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Abstract

The gas-phase catalytic hydrodechlorination (HDC) of 1,3-dichlorobenzene (1,3-DCB) and hydrodebromination (HDB) of 1,3-d
benzene (1,3-DBB) have been studied (T = 573 K) over Ni/SiO2. The catalyst was 100% selective in terms of hydrodehalogenation w
HDC far exceeded HDB, an effect that is attributed to substituent inductive effects. Catalytic activity declined with time on strea
concomitant increase in partial dehalogenation (to the mono-haloarene). A precontact of the catalyst with the haloarene resulted in
loss of any hydrogenation activity. The pre- and postreaction catalyst samples have been characterized by TPR, TEM, H2 chemisorption, TPD
XRD, and XANES/EXAFS. Appreciable Ni particle growth during catalysis (particularly HDB) has been observed with Ni particle fa
which is attributed to a halide-induced metal agglomeration/reconstruction; there was no evidence of any bulk nickel halide forma
possible effect of nickel sintering on hydrodehalogenation was considered by inducing particle growth by thermal means where th
sintering did not result in any significant loss of catalytic activity. Catalyst deactivation is linked to a restructuring of the Ni sites
reaction that serves to disrupt H2 chemisorption/desorption dynamics: the used samples exhibit a lower H2 uptake with weaker surfac
interactions.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Halogenated organic compounds find commercial us
the synthesis of deodorants, dyes, solvents, pesticides, a
intermediates in dielectric fluids [1–3] where any associa
halogen-containing waste streams are typically classifie
hazardous/nonbiodegradablewith adverse ecologic and
lic health impacts [4–6]. Many haloarenes, the topic of
report, now appear on the USEPA list of priority pollutan
targeted in terms of emission control [7]. Incineration is
preferred means of treatment [8,9], albeit halogenated w
is characterized by low Btu values while dioxin/furan form
tion can result from incomplete combustion [10,11]. Giv
the increasingly stringent environmental regulations, th
is now a concerted move to benign alternatives and c
lytic hydrodehalogenation is emerging as one of the m
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-

promising and progressive low energy/nondestructive t
nologies [12]. Hydrodehalogenation, the hydrogen cleav
of C–X (carbon–halogen) bonds, yields the respective
drogen halide and recoverable chemical feedstock with
dioxin formation. In thermal hydrogenolysis, the halog
substituents are displaced by H at a faster rate than a
ring degradation [13]; the use of supported metal catal
significantly lowers the reaction energetics [12].

Catalyst deactivation is a common feature of the
drodechlorination (HDC) of both aliphatic and aromatic
actants over an array of supported metal catalysts, an e
that has been attributed to either carbon deposition/occlu
of the active metal sites and/or surface poisoning by
and/or metal sintering [14–23] but no conclusive deact
tion mechanism has yet emerged. Moreover, the natur
reactive adsorbed species and catalytically active sites is
open to question but it is generally accepted that hydro
halogenation, in common with most hydrogenolysis re
tions, is strongly influenced by the electronic structure of

http://www.elsevier.com/locate/jcat
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metal sites [24] where the nature of the support can influe
catalyst stability [25,26]. Focusing on supported Ni, the s
ject of this study, there are a number of reports that d
to varying degrees of detail in terms of kinetic and cata
structural data, with the gas-phase HDC of chlorobenz
[16,27–36]. The removal of multiple chlorine atoms from
aromatic host has also been studied to a lesser extent [2
34,37–39] while hydrodebromination (HDB) reactions ha
received scant attention in the literature [22,28,40–42]
flagging some specific publications relating to catalyst
activation that are pertinent to our study, we can poin
the HDC of 1,3-dichloropropane over Ni/SiO2–Al2O3 and
Ni–Mo/γ -Al2O3 (at 698 K) [43] where the former cataly
exhibited significant activity with no sign of any deac
vation over a period of 13 h on stream while the Ni–M
system was subject to appreciable activity loss. The H
of 1,2-dichloropropane (at 573 K) over Ni/SiO2 was found
to be sensitive to Ni loading (5–40% w/w Ni), where a
10% w/w Ni content (Ni particle size= 25 nm) showed
the highest activity but a greater susceptibility to deact
tion than was observed for larger (51 nm at 20% w/w Ni)
particles [44]; activity loss was attributed to NiCl2 forma-
tion/metal sintering. In the gas-phase HDC of polychlo
nated hydrocarbons over sulfided Ni-Mo/γ -Al2O3 (100 bar,
623 K) a decrease in activity over prolonged (> 58 h) re-
action times has been linked to a loss of surface area (
178 to 124 m2 g−1) [45]. Morato et al. [46], in studying the
hydrodehalogenation of chlorofluromethane (523–563
over bulk and carbon-supported Ni have reported a hig
activity for unsupported Ni that they ascribed to a pref
ential octahedral (200–400 nm) Ni particle structure. U
supported Ni also suffered deactivation during the HDC
1,2-dichlorobenzene [31] where larger octahedral crys
lites (� 200 nm) again delivered a higher specific activ
The level of 1,2,4-trichlorobenzene HDC over Ni/Mg/Al h
drotalcite (523 K) [47,48] was both enhanced and stabili
with an increase in Mg content but a loss of activity w
still observed. In contrast, Lingaiah et al. [36] did not reco
any decline in chlorobenzene (523–673 K) HDC over a N
composite catalyst.

