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a  b  s  t  r  a  c  t

Various  Cu/HZSM5-zeolites  were  prepared  and  their  catalytic  properties  were  investigated  by  product
analysis  via  GC/MS  chromatography  in order  to trace  down  the  mechanism  of the  gas  phase  one-step
oxidation  of benzene  to phenol  with  molecular  oxygen.  Comparison  of Cu free  and  Cu containing  zeolites
showed  that  the  activation  of O2 takes  place  at copper  centers  of  the  zeolite  and  high  copper  loadings  lead
eywords:
enzene oxidation
opper zeolite
ifunctional catalyst
xygen activation

to  high  yields  of deep  oxidation  products  (CO,  CO2).  No  phenol  was  formed  in the absence  of Brønsted  acid
sites,  i.e.  on  Cu/KZSM5,  revealing  the  bifunctionality  of  the  Cu/HZSM5  zeolite.  The  yields  of  the  various
oxidation  products  and  thus the  selectivity  toward  phenol  can  be  influenced  by  variation  of  the  relative
O2 concentration  in the  reaction  mixture,  indicating  the possibility  of a  stoichiometric  use of O2.  The  role
of  the  superoxide  radical  ion  O2

•− as a  reactive  intermediate  is  discussed  and a  radical  ionic  reaction
mechanism  is suggested.
. Introduction

Phenol has obtained an important role in the chemical industry
s a precursor for chemicals like aniline, picric acid or salicylic acid.
owadays, 90% of the worldwide production of eight million tons
er year is synthesized by the cumene process. The major advan-
age of this process consists in the two cheap reagents (benzene
nd propylene) to form the two more expensive products acetone
nd phenol. Unfortunately the economic efficiency of the cumene
rocess is highly dominated by the acetone price. Furthermore, the
ecessity of aluminum chloride and phosphoric acid is a main dis-
dvantage from an ecological point of view. These are the reasons
hy an alternative one-step process for the production of phenol
ould be desirable.

Over the last years, copper impregnated zeolites showed their
otential as catalysts in the one-step formation of phenol in aque-
us solution as well as in the gas phase reaction. Kitamura et al.
nvestigated the benzene oxidation to phenol in aqueous solu-
ions on several copper impregnated zeolites [1]. In this study the

Y-zeolite showed the highest catalytic activity for the benzene
onversion with a reported selectivity toward phenol of 100% but
ith a phenol yield of only 2.5%. Beside the addition of ascorbic
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acid as a reducing agent, the product extraction and the Cu leach-
ing from the zeolite during the reaction seemed to be some major
disadvantages of the liquid-phase reaction.

In the gas-phase reaction, which facilitates the product extrac-
tion, the Cu/HZSM5-zeolite showed promising results for the
phenol formation. Hamada et al. explored the gas-phase reaction
on several Cu/HZM5-zeolites under different reaction conditions
and reported a phenol yield up to 5% with a selectivity of nearly
30% [2–4]. Meanwhile phenol yields up to 10% have been reported
[5], but the detailed reaction mechanism for the phenol forma-
tion is still unknown. Knowledge of the reaction mechanism would
allow the modification of the catalysts and to increase the phenol
yields. To clarify the reaction mechanism, Ene et al. investigated the
adsorption complexes of oxygen and benzene on the Cu/HZSM5
zeolite by spectroscopic methods [6–8]. The reactants mainly
adsorbed on the isolated copper ions, the copper dimers and the
Brønsted acid sites, showing the presence of three possible cat-
alytic centers. While benzene adsorption reduces the Cu2+ ions to
Cu+, oxygen adsorption can oxidize Cu+ back to Cu2+, indicating the
premise for a catalytic cycle. In zeolites with a high Al content the
second charge of the divalent copper ions has to be compensated
by extra-framework anions, as for example OH−. From the reso-
nance structures [Cu2+HO−]+ ↔ [Cu+HO•]+ the possible formation
of HO• radicals may  be expected, which can lead to the hydrox-

ylation of the benzene molecule. While in the gas phase reaction
no HO• radicals or hydrogen peroxide has been detected [6–8],
Häusser et al. were able to demonstrate the in situ formation of
HO• radicals over Cu/HY zeolites in aqueous suspension by spin

dx.doi.org/10.1016/j.molcata.2013.08.012
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Fig. 1. GC/MS chromatogram of product selectivity for the benzene conversion over
40 A. Tabler et al. / Journal of Molecular C

rap and ESR experiments [9]. The detection of chlorobenzene in
he product analysis of Cu/HZSM5 zeolites which were prepared
n solid state reactions with CuCl also shows the possibility of an
onic pathway. Chlorobenzene can be formed only in an ionic reac-
ion with residual Cl− ions. Thus the formation of phenol can also
ccur via an ionic reaction with HO− ions which are, as mentioned
bove, also present in the zeolite.

