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Abstract

The direct hydroxylation of benzene and its derivatives with N,O is studied using H-[AlI]ZSM-5 zeolite as catalyst. The
activity of the H-[AI]ZSM-5 zedlite is increased by hydrothermal treatment. This treatment dealuminates the zeolitic
framework and creates Lewis acidic extra framework alumina (EFA) which controls the catalytic activity. It is shown by ZAl
MAS NMR and IR measurements that the degree of dealumination correlates with the amount of EFA species formed and
the yield of phenol obtained. Simple calcination of the H-{AI]ZSM-5 zedlite for a longer time (18 h/550°C) increases the
selectivity whereas conversion remains unchanged. Furthermore, benzene derivatives, naphthalene and biphenyl were used
as substrates in the direct hydroxylation with N,O. The selectivity to the corresponding phenols is lower than in the case of
benzene because the functional groups participate in the reaction mechanism. No correlation is found between the activation
or deactivation of the aromatic ring by the functional group and the yield of the corresponding hydroxylated product. In case
of naphthalene and biphenyl the yield is limited by substrate decomposition. © 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The cumene process is widely used for phe-
nol production [1]. The disadvantage of this
three-step process is the low conversion at every
step to keep the selectivity high. At the last step,
the decomposition of cumene-hydroperoxide,
equal molecular amounts of phenol and acetone
are produced. The profitability of this processis

* Corresponding author. Tel.: +49-241-80-65-60; fax: +49-
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strongly dependent on the market price of the
inevitable by-product acetone. Therefore, efforts
to develop a new route to phenol are still of
interest and investigations are undertaken for an
one-step process from benzene. The direct oxi-
dation of benzene with molecular oxygen fails
as maleic acid is a main product in the liquid
phase [1] and total oxidation appears producing
CO, and water.

Alternative routes include the direct hydrox-
ylation of aromatics with H,O,, in the presence
of titanium silicate [2] and the direct hydroxyl-
ation N,O.
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With a V,0,/SIO, catayst, Iwamoto et al.
[3] were the first to make phenol from benzene
and N,O, with a benzene conversion of about
11% and a selectivity towards phenol of 45%.
Ono et a. [4] employed H-[Al]ZSM-5 zeolites
as catalysts for the reaction. They achieved only
alow yield of 9% but a very high selectivity of
over 90% and noticed a strong catalyst deactiva
tion due to coking.

Using H-[AI]ZSM-5 zeolites, Gubelmann and
Tirel [5,6] attained a yield of 16% with a selec-
tivity of higher than 95%. They postulated that
Bronsted acid sites were the species affecting
the reaction. Burch and Howitt [7,8] also believe
in the necessity of Bransted acid sites to catal-
yse the reaction. They found a correlation be-
tween the amount of Al atoms in H-[AI]ZSM-5
zeolites and the yield towards phenol. They
achieved a yield of 27% and a selectivity of
98% while using a catalyst with high amount of
aluminium (S0, /Al ,0, = 33).

By contrast, Panov et al. [9-23] found a
correlation between the amount of iron in the
ZSM-5 zeolite and the conversion of benzene
with N,O to phenol. They suggested that only
the coordinatively-unsaturated iron atoms in ex-
tra framework iron hydroxide complexes,
formed at the thermal treatment step after the
synthesis of the zeolite (the so-called ‘a-
centres'), are responsible for the catalytic effi-
ciency. The N,O molecule decomposes on these
‘ a-centres’, producing molecular nitrogen and a
kind of surface oxygen, the so-called * a-oxygen’
which is adsorbed to the a-centres. The energy
of adsorption is very low, causing the high
reactivity of the a-oxygen which is able to
oxidise CO and methane to CO, daready at
room temperature and even to react with ben-
zene to phenol at room temperature.

