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Abstract. SBA-15, KIT-6, SiO2 supported catalysts with 10% Cu loading have been prepared by impregnation
techniques. The prepared catalysts have been characterized by BET technique, X-ray diffraction, Temperature
programmed reduction (TPR), XPS and N2 O pulse chemisorption techniques. Dehydrogenation of cyclohexanol
has been performed over these catalysts in vapour phase at 523 K. SBA-15 and KIT-6 supported copper catalysts
showed higher activity than SiO2 supported Cu catalyst in dehydrogenation of cyclohexanol, which can be
attributed to better Cu dispersion, small copper particle size and more number of Cu active species presented
on the surface of mesoporous supported catalysts.
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1. Introduction
Dehydrogenation of propane, ethyl benzene and 2methyl pyrazine over suitable catalysts are industrially
important processes. 1–3 Catalytic dehydrogenation of
cyclohexanol to cyclohexanone is an industrially important reaction in the manufacture of nylon because the
two major raw materials in producing polyamide ﬁbre
are caprolactum and adipic acid, both of which can
be obtained from cyclohexanone. 4,5 Copper-based catalysts have been reported for the dehydrogenation of
cyclohexanol in liquid or vapour phase. 6,7 A number of
investigations have focused on the inﬂuence of support,
method of preparation, and amount of copper loading on
the activity, with the goal of enhancing the conversion of
alcohol. 8–13 Copper containing catalysts have been used
in the process for dehydrogenation of cyclohexanol to
cyclohexanone for many years. 14
The subject on SBA-15 type mesoporous molecular sieves have been attracted increasing interest by
the scientiﬁc community particularly in the area of
catalysis because of its high surface area, large pore
volume and a uniform hexagonal array of cylindrical
mesoporous structure. SBA-15 is a purely siliceous
* For correspondence

mesoporous molecular sieve with uniform hexagonal
channels. Zhao et al., 15,16 extended the family of highly
ordered mesoporous silicates by synthesizing Santa Barbara Amorphous (SBA), type material with non-ionic
block copolymers as structure directing agents in highly
acidic media. Application of mesoporous materials in
catalysis area becomes popular day by day because of
the fact that mesoporous materials can be used as relatively well-described model materials due to their high
surface areas, narrow pore size distributions and usually well-deﬁned chemical properties of the surface. 17
Number of reactions, like conversion of synthesis gas,
oxidative dehydrogenation of light alkenes or ethyl benzene studied over mesoporous materials continuously
grows up. 18–23 Because of its unique features, SBA-15
has been under intensive investigation as a support for
a variety of active components. 24–32
2. Experimental
2.1 Preparation of SBA-15
The parent mesoporous SBA-15 silica support was synthesized hydrothermally under acidic medium using triblock
co-polymer (P123) as a template and Tetraethyl orthosilicate (TEOS) as silica source according to the previous
reports. 33–37 In a typical experiment, 20 g of tri block copoly601
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mer (P123 , M/s. Aldrich Chemicals, and USA) was dispersed
in a mixture of 560 g of distilled water and 137.5 g of 35%
hydrochloric acid (M/s. Loba Chemie, India). Then, 44 g of
Tetraethyl ortho silicate (TEOS, M/s. Aldrich Chemicals, and
USA) was added under constant stirring conditions at 313 K
for 12 h and the mixture was subjected to the hydrothermal
treatment at 373 K for 24 h. The resultant slurry was ﬁltered,
dried in air at 373 K for 12 h and then calcined in air at 823
K for 8 h at a ramping rate of 1 K min−1 .

2.2 Preparation of KIT-6
KIT-6 mesoporous silica was synthesized following the procedure available in the literature. 38 In a typical synthesis, a
homogeneous solution was obtained by dissolving. 33.3 g of
Pluronic P-123 in 1204 g of distilled water with constant stirring at room temperature up to complete dissolution of P-123
in water. 65.8 g of 37 wt% of HCl was added to the solution
and stirring was maintained at room temperature overnight.
33.3 g of n-butanol was added to this solution. After 1 h,
71.67 g of TEOS was added to the above mixture and stirring was continued for 24 h at 308 K. The contents were then
transferred into an autoclave and heating at 393 K was maintained for 24 h followed by washing with a mixture of watermethanol (1:1). The solid mass was kept in an oven at 373
K overnight. Finally, the white solid product was calcined at
823 K for 8 h in air.

