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Abstract

Liquid phase catalytic hydroxylation of phenol was carried out over ternary hydrotalcites containing copper, nickel and
aluminum using hydrogen peroxide as oxidant. The influence of various reaction parameters, namely, substrate:catalyst ratio,
substrate:oxidant ratio, nature of oxidant, solvent, pH, time-on-stream, reaction temperature and calcination temperature on
the activity and selectivity for the “sought for” reaction, were studied. The catalysts were synthesized by the coprecipitation
technique using metal nitrates and a NaOH/Na2CO3 mixture. Hydroxylation of phenol over these catalysts resulted mainly in
the formation of catechol and hydroquinone. Among the catalysts studied, CuNiAl3-5((Cu+ Ni)/Al = 3.0; Cu/Ni = 5.0)

and CuNiAl2-1((Cu+ Ni)/Al = 2.0; Cu/Ni = 1.0) showed maximum activity with a catechol:hydroquinone ratio close to
1.6. An increase in the substrate:catalyst ratio enhanced the conversion of phenol over these catalysts. With respect to the influ-
ence of reaction temperature, the conversion increased up to 65◦C and decreased when the temperature was further increased.
Oxidants other than H2O2 and solvents other than water have not showed measurable conversion of phenol. Time-on-stream
studies indicated that around 90% of conversion of phenol was achieved in 10 min and longer reaction time did not significantly
enhance the conversion. Among the calcined samples studied, that calcined at 800◦C showed a maximum activity for phenol
hydroxylation; however, the activities of calcined catalysts were lower than those of fresh hydrotalcites. The observed variation
in the activity may be attributed to the copper concentration, especially those present on the surface. A reaction pathway in-
volving hydroxy radical is proposed for the formation of dihydroxybenzenes. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrotalcite-like compounds, otherwise referred
as anionic clays or double layered hydroxides, are a
class of layered materials receiving an increasing
attention in recent years owing to their diverse appli-
cations, namely, ion-exchangers [1,2], catalysts [3–5],
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catalyst supports [6] and polymer additives [7]. Struc-
turally, they can be perceived by starting with the
brucite (Mg(OH)2) lattice wherein a partial substitu-
tion of Mg2+ by a trivalent cation, say Al3+, occurs,
and the resulting excess positive charge generated
is compensated by anions, usually carbonate, occu-
pying the interlayers. 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-mediated catalytic transformations. Trifirò and
coworkers [8] have used calcined Cu–Co–Zn–Cr
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hydrotalcites in the synthesis of methanol from CO
and H2 and attributed the observed high activity and
selectivity of methanol over these catalysts to the syn-
ergetic effect between copper and cobalt. Zhu et al.
[9] have carried out hydroxylation of phenol over
copper containing hydrotalcite-like compounds us-
ing H2O2 as oxidant and showed CuAlCO3-HT with
Cu/Al atomic ratio of 3.0 efficiently oxidized phenol
and gave high yields of diphenols under appropriate
reaction conditions. Very recently, Alejandre et al.
[10] have synthesized Cu–Al mixed oxides through
hydrotalcite-like precursors and tested them for ox-
idation of phenol aqueous solutions in a trickle-bed
reactor using air as an oxidant. Phenol conversion
decreased continuously over time for the samples cal-
cined at lower temperature (400◦C), while it reached
a steady activity plateau in the range 55–65% conver-
sion for those catalysts calcined at higher temperature
(800◦C). In our recent paper [11], we have disclosed
the detailed physicochemical characterization of hy-
drotalcites having different amounts of copper, nickel
and aluminum and concluded that the nature of the
phase obtained, crystallinity of HT-like phase formed
and the thermal behavior of these materials were sig-
nificantly influenced by the nature and concentration
of the different metals present in the sheets. In the
present paper, we report a systematic activity stud-
ies on selective hydroxylation of phenol over these
materials using hydrogen peroxide as an oxidant.
The choice of this reaction is well documented, as
the products of this reaction have a wide range of
applications [12] and heterogeneous hydroxylation
using H2O2 has shown an increasing impetus with
the advent of discovery of metallosilicates [13].