The results presented in this report represent an
tension of previous studies [42,49–52] that demonstr
the viability of nanoscale supported Ni to detoxify co
centrated halogenated aromatic gas streams where a
ity/selectivity and catalyst stability were very much d
pendent on metal/support interactions with a high
gree of structure sensitivity. In this paper we consi
the dehalogenation of 1,3-dichlorobenzene (1,3-DCB)
1,3-dibromobenzene (1,3-DBB) as model reactants o
Ni/SiO2, addressing the nature of haloarene reactivity
the changes that are wrought to the catalyst struct
we provide characterization (TEM, TPR, H2 chemisorp-
tion/TPD, XRD, and XANES/EXAFS) results for the cat
lyst before and after use.
,

-

2. Experimental

2.1. Catalyst preparation and activation

A ca. 7% w/w (determined by ICP-OES, Vista-PRO, Va
ian Inc.) Ni on SiO2 (Aldrich, surface area= 205 m2 g−1)
precursor was prepared by standard impregnation, whe
2-butanol nickel nitrate solution was added dropwise to
substrate at 353 K with constant agitation (600 rpm). T
catalyst precursor was washed with 2-butanol and drie
383 K, sieved in the 500- to 100-µm mesh range and red
directly in a 60 cm3 min−1 stream of ultrapure dry H2 heated
at 10 K min−1 to 723 or 873 (±1) K, which was maintained
for 12 h. A physical mixture (thorough mixing was ensure
of NiO+SiO2 was also employed for comparative purpos
where the Ni content in the mixture= 7% w/w Ni. After re-
duction (as above) or after catalysis, the catalyst was flus
for 1 h in a stream of He, cooled (in He) to room temp
ature, and passivated in (40 cm3 min−1) 5% v/v O2/He for
subsequent off-line characterization analysis.

2.2. BET/TPR/H2 chemisorption/TPD analysis

The BET surface area, temperature-programmed
duction (TPR), hydrogen chemisorption, and temperat
programmed desorption (TPD) associated with the fre
activated and spent (both passivated) samples were
termined using the commercial CHEM-BET 3000 (Qua
tachrome) unit: the unreduced Ni/SiO2 precursor and NiO+
SiO2 physical mixture were also analyzed. The total s
face area was recorded in a 30% v/v N2/He flow; pure
N2 (99.9%) served as the internal standard. After outga
523 K for 30 min, at least two cycles of nitrogen adsorptio
desorption in the flow mode were employed using the s
dard single-point BET method. Directly after BET measu
ment, the samples (ca. 0.2 g fresh or spent) were he
in a U-shaped Pyrex glass cell (10 cm× 3.76 mm i.d.) in
20 cm3 min−1 (Brooks mass-flow controller) 5% v/v H2/N2

to 723 (or 873) K at 10 K min−1 and the effluent gas wa
passed through a liquid N2 trap; H2 consumption was mon
itored by a thermal conductivity detector (TCD) with da
acquisition/manipulation using the TPR Win software. T
samples were maintained at 723 K for 12 h in a cons
flow of H2, swept with 20 cm3 min−1 dry N2 for 1 h at
723 K, cooled to room temperature, and subjected to2

chemisorption using a pulse (50–100 µl) titration pro
dure. The sample was thoroughly flushed with pure N2 (20
cm3 min−1) for 30 min to remove weakly bound hydroge
Temperature-programmed desorption was conducted in
N2 flow at 50 K min−1 to 723 K with an isothermal hold
of 15 min. The BET surface areas recorded after TPR2
chemisorption/TPD were unchanged: BET surface area
hydrogen uptake values were reproducible to within±5%;
the values quoted in this paper are the mean.
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2.3. TG/MS analysis

Temperature-programmed treatment of the reduced
sivated unused/used catalysts was also undertaken us
Seiko Instruments Inc. TG/DTA 320 simultaneous therm
gravimetric/differential thermal analyzer coupled to a M
CROMASS PC residual gas analyzer. A known quantity
catalyst (ca. 18 mg) was placed in a Pt sample pan and h
from 298 to 1173 K at 5 K min−1 in a reducing atmospher
(100 cm3 min−1 He+ 20 cm3 min−1 H2), monitoring the ef-
fluent gas over the mass range 10–100.

2.4. TEM analysis

High-resolution transmission electron microsco
(HRTEM) analysis was carried out using a Philips CM2
FEGTEM microscope operated at an accelerating vol
of 200 kV. The specimens were prepared by ultrasonic
persion in 2-butanol, evaporating a drop of the resul
suspension onto a holey carbon support grid. The Ni part
size distribution profiles presented in this report are base
a measurement of over 400 individual particles. The ave
Ni particle diameter (dav) was calculated from

dav =
∑

i nidi
∑

i ni

,

where ni is the number of particles of diameterdi and∑
i ni > 400.

2.5. XRD analysis

Powder X-ray diffractograms (XRD) were recorded w
a Philips X’Pert instrument using nickel-filtered Cu-Kα ra-
diation. The samples were mounted in a low backgro
sample holder and scanned at a rate of 0.02◦ per step ove
the 20◦ � 2θ � 85◦ range with a scan time of 5 s step−1.
The diffractograms were compared with the JCPDS-IC
[53] references for identification purposes.

