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Abstract 

Hydrazine synthesis by N2-hydrogenation on solid surface was examined with various 

solid materials. Nitrogen molecule excited by glow discharge and its interaction with 

hydrogen source material held on solid surface were concluded to be vital for the steadily 

synthesis at room temperature. 

Ammonia with a little amount of hydrazine was formed on solid surface from dis­

charging H2/N2 mixture with rate of Otil order dependence on the total pressure. The 

rate increased and the fraction of hydrazine in product decreased, with rise of the mixing 

ratio of H2 to N2 from zero to ca. 3. Such a course of the reaction of H2/N2 mixture was 

nearly independent of the sort of solid material. 

With N2 gas alone, OH groups chemisorbed on the solid surface was selectively used 

for the formation of hydrazine, however, the reaction was limitted in the early stage of the 

discharge. The steady formation of hydrazine from N2 was performed by the interaction 

of plasma of CH4/Nz mixture with solid surface or that of N z plasma with solid surface 

covered with higher hydrocarbons. A little amount of CN compounds but not ammonia 

was formed in this case and the product should be trapped off immediately after the inter­

action to suppress the formation of ammonia and CN compounds and to obtain hydrazine 

with high selectivity. Ammonia was useless for hydrazine synthesis with glow discharge, 

as it was simply decomposed and preferentially forms CN compounds under glow dis­

charge in the presence of hydrocarbon. Monosilane was also useless as a hydrogen source 

for hydrazine synthesis from N 2, because of its high facility of decomposition in plasma 

to give hydrogen gas. 

In conclusion, the effect of glow discharge for hydrazine formation is based on the 

formation of excited N2 molecule (presumably A3 j'u+), which collides with OH groups or 

hydrocarbon held on the solid surface and drives out excited H atoms, presumably proton 

and/or radical, and are quenched as hydrazine molecule by the wall effect of the solid. 

The steady formation of ammonia from plasma of H z/N2 mixture may be caused by the 

simple wall effect of solid surface. 

*) A memorial paper for the author's retirement. 
**) Research Institute for Catalysis, Hokkaido University, Sapporo, 060 Japan. 
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Introduction 

The direct synthesis of hydrazine by heterogeneous catalysis in gas 
phase has been an outstanding problem of N2 hydrogenation since the develop­
ment of ammonia synthesis over iron catalyst. With respect to this problem, 
hydrogenation of molecular nitrogen to hydrazine has been investigated by 
means of the decomposition of metal complexes of molecular nitrogen,!) the 
photocatalysis with wet titania in nitrogen atmosphere2) and catalysis by metal 
hydroxide in liquid phase3•4) etc. Summerizing the results of these experi­
ments, we see that (1) the activation of molecular nitrogen by its coordina­
tion to appropriate metal ions and (2) the protonation of this excited nitrogen 
molecule, are indespensable for the direct synthesis of hydrazine. Further­
more, (3) the redox cycle of metal ions should be taking place to realize 
the process as catalysis. 

This conclusion is illustrated by the mechanism proposed by Shilov 
et al.4

) for the system of mixed hydroxides of molybdenum, titanium and 
magnesium in a liquid phase as 

Mo (III) ... N == N· .. Mo (III) 

OH HO 
I I 

-Ti(III) Ti(III)-
I I 

-O-Mg-O-

Mo (IV)··· N = N·· ·Mo(IV) 
HH 

o 
II 

Ti(IV) 
I 

-0- Mg 

o 
II 

Ti(IV) 
I 

-0-

( 1) 

Shilov et al.4) have succeeded to realize the second and third conditions 
mentioned above by means of dissolution of Na-amalgam in alkaline medium. 
Schrauzer5) has additionally proposed that the N2-hydrogenation by Scheme 
(1) is two electrons-process to give N2H2 and hydrazine might be formed by 
the disproportionation of N2H2 as 

(2 ) 

The scheme (1) suggests for the present a possibility of hydrazine synthesis 
on solid surfaces as follows. It is much suggestive for the molecular acti­
vation of nitrogen on solid surface, that the catalytic activity for N2-hydro­
genation in the studies mentioned above2- 5) has been referred to that for 
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hydrogenation of acetylene, an electronic isostar of N2 molecule, and other 
unsaturated hydrocarbons. The present author has long investigated the 
heterogeneous catalysis of olefines over various solid surfaces. Transition 
metals have high catalytic activity for olefine hydrogenation and isomerization 
etc., however, their fresh surfaces are highly active, too, for dissociative 
adsorption and, accordingly, polimerization of olefine. On the other hand, 
some metal oxides and sulfides, e. g. Mo03 supported on Ti02 , MgO and 
MoS2 etc., have been found to catalyze the same reactions of olefine, acti­
vating olefine in its molecular state6- 7) to cause the associative mechanism.7- 9) 

Additionally, the fact that the surfaces of metal oxides or sulfides evacuated 
at ca. 500°C are abundant in chemisorbed OH or SH groups, seems to be 
favorable to realize the scheme (1) on solid surface. 

