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INTRODUCTION

The reaction of benzene oxidation with nitrous
oxide is of a significant interest for both academic sci-
entists and chemical companies [1–5] as a one-step
process of phenol production:
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Iron-containing pentasil-type zeolites as the catalysts
enable the process with a selectivity of about 100%.
Solutia Company and the Institute of Catalysis, (Sibe-
rian Division, Russian Academy of Sciences) devel-
oped a new technology of phenol synthesis on the basis
of such catalysts, and this process is considered as a
potential alternative to the three-stage cumene process
[6, 7]. The investigation of the mechanism of this reac-
tion has shown that the catalytic properties of zeolites
are related to the presence of so-called 

 

α

 

-sites, which
represent iron complexes stabilized in the micropores
of the zeolite matrix [8, 9]. The decomposition of 

 

N

 

2

 

O

 

on the 

 

α

 

-sites leads to the formation of active surface
oxygen species (

 

α

 

-oxygen), which further take part in
reaction (I) [10].

Benzene oxidation into phenol has been shown by
many authors [11–15] to be accompanied by coke for-
mation, which leads to a gradual decrease in the cata-
lytic activity of the zeolite. The elucidation of the
mechanism of coke formation and its deactivating
influence is important for the enhancement of the cata-
lyst stability. It is known that, depending on the catalyst
composition and type of the reaction, the mechanisms
of deactivation by coke are very different. That is why
the elucidation of the real mechanism is not easy [16,
17]. In our case, the solution to this problem is simpli-
fied by the fact that 

 

α

 

-sites, which are responsible for

 

benzene oxidation into phenol, can be reliably identi-
fied and quantitatively determined.

In this work, we use a method based on the measure-
ment of the concentration of 

 

α

 

-sites in coked samples
to relate catalyst deactivation with direct coke influence
on the concentration of 

 

α

 

-sites.

EXPERIMENTAL

NaZSM-5 zeolite manufactured by Angarsknefte-
orgsintez was used as a catalyst. The zeolite was con-
verted into the 

 

H

 

-form by ion exchange with an 

 

NH

 

4

 

Cl

 

solution with further calcination of the sample. The
chemical composition of the 

 

H

 

-form of the zeolite
ZSM-5 and its textural characteristics (external surface
area 

 

S

 

ext

 

 and microporous volume 

 

V

 

µ

 

) are given below:

The reaction of benzene oxidation into phenol was
studied using a fixed-bed, automatically controlled unit
at 400

 

°

 

C. The catalyst fraction 0.5–1 mm was placed
into the quartz reactor with an inner diameter of 7 mm.
Benzene (chemical purity grade) was fed into the evap-
orator using a liquid pump. Nitrous oxide (medically
pure) was supplied from the metallic cylinder. Samples
of the gas mixture after the reactor were taken automat-
ically every 12 min and were analyzed by an online
chromatograph. The chromatograph was equipped with
flame-ionization and thermal-conductivity detectors
that interfaced a computer. The detailed technique of
the catalytic activity measurements is described else-
where [18].

Chemical composition Textural characteristics

Si/Al [Fe], wt % [Na], wt % Sext, m
2/g Vµ, cm3/g

21 0.08 0.02 37 0.135
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Abstract

 

—The influence of coke formation in the reaction of benzene oxidation by nitrous oxide into phenol
on the catalytic activity and concentration of iron-containing active sites (

 

α

 

-sites), which are stabilized in the
microporous structure of FeZSM-5 zeolite, is studied. The deactivation by coke is explained by the poisoning
of 

 

α

 

-sites, whose concentration decreases linearly with an increase in the coke content, rather than by the block-
ing of zeolite pores. The activity per one 

 

α

 

-site remains unchanged. This fact indicates the absence of diffusion
limitations associated with coke formation. The toxicity of coke for the 

 

α

 

-sites is determined. The coke amount
equivalent to 100–120 benzene molecules is shown to result in the deactivation of one active site.
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To study the mechanism of catalyst deactivation, a
series of samples was prepared and the concentration of

 

α

 

-sites was measured for each sample. The coke con-
centration was varied by changing the time-on-stream
in the reaction (1). After the specified time, the reaction
mixture was substituted for the helium flow and the
temperature was increased to 450

 

°

 

C. The catalyst was
kept at this temperature for 30 min to remove phenol
and other reaction products that can easily desorb. Car-
bon deposits, which cannot be removed under these
conditions, were considered to be coke. After purging
with an inert gas, the reactor was cooled and the coked
catalyst was discharged into a hermetically sealed con-
tainer.

