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a b s t r a c t

Catalysts based on pillared clays with Pd–Al were synthesized from a commercial bentonite and tested
for catalytic hydrodechlorination (HDC) using 4-chlorophenol (4-CPhOH) as target compound and formic
acid as hydrogen source. Stable Pd–Al pillared clays, with a strong fixation of the active phase to the
solid support were obtained since no Pd was detected in the reaction media. The incorporation of Pd to
the pillared clay structure yielded catalysts with high activity in the reaction studied reaching a com-
plete removal of the 4-CPhOH under mild conditions of temperature (50–70 ◦C). Phenol was not the only
d–Al
illared clays
ydrodechlorination
-Chlorophenol

reaction product formed, since a more hydrogenated product such as cyclohexanone was detected in the
effluent, which indicates additional hydrogenation of phenol. The influence of the method of introduction
of Pd in the pillared clay (ion-exchange or impregnation) and Pd concentration in the catalytic activity
were studied as well as other important operating variables such as reaction temperature, catalyst con-
centration, 4-CPhOH initial concentration and formic acid to 4-CPhOH molar ratio. The catalysts prepared
suffered deactivation after three consecutive runs, probably due to carboneous deposits formation since

g wa
no appreciable Pd leachin

. Introduction

The catalytic hydrodechlorination (HDC) of chlorinated com-
ounds has been a field of interest for the last years since this
reatment can be considered as a viable, low cost and environ-

entally friendly method [1]. HDC has been applied to different
ypes of chlorinated compounds such as polychlorinated benzenes,
hlorophenols (CPs), PCBs, dioxins, etc., leading to their conversion
nto much less harmful substances [2]. They are usually used as
ersatile anti-microbial and disinfection agents as well as synthetic
recursors for a variety of pharmaceuticals, glues, paints, dyestuffs
nd inks [3]. Owing to the recognition of CPs as toxic and hazardous
o the environment [4], their production and application slowed
own in recent years.

Though there are a number of processes and technologies
vailable for the treatment of chlorinated compounds such as
ncineration, adsorption, biological treatment [5,6] or advanced
xidation processes [7,8], HDC is now emerging in the environmen-
al field as a potential technique to treat these compounds. Besides,

DC shows advantages with respect to the aforementioned meth-
ds, including operation at low temperature and pressure, high
onversion of CPs, no occurrence of more harmful side products,
nd low sensitivity to pollutants concentration [9–12].

∗ Corresponding author. Tel.: +34 914972878; fax: +34 914973516.
E-mail address: carmenbelen.molina@uam.es (C.B. Molina).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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The HDC of chlorinated compounds in aqueous phase has been
reported over a variety of metal supported catalysts based on Pd
[10–14], Pt [15,16], Rh [15,17], Ni or Cu [14,18,19]. From these stud-
ies, Pd appears to be the most active metal. The catalyst support
also plays an important role on both catalytic activity and stability,
owing mainly to the metal/support interactions. As consequence of
these interactions, dispersion, size and morphology of the metallic
particles are affected by the support. Although there is still a lack
of comprehensive studies on the structure sensitiveness referred
to HDC of CPs, it has been reported that smaller metallic particles
exhibit higher specific activities, being alumina or activated carbon
the supports used in the majority of the studies on HDC [20–23].

However, in the last two decades, the interest in pillared clays
as catalysts has been increased due to their textural and catalytic
properties in different reactions [24,25]. They constitute one of the
new types of microporous materials used in heterogeneous cataly-
sis. Aluminium is found to be among the most common cations used
to build the pillars of the structure, yielding pillared clay materials
with thermal and mechanical stability [26,27]. Pd–Al pillared clays
have been previously described and tested their catalytic activity
in reactions such as the hydrogenation of styrene and 1-octene
[28], 1-phenyl-1-pentyne [29] and n-heptane [30] and selective

catalytic reduction of NO with methane [31]. Also, Pd in combi-
nation with a promoter such as Cu introduced in pillared clays has
been described as a highly active catalyst for nitrate conversion [32].
The above mentioned works show the potential of Pd–Al pillared
clays as catalyst for reductive water treatment such as HDC. Besides

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:carmenbelen.molina@uam.es
dx.doi.org/10.1016/j.jhazmat.2009.06.161
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he catalytic system, much of the success of the HDC depends
n the reduction agent, being molecular hydrogen the choice in
ost of the studies. However, the use of a liquid reagent has some

dvantages, like easier dosage and handling. Some operating prob-
ems, as the high flammability of hydrogen, can be avoided as well.
esides, the low solubility of hydrogen in water can be a drawback
egarding its application in water treatment. Thus, several hydro-
en sources have been proposed for HDC reactions [33,34]. Formic
cid can be considered as a promising reducing agent attending to
oth its properties and the results obtained in the hydrodechlori-
ation of chlorobenzene using a Pd/Al2O3 catalyst [35] and in the
ydrodechlorination of 4-chlorophenol with both Pd/AC [36] and
t–Al pillared catalysts [37].

In this work, we study the activity of several Pd–Al pillared
lays, prepared by two different methods (impregnation and ion-
xchange) and with Pd contents between 0.5 and 5 wt% in the HDC
f 4-chlorophenol in aqueous phase using formic acid as hydrogen
ource. Likewise, the effect of temperature, the 4-chlorophenol ini-
ial concentration and the formic acid to 4-chlorophenol molar ratio
mployed in the reaction were also investigated. Besides, a stability
est was carried out in order to study the possible deactivation of
he catalysts synthesized.