2.6. EXAFS/XANES analysis

X-ray absorption (XAS) spectra at the NiK edge (8.333
keV) of reference and catalyst samples were recorde
the energy range 8.1 to 9.3 keV using synchrotron ra
tion at the National Synchrotron Light Source (NSLS)
Brookhaven National Laboratory (BNL), beamline X18
The X-ray ring at the NSLS has a flux of 1× 1010 pho-
tons s−1 at 100 mA and 2.5 GeV. The X-ray monochroma
at beamline X18b is equipped with a Si(111) channel
monochromator and has an energy range capability of 5
40 keV. The crystal was detuned slightly to prevent glitc
due to harmonics. Extended X-ray absorption fine struc
(EXAFS) spectra were recorded at 77 K to minimize con
bution from the dynamic Debye–Waller factor and XANE
spectra were recorded at ambient temperature. In all c
the spectra were measured in transmission mode. Ioniz
-
a

d

s

chambers were used for the detection of primary (I0, 100%
N2) and transmitted (It, 75% N2, balance Ar) beam inten
sities. The samples were diluted with BN (0.1 g catalys+
0.3 g BN), pressed into self-supporting wafers, and moun
in copper blocks (to facilitate heat conduction). Refere
materials used for X-ray absorption near-edge spectros
(XANES) measurements included Ni foil, NiO, NiCl2, and
NiBr2.

Standard data reduction was carried out using the W
XAS program [54,55] with preedge background removal
normalization by division of the height of the absorpti
edge. XANES spectra and corresponding derivative s
tra were compared after normalization. For EXAFS,χ data
were obtained by considering the single scattering re
from 50 eV after the edge jump. Appropriate splines ba
on the Nyquist criteria were utilized to remove the po
edge background to avoid the inclusion of excessive no
that could destroy real oscillations. Conversion tok space
was then conducted andk weights of zero and 3 were use
the former to allow viewing of chemical changes asso
ated with lowZ backscatterers and the latter carried ou
that examination of the changes in Ni–Ni coordination
the catalyst metal clusters could be ascertained after
version toR space. Thek space results were transform
to R space to obtain the radial distribution functions. Iso
ing the first Ni–Ni coordination shell followed by an inver
Fourier transform was performed to obtain quantitative
formation on the degree of Ni–Ni coordination. Fitting
the spectra was carried out ink space using FEFFIT [56
a k range from 4 to 15 Å−1 was employed. Theoretical EX
AFS were generated using FEFF [57] for model nickel
NiO using parameters generated by the Atoms [58] prog
In order to use coordination number as a fitting param
for Ni–Ni metal coordination, an amplitude reduction fact
S2

0, was obtained by analyzing the nickel foil, employing
coordination number of 12 for the first shell of fcc Ni:S2

0
was then fixed at 0.8652± 0.018. Other fitting paramete
used by FEFFIT included the overallE0 shift (e0) applied
to each path, deltar, to account for lattice expansion an
σ 2, based on a correlated Debye model, used to app
mate the mean square disorder in each path length. XA
spectra for the Ni foil, reduced/passivated Ni/SiO2, and used
reduced/passivated Ni/SiO2 were isolated from the corre
sponding EXAFS scans following background subtrac
and normalization of the edge jump.

2.7. Catalysis procedure

Reactions were carried out under atmospheric pres
in situ immediately after activation, in a fixed-bed glass
actor (i.d.= 15 mm) at 573 K. The catalytic reactor h
been described previously in detail elsewhere [29,50]
some features, pertinent to this study, are given below.
1,3-DCB and 1,3-DBB reactants (Aldrich, 99.9%) were
by means of a microprocessor-controlled infusion pu
(Model 100, kd Scientific) via a glass/Teflon air-tight s
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ringe and a Teflon line to the reactor in a stream of ul
pure H2 (60 cm3 min−1): the flow rate was monitored usin
a Humonics 520 digital flow meter. Catalytic activity a
selectivity were assessed at a fixed inlet molar halogen/Ni
ratio = 16.7 h−1, where the LHSV (0.4 h−1) and GHSV
(1200 h−1) were kept constant. The hydrogenation of b
zene (Aldrich, 99.9%) was studied immediately before
after the hydrodehalogenation reactions at 393 K: m
benzene/Ni ratio = 13.2 h−1. The reaction products wer
collected in a liquid N2 trap over a period of 8 h and an
lyzed by capillary GC as described elsewhere [52]. Cata
regeneration was attempted where the haloarene feed
8 h on-stream) was cut and the catalyst swept with dry H2 at
60 cm3 min−1 for 1 h at 573 K with subsequent ramping (
K min−1) and an isothermal hold at 723 K for 16 h. Quali
tive analyses for the presence of Cl2 or Br2 gas were negativ
in every instance, confirming that hydrogenolytic cleava
yields HCl or HBr as the only inorganic product [29]. Ca
lytic hydrodehalogenation is quantified in this report on
basis of fractional dehalogenation (αX) and benzene selec
tivity Sbenzeneaccording to

αx = [X]in − [X]out

[X]in (X = Cl,Br),

Sbenzene= [benzene]out

[haloarene]in − [haloarene]out
× 100,

where [ ] represents concentration and in/out refers to
inlet/outlet streams. Repeated catalytic runs with differ
samples from the same batch of catalyst delivered pro
compositions that were reproducible to within±8%.

