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The activity and selectivity of various MnO, catalysts for the
selective reduction of nitrobenzene to nitrosobenzene have been
studied, measuring the rate in a continuous flow reactor. Charac-
terisation of the catalysts has been performed with XRD, IR, UV/
VIS, EM, and TPR. It appeared that the steady-state catalyst is
in all cases the spinel Mn;0, in a slightly reduced form. Without
the addition of an external reductant to the feed, nitrobenzene was
not only reduced but also oxidised, which created oxygen vacancies
in the catalyst surface. Addition of an external reductant did not
cause a change in the amount of nitrosobenzene formed, but the
concentration of side products, like aniline and dimerisation prod-
ucts, increased. It is suggested that the selective reduction of nitro-
benzene with the catalyst Mn;0, runs by the Mars and Van Kreve-

len mechanism. < 1994 Academic Press, Inc.

INTRODUCTION

In industrial organic chemistry, it is often very desirable
to insert an oxygen atom into an organic molecule (selec-
tive oxidation) or to remove it (selective reduction) from
a molecule having more than one oxygen atom. The first
reactions mentioned have already been studied exten-
sively with metal oxides as catalysts. It has been ¢stab-
lished that these reactions have, in almost all cases, a
form of the so-called Mars and Van Krevelen mechanism
(). In this mechanism, a molecule is oxidised by lattice
oxygen and, subsequently, the oxygen vacancy is replen-
ished by dioxygen from the reaction mixture. An attrac-
tive possibility is to use the reoxidation step of the catalyst
for a selective reduction reaction, like that of nitrobenzene
to nitrosobenzene.

The selective reduction of nitrobenzene to nitrosoben-
zene not only is a very suitable model for studying the
fundamental problems of selective reductions, but also
has some commercial potential (2, 3). Nitrosobenzene is
used as an intermediate in organic syntheses and in the
production of antioxidants for various applications. In the
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past it was produced by a two-step reaction: reduction of
nitrobenzene to phenylhydroxylamine using Zn and HCI
and then oxidation to nitrosobenzene using chromates.
However, a one-step gas phase reduction is much more
preferable, because this reaction produces fewer waste
products. Patents (2, 3) recommend, for example, manga-
nese oxide promoted by sodium compounds as a suitable
catalyst for the gas phase reduction reaction.

Our exploratory research (4) revealed that MnQO, was
initially inactive in the selective reduction of nitroben-
zene. However, the steady state of the catalyst can differ
very much from the initial state of the oxide by which
the reactor has been filled (5) and lower oxides appeared
to be active.

METHODS
Catalyst Preparation

The catalysts of the nominal composition MnO, o-
Mn;0,, &-Mn,0;, and 8-MnO, were synthesised as fol-
lows: MnO was prepared by the gas phase reduction of
a-Mn,O, using a 5% H,/N, gas mixture at 973 K, for 20 h.

Three different preparations of a-Mn;0, were used in
this study:

a. A solution of NH,OH was added to a solution of
Mn(NO;), until pH 9 was reached, whereafter the hydrox-
ide was dried at 400 K in air and heated at 673 K under
a flow of N, for 2 h to produce Mn;0, labelled (a). Mn,0,
prepared in essentially the same way but dried at 410 K
will be called Mn;0,(0x).

b. A solution of Mn(NO,), was added dropwise to a
solution of NH,OH, keeping a constant pH of 9.6
(Mn;0,(b)). The precipitate was dried in air at 350 K.

¢. 8-MnO, was reduced using a flow of pure H, at 573
K for 2 h (Mn;0,(c)).

a-Mn,0, was synthesised by oxidation of Mn,0,(a) for
1.5 hin a flow of pure O, at 573 K. 8-MnO, (pyrolusite)
was prepared by the thermal decomposition of Mn(NO,),
in air, at 400 K.
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TABLE 1

Colour and Lattice Constants of Various Manganese Oxides before and after
the Reaction with Nitrobenzene

Colour Colour Lattice constant Lattice constant

before after before reaction after reaction
Catalyst® reaction reaction (nm) (nm)
MnO Green Brown _ 0.5764, 0.9418 (Mn,0,)
Mn;0,4(a) Brown Brown 0.5767, 0.9475 0.5765, 0.9469
Mn-0; Black Black 0.9439 0.9412 (Mn,0;)

— 0.5759, 0.9460 (Mn,0,)

B-MnO, Black Brown 0.4405, 0.2876 —_

0.58322, 0.96137 (Mn;0y)

“ In the initial state.

Catalytic Data: Measurements and Evaluation

Activity and selectivity measurements were carried out
in an open flow system with a fixed bed reactor. The
standard temperature of the reaction was 573 K, the car-
rier gas was helium, the nitrobenzene pressure of 70 Pa
(total pressure was 1 bar) was achieved in a saturator,
and the flow rate was 25 ml/min. Analysis was performed
on-line by a GC, using an automatically driven sam-
pling valve.

