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Ammonia synthesis was performed using a hydrogen-permeable membrane reactor with a Ru/(MgO-CeO,) cata-
lyst (Mg:Ce = 50:50 in molar ratio; Ru loading = 5 wt %). The catalytic activity with permeated hydrogen (atomic hy-
drogen) was 1.6 times higher than those of with non-permeated hydrogen (molecular hydrogen). Temperature-program-
med reaction experiments, which were conducted by flowing hydrogen onto the catalysts, revealed that the ceria com-
ponent of the MgO—CeO, support became much more reductive by hybridization with magnesia. The partially reduced
ceria promoted the dissociative adsorption of molecular nitrogen by donating the electrons of Ce3* ions to Ru metal
particles. Furthermore, hydrogen poisoning of the Ru metal catalysts was suppressed by supplying atomic hydrogen
through a Ag—Pd hydrogen-permeable membrane under well-controlled conditions to accelerate the catalytic reaction.

Supported ruthenium metal is known as high-performance
catalyst to produce ammonia effectively under mild condi-
tions, such as low temperature and pressure.l*2 However, the
catalytic activity is usually retarded by the high affinity be-
tween the ruthenium metal and the adsorbed hydrogen (so-
called “hydrogen poisoning”).? In our previous work, ammo-
nia synthesis is carried out on a hydrogen-permeable Ag—Pd
membrane reactor, which consists of Ru/Al,O3 catalyst and a
Ag-Pd hydrogen-permeable membrane.* The catalytic activity
is accelerated by highly reactive atomic hydrogen through
the Ag—Pd hydrogen-permeable membrane. Consequently, the
ammonia formation rate per unit weight of the catalysts used is
higher than those observed for conventional flow-type reactors.
In addition, because the dissociative adsorption rate of molecu-
lar nitrogen on Ru-metal-supported catalysts is also increased
by a metal-support interaction effect, various materials, such
as magnesia,5’7 magnesium aluminum spinel oxide,® zeolites,’
rare earth oxides,'? and active carbon,!'"!3 have been used as
supports for Ru metal particles.

In this study, Ru metal catalysts supported on nanocompo-
site powders of MgO and CeO, were prepared and loaded
on one side of Ag—Pd membrane to make the ammonia synthe-
sis reactor. The ammonia formation characteristics for the
membrane reactor described above were studied from the
viewpoints of metal-support interaction and suppression of
hydrogen poisoning at high reaction pressure together with the
reaction performance on the conventional flow-type reactor
charged only with Ru-based catalysts.

Experimental

Preparation of Catalysts. The Ru/(MgO-CeO,) catalysts
with various compositions (Mg:Ce = 100:0, 75:25, 50:50, 25:75,
and 0:100 in molar ratio; Ru loading = 5wt %) were prepared
according to a procedure described previously.'* Mixed gels
of Mg(OH),—Ce(OH)4_, were formed by co-precipitating them
from aqueous solutions of corresponding acetate salts. They were

then impregnated in a tetrahydrofuran (THF) solution of Ruj-
(CO)j; and stirred for 12h in the dark. After impregnation, the
solvent was removed on a rotary evaporator, and the resultant gray
powders were dried under vacuum at 353 K for 12 h. Finally, they
were heated at 393K for 1h and then at 723K for 2h (heating
rate: 120Kh™!) under vacuum to obtain fine black powders.
Catalytic Properties for Ammonia Synthesis. Of each cata-
lyst prepared above, 0.2 g were charged into a conventional flow-
type reactor, and ammonia synthesis was carried out by flowing
the reaction gas (3H, + Nj; purity: >99.999%) at a space veloci-
ty of 18 dm® g~' h~!, at 573-673 K under atmospheric pressure (0.1
MPa). The charged catalyst was pretreated in a Hy stream (3.0
dm?h~') at 723K for 2h to reduce the oxidized Ru species to
Ru-metal particles and to eliminate of adsorbed impurities. The
outlet gas was introduced into 0.2dm? of dilute sulfuric acid to
absorb the synthesized ammonia. Its formation rate was calculated
with the change in the pH value using the following equation:

