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We performed thermogravimetric analysis (TGA), X-ray diffrac-
tion (XRD), BET areas, and FT-IR spectroscopy to characterize
copper–aluminium mixed-oxide samples with Cu/Al ratios between
0.5 and 3.0. The thermal stability, crystallinity, and purity of the
materials depended on the Cu/Al atomic ratio. The FT-IR and TG
detected carbonate (mainly) and nitrate as counteranions which in-
teract in the interlayer region. We found loosely bound carbonate
and nitrate anions and one strongly bound type of carbonate. We
used dynamic XRD experiments to study the evolution of phases
during calcination. All the samples after calcination showed well-
dispersed CuO and/or CuAl2O4 phases. We also tested their cata-
lytic behaviour for the oxidation of 5 g/l phenol aqueous solutions
using a triphasic tubular reactor working in a trickle-bed regime
and air with an oxygen partial pressure of 0.9 MPa at a tempera-
ture reaction of 413 K. Phenol conversion decreased continuously
over time for the samples calcined at lower temperatures (673 K).
This is because of continuous loss of the CuO phase by elution and
the formation of a new phase like copper oxalate on the surface of
the copper catalysts which also elutes with time XRD shows that
samples calcined at higher temperatures (1073 K) and after HCl
treatment (0.1 M) to avoid the CuO phase, have a pure copper alu-
minate phase. This CuAl2O4 phase reaches steady activity plateaus
in the 55–65% range of phenol conversion. The triphasic tubular
reactor using trickle-bed regime largely avoids polymer formation
as a catalyst-deactivation process. c© 1999 Academic Press

Key Words: copper hydrotalcite-like compounds; copper alumi-
nate; phenol oxidation.

2+
INTRODUCTION

Hydrotalcite-like materials (HT) belonging to the class
of anionic clays have a brucite-like Mg(OH)2 network in
which an isomorphous substitution of Mg2+ by a trivalent
element M3+ occurs. The structure of the hydrotalcite is
very similar to that of brucite. In brucite, each magnesium
cation is octahedrally surrounded by hydroxyls. The result-
ing octahedron shares edges to form infinite sheets having
no net charge.
1 To whom correspondence should be addressed.
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When Mg ions are replaced by a trivalent ion (which,
like Al3+, does not have too different a radius), a posi-
tive charge is generated in the brucite sheet. The positively
charged Mg–Al double hydroxide sheets (or layers) are
charge-balanced by the carbonate anions residing in the
interlayer sections of the clay structure. In the free space of
this interlayer the water of crystallization also finds a place
(1–5). The hydrotalcite-like compounds are generally de-
scribed by the empirical formula[

(M2+)n(M3+)m(OH)2(n+m)
]m+[

(Ax−)m/x · yH2O
]
,

where M2+ and M3+ are metal cations, A represents the
x-valent anion needed to compensate the net positive
charge, x is the charge of the anion, the m/(m+ n) ratio
may vary from 0.17 to 0.33 depending on the particular
combination of di- and trivalent elements, and y is the
number of interlayer water molecules. The hydrotalcite
and hydrotalcite-like structure is schematically represented
in Fig. 1.

Anionic clays based on HT have many practical appli-
cations, such as catalysts, catalyst supports, ion exchangers,
stabilisers, and adsorbents, mainly because of their variable
chemical compositions and recently, they have been among
the most widely investigated catalyst precursors because
of the remarkable properties of the final catalysts. These
include a large surface area, basic properties, high metal
dispersion, and stability against sintering even under ex-
treme conditions (6–15). Furthermore, all the divalent met-
als from Mg2+ to Mn2+ form hydrotalcite-like compounds,
except Cu2+, which forms HT only when other bivalent
cations such as Zn, Cr, Co, Mg, and Mn are present (13–15).

An amorphous CuAl-HT can be prepared by decompos-
ing a copper ammoniacal complex on γ -Al2O3 (16). Reichle
and co-workers (17–18) report the formation of CuAlCO3-
HT when the gel obtained by using aqueous solutions of
bicarbonate as a precipitant is crystallized at relatively high
temperatures.

CuAl-HT are always mixed with other phases, such as
malachite or gerhardtite, due to the Jahn–Teller effect of
the Cu2+ ion (17–22).
1
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FIG. 1. Schematic presentation of (A) hyd

Yamaoka et al. (19) noticed that Na2Al2(CO3)2× 2.9H2O
mixed with HT is obtained when Na2CO3 is used as a pre-
cipitant. Calcination of the latter leads to NaAlO2, which
competes with the formation of CuAl2O4.

Moreover, supported metal oxide catalysts are widely
used in oxidation processes. The oxidation of dilute aque-
ous solutions for organic pollutants using air or oxygen over
a solid catalyst is a useful and inexpensive process in which
the organic compounds are oxidised to carbon dioxide and
water (23–29). Batch and semibatch approaches have pre-
viously been studied (23–26).

It has been reported recently (27–30) that continuous
processes in a three-phase reactor in a trickle-bed regime
are suitable in much milder conditions for the catalytic
treatment of aqueous solutions with pollutant loading.
However, the catalyst that has been used until now, for large
run-times (e.g., more than 10 days), suffers a serious loss in
activity and deactivation due to the strong oxidation con-
ditions of the processes and the solubilisation of the active
phases (27, 30).

