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a  b  s  t  r  a  c  t

An  impregnation–precipitation  method  was  developed  for  the  preparation  of activated  carbon  supported
ruthenium-based  catalysts  for ammonia  synthesis.  The  ammonia  concentration  in the outlet  of reactor
for  the  Ba–Ru–K/AC  catalysts  prepared  via  impregnation–precipitation  method  is  as  high  as  20.4  vol%
at  648  K,  pressure  of  10 MPa  and  with  a space  velocity  of  10,000  h−1, which  is much  higher than  that  of
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catalysts  obtained  via  other  preparation  methods.  The  high  performance  of the  catalyst  is attributed  to the
efficient  removal  of  chlorine  ions  and  high  dispersion  of Ru  nanoparticles,  which  is confirmed  by  element
analysis,  X-ray  photoelectron  spectroscopy,  CO-chemsorption,  and  transmission  electron  microscopy.
The  present  study  provides  a new  concept  for  the preparation  of  carbon  supported  ruthenium  based
catalyst,  which  can  be easily  applied  to  industry  and  suitable  for scale  up production.
emoval of Cl−

. Introduction

The synthesis of ammonia from hydrogen and nitrogen is an
mportant process in chemical industry. The annual production of
mmonia is around 180 million tons. The present iron based cata-
ysts require relatively high temperature and pressure in order to
chieve certain productivity, and are energy unfavorable. Although
he invention of the Fe1−xO-based catalyst improves the catalytic
erformance at relatively lower pressure and temperature [1,2], it is
ifficult to further reduce the temperature and pressure for fused

ron catalysts. Consequently, many researchers proposed several
lternative catalysts, such as ruthenium catalyst which has been
tudied intensively since 1970s and are considered as the second
eneration catalysts for ammonia synthesis [3–7].

In the last several decades, a considerable body of papers studied
n the types of supports [5–8], promoters [9–11], and precursors
f ruthenium compounds have been published [12–16].  Among all
upports, carbon materials including activated carbon and graphitic
arbon supported ruthenium catalysts have the highest activities.
t is generally accepted that the alkali and alkali earth metal such as
a, K, and Cs is the most active promoters for ammonia synthesis
17,18]. Ru compounds which can be used as precursors include
2RuO4, RuCl3·3H2O, Ru3(CO)12, Ru(NO)(NO3)3 and Ru(NH3)5Cl3
12–16]. Among all precursors, RuCl3 is the most commonly used
ne because of its low-cost and stable chemical properties. How-
ver, it is generally accepted that chlorine ion is a severe poison for

∗ Corresponding author. Tel.: +86 571 88320766; fax: +86 571 88320259.
E-mail addresses: cuihua@zjut.edu.cn, liying@zjut.edu.cn (H. Liu).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.01.053
© 2011 Elsevier B.V. All rights reserved.

ruthenium catalysts [19–23].  Tennison claimed that the presence of
one chlorine atom on the surface influences up to 6 surrounding Ru
atoms [24]. Kowalczyk et al. [25] found that the chlorine-free Ru/C
catalyst is more than twice as active as the Ru/C catalysts prepared
with RuCl3 as precursor for ammonia decomposition. Therefore,
when RuCl3 is used as Ru precursor, the removal of Cl− is critical
to obtain high performance for ammonia synthesis catalysts. Usu-
ally, the most widely used method for removal of Cl− is hydrogen
reduction method (HRM) [23–26].  It has been reported that con-
tent of chlorine ions decreases when the temperature of reduction
is increased. However, chlorine still remains even after a reduc-
tion at 973 K [26,27]. Generally, the hydrogen reduction method
involves usage of H2 and high temperature, which usually results
in the sintering of Ru metal particles. Especially for the activated
carbon supported ruthenium catalysts, the increasing of reduction
temperature will also cause the methanation of carbon supports,
which is detrimental for the stability of catalysts.

Recently, Lin et al. [28] reported a hydrazine liquid reduction
method (LRM) which involves reduction of RuCl3 by hydrazine
in KOH solution under mild conditions for alumina supported Ru
catalysts. The activity of the catalyst prepared by liquid reduc-
tion method is higher than that of hydrogen-reduced catalysts. But
the LRM process involves hazardous chemicals (N2H4), which is
not highly acceptable in view of environment protection. Another
method for the removal of Cl− such as hot-water washing method
has been proposed in the silica-supported ruthenium catalyst [29].
In the present paper, the composition of catalysts was fixed on
di-promoted Ba–Ru–K/AC catalysts based on our previous research
results and literatures [17,18]. Special attention was paid to the
preparation methods for the ruthenium based ammonia synthesis

dx.doi.org/10.1016/j.cattod.2011.01.053
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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atalysts by using cheap and stable RuCl3 compound as precursor.
n impregnation–precipitation method (IPM) has been developed
nd compared with hydrogen reduction method (HRM).

