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a b s t r a c t

Different carbon nanofibre-supported palladium catalysts (Pd/CNF) were prepared and tested for tetra-
chloroethylene hydrodechlorination. Catalyst properties were varied by changing metal loading (0.5%
and 1% wt.), preparation procedure (aqueous or organic solutions), and support chemistry (parent or
HNO3-oxidised CNFs). Fresh and used (during 108,000 s at 0.5 MPa, 523 K, 24 g s mmol�1 space time) cat-
alysts were characterised by TEM, XRD, TPD, TPO–MS, nitrogen physisorption, and XPS. Results obtained
indicate that the preparation method (using aqueous or organic precursor) plays a key role both in the
intrinsic activity of the catalysts (higher for aqueous solutions), and catalyst deactivation (also faster
for aqueous solutions).The surface chemistry of the support, influenced by the surface activation and
the preparation procedure, markedly affects the Pd2+/Pd0 ratio (found to be optimal at about 0.3–0.6)
and chlorine concentration, these parameters determining the catalysts performance. In general terms,
aqueous precursors lead to the highest initial activity (maximum initial TOF of 18 s�1, whereas the max-
imum initial TOF for catalysts prepared from organic precursor is of 5.6 s�1) and faster deactivation (min-
imum TOF108,000s/TOF0 of 0.06 and 0.38, respectively). Deactivation causes were observed to be different
in both cases: coke formation for the aqueous precursor and chlorine poisoning for the organic-phase
precursor.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Remediation processes based on catalytic hydrodechlorination
are considered as emerging technologies for the treatment of or-
ganic wastes containing chlorinated compounds [1,2].

Although different catalysts have been tested for this reaction,
supported metal catalysts are considered as the most active [3],
even in the presence of high amounts of HCl (for example when
un-reacted hydrogen is recycled) or when other organic com-
pounds (such as heavier hydrocarbons, organoxygenates or small
amounts of organosulphur compounds) are co-processed [4,5]. It
is widely accepted that the support plays a key role, especially in
the catalyst deactivation. At this point, we have studied the stabil-
ity of both activated carbon [6] and alumina-supported palladium
catalysts [4,7], determining that the formation of carbonaceous
deposits, which cause the micropore blockage (especially for the
activated carbons), is the main deactivation cause.

Other carbonaceous supports, such as carbon nanofibers (CNF)
are receiving increasing attention as support for these catalysts
[8]. These materials have a structure based on ordered parallel
graphene layers arranged in a specific conformation and are sup-
ll rights reserved.
posed to be less prone to coke formation than inorganic supports,
and, at the same time, this coke cannot lead to pore blockage, as in
the case of activated carbons. Although it was observed in previous
works that these CNFs-based catalysts presented poorer perfor-
mance than other supported palladium catalysts (mainly because
of the poorer catalyst dispersion obtained) [9], their performance
is not affected by the support morphology, (as is the case of acti-
vated carbons). So, these catalysts are attractive for a better under-
standing of both the catalytic activity and the deactivation
behaviour of hydrodechlorination catalysts.

Likewise, the combined chemical properties of the active phase
and the support could give a variety of catalytic functionalities.
Since the active species interact in some extent with the support,
the catalytic performance of a catalyst strongly depends on a com-
plex mix-up of contributions of the morphology, dispersion of ac-
tive phase, and electronic properties of the metal [10]. At this
point, since the parent CNFs are completely free of surface func-
tional groups, nitric acid treatment over CNF would favour the for-
mation of carboxylic and anhydride groups [11]. The interaction of
these surface groups with the Pd particles plays a key role in the Pd
catalytic properties. Therefore, in the specific field of hydrodechlo-
rination reaction over carbon-supported Pd catalysts, Amorim et al.
[8] demonstrate, studying activated carbons, graphites, and CNFs,
that the interaction of the Pd with the support lead to different
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crystallite morphologies and different catalytic activities. Concern-
ing to the catalyst preparation methods, incipient wetness impreg-
nation is the most used on carbon materials. In this way, the
medium in which the palladium complexes are introduced into
the supports could vary the metal-support interaction. However,
there is no consensus on the causes. In this way, Gurrath et al.
[12] observed that the nature of the palladium precursor com-
pound and the pre-treatment of the carbon support had a small ef-
fect on the resulting dispersion. However, Brunelle [13] observed
that the final dispersion of the metal is determined by the repul-
sion and attraction between charged supports and metal
precursors.

The catalytic systems studied were intended to provide valu-
able information about the structure sensitivity of the reaction in
terms of catalyst preparation variables such as the presence of oxy-
gen surface groups over the carbon nanofibre, the metal loading
and the method of impregnation of the support. Special attention
was also given to deactivation phenomena, which were studied
in terms of active phase sintering, formation of coke, and chlorine
poisoning of the active phase.
2. Experimental

2.1. Catalysts preparation

A PR-24-HHT carbon nanofibre (free of metallic impurities;
<0.2% Fe; 1.95 g/cm3) was used as a starting material in the re-
ported investigations. The CNF was kindly supplied by Applied Sci-
ences (OH, USA). The parent CNFs were 70 lm length (30–100 lm
interval) and 100 nm average diameter (60- to 150-lm interval). A
more detailed morphological characterisation of the parent nanofi-
bre, using SEM is provided elsewhere [14].

Parent carbon nanofibres were activated according to the meth-
od described in the literature [11]. Succinctly, the starting material
was refluxed in 50% nitric acid at 373 K for 48 h and subsequently
washed with doubly distilled water in a Soxhlet apparatus. This
oxidised CNF is to be referred as ‘‘CNF-oxi” throughout the article.