2. Experimental

The samples were synthesized by coprecipitation
under low supersaturation employing metal nitrates
as precursors and NaOH/Na2CO3 as precipitants.
Detailed synthetic methodology of these samples is
given in our earlier work [11]. Samples will be des-
ignated in this paper as CuNiAla-b where “a” is the
(Cu+ Ni)/Al atomic composition and “b” the Cu/Ni
atomic ratio. Powder X-ray diffraction (PXRD) pat-
terns were recorded in a Siemens D500 instrument,
using Cu K� radiation and equipped with AT diffract

software. The crystalline phases were identified by
comparing with the JCPDS files [14]. Specific surface
area assessment and pore-size analysis was carried
out in a Gemini instrument from Micromeritics. The
sample was previously degassed in flowing nitrogen
at 150◦C for 2 h in order to remove physisorbed wa-
ter in a FlowPrep 060 apparatus (Micromeritics), and
the data were analyzed using published software [15].

Hydroxylation of phenol was carried out in a
two-neck glass reactor (50 ml) fitted with a condenser
and a septum. Hydrogen peroxide (30%, w/v) was
added through the septum at once to the magnetically
stirred solution of phenol containing catalyst kept at
the desired reaction temperature. The course of the
reaction was monitored by taking periodically small
samples (0.05 cm3) which were analyzed by gas chro-
matography (GC) fitted with OV-17 packed column
(2 m× 4 mm i.d.) using flame ionization detector. To
avoid the possible reaction of H2O2 in the injection
port of the GC, we have chemically decomposed
H2O2, assuming its presence in the system. Quantifi-
cation was done after considering the response fac-
tors of reactants and products, whose retention times
were determined using authentic samples, derived
using standard mixtures containing both of them.
The conversion of phenol was also measured for the
reactions carried out with high substrate:catalyst ra-
tios, by adding an external standard, hereo-cresol,
which showed a variation of 5–10% (than obtained
through direct analysis) probably due to tar formation,
depending on the nature of catalysts.

3. Results and discussion

The PXRD of these samples, except CuNiAl1-1,
showed a single phase typical of hydrotalcite-like
material intercalated with carbonate anion, exhibiting
harmonics close to 2θ = 11◦, 24◦ and 35◦ character-
istic of 3R packing of the layers. The peaks in the
diffraction pattern of the Cu-rich sample CuNiAl3-5
was relatively broad especially for higher-order re-
flections, indicating the incompatibility of copper in a
regular octahedral network of the hydrotalcite lattice.
The PXRD pattern of CuNiAl1-1 showed a broad and
ill-defined HT-like phase with additional peaks around
2θ = 18.3◦ and 20.5◦, ascribed to Al(OH)3, gibbsite
(JCPDS file 12-0460). Detailed physicochemical
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Table 1
Composition, specific surface area and phenol hydroxylation activity of various catalysts studied

Catalysta Composition Conversion
(%)

Product distribution (wt.%) Selectivityb

(%)
SBET

c

(m2/g)Cat HQ Cat/HQ

CuNiAl1-1 NAd 14.8 9.5 5.3 1.8 29.6
CuNiAl2-1 [Ni0.30Cu0.38Al0.32(OH)2](CO3)0.16·1.23H2O 22.6 14.6 8.0 1.8 45.2 105
CuNiAl3-1 [Ni0.39Cu0.36Al0.25(OH)2](CO3)0.13·1.27H2O 17.3 11.2 6.1 1.8 34.6 77
CuNiAl4-1 [Ni0.37Cu0.44Al0.19(OH)2](CO3)0.10·1.13H2O 17.7 11.1 6.6 1.7 35.4 50
CuNiAl3-5 [Ni0.14Cu0.61Al0.25(OH)2](CO3)0.13·0.96H2O 23.7 14.1 9.6 1.5 47.4 89
CuNiAl3-0.2 [Ni0.64Cu0.12Al0.24(OH)2](CO3)0.12·1.03H2O 10.7 8.2 2.5 3.3 21.4 87