3. Results and discussion

3.1. Temporal hydrodehalogenation activity/selectivity

The Ni/SiO2 catalyst promoted solely the hydrodech
rination or hydrodebromination of 1,3-DCB and 1,3-DB
respectively, to generate partially dehalogenated CB or
and fully dehalogenated benzene. A sequential remova
Cl from polychlorinated aromatics has been noted in a n
ber of instances [37,38,59,60]; dehalogenation can pro
through series/parallel steps where CB or BB serves as
active intermediate. There was no detectable cyclohex
cyclohexane, or cyclohexyl chloride/bromide in the prod
stream, i.e., 100% selectivity in terms of hydrodehaloge
tion. The variation of the fractional dehalogenation(αX) of
both reactants, under identical reaction conditions, with t
on stream is shown in Fig. 1. Fractional dechlorination
exceeded the degree of debromination: the extracted in
debromination (see figure caption for the empirical fit to
αX temporal response) was 0.11, considerably lower than
corresponding initial dechlorination value (0.48). Previou
published kinetic analyses [61,62] revealed that variation
the gas-phase H2 partial pressure had little effect on the d
pendence of reaction rate on haloarene partial pressure
r

-
,

n

Fig. 1. Fractional hydrodehalogenation (αx ) as a function of time on stream
for the conversion of 1,3-DCB (Q, freshly activated catalyst;P, after H2
regeneration) and 1,3-DBB (") over Ni/SiO2 reduced at 723 K and th
conversion of 1,3-DCB over Ni/SiO2 reduced at 873 K (a). Note: lines rep-
resent fits toαx = (αo�tn)exp(−k�t), correlation coefficients> 0.996.

Fig. 2. Benzene selectivity(Sbenzene) as a function of the fractional conve
sion of 1,3-DCB (x1,3-DCB, Q) and 1,3-DBB (x1,3-DBB, ").

effect that was taken to reflect noncompetitive adsorptio
H2 and haloarene on Ni/SiO2. There is persuasive eviden
in the literature [27,61–63] that the haloarene is adsor
dissociatively with the formation of a surfaceσ -complex via
the aromatic ring carbon with the highest electron dens
Taking the standard physicochemical Hammet relation
as a means of estimating the electronic influence of
matic substituents, Br has less of an inductive effect c
pared with Cl [64]. The electron density of the ring (C–
carbons in DBB is accordingly lower than DCB with a r
sultant decrease in haloarene reactivity [63]. The differe
in reactivity is immediately apparent in Fig. 2 where the fr
tional conversion of 1,3-DCB (x1,3-DCB) system is markedly
greater and the associated benzene selectivity is so m
higher that the two sets of data are far removed with
possible overlap. The hydrodehalogenationof both 1,3-D
and 1,3-DBB exhibited a decline with time on stream to c
verge atαX < 0.05 at�t > 8 h. The intention of this study i
to account for this loss of activity, which was not recove
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Fig. 3. Ratio of benzene to halo(Cl or Br)-benzene ([benzene]out/[XB] out)
in the reactor effluent resulting from the hydrodehalogenation of 1,3-D
(Q) and 1,3-DBB (").

by a thermal regeneration in H2, as is illustrated in Fig. 1
for 1,3-DCB HDC. Dehalogenation selectivity was also
pendent on time on stream, as revealed in Fig. 3 in te
of the temporal response of total relative to partial hydro
halogenation ([benzene]out/[XB] out). Loss of overall activ-
ity was accompanied by a decrease in this ratio where pa
dehalogenation predominated at extended reaction tim
the greater reactivity of 1,3-DCB is again in evidence.

While there was no observed benzene hydrogenation
products during hydrodehalogenation, the same freshly
tivated Ni/SiO2 was active in the hydrogenation of benze
as feedstock: complete conversion to cyclohexane unde
reaction conditions given under Section 2.7. The latter s
gests quite different surface requirements for the direct
drogenation of benzene compared with an “indirect” hyd
genation of any benzene that is generated via the hydr
halogenation of 1,3-DCB or 1,3-DBB. It is instructive
note that Ni/SiO2 (active for direct benzene hydrogenatio
after the 8 h on stream of hydrodehalogenation (end po
on Fig. 1) did not exhibit any detectable benzene hydrog
l

-

tion activity on a reintroduction of the benzene feed.
have reported a similar effect for the phenol/chlorophe
reaction system [52]. While there was still residual HD
and HDB activity, contact with the haloarene served to c
pletely inhibit benzene hydrogenation. It would appear
the catalytic deactivation induced through halogen/Ni in
action(s) exhibits some selectivity in terms of aromatic
drogenation vs hydrogenolysis reactions.

3.2. Catalyst characterization

3.2.1. Temperature-programmed reduction
The BET surface areas of the fresh and spent cata

are recorded in Table 1—there was no significant cha
in overall surface area with catalyst use. The TPR pro
generated for the direct reduction of a NiO+ SiO2 physi-
cal mixture (profile a) and the Ni/SiO2 precursor (profile b
can be compared with those associated with a “rereduc
of unused (profile c) and spent (1,3-DCB: profile d, 1
DBB: profile e) passivated catalysts in Fig. 4. The cha
teristic temperatures(Tmax) for maximum H2 consumption
are recorded in Table 1; the TPR conditions match th
used for actual catalyst activation prior to hydrodehaloge
tion. The direct reduction of the Ni/SiO2 generated two H2
consumption peaks at 640 and> 700 K, which is in good
agreement with previous reports of Ni/SiO2 TPR [65–67].
The lower temperature peak has been assigned [68] t
decomposition of nickel nitrate (the precursor salt) into N
with a subsequent reduction to Ni metal correspondin
the higher temperature peak and which matches the H2 con-
sumption associated with the TPR of the NiO+ SiO2 mix.
The passivated unused sample is characterized by a s
reduction peak at 540 K, diagnostic of a far more facile
duction. Vos et al. [69] and Hadjiivanov and co-workers [7
likewise observed a single low-temperature (< 500 K) peak
for the reduction of passivated Ni/Al2O3 and Ni/SiO2, re-
spectively. The (passivated) Ni/SiO2 sample (profile d) use
to promote the HDC reaction exhibited similar reduction
havior to the unused (passivated) sample, albeit theTmax was
shifted somewhat to a higher value. In contrast, reductio
the (passivated) sample after debromination was apprec
Table 1
BET surface area, TPR H2 consumptionTmax values, H2 uptakes, and TPDTmax values associated with the unused and spent catalysts