2.3 Preparation of supported Cu catalysts
To prepare Cu/SBA-15 catalysts, the parent SBA-15 was dried
at 393 K for 6 h prior to impregnation. Requisite amounts of
Cu (NO3 )2 dissolved in water were used to impregnate SBA15. The sample was dried at 393 K for 12 h and calcined at
623 K for 8 h. This catalyst was designated as CS-15. Cu/KIT6 and Cu/SiO2 were prepared in the same manner and these
were designated as CK-6 and CSO, respectively. In all the
catalysts, Cu loading was maintained at 10 weight %.

2.4 Characterization of catalysts
N2 adsorption isotherms were recorded on a Tristar 3000
V6.08A instrument (M/s. Micromeritics Instruments Corporation, USA) at 77 K. The samples were out-gassed at 573
K for 4 h before the measurement. BET method was used to
calculate the surface areas using the amount of N2 adsorbed
at 77 K. Total pore volume was taken at a relative pressure of
0.99(unit).
X-ray diffraction analysis of the catalysts were carried
out on a Ultima-IV (M/s. Rigaku corporation, Japan) Xray diffractometer using Ni ﬁltered Cu Kα radiation (λ =
1.54 A◦ ) with a scan speed of 4◦ min−1 and a scan range of
2–80◦ at 40 kV and 20 mA power. The mean crystalline diameters of catalysts were estimated by Scherer equation from the
raw data.
The number of active Cu sites followed by Cu-dispersion,
metal area and particle size were estimated by N2 O pulse

chemisorption technique. For this purpose, a homemade pulse
reactor containing an automatic six port valve with a loop of
known volume (100 μL) for injecting 6% N2 O-He mixture in
number of pulses was ﬁxed at the inlet of quartz reactor. The
outlet of the reactor was connected to a thermal conductivity
equipped gas chromatograph with Porapak-T column. Brieﬂy
100 mg of catalyst sample was placed at the centre of the
reactor between two quart wool plugs and reduced in H2 ﬂow
at 523 K for 3 h followed by replacing H2 with He carrier gas.
The temperature was lowered to room temperature and pulses
of 6% N2 O-He mixture was injected until there is no change
in the concentration of N2 O. The metallic Cu on the surface
of the catalyst is able to react with N2 O in the following
equation:
2Cu + N2 O → Cu2 O + N2

(1)

By using the stoichiometry between Cu N2 O = 2:1, it is
possible to ﬁnd out the number of active Cu atoms present on
the surface of the catalysts. The ratio between the number of
active Cu atoms and the total number of Cu atoms multiplied
by 100 gives the % Cu dispersion. From the concentration of
surface Cu atoms (1.47 × 1019 m−2 ) it is possible to calculate
the Cu-metal area. Assuming the Cu particle either in the
shape of sphere or cube, it is possible to calculate the Cuparticle size (p) from the following equation:
p = (6 × 103 )/(ρ × ACu )

(2)

where, ‘ρ’ is the density of Cu metal and ‘ACu ’ is the Cu
metal area in m2 g−1
Cu . The particle size thus obtained is in
nano meters.
Temperature programmed reduction studies tells the presence of reducible species and their interaction either with
support or with other constituents of the catalyst. A homemade quartz reactor in which 50 mg of the catalyst sample
was placed has been subjected to heating up to 873 K at a
heating ramp of 10 K min−1 while maintaining 10% H2 –Ar
mixure ﬂow (30 cm3 min−1 ). The H2 consumption due to the
reduction of metallic oxide was continuously monitored by
a thermal conductivity equipped gas chromatograph coupled
with standard GC software.
X-ray photoelectron spectroscopy (XPS) analysis of the
catalyst was carried out by a Kratos analytical spectrophotometer, with Mg Kα monochromated radiation (1253.6 eV).
The residual pressure in the analysis chamber was around
10−9 mbar. The binding energy (BE) measurements were corrected for charging effects with reference to the C 1s peak of
the adventitious carbon (284.6 eV).

