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Abstract

The gas phase catalytic hydrodechlorination (HDC) of chlorobenzene has been studied (T = 423 K) over Pd (8± 1wt%) supported on
activated carbon (Pd/AC), graphite (Pd/graphite), and graphitic carbon nanofiber (Pd/GNF). The activated carbon (875 m2 g−1) and graphite
(11 m2 g−1) substrates were obtained from a commercial source, but the carbon nanofibers (74 m2 g−1) were synthesized by ethylene deco
position over unsupported Ni to yield a mean fiber diameter of 225 nm. Under identical reaction conditions, the following initial HDC
sequence was established: Pd/GNF≈ Pd/AC> Pd/graphite. HDC activity declined with time-on-stream (four reaction cycles were co
ered), where Pd/GNF maintained a significantly higher fractional HDC and Pd/AC activity decreased continually to converge with Pd
at a common residual conversion. The prereaction and postreaction catalyst samples were characterized by BET area/pore
sis, temperature-programmed reduction, transmission electron microscopy, scanning electron microscopy, H2 chemisorption/temperature
programmed desorption (TPD), X-ray diffraction (XRD), and acid/base titration. Pd size distribution is given in each case where
area-weighted Pd diameter increased in the order: Pd/graphite< Pd/GNF< Pd/AC. The spent catalysts exhibited lower H2 uptake with
a disruption to the TPD profiles. Pd on each support adopted (on the basis of XRD analysis) an exclusive cubic geometry, but w
particles on AC were globular in nature, faceted Pd particles predominated on the graphite and (to a lesser extent) GNF supports. H
and temporal behavior is rationalized on the basis of metal–support interactions, Pd particle size, and H2 uptake/release characteristics.
 2005 Elsevier Inc. All rights reserved.
Keywords: Hydrodechlorination; Chlorobenzene; Supported Pd; Activated carbon; Graphite; Carbon nanofibers
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1. Introduction

The release of halogenated organics into the envi
ment is associated with stratospheric ozone depletion, s
formation, global warming, and a range of human health
fects[1]. Although such releases have been curtailed thro
stringent environmental regulations, chlorinated compou
still find widespread use (in, e.g., the manufacture of pe
cides and degreasing agents)[2]. In previous reports[3–5],
we demonstrated the viability of catalytic hydrodechlo
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nation (HDC) over supported Ni as a nondestructive, lo
energy method of converting toxic haloarene gas stre
into recyclable raw materials. Chlorinated waste treatm
based on electrochemical, radiation, photochemical,
biotechnological processes[6,7] result in low conversions
and impractical scale-up. Thermal methods, including
rolysis (>1200 K) and hydrogenolysis (>800 K), have high
energy requirements[8,9]. Incineration can generate harm
ful dioxins/furans [1,6,7]. Catalytic HDC has now bee
reported in both liquid and gas phases over an array of
alysts, notably supported Pt[10–12], Ni [3–16], Rh[11,12],
Ru [12,17], Ni–Mo [18], and Fe[19,20]. Group VIII noble

metals are known to be effective in hydrogenolysis, and Pd
has been demonstrated to deliver higher specific HDC rates
[11,21]. Accordingly, we have adopted Pd as a model cat-
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alytic agent in this fundamental study of the role of differe
forms of carbon support in determining Pd HDC perf
mance.

Hydrogen-assisted dechlorination of aliphatic compou
has received much attention in the literature, with a par
ular focus on the conversion of chlorofluorocarbons[22,23]
and chloroalkanes/chloroalkenes[10,24,25]. A distinction
must be made between HDC and dehydrochlorination;
latter involves the internal elimination of HCl and is applic
ble to the dechlorination of aliphatic chloro compounds[26],
where an external H2 source is not necessary but can serv
limit deactivation[27]. HDC of chloroarenes has been co
sidered to a lesser extent, but there are data available o
conversion of chlorobenzenes (CBs)[10,28], chlorophenols
[29,30], and polychlorinated aromatics[31,32]. Catalyst de-
activation is a feature of HDC in both liquid[33–36] and
gas phase[21,37–44]operations, as a result of HCl intera
tions that poison the active metal[11,21,33,35,36,38,40,41.
The catalyst parameters that influence HDC performa
include synthesis route[33,34], support[10,11,21,33,35],
metal dispersion[11,33,34,38], metal loading[44], activa-
tion procedure[19,28,34,42,43], incorporation of additives
[12,35,36,45], solvent[12,14,46], and the presence of a se
ond metal (bimetallic catalysts)[19,21,28,39,41–43]. There
is some evidence that the support can inhibit HCl pois
ing [11,33]; in any case, the support must be resistant to
corrosive effects of high HCl concentrations generated a
evated temperatures[21]. Carbon[10,28]and inorganic sup
ports, such as Al2O3 [10,37,42], SiO2 [19,41], MgO [43],
Nb2O5 [34], and AlF3 [10], have been used in gas pha
HDC of CB. The existing literature on chloroarene HD
over carbon-supported Pd is summarized inTable 1, where
feasible, we relate our results to the trends that have eme
from the tabulated studies. We first note some reports
considered a series of supported Pd catalysts in CB HDC
plications. Prati et al.[10] reported a clear dependence of a
tivity on the nature of the support, yielding the following g
phase activity sequence: Pd/C> Pd/Vycor (porous glass)>
Pd/Al2O3 > Pd/AlF3. In the liquid phase, Benitez et al.[11]
compared the HDC performance of supported Pd at a sim
dispersion (7–10%), where Pd/SiO2 > Pd/Al2O3 > Pd/C. In
contrast, Halligudi et al.[44] reported the following order o
decreasing 1,2-dichlorobenzene HDC: Pd/Al2O3 > Pd/C>

Pd/SiO2 > Pd/MgO. These results point to a support effe
but the source/cause has not yet been established.