Zholobenko [24] and Zholobenko et a. [25]
confirmed the existence of adsorbed * a-oxygen’
after the decomposition of N,O on H-[Al]ZSM-5
zeolites. Their findings on the location of «a-
centres were in contradiction to the report of
Panov et a. [15]. They noticed that a calcination
of H-[AlI]ZSM-5 zeolites at high temperatures

up to 850°C raises the activity for direct hydrox-
ylation of benzene with N,O to phenol. Hence,
they proposed that structural defects in the zeo-
lite framework created by severe calcination are
the active centres that create the o-oxygen.
Since coordinatively-unsaturated aluminium ap-
pears in these structural defects, there is a rela
tionship with the active centres proposed by
Panov et a. [15]. However, severe calcination
leads to the collapse of the zeolite structure.
Therefore, the loss of crystallinity due to struc-
tural collapse limits the increase of the conver-
sion for the regarded reaction. The necessity of
high crystallinity for the studied reaction was
shown by Piryutko et al. [22] and Kharitonov et
al. [23].

It was the aim of this work to create coordi-
natively-unsaturated extra framework alu-
minium through the mild steaming of H-
[Al]ZSM-5 zeolites as active species and thereby
avoiding the collapse of the zeolite structure. In
this context, the issue whether direct hydroxyl-
ation of benzene derivatives might be an alter-
native route for the production of the corre-
sponding phenols was aso investigated.

2. Experimental

Three H-[AI]ZSM-5 zeolite samples were
kindly provided by the companies Uetikon,
Switzerland and Degusssa, Germany. The zeo-
lites were extrudated, calcined at 550°C for 5 h
(zeolites A and B) and 18 h (zeolite C) and
crashed into split 1-1.6 mm. The chemica
composition of the zeolites are given in Table 1.
Elemental analysis was done by ICP-AES us-
ing a Spectroflame D.

The steaming of the catalysts and the cat-
alytic tests were done in the same apparatus.
Three grams of the steamed catalyst was filled
into a tubular reactor in the form of a coil with
an i.d. of 6 mm and dried a 150°C under
nitrogen. In case of hydrothermal treatment, the
catalyst was steamed at 550°C and a water
partial pressure of 300 mbar. The period of
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Table 1

The chemical analysis of H-[Al]ZSM-5 zeolites

Sample Si/Al  Na/Al Fe/Al
A KM 769 Degussa 14 0.027  0.020
B KM 906 Degussa 16 0.027  0.004
C Zeocat PZ-2 /54 Uetikon 29 0.063 0.024

steaming varied in order to find a correlation
between the steaming duration and the catalytic
properties. After steaming, the reactor was
cooled down and a sample of catalyst was taken
for further analysis. For the reaction, 2 g of the
catalyst were retained in the tube.

The reaction mixture contained 25 mol% aro-
matic substance and 75 mol% N,O. The weight
hourly space velocity (WHSV) based on the
aromatic substance was 1 h™*. In case of ben-
zene the reaction temperature was 350°C but
varied between 300°C and 550°C for the ben-
zene derivatives. In both cases no inert gas was
used. The products were collected in a cooling
trap. Because of strong deactivation due to cok-
ing the first samples of products were taken
aready after 0.25 h time on stream (TOS). The
time was measured after the first appearance of
gaseous product in the trap.

The conversion is based on the aromatic sub-
stance reacted. The selectivity is defined as the
molar ratio of the formed phenol to converted
aromatic substance. The conversion of N,O and
the selectivity based on N,O was not deter-
mined because N,O was always used in excess.
The mass balance during the sampling time was
> 95%.

The samples were analysed by a Siemens
Sichromat RGC-202 Gaschromatograph using a
50-m Pona-HP-FS column. The product gas was
collected in an air sack and analysed by an
Fischer Gas Partitiometer Modell 1200. Under
the employed reaction conditions no CO, was
detected implying that no total oxidation ap-
peared.

Two methods were used to measure the level
of dealumination of the H-[AI]ZSM-5 zeolites
after steaming: IR and Al MAS NMR spec-
troscopy.