Catalyst BET surface area TPR H2 consumption H2 uptake H2 TPD
(m2 g−1) Tmax (K)a (µmol g−1

catalyst) Tmax (K)a

Ni/SiO2, unusedb 195 640, 723 43 –
Ni/SiO2, unusedc 190 540 41 560,685
Ni/SiO2, unusedd 199 463 17 533,695
NiO + SiO2 physical mix, unused 185 723 –e –e

Ni/SiO2, usedc: 1,3-DCB 202 565 23 570,635
Ni/SiO2, usedc: 1,3-DBB 198 475, 570 13 540

a Values in bold denote principal peaks.
b Analysis of the Ni/SiO2 precursor (Treduction= 723 K).
c Analysis of the passivated Ni/SiO2 (Treduction= 723 K).
d Analysis of the passivated Ni/SiO2 (Treduction= 873 K).
e Below detection limits.
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Fig. 4. TPR profiles generated for (a) NiO+SiO2 physical mix, (b) Ni/SiO2
precursor and those associated with a secondary activation of the pass
samples: (c) unused catalyst; (d) after 1,3-DCB HDC; (e) after 1,3-D
HDB where the catalyst was reduced at 723 K; and (f) the passivated un
catalyst reduced at 873 K.

more facile, generating a principal, though less intense, p
at ca. 475 K with a secondary higher temperature peak. S
a deviation in TPR behavior is certainly suggestive of so
change to the metal phase induced during HDB that is
apparent after HDC.

3.2.2. H2 chemisorption/TEM/XRD
The amounts of H2 adsorbed on the unused and sp

catalysts are recorded in Table 1. Hydrogen uptake on
Ni/SiO2 precursor reduced in situ was essentially the sa
as that recorded after TPR of the passivated/reduced sa
indicative of an equivalency of both activation routes. T
latter is significant in that it demonstrates that a charac
ization of the passivated samples is meaningful in term
gaining an insight into the causes of catalyst deactivatio
the controlled room temperature passivation permits s
age/transfer for directly comparable ex situ analyses.
level of H2 chemisorbed on the spent samples is significa
lower. We have avoided the assignment of metal disper
values based on chemisorption measurements—the latt
sume an exclusive H:Ni stoichiometry which is, at be
a convenient approximation and ignores the possibility
surface coverage effects and possible metal site blockin
residual halogen. Indeed, the presence of Cl is known to l
the degree of H2 chemisorption on supported Ni [71]. Neve
theless, the lower uptake on the used catalysts can be li
to a corresponding increase of Ni particle size. Growth o
particles during hydrodechlorination has been noted pr
ously [12,17,42,44]. A halide-induced agglomeration of
particles (on activated carbon) has been reported by Oht
[72] who attributed this effect to a surface mobility of N
Cl species. Vaporization of NiCl2 crystals at temperature
as low as 573 K has been proposed to occur, leading
d

,

-

Fig. 5. Nickel particle-size distributions for the passivated Ni/SiO2: unused
(open bars); after 1,3-DCB HDC (hatched bars); (c) after 1,3-DBB H
(solid bars).

deposition and growth of surface Ni particles [73]. Chem
cal analysis (ICP-OES) of the activated catalysts before
after use did not reveal any significant loss of Ni from
spent samples. On the basis of the H2 uptake values, N
particle growth was more appreciable during the 1,3-D
reaction. There was no detectable hydrogen uptake on
NiO + SiO2 mixtures; any hydrogen chemisorption was b
low analytical detection limits.

The HRTEM-derived Ni particle-size distributions for th
passivated unused and spent catalysts are given in Fig. 5
unused sample is characterized by a rather broad distrib
of Ni particle sizes that is typical of supported Ni prepa
by impregnation [52]; the mean diameter is 14.0 nm. T
size distributions associated with the spent samples w
somewhat broader where the average Ni particle size (
nm) in the sample used to convert 1,3-DBB was significa
greater than that (20.9 nm) associated with the spent c
lyst from the 1,3-DCB reaction; this trend concurs with t
H2 uptake measurements. The XRD patterns for the s
three samples are given in Fig. 6, where the equivalenc
each is evident. The three peaks (at 44.5, 51.8, and 7◦,
corresponding to (111), (200), and (220) planes of meta
nickel) that are present in each sample are consistent wi
exclusive cubic symmetry; the markers included in Fig. 6
lustrate the position and relative intensity of the XRD pe
for cubic Ni taken from the JCPDS standards [53]. T
ing the signal at 44.5◦, the peak width at half height, i.e
the standard peak broadening approximation, suggests a
creasing average Ni particle size in the order unused< after
1,3-DCB HDC< after 1,3-DBB HDB, in accordance wit
the chemisorption/TEM analyses. It is instructive to n
that there was no evidence whatsoever of bulk NiO;
the reduction procedure was fully effective in reducing
metal component to zero valent Ni while the passivation s
served to provide a protective oxide coating on the m
with no bulk NiO formation. The X-ray diffractograms als
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Fig. 6. XRD patterns for the passivated samples: (a) unused catalys
after 1,3-DCB HDC; (c) after 1,3-DBB HDB. Note: the solid lines indica
peak position (with relative intensity) for cubic Ni.

