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Abstract

CuMgAl ternary hydrotalcites with a (Cu+Mg)/Al atomic ratio of 3.0 and a Cu/Mg atomic ratio of 5.0, 3.0, 1.0, 0.33, and 0.2 were synt
sized by coprecipitation under low supersaturation. Powder X-ray diffraction (PXRD) of all of the samples showed the pattern char
of hydrotalcite without any detectable impurity phases, with the crystalline order, especially in theab plane, improving with an increase
magnesium concentration. In situ PXRD studies revealed varying phase evolution processes depending on the concentration of m
this observation was well complemented by in situ diffuse reflectance infrared Fourier transform (DRIFT) measurements. The therm
ity of these materials also improved with an increase in magnesium concentration, as indicated by TG-DTA-EGA measurements.
a characteristic endotherm was noted at temperatures around 870 K accompanied by the evolution of CO2, the intensity of which increase
with an increase in copper concentration. Catechol (CAT) and hydroquinone (HQ) were the main products noted in the hydrox
phenol over these materials, with H2O2 as oxidant and H2O as solvent. Variation of the substrate:catalyst mass ratio (10–500) showe
the activity passes through a maximum for a ratio of 100. The influence of reaction time indicated that the reaction was nearly
in less than 60 min. Activity was enhanced by an increase in the concentration of copper, whereas the normalized activity (ac
unit copper concentration) showed an opposite trend. The structure–activity relationship of these samples, obtained through sca
tron microscopy, N2 adsorption measurements, X-ray photoelectron spectroscopy, and cyclic temperature-programmed reduction–
measurements, corroborated such activity variations.
 2005 Elsevier Inc. All rights reserved.

Keywords:CuMgAl ternary hydrotalcite; Hydroxylation of phenol; In situ PXRD; DRIFT spectroscopy; Structure–activity relationships; Cyclic TPR-T
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1. Introduction

Hydrotalcite-like compounds comprise a class of anio
clays or layered double hydroxides that have received
creasing attention in recent years because of their div
applications as ion exchangers[1,2], catalysts[3–5], cat-
alyst supports[6], and polymer additives[7]. Structurally,
they can be understood from an examination of the bru
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[(Mg(OH)2)] lattice, wherein a partial replacement of Mg2+
with a trivalent cation, say Al3+, occurs, and the resultin
excess positive charge is compensated for by anions,
ally carbonate, occupying interlayer positions. Synthesi
these materials containing transition metal ions, espec
copper, in the sheets is of particular interest because of
selective oxidation properties.

Hydroxylation of phenol to dihydroxybenzenes (Sche-
me 1) is an important selective oxidation reaction who
products, catechol and hydroquinone, are used in suc

verse applications as photographic chemicals, antioxidants,
flavoring agents, polymerization inhibitors and pharmaceu-
ticals. In a recent study, we reported on the hydroxylation
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Scheme 1. Hydroxylation of phenol.

of phenol over various copper-containing ternary hydro
cites containing different di- and trivalent metal ions a
that these materials have activities comparable to thos
some of the zeolite-based materials[8–10]. In the presen
study, magnesium was chosen as a second divalent cat
CuMgAl ternary hydrotalcites with the goal of elucidatin
the influence of divalent non-transition-metal cation on th
catalytic performance.

Corma and co-workers[11] reported that a catalyst wit
a Cu/Mg atomic ratio of 1, which was obtained by calc
nation and reduction of a CuMgAl hydrotalcite, was act
in the selective catalytic reduction of NO by propane a
in the SOx removal from exhaust streams. Auer et al.[12]
have studied the synthesis of methyl amines with the
of mixed-metal oxides derived from CuMgAl hydroxy ca
bonates with different Mg/Al atomic ratios and observe
maximum activity for a precursor composition for which
pure HT-like phase was detected. The presence of co
also strongly enhanced the activity of mixed oxides prepa
from CuMgAl oxides (33 at% Cu) for the oxidation of am
monia with high selectivity toward nitrogen and the SC
activity (NO by NH3), whereas the binary MgAl oxide cata
lyst did not show any measurable SCR activity under sim
conditions and produced significant amounts of nitrogen
ides during ammonia oxidation[13]. Recently, Kaneda an
co-workers[14] reported that an alkali-promoted CuMgA
hydrotalcite (a Cu/Mg atomic ratio of 1:10 and a (Cu+
Mg)/Al ratio of nearly 3.0) was active for the selective o
dation of 2,6-di-tert-butylphenol to 3,3′,5,5′-tetra-tert-butyl-
4,4′-diphenoquinone, with molecular oxygen as the oxida
The authors claimed that both Cu2+ and the base were e
sential to this reaction.

Although scattered information on CuMgAl hydrotalcit
is available, a systematic investigation of the effect of
variation of the Cu/Mg atomic ratio in CuMgAl hydrotal-
cites on their properties for selective catalytic oxidation
still lacking. Therefore, we report here on the catalytic p
formance of a series of CuMgAl ternary hydrotalcites w
varying Cu/Mg atomic ratios for the selective hydroxylatio
of phenol with H2O2 as the oxidant in aqueous solution.

2. Experimental

2.1. Sample preparation
All chemicals were from S.D. Fine Chemicals (India).
The samples were prepared by the low supersaturation tech
nique. Two solutions, one (A) containing the desired amount
atalysis 231 (2005) 381–392
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of metal (Cu, Mg, Al) nitrates and one (B) with precipita
ing agents (i.e., NaOH and Na2CO3), were added simulta
neously, while the pH was maintained around 9–10 un
vigorous stirring at room temperature. The addition to
ca. 90 min and the final pH was adjusted to 10. The sam
were aged in the mother liquor at 338 K for 24 h, filter
off, washed (until the total absence of nitrates and sodiu
and dried in air at 353 K for 12 h. The resulting solids w
ground in a mortar. They exhibited a grayish blue to li
blue color. In all cases, the atomic ratio between the diva
and trivalent cations was maintained around 3.0, while
Cu/Mg atomic ratio was varied between 5:1 and 1:5. T
samples are denoted CuMgAl-XY , whereXY stands for the
nominal Cu/Mg atomic ratio.

