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Abstract

The hydrodehalogenation (HDH) of fluorobenzene (FB), chlorobenzene (CB), bromobenzene (BB), iodobenzene (IB), 1,3-dichlorobenzene
(1,3-DCB), 1,3-dibromobenzene (1,3-DBB) and 1,3-bromochlorobenzene (1,3-BCB) has been studied over Ni/SiO2 at 573 K. In the case of
the mono-haloarenes, HDH activity decreased in the order FB > CB > BB > IB, an effect that is discussed in terms of halogen inductive effects.
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he conversion of the di-substituted benzenes (at a common inlet X/Ni molar ratio) was significantly lower (by a factor of up t
hat recorded for the mono-haloarenes, i.e. the presence of a second electron withdrawing halogen substituent lowered the ove
DH. A decline in HDH activity with time-on-stream was observed in every instance. Catalyst activation via direct temperature-pro

eduction (TPR) has been monitored with on-line thermogravimetric/mass spectrometric/thermal conductivity analyses. The inc
f a calcination step prior to reduction resulted in a marked decline in HDH activity. The pre- and post-reaction catalyst samples
haracterized by BET area measurements, X-ray diffractograms (XRD) and H2 chemisorption/temperature-programmed desorption.
nalyses of the post catalysis (passivated) samples were also conducted and compared with the response recorded for the unu
he loss of activity is linked to halogen/Ni interactions resulting in a suppression of H2 uptake with possible Ni sintering and a disruption

he H2/catalyst interactions. In the hydrotreatment of 1,3-BCB, the level of debromination exceeded that of dechlorination, a resu
ttribute to a surface hydrochlorination and Cl exchange with the Br substituent on the aromatic ring. This effect extends to rea
ulk NiO and NiO + SiO2 mixtures.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Organohalogens are classified as high priority pollutants
ue to their toxicity, mutagenicity and carcinogenicity[1].
hese compounds are of commercial significance in the man-
facture of pesticides, plasticizers and disinfectants, pro-
esses that are potential sources of release into the environ-
ent[2] with associated ecological damage and atmospheric
zone depletion effects[3]. As a direct consequence, the safe
andling/disposal of halogenated compounds is a pressing
emediation issue. There are several technologies currently

∗ Corresponding author. Tel.: +1 859 257 5857; fax: +1 859 323 1929.
E-mail address:makeane@engr.uky.edu (M.A. Keane).

in use, i.e. incineration, pyrolysis, hydrolysis, chemical/
degradation[4,5] but each can lead to the formation of ot
halogenated toxins and do not constitute the best practi
environmental option. Catalytic hydrodehalogenation (H
is now emerging as a viable alternative non-destructive t
ment that can generate compounds of economic value
halogenated waste[6]; this report focuses on a Ni/SiO2 pro-
moted transformation of gaseous Cl-, Br-, I- and F- aroma
The hydrodechlorination (HDC) of aliphatic organochlori
(C2H3Cl3, C2HCl3, C2Cl4, CH2Cl2, CHCl3 and CCl4) has
been investigated over Ni/SiO2 (50 atm/573 K)[7,8] where
significant catalyst deactivation was observed and attrib
to coke formation via reactant polymerization. In the H
(1 atm/523–563 K) of CH2Cl2 and CHClF2 over bulk Ni and

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Ni/C, Ni carbide formation was proposed and found to be
more active than the starting Ni phase[9]. The HDC of
1,2-C4H8Cl2, an epichlorohydrin production by-product, has
been examined over (5–40%, w/w) Ni/SiO2 where a high se-
lectivity (95%) to C4H8 was achieved and catalyst stability
was attributed to the formation of Ni-hydrosilicate that was
resistant to deactivation[10].

Focusing on haloarenes, HDC activity in the conversion
of chlorobenzene (CB) over Ni/SiO2 and Ni/C was found to
be dependent on the nature of the support, activation condi-
tions and Ni particle size, a response that is suggestive of HDC
structure sensitivity[11,12]. The gas phase HDC of polychlo-
rinated aromatics such as 1,2-dichlorobenzene (1,2-DCB),
1,2,4-trichlorobenzene (1,2,4-TCB) and hexachlorobenzene
has been reported for Ni supported on Al2O3, NiAl 2O4,
hydrotalacites, MCM-41 and Cr2O3 where a high selec-
tivity (>95%) to benzene has been linked to metal dis-
persion allied to the availability of surface reactive hydro-
gen [13–17]. Hydrodebromination (HDB), by comparison,
has received less attention in the literature and few pub-
lished articles of direct relevance could be found. The liq-
uid phase HDB of hexabromobenzene and tribromobenzenes
has been considered where a Pd metallocenyl diphosphine
complex served as the (homogeneous) catalytic agent[18].
Yu et al. [19] recorded HDB activity for Pd anchored on
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2. Experimental

2.1. Catalyst preparation and activation

A 10% (w/w) (determined by ICP-OES, Vista-PRO, Var-
ian Inc.) Ni on SiO2 (fumed, Aldrich) precursor was prepared
by standard impregnation, where an aqueous nickel nitrate
solution was added drop wise to the substrate at 343 K with
constant agitation; the catalyst precursor was washed with
deionized water and dried in air at 383 K. Prior to use in catal-
ysis, the precursor, sieved (ATM fine test sieves) into a batch
of 75�m average particle diameter, was reduced directly in
a 60 cm3 min−1 stream of ultra pure H2 at 10 K min−1 to
723± 1 K, which was maintained for 12 h. Alternatively, the
catalyst precursor was subjected to a precalcination step, i.e.
heating in air at 10 K min−1 to 873 K (maintained for 1 h),
cooling in He to room temperature with a subsequent reduc-
tion in H2 (as above) but to a final temperature of 873 K.
Unsupported NiO, and a physical mixture (thorough mixing
was ensured) of NiO + SiO2 and Ni(NO3)2 + SiO2 were also
employed where the Ni content in the mixture = 10% (w/w)
Ni.