The present study was conducted to couple characte
tion and catalytic data to probe the role of carbon struct
characteristics in determining Pd HDC performance. Th
carbonaceous supports were considered: conventional
vated carbon, graphite, and GNFs. Carbon nanofibers,
duced by the catalytic decomposition of carbon-contain
gases at high temperatures, exhibit a high-aspect ratio
ordered parallel graphene layers arranged in a specific

formation[56,57]. Interest in GNF as a catalyst support has
risen over the last decade, due largely to reduced mass trans
fer constraints when compared with conventional activated
alysis 234 (2005) 268–281 269
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carbon, which exhibits variable structural characteris
when produced from disparate sources[56,58–61]. The use
of GNF supports in hydrogenation reactions[56,57,60,62,
63] and ammonium synthesis[64] has been recorded in th
literature, but there has been no published study of cata
HDC. In addition, there are no reports of Pd/graphite us
HDC. Here we provide the first account of Pd/graphite- a
Pd/GNF-promoted CB HDC.

2. Experimental

2.1. Catalyst preparation and activation

The activated carbon (G-60, 100 mesh) was obtai
from NORIT (UK), and the graphite (synthetic 1- to 2-µ
powder) was obtained from Sigma–Aldrich. The GNF s
port was synthesized by the catalytic decomposition of
ylene over unsupported Ni, as described in detail pr
ously [57]. The catalytically generated GNF product w
contacted (agitation at 500 rpm) with dilute mineral a
(1 mol dm−3 HNO3) for 7 days, to remove the parent ca
alyst particles. This step was necessary to avoid any
tribution to HDC from residual Ni; the commercial ac
vated carbon and graphite samples were also subject
the same demineralization. The carbon supports were
oughly washed with deionized water (until pH approache
and oven-dried at 383 K for 12 h. The GNF sample was s
jected to partial oxidation (in a 5% v/v O2/He mixture) at
673 K for 2 h to remove the amorphous carbon cont
The carbon-supported (8± 1 wt%, ca. 1 at% Pd) Pd pre
cursor samples were prepared by standard impregnatio
which a 2-butanolic Pd(NO3)2 solution was added dropwis
at 353 K to the substrate with constant agitation (500 rp
then air-dried at 393 K for 16 h. Aqueous solutions were
used, because carbon support materials are known to
hydrophobic properties leading to difficulties with surfa
wetting that may adversely affect the ultimate Pd dispers
Moreover, the acid washing/partial oxidation can modify
wetting characteristics to provide anchoring sites for the s
ported metal[56,65]. The Pd loading (reproducible to withi
±4%) was determined by ICP-OES (Vista-PRO, Varia
Before its use in catalysis, the precursor, sieved (ATM
test sieves) into a batch of 75 µm average particle diam
was reduced directly in a 60 cm3 min−1 stream of ultrapure
dry H2 at 10 K min−1 to 523± 1 K, which was maintained
for at least 12 h.

2.2. Catalyst characterization

Specific BET surface area and BJH pore volume an
ses were performed using the commercial Micromeri
TriStar 3000 unit; N2 at 77 K served as sorbate. B
-
fore measurement, the samples were outgassed at 433 K
for 16 h. Bulk tap densities of the carbonaceous sup-
ports were obtained from a gravimetric measurement of
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Table 1
Compilation of existing literature on chloroarene HDC over carbon supported Pd catalysts

Reactant Catalyst Phase Catalyst
source

Metal loadinga

(wt%)
Nature of carbon support BET surface area

(m2/g)
Operating
temperature (K)

Ref.

Single reactant
Chlorobenzene Pd/C Gas Commercial 0.5 Carbon 750b 413 [10]

Lab. synth.c 6.9; 11.0 Carbon 140; 209b 423; 473 [28]
Liquid Lab. synth. 0.72; 0.88 Carbon 1200d 303 [11]

Lab. synth. 0.72; 2.7 Carbon 1200d 303 [45]
Lab. synth. Not given Carbon (sibunit) Not given 323 [14]

Not givene Commercial 5.0 Carbon Not given 573 [47]
Pd–Fe/C Gas Lab. synth. Pd: 5.4–6.8;

Fe: 3.6–11.1
Carbon 331–370b 423; 473 [28]

Pd–Ni/C Liquid Lab. synth. Not given Carbon (sibunit) Not given 323 [14]

Dichlorobenzenes Pd/C Gas Lab. synth. 0.2 Carbon (sibunit) 372d 523 [44]
Not givend Commercial 5.0 Carbon Not given 573 [47]

Trichlorobenzenes Pd/C Gas Lab. synth. 0.2 Carbon (sibunit) 372d 523 [44]
Liquid Commercial 5.0 Carbon Not given 313–355 [12]

Hexachlorobenzene Pd/C Liquid Lab. synth. 0.4 Carbon (sibunit) 370d 323 [13]
Pd–Ni/C Liquid Lab. synth. Pd: 0.19–0.7;

Ni: 0.19–2.98
Carbon (sibunit) 370d 323 [13]

Chlorophenols Pd/C Gas Lab. synth. 2.5–8.0 Activated carbon (granular) 800–1140b; 1200d 328–473 [29]
Liquid Lab. synth. 2.5–8.0 Activated carbon (granular) 800–1140b; 1200d 300; 325 [29]

Pd/ACCf Liquid Not given 0.5–5.0 Activated carbon cloth Not given 333 [48]
Lab. synth. 0.1–5.1 Activated carbon cloth 1540; 1560d 303–358 [30]