. Experimental

.1. Catalyst preparation

Activated carbon was provided by Hainan Yeqiu Industrial Co.
td., and Ba(NO3)2, KNO3 and RuCl3 were obtained from Sinopharm
hemical Reagent Co. Ltd., and Sino-Platinum Metals (SPM) Co. Ltd.,
espectively. All the chemicals were used as received without any
urther purification. The particle size of the activated carbon used
n this study is in the range of 1.0–1.4 mm.  Prior to the preparation
f catalysts, the activated carbon (marked with AC0) was treated at
123 K for 12 h in hydrogen flow (marked with AC1) and washed
ith 30% HNO3 at 363 K for 5 h (marked with AC2). The residues on

he above activated carbons (AC2) were further washed by distilled
ater either 3 times (marked with AC3) or washed more than 10

imes (marked with AC4). The above activated carbons were finally
ried at 393 K overnight before being used as catalyst support.

.1.1. Preparation of catalyst via impregnation–precipitation
ethod (IPM)

The above pretreated activated carbon (AC4) was  first impreg-
ated with Ba(NO3)2 solution at room temperature, dried at 110 ◦C

or 8 h. Subsequently, the above sample was impregnated with
queous ruthenium trichloride solution for 12 h at room temper-
ture. Then the wet sample was precipitated by diluted ammonia
olution (or KOH, NaHCO3, Na2CO3, CO(NH2)2, and H2O) at cer-
ain temperature for various time. After deposition, the solid was
ashed by deionized water several times at desired temperature
ntil no Cl− can be detected by AgNO3 solution, and dried at
10 ◦C for 8 h. KNO3 was impregnated via the same procedure with

mpregnation of Ba(NO3)2. The nominal Ba, Ru and K loading of
he catalysts was 2.6, 2.6 and 9.1 wt% respectively. An overview of
reparation process for this method is presented in Scheme 1.

.1.2. Preparation of catalysts via H2 reduction method (HRM)
The preparation of the catalysts by H2 reduction method is sim-

lar to that of the impregnation–precipitation method, except for
hat the sample was reduced under pure H2 with a flow rate of
0 mL/min at 723 K for 12 h after the impregnation of RuCl3 without
sing the precipitation and washing steps. An overview of prepa-
ation process for this method is presented in Scheme 2.

.2. Test of activity

Ammonia synthesis reaction over the sample was carried out in
 fixed-bed reactor with an inside diameter of 14 mm  at the tem-

erature of 648–673 K, space velocity of 10,000 h−1 and pressure
f 10 MPa. The catalyst bed was diluted with quartz (1.0–2.0 mm)
oaded in the isothermal zone of the reactor, and both the ends of
he catalyst bed were also filled with the quartz to prevent the

Scheme 1. The scheme for impregnation–precipitation method (IPM).
Scheme 2. The scheme for H2 reduction method (HRM).

synthesis gas from channeling. The catalysts were activated by
the mixture of N2 and H2 (H2:N2 = 3:1) at a pressure of 5.0 MPa
and with a space velocity of 30,000 h−1 at 673, 698, 723, and
748 K for 4, 8, 8, and 4 h, respectively. After the activation, the
temperature was decreased to 673 K and initial activity was  mea-
sured. Then the temperature was increased to 748 K for 16 h with
space velocity of 30,000 h−1, and pressure of 5 MPa  to test the
stability of the catalysts. After the thermal resistance test, the
final activities were measured. The concentration of ammonia in
the exit gas of the reactor under given conditions was  measured
by a method of sulfuric acid neutralization. All the activity data
used in present paper were measured after thermal resistance
tests at the above mentioned conditions. The synthesis gas was
derived from the decomposition of ammonia with deep removal
of H2O, CO, CO2 and residual NH3 over Pd, 13X, and 5A molecular
sieves.

2.3. Characterizations

The method proposed by Boehm et al. [30] was used
for the chemical titration of AC surface groups. According to
Boehm method, NaHCO3 (pKa = 6.37) neutralizes carboxylic groups,
Na2CO3 (pKa = 10.25) neutralizes carboxylic and lactonic groups,
NaOH (pKa = 15.27) neutralizes carboxylic, lactonic and phenolic
structures. The activated carbon samples were added to the excess
standard base solutions (0.01 mol/L NaOH, 0.02 mol/L Na2CO3,
0.02 mol/L NaHCO3). The acidic surface functional groups of the car-
bon surface were determined by back-titration with HCl solution
after the system reached the equilibrium state.

Determination of the pH values of activated carbon: The mea-
surements were carried out according to GB/T 12496.20-90. 2.5 g of
activated carbons were weighted, and added to a flask filled with
50 mL of boiling water. The above mixture was boiling for 5 min.
After that, the activated carbon was filtrated and 5 mL of the liquid
part was  used for the measurement of pH value. The pH value was
measured by Sartorius pH meter with pH/ATC electrode.