The present experiment was, thus, started with metal oxides as catalysts, 
and glow discharge was applied to reactant gas for the convenience to supply 
proton and electron onto the surface of solid insulator. lO) 

Experimental 

The reaction appartus10
) was a usual circulation system of ca. 220 cm3 

volume as shown in Fig. 1, and the rate of circulation was more than 
1 X 103 cm3/min. All stop valves in the system were of greeseless, otherwise 
the apparatus could not be evacuated due to hydrazine dissolved into greese. 
The reaction vessel was a quartz U-tube of 6 mm mner diameter, in which 

.------......-----,---+ Evac. 
Pump. 

gas 
~ t 

,---.-f~-r-~ Mass 
Filter 

RV 

Fig. 1. Diagram of reaction system. 

RV; quartz U tube reaction vessel, R; gas reservoir, C; stop valve, 
T; cold tap, P s ; strain gauge, Pi; Pilanyi gauge. 

Tesla 
coil 
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the catalyst bed was set with its length less than ca. 1 cm, as shown by 
RV in Fig. l. 

The silent discharge from a Tesla coil of ca. 16 WH was applied to 
the reactant gas of less than ca. 1 X 103 Pa by setting the poles of discharge 
so as to limit the glow of discharge to the gas inlet side of the catalyst 
bed. The in tensity of the glow discharge was changeable by sliding the 
poles of Tesla coil and earth. The total pressure of gas was followed by 
strain gauge, Ps, TOYODA DD-102A, while Pilanyi gauge, Pi, was used 
for the flash desorption (FD) experiment. 

A mass filter, NAG-515 of NEVA, was used for the gas analysis at 
2.5~4.0 X 10-5 Pa. The reaction product trapped at -195°C contained water, 
carbon monoxide, dioxide and hydrocarbon etc., and, hence, 15N2 was used 

for the reaction to make easy the gas analysis. In this mass filter with an 
ionization chamber causing abundant ion-molecule reactions, majority of 
hydrazine was decomposed to give N2 and ammonia and N2 was also formed 
from ammonia alone. And, hence, we can analyse water, ammonia and 
hydrazine in the trapped product of the 15N2 reaction, on the basis of peak 
heights at m/e=17,18 and 30 excluding the effect of carbon monoxide, dioxide 
and hydrocarbon etc. to the mass spectra. The contribution of nitrogen com­
pounds to the mass spectra can be detected by the shifts of their peaks by 
L1(m/e) = -lor - 2, caused by the change of reactant nitrogen from 15N2 

to 14N2. The utility of the mass filter for the analysis of hydrazine and 
ammonia was further ascertained by the uses of their mixtures and the trap 
T 3, shown in Fig. 1, charged with KMn04 crystallites, with which only 
hydrazine of the reaction product was completely changed to N2 at room 
temperature. 

The catalyst was usually pretreated by flash desorption with rise of 
temperature from room one to 600°C during 10 min. and cooled to room 
temperature under evacuation. After the introduction of a known amount of 
reactant to the reaction system, the reaction was started by applying glow 
discharge, without which any reaction was absent. After the reaction of 
ca. 10 min with cold trap Tb the valves C1 and C2 in Fig. 1 were closed for 

the complete evacuation of the trap. The product condensed in the trap 
Tl was then outgassed by transferring it into trap T 2 _ The completion of 
this evacuation or outgassing was ascertained by the disappearance of the 

peak at m/e=30 in the mass spectrum observed with fully opened leak 
valve of the mass filter. The content of trap T2 was finally vaporized in 
traps, Tl and T2, of 22 cm3 volume to measure its amount by Ps and then 
flowed into the mass filter. The use of 15N2 gas and such a careful out-
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gassing of the condensed product enabled us to perform the accurate gas 
analysis of the trapped product. lO) 

Results and Discussions 

(A) Variation of solid materials. 

i) Metal oxides 

The results of the experiment with powdered metal oxides and a gas 
mixture of H2/15N2 ~ 2 are given in Table 1.10) The mixed solids were made 
by impregnation of main oxide with aqueous solution of appropriate metal 
salts, except their halogenides. The mole ratios of metal ions in mixed 
oxides are given in Table 1 with parenthesis. The dried solid sample was 
calcined in air at 600°C and ca. 0.1 g was charged in the reaction vessel 
with a little amount of quartz wool and evacuated up to 600°C for 10 min 
to get the flash desorption spectrum. Under the glow discharge, the reaction 
of H2/15Nz mixture was steady and Oth order with respect to the total 
pressure, while only a slight decrease of the pressure was observed in the 
early stage of the reaction with 15N2 alone. Table 1 shows the real pos­
sibility of the hydrazine synthesis over solid surfaces, in spite of its poor 

TABLE 1. N2-hydrogenation 011 powdered metal oxide 
catalysts with II2/15N2 =::2 mixture. 