Hence the aim of the present study is to learn more about the
henol formation on Cu/HZSM5 zeolites from a mechanistic point
f view. Especially the question whether phenol formation occurs
ver an ionic or a radical pathway is of higher interest. Therefore

 number of different Cu/HZSM5 zeolites were prepared and their
atalytic properties for the benzene oxidation were observed by
C/MS chromatography. For the product analysis Cu/HZSM5 zeo-

ites differ in their copper loadings and their Si/Al ratios. By using
itrogen and oxygen from two separate lines, the influence of the
xygen concentration was also investigated.

Through the comparison of the product analysis from various
u/HZSM5 zeolites we were able to derive some interesting char-
cteristics for the phenol formation.

. Experimental details

.1. Catalyst preparation

The zeolite samples were prepared by the solid-state and the
iquid ion exchange methods. To remove all organic impurities, the
aZSM5 (Si/Al = 20, CU Chemie Uetikon AG) sample was  washed
nd calcined in air at 773 K for 8 h (heating rate: 1 K/min). To obtain
he acid form, 2.25 g of the freshly calcined NaZSM5 zeolite were
uspended in 1 M NH4NO3 solution, heated up to 353 K and stirred
or 6 h. Afterwards the zeolite was filtered off and calcined in air
t 773 K overnight. This procedure was repeated twice with the
btained HZSM5 zeolite. The HZSM5 zeolite with a Si/Al ratio of
0 was directly available in its acid form (CU Chemie Uetikon AG).
he Cu-containing catalysts were prepared by mixing the desired
mount of CuCl with HZSM5, followed by calcination in a nitro-
en flow (80 ml/min) for 16 h. The amount of introduced Cu ions
as calculated in proportion to the available acid sites in the zeo-

ite (Cu+/H+ ratio). In this work the Cu+/H+ ratio and the Si/Al ratio
f the zeolites will be labeled after the zeolite name. For exam-
le a Cu/HZSM5 zeolite with a Cu+/H+ ratio of 0.50 and a Si/Al
atio of 20 is listed as Cu/HZSM5-(0.5, 20). To obtain the liquid
on exchanged Cu/HZSM5, 0.5 g of the calcined HZSM5 were sus-
ended in 0.1 M Cu(NO3)2 solution. The suspension was heated up
o 353 K for 8 h. Afterwards, the zeolite was filtered off and cal-
ined at 1123 K in a nitrogen flow (80 ml/min) for 16 h. To remove
he acid sides from the zeolite, the Cu/HZSM5-zeolite was washed
ith 0.1 M KOH solution and calcined for 16 h at 1023 K in a nitrogen
ow (80 ml/min).

.2. Gas phase oxidation of benzene with molecular oxygen

The benzene oxidation was carried out in a continuous flow
eactor at different temperatures (623–823 K). The purity of ben-
ene (Uvasol®, Merck KGaA) was checked by gas chromatography
nd used without further purification. Nitrogen and oxygen were
sed as received. Before starting the reaction, all catalysts were acti-
ated using the following temperature program [2]. About 25 mg
f the zeolite were heated up to 773 K in flowing air (N2 flow:
2 ml/min, O2 flow: 8 ml/min) with a heating rate of 1 K/min.

fter 2 h at 773 K the reactor was purged with nitrogen (N2 flow:
0 ml/min) for 30 min  and the reactor was tempered on the desired
eaction temperature (typically 723 K). To start the reaction a nitro-
en flow of 10 ml/min was passed through a saturator filled with
HZSM5-(0, 20) zeolite at a reaction temperature of 723 K and an O2 and N2 flow of 8
and  32 ml/min 30 min  after the beginning of the reaction. Note the change of scale
at  an intensity of 1.1 × 105.

benzene and directly linked to the reactor. From two  separate lines
more nitrogen and oxygen were conducted to the reactor to obtain
the chosen N2/O2 ratio (normally N2:O2 = 4:1 by volume ratio).

