
involving in formation of low yield of THF. Al2O3 selectively
catalyse the cyclization of BDO into THF at 548 K, because of its
strong surface acidity. In addition, BDO is selectively dehy-
drated into THF over strong acid catalysts.25–29 The inuence of
supported copper catalysts on dehydrogenation of BDO to GBL
has been examined.1,4,24,30 Since, the dehydrogenation of BDO to
GBL is favourable over acid supported catalysts, it has been
conducted over acidic supported catalysts such as Cu/Cr/Mn,
Cu/Cr/Zn and Cu/Zn/Al. Moreover, Cu–Zn–Al was employed
for hydrogenation of maleic anhydride and dehydrogenation of
BDO and results obtained high yield of GBL. In the present
study, Cu/SiO2 and Cu/MgO catalysts are worked out well for
this reaction.

In summary, weak to moderate acidic sites favours for the
formation of GBL from BDO, whereas strong acidic sites
This journal is © The Royal Society of Chemistry 2017
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Scheme 3 ACP transformations over supported copper catalysts.

Scheme 4 Coupling of acetophenone hydrogenation and BDO
dehydrogenation over supported copper catalysts.
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facilitates the formation of THF. Additionally, copper metal and
the support interaction might also be responsible for the cata-
lytic activity. The activity for BDO conversion to GBL is as
follows in the increasing order Cu/Al2O3 < Cu/MgO–Al2O3 < Cu/
MgO < Cu/SiO2.

3.2.3. ACP hydrogenation
3.2.3.1. Effect of temperature on ACP hydrogenation. ACP

hydrogenation was evaluated in the temperature range of 473–
573 K under H2 ow at atmospheric pressure over supported
copper catalysts and results are shown in Fig. 8.

As shown in Scheme 3, hydrogenation of ACP can produces
phE and EB. Before testing copper catalysts, effect of catalytic
activity of bare supports on hydrogenation of ACP was also
studied at 523 K under hydrogen and results are displayed in
Table 3. Though the selectivity of EB is 100%, the conversion of
ACP is <3%. Hence, the role of support is almost negligible on
ACP hydrogenation reaction under the reaction conditions.
When the reaction conducted over copper catalysts, the
conversion of ACP is greatly improved. ACP conversion
increases with the increasing of temperature up to 523 K but it
decreased with further increasing in temperatures, which
reect the exothermic nature of ACP hydrogenation. Hydroge-
nation of ACP produced EB as a major product and PhE as
a minor product. These results revealed that the conversion of
ACP to EB is more favourable over Cu/SiO2 (conv. 95%) and
Cu/Al2O3 (conv. 80%) catalysts compared to Cu/MgO (conv.
48%) and Cu/MgO–Al2O3 (conv. 17%) catalysts at 523 K. Inter-
estingly, the EB selectivity (99%) is not affected, even though
different supported copper catalysts were employed.

Acidic supported catalysts have been examined for the
hydrogenation of ACP and found that it is hard to get 100%
selectivity of EB8–23 without high hydrogen pressures. Moreover
Ni and promotedNi based catalysts had a poor selectivity towards
EB due to higher activity of nickel for hydrogenation which gives
over hydrogenated products like 1-cyclohexyl ethanol, cyclo-
hexane and cyclohexene.16–22 But, high ACP conversion with high
Fig. 8 ACP transformation as a function of temperature over sup-
ported copper catalysts. Reaction conditions: catalyst¼ 0.5 g, WHSV¼
2 h�1, ACP feed flow ¼ 1 mL h�1 and H2 gas flow ¼ 18 mL min�1.

This journal is © The Royal Society of Chemistry 2017
EB selectivity was reported over heterogeneous copper based
catalysts using high hydrogen pressure under solvents in liquid
phase.23 Noble metal catalysts such as Ru, Pd and Pt based
catalysts showed high ACP conversion (80–90%) with 99% EB
selectivity.8–15 In the present study, Cu/SiO2 surprisingly showed
similar activity to that of noblemetal catalysts. It is demonstrated
that the smaller particle size of Cu0 with higher dispersion as well
as acidic nature of the catalyst are contributing for higher activity
Fig. 9 Coupling of ACP hydrogenation and BDO dehydrogenation
over supported copper catalysts at 523 K. Reaction conditions: catalyst
¼ 0.5 g, WHSV ¼ 2 h�1, ACP and BDOmole ratio ¼ 1 : 2, feed flow ¼ 1
mL h�1 and N2 flow ¼ 18 mL min�1.

