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Abstract

A membrane-like alumina tube was designed as a new type of catalyst for a reactor with plasma produced by dielectric-barrier-discharge.
Anodizing the inner wall of an aluminum tube at dc 100 V using an oxalic acid solution formed an alumina film with straight pores of uniform
size, each of which was developed independently and perpendicularly to the macroscopic surface. The gas-permeable membrane was obtaine
after chemical removals of the unanodized aluminum and the barrier layer on the outside. It was also confirmed that fine ruthenium particles
were deposited on the pore walls of the alumina by immersing the tube in a satmiaégdne solution of dodecacarbonyltriruthenium,
followed by calcination and reduction. When the pure alumina membrane was introduced into nitrogen—hydrogen plasma, the ammonia yield
was enhanced at each reaction condition. A further improvement was observed for the Ru-loaded catalyst. These results clearly indicate a
synergistic effect of plasma and catalysis of the alumina and ruthenium on the ammonia synthesis.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Dielectric-barrier-discharge is a simple technique for
plasma generation at atmospheric or elevated pressures,
Since ammonia formation from nitrogen and hydrogen and is applied to ozone generation and other reacfibbls
is exothermic[1,2], thermodynamic equilibrium theory in- Because of a difficulty in introducing some solids into the
dicates the superiority of a lower temperature for ammo- limited plasma space, electrode surfaces are frequently de-
nia synthesis. Nevertheless, high temperatures (>670K) aresired to play catalytic roles in plasma-chemical processes
employed in the industry because a dissociative adsorption[16—18] but their effects on conversion and selectivity are
of dinitrogen, which is the rate-determining step in the cat- not necessarily significant. This is most likely due to the
alytic procesg1-3], takes place only very slowly when the structure of the reactor in which reactant molecules do not

temperature is lower than 573 K. have a very high probability of contact with the electrode
Nonequilibrium plasma has been studied as a promising of very small surface area.
way to obtain ammonia via NH radicals fromNH, mixture This paper presents a new type of plasma-catalytic re-

at ambient temperatufd—7]. It has also been reported that actor, a dielectric-barrier-discharge system with a tubular
the metals placed in plasma region or the metallic inner walls membrane-like catalysEig. 1 shows a schematic diagram
of the reactor chambers enhance the ammonia yreld4], of the reactor. The catalyst consists of a tubular alumina film
indicating a synergistic effect of the metal catalysts and the with pores through which gases can pass. This system is
plasmas. These types of experimental apparatus, howevergxpected to improve the efficiency of plasma reactions via
were operated under reduced pressuresskPa), so they  the following advantages: (1) the catalyst is placed at the
are unsuitable for practical use. center of the plasma zone between the inner electrode and
the quartz tube covered with the outer electrode, (2) contact
mspondmg author. Tel+81-532-44-6795: of the plasma-excited molecules with the catalyst is con-
fax: +81-532-48-5833. sidered to increase markedly because they are forced into
E-mail addressmizusima@tutms.tut.ac.jp (T. Mizushima). the small pores, and (3) the membrane-like alumina can be
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Fig. 1. Schematic diagram of the plasma reactor with the tubular membrane-like catalyst.