Mixed oxides crystallizing in the spinel form are potential
catalysts for the oxidation of phenol in aqueous solutions
due to their stability at these reaction conditions (30). The
activity of these catalysts can be related to the BET area
of the spinel form (31). This paper studies the catalytic be-
haviour of several copper–aluminium mixed-oxide samples
with high BET areas, using copper hydrotalcite-like phases
as precursors for the oxidation of 5 g/l phenol aqueous so-
asic tubular reactor working in a trickle-
lso study the nature and characteristics of
rotalcite-like compounds and the chemi-
rotalcite and (B) hydrotalcite-like materials.

cal changes which take place before the spinel phases are
formed.

EXPERIMENTAL

Sample Preparation

Four samples of copper–aluminium hydrotalcite-like
compounds were synthesized with Cu/Al ratios of 0.5,
1.0, 2.0, and 3.0. They were obtained by coprecipitation
from two aqueous solutions at constant pH between 8 and
8.5± 0.2. One of them contained appropriate amounts of
Cu(NO3)2× 6H2O and Al(NO3)3× 9H2O (e.g., 0.2 mol/
0.4 mol, 0.2 mol/0.2 mol, 0.2 mol/0.1 mol, and 0.3 mol/
0.1 mol of Cu(NO3)2× 6H2O and Al(NO3)3× 9H2O, re-
spectively, dissolved in 400 cm3 of water) and the other an
aqueous solution containing triethylamine (1 M). The two
solutions were mixed in a glass reaction vessel (volume
3000 cm3) initially containing deionised water (200 cm3).
The addition was completed in 3 h under vigorous stirring.
During the coprecipitation process, a constant flow of CO2

was bubbled through the glass reaction vessel. This led
to the formation of the carbonate anions in the interlayer
region of the solids.

The aqueous solution of triethylamine was used as pre-
cipitant rather than ammonia or a sodium base to prevent
the formation of the copper–ammonia complex and sodium
compounds, respectively. The precipitated gel was aged for
30 min, kept at 313 K. It was then filtered, washed several

times with warm distilled water, and then dried in a vac-
uum at room temperature for 48 h. The calcination process
between 393 and 1273 K was performed with a heating rate
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of 1 K/min in air and the final calcination temperature was
maintained for 16 h.

The copper–aluminium samples obtained in this way are
written as HTN and their calcined samples are labelled
HTN(K), where N is the Cu/Al atomic ratio and K the cal-
cination temperature in degrees K. For example, copper–
aluminium hydrotalcite with a Cu/Al atomic ratio of 0.5
will be written as HT 0.5 and the corresponding calcined
sample at 393 K, as HT 0.5(393). The Cu/Al contents in the
coprecipitates were determined using a JEOL 2000FXII
equipped with a LINK probe for EDS analysis and atomic
absorption spectroscopy (Hitachi Z-8200).

BET Areas

BET surface areas were calculated from the nitrogen ad-
sorption isotherms at 77 K with a Micromeritics ASAP 2000
surface analyser and a value of 0.164 nm2 for the cross-
section of the nitrogen molecule. The same equipment au-
tomatically calculates the pore distribution.

X-Ray Diffraction

Powder X-ray diffraction (XRD) patterns of the catalysts
were obtained with a Siemens D5000 diffractometer by
nickel-filtered Cu Kα radiation. The structural evolution
during thermal treatment in air was monitored in situ
with a high temperature XRD attachment. These thermal
treatments were performed under flowing air (100 ml/min)
from room temperature rising to 1273 K with conditions
of sequential temperature increase (2 K/min) and temper-
ature holding time (1 h) before each measurement. The
patterns were recorded over a range of 2θ angles from 5◦ to
85◦ and compared to the X-ray powder references to con-
firm phase identities. The patterns of the detected phases
were: Cu2(OH)3NO3 gerhardtite (JCPDS-ICDD 14-687),
Cu2(CO3)(OH)2 malachite (JCPDS-ICDD 41-1390),
Cu6Al2(OH)16 CO3× 4H2O (JCPDS-ICDD 37-630)], CuO
tenorite (JCPDS-ICDD 41-254), CuAl2O4 (JCPDS-ICDD
33-448), Al(OH)3 gibbsite (JCPDS-ICDD 7-0324), hydrat-
ed aluminium oxide boehmite (JCPDS-ICDD 21-1307),
and copper oxalate hydrate moolooite (JCPDS-ICDD 21-
0297).

FT-IR Spectroscopy

The FT-IR spectra were recorded on a Nicolet 5ZDX
Spectrometer in the 4000–400 cm−1 wavenumber range us-
ing pressed KBr pellets. The quartz cell with KBr windows
was connected to a vacuum line (10−3–10−6 Torr) for ther-
mal treatment in a controlled atmosphere.

Thermal Analysis
Thermogravimetric analyses (TGA) was carried out on
a Perkin–Elmer TGA 7 microbalance with an accuracy of
1 µg and equipped with a 272–1273 K programmable tem-
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FIG. 2. Experimental setup for catalytic oxidation studies.

perature furnace. Samples of 25 mg were heated at 5 K/min
up to 1173 K in a flow of dry helium (80 ml/min). The na-
ture of the gases evolved during the thermal decomposition
process was monitored with a QTMD FISONS mass spec-
trometer.

