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A considerable amount of nitrogen is absorbed by Ru-K/A1203 while nitrogen is hardly 
adsorbed by Ku/A1203 or K/AI&z. Although the absorbed nitrogen can be converted to 
ammonia by hydrogen treatment above about 27O”C, the rate of hydrogenation is much slower 
than the rate of ammonia synthesis on the catalyst. The isotopic mixing between the sorbed 
and gaseous nitrogen also becomes detectable above about 27O”C, while the isotopic equilibra- 
tion of nitrogen takes place readily at 250°C. There can be at least three different species of 
sorbed nitrogen, the absorbed one being predominant in amount and much less reactive. 

INTRODUCTION 

It has been reported that the potlassium- 
promoted ruthenium is remarkably cf- 
fective as a catalyst for the act’ivation of 
nitrogen (1, 2). The ruthenium metal sup- 
ported on alumina is consistently promoted 
by the addition of potassium (1). An in- 
tense ir band of sorbed nitrogen has been 
found at 2020 cm-’ on Ru-K/A1203, while 
no analogous band was found on Ru/A1203 
and K/AlzOs (3). Since a considerable 
amount of nitrogen was found to be ab- 
sorbed by the Ru-K/A1203, the nature of 
absorbed nitrogen has been examined in 
terms of its reactivity in hydrogenation 
to form ammonia as well as in isotopic 
mixing with gaseous nitrogen. The present 
paper deals wit’h the nature of sorbed 
nitrogen. 

KXPERIMENTAL METHOl)S 

Catalysts. Ru/Als03 (2% wt) was ob- 
hained from Japan Engclhard Ltd. and 

subjected to pretreatment with hydrogen 
at increasing temperatures up to 400°C 
for 43 hr. Potassium was added on the 
treated Ru/A1203 at room temperature 
and distributed among the catalyst bed 
in circulating helium at increasing tcm- 
peratures up to 400°C for 60 hr. Four 
catalysts diffcrcnt in potassium content 
(l-4% wt) wcrc used. K,/Als03 (4.7% wt) 
was analogously prepared using the alu- 
mina support for the Ru/A1203. Other 
catalysts reported previously and used for 
reference in the present study were Ru-K 
(K, 0.24% wt) (I), 0.5% wt Ru-K/‘Als03 
(Ii, 0.5ojc wt) (1) and 5% wt Ru-K/ 
active carbon (AC) (K, 19.1% wt) (4). 
The BET arca of 0.5 and 2% Ru/A1208 
was 94 m”/g. 

Apparatus and procedures. The apparatus 
was a closed circulating system with a 
total volume of 85 cm3 including catalyst 
vessel, connected to a manometer, a gas 
burett’e and a quadrupolc type mass spec- 
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FIG. la. Time course of nitrogen upt,ake followed 
by hydrogenation and second uptake on Ru-K/ 
A1203 at 380°C. (b). Time course of hydrogen con- 
sumption during the hydrogenation run shown 
in (a). 

trometer which permitted continuous anal- 
yses of the circulating gas. 

The number of surface ruthenium atoms 
was estimated for Ru and Ru/A1903 by 
chemisorption of hydrogen at room tem- 
perature after Dalla Betta (5) which was 
determined by extrapolation of linear part 
of isotherm above 50 Torr to zero pressure. 
Prior to the hydrogen adsorption measure- 
ment, the catalyst was evacuated at 400°C 
for 2 hr. The amounts of hydrogen chemi- 
sorption were 0.28 cm3/g on Ru and 
0.42 cm3/g on 2% wt Ru/A1203. As for 
the nitrogen uptake experiment on potas- 
sium-promoted catalysts, nitrogen was in- 
troduced after a brief evacuation at the 
uptake temperature only to remove helium 
used to distribute potassium. For the 
isotopic mixing experiment, the enriched 
nitrogen (ljN; 31.4y0) stored in one part 
of the circulating system was mixed with 
‘4X2 on the catalyst without changing the 
total pressure of nitrogen as made pre- 
viously (4) and the time course of isotopic 
composition in gas phase was followed. 
The hydrogenation of absorbed nitrogen 
was carried out after a brief evacuation 
of nitrogen at the reaction temperature 

using 400 to 500 Torr of circulating hy- 
drogen and removing ammonia by a liquid 
nitrogen trap. The amount of ammonia 
in the trap was intermittently determined. 
The rates of ammonia synthesis and iso- 
topic equilibration were determined in the 
same manner as previously made (2). 