. Material and methods

.1. Pillared clays preparation

The starting material used to prepare the pillared clays was
purified-grade bentonite supplied by Fisher Scientific Company

Loughborough, Oregon, USA). The chemical analysis (wt%) of this
entonite was: SiO2, 52.22; Al2O3, 16.81; Fe2O3, 3.84; Na2O, 1.26;
gO, 0.88; CaO, 0.74; K2O, 0.80. The cation-exchange capacity (CEC)
as 97 meq per 100 g of clay.

The Al-PILC was synthesized by intercalating the polyoxocations
eveloped in a pillaring solution into the interlamellar galleries of
he raw bentonite. This pillaring solution was prepared by slow
ddition of a 0.2 M NaOH solution to another 0.1 M AlCl3 solution
nder constant stirring until an OH/Al molar ratio equal to 2 was
eached. Afterwards, the oligomeric solution prepared was aged for
h at 90 ◦C and 2 h at 25 ◦C. Finally, the aged solution was slowly
dded to a 1 wt% suspension of bentonite in deionized water. A pil-
aring stoichiometry of 10 mmol Al per g of clay was used in this
ynthesis [38]. The exchange process was carried out at room tem-
erature for 12 h under constant stirring. The resulting product was
eparated by centrifugation and washed with deionized water until
hloride removal (conductivity lower than 10 �S). Air-drying of the
lay was carried out at low temperature (60 ◦C). After air-drying,
he intercalated clay obtained was submitted to calcination for 2 h
t 350 ◦C.

Pd was introduced in the Al-PILC by two different meth-
ds: wet impregnation, a method reported to produce Pt–Al
illared clays [39,40] and wet ion-exchange, a method pre-
iously described in the literature to obtain Rh–Al pillared
lays [41]. In this work, the content in Pd tested was within the
.5–5 wt% range, which is the most commonly used in the literature
39,42–45].

Pd–Al pillared clays obtained by wet impregnation were pre-
ared by the impregnation of the Al-PILC in powder form previously
ynthesized with a Pd solution of the desired concentration. This Pd
olution was prepared by dissolving PdCl2 in 0.1 M HCl (0.5 mL of
olution per g of clay) due to the low solubility of this compound in
ater. After impregnation of the Al pillared clay with the Pd solu-
ion, the sample was subsequently subjected to drying at 25 ◦C for
h and at 60 ◦C for 14 h, followed by calcination at 500 ◦C for 2 h.
atalysts with a Pd nominal loading of 0.5, 1, 1.5, 2, 3 and 5 wt%
ere obtained and designated as PdAl-IMP-0.5, PdAl-IMP-1, PdAl-

MP-1.5, PdAl-IMP-2, PdAl-IMP-3 and PdAl-IMP-5, respectively.
s Materials 172 (2009) 214–223 215

The introduction of Pd in the Al pillared clay by ion-exchange
was carried out from Pd solutions in HCl prepared as described
previously. These solutions were diluted with water and mixed with
the Al-PILC in order to obtain a volume for the exchange process
of 20 mL per g of clay. Next, the mixture was stirred at 25 ◦C for
14 h. After the ion-exchange process, the pillared clay was separated
by centrifugation and washed five times in order to eliminate the
excess of Pd compound and other ions present. The washed product
was dried at 60 ◦C for 14 h and calcined at 500 ◦C for 2 h. The Pd
concentration in the exchanging solutions was adjusted in order
to achieve the desired Pd load. The catalysts prepared with this
procedure are next referred as PdAl-EXC-2, PdAl-EXC-3 and PdAl-
EXC-5, respectively. Pd loads lower than 2 wt% were not used for
ion-exchanged Pd–Al pillared clays because this method provides a
lower incorporation of the noble metal in the pillared clay structure,
as it has been proved in a previous work using Pt–Al pillared clays
[37].

2.2. Characterization methods

X-ray diffractograms of the pillared clays were obtained with
a Siemens model D5000 diffractometer using Cu K� radiation. To
maximize the (0 0 1) reflection intensity, oriented clay-aggregate
specimens were prepared by drying clay suspensions on glass
slides. BET surface area values were determined from 77 K N2
adsorption–desorption isotherms in a Micromeritics Tristar 3000
apparatus. The samples were previously outgassed at 160 ◦C under
vacuum. The Pd content in the pillared clays synthesized was mea-
sured by means of the X-ray fluorescence technique with a TXRF
EXTRA-II (Rich & Seifert, Germany) spectrometer after digestion
of the samples by acid treatment at high temperature. Scanning
electron microscopy (SEM) images and energy-dispersive X-ray
(EDX) microanalysis were carried out on a Philips XL30 micro-
scope and EDAX DX4i equipment, respectively. The particle size
distribution of the metallic phase was determined by transmission
electron microscopy (TEM) using a JEOL 2100F microscope with a
point resolution of 0.19 nm coupled with an energy-dispersive X-
ray spectrometer (EDXS; INCA x-sight, Oxford Instruments) used
for chemical elemental analysis. The carbon content was analysed
by elemental analysis with an Elemental Analyzer LECO CHNS-932.

