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Abstract A series of MoO3/c-Al2O3 catalysts with dif-

ferent Mo surface densities (Mo atoms/nm2) has been

prepared by incipient wetness impregnation method.

Structural characteristics of the prepared catalysts were

investigated by atomic absorption spectroscopy, X-ray

diffraction, Fourier Transform Infrared spectroscopy, N2

adsorption at -196 �C, and temperature-programmed

reduction (TPR). The catalytic activities of the prepared

catalysts were tested by cyclohexene conversion between

200 and 400 �C. XRD results indicated that molybdenum

oxide species were dispersed as a monolayer on the support

up to 4.04 Mo atoms/nm2, and the formation of crystalline

MoO3 was observed above this loading. FTIR and TPR

results showed that molybdenum oxide species were

present predominantly in tetrahedral form at lower loading,

and polymeric octahedral forms were dominant at higher

loading. Cyclohexene conversion reaction proceeded

mainly through the simple dehydrogenation pathway in the

studied temperature range 200–400 �C and was found to be

highly dependent on MoO3 dispersion.

Introduction

Al2O3-supported MoO3 catalysts have been widely used in

a number of catalytic reactions such as hydrogenolysis and

hydrodesulfurization of crude oil [1], benzene hydrogena-

tion [2], alkene metathesis reactions [3], and oxidative

dehydrogenation of alkanes [4]. The structures of the

supported Mo have been extensively investigated utilizing

a variety of structural characterization techniques [1, 5–9].

Mo/Al2O3 catalysts are often referred to as monolayer

systems, due to the tendency of the active phase to spread

over the support at elevated temperature. In this way, an

overlayer of MoOx is formed on the support surface, and

the surface free energy of the system is minimized. As Mo

surface densities exceed ‘‘monolayer’’ coverage, crystalline

MoO3 forms at low treatment temperatures (\873 K) and

Al2(MoO4)3 at higher temperatures [5].

Cyclohexene (CHE) conversion is an important probe

catalytic reaction. CHE undergoes various transformations

depending on the catalyst composition and the experi-

mental conditions [10, 11]. In the absence of hydrogen,

disproportionation and dehydrogenation take place. Dis-

proportionation of CHE gives benzene (BZ) and cyclo-

hexane (CHA). This reaction is termed hydrogen transfer

when carried out catalytically, since CHE behaves as both

hydrogen donor and acceptor [12, 13].

In this work, a systematic study of a series of MoO3/

Al2O3 catalysts with different Mo surface densities was

performed. A detailed characterization (atomic absorption

spectroscopy, XRD, N2 physisorption, FTIR, TPR) of their

textures and structures was performed. The catalytic per-

formance of the MoO3/Al2O3 catalysts for CHE conversion

at 200–400 �C was carried out using pulse technique in the

absence of hydrogen and was correlated to the dispersion

and the surface structure of MoO3/Al2O3 catalysts.

Experimental

Catalyst preparation

A series of MoO3/c-Al2O3 catalysts was prepared by

incipient wetness impregnation of c-Al2O3 (treated at
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500 �C for 3 h before use, 162.9 m2g-1, 0.32 cm3g-1)

with an aqueous solution of ammonium heptamolybdate,

followed by drying at 120 �C for 12 h and calcination at

450 �C in air for 4 h. The catalysts thus prepared were

designated as MoAlx where x refers to the Mo surface

density in Mo atoms/nm2. MoAl0 refers to the c-Al2O3

support impregnated with deionized water and subjected to

the same treatment used to prepare MoO3/c-Al2O3

catalysts.

Characterization

The molybdenum content was determined by atomic

absorption spectroscopy (AAS, Perkin-Elmer 2380 appa-

ratus). The XRD patterns were recorded on a Philips dif-

fractometer model PW 150 with CuKa radiation at 30 kV

and 40 mA. The specific surface area (SBET, m2g-1) of

catalyst samples was measured by the BET method with a

Quantachrome Nova 3200 S automates gas sorption

apparatus using nitrogen adsorption at -196 �C. Prior to

the adsorption measurements, the samples were degassed at

300 �C for 2 h under vacuum. The corrected surface area

(Scorr., m2g-1) was calculated assuming that the surface

area of the catalyst is only due to the c-Al2O3. It is obtained

by determining the amount of c-Al2O3 per g catalyst from

chemical composition and normalizing the surface area to

that amount [14]. The FT-IR spectra of the samples were

recorded with a Shimadzu FTIR spectro-photometer in KBr

matrix in the range of 4,000–400 cm-1. Temperature-pro-

grammed reduction (TPR) experiments were conducted on

a CHEM-BET 3000 TPR instrument. TPR profiles were

taken from ambient temperature to 1,000 �C (10 �C/min).