RSC Adv., 2017, 7, 35346–35356 | 35353
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Fig. 10 Effect of temperatures on coupling of BDO dehydrogenation
and ACP hydrogenation over Cu/SiO2 catalyst. Reaction conditions:
catalyst ¼ 0.5 g, WHSV ¼ 2 h�1, temperature ¼ 473–573 K, ACP and
BDO mole ratio ¼ 1 : 2, feed flow ¼ 1 mL h�1 and N2 flow ¼ 18 mL
min�1.

Table 4 Coupling of BDO dehydrogenation and ACP hydrogenation
over Cu/SiO2 under different WHSVa

WHSV
Conv. of
BDO (%)

Sel. of
GBL (%)

Sel. of
THF (%)

Conv. of
ACP (%)

Sel. of
EB (%)

1 99 99 1 73 99
2 98 99 1 70 99
3 50 99 1 40 99

a Reaction conditions: catalyst ¼ 0.5 g, T ¼ 523 K, WHSV ¼ 2 h�1, ACP/
BDO mole ratio ¼ 1 : 2, feed ¼ 0.5,1 and 1.5 mL h�1, N2 ow ¼ 18 mL
min�1.

Fig. 11 Time-on-stream study for coupling of ACP hydrogenation and
BDO dehydrogenation over Cu/SiO2 catalyst at 523 K for 5 h. Reaction
conditions: catalyst ¼ 0.5 g, T ¼ 523 K, WHSV ¼ 2 h�1, ACP/BDOmole

�1 �1
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compared to that of other supported catalysts. The activity is as
follows in the decreasing order Cu/SiO2 > Cu/Al2O3 > Cu/MgO >
Cu/MgO–Al2O3.

3.2.4. Coupling of ACP hydrogenation and BDO dehydro-
genation. According to Scheme 4, coupling of BDO dehydroge-
nation and ACP hydrogenation (2 : 1 mole ratios) reaction is
carried out under N2 ow (18 mL min�1) in a xed bed reactor
over various supported copper catalysts at 523 K (optimum
temperature obtained from individuals reactions) and results
are shown in Fig. 9. The catalytic activity of Cu/Al2O3 in the
coupling process for hydrogenation of ACP is negligible,
because no hydrogen is produced from BDO, due to formation
of THF.

Cu/MgO catalyst has shown better performance than
Cu/MgO–Al2O3 in the present coupling process and selectively
produced PhE (99%), no further hydrogenated products such as
EB, cyclohexane and cyclohexene are observed due to its basic
nature. XPS analysis of Cu/MgO catalyst found the two types of
copper species (Cu0/Cu+1) on the MgO surface, resulting in less
activity and high selectivity towards PhE. Though the selectivity
of GBL and PhE aremore or less equal to 99%, conversion of BDO
and ACP are <10% over Cu/MgO–Al2O3 due to poor copper
dispersion as observed from N2O pulse chemisorption. The
conversion of BDO and ACP are about 99% and 70%, respectively
over Cu/SiO2 catalyst with 99% selectivity of GBL and EB. It is
clearly demonstrated that catalysts acidity played a vital role in
the coupling process to make EB via hydrogenolysis of ACP in
presence of copper. In addition to that, high copper dispersion
over SiO2 surface might enhances the hydrogenolysis of ACP.

In order to nd out the optimum reaction temperature of the
coupling process, a study is conducted over the temperature
range from 473 to 573 K over Cu/SiO2 catalyst and results are
shown in Fig. 10. These results clearly show that conversion of
BDO and ACP increases with increase in temperature from 473 to
35354 | RSC Adv., 2017, 7, 35346–35356
523 K, however, further increasing in temperature no signicant
conversions observed in BDO. By contrast, ACP conversion
decline at 573 K. In summary, to achieve the high conversions at
lower temperature, the optimum reaction temperature seems to
be 523 K.