2.2. Experimental techniques

2.2.1. Chemical analysis
Elemental chemical analysis for Cu, Mg, and Al was c

ried out with inductively coupled plasma (ICP) spectrome
(Varian Vista RL CCD) in which the samples were diges
in a microwave oven with small quantities of a mixture
HNO3 and HF.

2.2.2. Powder X-ray diffraction
Powder X-ray diffraction was carried out in a Phili

X’Pert MPD system with Cu-Kα radiation (λ = 1.54056 Å).
A step size of 0.14◦ and a step time of 5.6 s were used
data collection. The data were processed with Philips X’P
(version 1.2) software. The operating voltage and the cur
were 40 kV and 40 mA, respectively. In situ powder X-r
diffraction (PXRD) was carried out on the same system c
nected to an Anton–Paar high-temperature XRK assem
in which the sample was mounted in a high-temperature
heated at 5 K min−1 in steps of 50 K, and stabilized for 5 m
before measurements. The step size was 0.05◦ with a step
time of 1 s. Identification of the crystalline phases was m
by comparison with the JCPDS files[15].

2.2.3. Diffuse reflectance infrared spectroscopy
DRIFT measurements (with variable temperature p

gramming) were carried out with the use of a self-suppor
disc in a Perkin–Elmer FT1730 spectrometer connecte
a diffuse reflectance accessory (Graseby Specac, USA
19930 series). Background corrections were made with
as a reference prior to measurements, and we recorde
spectra by accumulating 64 scans at a spectral resolutio
2 cm−1.

2.2.4. Thermogravimetry and differential thermal analys
Thermogravimetry-differential thermal analysis (T

DTA) was carried out on a Netzsch STA 409 thermobalan
-
Analysis was done from 323 to 973 K at a heating rate of
10 K min−1 under nitrogen (30 cc min−1). The gases evolved
during the thermal treatment, H2O (m/e = 18) and CO2
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Table 1
Elemental analysis, chemical formulae and lattice parameters of the samples synthesized

Sample M(II)/Ala Cu/Mga Formulab a

(Å)

c

(Å)Solution Solid Solution Solid

CuMgAl-51 3.0 3.06 5.0 5.18 [Cu0.63Mg0.12Al0.25(OH)2](CO3)0.13 · 0.58H2O Ndc 22.70
CuMgAl-31 3.0 3.02 3.0 2.95 [Cu0.56Mg0.19Al0.25(OH)2](CO3)0.13 · 0.61H2O 3.080 22.76
CuMgAl-11 3.0 3.08 1.0 0.99 [Cu0.37Mg0.38Al0.25(OH)2](CO3)0.13 · 0.67H2O 3.070 22.87
CuMgAl-13 3.0 3.04 0.33 0.32 [Cu0.18Mg0.57Al0.25(OH)2](CO3)0.13 · 0.68H2O 3.063 22.95
CuMgAl-15 3.0 3.07 0.20 0.19 [Cu0.12Mg0.63Al0.25(OH)2](CO3)0.13 · 0.70H2O 3.067 23.18
a Atomic ratio.
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b Values rounded to two significant figures.
c Not determined.

(m/e = 44), were simultaneously analyzed with an on-l
quadruple mass spectrometer (Balzers QMG 4211).

2.2.5. Temperature-programmed reduction and reoxidat
Cyclic temperature-programmed reduction–reoxida

(TPRO) measurements were carried out in a custom
signed system with He as carrier gas and a thermal
ductivity detector (TCD). High-purity oxygen (99.99%; 5
in He) and hydrogen (99.99%; 5% in He) were premix
with helium with the use of mass flow controllers (Broo
Model 5600). Sample weights were taken so as to fulfil
Monti and Baiker criterion[16] and were heated under bo
reducing and oxidizing atmospheres from room tempera
to 1073 K at a heating rate of 10 K min−1. Calibration of the
instrument was carried out with CuO (Merck).

2.2.6. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy was carried out on

ESCALAB (VG Scientific, UK). The sample was pressed
a disk and measured, with Mg-Kα radiation (1253.6 eV) a
the excitation source. The vacuum during measurements
better than 5× 10−8 mbar, and the data were analyzed w
the use of standard software. The binding energy scale
calibrated with respect to the adventitious carbon (C 1s
284.6 eV.

2.2.7. Scanning electron microscopy
Scanning electron micrographs were obtained with a

(Model 1430) microscope operating at an acceleration v
age of 15 kV and a working distance of 17 mm, with mag
fication values up to 100,000×.

2.2.8. Surface area measurements
The specific surface areas and pore size distributio

the samples were measured by nitrogen adsorption at
with a sorptometer (ASAP-2010, Micromeritics). The sa
ples were degassed at 393 K for 4 h prior to measureme

2.2.9. Catalytic activity measurements
The hydroxylation of phenol in aqueous solution was c

ried out in a two-necked glass reactor (50 ml) fitted wit

condenser and a septum. Hydrogen peroxide (30% v/v) was
added through the septum to the magnetically stirred solu-
tion of phenol containing the catalyst and kept at the desired
s

reaction temperature. We monitored the course of the r
tion by periodically taking small samples (0.05 cm3), which
were analyzed by gas chromatography (GC) (Shimad
14B) with a OV-17 packed column (2 m, 4 mm i.d.) and
flame ionization detector. Quantification was done after
considered the response factors of reactants and prod
the retention times of which were determined from authe
samples, which were derived from standard mixtures c
taining both of them.

