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Role of substitution in catalytic activity of La–Th–V–O mixed oxides for
the reaction of methanol

Mrinal R. Pai, B.N. Wani, A.D. Belapurkar, N.M. Gupta∗

Applied Chemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India

Received 15 February 2003; received in revised form 24 August 2003; accepted 1 September 2003
Available online 16 September 2004

Abstract

A series of composite metal oxide catalysts of nominal composition LaxTh1−xV2O7−� (x= 0.0–0.5) were synthesized by ceramic route and
characterized using XRD, IR and temperature programmed reduction (TPR) measurements. The partial substitution at A-sites had profound
effect on the catalytic behavior of thorium pyrovanadate for the dehydration of methanol, the extent of which depended upon the value of
x. The following was the trend of catalytic activity of different samples as a function of the value ofx: x up to 0.2 > 0.3 > 0.5 > 0 > ThO2.
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n addition, the substituted samples exhibited higher selectivity for the formation of dimethyl ether and also a better compositiona
owards the successive cycles of reduction/reoxidation. These characteristics of substituted samples are found to be related to

phase, viz. LaxTh1−xV2O7−�, where a part of lattice Th sites are substituted by La. On the other hand, the other secondary ph
aTh(VO4)3−� and Th(VO3)4 that were produced simultaneously during the sample preparation, play no important role. It is sugge

he nonstoichiometry generated in the pyrovanadate phase is responsible to the improvement in the catalytic activity and the sta
ubstituted samples.
2004 Elsevier B.V. All rights reserved.

eywords:Catalytic activity; Nonstoichiometry; Dimethyl ether; Thorium vanadate

. Introduction

The oxides of vanadium serve as efficient catalysts for the
elective oxidation and oxidative dehydrogenation of hydro-
arbons, depending upon the valence state of vanadium and
he surface characteristics[1]. The catalytic behavior is also
ound to be different for the multi-component metal oxides
ontaining vanadium and also when one or more of the metal
ites are substituted partially with other aliovalent metal ions.
he identification of the physico-chemical changes arising
ue to such substitutions and to pin point the resulting crys-

allographic phases which eventually modify the catalytic
ehavior are however some of the areas that still require in-
epth investigations. With these considerations in mind we
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have investigated the redox properties, thermal behavio
the catalytic activity of B-site substituted thorium metava
dates, i.e. Th(MnxV1−xO3−�)4 and reported recently that t
samples withx = 0.2 exhibited higher catalytic activity f
oxidation of carbon monoxide in addition to improved ph
stability. These changes have been attributed to non
chiometry generated as a result of substitution[2,3]. In con-
tinuation to these previous studies, we have now investig
the catalytic activity of thorium pyrovanadate (ThV2O7),
in view of its thermally stable pyrochlore structure. T
substitution at A-site by La was aimed at generating non
chiometry in the lattice so as to improve the catalytic acti
With this in view, different ThV2O7 samples with substitutio
of up to 50% of Th by La were synthesized and were c
acterized using XRD, and IR spectroscopy measurem
The repeated cycles of temperature programmed redu
(TPR) followed by temperature programmed oxida
(TPO) were recorded in order to study the phase sta
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of these oxides during the process of reduction/reoxidation.
The catalytic activity of these samples was evaluated for the
reaction of methanol at different temperatures.

2. Experimental

2.1. Catalyst preparation

Mixed oxides LaxTh1−xV2O7−� with nominal composi-
tion (x = 0.0–0.5) were synthesized by ceramic route as per
the following equation:

2(1− x)ThO2 + xLa2O3 + 2V2O5 → 2LaxTh1−xV2O7−δ

The sample pellets were calcined in two steps in order to
prevent the melting of V2O5 (m.p. 690◦C). The first heating
was done at 600◦C for 2 days followed by prolonged heating
at 750◦C for 3 days with two intermittent grindings so as to
ensure the phase uniformity and the completion of reaction.
The final samples were found to be stable when heated in
air up to 900◦C. For the sake of brevity, the mixed oxide
samples are referred in the text as La(20), La(30), etc., where
the figures in parentheses represent the amount (wt%) of La
in a thorium pyrovanadate sample.