The IR spectra were recorded with a Nicolet
FTIR 510 P spectrometer. The IR spectroscopy
dlows a qualitative estimation of the level of
dealumination by the increase of the frequency
of the structurally-non-sensitive asymmetrical
T-O-T (T =Al or Si) stretching vibration at
1100 cm~* [26-28]. It is the most intensive
peak in this area of the zeolite. H-[AI]ZSM-5
zeolites employed have a low content of au-
minium. Therefore, the frequency shift of their
T—O-T stretching vibration due to dealumina-
tion is small. This fact was considered by using
a high resolution of 1 cm™* and analysing one
sample several times. Furthermore, the amount
of analysed sample was adjusted in such a way
that a common transmittance of about 20—25%
of any analysed peak was achieved.

Estimations about the aluminium distribution
(framework—non-framework) were obtained by
“Al MAS NMR spectroscopy, using a Bruker
ASX spectrometer (resonance frequency 104
MHz, spinning speed 12 kHz). The externa
reference was Al(H,0)3". The samples were
saturated with water over night. For dealumi-
nated zeolites broad lines centred at around 30
ppm (Fig. 1) are usualy attributed to non-
framework tetrahedral and pentacoordinated
aluminium [29-35]. The peak at 0 ppm corre-
sponds to octahedrally-coordinated non-frame-
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Fig. 1. Al MAS NMR spectra of catalyst B calcined (5 h 550°C)
(&) and subsequently steamed (7 h, 550°C, py o = 300 mbar) (b).
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work aluminium. The sharp peak at about 55
ppm represents aluminium in tetrahedral envi-
ronment. The “Al spectra were deconvoluted
using Gaussian lines.

Non-framework tetrahedrally- and pentahe-
drally-coordinated aluminium exposes Lewis
acidity [29,36,37].

To investigate the ratio of Lewis to Bransted
acidity the catalyst samples were adsorbed with
pyridine and subsequently analysed by IR spec-
troscopy as presented elsewhere [38—40]. The
qualitative evaluation of the peaks representing
Bransted and Lewis acidity occurred in accor-
dance with the investigations of Khabtou et al.
[41].

X-ray diffractometry (XRD) was done with a
Siemens X-Ray Diffractometer D5000.

3. Reaults and discussion

Fig. 2 represents the frequency of the struc-
turally-non-sensitive asymmetrical T—-O-T
stretching vibration for the catalysts A and B
after 5 h calcination at 550°C and subsequent
steaming at 550°C and a water partial pressure
of 300 mbar.

Generaly, the frequency shifted to higher
wavenumbers due to steaming. For catalyst A,
the frequency increased steadily up to 24 h
steaming time. The shift to higher wavenumbers
was negligible after 18 h of calcination at 550°C

—_
—_
S
W

T-O-T strechting
vibration [em™]

0 5 10 15 20 25
time of steaming [h]

Fig. 2. Frequency of the structurally-non-sensitive asymmetrical
T-O-T stretching vibration of catalyst A (a) cacined 5 h at
550°C (O, calcined 18 h at 550°C) and B (M) calcined 5 h at
550°C for different steaming times at 550°C and a water partial
pressure of 300 mbar (catalyst A (2) and B (O) steamed 600°C
24 h py o = 450 mbar).

without further steaming. Hence, no dealumina
tion of the zeolite framework occurred due to
longer calcination. In case of catayst B, the
stretching vibration increased only for a short
time of steaming (5 h) and remained constant
for a longer time of steaming. Furthermore, via
increasing the steaming severity by raising the
steam pressure to 450 mbar and the steaming
temperature to 600°C, no significant further in-
crease in the regarded vibration was observed.
This implies that the catalysts cannot be further
dealuminated under the applied conditions.