A 10% vol. H2 in Ar mixture at a flow rate of 50 mL min-1

was used as the reducing gas.

Catalyst performance studies

Catalytic dehydrogenation of cyclohexene (CHE) was

carried out in a pulse fixed-bed, vertical flow type reactor

attached in line with a gas chromatograph (Clarus 500 gas

chromatograph) with FID detector equipped with a column

made of a stainless steel cylinder of 3 mm inside diameter

and 4 m long and packed with 5 wt% Bentone-34 and

5 wt% diisodecyl-phthalate on chemsorb (35–80 mesh),

1 lL of CHE was injected over 0.1 g of the preactivated

catalyst at 400 �C using N2 as a carrier gas (50 mL min-1).

The activities of molybdena-supported catalysts were

estimated by varying the temperature from 200 to 400 �C,

with 50 �C decrements starting from 400 �C downwards.

Results and discussion

Catalyst characterization

Atomic absorption spectroscopy (AAS)

The actual Mo loadings determined by AAS are given in

Table 1. The experimental values were found to be in good

agreement with the theoretical ones.

The Mo surface densities of the supported MoO3/c-

Al2O3 catalysts are expressed as the number of Mo atoms

per square nanometer of surface area (Mo atoms/nm2) [15].

They were calculated from the actual molybdena content

and the corrected surface area of the alumina support and

are given in Table 1.

X-ray diffraction (XRD)

The XRD patterns of the MoO3/c-Al2O3 catalysts with

different Mo surface densities are shown in Fig. 1; bulk

MoO3 and c-Al2O3 are also given for comparison. All

samples exhibited broad peaks corresponding to micro-

crystalline c-Al2O3 (JCPDS No. 10–425). No additional

diffraction lines corresponding to crystalline molybdenum

containing compounds were detected in samples with Mo

surface density up to 4.04 Mo atoms/nm2, indicating that

molybdenum species were either highly dispersed or

present as MoO3 crystallites having sizes less than 4 nm,

which is beyond the detection capacity of XRD. On the

Table 1 Physicochemical

properties of MoO3/Al2O3

catalysts

Catalyst MoO3 Loading (wt%) Mo surface density

(Mo atoms/nm2)

SBET (m2g-1) Scorr. (m2g-1)

Nominal Actual

MoAl0 – – – 162.9 –

MoAl1.0 4 3.8 0.97 157.3 163.8

MoAl2.0 8 7.9 2.04 148.8 161.8

MoAl3.0 12 11.7 2.98 144.5 164.2

MoAl4.0 16 15.8 4.04 137.5 163.6

MoAl5.6 20 19.8 5.56 119.1 148.9

MoAl7.2 24 23.7 7.2 104.6 137.6

MoAl9.3 28 27.9 9.31 90.2 125.3
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other hand, higher Mo surface densities led to the

appearance of diffraction lines at 2h of 27.3�, 25.7�, and

23.3� which are attributed to the [021], [040], and [110]

crystallographic planes of the orthorhombic MoO3 phase

(JCPDS No. 35–609). The intensity of the diffraction lines

ascribed to MoO3 increases with Mo surface density,

indicating the formation of crystalline MoO3 at high Mo

surface density.

The dispersion capacity of MoO3 on the surface of c-

Al2O3 was measured by XRD quantitative phase analysis.

XRD quantitative analysis was carried out by plotting the

area ratio of crystalline MoO3 peak at 27.3� and support

peak at 67� IMoO3
=IAl2O3

ð Þ as a function of Mo surface

density (Fig. 2). The resultant straight line gives an inter-

cept with the horizontal axis corresponding to the

dispersion capacity of MoO3 on the surface of c-Al2O3

[16]. The result indicated that the dispersion capacity of

molybdena on c-Al2O3 is about 4.04 Mo atoms/nm2.