Catalytic Measurements

The experimental setup (see Fig. 2) consisted of a stirred,
1-l tank connected to a high-pressure metering pump that
works in a flow-rate range of 10–150 ml/h. This pump feeds
a triphasic tubular reactor (1.1 cm internal diameter and
20 cm long) operating in a trickle-bed regime and heated
by an oven equipped with a temperature control system.
The reactor was filled with the catalysts, which had been
previously ground and sieved in the range of 25–50 mesh.

The air was directly fed in from a regulated gas cylinder
after reaching the desired value. The products of the reac-
tion were rapidly cooled before the liquid and gas phases
were separated into two vessels, the smallest of which was
used for liquid sampling. The gases were measured with a
flow-meter that also worked as a gas flow controller. Both
the feed and the different reaction products were analysed
by high-performance liquid chromatography (Beckman
System Gold, HPLC) to determine the phenol conver-
sion and product distribution, using-Spherisorb ODS2
(25× 0.4 cm) as a stationary phase and a mixture of 35%
methanol (HPLC quality) and 65% of bidistilled water at
pH 2.5 with H2SO4 as a mobile phase. A UV spectropho-
tometer at λ= 219 and 254 nm was used as a detector. The
weight percentage of total carbon difference between the
feed and the sum of the reaction organic products, deter-

mined by HPLC, was assumed to be the CO2 released by the
reaction (27, 29–31). To evaluate the error of this assump-
tion, the expected COD (chemical oxygen demand from
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TABLE 1

Specific Surface Area and Average Pore Diameter (APD) for the Samples Calcined at Different Temperatures

HT 0.5 HT 1.0 HT 2.0 HT 3.0

Calcination BET area APD BET area APD BET area APD BET area APD
temperatures (K) (m2/g) (Å) (m2/g) (Å) (m2/g) (Å) (m2/g) (Å)

393 181 127 97 155 77 137 47 117
473 161 117 108 135 74 127 64 98
673 217 138 98 156 70 158 57 118
873 190 153 92 169 65 159 57 117

923 150 170 83 175 60 166 53 110
1073 53 247 22
1273 2 — 2

total organic matter) values from the HPLC results (feed
and total reaction organic products) were compared with
the experimental COD values determined by the standard
method of Cr2O−2

7 /Cr+3 reduction and UV-visible spec-
troscopy determination of Cr3+. The amount of carbon
dioxide was also calculated (for one test), by determining
the barium carbonate produced when the gas-outlet stream
was continuously bubbled into a saturated barium hydrox-
ide solution (26). The deviations with this method were
always less than 4%.

The reaction conditions were: reaction temperature
413 K, gas flow-rate 2.3 ml/s, liquid flow-rate 35.4 ml/h work-
ing at 0.41 h of inverse WHSV (weight hourly space veloc-
ity), the partial oxygen pressure was maintained at 0.9 MPa,
the particle diameter of the catalysts was 25–50 mesh, and
14.52 g of the catalyst was loaded into the reactor. The stan-
dard tests of diffusional limitations through the catalysts
proved the absence of limitations by external and internal
mass transfers. For this purpose, several experiments were
performed in which the weight of the catalyst was between
5 and 20 g and the particle diameter was in the range of 25–
110 mesh, while the residence time (0.41 h) was maintained.

RESULTS AND DISCUSSION

BET Areas
le 1 shows the results of the BET and porosimetry
inations
e pore di

are very similar and give the Cu/Al atomic ratios 0.49 (HT
T 3.0), which

al formulae of

that include the BET surface areas and the
ameters (Å) for the samples calcined a dif-

TABLE 2

Compositions of the Samples, c Parameters, and Intensity Variations for the [003] Reflection

Sample Composition c (Å) Intensity (Cps)

HT 0.5 Cu0.33 Al0.67 (OH)2.283 (NO3)0.067 (CO3)0.161× 1.88 H2O 23.065 120

0.5), 1.01(HT 1.0), 1.95 (HT 2.0), and 2.97 (H
agree with the expected values. The structur
HT 1.0 Cu0.50 Al0.50 (OH)2.14 (NO3)0.05 (CO3)0

HT 2.0 Cu0.66 Al0.34 (OH)1.966 (NO3)0.027 (CO3

HT 3.0 Cu0.748 Al0.252 (OH)2.02 (NO3)0.01 (CO3
177 35 133 22 102
— 2 — 2 —

ferent temperatures between 393 and 1273 K. The composi-
tion of the sample and the calcination temperatures have a
strong influence on the surface areas. When both the copper
concentration of the sample and the calcination tempera-
tures increase, the BET area values decrease.

The samples calcined between 393 and 873 K have the
largest surface areas, which corresponds with the disappear-
ance of the HT XRD pattern (12) (see below in XRD).
There is a strong decrease in BET area when the samples
are calcined at 1273 K. Sample HT 0.5, which shows the
presence of gibbsite phase at room temperature, always has
the largest surface area at any calcination temperature. The
formation of this alumina hydrate phase (gibbsite), instead
of the pure hydrotalcite phase, during the coprecipitation
process, may be attributed to their lower divalent/trivalent
ratio (5).

