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Abstract A chemical potential diagram of the V–Mg–O

system was constructed for comparison in an in-situ

experiment. A V–Mg–O catalyst used in the oxidative

dehydrogenation of n-butane was prepared by the

impregnation method and was characterized by in-situ

X-ray diffraction (XRD). Mg3V2O8 and MgO were detec-

ted on the in-situ XRD pattern under the oxygen

pretreatment at 600 �C, and the in-situ XRD data under

working conditions showed that Mg3V2O8 is reduced to

MgV2O4, having a cubic spinel structure with a lattice

constant of a = 8.427 Å. The observed reduction of V5+ in

Mg3V2O8 to V3+ in MgV2O4 under the working conditions

could be well understood through a chemical potential

diagram.
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1 Introduction

In industrial use of a catalyst, its durability is more

important in many cases rather than its activity and

selectivity. Although the stability of a catalyst under

working conditions is most important, there are few trials

which are going to predict the stability of a catalyst before

using it. Chemical potential diagrams are expected to

provide us with useful information for catalyst

development, such as appropriate working, reforming, and

preparation conditions.

Industrial catalysts usually contain many metal elements.

In a system composed of many elements, its thermodynamic

calculation becomes more complicated than that for binary

systems. An attempt has been made to construct a stability

diagram in metal–metal–nonmetal systems, and a plot of

mole fraction versus oxygen potential can clearly provide

phase relations among alloys and oxide solid solutions [1].

However, this diagram is not appropriate for presenting

many stoichiometric compounds because they are presented

as lines, making it difficult to distinguish them from equi-

librium tie lines. To visualize complicated equilibria among

these stoichiometric compounds, it would be useful to con-

struct a complete chemical potential diagram for metal–

metal–nonmetal systems which can present each compound

as a polygon, not as a line.

To demonstrate the application of chemical potential

diagrams in developing catalysts, we preliminarily con-

structed a chemical potential diagram of the V–Mg–O

system [2]. The V–Mg–O system is a good example

because it is not a simple binary metal–nonmetal system

but a complicated ternary metal–metal–nonmetal system.

In the last decades, many researchers have been working

on highly active and selective catalysts for the oxidative

dehydrogenation of alkanes. V–Mg–O catalysts are among

the most selective and active catalysts for the oxidative

dehydrogenation of n-butane to butene and butadiene as well

as of propane to propene [3–18]. The active phase for the

V–Mg–O catalysts has been the subject of controversy. Most

proposals in the literature have favored a bulk V–Mg–O

phase, e.g., Mg2V2O7 and Mg3V2O8 [10–14]. However, later

research works have suggested that monomeric and poly-

meric vanadia species supported on MgO are the source of

catalytic activity [15–18].
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In order to discuss the application of chemical potential

diagrams in developing catalysts, the chemical potential

diagram should be compared with the result of an in-situ

experiment. In this paper, the chemical potential diagram

of the V–Mg–O system was constructed in considerable

detail, and the V–Mg–O catalyst was characterized by in-

situ X-ray diffraction (XRD). From the comparison of the

chemical potential diagram and the in-situ XRD analysis,

we ascertained that the chemical potential diagram can

predict the reduction process of the catalyst under the

working conditions.

2 Experimental

2.1 Catalyst Preparation

A V–Mg–O catalyst was prepared by the impregnation

method. Reagent-grade Mg(OH)2 and NH4VO3 were pur-

chased from Soekawa Chemical Co. Ltd., and NH3 solution

was obtained from Wako Pure Chemical Ind. Co. Ltd.

NH4VO3 was dissolved in 1% NH3 solution and was then

heated to 80 �C. Subsequently, Mg(OH)2 was added to the

hot solution with continuous stirring. This suspension was

evaporated and dried overnight at 120 �C. The resulting

solid was crushed and calcined under air at 800 �C for 6 h.

The atomic ratio of Mg and V elements was fixed at

Mg:V = 6:1. The nominal V content in the catalyst was

15.3 wt.%, which was calculated by assuming that all

metal elements in the product were oxidized completely.