Catalysts were prepared over both supports by wet impregna-
tion method using PdCl2 as precursor, with a palladium nominal
load of 0.5% and 1% (wt.). Tested catalysts were prepared by two
methods: PdCl2 solved in either an aqueous solution of HCl 0.1 N
(aqueous method, ‘‘aq”) or isopropanol (organic method, ‘‘org”).
For the aqueous method, the impregnation solution consisted on
PdCl2 dissolved in 0.1 N HCl to generate H2PdCl4, with a solution
volume exceeding by 20% the pore volume of the support in each
case. This precursor solution was dissolved in 60 cm3 of 0.1 N
HCl. One gram of the carbon nanofibre was added to this solution
in a flask under stirring with a magnetic stirrer for 600 s. The flask
was then placed in a rotavapor equipped with a water bath at
343 K, spun, and vacuum pumped for 1800 s. Next, the powder
was dried in an oven at 383 K for 7.2 � 103 s. In the case of organic
method, the desired amount of PdCl2 was dissolved in 60 cm3 of
isopropanol, being the impregnation and drying steps performed
as in the other case. Finally, catalysts were pelletised, crushed,
and sieved (selecting particles in the interval 60–100 lm) in order
to avoid diffusional artefacts and high pressure drops in the cata-
lytic bed.
2.2. Reaction studies

Reactions were carried out in a fixed-bed reactor consisting of a
9 mm internal diameter, 500-mm-length stainless steel cylinder.
More details about the catalytic reactor and operating conditions
are given elsewhere [6,7,15]. The catalyst (in most experiments
0.25 g) mixed with glass was placed in the mid-section of the reac-
tor (5–10 mm) over a double metallic grid introduced inside the
reactor (mesh size 60 lm). The bottom and top sections of the
reactor were packed with glass spheres, the upper section being
used as pre-heating zone. The catalyst was activated in situ before
use by passing through the reactor 0.01 L s�1 (s.t.p.) of hydrogen at
523 K and 0.5 MPa for 9 � 103 s. In the case of the catalysts pre-
pared using the parent CNF as support, with 0.5% Pd loading, and
prepared using organic precursor, another two reduction tempera-
tures (400 and 673 K) were tested in order get a wider interval of
active phase dispersions. The same reduction procedures were
used to obtain catalyst samples for further characterisation.

Catalytic experiments were carried out at 0.6 MPa and 523 K.
The organic feed (toluene as solvent and tetrachloroethylene, sup-
plied by Panreac with a minimum purity of 99.5% and 99.9%,
respectively) flowed downwards through the reactor, pumped by
an Alltech 525 liquid chromatography pump. A flow rate of
12 L s�1 was fixed, with molar feed flow rate of TTCE of
0.0105 mmol s�1, corresponding to a space time of 24 g s mmol�1

of reactant. At reaction conditions, the organic feed was completely
vaporised. Hydrogen (with a H2/TTCE ratio of 90, in order to ensure
that hydrogen is not a limiting reactant) was fed co-currently, the
flow rate being controlled by a Brooks 5850 TR/X mass-flow
regulator.

Reaction products were automatically analysed (reported value
is the average value of three consecutive injections when analytic
reproducibility better than ±5%) by capillary GC in a Shimadzu GC-
2010 apparatus equipped with a FID detector, using a 15-m-long
WCOT silica-fused capillary column as stationary phase. Peak
assignment was performed by GC–mass spectra, and responses
were determined using standard calibration mixtures. Once the
reaction was stopped, catalysts were cooled to room temperature
under nitrogen flow and stored in inert atmosphere.

Hydrogen chloride concentration was measured by absorption
of the gas in distilled water and titration of the resulting solution
with NaOH. Chlorine mass balance (considering the chlorine con-
tent of the TTCE feed and the chlorine in the TTCE and HCl at the
reactor outlet) presents closures higher than 95% in all the exper-
iments reported in this work.

The presence of both internal and external mass transfer limita-
tions, as well as intraparticle and bed thermal profiles, in the
experiments reported in this work is discarded. These effects were
experimentally (working with different particles sizes, catalyst/in-
ert ratios, and gas velocities but keeping constant the space time)
and theoretically ruled out in previous studies carried out with this
reactive system, working at the same concentrations and operation
conditions but with commercial Pd/Al2O3 and Pd/activated carbon
catalysts of higher dispersion, internal porosity, and intrinsic activ-
ity (and hence more prone to be limited by mass-transfer effects)
[7].

In order to determine the influence of spill-over effects caused
by CNF functional groups, additional experiments were carried
out with the 1% Pd/CNF prepared by the organic method, but dilut-
ing the catalyst with either the parent CNF or the oxidised CNF
(25% of catalyst, 75% of nanofiber). Both materials were intimately
mixed, grinded, pelletised, crushed, and sieved. Experiments were
done using one gram of these mixtures, so that the space velocity,
expressed as mol of TTCE fed per second and exposed palladium
atom, was the same than in the previously described experiments.

2.3. Catalysts characterisation

The textural characterisation of the materials, specific surface
area and pore volume, was based on N2 adsorption isotherms,
determined with a Micromeritics ASAP 2000 surface analyser.
The morphology of the catalysts was studied by scanning electron
microscopy (SEM) using a Jeol JSM-6100 microscope; the sample
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was deposited on a standard aluminium SEM holder and gold
coated. Powder X-ray diffraction (XRD) was performed with a Phi-
lips PW1710 diffractometer, working with the Cu Ka line
(k = 0.154 nm). Measurements of the samples were carried out in
the range 2h of 35–45�, at a scanning rate of 0.002� in 2h min�1

in order to study the active metal, as the (1 1 1) crystallographic
plane of Pd diffract the X-ray beam at 40.1�. For applying the Scher-
rer equation, the instrumental broadening of the peaks has been
corrected using a-silicon (99.9999%) as standard. Likewise, the
Pd particle morphology and size distributions were determined
by transmission electron microscopy (TEM) in a JEOL JEM2000EXII
microscope and by CO chemisorption in a volumetric Micromeri-
tics ASAP 2020 apparatus. Methodology used for estimating crys-
tallite size (measuring 200 individual crystallites) is described in
detail in a previous work [5], whereas a 1:1 stoichiometry was ten-
tatively considered for CO chemisorption.

Carbon support structural characteristics as well as the carbo-
naceous deposits after reaction were characterised by tempera-
ture-programmed reduction (TPD) and oxidation (TPO),
employing a Micromeritics TPD-2900 apparatus connected to a
Pfeiffer Vacuum-300 mass spectrometer. For this purpose, 10 mg
carbon sample was maintained in a helium stream (TPD) or an oxy-
gen-stream – 2% O2/98% He – (TPO) at 323 K for 1800 s, with a flow
rate of 0.83 cm3 s�1, and heated from 323 to 373 K at 0.16 K s�1.