Specific surface areas

The computed values of SBET of c-Al2O3 and MoO3/c-

Al2O3 catalysts and the corrected surface area of the c-

Al2O3 support are cited in Table 1. The corrected surface

areas remained constant up to 4.04 Mo atoms/nm2 and then

decreased with further increasing of Mo surface density.

This indicated that Mo incorporation up to 4.04 Mo atoms/

nm2 did not lead to the formation of large bulky species,

which may block the fine pores of the alumina support; in

other words, oxide metal distribution is well dispersed on

the surface of support probably as monolayer. This agrees

with the absence of XRD lines of crystalline molybdenum

species on these catalysts. However, at higher Mo surface

densities, formation of crystalline MoO3 phase which

partially blocks up the pores of alumina could be respon-

sible of the decrease in the corrected surface areas of the

catalysts. For these catalysts, the XRD profiles provided

evidence of the presence of MoO3 crystals on the support

surface.

FTIR spectroscopy

The FTIR spectra for MoO3/c-Al2O3 catalysts are shown in

Fig. 3. Examination of Fig. 3 shows the following: (i) for

MoAl1.0 sample, the band at 914 cm-1 characterizes the

stretching mode of the Mo=O bond in surface-bound Mo

species. These species may be either isolated tetrahedral or

octahedral polymolybdate species. The absence of a band

due to bridged bonds in the lower wave number region

indicates that these species are isolated tetrahedral species

[1, 17], (ii) for catalyst samples MoAl2.0, MoAl3.0, and

MoAl4.0, the band due to stretching is observed at

950 cm-1. The appearance of a new band at 650 cm-1 is

ascribed to the characteristic bridged Mo–O–Mo bonds

indicates the formation of octahedral polymolybdate spe-

cies in addition to the isolated tetrahedral species [1, 17,

18]. The increase in the intensity of this band with MoO3

loading indicates the growth of the polymolybdate species.

The dispersed nature of MoOx species at these low surface

densities is consistent with the absence of crystalline

structures in their XRD patterns, (iii) at higher loadings, the

bands due to microcrystallites MoO3 appears at 600, 830,

and 880 cm-1 [17]. The intensity of these bands increased

with increasing molybdenum loading. These results are in

line with XRD analysis, which indicates the formation of

microcrystallites MoO3 at Mo loadings exceeding mono-

layer content.

Fig. 1 XRD patterns for the series of MoO3/c-Al2O3 catalysts

Fig. 2 Determination of dispersion capacity of MoO3 on c-Al2O3

through quantitative XRD
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Temperature-programmed reduction (TPR)

The TPR profiles of c-Al2O3 as well as LoAlx catalysts

are shown in Fig. 4. The support has very low reducibility.

It gives a very small hump at around 529 �C, indicating

that the support contribution to the reduction profiles is

negligible throughout the temperature range studied.

As can be seen in Fig. 4, in the case of supported

molybdenum catalysts, two main reduction peaks are easily

distinguished. It is well known that at low Mo surface

densities, molybdenum oxide is present predominantly as

tetrahedral species which are difficult to reduce due to

strong interaction with the support [20, 21]. As the Mo

surface density increases, both tetrahedral and octahedral

species coexist on the support surface. It is also known that

octahedral and other higher polyhedral species are reduced

relatively easily [20, 22]. The less polarized bonds of

polymolybdates are more easily reduced compared to those

directly bonded to alumina [23]. Further at very high Mo

surface density, in addition to the two above-mentioned

species, crystalline MoO3 is present [23]. It has been found

by FTIR that the polymolybdates are reduced in H2 pre-

viously to free MoO3. Consequently, the low temperature

peak (419–485 �C) could be assigned to the partial

reduction of Mo?6 to Mo?4 (MoO3?MoO2) in dispersed

octahedral species, whereas the high temperature peak

(787–850 �C) may be due to a further progress in the

reduction of partially reduced MoOx species formed in the

first reduction peak Mo4? to Mo0 (MoO2?Mo0), together

with the partial reduction of tetrahedrally coordinated Mo

species. The third small peak in the TPR plot of MoAl5.6 is

attributed to the reduction of small MoO3 crystallites.

