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a  b  s  t  r  a  c  t

The  interaction  of  molecular  hydrogen  with  the  surface  of  MoO3–ZrO2 was  observed  using infrared  IR  and
electron  spin  resonance  (ESR)  spectroscopy,  and  the  hydrogen  adsorption  was  quantitatively  evaluated
in  the  temperature  range  of  323–573  K. The  hydrogen  adsorbed  IR  results  confirmed  the  formation  of  a
new  broad  band  in  the  range  of  3700–3400  cm−1, which  corresponds  to  hydrogen-bonded  OH groups.  A
decrease  in  the  ESR  signals  indicated  the  formation  of  electrons  that  have  been  trapped  by the  electron-
deficient  metal  cations  and/or  oxygen  radicals.  The  hydrogen  adsorbed  IR and  ESR  results  suggested  that
the  protons  and  electrons  were  formed  on  the  surface  of  MoO3–ZrO2 from  molecular  hydrogen  enhancing
the  isomerization  of  n-heptane.  A  quantitative  study  of the  hydrogen  adsorption  showed  that  the  rate
of  hydrogen  uptake  was  high  for  the  first few  minutes  at 473  K and  above,  and  the  rate  reached  an
equilibrium  value  within  10  h.  At 423  K,  different  features  of the  hydrogen  adsorption  were  observed  on
MoO3–ZrO2, where  the  hydrogen  uptake  increased  slowly  with  time  and  did not  reach  equilibrium  after
10  h.  The  rate  of  hydrogen  adsorption  increased  slightly  at 373  K  and  below.  Hydrogen  adsorption  on
MoO3–ZrO2 involves  two  successive  steps.  The  first step  involves  hydrogen  dissociation  on a specific  site
on  the  MoO3–ZrO2 catalyst  to  form  hydrogen  atoms,  and  the  second  step  involves  the  surface  diffusion  of
the  hydrogen  atoms  on the  MoO3–ZrO2 surface.  Then  the  hydrogen  atom  becomes  a  proton  by  donating
an  electron  to  an  adjacent  Lewis  acid  site.  The  rate-controlling  step  involves  the  surface  diffusion  of
hydrogen  atoms  and  has  an  activation  energy  of  62.8  kJ/mol.  A  comparison  of  the  hydrogen  adsorption
on  SO4

2−–ZrO2,  WO3–ZrO2 and  MoO3–ZrO2 catalysts  is  discussed.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid acid catalysts based on zirconia, such as SO4
2−–ZrO2,

WO3–ZrO2 and MoO3–ZrO2 catalysts, have been extensively inves-
tigated due to their outstanding catalytic properties (e.g., activity,
stability and regeneration as solid acid catalysts) [1–3]. These
catalysts possess strong acid sites and exhibit high activity for
acid-catalyzed reactions in the presence of hydrogen. The major
differences between the SO4

2−–ZrO2, WO3–ZrO2 and MoO3–ZrO2
catalysts are that WO3–ZrO2 and MoO3–ZrO2 do not suffer from
metal oxide losses during treatment and exhibit high thermal sta-
bility compared to SO4

2−–ZrO2 [2,4–6]. Several research groups
have reported the preparation method, activation mode, the role
of active sites (e.g., Pt), the role of hydrogen gas and catalytic
tests for acid-catalyzed reactions. Our research group has reported
the role of hydrogen in the dynamic modification of active sites
by molecular hydrogen [7–9] and the quantitative analysis of
hydrogen adsorption [10,11] for the SO4

2−–ZrO2, WO3–ZrO2 and
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MoO3–ZrO2 catalysts. The catalysts follow the concept of “Molec-
ular hydrogen-originated protonic acid sites” in which molecular
hydrogen is dissociatively adsorbed on specific active sites, such
as Pt or other acidic sites, to form hydrogen atoms that spill over
onto the supports and undergo surface diffusion to form protonic
acid sites near Lewis acid sites. The hydrogen adsorption continued
for a long time, and the hydrogen uptake exceeded the H/Pt ratio
of unity for both Pt/SO4

2−–ZrO2 and Pt/WO3–ZrO2. The differences
between SO4

2−–ZrO2 and WO3–ZrO2 include the formation tem-
perature of protonic acid sites, the rate-controlling step and the
apparent activation energy for hydrogen adsorption. In addition,
the Pt sites were found to be indispensable on SO4

2−–ZrO2, but not
on WO3–ZrO2.

