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a  b  s  t  r  a  c  t

Catalytic  hydrodechlorination  (HDC)  is  an  effective  means  of  detoxifying  chlorinated  waste.  Involve-
ment  of  spillover  hydrogen  is  examined  in  gas  phase  dechlorination  of  chlorobenzene  (CB)  and
1,3-dichlorobenzene  (1,3-DCB)  over  Pd  and  Ni.  The  catalytic  action  of  single  component  Pd  and  Ni,
Pd/Al2O3,  Ni/Al2O3 and  physical  mixtures  with  Al2O3 has  been  considered.  Catalyst  activation  is char-
acterized  in  terms  of temperature  programmed  reduction,  the  supported  nano-scale  metal  phase  by
transmission  electron  microscopy  and  hydrogen/surface  interactions  by  chemisorption/temperature  pro-
grammed  desorption.  Pd/Al2O3 generated  significantly  greater  amounts  of  spillover  hydrogen  (by  a  factor
of over  40)  compared  with  Ni/Al2O3.  Hydrogen  spillover  on  Pd/Al2O3 far  exceeded  the  chemisorbed  com-
hlorobenzene
,3-Dichlorobenzene
ulk Pd and Ni catalysts
l2O3 supported nano-scale Pd and Ni

ponent,  whereas  chemisorbed  and  spillover  content  was  equivalent  for  Ni/Al2O3.  Inclusion  of  Al2O3 with
Ni  and  Ni/Al2O3 increased  spillover  with  an associated  increase  in  specific  HDC  rate  (up  to  a  factor  of 10)
and enhanced  selectivity  to  benzene  from  1,3-DCB.  HDC  rate  delivered  by  Pd  and  Pd/Al2O3 was  largely
unaffected  by  the  addition  of  Al2O3. This  can  be  attributed  to  the  higher  intrinsic  HDC  performance  of
Pd  that  results  in  appreciable  HDC  activity  under  conditions  where  Ni/Al2O3 was  inactive.  Spillover  was
partially  recovered  (post  TPD)  for  the  Ni  samples  but  the  loss  was  irreversible  in  the  case  of  Pd.
. Introduction

Chlorine containing effluent discharge has a direct adverse
mpact on stratospheric ozone, ecosystems and public health. There
s now a pressing need for a robust chloro-waste detoxification
nit operation where the energy requirements must be weighed
gainst the possibility of recycle. The standard control strategies
nvolve some form of “end-of-pipe” treatment, notably inciner-
tion and catalytic/chemical oxidation. Complete combustion of
hloroarenes, the subject of this study, requires elevated tem-
eratures (>1200 K) and excess oxygen [1],  where products of

ncomplete combustion (e.g. polychlorodibenzodioxins (PCDD) and
olychlorodibenzofurans (PCDF)) exhibit high toxicity [2].  Catalytic
ombustion has lower energy demands and reduced NOx emis-
ions [3] but can still generate significant quantities of PCCD/PCDF,
ith CO2 release and products such as CO, Cl2 and COCl2 that

re difficult to trap [4].  In any case, the irreversible loss of raw
aterial that results from combustion runs counter to the progres-
ive concept of low waste technologies. Application of photolysis,
zonation and supercritical oxidation represent advanced oxida-
ion technologies but the efficiency of each is unproven and all are
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hampered by high energy demands [5–7]. Catalytic hydrodechlo-
rination (HDC), hydrogen cleavage of C–Cl bonds, represents an
alternative approach that lowers toxicity and generates reusable
raw material [8,9]. A move from incineration to HDC results in
immediate savings in terms of fuel and/or chemical recovery.
Kalnes and James [10], in a pilot-scale study clearly showed the
economic advantages of HDC over incineration where the energy
required to run the HDC process in terms of generating the hydro-
gen consumed can be subtracted from the energy in the recycled
fuel product to give a net energy production. The catalytic HDC unit
can be incorporated in distillation/separation lines with HCl recov-
ery by absorption into an aqueous phase to produce a dilute acid
solution that can be concentrated downstream. The HCl  effluent can
be further trapped in basic solution, the hydrogen gas scrubbed and
washed to remove trace contaminants and recycled to the reac-
tor [11]. Moreover, Brinkman et al. [12] have demonstrated the
feasibility of a full scale hydrotreatment of PCB (polychlorinated
biphenyl) contaminated lubricating oils by catalytic HDC. However,
a loss of activity with time on-stream has been a feature of gas
phase HDC and ascribed to coke deposition and/or the formation of
surface metal halides and/or metal sintering [13].
While thermal (non-catalytic) HDC requires temperatures in
excess of 773 K [14,15],  catalytic HDC operates under much lower,
even sub-ambient [16], temperatures due to the ability of the cat-
alytic metal phase to dissociate molecular hydrogen, generating

dx.doi.org/10.1016/j.jhazmat.2011.08.025
http://www.sciencedirect.com/science/journal/03043894
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eactive H atoms that facilitate C–Cl scission [17]. It follows that an
nhanced supply of H atoms should improve overall HDC perfor-
ance. Anchoring a catalytically active metal to a carrier allows

ontrol over metal particle size at the nano-scale with, ideally,
 commensurate increase in catalyst efficiency. Although typi-
al oxide supports (e.g. Al2O3, SiO2, MgO  and zeolites) do not, in
he absence of a metal phase, promote HDC under mild condi-
ions [18–20],  possible synergistic effects such as the occurrence
f hydrogen spillover may  have a role to play. Spillover hydrogen,
.e. the migration of atomic hydrogen to the catalyst support after