3. Results and discussion

3.1. Catalyst characterization

Table 1summarizes the elemental compositions and
formulas calculated for the samples studied. The carbo
content was calculated based on the M(II)/Al atomic ratio,
and the water content was computed based on thermog
metric results. A reasonable coincidence was noted betw
the solution concentrations with those of solids, sugges
completion of precipitation; the small deviation observed
rather common and has usually been attributed to a prefe
tial precipitation of one or another metal ion as a hydroxi

Powder X-ray diffraction patterns for all of the samp
are shown inFig. 1. Sharp, intense peaks at low diffractio
angles (peaks close to 2θ = 11◦, 24◦, and 35◦; ascribed to
Fig. 1. Powder X-ray diffraction patterns of (a) CuMgAl-51; (b) CuMg-
Al-31; (c) CuMgAl-11; (d) CuMgAl-13; and (e) CuMgAl-15.
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Fig. 2. FT-IR spectra of (a) CuMgAl-51; (b) CuMgAl-31; (c) CuMgAl-11
(d) CuMgAl-13; and (e) CuMgAl-15.

diffraction by basal planes (003), (006), and (009), resp
tively) and broad, less intense peaks at higher angles (p
close to 2θ = 38◦, 46◦, and 60◦; ascribed to diffraction by
(105), (108), and (110) planes) confirm the presence of
drotalcite (JCPDS: 41-1428) with 3R packing of layers[17].
The positions of the remaining peaks are in agreement
such an assignment. No significant positional changes in
basal or theab plane reflections were noted with the va
ation in the Cu/Mg atomic ratio. This could possibly b
explained by only subtle differences in the octahedral io
radii of Cu2+ (0.73 Å) and Mg2+ (0.72 Å) [18]. However,
a clear improvement in the orderliness of the layer was n
with decreasing copper content, as indicated by both
increase in intensity and sharpness of (110) and (113) re
tions observed around 60◦ and 62◦. This is expected, sinc
at higher concentrations of copper a Jahn–Teller distortio
expected, leading to poor long-range ordering. Lattice p
metersa andc, calculated from the (003), (006), and (11
reflections, are summarized inTable 1. Assuming a value
of 4.8 Å for the width of brucite-like layers[19], the inter-
layer distance is close to 2.7–2.9 Å, suggesting the loca
of carbonate anions with their molecular planes paralle
the brucite-like layers.

FT-IR spectra for the samples are shown inFig. 2. Al-
though all samples show rather similar spectra, subtle
ferences can be noted. The main band is recorded ar
3450–3500 cm−1 and is due to theνOH mode of H-bonded
hydroxyl groups in the layers and of interlayer water mo
cules. The band becomes sharper and shifts toward h
wave numbers with an increase in magnesium conce
tion. This suggests that the strength of hydrogen bon
(through different kinds of interaction of OH species) is si
ilar upon an increase in magnesium concentration. This
accordance with PXRD results, which also implied a be
long-range ordering (i.e., similar kind of M–OH point gro
arrangements in the lattice of the layered network). H
ever, a shift toward higher wave numbers suggests an a

aly, as will be discussed later. This band shows a prominent
shoulder around 2950 cm−1 ascribed to hydrogen bonding
of hydroxyl groups of layered lattice and/or water mole-
atalysis 231 (2005) 381–392
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Fig. 3. TG-DTA traces and EGA traces (of water and CO2) of (a) CuMg-
Al-51; (b) CuMgAl-11; and (c) CuMgAl-15.

cules with interlayer carbonate anions[20]. A rather weak
band at 1640 cm−1 is attributed to the deformation mode
interlayer water molecules whose intensity increased w
increasing magnesium concentration, suggesting a hi
content of water molecules, in accordance with the elem
tal composition results given inTable 1. A sharp band a
1370 cm−1 can be assigned to the antisymmetricν3 mode
of interlayer carbonate anions. No shift of this band posi
is noted, regardless of the composition. It should furthe
noted that although the band is shifted from the position
free carbonate (∼ 1450 cm−1), it does not split. This fact
together with the absence of any band around 1050 c−1

(position expected for the IR forbiddenν1 mode of carbon-
ate), suggests the retention of D3h symmetry of the carbonat
anion in the interlayers. Significant differences in the sp
tra were noted in the spectral region below 1000 cm−1 of
M–OH stretching and M–OH–M′ bending vibrations due t
compositional variations.

Representative thermal analysis profiles of some of
samples are given inFig. 3. Two well-defined weight losse
were noted up to 773 K, which were duly complemented
two endotherms. However, the nature of the endotherms
different with the variation in the composition. For a copp
rich sample, the second endotherm or weight loss oc
in a broader temperature window, and a narrow endoth
was observed for a Mg-rich sample. The parallel anal

of the evolved gas (EGA) also supported the conclusion
that the dehydration component of the second weight loss
occurred in a wider temperature window for Cu-rich sam-
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ples. Although EGA studies showed that the decarbona
temperature window becomes narrower with an increa
copper content, such a contribution of decarbonation to
peak shape is less significant compared with dehydrox
tion. A sharper peak with single-stage evolution of carb
ate (Fig. 3: CO2: spectra a; considering up to 800 K) for
Cu-rich sample could suggest a similar nature and coo
nation of carbonate ion, preferably associated with Cu2+.
The two stages (whose temperatures are designated
by T1 and T2) are ascribed first to the removal of inte
layer water molecules (transformation temperatureT1) and
second to the dehydroxylation of brucite-like sheets and
carbonation (transformation temperatureT2) with concomi-
tant destruction of the layer structure[21]. Furthermore, a
progressive shift in the temperatures (bothT1 and T2) to
higher values was noticed as the magnesium concentr
was increased. This is indeed expected, since magne
is better stabilized in an octahedral coordination of a H
like lattice than copper, which is inherently less stable
octahedral coordination because of Jahn–Teller distor
However, these observations are in contrast with the re
observed by FT-IR, wherein the strength of hydrogen bo
ing (considered a measure of interaction between layers
the interlayers) decreased with an increase in magne
content (CuMgAl-15νOH = 3496 cm−1 and CuMgAl-51
νOH = 3450 cm−1). In other words, dehydroxylation shou
be easier for the sample with weaker hydrogen bonding,
is, for a magnesium-rich sample, whereas the thermal an
sis showed an opposite trend whereinT2 increased with an
increase in magnesium concentration. At this moment,
reason for such an observation is not clear.

In addition to these profiles, a well-defined endothe
was also noted around 823–873 K, whose weight loss
tribution increased with an increase in copper concentra
A parallel attempt to study the evolved gases during ther
decomposition revealed the evolution of only CO2, which
suggests the presence of amorphous mixed oxycarbo
A detailed thermal analysis pathway of Cu-containing
drotalcites was recently reported[22].