The chemical composition of the fresh (after reduction in H2 at
523 K for two hours) and used catalysts was studied by X-ray pho-
toelectron spectroscopy (XPS). XPS experiments were carried out
on a SPECS-PHOIBOS system equipped with a hemispherical elec-
tron analyser operating in a constant pass energy, using Mg Ka
radiation (hm = 1253.6 eV). The samples were fixed to the sample
holder using a carbon adhesive tape and analysed without further
treatments. The background pressure in the analysis chamber was
kept below 2 � 10�9 mbar during data acquisition. Since samples
are conductors (could be confirmed on observing the position of
the C1s peak at 284.6 eV), there was no need of applying surface
neutralisation during measurements. Assignation of binding ener-
gies to different atoms and oxidation states has been done accord-
ing to literature recommendations [16]. Quantification results
reported are the average of the measurement of at least five differ-
ent zones in the sample.

Hydrogen adsorption/desorption experiments for both supports
and the prepared catalysts were performed using a thermogravi-
metric analyser (TG, Setarsam-Sensys 16 Evolution) with a vacuum
system. Experiments were performed according to procedure pro-
posed by Chen and Huang [17], involving vacuum treatment of the
sample, reduction at 523 K and recording of a desorption–adsorp-
Table 1
Morphological properties (measured by nitrogen physisorption), average crystallite siz
(measured by TG in H2 at 0.1 MPa), and Pd/C Cl/Pd and Pd2+/Pd ratios measured by XPS for t
unless otherwise mentioned.

Catalyst SBET (m2 g�1) Mesopore volume
(cm3 g�1)

dXRD (nm) dT

0.5% Pd–CNF-aq 32.3 0.16 30
1% Pd–CNF-aq 32.6 0.16 30 27
0.5% Pd–CNF-oxi-aq 35.6 0.21 30
1% Pd–CNF-oxi-aq 35.3 0.21 30 26
0.5% Pd–CNF-org 32.6 0.16 23
1% Pd–CNF-org 33.0 0.18 28 24
0.5% Pd–CNF-oxi-org 36.1 0.21 29
1% Pd–CNF-oxi-org 35.3 0.21 30 29
0.5% Pd–CNF-orga 32.5 0.17 21
0.5% Pd–CNF-orgb 32.2 0.15 26

a Catalyst reduced at 400 K.
b Catalyst reduced at 673 K.
c Adsorption capacity of the support: 0.055%.
d Adsorption capacity of the support: 0.020%.
tion cycle by heating the sample in an hydrogen flow from 303 to
473 K (at 5 K/min) and a subsequent cooling down to 303 K. Buoy-
ancy effects and adsorption by corundum sample holder were cor-
rected using a blank calibration. In general terms, adsorption–
desorption process was found to be reversible, adsorption data
provided corresponding to the final adsorption step.
3. Results

3.1. Characterisation of fresh catalysts

The textural and physicochemical properties of the parent and
modified carbon nanofibres are detailed in previous works
[11,14]. Nitric acid treatment leads to a slight increase in the sur-
face area, whereas increasing amounts of CO and CO2 releases dur-
ing TPD experiments were observed, with an important relative
contribution of carboxylic and anhydride groups to the surface
chemistry of the oxidised nanofibre. In the previous work, devoted
to study the effect of the CNF chemical activation on its adsorption
properties [11], it was observed that these functional groups play a
key role on the adsorption properties of the CNFs. XPS analysis of
catalysts prepared from both supports indicated that no significant
modifications in the concentration of oxygen surface groups took
place during catalysts preparation procedure. The results obtained
in the characterisation of the prepared catalysts are shown in Table
1. Surfaces areas and pore volume do not vary for the catalysts pre-
pared from the parent CNF (around 32 m2 g�1 and 0.16 cm3 g�1).
By contrast, a slight loss of BET surface area and pore volume oc-
curred during impregnation of the oxidised support (whose surface
area and pore volume are 38 m2 g�1 and 0.21 cm3 g�1, respec-
tively), which can be attributed to variations of the morphology
of the fibres during the preparation.

The surface chemistry of the materials has been characterised
by TPD, according to the procedure outlined in [11]. The CO and
CO2 profiles for the parent CNF, the oxidised CNF and the oxidised
CNFs with a 1% Pd are depicted in Fig. 1. It is observed, for the cat-
alyst prepared from oxidised nanofibres, that the CO and CO2 re-
leases are very similar (in both cases, using organic and aqueous
precursors) to the parent-oxidised nanofibres, suggesting that the
surface chemistry of the surface remain almost unaltered.

Three different techniques have been used for estimating the
palladium dispersion. Carbon monoxide chemisorption offers
reproducible results (shown in Table 1), but this technique is not
applicable to the 0.5% Pd catalysts because of experimental limita-
tions (CNF density is very low, being not possible to load enough
e (measured by TEM, CO chemisorption, and XRD), hydrogen adsorption capacity
he fresh reduced Pd/CNF catalysts tested in this work. Catalysts were reduced at 523 K,

EM (nm) dCO (nm) Pd/C
(%, w/w)

Cl/Pd
(%, w/w)

Pd2+/Pd0

(%, w/w)
H2 uptake
(%, w/w)

0.6 1.5 0.23 0.037c

31 1.0 1 0.22 0.045c

0.55 2.5 0.28 0.083d

33 0.98 1.2 0.61 0.103d

0.55 2 0.28 0.039c

28 1.02 2.6 0.66 0.056c

0.58 2.8 0.41 0.023d

30 1.06 3.4 0.33 0.026d

0.54 3.5 0.78 n.a.
0.55 1.2 0.16 0.035c
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amount in the sample tube for obtaining accurate measurements).
Considering this fact and the low reproducibility of this technique
for used catalysts (since both chlorine and carbonaceous deposits
hinder CO chemisorption), alternative procedures for measuring
metal dispersion were needed. TEM micrographs were also used
for estimating metal dispersion. Although the metal particles pres-
ent a regular hemispherical geometry in all the cases, it is difficult
to obtain accurate crystallite size distributions histograms because
of the poor particle-support contrast when particles are close to
the external border of the nanofibre [18] and the low volumetric
concentration of the active phase (specially with 0.5% loadings).
The third technique for being considered is the Scherrer analysis
of the XRD profiles (1 1 1 diffraction peak of Pd, represented in
Fig. 2). This technique is considered as very accurate for crystallite
sizes larger than 2 nm [19], and it is also considered as non-sensi-
tive to chemical changes in the crystallite surface (such a formation
of carbides or chlorides) [20]. If the results of the three techniques
are compared (Table 1), it is observed that they are in a reasonable
agreement. Although dispersions reported in the literature present
important variations, depending on CNF nature and impregnation
method, dispersion values obtained are in a good agreement with
that reported in the literature for materials prepared following
similar procedures (see for example, [8]).