The elemental content of Ba and Ru in the solution was
determined by inductively coupled plasma optical emission spec-
trometry (ICP-OES on SpectroCiros CCD). All the solutions were
collected and diluted to 1 L. The chloride content in the catalysts
was determined by energy dispersive spectrum.

Nitrogen sorption isotherms were determined at 77 K by a
Micromeretics ASAP 2020 instrument in static measurement mode.
Before the measurement, the samples were degassed at 523 K for
10 h.

Transmission electron microscopy (TEM) was performed on a
TECNAI G2 F30 S-TWIN FEI Tecnai electron microscope with a field
emission gun as the source of electrons operated at 300 kV. Sam-
ples were mounted on a copper grid by placing a few droplets of
a suspension of ground sample in ethanol on the grid, followed by
drying at ambient conditions.
CO-chemisorptions were carried out on a Micromeritics
AutoChem 2910 instrument. The catalyst was reduced in a H2
flow at 723 K for 4.0 h. The sample was subsequently purged with
helium for 1.5 h to remove H2 adsorbed on the surface of the cat-



 Today 174 (2011) 97– 105 99

a
C
d

U
t
a
w

3

3

s
h
c
b
t
s

v
I
t
a
a
b
a
g
B
c
T
u
r
c
t
h
h
a
b
a
s

s
m
r
w
i
i
a
a

a
r
e
o
o
p
t
d
c
o
t
(
b

p
re

tr
ea

tm
en

t  

on

 

co
n

ce
n

tr
at

io
n

 

of

 

su
rf

ac
e  

fu
n

ct
io

n
al

 

gr
ou

p
s  

(m
m

ol
/g

)  

an
d

 

p
H

 

va
lu

es

 

fo
r  

ac
ti

va
te

d

 

ca
rb

on
s  

an
d

 

d
is

p
er

si
on

 

of

 

R
u

 

an
d

 

ac
ti

vi
ti

es

 

of

 

am
m

on
ia

 

sy
n

th
es

is

 

fo
r  

B
a–

R
u

–K
/A

C

 

ca
ta

ly
st

s.

N
ot

es

 

A
-C

O
O

H

 

+A
-C

O
R

 

+A
-O

H

 

A
-C

O
O

H

 

A
-C

O
R

 

A
-O

H

 

B
as

ic

 

G
ro

u
p

 

p
H

 

S.
A

. 

P.
V

. 

R
u

 

Pa
rt

ic
le

si
ze

 

(n
m

)
R

u
D

is
p

er
si

on
(%

)

N
H

3
(v

ol
%

)a

64
8 

K

 

67
3 

K

U
n

tr
ea

te
d

0.
16

0
0.

10
0.

06
0.

03
9.

1  

12
38

0.
65

 

7.
9 

17
.1

 

9.
3 

18
.0

Tr
ea

te
d

 

by

 

H
2

N
on

e 

N
on

e 

N
on

e 

N
on

e 

0.
50

 

10
.2

 

11
56

 

0.
59

 

8.
1 

16
.6

 

8.
6 

17
.7

Tr
ea

te
d

 

by

 

H
2

an
d

 

n
it

ri
c 

ac
id

 

1.
02

 

0.
86

 

0.
19

 

N
on

e 

N
on

e 

3.
8 

11
56

 

0.
59

 

4.
7 

28
.6

 

17
.5

 

22
.7

A
C

 

tr
ea

te
d

 

by

 

H
2

an
d

 

n
it

ri
c 

ac
id

 

(w
as

h
in

g 

3 

ti
m

es
) 

1.
02

 

0.
86

 

0.
16

 

N
on

e 

N
on

e 

4.
0 

11
56

 

0.
59

 

3.
6 

37
.8

 

18
.4

 

22
.8

Tr
ea

te
d

 

by

 

H
2

an
d

 

n
it

ri
c 

ac
id

 

(w
as

h
in

g 

10

 

ti
m

es
) 

1.
02

 

0.
76

 

0.
29

 

N
on

e 

N
on

e 

4.
3 

12
81

 

0.
63

 

3.
7 

35
.6

 

20
.4

 

23
.1

it
ie

s 

w
er

e 

m
ea

su
re

d

 

at

 

10

 

M
Pa

, 1
0,

00
0 

h
−1

.

Y. Li et al. / Catalysis

lyst, then been cooled down to room temperature in helium.
O-chemisorption was measured by the pulse method by intro-
ucing 5% CO + 95% He flowing over the sample.

X-ray photoelectron spectroscopy was done on a Kratos AXIS
ltra DLD analytical instrument. A monochromatic Al K� radia-

ion (1486.6 eV) with analyzer pass energy of 80 eV was  operated
t 3 mA and 15 kV. The pressure in the XPS sample analysis chamber
as less than 8 × 10−8 Torr.