X-Ray Diffraction of the Samples before Reaction

Figure 3 shows the X-ray powder patterns of the samples
at room temperature, while Table 2 shows the c parame-
ters, the structural formulae, and the variation of intensity
for the (003) reflection of the samples. The c parameter
of the copper hydrotalcite-like materials has been calcu-
lated from the (003) reflection. The Cu/Al atomic ratios of
the solids were determided by EDS and atomic absorption
spectroscopy. The results obtained from these techniques
.154× 1.29 H2O 22.982 115
)0.173× 0.78 H2O 22.848 230
)0.11× 0.58 H2O 22.856 310
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T 2.0 (c), and HT 3.0 (d) samples. Symbols indicate the presence of copper

C

FIG. 3. X-ray diffractograms of noncalcined HT 0.5 (a), HT 1.0 (b), H
hydrotalcite (.), malachite (j), gerhardtite (s), and gibbsite phases (d)
[012], [015], and [018] for the HT 3.0 (d) sample according to the JCPDS-I

the solids were accomplished with thermogravimetric and
mass spectra results (see Table 2).

Although a flow of CO2 was bubbling through the solu-
tion during the synthesis of the materials, the coprecipitates
contain both nitrate and carbonate as charge-compensating
anions.

The following phases were detected: for sample HT 0.5,
copper hydrotalcite, malachite, and gibbsite (all these
phases had poor crystallinity); for HT 1.0, copper hydro-
talcite; for HT 2.0, copper hydrotalcite, malachite, and ger-
hardtite; and for HT 3.0, copper hydrotalcite and traces of
malachite. The most intense diffraction lines for the HT 3.0
sample have been indexed in increasing order of 2θ scale
as [003], [006], [012], [015], and [018] in Fig. 3 (according to
JCPDS-ICDD 37-630).

Figure 3 shows that essentially amorphous materials are
obtained mainly from samples HT 0.5 and HT 1.0. The
yield of copper hydrotalcite, which can be correlated with
the variations in intensity for the (003) reflection (see
Table 2), is higher when the copper content of the sample
increases. This agrees with the data reported in the litera-
ture that a divalent/trivalent molar ratio equal to or greater
than 2.0 is needed to prepare crystallographically pure
hydrotalcites (5).

We used Rietveld’s method (32) to calculate the amount
of hydrotalcite phase in the samples. The results are 10,
25, 55, and 85% for HT 0.5, HT 1.0, HT 2.0, and HT 3.0,
respectively. Consequently, the majority of the products
obtained from samples HT 0.5 and HT 1.0 were amor-

phous hydroxide–carbonates (probably also amorphous
hydrotalcite-like phases). The HT 1.0 sample is even more
poorly crystalline than the HT 0.5 sample. This is probably
. The most intense lines of hydrotalcite have been indexed as [003], [006],
DD 37-630.

due to the formation of a gibbsite phase detected by XRD
during the coprecipitation of the HT 0.5 sample. The ap-
pearance of this side phase (gibbsite) produces an increase
of the divalent/trivalent molar ratio for the remaining mate-
rial, which could promote the formation of more crystalline
copper hydrotalcite-like phase.

In all samples there was an increase in malachite and
gibbsite phases with a hydrothermal treatment (bubbling
CO2) at 333 K for 48 h (15, 33–35). The copper hydrotalcite
phase is therefore destroyed either partially (for HT 2.0
and HT 3.0) or totally (for HT 0.5 and HT 1.0). If the
hydrothermal treatment is performed without CO2, well-
crystallised gerhardtite and gibbsite phases are only de-
tected for the HT 0.5 and HT 1.0 samples, and the copper
hydrotalcite phase for the HT 2.0 and HT 3.0 samples is
also partially destroyed. Therefore, to obtain more cop-
per hydrotalcite phase, ageing processes that improve the
more stable phases such as malachite and gerhardtite must
be avoided. This behaviour is opposite to that of other
hydrotalcite-like compounds, perhaps because, due to the
Jahn–Teller effect in the Cu2+ ion, the copper hydrotalcite
phase is less stable.

To study the transition of copper oxide to copper alu-
minate phase more accurately, we performed several ex-
periments using a high temperature chamber (HTK Anton
Paar) attached to the X-ray diffractometer. These thermal
treatments were performed under flowing air (100 ml/min)
from room temperature rising to 1273 K with conditions
of sequential temperature increase (2 K/min) and temper-

ature holding time (1 h) before each measurement.

The phases detected on heating from 333 to 1273 K are
shown in Table 3.
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TABLE 3

Crystallite Sizes (Å) and Phases Detected by XRD for the Samples Calcined at Different Temperatures

Calcination
temperature (K) HT 0.5 HT 1.0 HT 2.0 HT 3.0

333 HT HT HT(154) HT(169)
Ma Ma Ma
Gi Ge

393 HT — HT(98) HT(101)
Ma Ma Ma
Gi Ge

473 — CuO(46) CuO(89) CuO(80)
Ma Ma

673 CuO(35) CuO(57) CuO(128) CuO(120)

873 CuO(45) CuO(190) CuO(203) CuO(198)

923 CuO(60) CuO(220) CuO(280) CuO(290)
CuAl2O4(60)

1073 CuO(45) CuO(258) CuO(332) CuO(350)
CuAl2O4(184) CuAl2O4(198)
1273 CuO(60) CuO(478) CuO(468) CuO(552)
2

r

CuAl2O4(513) CuAl

Note. HT, copper aluminium carbonate hydroxide hyd

The formation of metastable phases from copper hydro-
talcite during the calcination process was not detected. This
contrasts with the data reported for the Mg/Al hydrotalcite
phase (36).

Heating at temperatures above 473 K causes copper hy-
drotalcite, malachite, and gerhardtite phases to decompose.
On the other hand, Mg/Al/CO3-hydrotalcite phase is stable
at temperatures above 650 K (5).