easily loaded with various kinds of catalytic active species substrate were removed by etching in a mixed solution of
by the conventional procedures for catalyst preparation.  5wt.% sodium hydroxide and 0.5wt.% sodium gluconate,
We prepared such a catalyst by an anodic-oxidation followed by a dissolution of metallic impurities on the sur-
technique for surface finishing of aluminum. Applying dc face in a 1.8 wt.% nitric acid solution. An anodic film on the
voltage to aluminum as an anode in an aqueous solutioninner surface was formed by applying an anodizing voltage
of electrolyte such as sulfuric, oxalic, and phosphoric acid of +100V from a dc power source (Kikusui Electronics,
forms oxide films consisting of two regions: a porous layer PAD110-5L) against a carbon-rod cathode (2 mm in diam-
and a barrier layef19,20] The porous layer comprises a eter) placed at the center of the aluminum tube. During
uniform array of closed-packed hexagonal alumina cells,
each containing a cylindrical pore formed perpendicularly
to the macroscopic surface of the aluminum substrate. The
barrier layer is a thin compact inner region lying adjacent to
the metal. We have previously reported the preparation of
the porous anodic film on an aluminum wire and its applica-
tion as an electrically self-heated catalyst, the temperature of
which can be instantaneously raised to initiate catalytic reac-
tions[21,22] In this study, we elaborated a tubular alumina
membrane by the anodic oxidation of an aluminum tube and
examined its catalytic performance in ammonia formation I I ?axxlgf
by the plasma at room temperature. Furthermore, ruthenium, _,\.ummum
which shows a high catalytic activity in thermal ammonia
synthesig1-3], was deposited on the alumina to evaluate « —
a metal effect on the plasma reaction. As a result, notable re— "
synergistic effects of the catalysts and the plasma were U’U’“‘l.mk
observed. 1 Barrier

Aluminum tube

< Anodic oxidation of an internal wall

Alllminuml of an aluminum tube at DC 100 V
with pouring 1 wi% (COOH),
solution

I

aluminum in 15 wt% HCl - 0.1

l Chemical removal of the external
mol/dm’ CuCl; solution

l Dissolution of the barrier layer in

layer 25 wt% H3PO, solution

. Membrane-like

2. Experimental @ S— @ alumina tube
2.1. _Preparatlon _of tubular membrane-like alumina and ] l] [l |:| I:I[ Adimption of BwlEths fem i
Ioadlng of ruthenium saturated n-hexane solution

An outline of the preparation procedure of the tubular « gD | Vembrancice
membrane-like alumina and Ru/alumina catalysts is illus- —— Ru/alumina tube
trated inFig. 2 The porous alumina was made from an alu- ]ﬂﬁﬂﬂ%

. . . . Ru
minum tube with an external diameter of 5 mm, a thickness

of 0.25mm, a length of 125 mm, and a purity of 99.5%. Be- Fig. 2. preparation process of the tubular membrane-like alumina and
fore anodizing, spontaneous oxide layers on the aluminum Ru/alumina catalysts.
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the anodization, an aqueous solution of 1wt.% oxalic acid 3. Results and discussion

kept at 293 K was circulated through the inside of the tube.

The tube was then washed with water and sealed at both3.1. Morphology of the membrane-like catalyst

ends with Teflon tape to protect the internal anodic film

from damage during the following chemical treatments. In order to establish the optimum anodizing conditions,
Gas-permeability was obtained by dissolving the external we prepared five kinds of oxide films by anodizing the in-
unanodized metal in a 15wt.% hydrochloric acid solution ternal walls of the aluminum tubes at 100V for 3.3, 5, 10,
containing 0.1 mol/drh copper(ll) chloride, followed by a 15, and 24 hFig. 3illustrates a change in the film thick-
dissolution of the barrier layer in a 25 wt.% phosphoric acid ness with anodizing time. The thickness increased with time,
solution at 298 K. Loading of ruthenium onto the alumina but the growth gradually slowed down. SEM photographs
membrane was carried out by adsorption of dodecacarbonyl-of the internal surfaces are given Kg. 4. Pores of uni-
triruthenium from its saturated-hexane solution at room form size were dispersed in the oxide at a pore-to-pore dis-
temperature for 3h. The prepared catalyst was calcinedtance of about 170nm and a pore population density of
at 773K for 4h and then reduced at 673K for 2h before 4.9 x 101¥m~2, which were almost unchanged by the an-

use. odizing time. A long-time anodic treatment, however, re-
sulted in a pore expansion and a decrease in the pore-wall
2.2. Characterization thickness; the average pore diameter increased from 70 to