The exit of the reactor was directly linked to a HP 6890 G1540A
gas chromatograph equipped with a HP 5973 mass spectrometer.
To separate the organic reaction products a 30 m HP-5 capillary col-
umn  packed with diphenyl- (5%) and dimethylsiloxane (95%) was
used. The identification of the organic products was carried out by
mass spectrometry. The gaseous reaction products (and reactants)
were separated by a HP-POLT capillary (30 m)  and a HP-MOLESIEVE
(30 m) capillary column and identified with a TCD detector. All lines
were heated to prevent the condensation of benzene and the reac-
tion products. He was  used as carrier gas for all columns. Typically,
the first product analysis was carried out 5 min  after starting the
reaction, and then every 30 min. The contact time of the reactants
on the catalysts was 0.12 s.

3. Results and discussion

3.1. Choice of the reaction temperature

In previous studies the phenol formation on the Cu/HZSM5
could be observed even at temperatures below 373 K [8]. However,
the strong interaction between the copper centers and the ben-
zene molecules resulted in a problem for the product desorption.
At moderate temperatures, the adsorbed benzene and the products
are hard to remove from the zeolite, leading to the deactivation
of the catalysts. A higher product and benzene desorption can be
achieved by increasing the reaction temperature, but this has the
disadvantage of promoting the full oxidation of benzene to CO and
CO2. To find a good compromise between the desorption and the
full oxidation of the reactants, the benzene conversion was  car-
ried out on Cu/HZSM5-(0.5, 20) at several reaction temperatures
between 573 K and 773 K. The best result was achieved at a tem-
perature of 723 K. Therefore, further reactions were carried out at
a reaction temperature of 723 K.

3.2. The role of copper
To learn more about the role of copper, the benzene conver-
sion was  carried out on a copper-free HZSM5-(0, 20) and a copper
containing Cu/HZSM5-(0.27, 20) zeolite under the same reac-
tion conditions. Fig. 1 shows the obtained GC/MS chromatogram
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Fig. 2. GC/MS chromatogram of product selectivity for the benzene conversion over
Cu/HZSM5-(0.27, 20) zeolite at a reaction temperature of 723 K and an O2 and N2

flow of 8 and 32 ml/min 30 min  after the beginning of the reaction. Peak assign-
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Fig. 3. GC/MS chromatogram of product selectivity for the benzene conversion over
Cu/HZSM5-(1.02, 20) (dotted line) and Cu/HZSM5-(0.27, 20) (full line) at a reac-
ent: 1: toluene, 2: chlorobenzene, 3: styrene, 4: benzoquinone, 5: benzaldehyde,
:  phenol, 7: benzofuran, 8: 1-ethynyl-4-methyl-benzene, 9: naphthalene, 10: 2,3-
ihydro,1-H-Inden-1-one, 11: biphenyl, 12: biphenylmethane, 13: dibenzofuran.

or the HZSM5-(0, 20) zeolite. Mainly four reaction products
ere observed. Toluene (retention time tR = 4.5 min), styrene

tR = 6.9 min) and naphthalene (tR = 11.7 min) were formed in small
mounts, while diphenylmethane (tR = 15 min) was  the main prod-
ct of the benzene conversion. No oxidation products like CO2 or
O were detected in the corresponding GC chromatogram (figure
ot shown.).

A different product formation is observed for the Cu/HZSM5-
0.27, 20) zeolite (Fig. 2). Many new products like phenol (peak
), benzoquinone (peak 4) or benzofuran (peak 7) were observed
esides the products which were seen on HZSM5-(0, 20). The
ssignment of the numbered peaks of Fig. 2 is based on Scheme 1
mall traces of CO and CO2 were detected in the GC-chromatogram
f the Cu/HZSM5-(0.27, 20) zeolite. The main difference between
hese two product distributions is the absence of oxygen contain-
ng products on HZSM5-(0, 20), while on Cu/HZSM5-(0.27, 20) up to
ight (including CO and CO2) different oxygen containing products
ere identified. This observation leads to the conclusion that the

xygen activation takes place on the copper centers of Cu/HZSM5-
0.27, 20). A possible reactive species could be the superoxide anion
2