In this paper, the catalyst is referred to as 15 V/VMgO.

2.2 Measurements

2.2.1 Catalytic Performance

Catalytic tests were carried out at atmospheric pressure in a

conventional fixed-bed continuous-flow reactor. The high-

purity gases, n-C4H10 (99.9%), O2 (99.9%), and N2

(99.9%), were used in the experiments. The products of the

reaction were analyzed by an on-line gas chromatograph

equipped with a thermal conductivity detector and a flame

ionization detector. The conversion and selectivity were

calculated based on the reacted n-C4H10. N2 in the feed was

used as an internal standard for calculations of conversion

and selectivity. Powder catalysts were pressed binder-free,

crushed, and sieved to a particle size of 75–150 lm. These

particles were diluted with inert quartz particles and were

mounted in the middle of a quartz tube reactor. To mini-

mize the extent of gas phase reactions, the volume in the

reactor, except for catalyst, was packed with the quartz

particles. The catalytic zone was heated to 600 �C in a flow

of O2 and kept at 600 �C for 1 h before the catalytic test.

The reactant mixture (n-C4H10/O2/N2) was then introduced

into the reactor.

2.2.2 In-situ X-ray Diffraction

In-situ powder XRD data were taken with the Bragg–

Brentano type powder diffractometer with a vertical h-h
geometry. To permit studies of catalysts under in-situ

conditions, its goniometer was equipped with a high-tem-

perature chamber. The well-crushed catalyst was packed in

an alumina holder as thick as 5 mm, and the temperature

was measured by a chromel–alumel thermocouple located

on the sample holder. The same gases used for catalytic

tests were used for the in-situ XRD experiments. The flow

rate of the gases was controlled by a thermal mass flow

controller. The temperature was maintained all time at

600 �C without cooling or reheating. A Cu Ka radiation

(k = 1.54018 Å), which was generated by a rotating anode

at 40 kV and 300 mA, was used. The intensity data were

collected between 2h = 10�–60� with a step interval of

0.04�. The scanning speed was 1.0�/min, and diffraction

patterns did not change during measurements. Mass frac-

tions of compounds contained in the sample were

calculated from the XRD data with the computer program

RIETAN-2000 [19, 20]. The theoretical background of this

calculation is presented in the literature [21, 22].

2.3 Thermodynamic Data and Calculation

Table 1 lists the thermodynamic data used in the present

study. These data have been registered in the thermodynamic

database MALT2 (Materials-oriented Little Thermody-

namic database) [23]. The thermodynamic data in MALT2

were generally taken from major data books [24–26], and

because of the absence of experimental data, some data of

oxides were estimated empirically by Yokokawa et al. [23,

27]. Chemical potential diagrams were constructed using the

computer program CHD [28–30]. A log(aV/aMg) vs. P(O2)cal

plot was adopted for the present investigation, where aV is

the activity for V element, aMg is the activity for Mg element,

and P(O2)cal is the equilibrium oxygen pressure estimated by

the thermodynamic calculation.

3 Results and Discussion

3.1 Catalytic Performance

Table 2 lists the catalytic performances of the 15 V/VMgO

catalyst at 600 �C. The catalyst was generally active

64 N. Kijima et al.

123



T
a

b
le

1
T

h
er

m
o

d
y

n
am

ic
p

ar
am

et
er

s
u

se
d

in
th

e
p

re
se

n
t

st
u

d
y

a

E
le

m
en

t/
S

ta
te

b
C

o
m

p
o

u
n

d
D

fH
�

(k
J/

m
o

l)
D

fG
�

(k
J/

m
o

l)
S

�
(J

/(
K

m
o

l)
)

a
b

c
d

e
T

(�
C

)
D

tr
H

�
(k

J/
m

o
l)