Interesting information on the phase evolution of th
materials emerged from an investigation made under in
heating conditions by PXRD and DRIFT measurements
situ PXRD of some selected samples is shown inFig. 4.
The diffraction patterns clearly indicate that the nature of
phase evolution is strongly influenced by the Cu/Mg atomic
ratio. With an initial increase in temperature, a progres
decrease in the intensity of the basal reflections ((003)
(006)) occurs with a concomitant shift toward higher ang
This is attributed in general to the removal of interlayer w
ter molecules, resulting in the shrinkage of interlayer sp
A more detailed analysis of the diffraction patterns reve
that the complete decomposition of the HT-like lattice
inferred by the disappearance of (003) reflection) shifte

higher temperatures with increasing magnesium concentra-
tion, that is, CuMgAl-51 at 523 K, CuMgAl-11 at 573 K,
and CuMgAl-15 at 623 K. In other words, the stability of
atalysis 231 (2005) 381–392 385

e

.

Fig. 4. In situ PXRD of CuMgAl-15, CuMgAl-11, and CuMgAl-51 calcine
at (a) 323; (b) 373; (c) 423; (d) 473; (e) 523; (f) 573; (g) 623; (h) 6
(i) 723; (j) 773; (k) 823; (l) 873; (m) 923; (n) 973; (o) 1023; and (p) 1073
(HT, hydrotalcite;P, CuO;∗, spinel).

the HT-like lattice increased with the magnesium conc
tration, which is in accordance with TG-DTA results. W
a further increase in temperature, crystallization of diff
ent phases occurs, the composition of which is influen
by chemical composition. In the case of CuMgAl-51, C
forms, and its crystallinity is improved with increasing c
cination temperature. However, above 823 K (Fig. 4C, k),
crystallization of a spinel phase also occurs, the crystalli
of which improved with increasing temperature. From
chemical composition of this sample, this could possi
be CuAl2O4 with some partial substitution of magnesiu
(solid solution spinel). No discrete Mg-containing phase w
observed in the entire temperature range studied. Inte
ingly, crystallization of CuO occurs at around 423 K, w
below theT1 temperature in the TG profile. Hence, form
tion of CuO occurs even when the layered structure
vails, suggesting that this formation might have occur
through dehydroxylation primarily along the edges of

layers. In contrast, the calcination of CuMgAl-15 showed
the crystallization of a MgO phase, which was, however,
very amorphous in nature, with a defect or nonstoichiom-
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Fig. 5. In situ DRIFT spectra of CuMgAl-11 activated in air at (a) 30
(b) 323; (c) 373; (d) 423; (e) 473; (f) 523; (g) 573; (h) 623; (i) 673; (j) 72
(k) 773; (l) 873; (m) 973 K. (Ex situ calcined for 773, 873, and 973 K).

etry, as indicated by a significant displacement in the p
tions of the primary diffraction lines (Fig. 4A, h; d(200) =
2.092 Å andd(220) = 1.482 Å) with respect to syntheti
periclase (d(200) = 2.110 Å andd(220) = 1.490 Å; JCPDS
45-0946). However, above 623 K, crystallization of Mg
occurred, and the crystallinity of MgO increased (as in
cated by the increase in sharpness and intensity of (
and (220) reflections observed around 42◦ and 62◦, re-
spectively) with increasing temperature. However, rega
less of the temperature, no crystalline discrete Cu-contai
phase evolved, and no well-defined spinel phase was n
even after heating at 1073 K. Hence, copper in this ma
might have been present in its oxidic form and well d
persed.

To complement this phase evolution process, we h
also studied these samples by in situ DRIFT FT-IR m
surements in air at increasing temperatures; represen
spectra are given inFig. 5. Because of limitations of th
accessory attachment, the samples could be heated o
773 K under in situ conditions, whereas spectra of sam
calcined at higher temperature (> 773 K) were recorded e
situ. The spectrum at room temperature showed broad b
around 3500 cm−1 with shoulders at lower wavenumbers, i
dicating an extensive hydrogen-bonded hydroxy-water
work. Bands were also noted around 1650 and 1380 cm−1,
which were assigned as above. Calcination of the samp
slightly elevated temperatures (e.g., 373 K) showed sig
icant variations in the carbonate region, with the carbon
band splitting into two bands around 1530 and 1380 cm−1.
Such a split was noted earlier by us[23] and by Cabrera et a
[24] and ascribed to a change in the coordination of the
bonate ion upon loss of interlayer water molecules. In re
work [22], we reported the presence of unidentate coord
tion of carbonate with metal ions in the brucite-like lattic
based on the extent of such splitting. A further increas
temperature decreased the intensity of bothνOH and δH2O

vibrations. However, samples showed weak vibrations of
carbonate, even after calcination at 973 K, suggesting the
presence of amorphous oxycarbonate.
atalysis 231 (2005) 381–392
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Table 2
Phenol hydroxylation activity of CuMgAl ternary hydrotalcitesa

Catalyst Conversion
(%)

Product distribution (wt%) TONb

(h−1)CAT HQ CAT/HQ

CuMgAl-51 23.5 13.7 9.8 1.4 37
CuMgAl-31 24.7 16.5 8.2 2.0 46
CuMgAl-11 22.0 13.5 8.5 1.6 51
CuMgAl-13 19.1 13.0 6.1 2.1 95
CuMgAl-15 17.7 12.2 5.5 2.2 128

a Reaction conditions: phenol, 1.0 g; phenol/H2O2 molar ratio, 2.0; cat-
alyst mass, 10 mg; solvent, water (10 ml); temperature, 338 K; time, 2

b Moles of phenol converted per mole of copper per hour.

3.2. Catalytic hydroxylation of phenol

Table 2summarizes the activity of these catalysts stud
for phenol hydroxylation. On all catalysts, catechol (CA
and hydroquinone (HQ) were observed as major produ
Among the catalysts studied, CuMgAl-31 showed maxim
activity with nearly 50% selectivity of H2O2 (selectivity is
defined here on the basis of dihydroxybenzenes form
Furthermore, the product distribution indicated a CAT/HQ
ratio of around 2.0, unlike that obtained for CuCoAl ca
lysts[9], suggesting an influence of the nature of the sec
cation in controlling the course of the reaction. Binary Mg
hydrotalcite with a Mg/Al atomic ratio of 3.0 did not show
any hydroxylation of phenol under similar reaction con
tions. Hence, the presence of copper is essential for
reaction to occur. Although an attempt to synthesize a sin
phase CuAl binary hydrotalcite failed as expected (beca
of the Jahn–Teller effect, a mixed phase containing
hardite (or malachite) and hydrotalcite was obtained),
binary hydrotalcite also showed a conversion much lo
than that of any of the ternary catalysts studied here,
gesting that the presence of both copper and magne
augmented the activity. The activity was normalized and
pressed as a turnover number (TON), which is define
moles of phenol produced per mole of copper per hour.
TON values are also summarized inTable 2and show an
opposite trend (to that of actual conversion of phenol), w
TONs increasing with increasing magnesium concentra
The dilution of copper by magnesium obviously enhan
the specific activity of copper for the hydroxylation of ph
nol.