(10PH=0 — 1QPH=)Y
r=—o0-—— | M
tem

where, r is the formation rate, ¢ is the reaction time, V represents

the volume of sulfuric acid, and m is the weight of catalyst.
Preparation of Ru/(MgO-CeQO,)/(Ag-Pd) Membrane Re-
actor. Catalyst precursor Ru(CO),/{Mg(OH),—Ce(OH)4_,} was
dispersed in water and spread on a Ag—Pd plate (900 mm? reaction
area; 100 wm thickness; Ag:Pd = 25:75 in molar ratio) and dried
at 323 K overnight. It was subsequently heated at 723K in a H;
stream (2.4dm>h™') to obtain the Ru/(MgO-CeO,)/(Ag-Pd)
membrane. The loading amount of catalyst was about 5 x 1072
¢ for each membrane (5 x 1073 gmm™2), which was set to the
membrane reactor illustrated in Fig. 1. The ammonia formation
rate on the membrane reactor was measured at 573-673K by
flowing N, gas (2.4dm3*h~!) to the catalyst side of membrane
and a 2.4dm>*h~! of N,-H, mixed gas with various compositions
on the opposite side. The permeated H, amount was determined
using a gas chromatograph (GC-8A; Shimadzu Corp.). The N—
H, mixed gas with an optimum composition, obtained from the
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Fig. 1. A schematic illustration of the hydrogen-permeable
membrane reactor consisting of Ru metal catalyst and Ag—
Pd membrane.
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Fig. 2. Temperature dependencies of ammonia formation
rates on 0.2 g of Ru/(MgO-CeO,) catalysts with various

contents of CeO, by feeding the stoichiometric 3H, + N,
reaction gas (space velocity: 18dm?®g~'h™").

Table 1. BET Surface Area, H, Chemisorption Data, and Turn-Over Frequencies for Ru/(MgO-

Ce0») Catalysts¥

Support materials Ru loading/wt% BET surface H, uptake/umolg~' TOF at 598 K

MgO:Ce0,) alrea/m2 g*1 /s*1

0:100 (CeO,)® 1.0 54 32 52 %1073
0:100 (CeO») 5.0 121.8 24.8 6.8 x 1073
25:75 5.0 157.6 52.5 1.3 x 1072
50:50 5.0 144.8 43.0 1.6 x 1072
75:25 5.0 142.3 63.0 9.8 x 1073
100:0 MgO) 5.0 200.3 214 3.6 x 1073

a) Data are calculated based on H,gs/Ru = 1, sphere shape of metal particle. b) Calculated on

Ru metal impregnated on anhydrous CeO, from Ref. 9, reaction temperature is 588 K.

process described above, was flowed on both sides to evaluate the
effect of permeated atomic hydrogen. The ammonia formation
rate was determined using the method described above.
Characterization of Catalysts. The X-ray diffraction (XRD)
analyses of the resultant support materials were carried out using
an X-ray diffractometer (RINT-2200; Rigaku Corp.) with Cu Ko
radiation. The amount of chemisorbed hydrogen on the calcined
catalysts was monitored with a thermal conductivity detector
(TCD) attached to a gas chromatograph according to conventional
pulse technique. To reduce Ru metal particles and eliminate ad-
sorbed species completely, all samples were pretreated in a H;
stream (3.0dm>® h~!) at 723K for 2 h, and then degassed in an Ar
stream (3.0dm> h™") at 723 K for 2 h before the above-mentioned
pulse experiments. The metal dispersion state and size of Ru metal
particles were evaluated according to the spherical metal-particle
model (Hugs/Ru = 1) from results of H, chemisorption experi-
ments. The hydrogen consumption profiles were also observed
by temperature-programmed reduction (TPR) experiments to esti-
mate the reduction behavior of catalysts using the TCD. Prior to the
TPR experiments, carried out in a H, stream (4.8 dm*h~") from
room temperature to 923 K (heating rate 300 Kh™!), the catalysts
were oxidized in an air stream (3.0dm?®h~!) at 823 K for 2h. The
specific surface area values were measured using the Brunauer—
Emmett-Teller (BET) method (Flow Sorb 2300II; Micrometrics

Inc.). The microstructures of the catalysts were observed using a
transmission electron microscope (JEM-2010F; JEOL) equipped
with energy dispersive X-ray (EDX) unit (resolution ~ 1.1 nm).
The valence state for ceria was analyzed by using an X-ray photo-
electron spectrometer (XPS) (AXIS-165; Shimadzu Corp.).

Results and Discussion

Ru/(Mg0O-Ce0O,) Catalysts. Figure 2 shows temperature
dependences of the ammonia formation rate as measured
for the Ru/(MgO-CeO,) catalysts at various reaction temper-
atures; the dispersion and turn-over frequency (TOF) charac-
teristics of metal particles measured at 598 K are listed in
Table 1, together with the BET surface area. The reaction rate
increased by hybridizing MgO and CeO, support materials.
TOF values higher than those previously reported’ were ob-
tained using the hydridized support. For the Ru/(MgO-CeO,)
catalysts, the catalytic activity at higher temperatures was in a
thermodynamic equilibrium state. For that reason, the ammo-
nia formation was theoretically limited.

