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Abstract

One step liquid phase hydroxylation of benzene to phenol over ternary hydrotalcites of general formula CuMII)M(II1)-HT,
where M(II) = Mg, Co, Ni and Zn and M(III) = Al, Fe and Cr was carried out in the temperature range 30-80 °C using pyridine
as solvent and H,O, as oxidant. Influence of various reaction parameters, such as reaction temperature, substrate:catalyst ratio,
substrate weight, volume of the solvent, calcination temperature and reaction time were studied. Among the catalysts screened,
CuCoAl-HT and CuNiAI-HT with (Cu + Co(or Ni))/Al =3.0 and Cu/Co(or Ni) = 3.0 showed maximum activity with nearly
100% selectivity of phenol. The hydroxyl radical generated upon interaction of catalyst with oxidant is believed to be the active spe-

cies involved in this reaction.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

One step hydroxylation of benzene to phenol is a
challenging reaction of current interest both syntheti-
cally and commercially due to difficulties of the direct
oxygenation of energetically stable benzene and forma-
tion of acetone as a byproduct in the widely used cu-
mene process, respectively. The importance of the
reaction stems from the wide-spread industrial use of
phenol in the production of antioxidants, agrochemicals
and polymers. Numerous attempts have been made on
this challenging reaction over Cu supported zeolites
[1], Cu-MCM-41 [2], Cu catalysts supported on various
oxides and zeolites [3], Fe/MFI, Fe/ZSM-5 [4-6] and
pioneering work of Panov and Iwamoto [7-9] using var-
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ious oxidants, such as N,O, oxygen and H,O,. Xiao
et al. [10] have reported a remarkable activity for a novel
copper hydroxyphosphate catalyst for benzene hydrox-
ylation under aqueous conditions using H,O, as oxidant
while a sharp drop in the activity was noted when ace-
tone was used as solvent and attributed the activity to
the unique structure of the catalyst. Stockmann et al.
[11] have explored various transition metal containing
amorphous microporous mixed oxides for benzene
hydroxylation using H>O, as oxidant. Among the metal
ions studied, Fe showed the maximum activity wherein
nearly 10% yield of phenol was noted while Cu-contain-
ing oxides showed less than 2% yield of phenol under
similar conditions using a benzene:H,O, mole ratio of
1:4 where significant contributions of homogeneous
reaction was also noted. Very recently, Bahidsky et al.
[12] have studied gas phase oxidation of benzene using
oxygen as oxidant over copper modified phosphate cat-
alyst at 450 °C in the presence of ammonia and noted a
conversion of phenol in the range 0-2% with more than
95% selectivity wherein activity varied with copper load-
ing and the state of copper in the phosphate matrix.
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Although various copper containing materials have been
explored for this reaction, however, to the best of our
knowledge, no report is available concerning the use
of hydrotalcites for this interesting reaction. Hydrotal-
cites, otherwise referred as layered double hydroxides
(LDHs) are having an increasing attention due to their
interesting properties like in the synthesis of multicom-
ponent redox catalysts and solid base catalysts and their
applications for various chemical transformations [13—
17]. Structurally, they can be perceived by starting with
the brucite [(Mg(OH),)] lattice wherein a partial substi-
tution of Mg>* by a trivalent cation, say Al**, occurs,
and the resulting excess positive charge generated is
compensated by anions, usually carbonate, occupying
in the interlayer [13]. Synthesis of these materials having
transition metal ions, especially copper, in the sheets is
of particular interest owing to their selective oxidation
behavior, efficiently exploited for various redox-medi-
ated catalytic transformations [18,19]. In our earlier
work, we have disclosed the use of Cu-containing hydro-
talcites for liquid phase hydroxylation of phenol to
dihydroxybenzenes [20-22]. In this communication, we
report for the first time the potential use of Cu-
containing ternary hydrotalcites of general formula
CuMIDMIID)xy-HT (where ‘xy’ stands for Cu:M(II)
atomic ratio) for direct hydroxylation of benzene to phe-
nol in liquid phase using pyridine as solvent and H,O, as
an oxidant.

