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Abstract

The superior catalytic activity in the dehydrogenation of cyclohexanol to cyclohexanone of Cu/MgO coprecipitated catalyst over corre-
sponding impregnated and solid–solid wetting catalysts is ascribed to the higher Cu metal area and interaction between the microcrystals of
C catalysts
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uO and MgO associated with coprecipitated catalyst. Further, the effect of Cu loading on the activity of Cu/MgO coprecipitated
ndicates that the catalyst comprising of∼16 wt.% Cu exhibits higher activity. The catalysts have been characterized by different tech
iz. X-ray diffraction (XRD), atomic absorption spectroscopy (AAS), temperature programmed reduction (TPR), BET-surface area
ents and N2O decomposition for measuring Cu metal surface areas and the results have been correlated with the activities of cata

ver possible.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Catalytic dehydrogenation of cyclohexanol to cyclohex-
none is an industrially important reaction in the manufacture
f nylon because the two major raw materials in produc-

ng polyamide fiber are caprolactum and adipic acid, both of
hich can be obtained from cyclohexanone[1,2]. However,

he conventional dehydrogenation process is severely con-
trained by thermodynamic equilibrium apart from sintering
f Cu metal beyond 280◦C [3,4]. The commercial catalysts

or the dehydrogenation of cyclohexanol are either Cu-Zn-
l or Cu-Mg catalysts, for which the method of preparation

s very crucial to obtain the equilibrium conversions of cy-
lohexanol, which are in the range of 50–60% in the tem-
erature range of 220–260◦C. Modification of Cu–Al2O3

nteraction by carbon coverage of Al2O3 and its influence on
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the cyclohexanol dehydrogenation activity has been rep
[5]. In the catalytic dehydrogenation of cyclohexanol,
dependence of Cu oxidation state on the catalytic prope
of Cu/MgO catalysts has been reported[6]. In the presen
investigation, we are reporting the influence of metho
preparation of Cu/MgO catalysts and the loading of Cu m
on the characteristics and the cyclohexanol dehydrogen
activity.

2. Experimental

2.1. Preparation of Cu/MgO catalysts

Three Cu/MgO catalysts with 16 wt.% of Cu have b
prepared by coprecipitation, impregnation and solid–s
wetting methods. An aqueous solution containing requ
amounts of Cu (NO3)2·3H2O (M/S. Loba Chemie Ltd., In
dia), Mg (NO3)2·6H2O (M/S. Loba Chemie Ltd., India
with their concentration of 1 M each, have been simult
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2003.11.046
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ously precipitated using an aqueous solution containing 1 M
K2CO3 (M/S Loba Chemie Ltd., India) at a pH of 9. The co-
precipitated mass has been thoroughly washed, filtered and
dried at 120◦C for 12 h in air followed by calcination in
air at 450◦C for 4 h. This coprecipitated catalyst has been
designated as Cu/MgO-CM. In the similar manner, individ-
ual oxides of Cu and Mg have been prepared. The MgO,
thus, prepared has been impregnated with CuO using requi-
site amounts of aqueous solution of Cu (NO3)2·3H2O. Excess
water has been evaporated and the resulting mass has been
dried at 120◦C in air for 12 h followed by calcination in air at
450◦C for 4 h to get Cu/MgO-IM, an impregnated catalyst.
The requisite amounts of individual oxides of Cu and Mg
have been thoroughly mixed and ground followed by calci-
nation at 450◦C in air for 4 h to get the solid–solid wetting
catalyst, called Cu/MgO-SSW.

Cu-MgO catalysts with Cu loadings of 5.2, 10.1, 13.5, 16,
37.3, 42.9, 51.6 and 79.8% (in wt.%) are prepared by co-
precipitation method (similar to the preparation of Cu/MgO-
CM) and designated as Cu1–Cu8. All the catalysts are re-
duced in H2 flow at 250◦C for 4 h prior to the reaction run.
The bulk CuO catalyst is also prepared in a similar way using
K2CO3 as the precipitating agent.

2.2. Catalyst characterization
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tion has been detected by micro TCD and recorded on GC
workstation.

2.3. Activity measurements

The catalytic dehydrogenation of cyclohexanol has been
carried out in a fixed bed micro reactor made of quartz (6 mm
i.d. and 200 mm long) packed with 1 g catalyst using a liquid
cyclohexanol feed rate of 1 ml/h. The reaction temperature
has been maintained at 250◦C. The products have been col-
lected in cold trap and analyzed at regular intervals by inject-
ing in to a GCMS–QP-5050 (M/S. Shimadzu Instruments,
Japan) with DB-5 capillary column (0.32 mm diameter and
25 m long supplied by M/S. J & W Scientific, USA).