. Results and discussions

.1. Optimization of AC support

The commercial activated carbons differ from porosity, chemical
urface properties, and impurities, such as P, S, N, O and Cl, which
ave significant effects on the performance of ammonia synthesis
atalyst. It has been reported that pretreatment of activated car-
on by hydrogen can reduce the content of impurities [19,20], and
hen almost identical performance can be achieved for catalysts
upported on different activated carbons.

The data of the surface functional groups and pH values for acti-
ated carbon treated with different methods are given in Table 1.
t can be seen that the amount of basic groups increases from 0.03
o 0.50 mmol/g and the surface pH value increases from 9.1 to 10.2
nd the surface functional groups such as –COOH, –OH, and –COR
re completely removed after the activated carbon was pretreated
y H2. It is well documented that the surface functional groups
re very important for the dispersion of ruthenium, while the basic
roups are not suitable for the anchoring of noble metal ions. Prado-
urguete et al. [31] found that the oxygen surface groups of the
arbon support play a major role in the final metal dispersion.
o make the chemical properties of the activated carbon surface
niform, treatment of nitric acid is necessary as reported in many
eferences [32–35]. Han et al. [36] reported that when the activated
arbon was treated with appropriate amounts of HNO3, the quan-
ity of mesopores and surface hydroxyl groups can be increased and
igher hydrophilic property can be achieved as well which leads to
igher dispersion of ruthenium and enhanced activity of the cat-
lyst prepared by impregnation of RuCl3 aqueous solution. As can
e seen in Table 1 and Fig. 1, most of the surface functional groups
re recovered after nitric acid treatment and the amount of oxygen
urface groups increases significantly.

The dispersion of the ruthenium nanoparticles for the catalysts
upported on the above activated carbons with various pretreat-
ents is also given in Table 1. It shows that the dispersion of

uthenium supported on the as-received activated carbon and AC1
ith H2 pretreatment is about 17.1 and 16.6%, respectively, which

s quite similar. This means pretreatment of support by H2 cannot
mprove the dispersion of Ru metal particles. However, after the
ctivated carbon was pretreated by nitric acid, the dispersion of Ru
nd catalytic activity were improved significantly.

The surface functional groups such as carboxyl, lactones,
nd phenols decompose upon heating under helium atmosphere
eleasing CO and CO2 at different temperatures. Thus He-TPD was
mployed for the determination of the surface functional groups
f activated carbon. It has been widely accepted that each type
f oxygen-containing functional groups decomposes to a defined
roduct, e.g., a CO2 peak results from carboxylic acids at low
emperatures, or lactones at higher temperatures; carboxylic anhy-
rides originate both a CO and a CO2 peak; phenols, ethers, and
arbonyls (and quinones) originate a CO peak [37,38]. The profiles

f He-TPD show that the amount of CO2 decreases after H2 pre-
reatment, and increases dramatically after nitric acid treatment
Fig. 1(a)), indicating that the materials contain relatively more car-
oxyl and phenolic hydroxyl groups after treatment by nitric acid. Ta
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Fig. 1. He–TPD–MS profiles of the raw activated carbon (AC0), the raw AC after
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Table 2
Effect of different precipitators on the Ru dispersion and catalytic performances for
Ba–Ru–K/AC catalysts.

Precipitants Ru dispersion (%) Ru grain size (nm) NH3 (vol%)a

648 K 673 K

NH3·H2O 35.6 3.7 20.4 23.1
KOH 23.7 5.7 16.3 22.5
NaHCO3 22.5 6.2 16.0 22.5
Na2CO3 10.7 12.5 14.1 20.3
CO(NH ) 6.2 21.7 14.2 20.1
reated via H2 at 1173 K for 3 h (AC1), and AC1 treated by concentrated nitric acid
olution (AC4). (a) The desorption spectra of the CO2 (m/e = 44); (b) The desorption
pectra of the CO (m/e = 28).

he trend of CO curve is similar to that of CO2 according to Fig. 1(b).
hese results further confirm the results obtained by chemical
itration that most of the functional groups can be generated and
ecovered by nitric acid treatment. Therefore, the AC supports used
n present investigation are pretreated via H2 at 1173 K and nitric
cid with concentration of 30% to obtain an optimized performance
f the catalysts.

.2. Optimization of the impregnation–precipitation method

Impregnation is a widely used method for preparing supported
atalyst and it is able to prepare supported noble metal catalysts
ith low metal loading and high dispersion. Although RuCl3 is rel-

tively cheap and stable compares with other Ru precursors such
s K2RuO4, Ru3(CO)12 and acceptable for the large scale produc-
ion, the Cl− in RuCl3 is a severe poison for ammonia synthesis.
herefore, the removal of Cl− is crucial to obtain catalysts with high
erformance when RuCl3 is employed as a precursor. According to
he calculation result as follows:

uCl3 + 3OH− = Ru(OH)3 + 3Cl− (1)

sp(Ru(OH)3) = [Ru3+] × [OH−]3 = 1 × 10−36(298 K) (2)
Ru ions can be precipitated in the form of hydroxide facilely
ecause the Ksp(Ru(OH)3) is so low. For example, when pH value of
he solution is 7.0, the concentration of Ru3+ in aqueous solution is
0−15 mol/L. The chloride ions in RuCl3 can be replaced completely
2 2

Deionized water 5.3 25.5 11.7 19.6

a The activities were measured at 10 MPa, 10,000 h−1.

by OH−, and removed by the washing solution in form of Cl−. If
this process can be realized during the catalyst preparation, the
shortcomings of the reduction by H2 can be completely avoided,
and the preparation process can be simplified significantly with
thermal treatment and H2-reduction steps removed. Consequently,
we adopted IPM to remove the Cl− in the RuCl3 and immobilize the
Ru precursor. The types of precipitators and washing process were
investigated in detail.