2.3. HDC experiments

The catalytic activity experiments for the hydrodechlorination of
4-CPhOH with the different Pd–Al pillared clays synthesized were
performed in jacketed stoppered glass reactors operating in batch,
under continuous stirring. After stabilization of temperature, the
corresponding amount of pillared clay was added to 100 mL of
an aqueous 4-CPhOH solution (100 mg L−1) and it was stirred for
15 min allowing for 4-CPhOH adsorption onto the catalyst. Next, the
amount of formic acid required to adjust the ratio of this reagent
to 4-CPhOH used in each experiment was added to the reactor and
this event was considered as the initial reaction time. Samples were
withdrawn from the reaction medium at 15 min, 30 min and each
hour until completing 4 h of reaction time. The catalyst in these
samples was removed by filtration using a nylon filter of 0.2 �m
pore size. Catalysts were used in powder form with a particle size
lower than 100 �m. Taking into account the 4-CPhOH and catalyst
concentration of each experiment, the values of the Cl/Pd molar
ratio in this work were within the range of 1.8–19.3.

The HDC process was followed from the evolution of the concen-

tration of the target reactant, 4-CPhOH, and the reaction products
obtained (phenol and cyclohexanone). 4-CPhOH and phenol con-
centration values were measured by HPLC (ProStar, Varian) using
a C18 as stationary phase (Valco Microsorb-MW 100-5 C18) and
a mixture of acetonitrile and water (1:1, v/v) as mobile phase.
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catalysts was detected [11,12,36].
ig. 1. X-ray diffractograms of Pd–Al pillared clays prepared by (a) impregnation
nd (b) ion-exchange.

ther possible products, i.e., cyclohexanone and cyclohexanol, were
easured by means of a GC/FID (GC 3900 Varian) using a 30 m

ong × 0.25 mm i.d. capillary column (CP-Wax 52 CB, Varian) and
itrogen as carrier gas. The raw data reproducibility calculated from
riplicate tests using the same catalyst yielded values better than
5%. The analytical measurement repeatability was ±3% in the case
f HPLC and ±5% for GC/FID.

. Results and discussion

.1. Characterization of the pillared clays

Fig. 1 shows the oriented powder X-ray diffractograms corre-
ponding to the Al-PILC calcined at 350 ◦C, base for the preparation
f the Pd–Al pillared clays, whose diffractograms are also included.
he Al-PILC exhibits a very sharp and intense peak corresponding
o the (0 0 1) reflection, indicative of a fairly homogeneous develop-
ent of the micropores throughout the pillared clay structure. The
resence of a small second peak at 2� around 9◦, which corresponds
o the main peak found in the pattern of raw Fisher bentonite, points
ut to the existence of a small fraction of unpillared material.
s Materials 172 (2009) 214–223

In the case of the Pd–Al pillared clays prepared by impregnation
(Fig. 1a), the peaks corresponding to the (0 0 1) reflection obtained
are broader and their intensity is lower than that of the Al-PILC
sample, indicating a less uniform structure. The diffractograms cor-
responding to the Pd–Al pillared clays prepared by ion-exchange
(Fig. 1b) show (0 0 1) reflection peaks of lower intensity than Al-PILC
sample and also than those obtained from impregnated pillared
clays. In both cases a higher Pd load gave rise to a lower intensity of
these peaks and a slightly higher width. However, the maximum of
the peak corresponding to the (0 0 1) reflection remains practically
at the same value of the 2� angle, indicating a fairly similar basal
spacing of the Pd–Al pillared clays prepared by the two methods.

Table 1 summarizes the values of basal spacing d(0 0 1), surface
area and Pd content of the pillared clays prepared in this work. The
values corresponding to the starting bentonite are also included for
comparison. The basal spacing values d(0 0 1) were calculated from
the Bragg’s law using the value of the 2� angle at which the maxi-
mum of the peak corresponding to the (0 0 1) reflection is obtained.
It can be observed in this table that the pillaring process with Al
with or without incorporation of Pd increased substantially the
basal spacing respect to the starting bentonite. Besides, it can be
seen that all the pillared clays synthesized by impregnation exhibit
basal spacing values of about 1.86 nm, indicating a similar pore size
for all of them. Pd–Al pillared clays obtained by the ion-exchange
method gave rise to d(0 0 1) values slightly lower than those of the
samples prepared by impregnation, indicating a somewhat lower
interlayer spacing.

The BET surface area values measured for Al-PILC and the Pd–Al
pillared clays showed a significant increase respect to the raw
bentonite, proving the success of the pillaring process. The Pd–Al
pillared clays prepared by impregnation gave rise to surface area
values around 180 m2 g−1 for all of them, except for the samples
with the highest Pd loads, PdAl-IMP-3 and PdAl-IMP-5, where the
surface area decreased moderately. Ion-exchanged pillared clays
showed higher surface area values, around 195 m2 g−1 for the two
samples with the lowest Pd loads and a slight decrease for the sam-
ple with the highest one. In all cases, the incorporation of a higher
amount of Pd in the pillared clay structure led to a decrease in the
surface area values. The decrease of BET surface area as Pd load
increases can be due to a partial blockage of micropores. As can be
seen in Table 1, the microporous area values decreased as the nom-
inal Pd content increased and a slight decrease of the mesoporous
volume within the 2–8 nm range was also observed.