3. Results and discussion

3.1. Physico-chemical characteristics of Cu/MgO
catalysts

Total surface areas, Cu-dispersion, Cu-metal area and Cu-
crystallite size of the various Cu/MgO coprecipitated cata-
lysts have been shown inTable 1. It is observed from our
earlier work[7] that the total surface area of Cu/MgO copre-
c alyst
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All the catalysts have been characterized by BET su
rea using N2 adsorption method on an all glass high vacu
nit capable of yielding 10−6 Torr, by XRD using a Siemen
-5000 diffractometer with Ni filtered Cu K� as a radiatio
ource and by N2O pulse chemisorption using 6% N2O–He
ixture on a home made pulse reactor with a programm

ix port valve having 1000�L loop (M/S. Valco instruments
SA) and a temperature programmer connected to a el
ally heated furnace. Typically, about 100 mg of the cata
ample taken in a S.S reactor (2 mm i.d. and 200 mm long
een reduced in H2 flow at 250◦C for 2 h followed by cooling

o 90◦C and replacing the H2 with He at which 6% N2O bal-
nce He mixture is injected in pulses at regular intervals

here is no change in the concentration of N2O at the outlet
he product analysis is performed on GC-17A equipped
icro TCD (M/S. Shimadzu Instruments, Japan) conne

hrough a Porapak-T packed column (1/8′′ diameter and 2 m
ong ss column) with a work station having GC softwa
lass-5000 (M/S. Shimadzu Instruments, Japan). It is kn

hat N2O oxidizes Cu metal to Cu1+ oxide[5,7–10].

Cu+ N2O → Cu2O + N2

stoichiometry of Cu:N2O = 2:1 has been taken for calc
ating the number Cu active sites.

Temperature programmed reduction (TPR) studies o
atalysts have been performed on the same pulse reacto
% H2–Ar as reducing gas and carrier gas. The temper
as been increased linearly at a ramp of 5◦C min−1 from
oom temperature to 700◦C where the isothermal conditio
re maintained for 30 min. The change in the H2 concentra
ipitated catalyst is higher than that of impregnated cat
hich in turn is higher than that of the catalyst prepare
olid–solid wetting method. The higher area associated
oprecipitated catalyst may be due to the extra area g
ted by CuO species or the interaction between CuO
gO might have created the extra area. The same reaso
e applied to the effect of loading of Cu studied in the pre
ork, where a slight increase in the surface area of the

yst with loading up to 16 wt.% is seen and thereafter red
ith further increase in the Cu content probably due to

ormation of bigger crystallites of CuO. Our report[7] on the
ffect of method of preparation on the hydrogenation act
f furfural to furfuryl alcohol, the N2O pulse chemisorptio
ata indicated that the Cu dispersion and Cu metal are
igher in coprecipitated catalyst compared to the other
atalysts[8,10]. This is because of the lower Cu crystal
ize in coprecipitated catalyst. It was reported that the i
ction between the Cu particles and the oxygen vacanc
gO may be another reason for enhanced surface ar
M catalyst[7]. In this report[7] the surface compositio
f Cu/MgO catalysts obtained from the ESCA results cle
eveals the presence of more amount of Cu0 species at th
urface in CM catalyst than on IM catalyst and SSW c
yst. Thus, both N2O pulse chemisorption and ESCA resu
re in agreement, indicating the presence of large numb
u0 species at the surface in CM catalyst. The binding
rgy value of Cu 2p3/2 in metallic copper and in CuO a
eported to be 932.7 and 933.6 eV, respectively[11]. ESCA
esults of CM, IM and SSW catalysts indicate the pres
f Cu0 (binding energy of Cu 2p3/2 = 933 eV for Cu0) in all

he catalysts[7]. The shift in the binding energy in IM an
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Table 1
Physico-chemical characteristics of Cu/MgO coprecipitated catalysts

Catalyst BET surface
area (m2 g−1)

Cua (wt.%) Cu dispersionb (%) Cu metal areab (m2 g−1) Cu crystalline sizeb (nm) No. of surface Cu-sitesb

(�mol g.cat−1)

Cu1 19 5.23 7.19 2.43 14.50 59.21
Cu2 25 10.08 17.20 11.18 6.06 272.88
Cu3 34 13.52 19.74 17.21 5.28 420.06
Cu4 46 16.04 35.41 36.62 2.95 893.80
Cu5 38 37.29 11.14 26.78 9.36 653.72
Cu6 28 42.93 6.87 19.02 15.18 464.15
Cu7 25 51.62 4.97 16.55 20.98 403.86
Cu8 20 79.78 1.61 8.27 64.91 201.78

a Obtained from AAS analysis.
b From N2O decomposition.