demonstrate a greater relative intensity of the (111) pea
ter catalyst use—the ratio of (111) to (200) is 3.7 for the u
sample after 1,3-DBB HDB (3.5 for the used sample a
1,3-DCB HDC) compared with 2.5 for the unused sam
which is in good agreement with the ratio (2.38) reported
the standard [53]. This suggests that, in addition to sinter
some restructuring of the Ni phase has taken place du
hydrodehalogenation which results in a preferential de
opment of the (111) plane. Indeed, exhaustive TEM ana
has revealed evidence of Ni particle restructuring, as ca
assessed from the images provided in Fig. 7. While the
ported Ni phase in the unused catalysts is characterize
essentially a spherical morphology, there is clear evidenc
larger faceted Ni particles in the spent sample. There w
greater preponderance of faceted Ni in the sample use
HDB; presumably the bulkier Br induces greater chang
the lattice structure. We have shown elsewhere [42] th
direct contact of Ni/SiO2 with HX gas results in an arra
of particle sizes and geometrical shapes. The changes
are wrought during HDB and HDC are by no means as
matic but particle restructuring during catalysis must b
contributing factor to the loss of activity. It should be not
that Choi and Lee [44] reported a change in metal struc
from cubic to hexagonal as a result of 1,2-dichloroprop
conversion over Ni/SiO2. Moreover, they recorded an XR
peak at 15.2◦ that is characteristic of NiCl2 and attributed
its formation to HCl/Ni interactions that also resulted in
metal structural alteration. We did not observe any XRD
nal due to nickel halide and can discount its presence
bulk component in the used catalysts. However, an ex
nation of the XRD profiles provided by Choi and Lee [4
suggests that bulk NiCl2 and hexagonal Ni are not appa
ent at a 10% w/w Ni loading but are evident for 20 and 4
w/w Ni/SiO2. Morato et al. [46], on the other hand, in stud
ing the hydroconversion of CFC-12 and HFC-22 over Ni
carbonaceous supports did not observe any metal sint
but did detect (by XRD) Ni3C formation.
r

t

Fig. 7. TEM micrographs illustrating the morphology of the Ni crystalli
on (a) unused Ni/SiO2 and (b) Ni/SiO2 after 1,3-DBB HDB: scale applie
to all micrographs.

3.2.3. H2 TPD
It is clear that hydrodehalogenation has led to Ni pa

cle growth and a concomitant restructuring that resulted
lowering of the fractional dehalogenation. While there w
no evidence of bulk nickel halide formation, Cl/Br-induc
changes to the Ni site electronic structure may contribut
activity loss. Temperature-programmed desorption can
some light on changes in the electronic properties of s
ported metal particles [42,50]; the H2 TPD profiles for the
unused and spent samples are presented in Fig. 8. Eac
orption profile is featureless at temperatures less than 45
The unused sample is characterized by a main desor
peak (Tmax = 685 K) with a secondary lower temperatu
shoulder (Tmax = 560 K). The sample used to promote 1
DCB HDC exhibits a similar two-peak response, albeit
peaks are less intense, the shoulder is ill-defined with a
shift in Tmax of the larger peak to a lower value (see Table
The catalyst used in the HDB reaction shows a single les
tense peak at an appreciably lowerTmax (= 540 K). A direct
comparison of the H2 TPD profiles generated in this stud
with the available reports relating to Ni catalysts is proble
atic given the differences in metal loading/support/cata
preparation/desorption procedure. A diversity of desorp
patterns emerge with both high- (> 600 K) [31,74–76] and
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Fig. 8. H2-TPD (to 723 K) profiles associated with the passivated Ni/S2
reduced at 723 K: (a) unused; (b) after 1,3-DCB HDC; (c) after 1,3-D
HDB; and (d) the unused passivated sample reduced at 873 K.

low-temperature peaks (< 600 K) [31,74,77] where the act
vation temperature [74] and nature of the cooling gas (t
cally H2 or He) [78,79] have been shown to have a sign
icant impact on the ultimate profile. We have limited t
upper TPD temperature to 723 K to match the range
temperatures employed for catalyst activation and reac
Moreover, hydrogen desorption below 650 K has been lin
to hydrogen addition/scission activity of Ni catalysts [39,
74,80,81]. It is evident that the H2 chemisorption/desorptio
behavior of Ni/SiO2 has been disrupted due to haloarene
teraction(s). The shift inTmax to lower values is diagnosti
of weaker H/Ni interactions, indicative of some contributi
due to Cl/Ni and Br/Ni contact where halogens are kno
to act as electron acceptors with respect to supported
sition metal systems [16,82]. A visual assessment of the2
TPD profiles reported for fresh and used (after 1,2,4-T
HDC) Ni/NiAl 2O4 [39] also reveal a shift in the peaks (
T < 640 K) to lower temperatures; lower surface cover
by hydrogen for the used sample was attributed to Ni2
formation. Cesteros et al. [39] recorded HCl and Cl2 TPD
responses (atT > 400 K) from Ni/NiAl2O4 while Morato
et al. [46] detected methane (linked to a Ni3C phase) and
HF during TPD (in H2) of used NiAlAC. Prompted by thes
studies, we subjected the passivated samples to an
tional high-temperature desorption with on-line mass sp
troscopic analysis: the results are included in Fig. 9, whe
a small weight change (< 3%) is in evidence. In the case
the unused catalyst and the HDC spent sample, this we
change is due solely to water loss associated with rem
of the passivating oxide layer and desorption from the s
port. In the case of the HDB spent sample, there was
dence of methane generation (Fig. 9b) that can be attrib
to a hydrogenation of a surface amorphous carbon spe
which may serve to occlude the Ni sites and contribute
catalyst deactivation/inhibition of hydrogen chemisorpti
-

i-

t
l

(a)

