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Abstract

Phenol oxidation with hydrogen peroxide into catechol (CL) and hydroquinone (HQ) over H-MFI, H-MOR, H-USY and H-BEA in the
presence of diethylketone was investigated. Among the examined zeolites, large pore zeolites having 12-membered oxygen ring aperture,
H-MOR, H-USY and H-BEA, showed higher reaction yield than that having 10-membered oxygen ring aperture, H-MFI. The reaction yield
over these zeolites was in the order of H-BEAH-USY > H-MOR > H-MFI, thus the superior one was H-BEA in this work. The sum of
the reaction yield of CL and HQ based on hydrogen peroxide was >89% over H-BEAAEiO; = 150) in the presence of diethylketone
at 373 K for 5 min reaction.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction (H-MOR), H-ultrastable Y (H-USY) and H-beta (H-BEA)
themselves for the oxidation of phenol with hydrogen per-
Phenol oxidation into catechol (CL) and hydroquinone oxide. Then, we investigated the effect of the addition of
(HQ) is an industrially very important process because CL diethylketone on the reaction yield of phenol oxidation over
and HQ are widely used as starting materials for medicine, these zeolites.
perfume and many fine chemicals. Typical industrial phenol  In addition, the activity of zeolites was compared with
oxidation process has been conducted with acid catalyst.that of sulfuric acid, which is an example of industrial cat-
For example, in patent literaturgk,2], inorganic acid such  alyst, in the presence and absence of diethylketone, respec-
as sulfuric acid and zeolites were used as catalyst. Alsotively. Molecular size was estimated by periodic molecular
very important progresses were reported in patent literaturesmechanics calculation. In this calculation, a size of the cell
that the addition of organic molecules such as ketone into occupied by a molecule in a periodic condition was used as
both the sulfuric acid3] and zeolited4] catalytic system a measure of void space by the molecule. The void space
improved reaction yield. However, the role of the added was used for intuitive discussion concerning to diffusion re-
ketone in the oxidation has not been clear. sistance of molecules in zeolite pore. From these results, we
The reaction yields and selectivity based on hydrogen discussed the role of diethylketone in the phenol oxidation.
peroxide with sulfuric acid and zeolites are comparable in
most case§l-4]. However, if the complicatedness of sepa-
ration of acid component from oxidation products mixture 2. Experimental
and neutralizing treatment of this are concerned, solid acid
such as zeolite is more preferaftg. Therefore, we focused Powder form H-MFI (UOP/Nikki universal, SigAl,03
our interest on zeolite catalytic system. At first, we exam- = 40, proton form), H-MOR (UOP/Nikki universal,
ined catalytic activity of H-MFI (H-ZSM-5), H-mordenite  SiO,/Al,O3 = 18, proton form), H-USY (UOP/Nikki uni-
versal, SiQ/Al,0O3 = 18, proton form) and H-BEA (ze-
olyst, SiG/AI,03 = 25 and 150, ammonium and proton
* Corresponding author. Tek:81-436-221391; fax:-81-436-223348. form, respectively) were used after calcination at 823K in
E-mail address: 29683u@ube-ind.co.jp (T. Atoguchi). air for more than 2 h. Reagent grade phenol, diethylketone
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and 96% sulfuric acid (Wako) were used without further were fixed atr, 8 andy = 90°. The cell size was optimized
purification. Sixty percent agueous solution of hydrogen in which a molecule feeling force exerted by replicas in sur-
peroxide used in this work was industrial products of rounding cells. Therefore, the optimized cell size is expected
Kemira-UBE Industries. to be roughly equal to void space by a molecule. Diethylke-
The oxidation reactions were done in a round-bottomed tone in an optimized periodic cell is shown Fig. 1 as a
flask equipped with a water-cooled condenser and a mag-typical result. The cell lengthsa( b and c) were listed in
netic stirrer. Under an atmosphere of dry nitrogen the mix- Table 4and used as a measure of size of a molecule.
ture of 10.00 g of phenol and 0.20g of zeolite in the flask
were heated up to a reaction temperature using an oil bath.
An amount of 0.27 g of diethylketone was added into the 4. Results and discussion
reaction mixture if the effect of diethylketone was investi-
gated. While, 0.02 g of sulfuric acid was added in place of 4.1. Phenol oxidation over zeolite
zeolite when the catalytic activity of sulfuric acid was ex-
amined. All reactions reported in this work were conducted  Prior to investigate the effect of the addition of diethylke-
at 373K of the oil bath temperature. At the reaction tem- tone, we examined catalytic activities of H-MFI, H-MOR,
perature 0.10 g of 60% hydrogen peroxide aqueous solutionH-USY and H-BEA zeolites in the absence of diethylke-
was added into the reaction mixture at 0, 1.5, 3.0min, so tone. The pore aperture sizes of these zeolites are listed in
that the total amount of added hydrogen peroxide was 0.3 g.Table 1 Results of the phenol oxidation over these zeolites
The reaction temperature was maintained for 5 min, and thenare shown iriTable 2
cooled to room temperature. The products were analysed by Among the zeolites examined, the reaction yield over
means of Hitachi 263-70 gas chromatograph equipped with H-MOR was the lowest, 0.61%. The colour of H-MOR af-
both a 2m glass column of 3% OV-17 supported gaschrom ter a reaction was almost black. On the other hand, the so-
Q (80/100 mesh) and an FID detector. Biphenyl was used lution turned to pale yellow after a reaction. These obser-
as internal standard for the gas chromatograph analysis. vations suggested that coking over H-MOR occurred in a
short period from the initiation of a reacti¢@]. This would
be due to its high acid strength of H-M(R,9]. Niwa and
3. Calculation co-workerdq10] reported that relative acidic strength of zeo-
lites is in the order of H-MOR> H-MFI > H-BEA > H-Y
The molecular size was calculated for diethylketone, phe- (in our work we utilized H-USY). The strong acid site over
nol, hydrogen peroxide, catechol and hydroquinone by pe- H-MORis expected to induce coking. The coke would block
riodic molecular mechanics optimization. CeriuB/OFF the pore and catalytic active sites of H-MOR. Therefore, itis
and compass force field set (Accelrys) were used for the cal-suggested that the coking over H-MOR would inhibit both
culation. Calculations were done as follows. (1) A molecule the oxidation of phenol and products.
was put in a rectangular periodic cell. (2) Structure of the ~ While, as judged from the colour of catalyst after a reac-
molecule and cell volume were optimized while cell angles tion, the coking over H-MFI, H-USY and H-BEA also oc-