Activitv Selectivity (15NH3 : 15N2H 4 : CH4 15N2 mol ~'o) 
Metal oxirle --dPjdl . - ---- . __ ... - ---------------

(Pals) with H2/ 15N2 mixture i with 15N2 alone 
------ ------------~------ -------_.-

None 0.18 100 0 :! 
.------ -- ---

Si02 gel 0.20 87 11 :! 0 20 80 

Mo03/Ti02/Mg(OHh O.:!l 9b ;( 0 0 9 91 

(0.04/1/20) 

am Ti02/Mg(OH)2 0.28 91 9 0 0 42 58 

(1/20) 

Mo03/Mg oxalate 0.28 86 0 14 0 0 100 

(1/20) 

am Ti02 0.25 80 11 9 0 0 100 

Mg(OHh 0.32 92 8 0 0 80 20 

A120 3 0.20 ~,) 
,~ 28 0 0 46 54 

Si02/Al20 3 0.18 88 I:! 0 0 12 88 

(commercial) 

Si02/MgO 0.2:, :!3 17 60 8 :!4 68 

(1/1) 
_= __ ~, __ i_ --c~~~~_~_~,=_ ::.,--~---;--.- -:'~::-:-."- ----- --~- :-=:----==..,. .. 
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selectivity in the steady reaction. The products under the discharge of 
1~N2 alone are different from each other depending on the sort of solid, 
especially with respect to the formation of diaziridine, CH215N2H2,5) instead 
of hydrazine. The oxides of Mo and Ti have been reportedS) as active 
catalysts for olefine metathesis reactions, indicating that metal carbenes are 
formed and stabilized on their surfaces. In fact, hydrocarbon up to C6 was 
formed in the present experiment under the glow discharge of H2 alone, 

irrespective of the sort of metal oxide. This fact indicates the incorporation 
of carbonaceous impurity of the metal oxides. The hydrogen source for 
the hydrogenation of N2 alone might be OH groups chemisorbed on the 
metal oxide surface, which is called as surface-OH in what follows. The 
preferential formation of diaziridine under the discharge of N2 alone indicates 
that molecular nitrogen excited by glow discharge is scavenged by car bene 

easier than its hydrogenation with surface-OH into hydrazine. The high 
selectivity of diaziridine formation from H2/N2 mixture on Si02/MgO shown 
in Table 1 may be due to Si02 being derived from alcoholate. Anyway, 
the formation of N2 compounds in these cases might be surface reaction. 

Hydrogen cyanide and/or amino acids, reported IV as to be formed reo 
markably from the gas mixture of ammonia and hydrocarbon under the 
discharge or over heated silica gel were practically absent in the present 
experiment with liquid nitrogen trap T 1. This was concluded on the basis 
of mass spectra, which showed none of visible change, except the peaks of 
NH3, N2 and CH4N2 , by the change of reactant nitrogen from 15N2 to 14N2. 

The activity in the reaction of H2/N2 mixture was mainly affected by 
the intensity of the glow discharge as well as the rate of gas circulation, 
but not by the surface area or the sort of solid. Furthermore, it was noted 
by the flash desorption after the reaction that a large amount of product 
was held on the powdered solid surface during the reaction. The solid 
samples were, hence, changed to quartz pieces and MgO (100) single crys­
tallites (from Tateho Chern. Co. Ltd.), both of 10 -16 mesh. They were 
calcined in air at 1200°C for an hour or more and, furthermore, modified 
by various metal oxides by wetting their 0.6 g with an aqueous solution of 
metal salts (5 mg/cm3) and then calcined at 600°C. With these solid samples, 

the effects of adsorption and incorporation of carbonaceous impurity were 
expected to be suppressed. The results are given in Table 2 and Fig. 2,10) 
where quartz, MgO and those modified by various metal oxides behaved 
quite similarly to each other. We see in Table 2 that the hydrazine for­
mation under discharge of 15N2 alone became much selective by suppresing 
the formation of diaziridine. Figures 2 shows, furthermore, that the activity 
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TABLE 2. 15N2-hydrogenation on quartz pieces and 

MgO(lOO) single crystallites. 

C t I t I 
modified 

a a ys, with 
H 115~ II Activity I',' Selectivity (15NH3: 15N2H 4 : CH4 15N2 mol%) 

mol ratlO I (Pals) : with H 2j15N2 mixture: with 15N2 alone 
2 ? -ilPlilt .1 

Quartz None 
- -1~48 i -0.22--

1
--79---21---~ -- -8-----86--6---

V 
Cr 

Co 

Ti 

K 

1.68 

1.37 

1.25 

1.32 

1.19 

0.21 

0.19 

0.20 

0.15 

0.14 

74 

85 

73 

58 

64 

:!6 

15 

27 

42 

36 

o 
o 
o 
o 
o 

'---------------" 
MgO None 

Mo 

V 

Cr 

1.39 

1.61 

1.09 

1.35 

Co 1.61 

0.15 

0.13 

0.15 

0.17 

5.13 

0.15 

0.2:! 
. ___ 1, ~i c-J_-;:~~ 

-~ 
a 
a.. 