a Phenol: 1.0 g; phenol/H2O2 (mol): 2.0; catalyst: 10 mg; solvent (water): 10 ml; temperature: 65◦C; time: 2 h; pH= 5.0.
b Selectivity of H2O2 calculated on the basis of dihydroxybenzenes formed.
c Specific surface area.
d Not applicable as it has impurity phase along with HT-like phase.

characterization of these compounds has been already
reported [11].

3.1. Effect of different metal ion concentration

Table 1 summarizes the activity of various catalysts
studied for phenol hydroxylation. On all catalysts,
catechol and hydroquinone were formed as the major
products. It is clear that among the catalysts studied,
CuNiAl1-1 showed poor activity indicating the influ-
ence of phase purity. Among the catalysts studied,
CuNiAl3-5 and CuNiAl2-1 showed the maximum
conversion, with nearly 50% H2O2 selectivity, and
were selected for further investigations. We attribute
this high activity to the large concentration of copper
in the former, while a larger specific surface area of the
later catalyst. This is further substantiated taking into
account that a decrease in the copper concentration
of the catalyst having a similar(Cu+ Ni)/Al atomic
composition decreased the activity. Further, variation
in the copper concentration affected the product distri-
bution: hydroquinone is more favored for the catalyst
having higher copper concentration, while catechol is
favored for the catalyst having lesser copper concen-
tration. Comparison of CuNiAl2-1 and CuNiAl3-1
indicated that, although they have nearly similar cop-
per concentrations, the activity of the former is higher
owing to its larger specific surface area (Table 1). Phe-
nol hydroxylation over pure NiAl hydrotalcite did not
result in measurable conversion corroborating the ne-
cessity of copper in driving the reaction. These results
substantiate that copper is the active center invol-
ved in the hydroxylation reaction, whose surface

concentration controls the overall activity and selec-
tivity of the reaction.

3.2. Effect of the substrate:catalyst ratio

An interesting observation was noted, when the
substrate:catalyst ratio was increased, giving rise to
high conversion of phenol, as illustrated in Fig. 1 for
CuNiAl3-5. We presume this result is due to the spon-
taneous formation of coke (reaction mixture turned
dark black), at high catalyst concentration, obtained
through consecutive reactions of the primary products
(which also consumes hydrogen peroxide). To verify,
we have estimated the coke formed for the reaction
having substrate:catalyst ratio of 10:1 and observed
around 0.2–0.3 g of coke per gram of catalyst (calcu-
lated after taking due consideration of weight loss due

Fig. 1. Variation of conversion of phenol with the substrate:catalyst
ratio (phenol: 1 g; solvent (water): 10 ml; phenol/H2O2 (mol): 2.0;
temperature: 65◦C; time: 24 h; pH= 5.0).
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to catalyst upon calcination in air). We believe, once
coke is formed in the reaction, it masks the active
centers of the catalyst thereby inhibiting the access of
the reactant molecule to further undergo the reaction.
This is similar to the observation by Figueras and
coworkers [16] for faujastes, who reported that the
yield of dihydroxybenzenes was unaffected by the
mass of the catalyst for FAU 15(Si/Al = 15), while
it continuously decreased with an increase in the mass
for FAU 2.5 (Si/Al = 2.5). They claimed that dea-
lumination results in an enhancement of both acidity
and mesoporosity facilitating the diffusion of primary
products and in turn preventing consecutive reactions.
However, such an increase in the activity was noted to
a certain extent and decreased with further increase in
the ratio (more than 100). This could probably be due
to the decrease in the number of available active
centers for the reaction. A similar observation was
noted for the other catalysts as well. An optimum
substrate:catalyst ratio of 100 was selected for further
studies.