Table 2 shows the distribution of framework
and extra framework aluminium of catalyst B
for different steaming times. The distribution
was determined by the deconvolution of “Al
MAS NMR spectra using Gaussian lines and
subsequent integration. After calcination, about
75% of the total Al content was tetrahedrally-
coordinated. After 3 h of steaming, this amount
decreased significantly to around 35%. Simulta-
neously there was an increase of the penta- and
octahedrally-coordinated extra framework alu-
minium. A prolongation of the steaming time
had minor effect on the distribution of the alu-
minium coordinated in different environments.
The distribution of framework and extra frame-
work aluminium for catalyst B as a function of
steaming time was in agreement with the shift
of the structurally-non-sensitive asymmetrical
T—O-T stretching vibration (Fig. 2).

Fig. 3 displays typical FTIR spectra of pyri-
dine adsorbed samples of catalyst B after differ-
ent steaming times. The increase of the intensity
of the band at 1455 cm™!, which represents
pyridine adsorbed at Lewis acid sites, could be
seen clearly whereas the intensity of the 1545
cm~! band, which represents Brensted acid
sites, remained rather unchanged. From these
measurements, we derived a qualitative estima-
tion about the ratio of the band intensities repre-
senting pyridine adsorbed at Lewis acid sites
and pyridine adsorbed at Bregnsted acid sites
(Fig. 4.

This ratio increased with steaming time due
to dealumination and the creation of Lewis
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Table 2

The distribution of framework and extra framework aluminium for catalyst B by Al MAS NMR

Aluminium distribution

Steaming time

Calcined 3h 4h 7h
Octahedrally-coordinated extra framework auminium 10% 24% 25% 27%
Penta- and tetrahedrally-coordinated extra framework aluminium 15% 41% 2% 43%
Tetrahedrally-coordinated framework aluminium 75% 35% 33% 30%

acidic EFA. After 3 h of steaming the Lewis-to-
Bronsted ratio was more or less constant with
only a slight decrease after 24 h of steaming.
This dlight decrease was probably caused by
agglomeration of the extra framework alu-
minium to clusters, which expose less Lewis
acid sites than numerous smaller EFA species.
Such agglomeration was already observed as an
effect of steaming [29,33,42,43]. XRD spectra
(not presented here) showed that the zeolite
structure did not collapse during steaming.

Finally, the cacined and steamed H-
[Al]ZSM-5 zeolites were used as catalysts for
the direct hydroxylation of benzene and N,O to
phenol. Figs. 5 and 6 present the results of
conversion and selectivity for the catalysts A
and B.

For catalyst A, the conversion increased from
12% up to 30% after around 10 h of steaming

1490 cm’'

1455 cm’”

1545 cm”

T g

Fig. 3. The typical FTIR spectra of pyridine adsorbed samples of
catalyst B after 5 h calcination at 550°C without steaming (@),
cacination with 7 h (b) and 15 h (c) steaming at 550°C and a
water partial pressure of 300 mbar.

and dropped to 20% after 24 h of steaming. A
sharp increase in selectivity could be observed
after simple calcination (18 h), whereas conver-
sion remained unchanged. Short steaming times
caused a similar increase in selectivity and for a
longer period of steaming the selectivity re-
mained rather constant. After calcination, cata-
lyst B showed a conversion in the same range as
catalyst A. For 5 h of steaming, the conversion
increased from 15% to nearly 30%. In contrast
to A, there was no decrease of conversion for a
longer time of steaming. Further the selectivity
increased up to 99% for 5 h of steaming and
remained constant for longer steaming times.
For both catalysts, we can state that there was
a significant increase of the conversion and
selectivity towards phenol after hydrothermal
treatment. Furthermore, only A showed a drop
of conversion after a certain time of steaming.
In case of catalyst A, longer calcination led to
higher selectivity but resulted only to minor

—
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Fig. 4. The ratio of the band intensities representing pyridine
adsorbed at Lewis acid sites (1455 cm~1) and pyridine adsorbed
at Brensted acid sites (1545 cm™1), respectively, of catalyst B as
a function of steaming time (O: steamed 550°C, py,o =300
mbar) (m: steamed 600°C, py o = 450 mbar 24 h).
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Fig. 5. The conversion (0O) and selectivity () to phenol obtained
over the hydrothermally-treated catalyst A calcined 5 h at 550°C
(conversion (m) and selectivity (a) of A after 18 h calcination at
550°C).

effects in the conversion. More severe steaming
conditions (catalyst B, 24 h, 600°C, Ph,0 =450
mbar) did not lead to further enhanced catalytic
activity.