With regard to the Pd content, measured by X-ray fluorescence,
as can be seen, the theoretical and measured Pd loads of the impreg-
nated samples are very similar, indicating that most of the Pd of
the PdCl2 solutions was retained in the pillared clay. However, this
Pd incorporation was lower in the case of the ion-exchanged Pd–Al
samples because when this preparation method is used, some metal
could be removed from the pillared clay during the washing stage.
The lower incorporation of Pd can explain in part the somewhat
higher surface area. However, Pd incorporation is much higher than
that obtained in a previous work when Pt was introduced in Al
pillared clays by ion-exchange [37]. Analyses carried out by X-ray
fluorescence showed the presence of residual Cl in the fresh cat-
alysts, whose amount increased with the Pd load. This residual Cl
can be attributed to the precursor (PdCl2 in 0.1 M HCl). The per-
centage of Cl analysed in the catalysts varied from 0.01 to 0.18 wt%
for Pd loads of 1.5 and 5 wt%, respectively. Anyway, this situation
is common in the preparation of Pd catalysts from this precursor
and in previous works no significant influence in the activity of the
The SEM images obtained for some of the Pd–Al pillared clays
prepared are shown in Fig. 2. As can be seen, the sample prepared by
impregnation (Fig. 2a) exhibit white particles of a considerable size.
These white particles were analysed by EDX technique and it was
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Table 1
Basal spacing, Pd content and porous structure of the pillared clays synthesized.

Sample Basal spacing
d001 (nm)

Surface area
(m2 g−1)

Micropore
area (m2 g−1)

Micropore
volume (cm3 g−1)

Mesopore volume
(cm3 g−1)

Pd content (wt%)

Bentonite 0.98 35 11 <0.01 – –
Al-PILC 2.01 298 247 0.10 – –
PdAl-IMP-0.5 1.86 189 148 0.10 0.02 0.43
PdAl-IMP-1 1.86 188 143 0.09 0.02 0.94
PdAl-IMP-1.5 1.88 187 138 0.08 0.02 1.46
PdAl-IMP-2 1.86 182 113 0.07 0.02 1.95
PdAl-IMP-3 1.86 146 82 0.05 0.01 2.85
PdAl-IMP-5 1.83 135 73 0.04 0.01 4.67
PdAl-EXC-2 1.83 198 110 0.05 0.02 1.73
PdAl-EXC-3 1.83 193 105 0.06 0.02 2.46
PdAl-EXC-5 1.78 179 81 0.05 0.02 3.99
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ig. 2. Images of Pd–Al pillared clays prepared by impregnation and ion-exchange ob

roved that they were composed primarily of Pd. Ion-exchanged
illared clays did not show large Pd particles, even for the sam-
le with the highest Pd load PdAl-EXC-5 (Fig. 2b). This fact can be
robably due to a higher dispersion of Pd in the internal structure.
s a result of it, the blockage of pore mouths would be lower thus
xplaining the higher surface area showed by ion-exchanged pil-
ared clays. TEM images confirmed this idea: as it can be seen in
ig. 2, the samples obtained by impregnation (Fig. 2c) gave rise
o Pd particles with higher size (around 15–30 nm) than the ion-
xchanged ones (Fig. 2d). In this last case most of the Pd particles
howed sizes around 4–5 nm. In both cases a fairly homogeneous
article size distribution can be observed.

.2. Activity of Pd–Al pillared clays in the HDC of 4-CPhOH

The activity of the Pd–Al pillared clays synthesized was stud-

ed in the HDC of 4-CPhOH using formic acid as reducing agent.
xperiments carried out previously in the absence of catalyst and
ithin the whole range of formic acid to 4-CPhOH molar ratio val-

es proved that there is no homogeneous reaction between formic
cid and 4-CPhOH [36]. The presence of a catalyst has also been
by SEM: (a) PdAl-IMP-3, (b) PdAl-EXC-5 and TEM: (c) PdAl-IMP-1.5, (d) PdAl-EXC-2.

found to be essential for HDC of chlorophenols with molecular
hydrogen [10]. Likewise, in the current case the catalyst is essential
for the decomposition of formic acid to yield hydrogen [35]. Dur-
ing the reaction runs phenol was the main product identified and
only cyclohexanone was obtained in some cases as a more hydro-
genated product, although it must be taken into account that the
CG/FID (technique used for measuring cyclohexanone and cyclo-
hexanol concentrations) provides a detection limit of 3 mg L−1. A
dramatic decrease of ecotoxicity is expected, because the EC50 val-
ues for phenol, cyclohexanone and cyclohexanol are 16, 11.6 and
18.5 mg L−1, respectively, while 4-CPhOH exhibits a much lower
value of 1.9 mg L−1 [10,46].