0.2 

(a) 

Quartz 

+ 

-E 0.1 .... 

O~~~~~~~~~~ 

~ 2~ 
100" mol ratio 

~ 

;l 50 
N 

Z 

O~~~~~~~~~~ 

74 

83 

76 

77 

66 

77 
75 

0.2 

0.1 

26 

17 

24 

23 

34 

23 

25 

o 

o 
o 
o 
o 
o 
o 

(b) 

MgO 

10 

o 
14 

o 
o 

16 

o 
o 
7 
o 
4 

12 

85 

99 

84 

96 

98 

84 

68 

98 

89 

96 

92 

86 

o 

5 

1 

2 

4 

2 

o 

2 

2 

4 

4 

4 

2 

Fig. 2. The dependence of the activity and selectivity for hydrazine synthesis 
over a) quartz pieces and b) MgO (100) single crystallites. 

o : unmodified, EB: Mo, @: V, + : Cr, X : Co, 6: Ti and D: K. 
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and hydrazine selectivity in the case of H2jt5N2 mixture depend uniquely on 
the mixing ratio of H2 to 15N2, irrespective of the sort of solid surface, in­
dicating that 15N2-hydrogenation under discharge of H2jt5N2 mixture is affected 
overwhelmingly by the simple wall effect of the solid surface on the plasma 
of H2jt5N2 mixture. 

The assumed high selectivity of surface·OH on metal oxide for hydrazine 
formation from N2, was further ascertained by the experiment with MgO (100) 
single crystallites as follows. 12) The glow discharge of 15N2 alone or its 
mixture with H2 and successive flash desorption were repeated on the same 
MgO sample. The results are given in Table 3,12) where the parenthesized 
figures give the total amount (102Pa.cm3) of trapped product obtained by 
ca, 10 min reaction or by flash desorption up to 600°C. We see that the 
amount of trapped product from 15N2 alone, the most of which was hydrazine, 
decreased and the selectivity of hydrazine formation from H 2jl5N2 mixture 
decreased, too, by repetition of the reaction and flash desorption. This 
result may be caused by the reduction of surface-OH. The amount of 

Solid 

I 

TABLE 3. Reproducibility of 15N2-hydrogenation 

on MgO crystallites. 

Gas Trapped product 
----------------- I 

H2jl5N2 -.dP/odt odn/odt 15NH3 : 15N2H 4 : CH4 15N2 

ra~o __ J_~~~illOzI>iiir~l_' (¥_ol_ 5~) ___ _ 

15N2 alone None (0.68) 6 89 5 

0.69 0.11 5.87 80 18 2 

1.00 0.13 8.74 90 9 1 

62 600°C FD (0.88) 38 0 
!.------.-~- ----- ------- -----' .. _ ... -

15Nz alone None (0.35) 13 81 4 
MgO 

0.60 0.11 6.57 92 3 5 

600°C FD (0.61) 40 60 0 
-~-.------------------------

15N2 alone None (0.29) 7 88 5 

0.92 0.12 7.57 97 2 

600°C FD (0.44) 50 50 0 

15Nz alone None 0.03 0 75 25 
K/MgO 

1.63 0.35 100 0 0 
----_. ------_._----"-----

K/MgO I 15N2 alone None 

I 
0.03 22 79 0 

(H20, 500°C) 0.72 0.19 100 0 0 
=-=.::--. ---. --~ 
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surface-OH on MgO crystallites was, thus, intentionally reduced by the 
treatment with KOH aqueous solution and calcination at 600°C, with which 
it was expected that the surface-OH is ion-exchanged to form surface-OK-iS) 
The hydrazine selectivity on the KOH-treated MgO, K/MgO, was hardly 
recovered by heating it in water vapor at 500°C. The absence of hydrazine 
in the case of H2/15Nz mixture on K/MgO is probably ensured by the promo­
tion effect of surface potassium for the dissociative adsorption of 15Nz, as well 
known in the ammonia synthesis over iron catalysts. a> 

ii) Metals and metal sulfides - proof of the simple wall effect of solid 
surfaces on the plasma of H2/N2 mixture.12) 

If the N2-hydrogenation with discharging H2/N2 mixture on solid were 
caused by a simple wall effect of solid surface, the results of metal oxides 
mentioned above should be reproduced with solid samples other than metal 
oxide. Metal tips of Pt, Ni. Fe, Ru, Si Zr, and alloys, am-TiaoNi66' am­
Pdo.35Zro.o5Hl.O, LaNi5 and stainless steel (SUS 304), MoS2 single crystallites 
and CoS powder were examined. The results with the reaction of H2j15N2 

mixture were similar to those with metal oxides given in Table 2. In the 
case of CoS powder, sulfur oxides and/or carbon oxides, but none of nitrogen 

compounds and hydrocarbon were found in the condensed product of the 
flash desorption carried out after the reaction. This result indicates the 
inactivity of CoS surface for adsorption of nitrogen compounds and/or their 
precauser, makeing sure the simple wall effect of CoS surface for the N2-
hydrogenation into ammonia under discharge of H2/N2 mixture, in conformity 
with its complete inactivity as a olefine hydrogenation catalyst l5) and the 
present expectation for the simple wall effect on the ammonia formation 
from H2/N2 mixture. 