The increase of the conversion as a function
of steaming time can be explained with an
increase of EFA species formed by dealumina
tion. The increasing amount of EFA seemsto be
responsible for the increase of the intensity of
the 1455 cm ™! band representing Lewis acidity
in pyridine adsorption measurements (Fig. 3).
This Lewis acidity enhances the catalytic activ-
ity of the H-[AI]ZSM-5 compared to the un-
steamed sample.

For catalyst B there is a direct correlation
between the level of dealumination (Fig. 2), the
amount of EFA created (Table 2) and the con-
version observed (Fig. 6). This correlation is not
so straightforward for catalyst A. Nevertheless,
we think that there is a dependency between the
amount of EFA and the conversion of benzene
to phenol. When steaming for a longer time
causes no further dealumination (Fig. 2), ag-
glomeration of the EFA species might be pre-
dominant. Then the amount of Lewis acid sites
decreases and this could be responsible for the

observed drop of conversion for a longer time
of steaming. The agglomeration of EFA species
due to steaming is more pronounced for catalyst
A than for B. So far, we have no explanation
why there should be less agglomeration for B
than for A.

The chemical analysis of the employed H-
[Al]ZSM-5 zeolites (Table 1) shows that the
content of iron is in a similar range of the
H-[Al,Fe]ZSM5 zeolites used by Kharitonov et
al. [13]. The authors found an increase of con-
version from ~ 7% to ~ 20% with an increase
of Fe content from 0.015 to 0.1 wt.% Fe in
{Fe,Al]ZSM5-zeolites. If the amount of iron
aone is responsible for the catalytic activity
than catalyst A should give a significant better
catalytic performance than catalyst B because of
its higher iron content (catalyst A, 0.18 mass-%
Fe,O,; catalyst B, 0.03 mass% Fe,0;). Our
results show no significant difference in the
conversion of the unsteamed sample A and B
but a difference in selectivity. Therefore, it can
be concluded that beside the iron content the
extra framework auminum plays a significant
role.

The good results of Panov et a. with H-
[Al,Fel-ZSM-5 and H-[Fe]ZSM-5 zeolites are
probably caused by the easiness to dislodge iron
from the zeolite framework only by thermal
treatment [44—46] thereby creating Lewis acidic

conversion [% ]

0 selectivity [%]

98 T
96 +

pa

947

t2
92 0

10

90 1 | :
5 10 15 20 25

time of steaming [h]

Fig. 6. The conversion (00) and selectivity (2 ) to phenol obtained
over the hydrothermally-treated catalyst B calcined 5 h at 550°C
(conversion (m) and selectivity (a)) of B after 24 h steaming at
600°C with a water partial pressure of 450 mbar.
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extra framework iron. Significant dealumination
of the H-[Al]ZSM-5 is not possible with thermal
treatment (Fig. 2). Only hydrothermal treatment
dislodges aluminium from the framework. The
thermal dislodgement of iron is particularly sig-
nificant for H-[Al,Fe]ZSM-5 zeolites [46]. This
might explain the better results obtained by
Panov et a. [9,12] and Kharitonov et al. [13]
with H-[Al,Fe]ZSM-5 zeolites rather than with
H-[Fe]ZSM-5 zeolites. A direct comparison of
the catalytic tests by Panov et a. to the tests of
this work is not appropriate because of the
different reaction conditions. In this work, no
inert gas was used whereas Panov et a. em-
ployed N,.

Concerning a possible reaction mechanism,
the propositions of Panov et a. [18], Filatov et
a. [47] and Zholobenko et a. [24,23] can be
supported by our own results. The existence of
a single electron pair alows N,O to participate
in a donor—acceptor interaction with Lewis acid
centres. These authors also assume that after
decomposition of the N,O molecule the result-
ing oxygen remains as very active surface oxy-
gen on Lewis acidic coordinatively-unsaturated
aluminium (or iron species in the case of Panov
et a.) in the framework or extra framework (as
in the case of Zholobenko et al.).