The peak positions and quantitative hydrogen con-

sumption data of MoO3/c-Al2O3 catalysts are shown in

Table 2. It can be noted that: (i) the hydrogen consumption

per gram of catalyst as well as per gram of Mo was found

to increase with increase in molybdena loading, indicating

an increase in the reducibility of molybdenum with

increased Mo loading, (ii) the H2/MoO3 molar ratio was

found to be lower than the theoretical value (3), indicating

that the reduction is not complete under the conditions

employed. However, in the case of high loadings, the value

increases but is still lower than the theoretical value indi-

cating that some metallic-oxo species are partially subli-

mated (i.e., melting point of MoO3 is 795 �C) or not

completely reduced during the TPR analysis because of

strong interaction with the support [24].

Catalyst performance studies

The catalytic dehydrogenation of CHE was carried out

using MoO3/c-Al2O3 catalysts with different Mo surface

densities in the temperature range of 200–400 �C. The

conversion and product distributions of catalysts at differ-

ent reaction temperatures are given in Table 3. According

to the catalytic activity measurements, BZ was the

major product, meanwhile CHA, 1-methyl cyclopentene

(1-MCP), and low molecular weight hydrocarbons were

also observed due to CHE disproportionation, isomeriza-

tion, and hydrogenolysis, respectively. Moreover, BZ was

found to be the sole dehydrogenation product of CHE

Fig. 3 FTIR spectra of catalysts with different MoO3 contents:

a MoAl1.0; b MoAl2.0; c MoAl3.0; d MoAl4.0; e MoA5.6 l;

f MoAl7.2; g MoAl9.3

Fig. 4 TPR profiles of c-Al2O3 and supported molybdenum oxide

catalysts
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under the reaction conditions. No other dehydrogenation

products such as 1,3- or 1,4- cyclohexadiene were detected.

As can be seen from Table 3, both the conversion of

CHE and the BZ yield were found to increase with tem-

perature and reached about 85.6 and 67.2%, respectively, at

400 �C when using MoAl4.0 as the catalyst. They also

increased with increasing Mo surface density up to 4.40

Mo atom/nm2 and then decreased with further increase in

Mo surface density. The highest activity, where the CHE

conversion and the BZ yield were, was obtained with

catalyst, which contained an amount of molybdenum clo-

sely corresponding to a monolayer on the alumina surface

(MoAl4.0). When pure alumina was used as a catalyst for

the reaction, only 15.58% CHE conversion was obtained

with 9.9% BZ yield at 400 �C. When MoAl4.0 was used as

catalyst, 85.62% CHE conversion was obtained with 67.2%

BZ yield at 400 �C. The role of catalyst in this reaction is

thus clearly evident. This suggests that nanosized molyb-

denum-oxo species uniformly dispersed on alumina are the

main active species for CHE dehydrogenation to BZ. The

decrease in activity of the catalysts beyond 4.40 Mo atom/

nm2 is due to the decrease in the dispersion of the metal

species and the formation of bulk MoO3 crystallites. XRD,

FTIR, and TPR also supported the activity results. This

agrees with Rioux et al. [25] that the dehydrogenation of

CHE is preferred on small particles and is predominant at

high dispersion.

Beside BZ, CHA was also produced due to CHE dis-

proportionation. It has been reported that, in the absence of

hydrogen, CHE will undergo two competitive pathways:

disproportionation to BZ and CHA [Eq. 1]; this reaction is

termed as hydrogen transfer reaction (HT), since CHE acts

as hydrogen donor and acceptor. In this reaction, hydrogen

redistributes among three CHE molecules to form two

molecules of CHA and one of BZ [12, 13]. The second

pathway is the dehydrogenation of CHE to BZ and

hydrogen [Eq. 2].

+3 (1)2

+ 2H2 (2)

Both pathways can occur simultaneously to a varying

extent depending upon the catalyst type and the experi-

mental conditions [13].

Our results clearly showed that CHE conversion pro-

ceeded predominately through the simple dehydrogenation

pathway for all these catalysts over the entire temperature

range (200–400 �C) as revealed from the high yield of BZ

when compared to that of CHA (Table 3). Moreover,

dehydrogenation increased but disproportionation decreased

continually with increasing temperature (Table 3), indicat-

ing that the degree of prevalence of dehydrogenation over

disproportionation increases continually with temperature.

These results are in accordance with those obtained by

Ahmed and Chowdhury [26] who investigated the dehy-

drogenation reaction of CHE on Pt/alumina catalyst in the

temperature range 200–340 �C and found that dehydroge-

nation was the main reaction in this temperature range, and a

small fraction of CHE was disproportionating.