2. Experimental

CuM(ID)M(III)-HTs with different atomic composi-
tions of M(II)/M(III) and (Cu + M(1I))/M(III), where
M(I) = Ni, Co, Mg or Zn and M(III) = Al, Fe or
Cr, were synthesized by coprecipitation method at a
constant pH (9-10). The details of the synthesis of
these materials have been compiled elsewhere [20,22].
The hydroxylation of benzene was carried out in a cus-
tom designed temperature controlled stainless steel
closed reactor (70 ml) under stirring. Typically, 5 g of
benzene and desired amount of catalyst (10-100 mg)
were added in pyridine acting as a solvent (usually
15ml). The hydrogen peroxide (molar ratio of ben-
zene:H»>O, = 3:1) was added slowly to the reaction mix-
ture, however, all at once and the reactor was subjected
to desired temperatures (30-80 °C) in a controlled pre-
temperature set oil bath. The products of the reaction
mixture were quantified using the authentic samples
by considering the response factors of reactant, solvent
and products. The weight of the benzene remained
after the reaction was quantified using an external stan-
dard namely, o-cresol, which indicated a 8-12% weight
loss of benzene (i.e., mass balance of ~90%), probably
due to work-up procedure and high exothermic nature
of this reaction.

3. Results and discussion

Powder X-ray diffraction of all catalysts studied in
this work have showed a single phase whose pattern
resembles that of hydrotalcite (HT) except for CuAl bin-
ary hydrotalcite which showed gerhardite phase in addi-
tion to HT phase, well known due to Jahn-Teller
distortion [23]. Details of physicochemical characteriza-
tion of these samples are disclosed in our earlier work
[21,22,24]. All catalysts yielded phenol as the reaction
product with nearly 100% selectivity without formation
of any dihydroxybenzenes. This is probably uniqueness
of these catalysts, which, however, differed from the
other Cu-based catalysts. On screening of various biva-
lent metal ions in a binary hydrotalcite of general for-
mula M(IDAI-HT (M(II)/Al atomic ratio of 3.0),
where M(II) = Mg, Co, Ni or Zn, it was concluded that
none of them were active for hydroxylation under our
reaction conditions, while CuAl-HT, showed around
1.6% conversion of benzene. Hydroxylation over ternary
hydrotalcites indicated that the activity (most of them
showed a nearly 100% selectivity towards phenol) was
better than the binary systems, however, was signifi-
cantly influenced by both the nature of bivalent metal
ions as well as trivalent metal ions of HT-like lattice
(Table 1). Comparison of activity of non-copper con-
taining binary hydrotalcites with that of Cu-containing
systems substantiated the necessity of copper in mediat-
ing the hydroxylation reaction.

Considering an individual series of ternary hydrotal-
cites (CuM((I1)Alxy—HT, where M(II) = Ni or Co), the

Table 1
Catalytic hydroxylation of benzene over various catalysts

Catalyst® Conversion (%)° Selec. H,O; (%)
MgAI3-HT 0 0
CoAI3-HT 0 0
NiAI3-HT 0 0
ZnAl3-HT 0 0
CuAI3-HT 1.6 4.8
CuNiAll5-HT 2.8 8.4
CuNiAlI3-HT 3.5 10.5
CuNiAll1-HT 3.8 11.4
CuNiAI31-HT 4.8 14.4
CuCoAll5-HT 3.7 11.1
CuCoAll3-HT 4.3 12.9
CuCoAlll-HT 4.5 13.5
CuCoAl31-HT 4.7 14.1
CuMgAI31-HT 4.0 12.0
CuZnAI31-HT 3.6 10.8
CuNiFe31-HT 2.5 7.5
CuNiCr31-HT 3.6 10.8
CuCoFe31-HT 2.0 6.0
CuCoCr31-HT 3.7 11.1

% Benzene: 5 g; catalyst: 10 mg; oxidant-H,O,; benzene:H,O, mole
ratio: 3.0; solvent-pyridine: 15 ml; temperature: 65 °C; time: 24 h;
M(II)/M(I1I) atomic ratio = 3.0.