Fig. 6 illustrates the variation of the substrate/catal
mass ratio with the phenol conversion for CuMgAl-51.
shown in the figure, the conversion of phenol increased
decreasing substrate/catalyst ratios at values above ap
imately 100 and then started decreasing at still lower s
strate/catalyst ratios. This decrease is presumably du
spontaneous formation of coke (as indicated by the da
color of the reaction mixture) at higher catalyst concen
tions, obtained through consecutive oxidation of prim

products (catechol and hydroquinone). To verify the for-
mation of coke, in one of our experiments we filtered the
reaction mixture, and the solid was washed, dried, and sub-
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Fig. 6. Variation in conversion of phenol with the substrate:catalyst m
ratio for CuMgAl-51 (phenol, 1 g; solvent (water), 10 ml; phenol/H2O2
molar ratio, 2.0; temperature, 338 K; time, 2 h).

Table 3
Influence of reaction temperature on phenol hydroxylation over CuM
ternary hydrotalcitesa

Catalyst Temp.
(K)

Conv.
(%)

Product distribution (wt%) H2O2 selec.b

(%)CAT HQ CAT/HQ

CuMgAl-51 303 18.5 11.0 7.5 1.5 37.0
323 20.2 12.1 8.1 1.5 47.0
338 23.5 13.7 9.8 1.4 47.0
353 15.3 9.2 6.1 1.5 30.6

CuMgAl-31 303 20.1 12.0 8.1 1.5 40.2
323 22.3 13.5 8.8 1.5 44.6
338 24.7 16.5 8.2 2.0 49.4
353 17.0 11.0 6.0 1.8 34.0

CuMgAl-11 303 17.2 11.7 5.5 2.1 34.4
323 20.0 13.8 7.2 1.9 40.0
338 22.0 13.5 8.5 1.6 44.0
353 14.0 8.2 5.8 1.4 28.0

a Reaction conditions as inTable 2.
b Selectivity of H2O2 calculated on the basis of dihydroxybenzen

formed.

jected to heating in air at 550◦C. A significant difference
in the weight was noted between the as-filtered solid
the heated sample (10–13 mg of coke after the weight
due to hydrotalcite is taken into consideration), corrobo
ing the formation of coke, which is oxidized after heati
in air. Similar observations were also made earlier for b
CuNiAl and CuCoAl ternary hydrotalcites[9]. In addition,
a preferential formation of catechol was noted at both
tremes of substrate:catalyst ratios, suggesting the hindr
of interconversion and/or isomerization reactions. A s
strate/catalyst ratio of 100 was selected for all further s
ies.

Table 3shows the variation in the catalytic performan
with reaction temperature over some of the catalysts s
ied. A subtle increase in the conversion was noted u
338 K, whereas a further increase in temperature redu
the conversion of phenol; this could be ascribed to com
itive thermal decomposition of H2O2 at higher temperature

However, the CAT/HQ ratio was not influenced by the reac-
tion temperature, and the decrease in the conversion betwee
338 and 353 K occurred with all catalysts. An analysis com-
atalysis 231 (2005) 381–392 387

e

Fig. 7. Influence of reaction time on the phenol conversion (phenol, 1 g;
strate:oxidant molar ratio, 5:1; temperature, 338 K; solvent (water), 10
substrate:catalyst mass ratio, 100).

paring these results with those obtained for CuCoAl
CuNiAl ternary hydrotalcites showed a characteristic tre
in that the activity of CuMgAl ternary hydrotalcites at roo
temperature was significantly higher than that of any o
catalyst studied so far, suggesting the influence of the
ond divalent metal ion. For example, a conversion as hig
20% was noted at room temperature (303 K) for CuMgAl
for a substrate/oxidant mole ratio of 2:1. Such high activ
could be due to better stabilization of Cu2+ in the octahedra
sites of the CuMgAl HT-like lattice.

To study the influence of the reaction medium on p
nol hydroxylation, the reaction was performed in vario
solvents (other than water), namely, acetone, acetoni
t-butanol, THF, and dimethylformamide (DMF). In non
of these solvents was measurable conversion of pheno
served. We believe that the proximity of the hydroxylati
species and the substrate molecule on the surface is ess
the corresponding configuration would be well stabilized
H2O. In water, both phenol and H2O2 dissolve simultane
ously and can approach the active center, thereby gen
ing the hydroxyl radicals, thought to be the active spec
involved in the hydroxylation reaction. Furthermore, wh
the reaction was carried out with oxidants other than H2O2,
namely, oxygen, air, andt-butylhydroperoxide, no conve
sion was detected under similar conditions. This could po
bly be due to the lack of generation of active oxygen spe
and solubility problems associated with the reactant and
idant.