2 dissociation on the metallic surface, has been the subject of
 diverse literature [21,22]. Hydrogen spillover has been demon-
trated for metals that are known to dissociatively adsorb H2 (Pd
21,24–26],  Ni [27–29],  Pt [19,26,29],  Rh [18,30],  Ru [31,32]) when
upported on carbon [18,21,23–25,32], Al2O3 [18,19,29,32],  SiO2
27,28,30],  TiO2 [32], zeolite [18], WO3 [26] and MoO3 [28]. Of
irect relevance to this study, Kramer and Andre [29] demonstrated
he occurrence of hydrogen spillover on Pt/Al2O3 and Ni/Al2O3 but
ot on the Al2O3 support alone. However, hydrogen incorporation
n metal-free Al2O3 was observed after treatment with H atoms
enerated by high-frequency discharge. These results indicate that
l2O3 can accommodate H atoms, formed either as the result of
pillover from a supported metal phase or externally generated and
upplied from the gas phase.

The participation of spillover hydrogen in hydrogenation
18–20,33,34] and hydrogenolysis [20,35–39] reactions has been
eported in the literature. Moreover, there is some evidence for a
ontribution in the HDC of chlorobenzene over Ni/SiO2 [20,28,40],
i2P/SiO2 [41,42],  Pd/Al2O3 [35,39] and Pd/C [43] and the HDC of
,2,4-trichlorobenzene over Ni/Nb2O5 [44]. A kinetic analysis of
as phase HDC over supported Ni has addressed surface reaction
ynamics and the involvement of spillover hydrogen in determin-

ng HDC rate [28,39,45].  One approach to probing spillover effects
s to employ physical (or mechanical) mixtures of the support with
ulk metals and directly compare the resultant catalytic response
ith that delivered by the catalytic metal without support addition.

he use of such physical mixtures (supported Rh, Pt and Ni mixed
ith Al2O3, SiO2, carbon, MgO, zeolite and WO3/Al2O3) has been

xplored to some extent in hydrogenation reactions [18–20,33].
imilar studies [20,40] applied to HDC are limited to reaction over
i catalysts with SiO2 addition but have not been coupled with
ny characterization analysis. In this report, we link critical char-
cterization measurements to catalytic HDC data. We  consider the
ction of bulk and Al2O3 supported Pd and Ni and physical mix-
ures with Al2O3. Pd and Ni were adopted as the catalytic agents
ince group VIII noble metals are known to be effective in HDC reac-
ions [13,46,47].  Chlorobenzene and 1,3-dichlorobenzene served as

odel reactants and are representative of high priority pollutants
enerated in the manufacture of dyes and a diversity of agrochem-
cals [13].

. Experimental

.1. Catalyst preparation and activation

The �-Al2O3 support (Puralox) was supplied by Condea Vista
o. and used as received. Pd/Al2O3 (5.4%, w/w) and Ni/Al2O3 (4.8%,
/w) were prepared by standard impregnation where 2-butanolic

d(NO3)2 or Ni(NO3)2 solutions were added at 353 K to the Al2O3
ubstrate with constant agitation (500 rpm), oven dried at 393 K
or 16 h and sieved (ATM fine test sieves) into batches of 75 �m

verage particle diameter. The metal loading was determined by
nductively coupled plasma-optical emission spectrometry (ICP-
ES, Vista-PRO, Varian Inc.). Bulk PdO (99.998%) and bulk NiO (99%),

he sources of unsupported Pd and Ni, respectively, were obtained
s Materials 211– 212 (2012) 208– 217 209

from Sigma–Aldrich. Physical mixtures of Al2O3 with PdO and NiO
were also employed (metal content = 5%, w/w) to facilitate direct
comparison with the impregnated catalysts. Prior to reaction, the
catalyst precursors were activated in a 60 cm3 min−1 stream of
ultra-pure H2 at 10 K min−1 to 523 ± 1 K (Pd) and 723 ± 1 K (Ni),
which was  maintained for 1–12 h. The activated samples were pas-
sivated at room temperature in a stream of 1% (v/v) O2/He (mass
flow controlled at 20 cm3 min−1) for ex situ analysis.