Pd/GACg Liquid Not given 0.5 Granulated activated carbon Not given 333 [48]
Lab. synth. 0.1–0.5 Activated carbon (granular) 800d 303–358 [30]

Dichlorophenols Pd/C Liquid Commercial 1.0–10.0 Activated carbon Not given 303 [49]

Chlorobiphenyls Pd/C Liquid Commercial 10.0 Carbon Not given 293 [50]

Dichloro-dibenzo-dioxin Pd/C Liquid Commercial 5.0 Carbon Not given 296–308 [51]
Commercial 5.0 Carbon 1088b 303–318 [31]

Tetrachloro-dibenzo-
dioxin

Pd/C Liquid Commercial 5.0 Carbon Not given 296–308 [51]
Commercial 5.0 Carbon 1088b 303–318 [31]

Dichloro-dibenzo-furan Pd/C Liquid Commercial 5.0 Carbon 1088b 303–318 [31]

Trichloro-dibenzo-furan Pd/C Liquid Commercial 10.0 Activated carbon 900–1000b 323 [52]

Chlorotoluenes Pd/C Not givene Commercial 5.0 Carbon Not given 573 [47]

Chlorobenzonitriles Pd/C Not givene Commercial 5.0 Carbon Not given 573 [47]

Chloroanilines Pd/C Not givene Commercial 5.0 Carbon Not given 573 [47]

Chloroanisoles Pd/C Not givene Commercial 5.0 Carbon Not given 573 [47]

Chloroacetophenones Pd/C Liquid Commercial 10.0 Carbon Not given 323 [53]
Not givene Commercial 5.0 Carbon Not given 573 [47]

Chlorohydroxydiphenyl
ethers

Pd/C Liquid Commercial 5.0 Carbon Not given 298–343 [54]

Mixed reactant feed

(PCDDs+ PCDFs)h Pd/C Liquid Commercial 10.0 Activated carbon 900–1000b 323 [52]

Mixturei Pd/C Liquid Commercial 5.0 Carbon Not given 355 [12]

Dichlorobenzene+
methylthiophene

Pd sulfide/C Gas Lab. synth. 9.2 Activated carbon 1100d 573 [55]

a Pd loading unless stated otherwise.
b Catalyst surface area.
c Lab. synth., laboratory synthesized.
d Support surface area.
e H2 pressure, 1 MPa.
f ACC, fibrous activated carbon cloth.

g GAC, granulated activated carbon.
h PCDD, polychlorinated dibenzo-p-dioxins; PCDF, polychlorinated dibenzofurans.
i Mixture – chlorobenzene, bromobenzene, fluorobenzene and iodobenzene.
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particles in a cylinder with a diameter six times greater t
the particles. Temperature-programmed reduction (TP
H2 chemisorption, and temperature-programmed desorp
(TPD), both before and after reaction, were determined
ing the commercial CHEM-BET 3000 (Quantachrome) u
raw data were reproducible to better than±6%. The sam-
ples (ca. 0.1 g) were loaded into a U-shaped Pyrex glass
(10 cm× 3.76 mm i.d.) and contacted at room temperat
with a 20 cm3 min−1 (mass flow controlled) 5% v/v H2/N2
flow for 1 h before heating to 523 K at 10 K min−1, with
the effluent gas directed through a liquid N2 trap. H2 con-
sumption was monitored by a thermal conductivity detec
(TCD) with data acquisition/manipulation using the TP
WinTM software. The samples were maintained at 523 K
1 h in a steady flow of H2. The reduced samples were swe
with a flow of N2 for 1 h, cooled to room temperature, a
subjected to H2 chemisorption using a pulse (50 µl) titratio
procedure[5]. The samples were then thoroughly flush
with N2 for 30 min to remove physisorbed H2, and TPD was
conducted in the N2 flow at 50 K min−1 to 873 K. Precur-
sor reduction was also monitored using a Seiko Instrum
TG/DTA 320 simultaneous thermo-gravimetric/different
thermal analyzer coupled to a Micromass PC residual ga
alyzer. A known quantity of catalyst (ca. 25 mg) was plac
in a Pt sample pan, and an equivalent quantity of SiO2 was
used as reference material. The sample was kept at r
temperature in flowing He (100 cm3 min−1) for 15 min, H2
was introduced (20 cm3 min−1), and the system was main
tained at room temperature for another 30 min before hea
at a rate of 1 K min−1 to a final temperature of 523 K, whil
monitoring the effluent gas over them/e range 10–100.

Powder X-ray diffraction (XRD) was performed with
Philips X’Pert instrument using Ni-filtered Cu-Kα radiation.
The samples were mounted in a low-background sam
holder and scanned at a rate of 0.02◦ step−1 over the 20�
2θ � 90◦ range with a scan time of 5 s step−1. The diffrac-
tograms were compared with the JCPDS-ICDD referen
[66] for identification purposes. The Pd particle morpholo
and size distributions were determined by transmission e
tron microscopy: a JEOL 2000 TEM microscope operate
an accelerating voltage of 200 kV. The catalyst sample
dispersed in 1-butanol by ultrasonic vibration and depos
on a lacey-carbon/Cu grid (200 mesh) and dried at 383 K
12 h before TEM analysis. At least 500 individual Pd p
ticles were counted for each catalyst; the mean Pd par
sizes are quoted in this paper as both a number averag
ameter (̄dn),