2
on a

Q re de-
h e
p rded
a
f as
a

ves-
t pec-
t and
p The
p -PW
1 and
N

2
uest

T 0
( -
m gh
a
a t and
t m at
3

2

h at
3 -
m anol

in N2 (0.13:1.0 mole ratio, 60 ml min−1) employing a fixed
bed catalytic microreactor unit (from ARB agency, Baroda),
operating at atmospheric pressure. A pre-heater assembly in
this unit helped in maintaining the reactants at a desired tem-
perature and also ensured a steady flow of reactant stream on
the catalyst bed along with the carrier gas. The effluents were
passed through a condenser/collector unit for the separation
of liquid and gaseous products.

The catalyst sample (0.5 g) was held in between two
quartz wool plugs. The products were analyzed on-line using
a gas chromatograph (Netel chromatographs) equipped with
thermal conductivity and flame ionization detectors con-
nected in tandem. Porapaq-q and molecular sieve columns
were employed for product separation. The measurements
were continued till about 2 h and by that time a steady state
was normally reached.

3. Results

3.1. X-ray diffraction

The powder X-ray diffraction (XRD) patterns of different
substituted samples are shown inFig. 1. The XRD pattern
for a sample withx = 0 (Fig. 1a) matched with the standard
o b-
s
o rved
(
o

F t
x as #,
* ,
r

.1.1. Catalyst characterization
The surface area measurements were carried out

uantachrome Autosorb-1 instrument. The samples we
ydrated in vacuum at 250◦C for 4 h prior to an analysis. Th
hysical adsorption and desorption isotherms were reco
t 77 K. The N2 adsorption BET surface area of ThV2O7 was

ound to be 1.2 m2 g−1 and that of La substituted sample w
round 3.4 m2 g−1.

The effect of La doping on structural features was in
igated using FTIR spectroscopy (JASCO model-60 S
rophotometer). The samples mixed with KBr powder
ressed into thin pellets were used for this purpose.
owder XRD patterns were taken on a Philips model
710, diffractometer equipped with a monochromator
i-filtered Cu K� radiation.

.1.2. Temperature programmed reduction
The TPR patterns were recorded on a Thermoq

PDRO-1100 analyzer in temperature interval of 27–90◦C
heating rate: 6◦C min−1, gas flow: 20 ml min−1) and in an at
osphere of H2 (5%) + Ar. The effluents were passed throu
soda lime trap prior to analysis by TCD. A 0.021± 0.0015 g
liquot of each sample was loaded for a TPR experimen

he sample was subjected to a 2 h pretreatment in heliu
50◦C prior to recording of a TPR run.

.2. Catalytic activity

A catalyst sample was given a pretreatment for 10
50◦C in N2 flow of 60 ml min−1 prior to activity measure
ent. The reaction was performed with a feed of meth
rthorhombic phase of ThV2O7 (JCPDS 24–1330). On su
titution of La in place of Th and for value ofx in range
f 0.2–0.5, the formation of two new phases was obse
Fig. 1b–e). Thus, the set of XRD lines appearing at 2θ values
f 18.1◦, 24.12◦, 32.31◦, and 49.4◦ and marked as * inFig. 1b

ig. 1. XRD powder patterns of LaxTh1−xV2O7−� samples with differen
values of: (a) 0, (b) 0.2, (c) 0.3, (d) 0.4, and (e) 0.5. Lines marked
and � represent the ThV2O7, PbLaTh(VO4)3−�, and Th(VO3)4 phases

espectively.
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Fig. 2. Segments of XRD powder patterns of ThV2O7, La(20) and La(30) samples, highlighting a line shift as a result of La substitution.