Aramendı̈a et al. [11] studied the transformation of CHE

on palladium catalysts over a broad temperature range.

They found that CHE transformation took place via two

competitive processes: disproportionation and dehydroge-

nation, where disproportionation prevailed at low temper-

atures and dehydrogenation at high temperatures.

The prevalence of dehydrogenation over disproportion-

ation can be interpreted as follows: hydrogen produced

from CHE dehydrogenation to BZ must be removed from

the catalyst surface to complete the catalytic cycle [27].

There are three possible pathways for hydrogen removal

[27]: release of hydrogen molecule (pure dehydrogenation

reaction), hydrogenation of CHE to CHA (the overall

reaction is termed as disproportionation reaction), and

formation of smaller hydrocarbons (hydrogenolysis of

CHE). So, it can be said that the disproportionation of CHE

to CHA and BZ consists of two successive processes: the

dehydrogenation of CHE into BZ and the following

hydrogenation of another CHE [27]. In other words, in

Table 2 Temperature-

programmed reduction data of

various MoO3/c-Al2O3 catalysts

* TL Low temperature peak

** TH High temperature peak

Catalysts Temperature of TPR peaks, �C Hydrogen consumption (mL)

TL
* TH

** Per g of cat. Per g of MoO3 (mol of H2)/

(mol of MoO3)

MoAl1.0 485 850 13.38 334.54 2.1

MoAl2.0 475 852 27.76 347 2.23

MoAl3.0 448 820 42.6 354.66 2.28

MoAl4.0 437 787 60 375 2.37

MoAl5.6 419 810 77.2 385.88 2.48
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disproportionation, CHE is dehydrogenated to BZ, and the

hydrogen formed does not desorb but is consumed in CHE

hydrogenation to CHA. Therefore, the role of the catalyst is

hydrogen transportation [28]. Temperature is the most

important factor governing the catalyst ability toward

hydrogen utilization in the hydrogenation of CHE to CHA.

Rebhan and Haensel [13] studied CHE conversion using

group VIII metals and observed a critical temperature; they

called it the ‘‘transition temperature’’, below which

hydrogen would adsorb irreversibly and be utilized to the

fullest extent in the hydrogenation of CHE to CHA. Thus,

below this temperature, no free hydrogen was detected in

the gas phase. Above the critical temperature, hydrogen

adsorption would occur reversibly and be in equilibrium

with the gas phase. Thus, with increasing temperature, the

utilization of hydrogen would drop, consequently, dispro-

portionation declines. Triwahyono et al. [29] studied

hydrogen adsorption over Pt/MoO3 and Pt-free MoO3.

They found that the hydrogen uptake was scarcely appre-

ciable on Pt-free MoO3 where the presence of specific sites

such as Pt is required in the hydrogen adsorption on MoO3

type catalyst and that hydrogen uptake increased with the

increase in the adsorption temperature up to 150 �C and

decreased at the adsorption temperatures above 150 �C.

Resuming above, the prevalence of dehydrogenation over

disproportionation of CHE over LoO3/c-Al2O3 catalysts

may result from their low ability toward hydrogen

adsorption and the high temperature range used throughout

the reaction experiments.

There could be another reason, in addition to those

mentioned above, for the low yield of CHA compared to

that of BZ in the studied temperature range. It is also

possible that CHA originally formed from disproportion-

ation of CHE was dehydrogenated to BZ [30]. This can be

supported by the results of Riad and Mikhail [31] who

found CHA dehydrogenation to take place over molybde-

num catalysts supported on alumina using the same pulse

microcatalytic reactor in a temperature range comparable

to that used in the present study.