•−, which can be formed in two different ways on Cu/HZSM5
8,10]. In the first case, the adsorption of oxygen on Cu+ leads to
he oxidation of Cu+ to Cu2+ under the formation of a [Cu2+ O2

•−]
omplex according to

u+ + O2 → [Cu2+ O2
•−]+ (1)

n the other hand, Cu2+ is reduced back to Cu+ by benzene [6]

u2+ + C6H6 → Cu+ + C6H6
+ (2)

hich closes the catalytic redox cycle on Cu. The benzene radical
ation has been observed previously in Cu/HZSM5 by electron para-
agnetic resonance spectroscopy [6]. The second possibility is the

leavage of a [Cu2+ O2
2− Cu2+] peroxo complex in the presence

f oxygen:

Cu2+ O2
2− Cu2+] + O2 → 2[Cu2+ O2

•−]+ (3)

hese di-copper complexes can also be present in Cu/HZSM5 zeo-

ites with high Al and Cu content [11]. The isolated Cu ions and
he peroxo di-copper complex were both mentioned previously
n literature in context with oxygen activation [3,12,13]. Hamada
t al. suggested isolated, square-pyramidal Cu2+ ions to be the
tion temperature of 723 K and an O2 and N2 flow of 8 and 32 ml/min, 30 min  after
the beginning of the reaction. Note the change of scale at an intensity of 2 × 105

(assignment of peaks as in Scheme 1 and Fig. 2).

active sites for the phenol formation on Cu/HZSM5 zeolites [3]. The
mechanism of oxygen activation on di-copper complexes was  stud-
ied for the enzyme tyrosinase [12,13], and the Cu Cu distance in
Cu/HZSM5 was found to be similar to that in tyrosinase [7], suggest-
ing that oxidation on a zeolite may  occur by the same mechanism
as in the enzyme. This aspect was not in the focus of the present
study which does not discriminate between oxygen activation on
di-copper complexes and on isolated ions.

Spin trap experiments with DMPO for the benzene oxidation on
Cu/HZSM5 zeolites in cyclohexane have revealed the formation of
phenyl peroxy radicals (PhOO•) and phenoxy radicals (PhO•) [14].
Their formation was  assigned to the superoxide anion. According to
Eq. (4) a superoxide anion can react with a benzene radical cation
from the benzene adsorption to form a phenyl peroxy radical. Fur-
thermore, two  PhOO• radicals can dimerize, and via elimination of
dioxygen two  PhO• radicals can be formed [14,15]:

C6H
•+
6 + [Cu2+ O

•−
2 ]

+−→
−H+

C6H5OO
• + Cu+, (4)

2C6H5OO• → (C6H5OO)2 → 2C6H5O• + O2. (5)

To which extent these results can be transferred to the gas phase
reaction still has to be clarified, but they show the potential of the
superoxide anions as a reactive species in the present context. Fur-
thermore, these observations indicate that phenol formation in the
gas phase reaction can occur by a different reaction mechanism
than in aqueous solution [1,9].

These results also show that the Cu/HZSM5 zeolite has cat-
alytic properties which are independent of the copper centers. The
formation of carbonaceous compounds (coke) is catalyzed by the
presence of Brønsted acid sites in the zeolite. In order to achieve a
high phenol yield and a high selectivity toward phenol it will be a
challenging task to suppress the formation of coke.

3.3. The influence of the copper concentration

To learn more about the role of copper and the influence of the
copper concentration, seven Cu/HZSM5 zeolites (Si/Al = 20) with
different amounts of copper loadings were prepared and their cat-

alytic properties for the benzene conversion were investigated.
Fig. 3 shows the product analysis for the Cu/HZSM5-(1.02, 20) and
the Cu/HZSM5-(0.27, 20) catalyst. The use of Cu/HZSM5-(0.27, 20)
as catalyst leads to more phenol and biphenylmethane than the
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chromatograms. Only four different products were detected on
the Cu/KZSM5-(0.69, 20) zeolite (benzoquinone (peak 4), benzalde-
hyde (peak 5), benzofuran (peak 7) and chlorobenzene (peak 2)),
while on the Cu/HZSM5-(0.69, 20) zeolite ten different products
Scheme 1. Overview 

u/HZSM5-(1.02, 20) zeolite, while chlorobenzene (peak 2), naph-
halene (peak 9) and biphenyl (peak 11) were preferably formed
n the Cu/HZSM5-(1.02, 20) zeolite. Chlorobenzene is formed in
n ionic reaction with chloride ions which remained in the zeolite
fter the solid state exchange with CuCl. Thus, more chlorobenzene
s formed for higher copper loadings. The products naphthalene
nd biphenyl can be assigned to the formation of the benzene rad-
cal cation intermediate. Two of the radical cations can react with
ach other to form biphenyl. Because the benzene concentration
s much higher than the benzene radical cation concentration, it
s also possible that biphenyl is formed in a reaction with a single
adical cation and a benzene molecule:

u2+ + C6H6 → Cu+ + C6H6
•+, (6)