Figure 3 shows XRD patterns of Ru/(MgO-CeQO,) powders
with various Mg/Ce ratios. The MgO peaks in the XRD
patterns faded out with an increased amount of CeO, and fi-
nally disappeared when the amount of CeO, was more than
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Fig. 3. XRD profiles of Ru/(MgO-CeO,) catalysts; MgO:
CeO, molar ratio: (a) 0:100, (b) 25:75, (c¢) 50:50,

(d) 75:25, and (e) 0:100. Symbols @ and B represent
the diffraction peaks from MgO and CeO,, respectively.
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Fig. 4. A TEM micrograph of Ru/(MgO-CeO,) (CeO;:
50 mol %) catalyst. Magnification was 1.5 x 10°.

50 mol %. Because no solid solution between MgO and CeO,
was reported!® and because the diffraction peaks of cubic MgO
appeared after annealing in air at 873 K, the MgO component
might be in an as amorphous or fine particle state.

A microstructural view of TEM-EDX, as shown in Fig. 4,
showed the distribution of Mg, Ce, and Ru elements (summa-
rized in Table 2). The gray dot (about 1-2nm) observed at
spot 4 was attributed to Ru metal particle by comparison with
spot 3. Ce signals of spots 1 and 2 indicate that the dark blocks
of 10-30nm diameters consisted of fine CeO, grains. These
grains were isolated by MgO particles (light gray area). Fine
Ru metal particles (1-2nm) were well dispersed on the sur-
faces of both oxides. It has been reported that carbonylruthe-
nium complexes aggregate closely on the surface of hydroxide
gel grains because of their nucleophilic substitution.' The
intervenient carbonyl complex released CO gases during calci-
nation to prevent grains MgO and CeO, from growing. This
resulted in the high BET surface areas (120-200m?g~'),
although the Ru/MgO catalysts prepared by using a conven-
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Table 2. TEM-EDX Elements Analysis Data of Ru/(MgO-
Ce0,) Catalysts (atom %)

Element Spot
1 2 3 4

Mg 39.17 4.57 100.0 23.90
Ce 44.32 84.88 0 0
Ru 16.51 10.56 0 76.10
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Fig. 5. H, TPR profiles for (a) CeO, (Ref. 17), (b) Ru/
Ce0,, and (c) Ru/(MgO-Ce0,) (CeO;: 50mol %) cata-
lysts.

tional impregnation method (Mg(OH), — MgO — Ru3(CO),,/
MgO — Ru/MgO) gave a low BET surface area (116 m? g~ 1).

The Ru particle sizes evaluated by H, chemisorption were
5-15nm in diameter. This difference in their sizes implies that
the spherical metal-particle model is inadequate for present
catalysts derived from Ru(CO),,/M(OH), precursors. On these
catalysts, Ru particles are buried more deeply into the support
materials than conventional catalysts, for which TEM observa-
tion and H, chemisorption indicated almost equal metal sizes.®
The large contact area between Ru metal particles and support
materials enhances strong metal and support interaction
(SMSI) effects. The SMSI effect lowered the reduction tem-
perature of the CeO, surface layer (see Fig. 5).!” The reduc-
tion of Ru/(MgO-CeO;) took place at a lower temperature
(550K) than for either CeO, and Ru/CeO, samples (790 and
670 K, respectively).

XPS spectra of Ru/(MgO-Ce0O,) (Mg:Ce = 50:50) catalyst
after the ammonia synthesis, shown in Fig. 6, showed the
existence of both Ce*™ (3ds), v’ structure) and Ce** (3ds;, v
structure) The differences in binding energy between 3ds,, and
3d;,» electrons (v—u of Ce*t: 18.4eV, v/—u’ of Ce’*: 18.6eV)
corresponded to the reported value within the margin of er-
ror.'8 The binding energy of Ru 3p was 462.2 £ 0.2 eV, which
indicates that it remained in a metallic state throughout the
reaction.

The partially reduced ceria (CeO,_g) is known to be an n-
type semiconductor,'® and the mobile electrons in CeO,_s can
be donated to Ru metal particles based on the following equa-
tion: Ce’t 4+ Ru < Ce*t + Ru(e™). Dissociation of molecu-
lar nitrogen was accelerated by the negative charge from the
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Fig. 6. An XPS of the Ru/(MgO—-CeO;) (CeO,: 50 mol %)
catalyst tested for ammonia synthesis.

electron on Ru metal particles,” and ammonia synthesis was
also promoted.