Nonvolatile products, which sometimes appeared in the
“*cold” parts of the apparatus, were analysed by a UV/
VIS spectrometer. The reaction was carried out either
without an external reductant (autoredox reaction) or with
an external reductant (H,, CH,, CO).

Catalyst Characterisation

Catalysts were analysed by X-ray powder diffraction
{XRD) and the total surface area measurements were per-
formed with a Quantasorb apparatus of Quantachrome.
Thermal programmed reduction (TPR) experiments were
carried out using a gas flow of 67% H,/Ar with a flow rate
of 8.8 umol H,/s.

Furthermore, in some cases the catalysts were analysed
by UV/VIS spectroscopy and IR spectroscopy. Elemen-
tal analysis was performed with Mn,O,, by means of a
redox titration.

RESULTS

Characterisation of the Catalysts: XRD, UV/VIS, IR,
and Surface Area Measurements

X-ray powder diffraction confirmed that, indeed, the
compounds MnO, a-Mn;0,, «-Mn,0;, and 8-MnO, were
synthesised without any other compound detectable by
XRD. Moreover, the various manganese oxides have the
“‘right’’ colour: green for MnO, brown for Mn,0,, black
for Mn,O;, and black for MnO,, as shown in Table I.
When Mn,0, contains nonstoichiometric oxygen as with

Mn,0,(ox), the colour becomes dark brown. However,
this preoxidised Mn;0, shows the same diffraction pattern
and nearly the same UV/VIS spectrum as Mn;0,. This
was also observed by Bricker (6), who reported that the
brown colour of Mn,0, becomes darker during mild oxida-
tion, while the oxidation state of the oxide increases from
MnO, ;; to MnO, 4. Bricker suggested that during the
oxidation of Mn,04, y-Mn,0O, was formed, of which the
XRD pattern cannot be distinguished from that of Mn,O,.
It is also possible that a thin layer of another Mn,0;, not
detectable by XRD, was formed on the surface of Mn;0,.
From IR experiments, no difference can be seen between
Mn,0,(a) and Mn;0,(0x).

With the ““MnQO’’ catalyst, the XRD pattern shows after
a 24-h reaction with nitrobenzene that an additional phase
of Mn,0, (broad peaks of Mn,0,, sharp peaks of MnO)
was formed from MnO. Prolonging the time on stream to
72 h did not bring about any further change in the XRD
pattern. The lattice constants of the Mn;0, formed are
slightly smaller than those of Mn;0,(a).

The X-ray diffractograms of the Mn,;0,(a) catalyst do
not show any difference when taken before and after the
reaction. Mn,0,(a) has a tetragonal structure, with lattice
constants of 0.5767 (a, b) and 0.9475 nm (c) before reaction
and 0.5765 and 0.9469 nm after reaction. The XRD pattern
of the catalyst that was Mn,0; in the initial state also
shows an additional phase of Mn;O, after reaction. The
lattice constants of this Mn;0, are about equal to the
lattice constants of Mn,0,(a).

MnO, has partially been converted into Mn,O; and
Mn,;0,, after 24 h of reaction. After 72 h on stream the
catalysts contain almost solely Mn;O,. The lattice con-
stants of this Mn;O, are somewhat larger than those of
Mn;0,(a) (12).

UV/VIS experiments indicate that the catalysts Mn,0,
and Mn,O, do not differ before and after the reaction,
whereas, as seen by this technique, MnO changes into
Mn,0,. The UV/VIS spectra of MnO, also show a change
before and after the reaction with nitrobenzene, a change
corresponding to the formation of Mn;0,.
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Chemical analysis of Mn;0,(a) gives a mole ratio Mn**/
Mn?* of 2.18 before and a mole ratio of 1.90 after the
reaction. The theoretical value for an ideal spinel is 2.00.
The IR spectrum of fresh 8-MnQO, (pyrolusite) shows ab-
sorption bands at 663 (vs), 618 (vs), 405 (s), and 338 (ms)
cm™!. This spectrum corresponds well with data published
by Potter and Rossman (7). The IR spectrum of the spent
MnO, catalyst has absorption bands at 611 (vs), 498 (vs),
411 (m), and 343 (m) cm ™.

The IR spectrum of freshly prepared Mn,O, shows ab-
sorption bands at 633 (vs), 519 (vs), 413 (m), and 345 (m)
cm™'. The absorption bands between 650 and 500 cm™'
can be associated with coupled Mn-0O stretching modes
related to the tetrahedral and octahedral sites and the
bands between 450 and 300 ¢cm~' with bond stretching
modes of the octahedral sites with only a very small contri-
bution of the tetrahedral sites (8). When the positions of
the absorption bands are compared with those reported
by Ishii et al. (8) for Mn;0O, prepared at 1573 K (612, 502,
412, and 352 cm™'), a shift of about 20 cm™' is observed
for the two absorption bands with a considerable contribu-
tion of the stretching modes of the tetrahedral sites. This
can be explained by the different temperatures used in
the synthesis of Mn;0,: Ishit’s sample was prepared at a
much higher temperature than the catalyst studied here.
Therefore, Ishii's sample is likely a stoichiometric Mn,0,,
while our fresh catalyst prepared in air at lower tempera-
tures is probably a nonstoichiometric manganese oxide
of a formula Mn;0O, . In the nonstoichiometric Mn,0,,,
catalyst, some of the tetrahedral Mn®* ions are oxidised
to Mn** ions, which probably causes the absorption bands
having a considerable contribution from the tetrahedral
sites to be shifted to higher wavenumbers by about 20
cm™'. The IR spectrum of the spent Mn;O, catalyst shows
absorption bands at 613 (vs), 498 (vs), 409 (m), and 342
(m) cm™!. This spectrum is very similar to that of the
spent “*MnQ,"" catalyst. The shift of the two absorption
modes with a significant distribution of the tetrahedral
sites is removed by the catalytic reaction with nitroben-
zene. This result points to the following reaction scheme:

1. During the induction period the excess of oxygen
in the non-stoichiometric Mn;0,, , is removed from the
catalyst by (nonselective) oxidation of nitrobenzene (oxi-
dation of the phenyl ring).

2. The steady state of the catalyst under the standard
reaction conditions is very near that of a stoichiometric
Mn,0,.

Morphology of the Mn,0O, Particles

A preliminary morphological analysis of some oxides
was performed by transmission electron microscopy. In
Methods, three different methods of Mn;O, preparation
were described. Observation by TEM shows that there
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FIG. 1. TPR spectra of (a) fresh Mn,Oya), (b) Mn,O, after flushing
with argon, (¢) spent Mn;O,(a), and (d) Mn,O4(c¢).

is no difference in particle size distribution and in particle
shapes between Mn;0,(a) and Mn;0,(b). The particle size
distribution is very broad, from 1 to 100 nm. Some cubic-
formed particles can be seen, but many particles have an
irregular, not well-defined form. With a given catalyst,
there is no visible difference in particle sizes and particle
shapes before and after the catalytic reaction with nitro-
benzene. However, Mn,0,, made from MnO, (Mn;0,(c)),
shows a more regular picture: most of the particles have
a tetragonally distorted cubic form and their size is about
25 to 40 nm. The latter observation is in a good agreement
with the predictions made according to the Ziolkowski
theory (9, 10). We shall turn to this point in another paper.

Thermal Programmed Reduction

Figures la, 1b, Ic, and 1d show the TPR profiles of
respectively (i) fresh MnO, ;;(a) (Mn;04 is equal to
MnO, 3;), (ii) Mn;0,(a) flushed with argon for 10 h at 573
K, (iii) spent Mn;04(a), and (iv) fresh Mn;0(c).

The measured O/Mn ratio of a fresh MnQ, ;;(a) catalyst
at 300 K is equal to 1.35, if we take the O/Mn ratio as
being | after a complete reduction to MnO. Mn;0,(a) is
reduced to MnO at 683 K. However, there is also an extra
(small) peak at 483 K. When MnO, i, is first flushed with
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TABLE 2

Rate of Reaction, Selectivity, Surface Area, and Activation Energy of the
Different MnO, Catalysts, with and without an External Reductant

Fhitroso

Suivese Defore  after

N BET

SgET

E,

Catalyst (107 mol/m?s) (%) (m*g) (m%g) (kJ/mol)
MnO(a) 2 100 2 2 144
With 300 mbar CO 31.7 72 2 2 32
Mn;0,(a) 5.5 92 13 13 110-130
With 150 mbar CH; 6.0 84
With (50 mbar CO 7.2 75 4 58
With 300 mbar CO 6.5 67 33
With 450 mbar CO 7.3 69
With 600 mbar CO 7.2 68
Pretreatment with H, 9.1 55 15
Mn;0,(b) 5.2 96 16 16
Mn;0,(c) 7.3 99 4 4 139
With 300 mbar CO 14.2 87 4 3 103
Mn,0,(0x) 3.2 90 36 32 110
First 2 h at 623 K under He 2.5 88 36 29 112
First 24 h at 623 K under He 2.0 92 36 33 157
Mn,0, 6.6 92 15 8 108
MnO, 5.0 100 5

Note. See text for the definition of S,050-

argon for 10 h at 573 K, the reduction to MnO takes place
at a higher temperature, namely at 703 K. The small peak
at 483 K disappears by Ar treatment. Reduction of the
spent catalyst (after the reaction with nitrobenzene) takes
place at a slightly higher temperature (723 K) than of the
catalyst flushed with argon.

Fresh Mn;0,(c) is reduced at a slightly higher tempera-
ture than fresh Mn,0O,(a), namely at 763 K. There is also
a shoulder at 608 K. The O/Mn ratio at 300 K is equal to
1.37. The ‘*nonstoichiometry’’ observed here is thus in
good agreement with the data obtained by other tech-
niques.