3.3. Effect of the reaction temperature

Phenol hydroxylation reaction was carried out over
these two catalysts with substrate:catalyst ratio of
100 in the temperature range 30–90◦C (Table 2).
The conversion increased markedly with an increase
in the reaction temperature up to 65◦C, with a
stronger influence for CuNiAl3-5. Furthermore, the
catechol/hydroquinone (Cat/HQ) ratio decreased for
CuNiAl3-5 with an increase in reaction temperature,

Table 2
Effect of the reaction temperature for phenol hydroxylation over CuNiAl3-5 and CuNiAl2-1 catalysts (conditions as in Table 1)

Catalyst Temperature (◦C) Conversion (%) Product distribution (wt.%) H2O2 selectivity (%)

Cat HQ Cat/HQ

CuNiAl3-5 30 4.3 2.7 1.6 1.6 8.6
50 16.0 9.7 6.3 1.5 32
65 23.7 14.1 9.6 1.4 47.4
80 21.2 12.6 8.6 1.5 42.4
90 17.4 10.5 6.9 1.5 34.8

CuNiAl2-1 30 7.4 4.3 3.1 1.4 14.6
50 21.9 14.2 7.7 1.8 43.6
65 22.6 14.6 8.0 1.8 45.2
80 20.4 12.4 8.0 1.5 40.8
90 20.6 12.3 8.3 1.5 41.0

in other words, facilitating the formation of hydro-
quinone. A further rise in the reaction temperature
decreased the conversion of phenol and could be as-
cribed to the competitive thermal decomposition of
H2O2 at higher temperature without being involved
in the desired reaction. The decrease in the conver-
sion was also more evident for CuNiAl3-5 than for
CuNiAl2-1. The presence of an optimum concentra-
tion of nickel may render stability to the catalyst in
sustaining the activity even with subtle variations in
the reaction conditions. It is well-known that oxida-
tion activity of nickel catalysts is relatively poorer
than that of copper containing catalysts, but they pos-
sess a longer catalyst life [17]. These results suggest
that although copper is the active center involved in
the hydroxylation reaction, the possible variation of
the geometric and/or electronic environment around
copper in these catalysts discriminates the overall
course of the reaction.

3.4. Effect of the reaction medium and oxidant

In order to study the influence of the reaction
medium on phenol hydroxylation, the reaction was
performed in various solvents (other than water),
namely acetone, acetonitrile,t-butanol, THF and DMF.
On both catalysts, none of the solvents other than wa-
ter showed measurable conversion. This fact (water
behaves as a good solvent for this reaction over these
catalysts) is beneficial in both industrial and environ-
mental perspectives. We believe that the proximity of
the hydroxylating agent and the substrate molecule on
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or near the active catalyst site is essential for driving
the reaction. In water, both phenol and H2O2 dis-
solve simultaneously and approach the active center,
thereby generating hydroxy radicals, thought to be the
active species involved in the hydroxylation reaction.
Moreover, such an electrophile is easier produced and
stabilized in water than in organic solvents. Possibly,
the lack of a hydroxylated nature for the other organic
solvents may be responsible for the non-occurrence of
this reaction. Furthermore, the reaction was carried
out using different oxidants other than H2O2, namely
oxygen, air andt-butylhydroperoxide. None of these
oxidants hydroxylated phenol to a significant extent
under similar reaction conditions, possibly due to the
lack of generation of the active oxidant species and
the solubility problems associated with the reactant
and the oxidant.