Recently,  the MoO3–ZrO2 catalysts have received considerable
interest due to their acidic property, high activity and stability,
which are similar to the SO4

2−–ZrO2 and WO3–ZrO2 catalysts. Sev-
eral research groups have reported preparation techniques [12,13],
the effect of the Mo  loading [14] and catalytic testing for the iso-
merization of alkanes [15,16] for the MoO3–ZrO2 catalysts. Recent
studies have shown that the monolayer coverage of molybdate
species on the surface of zirconia is responsible for the outstand-
ing properties of the MoO3–ZrO2 catalyst. The isomerization of
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n-heptane on MoO3–ZrO2 has been reported by Yori et al. [15], who
showed that the activity and stability of the catalyst depends on the
MoO3 content, the structure of the molybdate species on the surface
of zirconia and the presence of a H2 or N2 carrier gas. The presence
of hydrogen increases the conversion of n-heptane and the selectiv-
ity for the C8 isomer, whereas while the high C7 isomer selectivity
is achieved in the presence of nitrogen on MoO3–ZrO2 samples
calcined at 973 K. The isomerization of n-hexane on MoO3–ZrO2
samples at low temperatures has been reported by Arata [16].
Kenney et al. [17] reported the promotive effect of hydrogen on
the conversion of methylcyclopentane over MoO3–ZrO2 in which
hydrogen was involved in the ring-opening and cracking reactions.
Our research group has also reported the activity of MoO3–ZrO2
for the isomerization of n-heptane. The presence of a tetragonal
ZrO2 phase corresponding to strong Lewis acid sites is responsible
for the high activity and stability of MoO3–ZrO2 due to its ability
to facilitate the formation of protonic acid sites via the hydrogen
spillover mechanism [9].

Although extensive research has been focused on the prepara-
tion, characterization and catalytic activity of MoO3–ZrO2 catalysts,
there are no reports on the interaction of hydrogen atoms with the
surface of MoO3–ZrO2. In the present work, we report the interac-
tion of molecular hydrogen and the surface of MoO3–ZrO2 with ESR
and IR spectroscopy, and we quantitatively evaluated the hydrogen
adsorption to determine the rate of hydrogen adsorption, the rate-
controlling step and the apparent activation energy involved in the
adsorption process. A comparison of the hydrogen adsorption on
MoO3–ZrO2, SO4

2−–ZrO2 and WO3–ZrO2 is discussed.

2. Experimental

2.1. Catalyst preparation

Zirconium  hydroxide (Zr(OH)4) was prepared from an aqueous
solution of ZrOCl2·8H2O by hydrolysis with an aqueous solution
of NH4OH at pH 9.0 [18]. The precipitate was filtered and washed
with double distilled water followed by drying at 383 K to form zir-
conium hydroxide. ZrO2 was prepared by calcination of Zr(OH)4 at
873 K for 3 h. MoO3 was prepared by calcination of H2MoO4 at 673 K
for 3 h. The MoO3–ZrO2 sample was prepared by impregnation of
Zr(OH)4 with an aqueous solution of ammonium heptamolybdate
([NH4]6Mo7O24) followed by drying at 383 K and calcination in air
at 1093 K. The surface area of the MoO3–ZrO2 was 56 m2/g, and the
content of Mo  was 5 wt%.

2.2. IR measurements

For  measurement of the IR spectra, a self-supported wafer was
placed in an in situ stainless steel IR cell with CaF2 windows and
outgassed at 623 K for 3 h [19]. In the H2-exposure experiments, the
sample was exposed to 6.7 kPa of hydrogen at room temperature.
The sample was heated stepwise from room temperature to 423 K
in 50 K increments. All of the spectra were recorded on a Perkin-
Elmer Spectrum GX FT-IR Spectrometer at room temperature.

2.3.  Electron spin resonance

A  JEOL JES-FA100 ESR spectrometer was used to observe the
formation of unpaired electrons during the in vacuo heating and
to observe the interaction of the unpaired electrons with electrons
formed from molecular hydrogen at room temperature to 473 K.
The catalyst was outgassed at 623 K for 3 h followed by the intro-
duction of 6.7 kPa of gaseous hydrogen at room temperature. Then
the catalyst was heated to room temperature, 323, 373, 423 and

473  K in the presence of hydrogen. All signals were recorded at
room temperature.

2.4.  Hydrogen adsorption

The  hydrogen adsorption was  carried out with the automatic
gas adsorption apparatus Bellsorp 28SA. A sample (300 mg)  was
placed in an adsorption vessel and pretreated at 623 K for 6 h under
hydrogen stream followed by outgassing at 623 K for 6 h. Next, it
was  cooled to an adsorption temperature and held at this tempera-
ture for 3 h [20,21]. The adsorption temperature varied from 323 to
573 K. Then hydrogen was introduced into the adsorption system
at 6.7 kPa, and the pressure change was  monitored as a function of
time to calculate the hydrogen uptake.