150 nm by extending the anodizing time from 3.3 to 24 h.
The porous structure of the membrane-like catalyst was This means that the anodic layer formed at the initial stage

examined with a scanning electron microscope (SEM, Hi- was chemically dissolved in the oxalic acid solution accord-
tachi S-900). A transmission electron microscope (TEM, Hi- ing to the pore-widening mechanism proposed by Nagayama
tachi H-800) was also employed at an accelerating voltageet al. [23,24] Because a partial disappearance of the pore
of 200KkV for the pulverized sample to observe the ruthe- walls and a union of the pores were observed after anodiz-
nium supported on the alumina. The amount of ruthenium ing for 15 and 24 h, the oxide tube obtained for 10h was
was determined by inductively coupled plasma atomic emis- employed for the plasma reaction. Its average pore diameter
sion spectroscopy (ICP-AES, Jarrell-Ash POEMS II) for a and film thickness were 120 nm and |28, respectively.
solution of the sample dissolved with aqua regia. Fig. bais a SEM photograph of the external wall of the

tube after dissolving the unanodized aluminum. Rounded
2.3. Ammonia synthesis by the plasma reactor equipped humps characteristic of the barrier layer were clearly ob-
with the membrane-like catalyst served. The cell size was about 260 nm, and hence the num-

ber of cells corresponding to the pore population density was

Plasma synthesis of ammonia was carried out at room calculated to be ¥ x 1013 m~2, which was only about 35%

temperature and atmospheric pressure by using the reactoof that on the inside. This is consistent with the reports on
illustrated inFig. L The inner electrode was a stainless-steel growth of the anodic film that, although a number of small
tube of 4 mm diameter on which three holes of 1 mm were pores were generated in the initial stage, only a fraction of
made at intervals of 30 mm. The membrane-like catalyst the incipient pores continued to develop in the steady state
was fixed on the electrode with ceramic adhesive so as towhere the anodic voltage and current were cong26+#28]
cover the holes, and held at the center of a quartz tube The metal-removed alumina tube was then immersed in
(8 mm outside diameter and 1 mm thickness) with plastic the phosphoric acid solution to dissolve the outer alumina
tube-fittings. The outer electrode was a piece of aluminum barrier. SEM images of the external surfaced-ig. 5b—e
foil (90 mm in length) by which the quartz tube was tightly
surrounded. Discharge plasma was generated by applying

an ac voltage at 21.5kHz between the inner and outer elec- 200
trodes with a power source (Logy Electric, LHV-13AC). The

discharge voltage was adjusted in the range of 2.5-4.5kV

by controlling the primary-side ac voltage into the power

source, and was continuously monitored with an oscillo- 100 -

scope (lwatsu, DS-9242A) through a high-voltage probe.

Thickness / pm

The electric energy consumed by the system was determined 9

by an ac power meter at the primary side—MN, mixture

was introduced from the end of the quartz tube and led into

the pores of the catalyst. The produced gases were taken 0 s .

out of the reactor through the holes on the central stainless- 0 10 20 30
Anodizing time / h

steel tube, and analyzed on a gas chromatograph (Shi-

madzu, GC-8A) equipped with a 3m column of HayeSep Fig. 3. Change in the thickness of the anodic oxide film formed at 100V
C 60/80. with anodizing time.
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Fig. 4. SEM photographs of the internal walls of the aluminum tubes anodized at 100V for (a) 3.3h, (b) 5h, (c) 10h, (d) 15h, and (e) 24 h.

Fig. 5. SEM photographs of the external walls of the alumina tubes anodized at 100V for 10h, followed by (a) a removal of the unanodized aluminum
and an immersing in the phosphoric acid solution for (b) 20 min, (c) 40 min, (d) 60 min, and (e) 80 min.
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Fig. 8. Effects of the input voltage on (a) the yield and (b) the energy
efficiency in the plasma synthesis of ammonia. The reactions were carried
out at a H/N; ratio of 3 and a total flow rate of 30 ci#min.