In contrast to H-[Fe]ZSM-5 zeolites longer
calcination of H-[AI]ZSM-5 zeolites did not ef-

Table 3
The conversion of benzene derivatives to the corresponding phenols

fect significant demetallation. Therefore, no sig-
nificant improvement of catalyst activity was
achieved by calcination. The easiness to create
extra framework iron only by calcination of
H-[Fe]ZSM-5 zeolites explains the activity in
contrast to the H-[AI]ZSM-5 catalysts which
become more active after steaming.

4. Benzene derivatives, naphthalene and
biphenyl

Benzene and several benzene derivatives with
different functional groups were used in the
direct hydroxylation with N,O. Anisole, aniline
and toluene represent substances with an acti-
vated aromatic ring for electrophilic attack
whereas benzonitrile, benzaldehyde and ni-
trobenzene have a deactivated aromatic ring
system. Chloro- and fluorobenzene are only
weakly activated if at all.

Table 3 shows the conversion and selectivity
of different benzene derivatives with zeolite C
as catalyst. The zeolite was calcined for 18 h at
550°C prior use and not steamed. The conver-
sion of benzene was 22% with a selectivity of
98% to phenal.

The conversion of anisole was 53% with
nearly no selectivity to the desired hydroxylated

Aromatic substance Temperature Conversion Selectivity Isomer distribution (%)

4e) (%) (%) Ortho Meta Para
Benzene 350 22 98 - - -
Anisole 350 53 ~1 ~25 ~ 25 ~ 50
Aniline 500 13 29 65 2 33

550 15 12 54 22 24
Toluene 350 24 27 52 32 16
Chlorobenzene 350 23 58 28 72
Fluorobenzene 350 19 68 32 19 49
Nitrobenzene 350 5 0 - - -
Benzonitrile 350 12 76 64 26 11
Benzaldehyde 300 12 0 - — -
Benzene mixed with nitrobenzene 350 4 ~ 1002 - - -

Reaction conditions: catalyst C (not steamed), Mg =2 g, WHSV =1 h™, ny o/Nyomae =3, p=1 bar, TOS=0.25 h.

#0nly phenol was found.
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product. Instead, phenol, cresol and cresol
methyl ether were formed. Also only a small
yield of aminophenols was found in the product
mixture after hydroxylation of aniline with N,O.
At reaction temperatures under 450°C the NH,
group of the aniline is usually adsorbed on the
acid centres of the zeolite and hence no activa-
tion of N,O at acid sites can occur. Therefore,
higher reaction temperatures seem to be neces-
sary to facilitate desorption. However at high
temperatures the reaction mixture decomposed
more easily to CO, and water. At 500°C and
550°C, the conversions of 13% and 15%, re-
spectively, were rather low with poor selectivi-
ties of 29% and 12%. Beside CO,, the main
by-products were phenazine, N-phenylbe-
nzamine.

Toluene was converted to cresol with a con-
version of 24% and a rather poor selectivity of
about 27%. Besides some higher molecular aro-
matics the product mixture consisted of ben-
zene, xylene and phenal.

Although anisole, aniline and toluene are
more susceptible to electrophilic attack than
benzene the yield of the corresponding hydroxy-
lated products is aways lower than that of
benzene. This is due to poor selectivities be-
cause of decomposition of the reaction mixture
or because of blocking the acid sites by the
functional groups. In case of anisole the methoxy
group is preferentially attacked.

For chlorobenzene and fluorobenzene the
conversion to the corresponding phenols was
similar to the conversion of benzene with a
selectivity of about 70%. In both cases phenol
was the mgjor by-product. F and Cl atoms are

Table 4
The conversion of naphthalene to naphthol

J.L. Motz et al. / Journal of Molecular Catalysis A: Chemical 136 (1998) 175-184

substituents which have almost no influence on
the aromatic ring. This might be the reason why
the conversion is similar to that of benzene.