2.5 Activity data
1 g of the catalyst was placed between two quartz wool plugs
at the centre of a ﬁxed bed glass reactor of 14 mm (i.d.) and
300 mm long. Prior to the reaction, the catalyst was reduced
in H2 ﬂow at 553 K for 3 h. For cyclohexanol (CHA) dehydrogenation, the ﬂow rates of CHA and N2 (carrier gas) were
maintained at 1 cm3 h−1 and 1200 cm3 h−1 , respectively. The
temperature of the reaction was ﬁxed at 523 K. The obtained
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Table 1. Surface area, pore volume and average
pore diameter of catalysts.
Catalyst SaBET (m2 g−1 ) Vbt (cm3 g−1 ) Dc (nm)
SBA-15
KIT-6
SiO2
CS-15
CK-6
CSO

500
711
380
486
462
270

0.95
1.02
0.60
0.75
0.75
0.30

7.6
5.7
6.3
6.2
6.5
4.4

a BET surface area
b Total pore volume

at relative pressure (P/P0 ) of
0.95 by single point method
c Average pore size

products were collected in an ice cooled trap at regular intervals and analyzed by FID-equipped GC-17A (M/s. Shimadzu
Instruments, Japan) using ZB WAX capillary column (0.53
mm, i.d, 30 m long) and conﬁrmed by GCMS-QP-5050A
(M/s. Shimadzu Instruments, Japan).

3. Results and Discussion
The BET surface area, total pore volume and average
pore diameter of the supports and catalysts are shown in
Table 1. Compared to SiO2 , SBA-15 and KIT-6 supports
possess higher surface area and pore volume. The average pore diameter in these supports is in the range of
5.7 to 7.6 nm. On deposition of Cu over these supports,
both surface area and pore volume decrease which are
a common phenomena in most of the catalysts. However, there is not much difference in the average pore
diameter of copper loaded meso porous materials when
compared to that in the supports. In the case of CSO
catalyst, the average pore diameter is much lower than
that in the SiO2 support because of the blocking of the
pores by Cu particles. The effect of pore blockage by Cu
particles is not signiﬁcant in the case of CS-15 and CK6 catalysts because of the presence of uniform pores in
these supports and most probable smaller Cu particles.
Low angle XRD patterns of calcined catalysts and
supports as shown in Figure 1A (XRD patterns of SiO2
and CSO were not shown as there were no signals in the
low angle region) indicate the presence of mesoporosity
in these catalysts even after deposition of Cu. The low
angle XRD pattern of SBA-15 support exhibited three
◦
typical diffraction lines at 0.91–0.97◦ , 1.60–1.66 and
◦
1.86–1.92 , respectively, on the 2θ scale that are indexed
as (100), (110) and (200) reﬂections associated with
p6mm hexagonal symmetry. The position of diffraction peaks are well matched with the reported XRD
patterns of SBA-15. 12 In the low angle XRD pattern
of KIT-6 two well resolved diffraction peaks including

Figure 1. Low angle XRD patterns of (A)
calcined catalysts (a) CS-15, (b) CK-6. (B)
Reduced spent (a) CS-15, (b) CK-6, (c)
CS-15, (d) CK-6.

four poorly resolved peaks can be observed from Figure 1, which are responsible for ordered mesoporosity
of KIT-6. Particularly, the diffraction peaks present at
2θ = 0.89◦ , 2θ = 1.560 revealing cubic nature of KIT-6
with d211 , d420 spacing, 39 indicating that these materials possess well-ordered pore arrangement. Low angle
XRD patterns of reduced and spent catalysts too witness
the presence of mesoporous nature of the supports even
after deposition of Cu and after subjecting reduction and
cyclohexanol dehydrogenation reaction of the catalysts.
The retainment of mesoporosity even after deposition of
Cu and after the reaction clearly indicates the robustness
of the supports, SBA-15 and KIT-6 with respect to the
mesoporous nature.
The wide angle XRD patterns of calcined catalysts are
shown in Figure 2A. Presence of Cu+2 crystalline phase
with d value of 2.52 A0 at 2 = 35.60 , 2.32 at 2 =
38.780 can be seen from this ﬁgure (JCPDS NO 5-661).
The XRD patterns of reduced and spent catalysts are
shown in Figure 2B. Presence of Cu0 crystalline phase
(JCPDS NO.4-836: d value of 2.09 at 2 = 43.250 ,
1.81 at 2 = 50.370 and 1.28 at 2 = 73.990 ) can
be seen from this picture. Other copper species are not
detected in reduced and spent catalysts.
N2 O pulse chemisorption data over supported Cu catalysts has been shown in Table 2. Number of surface
Cu atoms is higher in CS-15 followed by CK-6 and in
CSO, this number is lowest. Since all the supported Cu
catalysts possess same Cu composition (10 weight percent), the Cu dispersion and Cu metal area also follows
the same trend as that of number of surface Cu atmos.
That is why CSO catalyst contains bigger Cu particles
and CS-15 catalyst contains smaller Cu particles. Metal
surface coverage and Cu surface density is highest in
CS-15 and more or less same in other two catalysts.
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Figure 2. Wide angle XRD patterns of (A) Calcined catalysts (a) CS-15, (b) CK-6, (c) CSO. (B)
Reduced and spent catalysts (a) CS-15 Red, (b)
CK-6 Red, (c) CSO Red, (d) CS-15 Spent (e) CK-6
Spent (f ) CSO Spent.