(1)d̄n =
∑

i

nidi

/∑
i

ni,

and surface area-weighted diameter (d̄s) [67],

(2)d̄s =
∑

i

nid
3
i

/∑
i

nid
2
i ,
where ni is the number of particles of diameterdi and∑
i ni > 500. Analysis by scanning electron microscopy
alysis 234 (2005) 268–281 271
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(SEM) was done using a Hitachi S900 field emission SE
operated at an accelerating voltage of 25 kV; the sample
deposited on a standard aluminum SEM holder and co
with gold. Carbon support structural characteristics w
also probed by temperature-programmed oxidation (TP
in which a 100-mg sample of demineralized support w
heated (10 K min−1) to 1248 K in a 5% v/v O2/He mixture
with on-line TCD analysis of the effluent gas. The equi
lent pH of the three Pd catalysts was determined by s
dard acid–base titration. A known mass (40 mg) of e
catalyst was immersed in a 50 cm3 solution (deionized wa
ter, electronic resistance� 15 M�) of 0.1 mol dm−3 NaCl
and 0.1 mmol dm−3 oxalic acid, acidified (pH= 3–4) with
0.01 mol dm−3 HCl. A 0.01 mol dm−3 NaOH solution was
used as titrant, added dropwise (3–6 cm3 h−1, model 100 kd
Scientific microprocessor-controlled infusion pump) to
slurry, which was kept under continuous agitation in a
atmosphere. The pH was monitored continuously usin
Dow–Corning pencil electrode coupled to a data logging
collection system (Pico Technology); reproducibility of t
measurements was within±4%.

2.3. Catalysis procedure

Reactions were carried out under atmospheric pres
in a fixed bed glass reactor (15 mm i.d.) with a co-curr
flow of CB in H2 at 423 K. The catalytic reactor, and o
erating conditions to ensure negligible heat/mass trans
limitations, have been described in detail elsewhere[68,69],
but some features, pertinent to this study, are given h
The CB HDC performance of the three carbon-suppo
Pd catalysts was assessed over four reaction cycles
an inlet Cl to catalyst ratio= 0.24 molCl g−1 h−1. In the
first cycle, the reaction was conducted (directly after ca
lyst activation) for 6 h, followed by reactivation in flowin
H2 at 523 K for 12 h with a second 6 h reaction cycle a
423 K, a further H2 reactivation overnight at 523 K wit
a third reaction cycle at 423 K, followed in this case
overnight H2 treatment at 423 K and a final fourth reacti
cycle at 423 K. CB (>99.8% purity, Sigma–Aldrich) was
fed using a microprocessor-controlled infusion pump (mo
100, kd Scientific) through a glass/Teflon air-tight syrin
and a Teflon line to the reactor in a stream of ultrapure2
(GHSV= 2×104), the flow rate of which was monitored u
ing a Humonics 520 digital flow meter. As a blank test, p
sage of CB in a stream of H2 through the empty reactor (i.e
in the absence of catalyst) did not result in any detect
conversion. The reaction products were analyzed by ca
lary GC as described elsewhere[68,69]. The relative peak
area % was converted to mol% using regression equa
based on detailed calibration, and the detection limit ty
cally corresponded to a feedstock conversion<0.4 mol%;
overall analytic reproducibility was better than±5%. The
degree of hydrodechlorination (xCl) is given by
(3)xCl = [HCl]out

[Clorg]in ,
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where [Clorg] represents the concentration (mol dm−3) of
chlorine associated with the aromatic feed and subscrip
and out refer to the inlet and outlet reactor streams, res
tively. Repeated catalytic runs with different samples fr
the same batch of catalyst delivered product composit
that were reproducible to within±7%.

3. Results and discussion

3.1. Catalyst characterization: prereaction

The BET surface areas, total pore volume, and a
age pore radii of the three freshly activated (unused) c
lysts are recorded inTable 2. The raw adsorption/desorptio
isotherms, shown inFig. 1a, are consistent with type IV
(IUPAC classification) multilayer adsorption/desorption
companied by capillary condensation to generate hyste
loops that are diagnostic of mesoporosity; the associ

pore size distributions (from a BJH analysis) are given in

(a)

Fig. 1. (a) N2 adsorption/desorption isotherms (at 77 K) for (I) Pd/AC, (II)
alysis 234 (2005) 268–281

-

in Table 1). The sharp increase in N2 adsorption at low
relative pressures (P/P0 < 0.05) is indicative of microp-
ore structure with an estimated 25% of the total pores w
radii <2 nm. Pd/graphite is characterized by a low s
face area and limited porosity, features that have mitig
against using graphite as a catalyst support. The surface
recorded for Pd/GNF is significantly greater than that
Pd/graphite, due to the greater availability of prismatic pl
“edge” sites. Surface areas for carbon nanofibers have
found to range from 10 to 200 m2 g−1 [65,70], depending on
the synthesis parameters and postsynthesis treatment
no apparent microporosity[65,71]. The bimodal pore size
distribution that characterizes Pd/GNF inFig. 1b was also
reported by Reshetenko et al.[72] for filamentous carbon
generated through methane decomposition over alum
supported Ni, Ni/Cu, Co, and Fe–Co catalysts. At-plot
analysis of Pd/GNF revealed a low micropore volume
0.01 cm3 g−1), which can be attributed to surface roughne

as noted elsewhere[73].

rob-
ove
Fig. 1b. Pd/AC exhibited a high BET surface area, in keep-
ing with the values quoted in the literature (and recorded

TPO is a technique that has been put to good use in p
ing the degree of order in carbon materials, where a m
(b)

Pd/GNF and (III) Pd/graphite. (b) Pore size distribution, labeling as above.
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Table 2
Physicochemical characteristics of the three carbon supported Pd cata