2.2. Catalyst characterization
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olyvinyl pyrrolidone (PVP) and observed a decline in p
ormance that was ascribed to HBr poisoning. Pd supp
n SiO2/AlPO4, ZrO2 and MgO was found to be acti

n the liquid phase HDH of 1,3-bromochlorobenzene (
CB) [20,21]. We have shown elsewhere[22,23] that gas
hase HDH of a range of substituted bromo- and ch
renes over supported Ni is 100% selective in term
–X bond scission with no aromatic ring reduction, wh
lectron donating ring substituents serve to raise the
ll reaction rate. Marques et al.[24] have studied the liq
id phase HDB of dibromobenzene(s) (DBB) over P
nd Raney-Ni catalysts in mixed organic/aqueous medi

ound the Pd/C to be significantly more active. An exha
ive search through the literature failed to unearth any s
es of gas phase HDH of iodobenzene (IB) or fluoroben
FB) over supported Ni. It is, however, worth flagging st
es of liquid phase hydrodeiodination (with molecular
rogen) of IB over Pd/C[25,26] and the liquid phase h
rodefluorination of FB and 1,2-difluorobenzene where
omplexes tethered to a silica support[27,28] and Zr-base
rganometallics (homogeneous system)[29] served as th
atalytic agents.

In this investigation, we report reproducible act
ies/selectivities for the gas phase HDH of FB, CB,
B, 1,3-DCB, 1,3-DBB and 1,3-BCB over unsuppor
nd SiO2 supported Ni and focus on the relative reacti
f the C Cl, C Br, C I and C F bonds for hydroge
cission. We have carefully monitored catalyst activa
reduction with/without precalcination) and have exam
he changes to the catalyst structure that result du
DH.
After reduction (as above) or after catalysis, the sam
as flushed for 1 h in a stream of He, cooled (in He

oom temperature and passivated in (40 cm3 min−1) 1% (v/v)
2/He; there was no detectable temperature increase d
ample passivation. This treatment served to provide a pr
ive oxide layer over the surface Ni that prevented bulk ox
ion upon exposure to the atmosphere. The BET surface
emperature-programmed reduction (TPR), H2 chemisorp
ion and temperature-programmed desorption (TPD) a
iated with the freshly activated (pre- and post-passiva
nd spent (passivated) samples were determined usin
ommercial CHEM-BET 3000 (Quantachrome) unit. T
amples were loaded into a U-shaped Pyrex glass
10 cm× 3.76 mm i.d.) and heated in 20 cm3 min−1 (mass
ow controlled) 5% (v/v) H2/N2 to 723 K at 10 K min−1.
he effluent gas passed through a liquid N2 trap and H2 con-
umption was monitored by a thermal conductivity de
or (TCD) with data acquisition/manipulation using the T

inTM software. The samples were maintained at 723 K
2 h in a steady flow of H2; TPR was also monitored followin

he precalcination outlined above (with an ultimate reduc
emperature = 873 K). The reduced samples were swep
20 cm3 min−1 flow of N2 for 1 h at the final reduction tem
erature, cooled to room temperature and subjected2
hemisorption using a pulse (50–100�l) titration procedure
etectable uptake >0.2 cm3 H2 at STP per gram Ni. The sam
les were thoroughly flushed with pure N2 (20 cm3 min−1)

or 30 min to remove physisorbed H2. Temperature
rogrammed desorption was conducted in the N2 flow at
0 K min−1 to 723 K. BET areas were recorded with a 3
v/v) N2/He flow; pure N2 (99.9%) served as the internal st
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dard. At least two cycles of nitrogen adsorption–desorption in
the flow mode were employed to determine total surface area
using the standard single point method. BET surface area and
hydrogen uptake values were reproducible to within±5% and
the values quoted in this paper are the mean. BJH pore volume
analyses were performed using the commercial Micromerit-
ics TriStar 3000 unit; the catalyst precursor and activated
(with and without precalcination) samples exhibited a cumu-
lative pore volume = 2.2± 0.2 cm3 g−1 with an average pore
radius = 22± 2 nm. Temperature-programmed treatment was
also undertaken using a Seiko Instruments Inc. TG/DTA 320
simultaneous thermo-gravimetric/differential thermal anal-
yser coupled to a micromass PC residual gas analyser. A
known quantity of catalyst (ca. 18 mg) was placed in a Pt
sample pan and subjected to the same temperature ramping
sequence(s), in either a reducing (20%, v/v, H2/He) or an
oxidizing (30%, v/v, air/He) flow, while monitoring the ef-
fluent gas over the mass range 10–100. Powder X-ray diffrac-
tograms (XRD) were recorded with a Philips X’Pert instru-
ment using Ni-filtered Cu K� radiation. The samples were
mounted in a low background sample holder and scanned at
a rate of 0.02◦ step−1 over the 30≤ 2θ ≤ 90◦ range with a
scan time of 5 s step−1. The diffractograms were compared
with the JCPDS-ICDD[30] references for identification
purposes.
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(αX) and

αX = [HX] out

[X] in
(X = F, Cl, Br, I) (1)

benzene selectivity (Sbenzene), taking the conversion of 1,3-
DCB

Sbenzene= [benzene]out

[1, 3-DCB]in − [1, 3-DCB]out
× 100 (2)

where [X] represents the aromatic halogen concentration,
[HX] the concentration of hydrogen halide product and in/out
refers to the inlet/outlet streams. A halogen (in the form of
HX) mass balance was performed by passing the effluent gas
through an aqueous NaOH trap (3.5–8.0× 10−3 mol dm−3,
kept under constant agitation at 400 rpm) with independent
pH (Hanna HI Programmable Printing pH Bench-Meter) and
potentiometric (Metrohm Model 728 Autotitrys) analyses.
Repeated (up to five separate) catalytic runs with different
samples from the same batch of catalyst delivered product
compositions that were reproducible to within±7%.