3.2.1. Effect of the method of introducing Pd in the pillared clays
First, preliminary experiments were carried out in order to

study the contribution of the adsorption of the species involved

(4-CPhOH, phenol or cyclohexanone) using Pd–Al pillared clays
prepared by impregnation (PdAl-IMP-1.5) and by ion-exchange
(PdAl-EXC-5). These adsorption experiments were developed sep-
arately for each of the three compounds studied and in the absence
of formic acid. As can be seen in Fig. 3 for PdAl-IMP-1.5, 4-CPhOH
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ig. 3. Removal of 4-CPhOH, phenol and cyclohexanone by adsorption on PdAl-
XC-5 and PdAl-IMP-1.5. Initial concentration – 4-CPhOH: 100 mg L−1, phenol:
00 mg L−1, cyclohexanone: 50 mg L−1.

nd phenol were adsorbed in low extent, less than 5%, while cyclo-
exanone uptake was around 10%. When adsorption was studied on
d–Al pillared clays prepared by ion-exchange, around 5% and 10%
f 4-CPhOH and phenol were adsorbed, respectively, while cyclo-
exanone was adsorbed in the highest amount, around 20%, values
ll of them higher than the ones obtained for the impregnated sam-
les.

Next, the effect of the Pd incorporation method on the activity of
he catalysts was evaluated. Experiments of HDC of 4-CPhOH were
arried out at 70 ◦C using as catalysts the Pd–Al pillared clays con-
aining 3 and 5 wt% of Pd. As can be seen in Fig. 4, Pd–Al pillared clays
repared by impregnation were more active for 4-CPhOH removal
han those prepared by ion-exchange, reaching virtually complete
-CPhOH conversion at reaction times as low as 15 min for the two
atalysts prepared by impregnation. In the case of ion-exchanged

d–Al pillared clays, a reaction time of 30 min and 1 h was needed
ith PdAl-EXC-5 and PdAl-EXC-3, respectively, to achieve complete

-CPhOH removal. Phenol was detected as product in all cases, with
higher production in the case of the ion-exchanged catalysts.

ig. 4. HDC reaction of 4-CPhOH with Pd–Al pillared clays prepared by impregnation
nd ion-exchange at 70 ◦C. Solid symbols for 4-CPhOH, open symbols for phenol,
rossed symbols for cyclohexanone. Operating conditions – 100 mg L−1 of 4-CPhOH
olution, 1000 mg L−1 of catalyst, formic acid to 4-CPhOH molar ratio: 500.
Fig. 5. Influence of temperature in the HDC of 4-CPhOH using PdAl-IMP-1.5. Solid
symbols for 4-CPhOH, open symbols for phenol. Operating conditions – 100 mg L−1

of 4-CPhOH solution, 1000 mg L−1 of catalyst, formic acid to 4-CPhOH molar ratio:
500.

Both, impregnated and ion-exchanged Pd–Al pillared clays, show
a decrease in the phenol concentration after 15 and 30 min of reac-
tion, respectively, although in the case of PdAl-EXC-3 this decrease
was very low. Cyclohexanone was also detected as product when
impregnated samples and PdAl-EXC-5 were used as catalysts. In this
last case a constant decrease in phenol production was observed
together with a constant increase in cyclohexanone concentration,
this being probably produced from phenol.

3.2.2. Effect of the reaction temperature
The effect of temperature in the HDC reaction of 4-CPhOH was

tested for Pd–Al catalysts prepared by impregnation (Figs. 5 and 6)
and PdAl-EXC-5 (Fig. 7). As can be seen in these three figures, tem-
perature is a very important factor in this reaction, since a modest
increase substantially improves 4-CPhOH conversion within the
lowest temperature range tested (40–50 ◦C). A further increase in
reaction temperature up to 60 ◦C shows a less pronounced effect
(Fig. 5). From these results a temperature of 50 ◦C was selected for
the study of the following variables of reaction using Pd–Al pillared
clays prepared by impregnation.

However, in order to find if a higher reaction temperature
yielded reaction products other than phenol, some experiments
were carried out with PdAl-IMP-1.5, PdAl-IMP-3 and PdAl-IMP-5
catalysts at 70 ◦C (Fig. 6a) and 90 ◦C (Fig. 6b). Only the catalysts
with higher Pd loads, PdAl-IMP-3 and PdAl-IMP-5, produced cyclo-
hexanone, with a decrease of phenol production in both cases,
indicating that cyclohexanone could be produced from phenol.
Fitting the values of the first-order rate constant of 4-CPhOH dis-
appearance for the PdAl-IMP-1.5 catalyst to the Arrhenius equation
a value of 85.8 kJ mol−1 was obtained for the apparent activation
energy.

In the case of the Pd–Al pillared clays prepared by ion-exchange
the effect of reaction temperature was investigated at the high-
est Pd load (PdAl-EXC-5), the results being shown in Fig. 7. As can
be seen, the effect of temperature is dramatic in this case within
the 50–70 ◦C range, moving from a very low catalytic activity at
50 ◦C to a rapid and almost complete 4-CPhOH conversion at 70 ◦C.