2.5. Isomerization of n-heptane

The  isomerization of n-heptane was performed in a continuous
flow reactor at 573 K [22]. Prior to the isomerization, the catalyst
was activated in an oxygen stream at 623 K for 1 h. The catalyst
was subsequently heated in a hydrogen stream at 623 K for 3 h and
then cooled to 573 K in a hydrogen stream. A dose of n-heptane
(43 �mol) was passed over the 0.4 g of activated catalyst, and the
products were trapped at 77 K before being flash-evaporated into
an online 6090N Agilent gas chromatograph equipped with a VZ-7
packed column and an FID detector.

The yield of the reaction was  determined by the products formed
from the conversion of n-heptane and the selectivity to iso-heptane.
The conversion and selectivity were calculated according to Eqs. (1)
and (2), respectively,

X  =
∑

Ai − An-heptane∑
Ai

× 100%; (1)

Siso =
∑

Ai∑
Ai − An-heptane

× 100%, (2)

where  Ai is the corrected chromatographic area for a particular
compound.

3. Results

Fig. 1 shows the background-corrected IR spectra of MoO3–ZrO2
in the OH stretching region for the catalyst outgassed at 623 K for
3 h followed by heating in the presence of hydrogen at different
temperatures. The interaction of gaseous hydrogen with the sur-
face of the MoO3–ZrO2 produced a new broad band in the region
of 3700–3400 cm−1, which corresponds to hydrogen-bonded OH
groups. This broad band intensified at elevated temperatures, indi-
cating that the OH groups were formed by heating in the presence
of hydrogen gas.

Fig.  2A shows the ESR signals of the outgassed MoO3–ZrO2
maintained at (a) room temperature and (b) 623 K for 3 h followed
by heating in the presence of hydrogen at different temperatures
(spectra c to g). Fig. 2B shows a magnification of the ESR signal (a)
in Fig. 2A. The signal consists of the low intensity peaks related
to hexa- (g⊥ = 1.93), penta- (g⊥ = 1.95) and tetra- (g⊥ = 1.91) coor-
dinated Mo5+ species [23–25] as well as Zr3+ ion [23,26]. As the
MoO3–ZrO2 was  outgassed at 623 K for 3 h, the peaks for the Mo5+

species and the Zr3+ ion intensified. In addition, a new peak cor-
responding to an oxygen radical appeared at g⊥ = 1.99 and 2.01
[26,27], which is due to heating in vacuo and dehydroxylation of the
MoO3–ZrO2, leaving unpaired electrons localized on the electron-
deficient metal cations and/or oxygen radicals. The introduction of
gaseous hydrogen followed by heating resulted in the formation
of electrons and protons where the electrons were trapped by the
electron-deficient metal cations and/or oxygen radicals, resulting
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Fig. 1. Changes in the IR spectra when the sample was  (a) activated at 598 K and
exposed  to hydrogen at (b) room temperature, (c) 323 K, (d) 373 K, and (e) 423 K.

in reduction of the ESR signals from Mo5+ species, Zr3+ ions and
oxygen radicals. In addition, the protons were stabilized near the
surface oxygen atoms as hydrogen-bonded OH groups. At 473 K, the
intensity of the ESR signals was nearly restored to the initial ESR
signals of the MoO3–ZrO2, indicating a reduction in the number of
unpaired electrons in the catalyst.