Catalytic Activity and Selectivity

The results of the catalytic experiments are, together
with other relevant data, shown in Table 2 and in Figs.
3, 4, and 5. The catalysts of the initial composition MnO,
Mn,0, and MnO, change during the reaction with nitro-
benzene as has been reported above. Although these cata-
lysts will be coded as MnO, Mn,0O;, and MnO,, respec-
tively, the reader has to keep in mind that this is not the
steady state composition of the catalysts. Figure 2 shows
the detected main and side products of the reaction of
nitrobenzene. The rate of reaction and the selectivity for
nitrosobenzene (for the definition see below) as shown in

Table 2 were measured in the stage nearing the steady
state of the reaction, after about 17 h (or longer) on stream.

The rate of reaction is defined as the nitrosobenzene
concentration (detected by GC), times the gas flow, taken
per unit surface area. The rate is then expressed in 107 ¢
mol/m? s. It is convenient to define a partial selectivity
by a ratio of nitrosobenzene concentration divided by the
sum of nitrosobenzene, aniline, and benzene concentra-
tions.

The activation energy has been determined by the for-
mal formula In r = In A — E,/RT, where r is the rate of
reaction, A is a constant, E, is the apparent activation
energy, R is the gas constant, and T is the temperature
in degrees kelvin.

It must not be forgotten that nitrobenzene also disap-
pears from the feed by reactions other than the selective
reduction to nitrosobenzene (Fig. 2).

1. In the *‘autoredox’ mode, i.e., a process without
an external reductant, a certain amount of nitrobenzene
is consumed to produce oxygen vacancies and CO, CO,,
and H,0. A minimum of 7-14% of the nitrobenzene
amount is used for such reduction to nitrosobenzene; if
oxygen is removed in the form of higher alcohols or acids,
this percentage is higher.

2. Condensation reactions to azobenzene, azoxyben-
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Main products:

@-NO

nitrosobenzene

Sometimes appearing side products:
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FIG. 2. The products of the reduction of nitrobenzene over manganese oxide. Benzene, when observed, is always present in small amounts.

zene, and phenazine also lead to a consumption of nitro-
benzene.

3. Side reactions can lead to a low deposition of car-
bonaceous and hydrogen- and oxygen-lean layers.

4. An additional 19 of the amount of nitrobenzene that
is used for the conversion to nitrosobenzene is converted
into detected products with two to five carbon atoms.

None of the products just mentioned above could indi-
vidually and quantitatively be determined ‘‘on line” by
the equipment used. However, a rough estimate could be
made of the total consumption of nitrobenzene by all
reactions under 1 to 4 as follows. The concentration of
nitrobenzene in the feed is compared with the nitroben-
zene concentration at the output of the reactor and this
difference is compared with the sum of concentrations of
nitrosobenzene, benzene, and aniline. These measure-
ments revealed that in the presence of an external reduc-
tant (CO) the losses of nitrobenzene to other products
than benzene, aniline, and nitrosobenzene are in the limit
of errors of the determination. In the ‘‘autoredox’” mode,
the situation is different. A rough estimate is that in some
cases up to 50% of the reacted and lost nitrobenzene can
take part in the above-mentioned reactions. If all carbon
from the ‘‘lost’’ nitrobenzene just accumulated on the
catalyst, three to five layers of carbonaceous species
would be formed after about 17 h.

It can be seen from Table 2 that the areal rate of reaction
with MnO is much higher than the rate with Mn;0, as a
catalyst. On the other hand, the rate of reaction with
Mn,0, is equal to the rate of reaction with the Mn,0; and
MnQO, catalysts.

In the steady state of the reaction, these four catalysts
do not show much difference in their selectivity patterns,
and all are showing a high partial selectivity to nitrosoben-
zene (between 90 and 100%). As seen by UV/VIS spec-
troscopy applied to the condensates from the gas phase,
Mn,0, also forms in the autoredox mode small amounts
of phenazine. MnO, shows a higher selectivity to oxida-

tion and self-poisoning, indicating that the steady state
has not yet been reached here. Also, more benzene is
formed with the latter catalyst.

The rate of nitrosobenzene formation in the steady state
is almost equal for Mn,0,(a) and Mn,O,(b), while the rate
of reaction with Mn;O{c) is slightly higher (Table 2).
Figure 3a shows the course of the reaction with Mn;0,(a)
as a catalyst. In the beginning of the reaction the nitroben-
zene concentration decreases strongly, indicating adsorp-
tion on the surface and/or reduction of the catalyst. The
latter reaction creates oxidation products such as CO and
CO,. At the same time, aniline is formed, showing a maxi-
mum concentration at about 3 h on stream. Then, the
concentration of aniline decreases strongly. Formation of
nitrosobenzene starts after about | hr on stream and it
increases until a steady state has been reached.

Mn,0O, prepared from MnO, (Mn,0,(c)) does not show
any formation of aniline and benzene in the steady state
of the reaction.

Pretreatment of Mn,O,(a) with H, for 3 h at 650 K
reduces the surface layers to MnO, as is indicated by the
green colour of the oxide. This reduced catalyst shows a
very different selectivity pattern in the course of the reac-
tion in comparison with unreduced Mn;0, (Fig. 3b). Here,
immediately after adding nitrobenzene to the gas flow,
the colour of the catalyst changes from green to brown,
indicating oxidation of the surface layers. Moreover, in
the beginning of the reaction only aniline is formed. In the
steady state, the areal rate of nitrosobenzene formation is
nearly two times higher than in the case of Mn;0, without
any pretreatment with H,. However, the selectivity to
aniline is much higher with the reduced catalyst: 45%
instead of 8%.