Benzaldehyde was exclusively converted to
benzene, phenol and benzoic acid. No corre-
sponding hydroxyproduct was formed. In the
case of benzonitrile, the conversion was 12%
with a selectivity of 76%.

The direct hydroxylation of nitrobenzene
yielded no nitrophenol at all. The by-products
were benzene, phenol and aniline. Maybe the
nitrogroup with its Lewis basic character occu-
pies the acid centres so that the activation of the
N,O is not possible and only the nitrogroup
participates in the reaction. In a mixture of
benzene and nitrobenzene even benzene was
amost not converted to phenol anymore. Thisis
a hint that nitrobenzene blocks the Lewis acid
centres.

To sum up, no influence due to the activating
or deactivating character of the functional group
at the aromatic ring is found. In spite of longer
calcination for 18 h, which yields a high selec-
tivity in case of benzene, only poor selectivities
are observed. Instead the conversion is presum-
ably lowered by blocking of the active Lewis
acid centres or the sdlectivity is very poor be-
cause of an wide range of by-products.

Naphthalene or biphenyl without functional
group might be more promising substrates for
direct hydroxylation. At reaction temperatures
below 450°C B-naphthol was the only product
for the hydroxylation of naphthalene (Table 4).
The low selectivity under 50% was exclusively
caused by total oxidation. The formation of only
B-naphthol underlines the shape selective prop-

Conversion
(%)

Temperature
(°C)

Selectivity
(%)

Isomer distribution
a (%)

B (%)

300
350
450

~1
1
6

~

43
0

0
0

100
100

Reaction conditions: catalyst C (not steamed), mg, =2 g, WHSV =1h1, Nn,0/ Naromate = 3 P =1 bar, TOS=0.25 h.
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Table 5
The conversion of biphenyl to hydroxybiphenyl

Temperature Conversion Selectivity Isomer distribution

0 %) (%) 2- (%) 3 (%) 4 (%)
350 6 70 13 44 43
400 11 19 71 9 20
450 13 16 100 0 0

Reaction conditions: catalyst C (not steamed), m, =2 g, WHSV =1 h1, Nn,0/ Naromate = 3 P =1 bar, TOS=0.25 h.

erties of the H-[AI]ZSM-5 zeolite because the
formation of the bulky «-naphthol is sup-
pressed. At higher reaction temperatures only
total oxidation occurred.

At 350°C, biphenyl was converted to hydro-
xybiphenyl (Table 5) with a conversion of 6%
and with a selectivity of 70%. At higher reac-
tion temperatures the conversion increased be-
cause of significant total oxidation.

For hydroxylation of naphthalene and
biphenyl total oxidation becomes an important
side reaction so that the selectivity towards the
corresponding phenols is lowered. Nevertheless
even at lower temperatures at which less total
oxidation occurs the yield is very paor.

5. Conclusions

It is shown that dealumination of H-
[Al]ZSM-5 zeolites by steaming increases their
activity for direct hydroxylation of benzene with
N,O to phenol. The Lewis acidity exposed by
EFA species is probably necessary to improve
the conversion with a very high selectivity. A
correlation between the amount of EFA and
yield of phenol depending on the period of
steaming is found. A drop of conversion after a
longer time of steaming might be caused by
agglomeration of the Lewis acidic EFA species.

Benzene derivatives as well as naphthalene
and biphenyl show less conversion to the corre-
sponding phenols than benzene itself. In case of
naphthalene and biphenyl formation of the cor-
responding phenolsis limited by decomposition.
The best results are achieved by chloro- and

fluorobenzene. Nevertheless no influence is
found on the yield of the hydroxylated product
in dependence of the activating or deactivating
character of the functional group. Substituents
with a basic character seam to block the Lewis
acid sites of the zeolite. Therefore a higher
temperature has to be employed which unfortu-
nately favours side reaction.
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