(B) Variation of hydrogen sources 

Summerizing the results of foregoing experiments, we see that excited 
N2 molecule is hydrogenated selectively into hydrazine by surface-OH and/or 
-SH, but mainly into ammonia by H2 gas. The variation of hydrogen 
sources was investigated with respect to hydrazine formation from N2 gas. 
Table 412) gives the result obtained with pieces of LaNi5 alloy, which is 
known as a good hydrogen reservoir easily liberating hydrogen at room 
temperature. The first and the third series of reaction in Table 4 were 
carried out after the flash desorption of the alloy up to 600°C and gave 
results quite similar to those mentioned in the foregoing section (A). Curves 
in Fig. 3 are the flash desorption spectra obtained by FD experiments a) 
etc. given in Table 4. The gas evolved at temperatures below 350°C was 

9 
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nitrogen and its compound, while above 350°C solely hydrogen was evolved. 
We see by curves b) and d) that the alloy absorbed hydrogen during the 
glow discharge of H2j15Nz mixture even at room temperature and at low partial 
pressure of hydrogen. Hydrogen was, thus, charged into the alloy by apply­
ing glow discharge of H2 alone circulating at ca. 7 X 103 Pa and at room 
temperature until an equilibrium hydrogen pressure of ca. 10 Pa was attained. 
The 15Nz-hydrogenation was carried out after evacuation at room temperature. 

We see in Table 4 that considerable amount of ammonia was formed with 
15N2 alone at room temperature as compared with the same reaction over 
the alloy without dissoloved hydrogen. At 100°C, hydrogen was liberated 
notably into gas phase and we had high selectivity for ammonia formation 
as much as the reaction with H2 j15Nz mixture on the alloy without dissoloved 
hydrogen. This result indicates that the hydrogen diffused onto the surface 
of the alloy was preferentially used for ammonia formation. 

Relating to the fact that diaziridine was formed with glow discharge of 

Pretreatment 

TABLE 4. l SN 2-hydrogenation on LaNis (0.9 g) 
at room temperature. 

I ~~s---I -- - - Trapped;;~d-uc-t-- -
----------- --_.- ... _ .. ·--·--i-----------~---- ... -_ .. _----

I H 2f1
s

N 2 -~ ( ~) i ~~ (~~~a~~~31_1s~~3: lS~2~~:_C~4 lSN_~ 
~---------c 

Hz flashed I 600°C FD a) I (0.18) 0 99 1 
1--------------

0.45 0.04 

1.78 0.17 

4.11 

13 

I 3.32 0.16 11.3 
1_--___ -------- __________________ _ 

I 600°C FD b) (0.35) 
I 

80 

91 

92 

52 

17 

9 

7 

48 

3 

o 
1 

-----

0 

H2 charged----~~l~ne ~~~~:~)-r----(:::) 36 

78 

61 

--- ----"---

3 

H2 flashed 

0.11 

4.17 

600°C FD 

lsNz alone 

0.15 

3.12 

600°C FD 

! 

0.02 

0.15~2.1O I 

c) 

0.01 

0.15 

d) 

1.47 

11.38 

(0.29) 

(0.09) 

1.36 

11.3 
I 

63 

94 

50 

16 

70 

93 

19 3 

35 2 

6 0 

50 0 

81 3 

28 2 

7 o 
----- (0.35-) -1--78 --22---~--
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-8 
~ 
Q) 
O'l 
~ 

8,6 
>-c 
0 

0... 4 -0 
.... 
~ 
0. 

'S 2 
0 

o 100 

c 

a 
200 300 400 500 

Temp.oC 
Fig. 3. Flash desorption spectra obtained by FD-experiments with LaN is alloy 

given in Table 4. a): Fresh alloy, b): alloy treated with des charging 
H zjl5Nz mixture, c): alloy treated with discharging Hz and d): alloy 
evacuated at 600°C and used with discharging 15Nz. 

N2 alone over powdered metal oxides, the reaction of 15N2 with CH4 was 
examined. 12) The time course of the reaction of discharging CH4j15N2 mixture 
at 6.7 X l02Pa total pressure was given 
in Fig. 4 as well as Table 5, where 
the results of reactions with various 
gas mixtures on the same solid were 
summerized. Methane was dissociated 
by the discharge to give hydrogen gas, 

as seen in Fig. 4, while the trapped 
product mainly consisted of C2- and/or 
higher hydrocarbons and hydrazine, 
but not ammonia, as seen in the 2nd 
run of reaction in Table 5. A little 
amount of carbon dioxide and R·05N 
(R=H, C1 and C2) was formed simul­
taneously, as given in the parenthesis. 
We see, furthermore, in the successive 
run of reaction with H 2j15N2 mixture 
that the selectivity for hydrazine for-

Fig. 4. Time courses of reaction of 
CH4/15Nz mixture on LaNi5 

alloy. 