3.2.1. Precipitators
Obviously, the alkaline solutions (such as KOH, Na2CO3,

NaHCO3, NH3·H2O, CO (NH2)2) can be used as the precipitators.
The effect of different precipitators on the particle size of the Ru
and catalytic activity are listed in Table 2. With the selected pre-
cipitators, the catalyst precipitated by ammonia hydroxide has the
highest Ru dispersions and the highest activities. The catalyst been
prepared without any precipitators only H2O was used for same
procedures has the lowest activity among all the catalysts pre-
pared, which indicates that the precipitation process is necessary
to improve the performance of the Ru/AC catalysts. The activities of
the catalysts prepared by using strong alkalis such as KOH, NaHCO3,
and Na2CO3 are not as high as the catalysts prepared with ammonia
hydroxide. It should be noted that CO(NH2)2 may be a better pre-
cipitating agent as it releases NH3 sluggishly if the precipitation is
undertaken under proper conditions. Considering the method suit-
able for scale up production, the ammonia solution is cheaper and
easier to be operated, we did not choose CO(NH2)2 as precipitator
in the present work. In the following experiments, the ammonia
hydroxide was used as precipitator and studied in detail for the
investigation of IPM.

In order to prove the effect of base used as a precipitating agent
for the deposition of Ru precursor, in removing the chloride moiety,
the comparison experiment was  conducted in a separate experi-
ment. During this experiment, AC4 was further treated with the
same ammonia solution used in the above preparation process, fol-
lowed by washing with distilled water several times. This support
was used for preparation of Ba–Ru–K/AC catalyst with Ru deposi-
tion by impregnation (without base precipitation). It is found that
the activity of catalysts prepared via this method is similar to that
of the untreated one and much lower than that of catalysts pre-
pared via IPM method. This result indicates that the liquid phase
pretreatment of AC support has no positive effect on the activity of
the catalysts. Further confirms that the role of ammonia solution is
precipitation of Ru3+ and thus resulting in effective removal of Cl−

as will be discussed the following sections.

3.2.2. Concentration of the precipitated solutions
The effect of the concentration of ammonia hydroxide solutions

during precipitation on the catalytic activity is summarized in Fig. 2.

Apparently, the activity of the catalyst increases with the concen-
tration of the ammonia and decreases with further increasing of
ammonia concentration. We  suggest that small Ru(OH)3 clusters
can be easily formed in diluted ammonia solution, and thus results
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Fig. 2. (Left) Effect of precipitator concentration on the catalyst activity (10 MPa, 10,000 h−1); (right): pH values of the precipitator solution vary with the ammonia
concentration.
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Table 4
ICP analysis results for the washing solutions after ammonia precipitation during
preparation.

Experiment No. CRu (ppm)a CBa (ppm)a Loss of Ru
(%)b

Loss of Ba
(%)b

1 5.6 31.5 4.7 26.2
2  5.1 29.9 4.2 24.9
3  5.4 33.3 4.5 27.7
Average 5.4 31.6 4.5 26.3

a All the water used for washing was  collected and diluted to 1 L for ICP analysis.
Fig. 3. Effect of precipitation time on activity of the catalysts.

n catalysts with high Ru dispersion and high activity. With higher
oncentration of ammonia and pH value, the rates of Ru(OH)3 clus-
ers formation may  be too fast which may  cause the conglomeration
f ruthenium clusters.

.2.3. Precipitation time
Fig. 3 illustrates the effect of precipitation time on the activi-

ies of the catalyst. It is found that the catalytic activity increases
lightly with the precipitation time and is stabilized when precip-
tation time reaches 5 h. This indicates that ruthenium ions can be
ompletely precipitated after 5 h. Practically, in order to guarantee
he completed precipitation, the precipitation time of 8 h is adopted
or the preparation of the optimized catalyst.
.2.4. Effect of the washing process
The washing process is necessary to remove the Cl− carried by

uCl3 precursor. The variation of activities and contents of Cl− in the
atalysts with washing temperatures are shown in Table 3. It can be

able 3
ffect of washing temperature on the Cl− content remained in the catalysts and
ctivity for Ba–Ru–K/AC catalysts.