Pd/AC Pd/GNF Pd/graphite

BET surface area (m2 g−1) 875 74 11
Total pore volume (cm3 g−1) 0.47 0.08 0.04
Average pore radius (nm) 3.2 4.8 9.2
Bulk densitya (g cm−3) 0.34 0.22 0.31
TPOTmax

a (K) 810 1140 1220
Pd (wt%) 7.8 8.7 8.5
Equivalent pH 6.8 7.0 6.7
TPRTmax

b,c (K) 377 374 375
TPRTmax

b,d (K) 377 371 372
H2 uptake (cm3 g−1

Pd)c 1.0 1.7 2.2

H2 uptake (cm3 g−1
Pd)d 0.4 0.6 0.6

d̄c,e (nm) 20 23 25
d̄d,e (nm) 22 22 26
d̄n

c,f (nm) 10 13 8
d̄n

d,f (nm) 11 14 11
d̄s

c,g (nm) 49 37 24
d̄s

d,g (nm) 46 37 27

a Carbon support only.
b Represents negative (H2 release) peaks.
c Pre-HDC.
d Post-HDC.
e Average Pd diameter based on XRD line broadening.
f Number average Pd diameter based on TEM analysis.
g Surface area-weighted Pd diameter based on TEM analysis.

Fig. 2. TPO profiles generated for the demineralized (a) AC, (b) GNF
(c) graphite supports.

from an amorphous to a graphitic structure is accompa
by a rise in the temperature at which gasification is indu
[74,75]. The TPO profiles of the GNF support, presented
Fig. 2, can be assessed against the TPO characteristi
the conventional activated carbon and graphite substr
the characteristicTmax values are given inTable 2. Note that
the TPO profiles were obtained from thoroughly washed
demineralized samples, to avoid any possible catalyzed

fication of carbon by residual metal. On the basis of the TPO
response, the GNF substrate has significant order but is by
no means as highly structured as graphite. The ordered na
alysis 234 (2005) 268–281 273

f
;

-

Fig. 3. XRD patterns for the activated (a) Pd/AC, (b) Pd/GNF a
(c) Pd/graphite. Solid lines indicate peak position (with relative intens
for cubic Pd.

ture of the fibers elevates the onset of gasification rela
to activated carbon, but the greater presence of edge
results in gasification at a lower temperature than grap
Serp et al.[56] reported a comparableTmax (at ca. 1173 K) in
their TPO analysis of fibers synthesized by C2H4 decompo-
sition over Fe/SiO2. Support structure can also be asses
by XRD analysis; diffractograms for the three supported
catalysts are given inFig. 3. The XRD for Pd/graphite is
dominated by a peak at 26◦ that is characteristic of highl
structured (graphitic) carbon[66], a response that is (as e
pected) not present in the profile for Pd/AC. Whereas
XRD for Pd/GNF demonstrates the strong presence
graphitic phase, the broadness of the 26◦ peak is indica-
tive of a lesser long-range structural order. The extrac
averaged002 intershell spacing of 0.3349 nm differs fro
the value (0.3395 nm) that characterizes the graphite
strate. The deviation ind002 spacing is suggestive of som
morphological diversity/amorphous carbon component a
ciated with Pd/GNF. Indeed, the fibers exhibit a broad ra
of diameters, as illustrated in the size histogram (base
a comprehensive TEM analysis) presented inFig. 4; mean
-

fiber diameter is 225 nm. Because GNF diameter is largely
governed by the dimensions of the seed metal particle, it is
to be expected that a wide size range results from growth
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Fig. 4. Fiber diameter distribution associated with GNF.

Fig. 5. Representative SEM images showing structural features asso
with the GNF support.

over unsupported Ni (used in this study); using supporte
can facilitate the production of an appreciably narrower
brous product[76]. The high-aspect ratio fibrous nature
the GNF support is immediately apparent from the repre
tative SEMs given inFig. 5, which reveals a range of fibe

diameters.

The TPR profiles generated for the three catalysts can be
compared inFig. 6, and theTmax values that characterize the
alysis 234 (2005) 268–281

Fig. 6. TPR profiles generated for reduction of (a) Pd/AC, (b) Pd/GNF
(c) Pd/graphite pre- (solid lines) and post- (symbols) HDC.

predominant peak in each profile are recorded inTable 2; the
TPR conditions match those used for actual catalyst ac
tion before HDC. Duplicate TPR measurements are inclu
in Fig. 6 to illustrate the level of reproducibility. Each TP
profile is dominated by a negative peak at 375± 2 K. There
is a general consensus in the literature that Pd can abso2
to form a Pd hydride at ambient temperature where H2 par-
tial pressure exceeds 0.0224 atm[77]. The decomposition
of the Pd hydride phase has been linked to a negative
(H2 release) in the TPR profile whereT < 393 K [19,23,
78–82]. The absence of any obvious H2 consumption (dur-
ing TPR) in advance of H2 release presupposes the existe
of the metallic phase before the commencement of the
perature ramp. Indeed, using TGA/DTA with on-line ma
spectrometry, we analyzed the effluent gas during the r
temperature H2 contact and detected small weight chan
(<1%) accompanied by an exotherm that coincided w
the evolution of H2O, N2, O2, and (trace) N2O, as shown
in Fig. 7 for Pd/GNF; the Pd/AC and Pd/graphite syste
also exhibited similar behavior. These results are diagno
of precursor decomposition/reduction during the room te
perature H2 contact that preceded TPR, and, indeed, ro
temperature reduction of PdO has been proposed in th
erature[82–84].