2.2. Catalyst characterization

BET surface area, temperature programmed reduction (TPR),
H2 chemisorption and temperature programmed desorption (TPD)
analyses were conducted using the commercial CHEMBET 3000
(Quantachrome Instrument) unit, equipped with a thermal con-
ductivity detector (TCD). A known mass (≤0.5 g) of sample was
loaded into a U-shaped Pyrex glass cell (10 cm × 3.76 mm  i.d.) and
BET surface areas were recorded with a 30% (v/v) N2/He flow where
pure N2 (99.9%) served as the internal standard. At least 2 cycles
of N2 adsorption–desorption in the flow mode were employed to
determine total surface area by the standard single point method
with data acquisition/manipulation using the TPR WinTM software.
Temperature programmed reduction was  conducted in 5% (v/v)
H2/N2 (mass flow controlled at 20 cm3 min−1) at a heating rate
of 10 K min−1 to 523 K (Pd) or 723 K (Ni), where the effluent gas
was  directed through a liquid N2 trap. The reduced samples were
swept with a flow of N2 for 1 h, cooled to room temperature and
subjected to H2 chemisorption using a pulse (50 �l) titration pro-
cedure. At this pulse volume, the maximum partial pressure of
H2 in the sample cell (0.004 atm) was well below 0.013 atm, the
pressure needed for Pd hydride formation at room temperature
[48,49]. Hydrogen pulse introduction was repeated until the signal
area was constant, indicating surface saturation. The samples were
then thoroughly flushed with N2 for 30 min to remove physisorbed
H2 and TPD was conducted in N2 at 50 K min−1 to 873 K. Based on
TCD calibration and analysis of the effluent gas using a MICRO-
MASS PC Residual Gas Analyser, the TPD profiles recorded in this
paper can be attributed solely to H2 release. After TPD, an additional
TPR/H2 chemisorption/TPD sequence was  conducted. Samples of
7.8% (w/w)  Pd/activated carbon and 8.5% (w/w) Ni/activated car-
bon were also subjected to the same analysis. Preparation and
characterization details for the carbon supported metals have been
reported previously [50]. BET surface area and H2 chemisorption
values were reproducible to within ±3% and the values quoted
in this paper are the mean. Powder X-ray diffractograms (Philips
X’Pert unit using Ni filtered Cu K� radiation) were consistent with
a cubic symmetry for bulk Pd and Ni: peaks at 40.1◦, 46.7◦,  68.1◦

and 82.15◦ corresponding to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) Pd
planes; peaks at 44.5◦, 51.8◦ and 76.3◦, corresponding to (1 1 1),
(2 0 0) and (2 2 0) Ni planes [51]. Transmission electron microscopy
(TEM) analyses of alumina supported Pd and Ni were conducted
using a JEOL 2000 TEM microscope operated at an accelerating
voltage of 200 kV. The catalyst sample was dispersed in 1-butanol
by ultrasonic vibration, deposited on a lacey-carbon/Cu grid (200
Mesh) and dried at 383 K for 12 h before TEM analysis.

2.3. Catalysis procedure

Reactions were carried out in the gas phase under atmospheric
pressure in a fixed bed glass reactor (i.d. = 15 mm)  with a co-current
flow of chlorobenzene (CB) or 1,3-dichlorobenzene (1,3-DCB) in H2.
The catalytic reactor, and operating conditions to ensure negligi-

ble heat/mass transport limitations, have been described in detail
elsewhere [52,53] but some features, pertinent to this study, are
given below. In order to control the contact time, glass powder
(sieved in the same mesh range as the catalyst) was  used as bed
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Table  1
Reaction conditions employed for CB and 1,3-DCB HDC hydrogenation over Pd and Ni catalysts.

Metal Catalyst Catalyst
composition

Reactant Reduction
conditions

Reaction
temperature (K)

Cl/metal
(molCl molmetal

−1 h−1)
Contact
time (s)

Pd Pd –a CB 523 K/1 h 423 289 0.1
Pd  + Al2O3 5% (w/w)  Pd
Pd/Al2O3 –a 3062 0.2
Pd/Al2O3 + Al2O3 1:2b

1:10b

1:20b

Ni Ni –a CB 723 K/12 h 573 4 1.4
1,3-DCB

Ni  + Al2O3 5% (w/w)  Ni CB 4 1.4
1,3-DCB

Ni/Al2O3 –a CB 90 1.4
1,3-DCB

Ni/Al2O3 + Al2O3 1:2b CB 90 1.4
1:10b CB

1,3-DCB
1:20b CB 90 1.4
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a Single component bed (no Al2O3 diluent).
b Catalyst:Al2O3 weight ratio.

iluent. The reaction conditions employed in this study are given
n Table 1. In the case of bulk and supported Ni systems, reactions

ere conducted pre- and post-TPD. The chloroarene reactant was
ed by means of a microprocessor controlled infusion pump (Model
00, kd Scientific) via a glass/teflon air tight syringe and teflon line
o the reactor in a stream of ultra pure H2, the flow rate of which
as monitored using a Humonics 520 digital flow meter. A layer

f glass beads served as a preheating zone to ensure that the reac-
ant was vaporised and reached the reaction temperature before
ontacting the catalyst bed. The reactor effluent was collected in a
iquid nitrogen trap for subsequent analysis, which was conducted
sing a PerkinElmer Auto System XL chromatograph equipped with

 split/splitless injector and a flame ionization detector, employing
 DB-1 50 m × 0.20 mm i.d., 0.33 �m capillary column (J&W Scien-
ific). The relative peak area % was converted to mol% using detailed
alibrations where the detection limit typically corresponded to

 feedstock conversion <0.4 mol%: overall analytic reproducibility
as better than ±3%. Repeated catalytic runs with different samples

rom the same batch of catalyst delivered product compositions
hat were reproducible to within ±5%. The degree of hydrodechlo-
ination (xCl) is given by

Cl = [HCl]out

[Clorg]in

here [Clorg] (mol dm−3) represents Cl concentration associated

ith the aromatic feed; in and out refer to the inlet and outlet

eactor streams, respectively. It has been demonstrated elsewhere
54] that HCl is the sole inorganic product with no Cl2 detected in

able 2
ET surface area associated with the activated bulk metals (with/without Al2O3

ddition) and alumina supported Pd and Ni and the volume of H2 chemisorbed pre-
nd  post-TPD (per gram of catalyst).

