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Effect of NaN03 Addition on the Decomposition of RuC13 Supported 
on Alumina 

INTRODUCTION RESUl>TS AND DISCUSSION 

Ruthenium is one of the most active cata- 
lyst for hydrogenation of carbon oxides and 
for many other reactions (f-4). The Ru cat- 
alysts are sometime modified by the addi- 
tion of alkali promoter, and catalyst perfor- 
mances of these alkali-promoted catalysts 
have been widely examined (5-11). 

Thermal lIecomposition 

During the course of our study on the 
syngas conversion on alkali-promoted Ru 
catalysts (12, 13), we found that the perfor- 
mance of alkali-promoted Ru catalyst pre- 
pared from NaN03 and commercial “RuCI, 
* 3HzO” was strongly affected by its prepa- 
ration conditions. Although detail investi- 
gation on the preparation of supported or 
unsupported Ru catalyst have appeared 
(Z&18), preparation of alkali-promoted 
catalyst have not been dealt until quite re- 
cently where reduction of unsupported 
RuC&-CsN03 mixture was examined in 
some detail (19). Therefore, we examined 
the effects of NaNOj addition upon the 
thermal decomposition and reduction of 
alumina-supported Ru catalyst. 

EXPERIMENTAL 

Alumina-supported RuC&-NaNOx sam- 
ples with varying NaN03 concentration 
(samples l-10, Table I) were prepared by 
impregnation of a predried alumina (2 g, y- 
form, 82 m2/g, 20-35 pm, obtained by 700°C 
calcination of well-crystallized boehmite 
(20)) with 2 ml of an aqueous solution of 
commercial “RuC13 * 3H20” (Mitsuwa) and 
NaNOx followed by drying in air at room 
temperature with continuous stirring. The 
concentration of RuC13 was arbitrarily fixed 
to give 4% Ru in reduced catalysts. 

In a series of experiments, thermal de- 
composition up to 400°C was examined 
with the aid of a thermal analyzer (Shi- 
mazdu DTA-30), and the following obser- 
vations were noted (Table 1). (a) When 
NaN03 and RuC13 were coimpregnated, 
two weight loss processes were detected, 
one at around 24o”C, and the other at 
around 380°C (Fig. lb). (b) The higher tem- 
perature weight loss took place at the simi- 
lar temperature range as recorded for 
RuC13/A120j (sample 1, see Fig. la). (c) The 
lower temperature weight loss process was 
an endothermic one which consumed sig- 
nificantly larger amounts of heat than the 
higher temperature weight loss process 
(Fig. 1). (d) The degree of weight loss at the 
lower temperature as well as the intensity 
of the associated endothermic peak in- 
creased with an increase in NaN03 loading 
until Na/Cl ratio became unity (i.e., NaN03 
loading = 9.3%), and then attained a pla- 
teau level. (e) The degree of weight loss at 
higher temperature decreased with the in- 
creases in NaN03 loading, and this weight 
loss disappeared for the sample containing 
more than 9.3% NaNOx (Fig. lc). (f) XRD 
patterns of the thermally treated sample 
showed presence of NaCl (Fig. 3a). The in- 
tensities of NaCl peaks were proportional 
to the NaN03 loading, but became constant 
when NaN03 loading exceeded 9.3% (Na/ 
Cl = 1). (g) As-dried samples did not show 
NaCl peaks in XRD. They appeared at 
25O”C, slightly higher temperature than for 
the lower temperature weight loss process. 
(h) The NaN03 peaks could not be detected 

243 
002 1-95 17186 $3.00 

Copyright 0 1986 by Academic Press. Inc. 
All rights of reproduction tn any form re\crved. 



TA
BL

E 
1 

Th
er

m
al

 
An

al
ys

is
 

of
 

Al
um

in
a-

Su
pp

or
te

d 
M

ix
tu

re
 

of
 R

uC
ls

 
an

d 
N

aN
O

, 

Sa
m

pl
e 

N
O

. 
Sa

m
pl

e 
co

m
po

si
tio

n”
 

R
uC

h 
3H

20
 

N
aN

O
l 

(%
) 

m
 

Sa
m

pl
e 

lo
ad

ed
 

(m
g)

 

W
ei

gh
t 

lo
ss

 
at

 
14

0°
C

 
O

w
l 

D
ry

 
sa

m
pl

e 
w

ei
gh

t 
(m

g)
 

TG
 

D
TA

b 

W
ei

gh
t 

lo
ss

’ 
(-d

W
ld

T)
,,d

 
D

ec
om

po
si

tio
n 

M
el

t of
 

14
0-

31
0°

C
 

bd
 

I 8 9 10
 

Al
um

in
a 

9.
82

 
0.