C6H6
•+ → Biphenyl + 2H+orC6H6

•+ + C6H6 → Biphenyl

+ 2H+ + e−. (7)

he formation of naphthalene via a radical mechanism seems also
o be thermodynamically more favored than via a possible conden-
ation reaction [16]. It is obvious that a high copper concentration
eads to a high concentration of benzene radical cations which
re finally responsible for the high amounts of naphthalene and
iphenyl products on Cu/HZSM5-(1.02, 20). The formation of phe-
ol is more favored on Cu/HZSM5 with smaller amounts of copper.
he catalysts which provide the best yields of phenol can be iden-
ified from Fig. 4. Obviously, the obtained amounts of phenol were
ot as high as it has been reported in literature [3–5]. However
he main aim of this study is to understand the reaction mecha-
ism on a molecular scale, so the small yields of phenol did not
iminish our results. Thus, the highest phenol yield was obtained
n Cu/HZSM5-(0.27, 20).

The amount of the deep oxidation products CO and CO2 were
lso investigated in dependence of the copper loading. Fig. 5 shows
he total consumption of oxygen and the formation of CO2 and CO. It
s obvious that a high copper loading promotes the formation of the
eep oxidation products. These results correspond with the result

f oxygen activation on the copper centers and with the observa-
ion that was made previously in literature [3–5]. The more copper
enters are available in the zeolite the more oxygen molecules can
e activated. Consequently, for a high amount of formed phenol a
he obtained products.

catalyst with a lower copper loading is more suitable than a catalyst
with a high copper loading.

3.4. The role of the Brønsted acid sites

To investigate the role of the Brønsted acid sites, three
Cu/HZSM5 zeolites with different copper loadings were washed
with a 0.1 M KOH solution, and their catalytic properties for the
phenol formation was  also studied by GC/MS-chromatography.
Representative for all three zeolites, Fig. 6 shows the GC/MS chro-
matogram for the KOH treated Cu/HZSM5-(0.69, 20) (listed below
as Cu/KZSM5-(0.69, 20)) and for the KOH untreated Cu/HZSM5-
(0.69, 20). There are significant differences between these two
Fig. 4. Yield of phenol in dependence of the copper loading. Product analysis was
carried out 30 min  after the start of the reaction which was  conducted under iden-
tical reaction conditions (reaction temperature: 723 K, O2 flow: 8 ml/min and N2

flow: 32 ml/min).
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Fig. 5. Consumption of O2 and its turnover to CO2 and CO. Product analysis was car-
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Fig. 7. GC/MS chromatogram of product selectivity for the benzene conversion over
ied out 30 min  after the start of the reaction which was carried out under identical
eaction conditions (reaction temperature: 723 K, O2 flow: 8 ml/min and N2 flow:
2  ml/min). Note the two different y-scales.

ere formed. The detection of chlorobenzene shows that it is not
ossible to remove the chloride anions just through washing the
eolite with KOH. Another very interesting observation is that no
lain hydrocarbon products like styrene (peak 3) and naphthalene
peak 9) were formed on the Cu/KZSM5-(0.69, 20) zeolite. This
bservation, linked with the observation that was made on the
lain HZSM5-(20) zeolite, demonstrate the catalytic properties of
he Brønsted acid sites. The acid sites promote the cracking of the
enzene molecule and the combination of the derived fragments.
lemental analysis and FTIR measurements were performed for
oth zeolites to verify the removal of the Brønsted acid according
o Eq. (8)