3. Results and discussion

3.1. Catalyst characterization: pre-reaction
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.3. Catalysis procedure

Reactions were carried out under atmospheric pres
n situ immediately after activation, in a fixed bed glass
ctor (i.d. = 15 mm) at 573 K. The catalytic reactor, and
rating conditions to ensure negligible heat/mass tran

imitations, have been described in detail elsewhere[31] but
ome features, pertinent to this study, are given below. A
hemicals (FB, CB, BB, IB, 1,3-DCB, 1,3-DBB and 1,3-BC
upplied by Aldrich with >99.8% purity) were fed (undilut
r in methanol) by means of a microprocessor controlle

usion pump (Model 100, kd Scientific) via a glass/teflon
ight syringe and a teflon line to the reactor in a stream
ltra pure H2 (GHSV = 1200 h−1), the flow rate of which
as monitored using a Humonics 520 digital flow me
he reactant inlet molar flow rate was in the overall ra
× 10−3 to 2× 10−2 mol h−1 where H2 was maintained i
t least 20 times excess relative to stoichiometric quant
ll the reactants were used without further purification.
eries of blank tests, passage of each reactant in a stre
2 through the empty reactor, i.e. in the absence of cata
id not result in any detectable conversion. Moreover, r

ion of the haloarenes over silica alone was not accompa
y any detectable HDH: the presence of Ni (supporte
nsupported) is essential for H2 scission activity. The rea

ion products were collected over a period of 24 h (6–8
he case of the physical mixtures) and analyzed by cap
C as described elsewhere[32]. Catalytic HDH is quanti

ed in this report on the basis of fractional dehalogena
f

The BET surface area of the freshly activated (unu
atalyst is recorded inTable 1along with the H2 chemisorp
ion values. Hydrogen uptake on the Ni/SiO2 precursor re
uced in situ was essentially the same as that recorde

er TPR of the passivated/reduced sample, indicative
quivalency of both activation routes. The controlled ro

able 1
ET surface areas and H2 chemisorption values associated with the unu
nd spent catalysts

ample BET surface
area (m2 g−1)

H2 chemisorption
(cm3 g−1

Ni )

ctivateda Ni/SiO2, unused 190 10.4
ctivatedb Ni/SiO2, unused 195 10.7
recalcined/activated Ni/SiO2b,
unused

185 1.5

i/SiO2 after FB HDFa 183 6.1
i/SiO2 after CB HDCa 180 4.6
recalcined and activated
Ni/SiO2 after CB HDCa

173 0.8

i/SiO2 after 1,3-DCB HDCa 175 2.7
i/SiO2 after BB HDBa 189 2.5
i/SiO2 after 1,3-DBB HDCa 184 1.3
i/SiO2 after 1,3-BCB HDHa 185 1.7
i/SiO2 after IB HDIa 178 2.3
ctivated NiOb, unused 6 –c

ctivated NiO + SiO2 physical
mixb, unused

185 –c

ctivated Ni(NO3)2 + SiO2

physical mixb, unused
190 –c

a Analysis of a passivated sample.
b In situ analysis.
c Below detection limits.
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Fig. 1. (a) TPR profiles generated for direct reduction of the Ni/SiO2 pre-
cursor to 723 K pre-passivation (I) and post-passivation (II) (inset shows
the results of repeated TPR runs) passivation. (b) TPR profiles generated
for reduction to 873 K of the precalcined (at 873 K) Ni/SiO2 precursor pre-
passivation (III) and post-passivation (IV).

temperature passivation provided a protective oxide coating
over the supported metal, permitting storage/transfer for di-
rectly meaningful ex situ analyses. The TPR profiles gener-
ated for the direct reduction of the Ni/SiO2 precursor with-
out (to 723 K, profile I) and with (profile III) precalcination
(to 873 K) and those associated with a “re-reduction” of the
same samples after passivation (profiles II and IV) are given
in Fig. 1. The degree of TPR reproducibility is illustrated in
the inset toFig. 1a which shows three separate TPR profiles,
taking the post-passivated direct TPR sample (profile II) as
a representative case. The direct reduction of the Ni/SiO2
generated a sharp H2 consumption peak at 560 K with an ill-
defined lower temperature (548 K) shoulder and a secondary
broader higher temperature H2 consumption with an associ-
atedTmax= 615 K. The lower temperature peak(s) has(have)
been attributed[33,34]to the decomposition of nickel nitrate
to NiO. A subsequent reduction of NiO to Ni0 is responsible
for the higherTmaxpeak—Mizushima et al.[35] in their TPR
study of a 10% (w/w) impregnated Ni/SiO2 have attributed a
TPRTmax at ca. 630 K to NiO reduction. Montes et al.[36]
likewise ascribed a TPR maximum at 651 K to reduction of
NiO on a 15% (w/w) impregnated Ni/SiO2 while Gonzlez-

Fig. 2. (a) Mass (wt.%), water signal intensity and (b) nitrogen, nitrous
oxide and nitric oxide signal intensity as a function of temperature in the
direct reduction of the Ni/SiO2 precursor to 723 K. Inset to (a) H2O profile
generated during the heat treatment of the SiO2 support in flowing H2 under
the same conditions used in the direct reduction of Ni/SiO2.