Sample BET surface area (m2 g−1) H2 uptake (cm3 g−1)

pre-TPD Post-TPD

Pd 2 0.3 0.2
Pd  + Al2O3 178 0.5 0.4
Pd/Al2O3 143 5.6 5.4
Ni  1 0.1 0.1
Ni  + Al2O3 180 0.1 0.1
Ni/Al2O3 134 7.2 6.9
Al2O3 190 – –

Fig. 1. TPR profiles: (a) PdO (I), PdO + Al2O3 (II) and Pd/Al2O3 (III); (b) NiO (I),

NiO + Al2O3 (II) and Ni/Al2O3 (III).

the product stream. Fractional 1,3-DCB conversion (xDCB) is given
by
xDCB = [DCB]in − [DCB]out

[DCB]in
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ig. 2. (a) Representative TEM images of (I) Ni/Al2O3 and (II) Pd/Al2O3 with (b) Ni
solated Pd particle in the higher magnification image is indicated by the arrow.

nd the selectivity (%) with which benzene (Sbenzene) was produced
rom DCB is calculated from

benzene(%) = [benzene]out

[DCB]in − [DCB]out
× 100

The CB (99.9%) and 1,3-DCB (98%) reactants (Sigma–Aldrich)
ere used without further purification; ultra pure (99.999%) H2,
e and N2 was supplied by Scott-Gross Co. Inc.

. Results and discussion

.1. Catalyst characterization: BET, TPR and TEM

The BET surface areas of the activated catalysts considered in
his study given in Table 2. The lower areas recorded for Pd/Al2O3
nd Ni/Al2O3 compared with the Al2O3 support can be attributed
o partial pore blockage by the impregnated metal phase. The tem-
erature programmed reduction profiles generated for the catalyst
recursors (bulk metal oxide, physical mixtures and alumina sup-
orted metals) are given in Fig. 1(a) and (b) for Pd and Ni systems,
espectively. The level of reproducibility of the TPR profiles can
e assessed from the repeated measurements included in Fig. 1.
he TPR profiles recorded for bulk PdO, in the presence or absence

f physically mixed Al2O3, are characterized by a single negative
eak (H2 production) at 381 ± 3 K. This can be attributed to H2
elease resulting from the decomposition of Pd hydride, which
s formed by H2 absorption where the partial pressure exceeds
(solid bars) and Pd/Al2O3 (open bars) particle size distribution histograms. Note:

0.013 atm [55,56]. The absence of a positive TPR peak (H2 consump-
tion) in advance of hydride decomposition suggests reduction to
zero valent Pd prior to the temperature ramp. Indeed, a room tem-
perature reduction of supported [57,58] and unsupported PdO [59]
has been reported elsewhere. The temperature corresponding to
maximum H2 release/hydride decomposition for bulk Pd is higher
than that (368 K, Profile III) recorded for Pd/Al2O3. The decompo-
sition of supported Pd hydride has been reported to occur over the
temperature range 323–373 K [58–62] and is shifted to higher val-
ues with an increase in H2 partial pressure [63] and Pd particle size
[56]. The latter is consistent with our observation that a higher tem-
perature was required for bulk Pd hydride decomposition relative
to the Al2O3 supported system. In addition to H2 release/hydride
decomposition, TPR of Pd/Al2O3 also generated a broad positive
peak during the temperature ramp that extended into the final
isothermal hold (523 K). This response suggests support interac-
tion that serves to stabilize the Pd precursor, requiring elevated
temperatures for reduction. This is in line with previous reports
wherein H2 consumption peaks up to 523 K were recorded for the
TPR of PdO supported on Al2O3 [64,65].

In contrast to the Pd system, the TPR profiles (Fig. 1(b)) gen-
erated for the Ni samples presented only positive peaks with H2
consumption during the temperature ramp and final isotherm hold

(723 K). The Tmax corresponding to the first and second peak in the
TPR profile of Ni/Al2O3 is 628 K and 723 K, respectively, where the
latter peak is common to the unsupported systems. The TPR profile
for NiO (with and without Al2O3 addition) yielded a broad peak that
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ig. 3. Hydrogen TPD profiles: (a) Pd (I), Pd + Al2O3 (II) and Pd/Al2O3 (III); (b) Ni (I),
i  + Al2O3 (II) and Ni/Al2O3 (III); first (�) and second (solid line) TPD.

xtended into the isothermal region and is consistent with earlier
eports [66,67]. A two stage reduction has been proposed [40,68]
or the TPR of supported nickel nitrate where thermal decomposi-
ion to NiO precedes the subsequent reduction of NiO to Ni0 and can
ccount for the two TPR peaks recorded in Fig. 1(b). The presence of
ne [66,69],  two [68,70] and even four [67] reduction peaks in TPR
rofiles of Ni/Al2O3 has been reported. The TPR response is influ-
nced by metal/support interactions which, in turn, are sensitive
o catalyst preparation, metal loading and pretreatment [69]. The
EM images provided in Fig. 2(a) serve to illustrate the nature of
he metal dispersion in the activated catalysts where the supported
articles exhibit a pseudo-spherical morphology. The Pd and Ni par-
icle size distribution histograms presented in Fig. 2(b) are based on
otal metal particle counts in excess of 800. Both supported systems
re characterized by a distribution of nano-scale particles where
he majority (>90% of total count) have diameters <30 nm.