(b)

Fig. 9. (a) Mass loss (%) as a function of temperature in the hydro
treatment (to 1173 K) of passivated samples: (a) unused catalyst; (b)
1,3-DCB HDC; (c) after 1,3-DBB HDB. (b) Methane (mass= 16) signal
intensity as a function of temperature, labeling as above.

There was, however, no evidence of any halogen relea
nickel carbide formation. We have shown elsewhere [29]
the catalyst surface, under reaction conditions, is satur
with hydrogen halide. The gas sweeping of the samples
preceded passivation must have served to remove an
versibly bound residual halogen.

3.2.4. XANES/EXAFS
Extended X-ray absorption fine structure is an X-ray

sorption technique, which gives detailed local structural
formation on the distance, number, and type of neighbor
the absorbing atom. A search through the literature has
earthed a number of reported studies of EXAFS employe
the characterization of Ni/SiO2, principally to probe meta
and metal oxide size/dispersions [83–87]. Howe et al. [
used XANES/EXAFS to characterize the chemical state
Ni (supported on ZSM-5) before and after use in the
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Fig. 10. Normalized NiK edge XANES spectra (I) and XANES derivativ
spectra (II) of (a) Ni foil, (b) Ni/SiO2 after 1,3-DBB HDB, (c) Ni/SiO2 after
1,3-DCB HDC, (d) unused Ni/SiO2, (e) NiBr2, (f) NiCl2, and (g) NiO.

drodehalogenation of CF3Br and found significant differ
ences in the NiK edge EXAFS Fourier transforms of fre
and used catalyst, suggestive of weaker Ni–Ni interact
in the spent sample. The NiK edge XANES spectra for th
passivated unused and spent catalysts are shown in F
which also includes the spectra of the reference mate
(Ni foil, NiO, NiCl 2, and NiBr2) for comparative purpose
It can readily be seen that there is a better match betw
the XANES spectra of the passivated unused/spent cata
and the Ni foil rather than NiO. From a consideration
the derivative spectra (Fig. 10II), the metal character of
HDB spent catalyst most closely approaches that of th
foil. This is in keeping with the more facile TPR of th
0

s

Fig. 11. Normalized EXAFS spectra measured at the NiK edge for (a) Ni
foil, (b) Ni/SiO2 after 1,3-DBB HDB, (c) Ni/SiO2 after 1,3-DCB HDC, and
(d) unused Ni/SiO2.

spent HDB sample, illustrated in Fig. 4. A comparison
the reference spectra for NiCl2 and NiBr2 with those of
the used catalysts conclusively excludes the presence o
bulk nickel halide species. The background subtracted
normalized EXAFS profiles for the passivated spent/unu
catalysts and the Ni foil are presented in Fig. 11. The
structure due to “back scattering” from neighboring ato
is apparent in the oscillatory response at higher ener
The Fourier transform (FT) magnitudes of thek0- andk3-
weightedχ(k) EXAFS functions for the same samples a
depicted in Fig. 12. All the spectra exhibit an intense
peak at ca. 2.2 Å, representing Ni atoms comprising
first coordination sphere of the central absorbing Ni. T
FT peaks below 2.2 Å, for the FT based on thek0-weighted
χ(k) EXAFS function emphasizing lowZ backscatterer
(Fig. 12I), correspond to the presence of some oxygen a
as is to be expected due to the presence of a passivation
The peak at 2.2 Å increases in intensity in the order: unu
Ni/SiO2 < Ni/SiO2 after 1,3-DCB HDC< Ni/SiO2 after
1,3-DBB HDB< Ni foil. The FT peaks at higherR values,
corresponding to coordination shells 2, 3, and 4, also ex
the same trend. These features are consistent with incre
metal particles size in the sequence given above. The Fo
transform magnitude inr-space and the back-Fourier tran
form after isolation of the first Ni–Ni metal coordinatio
shell (k3-weightedχ(k)) are given in Fig. 13. The fitting o
χ(k) was carried out ink-space and is reported as the dot
line spectra after conversion tok3 weighting for compari-
son with the experimental data; the Fourier transform fit
is also displayed (dotted line). The results of the numer
simulation of the EXAFS oscillations are given in Table
The average value of the coordination number for the
Ni–Ni shell (N1) associated with the unused Ni/SiO2 is in
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Fig. 12.k0-weighted (I) andk3-weighted (II) Fourier transform magnitude
of the Ni K-edge EXAFS spectra of (a) Ni foil, (b) Ni/SiO2 after 1,3-DBB
HDB, (c) Ni/SiO2 after 1,3-DCB HDC, and (d) unused Ni/SiO2.

good agreement with that quoted (5.8 withS2
0 = 0.87) else-

where [89] for a passivated Ni/Al2O3 of comparable meta
loading. The order of increasing tabulatedN1 values is con-
sistent with increasing Ni particle size and again matches
established trend.