Marcos and co-workers[37] linked their single TPR peak at
601 K for impregnated Ni/SiO2 directly to Ni(NO3)2 decom-
position. We have extended our TPR analysis by monitoring
the decomposition (in H2) of the nitrate precursor by ther-
mogravimetic analysis where the effluent gas was analyzed
using on-line mass spectrometry: the results are included in
Fig. 2, wherein a weight loss in excess of 20% is in evidence.
Jackson et al.[38] have reported a similar TPR weight loss
profile, but without on-line MS analysis, for the activation of
1% (w/w) Ni/SiO2. Our MS results demonstrate that precur-
sor decomposition generated peaks atm/eof 18, 28, 30 and
44 amu which we assigned to H2O, N2, NO and N2O respec-
tively; NO2 (main fragment atm/e= 30) release cannot be
discounted. N2/NO/H2O predominate atT< 523 K with con-
comitant N2/N2O/NO/H2O release atT> 523 K. The occur-
rence of a H2O release maximum at 566 K (Fig. 2a) without
an accompanying N2/N2O/NO (Fig. 2b) evolution suggests a
reduction of NiO to Ni0 that precedes the higher temperature
reduction demonstrated by profile I inFig. 1a. This is also
validated by the differential thermal analysis, (not shown),
where the presence of a sharp exotherm was associated with
the peak at 566 K. A generation of zerovalent Ni at yet lower
temperatures is possible but an explicit distinction between
precursor decomposition and metal formation is not possible
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Fig. 3. (a) Mass (wt.%) and (b) water, nitric oxide and nitrous oxide signal
intensity as a function of temperature during the calcination of the Ni/SiO2

precursor in air to 873 K.

atT< 560 K where the profiles represent composite temper-
ature effects. The decomposition/reduction of a supported
metal salt is a complex multi-step solid-phase reaction where
heterogeneity in nucleation site density/oxide particle size
will result in a range of temperature dependent reductions. It
is worth flagging the apparent emergence of a H2O peak at
the completion of the direct Ni/SiO2 reduction: seeFig. 2a. In
a separate run, we recorded the H2O profile generated during
the heat treatment of the SiO2 support in flowing H2 under
the same conditions used in the direct reduction of Ni/SiO2.
The resultant profile is recorded as an inset toFig. 2a where
a H2O release atTmax= ca. 740 K can be observed which
matches the emerging peak inFig. 2a. This water loss can
be attributed to a thermally induced dehydroxylation of the
SiO2 support, as has been noted elsewhere[39–41].

The introduction of a calcination step prior to reduction
had a significant effect on the subsequent TPR profile (III, see
Fig. 1b), which was characterized by a broadT range (from
ca. 600 to >800 K) of H2 consumption with an ill-defined
Tmax at ca. 740 K. Geus et al.[42] have also recorded a broad
reduction peak (Tmax at 743 and 773 K) during the TPR of
Ni/SiO2 precalcined at 573 K. Our precalcination step alone
resulted in a 20% weight loss (Fig. 3a) with water, nitric
oxide and nitrous oxide the significant components in the ef-

Fig. 4. (a) Mass (wt.%) and (b) water signal intensity resulting from the
reduction (to 873 K) of the precalcined (seeFig. 3Ni/SiO2).

fluent (Fig. 3b), where the principal release of the nitrogen
oxides occurred at a similar temperature (540–550 K) to that
observed during precursor decomposition in H2 (Fig. 2b).
Mile et al. [34] observed weight loss maxima at 537 and
559 K in the thermal decomposition of silica supported nickel
nitrate and inferred, without any mass spectroscopic gas
analysis of the effluent gas, an associated decomposition of
Ni(NO3)(OH) 2.5H2O to NiO with release of HNO3 and
H2O. The mass of the calcined sample was 2.24% greater
(from TGA) than that after H2 treatment, which agrees well
with the expected mass difference between the NiO and Ni0

content in the respective samples. Thermogravimetric/mass
spectrometric analysis of the reduction step that followed pre-
calcination revealed a slight weight loss (<5%, seeFig. 4a)
and water release (Fig. 4b), produced by the reduction of NiO,
over the temperature range corresponding to that observed for
H2 consumption (seeFig. 1b, profile III). It is evident, from a
comparison of profiles I and III inFig. 1, that the incorpora-
tion of a precalcination step has rendered the supported nickel
phase more difficult to reduce, a response that finds agree-
ment in the literature where an increase in the precalcination
temperature is accompanied by a higher TPRTmax [34,43].
The incorporation of a calcination step has been proposed to
generate nickel hydrosilicate that is more difficult to reduce
[33,38,44]. Both passivated samples are characterized by a
s ra-
t the
u the
ingle reduction peak (Fig. 1) that arose at a lower tempe
ure for the precalcined (ca. 450 K) when compared with
ncalcined sample (ca. 510 K): a TGA/MS analysis of
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TPR of the passivated samples revealed only the presence of
water in the effluent gas. As is to be expected, the reduction
of these passivated samples is far more facile than the acti-
vation of the starting catalyst precursors. Vos et al.[45] have
studied the TPR of (37 and 56%, w/w) Ni/Al2O3 samples
after passivation and recorded one peak at 473 K, which they
assigned to the reduction of the passivating oxide layer. Had-
jiivanov et al. [46] likewise noted a significant shift in the
reduction peak for 1.7% (w/w) Ni/SiO2 (prepared by a graft-
ing technique) to 489 K after passivation. It is known from the
literature[33,47,48]that a precalcination of an impregnated
Ni/SiO2 precursor results in an appreciable increase in Ni
particle size after reduction and this is borne out by the sub-
stantial reduction in H2 uptake (Table 1); the requirement of a
higher reduction temperature for the calcined sample should
also contribute to metal sintering. The lower TPRTmax value
associated with the passivated precalcined sample is then di-
agnostic of a more facile reduction of the poorly dispersed
metal phase.