00
 

(4
.0

4)
 

(0
.W

 
33

.2
0 

1.
14

 

9.
17

 
1.

13
 

(4
.0

5)
 

(0
.4

4)
 

32
.5

0 
1.

24
 

9.
63

’ 
2.

11
’ 

(4
.0

1)
 

(0
.8

3)
 

33
.6

0 
1.

12
 

9.
64

 
3.

28
 

(4
.0

5)
 

(1
.3

0)
 

33
.4

0 
0.

92
 

9.
36

 
6.

33
 

(4
.0

1)
 

(2
.5

6)
 

9.
31

 
9.

29
 

(4
.0

7)
 

(3
.8

3)
 

8.
99

 
12

.1
 

(4
.0

0)
 

(5
.1

0)
 

8.
74

 
18

.7
 

(4
.0

8)
 

(8
.2

1)
 

8.
32

 
26

.4
 

(4
.1

2)
 

(1
2.

3)
 

1.
41

 
39

.6
 

(4
.1

1)
 

(2
0.

6)
 

- 
- 

32
.9

5 
1.

16
 

33
.2

5 
1.

65
 

32
.1

5 
1.

32
 

32
.5

5 
1.

19
 

33
.3

0 
1.

42
 

33
.2

5 
1.

22
 

33
.5

0 
1.

18
 

33
.0

0 
1.

08
 

33
.2

0 
0.

48
 

32
.0

6 
0.

26
 

(0
.2

2)
 

31
.3

1 
0.

59
 

(0
.4

7)
 

32
.4

8 
0.

56
 

(0
.7

0)
 

32
.4

8 
0.

85
 

(0
.9

7)
 

31
.7

9 
1.

54
 

(l.
fjJ

) 
31

.6
0 

1.
88

 
(2

.2
4)

 
31

.4
3 

2.
18

 
(2

.1
5)

 
32

.0
6 

1.
86

 
(2

.1
8)

 
31

.8
8 

2.
19

 
(2

.1
1)

 
32

.0
3 

2.
18

 
(2

.0
0)

 
32

.3
2 

2.
12

 
(2

.0
2)

 
31

.9
2 

1.
80

 
(1

.7
8)

 
32

.1
2 

0.
24

 

3 l
o-

40
0°

C
 

bg
) 

Lo
w

er
 

H
ig

he
r 

of
 R

ut
.&

 
N

aN
O

s 
c-

3 
v-

3 
Te

m
p.

 
Pe

ak
 

Pe
ak

 
(“(

3 
he

ig
ht

 
he

ig
ht

 
C

PV
) 

(IL
V)

 

0.
60

 
(1

.3
0)

 
0.

53
 

(1
.1

3)
 

0.
41

 
(1

.1
2)

 
0.

35
 

(0
.8

7)
 

0.
31

 
(0

.4
3)

 
0.

26
 

(0
.0

7)
 

0.
29

 
(0

.0
7)

 
0.

24
 

(0
.0

7)
 

0.
55

 
(0

.0
7)

 
0.

62
 

(0
.0

6)
 

0.
59

 
(0

.0
6)

 
0.

48
 

(0
.0

5)
 

0.
09

 

- 
35

0 
(3

34
) 

(1
.6

) 
- 

26
1 

38
7 

- 
- 

- 

23
9 

38
8 

23
0 

0.
5 

- 

24
8 

38
5 

24
1 

3.
0 

- 

25
5 

38
0 

25
0 

6.
0 

- 

22
5 

- 
22

0 
5.

5 
0.

6 

28
5 

23
8 

6.
0 

3.
8 

25
3 

29
4 

24
9 

8.
0 

4.
5 

23
6 

- 
24

0 
6.

7 
10

.0
 

22
6 

- 
23

1 
8.

5 
16

.2
 

23
2 

- 
23

2 
1.

2 
15

.8
 

23
5 

- 
24

1 
8.

0 
31

.0
 

- 
- 

- 
- 

- 

a 
H

yp
ot

he
tic

al
 

co
nt

en
ts

 o
f R

u 
an

d 
N

aZ
O

 in
 th

e 
re

du
ce

d 
ca

ta
ly

st
s 

ar
e 

ca
lc

ul
at

ed
 a

ss
um

in
g 

th
at

 R
uC

ll 
an

d 
N

aN
O

z 
ar

e 
co

nv
er

te
d 

in
to

 R
ue

 a
nd

 N
aZ

O
, r

es
pe

ct
iv

el
y,

 
an

d 
ar

e 
gi

ve
n 

in
 p

ar
en

th
es

es
. 