When the HT 0.5–HT 3.0 samples are calcined between
473 and 673 K there is an incipient CuO phase, with
the smallest crystals at a lower Cu/Al ratio. An incipient
tenorite phase (CuO) is detected for sample HT 0.5 (which
has the lowest Cu/Al atomic ratio) at calcination temper-
atures above 473 K. Moreover, for this sample, which has
the same Cu/Al atomic ratio as the stoichiometric copper
aluminate, the mainly amorphous CuO phase turns into a
well-crystallised and nearly pure copper aluminate at lower
calcination temperatures (923 K).

Samples HT 2.0 and HT 3.0, which have the highest
Cu/Al atomic ratios, have a well-crystallised CuO phase at
temperatures above 473 K. The intensities of the character-
istic CuO diffraction lines increase between 473 and 873 K,
as the copper content increases. This CuO phase appears
together with the copper aluminate phase at higher calci-
nation temperatures (>923 K) (see Table 3).

The CuO and CuAl2O4 crystallite sizes (calculated from
the Sherrer equation) of the samples calcined at differ-
ent temperatures are also summarised in Table 3. CuO
2O4 particles were between 3.5 and 55 and 6
, respectively, at the different calcination tem-

tested. Table 3 shows that particles of CuO and
O4(532) CuAl2O4(491) CuAl2O4(484)

ate; Ma, malachite; Gi, gibbsite; Ge, gerhardtite.

CuAl2O4 are larger when both the Cu/Al atomic ratio and
the calcination temperature increase.

It should be noted that the copper aluminate begins to
form at a temperature below 923 K for sample HT 0.5, which
agrees with the literature (37, 38), while for sample HT 3.0,
which has the highest copper content, it begins to form at
about 1223 K.

However, when all samples were calcined at 950 K for
24 h a copper aluminate phase is formed, while for the dy-
namic XRD experiments a temperature of 1273 K is needed
for the HT 3.0 sample to obtain this copper aluminate phase
(see Table 3). The rate of formation of copper aluminate is
therefore strongly influenced by the amount of copper in
the sample, possibly because of the formation of copper alu-
minate by a solid-state reaction. Larger copper oxide parti-
cles (see Table 3) may impede the diffusion of the ions and
decrease the rate of formation of the spinel phase (39–41).

FT-IR Spectroscopy

Figure 4 shows the FT-IR spectra of the samples calcined
at different temperatures between 333 and 1273 K from
precursors HT 0.5 and HT 3.0.

The FT-IR spectra show a band at 3300–3800 cm−1 for
the samples calcined at lower temperatures, which may be
assigned to the stretching mode of hydrogen-bonded hy-
droxyl groups from the gibbsite and brucite-like layers and
from the interlayer water molecules. The breadth of the

band increases because it overlaps with a shoulder above
3000 cm−1 assigned to νOH of water molecules hydrogen-
bonded to carbonate ions in the interlamellar layer (5, 6,
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FIG. 4. IR spectra of samples HT 0.5 and HT 3.0, respectively, cal-
cined at different temperatures: (1) T= 333 K; (2) T= 473 K; (3) T= 673 K;
(4) T= 873 K; (5) T= 1073 K, and (6) T= 1273 K.

33, 34, 42, 43). Consequently, this band is much broader
when the samples contain a higher amount of carbonate. It
seems that the carbonate content increases when the Cu/Al
atomic ratio in the sample is higher (HT 1.0, HT 2.0, and
HT 3.0) than when they do not (HT 0.5), in agreement with
the chemical analysis (see Table 2). Also, the position of this
band shifts to the region of higher frequency when there is
more aluminum in the sample.

Also, the water deformation band is recorded around
1600 cm−1, which overlaps with a double band at about
1350–1500 cm−1 for samples HT 1.0 HT 2.0, and HT 3.0
but not for sample HT 0.5, when they are calcined at
lower temperatures. This double band could be assigned
to the carbonate and nitrate anions in the interlayer of the
hydrotalcite-like compounds (19) and possibly by the car-
bonate anions from the traces of malachite phase detected
in samples HT 2.0 and HT 3.0.

On the other hand, only a weak peak is detected around
1350–1390 cm−1 for HT 0.5 (which has the highest amount
of nitrate anions). This is also probably due to the nitrate
and carbonate anions (44).

It is well known that the three IR active absorption bands
from the carbonate anion are detected at 1350–1380 cm−1,
850–880 cm−1, and 670–690 cm−1.

Also, the ν3 vibration of the nitrate anion is detected

around 1376 cm−1 (44).

However, the double band detected at 1350–1500 cm−1

may be attributed either to a lower symmetry of the car-
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bonate and nitrate anions from D3h to C2v in the interlayer
or to the disordered nature of the interlayer (34, 35).

When the Cu/Al atomic ratios in the samples increase (in
parallel with the increase in hydrotalcite phase), the inten-
sity of this double band increases. These samples also have
more carbonate anions (see Table 2). This double band also
becomes much weaker when the calcination temperature
increases.

Calcination temperatures above 800 K are required to
remove this double band from the samples which have a
higher copper content.

Furthermore, the peak around 1500 cm−1 is more stable
at a higher temperature than the peak around 1380 cm−1.
We can conclude, therefore, that the rise in the Cu/Al atomic
ratio increases the amount of carbonate anions in the inter-
layer and leads to different types of carbonate sites which
have different interactions in the brucite-like layer.