SSW catalysts (∼934 eV) is a clear indication of presence
of CuO species (the binding energy of Cu 2p3/2 for CuO is
934 eV) in addition to the Cu0 species. Fridman and Davy-
dov [6] reported the presence of Cu0 state in the reduced
catalysts. Boyce et al.[12] reported that reduction of CuO
at 150◦C has resulted in the formation of Cu0 species. The
more number of Cu0 sites in the surface of the CM catalyst
help in yielding high catalytic activity in the dehydrogenation
of cyclohexanol. Even though, the dispersion of Cu metal in
coprecipitated catalyst is higher than that in impregnated or
solid–solid wetting catalysts, this value is not very high[7].
It was reported[13,14] that brucite-periclase transformation
is possible with MgO in presence of Cl− ion. Most probably,
the presence of Cl− ion present in the distilled water (used
during the preparation of catalysts) might have helped for
such transformation. Because of this, one can expect an over
layer of MgO on the surface of CuO and therefore, there is
every possibility of decrease in the dispersion of Cu. This
may be one of the reason why coprecipitated catalyst also
possesses low dispersion of Cu.

3.2. X-ray diffraction results

XRD results (reduced catalysts) of Cu/MgO catalysts pre-
pared by different methods revealed the presence of Cu metal-
l line
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Fig. 1. XRD patterns of reduced Cu/MgO-CM, Cu/MgO-IM and Cu/MgO-
SSW catalysts.

Fig. 2. XRD patterns of used Cu/MgO-CM, Cu/MgO-IM and Cu/MgO-
SSW catalysts.
ic particles to be either in amorphous or in microcrystal
orm (Fig. 1). In addition, poorly crystalline nature of Mg
an be observed in coprecipitated catalyst. Thus, the h
urface area of coprecipitated catalyst may be due t
her the interacted species formed between Cu and Mg
ue to the poorly crystalline nature of MgO[7]. In other

wo catalysts, bigger crystallites of MgO are present. E
n the used catalysts from their XRD patterns inFig. 2,
oorly crystalline nature of Cu has been observed. On
u/MgO-coprecipitated catalyst, MgO particles are in
rocrystalline form indicating a possible interaction of M
ith Cu species. It was reported that MgO has the ab

o stabilize the metal particles and to prevent sintering
olatilization[15,16].

Figs. 3–5show the XRD patterns of different loadings
u-MgO catalyst prepared by coprecipitation method in
ined, reduced and used forms respectively, studied fo
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Fig. 3. XRD patterns of calcined coprecipitated catalysts with different Cu loadings.

Fig. 4. XRD patterns of reduced coprecipitated catalysts with different Cu
loadings.

dehydrogenation of cyclohexanol to cyclohexanone. The pat-
terns inFig. 3 clearly suggest the growth in the intensity of
CuO (diffraction lines withd values of 2.52x at 2θ = 35.6◦;
2.32x at 2θ=38.78◦ and 2.535 at 2θ=35.45◦; ASTM Card No.
5-661) upon increasing Cu loading from 5.2 to 79.8%. The
catalyst comprising of lower loadings of Cu (from 5.2 to
13.5 wt.%) showed the presence of only poorly crystalline
MgO phase (d values of 2.11x at 2θ = 42.82◦; 1.495 at 2θ =
62.25◦ and 1.221 at 2θ = 78.30◦; ASTM Card No. 4-829) and
very poorly marked d lines of CuO. The increase in the inten-
sity of CuO diffraction lines is noticed markedly from Cu4
onwards to Cu8. The patterns of reduced catalysts (Fig. 4)
have shown the formation of Cu0 phase (d values of 2.09x at
2θ = 43.25◦; 1.815 at 2θ = 50.37◦ and 1.282 at 2θ = 73.99◦;
ASTM Card No. 4-836), but since the d values of Cu0 and
MgO are closer, the diffraction lines are not separated prop-
erly in the patterns. At lower loadings, only MgO phase is
seen and with the increase in Cu loadings, a shoulder start
appearing besides the peak corresponding to MgO whose in-
tensity increased with Cu loading. However, at higher load-
ings, i.e., in Cu7 and Cu8, the intensity of d lines of Cu0

phase reduces at the expense of CuO and Cu2O (d values at
2.47x at 2θ = 36.34◦; 2.144 at 2θ = 42.19◦ and 1.513 at 2θ =
61.34◦; ASTM Card No. 5-667) phases. This may be due to
incomplete reduction of the bulk CuO or due to reoxidation
o 0 + 2+ er
f the Cu species to Cu and Cu formed at these high
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Fig. 5. XRD patterns of used coprecipitated catalysts with different Cu load-
ings.

loadings of Cu.Fig. 5 depicts the patterns of catalysts after
the reaction indicates the intensity increase of CuO phase
with increase in Cu loading and the presence of Cu0 phase is
much clear in the patterns of all these catalysts.