Fig. 7 shows the variation in the conversion of phen
over some of the catalysts studied at different time in
vals with a substrate/oxidant mole ratio of 5:1. This ra
was selected to evaluate these catalysts at low conve
levels. It is clear from the figure that more than 90%
the total conversion was achieved in less than 30 min,
a further increase in time did not change the conversion
nificantly. A small induction period of 5–10 min was not
n
for these catalysts. This is in contrast to the behavior of
many zeolite-based catalysts, which either show a progres-
sive growth in the conversion of phenol or exhibit an induc-
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tion period [25]. No significant variation in the CAT/HQ
ratio was noticed with time, suggesting the absence o
terconversion and/or consecutive reactions. In other wo
the hydroxylation of phenol over these catalysts occur
parallel mode in forming catechol and hydroquinone sim
taneously. As a test for possible contributions of a hom
geneous reaction, CuMgAl-51 was suspended in H2O2 at
338 K for 30 min. The solid was then separated and the
trate tested for phenol hydroxylation with a substrate/oxid
ratio of 2:1. A conversion of only ca. 3–4% with selecti
formation of catechol was measured after 2 h of react
This conversion is much smaller than that observed in
presence of the solid catalyst (23.5% with a CAT/HQ ra-
tio of 1.4), suggesting that contributions of homogene
reactions catalyzed by leached metal ions were essen
absent. Variations in the substrate/oxidant molar ratios i
cated that the conversion increased with a decrease in
ratio, the values of which are summarized inTable 4. A con-
tinuous increase in the selectivity of H2O2 was noted with
an increase in the substrate/oxidant mole ratio of up to
whereas a further increase in this ratio decreased its s
tivity. It is commonly noted, even for the systems stud
earlier by us, that at high concentrations of H2O2 the con-
tribution of undesired consecutive reactions may domin
thereby reducing the overall selectivity for the desired pr
ucts[8,10]. In addition, a selectivity for catechol was not
at higher H2O2 concentration, suggesting a varied kine
dependence of H2O2 concentration on the nature of dih
droxybenzene formed. The reusability of the catalysts
checked and it was found that the activity dropped with cy
time. For instance, CuMgAl-51 showed 23.5% convers
with a CAT/HQ ratio of 1.4 in the first run in 2 h, 16% i
the second cycle, 9% in the third, and 5% in the fourth, w
selective formation of catechol, however, in 24 h for all s
sequent cycles. Between the cycles, the catalyst was filt
and washed thoroughly with water, dried, and re-used (c
lyst weight loss due to handling was taken into considera
while fixing the reaction variables). The drop in the act
ity was attributed to loss in the crystallinity of the samp
upon reaction, as indicated by PXRD. We had made suc
observation earlier for CoNiAl ternary systems for the h
droxylation of phenol[8].

To test the catalytic performance for the hydroxylat
of phenol of mixed-metal oxides derived from HT-like pr
cursors, some of these materials were calcined at diffe
temperatures (423, 673, 873, and 1073 K) for 6 h and
screened for hydroxylation of phenol (Table 5). The calci-
nation temperatures were chosen based on TG results
to cover different stages of thermal decompositions. In
case of CuMgAl-51, no significant change in the conv
sion was noted, regardless of the calcination tempera
whereas in the case of CuMgAl-11 a subtle increase in
conversion was observed with increasing temperature.

could possibly be caused by a better dispersion of CuO in
the magnesium oxide matrix in the case of the latter mater-
ial, whereas agglomeration is more prominent in the case of
atalysis 231 (2005) 381–392
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Table 4
Effect of the substrate:oxidant molar ratio (Sub/Oxi) for phenol hydroxy-
lation over CuMgAl ternary hydrotalcitesa

Catalyst Sub/
Oxi

Conv.
(%)

Product distribution (wt%) H2O2

selec.b (%)CAT HQ CAT/HQ

CuMgAl-51 10:1 1.8 1.8 0 – 18.0
5:1 6.1 5.1 1.0 5.1 30.5
3:1 9.7 6.7 3.0 2.2 29.1
2:1 23.5 13.7 9.8 1.4 47.0
1:1 37.1 33.7 3.4 9.8 37.1
1:2 55.7 51.5 4.2 12.2 27.8

CuMgAl-31 10:1 2.9 2.9 0 – 29.0
5:1 4.3 4.3 0 – 21.5
3:1 11.3 8.0 3.3 2.4 33.9
2:1 24.7 16.5 8.2 2.0 49.4
1:1 43.9 31.2 12.7 2.5 43.9
1:2 59.5 48.2 11.3 4.3 29.8

CuMgAl-11 10:1 2.1 2.1 0 – 21.0
5:1 7.1 5.2 1.9 2.7 35.5
3:1 12.4 7.0 5.4 1.3 37.2
2:1 22.0 13.5 8.5 1.6 44.0
1:1 38.2 30.0 8.2 3.7 38.2
1:2 65.0 50.2 14.8 3.4 32.5

a Reaction conditions: phenol, 1.0 g; catalyst, 10 mg; solvent, w
(10 ml); temperature, 338 K; time, 2 h.

b Selectivity of H2O2 calculated on the basis of dihydroxybenzen
formed.

Table 5
Influence of calcination temperature on phenol hydroxylation over CuM
catalystsa

Catalyst Calcination
temp. (K)

Conv.
(%)

Product distribution (wt%) H2O2

selec.b (%)CAT HQ CAT/HQ

CuMgAl-51 423 16.2 12.2 4.0 3.1 32.4
673 17.9 13.7 4.2 3.3 35.8
873 16.3 12.1 4.2 2.9 32.6

1073 18.6 13.0 5.6 2.3 37.2

CuMgAl-31 423 18.5 14.9 3.6 4.1 37.0
673 20.9 14.4 6.5 2.2 41.8
873 20.5 14.3 6.2 2.3 41.0

1073 18.6 13.0 5.6 2.3 37.2

CuMgAl-11 423 15.2 9.3 5.9 1.6 30.4
673 18.2 14.2 4.0 3.6 36.4
873 19.7 12.1 7.6 1.6 39.4

1073 19.0 11.0 8.0 1.4 38.0

a Reaction conditions as inTable 2.
b Selectivity of H2O2 calculated on the basis of dihydroxybenzen

formed.

the former. This is in accordance with the in situ PXRD
sults (Fig. 4) mentioned earlier, which showed that the cr
tallinity of the CuO was better for CuMgAl-51 as compar
with CuMgAl-11. Furthermore, a difference in the CAT/HQ
ratio was also detected for these two calcined catalysts,
gesting that the CuO dispersion is influencing the cours
the reaction[26]. However, it should be noted here that t

activity of calcined catalysts was less than that of their cor-
responding uncalcined forms, regardless of the calcination
temperature.
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Table 6
Specific surface areas and pore parameters of CuMgAl ternary hydrota

Catalyst Surface area
(m2 g−1)

Pore volumea

(cm3 g−1)
Average pore
sizea (Å)

CuMgAl-51 62 0.50 260
CuMgAl-31 74 0.51 220
CuMgAl-11 114 0.72 180
CuMgAl-13 125 0.91 200
CuMgAl-15 130 0.90 200

a Calculated based on desorption branch of isotherm.