An interpretation of these TPR profiles is further facil-
itated by comparison with those generated (under identical
conditions) for bulk NiO and physical mixtures of NiO + SiO2
and Ni(NO3)2 + SiO2, which are included inFig. 5. The sin-
gle H2 consumption peak associated with the direct reduction
of bulk NiO and the physical mix with SiO2 can be linked to
t
T r
t ith
S
A e that
w from
a
n the
p er
t ayer.
T d
r
t

F -
c iO
( tion
a st-
p

decomposition/NiO reduction (seeFig. 2); subsequent pas-
sivation and TPR again generated a low temperature indis-
tinct peak. Following TPR, there was no detectable hydro-
gen uptake on the starting bulk NiO or the NiO + SiO2 and
Ni(NO3)2 + SiO2 mixture; any H2 chemisorption was below
detection limits.

The XRD patterns for the passivated unused Ni/SiO2
samples, with/without precalcination are given inFig. 6,
where the similarity of each is evident. The three peaks at
44.5◦, 51.8◦ and 76.3◦, corresponding to (1 1 1), (2 0 0) and
(2 2 0) planes of metallic nickel present in each sample are
consistent with an exclusive cubic symmetry; the markers in-
cluded inFig. 6illustrate the position and relative intensity of
the XRD peaks for cubic Ni taken from the JCPDS standards
[30]. Taking the signal at 44.5◦, the peak width at half height,
i.e. the standard peak broadening approximation, suggests
a larger Ni particle size associated with the precalcined
sample, in accordance with the H2 chemisorption data. It is
instructive to note that there was no evidence of bulk NiO,
i.e. the reduction procedure was fully effective in reducing
the metal component to zero valent Ni while the passivation
step served to provide a protective oxide coating on the
metal with no bulk NiO formation. Hydrogen temperature-
programmed desorption (H2 TPD) can shed some light
on the electronic properties of supported metal particles
[ be
d
o ature

F
( ed (d)
sample after CB HDC and the spent uncalcined sample after (e) FB HDF, (f)
BB HDB and (g) IB HDI. Note: the solid lines indicate peak position (with
relative intensity) for cubic Ni.
he higherTmax recorded for the direct reduction of Ni/SiO2.
he discernible shift (to higherT) in the reduction peak fo

he mixture may be attributed to some interaction of NiO w
iO2 as has been observed by Ermakova and Ermakov[49].
subsequent passivation resulted in a bulk oxide phas
as readily reduced in a subsequent TPR as is evident
consideration of profiles (c) and (e) inFig. 5. It should be

oted that the chemical interaction that is prevalent in
assivated Ni/SiO2 (profile (a),Fig. 5) necessitates a high

reatment temperature for the removal of the passivation l
he direct reduction of Ni(NO3)2 + SiO2 generated a broa
egion of H2 consumption whereT> 540 K (profile (f),Fig. 5)
hat can be attributed to a combined concomitant Ni(NO3)2

ig. 5. TPR profiles generated for: (a) passivated Ni/SiO2 (without precal
ination), bulk NiO; (b) pre-passivation; (c) post-passivation, NiO + S2
10%, w/w, Ni) physical mix; (d) pre-passivation; (e) post-passiva
nd Ni(NO3)2 + SiO2 (10 %, w/w, Ni); (f) pre-passivation; and (g) po
assivation.
50]; the H2 TPD profiles for the unused and spent (to
iscussed later) samples are presented inFig. 7. A diversity
f H2 desorption patterns have been reported in the liter

ig. 6. XRD patterns for the passivated unused activated Ni/SiO2 without
a) and with (b) precalcination, the spent uncalcined (c) and precalcin



K.V. Murthy et al. / Journal of Molecular Catalysis A: Chemical 225 (2005) 149–160 155

Fig. 7. H2-TPD profiles associated with passivated Ni/SiO2: (a) cal-
cined/reduced at 873 K and the passivated sample reduced directly at 723 K
without precalcination; (b) unused; (c) after CB HDC; (d) after BB HDB;
(e) after 1,3-DCB HDC; (f) after 1,3-DBB HDB; (g) after 1,3-BCB HDH.

with both low (<600 K) and high (>600 K) temperature
peaks where any associatedTmax is strongly influenced by
the desorption conditions/experimental procedures[51–55].
The H2 TPD profiles generated for activated unused Ni/SiO2
with/without precalcination are characterized by a principal
desorption peak (660–690 K) with a secondary lower
temperature release (500–560 K). Given the lower H2 uptake
associated with the precalcined sample, the TPD profile has
been magnified to aid comparison—it can be seen that the
combined precalcination/higher reduction temperature step
had little effect on the overall H2 release characteristics,
albeit the (ill-defined)Tmax was shifted to a lower value.