In addition to BZ and CHA, small amounts of 1-MCP

were also formed. 1-MCP formation was attributed to

skeletal isomerisation of CHE. Skeletal isomerisation of

CHE passes through carbonium ion formation, thus

depends on the catalyst acidity [32]. Brønsted acid sites are

mainly responsible for the CHE skeletal isomerization

reaction [33]. Since c-Al2O3 is used as a support for the

catalysts investigated throughout, this work has low surface

acidity; accordingly, 1-MCP yield is low. Figure 5 repre-

sents CHE skeletal isomerisation mechanism. For all cat-

alyst samples, the 1–3 hydride shift that changes the

tertiary carbenium ion I into a secondary ion (IV) is not as

easy as corresponds to their low surface acidity [34]. So,

the 3-MCP formation on the catalyst samples is difficult

and thus is not observed in the present experimental con-

ditions. The data in Table 3 showed that the yield of

1-MCP increases with increasing reaction temperature to

Table 3 Results from CHE dehydrogenation with alumina-supported

catalysts

T (�C) X (%) Products yield (%)

BZ CHA 1-MCP Light

hydrocarbons

MoAl1.0

200 14.8 4 7.2 2.6 1

250 21.75 10 6 3.82 1.93

300 27.4 14.7 5 4.8 2.9

350 37.71 25.8 4.3 3.81 3.8

400 45.5 36 2.2 2.5 4.8

MoAl2.0

200 22.72 8 9.21 3.71 1.8

250 26.1 10.9 8.1 4.9 2.2

300 39.5 24.5 6 5.9 3.1

350 57.3 43.4 5 4.9 4

400 63.25 51.6 3.1 3.63 4.92

MoAl3.0

200 32 12 14 4 2

250 41.87 21 12.9 5 2.97

300 56.3 36 10.5 6 3.8

350 68.5 51 7.9 5 4.6

400 75.5 61 5.5 3.8 5.2

MoAl4.0

200 40 16 17 4.8 2.2

250 53.9 30 15 5.8 3.1

300 65.8 42 12.9 6.9 4

350 74.9 54 10.1 5.9 4.9

400 85.62 67.2 7.92 4.7 5.8

MoAl5.6

200 32.9 12 13.1 5 2.8

250 44.5 23.6 10.85 6.3 3.75

300 59.6 40 8 7.1 4.5

350 67.25 49.5 6.25 6.3 5.2

400 77.2 61 5.1 5 6.1

MoAl7.2

200 30.45 11.95 10 5.6 2.9

250 38.2 19.5 8 6.8 3.9

300 53.05 34.5 5.9 7.75 4.9

350 59.25 43.5 3.2 6.8 5.75

400 64.8 50.6 1.9 5.5 6.8

MoAl9.3

200 28.1 11 7.3 6.1 3.7

250 35.2 18.95 4.9 7.15 4.2

300 47.2 29.5 3.7 8.6 5.4

350 55.6 40.05 2.1 7.4 6.05

400 60.4 46.5 1 6 6.9

T reaction temperature, X conversion
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reach a maximum at temperature of about 300 �C, beyond

which it decreases with a further increase in temperature.

From the Table, it is also clear that 1-MCP yield increased

continually with increasing Mo surface density; this may

be attributed to the generation of Brønsted acid sites in

catalysts with high molybdenum surface density. Forma-

tion of Brønsted acid sites in alumina-supported catalysts

with high molybdenum oxide content was observed pre-

viously by Rodriguez-Ramos et al. [35].

During the dehydrogenation of CHE, lower molecular

weight hydrocarbons such as methane, ethane and propane

have been produced due to hydrogenolysis reactions, and

their amounts depended on the reaction temperature

(Table 3). The hydrogenolysis activities of the catalysts are

low as corresponds to the low acidity of the c-Al2O3 used

as a support. The yield of hydrogenolysis products

increased with Mo surface density due to the increased

acidity of the catalysts.

Conclusions

The activity of Mo catalysts supported on alumina with

different molybdenum surface densities was studied in the

dehydrogenation of cyclohexene at different reaction

temperatures. The results indicated that the activity of the

catalysts increased with molybdenum surface density up to

4.04 Mo atom/nm2. The highest conversion and BZ yield

were obtained when the catalyst contained an amount of

molybdenum closely corresponding to a monolayer on the

alumina surface. XRD results suggest that below mono-

layer level MoO3 exists in a highly dispersed amorphous

state and above this loading crystalline MoO3 can be seen.

FTIR spectroscopy results suggested that the tetrahedral

molybdenum-oxo species is present at lower loadings, and

the octahedral and crystalline MoO3 particles are present at

higher MoO3 loading in accordance with XRD data. CHA

yield was found to be low due to low disproportionation

reaction as a result of high temperature. The yields of

isomerization/hydrogenolysis products were also low due

to low acidity of these catalysts.
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