Table 1

Pore aperture size of zeolites

Zeoliteé? Aperture size (nmx nm)
H-MFI (10) 0.54 x 0.56

H-MOR (12) 065 x 0.70

H-USY (12) 0.74

H-BEA (12) 064 x 0.76

@ Number of oxygen in aperture ring are shown in parenthesis.

Table 2

Phenol oxidation over zeolite

Zeolite? Yield (%)P CL/HQ®
CL HQ CL+HQ

H-MFI (40) 10.46 4.22 14.68 2.48

H-MOR (18) 0.00 0.61 0.61 -

H-USY (18) 10.00 5.94 15.94 1.58

H-BEA (150) 27.95 3.25 31.19 8.16

a Si0,/Al, O3 ratios are shown in parenthesis.
Fig. 1. Diethylketone placed in an optimized periodic cell. Cerid<a b Reaction yields based on added hydrogen peroxide.
OFF and compass force field (Accelrys) were used for calculation. ¢ mol/mol ratio.
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curred. However, the production of CL and HQ was fairly Table 4

observed. Therefore, the coking over these zeolites was notVolecular sizé

so crucial, and the higher yields over these zeolites would Molecule a (nm) b (nm) ¢ (nm)
be due to a moderate acid strength of these zeolites.

. . ) Diethylketone 0.4085 0.4631 0.7939

The reaction y|9|dS were in the order of H-BEA Phenol 0.4792 0.4908 0.5090
H-USY > H-MFI. These results indicated that a large pore Hydrogen peroxide 0.2476 0.2476 0.3661
zeolites having both 12-membered oxygen ring (H-BEA Catechol 0.4857 0.4869 0.5126
and H-USY) and acid sites of moderate strength act as ef- Hydroguinone 0.4559 0.4934 0.5193

fective catalyst. The total reaction yield, the sum of yields 2 Represented by optimized cell size obtained by periodic molecular

of CL and HQ, was highest over H-BEA. While, concerning mechanics calculation using CeriuéB/OFF and compass force field set

to the yield of HQ, H-USY and H-MFI were effective than  (ACCelrys).

H-BEA. These results suggest that the controlling factor of

CL production is different from that of HQ production over The effect of diethylketone was prominent over large pore

these zeolite catalysts. Therefore, if the reaction dynamicszeolites, H-USY and H-BEA. The reaction yield of ¢IHQ

of the phenol oxidation and also side reactions over zeo- reached 89.18% over H-BEA having Si@l,03 ratio of

lite is concerned as a chemical engineering problem, the 150. In order to compare the catalytic reactivity of H-USY

reaction schemes of CL and HQ should be assumed to beand H-BEA in a close range of SAI,O3 ratio, the oxida-

different each other. tion of phenol over H-BEA having Si§dAl O3 ratio of 25
Accumulation of tarry compounds in solution was ob- was conducted. The reaction yield of 82% was obtained over

served over these zeolites. This indicated that, besides theH-BEA having SiGQ/Al,03 ratio of 25. These results indi-

coking over zeolites, a portion of the products and hy- cated that the reaction yield is influenced by Zi®,03 ra-

drogen peroxide was consumed by successive oxidationtio. However, the reaction yield was sufficiently higher than

affording tar. Therefore, it is expected that effective re- the yield over H-USY. Therefore, it is fairly said that the

tardation of successive oxidation improves the reaction combination of H-BEA and diethylketone is very probable

yield. way to construct superior, thus greener, oxidation catalytic
In Section 4.2, we have discussed the effect of the addition system.