It is remarkable that the catalysts prepared from aqueous solu-
tion present an average crystallite size of 30 nm, independent of
the CNF treatment, whereas more significant variations were found
for the catalysts prepared from organic solution. Our results are in
a good agreement with the results reported by Hermans et al. [21]
who reported the highest Pd dispersion over CNF-based catalysts
when organic solvents (as isopropanol) are used for preparing
the precursor solutions. These authors stated that this effect is
caused by the high hydrophobic character of the CNF, even when
they are chemically activated. Concerning to the interaction of
the palladium precursor ðPdCl2�

4 Þ with carbon supports, there are
not agreement in the literature about which kind of interaction is
more important: the electrostatic interaction with ionised func-
tional groups [22–24] or with the electropositive carbon atoms of
the functional groups [24]. Our results suggest that this kind of ef-
fects is not very important, probably because of the lower concen-
tration of functional groups, especially when compared with
activated carbons [25].

Samples of the 0.5% Pd/CNF-org were reduced at other two dif-
ferent temperatures (400 and 673 K) in order to obtain a wider
interval of metal dispersions. Thus, the resulting catalysts have
an average crystallite size of 21 and 26 nm, respectively, whereas
the catalyst reduced at 523 K has an average Pd crystallite size of
23 nm.

From XPS experiments, in addition to the surface Pd concentra-
tion, data of Cl/Pd and Pd2+/Pd0 of the catalysts were obtained
(Table 1). Analyses of the catalysts reveal the presence of chlorine
from palladium precursor. In all cases, the chlorine appears in a
binding energy region corresponding to inorganic chlorine (198–
199 eV). Although this chlorine precursor is considered to promote
catalyst sintering or poisoning, this contribution seems to be irrel-
evant in our case, because of the large amounts of HCl released
during the reaction [9]. Likewise, it is observed that the Pd2+ frac-
tion is higher for the oxidised support based catalysts and for the
impregnation with isopropanol. In general terms, higher chlorine
concentrations are observed for the catalysts prepared from organ-
ic solution and, less markedly, for the catalysts prepared on oxi-
dised support.

If it is considered that the chlorine comes from the HCl gener-
ated during the palladium particles reduction, it is inferred that
although the chlorine ions trend to be concentrated on the metal
surface the functional groups of the support can promote the
adsorption of this chlorine [12,26]. Thus, our results suggest that
this interaction is favoured when the CNF is oxidised (higher
interaction with a polar molecule) and when an organic solution
is used. In this last case, although the causes are unclear, they
seem to be controlled by the kinetics of the HCl formation, which
is related to the used solvent [10]. Concerning to the effect of the
reduction temperature, it was observed that as expected the Pd2+/
Pd ratio and the Cl/Pd ration decreases as reduction temperature
increases.



Fig. 2. XRD diffractograms of the fresh reduced catalysts used in this work in the window of the Pd 1 1 1 diffraction peak (peak used for estimating Pd crystallite size).
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Thermogravimetric hydrogen adsorption experiments (also
summarised in Table 1) reveal that both the presence of functional
groups on the support surface and the preparation method largely
affect the adsorption properties of the material. Therefore, the
adsorption capacity of the nanofibre is reduced upon activation
(0.055% vs. 0.020%), suggesting that the presence of these active
groups hinders the adsorption of the hydrogen, in good agreement
with literature findings [27]. Concerning to the effect of the metal-
lic palladium on adsorption properties, this effect depends on the
presence/absence of functional groups. In the case of the parent
nanofibres, the presence of palladium leads to slight variations in
the hydrogen adsorption capacity. For the activated nanofibres,
the effect of the Pd strongly depends on the preparation method.
Therefore, adsorption capacity of the catalysts prepared from aque-
ous precursor is more than five times higher than the correspond-
ing to the oxidised support.

3.2. Catalytic performance

Pd–CNF catalysts were tested in the hydrodechlorination of tet-
rachloroethylene, catalyst performance is expressed in terms of
conversion of TTCE, defined as the percentage of TTCE fed to the
reactor which is reacted. Fig. 3 shows the evolution of the conver-
sion with the time for the catalysts with 0.5% and 1% wt. of Pd. All
the curves reported in this figure have been replicated in order to
ensure the reproducibility of the obtained data. In general terms,
good reproducibility has been obtained (conversions in the range
±5%), even using catalysts prepared in different batches. Methylcy-
clohexane was the only reaction product derived from the solvent,
being only observed (and at very low concentrations) during the
first reaction minutes.

In general trends, the behaviour of the catalysts largely depends
on the preparation method. Catalysts prepared from aqueous pre-
cursor present higher initial activity and faster deactivation than
the catalysts prepared using organic precursor. Concerning the
selectivity, trichloroethylene (TCE) is the only intermediate prod-
uct detected, since the reactions of decomposition of other inter-
mediates are very fast [7]. In all cases, the selectivity to TCE is
very low, below 5%.

In the case of the Pd/CNF reduced at different temperatures, it
was observed that the catalyst reduced at the highest temperature
show better performance both in terms of initial activity and deac-
tivation behaviour than the catalyst reduced at 523 K. By contrast,
the catalyst reduced at the lowest temperature (400 K) is slightly
more active than the catalyst reduced at 523 K and presents very
similar deactivation pattern.

Experiments carried out with the mechanical mixtures of the 1%
Pd/CNF-org and parent or oxidised nanofibres provide very differ-
ent results. No noticeable effect was observed when the catalyst
was diluted with the parent nanofibre, whereas the catalyst perfor-
mance is clearly enhanced when the catalyst was diluted with the
oxidised carbon nanofibre.