3.2. Hydrodehalogenation activity/selectivity

Hydrodehalogenation of FB, CB, BB, IB, 1,3-DCB,
1,3-DBB and 1,3-BCB over Ni/SiO2 at 573 K generated
benzene and, in the case of the di-substituted arenes,
CB and BB as the only products: secondary hydrogena-
tion to yield cyclohexene/cyclohexane or bromo-/chloro-
cyclohexane/cyclohexene was not observed. The latter sug-
gests that the dehalogenated products once generated desorb
from the catalyst without any ring reduction, as noted pre-
viously [56] for HDH over supported Ni. In contrast, a sec-
ondary ring reduction has been reported elsewhere[57,58]
f DH
( -
t am
f
e ation
b sion;
t in
α

e

Fig. 8. Fractional dehalogenation (αX) as a function of time-on-stream for
the conversion of FB (×), CB (�), BB (�), IB (	), 1,3-DCB (�) 1,3-DBB
(�) and 1,3-BCB (�): W/F= 10 g mol−1

X h. Note: lines represent fits to Eq.
(3).

whereαss represents the steady state fractional conversion
andβ is a time scale fitting parameter. Fit convergence yields
values forα0, the initial fractional HDH and�t0.8, the time
required for the fractional dehalogenation to decay to 80% of
its initial value, two indices on which to base a comparison
of haloarene reactivity: these values are recorded inTable 2.
Taking theα0 values as a measure of initial activity under
fixed bed plug-flow operation where H2 was maintained far
in excess, the following reactor/kinetic expression applies

ln(1 − α0)−1 = k

(
W

FX

)
(4)

whereFX is the inlet molar halogen feed rate (molX h−1) and
W the catalyst mass; the parameterW/FX (units, g h mol−1

X )
has the physical significance of contact time. From a con-
sideration of gas phase reaction equilibrium constants[59],
the dehalogenation step(s) under the stated reaction condi-
tions can be taken to be irreversible. The linear relationships
between ln(1− α0)−1 andW/FX for each mono-haloarene
are shown inFig. 9; each line passes through the origin,
diagnostic of adherence to pseudo-first order kinetics. The
extracted pseudo-first order rate constants support the fol-
lowing sequence of increasing reactivity: IB (k= 11× 10−3

mol h−1 g−1) < BB (k= 15× 10−3 mol h−1 g−1) < CB (k= 12
× 10−2 mol h−1 g−1) < FB (k= 22× 10−2 mol h−1 g−1). On
t e of
r rder,
i

T
I c-
t
(

R

F
C
B
I
1
1
1

or HDC over Pd, Rh and Pt-based catalysts. Fractional H
αX), over the directly reduced Ni/SiO2, under identical reac
ion conditions is illustrated as a function of time-on-stre
or the four mono-halogenated arene reactants inFig. 8. In
ach case, there was a drop in the level of dehalogen
efore the ultimate attainment of a steady state conver

he precalcined/reduced Ni/SiO2 showed the same decline
X with time-on-stream. The temporal response ofαX can be
xpressed in terms of the empirical relationship

αX − α0

αss− α0
= �t

β + �t
(3)
he basis of C–X bond dissociation energy, the eas
eductive dehalogenation should follow the reverse o
.e. C–I (53 kcal mol−1) > C–Br (67 kcal mol−1) > C–Cl

able 2
nitial fractional dehalogenation (α0) and the time required for the fra
ional dehalogenation to decay to 80% of this initial value (�t0.8): W/F= 10
g mol−1

X h)

eactant α0 �t0.8 (h)

B 0.89 1.3
B 0.71 3.1
B 0.13 1.0

B 0.10 0.3
,3-DCB 0.64 1.1
,3-DBB 0.11 0.7
,3-BCB 0.30 0.8
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Fig. 9. Pseudo-first order relationships for the hydrodehalogenation of FB
(×), CB (�), BB (�), and IB (	).

(81 kcal mol−1) > C–F (109 kcal mol−1) [60,61]. Indeed,
this reactivity sequence was found to hold in the liquid phase
dehalogenation of alkyl halides using both a homogeneous
Ni catalyst [62] and Raney Ni[63], a trend that has been
found to extend to the catalytic transfer hydrodehalogenation
of aliphatic halides (in 2-propanal/NaOH) over Pd/C[64] and
the dehalogenation of haloarenes by Pd/C in a mixed (isooc-
tane/KOH/quaternary onium salt) solution phase[24,25].
However, in gas phase heterogeneously catalyzed HDH, the
general consensus of opinion that is now emerging from the
literature[6,65–67]supports a surface mechanism involving
dissociative adsorption of the haloarene with the formation
of a surfaceσ-complex via the aromatic ring carbon with the
highest electron density. As the inductive effect associated
with halogen substituents increases from I to F, the electron
density of the ring (C–X) carbon in IB is lower than that
associated with FB with a consequent decrease in haloarene
reactivity [68], as observed in this study. The reactivity of
both DCB and DBB, on the basis of the tabulatedα0 values, is
significantly lower than that associated with the correspond-
ing mono-haloarene while the degree of dehalogenation of
the BCB reactant falls within these two extremes. Catalyst
deactivation was more appreciable (see lower�t0.8 values in
Table 2) during the processing of the disubstituted haloarenes.
The presence of the second electron withdrawing Cl and Br in
1 ting
e nt is
l of the
N e
F al
H
N rated
b
s ities
t erred
( n
a
N spills

Table 3
Initial fractional dehalogenation (α0) of CB and BB over Ni/SiO2
(with/without precalcination), bulk NiO, and NiO + SiO2 and
Ni(NO3)2 + SiO2 physical mixtures:W/F= 10 (g mol−1

X h)

Catalyst α0

CB feed BB feed

Ni/SiO2 reduced at 723 K 0.71 0.13
Ni/SiO2 precalcined/reduced at 873 K 0.23 0.04
NiO reduced at 723 K 0.04 <0.01
NiO + SiO2 reduced at 723 K 0.06 0.01
Ni(NO3)2 + SiO2 reduced at 723 K 0.06 0.01

over to the silica. Indeed, we have shown elsewhere[67]
that CB HDC kinetics can be accounted for on the basis
of reaction between non-competitively and dissociatively
adsorbed chloroaromatic and spillover hydrogen.