XRD results show that the spent catalyst just discussed
does not contain any MnQ. This indicates that H, reduces
only the surface layers of Mn;0,.

In another experiment, Mn;0,(a) was preoxidised (code
Mn,0,(0x)). The X-ray diffraction pattern of the catalyst
did not change by oxidation, which (as we mentioned
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FIG. 3. (a) A typical time course of the reaction. The concentration of nitrosobenzene, aniline. nitrobenzene. and the sum of the former three,

all as a function of time on stream. for the catalyst Mn;O,(a), under standard conditions and in autoredox mode. (b) The concentration of
nitrobenzene, nitrosobenzene. and aniline as a function of time for Mn;O,(a). pretreated with H,.

above) means that an increase of the average valency
was not accompanied by a change in the crystaliographic
structure, or epitaxial Mn,Q, with a spinel structure has
been formed, or only the surface layers consist of Mn,0;.
However, the IR spectra and the colour of the catalyst
indicate that oxygen was introduced into the lattice.

After an ex situ preoxidation, the Mn;O,(0x) catalyst
was pretreated in situ in the following ways:

1. Mn;O4(0x) was immediately brought into contact
with the reacting gas (nitrobenzene in helium, standard
flows and concentrations).

2. Mn;0,(0x) was first flushed by helium for 2 h at
623 K.

3. The same procedure as under 2, for 24 h.

In all cases, the concentrations of nitrosobenzene and
aniline change with time on stream in qualitatively the
same way (similar to Fig. 3a). In all cases, aniline pro-
duction starts almost immediately, as with the Mn;04a)
catalyst. However, the formation of nitrosobenzene with
Mn;0,(ox) starts only after about 6 h on stream, when
no in situ pretreatment has been carried out (case 1).
The production of nitrosobenzene sets in earlier when the
flushing by helium has been prolonged. It is worthwhile
mentioning that the originally dark-brown colour of
Mn,O,(0x) changes into a lighter brown colour when the
production of nitrosobenzene starts. This brown colour
is, as mentioned above, typical for the Mn;0, steady-
state catalyst.

The observations made with the various manganese
oxides can be summarised by the scheme in Fig. 4: what-
ever the initial form of the manganese oxide the steady-
state composition of the surface layer is very near to that

of Mn;0,. We have seen that this is indicated both by
catalytic and by other, surface characterising, data (IR,
UV/VIS, TPR).

With Mn;0,(a), the variation of the rate of reaction with
the varying flow rate revealed that a higher flow rate
increases the selectivity to nitrosobenzene and decreases
the selectivity to aniline. This shows that a part of aniline
is formed by a consecutive reaction via desorption and re-
adsorption.

The Effect of an External Reductant (CH,, CO)

All data presented above were obtained with a feed of
nitrobenzene/helium. This means that no external reduc-
tant was present in the feed and oxygen atoms of the
NO, group were converted into CO, CO,, H,0, etc., by
fragments of the phenyl ring of nitrobenzene. However,
it can be expected that the reaction rate and the selectivity
would be influenced by the presence of an external reduc-
tant, which would compete for the same sites that adsorb
and oxidise the phenyl ring (or its fragments). Moreover,
the external reductant can possibly create additional oxy-
gen vacancies which would then participate in the selec-
tive removal of oxygen from nitrobenzene,

Figure 5a shows the course of the reaction of Mn;0,(a)
with methane (150 mbar) as the external reductant. In

MnO Mn,0,

P d

Mn,0,  MnO,

FIG. 4. Approach to the steady-state composition in the steady state
of the reaction of the nitrobenzene reduction. Various manganese oxides
have been used as catalysts in their initial form of the nominal composi-
tion as indicated.
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FIG. 5. (a) A typical time course of the reaction in a flow of gases.

The concentration of nitrosobenzene and aniline as a function of time on

stream, with methane as the external reductor. The catalyst is Mn,Q.(a). (b) The concentration of nitrobenzene, nitrosobenzene, aniline, and the
sum of the former three as a function of time, with CO as the external reductor. The catalyst is Mn;0O,(a). (¢) Product concentrations as a function
of time on stream: influence of the presence (+) or absence (—) of CO and nitrobenzene (NB) in the feed, with the catalyst Mn;0,(a).

the initial state of the reaction, only aniline is formed.
However, in the steady state of the reaction, the partial
selectivity to nitrosobenzene is 84%. The reaction rate in
the steady state does not seem to be much influenced by
the presence of methane, a reductant recommended by
the patent literature.

If CO is used as an external reductant, and Mn;0, as
a catalyst, the production of aniline (a loss of two instead
of one oxygen atom per molecule) is higher than that in
the absence of CO. As a consequence, the selectivity to
nitrosobenzene is lower, being now only about 70%. The
rate of nitrosobenzene formation does not change by addi-
tion of CO to the reaction mixture. There is no detectable
formation of products with two to five carbon atoms and
of benzene.