3.3. TPR analysis

The TPR patterns of Cu/MgO catalysts prepared by dif-
ferent methods are shown inFig. 6. Broad reduction peaks
centered at∼295, 393 and 410◦C with a shoulder at∼300◦C
are observed with the catalysts made by coprecipitated, im-

F gO-
S

pregnated and solid–solid wetting methods, respectively. Co-
precipitated sample seems to have reduced in two stages at
405◦C (CuO→ Cu2O) and 460◦C (Cu2O→ Cu0) (The pro-
file is not shown in the figure) whereas a commercial CuO
sample (M/S. Loba Chemie India Ltd.) showed a reduction
peak centered at∼385◦C, CuO→ Cu0 (not shown in fig-
ure). Many a literature reports suggest this reduction peak
of unsupported CuO to correspond to the reduction of bulk
CuO to Cu0 [17–23]. However, the reported temperatures
varied from 187 to 352◦C. The absence of any great differ-
ence in reduction temperature between the Cu/MgO-IM and
SSW samples and the unsupported CuO implies the exis-
tence of weak metal support interaction[22]. The reduction
pattern of Cu/MgO coprecipitated sample has peak maxi-
mum at∼295◦C indicating the presence of easily reducible
Cu2+ species. A similar behaviour is reported to have ob-
served with Cu/Al2O3 [5] where the lowering of thetmax is
attributed to the formation of a surface aluminate (CuAl2O4)
species, which readily reduces to Cuo even at 250–350◦C
and the defect spinel structure of�-Al2O3 is reported to[5]
have yielded a well dispersed interacted phase. The defect
sites known to be present in MgO probably contribute to the
formation of surface interacted species of copper in the Cu-
MgO catalysts that reduce at lower temperatures compared
to the reduction of bulk CuO. Since the crystallite size of
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ig. 6. TPR patterns of calcined Cu/MgO-CM, Cu/MgO-IM and Cu/M
SW catalysts.
he supported CuO determines the effect on reduction
avior of the catalyst with highly dispersed CuO (sma
rystallites) showing low temperature reduction peak w
he bulk CuO (larger crystallites) showing a peak center
higher reduction temperature[22,24,25]. The XRD pattern
lso confirm that the Cu/MgO coprecipitated catalyst s
oorly crystalline CuO phase in contrast to Cu/MgO-IM
SW catalysts. The higher dispersion provides larger

ive surface area and a higher concentration of defects w
he reduction can start at a lower reduction temperature[26].
ontributing to the higher activity of the Cu/MgO coprec

tated catalyst compared to the other catalysts in the d
rogenation of cyclohexanol to cyclohexanone. The s
houlder at∼400◦C besides the peak at∼410◦C observed
n the TPR profile of Cu/MgO–SSW may be ascribed to
eduction of surface CuO particles and the peak at∼410◦C
o the reduction of bulk CuO[27]. Wang et al.[21] reported
o have observed three different TPR peaks in the imp
ated Cu/SiO2 catalysts. The major one corresponding to
eduction of larger CuO clusters and the minor ones to
eduction of small CuO clusters and highly dispersed Cu
pecies, respectively.

TPR results of the calcined Cu-MgO coprecipitated
lysts with different loadings of Cu ranging from 5.23
9.78 wt.% indicate that the samples with lower loading
u show a similar reduction temperature maxima to th

he bulk CuO and a low temperature peak observed wit
ample Cu1 probably corresponds to the presence of sm
lusters of CuO. The reduction peak shifted to lower temp
ure with increase in Cu content up to∼37 wt.%. The highe
eduction temperature at lower loadings may be attrib
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as to a weak metal support interaction and the shift in this
reduction temperature to lower values with increase in Cu
concentration may be due to the increased contribution of
uniformly dispersed CuO crystallites as ascribed by Chang
et al. [22]. Further increase in Cu loadings above 37 wt.%
leads to the shift in the reduction peak back to higher tem-
perature (∼380◦C) with the apparent formation of poorly
dispersed CuO species[22].