of diethylketone on the reaction yield of the phenol oxidation ~ Although Ti containing analogue of H-MFI (Ti-MFI,

over these zeolites. so-called TS-1) has been known as a superior oxidation
catalyst[6,7,12] the combination of H-MFI and diethylke-

4.2. Phenol oxidation over zeolite in the presence of tone was not so effective. This would be due to resistance

diethylketone of diffusion of molecules in H-MFI pore, because the pore

diameter of H-MFI is very close to the size of reactants and
The results of the phenol oxidation over zeolite in the products (compargables 1 and #

presence of diethylketone are shownTable 3 It is clear The molecular size of diethylketone, phenol, hydrogen
from the comparison betweérables 2 and 3hat the addi- peroxide, catechol and hydroquinone calculated by periodic
tion of small amount of diethylketone, 0.5 mol of hydrogen molecular mechanics using compass force field (Accelrys)
peroxide, drastically improved the reaction yield of both CL are listed inTable 4 From a comparison ofables 1 and
and HQ. This small amount of diethylketone was sufficient 4, it is recognized that phenol, hydrogen peroxide, catechol
for the improvement, and the addition of more diethylketone and hydroquinone would diffuse easily in pore of H-MOR,
only slightly affected the reaction yield. Some other ketone H-USY and H-BEA. However, the length of diethylketone
having different structure was also effective and the results estimated front-value of periodic cell (0.7939 nm) is larger
will be reported in our patent literatufé1]. than the aperture size of all of the zeolites. Therefore, mo-

tion of diethylketone would be more restricted than the other

molecules at zeolite pore aperture. Diethylketone would be

Table 3 regulated to diffuse along-axis of optimized cell Fig. 1)
Phenol oxidation over zeolite in the presence of diethylketone through the zeolite pore aperture and, especially in H-MFI,
Zeolite? Yield® (%) CUHGF 'the rotation abous- and p—axes Woulq be. strpngly |nh|b—
ited. From these, the resistance of diffusion in zeolite pore
cL HQ CL+HQ would be a reason of the low reaction yield over smaller
H-MFI (40) 16.76 6.67 23.44 2.51 pore zeolite, H-MFI.
H-MOR (18) 21.80 20.84 42.64 1.05 As judged from the colour of catalyst and reaction mix-
::g;: 832)) ig'gg gg'gg gg'ig i;i ture after a reaction, the extent of coking and accumulation
H-BEA (25) 45.95 36.75 82.00 123 of tarry compound are seemed to be lesser over H-BEA

2 SIOJAl . — - than H-USY. These observations suggest that the added di-
b ;gcﬁoznoji éfg“;z Sa erg 2 noe\:‘&nd'er; %?rgrrggzi'?emxi de ethylketone most effectively retard the coking and accumu-
¢ mol/mol ratio. ' lation of tarry compounds over H-BEA. Thus, it is recog-
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nized that the effect of diethylketone depends not only on Table 5
the pore aperture size but the structure inside pore or localPhenol oxidation with sulfuric acid in the presence and absence of di-
atmosphere at around a catalytic reaction sphere. ethylketone

Although we assumed that the phenol oxidation occurs in Yield® (%) CLHQ
the pore of zeolites, it should not be excluded the probability cL HO CL+HQ
of that the oxidation might proceed outside the zeolite pore.
Over H-BEA, both the yields of CL and HQ were improved
by the addition of diethylketone. The extent of improvement — :
was CL< HQ. If CL and HQ were mainly produced outside ~ , Reaction yield based on added hydrogen peroxide.
and inside the pore of H-BEA, respectively, as were the cases mol/mol ratio.
of TS-1 (Ti-MFI) and Ti-BEA[12], then it was suggested
that diethylketone exerts its effect on both outside and inside would be retarded effectively. It is also reported that ketone
of the pore. having fluorocarbon side chains such aszsCBCF; itself