.2. Catalyst characterization: H2 chemisorption-TPD

Hydrogen chemisorption values, pre- and post-TPD, are given in
able 2. The role of Al2O3 in dispersing the Pd or Ni phase is imme-
iately apparent from the higher (by over an order of magnitude)

2 uptake on Pd/Al2O3 and Ni/Al2O3 compared with the respec-

ive bulk metals. Based on H2 chemisorption, unsupported Pd and
i particle size is in the 10−6–10−7 m range. Hydrogen TPD gen-
rated the profiles presented in Fig. 3. The TPD profile for bulk Pd
Fig. 4. Hydrogen TPD profiles for Pd/AC (I) and Ni/AC (II): first (�) and second (solid
line) TPD.

exhibited an ill defined desorption peak at ca. 570 K. The volume of
H2 released matched (to within 5%) that taken up in the chemisorp-
tion step (see Table 2). The absence of any H2 release at T < 400 K
due to Pd hydride decomposition (observed for TPR (see Fig. 1(a)) is
consistent with an exclusive H2 chemisorption during pulse titra-
tion. The Pd + Al2O3 physical mixture and Pd/Al2O3 delivered a TPD
response that is quite distinct in that two H2 desorption peaks were
observed. The lower temperature peak (Tmax = 520–560 K) repre-
sents release of the chemisorbed H2 component, i.e. H2 release
from Pd. The additional high temperature peak, which extends into
the final isothermal hold, was only generated in the presence of
Al2O3, either as an additive in the physical mixture or as support,
which is consistent with the involvement of hydrogen spillover
on Al2O3. Hydrogen TPD from bulk Ni did not result in a measur-
able signal (Fig. 3(b)), i.e. H2 release was below detection limits
(<0.02 cm3 H2 g−1). The TPD profile generated for Ni/Al2O3 presents
three stages of H2 desorption with respective Tmax values of 483,
785 and 873 K. The Ni + Al2O3 physical mixture exhibited a sin-
gle broad TPD peak that coincides with the highest temperature
peak of Ni/Al2O3, a response that matches that observed for Pd.
In the case of Ni/Al2O3, the amount of H2 adsorbed corresponds
to the total desorption associated with the two lower temperature
peaks. The appearance of three H2 desorption peaks from Ni/Al2O3
(Tmax = ca. 410, 720 and 820 K) has also been reported by Cesteros
et al. [71], who  linked the high temperature desorption to hydro-
gen spillover. In a series of blank runs, we  did not observe any H2
consumption or release by/from the Al2O3 support alone over the
same temperature range. This was expected and is consistent with
the available literature [18,30,72,73].  However, the capability of
Al2O3 to accommodate spillover hydrogen has been demonstrated
and associated with surface acidity [18]. Hydrogen spillover species
have been viewed as electron donors where an acidic surface (as
electron acceptor) enhances electron transfer and facilitates trans-
port from the metal site [22]. Indeed, Sermon and Bond [74] have
noted a correlation between concentration of spillover hydrogen
and the number of hydroxyl groups associated with the support.

Hydrogen TPD is a practical approach to studying spillover
effects for supported metals as it allows some differentiation
between hydrogen associated with the metal and the support.

There are a number of published H2 TPD profiles where desorp-
tion from the metal phase and from the support is seen to occur
at different temperatures [18,23,29,32].  Taking an overview of the
literature, desorption of spillover hydrogen is characterized by
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 TPD response at T > 503 K regardless of the metal or support
18,23,27–29,32,72]. Ouchaib et al. [23] reported two H2 desorption
eaks from charcoal supported Pd at 373 K and 673 K, attributing
he higher temperature peak to spillover hydrogen. Benseradj et al.
18], by applying H2 TPD analysis to characterize Rh/Al2O3 physi-
ally mixed with Al2O3, SiO2, activated carbon and zeolite, noted
hat the desorption peak due to spillover hydrogen (Tmax in the
ange 503–873 K) increased with incremental additions of support
o Rh/Al2O3. Kramer and Andre [29] observed an additional high
emperature TPD peak (ca. 753 K) for Pt/Al2O3 that was not present
n the profile for unsupported Pt. Such observations agree with the
PD behaviour recorded in this study. The occurrence of hydro-
en spillover in catalyst + support physical combinations where the
wo components are well mixed [18,31,75] or are present as dis-
rete layers [31] has been demonstrated with a reported [31,76]
pillover transport across non-contiguous surfaces. At the same
d content in the physical mixture (Pd + Al2O3) and Pd/Al2O3, the
mount of hydrogen spillover was an order of magnitude higher
or the latter, i.e. 560 cm3 H2 g−1 compared with 53 cm3 H2 g−1. In
he case of Ni, spillover release from Ni/Al2O3 (13 cm3 H2 g−1) was
our times greater than that recorded for Ni + Al2O3 (3 cm3 H2 g−1).
he increased amount of spillover associated with the supported
etals must result from a greater degree of contact where the
etal/interface is extended.
Furthermore, Pd generated appreciably greater amounts of