The amount of coke in the sample was determined
by thermogravimetry with a Q-1500D derivatograph.
The weighed sample was placed into a platinum cruci-
ble and heated in air with a heating rate of 10

 

°

 

C/min
and changes in the temperature and weight were
recorded. The sensitivity of this method to the weight
changes is 

 

5 

 

×

 

 10

 

–4

 

 g. The analysis of each sample was
repeated twice to make the results more reliable.

The concentration of 

 

α

 

-sites 

 

C

 

α

 

 in the samples was
measured in a vacuum static unit with the mass spectro-
metric analysis of the gas phase [19, 20]. 

 

α

 

-Oxygen
was prepared by stoichiometric 

 

N

 

2

 

O

 

 decomposition on
the surface 

 

α

 

-sites at 250

 

°

 

C according to the reaction

 

N

 

2

 

O + ( )

 

α

 

  (O)

 

α

 

 + N

 

2

 

. (II)

 

The concentration of 

 

α

 

-oxygen produced was deter-
mined using isotope (O)

 

α

 

 exchange with molecular
oxygen in the gas phase at room temperature:
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O. (III)

 

The value of 

 

C

 

α

 

 was calculated from the weight balance
for isotope 

 

18

 

O after attaining isotopic equilibrium in
the system. Oxygen in the zeolite framework was inac-
tive in the reaction of isotope exchange and did not
affect the concentration of 

 

α

 

-sites. The 

 

C

 

α

 

 value for the
initial (fresh) zeolite was 

 

2.6 

 

×

 

 10

 

18

 

 g

 

–1

 

. This means that
if we assume a binuclear structure of the 

 

α

 

-site [8], then
approximately 60% of iron atoms would be catalyti-
cally active and would compose 

 

α

 

-sites.

RESULTS

 

1. The Influence of the Coke on the Catalytic Activity

 

Figure 1 presents typical DTG and DTA curves for
coked FeZSM-5 samples. It follows from Fig. 1 that
heating of the sample up to 400

 

°

 

C does not result in any
changes. The weight decrease starts at 400

 

°

 

C in parallel
with the appearance of the exothermic effect. This fact
indicates that coke starts to burn.

The data on the coke amount and temperatures of
the maximal exothermic effects 

 

T

 

max

 

 for the samples
differing in the time of exposure to the reaction mixture
are given in the table. Note that no matter how long the
samples were exposed to the reaction conditions, the
temperature of coke burning is the same for all the
cases and is equal to 530

 

°

 

C even for the catalysts with
the time of exposure differing by almost two orders of
magnitude. The value of 

 

T

 

max

 

 enables us to conclude the
nature of the coke, in particular on its aromaticity. The
temperature of burning of nonaromatic coke for ZSM-5
zeolites falls within the interval 400–450

 

°

 

C, while aro-
matic coke burns out at a considerably higher tempera-
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Fig. 1.

 

 Thermal gravimetric analysis of the sample contain-
ing 1.8 wt % of coke.

 

Coke influence on the concentration of 

 

α

 

-sites and catalytic activity of the zeolite in the reaction of benzene oxidation into
phenol

Sample Coke content, wt %

 

T

 

max

 

, 

 

°

 

C

 

C

 

α

 

 

 

×

 

 10

 

–18

 

, g

 

–1

 

Productivity to phenol, 
mmol g

 

–1

 

 h

 

–1

 

1 (initial) 0.0 – 2.6 6.3

2 0.8 528 2.0 5.1

3 1.4 528 1.6 4.1

4 1.8 531 1.3 3.6

5 2.5 532 1.0 2.5

6 3.5 528 0.4 1.8
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ture [21]. It is quite natural to suggest that, in our case,
coke formed by benzene conversion is aromatic and has
a higher burning temperature. It is seen from the data on
the productivity presented in the table that the coke
accumulation leads to a considerable decrease in cata-
lytic activity. A coke content of 3.5 wt % results in more
than 70% catalyst deactivation.

 

2. Influence of Coke
on the Concentration of 

 

α

 

-Sites

 

According to the data of Moesbauer spectroscopy
[22, 23] and quantum-chemical calculations [24, 25],

 

α

 

-sites are binuclear iron complexes stabilized in the
micropores of the zeolite matrix. Such complexes are
easily oxidized by nitrous oxide. The reaction is
accompanied by 

 

α

 

-oxygen formation and 

 

Fe

 

2+

 

 
Fe3+ transition.

α-Oxygen possesses an enhanced reactivity. It takes
part in isotope exchange even at room temperature and
oxidizes various hydrocarbons (including methane) to
form hydroxyl-containing compounds [1, 9]. α-Oxy-
gen participates in benzene oxidation into phenol [10].