 Conversion of benzene based on phenol calculated using external
standard (o-cresol).
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activity of the reaction decreased with a decrease in the
concentration of copper metal ion suggesting its direct
dependence. It is to be mentioned here that the binary
catalyst namely CuAl-HT showed only 1.6% conversion
of benzene while a nearly threefold increase in the con-
version was noted upon incorporation of co-bivalent me-
tal ions suggesting that although copper ions are the
active centers involved in the reaction, but the overall
activity is varied by the nature and concentration of
co-bivalent metal ions present in the hydrotalcite lattice.
The results observed here have advantages over some of
the copper supported systems such as AI-MCM-41
where the maximum yield of phenol was around 0.5-
1.2% with 97% selectivity, however, varied depending
on the type of support [1,2]. Influence of reaction time
studies showed an initial induction time of around
30 min over these catalysts and the conversion of ben-
zene increased up to 6 h (Fig. 1) of the reaction time
while no significant change was observed with a further
increase in the time up to 48 h. This suggests the stability
of these catalysts under our conditions because the prod-
uct of the reaction namely, phenol, is more susceptible
for further oxidation. Variation of reaction temperature
showed (Fig. 2) that the conversion of benzene increased
up to 65 °C while a further increase decreased the conver-
sion. This may be due to the thermal decomposition of
H,0,; at higher temperatures. This behavior is similar
to other Cu-based microporous and mesoporous materi-
als like Cu—NaY and Cu-MCM-41 catalysts, however,
the reduction in the conversion of benzene was attributed
to reduced solubility of oxygen at higher temperatures
[3]. Among the catalysts screened, those containing Ni
and Co as co-bivalent metal ions with Al as trivalent cat-
ion with an atomic composition of (Cu + Ni)/Al = 3 and
(Cu + Co)/Al =3 yielded maximum conversion and
hence were selected for further studies.

The effect of substrate:catalyst mass ratio indicated a
decreasing trend in the activity with a decrease in this ra-
tio (Fig. 3(A)). This may be due to the spontaneous for-
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Fig. 1. Influence of reaction time on the benzene conversion over
CuM(II)Alxy—HTs (conditions as given in Table 1 except for time).
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Fig. 2. Influence of the reaction temperature on the benzene conver-
sion over CuM(IT)M(III)xy—HTs (conditions as given in Table 1 except
for temperature).

mation of coke (as the reaction mixture turned dark
black) which probably blocks the active sites of the cat-
alysts and utilization of H,O, for undesired reactions,
thereby decreases the activity. The influence of the
weight of the benzene as plotted in Fig. 3(B) indicated
that the conversion of benzene increased continuously
with an increase in its weight. This is due to the higher
heat capacity of benzene which avoids an uncontrolled
heating of the system thereby decreases the occurrence
of undesired consecutive reactions [6]. The weight of
the substrate was optimized at 5 g for further studies.

In order to see the influence of various solvents, sol-
vents such as acetonitrile, acetone, THF, DMF, chloro-
form and pyridine were tried for this reaction. None of
the solvents except pyridine showed any conversion of
benzene at 3:1 molar ratio of benzene:H,0,. We pre-
sume that this may be due to ionic nature coupled with
basic character of this solvent which can hold phenol
more strongly than non-ionic solvents. Further, it is
also known on the promotional influences of such
bases in oxidation of organic substrates [25]. However,
it should be mentioned here that no catalytic activity
was found when catalyst was not added in the reaction
mixture, despite when pyridine was used as solvent.
The influence of the volume of the solvent (Fig. 3(C))
indicated that the conversion of benzene increased up
to 15ml and decreased with a further increase in the
volume of the solvent. This may be due to variations
in the local heat balance and decrease in the active sites
per unit volume of the reaction mixture. An optimized
solvent volume of 15ml was selected for further
studies.