Figure 3. TPR proﬁle of supported copper catalysts (a) CS-15; (b) CK-6; (c) CSO.

This is because of the surface area difference between
CK-6 and CSO catalysts.
The extent of reducibility of Cu oxide species in CS15, CK-6 and CSO catalysts has been measured by
H2 -TPR and the TPR proﬁles are depicted in the Figure 3. TPR patterns of CS-15, CK-6 and CSO witness
a high intense reduction signal in the range of 573–673
K may be due to reduction of CuO species interacted
with the support. The shifting of Tmax of this signal to
higher temperature in CSO and CK-6 indicates the presence bigger Cu species in these catalysts compared to
that in CS-6 catalyst. N2 O pulse chemisorption results
also support this argument. In CSO and CK-6, CuO gets
reduced in two stages; one a small intense signal at low
temperature in the range of 473–573 K and other in
the temperature ranges of 573–673 K. It is reported
that the reduction of dispersed CuO species to Cu+1
species takes place in low temperature region (below
573 K), while the bulk CuO gets reduced at high reduction temperatures 40 . The high temperature signal in the

temperature range of 573–673 K can be attributed to the
reduction of interacted CuO species with the support to
CuO species or due to reduction of Cu+1 species to Cu0
species on CS-15. Wang et al., 41 have reported three different TPR peaks in the impregnated Cu/SiO2 catalysts;
the major one corresponding to the reduction of larger
CuO clusters and the minor ones to the reduction of
small CuO clusters and highly dispersed Cu (II) species,
respectively. Fridman and Davydov 42 reported the presence of Cu0 state in the reduced catalysts. Overall, from
the TPR results one can assess that CS-15 catalyst contains large number of uniform sized Cu species resulted
from the reduction of a single peak.
The X-ray photoelectron spectroscopy (XPS) is one
of the important techniques to explore the oxidation state
of transition metal compounds that are having localized
valance d-orbitals because of different energies of the
photoelectrons. The X-ray photoelectron spectrum of
the reduced and spent CS-15 and catalyst is displayed
in Figure 4. Here, two distinct peaks corresponding to
Cu 2p3/2 and Cu 2p1/2 are present at the binding energies of 934 and 954 eV, respectively. The appearance of

Table 2.

N2 O pulse chemisorption data of supported Cu catalysts.

Catalyst

BET Surface
area (m2 g−1 )

CS-15
CK-6
CSO

486
462
270

N2 O pulse chemisorptions
results
No. of surface Cu dispersion Cu particle
Cu atoms per (%)
size (nm)
gram catalyst
× 10−20

Cu Metal
surface area
(m2 g−1
catalyst )

Metal surface
coverage
area%
(Cu Metal
area/BET area)
× 100

2.06
1.36
0.82

14.0
9.3
5.6

2.88
2.01
2.08

21.08
14.33
8.64

4.8
7.2
12.0

Cu surface
density

4.24
2.95
3.04

(No. of Active
Cu atoms per
unit surface
area) × 10−17
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Figure 4. XPS Spectra of (a) CS-15 Spent; (b)
CS-15 reduced catalysts.