3.3. Characterisation of used catalysts

Since all the catalysts tested in this work showed deactivation
after 108,000 s on stream, the used catalysts were also character-
ised in order to elucidate the deactivation causes. SEM micrographs
(not shown) reveal that the morphology of the catalysts remains
unaltered during the reaction. Surface analysis (XPS) of the cata-
lysts (Table 2) did not reveal any significant Pd losses during the
reaction.

The evolution of the crystallite size presents two marked trends.
The catalysts prepared over the parent CNF exhibit important sin-
tering effects, being more important for the highest metal loading
(Table 2), whereas the catalysts prepared over the oxidised support
show this effect at lower extent. These results suggest that the ab-
sence of functional groups on the catalyst surface leads to a weaker
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Fig. 3. Evolution of TTCE conversion with time on stream for the hydrodechlori-
nation of TTCE at 250 �C over the catalysts with 0.5% (a) and 1% (b) of Pd loading,
using the following supports and preparation methods (see codes in Section 2.1):
(�) CNF-aq; (e) CNF-oxi-aq; (N) CNF-org; (4) CNF-oxi-org; (d) CNF-org + CNF-oxi
(25% of catalyst); (s) CNF-org + CNF (25% of catalyst); (X) CNF-org reduced at
673 K; (�) CNF-org reduced at 400 K.

Table 2
XRD average crystallite diameter, Pd/C (w/w ratio), Pd2+/Pd ratio, percentage of
inorganic (binding energy between 198 and 199 eV) and organic (binding energy
between 199.5 and 201 eV) chlorine, and Cl/Pd (total chlorine) ratio for the studied
catalysts after 108,000 s on stream at 523 K and 0.5 MPa. Catalysts were reduced at
523 K, unless otherwise mentioned.

Catalyst dXRD

(nm)
Pd/C
(w/w)

Pd2+/Pd0 Clorg/Cltotal Clinorg/Cltotal Cl/Pd

0.5% Pd–CNF-aq 38 0.66 1.38 0.23 0.77 10.5
1% Pd–CNF-aq 52 0.94 2.27 0.21 0.79 9.6
0.5% Pd–CNF-oxi-aq 35 0.59 3.70 0.24 0.76 21.6
1% Pd–CNF-oxi-aq 35 0.97 2.28 0.14 0.86 5.2
0.5% Pd–CNF-org 40 0.55 4.49 0.07 0.93 9.6
1% Pd–CNF-org 46 0.98 1.54 0.11 0.89 9.9
0.5% Pd–CNF-oxi-org 38 0.54 3.17 0.06 0.94 20.1
1% Pd–CNF-oxi-org 38 1.05 1.46 0.10 0.90 16.5
0.5% Pd–CNF-orga 42 0.54 14.1 0.05 0.95 27.7
0.5% Pd–CNF-orgb 43 0.55 1.62 0.15 0.85 8.46

a Catalyst reduced at 400 K.
b Catalyst reduced at 673 K.
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interaction of the metal particles with the support, thus, the prob-
ability of crystallite coalescence increases as the metal concentra-
tion increases. The effect of the functional groups of carbonaceous
2θ

C
ou

nt
s 

(a
.u

.)
C

ou
nt

s 
(a

.u
.)

1% Pd-CNF-aq

1% Pd-CNF-aq-used

1% Pd-CNF-oxi-aq-
used

1% Pd-CNF-oxi-aq

39 39.5 40 40.5 41

Fig. 4. Comparison of the XRD patterns in the window of the 1 1 1 Pd diffraction peak fo
aqueous precursor. Right plot: prepared from organic support.
materials on the Pd dispersion has been also observed by other
authors. For example, Calvo et al. [27] observed that the presence
of CO2-evolving oxygenated functional groups (groups also present
on the oxidised materials studied here [11]) plays a key role in the
dispersion of the prepared catalysts. In our case, the interaction be-
tween these functional groups and Pd particles seems to avoid the
sintering. On the other hand, the hydrogen chloride released dur-
ing the reaction plays an important role in the coalescence–redi-
spersion of the metal particles, through the formation of volatile
chlorides [28]. At first insight, it could be contradictory that the
presence of these functional groups affects the evolution of the dis-
persion during the reaction but not during preparation (similar
metal dispersions with both kinds of supports). However, it must
be taken into account that the final palladium dispersion in the
fresh catalysts largely depends on the chemistry of the chlorine–
palladium complexes and the kinetics of the transformation of
the precursor in the reduced metal. At this point, volatility proper-
ties of Pd–Cl complexes (which do not depend on support proper-
ties) can play a key role in the final dispersion of the catalyst [10].

XRD patterns of the fresh and used catalysts do not show signif-
icant differences for the organic impregnated catalyst. In the case
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of the aqueous impregnated catalysts, as observed in the Fig. 4 for
the 1% Pd-loaded nanofibres, a slight displacement (2h = 0.04�) is
observed for all the used catalysts. This displacement was attrib-
uted by other authors [29,30] to the formation of palladium car-
bide by the interaction with carbonaceous deposits on the metal
surface. In order to study more thoroughly the presence of these
coke deposits, TPO analyses of the catalysts were carried out.
Two peaks (for the CO2 evolved) are observed for the used catalysts
prepared form aqueous precursor (the TPO profile for the used 1%
Pd/CNF-oxi-aq is shown in Fig. 5): the main peak, at around 1033 K,
corresponding to the combustion of the carbon nanofibre supports;
and another peak at around 750 K, which is related to the burning
of carbonaceous deposits [31]. It should be noted that TPO analyses
of both the parent and the activated nanofibres were carried out in
a previous work [11], being observed in both cases the presence of
only one bulk combustion peak (similar to the second peak ob-
served in Fig. 5). The coke deposit combustion peak is exclusively
observed in the aqueous impregnated catalysts, not existing evi-
dences of carbonaceous deposits for catalysts prepared using or-
ganic solutions. For 1% of nominal Pd loading, the percentage of
coke per weight of catalyst, determined from peak area, was
1.70% for the CNF support and 1.20% for the oxidised CNF; whereas
for the 0.5% of nominal load, the small area of the coke combustion
peak prevents an accurate quantification. Although temperatures
reported in the literature for combustion of coke deposits formed
over Pd crystallites are lower (533–563 K [6,31,32]), these values
correspond to catalysts supported on alumina or activated carbon
supports. In these cases, support acid sites or organic functional
groups may catalyse the coke deposition; thus, it would be much
more distributed and, therefore, it could be more accessible for oxi-
dation. In the case of CNFs, this effect is not taking place because of
the high chemical inertness of the support. The amount of coke in
the catalysts made from oxidised support is lower than the corre-
sponding to the parent one. This result suggests that these func-
tional groups do not catalyse the formation of coke.