14 

11 
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mation is something higher than those with H2/15Nz mixture on a solid sur­

face without preliminary contact with methane (d. Tables 1-4). 
The result of reactions of mixture of CH4 or Hz with 15Nz carried out 

on steel (SUS 304) are given in Table 6 by the first series of run, which 
is quite similar to the case of LaNi5 alloy. The flash desorption carried out 

after these runs of reaction shows that the solid surface was covered with 

higher hydrocarbon and nitrogen compounds, similarly to the case with LaNi5 

alloy (d. Table 5). These results suggest the contribution of higher hydro­
carbon formed from discharging CH4 and held on the solid surface to the 

high selectivity for hydrazine formation. This supposition was proved by 
the runs of reaction carried out on the same steel sample preliminarily 
coated with paraffin wax, as given in Table 612) by the second series of 
run. We see that the hydrogen driven out from wax by bombardment with 

discharging nitrogen was used for the formation of hydrazine, but not am­

monia. The total pressure increased due to evolution of hydrogen gas and 

lower hydrocarbon, and some coking of the surfaces of steel and quartz wall 
of reaction vessel was observed. 

Similar results were obtained at temperature as high as 100°C with 
reduced product of Sumatran petroleum mounted in the reaction vessel with 
quartz pieces. In this case, evolution of hydrogen and lower hydrocarbons 

Reactant 

Hz/CH4/15N2 

0.70/1.52 

TABLE 5. 15N2-hydrogenation with CH4 and 

H2 on LaNi5 alloy. 

Gas Trapped product 

~~ (102 P%b~~L__ 15N~:1(5=~~~~H4 15N
2 

-1--

0.01 (11.15) 10 87 3 

, 
--~ _." ~----'~T--~~-------------

0.11 17.91 o 100 o 

._----- -- --~--

0.12 5.40 80 20 o 

0.11 21.33 o 

0.11 7.71 66 31 o 

Trapped gas by 600C C FD (19.65) o 
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TABLE 6_ N 2-hydrogenation on steel SUS304. 

Gas Product 

H zj15N2 CH4/15N2 
In ( Pa'cm3 

) 15NH3 : 15NzH 4 : CH4 15Nz Jt 102 .-
mIn 

15N~ alone (:1.5:2) 0 94 3 

:2.76 0 1:2.98 90 10 0 

0 1.1,1 lUi 8 0 100 0 

1.1G 0 1:1.71 59 11 0 

0,95 0.81 18.18 ~)5 65 0 

1.91 0 1,)'53 100 0 0 

:2,fiO n.riO 19.811 50 11 0 

\Vax-coaled steel (SUS::;Oil) 

1.01 ·1.71 0 (11.57) :2:3 77 0 
() ·1.09 () (8.85) 0 100 0 

was slight, resulting in a steady formation of hydrazine and decrease of 
total pressure. On the other hand, ammonia was formed steadily from 
plasma of H 2/15Nz mixture on the same solid, as expected from the simple 
wall effect of solid surface. 

Monosilane, the electronic isostar of methane, was examined as a hydro­
gen source and the results are given in Table 7. The time courses of 
runs in this Table are given in Fig. 5. The first run of reaction with 
SiH4j15N2 mixture on quartz pieces was carried out with trap Tl cooled at 
-78°C, so as to keep monosilane of ca. 5 X 102 Pa in gas phase. Monosilane 
was easily decomposed, resulting in the evolution of hydrogen gas and yellow­
brown colored deposite on the wall. Simultaneous 15Nz·hydrogenation in this 

fun No. 

:2 

:3 

TAIlLE 7. 15N2-hydrogenation with SiH4 and II2 

on quartz pieces. 

Gas Trapped product 

SiH 4 . = 1.1/1 H2 = 1.66 2.9J 43 15N2 15Nz 
-------- ------

15N2 =1.72 1~;-=1.43 16.1,1 97 
H2 

3.51 80 

57 

3 

:20 
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run was slight. A similar result was 
obtained with SiH4f15N2 mixture flow­
ing out through the reaction vessel 
and trap Tl at -195°C. The run 2 
with H2/l5N2 mixture and trap Tl at 
-195°C showed a steady and selective 

formation of ammonia, as a result of 
the simple wall effect on the plasma 
of H 2/15N2 mixture. After the treat­
ment of quartz surface with dis­
charging monosilane, the run 3 car­
ried with l5N2 alone and trap Tl at 
-195°C was not steady and resulted 

in the preferential formation of hy­
drazine. In consequence, monosilane 
is not favorable as a hydrogen source 
for hydrazine synthesis on account of 
its high facility of decomposition in 
plasma to give hydrogen gas. Even­
though hydrazine was preferentially 
formed by the interaction of excited 
nitrogen molecules with deposited sili-

0 
0.. 
t<> 
r<l .,., 
II 6 
~ 

~ 
~ 
:::> 
<II 
<II 

~ 
0.. 

4 

Fig. 5. 