Thermal Analysis

Figure 5 shows the TG diagrams for the four uncalcined
samples. There was a considerable weight loss (≈40%) be-
tween 400 and 600 K during the thermal decomposition of
the HT 0.5 sample and a small loss (≈2%) at about 730 K.
The weight loss between 400 and 600 K was also recorded
for the other samples but always showed lower weight losses
(≈25–33%). New weight losses were detected at higher
decomposition temperatures (800–1000 K) when the cop-
per contents in the sample increased (HT 1.0, HT 2.0, and
HT 3.0). The changes in weight for these samples at higher
temperatures are between 8 and 12%, and the total weight
loss during the calcination process was around 40% for the
four samples. However, there is a slight decrease in total
weight loss when the copper content in the sample increases.

The nature of the gases released during the thermal treat-
ment was monitored by mass spectrometry following the
masses 18,17 (H2O); 30,14 (NO); 30,46 (NO2); and 44,28
(CO2). Figure 6 shows the evolution of the species released
during the calcination process for the HT 0.5, HT 1.0, HT
2.0, and HT 3.0 noncalcined samples. The behaviour of a
pure malachite phase is also shown in Fig. 6e as a reference.

The main species detected by mass spectrometry during
the decomposition process were H2O, CO2, NO2, and NO
for all the samples. However, when the copper contents in-
crease there is more carbonate in the sample, in agreement
with Table 2.

A band of water is detected between 400 and 800 K
for the samples. The water loss at lower temperature
(380–500 K) is mainly due to the removal of weakly bonded
water, which is probably the hydration water located in the
interlayer space of the copper hydrotalcite phase. This pro-
cess is accompanied by the removal of traces of gases such as

CO2, NO2, and NO. These gases are probably produced by
the decomposition of weakly bonded carbonate and nitrate
anions, located at the end of the interlayer space (10).



318 ALEJANDRE ET AL.
FIG. 5. Weight decrease versus temperature for the thermal decomp

Furthermore, there was a second loss of water, which al-
ways overlapped with the first loss of water, between 500
and 700 K, depending on the copper content of the sample.
This second water loss is also accompanied by the removal
of NO, NO2, and CO2. The weight loss detected for samples
HT 1.0 and HT 3.0 between 800 and 1000 K is mainly due
to new CO2 emissions, and this agrees with the data in the
literature (45). The emission of CO2 at a higher tempera-
ture, observed for the copper hydrotalcite-like phase may
be explained by the fact that during the thermal decompo-
sition of the samples, there is some type of reaction with
the carbonate anions in the interlayer space to form some
sort of “oxycarbonates” (45). However, this cannot explain
the peak detected by FT-IR around 1500 cm−1 at room or
lower calcination temperatures for the samples with higher
Cu/Al atomic ratios.

The CO2 emission processes of the samples are proba-
bly better explained by two different types of carbonate
coordinations in the brucite-like layer. The carbonate an-
ion can behave as a monodentate or bidentate ligand in the
interlayer region (46).

The monodentate carbonate decomposes at a lower tem-
perature, whereas the bidentate carbonate is more stable at
higher temperatures. This mechanism explains the splitting
of the bands detected by FT-IR about 1350–1500 cm−1 for
the samples with higher copper contents.

We suggest, therefore, that this bidentate carbonate,

which decomposes at temperatures above 800 K, is prob-
ably responsible for the peak detected by FT-IR around
1500 cm−1.
osition of samples: HT 0.5 (a), HT 1.0 (b), HT 2.0 (c), and HT 3.0 (d).

Catalytic Activities

Noncalcined hydrotalcite-like samples show practically
no conversion for the catalytic oxidation of phenol in aque-
ous solutions under the conditions given in the experimen-
tal section. Figure 7 shows the conversion during a 30-day
run for the samples calcined at 673 K. As we can see, all
the catalysts, after the beginning of the reaction (first 40 h),
show a more or less constant decrease in phenol conversion
from 95 to 0% in ca. 20–30 days. Figure 8 shows the main
reaction products for the sample HT 0.5 calcined at 673 K,
without taking into account the CO2 obtained. The activ-
ity loss of the catalysts causes a constant decrease in the
amount of reaction products. These products are the fol-
lowing (in decreasing order of concentration): oxalic acid,
p-benzoquinone, formic acid, acetic acid, succinic acid, and
catechol. Traces of malonic, acrylic, and fumaric acids are
also obtained.

Therefore, the reaction products for all the catalysts are
CO2 (>70%), diphenols, quinones, and organic acids (ox-
alic, formic, acetic, succinic, etc.). Figure 9 shows a simplified
reaction pathway for the phenol oxidation reaction (26).

However, the conversion of the catalysts decreases with
run-time and conversion is null for runs up to 20–30 days.
In an attempt to explain this activity loss, we studied the
possibility of polymer formation using a trickle-bed regime
by solid 13C NMR and by both thermal decomposition and

combustion with a mass spectrometer detector (see Fig. 10).

It is known that polymers may form during the phenol
oxidation reaction by two different reactions which take
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l
FIG. 6. Thermal decomposition versus temperature performed in an u
HT 2.0 (c), HT 3.0 (d), and a malachite sample as reference (e).

place in the liquid phase: the addition of glyoxal to phe-
nol or the polymerization of glyoxal (C2 aldehyde) (26).
This homogeneous polymerization reaction markedly re-
duces the level of total phenol oxidation and deactivates
the catalyst.