Fig. 8. N2 adsorption isotherms at 77 K of (a) CuMgAl-51; (b) CuMgAl-1
and (c) CuMgAl-15 (isotherms (b) and (c) are displaced vertically for c
ity). Inset: Pore size distribution (BJH, desorption branch of isotherm).

3.3. Structure–activity correlations

From these discussions it is quite clear that copper is
deed an essential component in the catalyst, without w
the phenol hydroxylation is not catalyzed. It is interesting
discuss the reasons for the dependence of the phenol hy
ylation on the copper concentration in the CuMgAl tern
HT-like lattice. The results discussed above demonstrate
catalysts containing low concentrations of copper, suc
CuMgAl-15, exhibit the highest specific activities of co
per, suggesting that isolated copper centers possess the
est intrinsic activity. Moreover, the ternary catalysts deve
increasing BET surface areas as the magnesium conte
creases. Surface areas are summarized inTable 6. Dinitrogen
adsorption isotherms at 77 K for CuMgAl-51, CuMgAl-1
and CuMgAl-11 are shown inFig. 8. They show the type I
pattern of the IUPAC classification[27] with a rather smal
hysteresis loop (type B), the area of which increases w
increasing magnesium content. The loops close at a
tive pressure of 0.7–0.8 for all three samples, indicatin
similar pore architecture of largely mesoporous dimensio
In other words, the interlayer space is inaccessible for
trogen molecules. These results are further corroborate
the pore size distribution of these samples, shown as a

set inFig. 8. In general, pore formation in hydrotalcites is
through interparticle packing, and the distribution of pores is
influenced by the crystallite size and packing arrangement of
atalysis 231 (2005) 381–392 389
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crystallites[2]. A relatively narrow distribution of pores wa
observed for CuMgAl-15, whereas a broader distribution
pores prevails for CuMgAl-51. This is indeed reflected
the BJH pore diameter of these samples (computed from
desorption branch of the isotherm). The former had an
erage pore diameter (derived from the desorption branc
the isotherm) of 200 Å, and the latter showed 260 Å, a
with the specific surface area of the former was twice
of the latter. This could possibly be due to the better orde
ness of crystallites, as indicated by PXRD for CuMgAl-1
The total pore volume, specific surface area, and the are
the hysteresis loop increases with an increase in magne
content. These changes probably originate from morpho
ical differences in the crystallites arising with a change
magnesium concentration. In anticipation of finding su
differences, scanning electron microscopy was carried
for some of these samples; the results are shown inFig. 9. At
first glance the micrographs would indicate that all samp
consist of platelets; however, overlapping of such plate
occurs, thereby exhibiting a kind of spongy morpholo
However, a closer look at the micrographs clearly shows
the extent of agglomeration decreased with increasing m
nesium concentration. In other words, for sample CuMg
51, platelet agglomeration occurs strongly in forming su
spongy particles 3–15 µm in diameter, whereas CuMg
15 consists of particles of 1–3 µm. This is presumably
accordance with pore size distribution results wherein c
tributions of larger pores were formed in greater numb
through interparticles for CuMgAl-51. In other words, t
prevalence of an ordered lattice at higher magnesium
centration (smaller particle size), coupled with the lar
surface area, offers higher dispersion of copper and h
exhibits higher intrinsic activity. It has generally been o
served that the electronic properties of the metal ions cha
subtly with changes in their dispersion[28]. In anticipation
of such behavior, UV–vis spectra of these samples were m
sured; these are shown inFig. 10. All samples showed rathe
similar spectra exhibiting two bands in the region near
and 250 nm. The first band is generally ascribed to d–d t
sitions, and the second band is attributed to charge tran
transitions (CT). A continuous drop in the integral intensit
of both bands is in accordance with the decrease in the
centration of copper. Subtle differences are noted in the p
positions for both transitions with changing Cu/Mg atomic
composition. A progressive shift to lower wavelengths w
noted for the d–d transition with increasing concentrat
of copper, which is inferred to suggest a decrease in dis
sion. This is in accordance with the results of Marion et
[29], who studied the variation in spectral features with
variation of the copper content and aging in a methane
reaction mixture over Cu/Al2O3 catalysts. The peak aroun
250 nm could be specifically attributed to an O2− → Cu2+
charge transfer transition. The energy of the transition

pends on the symmetry, oxidation state of the metal ion, and
the nature of the ligand or of the other metal atom[30]. In
general, the energy of the CT band increases with the optical
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Fig. 9. Scanning electron micrographs of (a) CuMgAl-51; (b) CuMgAl-11;
and (c) CuMgAl-15.

Fig. 10. UV–vis diffuse reflectance (SKM function) spectra of (a) CuMg-

electronegativity difference between metal and ligand[31]:

νCT = 30,000
(
χopt(L) − χopt(M)

)
cm−1

for ligand-to-metal charge transfer (LMCT), whereχopt (L)
andχopt (M) are the optical electronegativities of the don
and acceptor orbitals on the ligand and metal, respecti
In our series of catalysts, a continuous increase in the e
gies of the charge transfer transition was noted (CuMg
51 = 39,370 cm−1; CuMgAl-15 = 41,720 cm−1) with an
increase in magnesium concentration. Based on the e
tion given above, the optical electronegativity of the me
ion decreases with an increase in magnesium concentra
Here it is assumed that there is a negligible change in the
ture of the ligand (namely oxygen in the form of OH) and
coordination in the HT-like lattice. In other words, the ea
of oxidation of Cu2+ increases with a decrease in its co
centration in the CuMgAl HT-like lattice and hence sho
higher intrinsic activity.