+ZSM5− + KOH → K+ZSM5− + H2O. (8)

he elemental analysis showed an increase of K from 0 to 3.94 wt.%,

hile the FTIR-measurements showed a loss of the correspond-

ng Al(OH)- and Brønsted acid lines at wavenumbers of 3667 and
611 cm−1 (figure not shown). The fact that on the Cu/KZSM5-(0.69,
0) zeolite no phenol was detected leads to the conclusion that

ig. 6. GC/MS chromatogram of product selectivity for the benzene conversion over
he Cu/HZSM5-(0.69, 20) (dotted line) and the Cu/KZSM5-(0.69, 20) zeolite (full line)
t  a reaction temperature of 723 K and an O2 and N2 flow of 8 and 32 ml/min, 30 min
fter the start of the reaction. Note the change of scale at an intensity of 1.5 × 105

assignment of peaks as in Fig. 2).
the Cu/HZSM5-(0.30, 50) zeolite at a reaction temperature of 723 K and an O2 and
N2 flow of 8 and 32 ml/min, 30 min after starting the reaction (assignment of peaks
as  in Scheme 1 and Fig. 2).

the Brønsted acid sites are also important for the phenol forma-
tion on the Cu/HZSM5 zeolites. This indicates the bifunctionality of
the Cu/HZSM5 zeolite. This result agrees also with the observation
of the spin trap experiments. By comparing the spin trap adducts
on Cu/HZSM5 with the adducts of the Cu/NaZSM5 zeolite, Kromer
et al. showed that the overall spin concentration on the sodium
form of the zeolite is nearly three orders of magnitude less than
on Cu/HZSM5 [14]. The Brønsted acid sites are essential for the
formation of radical cations from unsaturated organic molecules,
although the exact nature of the reaction mechanism is not well
understood [17].

3.5. The influence of the Si/Al ratio

To investigate the catalytic influence of the Si/Al ratio,
Cu/HZSM5 zeolites with different Si/Al ratios (20 and 50) were
prepared. For better comparability roughly the same Cu+/H+ ratio
(0.27 and 0.30) was chosen. The GC/MS chromatogram for the
Cu/HZSM5-(0.30, 50) zeolite is shown in Fig. 7. A different prod-
uct spectrum is observed on Cu/HZSM5-(0.27, 20) (compare Fig. 2).
In particular, less of the oxygen containing products benzoquinone
(peak 4), benzaldehyde (peak 5), and phenol (peak 6) but more ben-
zofuran (peak 7) is formed than on the Cu/HZSM5-(0.27, 20) while
the formation of the deep oxidation products is highly increased
(Fig. 8). This observation is quite remarkable, as the total amount of
copper in Cu/HZSM5-(0.30, 50) is smaller than on Cu/HZSM5-(0.27,
20). Since it was  shown that the oxygen activation takes place at
the copper center, a higher copper content is expected to lead to
more oxygen activation which should therefore lead to more of
the deep oxidation product, but the opposite behavior is observed.
The main difference between these two zeolites is the number of
possible adsorption centers. Based on the low Al content the prob-
ability to find two Al atoms in the Cu/HSZM5-(0.30, 50) next to
each other is smaller than on the Cu/HZSM5-(0.27, 20) zeolite [18].
This means that the charge compensation of the divalent Cu2+ and
copper-oxocation species on the Cu/HZSM5-(0.30, 50) zeolite has
to occur via extra framework anions, which can lead to the dif-
ferent catalytic properties. On the other hand it has already been

shown that the Cu/HZSM5 zeolite is a bifunctional catalyst, which
means that the reactants have to interact simultaneously with the
copper centers and the Brønsted acid sites. Statistically, at high
Si/Al ratio the two  catalytic centers are more distant from each



144 A. Tabler et al. / Journal of Molecular Catalysis A: Chemical 379 (2013) 139– 145

Fig. 8. GC chromatograms for Cu/HZSM5 zeolites with different Si/Al-ratios 30 min
after the start of the reaction under the same reaction conditions (O2 flow: 8 ml/min,
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2 flow: 32 ml/min, reaction temperature: 723 K). The relative shift of the peaks is
ue  to an exchange of the GC molecular sieve column between the two  experiments.

ther, and it is reasonable that the bifunctional mechanism is sup-
ressed. In line with this observation is the fact that on Cu/KZSM5
nd on Cu/HZSM5-(0.30, 50) the formation of all oxidation products
benzoquinone, CO and CO2) is more favored than on the Cu/HZSM5
eolite with a smaller Si/Al ratio.