15 30 
time, min, 

45 60 

Time courses OIl 5N2-hydrogena­

tion with SiH4 and H2 on quartz 
pieces. 

con hydride film, the notable formation of ammonia shows that the reactivity 
of hydrogen held in this film resembles to that of hydrogen held in LaNi5 
alloy rather than the higher hydrocarbons held on solid surface. 

Hydrazine is synthesize practically from ammonia by chemical process 
with oxidative reagent, c. g. NaOCI, however, ammonia was found useless 
in the present method as follows. At first, with respect to the reportlll on 
the formation of prussic acid from discharging mixture of ammonia with 
hydrocarbon, the reaction of CH4/15N2 mixture was carried out on steel 

(SUS 304) by changing the cold trap Tl from liquid nitrogen to dry ice. 
Methyl and ethyl cianides, presumably prussic acid as well, were found by 
amounts comparable with those of hydrazine and hydrocarbon. The for­
mation of prussic acid was not clear with l5N2 because of peaks due to 
H05N in the mass spectra overlap with those of hydrocarbon and CO etc. 
It was ascertained by the reaction with 14N2 , with which a remarkable growth 
of the peak at m/e=27 was observed. This fact indicates that CN com­
pounds is effectively formed by the reaction of hydrocarbon with a trace of 
ammonia, which were not trapped off at -78°C. 



Hydrazille Synthesis with Discharge all Solid Surface 

Figure 6 and Table 8 show the time courses of reactions of ammonia 
carried out on steel. After the three runs, a, b, and c, of reaction with 
trap Tl at -195°C, the run d of ammonia alone was carried out with trap 
Tl cooled at -78°C. Ammonia was decomposed under discharge stoichio­
metrically into 14N2 and H2, resulting in the doubled increase of the total 
pressure (P/Po=2.02). The main part of the trapped product of slight amount 
was ammonia and prussic acid. In the successive run e with H2/14N2 mixture, 

5 

~ 

'--
4 '--

~ 
~ 
::J 
IJ) 

3 IJ) 

~ 
0.. 

2 
0 

[{un no 

a 

c 

d 

e 

~ 
I 
I 

0.5 1.0 
~ react. time(h) 

I 
I 

6.---0 
® 

1.5 2.0 

Fig. 6. Time courses of the runs of reaction given in Table 8. 

TABLE 8. Effect of NH3 on N2-hydrogenation 
over stell (SUS 304). 

Trap 
temp. 

(0C) 
Initial 

-195: CH4 -1 87 
15N

2 
" 

i 
-78 I 14NII, 

-195 

Gas 

Final 

1.79 

I 
3.41 I 

! 

I 

H2 
= 1.39 

15Nz 

Trapped product 

Amount NH N H ' N 
(

104 Pa.") 3: 2" 4: CH4 2 

"" cm3 (%) 
I . _. 

o 100 o 

1.:!76 77 o 

:!.566 30 70 o 

0.~88 

0.076 

--------

~"053 26 74 0 

i 
g i -195 I 600°C FD 0.293 54 46 0 
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reaction was practically absent. The run f with CH4/15N2 mixture and trap 
Tl at -195°C showed an evident induction period at the early stage of the 
reaction. In comparison with the result of the run a, the remarkable for­
mation of ammonia in the run f is suggestive for the hydrogenation of nitro­
gen held on the solid surface in the preceding runs, d and e, with H2/NH3 
mixture. It is well known that iron is easily converted to its nitride by 
carring out decomposition of ammonia on it, but not by the treatment with 
nitrogen or its mixture with hydrogen.lU) Furthermore, taking account of 
that the N~-hydrogenation should occur by the interaction of plasma with 
the quartz wall of reaction vessel before the contact of plasma with ~;teel 

surface, the apparent inactivity shown by runs e and f in Fig. 6 indicates 
the high catalytic activity of the metal surface coated with its nitride for 
decomposition of the nitrogen compounds. The nitride film may be hydro­
genated off as ammonia in the early stage of the run f, and, afterwards, 
it usual activity for hydrazine formation from CH4/15N2 mixture may be 
recovered. 

(C) Reaction scheme 

The results of the present experiments are summerized in the scheme 
given in Fig. 7. In conclusion, the hydrazine synthesis from N2 gas over 
solid surface was performed by applying glow discharge to gas and trapping 
off the formed nitrogen compounds immediately after the contact of plasma 
with solid surface. The effect of glow discharge for hydrazine formation 
might mainly based on the formation of excited nitrogen molecules (pre­
sumably, A3XU+ state with long life), which collide with OR groups or 
hydrocarbon on the solid surface to driving out excited H atoms, presumably 
proton and/or radical. The bombarding N2 molecule and the excited H 
atoms are quenched as hydrazine molecule by the wall effect of the solid 
surface. 

Fig. 7. I{eaction scheme of N 2-hydrogenation on solid surface with 
various hydrogen sources under glow discharge. 