are similar to that reported for tetragonal PbLaTh(VO4)3
phase (JCPDS 36–183)[4]. Another set of lines appearing
at 2θ values of 15.8◦, 23.4◦, 24.1◦, 33.6◦, 47.9◦ and marked
as� in this figure match with the XRD profile of Th(VO3)4
(JCPDS 24–1330). It may also be noticed that the intensity of
XRD reflections due to parent thorium pyrovanadate (marked
as #) decreased simultaneously and at the same time the po-
sition of all the XRD lines of ThV2O7 shifted marginally
to lower angle.Fig. 2 presents the limited region XRD pat-
terns of ThV2O7, La(20), and La(30) samples so as to high-
light the influence of substitution on XRD reflections. Data
in Figs. 1 and 2reveal that the content of these three phases,
i.e.ThV2O7, LaTh(VO4)3−�, and Th(VO3)4, depends upon
the value ofx in a particular sample. A quantitative evalu-
ation was however found to be difficult because of the fair
amount of overlap between the XRD lines corresponding to
above mentioned three phases. It is however seen clearly in
Fig. 2, that the intensity of 28.56◦ line, which is exclusively
due to parent ThV2O7 phase with no overlap, decreases pro-
gressively with increase in value ofx. Thus, the samples with
compositionx≥ 0.4 comprise mainly of LaTh(VO4)3−� and
Th(VO3)4 phases (Fig. 1d), even though the presence of small
amounts of parent phase may not be completely ruled out
that may be below the detection limit of XRD technique. At
the same time, the prominent XRD lines at 28.56◦, 29.38◦,
4 ◦ ◦ to
2 g
a at-
t e

substitution of La at A-sites. The possibility of substitution at
Th site in Th(VO3)4 phase is however ruled out since no shift
was observed in the XRD lines arising due to this composi-
tion (Fig. 1). The various phases identified in La substituted
compositions are listed inTable 1.

3.2. IR spectroscopy

The absence of IR band characteristic of V2O5 group
(∼1020 cm−1) [5] in all the spectra, confirms the completion
of the reaction. The existence of multiple phases in La sub-
stituted samples, as revealed by XRD results, is supported by
IR results also. Thus the FTIR spectrum of ThV2O7 (Fig. 3a)
exhibits at least two sets of vibrational bands. The IR bands
at 973sh, 968, 910, 880, 840, and 818 cm−1 are due to VO3
stretching and the bands at 770 and 690 cm−1 may be iden-
tified with V–O–V stretching in V2O7 unit [6]. On the other
hand, the IR spectrum of La(20) (Fig. 3b) comprises of addi-
tional bands at 960, 890, 798, 775, 630, and 484 cm−1 which
may be assigned to symmetricv1, asymmetricv3 and defor-

Table 1
Identification of phases present in LaxTh1−xV2O7−� using XRD

Sample x Phases identified

ThV2O7 0.0 ThV2O7

L
L
L
L

7.51 , and 48.90 get shifted on lanthanum substitution
8.43◦, 29.25◦, 47.37◦, and 48.79◦, respectively, exhibitin
2θ-shift of ∼0.12◦ (Fig. 2). These observations may be

ributed to the distortion in the ThV2O7 lattice because of th
a(20) 0.2 LaxTh1−xV2O7 + LaTh(VO4)3−� + Th(VO3)4

a(30) 0.3 LaxTh1−xV2O7 + LaTh(VO4)3−� + Th(VO3)4

a(40) 0.4 LaTh(VO4)3−� + Th(VO3)4

a(50) 0.5 LaTh(VO4)3−� + Th(VO3)4
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Fig. 3. FTIR spectra of LaxTh1−xV2O7−� samples with differentx values:
(a) 0, (b) 0.2, and (c) 0.4.

mationv3 +v4 vibrations of VO3
4− group, indicating the for-

mation of Th(VO3)4 phase[6]. In addition, bands at 887, 831,
and 444 cm−1 are also seen inFig. 3b, which may be assigned
to symmetric stretching of VO2/VO4 units and in-plane de-
formation band of VO2 unit of orthovanadate (VO43−) phase
[4,6]. It is also observed that the intensity of the IR bands due
to pyrovanadate phase decreases with the increasing value of
x and at the same time the intensity of a band at∼775 cm−1

grows progressively. The 775 cm−1 band is characteristic of
thorium metavanadates, Th(VO3)4. These results confirm the
progressive transformation of original pyrovanadate phase to
metavanadate and orthovanadate phases in case of La(20)
and La(40) samples as a result of lanthanum substitution
(Fig. 3a–c).