RESULTS AND DISCUSSION 

i. Nitrogen Absorption by Ru-K/A1203 

The time course of nitrogen uptake 
followed by hydrogenation and second 
uptake on 2% wt Ru-K/A1203 (K, 1.5% 
wt) at 380°C is shown in Fig. la. It is 
seen that the substantial part of uptake 
is made in the initial 5 hr, while a very 
slow uptake continues even after 90 hr. 
On the other hand no detectable uptake 
of nitrogen was observed on 0.5% wt 
Ru/A1203 at 350°C for 21 hr and also on 
K/A1,03 at 300°C for 20 hr. Thus the 
uptake is characteristic of the Ru-K/A1203. 
Moreover the amount of uptake, 2.3 cm3/g, 
is remarkably large compared to the 
amount of hydrogen chemisorption, 0.42 
cm3/g, on the Ru/A1203. In other words 
the uptake, in atoms, is 5.5 times as large 
as the number of surface ruthenium atoms 
and is comparable with the total number 
of ruthenium atoms in the catalyst. 
Another similar experiment on 2% Ru-K/ 
ALO (K, 2.2%) gave an uptake of 3.5 
cm3/g at 3ciO”C for 96 hr, which cor- 
responds (in N atoms) to 1.6 times the 
total ruthenium. In view of the large 
amount, the nitrogen uptake cannot be 
a simple adsorption and seems to be 
absorption or corrosive chemisorption in 
nature. In a separate experiment of de- 
sorption, only a few percent of the uptake 
was found to be readily desorbed at 300°C. 

d. Hydrogenation of Absorbed lvitrogen on 
Ru-K/A1203 

The time course of hydrogen consump- 
tion during the hydrogenation run shown 
in Fig. la is separately shown in Fig. lb 
together with the amount of ammonia 
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produced. It is obvious that the hydrogen 
consumption is in large cxwss of that 
needed to form ammonia, disclosing a hy- 
drogcln uptake which can b(l c&mated by 
subt,racting the consumption for ammonia 
from the t,otal consumption. Thn hydrogen 
upt,akt> thus clstimatrd incrclascs with time 
to a platc,au as shown in Fig. lb. It is to 
btl notchd that the platc>au valuck (7.0 cm”;g) 
is as large‘ as 3.2 timcls thr total ruthenium 
in atom basis, while it might bc causc~d 
by spillovc,r (6). 

Th(> rate of hydrogenation is very slow 
as is clc>ar from Fig. la and is much 
slower than the initial ratcl of nitrogc>n 
uptake, demonstrating a high stability of 
absorb(Ld nitrogcbn. The c#ect of tcmpcra- 
ture on th(> stability was cxaminrrd schpa- 
ratctly. The 2% Ru-II;,~‘AI~~, (K, 1.5r,“/0) 
catalyst was trchatc,d with nitrogc>n at 
380°C for 90 hr to give 2.3 cm”/‘g of 
nitrogcln uptake>. The absorbed nitrogen 
was trc>atcd with circulating hydrogc>n at 
tclmpcaraturcls for 100 hr. As shown in 
Fig. 2, the convclrsion to ammonia is 
d&rctable above 2OO’C and incrcascs 
with tcmpc>raturcl. *in analogous result 
was obtaincbd by tclmporaturc programmed 
hydrogenation of absorbed nitrogen on 
Ru-K/A120s (I-i, 3.5oj,) whrrc> the nitrogcln 
uptake was made at, 300°C for 17 hr and 
the rat{> of tcmpc>raturcl increase was 5°C.; 
min. The formation of ammonia as dr- 
t&cd by a thermal conductivit’y cc>11 was 
appreciable above 250°C and increased 
with tcmprraturc. Summarizing, all the 
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FIG. 2. PXect of temperature on conversion of 
absorbed nit,rogen to ammonia or\ Rn-K/Al&), 
(100 hr at each temperature). 
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FIG. 3. Time course of exchange reaction be- 
tween sorbed 14N and gaseous l&N on RPK/AI&~ 
(242 Torr, 250-350°C). 