The concentration of α-sites (Cα) in the investigated
samples is presented in the table. The dependence of Cα
on the coke concentration in the samples, which is
given in Fig. 2, was plotted using these data. This
dependence is rather simple: the growth of the coke
content leads to a linear decrease in the concentration
of α-sites according to the equation

(1)

Here,  is the concentration of α-sites in the initial
sample, Ccoke is the current coke concentration, and b is
a correlation coefficient. At a coke content of 3.5%, the
concentration of α-sites decreases ~6 times. A further
growth of the coke content up to 4–4.5% results in a
decrease in Cα to zero.

DISCUSSION

A decrease in Cα caused by coke accumulation is
expected to lead to a decrease in the catalytic activity of
the zeolite. Figure 3 shows the dependence of the pro-
ductivity of the catalysts based on phenol (GPhOH) on
the concentration of α-sites, which was obtained from
the data presented in the table. The value of GPhOH
changes in proportion to the concentration of α-sites:

(2)

where  is the productivity based on phenol per one

active site. The value  = 2.5 × 10–18 mmol/site,
which is obtained for the given reaction conditions, cor-
responds to a turnover frequency of 0.42 s–1. The pro-
ductivity based on phenol for the case of complete

Cα Cα
0

bCcoke.–=

Cα
0

GPhOH GPhOH
sp

Cα ,=

GPhOH
sp

GPhOH
sp

deactivation of α-sites is equal to zero, and the reaction
stops. In Fig. 3, the position of the first point outside
of the linear dependence and close to the origin of
coordinates is probably associated with an insufficient
accuracy in the measurements of the low concentra-
tions of Cα and GPhOH in the case of the most deacti-
vated sample.

The linear dependence of the productivity on the
concentration of α-sites enables us to draw some
important conclusions on the mechanism of deactiva-
tion and the role of diffusion. The deactivating influ-
ence of coke is very often associated with diffusional
constraints as a result of the molecular motion restric-
tions in the microporous structure of the coked zeolites
[26, 27]. The fact that the activity of one α-site in the
oxidation of benzene into phenol is constant, whereas
the total activity decreases several times, indicates that
the deactivating influence of coke in our case is associ-
ated with the poisoning of active sites and impossibility
of their participation in the catalytic reaction, but not
with diffusion limitations.

The most intensive deactivation of the catalysts
often occurs at the starting period of time and then the

1
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Fig. 2. Influence of the coke amount on the concentration of
α-sites in FeZSM-5 zeolite.

Fig. 3. Dependence of the productivity to phenol for coked
ZSM-5 zeolites on the concentration of α-sites.
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deactivation rate decreases with coke accumulation.
This may be a result of a stronger toxicity of the first
portion of coke, which poisons the most active catalytic
sites [28]. The data presented in the table enable us to
quantitatively characterize the toxicity of coke and to
trace its dependence on the degree of the catalyst deac-
tivation. Let us define toxicity as the amount of coke,
which is necessary for the deactivation of one active
site of the catalyst:

(3)

To assign a clearer physical meaning to the toxicity
parameter, let us assume that a benzene molecule is a
structural unit of coke. Compared to benzene, coke
contains less hydrogen and may contain some amount
of oxygen. Nevertheless, this does not affect the results
and may introduce only a small quantitative correction.

Figure 4 illustrates the dependence of coke toxicity
on the degree of catalyst deactivation. The value of
TOX slightly increases in the course of coke accumula-
tion and can be considered constant to a first approxi-
mation. As it is seen from Fig. 4, the conversion of 100
to 120 benzene molecules to coke leads to the deactiva-
tion of one α-site regardless of the total degree of cata-
lyst deactivation. This indicates that the mechanism of
coke formation, as well as the mechanism of its deacti-
vating influence, remains the same during the whole
process.

Coke deposition is generally known to proceed both
at the outer and inner (microporous) surfaces of a zeo-
lite. The deactivating influence of coke deposited on the
outer surface can be associated with the deactivation of
active sites, which are localized on the outer surface
and, after the concentration of coke attains some criti-
cal value, with the blocking of the pore entrances,
which complicates the diffusion of molecules into the
volume of the zeolite [28]. Taking into account that

TOX
Ccoke

Cα
0

Cα–( )
------------------------.=

active α-sites are localized in the micropores of the zeo-
lite and that diffusion to these sites is not limited, then
the deactivating effect should be induced by the coke,
which is accumulated on the inner surface of the zeo-
lite. The linear diminution of Cα with increasing coke
content testifies that there is no blocking of the
microporous structure. Otherwise, attaining of some
critical concentration of coke would result in the deac-
tivation of a significant part of the α-sites, which are
located in the blocked space. It is unlikely, in this case,
for the dependence presented in Fig. 2 to be linear.
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