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Synthesis of Ammonia with RF Discharge.

Adsorption of Products on Zeolite
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The adsorption of nitrogen-hydrogen molecules formed in the RF
discharge on zeolite was studied. The ammonia molecules adsorbed on
zeolite as ammonium ions were detected by IR spectroscopy and TPD.
The present results obtained show that the ammonia synthesis is
facilitated by the surface reactions of the NHy (x=1,2) radicals

adsorbed on zeolite with hydrogen atoms.

In the recent few years, a number of papers on the plasma synthesis of ammonia
at low pressure have been published. The typical synthesis procedures are classi-
fied in two categories. The first one is the ammonia synthesis by the reaction of
nitrogen and hydrogen in a glow discharge at few hundred Pa. In this case, NHy
(x=1,2) radicals formed in the discharge recombined with hydrogen atoms on the
surface of a cold trap.l’e) The second one is the reaction of nitrogen and hydrogen
in an electron cyclotron resonance (ECR) plasma at 10-2 Pa. In this case, the
surface reaction of excited N, on the wall of the generator is considered as the
rate determining step.s) Hydrazine was directly synthesized on various metal oxide
catalysts with active nitrogen generated by silent discharge.4’5) NH, radicals

6) and catalysts7) were detected by XPS.

formed in the discharge on the metal surface
8)

The adsorption of ammonia on zeolite was studied by means of IR spectroscopy and

a temperature programmed desorption (TPD) technique.g)

As the ammonia synthesis in an radio-frequency (RF) discharge has not been
studied, we have investigated the formation of ammonia from nitrogen-hydrogen plasma
generated by the RF discharge. Because the zeolite can adsorb ammonia effectively
even at room temperature,a) it is used as an adsorbent of ammonia. In this letter,
we describe the results obtained for the effect of the adsorption of NHy radicals
formed in the RF (13.56 MHz) discharge at few hundred Pa on zeolite upon the yield
of ammonia produced as the preliminary study of the ammonia synthesis by means of
plasmas.

Nitrogen-hydrogen (4:1) plasma was generated by the RF discharge in the same
way as described in the nitriding of metals in the RF discharge.lo) The total gas
flow rate, the pressure, and the RF power were maintained at 1.2 dm3 h'l, 650 Pa,
and 200 W, respectively. The discharge was carried out for 3 h in every case.
Pellets of zeolite 13X (ordinary 0.1 g) were set in U-tube connected to the end of

quartz discharge tube to adsorb radicals formed in the plasma as shown in Fig. 1.
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Two types of zeolites were used, one
of which was hydrated zeolite as re-
ceived and the other the dehydrated
zeolite obtained after heating at 620 K
for 1 h in vacuum. The zeolite was
maintained at 300 K, 273 K, or 203 K
during the adsorption. Adsorption
species on zeolites were analyzed by
the IR spectroscopy and the Kjeldahl
method. The TPD technique combined
with mass spectroscopy was applied to
identify the desorbed species from the
zeolite. The species formed in the
plasma were identified by emission
spectroscopy as well as mass spectro-
scopy.

The typical IR spectra of zeolite
samples which adsorbed radicals at
300 K are shown in Fig. 2. In addition
to the absorption bands of zeolite
itself in either hydrated or dehydrated

state, a band at 1400 cem~1 was observed.

It was assigned as the absorption due
to an NHZ ion. When the adsorption was
carried out with zeolite cooled, the
absorption intensity was found to
increase.

Typical TPD curves of desorbed gas
from the zeolites are shown in Fig. 3.
The TPD curve of the hydrated zeolite
showed only peak of m/e=18. In the
curves of the hydrated zeolite which
adsorbed radicals, the peak intensity
of m/e=18 was stronger than those of
m/e=16 and 17. In the case of de-
hydrated zeolite, the peak intensities
of m/e=17 and 18 were approximately
identical and stronger than that of
m/e=16. The peaks of m/e=16, 17, and
18 correspond to NHE, NH3, and Hp0%.
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Fig. 2. IR spectra of zeolites which
adsorbed nitrogen-hydrogen radicals

at 300 K.

A:Zeolite 13X only, B:Adsorbed radicals
(hydrated zeolite), C:Adsorbed radicals
(dehydrated zeolite).

A larger amount of water was desorbed from the hydrated zeolite. A larger amount

of ammonia is adsorbed on the dehydrated zeolite than on the hydrated zeolite. It

was also found that the peak height of ammonia increased by cooling zeolite.
Because both the IR absorption band intensity at 1400 em~l and the TPD peak

intensity due to NH§ become stronger upon cooling zeolite, it is obvious that the

amount of ammonia adsorbed on zeolite increases upon cooling zeolite. The yield of
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Fig. 3. TPD curves of zeolite. Fig. 4. Ammonia yield in the discharge
A:Hydrated zeolite only, B:Hydrated of nitrogen-hydrogen mixture vs. zeolite
zeolite which adsorbed radicals at temperature.

300 K, C:Dehydrated zeolite which
adsorbed radicals at 300 K,

Numericals represent m/e.

ammonia (including ammonium ion) determined by the Kjeldahl method is plotted
against the adsorption temperature of zeolite as shown in Fig. 4. A considerable
amount of ammonia was trapped on zeolite even at room temperature. The ammonia
yield increased with decreasing temperature. The yield at zeolite temperature of
200 K was several times larger than that obtained when a cold trap was simply used

at same temperature.l)

The yields obtained by the discharge of pure nitrogen and
for a flow of nitrogen-hydrogen mixture without discharge were also determined. The
yields were 12-16 pmol g‘l h-1 for the discharge of pure nitrogen and less than 10
pmol g‘1 h~l for the flow of nitrogen-hydrogen mixture without discharge, respective-
ly. The yields were approximately constant at every zeolite temperature.

The emission spectroscopic and mass spectroscopic measurements were carried out
to identify the species in the plasma. The emission spectra from the pure nitrogen
and nitrogen-hydrogen plasmas were observed with a monochromator in the wave length
region between 700 and 200 nm. The first, second and fourth positive systems of N,
and the first negative system of N3 were observed in the nitrogen plasma. When
hydrogen gas was added to nitrogen, the NH (A3ﬂ'—X3§TW emission as well as some
hydrogen atomic emission of Balmer series were observed in addition to the band
systems observed in the pure nitrogen plasma. The species in the plasmas were also
determined by mass spectroscopy. The ions, HT, HE, N*, and N§ were identified in
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the nitrogen plasma. The ions, HT, H§, Nt, NE, and NH; (x=1-3) were identified in
the nitrogen-hydrogen plasma.

From the results obtained in this study, it is concluded that the ammonia
synthesis is facilitated by the surface reactions of the NHX (x=1,2) radicals ad-
sorbed on zeolite with hydrogen atoms. Ammonia was adsorbed on zeolite even at room
temperature. A larger amount of the NHy radicals were trapped on the zeolite sur-
face than that trapped on a simple cold trap kept at the same temperature, probably

because the surface area of zeolite is much larger than that of a simple cold trap.
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