In [12], the dependence of the reaction yield on crys- catalyse the epoxidation of alkeri#5]. From these, it is
talline size of zeolite was also discussed. They preparedexpected that diethylketone would act as co-catalyst in the
two kinds of TS-1 having different crystalline sizes; those phenol oxidation over zeolite. Itis also probable that the acid
were about (L x 108 and 45x 10 x 3 x 10 8m. The property of zeolites is controlled by interaction of acid site
reaction yield strongly depended on crystalline size and and diethylketone. If this is main cause of the effect, then
obtained 86.6% over.0 x 10 5m crystalline and 71.5%  spectroscopic study of adsorbed species on zeolites will aid
over 45x 10 x 3 x 10~®m crystalline at 333K for 6h  in understanding the cause.
reaction. The diffusion would control the oxidation of phe-  In Section 4.3, in order to confirm the advantage of the
nol over zeolite in the presence of ketone in this work. combined system of zeolites and diethylketone, we investi-
However, we could not investigate the dependence of the gated the phenol oxidation with sulfuric acid in the presence
reaction yield on the crystalline size of each zeolite, be- and absence of diethylketone, and compared with that over
cause of the difficulty in controlling zeolite crystalline zeolites.
size. We are now planning to control Si@l,03 ratio of
H-BEA in the range of 25-300 and to investigate the effect 4.3. Effect of diethylketone in sulfuric acid catalysed

With diethylketone 37.82 31.73 69.55 1.19
Without diethylketone 39.62 24.20 63.82 1.64

of the ratio on the reaction yield, because 8,03 ra- phenol oxidation
tio indeed influenced the reaction yield as described above
(also se€Table 3. Crystalline structure of H-BEA of each Results of the phenol oxidation with sulfuric acid catal-

SiOy/Al03 ratio will be observed, for example, by scan- ysed phenol oxidatiofil,3] in the presence and absence of
ning electron microscopy, and discussed in our following diethylketone is shown ifable 5 In the absence of di-
paper. ethylketone, the reaction yield of Ck HQ with sulfuric

The amount of added diethylketone was about 2.5 wt.% of acid was higher than that obtained over any zeolites given
total reaction mixture. This small amount of diethylketone in Table 2 The reaction yield was slightly improved by the
would not drastically alter the bulk properties, such as di- addition of diethylketone. The improvement of the yield of
electric constant, of a reaction mixture. Therefore, it is less HQ was larger than that of CL. This tendency is the same
probable that the added diethylketone acts as a co-solventwith that was observed over zeolites.
However, more investigation is needed in order to make As a comparison, phosphoric acid4P,) was used in
clear that whether the added diethylketone acts as a solventhe place of sulfuric acid. The oxidation of phenol did not
or not. The added diethylketone was almost recovered af-proceed both in the presence and absence of diethylketone.
ter a reaction. The typical loss of diethylketone after a re- Therefore, it seems likely that the acidity as strong as sulfuric
action was about-2%, which was estimated by GC analy- acid is needed to catalyse the oxidation of phenol.
sis. From the detailed analysis of products mixture, it was Both in the absence and presence of diethylketone, the
indicated that the small amount of diethylketone was con- accumulation of tarry compounds was observed. From these
sumed by side reactions such as oxidation of diethylke- observations, it was indicated that inhibition of successive
tone itself, for example, by the Baeyer-Villiger reaction oxidation by the addition of diethylketone was less effective
[13]. with sulfuric acid catalyst than with zeolites. The successive

The exact role of diethylketone in the improvement of the oxidation and, thus, accumulation of tarry compound would
reaction yield in our catalyst system could not be described be induced by contact of CL or HQ with or without hydrogen
in detall in this work. However, ketone molecule is expected peroxide over acid. Therefore, the superiority of zeolite in
to act as follows. It is known that ketone interacts with hy- the phenol oxidation is probably due to spatial separation
drogen peroxide affording ketone peroxide species, for ex- of each acid site by virtue of zeolite pore structure. Thus,
ample R—C(OH)(OOH)—-R12,14]. Organic hydroperoxide it would be said that the combination of diethylketone and
has moderate reactivity than hydrogen peroxide. By virtue zeolite constitutes more effective catalytic system than with
of this moderate reactivity, the further oxidation of products sulfuric acid.
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5. Conclusion

We investigated about the phenol oxidation over zeolites,

and the effect of the added diethylketone. The reaction yield

of CL and HQ was in the order of H-BEA H-USY >
H-MOR > H-MFI in the presence of diethylketone. The

added diethylketone was more effective for large pore zeo-

lites, H-BEA, H-USY and H-MOR than for small pore ze-
olite, H-MFI. H-BEA was the superior in this work. The
yield of HQ was more influenced than that of CL by the
addition of diethylketone. In order to elucidate the role of
diethylketone in the phenol oxidation over zeolites, we are
now investigating in detail in experimental and theoretical
ways. We are now controlling the acid property of zeolites,
and thus the catalytic activity for the phenol oxidat{d6].
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