b P
la

tin
um

-p
la

tin
um

 
rh

od
iu

m
 t

he
rm

oc
ou

pl
e 

an
d 

30
 m

g 
of

 c
or

un
du

m
 w

er
e 

us
ed

 fo
r 

de
te

ct
or

 a
nd

 r
ef

er
en

ce
, 

re
sp

ec
tiv

el
y.

 
c T

he
 v

al
ue

s 
in

 p
ar

en
th

es
es

 re
pr

es
en

t 
th

e 
su

m
m

at
io

n 
of

 c
al

cu
la

te
d 

w
ei

gh
t 

lo
ss

 c
au

se
d 

by
 d

eh
yd

ra
tio

n 
of

 t
he

 s
up

po
rt 

al
um

in
a 

an
d 

th
eo

re
tic

al
 

w
ei

gh
t 

lo
ss

 c
al

cu
la

te
d 

ba
se

d 
on

 
th

e 
fo

llo
w

in
g 

eq
ua

tio
n:

 R
uC

I, 
+ 

N
aN

O
s 

+ 
R

u0
2 

+ 
N

aC
l 

fo
r 

th
e 

lo
w

er
 

te
m

pe
ra

tu
re

 w
ei

gh
t 

lo
ss

 a
nd

 R
uC

ll 
d 

Te
m

pe
ra

tu
re

 f
or

 t
he

 m
ax

im
um

 r
at

e 
of

 w
ei

gh
t 

lo
ss

. 
+ 

R
u0

2 
fo

r 
th

e 
hi

gh
er

 t
em

pe
ra

tu
re

 
w

ei
gh

t 
lo

ss
. 



NOTES 245 

I , 

for the thermally treated samples of low 
NaN03 loading; when NaN03 loading ex- 
ceeded 9.3%, NaN03 peaks were detected 
and the intensity of the peaks increased 
with the increase in NaN03 loading. 

These results suggest that RuC13 is de- 
composed by the following two reactions: 

“RuC13” + NaN@ x R~0-2 
?4O”C 

+ NaCl (I) 

“RuCh ,, P~OCCF\ b 
- Ru02 

7XO”C 
(2) 

The theoretical weight loss calculated 
based on Eq. (1) was in good agreement 
with observed degree of weight loss at the 
lower temperature. The theoretical amount 
of undecomposed NaN03 remained after 
process a was proportional to the intensity 
of the endothermic peak for melt of NaN03 
detected by DTA at around 295°C for high 
NaN03 loading samples (Table 1). 

Since commercial “RuCh . 3H20” is a 
complex mixture of polynuclear Ru(IV) 
oxychloro species (21), detail mechanism 
for process a is not clear. However, it must 
be noted that whenever alkali-promoted Ru 
catalyst was prepared by impregnation of 
commercial “RuC13 . 3H20” and alkali or 
alkaline earth nitrate followed by thermal 

treatment and reduction, a process similar 
to process a produced alkali or alkaline 
earth chloride which cannot be removed by 
reduction, and that remaining chloride ion 
severely affects the catalyst performance 
(22). 

Subsequent Reduction 

In another series of experiments, sam- 
ples were thermally treated at 400°C in the 
thermal analyzer and subsequent TPR pro- 
files were examined on the same instru- 
ment. Maximum rates for the reduction of 
samples l-6 were observed at about 160°C. 
This reduction temperature is slightly lower 
than reported temperature for bulk RuOz 
(203”C, (14)) or RuO1/SiOl (18O”C, (16)). A 
higher loading of NaN03 caused both a 
drastic rise in the reduction temperature 
and an increase in the intensity of the exo- 
thermic peak in DTA. Because the reduc- 
tion temperature remained essentially con- 
stant unless NaN03 loading in the original 
sample exceeded 9.3% (i.e., Na/CI = I), 
increase in the reduction temperature for 
high NaN03-loading samples seems to be 
caused by the remaining NaNOx undecom- 
posed by process a. 

The XRD patterns for the reduced sam- 
ples showed Ru metal peaks, and NaCl 
peaks were also seen in Na-containing sam- 
ples (Figs. 2b and 3b). The peaks of NaN03 
which could be observed for the thermally 
treated samples of high NaN03 loading dis- 
appeared in the reduced samples. How- 
ever, sodium salts other than NaCl could 
not be detected by XRD except &NaA104 
(23) found in samples 9 and 10. 