The TEM images provided inFig. 8 serve to illustrate
the nature of the Pd particle morphology and dispers
on the three carbonaceous supports; selected area ele
diffraction confirmed the presence of metallic Pd. The
particles supported on AC exhibit an indistinct or globu
geometry (Fig. 8a) that has been shown to be diagnostic
limited metal–support interaction[85]. In marked contrast
the metal phase on graphite and, to a lesser extent, on
can be characterized as faceted and relatively thin Pd p
cles, morphological features that are consistent with stro

metal–support interactions[86] (seeFigs. 8b and c) and that
find support in observations made by Ledoux et al.[60]. An
“even” dispersion of Pd particles is evident on the GNF sub-
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Fig. 7. (a) DTA for H2 treatment of Pd/GNF, as a function of time and
residual gas analysis of the effluent gas showing an expanded time axis
resenting the room temperature section ofFig. 7a. In both cases the vertica
line signifies the time at which H2 was introduced to the system.

strate. Under higher magnification, the GNF graphene la
are oriented parallel to the fiber axis; high-resolution TE
images of the GNF substrate are published elsewhere[57].
XRD analysis revealed that the Pd phase on all three
ports exhibits a cubic geometry with the four peaks (
Fig. 3) at 40.1, 46.7, 68.1, and 82.15◦, corresponding re
spectively to Pd planes (111), (200), (220), and (311).
markers identified inFig. 3 illustrate the position and rela
tive intensity of the XRD peaks for cubic Pd obtained fro
JCPDS standards[66]. Integral breadth analysis yielded sim
ilar average Pd particle diameters for each catalyst; see
entries inTable 2. The Pd particle size distributions, bas
on TEM analysis, are presented in the histograms inFig. 9.
The size distribution and shapes of the supported Pd p
cles are inherent features of the interfacial energies as
ated with each system. Each catalyst exhibits a broad
range, and although the average diameter values are sim
the surface-weighted values are decidedly different (seeTa-
ble 2). The volume of H2 adsorbed on the freshly activate
catalysts is also given inTable 2. Although we have avoide
the assignment of particle sizes based on the chemis

tion measurements, because this presumes an exclusive H:P
stoichiometry that is at best a convenient approximation,
the order of increasing H2 uptake Pd/AC< Pd/GNF <
alysis 234 (2005) 268–281 275

-

-

,

-

Pd/graphite follows the decreasing surface-weighted par
size sequence resulting from TEM analysis. It is intrigu
that the graphite substrate with a low BET surface area
few edge positions available for depositing the metal ge
ates the smallest surface area-weighted average Pd diam
Xue et al.[87] reported a preparation of Pd supported
carbon “nanotubes” (diameter ca. 20 nm), graphite, and
tivated carbon by thermal decomposition (in H2 up to 873 K)
of HPdCl3 (introduced by impregnation). On the basis
their XRD analysis, the authors claimed that the Pd phas
graphite and activated carbon shows bulk metal charact
tics, whereas the nanotube stabilized nanoscale (<20 nm) Pd
particles, findings that run counter to our results.

Hydrogen TPD can shed some light on differences
metal–support interaction and electronic properties of s
ported metal particles[69,88]; the H2 TPD profiles are pre
sented inFig. 10. Each desorption profile is featureless
temperatures < 420 K with the appearance of a positive p
with an ill-definedTmax at 464–503 K. The volume of H2 re-
leased (corresponding to this peak) matches that taken
the chemisorption step that preceded TPD (seeTable 2). We
also recorded a second higher temperature peak (840–8
for the three catalysts. A direct comparison of the H2 TPD
profiles generated in this study with the limited reports
the literature on supported Pd systems is problematic g
the differences in the metal loading/support/catalyst pre
ration/activation/desorption procedure. Ouchaib et al.[89]
reported two H2 desorption peaks from charcoal-suppor
Pd at 373 and 673 K. Hydrogen desorption at the hig
temperatures has been attributed to spillover H2 release[69,
90,91], which can result from a combined chemisorption
the Pd and transport to the carbon support during TPR[91].
Such an assignment is consistent with the sequence o
creasing peak area (i.e., Pd/graphite< Pd/GNF< Pd/AC),
which mirrors the increasing BET surface area of the sup
(seeTable 2).

3.2. Catalytic activity: HDC of CB

The HDC of CB over all three catalysts generated b
zene as the predominant product, with trace amount
cyclohexane (selectivity<3%) resulting from the furthe
hydrogenation of benzene.Fig. 11 shows the variation o
the fractional dechlorination (xCl), under identical reaction
conditions, with time-on-stream (TOS). In the first rea
tion cycle, the initial fractional dechlorination extracted fro
the empirical fit (seeFig. 11) to thexCl temporal respons
decreased in the order Pd/GNF (0.74)≈ Pd/AC (0.70)>
Pd/graphite (0.51). A loss of activity, particularly prevale
in the case of Pd/AC, is evident with TOS, an effect t
has been observed for reaction in both liquid[21,33–36]and
gas phases[21,38,41] and is attributed to carbon depos
tion/occlusion of the active metal sites and/or surface

dsoning by HCl and/or metal sintering. A resumption of the
reaction after an overnight isothermal treatment (523 K, the
original temperature of activation) in flowing H2 delivered
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Fig. 8. Representative TEM images illustrating the nature of the supported Pd phase in (a) Pd/AC, (b) Pd/GNF and (c
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Fig. 9. Pd particle size distributions associated with Pd/AC (open bars),

(a)

(b)

Fig. 10. (a) H2 TPD profiles associated with (I) Pd/AC, (II) Pd/GNF a
Pd/GNF (hatched bars) and Pd/graphite (solid bars) pre- (a) and post- (b)