Fig. 3 shows the variation in hydrogen uptake on ZrO2 and
MoO3–ZrO2 as a function of time at 423 K. For the MoO3–ZrO2,
hydrogen uptake continued for more than 10 h. Hydrogen uptake
reached 1.21 × 1019 H-atom/g-cat for MoO3–ZrO2 in 10 h. In con-
trast, only a trace amount of hydrogen uptake was  observed for the
ZrO2 samples. These results clearly indicated that the presence of
MoO3 is indispensable for increasing the hydrogen uptake rate on a
ZrO2 support. The variations in the hydrogen uptake on MoO3–ZrO2
as a function of time at different temperatures are shown in Fig. 4. At
473 and 573 K, fast adsorption occurred in the first few minutes fol-
lowed by slower adsorption until equilibrium was reached within
10 h. At 423 K, hydrogen adsorption continued but did not reach
equilibrium even after 10 h. At temperatures of 373 K and below,
hydrogen uptake increased with temperature to a lesser extent. We
suggest that temperatures above 423 K are required for hydrogen
adsorption on MoO3–ZrO2 to cross over the energy barrier at an
appreciable rate.

The  effect of gaseous hydrogen on the catalytic activity of the
MoO3–ZrO2 is shown in Fig. 5. The presence of hydrogen gas
enhanced and stabilized the catalytic activity of the MoO3–ZrO2,
where the conversion of n-heptane and the selectivity for iso-
heptane at 573 K were approximately 32% and 44.5%, respectively.
We suggest that the presence of hydrogen in the gas phase provided
active protonic acid sites, which are required for the initiation of
the isomerization, via the hydrogen spillover mechanism. In fact,
no isomer product was  observed when the hydrogen carrier gas
was  switched to nitrogen. The activity of MoO3–ZrO2 recovered to
almost 85% of the original activity after the carrier gas was switched
back to hydrogen.

Fig. 2. (A) ESR spectra of MoO3–ZrO2 outgassed at (b) 673 K for 3 h. 100 Torr of hydrogen was  adsorbed at (c) room temperature, (d) 323 K, (e) 373 K, (f) 423 K, and (g) 473 K.
(a) Spectrum of MoO3–ZrO2 before outgassing. (B) Enlargement of spectrum (a) in (A).
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Fig. 3. Variation in the hydrogen uptake as a function of time at 423 K for ZrO2 and
MoO3–ZrO2.
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Fig. 5. Effect of the presence of hydrogen in the isomerization of n-heptane over
MoO3–ZrO2 at 573 K.

4. Discussion

The characteristic features of hydrogen interaction with
MoO3–ZrO2 are summarized as follows:

1. IR spectra showed that heating in the presence of molecular
hydrogen resulted in a broad band centered at 3560 cm−1, which
has  been assigned to hydrogen-bonded OH groups.

2. Heating in the presence of molecular hydrogen decreased the
ESR  signals, which indicated a perturbation of the electron-
deficient metal cations or oxygen radicals by electrons from the
hydrogen  atoms.

3. The rate of hydrogen uptake on the MoO3–ZrO2 was faster than
was  observed for ZrO2.

4. On MoO3–ZrO2, the hydrogen adsorption reached equilibrium
within 10 h at 473 K and above, whereas it continued to increase
without  reaching an equilibrium after 10 h at 423 K.

5.  At 373 K and below, hydrogen uptake was  minimal for
MoO3–ZrO2.

The IR and ESR results showed that protons and electrons
from gaseous hydrogen were formed at elevated temperature on
MoO3–ZrO2. As shown in Fig. 1, a broad band in the range of
3700–3400 cm−1, ascribed to hydrogen-bonded OH groups, was
formed by heating the sample in the presence of gaseous hydro-
gen. Based on the unchanged band at >3700 cm−1, the OH groups
formed from the hydrogen in gas phase were not isolated, but the
OH groups might interact with some species on the surface of the
MoO3–ZrO2. These OH groups may  be attributed to the Brönsted
Mo–OH acid groups on the sample surface [28]. Molecular hydro-
gen may  be dissociatively adsorbed on specific active sites, such
as reduced metals or acidic sites, to form hydrogen atoms, which
donate electrons to form protons that bond with Mo  atoms through
oxygen atoms. The resulting electrons are trapped by the electron-
deficient metal cations and/or oxygen radicals, causing a reduction
in the ESR signals from the Mo5+ species, Zr3+ ions and oxygen
radicals.
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Our research group has previously reported kinetic studies of
hydrogen adsorption on Pt/SO4

2−–ZrO2 [10] and Pt/WO3–ZrO2
[11]. The hydrogen adsorption on Pt/SO4

2−–ZrO2 was characterized
by dissociative-adsorption of molecular hydrogen on Pt sites and
spillover of hydrogen atoms, which was followed by surface diffu-
sion. The hydrogen adsorption on Pt/WO3–ZrO2 has been evaluated
through two different routes. One route involves adsorption on Pt
sites, and the other involves direct adsorption on the WO3–ZrO2.
The general trends observed for the hydrogen adsorption on the
SO4