3.5. Effect of pH of the reaction medium

Table 3 summarizes the effect of pH on the hydrox-
ylation reaction using water as solvent. No significant
difference in the activity was observed between pH=
5.0 (which is the pH of the medium without any ad-
justment) and pH= 7.0. This is in contrast to the re-
sults reported by Zhu et al. [9] for copper containing
hydrotalcites who claimed a maximum conversion at
pH = 7.0, while at other pH a decrease or a lack of
activity was observed. The higher activity at pH=
5.0 could possibly be due to a better stabilization of
the hydroxy radical. Further, when we measured the
pH after the reaction, a decrease by one unit was
observed(pH = 4.0), possibly due to generation of
organic acids, which might have been formed through
consecutive oxidation of dihydroxybenzene. However,

Table 3
Influence of the pH of the reaction medium for phenol hydroxylation over CuNiAl3-5 and CuNiAl2-1 catalysts (conditions as in Table 1)

Catalyst Temperature (oC) pH Conversion (%) Product distribution (wt.%) H2O2 selectivity (%)

Cat HQ Cat/HQ

CuNiAl3-5 65 5 23.7 14.1 9.6 1.4 47.4
65 7 19.2 12.1 7.1 1.7 38.4
65 9 0 0 0 – 0

CuNiAl2-1 80 5 20.4 12.4 8.0 1.5 40.6
80 7 20.2 12.3 7.9 1.5 40.5
80 9 0 0 0 – 0

Fig. 2. Effect of reaction time on the phenol conversion and
Cat/HQ ratio for CuNiAl3-5 (conditions as given in Fig. 1).

a careful1H NMR study of the reaction mixture was
done, which did not reveal proton corresponding to
organic acids. Further, for our samples also at pH=
9.0, no activity was observed. This could be due to
generation of HO− species, which would approach
the active center thereby inhibiting the adsorption of
hydrogen peroxide, and in turn affecting the genera-
tion of hydroxy radicals.

3.6. Effect of the reaction time

Fig. 2 shows the variation in the conversion of
phenol over CuNiAl3-5 at different time intervals.
It is clear from the figure that around 90% of the
conversion was achieved in the first 10 min, while a
further increase in the reaction time did not signifi-
cantly enhance the conversion. This is in contrast to
the behavior of many zeolite based catalysts, which
either showed a progressive growth in the conver-
sion of phenol or exhibited an induction time [18].
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No significant variation in the Cat/HQ ratio was
observed with the reaction time, suggesting the lack
of inter-conversion and/or consecutive reactions. In
one of our experiments, we filtered the catalyst after
30 min of reaction and monitored the progress of the
reaction in the absence of catalyst. This was done to
verify whether leaching of metal ions had occurred
by H2O2 into the aqueous phase during the reaction,
which can by themselves act as active homogeneous
centers. However, no change in the conversion of phe-
nol with time was observed after filtering the catalyst,
confirming the non-leaching of metal ions from the
HT-like lattice. This is further supported by PXRD
results, which showed no significant change in the
crystallinity of the HT-like phase after the reaction.

3.7. Effect of the substrate:oxidant ratio

Variation of the substrate:oxidant ratio indicated
that the conversion increased with a decrease in the
ratio for both the catalysts, whose values are summa-
rized in Table 4. Further, the increase in the conver-
sion is nearly proportional to the increase in H2O2
concentration for both catalysts, maintaining similar
selectivity for dihydroxybenzenes, corroborating the
fact that the added H2O2 is essentially used for the
desired hydroxylation reaction and not for the unde-
sired consecutive reactions. In addition, a continuous
increase in the Cat/HQ ratio was observed for these
catalysts with a decrease in this ratio, indicating the
preferential formation of catechol at higher H2O2 con-
centration. CuNiAl3-5 exhibited a maximum activity
yielding 61% conversion of phenol with Cat/HQ ratio
of 1.7 at 80◦C employing 1:2 substrate:oxidant ratio.