Fig. 11. Fractional CB HDC (xCl) as a function of time-on-stream over Pd/A
catalysts; (b) following reaction (a), catalyst regeneration in H2 at 523 K for 12
(d) following reaction (c), catalyst regeneration in H2 at 423 K for 12 h. Lines re
nd

(III) Pd/graphite pre- (solid lines) and post- (symbols) HDC. (b) Expanded
HDC.
lower temperature region (indicated by the dotted box above) of the H2 TPD
profile for Pd/AC pre- (2) and post- (") HDC.
C (Q), Pd/GNF (2) and Pd/graphite ("): (a) reaction over freshly activated
h; (c) following reaction (b), catalyst regeneration in H2 at 523 K for 12 h;
present fits toxCl = (x0 �tn)exp(−k �t), correlation coefficients>0.996.
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TOS profiles (Fig. 11b) that demonstrate a continual lo
of activity. Deactivation was irreversible in that the high
temperature H2 treatment did not restore the original lev
of HDC activity. This agrees with a previous study[38] that
found that a thermal H2 treatment is insufficient to remov
any strongly bound surface halogen component, althou
controlled oxidation with subsequent reduction can parti
restore the original HDC activity. A second attempted reg
eration in H2 at 523 K (Fig. 11c) with subsequent reactio
and a final H2 regeneration at 423 K resulted in the app
ent attainment of a steady-state conversion (Fig. 11d). The
ultimatexCl delivered by Pd/GNF was higher than that as
ciated with either Pd/AC or Pd/graphite, in which HDC p
formance converged to a commonxCl; the specific activities
(molCl h−1 m−2) after 24 h on-stream follow the sequen
Pd/GNF (10.9×10−2) > Pd/AC (8.8×10−2) > Pd/graphite
(4.9× 10−2).

Differences in catalytic behavior associated with carb
supported metal systems have been reported in the liter
[56–58,62–64,92], notably in hydrogenation and ammon
synthesis applications, and have been attributed to m
support interaction that impact on metal site activity;
nature of these interactions remains unclear. Pham-Huu
[71,92], in a comprehensive study, found that Pd suppo
on carbon fibers with a “fishbone” lattice orientation w
more active than Pd/activated charcoal in the liquid ph
hydrogenation of cinnamaldehyde. In the hydrogenatio
1-butene and 1,3-butadiene, Ni/GNF had higher activity t
Ni/AC and Ni/Al2O3 [62], but the difference in the hydro
genation of ethylene was not as marked[63]; nevertheless
Ni/GNF consistently exhibited the best performance. S
results, although limited, indicate that the catalytic respo
to a shift from an amorphous to an ordered carbonace
support is dependent on the nature of the reactants. Alth
an unambiguous link between catalyst structure and H
activity has yet to emerge, several published studies h
demonstrated a HDC activity and stability dependence
metal dispersion[33,93,94]. Given the commonality of Pd
loading in our three catalysts, linking initial HDC perfo
mance over the first reaction cycle to surface-weighted a
age Pd size (Table 2) suggests a higher initial specific HD
activity for “larger” supported Pd particles. This observ
tion is in line with the work of Juszczyk et al.[95], who
reported a higher turnover frequency of both CF3CFCl2 and
CCl2F2 for larger Pd particles supported on Al2O3, an effect
that they attributed to an ensemble effect. The higher in
HDC activity associated with Pd/AC and Pd/GNF compa
with Pd/graphite can also be associated (albeit tentativ
with the presumed (on the basis of TPD; seeFig. 10) higher
H2 spillover associated with the former catalysts. In supp
of this, there is evidence in the literature of the contribut
of spillover H2 to HDC [3,69,96]. In terms of CB activa-
tion, it is known that haloarenes can adsorb both on

metal phase[21,38] and on the carbon support[97–100].
In terms of the former, we recorded a 45% conversion (of
33 molCB h−1 cm−3 Pd at 423 K) over bulk Pd; that is, the
alysis 234 (2005) 268–281

e

.

metal phase alone can serve to activate CB with H2 dissoci-
ation and subsequent HDC. In liquid phase chloroarene
sorption applications[101], GNF (with no associated met
phase) outperformed conventional activated and grap
carbon, an effect ascribed to high conductivity and gre
availability of delocalizedπ -electrons associated with GN
Acid-washing of the carbon substrate was also found to
fect uptake as a result of the increased surface concentr
of oxygenated functional groups/electron rich regions
can participate in the formation of electron donor–acce
complexes with the aromatic sorbate. Toebes et al.[102]
found that the liquid phase cinnamaldehyde hydrogena
activity associated with GNF-supported Ru increased
nificantly after removal of surface acid groups; the num
of surface acid sites was in the range 0.02–0.62 nm−2. The
acid washing done in this study to remove the seed Ni
ticles was far less severe where acid/base titration deliv
near-neutral surface-equivalent pH values for the three
alysts (seeTable 2). Differences in surface “acidity” do no
explain the activity sequence. Consider the work of San
and Louw[103], who showed that AC alone was capable
promoting gas phase HDC of CB at temperatures>573 K.
But we did not detect any CB HDC activity over the thr
carbon supports (in the absence of a metal phase) unde
stated reaction conditions. Our observed HDC activities
be considered the result of contributions from the suppo
Pd, the carbon substrate, and the Pd–carbon interface
cannot explicitly identify a unique catalyst characteristic t
determines HDC activity, but there are strong indicati
that Pd particle size and H2 spillover contribute to HDC per
formance. In our study this response is somewhat maske
the appreciable loss of activity suffered by Pd/AC. Met
support interaction(s) can affect temporal HDC behav
where, based on our results, a faceting of Pd particles
GNF and graphite) appears to favor HDC stability.