Fig. 6. SEM photograph of the cross-section of the anodized tube in the 3.2 Catalysis of the alumina and Ru/alumina membranes
vicinity of its external surface. o : .
in ammonia synthesis by,NH, plasma

clearly demonstrate a disappearance of the barrier layer and; 2 1 |nfluence of the discharge voltage
an appearance of the pores with dissolution time. Most of  Ammonia synthesis from MN-H, mixture was carried
the pores appeared after 40 min. A further soaking, however, gt by using the plasma reactor with and without the
resulted in a thinning or disappearance of the pore walls andmemprane-like catalysts at room temperature and ambient
fragility of the tube; therefore the immersing time was fixed pressureFig. 8ashows the amount of ammonia produced
at 40 min. at a H/N> ratio of 3 and a total flow rate of 30 citmin

Fig. 6shows a SEM photograph of a cross-section of the g5 3 function of effective alternating current voltage (rms).

were developed independently of each other and perpendicyiem was slightly raised with increasing voltage up to
ularly to the macroscopic surface. The size and population 3 5y, but it remained almost unchanged at a higher volt-
density of the cells agreed with those estimated fFogn 5a age. The maximum was.@ x 10~5mol/min at 4.5kV,
The tubular membrane-like Ru/alumina catalyst was ob- \yhich corresponded to ag\tonversion of 2.4%. The elec-
tained through an adsorption of §CO)2 onto the anodic  tric power consumed by the system increased with input

film. No change in the porous structure of the alumina mem- ygtage: 51+ 3, 654 3, 84+ 5, 1064 6, and 127 9W at
brane was observed after the treatment. The Ru amountdeo 5 3.0, 3.5, 4.0, and 4.5KkV, respectively. The energy effi-

termined from the ICP-AES analysis was 0.10wt.%, and cjency estimated as the amount of Nk moles per joule
hence 0.1 mg of ruthenium was supported on the aluminasf energy consumption is shown Fig. 8h One of the rea-
tube with a weight of 0.1 g. A TEM photograph of the pul- - sons why the energy efficiency decreased with increasing
verized catalyst is shown iRig. 7. It clearly indicates that  \|tage may be an occurrence of the backward reaction; at
the Ru particles of 3—15nm in diameter were deposited on g higher voltage, more NHmolecules were formed, but
the pore walls of the anodic film. their decompositions to Nand H were also promoted.

It is evident fromFig. 8athat introducing the tubular
membrane-like catalysts into theNH, plasma notably ac-
celerated the ammonia production. Even the pure alumina
showed an improvement in the ammonia yield by a factor
of 1.5 at 4.5kV. A further advancement was achieved by
the Ru-loading; the ammonia generated at 4.5 kV was twice
as much as that without the catalyst. An additional feature
of the catalyst-equipped systems was that the yield tended
to increase even beyond 3.5kV. As the catalyst had little
influence on the discharge current and the consumed elec-
tric power, the energy efficiency increased in the order of
Ru/alumina> alumina> blank, as shown ifig. 8h These
results clearly show that there were significant interactions
of the plasma-excited molecules with the alumina and
ruthenium.

Fig. 7. TEM photograph of the pulverized Ru/alumina tube.
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Fig. 9. Effects of the flow rate on (a) the yield and (b) the energy efficiency Fig. 10. Effects of the gas composition on (a) the yield and (b) the energy
in the pla_sma synthesis _Of ammonia. The reactions were carried out at aefficiency in the plasma synthesis of ammonia. The reactions were carried
H2/N3 ratio of 3 and an input voltage of 4.5kV. out at a total flow rate of 30 cimin and an input voltage of 4.5kV.