The 13C NMR technique shows no signal between 0 and
300 ppm, even after a time interval of 50 h.

Figure 10B shows only a peak of carbonaceous origin at
the CO2 mass position when a used catalyst (HT 0.5 sample
calcined at 673 K during 5-day run) thermally decomposes

under helium flow. In theory, this peak may be caused by the
copper oxalate which was observed by XRD being formed
during the reaction process. After thermal decomposition,
trahigh vacuum mass spectrometer for the samples: HT 0.5 (a), HT 1.0 (b),

the same sample was submitted to an ulterior combustion
treatment under O2 flow and the baseline obtained from
the mass run between 2 and 200 mass units was flat (see
Fig. 10A). Figure 10C shows the mass-monitored thermal
decomposition vs temperature of a fresh HT 0.5 sample
calcined at 673 K. This had previously been treated with a
hot aqueous solution of oxalic acid for 24 h for the expected
formation of copper oxalate. This mass spectrum matches
with that obtained in Fig. 10B. Consequently, the results
from Fig. 10 confirm the absence of both polymers and coke

formations on the surface of the catalysts. This contrasts
with the data in the literature when other reactors were used
(24, 26), but agrees with runs conducted in a differentially



320

catalytic s
The ev

ent react
ALEJANDRE ET AL.
r
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operated fixed-bed reactor (47). This may be because of the
high solid-to-liquid phase ratio characteristic of a trickle-
bed regime, which prevents the formation of polymers (31).

Therefore, when a trickle-bed reactor is used, the activ-
ity loss detected for the copper hydrotalcite-like samples
calcined at 673 K cannot be explained by the formation
of polymers which might cause a poisoning effect on the
ites. tion of copper hydrotalcite-like phase was also detected).
, proba-
roduced
olution of the samples calcined at 673 K at differ-
ion times was observed by XRD. The results are

The layered structure is therefore recovered again
bly due to the run conditions (hot water and CO2 p
FIG. 8. Plot of the main products for the HT 0.5 sample calc
the samples HT 0.5–HT 3.0 calcined at 673 K.

shown in Table 4. Obviously, the crystal phases of the cata-
lysts change quite considerably before, during, and after
the reaction. Samples HT 0.5 and HT 1.0 show tenorite
(CuO) before reaction, tenorite, moolooite (CuC2O4×
nH2O), and boehmite (AlOOH) during the reaction, and
only boehmite after the reaction (20–30 days). Samples HT
2.0 and HT 3.0 behave in a similar way (where the forma-
ined at 673 K, without taking into account the CO2 obtained.
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FIG. 9. Simplified reaction pathway of the phenol oxidation reaction.

during the reaction). This reversible behaviour also agrees
with other results reported in the literature (8, 9, 48, 49).

Under the reaction condition, the CuO phase, obtained

by calcining the copper hydrotalcite-like phase at 673 K,
therefore disappears with time.

to a maximum value of around 70 ppm after ca. 24 h and then
the concentration of solubilised copper decreases slightly.
FIG. 10. Thermal decomposition mass spectra of carbon dioxide, at 44 m
flow; (A) after the latter thermal decomposition the same sample was subm
decomposition of the fresh catalyst previously treated with a hot aqueous so
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TABLE 4

XRD Characterisation of Copper Hydrotalcite-like
Samples Calcined at 673 K

XRD phases detected

After reaction
Sample Before reaction During reaction (null conversion)

HT 0.5(673) T M, T, B B
HT 1.0(673) T M, T, B B
HT 2.0(673) T HT, M, T, B B
HT 3.0(673) T HT, M, T, B B

Note. T, tenorite (CuO); M, moolooite (CuC2O4× nH2O); HT, copper
aluminium carbonate hydroxide hydrate; B, bohemite (AlOOH).

Figure 11 illustrates the Cu2+ concentration in the outlet
stream from the reactor throughout the activity test for sam-
ple HT 0.5 calcined at 673 and 1073 K. It shows that solubili-
sation of the copper oxide for sample HT 0.5(673) increases
ass atomic units: (B) spent catalyst HT 0.5 calcined at 673 K under helium
itted to an ulterior combustion treatment under O2 flow; and (C) thermal
lution of oxalic acid for 24 h for the expected formation of copper oxalate.
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FIG. 11. Cu2+ concentration profile during the reaction

The loss of copper is due to the effect of the hot acidic aque-
ous solution from the reaction process that may promote the
solubility of copper oxide. On the other hand, sample HT
0.5 calcined at 1073 K shows a loss of copper which is always
lower than 3 ppm. These effects are corroborated by XRD.

The rate of wet-air oxidation of a large number of or-
ganic compounds increases when homogeneous catalysis
is used (50–52). Copper salts are the most effective of ho-
eous catalysts. So, to take into account a possible
eneous
ction p

formed either by the reaction of the oxalic acid (produced
e surface of
alate (if we
catalysis due to the dissolved copper during
rocess, we performed several catalytic tests

during the reaction) with the copper oxide on th
the catalyst or by the precipitation of copper ox
FIG. 12. Evolution of the phenol conversion for
rocess for the HT 0.5 sample calcined at 673 and 1273 K.

with a concentration range of 10–70 ppm. The conversions
were always lower than 6% in the same reaction conditions
even with a copper concentration of 70 ppm. The conversion
is, therefore, mainly due to the heterogeneously catalysed
reaction.