In order to test the catalytic contributions of homo-
geneous metal ions, that probably might have leached
during the reaction, the screened catalysts were sus-
pended (with stirring) in H,O, and pyridine for 24 h at
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Fig. 3. Influence of: (A) substrate:catalyst mass ratio, (B) weight of benzene, (C) volume of solvent and (D) substrate:oxidant mole ratio on the
catalytic hydroxylation of benzene over CuNiAlI31-HT and CuCoAI31-HT (time: 24 h; temperature: 65 °C).

65 °C. After 24 h, the catalysts were centrifuged and the
filtrate and residue were tested for a fresh reaction under
similar experimental conditions. No conversion of the
benzene was noted in both (residue and filtrate) cases
indicating that the reaction is a concerted one. Further,
in one of our experiments the catalyst CuNiAI31-HT
was centrifuged after 2 h of reaction time and the reac-
tion was continued. No variation in the conversion
was noted during the course of reaction (till 24 h) sug-
gesting the heterogeneous nature of these catalysts.
The influence of the substrate:oxidant ratio, given in
Fig. 3(D), indicated an increasing trend with an increase
in H>O, concentration up to 3:1 benzene:H,O, mole ra-
tio but becomes nearly constant with a further increase
in the H,O, concentration. This may be due to the high
exothermic nature of the reaction wherein at higher con-
centration of H,O,, the reaction temperature shoots up
in leading to decomposition and undesired consumption
of H,0O,. To assess the reusability of these catalysts, they
(CuNiAI31-HT and CuCoAl31-HT) were centrifuged
after the reaction, washed with water and acetone and
tested for the reaction. However, the conversion de-
creased to 3% after three cycles for both catalysts, prob-
ably due to changes in the crystallinity of the samples (as
evidenced from PXRD patterns; not given).

In order to study the activity of mixed metal oxides
obtained after calcination, CuNiAl31-HT and Cu-
CoAlI31-HT were calcined at different temperatures
(150, 400, 600 and 800 °C) in air for 6 h. These temper-
atures were chosen based on their thermal decomposi-
tion profiles revealed by thermogravimetric analysis.
However, the activity of all catalysts (for CuNiAI31-
HT, the values were in between 1.8% and 2.8% while
for CuCoAIl31-HT it was between 2.6% and 3.6%) irre-
spective of calcination temperature was lower than the
fresh (uncalcined) catalysts. This may be due to the
structural loss of the hydrotalcite phase at higher tem-
perature in addition to the loss in the specific surface
area of the calcined catalysts. These results are similar
to our earlier studies over these catalysts for phenol
hydroxylation [20].

We believe, the reaction occurs similar to Fenton
chemistry, through the participation of hydroxyl radi-
cals in activating benzene toward the formation of phe-
nol. In order to explain this fact, two different
experiments were performed by taking into the consider-
ation of induction time (30 min) observed in this reac-
tion. In one of the experiments, benzene and catalyst
were mixed under stirring for 30 min and in another
experiment the catalyst was suspended with H,O, for
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30 min. Subsequently, H,O, was added to the former
while benzene was added to the later experiment and
monitored the reaction. The results indicted that no
induction time was observed for the later experiment
while similar induction time was noted for the first case.
This suggests that the hydroxyl radicals are produced
with the interaction of H,O, with the catalyst. Addition
of radical quenchers, like ethanol, during the reaction
also lowered the conversion, augment their partici-
pation.

In conclusion, we have reported for the first time the
potential use of Cu-containing hydrotalcites for the one
step liquid phase hydroxylation of benzene to phenol
under mild reaction conditions. The results obtained
indicated that these materials are promising alternative
to some of the copper or iron supported zeolites cited
in the literature. Obtaining nearly 100% selectivity of
phenol (thereby avoiding separation problems) despite
low conversion at such high substrate:catalyst (500:1)
and substrate:oxidant (3:1) ratios suggests the scope of
tailoring reaction engineering design for better utiliza-
tion of this system. The detailed investigation of the role
of solvent and the nature of metal ions for this reaction
is currently underway.
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