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Abstract

The first catalysts on carbon support exhibiting activity in ammonia synthesis in the absence of a specially added electron
promoter have been found. The catalysts were prepared by depositing K ,[Ru,(CO),;], K ,[0s5(CO),;] and K ,[Fe,(CO)g]
from THF solutions on the original graphite-like active carbon ‘ Sibunit’ followed by drying of the samples obtained at 20°C
in vacuum. The highest efficiency is displayed by the K ,[Ru (CO),5] catalyst which is active in ammonia synthesis starting
from 250°C (1 atm). On passing from K ,[Ru,(CO),;5] to K ,[0s,(CO),;] and then to K ,[Fe,(CO),] the rate of ammonia
synthesis lowers. The replacement of * Sibunit’ by usual commercial active carbon SKT results in a sharp decrease in activity
and stability of the catalysts. An introduction of metallic potassium into the catalysts on ‘ Sibunit’ carbon accelerates strongly
the process of ammonia synthesis. A study of the K ,[Ru,(CO),5] + K and K ,[Fe,(CO)g] + K catalysts has shown that at
constant transition metal and carbon contents in the system, the activity of both catalysts passes through a maximum with an
increase in potassium quantity, in the case of ruthenium the position of the maximum being reached at considerably less
amounts of potassium in the sample than in the case of iron. The K ,[Ru,(CO),;] + K catalyst is much less active than the
K ,[Fe,(CO)g] + K catalyst at 200°C but considerably exceeds it in activity at higher temperatures (250-350°C). © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the exciting trends in the modern
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ammonia synthesis from dinitrogen and dihy-
drogen. During the last decades, considerable
progress in this important area has been
achieved. The starting point was the discovery
of the fact that the systems based on transition
metal compounds and strong reducing agents
are capable of reacting with molecular nitrogen
in solution at room temperature to form nitride
derivatives which give ammonia upon hydroly-
sis [1]. Subsequently, it has been shown that
similar systems are able to catalyse at elevated
temperatures gas phase ammonia synthesis from
N, and H, (see, eg., Refs. [2-18]).

In the early studies, transition metal phthalo-
cyanine complexes [2], transition metals them-
selves on carbon and oxide supports [3—6] as
well as lamellar compounds of graphite with
transition metals and their chlorides [7—9] were
utilized for obtaining the catalysts. As the elec-
tron donors, use was made of alkali metals. The
highest activity among these new ammonia syn-
thesis catalysts was exhibited by Ozaki—Aika
catalysts based on ruthenium and osmium on
active carbon treated with metallic cesium or
potassium [3—-6]. For preparation of these cata-
lysts (which turned out to be substantially more
active than conventional doubly promoted iron
catalyst for ammonia synthesis), RuCl, and
0sO,, respectively, were employed as precur-
sors of catalytically active species. It is impor-
tant to note that in the absence of akali metal,
ruthenium and osmium on active carbon dis-
played no activity in ammonia synthesis even at
400°C [3], athough the same transition metals
in a bulk state belong, as is known, to the most
active metals in anmonia synthesis. The reason
of so strong inhibiting effect of a support is the
electron-withdrawing nature of active carbons,
leading to a decrease in the electron density on
the transition metal atoms, which prevents the
efficient dinitrogen activation. An introduction
of akali metal into the system could neutralize
this unfavourable effect of carbon support by
means of electron transfer onto transition metal
atoms up the appearance of partial negative
charge on them.

In our continuing studies [10—18] on the de-
velopment of catalysts for low-temperature am-
monia synthesis, we use potassium derivatives
of anionic metal carbonyl clusters of ruthenium,
osmium and iron (K,[Ru,(CO);;], K,[Os,-
(CO),], K [Fe,(CO)g] as precursors of cata
lytically active particles. These anionic clusters
can be formally considered as consisting of the
negatively charged transition metal atoms stabi-
lized by carbon monoxide ligands. One might
suggest that the presence of potassium in such
clusters would enable to design catalysts on
carbon support which will be active in ammonia
synthesis in the absence of a specidly in-
troduced metallic potassium or other similar
electron promoter. In the present paper we des-
cribe the first examples of the ammonia
synthesis catalysts of such type. The K [Ru,-
(CO)y5l-, K, [0s,(CO),]- and K [Fe,(CO)gl-
based catalysts containing specially added
metallic potassium are also reported. For pre-
liminary communications, see Refs. [15,18].