Experiments entries Washing temperature (K) Cl (wt) % NH3 (vol%)a

648 K 673 K

1 303 0.35 15.4 20.8
2  323 0.26 17.2 21.8
3  343 0.16 19.2 22.7
4 363 0.10 20.2 22.8

a The activities were measured at 10 MPa, 10,000 h−1.
b Calculated by CRu (ppm) or CBa (ppm) in solutions and total Ru3+ and Ba2+ ions
loaded on catalysts.

seen that less of chloride ions are left on catalyst at higher washing
temperature. This trend is similar to that of catalytic performance.
Optimal activity was achieved when the catalyst was  washed at
363 K. The volume of the washing water needed for removing the
remaining Cl− is not only associated with the washing tempera-
ture, but also with washing time. With the identical washing time,
the lower of the washing temperature, more water are necessary.
When the temperature was  increased to 363 K, twice washing are
enough to remove Cl− in the catalyst. Under the conditions studied,
the optimum washing procedure is three times of washing at 363 K
with about 90 mL of water.

Due to the present method involving a washing procedure, the
leaching of components is a very important issue for its successful
application in industry. Because of the strong absorption ability and
acid–base resistance character of activated carbon, it is difficult to
totally dissolve the catalysts in acid solution which makes the direct
analysis of actual Ru loadings in Ru/AC catalysts inaccurate by ICP
or other techniques especially for the catalysts with such low Ru
loadings (the target loading of Ru is 2.6 wt%). We  tried to dissolve
the catalyst in several mixtures of acids, but the analysis results
are not repeatable. Therefore, the loss of catalyst components was
studied by analyzing the solution collected during washing process.
Firstly, all the water used during the experiments were collected
and diluted to 1 L, and then it was  analyzed by ICP method. The data
are given in Table 4. To minimize the experimental deviation, the
experiments were repeated 3 times. It can be seen that ca. 5 ppm of
Ru ions and 32 ppm of Ba ions were detected in the diluted washing
solution. The average loss of ruthenium and barium is about 4.5 and
26.0%, respectively. This means that the precipitation of Ba(NO3)2 is
not completely and part of Ba2+ is dissolved in the washing solution.
Because the Ksp of Ba(OH)2 is 5.0 × 10−3 in comparison with the

−36 2+
Ksp of Ru(OH)3 of 1.0 × 10 , it is reasonable that the loss of Ba
is higher than that of Ru3+. According to our previous optimized
catalyst components and preparation conditions [18], Ba has to be
impregnated before Ru to get highly active ammonia synthesis cat-
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Table  5
Catalytic performance and remained content of Cl− of Ba–Ru–K/AC catalysts pre-
pared via different methods.

Catalysts Chlorine removal methods Cl (wt%) NH3 (vol%)a

648 K 673 K

10 HRM 0.29 17.8 21.5
11  IPM 0.10 20.4 23.1
12 Untreated 4.57 15.4 21.1

a
b
o
s
c

3
m

3
d

c
I
a

F
S

13 LRM 0.22 18.5 22.9

a The activities were measured at 10 MPa, 10,000 h−1.

lyst. Therefore, the leaching of Ba is unavoidable. The optimized
arium loading can be adjusted accordingly during the preparation
f the catalysts. This is not a problem for production considering the
olution can be recycled during the production of commercialized
atalysts.

.3. Comparison of Ba–Ru–K/AC catalysts prepared via different
ethods

.3.1. Performances of Ba–Ru–K/AC catalysts prepared via
ifferent methods
The catalytic performances and Cl− contents for the Ba–Ru–K/AC
atalysts prepared via different methods are summarized in Table 5.
t can be seen that Cl− content for untreated catalyst is 4.57 wt%,
nd the outlet ammonia concentration of this catalyst is 15.4% at

ig. 4. STEM (a) and (c) and HRTEM (b) and (d) images for Ru/AC catalysts prepared via H
TEM  images and black dot in TEM is Ru as confirmed via EDS.
 174 (2011) 97– 105

648 K, 10 MPa, and with space velocity of 10,000 h−1. The chlorine
content is relatively low for the catalysts prepared via other meth-
ods. Among them, the content of Cl− for the catalyst prepared via
the IPM is the lowest one, with only 0.10% Cl− remained. The NH3
concentration for the catalysts prepared by IPM reaches 20.4% at
648 K, which is the highest among all catalysts and under simi-
lar conditions, the NH3 concentrations for the catalysts prepared
via HRM and LRM are 18.5 and 17.8%. The NH3 concentrations
for the catalysts prepared by HRM and IPM are similar which is
23% at 673 K. Because the activities of the optimized Ba–Ru–K/AC
catalyst prepared via IPM at high temperature are approaching to
the equilibrium limits (for example, equilibrium concentration of
ammonia is 25.4% at 673 K and 10 MPa, 31.2% at 623 K and 10 MPa).
Our target is to develop the catalysts with high performance at low
temperature and pressure which favor both the energy efficiency
and productivity. In this point of view, the catalyst prepared by IPM
method is competitive for industrialized application.