pillover hydrogen (by a factor of over 40) compared with Ni.
e can tentatively link this to the significantly higher diffu-

ion coefficient for H2 in Pd (ca. 10−11 m2 s−1) relative to Ni (ca.
0−14 m2 s−1) [77,78],  i.e. more efficient transfer from metal to

upport. It should also be noted that while the extent of spillover
ydrogen on Pd/Al2O3 was far greater than that chemisorbed on
d, the chemisorbed and spillover component on Ni/Al2O3 was
ssentially equivalent. Faccin et al., in an FTIR study [79], reported
Al2O3 (�); (b) Ni/Al2O3 (�), Ni/Al2O3 + Al2O3 (1:2, w/w ratio) (�), Ni/Al2O3 + Al2O3

II) TPD. Note: Repeated runs are included to illustrate experimental reproducibility.

evidence of hydrogen spillover on Pd/TiO2 and not on Ni/TiO2
but the authors did not provide any explicit explanation for this
response. In order to ascertain whether the degree of spillover
is determined by the metal phase alone, we applied the same
TPR/H2 chemisorption/TPD analysis to Pd/AC and Ni/AC. The resul-
tant TPD profiles are presented in Fig. 4 where it can be seen that
both samples delivered similar H2 release at 873 K. Hydrogen des-
orption from Pd/Al2O3 was appreciably greater (seven-fold) than
that recorded for Pd/AC while Ni/AC generated three times more
spillover hydrogen than Ni/Al2O3. Differences in the amounts of
spillover hydrogen associated with the same metal supported on
different carriers [32,72] and different metals anchored to the same
support [80] have been recorded in the literature. Spillover can be
influenced by several factors such as the nature of the hydrogen
donor (H2, cyclohexene, NH3, toluene), the concentration of initiat-
ing and acceptor sites, degree of contact between the participating
phases, temperature, catalyst activation, temperature of hydrogen
adsorption and metal-support interaction(s) [26,32,70,72].  Given
the number of interrelated factors that can impact on the spillover
response, it is difficult to decouple such contributions and explicitly
assign one dominant factor. Our results demonstrate quite differ-
ent behaviour for two metal/two carrier combinations where the
metal phase or support alone does not appear to govern the degree
of spillover and contributions due to the metal/support interface
must be critical.

As spillover hydrogen was  removed during TPD to 873 K, all the
samples were subjected to a second sequence of TPR/H2 chemisorp-
tion/TPD in order to check whether the initial level of spillover
can be restored. The published review articles that have addressed

hydrogen spillover phenomena have focused on the impact of
spillover on catalytic reactions [31,81], the methods of spillover
detection [74], the chemical nature of spillover species [22] and
spillover mechanisms [31] but with no reference to spillover
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Table  3
Initial CB and 1,3-DCB HDC rates, DCB fractional conversion (xDCB) and selectivity with respect to benzene (Sbenzene (%)) over bulk and alumina supported Ni (with/without
Al2O3 addition) for reaction pre- and post-TPD.

Reactant Catalyst Catalyst bed composition HDC rate (molCl gNi
−1 h−1) Sbenzene (%) xDCB

pre-TPD post-TPD pre-TPD

CB Ni –a 10 × 10−3 10 × 10−3

Ni + Al2O3 5% (w/w) Ni 37 × 10−3 22 × 10−3

Ni/Al2O3 –a 62 × 10−2 52 × 10−2

Ni/Al2O3 + Al2O3 1:2b 72 × 10−2 59 × 10−2

1:10b 100 × 10−2 80 × 10−2

1:20b 132 × 10−2 89 × 10−2

1,3-DCB Ni –a 4 × 10−3 4 × 10−3 46 0.08
Ni  + Al2O3 5% (w/w) Ni 37 × 10−3 21 × 10−3 74 0.72
Ni/Al2O3 –a 19 × 10−2 15 × 10−2 54 0.17
Ni/Al2O3 + Al2O3 1:10b 76 × 10−2 44 × 10−2 89 0.58
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of bulk Ni (Fig. 5(a)) and Ni/Al2O3 (Fig. 5(b)) was  enhanced with the
addition of Al2O3 in the physical mixtures. The inclusion of Al2O3
resulted in an up to fourfold increase in CB HDC rate (Table 3),
which we  take as confirmation of the participation of hydrogen
a Single component bed (no Al2O3 diluent).
b Catalyst:Al2O3 (w/w) ratio.