O
2

g
0

0
2

0
5

.0
2

9
3

4
.3

5
1

.9
2

-
1

8
.4

5
4

.0
6

2
5

–
2

2
2

6
.8

5

M
g

c
0

0
3

2
.6

8
2

8
.5

1
-

6
.7

9
9

-
2

.4
3

9
1

3
.0

5
2

5
–

6
4

8
.8

5
(m

p
)c

8
.9

5
0

0

l
2

2
.0

9
1

0
.8

8
6

4
8

.8
5

–
1

1
0

5
.7

3
(b

p
)c

1
2

7
.4

5
8

0

V
c

0
0

2
8

.9
1

2
5

.8
0

6
0

.9
0

9
-

1
.6

7
6

3
.2

4
5

2
5

–
1

9
4

6
.8

5
(m

p
)c

2
3

.0

M
g

O
c

-
6

0
1

.7
-

5
6

9
.4

5
2

6
.9

4
4

9
.4

5
3

.3
1

-
1

6
.9

1
.5

1
2

5
–

2
8

3
1

.8
5

(m
p

)c
7

7
.8

2

V
O

c
-

4
3

1
.7

4
-

4
0

2
.5

4
7

3
3

.5
1

5
2

.9
2

1
3

.1
1

3
-

1
6

.3
6

5
2

5
–

1
7

8
9

.8
5

(m
p

)c
5

0
.0

V
2
O

3
c

-
1

2
1

8
.7

-
1

1
3

8
.9

8
9

4
.6

4
1

4
4

.3
1

-
1

8
.6

6
3

-
3

4
.4

5
1

0
.8

9
2

2
5

–
1

9
5

6
.8

5
(m

p
)c

1
4

0
.0

V
3
O

5
c

-
1

9
3

8
.7

9
-

1
8

0
5

.9
5

1
5

3
.7

5
2

1
6

.6
6

-
9

.1
3

3
-

4
8

.8
2

1
0

.8
9

2
2

5
–

2
2

2
6

.8
5

V
4
O

7
c

-
2

6
5

1
.6

-
2

4
6

6
.8

2
1

3
.3

2
8

9
.0

1
0

.3
9

7
-

6
3

.1
9

1
0

.8
9

2
2

5
–

2
2

2
6

.8
5

V
5
O

9
c

-
3

3
6

1
.6

-
3

1
2

4
.8

2
7

2
.9

3
6

1
.3

6
9

.9
2

7
-

7
7

.5
6

1
0

.8
9

2
2

5
–

2
2

2
6

.8
5

V
6
O

1
1

c
-

4
0

7
1

.0
-

3
7

8
2

.2
3

3
2

.5
4

3
3

.7
1

1
9

.4
5

7
-

9
1

.9
3

1
0

.8
9

2
2

5
–

2
2

2
6

.8
5

V
7
O

1
3

c
-

4
7

8
0

.0
-

4
4

3
9

.2
3

9
2

.0
5

0
6

.0
6

2
8

.9
8

7
-

1
0

6
.3

1
0

.8
9

2
2

5
–

2
2

2
6

.8
5

V
8
O

1
5

c
-

5
4

8
9

.1
-

5
0

9
6

.1
4

5
0

.7
3

5
7

8
.4

1
3

8
.5

1
7

-
1

2
0

.6
7

1
0

.8
9

2
2

5
–

1
2

2
6

.8
5

V
9
O

1
7

c
-

6
1

9
8

.3
-

5
7

5
3

.0
5

0
9

.3
6

6
5

0
.7

6
4

8
.0

4
7

-
1

3
5

.0
4

1
0

.8
9

2
2

5
–

1
2

2
6

.8
5

V
1
0
O

1
9

c
-

6
9

0
7

.3
-

6
4

0
9

.8
5

6
8

.1
7

0
4

.1
7

8
8

.5
3

-
1

2
2

.2
9

2
5

–
1

2
2

6
.8

5

V
2
O

4
c1

-
1

4