These results are further corroborated by cyclic tem
ature-programmed reduction–reoxidation (TPRO) meas
ments. Data for selected samples are shown inFig. 11. It
must be admitted that these experiments were performe
catalyst samples after/during heating (i.e., after the des
tion of the layered structure), whereas catalysis was d
with uncalcined layered materials. The analysis of the re
behavior of these materials, however, may add to the un
standing of the properties of these materials. Tempera
programmed reduction and reoxidation were done in a cy
form, in which the uncalcined hydrotalcite was subjected
reduction during heating in the first step, and the resulting
duced matrix was then subjected to reoxidation. During
second cycle, the oxidized form, present as a mixed-m
oxide, was subjected to reduction (at this stage there
no prevalence of a HT-like phase), and the reduced spe
was subjected to reoxidation. Due care was taken to hav
characteristicK number around 100, well within the rang
suggested by Monti and Baiker, whereK is given by the
formula K = n0/FCo, wheren0 is the initial amount of
reducible species in µmoles,F is the flow rate of the re
ducing gas mixture in cc s−1, andCo is the concentration o
reductant in µmol cc−1. In the first reduction profile, a two
stage reduction occurs at around 560 and 600 K; howe
the intensity of the former peak decreases with a decr
in copper concentration (Fig. 11A). This peak may be as
signed to reduction of CuO formed through dehydroxylat
of a HT-like network to Cu0 [32]. In addition, there were
high temperature peaks of low intensity for the sample w
low copper concentration, the intensity of which increa
with a decrease in copper content. This could tentativel
explained by in situ generation of some nonstoichiome
CuO (which may also be present as nonstoichiometric sp
solid solution), which reduced at a relatively higher temp
ature. Such a formation may be favorable when coppe
Al-51; (b) CuMgAl-31; (c) CuMgAl-11; (d) CuMgAl-13; and (e) CuMg-
Al-15 (top a and bottom e); inset: ordinate expanded region of d–d transi-
tion.
present in a well-dispersed form. Reoxidation of this sample
in oxygen revealed a similar two-stage reoxidation profile
(Fig. 11B); however, the temperature of reoxidation shifted
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Fig. 11. Temperature-programmed reduction–reoxidation traces of (a) CuMgAl-51; (b) CuMgAl-11; and (c) CuMgAl-15. The samples were first reduced
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(Cycle 1—TPR; graph A), then oxidized (Cycle 1—TPO; graph B) an
then re-oxidized (Cycle 2—TPO; graph D).

to lower temperatures with a decrease in copper content,
gesting better oxidizability for the sample with a low copp
concentration. The second cycle of this sample showe
single peak reduction pattern with no high temperature
tures for any of the samples (Fig. 11C). The temperature o
reduction,T R (here again CuO to Cu), shifted to lower tem
peratures with decreasing copper concentration. The c
oxidation showed a reoxidation profile similar to that
the first cycle (Fig. 11D). In conclusion, the cyclic TPRO
measurements provide clues for the better redox beha
(as inferred fromT R) for the sample with low concentra
tion of copper, and, hence, better intrinsic catalytic activ
is inferred. These results are further complemented by X
photoelectron spectroscopy (XPS). Cu 2p XP spectra
some of the samples are shown inFig. 12. The presence o
shake-up satellite features for both Cu 2p3/2 and Cu 2p1/2 in-
dicated that copper is predominantly present on the sur
as Cu2+. In addition, a decrease in the intensity was no
with decreasing copper concentration. The surface comp
tional analysis (Table 7) showed an enrichment of aluminu
in accordance with the results of Corma and co-work
[33], with a surface (Cu+ Mg)/Al ratio much lower than
that in the bulk (a value close to 1.0 was noted for surf
(Cu + Mg)/Al for these samples, whereas the bulk va
was 3.0). Enrichment in magnesium was also noted; h
ever, it depended on its bulk concentration. A closer lo
at the spectra would suggest a shift in the binding ene

Eb to lower values with an increase in magnesium concen-
tration (CuMgAl-51: 933.4 eV; CuMgAl-15: 932.6 eV). The
lower binding energy for CuMgAl-15 may suggest easier ox-
oxidized sample is then re-reduced (Cycle 2—TPR; graph C) and the

-

Fig. 12. Cu 2p X-ray photoelectron spectra of (a) CuMgAl-51; (b) CuM
Al-11; and (c) CuMgAl-15.

Table 7
XP spectral parameters of CuMgAl ternary hydrotalcites

Sample Eb(Cu 2p3/2)
(eV)

(Cu+Mg)/Al
atomic ratioa

Cu/Mg
atomic ratioa

Is/Im

CuMgAl-51 935.2, 933.4 0.99 2.49 0.38
CuMgAl-31 933.9 1.05 1.63 0.49
CuMgAl-11 933.2 1.02 0.59 0.37
CuMgAl-13 932.8 1.00 0.20 0.13
CuMgAl-15 932.6 0.86 0.14 0.13

a On surface.

idizability. Furthermore, the ratios of satellite to main pea

(Is/Im) were calculated for these samples; these are summa-
rized inTable 7. They showed a progressive decrease with an
increase in magnesium concentration, suggesting a varying
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charge density of copper atoms, although they are pre
in a similar HT-like lattice. The lower value ofIs/Im for
CuMgAl-15 may suggest a facile reducibility of Cu2+. It is
inferred that the facile redox behavior of this sample fac
tates the oxidation reaction and in turn exhibits high intrin
activity.

4. Conclusions

CuMgAl ternary hydrotalcites with different Cu/Mg
atomic compositions were successfully synthesized in
entire composition range studied (from 5.0 to 0.2) with
co-crystallization of any impurity phases. The orderlin
of the HT-like lattice and the thermal stability of these m
terials increased with increasing magnesium concentra
Activity for selective hydroxylation of phenol with H2O2
as oxidant and H2O as solvent increased with increasi
copper concentration, whereas normalized activity show
reverse trend. A mixed trend in the activity was noted w
the variation in the substrate/catalyst ratio. Compariso
the activity of as-synthesized hydrotalcites with their cor
sponding calcined forms indicated that the former are m
active than the latter. A variation in the activity trend w
noted when compared among the calcined samples, w
was due to varied phase compositions (influenced by
Cu/Mg atomic ratio, as indicated by in situ PXRD). Th
better intrinsic activity for the sample with a lower copp
content is caused by better dispersion of the active meta
here Cu2+, and its facile redox behavior, as indicated by2
adsorption measurements, cyclic TPRO, SEM, and spe
scopic measurements.
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