3.3. Effect of thermal sintering of Ni on catalyst
performance

The H2 chemisorption, TEM, XRD, and EXAFS analys
of the spent deactivated samples have all revealed a Ni
ticle growth. In order to probe the effect of Ni size increa
on hydrodehalogenation activity, the catalyst precursor
-

activated at the higher temperature of 873 K, in order to
duce Ni sintering as noted elsewhere [68]. Indeed, the2
chemisorption value associated with the higher tempera
reduction was markedly lower (Table 1) while TEM ana
ses revealed a wider distribution (< 5 to 60 nm) of particles
It is significant that the thermally sintered particles displa
a predominantly spherical morphology with no evidence
faceting. TPR of the passivated sintered catalyst (Fig. 4,
file f) is characterized by a predominant peak at 463 K
keeping with a more facile reduction of a larger passiva
Ni phase. However, the sintered Ni/SiO2 delivered an initial
HDC activity that is comparable to the catalyst activated
the lower temperature, as demonstrated in Fig. 1. Moreo
the sintered sample largely retained the HDC activity w
time on stream. The observed loss of activity for the re
ence Ni/SiO2 cannot then be ascribed merely to Ni agglo
eration/growth as a thermal sintering of the same Ni/S2
was not accompanied by a corresponding loss of HDC a
ity. It is instructive to note that the H2 TPD profiles associ
ated with unused Ni/SiO2 reduced at both 723 and 873 K a
essentially equivalent and quite distinct from those gener
for the spent samples. The emergence of a low-temper
TPD shoulder in the sintered sample is, nonetheless, ind
tive of some commonality with the deactivated samples.

The H2 TPD and HDC catalytic data suggest that sint
ing is not the intrinsic cause of the observed deactivation
is an accompanying effect. Estelle et al. [31] and Cest
and co-workers [39] have concluded that the HDC rat
more dependent on hydrogen adsorption/desorption ch
teristics than on the nature of the reactive haloarene—in
study we can link Ni particle restructuring to disrupted2
uptake/release dynamics with a subsequent loss of de
genation activity. It should be noted that the TPD profi
(b) and (c) in Fig. 8 are associated with catalyst samples
exhibit residual hydrodehalogenation activities but no
drogenation capability whatsoever: profiles (a) and (d) h
been generated for catalysts that are active for both hydr
halogenation and hydrogenation. These trends are in
with a previous study [50] where it was shown that the
active hydrogen associated with Ni/SiO2 that participates in
hydrogen scission is quite distinct from that involved in h
drogen addition. The observed modification/faceting of
Ni particles due to Cl/Br contact is such that aromatic r
hydrogenation is completely suppressed.

4. Conclusions

Hydrodehalogenation of 1,2-DCB and 1,2-DBB ov
Ni/SiO2 yields the partially dehalogenated mono-haloar
and benzene with no ring reduction. The catalyst, w
highly active in the direct hydrogenation of benzene to
clohexane, exhibits no hydrogenation activity after con
with the haloarene. Fractional dechlorination far exce
debromination, an effect that is ascribed to the greate
ductive effect of the Cl substituents that serves to activ
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e

Fig. 13. EXAFS spectra for the (a) unused Ni/SiO2, (b) Ni/SiO2 after 1,3-DCB HDC, and (c) Ni/SiO2 after 1,3-DBB HDB: (I)χ(k)k3 vs k; (II) the Fourier
transform magnitude and (III) the Fourier-filtered inverse spectrum for the first shell, where solid lines represent experimental data and points thsimulated
spectrum.

Table 2
Best fit values for the average coordination number(N1) of the first Ni–Ni shell, shift inE0, Debye–Waller factor(σ2), lattice expansion (deltar), and the
fractional misfit (r) (relative uncertainties for these parameters are also included)

Catalyst N1 �N1 E0 �E0 σ2 �σ2 deltar �r r factor

Ni/SiO2, unused 5.58 0.42 7.9 0.80 0.0034 0.0008 −0.0071 0.0061 0.0426
Ni/SiO2, used: 1,3-DCB 6.17 0.32 6.6 0.56 0.0037 0.0005 −0.0056 0.0043 0.0200
NiSiO2, used: 1,3-DBB 7.72 0.51 6.6 0.71 0.0037 0.0007 −0.0035 0.0054 0.0320
Ni foil 12.00
S2
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the ring for hydrogenolytic attack. Ni/SiO2 was subject to a
temporal loss of activity that was accompanied by Ni p
ticle growth and structural modification with a consequ
disruption to the hydrogen adsorption/desorption sur
dynamics. Nickel growth during HDC and HDB has be
established by TPR, H2 chemisorption, TEM, XRD, and
EXAFS. The XRD analyses did not reveal any bulk nic
halide formation and no halide species were detected in
effluent gases during TPR/MS analysis of the spent s
ples. While the Ni complement in both unused and u
catalysts exhibits an exclusive cubic symmetry, the u
catalysts demonstrated a greater preference for the (
orientation than was prevalent before use and Cl/Br con
resulted in appreciable Ni particle faceting. Nickel sinter
was independently induced by thermal means where th
sultant sintered catalyst delivered comparable hydrodeh
genation activities, Ni morphology, and H2 TPD behavior.
We propose that the predominant cause of deactivation
haloarene or halide-induced irreversible alteration to the
site structure.
)

-
-
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