2

4
.2

-
1

3
1

2
.5

9
3

.1
8

3
6

4
.9

6
2

-
1

9
0

6
.1

3
5

4
8

.9
2

5
–

6
5

.5
5

(t
p

)c
9

.1
5

c2
1

4
4

.6
9

4
1

9
.0

6
1

-
2

8
.7

3
7

6
5

.5
5
-

1
5

4
4

.8
5

(m
p

)c
1

1
2

.0

V
6
O

1
3

c
-

4
3

8
3

.9
-

4
0

4
5

.1
3

6
9

.9
4

5
4

.5
9

5
9

.6
3

-
9

0
.8

7
2

5
–

7
2

6
.8

5

V
3
O

7
c

-
2

2
8

1
.0

-
2

0
9

8
.0

1
9

0
.6

2
3

7
.3

2
3

1
.8

5
-

5
0

.1
5

2
5

–
7

2
6

.8
5

V
2
O

5
c

-
1

5
5

0
.7

-
1

4
1

9
.6

1
3

0
.8

1
9

0
.8

7
8

-
9

2
.7

7
9

-
3

9
.0

3
4

9
5

.2
3

2
2

5
–

6
8

0
.8

5
(m

p
)c

6
4

.0

l
1

9
0

.8
6

8
0

.8
5

–
1

6
8

9
.8

5
(d

p
)c

M
g

V
O

3
c

-
1

3
4

9
.1

-
1

2
6

1
.0

7
3

.7
1

2
1

.8
9

1
2

.5
7

-
3

0
.4

8
1

.5
1

2
5

–
1

0
1

9
.8

5
(d

p
)c

M
g

V
2
O

4
c

-
1

8
4

0
.5

-
1

7
2

8
.6

1
2

5
.2

4
1

7
4

.2
6

1
7

.7
6

-
3

4
.6

3
1

.5
1

2
5

–
1

2
2

6
.8

5

M
g

V
2
O

5
c

-
2

0
7

0
.1

-
1

9
2

6
.8

1
2

2
.4

4
1

9
4

.3
2

1
.8

3
-

4
4

.4
1

.5
1

2
5

–
9

4
9

.8
5

(d
p

)c

M
g

V
2
O

6
c1

-
2

2
0

1
.5

8
-

2
0

3
9

.4
1

1
6

0
.7

2
1

4
.3

4
2

5
.9

-
5

3
.4

7
1

.5
1

2
5

–
5

6
6

.8
5

(t
p

)*

c2
2

1
4

.3
4

2
5

.9
-

5
3

.4
7

1
.5

1
5

6
6

.8
5

–
7

5
9

.8
5

(d
p

)*

M
g

2
V

O
4

c
-

1
9

6
7

.0
-

1
8

4
8

.0
1

0
5

.1
3

1
7

1
.3

2
5

1
5

.8
8

-
4

7
.3

7
5

3
.0

2
2

5
–

1
2

2
6

.8
5

M
g

2
V

2
O

7
c1

-
2

8
3

5
.9

2
-

2
6

4
5

.2
9

2
0

0
.4

2
6

3
.7

9
2

9
.2

1
-

7
0

.3
7

3
.0

2
2

5
–

7
0

8
.8

5
(t

p
)c

1
9

.6
3

c2
2

6
3

.7
9

2
9

.2
1

-
7

0
.3

7
3

.0
2

7
0

8
.8

5
–

9
0

6
.8

5
(t

p
)c

1
0

.0

c3
2

6
3

.7
9

2
9

.2
1

-
7

0
.3

7
3

.0
2

9
0

6
.8

5
–

9
4

9
.8

5
(d

p
)c

M
g

3
V

2
O

8
c

-
3

4
4

5
.8

-
3

2
2

7
.8

2
4

4
.9

3
1

3
.2

4
3

2
.5

2
-

8
7

.2
7

4
.5

3
2

5
–

1
1

6
4

.8
5

a
D

efi
n

it
io

n
s:

D
fH

�,
st

an
d

ar
d

en
th

al
p

y
o

f
fo

rm
at

io
n

;
D

fG
�,

st
an

d
ar

d
G

ib
b

s’
fr

ee
en

er
g

y
o

f
fo

rm
at

io
n

;
S

�,
st

an
d

ar
d

en
tr

o
p

y
;
D

tr
H

�,
en

th
al

p
y

o
f

tr
an

sf
o

rm
at

io
n

.
H

ea
t

ca
p

ac
it

y
co

ef
fi

ci
en

ts
,

a–
e,

g
iv

en
b

y
th

e
fo

ll
o

w
in

g
eq

u
at

io
n

:
C

p
=

a
+

(b
9

1
0

-
3
)T

+
(c

9
1

0
5
)T

-
2

+
(d

9
1

0
6
)T

2
+

(e
9

1
0

8
)T

-
3

b
g

:
g

as
;

l:
li

q
u

id
;

c,
c1

,
c2

,
c3

:
so

li
d

s
c

m
p

:
m

el
ti

n
g

p
o

in
t;

b
p

:
b

o
il

in
g

p
o

in
t;

tp
:

tr
an

sf
o

rm
at

io
n

p
o

in
t;

d
p

:
d

ec
o

m
p

o
si

ti
o

n
p

o
in

t

A Chemical Potential Diagram and an In-situ XRD Analysis of a V–Mg–O Catalyst 65

123



beginning at about 500 �C. The dominant products were

dehydrogenation products (1-C4H8, 2-trans-C4H8, 2-cis-

CH8, and C4H6) and combustion products (CO and CO2).

Small amounts of CH4, C2H4, and C3H6 were also observed.

The carbon balances were nearly 100%. The conversion of

both n-C4H10 and O2 remained almost constant within 6 h

periods. The tendency of selectivities to dehydrogenation

and combustion products is consistent with the earlier works.

3.2 Chemical Potential Diagrams of V–Mg–O System

Figure 1 depicts the chemical potential diagram of the

V–Mg–O system at 600 �C. In the ternary V–Mg–O sys-

tem, seven double oxides—MgVO3 [31], MgV2O5 [32],

MgV2O4 [33], Mg2VO4 [34], MgV2O6 [35], Mg2V2O7

[36], Mg3V2O8 [37]—were considered. Both MgV2O4 and

Mg2VO4 have a spinel structure, and their solid solution,

Mg2 - xV1 + xO4, is known [38]. Same other double oxides

are reported in the V–Mg–O system [39, 40]. In this study,

those double oxides and Mg2 - xV1 + xO4 were neglected.

The following features can be considered from Fig. 1.

(1) On the left axis in Fig. 1, Mg and V areas are divided

by the horizon line at log(aV/aMg) = 0 because they

make no alloys. In the Mg–V system, no intermetallic

compounds have been registered in the inorganic

crystal structure database (ICSD) [40].

(2) Phase relations associated with the binary V–O and

Mg–O systems are plotted in the upper and lower

axes, respectively. For example, lines A and B in

Fig. 1 correspond to point A in Fig. 2 and point B in

Fig. 3, respectively. Although MgO and MgO2 are

known in the Mg–O system [30], MgO was alone

considered in this study because of the lack of

thermodynamic data. In Fig. 3, some vanadium

oxides listed in Table 1 were omitted because of

congestion.

(3) Equilibrium among the three phases appears as a

point in the diagram. Fig. 4 exemplifies the temper-

ature dependency of the equilibrium oxygen pressure

of the reaction: 2MgO + 2Mg3V2O8 = 4Mg2VO4 +

O2. The decomposition oxygen pressure of Mg3V2O8

is P(O2)cal = 4.59 9 10-5 Pa at 600 �C (point C in

Fig. 4) that corresponds to point C in Fig. 1.

Table 2 Catalytic performances of the 5 V/MgVO catalyst in the oxidative dehydrogenation of n-butanea

Flow rate (cm3/min) Conversion (%) Selectivity (%)

n-C4H10/O2/N2 n-C4H10 O2 C1–C3 1-C4H8 trans-2-C4H8 cis-2-C4H8 C4H6 CO CO2

4/8/88 24.1 34.5 6.1 12.3 4.6 4.8 21.1 19.8 31.1

2/4/94 28.2 35.8 5.0 11.9 4.1 4.7 22.7 22.8 28.8

2/1/97 30.4 95.1 6.0 18.2 6.8 7.9 37.7 11.2 12.2

a Reaction conditions: T = 600 �C, n-C4H10/O2/N2 = 2/1/97 cm3/min, catalyst: 0.3 g

Fig. 1 Chemical potential diagram of the V–Mg–O system at 600 �C Fig. 2 P(O2)cal-T diagram of the Mg–O system
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(4) When a double oxide changes to a double oxide with

other valence state of V, their respective areas appear

in series along the P(O2)cal axis. For example,

Mg3V+5
2 O8 is reduced to Mg2V+4O4 and then changes

to MgV+3
2 O4 when P(O2)cal decreased.