3.4. Dehydrogenation of cyclohexanol to cyclohexanone

Fig. 7 shows the activity data, i.e., cyclohexanol conver-
sion towards cyclohexanone against time on stream over the
catalysts prepared by different methods. On Cu/MgO-CM
catalyst, the activity slowly increases with time on stream and
beyond 240 min, the conversion of cyclohexanol is steady at
64.3%. It is reported that at 240◦C, the equilibrium conver-
sion of direct dehydrogenation of cyclohexanol is 68.89%
[28]. The selectivity towards cyclohexanone on Cu/MgO-
CM is 100%. On Cu/MgO-IM catalyst, initially the conver-
sion of cyclohexanol is as high as 50.0% but gradually with
time it came down to 2.3%. However, the selectivity towards
cyclohexanone is again 100%. Cu/MgO-SSW catalyst ex-
hibits very poor activity. The initial conversion of cyclohex-
anol is 2.3% which remains steady during the duration of the
r

in
C e-
f ity
f inds
o can-
c ecies
[ that
t de-
f ption
o -

F gO-
S

posed (0 0 1) planes has been reported. The defect sites of
MgO are assumed to be more reactive and the adsorption
properties for metal species interacted with these sites can
be qualitatively different from those of regular surface sites.
Studies of adsorption of Cu, Ni, Ag and Pd atoms on Fs and
Fs

+, oxygen vacancy sites as well as regular O2− centers of
MgO (0 0 1) surface by gradient-corrected density functional
calculations using cluster models embedded in a matrix of
model potentials and point charges indicate that the adsorp-
tion is stronger on Fs sites rather than on regular O2− sites
by 1–2.4 eV[36]. On the Fs+ site of MgO, the single valance
electron of Cu and Ag atom couples with an unpaired elec-
tron of the vacancy forming a covalent bond[36]. MgO is
known to posses defect sites and these defect sites or oxygen
vacancies at the Cu–MgO interface may be responsible for
the selective dehydrogenation of cyclohexanol to cyclohex-
anone.

In the present investigation, even though the coprecipita-
tion method yielded relatively smaller Cu particles compared
to those prepared by impregnation and solid–solid wetting
methods, the particle size of Cu is not so small. The defective
sites at Cu and MgO interfacial region and suitable parti-
cle size of Cu appear to be the key factors in governing the
selectivity towards cyclohexanone.

Fig. 8 indicates the effect of Cu loading on the cyclo-
h Cu
l ses,
r 4%
a with
f cat-
a r of
s N
p f
r over
C re of
2 ex-
a ture
un.
The large number of Cu0 species at the surface

u/MgO-CM catalyst might be in interaction with the d
ect sites of MgO which helped in yielding superior activ
or cyclohexanol conversion. It is reported that various k
f defects like steps, kinks, edges, etc., impurities and va
ies at the surface of supports can interact with metal sp
29,30]. There are reports with experimental evidence
he growth of metal clusters and films is initiated at the
ect sites, in particular on surface vacancies. The adsor
f Cu[31–34]and Pd[35] moities on MgO support with ex

ig. 7. Time on stream studies of Cu/MgO-CM, Cu/MgO-IM and Cu/M
SW catalysts in the dehydrogenation of cyclohexanol.
exanol conversion over coprecipitated catalysts. With
oading, the conversion of cyclohexanol gradually increa
eaching a maximum of 64.3% at a Cu loading of 16.0
nd thereafter, the conversion of cyclohexanol decreased

urther increase in Cu loading. The high activity by the
lyst with 16.04% Cu loading is due to the large numbe
maller Cu crystallites at the surface as evidenced by2O
ulse chemisorption and XRD data.Fig. 9 is the effect o
eaction temperature on the conversion of cyclohexanol
u4. From this figure, it is clear that a reaction temperatu
50◦C is optimum for getting good conversion of cycloh
nol. It is worthwhile to mention that at a reaction tempera

Fig. 8. Effect of Cu loading on the cyclohexanol conversion.
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Fig. 9. Effect of reaction temperature on the conversion of cyclohexanol
over Cu/ MgO-CM.

of 200◦C, the conversion of cyclohexanol to cyclohexanone
matches with those of thermodynamic equilibrium conver-
sion[28].

The advantage of coprecipitation method in yielding a
Cu/MgO catalyst with maximum number of Cu metal species
is demonstrated. The Cu/MgO-CM catalyst with 16.04 wt.%
Cu gave a cyclohexanol conversion of 64.3% with a cyclo-
hexanone selectivity of 100% at a reaction temperature of
250◦C.

4. Conclusion

The maximum number of Cu active species in the Cu-MgO
catalyst having∼16% Cu content prepared by coprecipita-
tion method is responsible for getting higher conversion of
cyclohexanol.
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