the Cu 2p3/2 main peak at the binding energy of 934 eV
demonstrates the presence of Cu0 in the CS-15 catalyst.
In fact, transition metal ions are well-reported 43,44 to
have unﬁlled 3d orbital that show well-separated satellite peaks in the core level XP spectra due to electron
shake-up and the structure of satellite; i.e., the peak number, intensity and splitting, reﬂect the nature of chemical
bonding of the transition metal ions. In the case of Cu
based catalysts, these satellites have been attributed to
the shakeup transitions by ligand → metal 3d charge
transfer which is very characteristic of Cu2+ compounds
and is not seen in Cu+ compounds or in metallic Cu
because of completely ﬁlled 3d shells. 45 In the present
case, the absence of these satellite peaks clearly indicates the absence of Cu2+ species.
Figure 5 consolidates the activity results at different
temperatures in the range of 473–573 K over CSO, CK6 and CS-15 catalysts. On all the catalysts, conversion
of cyclohexanol follows an increasing trend with temperature. However, cyclohexanol conversion is higher
on CK-6 and CS-15 catalysts. The selectivity over CSO
catalyst gradually decreases with temperature, whereas
it increases with temperature up to 548 K and thereafter
decreases over CK-6 and CS-15 catalysts. Cyclohexanol dehydrogenation is an endothermic reaction and
therefore increases in the cyclohexanol conversion and
selectivity to cyclohexanone and thereby in the yield of
cyclohexanone is not a surprising phenomenon. Cyclohexanol reaction is an equilibrium controlled reaction
and therefore it is difﬁcult to achieve 100% conversion without the presence of oxidants at 473 and 513
K. 46,47 Higher cyclohexanol conversion and cyclohexanone selectivity possessed by CK-6 and CS-15 is due
to their higher surface area and uniform pore size which
are helpful in dispersing Cu sites uniformly. 2D hexagonal structure of SBA-15 and 3D cubic structure of
KIT-6 with mesoporous character as evidenced by low
angel XRD and more surface area leads to better cop-

Figure 5.
alyst.

Temperature effect on CSO, CK-6 and CS-15 cat-

Figure 6. Results of time on stream studies of (a) CS-15
and (b) CK-6.

per dispersion, smaller particle size which inﬂuences
the activity. Larger BET surface area inhibits the sintering of copper particles to some extent. 48,49 Sivaraj et al.,
have reported a similar result between the conversion
and the copper surface area for the same reaction over
Cu/alumina catalyst. 50,51 Thus KIT-6 and SBA-15 with
larger surface area can be regarded as better supports for
Cu catalysts than SiO2 . CK-6 and CS-15, therefore are
subjected for time on stream study.
Figure 6 shows the steady cyclohexanol conversion
and cyclohexanone selectivity over CS-15 and CK-6 catalysts during 10 h in an on-stream study. Between these
two catalysts, CS-15 seems to be a better catalyst in
terms of maintaining both cyclohexanol conversion and
cyclohexanone selectivity. Higher Cu dispersion with
smaller Cu particle size in CS-15 is the reason for its
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Table 3.

Comparison of activity of present catalyst with those reported in the literature.

Catalyst

Wt% Copper

Cyclohexanol
Conversion %

Cyclohexanone
Selectivity %

Reference

Cu-MgO
Cu-Mgo-Cr2 O3
Commercial
Cu-Cr2 O3
Cu-ZnO-Al2 O3
Cu-ZnO
CuO-ZnO-Cr2 O3
Cu-SBA-15
Cu-KIT-6

24
22
24

59
65
35

89
97
70

14
14
14

20
25
45
10
10

52
56
62
70
69

85
98
97
99
92

51
6
39
Present work
Present work

better performance. Table 3 clearly indicates that the
performance of present catalyst is either on par or better
than the reported catalysts.
Popova et al., have compared the cyclohexanol dehydrogenation capability of Cu /Al2 O3 and Cu/SiO2 catalysts and found that Cu/SiO2 exhibits more selective
formation of cyclohexanone than on Cu/Al2 O3 because
of its low acidity. 52 On the other hand, the present study
is aimed to show the advantages of Cu/SBA-15 and
Cu/KIT-6 catalysts in terms of uniform mesoporosity
which is helpful in yielding higher cyclohexanol dehydrogenation ability than on Cu/SiO2 catalyst (Figure 5).
The mesoporous nature of SBA-15 and KIT-6 is able to
disperse Cu particles nicely than in Cu/SiO2 (Table 2).
4. Conclusions
Better dispersion of Cu over mesoporous SiO2 structures like SBA-15 and KIT-6 is the main reason for the
excellent performance of CS-15 and CK-6 catalysts.
Supplementary Information (SI)
Crystallographic data (excluding structure factors) for the
structure in this paper have been deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. Copies of the data can be obtained
free of charge on quoting the depository numbers CCDC
number: 784651 or 1 (Fax: +44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk, http://www.cam.ac.uk)
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