eversibility or regeneration. The levels of hydrogen chemisorp-
ion were largely retained (albeit detectably lower) after the first
PD, as can be seen from the entries in Table 2. The initial level of
ydrogen spillover was restored to some degree in the case of the Ni
amples (ca. 40% for Ni + Al2O3 and 70% for Ni/Al2O3) but there was
o detectable higher temperature desorption from the Pd samples
uring the second TPD (Fig. 3(a)). A decrease in spillover hydro-
en in the Ni system may  result from a partial Ni sintering during
he first TPD, as suggested by the lower H2 uptake on Ni/Al2O3
ost-TPD (Table 2). Our tests show that once spillover hydrogen is
emoved (thermally at 873 K) from Pd + Al2O3 and Pd/Al2O3, it can-
ot be regenerated in a subsequent TPR/H2 chemisorption cycle, i.e.
he loss is irreversible. Spillover regeneration on Pd/AC and Ni/AC
howed the same response (Fig. 4), i.e. spillover hydrogen on Ni/AC
as recovered after the first TPD but Pd/AC did not exhibit any mea-

urable spillover release. It is worth flagging the work of Miller et al.
72] who reported reversibility in terms of surface chemisorbed H2
ut an irreversible loss of hydrogen spillover from Pt supported on
eolite or Al2O3 after a TPD to 973 K. They attributed this effect to
n irreversible removal of surface hydroxyl groups in the first TPD,
hich rendered the surface ineffective for the accommodation of

pillover species. Our results suggest that the (re-)generation of
ydrogen spillover is critically linked to the specific metal-support

nterface.

.3. Role of hydrogen spillover in HDC

The reaction conditions employed in this study are given in
able 1. In the light of the TPD measurements, the use of physical
ixtures can facilitate an explicit assignment of spillover contribu-

ions to HDC performance. As blank tests, passage of CB or 1,3-DCB
n a stream of H2 through the empty reactor or over the Al2O3
upport alone, i.e. in the absence of Pd or Ni, did not result in any
etectable conversion (under the conditions given in Table 1). The
ariation of the fractional dechlorination (xCl) of CB with time-on-
tream over Ni (two reaction cycles) and Pd (one reaction cycle)
atalysts are shown in Figs. 5 and 6, respectively; initial HDC rates
re given in Tables 3 and 4. The results of repeated reaction runs
re included to illustrate the degree of raw data reproducibility.
n the case of the Ni systems, conversion of CB generated ben-
ene as the sole product whereas cyclohexane (selectivity < 4%) was
lso isolated in the product stream generated over Pd as a result
f a subsequent benzene hydrogenation. There was  no detectable
hlorocyclohexane formation, indicating that hydrogenation of the

romatic ring without concomitant dechlorination was  not pro-
oted. The formation of chlorocyclohexane has been reported for

upported Pd catalysts but with very low selectivities (<0.1%) [82].
 temporal decline in HDC activity was observed in agreement with
previous reports where this was  ascribed to a catalyst poisoning by
the HCl product [34,45].  With respect to the Ni system, the activity
Fig. 6. Fractional CB HDC (xCl) as a function of time-on-stream over: (a) Pd
(�)  and Pd + Al2O3 (�); (b) Pd/Al2O3 (�), Pd/Al2O3 + Al2O3 (1:2, w/w ratio) (�),
Pd/Al2O3 + Al2O3 (1:10, w/w ratio) (�) and Pd/Al2O3 + Al2O3 (1:20, w/w ratio) (�).
Note: Repeated runs are included to illustrate degree of experimental reproducibil-
ity.
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Fig. 7. Fractional 1,3-DCB HDC (xCl) as a function of time-on-stream over: (a) Ni (�) and N
pre-(I)  and post-(II) TPD. Note: Repeated runs are included to illustrate experimental rep

Table 4
Initial CB HDC rates delivered by bulk and alumina supported Pd (with and without
Al2O3 addition).

Reactant Catalyst Catalyst bed
composition

HDC rate
(molCl gPd

−1 h−1)

CB

Pd –a 1.5
Pd  + Al2O3 5% (w/w) Pd 1.8
Pd/Al2O3 –a 22.1

Pd/Al2O3 + Al2O3

1:2b 22.9
1:10b 24.8
1:20b 25.2
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HDC rate relative to that obtained pre-TPD can be ascribed to an
a Single component bed (no Al2O3 diluent).
b Catalyst:Al2O3 (w/w) ratio.

pillover in HDC over Ni. While HDC rate increased with increasing
l2O3 content in the bed, this increase is not in direct proportion to

he amount of Al2O3 added. Taking the observed enhancement in
DC rate to result from the contribution due to spillover hydrogen,

he dependence of rate on Al2O3 content in the physical mixtures
eflects the spillover content. The latter is governed by the degree of
ontact between Ni/Al2O3 and Al2O3 in the bed and the transport of
ydrogen across the boundary between the physically mixed cata-

yst and support particles. Addition of Al2O3 also served to increase
B conversion over bulk and supported Pd (Fig. 6) but with a lesser
nhancement of HDC rate (Table 4). It should be noted that the HDC
ates (at 423 K) delivered by Pd were from 19 to 150 times greater
han those measured (at 573 K) for Ni. Under the same reaction con-
itions, Ni/Al2O3 was inactive when Pd/Al2O3 delivered a fractional
B dechlorination (xCl) of 0.77. These results demonstrate that Pd

s far more effective as a HDC agent than Ni, as has been noted

lsewhere [35,40,83].  As a point of reference, Simagina et al. [83],
tudying the HDC of hexachlorobenzene, recorded a 95% conversion
ver Pd/C under reaction conditions where Ni/C did not exhibit any
i + Al2O3 (�); (b) Ni/Al2O3 (�) and Ni/Al2O3 + Al2O3 (1:10, w/w  ratio) (�); reaction
roducibility.

activity. The results suggest that Pd is intrinsically so active that
hydrogen spillover contributions due the addition of Al2O3 are not
significant under the stated reaction conditions.