Table 4
Influence of the substrate:oxidant ratio for phenol hydroxylation over CuNiAl3-5 and CuNiAl2-1 catalysts (conditions as in Table 1)

Catalyst Substrate:oxidant ratio Conversion (%) Product distribution (wt.%) H2O2 selectivity (%)

Cat HQ Cat/HQ

CuNiAl3-5 3:1 13.8 7.5 6.3 1.2 41.2
2:1 21.2 12.6 8.6 1.5 42.1
1:1 41.4 25.6 15.8 1.6 41.0
1:2 60.9 38.8 22.1 1.7 30.5

CuNiAl2-1 3:1 11.4 6.7 4.7 1.4 36.5
2:1 20.2 12.3 7.9 1.5 40.3
1:1 40.3 25.0 15.3 1.6 39.8
1:2 55.8 35.6 20.2 1.7 27.9

Fig. 3. PXRD patterns of CuNiAl2-1 calcined at different temper-
atures for 2 h.

The activity of this catalyst is comparable to that of
some titanium based zeolite catalysts reported in the
literature [19] indicating a promising role of HT-based
catalysts for commercial exploitation.

3.8. Effect of the calcination temperature

Calcination of these materials results in non-
stoichiometric mixed metal oxides whose phase and
crystallinity are influenced by their precursor chem-
ical composition and the calcination temperature.
Fig. 3 shows the PXRD patterns of CuNiAl2-1 cal-
cined at different temperatures. It is clear that calcina-
tion at 400◦C leads to the destruction of the HT-like
network, giving rise to a diffuse amorphous pattern
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with three peaks recorded close to 2.42, 2.07 and
1.47 Å, positions coincident with the main diffraction
maxima of bunsenite (NiO, JCPDS file 4-0835). An
increase in the calcination temperature up to 700◦C
enhanced the crystallinity of M(II)–O phases, as evi-
denced by the sharpening of these peaks. In our case,
no peak was recorded which could be ascribed to Al
containing phases. This is not unexpected, as usu-
ally at 400–500◦C, only diffraction peaks of divalent
metal oxides are recorded, whose peak positions do
not match with pure metal oxides, this being gener-
ally attributed to dissolution of Al3+ cations in the
M(II)–O matrix. When the calcination temperature is
further increased, say at 800◦C, crystallization of the
MII Al2O4 spinel occurred along with NiO. In addi-
tion, sharper maxima whose positions were coincident
with those of ternorite (CuO, JCPDS file 5-0661)
were also observed. However, the concentration of
these phases varied, as evidenced from the relative
intensities of the corresponding maxima, in relation
with the content of the different metal ions in the par-
ent HT-like lattice. Accordingly, for CuNiAl2-1, the
main diffraction maxima recorded corresponded to
the spinel with a weak CuO phase, while the reverse
was observed for CuNiAl3-5.

Hydroxylation of phenol was carried out over hy-
drotalcites calcined at different temperatures yielding
the results summarized in Table 5. CuNiAl3-5 cal-
cined at 150, 400 and 600◦C showed a similar con-
version (∼12%) while the sample calcined at 800◦C
exhibited a higher conversion (18%). In the case of
CuNiAl2-1, a continuous increase in the conversion
with an increase in the calcination temperature was
observed. The higher activity of the high temperature

Table 5
Influence of the calcination temperature for phenol hydroxylation over CuNiAl3-5 and CuNiAl2-1 catalysts (conditions as in Table 1)

Catalyst Calcination
temperature (◦C)

Conversion (%) Product distribution (wt.%) H2O2 selectivity (%)

Cat HQ Cat/HQ

CuNiAl3-5 150 13.3 6.6 6.7 1.0 26.8
400 12.0 5.1 6.9 0.7 24.0
600 10.4 4.3 6.1 0.7 20.8
800 18.4 10.9 7.5 1.5 36.0