Although the gas temperature at the outlet was almost theof the alumina and Ru/alumina catalysts, they reached a
same as that at the inlet during the plasma discharge, themaximum at a H/N> ratio of 3, which is the stoichiometric
quartz tube and the central electrode of the reactor becameyalue for ammonia synthesis. This suggests that a change
hotter as the input voltage was raised. For example, thein the major route of ammonia formation may occur due to
electrode temperature measured just after the reaction ainstalling the membrane-like catalyst into the plasma.
4.5kV was about 573 K. We confirmed that no ammonia was
generated by externally heating the reactor equipped with 3.2.4. Speculations about the formation mechanism of
the Ru/alumina catalyst at 673 K, indicating that the plasma ammonia

excitations of nitrogen and hydrogen were essential for the As shown inFigs. 8-10the membrane-like catalysts ap-

ammonia formation. preciably promoted the ammonia formation, indicating that
surface reactions on the alumina and ruthenium are impor-
3.2.2. Influence of the flow rate tant reaction pathways. However, because a significant quan-

Fig. 9aillustrates the influence of the flow rate on the tity of ammonia was produced even in the absence of the
amount of ammonia produced at a constant voltage, 4.5 kV. catalyst, we cannot neglect other reaction processes.
The gas composition was kept at a/N> molar ratio of 3. It is widely known that NH radicals are generated by elec-
The Ru/alumina catalyst showed the highest yield at eachtron impacts of nitrogen and hydrogf&9-31] Uyama and
flow rate, followed in order by the alumina and blank. The Matsumoto[5,6] and Matsumotd7] have elucidated that
yield increased linearly with flow rate in the presence and the ammonia yield increases with amount of NH radical in
absence of the catalyst. The power consumption was almosthe plasma bulk, indicating that the NH radical is a precur-
independent of the flow rate and the catalysts, and hencesor of NHs. They also found that Nklwas formed by reac-
the energy efficiency also showed a liner increase with flow tions between the NH radicals ang Irholecules, but was
rate, as shown irFig. 9b The increases in the yield and decomposed by H atoms in the plasma.
the energy efficiency with increasing flow rate are probably  Besides the noncatalytic plasma-phase reactions, we have
due to a decrease in the decomposition of ammonia with to take into account an effect of the stainless-steel electrode

decreasing resident time in the plasma region. placed at the center of the reactor. Matsumoto and cowork-
ers[7,13,14]revealed that the amount of ammonia produced
3.2.3. Influence of the gas composition by radio-frequency or microwave discharge evidently in-

The effect of the reactant composition on the ammo- creased with increasing number of iron and molybdenum
nia synthesis was also examined at a total flow rate of wires placed in the plasma. This means that the metals be-
30 cnm?/min and a discharge voltage of 4.5kV. The ammo- have as a catalyst in the plasma reaction. Similar catalytic
nia yield and the energy efficiency are plotted as a function effects have been reported for other metals such as stainless
of Ha/N3 ratio in Fig. 10a and prespectively. The yield in-  steel, platinum, and silvdir—12].
creased in the order of Ralumina> alumina> blank at In the plasma reactor without the membrane-like catalyst,
each gas mixing ratio. The same is also observed for the en-NH3 was probably formed by both reaction processes: the
ergy efficiency because the discharge current and the powerchain reactions in the plasma phase and the surface reactions
consumption were little affected by thet, ratio and the on the stainless-steel electrode. If the former is the main
membrane-like catalysts. It is noteworthy that there is a dif- reaction, it is expected that, because electron energy in the
ference in the optimum gas composition between the plasmaplasma has a considerable influence on the amounts of NH
reactions with and without the catalysts; the yield and the radicals and H atoms, the ammonia yield will largely depend
energy efficiency increased with increasing/Np ratio up on the plasma powd6]. On the other hand, the external
to 5 when the catalyst was absent, whereas in the presencsurface area of the stainless-steel tube in the plasma zone
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is so small (only 11.3 cA) that the latter reaction is likely ~ features: it can be operated at atmospheric pressure and a
restricted even if the excited molecules increase with input variety of catalytic components can be easily deposited on
voltage. The fact that the effect of the discharge voltage on the membrane, leading to an expectation of its practical
the ammonia yield was relatively small in the absence of application to other plasma reactions.
the membrane (sdéig. 8) suggests a preponderance of the
surface reaction on the stainless steel.
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