Ru/(MgO-Ce0,)/(Ag-Pd) Membrane Reactor. Figure 7
shows the dependence of the ammonia formation rate with the
hydrogen-permeation rate on the membrane reactor at atmo-
spheric pressure in the temperature range of 573-673 K. The
results with non-permeated hydrogen are also shown as dashed
lines for reference. The ammonia formation rate on the mem-
brane reactor increased with the hydrogen-permeation rate be-
low the optimum value at each temperature. The optimal val-
ues were 0.6dm>h~! at 573 and 623K and 1.2dm*h~! at 673
K. On the other hand, the ammonia formation rate decreased
by introducing excess hydrogen. The reason is probably that
once partial pressure for hydrogen becomes greater than the
threshold value, the hydrogen will negatively affect the reac-
tion (so-called hydrogen poisoning).* The ammonia formation
rate on the membrane reactor at 673 K was 1.6mmol g~' h™!,
which was higher than the result with non-permeated hydrogen
(1.3mmolg~'h™!). The reaction order for partial pressure
of hydrogen (Py;) on the membrane reactor was 0.71, which
was higher than that of sole Ru/MgO-CeO, powder catalyst
(0.59). These results are responsible for the highly reactive
atomic hydrogen supplied through the Ag-Pd membrane,
which spilled over to react with the dissociated nitrogen atoms
on the catalyst surface.

The catalytic performance for same amount of catalyst was
lower than that of the conventional flow-type reactor. EDX
analysis for the catalyst loaded on the membrane reactor
showed that the Ru metal diffused to the surface of Ag—Pd
membrane to form the alloy between them, whereas the Ag
and Pd metals were also detected on the catalyst layer surface.
The mutual diffusion of the Ru, Ag, and Pd metals of the mem-
brane reactor during heat treatment of Ru/(MgO-CeO,)/(Ag—
Pd) membrane is responsible for degradation of the catalytic
activity.

The ammonia formation rate accelerated considerably with
an increase in the reaction pressure (0.6 MPa). Figure 8 shows
the variation in the ammonia formation rate evaluated on vari-
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Fig. 7. Ammonia formation rates for the Ru/(MgO-
Ce0,)/(Ag—Pd) membrane reactor at 573-673K in 2.4
dm?®h~! of N; stream under 0.1 MPa against amount of
permeated hydrogen through the membrane. The dashed
line represents the values obtained by operating the reac-
tion with conventional hydrogen.
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Fig. 8. Pressure dependence of ammonia formation rates on
the Ru/(MgO—-CeO,)/(Ag-Pd) membrane reactor at 673
K with 2.4dm>h~! of N, stream against the hydrogen-
permeation rate, together with the result with the conven-
tional hydrogen.

ous amounts of hydrogen for feeding to the membrane reactor
at 673 K. The maximum ammonia formation rate (ca. 7.5
mmol g~ h™!) was observed with a hydrogen-permeation rate
of 0.75dm*h~!, which was about 1.5-2 times higher than
those with non-permeated hydrogen (ca. 4.5 mmolg~' h™!) un-
der the same feeding conditions of hydrogen and temperature
(Np: 2.4dm*h~!, Hy: 0.75dm>h™!, and at 673 K). A stronger
acceleration effect was attained through the reaction with the
permeated hydrogen than through the reaction with conven-
tional hydrogen by increasing the reaction gas pressure. This
result supports that the atomic hydrogen is effective for ammo-
nia production using the membrane reactor mentioned above.
For a conventional flow-type reactor, hydrogen and nitrogen
gases tend to adsorb and dissociate simultaneously at the ac-
tive site of the catalyst. Consequently, these reactions proceed
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competitively, and the catalysts are poisoned by hydrogen. On
the other hand, atomic hydrogen was supplied through the Ag—
Pd membrane and reacted with dissociated atomic nitrogen on
the catalyst loaded on such a hydrogen-permeable membrane.
As a result, the Ru metal dissociates nitrogen molecules; the
resultant atomic nitrogen reacts quickly with the supplied hy-
drogen atoms. Therefore, hydrogen poisoning is avoided in the
membrane reactor assembled in this work by feeding the pro-
per amount of hydrogen.

Conclusion

The metal-support interaction effect between the Ru metal
particles and MgO—CeO, nanocomposite powders became im-
portant upon partially reducing the ceria component (CeO,_s)
of the mixed oxides, because electron donation from CeO,_g
to Ru metal particles took place, promoting dissociative ad-
sorption of molecular nitrogen. The catalytic activity thereby
increased by about eight times compared to those of sole Ru/
MgO catalysts.

This remarkably high catalytic activity for ammonia pro-
duction is achieved, because hydrogen poisoning of Ru metal
particles is avoided in this the hydrogen-permeable membrane
reactor. The results of this study clarified the catalytic perfor-
mance observed under high-reaction-pressure conditions (0.6
MPa) by feeding the proper amount of hydrogen.
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