2. Results and discussion

The catalysts not containing a specialy intro-
duced metallic potassium were prepared by im-
pregnation of carbon support with THF solution
of the cluster (K ,[Ru,(CO),;], K,[Os4(CO),,],
K ,[Fe,(CO)g]) followed by removal of THF at
20°C in vacuum. Supports used were conven-
tional commercia active carbon SKT (1500
m?/g; 85.86% C, 0.24% H) of the Russian
production and the origina graphite-like active
carbon ‘ Sibunit’ (500 m?/g, 99.5% C) [19]. A
characteristic feature of ‘ Sibunit’ carbon differ-
ing it from SKT and other usua active carbons
is an increased amount of mesopores as well as
very low content of mineral admixtures and
other impurities. The amount of Ru and Fe
loadings in the catalysts was 9 wt.%, the Os
loading was 17.2 wt.%.

In the course of impregnation of carbon SKT,
dark red solutions of K,[Ru,(CO);5;] and
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K ,[Os4(CO),,] turned olive-green which is evi-
dently due to chemical processes taking place
on contact of the clusters with the surface of the
support. Upon depositing K ,[Fe,(CO)g] on SKT
carbon, no visible changes in a dark red colour
of the solution of the initial carbonylate were
observed, although the Mosshauer and IR spec-
troscopy data [12] indicate that under conditions
of supporting, K ,[Fe,(CO)g] undergoes deep
transformations to afford K,[Fe,(CO),5], two
yet unidentified iron carbonyl complexes as well
as high-spin Fe(ll) derivative. The process of
impregnation of carbon ‘Sibunit’ was not ac-
companied by change in colour of the starting
THF solutions of K,[Ru,(CO).;;l, K,[Os,-
(CO),;1 and K ,[Fe,(CO)q.

After supporting and drying, the samples ob-
tained were tested in ammonia synthesis. The
results of testing have shown that the nature of
the carbon support exerts a dramatic influence
upon the ammonia synthesis rate and stability of
the catalysts.

The experiments on ammonia synthesis were
conducted in a flow-type glass reactor at 250—
400°C and atmospheric pressure with use of
stoichiometric N,—H, mixture (flow rate = 10
| /h). The amount of transition metal in the
samples was 3.9 mmol in the case of K,[Fe,
(CO)gl and 2.2—2.3 mmol in the case of K ,[Ru,,-
(CO);5] and K,[Os,(CO),,]. Testing the cata-
lysts was started from 250°C, then the tempera-
ture was successively raised to 300, 350 and
400°C.

Fig. 1 shows the time-dependencies of the
ammonia concentration in the gas flow for the
K ,[Ru,(CO),;] catalysts on carbons SKT and
‘Sibunit’. Both samples are indeed capable of
catalysing ammonia synthesis in the absence of
a specially added electron promoter but they
differ very strongly from each other in their
activity and stability. Thus, in the case of the
catalyst on carbon SKT, the process of ammo-
nia synthesis takes place only at 400°C and at
very low rate (Fig. 1a). In addition to that, the
activity of the catalyst rapidly falls down with
time. Different picture is observed for the same

()

0.2 +

0.4

[NH3] ,vol. %

0.6 |

0.4 F-O—D—C—O--O2

[NH3],V01.%

0.2

Time, h

Fig. 1. The time-dependencies of the ammonia concentration in
the gas flow for the K,[Ru,(CO);] catalysts on SKT (&) and
‘Sibunit’ (b) carbons (2.5-2.7 g of the samples containing 2.2-2.3
mmol of Ru).

ruthenium catalyst but on carbon ‘Sibunit’. As
seen from Fig. 1b, the use of this sort of carbon
results in a sharp increase in activity of the
sample in ammonia synthesis. The catalyst on
‘Sibunit’ is aso much more stable than the
corresponding sample on SKT carbon and its
activity in ammonia synthesis remains practi-
cally unchanged for many hours of work. Simi-
lar results were obtained for the K ,[Os,(CO),, ]
and K ,[Fe,(CO),] catalysts. Here too, the use
of ‘Sibunit’ instead of SKT carbon increased
considerably the activity and stability of the
catalysts.