The relationship between benzene selectivity (Sbenzene)
and the fractional conversion of the three di-halosubstituted
aromatics is shown inFig. 10a. The greater reactivity of the
Cl substituents in DCB for hydrogen scission is immediately
apparent where both the fractional conversion of 1,3-DCB
(α1,3-DCB) and associated benzene selectivity (Sbenzene) are so
much higher that there is no possible overlap with either the
1,3-DBB and 1,3-BCB profiles, which are essentially equiv-
alent. The HDH of the di-haloarenes can proceed in a paral-
lel/series stepwise fashion where the mono-halorene serves
as a reactive intermediate[59]. The greater degree of dechlo-

Fig. 10. (a) Benzene selectivity (Sbenzene) as a function of the fractional
conversion (α) of 1,3-DCB (�) 1,3-DBB (�) and 1,3-BCB (�). (b) Ratio
of benzene (complete dehalogenation) to halo-benzene (CB or BB, i.e. par-
tial dehalogenation) in the reactor effluent, symbols as above: inlet molar
W/F= 10 g mol−1

X h.
,3-DCB, 1,3-DBB and 1,3-BCB has an overall deactiva
ffect with the result that the entire halogen compleme

ess susceptible to hydrogen cleavage. A precalcination
i/SiO2, which impacted on TPR/H2 uptake behavior (se
igs. 1–3/Table 1), served to significantly lower the initi
DH activity (by a factor of three), as revealed inTable 3.
evertheless, the latter was still greater than that gene
y bulk NiO. The mixed NiO + SiO2 (and Ni(NO3)2 + SiO2)
ystems delivered slightly higher dehalogenation activ
han NiO alone, a response that can be linked to the inf
from the TPR response inFig. 5) metal/silica interactio
nd/or involvement of spillover hydrogen[14,69,70]where
i acts as a dissociation center for hydrogen that then
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Table 4
Outlet (out) to inlet (in) aromatic Br concentration ratio, at selected reaction
times for the conversion of BB and 1,3-BCB;W/F= 10 (g mol−1

Br h)

�t (h) [Br]out/[Br] in

BB feed 1,3-BCB feed

0.25 0.79 0.58
1 0.84 0.63
4 0.87 0.78
8 0.90 0.82

24 0.91 0.85

rination is further established inFig. 10b where the temporal
response of total relative to partial HDH is plotted—total de-
halogenation is preferred in the case of 1,3-DCB whereas a
partial HDH predominates in the conversion of 1,3-DBB and
1,3-BCB. One unexpected selectivity response was the ab-
sence of any BB component in the effluent from the 1,3-BCB
feed—the catalyst was 100% selective in terms of HDB and
CB was the only partially dehalogenated intermediate. Given
the appreciably higher reactivity of CB/DCB compared with
BB/DBB, it was expected that the organobromine content in
the effluent gas from BCB hydroprocessing should far ex-
ceed that of organochlorine. Rather, the presence of the Cl
substituent on the benzene ring served to promote HDB as can
be seen from the entries inTable 4where Br removal (relative
to the inlet feed) is compared under identical reaction condi-
tions (same [Br]in) for the conversion of BB and 1,3-BCB. A
similar observation was recorded elsewhere for the HDH of
a mixed CB + BB feed over supported Ni and was ascribed
to a halogen exchange reaction[23]. This effect was further
probed by considering the HDH of 1,3-BCB over bulk NiO
and the NiO + SiO2 physical mix: the results are presented
in Fig. 11. The fractional dehalogenation over bulk NiO was
raised slightly with the addition of SiO2 (Fig. 11a), as ob-
served earlier (Table 3) for the conversion of CB and BB.
Indeed, the incorporation of SiO2 in the Ni/SiO2 bed also
s
( to
a f
a atic
B ion
o ked
c BB
H o
f duct
s iO
a , as
s tion
w te is
a alo-
g lace-
m acile
t ange
r n is
t tion
( from

the aromatic host. The degree of debromination, in terms of
the aromatic [Br]out/[Br] in ratio was directly proportional to
the fractional 1,3-BCB conversion (α1,3-BCB) where reaction
over supported and unsupported Ni with/without SiO2 addi-
tion delivered a common trend line, shown inFig. 11c.

3.3. Catalyst characterization: post-reaction

BET surface area analysis (Table 1) before and after catal-
ysis demonstrated that there was no appreciable change in
overall area. Moreover, chemical analysis (ICP-OES) of the
activated catalysts pre- and post-reaction did not reveal any
measurable loss of Ni as a result of catalysis. However, the
TPR characteristics of the spent samples, used to promote an
array of HDH reactions, deviated significantly from the pro-
file associated with the unused sample: the passivated used
samples exhibited a principal TPR peak that arose at tem-
peratures up to 60 K lower when compared with the passi-
vated unused catalyst, as illustrated inFig. 12. In addition,
the level of H2 chemisorbed on the spent samples, as recorded
in Table 1, was considerably lower. The latter response is in-
dicative of Ni particle growth during reaction and Ni sintering
as a result of HDC has been noted previously[10,23,74,75]
and can be ascribed to a halide-induced agglomeration of Ni
particles[76] due to the surface mobility of Ni–X species
[ m
T lo-
g ak
t uc-
t RD
p re in-
c Ni
h bulk
s pos-
s have
s ear
a rene
H her-
m sive
c find-
i
p 1,2-
d e of
n to et
a -22
o pas-
s 73 K)
h ic
a e lat-
t iated
w no
e atter
s i
p pent
s s
( CB
erved to raiseαX when compared with the undiluted Ni/SiO2
seeFig. 11a). Spillover hydrogen can again be invoked
ccount for the promotional effect of SiO2; a temporal loss o
ctivity was observed for each system. The ratio of arom
r/Cl in the effluent stream fell below 1 for the convers
f 1,3-BCB over the four catalyst systems. This is in mar
ontrast to that expected on the basis of CB HDC and
DB, as illustrated inFig. 11b where the “predicted” rati