◦
When temperature was raised up to 70 C, phenol concentration in
the reaction media reached a maximum after 30 min of reaction
and then, progressively, decreased until around 40 mg L−1 after 4 h
or reaction. At 90 ◦C phenol concentration increased until a max-
imum during the first 15 min of reaction and then decreased to



C.B. Molina et al. / Journal of Hazardous Materials 172 (2009) 214–223 219

Fig. 6. Influence of temperature in Pd–Al pillared clays prepared by impregnation in
t ◦ ◦
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Fig. 7. Influence of temperature in the HDC of 4-CPhOH using PdAl-EXC-5. Solid sym-
bols for 4-CPhOH, open symbols for phenol and crossed symbols for cyclohexanone.
Operating conditions – 100 mg L−1 of 4-CPhOH solution, 1000 mg L−1 of catalyst,
formic acid to 4-CPhOH molar ratio: 500.

within the range of 2–3% nominal Pd content. Phenol production
he HDC of 4-CPhOH at (a) 70 C, (b) 90 C. Solid symbols for 4-CPhOH, open symbols
or phenol, crossed symbols for cyclohexanone. Operating conditions – 100 mg L−1

f 4-CPhOH solution, 1000 mg L−1 of catalyst, formic acid to 4-CPhOH molar ratio:
00.

constant value around 25 mg L−1. Both at 70 and 90 ◦C, cyclo-
exanone was detected as product, appearing in the reaction
edia when phenol concentration started to decrease, confirming
chain mechanism where cyclohexanone is produced from phenol
ydrogenation.

.2.3. Effect of the Pd load
The effect of the Pd load for the Pd–Al pillared clays synthesized

y the two methods, impregnation and ion-exchange, was studied.
aking into account the results previously discussed, different tem-
eratures were used for each type of catalyst: 50 ◦C for the first ones
Fig. 8), 70 and 90 ◦C for the last ones (Fig. 9).

The plain Al-PILC provides a very low 4-CPhOH removal, around

0%, that could be attributed to adsorption. As can be seen in Fig. 8,
he activity of the Pd–Al pillared clays catalysts prepared by impreg-
ation increased with the Pd load, especially within the 0.5–1.5%
ange where a dramatic raise of 4-CPhOH conversion is observed.
Fig. 8. HDC reaction at 50 ◦C of 4-CPhOH with Pd–Al pillared clays prepared by
impregnation with different Pd loads. Solid symbols for 4-CPhOH, open symbols
for phenol. Operating conditions – 100 mg L−1 4-CPhOH solution, 1000 mg L−1 of
catalyst, formic acid to 4-CPhOH molar ratio: 500.

Phenol was the only product detected in the reaction media at 50 ◦C
and its production follows the same trend as 4-CPhOH conversion
with respect to Pd load. From the 4-CPhOH and phenol concen-
tration values, the mass balances were matched between 77% and
93%.

Initial reaction rates have been calculated for these catalysts
(Table 2). As can be seen, the reaction rate increased with the Pd
load up to about 3 wt% of Pd and then decreased for the catalyst
with the highest Pd nominal content, which showed a lower surface
area and a less microporous structure (Table 1). As a result of the
higher Pd load higher size Pd particles could be formed which may
partially block pore entrances limiting the accessibility to active
centres.

As can be seen in Fig. 9a, the Pd load of the catalysts prepared
by ion-exchange has a great effect on the catalytic activity at 70 ◦C,
increased constantly in the case of PdAl-EXC-2, whereas in the cases
of PdAl-EXC-3 and PdAl-EXC-5 the concentration of phenol reached
a maximum after around 60 and 30 min, respectively, and then a
steady decrease was observed. Cyclohexanone was detected only
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Table 2
Initial rates of 4-CPhOH HDC using Pd–Al pillared clays prepared by impregnation with different Pd loads.

Sample k (min−1) r2 Pd load (g) Initial rate (mmol min−1 gPd
−1)

PdAl-IMP-0.5 0.6 × 10−2 0.99 4.3 × 10−4 13.9
PdAl-IMP-1 1.1 × 10−2 0.99 9.4 × 10−4 11.7
PdAl-IMP-1.5 3.4 × 10−2 0.99 −4

PdAl-IMP-2 10.6 × 10−2 0.99
PdAl-IMP-3 17.5 × 10−2 0.99
PdAl-IMP-5 18.4 × 10−2 0.99

Fig. 9. HDC reaction of 4-CPhOH with Pd–Al pillared clays prepared by ion-exchange
with different Pd loads and different reaction temperatures (a) 70 ◦C, (b) 90 ◦C. Solid
s
h
c

f
c
c
d
p
c
r

ymbols for 4-CPhOH, open symbols for phenol and crossed symbols for cyclo-
exanone. Operating conditions – 100 mg L−1 of 4-CPhOH solution, 1000 mg L−1 of
atalyst, formic acid to 4-CPhOH molar ratio: 500.

or PdAl-EXC-5. At 90 ◦C (Fig. 9b) a very high 4-CPhOH conversion,
lose to 100%, was rapidly achieved at all Pd loads tested. The con-

entrations of phenol and cyclohexanone showed maxima and then
ecreased reaching steady values. This trend was more accused for
henol and with the highest Pd load catalyst. The decline in the
oncentration of cyclohexanone indicates its conversion to other
eaction products not identified.
14.6 × 10 23.3
19.5 × 10−4 54.4
28.5 × 10−4 61.4
46.7 × 10−4 39.4

3.2.4. Effect of other reaction variables with PdAl-IMP-1.5
From the results so far, PdAl-IMP-1.5 was chosen to carry out

the following experiments to analyse the influence of formic acid
to 4-CPhOH molar ratio, catalyst concentration and 4-CPhOH initial
concentration. The results obtained are collected in Table 3.