3.3. Temperature programmed reduction

Curves a–e inFig. 4present the temperature programmed
reduction profiles of La–Th–V oxides of different composi-
tions. It can be seen in TPR profile of ThV2O7 (Fig. 4a), that
the sample is stable in H2 up to a temperature of∼500◦C and

Table 2
Hydrogen consumption corresponding to individual bands in TPR profiles of LaxTh1−xV2O7−� mixed oxides

S Third peak Total H2 consumption

2 consu
mol/g)

T 075
L 1680
L 2119
L 2879
L 1854

Fig. 4. Comparison of TPR profiles of different LaxTh1−xV2O7 samples for
different values ofx: (a) 0, (b) 0.2, (c) 0.3, (d) 0.4 and, (e) 0.5.

the subsequent reduction occurs in two stages giving rise to
a shoulder band at∼660◦C and the main broad TPR band at
∼750◦C. These two TPR bands inFig. 4a may be attributed
to reduction of vanadium at two distinct lattice sites, as is
well known [7]. Addition of lanthanum resulted in signifi-
cant changes in TPR profiles. First, the intensity of 660◦C
band increased with the addition of up to∼20% La and de-
creased again with the further increase in La content. A shift
to the lower temperature in this band is also noticeable in the
pattern b ofFig. 4. Second, the temperature band of 750◦C
shows a shift to lower values with increase in La content and
then increases again for the higher values ofx. The intensity
of this band also changes considerably with the increasing
content of La. Another feature noticeable inFig. 4b, d per-
tains to development of new TPR bands at around 825 and
900◦C, the intensity of which depended again on the value of
x. The hydrogen consumption related to individual TPR band
and the variation in temperature maximum (Tm) are shown
in Table 2for a comparative evaluation. The increase in the
intensity of 660◦C band in La(20) sample as seen in data
of Table 2andFig. 4b may be attributed to formation of a
ample First peak Second peak

Temperature
(◦C)

H2 consumption
(�mol/g)

Temperature
(◦C)

H
(�

hV2O7 660 800 750 2
a(20) 630 1284 723
a(30) 650 1017 733
a(40) 660 800 746
a(50) 660 855 727
(�mol/g)
mption Temperature

(◦C)
H2 consumption
(�mol/g)

– – 2875
892 504 3486
890 690 3826
893 854 3733
794–871 1196 3905
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nonstoichiometric phase that would be more susceptible to
reduction compared to ThV2O7. Based on XRD results de-
scribed above this could be identified with development of
new LaxTh1−xV2O7−� phase. The TPR bands inFig. 4b–d
at temperature above 800◦C could similarly be ascribed to
formation of other two secondary phases viz. LaTh(VO4)3−�

and Th(VO3)4, the presence of which is confirmed again from
XRD results. Another remarkable feature of TPR results was
the temperature reproducibility of respective profiles. Thus,
while theTmax in case of ThV2O7 shifted to higher tempera-
ture by∼60◦C during the recording of successive second or
third cycles of TPR, in the substituted compositions this shift
was restricted to∼10–15◦C.

3.4. Catalytic activity

Fig. 5 presents the catalytic activity of ThO2, ThV2O7
and La substituted ThV2O7, samples for the transformation
of methanol in temperature region 150–500◦C. As seen in
Fig. 5a, thorium oxide shows very poor catalytic activity with
reaction onset temperature of 350◦C and a maximum conver-
sion of∼12% at a temperature of 425◦C. In the case of tho-
rium pyrovanadate, while the onset temperature was almost
the same, a higher conversion of up to 60% was observed, as
shown inFig. 5b. The reaction products were mainly water
( ad-
d ane
a ld of

F
(

Fig. 5. The catalytic activity of: (a) ThO2, (b) ThV2O7, (c)
La0.2Th0.8V2O7−�, (d) La0.3Th0.7V2O7−�, and (e) La0.5Th0.5V2O7−�

catalysts for reaction of methanol at different temperatures.