In order to estimate the changes on the catalyst chemistry dur-
ing the reaction, surface analyses of the used catalysts were per-
formed by XPS (summarised in Table 2). The original Pd 3d core
level spectra for two representative catalysts and the fit of the
curves are shown in Fig. 6. Main XPS parameters for Pd 3d5/2 and
Cl 2p3/2 core levels of both the fresh and used catalysts are summa-
rised in Table 2. The original Pd 3d core level spectrum for the fresh
catalysts reveals the existence of two Pd species: Pd in its reduced
(Pd0) [33,34] and oxidised (Pd2+) state [17,34,35]. The used cata-
lysts also exhibit peaks due to Pd0 and Pd2+ species, although the
Pd2+/Pd0 ratio is much higher in the catalysts after reaction. Con-
cerning to chlorine, two different species are found on the surface
Fig. 5. CO2 release profile during the TPO of the used 1% Pd/CNF-oxi-aq catalyst.
Heating rate: 0.16 K s�1.
of the used catalysts [36,37]: chloride anions, Cl 2p3/2, and chlorine
covalently bonded to carbon (Table 2).

In order to ensure the presence of functional groups in the oxi-
dised CNF-based catalysts, TPD of the used samples were per-
formed. Comparing the CO and CO2 releases of these samples
(depicted in Fig. 7 for the 1% Pd catalysts) with the corresponding
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Fig. 7. CO (lower plot) and CO2 (upper plot) releases during the TPD of 1% Pd/CNF-
oxi-org catalysts before and after 108,000 s on stream for TTCE
hydrodechlorination.



Fig. 8. TOF of fresh aqueous (�) and organic (j) impregnated catalysts as function
of the particle diameter.
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to the fresh catalysts, it is observed that the functional groups and
therein the surface chemistry of the supports remains almost unal-
tered, concluding that the effect of these functional groups on cat-
alyst performance takes places during all the reaction.

4. Discussion

Results obtained can be discussed both in terms of the initial
activity and the steady-state activity (Table 3). The first parameter
allows gaining further understanding into the intrinsic activity of
the catalysts, whereas the second one provides new insights into
the activity of the catalysts at the operation conditions. In order
to compare the intrinsic activity of the catalyst, initial TOF values,
that is, the number of TTCE molecules reacted per Pd-exposed
atom and per time, were calculated for all the studied catalysts,
considering the conversion extrapolated to zero hours on stream
and the palladium dispersion of the fresh catalysts. Dispersion
was calculated from the average crystallite diameter reported in
Table 1, using the Pd crystallographic parameters reported in the
literature [38]. TOF values are selected for comparison because
they allow comparing the catalytic activity in absence of deactiva-
tion effects. Although there are not, to the best of our knowledge,
TOF values reported for TTCE hydrodechlorination at these reaction
conditions, TOF values reported in this work are higher than TOF
values reported in the literature for similar reactions. So, Lambert
et al. reported TOF of 0.05 s�1 for the hydrodechlorination of 1,2,-
dichloroethane at 473 K over Pd/SiO2 catalyst [39], whereas Sán-
chez et al. reported TOF of 0.03 s�1 for dichloromethane hydrode-
chlorination over Pd/Al2O3 catalysts at 473 K [40]. Both
compounds are largely less reactive than TTCE for hydrodechlori-
nation reactions [6]. In the case of chloro-olefins, Nutt et al. re-
ported a TOF of 0.004 s�1 for liquid-phase trichloroethylene
hydrodechlorination at ambient temperature [41]. The observed
differences in TOF values are caused by both the highest reactivity
of the TTCE and because the TOF values reported in this work are
referred to the fresh catalysts, not to the steady-state catalyst.

Initial TOF was correlated to different parameters, such as crys-
tallite size, Pd2+/Pd0 ratio or Cl/Pd concentration. The evolution of
the TOF with the particle diameter (Fig. 8) shows very different
behaviour depending on the preparation method. In the case of
the catalysts prepared from organic precursors, TOF slightly in-
creases as the particle diameter increases, suggesting that the reac-
tion is structure sensitive. There is no general agreement about the
structure sensitivity of the hydrodechlorination reaction on palla-
dium catalysts. Several authors working with different chlorinated
compounds and palladium catalysts have found that an increase in
Table 3
Summary of the conversions obtained and resulting TOFs (estimated from Pd
dispersion measured by XRD) for the fresh catalysts and the catalysts after 108,000 s
on stream for the hydrodechlorination of TTCE at 523 K and 0.5 MPa.

Catalyst Xinitial (%) Xfinal

(%)
TOFinitial

(s�1)
TOFfinal

(s�1)

0.5% Pd–CNF-aq 47 5 12.3 1.6
1% Pd–CNF-aq 69 5 9.2 1.2
0.5% Pd–CNF-oxi-aq 68 12 17.8 3.7
1% Pd–CNF-oxi-aq 79 5 10.4 0.7
0.5% Pd–CNF-org 16 3 3.1 1.2
1% Pd–CNF-org 33 18 4.2 3.5
0.5% Pd–CNF-oxi-org 23 10 5.6 3.2
1% Pd–CNF-oxi-org 46 21 4.6 3.5
0.5% Pd–CNF-orga 17 2 2.8 0.5
0.5% Pd–CNF-orgb 23 9 4.8 3.4
1% Pd–CNF-org + CNF 33 17 4.0 3.4
1% Pd–CNF-org + CNF-oxi 40 23 4.9 4.6

a Catalyst reduced at 400 K.
b Catalyst reduced at 673 K.
dispersion leads to a decrease in the intrinsic activity [42]; how-
ever, other authors [43] reported the opposite behaviour. Accord-
ing to the classical theory on structure–sensibility reactions,
structure sensitivity is caused by either geometrical, electronic,
or coordination chemistry effects, which are not important at crys-
tallite sizes higher than 2 nm [44,45]. However, it is also stated
that the presence of other factors, such as surface reconstructions,
can lead to similar effects for larger crystallites, as suggested by
Dumesic et al. for explaining the structure sensitivity of Fe/MgO
(30 nm) when used as catalysts for ammonia synthesis [46]. This
kind of behaviour is associated with the formation of volatile spe-
cies, such as iron nitrides or palladium halides [47].