Table 4 shows theWHSV test in the coupling process at 523 K
over Cu/SiO2 catalyst. As the increase of WHSV, the conversions
of ACP and BDO are decreased. Interestingly, no signicant
changes are noticed in both conversions at WHSV of 1 and 2
h�1. The catalytic performance of Cu/SiO2 at WHSV of 3 h�1 is
low, showing 50% and 40% of BDO and ACP conversions,
respectively. However, the WHSV does not inuence on the
selectivities of GBL and EB. Hence, the optimum WHSV of
coupling reaction is 2 h�1.

Time-on-stream study is conducted at suitable reaction
condition and results are displayed in Fig. 11. ACP and BDO
conversions are 70% and 99%, respectively, with 99% selectivity
of EB and GBL in the rst hour. However, a gradual decrease in
the conversion of both BDO and ACP is observed while the
selectivities are constant. Aer conrming Cu/SiO2 is the best
catalyst for the coupling, ACP hydrogenation is conducted using
ratio ¼ 1 : 2, feed ¼ 1 mL h and N2 flow ¼ 18 mL min .

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 TGA analysis of calcined and spent Cu/SiO2 catalysts.
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stoichiometric amount of external hydrogen and found the ACP
conversion was <5%. Whereas in coupling process, the in situ
produced hydrogen from BDO to GBL reaction substantially
increased the conversion of ACP about 70%, indicating in situ
generated H2 is several times efficient than external hydrogen.
The deactivation phenomena of this Cu/SiO2 catalyst in gas-
phase reactions is probably because of Cu sintering as shown
in Table 1 at high reaction temperatures (523 K) as well as the
partial oxidation of Cu0 state. Besides that coke formation
during the reaction is also inuence the stability of the catalyst.

TGA analysis was used to investigate the formation of the
coke and results of fresh and spent Cu/SiO2 are shown in
Fig. 12. In the case of fresh catalyst, an obvious mass loss was
observed at 383 K, suggesting the removal of surface water
molecules. However, no signicant weight loss is occurred up to
950 K that may be due to decomposition residual amount of
copper nitrate species. The spent catalyst weight loss around
390 K corresponds to the surface water molecules which is
formed during the reaction. In addition to that two more weight
loss are noticed at 550 K and 730 K, which conrms the coke
formation due to the decomposition of either reactant or
product or both of the molecules. Hence, this result conrms
coke is another deactivation parameter to decrease the conver-
sions of BDO and ACP in TOS study. The low temperature
weight loss could be ascribed to the removal of easily oxidized
carbon whereas another high temperature weight loss was the
oxidation of regular or graphitic carbon. Hence, the stabiliza-
tion of activity by suitable promoter is the future plan of this
piece of work.
4. Conclusions

In summary, biomass-derived ACP and BDO are selectively
converted to EB/1-PhE and GBL using copper based catalysts in
a single reactor at a time via simultaneous hydrogenation and
dehydrogenation. Among all catalysts, Cu/SiO2 is found to be
the best catalyst in terms of selective synthesis of GBL (98%)
and EB (99%) whereas Cu/MgO has good performance for
This journal is © The Royal Society of Chemistry 2017
producing GBL (98%) and PhE (99%). The high selectivity of EB
is probably because of acidic site along with more surface
copper (Cu0) atoms, which favours hydrogenolysis of ACP. But
in the case of Cu/MgO, the strong basicity along with presence
of copper species (Cu0/Cu+1) might be responsible for only
selective formation of PhE. However, Cu/g-Al2O3 is not active for
coupling process, but highly active for individual hydrogenation
and dehydration reactions due to its high acidity. Contrarily, the
mixed-oxide supported Cu/MgO–Al2O3 catalyst has shown very
poor catalytic activity due to its lower copper dispersion. Hence,
the catalytic activity of the catalysts and reaction path can be
inuenced by both copper and support. The study presents
several advantages (i) eco-friendly continuous process (ii)
biomass to value added products (iii) conducting of both the
reactions at a time, (iv) ACP hydrogenation without using H2.
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