water remained almost the same, the amount of other prod-
ucts depended upon reaction temperature. The substitution
of thorium by lanthanum up to 20% resulted in significant
change in catalytic behavior. For instance, the reaction onset
∼50%), methane, carbon dioxide and dimethyl ether. In
ition, small quantities of methyl formate, formic acid, eth
nd dimethoxy methane were also formed. While the yie
ig. 6. Temperature dependant product selectivity for reaction of methanol ove
–�–) CO2, (–©–) CH4, (–
–) H2O, (–�–) DME.
r different samples: (a) ThV2O7, (b) La0.2Th0.8V2O7−�, and (c) La05Th0.5V2O7−�.
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temperature was lowered to 150◦C (Fig. 5c). In addition, al-
most 100% conversion of methanol was observed at reaction
temperatures above 325◦C. The catalyst activity, however,
decreased progressively with increasing La content values
(Fig. 5d and e). As seen in curves a–e ofFig. 5 the activity
of different samples for the reaction of methanol at 400◦C,
followed the following trend as a function of the value ofx

La(20)> La(30)> La(50)> ThV2O7 > ThO2

Furthermore, the substitution by La improved the catalyst sta-
bility and no loss of catalytic activity was detected for all the
substituted samples, when the measurements were continued
for a period of 3–4 h, under continuous flow of methanol.

The substitution of thorium by La resulted not only in
modification of catalytic activity but also in its selectivity.
Thus, the La(20) and La(30) samples produced considerably
higher amounts of dimethyl ether (DME) while the yields of
methane and carbon dioxide decreased. The selectivity data
for representative catalyst samples are given inFig. 6.

3.5. Catalyst stability during the reaction and the
successive cycles of reduction/reoxidation

The phase stability of a sample depended upon the La con-
tent. Thus La(20) and La(30) samples exhibited a remarkable
s tures
u nent

F
L
o

phases for reaction periods of 8–12 h. For instance, curves a
and b inFig. 7show XRD patterns of La(30) sample prior to
and after catalytic reaction, respectively. On the contrary, the
samples with higher lanthanum content were unstable under
identical conditions and the typical XRD patterns of La(50),
recorded prior to and after the reaction of methanol, are given
in curves c and d inFig. 7. The absence of XRD lines due
to Th(VO3)4 phase present originally in La(50) indicate the
transformation of this phase to an oxygen rich LaTh(VO4)3−�

phase on reaction with methanol. The high yields of methane
during the reaction of methanol over La(50) (Fig. 6c) supports
this viewpoint.

4. Discussion

La substitution in ThV2O7 resulted into a multiphase sys-
tem and the various phases present were LaxTh1−xV2O7−�,
LaTh(VO4)3−� and Th(VO3)4. The relative concentration of
these phases in a particular sample depended upon the value
of x. It is also to be noted that up to La 20% substitution,
sample exhibits highest catalyst activity and also a significant
lowering of onset temperature for the reaction of methanol
at different temperatures in region 150–450◦C. The higher
substitutions resulted in the progressive reversal of this trend
( n
a
o may
b here
t se-
l ted
d ases
( th
h
e e
t na-
d tes
a dent
f e
s r
s
T yhe-
d dary
p
T s in
L per-
a era-
t e
s or
e with
t ub-
s
t to the
tability when exposed to methanol at different tempera
p to 450◦C and no changes were observed in the compo
ig. 7. Comparative XRD patterns of La0.3Th0.7V2O7−� (a, b) and
a0.5Th0.5V2O7−� samples (c, d), prior to (a, c) and after (b, d) reaction
f methanol.

g es
t in
T w
curves d and e ofFig. 5). Since the yield of water for reactio
t different temperatures is around 50% (Fig. 6) irrespective
f the sample composition, the dehydration of methanol
e regarded as the primary step. It is of interest to note

hat the enhancement of catalytic activity and also the
ectivity for the production of dimethyl ether is not rela
irectly with the presence of new crystallographic ph
i.e., LaTh(VO4)3−� and Th(VO3)4), since the samples wi
igher lanthanum content shows poorer activity (Fig. 5d and
) as compared to La(20) sample(Fig. 5c). We may thus argu

hat the higher activity of La(20) is derived from a pyrova
ate LaxTh1−xV2O7−� phase, where a part of Th lattice si
re occupied by La, and the existence of which is evi