However, the formation of condensation products in-
creases strongly when CO is used as an external reduc-
tant. Analysis of UV/VIS spectra revealed that the con-

densed products mainly consist of azobenzene,
azoxybenzene, and phenazine. The apparent activation
energy with Mn,0,(a) as a catalyst decreases from 120 kJ/
mol to about 50 kJ/mol in the presence of CO in the feed.

The selectivity to aniline in the steady state of the reac-
tion can be enhanced not only when CO is used as a
continuously present reductant, but also when it is used
for a reductive pretreatment of the catalyst (see Fig. 5b),
In this experiment the catalyst was first pretreated with
300 mbar CO at 573 K for 16 h, whereby a part of the
surface layers has been reduced up to MnQ (green colour).
After this CO pretreatment, the subsequent steady-state
partial selectivity to nitrosobenzene is low, only 40%.
However, the areal rate of reaction of nitrosobenzene
formation is about two times higher with CO than with
the same Mn;0,(a) without an external reductant. When
the steady state was reached, CO was removed from the
feed. There was an immediate increase in observable ani-
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line production, followed by its sharp decrease. The rate
of nitrosobenzene formation did not change. However,
when CO was removed from the reaction mixture, the
number of side reactions (see above) increased.

The role of CO as an external reductant has been
checked in still another way (Fig. 5c). The autoredox
reaction (nitrobenzene/helium mixture) was allowed to
reach a steady state at 573 K. Then, CO was added to
the reaction mixture. Immediately, the aniline production
increased, while the nitrosobenzene production remained
unchanged. When the steady state was reached again, the
nitrobenzene was removed from the feed. Immediately,
the production of nitrosobenzene ceased. However, the
decrease in aniline production was much slower. This
indicates that nitrosobenzene is not formed by oxidation
of aniline. Subsequently, the catalyst was reduced by CO
for 13 h at 573 K. Then, the CO flow was stopped and
nitrobenzene was added to the feed again. The steady
state of the reaction was about the same as that with
Mn,0,(a) without the CO pretreatment. Only in the very
initial state was the aniline production much higher with
the pretreated catalysts.

We have seen that, with Mn;O,(a) as a catalyst, CO
strongly increases the selectivity to aniline. However,
Mn;0 (c), prepared from MnO,, shows a selectivity pat-
tern different from that of Mn;O,(a) when CO is intro-
duced into the feed. Again, there is an increase in the rate
of nitrosobenzene formation by a factor of two, but there
is less reduction up to aniline. Furthermore, the apparent
activation energy for Mn,0O,(c) decreases when reduction
is performed with CO, from 139 to 103 kJ/mol.

MnO shows a change in the selectivity pattern upon
using an external reductor similar to that of Mn,0,(a).
Again, there is an increase in the formation of aniline and
condensation products. Furthermore, as with Mn;O,(a),
the production of nitrosobenzene does not show a signifi-
cant change when CO is added to the feed.

With or without CO, the colour of the catalyst always
changes from green to brown after introduction of nitro-
benzene; the presence of CO does not prevent the conver-
sion of the surface layers of MnO into an oxide of a higher
oxidation state. The apparent activation energy decreases
strongly in this case, from [44 to 32 kJ/mol with the
presence of CO in the feed.

DISCUSSION

Composition of the Oxides in the Working State
of the Catalyst

All data show that Mn;O, is always the stable phase,
forming the surface of the steady-state catalysts in the
selective reduction of nitrobenzene to nitrosobenzene,
under our standard conditions. By the reaction, Mn;O,.
(as prepared) converts obviously into an Mn;0,_, oxide.

371

According to Sadykov (11) et al., the stationary form of
MnO, in the oxidation of CO is exactly the same for all
manganese oxides, which is between Mn;0,and Mn;0,, ,.
Thus, the CO oxidation tolerates superstoichiometric ox-
ygen, while reduction of nitrobenzene does not.

Mn,0; is more stable upon reaction with nitrobenzene
than MnO,. After | day of reaction on stream, only a
small part of Mn,O, is reduced to Mn;O, and the UV/
VIS spectra show that the surface of the catalyst is not
deeply reduced. With the MnO catalyst one can think of
a thick layer of Mn,0, around the original manganese
oxide. Such a model has been proposed earlier for
Co,0, (13).

The TPR experiments with Mn,0,(a) show that flushing
the catalyst with argon decreases the reducibility, possi-
bly because of sintering of the catalyst. The spent catalyst
does not show much change in the TPR reduction temper-
ature compared with the fresh catalyst that is flushed first
with argon for 10 hr. This implies that the decrease of
activity during the reaction cannot be explained by a de-
crease in the reducibility of the catalyst. The small peak
at 483 K vanishes by argon flushing at 573 K and therefore
can possibly be attributed to hydroxyl groups on the sur-
face or to suprastoichiometric oxygen.