The effect of the formic acid to 4-CPhOH molar ratio was checked
at three different values: 250, 500 and 750. As can be seen in
Table 3, differences in 4-CPhOH conversion and phenol produc-
tion were of low significance beyond a molar ratio of 500, being
selected this value for the next experiments. Table 3 also shows
the results obtained with different concentrations of the PdAl-IMP-
1.5 catalyst between 500 and 1500 mg L−1. As can be seen, within
this range increasing the catalyst concentration leads to a higher
4-CPhOH conversion, with the important differences taking place
mostly in the range up to about 1 g L−1, being this value selected for
analysing the HDC process at different 4-CPhOH starting concentra-
tions, whose results are also presented in Table 3. Higher 4-CPhOH
conversion values were achieved at lower starting concentrations
of this target compound although at long reaction times the con-
version achieved for initial concentrations of 50 and 100 mg L−1 are
equivalent and almost 100%.

3.2.5. Catalyst stability test
In order to check the stability of the catalysts based on Pd–Al pil-

lared clays, PdAl-IMP-1.5 was submitted to three consecutive runs.
After each run, the catalyst was separated by filtration, washed
twice with deionized water and dried at 60 ◦C for 14 h. Fig. 10a
shows the results obtained. As can be seen, non-expected results
were found since the catalytic activity increased from the first to
the second run and then a substantial decrease was observed in
the third run. This behaviour was also observed for the PdAl-IMP-2
catalyst (Fig. 10b), which was tested in four consecutive runs. This
increase of activity from the first to the second reaction cycle has
been previously reported by other authors: Keane [4] observed the
same phenomenon with a Pd catalyst supported on alumina for the
hydrodechlorination of mono- and dichlorophenols using hydro-
gen. This was explained as the result of a beneficial restructuring
of the catalyst over the first reaction cycle. Other authors found
the same behaviour with Pt/Al2O3 catalysts in the hydrodechlori-
nation of CCl4 [47]. They submitted the catalyst to a pre-treatment
with NH4Cl which could serve to enhance the hydrogen-mediated
dechlorination of CCl4, effect that they attributed to metal particle
restructuring.

To learn more in deep on this behaviour, the fresh catalyst
PdAl-IMP-1.5 was submitted to a treatment reproducing reaction
conditions, i.e., it was exposed for 4 h to formic acid at a concentra-
tion representative of that used in the HDC experiments and then
it was washed twice with deionized water and dried overnight at
60 ◦C. As can be seen in Fig. 11, the activity of the catalyst submit-
ted to this treatment increased but it did not provide the results
obtained when the catalyst was submitted to a real HDC reaction.
With regard to the decrease of activity observed for both PdAl-
IMP-1.5 and PdAl-IMP-2 after the second run (Fig. 10), it can not be
explained by the loss of active phase by leaching. Pd was checked
in the reaction media and in the water from catalyst washing
between reaction cycles by means of X-ray fluorescence and its
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Table 3
4-CPhOH conversion (%) at different operating conditions using the PdAl-IMP-1.5 catalyst at 50 ◦C.

Formic acid to 4-CPhOH molar ratio Catalyst concentration (mg L−1) 4-CPhOH starting concentration (mg L−1) Reaction time (h)

0.25 1 4

250
1000 100

34.7 69.9 98.4
500 41.1 87.3 100.0
750 50.4 83.4 98.8

500
500

100
28.6 65.5 89.4

1000 41.1 87.3 100.0
1500 66.4 97.8 100.0

500 1000
50 58.8 98.4 100.0

100 49.1 87.3 100.0
200 32.6 64.1 93.6

Fig. 10. Stability tests of (a) PdAl-IMP-1.5, (b) PdAl-IMP-2. Solid symbols for 4-
CPhOH, open symbols for phenol, crossed symbols for cyclohexanone. Operating
conditions – reaction temperature: 50 ◦C, 1000 mg L−1 of catalyst concentration,
100 mg L−1 of 4-CPhOH solution, formic acid to 4-CPhOH molar ratio: 500.

Fig. 11. Effect of the pretreatment with formic acid on the catalytic activity of PdAl-
IMP-1.5 in the HDC of 4-CPhOH. Solid symbols for 4-CPhOH, open symbols for phenol.

Operating conditions – reaction temperature: 50 ◦C, 1000 mg L−1 of catalyst concen-
tration, formic acid volume corresponding to a formic acid to 4-CPhOH molar ratio:
500.

concentration was in all cases below the detection limits
(10−3 mg L−1) of this technique. Besides, X-ray fluorescence analysis
of the catalysts after reaction yielded percentages of Pd completely
similar to the corresponding to the fresh catalyst, confirming the
absence of Pd leaching.

Another possible cause for the catalyst deactivation could be
the formation of carboneous deposits blocking active sites. Fresh
catalysts, which are light grey coloured, turned to black after HDC
experiments, which may be indicative of the formation of deposits.
Elemental analyses of the catalyst before and after reaction proved
the existence of these carboneous deposits. While fresh catalysts
had a negligible C content, percentages around 1 wt% were anal-
ysed in the used ones. Besides, a significant decrease of BET surface
area was observed, from 187 m2 g−1 measured for fresh PdAl-IMP-
1.5 until 95 m2 g−1 for the catalyst used one time and 81 m2 g−1 after
three consecutive runs. The carboneous deposits formed after the
first run could modify the surface chemistry of the catalyst (this
behaviour has not been observed in similar catalysts with Pt in a
previous work), increasing its activity, while producing a partial
blockage of the porous structure, suggesting some possible struc-
tural damages. After the second run, that blockage would be of
importance, leading to a substantial decrease of activity.