rc>nults dcscribcd above art: consistctnt in 
showing the high stability of absorbed 
nitrogen. 

3. Isotopic Mixing between Sorbed and 

Gaseous Xitrogen 

In view of thr high stability of ab- 
sorbed nit,rogon against hydrogen and dc- 
sorption, it is of intcrcst to cxaminc the 
rat’e of displacement’ with isotopic nitrogen. 
Figure 3 illustrates the time course of 
exchange reaction between sorbed 14N and 
gaseous 15N on 2% Ru-KjAlzOa (K, 2.2’jY0), 
first at 250°C and later at increasing t’em- 
pcraturcs whcrc thr nitrogen was sorbed 
at 350°C for 96 hr to give 3.5 cm3/g of 
uptake and thr totSal pressure of gaseous 
14n’2-*5N2 mixturo was 242 Torr. The lsf, 
drnotes thr atomic fract’ion of 15N and 
tha 2”X and 3oX dmoto tjhr molt fraction 
of 1W5x and 15?J2, rcspcctivcly, in gas 
phaso. At 250°C the value of 15f, changes 
lit’tlo with time, indicating that the rate 
of displacemc>nt is negligibly small, while 
the isotopic equilibration of gaseous ni- 
trogen procclcds at an appreciable rate 
(‘2.1 X 10” moleculesjmin g) as dcmon- 
strat,rd by incrcasc of 2gX as well as dc- 
crcasc of 3oX. It, is clt>ar that only a small 
part’ of sorbed nitrogen can b(l involved 
in the pathway of isotopic equilibration. 
In this rtlspect it. is to be noted that the 
initial value of 15fg (24.8%) is slightly 
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FIG. 4. Time course of isotopic displacement of sorbed nitrogen on Ru-K/AC (150 Torr, 300°C). 

smaller than 15jo = 25.7y0, the 15jU value 
of gas mixture. Since the difference 0.9% 
is beyond the error limit of O.l%, it is 
suggested that a small part of sorbed 
nitrogen undergoes a rapid displacement. 
This would be reasonable since the sorbed 
nitrogen should involve labile adsorbed 
species in addition to absorbed one. 

When the temperature is increased from 
250 to 35O’C at a constant rate of 0.83”C/ 
min, detectable change in 15f, is observed 
above 270°C in addition to increase in the 
rate of isotopic equilibration. At 350°C 
the isotopic equilibration approaches an 
equilibrium, while the displacement is still 
far from equilibrium as demonstrated by 
the departure from 15jm = 17.9%, the 
value expected for the complete mixing 
with sorbed nitrogen. The extent of dis- 
placement as defined by 

(‘Ycl - ‘5fL7)l(‘5fo - 15fEJ, 

is 54$Z0 at 7 hr. Thus t’he displacement is 
much slower than the isotopic equilibra- 
tion, although it is faster than the hy- 
drogenation in which 570j0 conversion was 
attained at 380°C for 100 hr. At 355°C 
on 2% Ru-K/A1203 (K, 1.5%) the rate 

of equilibration (R) and the initial rate 
of displacement (V) (4) were determined 
as follows : 

R = 1.9 X 10lg molecules/min g, 

V = 1.8 X lOI molecules/min g; 

R is two orders of magnitude larger 
than V. These results of isotopic experi- 
ment again demonstrate the low reactivity 
of absorbed nitrogen. 