In the case of SKT, testing the samples in
ammonia synthesis was accompanied by the
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formation of metallic mirrors on the outlet of
the reactor. This can be explained by the sug-
gestion that in the interaction with active carbon
(on the stage of impregnation or during ammo-
nia synthesis) some part of K,[Ru,(CO);],
K ,[Os4(CO) ;] and K ,[Fe,(CO),] is converted
into neutral carbonyls M,(CO), (M =Ru, Os,
Fe) which, being volatile, are sublimated at
elevated temperatures from the surface of the
support giving mirrors upon decomposing on
the walls of reactor. Interestingly, on using the
catalysts on ‘Sibunit’ carbon, no metallic mir-
rors were formed in the course of testing the
samples in ammonia synthesis.

The highest activity among the catalysts on
carbon ‘Sibunit’ is displayed by the K,[Ru,-
(CO),;] catalyst (Table 1). The formation of
ammonia over this catalyst occurs starting from
250°C but the greatest synthesis rate is observed
at 350°C. The steady ammonia concentration in
the gas flow at this temperature amounts to
~ 77% of an equilibrium value and at 400°C it
attains ~ 90%. The osmium sample is less effi-

Table 1

cient; it catalyses ammonia synthesis starting
from 300°C. The iron catalyst exhibits activity
in this process only at 400°C, the rate of ammo-
nia formation even under such drastic condi-
tions being very low. Thus, on passing from
ruthenium to osmium and then to iron, the
ammonia synthesis rate drops strongly.

With the aim of an increase in the activity of
the catalysts found in ammonia synthesis, the
effect of the promoting additives of metalic
potassium on this process has been studied. The
catalysts additionally promoted with metalic
potassium were prepared in the following man-
ner. At first, K,[Ru,(CO);5l, K,[Os(CO),,]
and K ,[Fe,(CO)4] supported on carbon * Sibunit’
undergone the thermal decomposition in the
stream of N,—H, mixture (for 10 h at 300°C in
the case of K ,[Ru,(CO),;] and K ,[Os,(CO),,]
and for 6 h a 200°C in the case of
K ,[Fe,(CO),], flow rate=10 | /h) to remove
carbon monoxide ligands. In the course of de-
composition of the ruthenium and osmium clus-
ters in N,—H, flow, ammonia was produced.

Steady ammonia concentrations in the gas flow (vol.%) and ammonia synthesis rates (ml NH, h™! g~ cat., STP) at different metallic
potassium to carbon molar ratios for the catalysts based on K ,[Ru,(CO),5], K ,[0s5(CO),;] and K ,[Fe,(CO)g] on carbon ‘ Sibunit’ #

Cluster Amount of K:C Ammonia concentration Ammonia synthesis rate
catalyst (g) (mol /mol) 250° 300° 350° 400° 250° 300° 350° 400°
K ,[Ru,(CO);5] 2.69 0 0.02 0.16 0.67 0.40 0.7 5.9 24.8 14.9
2.95 0.033 0.12 0.36 0.63 0.44 41 12.2 213 14.9
3.16 0.052 0.37 1.01 0.73 0.42 11.7 32.0 231 133
331 0.064 0.41 1.10 0.81 0.44 12.4 332 245 13.3
3.39 0.080 0.38 121 0.86 0.44 11.2 357 25.4 13.0
3.70 0.106 0.28 1.10 0.86 0.44 7.6 29.7 232 11.9
462 0.231 0.20 0.92 0.84 0.38 43 19.9 18.2 8.2
K ,[0s4(CO),,] 2.92 0 0 0.01 0.10 0.33 0 0.3 34 11.3
476 0.231 0.06 0.27 0.58 0.42 13 5.7 12.2 8.8
K ,[Fe,(CO),] 291 0 0 0 0 0.02 0 0 0 0.7
3.39 0.058 0.07 0.09 0.11 0.08 21 2.7 32 2.4
3.85 0.116 0.16 0.33 0.45 0.39 42 8.6 11.7 10.1
4.28 0.174 0.20 0.36 0.50 0.42 47 8.4 11.7 9.8
452 0.199 0.21 0.38 0.51 0.41 46 8.4 11.3 9.1
4.69 0.231 0.20 0.36 0.47 0.39 43 7.7 10.0 8.3
5.06 0.276 0.16 0.34 0.46 0.38 32 6.7 9.1 75