.6. The influence of the oxygen concentration

Another interesting point is the influence of the oxygen con-
entration of the reaction composition which is conducted over
he catalyst. The Cu/HZSM5-(0.30, 50) zeolite showed a high affin-
ty for the total oxidation of benzene and the question is how a
eduction of the oxygen concentration will affect the product dis-
ribution. Therefore a fresh sample of the same zeolite was used for
he benzene conversion with an O2 flow that was reduced from 8 to
 ml/min while the N2 flow was raised from 32 to 38 ml/min. This
ecrease of the O2 flow corresponds to a reduction of the oxygen
xcess from a factor of 68 to 17. All other reaction conditions were

ig. 9. GC/MS chromatogram of product selectivity for the benzene conversion over
u/HZSM5-(0.30, 50) under a reaction temperature of 723 K and an O2 and N2 flow
f  2 and 38 ml/min, 30 min  after starting the reaction (assignment of peaks as in
ig. 2).
Fig. 10. GC chromatogram for the benzene conversion over Cu/HZSM5-(0.30, 50)
with different oxygen and nitrogen flows. The chromatogram was recorded 30 min
after the reaction was  started at a reaction temperature of 723 K.

the same. Fig. 9 shows the GC/MS chromatogram for the smaller
oxygen concentration.

The obtained product distribution differs strongly from that
with higher O2 flow. With a smaller oxygen concentration the total
amount of products is higher than with a high oxygen concentra-
tion. The reason for this can be found in the GC  chromatograms
(Fig. 10) the two experiments. A high oxygen concentration sup-
ports the formation of CO2 and CO while with a low oxygen
concentration only small amounts of CO2 and CO are formed.
This observation also indicates that the activation of the oxygen
molecule has to occur faster than desorption of the reaction prod-
ucts, which leads to the total oxidation of these products. The
increase of the oxidation products by using higher O2 concentra-
tions has been reported in literature previously [3], but this was
also correlated with an increase of phenol, which is in contradiction
with our present results. So for high phenol yields the O2 concentra-
tion has to be small. To which extent a stoichiometric use of oxygen
is possible still has to be investigated.

For some reactions the O2 flow was turned off completely. In
these cases no products containing oxygen atoms were formed,
which indicates that the implemented oxygen atoms have to come
from the gas and not from the zeolite framework.

After analysis of the systematic experiments the study was
extended by a preliminary experiment at O2 and N2 flows of 2 and
38 ml/min in which the temperature was stepped up from 723 K to
823 K. This resulted in a clear increase of the phenol yield, mostly
at cost of the yield of biphenylmethane (results not shown).

3.7. The influence of the reaction time

For a better understanding of the process, product analyses were
carried out 5 min, 30 min  and 8 h after the start of the reaction.
Directly after the start of the reaction (5 min) only chlorobenzene
was found as product. For zeolites with a high copper loading also
traces of polychlorinated benzene derivates were found. At 30 min
the amount of chlorobenzene has decreased distinctly and prod-
uct spectra as displayed in Fig. 2 are obtained. After 8 h the same
products but in smaller quantities are formed, indicating the deac-
tivation of the zeolite. The change of the color of the zeolite from

light-green to dark-brown points to the formation of coke which
is responsible for the deactivation of the used catalyst. To explore
a possible regeneration, the used zeolite was  heated up to 773 K
under an O2 flow of 8 and a N2 flow of 32 ml/min overnight. The
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roduct analysis of benzene conversion after the heat treatment
estored the same GC/MS-chromatogram as for a fresh sample but
ithout the formation of chlorobenzene, showing regeneration of

he Cu/HZSM5 zeolite is possible. Furthermore, these observations
how that phenol is formed in a catalytic reaction while chloroben-
ene is formed stochiometrically.

. Conclusions

The gas phase oxidation of benzene in presence of oxygen was
arried out over various Cu/HZSM5 zeolites and the product forma-
ion was studied by GC/MS chromatography. The main aim of this
ork was to learn more about the reaction mechanism of the phe-
ol formation on a molecular scale, especially whether the reaction
ccurs via an ionic or a radical pathway. In contrast to other work
hich monitored only the yields of phenol, CO and CO2, 12 further

rganic products were monitored here. By using zeolites with dif-
erent properties and by selective variation of reaction conditions
ome key conclusions can be drawn for the gas phase formation of
henol over Cu/HZSM5-zeolites:

Alkylation and dimerization products but no oxygen-containing
products were found in the absence of Cu. The role of the cop-
per centers in the zeolite is therefore the activation of oxygen.
Whether this occurs on monomeric centers or on the oxygen-
bridged copper pairs, or even at both types of centers, still has
to be investigated. While Yamanaka et al. suggested that Cu+

species play an important role for phenol formation [2] Shibata
et al. found the yield of phenol to correlate with square-pyramidal
coordinated Cu2+ [4]. The combination of these two  conclusions
is compatible with the present interpretation that the oxidation
of Cu+ by O2 and the reduction of Cu2+ by the adsorbed benzene
represent a catalytic redox cycle.
Based on this redox cycle, the superoxide ion, O2

•−, is suggested
to be a reactive intermediate in the route to phenol in a radi-
cal ionic reaction mechanism. This distinguishes the mechanism
from classical phenol formation via HO• radical addition in aque-
ous solution [9].
No phenol was detected on zeolites without Brønsted acid sites
near the copper centers, indicating the importance of bifunction-
ality of the Cu/HZSM5 zeolite for this reaction. The Brønsted acid
sites are essential for the formation of organic radical cations,
but the exact mechanism still has to be clarified. Interestingly,
other oxygenated products like benzoquinone and benzofuran
were observed also in the absence of Brønsted acid sites. Earlier
gas phase work did not pay specific attention to the Brønsted acid
sites [2–5].
On zeolites with a high affinity for the total oxidation, the forma-
tion of deep oxidation products (CO, CO2) can be decreased by
reducing the O2 flow. How far a possible stoichiometric use of O2
is possible has to be subject to further studies.
No product molecules containing oxygen were detected in the
absence of O2. Thus the implemented oxygen atoms have to come
from the gas-phase and not from the zeolite framework.
The formation of chlorobenzene must occur via a stoichiometric
reaction with Cl− ions, but the analogous formation of phe-
nol by reaction with HO− with benzene radical cations was not
observed. Phenol is clearly formed in a catalytic reaction. Even 8 h
after the start of the reaction the same products, but in smaller
yields, were detected. By heat treatment over-night, the used zeo-
lite can be regenerated without any degradation of the catalytic
properties.
Thus, while most of the observations regarding optimum reac-
ion conditions are compatible with observations in earlier work
he present study permitted a number of mechanistic conclusions.

[

[
[
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However, while the focus of the present study was  on the reac-
tion mechanism it should be noted that less than 1% of the benzene
was converted in the present experiments, and the phenol yield of
0.0018% was considerably less than reported in literature (1–10%)
[3–5]. Optimum reaction temperatures were in the same range
(723 K in our case and 673 K in literature) and also the copper
loadings were similar (0.8 vs. 1.1%), but the oxygen-to-benzene
molecular ratio was much lower in literature (typically 5.6, com-
pared with 68 and 17 in the present case). Significant differences are
furthermore the higher Si/Al ratio in literature (30–160 [3], com-
pared to 20 and 50 in the present work). Considering the amount of
catalyst which was 25 mg  for the present experiments in a reactor
of 10 mm inner diameter but 500 mg  in a reactor of 15 mm  diameter
in the experiments by Hamada et al. [3] at the same O2 flow the con-
tact time is longer in literature by a factor 10. The shorter contact
time together with the higher oxygen-to-benzene ratio explains
the lower yield of phenol in the present experiments.

A further origin of the small phenol yield is the strong interac-
tion between phenol and the copper centers and hence the slow
desorption from the zeolite. Higher Si/Al ratios, i.e. less polar zeo-
lites, permit faster desorption. A preliminary study carried out with
reduced O2/N2 ratio to suppress the total oxidation and stepping
up the temperature from 723 K to 823 K resulted in a clear rise of
the total phenol yield (not shown here), which is in agreement with
the findings in literature [4,5] and demonstrates the complexity of
this multi-parameter system. To increase the selectivity to phenol,
all side reactions including total oxidation and especially the for-
mation of coke have to be suppressed. Since the Brønsted acid sites
which are needed for the formation of phenol are also responsible
for the formation of coke, a compromise for the total amount of
Brønsted acid sites has to be found. Higher Si/Al ratios lead to less
but stronger Brønsted acid sites and at the same time it destabi-
lizes Cu2+ because charge compensation is more difficult since it
may  require involvement of a non-framework anion.
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