2−–ZrO2, WO3–ZrO2 and MoO3–ZrO2 catalysts were compa-
rable.  For certain adsorption temperatures, the hydrogen uptake
continued for a long period, and the H/Pt ratio exceeded unity
for Pt/SO4

2−–ZrO2 and Pt/WO3–ZrO2. In addition, the similarities
between WO3–ZrO2 and MoO3–ZrO2 were observed for the entire
adsorption temperature range. At low adsorption temperatures,
low hydrogen uptake was observed, and the rate of hydrogen
adsorption increased slightly with increasing temperatures, indi-
cating that there is an activation barrier for adsorption. At relatively
high temperatures, the hydrogen adsorption occurred very rapidly
and reached equilibrium within a few hours. At equilibrium, the
hydrogen uptake was lower at higher temperatures due to the
exothermic process of general adsorption.

There are some differences among the SO4
2−–ZrO2, WO3–ZrO2

and MoO3–ZrO2 catalysts. Although the hydrogen uptake was  neg-
ligibly small for SO4

2−–ZrO2 in the absence of Pt, the hydrogen
uptake observed for WO3–ZrO2 and MoO3–ZrO2 was substantial.
WO3–ZrO2 and MoO3–ZrO2 must possess sites that dissoci-
ate hydrogen molecules, whereas SO4

2−–ZrO2 does not possess
these sites. The rate of hydrogen adsorption is also similar for
the WO3–ZrO2 and MoO3–ZrO2 catalysts. On WO3–ZrO2 and
MoO3–ZrO2, fast hydrogen adsorption occurred in the initial period
followed by slower hydrogen adsorption until an adsorption equi-
librium was established within 10 h at temperatures at 473 K and
above. Below 473 K, the hydrogen uptake increased with tempera-
ture but did not reach equilibrium after 10 h. The general features of
hydrogen adsorption on the WO3–ZrO2 and MoO3–ZrO2 catalysts
were essentially the same for all adsorption temperature ranges.
Therefore, it is suggested that the effects of WO3 and MoO3 metal
oxides on ZrO2 supports are essentially the same in terms of adsorp-
tivity. Hydrogen adsorption should occur directly on MoO3–ZrO2
and WO3–ZrO2, although it is not known if the active sites that
dissociatively adsorb molecular hydrogen are different from those
used in the hydrogen spillover process or if the hydrogen atoms
are converted to H+ or H− over MoO3–ZrO2. Regardless of which
active sites dissociatively adsorb molecular hydrogen, we propose
that the adsorption of hydrogen on MoO3–ZrO2 involves at least
two successive steps. First, the molecular hydrogen dissociates to
form hydrogen atoms, and then the hydrogen atoms diffuse on
the surface. If the active sites responsible for dissociating hydro-
gen molecules are different from those required for hydrogen atom
diffusion, the step involving the transportation of hydrogen atoms
from the formation of the hydrogen atoms to the surface diffusion
of the hydrogen atoms should be taken into account between the
two proposed steps. Even if this transportation step is involved, the
steps involving molecular hydrogen dissociation and transforma-
tion can be combined and expressed as a single step for hydrogen
atom formation.

If  hydrogen atom formation is the rate-controlling step, the rate
of hydrogen adsorption would be expressed by the first order rate
equation [11]

dC

dt
= k(Ce − C) (3)

where  C represents the concentration of hydrogen atoms on
MoO3–ZrO2, which is a constant value for the entire surface of
MoO3–ZrO2, and Ce represents the concentration of hydrogen

0

0.5

1

1.5

2

10.750.50.250

-ln
 (1

-M
/M

e)

Time  [h]

Fig. 6. Plot of −ln(1 − M/Me) as a function of t for hydrogen adsorption at different
adsorption  temperatures for MoO3–ZrO2.

atoms on the MoO3–ZrO2 catalyst, which has been equilibrated
with hydrogen molecules. The concentrations of hydrogen atoms
on MoO3–ZrO2 at t (C) and equilibrium (Ce) can be represented by
the hydrogen uptake on MoO3–ZrO2 at t (M) and equilibrium (Me).
Integration of Eq. (3) and the application of the hydrogen uptake
values (M and Me) give

− ln
(

1 − M

Me

)
= kt (4)

where  M and Me represent the hydrogen uptake at t and equilib-
rium, respectively.