3.3 In-situ X-ray Diffraction

Figure 5 shows the in-situ XRD patterns of the 15 V/VMgO

catalyst under working conditions at 600� C. Table 3

summarizes the V content in the 15 V/VMgO catalyst

Fig. 3 P(O2)cal-T diagram of the V–O system

Fig. 4 Temperature dependency of the equilibrium oxygen pressure

for the reaction: 2MgO + 2Mg3V2O8 = 4Mg2VO4 + O2

Table 3 V content in the 15 V/VMgO catalyst calculated from the in-situ XRD data under working conditions

V content (wt.%) Mass fraction (wt.%) Flow rate of gases (cm3/min) Temperature (�C) Time course (h)

MgO Mg2O8 MgV2O4 n-C4H10 O2 N2

11.8 68.87 35.13 – 0 200 0 600 2

7.7 85.62 – 14.38 2 0.2 197.8 600 4

8.3 75.33 24.67 – 0 200 0 600 6

7.8 78.89 17.86 3.25 2 0.2 197.8 600 8

Fig. 5 In-situ XRD patterns of the 15 V/VMgO catalyst under

several conditions at 600 �C. The short vertical lines below the

profiles indicate the peak positions of all the possible Bragg

reflections of MgO (upper), MgV2O4 (middle), and Mg3V2O8 (lower).

Data were collected after 2 h in a flow of (a) O2 = 200 cm3/min, (b)

n-C4H10/O2/N2 = 2/0.2/197.8 cm3/min, (c) O2 = 200 cm3/min (re-

oxidation), and (d) n-C4H10/O2/N2 = 2/0.2/197.8 cm3/min after the

re-oxidation
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calculated from the in-situ XRD data. Mass fractions of

compounds contained in the sample were analyzed by

Rietveld refinment [19–22], and the V contents in the cat-

alyst were estimated from mass fractions of the observed

compounds.

Figure 5a displays that Mg3V2O8 and MgO were

detected during the oxygen pretreatment. The lattice con-

stants were a = 6.093 Å, b = 11.427 Å, and c = 8.318 Å

for Mg3V2O8, and a = 4.222 Å for MgO. Figure 5b dem-

onstrates that MgV2O4 was newly detected and that

Mg3V2O8 had disappeared after being exposed to the

reaction gas (n-C4H10/O2/N2 = 2/0.2/197.8 cm3/min) for

2 h. The lattice constant of MgV2O4 was a = 8.427 Å.

Burrows et al. carried out the in-situ XRD and in-situ

X-ray absorption fine structure (XAFS) studies of a Mg–V–

O catalyst under conditions of the oxidative dehydroge-

nation of propane [17]. When the catalyst was exposed to

the working atmosphere (1% C3H8/0.1% O2/98.9% He) at

500 �C, the in-situ XRD pattern showed that Mg3V2O8

was transformed to a cubic spinel type structure with a

lattice constant of 8.42 Å, and the in-situ XAFS spec-

trum indicated a change in valence state of V from 5+ to 3+

[17].

Our in-situ XRD data showed that the lattice constant of

the spinel phase was a = 8.427 Å, which is in good

agreement with that reported by Burrows et al. [17]. They

are closer to a = 8.42 Å for MgV2O4 [32] than

a = 8.391 Å for Mg2VO4 [34]. We, therefore, concluded

that Mg3V2O8 having V5+ is reduced to MgV2O4 having

V3+ under the working conditions. Since the solid solution

of those spinel compounds is known [38], V3+ and V4+

would coexist in the Mg2 - xV1 + xO4 phase if the catalyst

is used at higher P(O2) regions.