In the case of the catalysts prepared from aqueous solution, it is
observed that there are important variations on the catalyst activ-
ity although the metal dispersion does not vary significantly. These
results indicate that there are more phenomena taking place at the
catalytic surface and involving the support. Considering that the
catalytic reaction needs the presence of palladium to occur (negli-
gible conversions were obtained with both the parent and the acti-
vated nanofibres at 623 K), two different spill-over effects could
take place. The first one is the spill-over of the TTCE from the car-
bonaceous material to the Pd particle; this effect will lead to higher
local concentrations of TTCE on the surrounding of the Pd particles
increasing the catalytic activity. At this point, previous works of
our group showed that the adsorption capacity of the CNFs largely
decreases after the oxidative treatment [11], whereas in Fig. 8, it is
observed that for a given metal load and dispersion catalysts pre-
pared from the oxidised precursor present better performance than
those prepared from parent CNF. Therefore, it could be concluded
that this effect is not relevant in our case. At this point, Amorim
and Keane [48], studying the hydrodechlorination of chlorobenz-
enes over mechanical mixtures of Pd and CNFs and activated car-
bons with different concentration of functional groups found that
the strong adsorption of the chlorinated compound on the acid
functional groups of the carbon materials lead to reaction inhibi-
tion, discarding any kind of mobility of this adsorbed species.

The other spill-over effect that could take place is the diffusion
of atomic hydrogen from the metal to the support, extending the
surface at which the reaction would take place (although it is
assumed that the reaction needs the presence of Pd for occurring,
it takes place on the support in the vicinity of the Pd crystallites).
It is assumed that the presence of inorganic hydrogen containing
groups, such as the hydroxyl groups in the alumina-supported cat-
alysts can promote this kind of spill-over effects, altering the
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reducibility of oxidised supports or modifying selectivities in
hydrogenation reactions [49]. Thus, protonated functional groups
of carbonaceous materials play a similar role in these materials.
The impregnation of the materials with acid aqueous solution
would promote the formation of these sites in a larger extent than
the impregnation with an organic solvent. In a good agreement
with this interpretation, catalysts prepared over the oxidised sup-
ports (higher concentration of functional groups) present higher
initial TOF than the catalyst prepared from the parent CNFs. The
evidences of these spill-over effects are even stronger if the hydro-
gen adsorption capacity is considered. So, whereas activated nano-
fibres show lower adsorption capacities than the parent materials,
palladium addition has a marked influence on the adsorption prop-
erties of the oxidised materials. It is especially remarkable the ef-
fect of this addition when aqueous precursor is used (more than
five times than the parent material), suggesting that these spill-
over effects are enhanced by the preparation method selected.
Experiments carried out with mechanical mixtures of the 1% Pd/
CNF-org and CNF also suggest that the spill-over of hydrogen spe-
cies in the surface active sites of the activated CNF is important,
since the addition of activated CNF to the catalysts improves its
performance, whereas the addition of the parent CNF has not any
noticeable effect on catalyst performance.

The initial TOF is correlated with the Cl/Pd and the Pd2+/Pd0 ra-
tios obtained by XPS, Fig. 9. It is observed that the initial activity of
the catalysts (expressed as mole of TTCE converted per Pd atom
and second) increases as the chlorine content of the catalyst in-
creases for the samples prepared using the aqueous precursor,
whereas this parameter has not any clear influence on initial TOF
for the samples prepared using organic precursor. This fact sug-
gests that the preparation method plays a more determinant role
in the catalyst intrinsic activity than the CNF chemical activation.
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Regarding to the Pd2+/Pd0, two different trends are observed for
the catalysts prepared from organic and aqueous precursor. In both
cases, initial TOF increases as Pd2+/Pd0 increases reaching a maxi-
mum and decreases for the highest ratio. Similar behaviour has
been found by Gomez-Sainero et al. [35] for liquid-phase hydrode-
chlorination of CCl4 over palladium catalysts, although the maxi-
mum was obtained at higher Pd2+ concentrations (Pd2+/Pd0 ratio
about 1.5), whereas in this work the maximum occurs at about
0.3 for the catalysts prepared from organic precursor and 0.5–0.6
for the catalysts prepared from aqueous precursor. This difference
can also be explained considering the above-mentioned impor-
tance of the spill-over effects, so these authors used activated car-
bon supported catalysts, with higher concentration of functional
groups that can contribute to the storage of hydrogen atoms, need-
ing lower concentration of Pd0 for this purpose.

Results obtained about the effect of chlorine and the palladium
oxidation state can be explained from the point of view of the pal-
ladium coordination chemistry: although it is assumed that hydro-
gen is dissociatively chemisorbed on reduced palladium [50], the
mechanism of the chlorinated hydrocarbon adsorption is not so
clear. In the case of chloro-olefins, the most reasonable adsorption
mechanism will involve the interaction of the C–C double bond
with the Pd atom. This interaction is different in Pd0 and Pd2+