Hydrazine Synthesis with Disrharge on Solid SZl1jare 

Hydrogen gas is poorly effective for hydrazine formation due to its 
difficulty for the supplement of OH groups onto the solid surface and pre­
ferentially forms ammonia due to the simple wall effect of solid surface on 
the plasma of H2/N2 mixture. The selective formation of hydrazine from 
CH4/N2 mixture presumably based on the interaction of excited N2 molecules 
with higher hydrocarbon formed on the solid surface from discharging 
methane. It should be noted that water vapor was poison for the present 
N2• hydrogenation. 

The contributions of homogeneous reaction possibly taking place in 
plasma and the catalytic activity of solid surface are not clear for the present. 

Results of the present experiments are expected to bring light on the 
field of plasma chemistry, especially with respect to the wall effect and/or 
the catalytic action of the solid surfaces and the reactivity of excited nitrogen 
molecule. 

Acknowledgement 

The present work was partially supported by a Grant-in-Aid for Scientific 
Research from the Ministry of Education, Science and Culture. The author 
is also much indebted to Prof. Kazuo Soga of Tokyo Institute of Technology, 
Ohtsuka Chemicals Co. Ltd., Tateho Chemicals Co. Ltd, for their kind supply 
of solid samples, and also to Profs, Isamu Toyoshima, Akio Kazusaka, Sinri 
Sato, Ken-ichi Tanaka, Dr. Katumi Tanaka, Mrs. Akio Yamazaki and other 
members of Research Institute for Catalysis, Hokkaido University, for their 
kind supports to the present author. 

References 

1) E. g. Y. Miura and A. Yamamoto, Chern. Letters, 1978, 937. 

2) G. N. Schrauzer and T. D. Guth, J. Am. Chern. Soc. 99, 7189 (1977). 

3) A. E. Shilov, N. T. Denisov, O. N. Efimov, N. T. Suvaliva and A. K. Shilova, 

Nature, 231, 480 (1971). 

4) L. P. Didenko, A. G. Ovcharenko, A. E. Shilov and A. K. Shilova, Kinet. i. Katal, 

18, 1078 (1977). 

5) S. 1. Zones, M. R. Palmer, J. G. Palmer, J. M. Doemeny and G. N. Schrauzer, .T. 
Am. Chern. Soc. 100, 2113 (1978). 

6) A. Takeuchi, K. Tanaka, 1. Toyoshima and K. Miyahara, J. Catal., 40, 94 (1975); 

A. Takeuchi, K. Tanaka and K. Miyahara, J. Catal., 40, 101 (1975). 

7) T. Okuhara, K. Tanaka and K. Miyahara, J. Chern. Soc., Chern. Comm., 1976, 42; 

J. Catal. 48, 229 (1977); K. Tanaka, T. Okuhara, S. Sato and K. Miyahara, J. Catal., 

43, 360 (1976); K. Tanaka and T. Okuhara, Catal Rev.-Sci.Eng. 15, 249 (1977). 

17 



18 

K. MIYAHARA 

8) Ka. Tanaka, K. Tanaka and K. Miyahara, Chern. Letters, 1978, 943; J. Chern. Soc., 

Chern. Comm., 1979, 314; Proc. 7th Intern. Congr. Catal. Tokyo, Kodansha, Tokyo 

1318 (1981); K. Miyahara, .T. Res. Inst. Catal., Hokkaido Univ., 28, 279 (1980). 

9) K. Miyahara, Y. Murata, 1. Toyoshima, Y. Tanaka and T. Yokoyama, .T. Cata!', 

64, lR6 (19Rl); H. Hattori, Y. Tanaka and K. Tanabe, J. Am. Chern. Soc. 98, 465:0 

(1976). 

10) K. Miyahara, Chern. Letters, 198:l, 1871. 

11) Eo g. M. Calvin, Chemical Evolution-molecular evolution towards the OrIgm of 

living system on the earth and elsewhere, Oxford Univ. Press (1969) Chapt. 6. 

12) K. Miyahara, Chern. Letters, 1984, 849. 

13) A. Kazusaka, H. Suzuki and 1. Toyoshima, .r. Chern., Soc., Chern. Comm., 1983, 

150. 

14) I. Toyoshima, N. Takezawa and H. Suzuki, J. Chern. Soc., Chern. Comm., 1978, 

270; A. Kazusaka and 1. Toyoshima, Z. phys. Chern., N. F., 128, 111 (1981). 

15) Ka. Tanaka, K. Tanaka and K. Miyahara, .T. Cata!' 59, 423 (1979); Nippon Kagaku­

kai-shi 1978, 1338. 

16) I. Toyoshima and .T. Horiuti, J. Res. Inst. Catal., Hokkaido Univ., 6, 146 (1958). 


	10011358.tif
	10011359.tif
	10011360.tif
	10011361.tif
	10011362.tif
	10011363.tif
	10011364.tif
	10011365.tif
	10011366.tif
	10011367.tif
	10011368.tif
	10011369.tif
	10011370.tif
	10011371.tif
	10011372.tif
	10011373.tif
	10011374.tif
	10011375.tif