The shoulder at 608 K for Mn;0,(c) could indicate the
presence of an additional phase, probably that of Mn,0;.
The experiments described in (14) support this explana-
tion. Together with the observation that the colour of the
surface of Mn,0,(c) is brown, but darker than the colour
of the surface of Mn,O,(a), it can be concluded that the
oxide Mn,0,(c) contains more of the superstoichiometric
oxygen than the Mn;O,4(a) catalyst.

Catalytic Activity and Selectivity

Together with the existing information on the adsorp-
tion of reaction components (15), results obtained can
lead to a suggestion on the detailed mechanism of the
reaction. Before we formulate our suggestion, we shall
present an inventory of relevant information on:

1. The adsorption modes of nitrobenzene

2. The possible mechanism

3. The state of the catalyst surface and its relation to
the activity and selectivity in the nitrobenzene reduction.

Subsequently, we shall make an attempt to interrelate
points 1 to 3.

1. The adsorption modes of nitrobenzene. Infrared
spectra of nitrobenzene adsorbed on Mn,0, (and Al,O;)
(16) revealed that one adsorption mode is most likely a
nitrobenzene molecule standing more or less perpendicu-
larly on the surface (17, 18) (Fig. 6, mode A). However,
it is a rather weak bond, leading to only modest shifts in
the vibration frequencies (Av < 10 cm™', with regard to
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FIG. 6. Different adsorption modes of nitrobenzene on Mn,0,.

the liquid nitrobenzene). Tench et al. (19) deduced from
the ESR spectra that nitrobenzene is adsorbed on MgO as
a molecule laying flat on the surface (see Fig. 6, mode B).

The surface of MgO is rather flat and does not tolerate
many defects like oxygen vacancies, and yet, when a
hydrogen donor (e.g., methanol) is supplied, it can cata-
lyse the reduction of nitrobenzene to aniline (20). Since
with MgO the oxygen atoms of nitrobenzene probably do
not find enough oxygen vacancies with which to react,
and the bond Mg?*—ONOPh is rather weak, while the
reaction takes place at 620 K (20), the most likely orienta-
tion of nitrobenzene is flat on the MgO surface, as deduced
from the ESR measurements.

Adsorption mode B (Fig. 6, mode B) is also predicted
by the quantum chemical calculations on the electronic
structure of nitrobenzene (21). According to (21) the posi-
tive charge is accumulated around the C-C bonds of the
ring of nitrobenzene and this will be the place where the
negatively charged O or OH of the oxide surface would
attack the molecule. Aniline and benzene, on the other
hand, have a negative charge around the C-C bonds of
the ring. The flat-laying molecule (mode B) is thus the
best candidate for being the intermediate of the oxidative
destruction of the phenyl ring and of the creation of O
vacancies in the catalyst surface. Another place of the
positive charge is in the C—N region. Splitting of this bond
produces benzene.

There should also be an adsorption mode (not yet identi-
fied by IR spectra or other spectra) which enables an easy
removal of just one of the oxygen atoms of nitrobenzene.
Such selective removal is not possible on MgO (also with
hydrogen donors present) but almost all transition metal
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oxides can do it (22). Transition metal oxides distinguish
themselves from MgO by varying valencies and, as a
consequence, by easily tolerating defects such as oxygen
vacancies, required for mode C (Fig. 6). The defects ap-
pear (by action of an external reductant or by the phenyl
ring upon ‘‘autoreduction’’) here more abundantly and
stationary, at such temperatures where the reaction of
dissociation of one N-O bond and the reoxidation of the
surface are fast. The distribution of charges in the nitro-
benzene favours this adsorption mode (21).

By dissociation, nitrosobenzene is created, which,
however, has a different charge distribution than nitroben-
zene: the C-N region is now slightly negative, which
stimulates nitrosobenzene desorption. This is likely the
reason why no strong adsorption of nitrosobenzene could
ever be detected by the IR spectra (15). An orientation,
such as that in mode C in Fig. 6, is known in the coordina-
tion chemistry of nitroarenes (23). It enables the operation
of the Mars and Van Krevelen mechanism.

2. The possible mechanism. Essentially, there are
two different mechanisms of the selective oxidation/re-
duction reactions at medium temperatures:

a. The Mars and Van Krevelen mechanism (MVKM)
by which oxygen of the oxide lattice appears in the oxida-
tion products and oxygen of a molecule to be reduced is
delivered to the lattice.

b. The Langmuir-Hinshelwood mechanism (LHM)
taking place in the adsorbed layer without any participa-
tion of the lattice components.

There is abundant evidence (24) that the selective oxida-
tion of most of the interesting organic molecules takes
the form of a two-step process (MVKM), whereby the
lattice vacancy is replenished by oxygen from dioxygen
in the reaction mixture.