Figure 5c shows that Mg3V2O8 was again produced but

that MgV2O4 could not be detected when the catalyst was

reformed under oxygen gas. As can be seen in Fig. 5d,

MgV2O4 was again generated, but Mg3V2O8 remained

partly when this catalyst was exposed to the reaction gas

after the re-oxidation. In our in-situ XRD data, the phase

transformation of Mg3V2O8 to MgV2O4 was irreversible.

However, Burrows et al. reported that the phase transfor-

mation was reversible at typical reaction temperatures [17].

The reactivity of the V–Mg–O catalyst would depend on

applied preparation methods.

As Table 3 lists, the V content in the 15 V/VMgO cat-

alyst calculated from the XRD data differed from its

nominal composition. Furthermore, the V content in the

catalyst exposed to the reaction gas was smaller than that

for the unused catalyst. These facts show that undetectable

vanadia species other than the bulk Mg3V2O8 or MgV2O4

phases also exist on the catalyst surface, and the amount of

such species is variable depending on each reaction

condition.

3.4 Comparison of Chemical Potential Diagram

and In-situ X-ray Diffraction

The in-situ XRD data showed that Mg3V2O8 and MgO are

stable under oxygen pretreatment where the partial pres-

sure of oxygen in the gas phase, P(O2)gas, is 1.01 9 105 Pa

(100% O2). This finding is consistent with the chemical

potential diagram. Most as-prepared V–Mg–O catalysts

reported in the literature contain the Mg3V2O8 phase.

The observed reduction process of the bulk V–Mg–O

phase under the working conditions can be also well

understood by the chemical potential diagram. Figure 1

shows that Mg3V2O8 is reduced to MgV2O4 at lower

P(O2)cal regions. This reduction process is consistent with

our in-situ XRD data.

The in-situ XRD data demonstrated that MgV2O4 is

generated under the conditions of the typical oxidative

dehydrogenation of n-butane. From the in-situ condition

(n-C4H10/O2/N2 = 2/0.2/197.8 cm3/min), P(O2)gas can be

estimated to be 1.01 9 103 Pa (1% O2). Figure 1, however,

shows that Mg2VO4 is stable at P(O2)cal = 8.91 9 10-13

–1.74 9 10-33 Pa. These findings show that the surface of

the catalyst is exposed to a rather high reduction state

compared with the gas phase because of reducing gases,

e.g., CO and H2, being present near the catalyst surface.

Finally, we should mention that undetectable vanadia

species other than the bulk V–Mg–O phase also exist on the

catalyst surface because the V content in the 15 V/VMgO

catalyst calculated from the XRD data differed from its

nominal composition. No information concerning such

species can be obtained neither by in-situ XRD analysis nor

from the chemical potential diagram. However, the stability

of undetectable vanadia species is not independent of that of

the bulk phase. The durability of a catalyst would be spec-

ulated from the stability of bulk.

4 Conclusion

In order to discuss the application of chemical potential

diagrams in developing catalysts, we compared the chem-

ical potential diagram with the result of the in-situ XRD

analysis. In this study, the observed reduction of V5+ in

Mg3V2O8 to V3+ in MgV2O4 under the working conditions

could be well understood through a chemical potential

diagram. From this comparison, it was also ascertained that

the surface of the catalyst is exposed to a rather high

reduction state compared with the gas phase because of

reducing gases, e.g., CO and H2, being present near the

catalyst surface.

The stability of the bulk V–Mg–O phase can be con-

sidered well by the chemical potential diagram. On the

other hand, the undetectable vanadia species on the surface
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cannot be identified from the chemical potential point of

view. The prediction of the calculated chemical potential

would be particularly relevant for catalytic systems work-

ing either under lean or rich conditions, such as a

circulating bed reactor. However, the calculations are non

operative when only a small part of surface metal ions are

cycling during the redox process. By choosing the appli-

cation range, chemical potential diagrams provide us with

useful information for catalyst development.
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