rom XRD results (Fig. 2). As it is well documented, th
tructure of ThV2O7 is built from (VO3)x chains of corne
hared VO4 tetrahedra and independent VO4 tetrahedra[7].
hus, the La substitution at Th sites perturbs thorium pol
ra and simultaneously results in the formation of secon
hases, such as LaTh(VO4)3−� and Th(VO3)4 (Figs. 1 and 3).
he TPR results ofFig. 4 reveal that one of these phase
a(20) sample is reducible at a comparatively lower tem
ture while the other one is responsible to a high temp

ure peak in TPR profile ofFig. 4c. It is thus likely that th
pecies that reduce at∼660◦C are basically responsible f
nhancement of catalytic activity and may be identified

he LaxTh1−xV2O7−� phase of La(20) samples since the s
titution of lower-valent La3+ in place of Th4+ would lead
o increased number of vacant oxygen sites and hence
reater O2− ion mobility in crystal lattice. These inferenc

end to find support in H2 consumption data for first peak
PR profile as given inTable 2. On the other hand, other ne
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phases such as LaTh(VO4)3−� are expected to reduce at a
higher temperature and therefore may not play an active role
in catalytic dehydration of methanol. The activity trend in
La substituted samples as mentioned above confirms that the
sample having highest content intensity of LaTh(VO4)3−�

phase (i.e. La(50)) is least active catalytically. From data
given inTable 2it is clear that the H2 consumption of TPR
band at >800◦C increases with increase in La substitution,
and this value is highest for La(50) sample. As is evident from
XRD results inTable 1, even though La(20) and La(30) sam-
ples consist of similar crystallographic phases the intensity of
XRD line due to nonstoichiometric phase LaxTh1−xV2O7−�

decreases considerably in case of La(30) sample. This finds a
correlation in decrease of catalytic activity of sample La(30)
(Fig. 5d). We may thus infer that the progressive decrease
in catalytic activity inFigs. 5d and 5eas compared to that
in Fig. 5c is related to growth of a LaTh(VO4)3−� phase. It
has similarly been demonstrated in our earlier studies[2,3]
that the catalytic activity of thorium metavanadate, Th(VO3)4
samples decreased progressively on formation of (VO4)3−
ions as a result of manganese substitution at B sites. Our
results thus indicate that the catalytic activity of a particular
sample may depend upon the ratio of various crystallographic
phases mentioned above.

The higher selectivity for the formation of dimethyl ether
i f
L case
i cter-
i and
c ttice
o vity
a ple
d sub-
s The
h -
p nce
p hand

the crystallographic phase of La(20) is more stable (Fig. 7a
and c) and is resistant to further reoxidation. These results
indicate the importance of nonstoichiometry in imparting the
high activity and stability to a sample even though a quan-
titative correlation is not possible at this stage between the
individual phases generated in a sample as a result of substi-
tution and its catalytic activity or selectivity.

5. Conclusions

ThO2 is found to be a poor catalyst for methanol decom-
position/dehydration reaction as compared to a mixed oxide
phase ThV2O7. La doping in ThV2O7 results in further im-
provement of catalytic activity and also leads to a better com-
positional stability. The maximum conversion of methanol is
observed at 20% La substitution, resulting in lowering of re-
duction temperature. In addition to higher catalytic activity,
greater selectivity for formation of dimethyl ether was also
obtained. The factors responsible for these catalytic and re-
dox properties of substituted ThV2O7 samples are identified
as generation of nonstoichiometric phase, where involvement
of lattice oxygen plays an important role.
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n case of La(20) samples and for formation of CH4 in case o
a(50) indicated that the course of the reaction in each

s governed by the stoichiometry and the structural chara
stics of a sample. The simultaneous formation of water
arbon dioxide suggests again that the participation of la
xygen may play an important role in deciding the acti
nd selectivity of a sample. Similarly, the stability of a sam
uring methanol reaction depended upon the extent of
titution, the La(20) sample exhibiting the best results.
igher methane selectivity of both ThV2O7 and La(50) sam
le (Fig. 6a and c) are indicative of their oxidation and he
hase transformation during the reaction. On the other
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