It is likely (see under 1) that with oxides, which do not
bear a sufficient concentration of oxygen vacancies like
MgO, the reduction, e.g., by methanol, happens by the
Langmuir-Hinshelwood mechanism. With oxides, which
easily lose or accept oxygen atoms, the situation is differ-
ent. It has been established recently in our laboratory
(25) that oxidation of nitrosobenzene (the reverse step of
nitrobenzene reduction) takes place at substantially lower
temperatures than the nitrobenzene reduction and can
proceed by both principal mechanisms. On Mn;0,, the
main part of the oxidation occurs by the lattice oxygen
{(MVKM). On Fe,0, or MgO, most of the oxidation occurs
by redistribution of oxygen amongst the adsorbed mole-
cules (LHM). As we shall see below (under 3), everything
that increases the number of oxygen vacancies increases
also the rate of nitrosobenzene formation (and also the
rate of aniline formation). Thus, we conclude that with
the Mn,0, catalysts the main part of nitrosobenzene is
formed by the Mars and Van Krevelen mechanism.
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3. The state of the catalyst surface and its relation to
the activity and selectivity in the nitrobenzene reduc-
tion. We have seen above that whatever the initial state
of the catalysts (from MnO to MnQO,), the steady state is
near Mn;0O, (most likely, MnO, ;;_,). When we start with
Mn,0,, the surface must first be reduced and oxygen
vacancies created (nitrobenzene is consumed; see the first
dip in Fig. 3a) before any nitrosobenzene appears. When
we start with a slightly prereduced (by H, or CO) Mn;0,
or with MnO, the surface must be first reoxidised (Figs. 3b
and 5b) before nitrosobenzene is produced in a stationary
way. In these cases, the aniline production starts already
in the very initial stages of the reduction. Nitrosobenzene
is never observed with oxygen-rich surfaces (between
Mn,0, and MnO,). Aniline production and the production
of the condensation products (azobenzene, azoxyben-
zene, phenazine) are promoted by prereduction, i.e., by
a higher average Mn?"/Mn’" ratio in the catalyst. The
nitrosobenzene formation is thus related to a certain
Mn?*/Mn®* ratio, i.e., to a certain concentration of oxy-
gen vacancies.

Presence of a strong reductant, such as CO, prevents
oxidation of the phenyl ring. However, it stimulates the
production of easily condensing products of condensation
reactions (such as phenazine, azobenzene, and azoxy-
benzene).

Let us now make an attempt to put all of this information
into a consistent picture. When the surface of the manga-
nese oxide must be reduced to achieve the steady state
of the surface, adsorption mode B (Fig. 6) or an external
reductant work well. When the surface must be exten-
sively oxidised (as with MnO in the initial state), both
modes A and B can in principle be the intermediates. The
selective nitrosobenzene production seems to be related
to a certain and limited range of composition (Mn?*/Mn**
ratio), and mode C seems to be a good intermediate for
this reaction.

It is known from the literature that, for example,
Fe,H(CO),, or Co,(CO)g adsorbed on Al,O, can reduce
nitroarenes into amines (26, 27). In homogeneous reduc-
tions, azo compounds are formed (28). Thus, all these
reactions should also be possible by the Langmuir-Hin-
sheiwood mode, without any participation of the lattice
oxygen or oxygen vacancies (MVKM).

The steady-state aniline production seems to have a
relation to the initial state of the catalyst, also in an aspect
other than the initial Mn®*/Mn** ratio. The catalysts pre-
pared from a hydroxide have a higher steady state of
aniline formation upon the autoreduction than the cata-
lysts prepared by reduction MnO,. The latter likely have
less hydroxyl groups on their surface. Thus a more abun-
dant presence of OH groups at the surface of the catalyst
in its initial state stimulates the presence of OH groups
in the steady state.
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From what was said just above, aniline can be produced
not by one but by a variety of reactions:

a. by a consecutive reaction, from nitrosobenzene
(probably a small steady-state contribution).

b. by a multiple dissociation of N—O bonds (adsorption
of nitrobenzene, modes A and B, Mars and Van Kreve-
len mechanism),

c. by areaction in the adsorbed layer (Langmuir-Hin-
shelwood mechanism), with H or OH as potential reduc-
tors (CO does not react in this way) (25)).

On the other hand, the rate of the nitrosobenzene produc-
tion is not influenced by switching the CO cofeed ‘‘off™
or ‘‘on.”” Therefore, we suggest that nitrosobenzene can-
not be produced by a Langmuir-Hinshelwood-type re-
duction, but is exclusively produced by the Mars and Van
Krevelen mechanism, starting from an intermediate like
mode C (Fig. 6). The effect of CO is stronger at low
temperatures when the reduction of the surface by the
phenyl ring is slow. This leads to an apparent decrease
of the activation energy of the nitrosobenzene production,
as shown in Table 2.

CONCLUSIONS

1. Atvariance with the patent literature, MnQO, is found
to be a good precursor of a steady-state catalyst.

2. A well-defined valence state of the catalyst is estab-
lished at the steady state.

3. The steady state is that of a slightly reduced spinel,
Mn;0,_,. This contrasts with the steady states of spinels
in the CO oxidation (Mn;0,, ).

4. A consistent picture relating the valency state, ad-
sorption modes, activity, and selectivity of the catalyst
can be suggested.
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