atoms. In the first case, the olefin–metal interaction will be elec-
tron rich and susceptible to electrophilic attack (reaction with elec-
tropositive molecules or atoms), whereas in the second case, the
olefin–metal complex is electron poor, especially when the olefin
has very electronegative substituents, and consequently suscepti-
ble to nucleophilic attack by chemisorbed hydrogen atoms or hy-
drides. According to this mechanism, chlorine has several
beneficial effects on the catalyst performance at this stage: it is a
strong electron-acceptor atom, becoming the olefin–palladium
complex even more electron poor, and it is a good outgoing group
for the adsorption of TTCE on the Pd2+ sites. A reaction scheme for-
mally similar to the mechanism proposed for the homogeneous
Wacker reaction [51] can be proposed, the TTCE would form a
complex with the Pd2+, probably scavenging a chloride ion, and this
complex will be attacked by the hydrogen, starting the hydrode-
chlorination reaction. Presumably, each Cl–H exchange is accom-
plished by the reduction of the Pd2+ to Pd0 (as in the case of the
Wacker reaction), but the Pd0 can be re-oxidised by the protons re-
leased in the reaction. The increase in the Pd2+/Pd0 ratio during
hydrodechlorination reactions has been found by other authors
in the literature both in gas and aqueous phase [35]. The unex-
pected (if the redox potentials for the H+/Pd pair are considered)
high stability of electron-deficient palladium species in reductive
environments when chloride and proton ions are present in the so-
lid has already been reported in the literature [52]. It is assumed
that this behaviour is caused by the interaction of Pd0 with neigh-
bouring protons (arising from the HCl generated during the reac-
tion in this case). The presence of chloride ions stabilizes this
system, hence promoting the oxidation. This effect has been pro-
posed in the literature for both hydrodechlorination reactions
and for explaining the abnormal reduction properties of catalysts
prepared from chlorine-containing precursors [52].

The evolution of the TOF after 108,000 s on stream with the pal-
ladium crystallite size does not show any clear trend, although the
TOF obtained for the aged catalysts is lower than the correspond-
ing to the fresh catalysts in all the cases. Therefore, sintering effects
are discarded as the only cause of catalysts deactivation, in spite of
the increase in the average crystallite size observed in all the stud-
ied catalysts.

XPS characterisation results are especially important to deter-
mine the poisoning effects caused by the HCl released during the
reaction. As previously discussed, the oxidation state of the Pd, as
well as the local concentration of chlorine ions at the neighbouring
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of the active phase, plays a key role in the activity of the catalyst. In
order to elucidate these effects during the catalyst ageing, the ratio
between the TOF of each aged and fresh catalyst is plotted versus
the quotient between Pd2+/Pd0 ratio of the used and fresh catalyst
(Fig. 10a), the concentration of inorganic chlorine (low binding en-
ergy chlorine) ratio (Fig. 10b) and the total amount of organic chlo-
rine in the deactivated catalysts, since the concentration of this
chlorine in the fresh catalysts is negligible (Fig. 10c). For compari-
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Fig. 10. Evolution of the ratio between the TOF after 108,000 s on stream and the
initial TOF for aqueous (�) and organic (j) impregnated catalysts with: (a) the ratio
[(Pd2+/Pd0)used/(Pd2+/Pd0)fresh]; (b) the ratio [(Clinorganic)used/(Clinorganic)fresh]; and (c)
the atomic concentration of organic chlorine after 108,000 s.
son purposes, these properties were also normalised, when possi-
ble, taking the freshly reduced catalysts as reference.

The evolution of the Pd2+/Pd0 ratio is completely different for
the catalysts prepared from organic and from aqueous solutions.
In the former case, the Pd2+/Pd0 ratios are always higher for the
used catalysts, and there is a correlation between the increase in
the concentration of Pd2+ and the activity loss (Fig. 10a). By con-
trast, this trend does not exist for the catalyst prepared from aque-
ous solutions. Similar behaviour has been observed for the
evolution of the inorganic chlorine concentration (Fig. 10b); the in-
crease in chlorine concentration being well correlated with activity
losses for the catalysts prepared from organic precursors (with the
exception of the Pd/CNF catalyst reduced at 400 K; probably be-
cause of its high initial chlorine concentration), whereas in the case
of the catalysts prepared from aqueous supports, this chlorine has
even a slightly positive effect. The observed trends for the catalysts
prepared from organic precursors suggest that the activity losses in
these catalysts is caused by HCl poisoning, which lead to increases
in the surface concentrations of Pd2+ and Cl.

Regarding to the influence of the organic chlorine (Fig. 10c),
there are two different possible sources of this organic chlorine:
the presence of chlorine in the coke deposits (detected by TPO–
MS for the catalysts prepared from aqueous solutions, as well as
for coke deposits on conventional Pd catalysts used for this reac-
tion [6,7,32]) and the presence of chlorine ions strongly adsorbed
in the CNFs. At this point, Brichka et al. [53] observed the introduc-
tion of HCl molecules into the carbon nanotubes prepared from
dichloromethane (in the defects of the graphene layers), stating
that the presence of chlorine atoms in these materials markedly
changed their adsorption properties.

Concerning the correlation between the concentration of this
organic chlorine and the activity loss, no trend was observed for
the catalysts prepared from organic precursor, whereas a slight po-
sitive effect of this chlorine on the residual activity was found for
the catalysts prepared from aqueous solutions. This last point can
be explained by different causes: the abovementioned spill-over
effects (since this chlorine is in the support, favouring hydrogen
adsorption or/and spill-over effects) or just because these catalysts
are more active, transforming more molecules per time period, also
for the coking reaction.

Taking into account all these facts, as well as the TPO–MS re-
sults, it is concluded that the main deactivation cause for the cat-
alysts prepared from aqueous solutions is the formation of coke.
Obtained results suggest that the preparation method plays a key
role in the chemical properties of the catalysts, even more impor-
tant than the chemical activation of the support. So, catalysts pre-
pared from aqueous solutions present an enhanced surface
chemistry, probably favouring hydrogen spill-over effects (leading
to higher initial activities for similar values of the dispersion) and
providing active sites for coke formation (leading to faster
deactivation).
5. Conclusions

We have demonstrated in this work that both the surface treat-
ment and, more markedly, the solvent used in the preparation of
the palladium catalysts play a key role in the activity and deactiva-
tion behaviour of the catalysts. These differences are not mainly
caused by the dispersion of the resulting catalyst, but by the sur-
face chemistry of the support (presence/absence of functional
groups, polarity, and protonation of these groups, etc.) and the ac-
tive phase. In this case, the presence of chloride anion and the Pd2+/
Pd ratio determine the activity of the catalyst.

These parameters also determine the pre-eminence of the dif-
ferent deactivation causes, being observed different causes for
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the deactivation of the catalysts prepared from aqueous solutions
(fouling) and organic solutions (chlorine poisoning).
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