3.3.2. Characterizations of Ba–Ru–K/AC catalysts prepared via
different methods

It is known that the ruthenium nanoparticles supported on acti-
vated carbon are difficult to be observed by transmission electron

microscope due to the influence of activated carbon, especially for
the catalysts with high loading of promoters [39]. To avoid the
disturbance of the promoters on the dispersion of Ru, the Ru/AC
catalysts without promoters were prepared by HRM and IPM for the

2 reduction (a) and (b) and precipitation methods (c) and (d). The bright dot in the
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Table 6
Dispersion of Ru nanoparticles for Ru/AC, Ba–Ru/AC and Ba–Ru–K/AC catalysts prepared via different methods determined by CO-chemsorption method.

No. Catalysts Preparation methods Dispersion (%) Ru particle size (nm) Ru surface area (mL/sample) Ru surface area (mL/metal)

3 Ru/AC HRM 47.0 2.9 4.5 171.5
5 Ru/AC IPM 64.0 2.1 6.1 233.7
7 Ba–Ru/AC HRM 35.5 3.8 3.4 129.8

 5.0 193.6
 1.4 52.3
 2.9 111.1

T
p
d
r
a
r
[
b
i
I
R
d
i
c
i
e
c
r
w
d

r
s
C
i
o
a
t
w
s
w
o
T
a
w
(
l
w
T
t
T
p

9  Ba–Ru/AC IPM 53.0 2.5
10  Ba–Ru–K/AC HRM 14.3 9.4
11  Ba–Ru–K/AC IPM 35.6 3.7

EM characterization. The HRTEM and STEM images of Ru/AC pre-
ared by IPM and HRM methods are illustrated in Fig. 4. The white
ots distribute on STEM images and black dots on TEM images are
uthenium particles which are confirmed by EDS analysis (results
re given in Fig. 5). It can be seen that the Ru particle sizes are in the
ange of 2–3 nm and are highly dispersed on the activated carbon
40]. Consequently, the dispersion of Ru particles was characterized
y CO-chemsorption for the various promoted catalysts, as shown

n Table 6. Dispersion of Ru particles for the catalysts prepared via
PM is higher than that of the catalysts prepared via HRM for all
u/AC, Ba–Ru/AC, and Ba–Ru–K/AC catalysts. It can be seen that the
ispersion of Ru decreases with addition of Ba and K promoters. This

s due to that part of the Ru particle is covered by promoters which
annot be contacted with CO probe molecule. These results are
nconsistent with the TEM observations. We  suggest that the differ-
nce of Ru dispersions determined by CO-chemsorption and TEM
haracterizations is caused by the existence of Cl−. Because Cl− ions
emain on the catalyst usually bond tightly with Ru atoms, which
ill affect the CO-chemisorption and consequent determination of
ispersion of Ru atoms as reported in literature [41,42].

In order to study the effect of precipitation on the state of
uthenium ions, the above catalysts were characterized by XPS
pectroscopy. Specific attention was paid to comparison of the
l/Ru ratio for Ru/AC catalysts prepared via impregnation and

mpregnation–precipitation method. Fig. 6 shows the XPS spectra
f Ru 3d and 3p region for the as-prepared and reduced Ru/AC cat-
lysts prepared by impregnation and precipitation methods. Since
he C 1s peak covers the Ru 3d3/2 signal and partially overlaps
ith the Ru 3d5/2 peak, a quantitative estimation of the oxidation

tates is difficult from those spectra. Hence the Ru 3p3/2 region
as measured for the analysis. Due to low Ru loading, the signal

f 3p is quite weak although the accumulated time is prolonged.
herefore, the Ru 3p3/2 signal are only used to calculate the total
rea, which is not deconvoluted. The Ru 3d3/2 peak is overlapped
ith the C-1s peak at 285 eV derived from carbonaceous impurities

CHx) originally present on the catalyst surface or slowly accumu-
ated in the spectrometer. Consequently, only the peak at 281 eV

hich is assigned to Ru 3d5/2 is used in the following discussion.

he analysis results are summarized in Table 7. The Ru 3d spec-
rum from the pure RuCl3 (sample 1) is also given for comparison.
he main peak of Ru 3d spectrum for the as-prepared catalysts
repared via different methods is at 281.3 eV. This peak shifts to

Fig. 5. EDS data for the bight region in the STEM images in Fig. 4(a).
Fig. 6. XPS spectra (Ru 3d, and Ru 3p) for Ru/AC catalysts prepared via different
methods.