The  plots of −ln(1−M/Me) as a function of t are shown in Fig. 6.
We used the value of M at 10 h for Me at each adsorption tem-
perature because the values of Me are unknown for adsorption
temperatures ≥423 K. Straight lines were obtained only for the
adsorptions at 423 K. The plots for the adsorptions at other temper-
atures deviated greatly from linearity. These results suggest that the
step involving hydrogen atom formation is not the rate-controlling
step for the adsorption of hydrogen in the temperature range of
323–573 K.

When  surface diffusion is the rate-controlling step, the rate of
adsorption would be expressed by the equation for Fick’s second
law of surface diffusion [11]

∂C

∂t
= D

r

(
∂

∂r

)  (
r

∂C

∂r

)
(5)

where  C, r and D represent the surface concentration of hydrogen
atoms, the distance from the center of the hydrogen dissociation
sites and the diffusion coefficient of the hydrogen atom, respec-
tively.
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The initial condition is C = 0 when t = 0 and r > a. The bound-
ary condition is C = C0 when r = a and t > 0. The introduction of a
boundary condition to Eq. (5) yields Eq. (6) when Dt/a2 is small.

C  = C0a1/2r−1/2erfc
(

r − 1
4Dt−1/2

)
(6)

The  amount of hydrogen atom M can be represented as follows:

M  =
∫ t

0

[
∂C

∂r|r=a
2�a

]
dt = 4�1/2aC0D1/2t1/2 (7)

where  M represents the hydrogen uptake (i.e., the amount of dif-
fusing hydrogen atoms).

The  plots of M as a function of t1/2 for the various adsorption
temperatures are shown in Fig. 7; all plots exhibit straight lines.
However, the straight lines do not cross the origin due to the
unsteady state adsorption of hydrogen during the initial period of
adsorption. The slope of the plot of M as a function of t1/2 is propor-
tional to the square root of the diffusion constant, D. The activation
energy for diffusion is obtained by the Arrhenius plot of the square
of the slope. The Arrhenius plot is shown in Fig. 8. The apparent
activation energy is 62.8 kJ/mol in the t1/2 range of 0–60 s1/2.

Our research group has previously reported the adsorption
of hydrogen on Pt/SO4

2−–ZrO2 [10], Pt/WO3–ZrO2 [11] and
Pt/MoO3 [21]. The rate-controlling step for the hydrogen adsorp-
tion involved the surface diffusion of spilt-over hydrogen atoms,
which have an apparent activation energy of 84 and 83.1 kJ/mol
for Pt/SO4

2−–ZrO2 and Pt/MoO3, respectively. Another similarity
between Pt/SO4

2−–ZrO2 and Pt/MoO3 is that hydrogen uptake was
not appreciable in the absence of Pt. These similarities indicated
that the surface sites on both Pt/SO4

2−–ZrO2 and Pt/MoO3 have
a similar capacity to interact with hydrogen atoms. The differ-
ence between Pt/SO4

2−–ZrO2 and Pt/MoO3 was observed in the
form of the adsorbed hydrogen on the surface of the catalysts. The

66

71

76

81

86

91

0.00450.00350.00250.00150.0005

ln
 (1

6π
a2 C

o2 D
)

1/T  [1/K]

Ea = 62.8  kJ /mol

Fig. 8. Plot of ln(16�a2C2
0 D) as a function of 1/T for hydrogen adsorption on

MoO3–ZrO2.

molecular hydrogen dissociates to form atomic hydrogen, which is
followed by the formation of protonic acid sites (H+) via the release
of an electron to a Lewis acid site on the Pt/SO4

2−–ZrO2. In con-
trast, it was  proposed that the adsorption of hydrogen atoms on the
Pt/MoO3 led to the formation of a hydrogen molybdenum bronze
(HxMoO3) on the surface of the Pt/MoO3 catalyst.