The XRD peak height of Ru metal varied 
with Na content. This result was not caused 
by the presence of Ru species other than Ru 
metal, because the degree of weight loss at 
the reduction stage was essentially constant 
when NaNOx loading is less than 9.3%. 
Therefore, the peak height of Ru seems to 
reflect the particle size of Ru metal crystal- 
lites. To discuss the Ru particle size, the 
half-height width must be measured. How- 
ever, as Ru peaks overlapped with alumina 
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peaks, accurate half-height width could not 
be obtained even after subtraction of alu- 
mina peaks from XRD patterns of the sam- 
ple. Therefore, Ru peak height was deter- 
mined instead of the half-height width. 
Relative peak height of Ru(lO1) to y- 
Al2O3 (440) was then calculated, and thus ex- 
perimental variance in determining XRD 
was eliminated. As can be seen in Fig. 4, 
relative peak height of Ru metal decreased 
with the increase in Na/Cl ratio, and rela- 
tive peak height of Ru metal reached mini- 
mum at Na/Cl = 1. In order to elucidate the 
effect of alkaline component on the particle 
size of Ru, the following experiments were 
carried out. 

1. The sample 1 (9.8% RuC13/A1203) was 
heated at 250°C. A part of this sample was 
reduced with hydrogen on the thermal ana- 

lyzer at 400°C. To the remaining part of the 
heated sample, NaCl was impregnated. The 
concentration of NaCl was adjusted to give 
the same concentration as sample 6. After 
drying in air, the sample was thermally 
treated in air at 400°C and reduced with hy- 
drogen at 400°C. 

2. The sample 6 (9.3% RuClj-9.3% 
NaN03/A1203) was heated at 250°C. Using a 
part of this, TPR profile was examined and 
then XRD of the reduced sample was exam- 
ined. The remaining part of the heated sam- 
ple was washed with water repeatedly until 
no more chloride ions were detected in the 
supernatant. The sample was then dried in 
air. Thermal decomposition behaviour and 
subsequent TPR profile were examined. 

Relative peak height of Ru became higher 
in the following order (sample No., thermal 

4NaCI 
NaCl 

-NaCl + A1203 

I I I J 

40 50 60 70 

ee 

FIG. 2. XRD profiles of the samples derived from 9.8% RuC13/A1203 (Sample 1). They were prepared 
by (a) thermal treatment at 400°C; (b) thermal treatment at 400°C followed by reduction at 400°C; (c) 
heating at 250°C; (d) heating at 250°C followed by reduction at 400°C; (e) heating at 25O”C, impregna- 
tion of NaCI, thermal treatment at 4OO”C, and subsequent reduction at 400°C. 
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I I 1 I 1 I 

20 30 40 50 60 70 

28 

FIG. 3. XRD profiles of the samples derived from 9.3% R&l,-9.3% NaNOI/AIZOI (Sample 6). They 
were prepared by (a) thermal treatment at 400°C; (b) thermal treatment at 400°C followed by reduction 
at 400°C; (c) heating at 250°C; (d) heating at 250°C followed by reduction at 400°C; (e) heating at 
25O”C, removal of NaCl by washing with water, thermal treatment at 400°C. and subsequent reduction 
at 400°C 

NW1 Ratio 

FIG. 4. Relation between Na/Cl ratio and relative 
peak heights of Ru(lOl) and NaCl(200) to A1203(440) 
found in the XRD profiles of reduced RuCI,-NaN02/ 
A&O9 samples. Broken lines indicate peak heights cor- 
rected by taking into account of formation of NaAIOz 
from AlzOj. 

treatment temperature, and figure No. are 
given in this order; all samples were re- 
duced at 400°C; other treatment was speci- 
fied in parentheses): 
1,250,2d < 6,250,3d < 6,400,3b < l,(addi- 
tion of NaCl),400,2e < 6,(removal of Na 
Cl),400,3e < 1,400,2b. 

When two samples prepared by the ther- 
mal treatment at 400 and 250°C are com- 
pared, Ru peak height of the former is much 
higher than the latter. This result indicates 
that during the thermal treatment sintering 
of Ru02 particles occurs via the formation 
of volatile higher oxides of Ru (24, 25), and 
that sintering of Ru metal particles during 
reduction stage can be neglected under our 
reduction conditions. 
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As the heating temperature 250°C is 
above the temperature for process a, RuC& 
and NaN03 in sample 6 had been decom- 
posed into Ru02 and NaCl. Removal of 
NaCl from this sample promoted the aggre- 
gation of Ru particles. On the other hand, 
addition of NaCl to sample 1 prevented the 
aggregation of Ru particles. Therefore, we 
concluded that NaCl has a retarding effect 
on the sintering of RuOz during the thermal 
treatment stage. Consequently, the effect 
of NaN03 addition on the peak height of Ru 
(Fig. 4) can be explained along the same 
line because of the formation of NaCl by 
process a. 
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