3.3. Catalyst characterization: postreaction

Because the three Pd catalysts exhibited a TOS HDC
tivity loss, the used catalysts were also subjected to cha
terization to account for this decline in performance. Th
was no detectable change in the BET surface area/por
of each catalyst after the four cycles of CB HDC. Moreov
chemical analysis (ICP-OES) of the activated catalysts
fore and after reaction did not reveal any measurable
of Pd as a result of the catalysis sequence. The TPR c
acteristics of the spent samples (shown inFig. 6) did not
deviate significantly from the profiles associated with the
used samples and are dominated by the negative peak
ciated with Pd hydride decomposition. Hydrogen uptake
the used catalysts was lower (seeTable 2) by up to a factor of
three, an effect suggesting decreased metal dispersion;
agglomeration during HDC has been noted elsewhere[3,40,

88]. However, in this study both the Pd number-averaged
and surface area-averaged diameters (Table 2) showed little
difference after reaction. Nevertheless, it is worth compar-
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ing the Pd size distributions for the unused (Fig. 9a) and
used (Fig. 9b) catalysts; doing so clearly shows that the p
centage of particles<6 nm is lower in the used sample
with a corresponding increase in the proportion within
range 10–20 nm, diagnostic of some, albeit limited (par
ularly in the case of Pd/AC), particle growth. XRD analy
of the spent samples did not reveal any structural (or
nificant particle size) changes; based on our comprehen
TEM analysis, we can state that the Pd particle morp
ogy remained unchanged after reaction. A preponderan
faceted particles remained associated with Pd/graphite, a
tually exclusive globular morphology characterized Pd/A
whereas Pd/GNF exhibited both faceted and nonfaceted
ticles. Suppression of H2 uptake may result from prolonge
contact with CB, in that Cl is known to limit the degre
of H2 chemisorption on supported transition metals[22].
Bonarowska et al.[80] reported substantial carbon disso
tion in the supported Pd phase during CFC HDC. Althou
we did not observe (on the basis of XRD analysis) bulk
carbide formation, the presence of occluding carbonace
species as result of HDC may well affect H2 uptake. This
may also influence the H2 TPD response, which can be a
sessed by evaluatingFig. 10, in which the low-temperatur
desorption peak is shifted in each case to a lower tem
ature, indicative of a weaker surface interaction. This is
lustrated inFig. 10b for Pd/AC, where the H2 TPD Tmax is
lowered from ca. 490 to 430 K after the four HDC cycle
The higher temperature desorption peak was also shifted
up to 100 K) to lower temperatures after HDC, again indi
tive of some surface modification. Surprisingly, the amo
of H2 released, corresponding to this TPD peak, was
nificantly greater than that recorded before HDC. This w
particularly evident in the case of Pd/AC and less so for
lower BET surface area Pd/GNF and Pd/graphite. We h
shown elsewhere[3,88] that supported metal catalysts be
an appreciable surface HCl component during chloroa
HDC, some of which is irreversibly held and resistant
thermal desorption. It has been demonstrated[103] that a
dissociative adsorption of chloroarenes on carbon resul
both aryl moiety and chemical bonding of Cl to the surfa
where temperatures in excess of 773 K are needed to in
desorption. Hydrogen spillover behavior in supported me
systems can be disrupted by the presence of surface Cl[104],
which enhances spillover, possibly due to formation of a m
bile proton–electron pair[105]. Given the equivalency of th
total catalyst surface areas before and after HDC, we te
tively attribute the increase in H2 TPD to residual surfac
Cl species that promote spillover of weakly bound hyd
gen onto the support. This disruption of surface hydroge
accompanied by a loss of HDC activity.

4. Conclusions
In the HDC of CB over carbon-supported Pd (8±1 wt%),
the nature of the carbon (unstructured AC vs. structured
alysis 234 (2005) 268–281 279

f

-

e

graphite and GNF) has a considerable impact on catalytic
tivity. The GNF-supported Pd exhibited the highest HDC
tivity, which also proved to be the most stable. The comm
cial AC support has a high-surface area (875 m2 g−1) with a
significant micropore component. The commercial grap
is characterized by low surface area (11 m2 g−1) and limited
porosity, whereas GNF (synthesized by ethylene decom
sition over unsupported Ni) has an intermediate surface
(74 m2 g−1) and negligible microporosity; all three cat
lysts exhibit a near-neutral surface-equivalent pH. The h
aspect ratio GNF substrate (on the basis of TEM and T
analysis) is crystalline in nature, with a structural order
proaching that of graphite. HDC of CB yields benzene as
predominant product (with secondary hydrogenation to
clohexane), where initial HDC activity increased in the or
Pd/graphite< Pd/AC ≈ Pd/GNF. The supported Pd exhib
ited a cubic geometry in which the surface area-weigh
average diameter decreases in the order Pd/AC > Pd/GNF
> Pd/graphite, which matches the sequence of increa
H2 uptake. Pd particles on AC displayed a globular morph
ogy, whereas the supported Pd phase on graphite (in pa
ular) and GNF (to a lesser extent) was faceted, diagnost
stronger metal–support interactions. Each catalyst was
ject to an irreversible loss of activity that was more extre
in the case of Pd supported on amorphous carbon. The s
tured carbon substrates served to stabilize Pd HDC act
to a greater extent; after four HDC reaction/thermal reg
eration cycles, Pd/GNF delivered the highest (by a facto
up to 2.4) steady-state specific HDC activity. Our cataly
data when coupled to pre-HDC and post-HDC character
tion results suggest that HDC activity is enhanced over la
Pd particles and that loss of activity is accompanied by
rupted hydrogen adsorption/desorption surface dynamic
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