The  characteristic features of hydrogen adsorption on
MoO3–ZrO2 are more similar to those of WO3–ZrO2 than to
those of Pt/SO4

2−–ZrO2 or Pt/MoO3. The similarities between
MoO3–ZrO2 and WO3–ZrO2 are described below. The presence of
specific sites, such as Pt sites, is not indispensable. At 473 K and
above, hydrogen uptake reaches an equilibrium value within 10 h
of adsorption. At equilibrium, the hydrogen uptake is lower at
higher adsorption temperatures due to the exothermic process of
general adsorption. Finally, the rate-controlling step of hydrogen
adsorption on the surface of MoO3–ZrO2 and WO3–ZrO2 was the
surface diffusion of the hydrogen atoms, which has an apparent
activation energy of 62.8 and 25.9 kJ/mol for MoO3–ZrO2 and
WO3–ZrO2, respectively. This result indicated that the interaction
between the hydrogen atoms and the acidic site was stronger for
MoO3–ZrO2 than for WO3–ZrO2. Therefore, the diffusion required
more energy on MoO3–ZrO2 than on WO3–ZrO2.

To elucidate the role of molecular hydrogen-originated protonic
acid sites in the n-heptane isomerization on the MoO3–ZrO2 cat-
alyst, the carrier gas was  sequentially switched from hydrogen to
nitrogen and back to hydrogen. In the first cycle under a hydro-
gen stream, MoO3–ZrO2 exhibited high activity and stability for
n-heptane isomerization, and the selectivity for iso-heptane and
the conversion of n-heptane were found to be 44.5 and 31.0%,
respectively. In the second cycle, the rate of n-heptane conver-
sion decreased by about 85% when the carrier gas was switched
from hydrogen to nitrogen. The selectivity for iso-heptane was
nearly zero for the isomerization in a nitrogen stream with the
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Table  1
Product distribution in the isomerization of n-heptane over MoO3–ZrO2 at 573 K in the presence of hydrogen and nitrogen gases.

1st cycle (H2) 2nd cycle (N2) 3rd cycle (H2)

TOS (min) 40 200 360 480 640 800 920 1120 1280
Conversion  (%) 30 31 31 31 4.5 5 20 21.7 22
Selectivity  (%)

C1–C2 12.9 13.5 13.1 23.2 35 35.5 24 23 22.5
C3–C4 15.5 15 14.9 16 45 45.3 17.4 17.2 17
C5 14.2 14 14.3 15.8 13 13.2 14.6 15.5 16.9
C6 13.4 13 13.2 10 7 6 17 7.8 6.6
iC7 44 44.5 44.5 35 0 0 27 36.5 37

increasing of the C1–C4 fraction of reaction products. The product
distributions in the isomerization of n-heptane under hydrogen and
nitrogen carrier gases are summarized in Table 1. The decreased
catalytic activity resulting from switching the carrier gas to nitro-
gen may  be due to the gradual exhaustion of the protonic acid
sites on the surface of the MoO3–ZrO2. The absence of molec-
ular hydrogen may  prevent the formation of protonic acid sites
on the surface of the MoO3–ZrO2, resulting in the inhibition of
isomerization. The activity and stability of the MoO3–ZrO2 recov-
ered slowly with the pulse number when the carrier gas was
switched back to hydrogen. Although the activity and stability did
not recover completely after switching back to hydrogen, the pro-
motive effect of hydrogen was still observed for the MoO3–ZrO2
catalyst. The deactivation of MoO3–ZrO2 may  be caused by the
formation of coke deposits on the surface of the MoO3–ZrO2 dur-
ing the reaction in a nitrogen stream. The promotive effects of
hydrogen on the hydrocarbon conversion have been reported by
several research groups. Iglesia et al. reported that Pt/WO3–ZrO2
showed a high selectivity for n-heptane isomerization due to the
presence of reduced Pt sites that dissociate dihydrogen and store
the H-atoms required for hydrogen transfer and carbocation des-
orption [29]. Kusakari et al. [30] and Shishido et al. [31] reported
the participation of H+ and H− from molecular hydrogen produced
by the hydrogen spillover mechanism in the hydrocarbon isomer-
ization and cracking over the Pt/SiO2 + HBeta and Pt/SO4

2−–ZrO2
catalysts.

5. Summary

1. ESR and IR studies confirmed the formation of protons and elec-
trons  from hydrogen molecules on MoO3–ZrO2.

2. Hydrogen adsorption on MoO3–ZrO2 involves the dissociation
of  hydrogen molecules to form hydrogen atoms that undergo
surface  diffusion to form protonic acid sites adjacent to Lewis
acid  sites.

3. The rate-controlling step for hydrogen adsorption on
MoO3–ZrO2 is the surface diffusion step, which has an apparent
activation energy of 62.8 kJ/mol.

4.  The presence of gaseous hydrogen enhanced the activity of
MoO3–ZrO2 for the isomerization of n-heptane.
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