ar exceeds unity. There was no evidence of BB in the pro
tream associated with reaction over NiO (with/without S2
ddition). Any HDC must serve to chlorinate the surface
hown elsewhere[71], with a subsequent exchange reac
here the adsorbed aromatic carbonium ion intermedia
ttacked by surface HCl; HBr must not participate in an an
ous bromination step to the same extent. Indeed, Br disp
ent from aromatic nuclei has been found to be more f

han that of Cl in catalyzed vapor phase halogen exch
eactions[72,73]. The enhanced degree of debrominatio
hen the result of a combined HDB and hydrochlorina
Cl exchange) as composite steps in the removal of Br
77]. In a recent study[78], we clearly demonstrated (fro
EM analysis) growth of Ni particles during hydrodeha
enation over Ni/SiO2. The shift in the TPR maximum pe

o lower temperatures is in line with a more facile red
ion of the (HDH induced) sintered metal phase. The X
rofiles associated with representative spent samples a
luded inFig. 6. There was no observable bulk NiO or
alide phase in the catalysts after use but, as XRD is a
tructural characterization tool, we do not discount the
ible formation of surface halide species. Indeed, we
hown elsewhere[23,74]that supported metal catalysts b
n appreciable surface HCl component during chloroa
DC, some of which is irreversibly held and resistant to t
al desorption. Our XRD analysis confirm that an exclu

ubic Ni symmetry was maintained as opposed to the
ngs of Choi and Lee[10] which suggested a Ni (on SiO2)
hase transformation from cubic to hexagonal during
ichloropropane HDC. Moreover, there was no evidenc
ickel carbide formation as has been reported by Mora
l. [9] during the hydro-conversion of CFC-12 and HFC
ver Ni on carbonaceous supports. We subjected the
ivated spent samples to a high temperature (298–12
eat treatment in flowing H2 with on-line mass spectroscop
nalysis and recorded small weight changes (<2%). Th

er was predominantly due to the loss of water assoc
ith removal of the passivating oxide layer. There was
vidence of any significant methane generation—the l
hould result from a hydrogasification of a structural N3C
hase but can be discounted in this instance. All the s
amples exhibited a shift in H2 TPD to lower temperature
seeFig. 7) and, with the exception of the sample used in
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Fig. 11. (a) Fractional dehalogenation (αX) as a function of time-on-stream for the conversion of 1,3-BCB over Ni/SiO2 (�), Ni/SiO2 + SiO2 (�), NiO (�)
and NiO + SiO2 (�); lines represent fits to Eq.(3). (b) Ratio of aromatic Br to Cl in the outlet stream ([Br]out/[Cl] out) as a function of time-on-stream, symbols
as above where (	) represents the predicted values based on CB HDC and BB HDB data. (c) Ratio of outlet to inlet aromatic Br concentration, ([Br]out/[Br] in)
as a function of fractional 1,3-BCB conversion (x1,3-BCB), symbols as above;W/F= 10 g mol−1

X h.

HDC, desorption was characterized by a single broad TPD
peak withTmax in the range 500–560 K. It is known that halo-
gens can act as electron acceptors with respect to supported
transition metal systems[57,79] and the presence of Cl im-
pacts on H2 adsorption/desorption dynamics on Ni[51,52].
In this study, the shift in H2 TPD Tmax to lower values is
diagnostic of weaker H/Ni interactions that results from ex-
tended catalyst HDH use. The characteristics of the spent

Fig. 12. TPR profiles generated for passivated Ni/SiO2 reduced at 723 K
without precalcination: (a) unused; (b) after CB HDC; (c) after BB HDB;
(d) after 1,3-DCB HDC; (e) after 1,3-DBB HDB; and (f) after 1,3-BCB
HDH.

catalysts that can be linked to the observed activity loss are
reduced H2 uptake that exhibits a weaker interaction with the
catalyst.

4. Conclusions

HDH of FB, CB, BB, IB, DCB, DBB and BCB over
Ni/SiO2 yields the partially dehalogenated mono-haloarene
(in the case of the di-substituted arenes) and benzene with no
ring reduction. Mono-haloarene reactivity decreases (from
FB to IB) with a decreasing halogen inductive contribution
that serves to activate the C–X bond for hydrogenolytic at-
tack. The presence of a second halogen ring substituent has
a deactivating effect that lowers the overall HDH. However,
the degree of debromination exceeded dechlorination in the
case of the BCB reactant as a result of the reactivity of sur-
face HCl which facilitates a hydrochlorination or Cl exchange
with aromatic Br. Bulk NiO exhibited HDH activity that was
raised with the addition of SiO2 and the same trend of higher
HDC relative to HDB for the conversion of mono (chloro-
or bromo-) aromatics with an apparent Cl/Br exchange in the
conversion of BCB. Activation of Ni/SiO2 in H2 involved a
decomposition of the supported nitrate precursor (to generate
N2, N2O, NO and H2O and concomitant Ni0) with a subse-
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quent reduction of NiO to Ni0. A precalcination of Ni/SiO2
resulted in an appreciable alteration to the TPR characteris-
tics, necessitating a higher reduction temperature leading to
Ni sintering and an ultimate lower HDH activity. HDH over
supported and unsupported Ni was subject to a temporal loss
of activity that was accompanied by a disruption to the H2
adsorption/desorption surface dynamics.
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