280.7 eV for reduced catalysts. The components at lower binding
energy are assigned to Ru(0) and anhydrous RuO2 species, whereas
the component at 281.3 eV matches the character of RuCl3 for the
sample 2 prepared by impregnation method, which is shifted by
0.3 eV compared to pure RuCl3. And the similar position for the
sample 4 prepared by precipitation method could be assigned to
hydrous RuO2 (also written as RuOxHy), which is reported to have
a higher BE than its anhydrous form [43]. The presence of RuO3 was
excluded in favor of the hydrous amorphous RuO2·xH2O, since the
former is thermodynamically unstable under the reduction tem-
peratures employed here [44]. As reported in reference [45], for the
Ru/MgO and Ru–Cs+/MgO samples, the E (Ru 3d5/2) values are 279.5
and 279.0 eV, respectively, which are 0.7 and 1.2 eV lower than the
value of E (Ru 3d5/2) observed for the bulk Ru metal (280.2 eV). The
negative shift of the Ru 3d core level spectrum with respect to that

of bulk Ru metal has been considered as the transfer of electron
density from the basic support to supported Ru metal particles. But
this phenomenon is not observed for activated carbon supported
ruthenium catalysts.
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Table  7
XPS data analysis results for the Ru/AC catalysts prepared with different methods.

No. Samples Preparation methods Ru Position (eV) Species Area (%) Cl/Ru

3d 3p Ru 3d Ru 3p Cl 3d 3p

1 RuCl3·H2O 281.6 463.1 RuCl3 0.18 0.16 0.27 1.5 1.7
2  As prepared Ru/AC HRM 281.3 463.0 RuCl3 0.02 0.02 0.06 4.2 4.2

461.9
462.9
462.7

t
s
v
5
t
o
u
t
t
i

b
o
r
p
b
(
d
c
i
a
t
a

c
T
p
t
h
s
g
o
i
d

F
C

3  Reduced Ru/AC HRM 280.7 

4 As  prepared Ru/AC IPM 281.4 

5 Reduced Ru/AC IPM 280.9 

The area ratio of Ru and Cl elements calculated by XPS spec-
ra are given in Table 7. It can be seen that the Cl/Ru ratio for
amples 2 and 3 prepared by impregnation methods has similar
alue, which is about 4.0. While the Cl/Ru ratios for samples 4 and

 decrease significantly. It is found that the content of Cl after reduc-
ion of the catalysts by H2 does not decrease although the valence
f Ru changes from 3+ to 0. It could be that the reduction prod-
ct of HCl is reabsorbed on the surface of activated carbon due to
he strong adsorb ability of the support. This further confirms that
he precipitation and washing process is more effective than direct
mpregnation method for removal of Cl−.

All the characterizations regarding to the main difference
etween the catalysts prepared via HRM and IPM is the content
f Cl− remained on the catalysts. Although according to the TEM
esults, the dispersion of the ruthenium is similar for the catalysts
repared by above two methods, the dispersion of Ru determined
y CO-chemsorption is lower for the catalysts prepared by HRM
14.3%) than that of the catalysts prepared by IPM (35.6%). If we
raw a pattern for the relationship between the activity and Cl−

ontent (which is given in Fig. 7), it can be seen that the activity
ncrease lineally with decreasing of residual Cl− content, especially
t very low residual Cl− content range. It also can be seen that
he slop of the line is very large. That strongly suggests that small
mount of Cl− has large effects on the performances of the catalysts.

It should be pointed out that the composition and preparation of
atalysts were also optimized for the catalysts prepared via HRM.
herefore, the activity at 673 K is similar with that of the catalysts
repared via IPM (23.1% compares to 22.9%). This activity is near
he thermodynamic equilibrium of the system. Both of them have
igh Ru dispersions and low Ru loadings (2.6 wt%), and the particle
ize is in the optimized range of 2 and 3 nm (from TEM observation

iven in Fig. 4, which is taken to optimized one for the generation
f active B5 sites). The differences of the activity at 648 K or the
mprovement of the activity from 18.5% (HRM) to 20.4% (IPM) are
ue to the efficient removal of Cl−. This improvement makes big

ig. 7. The relationship of catalysts activity at 10 MPa, 10,000 h−1, and 648 K with
l− contents. The data are obtained from Tables 3 and 5.
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 RuO2/Ru 0.02 0.02 0.08 4.0 4.0
 Ru(OH)3 0.04 0.03 0.05 1.3 2.0
 RuO2/Ru 0.04 0.04 0.06 1.6 1.4

sense for a more efficient, cheap, and energy saving catalysts that
can be used in industry.

4. Conclusions

In summary, the present investigation gives an optimized
impregnation–precipitation method for the activated carbon sup-
ported ruthenium catalyst. It is found that pretreatment by nitric
acid combined with H2 is necessary to improve activity of the
Ba–Ru–K/AC ammonia synthesis catalyst. Introducing a precipita-
tion and washing step after the impregnation of RuCl3 precursor
is effective to remove of Cl− and thus obtain a high performance
catalyst. The H2 reduction step during preparation can be left out
and low cost RuCl3 precursors can be used without worry about the
poison of Cl− in present impregnation–precipitation method (IPM),
which can be easily performed and suitable for scale-up production.
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