Removal of these deposits could lead to the recovery of the

catalytic activity. To check this, the catalyst used three times was
calcined at 250 ◦C for 2 h. The resulting surface area (74 m2 g−1) was
lower than the corresponding to the catalyst reused three times. On
the other hand, as can be seen in Fig. 11, the catalytic activity was
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[7] M. Pera-Titus, V. García-Molina, M.A. Baños, J. Jiménez, S. Esplugas, Degradation
ig. 12. X-ray diffractograms of PdAl-IMP-1.5 catalyst after successive reaction
ycles.

lightly recovered with respect to the third reaction cycle but it
as lower than the corresponding to the other reaction cycles. X-

ay diffractograms from the catalysts after 1 and 3 reaction cycles
re shown in Fig. 12 together with the corresponding to the fresh
atalyst. As can be seen, the peak corresponding to (0 0 1) reflection
oves toward higher 2� angle values progressively upon use in suc-

essive cycles, indicating a decrease of basal spacing. This decrease
s maybe related to the deposition of carboneous species on the

alls of the pores. Fig. 12 shows also the X-ray diffractogram of the
atalyst reused three times and then calcined at 250 ◦C. The (0 0 1)
eflection peak is displaced to a higher 2� angle value. Therefore,
alcination did not cause an increase in the basal spacing in spite of a
ignificant removal of the carboneous deposits as it was checked by
lemental analyses. While the catalyst reused three times showed
C content of 0.82 wt%, this percentage decreased to a 0.33% upon

alcination at 250 ◦C and about ten times when calcination was car-
ied out at 500 ◦C. Nevertheless, the X-ray diffractogram obtained
fter calcination at this last temperature was very similar to the
esulting upon calcination at 250 ◦C, indicating that the removal
f carboneous deposits did not cause an increase of basal spacing.
his fact could be probably due to structural damages suffered by
he pillared clay upon calcination.

Carbon mass balances were performed for the different HDC
xperiments. Mass balance closures around 80–90% were most
enerally achieved when pillared clays prepared by impregnation
ere used as catalysts. Part of the unbalanced C may correspond to

eactant and products adsorbed on the Pd–Al pillared clays. Nev-
rtheless, desorption tests of the used catalyst with acetonitrile
upplied almost negligible amounts of desorbed species in most
ases.

An important amount of the unbalanced C could be attributed
o the carboneous deposits on the catalyst surface, as it has been
hown by the elemental analyses of the catalysts after reaction.
hese analyses yielded carbon contents between 1 and 3 wt% for
he used catalysts. It was observed that carbon mass balance clo-
ures decreased at higher Pd loads and higher temperatures, that
s, when the HDC reaction of 4-CPhOH proceeds in higher exten-
ion. In these cases, cyclohexanone was also found as product and,
n some cases, even this product decreased its concentration. This
ould indicate the formation of other non-identified products or a
ower formation of carboneous deposits from cyclohexanone. For

d–Al pillared clays prepared by ion-exchange, the C mass balance
losures showed similar trends than for the impregnated catalysts,
lthough somewhat lower closure percentages were in general
btained.
s Materials 172 (2009) 214–223

In a previous work [37] a similar type of catalyst but using Pt
instead of Pd was tested under the same conditions. For both met-
als the catalysts prepared by impregnation showed a higher activity
than the ion-exchange ones. Pd showed always a higher activity
than Pt although a similar poor behaviour was observed in both
cases in terms of stability so that a rapid and important deactiva-
tion was observed. Metal leaching was negligible and thus can be
excluded as a cause of deactivation, the formation of carboneous
deposits being the most reliable explanation for that loss of activity.

4. Conclusions

Catalysts based on Pd–Al pillared clays have been synthesized
and tested in the hydrodechlorination of 4-chlorophenol using
formic acid as reducing agent at mild conditions. Two different
methods, impregnation and ion-exchange, have been used for
incorporating Pd into the pillared clay. The catalysts prepared by
impregnation allow obtaining complete conversion of 4-CPhOH at
low temperature (50 ◦C), while the ion-exchanged ones required
higher reaction temperatures. Phenol was detected in all cases as
the main reaction product while cyclohexanone was also produced
when using Pd–Al pillared clays with high Pd loads and working at
high temperatures (70–90 ◦C). The products distribution suggests
that cyclohexanone is generated by hydrogenation of phenol, and
not directly from 4-CPhOH.

The stability of these catalysts was analysed in three consecutive
runs. An increase in the catalytic activity was observed from the first
to the second reaction cycle. A possible explanation for this phe-
nomenon could be the beneficial restructuring of the catalyst after
the first run, as it has been pointed out by other authors. After that a
gradual loss of activity was observed in successive runs. Pd leaching
was negligible so that it can be excluded as a cause of deactivation.
The formation of carboneous deposits seams to be most reliable
explanation for the loss of activity. Elemental analyses of the used
catalysts together with the C balances from the identified species
support this conclusion. Research in course is addressed to eluci-
date the reaction mechanism and the phenomena causing catalyst
deactivation.
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