4. Reactivity of Sorbed Nitrogen on 
Ru-K/AC 

It was previously reported (4) that all 
the adsorbed nitrogen on Ru-K supported 
by active carbon (AC) is displaceable by 
the gas phase nitrogen within 2 hr at 
3OO”C, apparently in conflict with the 
present results. It would be required to 
examine the possible cause of discrepancy. 
In the previous work the adsorption of 
nitrogen was carried out at 250°C for 1 hr 
and at 300°C for 20 hr on 5yo wt Ru-K/AC 
(K, 7%) to give 1.53 cm3/g of nitrogen 
uptake. Obviously the time of nitrogen 
uptake was shorter in the previous work. 
Thus the sorption process was reexamined 
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on 5% Ru-K/AC (K, 19Y0,) giving more 
time at 300°C. It was found that a rapid 
initial uptake is finished within a few 
hours and followed by a slow upt’ake 
which does not stop even after 160 hr. 
The average rate in the later period was 
0.025 cm3/hr g, which is much larger than 
t’hat in Fig. la and thus the total uptake 
for 166 hr was as much as 8.73 cm3/g. 
Figure 4 illustrates the time course of 
isotopic displacement of the sorbed nitro- 
gen under 1.50 Torr at 300°C. The initial 
rapid displacement is followed by a slow 
process, while the extent of displaccmcnt 
is 39% at 2 hr and 42ajc at, 5 hr, being 
far from equilibrium as is the case with 
Ru-K/AlzOs. After the displacement run 
the sorbed nitrogen was hydrogenated at 
300°C for 96 hr, giving 5.2 cm3,/g of am- 
monia, or 47yc conversion again as in the 
case with Ru-K/A1203. 

Thus t’hc apparent discrepancy first 
results from the diffcrcnce in the time 
of nitrogen uptake. The later slow uptake 
is likely to give the less reactive species 
so that the shorter the time of uptake, 
t’he larger the extent of displacement 
readily attained. In fact in the previous 
work (4) the displacement was complete 
within 2 hr at 300°C. The faster attain- 
ment of equilibrium, however, not only 
results from the shorter uptake t’imc, but 
also possibly from the higher activity of 
I’LL-K/AC as observed in the isotopic 
equilibration as well as in the nitrogen 
upt’akc. This difference in activity would 
be related to the higher ability of carbon 
to hold potassium which gives rise to the 
higher content of potassium. 

5. Xature of Sorbed LVitrogen 

There can be at least three t)ypes of 
sorbed nitrogen, i.e., (a) adsorbed nitro- 
gen, atomic or molecular, on ruthenium 

surface, (b) bound nitrogen on potas- 
sium (Y’), (c) corrosively chcmixorbcd ni- 
trogcn in the bulk of ruthenium (2). The 
slow upt’ake, slow displacement and slow 
hydrogenation are likely to be caused by 
t,ypn (c) and a larger amount of potassium 
on carbon would increase type (b), while 
at least some part of type (a) should be 
involved in the pathway of ammonia syn- 
thesis as well as of isotopic equilibration. 

The previous infrared work (3) on 
Ru-K/Alp03 was planned to detect type 
(b) nitrogen. An intense ir band was 
found unexpect’edly at 2020 cm-’ which 
can be assigned to a dinitrogen species. 
It has been shown that the band appears 
slowly on nitrogen chemisorption at above 
200°C and disappears slowly on hydrogen 
treatment at above 260°C giving am- 
monia. Such slow changes are strikingly 
in agreement with the behavior of type (c) 
nitrogen as described above. Although the 
2020 cm-l band has been ascribed to a 
(‘chemisorbed” species, t’he chemisorption 
is very likely a corrosive one so that the 
dinitrogcn species are locat!ed in the bulk 
solid. A further work on t’he nat’ure of 
Ru-I-IS2 system has been made and 
a preliminary result is reported sepa- 
rately (8). 
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