CuNiAl2-1 150 10.4 5.9 4.5 1.3 20.8
400 12.8 7.2 5.6 1.3 25.5
600 15.6 8.4 7.2 1.2 31.2
800 18.9 11.0 7.9 1.4 36.6

calcined catalysts (800◦C) could be due to the inher-
ent activity of spinel phase, which crystallizes around
this temperature, in mediating the reaction. Further, no
significant difference in the activity of these high tem-
perature calcined catalysts was observed, confirming
the stable activity of the spinel phase. Furthermore, the
specific surface areas of these catalysts were nearly the
same, validating the above observation. Fig. 4 shows
the variation in the BET specific surface area of these
samples with the calcination temperature. An increase
in the specific surface area was observed with an in-
crease in the calcination temperature up to 400◦C for
the CuNiAl2-1, while nearly similar specific surface
areas were observed for CuNiAl3-5 up to 600◦C. The
observed activity trends exhibited by these catalysts
could possibly be correlated to the variation in their
specific surface areas. The influence of the specific
surface area of the mixed metal oxides as well the sta-
bility of the spinel phase in the oxidation of aqueous
solution of phenol has been emphasized earlier [17].
However, the conversion observed for the calcined cat-
alysts is lower than that observed for pure hydrotal-
cites. This could possibly be due to the crystal phase
transformation coupled with the loss in the specific
surface area.

If one were to consider the mechanism of hy-
droxylation reaction over these materials, similar to
Fenton’s reaction, hydroxy radicals could participate
as an electrophile in this reaction. The hydroxy radi-
cal may be generated through oxidation of Cu2+ ions
in the HT-lattice by H2O2, which subsequently attack
at ortho and para positions of phenol resulting in
the desired dihydroxybenzenes, respectively, catechol
and hydroquinone. To verify the participation of the
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Fig. 4. Variation of BET surface area of CuNiAl2-1 and CuNiAl3-5 with the calcination temperature.

Scheme 1. Reaction pathway for dihydroxybenzenes in phenol hydroxylation over CuNiAl hydrotalcites.
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Fig. 5. Plot of variation in the conversion of phenol with EtOH:H2O
mole ratio for CuNiAl3-5.

hydroxy radical, the effect of the added alcohol, which
is a well-known scavenger for the hydroxy radical
[20], on the conversion of phenol was monitored for
CuNiAl3-5, as elucidated in Fig. 5. A nearly linear
plot showing a decreasing conversion with an increase
in ethanol concentration was observed, confirming the
participation. A further increase in the concentration
of ethanol leads to a complete drop in the activity. Pos-
sible reaction pathways for the hydroxylation reaction
over these catalysts are summarized in Scheme 1. It
can be assumed that a structural arrangement of the
substrate molecule and of the active oxidant species
on the catalyst surface along with residence time of
the hydroxylated products control the overall activity
and selectivity of this reaction.

4. Conclusions

The hydroxylation of phenol was carried out over
Cu, Ni and Al containing hydrotalcites with varying
atomic composition. The influence of various reac-
tion parameters such as substrate:catalyst ratio, sub-
strate:oxidant ratio, temperature, oxidant, pH, solvent
and effect of calcination were studied. An increase in
the conversion was observed with an increase in cop-
per concentration, and between the catalysts having
similar copper concentrations, that with higher spe-
cific surface area yielded better activity. More than
90% of the conversion was achieved in 10 min of

reaction time, and catechol and hydroquinone were
observed as the major products. An increase in the
substrate:catalyst ratio interestingly enhanced the con-
version of phenol over these catalysts. Oxidants other
than H2O2 and solvents different of water did not yield
measurable conversion of phenol. Among the sam-
ples calcined at different temperatures, that calcined
at 800◦C showed the maximum activity, although the
activities of these samples were less than those of the
fresh hydrotalcites. Among the catalysts, CuNiAl3-5
exhibited a maximum activity, yielding 61% conver-
sion of phenol with Cat/HQ ratio of 1.7 at 80◦C using
a 1:2 substrate:oxidant ratio, comparable to many tran-
sition metal containing molecular sieves. Electrophilic
attack of hydroxy radical is proposed to be the reac-
tion pathway for the formation of dihydroxybenzenes
over these catalysts.
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