#The amounts of ruthenium and osmium in the samples are 2.22—2.28 mmol, the amount of iron is 3.9-4.0 mmol, Ru,/support = 9 wt.%,
Os/support = 17.2 wt.%, Fe/support = 9 wt.%. The molar ratios K:C in the catalysts are given without taking into account the amount of
potassium from the initia anionic cluster. The weight of the catalysts not containing a specially introduced metallic potassum was

determined after their testing in ammonia synthesis at 250-400°C.
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After 1 h, the rates of ammonia synthesis at-
tained the steady values equal to 5.9 ml NH,
h=! g=* for ruthenium ([NH,]=0.16 vol.%,
2.71 g of the sample) and 0.34 ml NH, h~*g~*!
for osmium ([NH ;] = 0.01 vol.%, 2.97 g of the
sample). Practically the same ammonia synthe-
Sis rates were observed when the measurements
of the activity at 300°C were preceded by test-
ing the catalysts at 250°C (see Table 1). During
the thermal decomposition of the supported
K,[Fe,(CO)g] in N,—H, stream at 200°C, no
ammonia was formed. After removal of carbon
monoxide ligands from the supported clusters,
the samples obtained were treated at 120—130°C
with metallic potassium and then tested in am-
monia synthesis starting from 250°C (1 atm,
flow rate=10 |/h). For ruthenium and iron
catalysts, the experiments on measuring the ac-
tivity at 200°C were conducted as well.

The results obtained are presented in Table 1
and Fig. 2, which show that in all the cases, an
introduction of metallic potassium into the cata-
lysts leads to a sharp increase in their activity in
ammonia synthesis. Especially strong accelerat-
ing effect of the alkali metal is observed for the
iron sample which, in the presence of metallic
potassium, turned out to be active in ammonia
synthesis even a 200°C. A study of the
K ,[Ru,(CO),,] + K and K ,[Fe,(CO)g] + K cat-
alysts has shown (see Fig. 2 and Table 1) that at
constant transition metal and carbon contents in
the system, the activity of both catalysts passes
through a maximum with an increase in potas-
sium quantity, in the case of ruthenium catalyst
the position of the maximum being reached at
considerably less amounts of potassium in the
sample (K:C = 0.06—0.08) than in the case of
iron catalyst (K:C = 0.20). Apparently, iron on
active carbon requires significantly stronger
electron promotion for ammonia synthesis than
ruthenium.

The dependence of the activity in ammonia
synthesis upon potassium quantity for the
K, [Fe,(CO)g]l + K catayst on carbon SKT
[10,16] is also characterized by a maximum but
this maximum is shifted towards still higher
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Fig. 2. The effect of metallic potassium to carbon molar ratio on
the activity of the catalysts K ,[Ru,(CO),;3]+K (@) (2.2-2.3 mmol
of Ru) and K ,[Fe,(CO)g]1+K (b) (3.9-4.0 mmol of Fe) on carbon
‘Sibunit’ in ammonia synthesis.

alkali metal contents in the system (K:C = 0.27)
than in the case of the K ,[Fe,(CO)g] + K cata-
lysts on ‘Sibunit’ carbon. Despite this differ-
ence, the catalysts are close in their efficiency
to each other, in contrast to the corresponding
K [Fe,(CO),] catalysts not containing a spe-
cially introduced metallic potassium.