Moreover, a new crystalline phase like copper oxalate
(moolooite, CuC2O4× nH2O) was formed during the
reaction (see Table 4). This copper oxalate phase may be
the samples HT 0.5–HT 3.0 calcined at 1073 K.
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FIG. 13. Plot of the main products for the HT 0.5 sample calc

assume that copper ions are obtained from the elution of
copper oxide with the organic acids yielded during the
process).

When we tested the activity of the copper oxalate sup-
ported on alumina, in the same reaction conditions, the
conversion was ca. 45% from the beginning, and it grad-
ually decreased with time. These studies suggest, therefore,
that copper oxide and copper oxalate are the active phases
during the reaction for the hydrotalcite-like samples cal-
cined at 673 K.

Figure 7 shows that when the run-time increases to
20 days, the copper hydrotalcite-like sample HT 0.5 cal-
cined at 673 K has no conversion. However, a run-time of
30 days was needed to obtain null conversion for sample
HT 3.0 (which has the highest copper content). So, when
the amount of copper oxide increases, the lifetime of the
catalysts increases. Moreover, X-ray diffraction of these
samples show that boehmite (AlOOH) is the only phase
detected after the reaction (see Table 4). Both copper ox-
ide and copper oxalate were therefore dissolved during the
reaction time.

Moreover, the four copper hydrotalcite-like samples (HT
0.5–HT 3.0) were calcined at 1073 K for 16 h and their
catalytic activities tested. It is important to mention that
before the reaction process, all these calcined samples were
subjected to HCl treatment (HCl 0.1 M) several times until
no elution of copper oxide was detected by atomic absorp-
tion spectroscopy. After this treatment, the samples were
again calcined at 1073 K for 1 h to remove all the chlo-
rine species. The X-ray diffraction of these samples shows
opper aluminate (CuAl2O4) is the only phase detected
e, during, and after the reaction. Figures 12 and 13
the conversion during a 15-day run for the four sam-
ined at 1073 K, without taking into account the CO2 obtained.

ples and the evolution of the main products obtained during
the reaction process for the HT 0.5(1073) sample (without
taking into account CO2 conversion (>80%)), respectively.
The main products obtained during the phenol oxidation re-
action for the other samples are similar. As we can see, after
the beginning of the reaction (first 20 h, the time needed
for steady state condition in the reactor), all the catalysts
show a more or less constant phenol conversion of around
55% for the HT 0.5 sample and up to 65% for the HT 3.0
sample, under the experimental conditions described in the
experimental section. The copper aluminate phase there-
fore shows higher activity and stability for the oxidation of
phenol in aqueous solutions.

CONCLUSIONS

Four copper–aluminium samples with Cu/Al atomic ra-
tios between 0.5 and 3.0 were prepared using trimethy-
lamine and CO2 as precipitants. Several techniques such
as TG, XRD, BET areas, and FT-IR were performed to
characterise these solids. The thermal stability, crystallinity,
and purity of the materials depended on the Cu/Al atomic
ratio added during the coprecipitation process.

The copper hydrotalcite phase was sometimes accompa-
nied by other phases like gibbsite, malachite, and gerhard-
tite. The copper hydrotalcite phase was stable and purer
at high Cu/Al atomic ratios. The FT-IR and TG detected
carbonate (mainly) and nitrate as counteranions with dif-
ferent interactions in the interlayer region. There are both
loosely bound carbonate and nitrate anions and a strongly

bound carbonate that decomposes at higher temperatures.
We studied the evolution of the phases obtained during the
calcination process by dynamic XRD experiments.



R

51. Fajerweg, K., and Debellefontaine, H., Appl. Catal. B: Environ. 10,
324 ALEJAND

The copper hydrotalcite phase is only stable at calcina-
tion temperatures below 500 K. All the samples showed
a well-dispersed CuO (at low calcination temperatures)
and copper aluminate phase (at higher calcination tempera-
tures).

We also studied the materials obtained by calcination
at 673 and 1073 K for 16 h for the oxidation of phenol in
aqueous solutions using a trickle-bed reactor. All the cata-
lysts were highly active and they preferentially selected
CO2 during the catalytic phenol oxidation reaction. Con-
version of the catalysts from the calcination of the copper
hydrotalcite-like materials at lower temperature (673 K)
decreased continuously over time. This loss in activity may
be explained by the disappearance of copper oxide and cop-
per oxalate, which are dissolved because of the hot acidic
medium due to the reaction conditions. On the other hand,
conversion of the copper aluminate phase from the calci-
nation of the copper hydrotalcite-like materials at higher
temperature (1073 K) was higher for the oxidation of phe-
nol and was stable under the reaction conditions. This may
be of interest in oxidation reactions. We also found that
the trickle-bed triphasic tubular reactor largely avoided
polymer formation as a catalyst deactivation process during
the phenol oxidation reaction in aqueous solutions.
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14. Doesburg, E. B. M., Höppener, R. H., de Koning, B., Xiaoding, X.,
and Scholten, J. J. F., in “Preparation of Catalysts IV” (B. Delmon,
P. Grange, P. A. Jacobs, and G. Poncelet, Eds.), p. 767. Elsevier,

Amsterdam, 1987.

15. Busetto, C., Del Piero, G., Manara, G., Trifirò, F., and Vaccari, A.,
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