As H2 TPD analysis of the Ni catalysts revealed a capacity
for spillover regeneration (see Fig. 3(b)), a second reaction cycle
(post-TPD) was  conducted to assess the catalytic consequences.
The resultant temporal dependence of CB fractional conversion is
shown in Fig. 5. The HDC rates delivered by bulk Ni were equiv-
alent in both cycles whereas Ni/Al2O3 exhibited a detectable loss
of activity post-TPD. The physical mixtures involving bulk Ni and
Ni/Al2O3 again outperformed the catalysts without Al2O3 addition,
albeit the initial HDC rate was lower relative to the first reaction
cycle (Table 3) and a temporal decline in conversion was  again in
evidence (Fig. 5). The drop in HDC rate in the second cycle can be
associated with the partial recovery of spillover hydrogen post-
TPD (Fig. 3(b)). The role of spillover hydrogen in determining HDC
was  probed further by considering the HDC of 1,3-DCB over bulk
Ni and Ni/Al2O3 with/without Al2O3 addition. The time-on-stream
activity response is shown in Fig. 7, where two reaction cycles are
again considered. Conversion of 1,3-DCB generated CB and benzene
with, again, no detectable cyclohexane or chlorocyclohexane in the
product stream. The generation of CB as product suggests a step-
wise dechlorination and it has been demonstrated elsewhere [84]
that sequential, as opposed to concerted dechlorination, predomi-
nates in the gas phase HDC of 1,3-DCB over supported Ni catalysts
[84]. As in the case of CB HDC: (i) the addition of Al2O3 to sup-
ported or unsupported Ni resulted in an appreciable increase (by
up to a factor of 10) in HDC rate (Table 3); (ii) the improvement
in activity extended to the second reaction cycle where the lower
incomplete restoration of the initial spillover complement. There
is evidence in the literature [85–87] that gas phase chloroarene
HDC over supported Ni catalysts proceeds via an electrophilic
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echanism involving an arenium ion intermediate and the pres-
nce of a second electron withdrawing Cl substituent on the ring
estabilizes the rate determining transition complex with a resul-
ant decrease in reactivity. Indeed, 1,3-DCB HDC rate over Ni and
i/Al2O3 was lower than that of CB. It should, however, be noted

hat bulk Ni physically mixed with Al2O3 delivered equivalent CB
nd DCB HDC rates (see Table 3). This response illustrates the
ffectiveness of spillover hydrogen to promote HDC. Moreover, the
enzene selectivities recorded in Table 3 clearly demonstrate that
he inclusion of Al2O3 served to elevate appreciably the extent
f complete HDC to benzene. Our work has explicitly demon-
trated the participation of spillover hydrogen in hydrogenolytic
–Cl bond scission. In addition to the role of Al2O3 as a source
f spillover hydrogen, we cannot discount a possible involvement
rising from chloroarene activation via interaction with Al2O3. It
as been reported in the literature that haloarenes can adsorb from
he gas phase not only on the metal phase [40,82] but also on the
l2O3 support [88,89].  While flagging this as a possible contributing

actor, we have limited this study to a consideration of the role of
eactive hydrogen in determining HDC performance. Future work
ill focus on the nature of chloroarene/surface interactions (with

oth metal and support) leading to catalytic HDC.

. Conclusion

A comparison of the catalytic action of Pd, Ni, Pd/Al2O3 and
i/Al2O3 with and without the inclusion of Al2O3 (as physical mix-

ures) has facilitated an assessment of the role of spillover hydrogen
n chloro-aromatic HDC. Hydrogen TPD from Al2O3 supported

etal and bulk metal + Al2O3 mixtures exhibited an additional high
emperature peak due to spillover desorption. Pd/Al2O3 generated
ignificantly greater quantities (by a factor of over 40) of spillover
ydrogen relative to Ni/Al2O3. Spillover from Pd/Al2O3 was  far in
xcess of chemisorbed H2, whereas the chemisorbed and spillover
omponents were equivalent on Ni/Al2O3. Addition of Al2O3 to bulk
i and Ni/Al2O3 resulted in an enhancement of CB and 1,3-DCB
DC rate by up to a factor of 10, demonstrating the contribu-

ion of spillover hydrogen; Al2O3 by itself was inactive. HDC of
,3-DCB over Ni generated CB as a partially dechlorinated inter-
ediate where inclusion of Al2O3 significantly elevated the extent

f complete HDC to benzene. Pd catalysts exhibited intrinsically
igher HDC activities, where Pd/Al2O3 promoted dechlorination
nder reaction conditions where Ni/Al2O3 was inactive. Thermal
esorption of spillover hydrogen from the Ni system was  not wholly

rreversible in that a partial recovery (with an associated partial
mprovement of catalyst performance) was possible in a subse-
uent catalyst activation. In contrast, the spillover content was  not
ecoverable in the case of the Pd system. This work has established
he role of spillover hydrogen in catalytic HDC and is a feature
hat should be incorporated in any process scale-up and/or indus-
rial implementation. One immediate benefit of increasing spillover
ydrogen content is the ability to operate HDC with a dilute hydro-
en inlet stream, which is an important consideration in developing
n effective (low cost) process where issues of atom efficiency and
ecycle must be addressed.
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