A characteristic feature of the K ,[Fe,(CO),]
+ K catalysts on carbon supports is their in-
creased activity in ammonia synthesis in low-
temperature region. Thus, in the case of the
previoudly studied K,[Fe,(CO)g]+ K catalyst
on carbon AG-5 [10], the process of dinitrogen
hydrogenation proceeds at a noticeable rate even
at 150°C and atmospheric pressure. The
K [Fe,(CO)g] + K catalyst on ‘Sibunit’ carbon
was not tested at 150°C, however, at 200°C it
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shows practically the same activity ([NH;] =
0.07 vol.%, 4.54 g of the sample) as the corre-
sponding cataysts on AG-5 [10,13] and SKT
carbons. The ruthenium catalyst K ,[Ru,(CO),,]
+ K on carbon ‘ Sibunit’ is much less active in
ammonia synthesis at 200°C ([NH,]=0.014
vol.%, 3.37 g of the sample, K:C = 0.08) than
the analogous K ,[Fe,(CO)g] + K catalyst but
considerably exceedsit in activity at 250-350°C
(Table 1). In the case of ruthenium, the highest
ammonia concentration in the gas flow (1.21
vol.% or 55.5% of an equilibrium value) is
observed at 300°C. At 350 and 400°C, the pro-
cess of ammonia synthesis on this catalyst fully
reaches the equilibrium. If testing the ruthenium
catalyst is carried out starting from 300°C, the
steady ammonia concentration in the gas at this
temperature increases to 1.41 vol.% (64.7% of
an equilibrium value). On wusing the
K ,[Fe,(CO)g] + K catalyst on ‘ Sibunit’ carbon,
the maximum of the activity is observed at
350°C.

At present, we are studying the nature of
particles responsible for activity of the above-
described catalysts in ammonia synthesis.

3. Experimental

All manipulations with the initial clusters and
corresponding catalysts were conducted under
Ar or in vacuum with careful exclusion of air
and moisture. Tetrahydrofuran was purified by
conventional method and freshly distilled before
use from sodium/benzophenone under Ar.
Usua commercial active carbon SKT was dried
by heating in vacuum at 180-190°C for 6-8 h,
while graphite-like active carbon ‘ Sibunit’ was
dried in vacuum at 130°C for 6—-8 h. The initia
K,[Ru,(CO),5] and K,[Os,(CO),,] were pre-
pared by the interaction of Ru,(CO),, and
Os,(CO),,, respectively, with potassium ben-
zophenoneketyl in THF under Ar [20,21]. After
isolating from the reaction mixture, the synthe-
sized clusters were dissolved in THF and sup-
ported on active carbon. The starting

K ,[Fe,(CO)g] was obtained by the reaction of
Fe(CO); with potassium graphite (CgK) in THF
under Ar [12,22] and was deposited on active
carbon without isolation from the solution. The
deposition of the clusters from THF on carbon
support was carried out in severa portions ac-
cording to the procedure described in Ref. [12].
Each portion of the solution of the cluster was
stirred with supporting material at 20°C for 5—7
min and then evaporated under stirring in vac-
uum. After depositing the whole amount of the
cluster, the sample obtained was dried in vac-
uum at 20°C for 8-10 h and tested in anmonia
synthesis.

An introduction of metallic potassium into
the cataysts was performed in three-neck
round-bottom flask (with cylindrical walls)
equipped with a mechanical nichrome wire stir-
rer and Ar gas inlet. The process was conducted
by a gradual addition of metallic potassium to a
vigorously stirred sample at 120-130°C for 15
min under Ar with subsequent stirring of the
resulting product at the same temperature for
1.75 h. Under such conditions, melted potas-
sium smoothly reacted with the carbon support
to yield dark brown (sometimes nearly black)
strongly pyrophoric samples which were tested
in ammonia synthesis.

For other details concerning the preparation
of the catalysts and conditions of the ammonia
synthesis experiments, see Section 2.
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